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a b s t r a c t

In this study, powder metallurgy process has been made use for making the Fe-Co based hybrid compos-
ites. Different compositions of Chromium in the hybrid composites were tested for its tribological prop-
erties. Also the mechanical properties of the hybrid composites were studied to get an understanding
about the durability of the composites at different compositions. The tests used were Wear analysis,
Corrosion analysis and hardness analysis. Pin on Disc apparatus was used for the analysis of wear of
the hybrid composites. Corrosion analysis was done using the weight loss method. The morphological
analysis was carried out using Scanning Electron Microscope (SEM) to get an understanding about the
material constituents. The compressive strength of Fe-20Co-10Cr hybrid composites exhibited a com-
pressive strength of 253 HV which is 20% higher compared to Fe-20Co composites. The density of the
Fe-20Co-10Cr hybrid composites has improved with the addition of Cr. The Microhardness of the Fe-
20Co hybrid composites has increased to 145 HV with 10% addition of Cr reinforcement. There was a vari-
ation in the corrosion rate and wear rate with the varying compositions. The properties tend to get better
with a higher concentration of Chromium in the composites. Higher Chromium content improved the
Wear resistance as well as the corrosion resistance.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the International Conference on Sustainable materials,
Manufacturing and Renewable Technologies 2021.

1. Introduction

Powder metallurgy process has a wide range of application in
the modern world. The excellent properties of materials formed
as a result of powder metallurgy make it a better selected process
compared to the traditional metal forming techniques. Special
materials which have to have some amount of porosity can only
be made with the help of this process. Adding to the advantages,
powder metallurgy requires less power and cost when compared
to the traditional metal forming process. The primary motive of
this study is to search for a composite which is durable as well
as strong [1-4].

Fe based composites are used in high strength applications. The
hybrid composites made from powder metallurgy process are used
widely making the critical automobile components like clutch
adjustment rings, camshafts, connecting rods etc. These compo-
nents essentially require high wear and corrosion resistance for
durable performance. These components are to be manufactured

at very high temperatures and also require uniform dispersion.
Thus, Fe-Co based hybrid composite materials can be made very
effectively in order to get the required mechanical properties
together with the desired wear and corrosion resistance [5-12].

The motive of this study is to produce Fe-based (Fe-Co-Cr)
hybrid composite by powder metallurgy process method and to
study the mechanical properties of produced hybrid composite
for manufacturing purposes. Four different compositions of the
hybrid composites were taken Fe-20Co, Fe-20Co-2.5Cr, Fe-20Co-
5Cr, Fe-20Co-10Cr. The different compositions were based on the
percentage of the weight of the materials used. The composites
were made into 8 mm cylindrical pellets after milling, compaction
and sintering.

The analysis of the tribological characteristics of the composites
was done with the help of a Pin-On-Disc apparatus and the corro-
sion analysis was done with the help of the weight loss method
using three different compositions if the solution used. The solu-
tion selected was 3%Nacl, 0.1 N HCl and 0.1 N H2SO4.
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2. Materials and Equipment.

Fe, Co powders were used in this study and they were pur-
chased from Mepco Ltd Tamil Nadu, India. Alloying of the hybrid
composites was done with the help of a mechanical ball milling
process. The total duration of the process was 2 h to obtain
homogenous mixture of composite materials and finally the com-
posite materials was compacted to a cylindrical shape which is
8 mm in diameter and 30 mm in height.

The compaction pressure was set in the range of 500Mpa. Sin-
tering process was done for the hardening of soft compacts for
2 h at 1000 �C. Microstructure analysis of the hybrid composites
were done using a Field Emission Scanning Electron Microscope
(FE-SEM). Universal Testing Machine (UTM) was used the study
of the compressive strength of the hybrid composite materials.
The density of the Fe-20Co composites was calculated adhering
to the ASTM: B962-13 standards using Archimedes principle. The
composite pellets are immersed in measured volume of water
and the quantity of water displaced is considered for calculating
the density of the composite materials. Micro hardness analysis
was done adhering to ASTM E384 standards. Micro hardness anal-
ysis of the materials was done on the 8 mm pellets with the help of
Vickers Hardness testing machine at a load of 1 kgf and for a dwell
time of 10 s. Wear and friction analysis was done following the
ASTM G99-05 standards. The disc used for the analysis was EN
32 steel of hardness 65 HRC. The tests were conducted at 10 N load
and the sliding speed and sliding distance was fixed at 1.5 m/s and
1000 m. The specimens were cleaned using acetone solution before
and after the wear test. The weight analysis testes for finding the

Fig. 1. (a) Surface morphology of Co, (b) Surface morphology of Cr, (c) Surface morphology of Fe.

Table 1
Wear Analysis of Fe-Co based hybrid composites.

Composition Coefficient of Friction Wear loss (g)

Fe-20Co 1.2 0.0089
Fe-20Co-2.5Cr 0.9 0.0076
Fe-20Co-5Cr 0.83 0.0068
Fe-20Co-10Cr 0.75 0.0055

Fig. 2. Variation of wear and coefficient of friction with respect to the varying
compositions.
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corrosion were done at different concentrations of the solution
namely3% Nacl, 0.1 N HCl and 0.1 N H2SO4

The pin-on-disk apparatus constitutes of a pin which is either
flat or spherical in shape. The pin is connected to a stiff arm and
is rubbed again a disc of known hardness value. The value of hard-
ness used here is 65 HRC The sample is rotated at a selected speed.
Wear rates for the pin and the disk are calculated from the volume
or weight of material removed during the test [10,13].

3. Results and discussions

3.1. Scanning Electron Microscope analysis

The material characterization was done using Field Emission
Scanning Electron Microscope. The mixture was found to be
homogenous in nature and the characteristics of the components
was predicted from the images shown in Fig. 1.

From the images obtained from Scanning Electron Microscope,
it is very clear that Cobalt has an agglomerated structure the size

was found to be 500 nm. The morphology of Fe is shown in
Fig. 1(a). Whereas, from the images as shown in Fig. 1 (b), it is very
clear that Chromium has a flake like structure and the particle size
is found to be 20 lm. Fig. 1 (c) shows the surface morphology of Fe
particles. It is evident from the image that Fe is mostly spherical in
shape and is seen agglomerated and the average particle size is
around 20 lm. The average particle size is calculated with help
of Fiji software.

3.2. Wear analysis

After the analysis of wear on the Pin disc apparatus the varia-
tion in Wear and Coefficient of friction with respect to the compo-
sition is as shown in Table 1 .

The variation of wear with respect to the different compositions
are shown in Fig. 2. It is evident from the figure that Fe-20Co-10Cr
has the most resistance to wear. The coefficient of friction was also
found to be the least for Fe-20Co-10Cr hybrid composites. The tests
were conducted at 10 N load and the sliding speed and sliding dis-
tance was fixed at 1.5 m/s and 1000 m. With the addition of Chro-
mium Fe-Co composites exhibited a better resistance to wear. So it
is clear that the addition of Chromium increases the durability of
the material. The main mechanism which resulted in improvement
of wear is the formation of oxide layers at the surface of the test
specimen and also due to the formation of iron oxides in the com-
posite interface. .

3.3. Corrosion analysis.

From the analysis done for corrosion at different solutions, 3%
Nacl, 0.1 N HCl and 0.1 N H2SO4it was found that with the addition

Fig. 3. Variation of Corrosion resistance with respect to the material composition.

Table 2
Variation of weight loss of materials due to corrosion with respect to Chromium
addition.

Composition Weight loss

3% NaCl 0.1 N HCl 0.1 N H2SO4

Fe-20Co 0.0024 0.0039 0.0056
Fe-20Co-2.5Cr 0.0021 0.0031 0.0047
Fe-20Co-5Cr 0.0015 0.0025 0.0035
Fe-20Co-10Cr 0.001 0.002 0.0026
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of Cr the weight lost due to corrosion decreased. From the Fig. 3 it
is evident that the Fe-Co composites exhibited a better corrosion
resistance with the addition of Chromium. This improvement in
corrosion was due to the presence of positive potential Cr rein-
forcement as shown in Table. 2.

3.4. Micro hardness, density and compressive strength analysis

The analysis of the microhardness was done and it was found
that with the addition of Chromium into the composites the value
of microhardness increased. The maximum value of microhardness
was found out to be 145HV for Fe-20Co-10Cr hybrid composites as
shown in Fig. 4. With the addition of the Chromium particles, the
density as well as the compressive strength also increased consid-

erably, which is due to the high density Cr reinforcement. The den-
sity and compressive strength showed a maximum value of 8.2 g/
cm3and the maximum value of compressive strength was found to
be 253Mpa for Fe-20Co-10Cr hybrid composites as shown in Table.
3.

4. Conclusion

The Fe-Co hybrid composites were studied and their mechani-
cal, Wear and corrosion mechanisms were reported.

� The addition of Chromium resulted in an increase in the Micro-
hardness of the Fe-Co hybrid composites (145 HV)

� The compression strength of the Fe-Co hybrid composites
(253 MPa) has improved considerably with the addition of
Chromium.

� The density of the Fe-Co hybrid composites (8.2 g/cm3) has
improved considerably with the addition of hard Chromium
reinforcing material.

� The wear resistance of the Fe-Co hybrid composites has
improved considerably owing to the better mechanical proper-
ties of Chromium reinforcement.

� The Cr reinforcement in the Fe-Co hybrid composites has
improved has the corrosion resistance considerably.

Fig. 4. (a) Variation of micro hardness with respect to composition, (b) variation of compressive strength with respect to composition, (c) Variation of density with respect to
composition.

Table 3
Variation of mechanical properties of Fe-Co composites with respect to the addition of
Chromium.

Composition Density (g/
cm3)

Microhardness
(HV)

Compressive Strength
(MPa)

Fe-20Co 7.3 125 210
Fe-20Co-

2.5Cr
7.6 132 228

Fe-20Co-5Cr 7.9 138 238
Fe-20Co-

10Cr
8.2 145 253
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a b s t r a c t

The dispersion and distribution characteristics of the reinforcements are the key reasons that influence
the mechanical properties of the nanocomposites. In this paper, the dispersion and distribution analysis
of nanofillers in a representative polymer is performed and the results are correlated to the crystalline
and mechanical properties of the nanocomposite. The nanocomposite used in the present study is
Elvaloy�4924 (EVACO)/halloysite nanotubes (HNTs) composite. The dispersion of halloysite nanotubes
in the EVACO matrix is recorded as aluminum elemental maps obtained from energy dispersive spec-
troscopy (EDS). The dispersion and distribution of fillers in the composite are quantified using an image
processing technique and it is correlated to the crystalline and tensile properties of the composites. The
better dispersion and distribution of HNTs at 1wt.% filler loading resulted in a remarkable improvement
in the crystallinity of the composite, which is measured by X-ray diffraction (XRD) and differential scan-
ning calorimetry (DSC). The tensile strength was highest for composites loaded with 1 wt.% filler, and the
strength decayed as the loading was further increased. Agglomeration of halloysite nanotubes and
polymer-filler debonding was the major reason behind the reduction in tensile strength with filler load-
ing, as observed in the scanning electron micrographs of the fractured surfaces.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the International Conference on Sustainable materials,
Manufacturing and Renewable Technologies 2021.

1. Introduction

The addition of nanomaterials in polymer matrices is exten-
sively used for refining the thermal, mechanical, flame resistance,
and electrical characteristics of polymers. The improvement in
these properties depends on the nature of the nanofiller used
and their interaction with the respective polymer matrix. The nat-
urally existing nanomaterials which are abundant, low cost, and
non-toxic are used in the bulk production of polymer nanocompos-
ites (PNCs) [1–3]. Clay and its minerals are the most commonly
used nanofillers in PNCs because of their large availability, good
interaction with the matrix, and ability to exfoliate into two-
dimensional nanostructured layers [4].

The specific surface area of the filler and the interaction at the
interface of the matrix and the filler have a vital role in improving
the properties of the composite. In nanocomposites, the interaction
between the polymer and the nanofiller is better than their micro-
sized counterparts due to the large surface area of the nanoparti-
cles [5]. The high surface area and associated high surface energy
of the nanomaterials reduce the number of nanoparticles required
to achieve a significant improvement in the properties of the com-
posite [6]. As compared with the microsized particles, the quantity
of nanoparticles required is only 1/100th to achieve the same prop-
erties in the composite [7]. The interaction of the fillers and poly-
mer matrix in a polymer composite is a function of the surface area
of the nanoparticles, and the nanoparticles have a large surface
area as compared to the microsized counterparts of the same
weight.

In polymer matrices, the addition of nanofillers exhibits a
simultaneous enhancement in several properties of the matrix.
Carbon nanotubes, for example, can simultaneously enhance
polymer matrices’ crystallization [8], tensile properties [9],
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conductivity [10,11], and UV stability [12]. Similarly, besides
mechanical properties, clay and layered hydroxides can improve
the flame retardancy [13] and barrier properties [14,15] of the
polymers. The properties exerted by a certain nanofiller are unique
for a polymer matrix composite that cannot be replicated by
another polymer/nanofiller combination.

EVACO is a semi-crystalline polymer and the presence of HNTs
can improve the crystallinity of EVACO as the same is observed in
many other semi-crystalline polymer matrices. The presence of
carbonyl groups in the backbone of EVACO increases the polarity
and thereby its affinity for metallic surfaces [16]. Halloysite is a
halogen and phosphorous free flame retardant and the water mole-
cules present between the SiO4 and AlO6 layers [17] will dilute the
free radicals or the reactive species at the flame front to enter the
flame as the combustion begins. Halloysite nanotubes have also
found applications, in controlled drug release [18] and protective
agents [19], fillers [20–23], emulsifiers [24], adsorbents for pollu-
tants [17], etc.

The characteristics of the polymers depend on their chain dy-
namic [25] and the motions of the chains are also influenced by
nanofillers. The nucleating ability of the nanofillers, at low filler
loading, improves the crystallinity of polymer matrices [21,26].
The solution cast EVACO/HNT composites were extensively studied
using different characterization techniques. In this work, the effect
of the position of HNTs on the crystalline and mechanical proper-
ties of EVACO matrix is studied by image processing of elemental
mapped electron micrographs. The tensile properties and crys-
tallinity of the composites are affected by the dispersion and distri-
bution of HNTs. The presence of HNTs in the EVACO matrix
improved the flame retardancy of the composite.

2. Materials and methods

The materials for the present study were Elvaloy�4924
(EVACO), HNTs, and dichloromethane (DCM), which are purchased
from Du Pont India., Sigma Aldrich, India, (product ID: 685445) and
Central Drug House (P) Ltd, India, respectively. To prepare the com-
posites, a known quantity of EVACO was dissolved by constant stir-
ring (at a speed of ~700 rpm) into a fixed quantity of DCM using a
magnetic stirrer in a closed beaker. A known quantity of HNTs was
well dispersed in a small part of DCM by stirring and subsequent
ultrasonication for 30 min. The above solution of HNTs in DCM
was combined with the former EVACO solution by stirring fol-
lowed by ultrasound treatment. The mixture was then poured onto
glass petri dishes to create the respective composite films and are
allowed to dry at room temperature and then in a vacuum oven at
50 �C for 6 h. Composites films with HNT loadings 1, 3, 5, 7, and
10 wt.%, respectively were prepared.

Energy-dispersive X-ray spectroscopy (EDS) (Link ISIS-300,
Oxford Instruments, UK) was used to map the aluminum in the
composite, each aluminum dot corresponds to HNTs, and Image–
J software [27] to analyse the maps. X-ray diffraction patterns
(JEOL, DX-GE-2P, Japan) of the composite sheets were analyzed
using CuKa radiation to determine the crystallinity of nanocom-
posites. The percentage of crystallinity (Xc) was estimated by
deconvoluting the XRD patterns to amorphous and crystalline con-
tributions, and the extend of crystallinity was estimated by the
ratio [28].

Xc ¼ Ic
Ia þ Ie

ð1Þ

where Ia and Ic represent the integrated intensities of the amor-
phous and crystalline regions in EVACO, respectively.

Fourier transforms infrared (FTIR) spectra (Jasco FTIR 4200,
Japan) of the EVACO and the representative composite were

recorded in ATR mode in a wavenumber range of 650–
4000 cm�1. Thermogravimetric measurements (TGA Q5000, TA
instruments, USA) were performed under nitrogen atmosphere
for the samples under a nitrogen flow of 25 mL min�1 and at a con-
stant heating rate of 10 �Cmin�1. Differential scanning calorimetric
measurements (DSC) (Mettler Toledo DSC, USA) were carried out in
a nitrogen atmosphere between 0 and 150 �C at a heating rate of
10 �C min�1. The extend of crystallinity of EVACO and the compos-
ites were determined from the area under the endothermic curve,
using the equation [29]:

Xc ¼ DHf

Wi � DHf100�
� 100 ð2Þ

where Wi = weight fraction of the polymer, Xc = crystallinity (%),
DHf = enthalpy of melting of completely crystalline EVACO (J/g),
DHf100% = enthalpy of crystallization of a 100% crystalline sample
of EVA = 68 Jg�1 [30].

The tensile measurements (Hounsfield Universal Testing
Machine, H25KS, Hounsfield, UK) at ambient conditions were made
for three dumb-bell samples, prepared according to ASTM D 412-B.
The fractured surfaces were analyzed using a scanning electron
microscope (SEM) (JSM-6380LA, JEOL, Japan). The specimens were
sputtered with gold (JEOL JFC 1600) in an auto fine coater before
imaging.

3. Results and discussion

3.1. Dispersion and distribution of HNTs in EVACO

To find the dispersion of HNTs, each dot in the aluminum ele-
mental map was considered as an HNT and a sparse sampling tech-
nique was employed. The aluminum elemental map of a
representative composite is shown in Fig. 1. In sparse sampling,
the elemental maps were divided into 20 equal sections and the
numbers of particles in each section were counted. The average
number of particles per unit area was calculated and the respective
standard deviation was estimated for each composite. A large stan-
dard deviation shows a poor dispersion and the standard deviation
was calculated using the following equation [31]:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

X
i

NAi � N
�
A

� �2
s

ð4Þ

Fig. 1. Representative Aluminium elemental map of the composite with 1 wt.% HNT
loading.
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where NAi represents the counts of inclusions per unit area in the ith

location, N
�
A is the number of particles in the unit area and r is the

standard deviation.
The sparsely sampled elemental maps of the synthesized com-

posites are shown in Fig. 2. The average number of particles per
unit area, standard deviation, and the expected number of particles
are presented in Table 1. From Table 1, it is clear that the standard
deviation in the number of particles in each section of the compos-
ite is increased with filler loading. The increase in standard devia-
tion is due to the agglomeration of the particle that in turn made a
significant difference in the average number of particles which was
supposed to be increasing akin to the expected number of particles.
The expected number of particles was calculated by multiplying
the average number of particles in a composite with 1 wt.% filler
loading with the higher filler loadings. At 1 wt.% filler loading,
HNTs were dispersed uniformly.

To understand the distribution of the particle, the distance
between each particle and its nearest neighbor (NND) was calcu-
lated using an ImageJ plug-in [32] from the aluminum elemental
maps. Fig. 3 shows the distribution of nearest neighbor distances
for a representative composite. The nearest neighbor distance com-
pares the position of a particular nanotube with respect to the
other nanotubes in the composite. For uniform distribution, the
nearest neighbor distribution should be narrow and it was esti-
mated by calculating the FWHM of the Gaussian fit of the distribu-
tion and it is presented in Table 2.

The ratio of the average actual neighbor distance (RK) to the
average expected nearest neighbor distance (EK) [33] of the parti-
cles in the composites is another means of optimizing the NND.
Higher the RK/EK ratio, the better the distribution. RK and EK are
estimated using the following equation.

Rk ¼
Pn

t di

n
andEk ¼ 0:5ffiffi

n
A

p ð5Þ

where A is the area under study, di is the distance between the ith

particle and its imminent particle, and n is the number of particles.
In EVACO/HNT composites, the NND of 1 wt.% HNT loading has

a wider distribution than that of a 3 wt.% HNT loaded composite.
Since 1 wt.% HNT loaded composite has less number of HNTs in
it. For filler loadings above 3 wt.%, NND has a broad distribution,
which is due to the presence of agglomerates. RK/EK ratio is also

Fig. 2. Sparse sampled aluminum maps of HNT loaded composites, (a) 1 wt.%, (b), 3 wt.% (C), 5 wt.% (d) 7 wt.% and (e) 10 wt.%.

Table 1
Sparse sampling.

Filler
loading
(wt.%)

The average number
of particles unit area

Standard deviation in
the number of
particles

Expected
number of
particles.

1 85 8 85
3 98 9 255
5 99 14 425
7 89 18 595
10 80 24 850

Fig. 3. Nearest neighbor distribution of 1 wt.% HNT filled nanocomposite.

Table 2
Nearest neighbor distance.

HNT loading (wt.%) FWHM of NND RK/EK

1 0.88 1.365
3 0.74 1.344
5 0.79 1.331
7 0.88 1.292
10 0.94 1.237

G. George, A.P. Dev, N. Nikhil Asok et al. Materials Today: Proceedings xxx (xxxx) xxx

3



decreasing with the filler loading since the agglomerates can
impact the uniform dispersion and distribution of the fillers in
the polymer matrix.

The radial distribution function also specifies the distribution of
the nanotubes in the composites. It is a measure of the number
density of the particles along the radial direction with respect to
a reference particle [34].

The uniformity in the radial distribution of HNTs is reduced as
the weight percent of the nanofiller is increased (Fig. 4). The
straight radial map shows a uniform distribution, whereas the
rough map stands for the non-uniform distribution of HNTs. The
indistinguishable boundary of the HNTs in the TEM image (Fig. 5)
of the selected composite reveals the interaction between the filler
and the matrix. The crystallization of the polymer around HNTs
tells the nucleating ability of the HNTs. The major vibrational peaks
corresponding to the functional groups of pristine EVACO is
obtained through FTIR analysis and it is presented in Table 3.

3.2. The crystallinity of EVACO/HNT composite

The influence of HNTs on the crystallinity of EVACO was evalu-
ated by DSC and XRD analysis. The percentage crystallinity
obtained from XRD and DSC analysis is presented in Table 4. The
broad melting peak between 20 and 100 �C in Fig. 6 is due to the
uneven random crystals in the semi-crystalline EVACO. The addi-
tion of small quantities of HNTs i.e., 1 wt.% and 3 wt.% improves

the crystallinity in the composite remarkably. The uniform disper-
sion and distribution of HNTs can be attributed to this increment. If
the filling of the filler is increased above 3 wt.%, the nanotubes may
arrest the spherulitic growth front, which originates from the
nucleation source, thereby reducing the growth of crystalline
regions and ultimately a reduction in the crystallinity. Additionally,
a large number of tubes in the matrix can decrease the movement
of polymer chains, which can otherwise undergo crystallization in
the absence of halloysite nanotubes. The large agglomerates can
also adversely affect the crystallinity of the composite with high
halloysite nanotube loading .

The XRD results also show the increase in crystallinity for filler
loadings of 1 wt.% and 3 wt.% and decrease thereafter. The discrep-
ancy in percentage crystallinity from the study of DSC and XRD is
due to the eventual errors that can arise during XRD pattern decon-
volution and baseline line correction in DSC curves. [35]. It can be
concluded that the dipole–dipole attraction between the nanofiller
and the matrix at low nanofiller loading, especially when they are
in the solution, can bring the polymer chains close together and
align them in an order to favor crystallization.

Table 3
FTIR spectra peak positions.

Peak position (cm�1) Assignment

3418 AOH stretching
2919 and 2850 Symmetric and asymmetric CH2 stretching
1736 C@O stretching
1467 and 1375 CH scissoring and symmetric deformation
1231 Twisting and wagging of CH
1019 CAOH stretching
721 Rocking vibration of CH

Fig. 4. Radial distribution of HNTs in EVACO/HNT composites.

Fig. 5. TEM micrograph of EVACO/CNT composite with 1 wt.% HNT loading.

Table 4
Percentage crystallinity of EVACO and EVACO/HNT composites.

Filler loading (wt.%) % crystallinity from DSC % crystallinity from XRD

0 46.84 26.59
1 50.33 28.96
3 51.77 30.21
5 46.44 25.75
7 42.13 24.71
10 41.88 18.71

Fig. 6. DSC first heating curves of pristine EVACO and representative composites.
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3.3. Mechanical properties

The pristine and composite samples of EVACO exhibited ductile
fracture, as it can be identified by the continuous crack propaga-
tion trajectories on the fractured surfaces (Fig. 7). Due to the good
dispersion and distribution of halloysite nanotubes, the highest
tensile strength is observed for the nanocomposite with 1 wt.%
percent filler loading (Table 5). In the composite with 3 wt.% hal-
loysite nanotube loading, an overall increase in crystallinity is
found, but the dispersion as well as the distribution of the hal-
loysite nanotubes is inferior to 1 wt.% HNT loading. The resulting
non-uniform distribution of stress ultimately leads to a small
decrease in the ultimate tensile strength. At high filler loading,
>3 wt.%, the cluster of halloysite nanotubes and the debonding of
these agglomerations from the polymer leads to premature failure,
as observed in SEM micrographs of the fracture surface in Fig. 7,
and the lessening in the ultimate tensile strength.

4. Conclusions

It is summarised that the dispersion and distribution of the filler
play a key role in controlling the crystallizability and mechanical
characteristics of the Elvaloy�4924 (EVACO)/halloysite nanotube
nanocomposites. The image processing of SEM-elemental maps
revealed that 1 wt.% HNT loading shows a good dispersion and dis-
tribution of the fillers in the matrix. The reduction in mechanical
and crystalline characteristics of the composites are in good agree-
ment with dispersion and the uniform spreading of halloysite nan-
otubes in an array. For 1 wt.% HNT loading, the composite exhibits
the best mechanical characteristics and crystallinity. The halloysite
nanotubes influence the crystallinity of EVACO at low filler weight
fractions, thus discloses the halloysite nanotube’s potential as a
nucleating agent.
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a b s t r a c t

The intension of this work is to conduct a failure analysis and optimize the design of the shaft in a 4.5KW
alternator used in rail coaches. The shafts in alternator of rail coaches are continuously subjected to sud-
den and repeated loads. The alternator shaft is made from carbon steel rods supplied by SAIL (Steel
Authority of India Limited) and is machined as per the design. This shaft is subjected to stress reversals
and found to have failed in several occasions during the operation. Visual inspection of fractured surface
showed cracks initiated from the stepped surface. The breakage occurs at the specific region where the
stress concentration is high. The stress concentration is also due to the tool marking seen in the machined
surface of the fillet region of the shaft. Under the different test conditions, the various problems related to
the finish and design of the shaft was observed. According to the observation, failure and design problems
of the shaft will be analyzed using finite element method based on which an alternate design is sug-
gested. In this analysis, we consider only bending load on two dimensional axi-symmetrical model of
the shaft.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Advances in Materials Research – 2019.

1. Introduction

KEL alternators are designed for power supply (with drive from
the axel) in rail coaches of Indian railway. The alternator with asso-
ciated regular rectifier unit delivers 4.5KW power at all train speed
above 50 Km/hr.

Finite Element Analysis is an analytical approach used for solv-
ing different engineering problems. In FEM the entire structure is
discretized into finite elements. Finite Element method can be used
to analyses any structure irrespective of its shape and material
composition [1–3]. In this method the solid continuum is divided
in to a number of elements connected not only at these nodes
but also along the hypothecated interacted element boundaries.
The elements are joined only at the nodes and some conditions
at the boundaries are introduced to improve the accuracy. Each
element is free to deform and can have different material and geo-
metrical properties. The shape of the element depends upon the
problem. From one dimensional axial element to three dimen-
sional solid elements are all in use [4–8].

2. Review of problem

2.1. Problem Specification

The shaft made by the KEL is used as the alternator shaft, which
is used in the rail coaches. The alternator generates electric power
from the mechanical power transmitted by the axle of the train
through the axle pulley, V- belts and alternator pulley attached
to the shaft of the alternator. While the train is running the axle
pulley rotate the alternator pulley, and alternator produce the volt-
age. The alternator shaft is made as per the specified design and
dimensions. But the alternator shaft fails or breaks the part where
the alternator pulley is connected. This is due to the abrupt change
in dimension of shaft where the alternator pulley is connected. The
failure is mainly in the fillet region of the shaft. This is due to the
stress concentration in the fillet region of the alternator shaft.
The most of all shaft failures are due to the combination of various
stresses which act upon the alternator shaft. Shaft failures should
not occur during the expected life of the alternator, as long as
the shafts are kept within the specified design and application lim-
its. There are many causes for shaft failures but we consider only
the effect of bending load in the failure of alternator shaft [9–13].
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This Fig. 2.1 shows the failed shaft due to the stress concentra-
tion in the fillet region. Stress concentration is due to the abrupt
change in dimension of the shaft. Due to this, stress concentration
is maximum in the fillet region, where the abrupt change in dimen-
sion [14–19]. The alternator pulley is fitted to the tapered portion
of the shaft shown in figure. Due to the breaking of shaft during the
train is running will cause accidents. So the prevention of shaft
from failure is very important.

2.1.1. Metallurgical causes
From the metallurgical investigation report it is found out that

the fracture has taken place adjacent to the threaded portion near
the key slot, transverse and multiple progressive in nature, cover-
ing about 80% of the fractured [20–22]. The nuclei of the fatigue
were situated at the periphery where machining marks noticed.
The Fig. 2.2 shows the metallurgical inspection.

Miscellaneous Non – Fracture type Failure: There exist broad
categories of shaft failure that do not result in the breakage of
shaft. It is acknowledged that fatigue failures that are caught in
the early stages would also fit in the non-fracture category [23–
25]. Fig. 2.3 shows the non-fracture type failure.

2.2. Shaft material

EN-24 is used for shaft material. EN-24 is a steel alloy with high
quality and tensile strength and it is widely using for making
shafts. The main constituents are Carbon, Manganese, Silicon,
Nickel and Chromium. Comparing to other shaft materials its
Young’s modulus is higher and better stress - strain characteristics.
Availability of EN-24 is in the form of stock in round bar, flat bar
and plates. Different machining operations were performed to
obtain the required size for making steel shafts. EN-24 steel mate-
rial specifications and mechanical properties are listed in Table 2.1.

3. Analysis of shaft using ANSYS

3.1. ANSYS software overview

ANSYS package have the provision of pre- and post-processor
that gives graphical pictures of the structure before and after load-
ing. Pre-processor helps in the generation of the finite element
mesh and prepares the data for direct input into the analysis.
Post-processor is another program that shows the results of the
finite element analysis in the form of graphs and performs further
calculations as per the user on the results. ANSYS also discretized
the complex structure into finite elements for solving engineering
problems. This is inevitable as the most of the modern structures
are in the form of intricate shapes and geometry. ANSYS has the
provision to generate meshes automatically.

3.2. Assumptions in analysis

1. The shaft material is isotropic and elastic.
2. Only bending load is considered in 2-D axi-symmetric model.
3. Other loads such as shear load, magnetic pull etc are not consid-

ered in this analysis.
4. ANSYS structural is used for this failure analysis.

Fig. 2.1. Failed shaft.

Fig. 2.2. Metallurgical inspection.

Fig. 2.3. Non – fracture type failure.

Table 2.1
Material Specification.

Chemical
composition

Results obtained (in
%)

Results specified As per EN-24
(in %)

Carbon 0.43 0.35–0.45
Manganese 0.57 0.45–0.70
Silicon 0.21 0.10–0.35
Chromium 1.115 0.90–1.40
Nickel 1.416 1.30–1.80
Molybdenum 0.208 0.20–0.35
Vanadium 0.045 0.50 max

Mechanical Properties

Young’s Modulus (MN/m2) 202
Poisson’s Ratio (m) 0.292
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5. In analysis, we used PLANE 82 (8 node 82) element.
6. 2-D axi- symmetric model is used for analysis and axi-

symmetric load is applied.
7. Slots, threads and other features are not included in 2-D model.

3.3. Analysis procedures

For the analysis of shaft in ANSYS we have to prepare the model,
meshing, apply boundary conditions and loads etc. In this analysis
we used axi -symmetric model of the alternator shaft. There are
different steps for the analysis, they are:

STEP 1: Define the key points for the alternator shaft according
to the given dimensions.

STEP 2: In step 2 joining the key points by using lines. Also by
using the lines fillet region of the shaft is made. The radius of the
fillet region is 6 mm. For the construction of lines first, modelling
option to create lines. All the key points are connected by lines
and form the line view of the shaft.

STEP 3: In this step areas are formed by the lines. By picking the
lines need for constructing areas and thus form areas. The shaft is
made by different areas are shown in Fig. 3.1.

The areas are added together before meshing. For this take the
options Boolean, add, areas then the areas will add automatically.

STEP 4: Meshing of the shaft is done in this step. For meshing
mesh tool is used. We can also adjust the grain size. In this analysis
smart mesh is used and fillet region is finely meshed. Figs. 3.2 and
3.3 shows the meshing operations.

STEP 5: In this step boundary conditions and loads are applying
on the shaft. It is the main step before solving the problem. Before
applying boundary conditions,

Define element type as PLANE 82
Define material models LINEAR, ELASTIC, ISOTROPIC
Then given the Poisson’s ratio (0.292) and Young’s modulus
(220.6 MN/mm2)

The Figs. 3.4 and 3.5 shows the boundary conditions of the
shaft. The displacement in x- direction is arrested and y-direction
is not arrested. The load is applied on the taper portion of the shaft,
the value of load (150 N). The radius of the fillet region is 6 mm in
first analysis. After the boundary conditions applied, then give the
solve option for the result.

STEP 6: Analysis result of alternator shaft with fillet radius
6 mm as shown in Fig. 3.6. When load is applied on tapered portion
of the shaft it shows deflection, it means shaft radius with 6 mm
radius is failed during the analysis. This is due to the stress concen-
tration in the fillet region as shown in figure. The different values
of stress are also shown in Fig. 3.6. The red colour in the figure
shows maximum stress and blue colour shows minimum stress.
For reducing the stress concentration in the fillet region we
increase the fillet radius from 6 mm to 8 mm and analyzed. The
modelling and analysis of shaft with fillet radius 8 mm is shown
in next section. Fig. 3.7 shows the stress concentration at the
6 mm radius fillet region.

� Shaft With Fillet Radius 8 mm

STEP 1: Alternator shaft with 8 mm radius is created by using
area option as shown in Fig. 3.8. The fillet radius increased from
6 mm to 8 mm for the detailed analysis of the shaft and finding a
model of alternator shaft without failure during work.

Fig. 3.1. Construction method.

Fig. 3.2. Meshing operation.
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Fig. 3.3. Meshing operation.

Fig. 3.4. Boundary conditions.

Fig. 3.5. Boundary conditions.
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STEP 2: In step 2 meshing of the new model is done by using
mesh tool. Smart mesh is used for meshing the model and at the
fillet region mesh is refined. Meshing of the new model of shaft
with 8 mm fillet radius is shown in Fig. 3.9.

STEP 3: Boundary conditions and loads are applied in this step.
Displacement in x- direction arrested and y- direction is not
arrested. Pressure is applied on the tapered part of the shaft and
value of load is 150 N. Before applying boundary condition,

Define element PLANE 82
Define material models ELASTIC, LINEAR, ISOTROPIC
Then give the values of Poisson’s ratio (0.292) and Young’s mod-
ulus (220.6 MN/ mm2).

The boundary conditions applied on the shaft is shown in
Fig. 3.10. After boundary conditions, then give the option to solve
analysis.

STEP 4: Fig. 3.11 shows the analysis result of the shaft with fillet
radius 8 mm

In this analysis, shaft with fillet radius 8 mm is not failed. At fil-
let region stress is moderate and its value is in between 548.05 N/
mm2 to 707 N/mm2. In the previous case shaft with 6 mm fillet
radius fails during work and the value of stress at the fillet region
is 9554 N/mm2. So it is concluded that the shaft with fillet radius of
8 mm is safe.

4. Result and discussion

4.1. Findings

The data available from metallurgical tests it is found that, fail-
ure had taken place across change of section of the shaft. From the
analysis using ANSYS, it is found that the stress concentration at
the fillet region is more. Maximum stress concentration is found
at the region where there is an abrupt change of shape. Also the
improper heat treatment before and after the reclamation has
resulted in the formation of brittle heat affected zone causing ini-
tiation of fatigue cracks and subsequent failure. Also the presence
of machine-markings has resulted in concentration of stress which
favours the failures of the shaft. The improper chemical composi-
tion, that is lower carbon content and lack of hardening and tem-
pering heat treatment resulting lower tensile strength which
favours the failure.

Fig. 3.6. Analysis result of shaft with 6 mm fillet radius.

Fig. 3.7. Stress concentration at fillet region.

Fig. 3.8. Construction of shaft with 8 mm radius.

M.S. Anoop, S. Dhanesh /Materials Today: Proceedings 45 (2021) 1403–1410 1407



Fig. 3.9. Meshing operation.

Fig. 3.10. Boundary conditions.

Fig. 3.11. Analysis result of shaft with 8 mm fillet radius.
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4.2. Suggested new design of the shaft

Initial analysis result shows the stress concentration is more at
fillet region with 6 mm radius. So I decided to reduce the radius to
5 mm, but the stress concentration increased at fillet region. Then I
increased shaft fillet radius to 7 mm and it resulted in reduction in
stress values at the fillet region. In order to obtain minimum stress
concentration with not much change in design of the shaft, I
increased the radius of fillet region to 8 mm. Fig. 4.1 shows the
new suggested design for the alternator shaft with 8 mm fillet
radius. From the analysis we found that, when the fillet radius is
changed from 6 mm to 8 mm the newmodel did not show any fail-
ure and the stress concentration at the fillet region reduced from
9554 N/mm2 to 1260 N/mm2. Because of less material removal at
fillet region, the same machining operation could perform for the
shaft with less time for changing the fillet radius of 2 mm as per
the new design.

The new fillet with radius of 8 mm withstand the load and not
shown any deflection in the analysis. So we suggest this model for
future as the aim stated in the abstract of this project work.

5. Conclusion

1. As majority of shaft breakage causes are from fillet just behind
taper for pulley therefore, maximum possible radius will be
kept at this fillet.

2. Form tools should be used for forming different radius at differ-
ent locations. Radius should not be given by turning process.

3. The inward quality certifying authority should strictly ensure
the use of correct grade of steel with hardening, tempering
and heat treatment.

4. Tool markings could cause stress concentration at fillet region,
so use proper tool for machining.

5. Fillet radius machining time will be reduced as per the sug-
gested model of shaft.

6. The design change is very minimum with the proposed new
shaft model and it could lead to reduction of shaft failures.

7. Fillet region machining operation would be the same as earlier
for the shaft with 8 mm fillet radius.
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Abstract

The motivation of this work is to respond to high cabin 
temperatures within a parked/stationary vehicle which 
may cause discomfort and lead to vehicular heatstroke. 

The system also intends to ensure sufficient limits of oxygen 
within the vehicle cabin to prevent asphyxiation to the cabin 
occupants. The rise in global temperature is affecting the 
quality of air and comfort of occupants inside a parked car. 
There have been several cases reported of pets and children 
being left unattended or unsupervised in a parked car for a 
long period of time which have led to their deaths due to 
asphyxiation. The use of cost-effective materials like high 
density plastics for interior cabin trim have also been proven 

to contribute to cancer because of the emission of benzene a 
carcinogen by these plastics when exposed to extreme temper-
atures for long periods of time. This paper proposes a system 
where an oxygen sensor is used to measure oxygen levels 
within the cabin and an arrangement to lower the windows 
when a low level of oxygen is detected. The system also includes 
a temperature sensor with a suction and blower fan arrange-
ment where the suction fan pulls the hot air out and the blower 
fan pushes fresh air in. This air flow will ensure air circulation 
in a parked car and prevent the stagnation of hot air within 
the vehicle cabin. It was also a crucial factor that this system 
should not interfere or hinder with any other workings of the 
car. This system will be powered by a compact solar system.

Introduction

Vehicular heatstroke and cabin asphyxiation claims 
many lives a year globally. Cabin asphyxiation occurs 
when the occupants inside a vehicle cabin experience 

a decrease in the air quality and experience symptoms like 
drowsiness before eventually passing out. In most cases, it 
also leads to death. Vehicular heatstroke is a more acute condi-
tion of cabin asphyxiation. It occurs when a vehicle is parked 
out in the sun with occupants inside it. The cabin acts like a 
hotbox and displays greenhouse effect. The rising tempera-
tures and falling oxygen levels in such a scenario causes a 
heatstroke on the occupants. This is enough to kill a man 
within minutes. Heatstroke has been identified as one of the 
leading causes of non-traffic fatalities for children under the 
age of 14 [1].

Cause of Fatalities
The minimum amount of oxygen required for a person for 
safe breathing inside a closed cabin (According to Occupational 
Safety and Health administration, USA) is 19.5% of oxygen 
in air [2]. Death mostly occurs in cabins due to rising amount 
of Carbon Monoxide in air when oxygen is used up by the 
occupants. This is called Carbon Monoxide poisoning. The 
resulting consequences are drastic, as just 0.08% of Carbon 

Monoxide in air causes nausea, dizziness and loss of conscious-
ness in 2 hours, while 0.64% of Carbon Monoxide in air causes 
headaches, convulsions and death in 20 minutes [3]. If the 
concentration increases to 1.28% of Carbon Monoxide, death 
is assured within 3 minutes. Presence of other toxic gases can 
also cause fatalities, but Carbon Monoxide poisoning is the 
most recurring case [4].

The many reasons for cabin asphyxiation are closed 
cabins with no outside ventilation, long periods of re circu-
lated air using air conditioning (AC), toxic fumes that form 
when the dashboard is exposed to sunlight for long periods, 
AC gas leakage and possible rise of petrol fumes through AC 
vents. Carbon monoxide being a colorless, odorless gas cannot 
be detected and occupants do not realize that they are losing 
consciousness; they feel drowsy and eventually pass out before 
they realize what is happening to them. This system tries to 
eliminate that issue by detecting such a situation.

Vehicle Heating Dynamics
The windows of a car easily allow the shortwave radiation of 
the sun to pass with a minimal thermal effect on the windows 
but this shortwave radiation has a tremendous impact on the 
interior of the cabin, this shortwave radiation rapidly heats 
up the cabin in a short period of time when the windows are 
closed [5]. This increase in temperature is also a leading cause 
of heat stroke and asphyxiation.
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The desired solution is an automatic, self-sustainable, 
round the clock system to monitor vehicle cabin interiors and 
take preventive and safety measures in case there is a threat 
of asphyxiation. It also has to be a feasible and economic 
solution which should look for alternatives to procedures like 
breaking the glass. Also, the system should be an easy addition 
to vehicles as an aftermarket fitment as manufacturers would 
not favor fitting one as standard as the market for such a 
system is low and limited to families with small children, pets 
and handicapped members.

Air Quality System An air quality sensor monitors the 
oxygen level inside the cabin at all times and provides this 
data to the microcontroller. When the oxygen level falls below 
a preset value (20%) for safe breathing of humans, the micro-
controller relays a signal to the power window motor to act; 
thereby lowering the windows till the oxygen levels are back 
to normal. To make the system work round the clock, a solar 
panel and battery is used to provide autonomous power to 
the system.

The system uses an oxygen sensor to measure the cabin 
air quality at all times. It does so even when the ignition is 
switched off. It also constantly relays its output to the micro-
controller. Here, the incoming data is processed and is 
constantly checked for the preset safe limit for breathable air. 
It is set with a factor of safety to ensure the cabin never reaches 

dangerously low levels of air. If the incoming data is found to 
breach the preset limit, an output is triggered to the relay 2 
(down) wherein the power window is lowered and fresh venti-
lation is allowed to come in naturally. Once the safe limit is 
achieved again, the microcontroller relays the signal to raise 
the windows again (relay 1).

Thermal Management System To detect the variation 
in temperature inside the cabin, two temperature sensors are 
incorporated (DHT 22) both inside and outside the vehicle. 
The above-mentioned temperature sensors were programmed 
so that the system will run as long as the system reaches an 
equilibrium state where there is no discrepancy in temperature.

The relay (relay 3) act as the switch that will turn on and 
turn off the blower fan and suction fan. A relay is an electro-
magnetic switch that can be controlled by a small electric 
current. A 5V supply from the microcontroller will be used 
to energize the relays so that the 12V current will flow from 
the battery to the power window actuator, blower fan and the 
suction fan there by operating the whole system. A solar panel 
is provided to recharge a secondary battery and keep the 
system running.

Hardware Used 

 1. The gas sensor used for the system is a grove oxygen 
sensor that can sense oxygen concentration based on 
the redox reaction in the sensor. The sensor provides a 
voltage proportional to the oxygen concentration in 
the environment. It works off a 5V DC current and 
gives an analog output.

 2. Two temperature sensors (DHT 22) are used. DHT 22 
is a temperature sensor that gives a digital only output 
and works on the principal of thermal resistance.

 3. ATmega 328 is the microcontroller used to control the 
system. This microcontroller will take the input from 
temperature sensors and oxygen sensor. It will 
analyze the input data and activates the system by 
switching on the relays.

 4. Three Single Pole Single Throw (SPST) relays are 
used; two for the power window motor control (one to 
raise the window and one to lower it) and one relay to 
control blower and suction fans. When the input 
signal from the microprocessor is received at the relay 
input, the electromagnet gets energized and the 
contact bridge is closed, thereby providing the motor 
with a 12v supply.

 5. A GSM (Global System for Mobile Communications) 
module is used to relay the alert message as an SMS 
text message to two preset cell phone numbers when 
the safe limit is breached. The module uses a wireless 
modem that works with a SIM card from a 
wireless carrier.

 6. A solar panel and battery are used along with the 
standard 35Ah, 12V battery. The secondary battery 
used is a 12V, 7.2Ah battery. This can be used to 
provide the required power to operate the system. The 
system is wired in such a way that the system takes 
power of the main battery when the ignition is on and 
takes power off the secondary battery when the 
ignition is off.

 FIGURE 1  Heating patterns in a Chevrolet Cobalt (Image’s 
courtesy of GM and Jan Null, San Jose State University - www.
noheatstroke.org.)

 FIGURE 2  The basic electrical layout of the system.

Downloaded from SAE International by Koshy P Joseph, Friday, October 01, 2021

http://www.noheatstroke.org
http://www.noheatstroke.org


PARKED CAR THERMAL MANAGEMENT AND AIR QUALITY SYSTEM  3

Working of the System The sensors will take the input 
data of the temperature sensor and also measure the oxygen 
concentration inside the car cabin. The microcontroller will 
analyze this input data and actuate the required relay to 
function according to the condition inside the car cabin.

When a car is parked under direct sunlight, after a certain 
interval of time there will be steady rise in temperature inside 
the cabin. The temperature sensors will detect this tempera-
ture gradient and in-turn activate the system. The suction and 
blower fan will support the system in bringing the internal 
temperature of the cabin closer to ambient temperature.

The oxygen concentration inside the car cabin is moni-
tored with the help of the oxygen sensor. If the car is parked 
with occupants (e.g.: children or pets) for a long time, there 
will be a reduction in oxygen concentration inside the cabin 
due to the buildup of carbon dioxide. If the level of oxygen is 
less than the threshold level, the system will be actuated. The 
rear window of the car will be  lowered for a period of 10 
seconds. Simultaneously the blower fan and the suction fan 
will start working and will continue working till the oxygen 
concertation inside the car cabin becomes normal.

The GSM module will send a message to two preset 
numbers to warn the owner / operator of the vehicle of the 
low levels of oxygen and also of the high internal temperature. 
The owner/operator of vehicle will also be informed that the 
windows have been lowered to bring down the temperature 
and improve oxygen concentration.

Conclusions
The variation of temperature outside and inside the car cabin 
at different timings is listed in the tabular column and a graph 
is plotted to identify the variation of inside temperature 
against outside temperature with and without “Parked Car 
Thermal Management and Air Quality Control System”.

It was found that when the vehicle is parked under direct 
sunlight the “Parked Car Thermal Management and Air 
Quality Control System” could control the rising temperature 
inside the car cabin to acceptable limits. The highest tempera-
ture measured inside the car cabin without the system func-
tioning was 62.27 oC and with the system it was found to 
be 42.63 oC. The system also maintains the oxygen level inside 
the car cabin to a breathable level.

The “Parked Car Thermal Management and Air Quality 
Control System” was able to reduce the adverse effect of 
temperature rise inside the cabin thereby reducing the genera-
tion of poisonous gases and maintaining the oxygen level 
inside the car cabin. It also reduces the deterioration of plastics 
and upholsteries inside the car cabin due to temperature rise.

Future Scope
This system can be implemented in the vehicle cabin without 
major changes to the existing heating and ventilation system. 
The system design can be improved on by comparison of the 
energy consumption between the parked car thermal manage-
ment system and the original air conditioning system. Further, 
the temperature distribution in different areas of the cabin 
can be identified and the system can increase or decrease air 
flow in the high or low temperature areas.
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A B S T R A C T

A recently developed open source tool kit named the Trajectory based Potential Source Apportionment (TraPSA)
was used to identify the sources of respirable particulates at Kochi, India. Using 24-h average particulate matter
data from samples collected at five regulatory monitoring stations over the five-year period from January 2011
to October 2016, local and regional scale analyses were made. Concentration field analysis was performed using
back trajectories generated by Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model with
inputs from atmospheric reanalysis data. Conditional bivariate probability function analyses were made using
local meteorology data to identify the influence of local sources. Most of the stations indicated the contribution
from local traffic activities during low wind conditions and from a nearby industrial area especially during high
speed winds. Back trajectory analysis identified potential source areas in Kerala as well as in nearby state of
Tamil Nadu as contributing to the air quality at Kochi. Arabian sea on the western side was also observed to be a
potential source area for Kochi. The study demonstrated the utility of TrapSA as a tool for deriving information
about the potential source areas affecting particulate matter mass concentrations.

1. Introduction

Managing the air quality of an area demands identification of po-
tential air polluting sources and estimating their respective contribu-
tions. Various source apportionment techniques have been useful in
addressing this need (Hopke, 2016; Watson et al., 2016). However,
most of these models require detailed chemical speciation of the am-
bient particulate matter and possibly accurate source profiling as input
(Hopke and Cohen, 2011; Patil et al., 2013; Hopke, 2016). Chemical
speciation of ambient particulate matter in India is largely restricted to
special campaigns such as the 6 city study (CPCB, 2011) or sporadic
studies from the air quality research community (Gummeneni et al.,
2011; Hopke et al., 2020; Jain et al., 2019; Nagar et al., 2017). Al-
though such studies give very useful insights into the source/receptor
relationships, chemical speciation studies are difficult to do routinely
due to limitations of time and funding.

The national air quality monitoring programme (NAMP) network
measures particulate matter (PM) mass concentration on every third
day from 601 stations located in 254 towns in 29 states and 5 union

territories in India (CPCB, 2016). However, this enormous data set is
underutilized for deriving useful knowledge regarding the possible
sources and their contribution. The objective of this study was to ad-
dress whether the PM mass concentrations, regularly collected from the
country wide regulatory networks can be utilized to improve the un-
derstanding of the sources of air pollution. For distant sources, the
concentrations measured at a receptor can be tracked backward in time
by means of particle trajectories to explore source-receptor relation-
ships (Stohl et al., 1998; Riccio et al., 2013).

The present study introduces a new powerful tool, TraPSA
(Trajectory based Source Apportionment) that uses monitoring and
trajectory data for pollutant potential source location apportionment
(Zhou et al., 2016). PM10 data measured over 5 years at five regulatory
monitoring stations operational in Kochi, India were used in this study.
The methodology described here is replicable and could be useful for
other cities in India and many developing countries that suffer from
severe air quality degradation (WHO, 2018). The traditional regulatory
measurements could be made more useful in air pollution source ap-
portionment even when information on the composition of particulate
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matter is limited or non-existent.

2. Study area

Kochi is a one of the fastest growing second-tier metropolitan areas
in India. This coastal city in the peninsular Indian state of Kerala, lies
between 9.48° and 10.50° N and 76.5° and 76.58° E. Fig. 1 shows its
geographic extent with locations of the five regulatory air quality
monitoring stations: Vyttila (Residential); M.G Road and Ernakulam
South (Commercial); Kalamassery and Irumpanam (Industrial). Kochi
has a tropical wet climate and receives about 3000 mm rain during
southwest, and northeast monsoon seasons (June to September). The
other seasons as per Indian Meteorological Department (IMD) classifi-
cation include winter (December to March), summer (April to June),
and post monsoon (October to December). During winter and post
monsoon, the predominant wind direction is from the eastern end
across Bay of Bengal crossing Tamil Nadu. During the summer and
monsoon seasons, the wind is from the western Arabian Sea. The sea-
sonality of air mass trajectories arriving at Kochi is shown in Fig. 2 as an
ensemble of back trajectories generated for 2011–2016.

3. Data and methodology

3.1. Ground based PM10 data

The ambient air quality monitoring is being carried out in various
cities and towns in India under the National Air Monitoring Programme
(NAMP). Monitoring of particulate matter was performed over 24 h (as
the average of three 8-hourly samples) twice a week yielding one
hundred and four (104) daily observations per year. The PM10 data
used in the present work was from the NAMP sites in Kochi collected by
Kerala State Pollution Control Board using respirable dust samplers
(Envirotech APM 460DXNL). The PM10 mass concentration was de-
termined using gravimetric analysis. The sampling, analysis, and QA/
QC processes followed the NAMP monitoring guidelines (CPCB, 2003).
PM10 data from January 2011 to October 2016 were used for the po-
tential source location apportionment analysis.

3.2. Meteorological data

The NCEP/NCAR Reanalysis 1 meteorological data was used for the
study. It is a global set of gridded weather data at a 2.5° x 2.5° hor-
izontal resolution with 17 pressure levels, and 28 sigma levels. 4-Times
daily, with daily and monthly values for 1948/01/01 to the present.
The weather data included air temperature, upward and vertical wind,
relative and specific humidity and vertical velocity. The reanalysis data
for 2011–2016 was downloaded from the Air Resource Laboratory of
National Oceanic and Atmospheric Administration (NOAA, 2020).

Local wind speed and direction data was collected from the Cochin
International Airport for the study period. These data were used in
CBPF analyses to identify local source directions.

3.3. TraPSA open source tool kit

TraPSA (Trajectory-based Potential Source Apportionment) open
source tool kit is an air pollution source analysis tool based on air
pollutant measurements and air mass back trajectories simulated using
NOAA-HYSPLIT (National Oceanic and Atmospheric Administration
Hybrid Single Particle Lagrangian Integrated Trajectory). TraPSA al-
lows air pollutant database development and management, pollutant
pattern and trend analysis, and potential source identification by ap-
plying, comparing and exploring current popular trajectory ensemble
receptor models (Zhou et al., 2016). HYSPLIT developed by the Air
Resource Laboratory is the most commonly applied back trajectory
model useful in determining the origin of air masses and establishing
source-receptor relationships (Stein et al., 2015). In the present study,
10-day back trajectories were calculated using the vertical motion data
field from the NCEP Reanalysis 1 data with a starting height at half of
the mixing layer height. Fig. S1 shows the structure of TraPSA.

3.4. Source contribution analysis

For identification and assessment of air pollution sources using
TraPSA, the trajectory ensemble receptor model method of
Concentration Field Analysis (CFA) is used. CFA was used to identify
regional source locations potentially affecting PM10 concentrations in

Fig. 1. Study area with the locations of PM10 regulatory monitoring stations.
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Kochi. CFA is a function of PM10 concentrations available at 8-h in-
tervals for 2–3 days a week and the residence time of a trajectory ar-
riving at Kochi in each grid cell. The grid cell size was 0.5° latitude by
0.5° longitude. Thus, a total of 6438 back trajectories were generated
for 2011–2016. For each concentration value, one corresponding back
trajectory was generated. Thus, three back trajectories were generated
on each sampling day at 6:00, 14:00, and 22:00 h. CFA is a commonly
used back trajectory receptor model that has been applied for the
identification of potential source areas contributing to particulate at-
mospheric pollution. It has been previously used for identification of
source locations for speciated mercury measurements. (Han et al.,
2007; Rutter et al., 2009; Cheng et al., 2015). CFA is summarized by Eq.
(1) (Kabashnikov et al., 2011):
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∑

∑

=

=
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Pij represents the source intensity of a grid cell (i,j) contributing to
the receptor location. cl is the logarithm of PM10 concentration mea-
sured during the arrival of back trajectory l. τijl is the number of tra-
jectory segment endpoints in grid cell (i,j) for back trajectory l divided

by the total number of trajectory segment endpoints for back trajectory
l (i.e., residence time of a trajectory in each grid cell); L is the total
number of back trajectories over the time period (e.g., entire sampling
period or a season) (Cheng et al., 2013). As the model equation shows,
higher PM10 concentrations would lead to higher source intensity if the
trajectory residence times were the same. Multi-year and multi-season
analysis of CFA was performed in the present study. The CFAs were
then plotted over a map to highlight potential major source areas.

3.5. Conditional bivariate probability function (CBPF) analysis

CBPF is useful in investigating the directionality of local sources at a
monitoring location (Masiol et al., 2019; Uria-Tellaetxe and Carslaw,
2014). CBPF assess the probability of wind speed and directions asso-
ciated to high concentrations, plotted on a polar chart. CBPF can be
estimated as

= ≥CBPF (m )/(n ) X CΔθ Δv Δθ Δv Δθ Δv, , ,

Where m and n are the occurrence of observations exceeding the
threshold concentration C and the total number of data in the wind
sector Δθ and wind speed interval Δv, respectively. The threshold value

Fig. 2. Seasonal variations in air mass trajectory directions at Kochi.

A.K. Shanavas, et al. Atmospheric Pollution Research 11 (2020) 1535–1542

1537



C was chosen to be the 75th percentile for the whole 2011–2016 period.

4. Results and discussions

4.1. Temporal variation of PM10 at Kochi

Fig. 3 shows the seasonal variation in PM10 concentrations at each
monitoring location over the 5-year period. The box and whisker plots
show the median, 25th percentile and 75th percentile values and out-
liers. Twenty-four-hour PM10 concentrations exceeded the NAAQS
value of 100 μg/m3 (CPCB, 2009) at all stations many times during
2011–2016. The seasonal variations at the Vyttila station showed PM10

peaks during the winter and pre-monsoon seasons compared to the
monsoon and post-monsoon seasons. The reduction during monsoon
was expected due to the atmospheric cleansing by the monsoon rains.

The Kochi metro rail construction started in 2013 played an important
role in the seasonal patterns of PM10 in the urban area. The Kalamassery
and M.G Road sites were directly influenced by the metro construction
dust and related vehicular emissions. At Kalamassery, normal seasonal
PM10 patterns were observed through the beginning of monsoon 2012
and from winter 2014 to the end of the study period with the con-
struction activities in between. Similar patterns were observed at the
M.G Road station although the normal patterns disappeared during the
post-monsoon 2012 through post-monsoon 2015. At Irumpanam which
is an industrial site, 3 distinct periods were observed. Local variations
were relatively small at Irumpanam before monsoon 2012 and after
monsoon 2014. Although Irumpanam was distant from the me-
tropolitan area, it was indirectly influenced by metro construction since
the nearby road was used by vehicles to bypass the traffic congestion
during metro construction on the major highway. Ernakulam South

Fig. 3. Seasonal variation of PM10 at monitoring stations during 2011–2016.
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showed typical winter highs in 2011 and 2012, but a very mixed pat-
tern in winter 2015 and returned to a normal seasonal pattern with high
winter values in 2016. Similar to Irumpanam, the Ernakulam South
station was also not directly influenced by the metro construction.
However, it is evident that the increased road congestion due to by-
passed traffic disturbed the seasonal pattern at this site.

4.2. Source location identification using TraPSA

Fig. 4 shows the CFA results for the M.G Road monitoring site data.
The CFA results for other stations are given in Fig. S2. Higher CFA
values indicated potential source locations. Major source locations for
Kochi were identified for each of the 5 monitoring sites and are listed in
Table 1. The Arabian Sea was observed to be a major source location
contributing to the PM10 at all the five monitoring stations. This area
might include sources such as: (i) Sea spray; particles that are formed
directly from the ocean, mostly by ejection into the atmosphere by
bursting bubbles at the air-sea interface (Feng et al., 2017;
Balakrishnaiah et al., 2011); and (ii) Ship emissions (Schembari et al.,
2014; Mueller et al., 2011; Dabdub and Irvine, 2008; Wen et al., 2018)
given a major shipping route to the west and south of the Kerala Pe-
ninsula (Plumer, 2017). Fig. S3 provides a map showing the intensity of

the shipping route to the west of the Kerala Peninsula.
The Sabarimala-Pampa Region in the Pathanamthitta District of

Kerala was found to contribute to the PM10 at Kochi. Pampa and
Sabarimala in the Pathanamthitta district are two major pilgrim centers
in Kerala. Approximately 35 million people visit Sabarimala every year,
mainly during the months of November to February. In the 2010, the
use of plastics inside the area was banned by the Pollution Control
Board to avoid burning of plastic materials on the premises. The par-
ticulate matter could be dust along with the burning of large quantities
of paper cups and plates and other waste materials. Fig. S4 shows that
Sabarimala contributes as a potential source location only during the
major pilgrimage season (November–January) since there are reduced
emissions in the off-season months and seasonal changes in the wind
patterns.

Other prominent source locations for Kerala were identified as
Munnar in the Idukki District and Kalamassery in the Ernakulam
District. Munnar is a hill station in the Idukki District, which is an
important tourist destination. PM10 contributions from Munnar can be
attributed to the growing number of tourists leading to increased ve-
hicular traffic as well as dust from construction activities. Another ne-
gative effect of the growing tourism industry is campfires leading to
increased emissions of smoke. Since it is being released during

Fig. 4. Concentration Field Analysis for PM10 measured at the M.G Road site, Kochi. The circles represent locations of higher concentration contribution and the
numbers to the right designate the location numbers used in Table 1. Only the highest contributing areas for all of the CFA analyses are listed in Table 1.
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nighttime and morning hours when inversions are strong, particulate
pollution from this area has increased.

The Kalamassery industrial estate houses several large and medium
scale industries in both the public and private sectors. There are around
132 industrial units in this area that includes chemical industry, tan-
neries, cement, and paper and pulp industries (MSME, 2016). Vehicular
traffic and ongoing Kochi Metro work initiated in 2013 also contributed
particulate pollution at Kalamassery.

Other major source locations that contributed to the air pollution of
Kochi were identified in the nearby state of Tamil Nadu indicating in-
terstate transport of particulate matter. The major source locations
identified in Tamil Nadu were Palani, Valparai, Cumbum, and
Manapparai. Among these cities, Palani, Cumbum, and Manapparai are
industrial towns. Palani in the Dindigul District has around 270 units of
agricultural industries emitting large quantities of dust and ammonia in
the area (MSME, 2013a). Manapparai in the Tiruchirappalli District is
primarily an industrial area and has three large spinning mills, 99 small
textile units, two large cement factories, 317 small paper industries, and
174 chemical industries (MSME, 2013b). Cumbum in the Theni District
has several textile industries in and around the area (MSME, 2015).
Alternatively, Valparai is located 1100 m above sea level in the Anai-
malai Hills range of the Western Ghats in the Coimbatore District of
Tamil Nadu. Increased PM emissions from Valparai is likely the result of
growing tourism activities in this area.

4.3. Directionality of local sources

Fig. 5 shows the CBPF plots for each monitoring stations. Individual
CBPF plots for each station including seasonal variations are provided
in Fig. S5 to Fig. S10. At Vyttila, high CPF values were observed for
wind speeds> 10 m/s mostly from easterly direction. The CBPF plot at
Vyttila shows sources in all directions likely indicating the dominance
of nearby traffic since Vyttila is a transportation hub. The increased CPF
values at Vyttila in the easterly direction could be an indicator of PM
transport from the Ambalamugal industrial area (shown in Fig. 5) that
was declared “critically polluted” by the Ministry of Environment and
Forests in 2010 (CPCB, 2011). Major activities in Ambalamugal and
nearby areas include petroleum refining, fertilizer production, a che-
mical plant, and a diesel power plant. The M.G Road and EKM South
stations, commercial sites within the city near to coastline, show high
CPF values towards west which is the direction toward the sea in-
dicating some contribution from that direction. Other than this, both
these stations have more or less uniform pollution which indicated
dominance of local traffic related pollution. The monitoring station at
Irumpanam, an industrial site near the Ambalamugal industrial area,
was influenced by activities at Vyttila to the southwest (SW) direction,
the Ambalamugal industrial area to the southeast (SE) direction, and
the Kochi metro construction activities and associated traffic emissions
during the study period in the northwest (NW) direction. These sources
were identified from high CPF values along the mentioned directions in
seasonal CBPF analysis as shown in Fig. S7. CBPF polar plots from
another industrial site, Kalamassery, showed the influence of the

Ambalamugual industrial area to the SE direction and the contribution
of the Kochi metro construction and highway traffic to the NW for high
wind speeds. At most stations, the full-year CBPF analyses were in-
sufficient to fully assess the source directions. The seasonal analyses
proved to be more useful in identifying the possible sources likely due
to the strong wind shifts between the monsoon and non-monsoon per-
iods. In addition, the relatively uniform nature of the sources such as
local traffic or construction activities around the sites could also con-
tribute to the lack of clear directionality. The contribution of area
source such as Ambalamugal industrial cluster was less seasonally
varying compared to other local sources. CBPF analyses showed that
the monitoring stations were influenced by local sources in addition to
the long-range transported source contributions.

5. Conclusions

Concentration field analysis using five-year, ground monitoring data
and corresponding back trajectories was performed to identify potential
source areas contributing to PM10 mass concentrations in Kochi, India.
Back trajectory results indicated that the major wind pattern in Kochi
was from the western end across Arabian Sea and also from Tamil Nadu
on the eastern side. Seasonal analysis of trajectories indicated wind
direction from both directions during winter and post monsoon and
solely from the west during summer and monsoon. CFA analysis iden-
tified PM10source areas in Tamil Nadu indicating interstate transport of
pollutants. Major contributing areas in Kerala were Kalamassery (in-
dustrialization and urbanization), Munnar in Idukki District (tourism)
and Pampa in Pathanamthitta District (religious activities). Major
contributing areas from Tamil Nadu were Cumbum, Dindigul, Valparai
and Manapparai. Hill stations were found to be one of the major source
locations of particulate matter contributing to Kochi due to its topo-
graphy and growing tourism activities.

CBPF analyses showed the influence of local meteorology to the
particulate matter contribution at selected monitoring stations. The
spread in the polar chart of CBPF values at most of the station indicated
the contribution from local traffic activities. Stations such as Vyttila,
Irumpanam, and Kalamassery showed high CPF value in the direction of
Ambalamugal industrial area especially during high speed winds. Both
CFA and CBPF analyses together could identify local and regional in-
fluence on particulate matter concentration at air quality monitoring
stations in Kochi city.

The present study demonstrated the utility of trajectory statistics
technique to provide qualitative information about source regions.
TraPSA, was found to be a powerful and easy to use open source tool kit
for potential source location apportionment. This utility is particularly
important in areas where it is not feasible to conduct a full chemical
source apportionment due to lack of funds or analytical facilities. The
analyses similar to those conducted in the present study could be useful
for pollution control boards in India or other developing countries to
make use of large quantity of gravimetric PM data for deriving pre-
liminary information about potential sources without having to invest
in detailed chemical source apportionment studies. Such information

Table 1
Potential highest contributing locations as identified from Concentration Field Analysis.

Site No. Place CFA Coordinates District State Activities

1 Sabarimala, Pampa 1.77 9°26′4″N, 77°4′51″E Pathanamthitta Kerala Burning of waste, dust
2 Munnar 1.65 10°4′47″N, 77°4′2″E Idukki Kerala Tourism, hill station
3 Palani 1.73 10°27′6″N,77°30′54″E Dindigul Tamil Nadu Tourism, hill station
4 Manapparai 1.72 10° 36′ 0″N,

78° 25′ 0″E
Tiruchirappalli Tamil Nadu Textile industries,

agriculture
5 Kalamassery 1.74 10°3′16″N, 76°19′13″E Ernakulam Kerala Industrial estate,

Vehicular
6 Valparai 1.78 10°23′28″N, 77°5′10″E Coimbatore Tamil Nadu Hill station, tourism
7 Cumbum 1.55 9°44′8″N, 77°16′54″E Theni Tamil Nadu Textile, Paper and pulp industry, Vehicular
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can subsequently be reinforced by detailed chemical source appor-
tionment. In the present scenario of growing air pollution in Indian
cities owing to the rapid urbanization, this study would be useful in the
development of air quality management strategies and policies.
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The water need of a religious pilgrimage town in South India would typically be much larger than a 
regular town where religious  pilgrims  and  ritual  activities  do not add  to the water burden of the 
municipality. To understand this added water burden, a city scale audit was carried out to estimate the 
water supply, demand and deficit at Guruvayoor, which is a pilgrimage town in South India. Guruvayoor 
is popularly known for the Sri Krishna Temple which is visited daily by an average of 10,000 devotees. 
For the entire municipality, 11,117 open wells, including 144 public wells within the municipal area. The 
study revealed that increased dependency on ground water sources without proper implementation of 
rainwater harvesting (RWH) facilities demonstrated a potential threat for the water security of the town. 
Increased water distribution by water tanker trucks, mostly operated by the unorganized private sector, 
imported 2.5 MLD of water from the outer bounds of the city to meet the commercial and institutional 
demand. The results of this investigation showed that urban water security will likely be subject to such 
external water suppliers, suggesting the need for further research to understand the implications of 
such a distributed water supply panel on urban water security. 
 
Key words: Urban water security, Pilgrimage town, Guruvayoor, water audit, water demand, South India. 

 
 
INTRODUCTION 
 
Water is one of the essential resources for the existence 
of life. The requirement of water has essentially increased 
over a period of time, especially due to explosive 
population growth, urbanization, and industrialization. In 
the last century, water use has been growing at more 
than twice the rate of population increase. It  is  predicted 

that the water withdrawals will increase by 50% in 
developing countries and by 18% in developed countries, 
and as many as 1.8 billion people will be living in 
countries or regions with absolute water scarcity, with as 
much as two-thirds of the world’s population potentially 
under water-stress conditions  (UN-Water,  2015;  UNDP,
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2006). Water scarcity is fast becoming urban India’s 
prime one woe (CWMI, 2018). Recent reports suggest 
that Indian cities are going to face acute water shortages 
by the year 2050 (WWF, 2020). With increasing 
population and decreasing per capita availability of water, 
optimum utilization and conservation of water have 
become a problem of vital importance in which the water 
balance plays a crucial role (Sudhishri, 2007). Thus, the 
development of a water management plan is the critical 
need of the hour for any urban area in the world. 
Furthermore, an effective city-wide water management 
policy is essential for sustainable urban development 
(KMC, 2015). In order to efficiently and effectively 
manage this water resource, it is essential that it be 
quantified through an accurate estimation of the water 
demand and supply. Fortunately, established water audit 
methodology can help in scientifically estimating water 
demand, supply and deficit, not only at an institution level 
but at the city-wide scale as well (Howley, 2005).  

Water Audit’s emerged in the late 1980’s to overcome 
drought-related water availability problems, water 
shortages, leakages and losses of water from municipal 
systems. Water auditing is the practice that focuses on 
quantifying water usage. It provides the means to 
develop precision in schemes for water conservation, 
water use efficiency and water management (Gagnon, 
1984). Water audits systematically review and identify 
opportunities to improve water use efficiency.  They also 
help reduce the misuse and over-use of water, and help 
make effective water management plans by estimating 
present water demand, water supply and deficit. Limited 
attempts were reported previously to conduct water audit 
at a city scale (Kulkarni et al., 2014; KMC, 2015; Vogel, 
2007; Nicholas et al., 2016). Many such water audits 
have been conducted globally, based on the IWA/AWWA 
method (Howley, 2005). However, this cannot be directly 
applied to the water audits in India. Most of the studies 
reported from India were limited in their scope to water 
supply system with a focus on estimating non-revenue 
water.  
The present study conducted a city-scale water audit 
over a period of one year during 2017-2018 to estimate 
the demand and supply of water at a popular pilgrimage 
town in South India named Guruvayoor. Though the 
resident population of the town is about 70,000, 
pilgrimage tourism produces an annual floating 
population of 35 million, which has created major water 
stresses especially for commercial activities. Water forms 
the central element of religious tourism in india in many 
ways. Limited water availability, poor water quality or 
media portrayal of a water crisis can consequently do 
great harm to the image of tourism destinations (Hall, 
2010). Religious tourism creates mass movements of 
pilgrims and devotees, as well as large congregations at 
pilgrim centers. Conducting a proper analysis of water 
requirements   in    pilgrim    centers    which    receive   a  
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continuous large magnitude of visitations gives a clear 
orientation about how to manage the demand and supply, 
as well as avoiding the outbreaks of water borne diseases 
(Shinde, 2007). Analysis of enhanced water demand in 
areas where tourism exerts a pressure in temporal and 
spatial scale is of critical importance. Such analysis from 
both qualitative and quantitative perspectives can assess 
the current demand of the religious tourism sector, while 
also identifying future management challenges for this 
vital resource. Analysis of such regional models can 
exemplify rare information how water can be utilized 
efficiently in the development and management of 
complex destinations (Gössling et.al, 2012). As an 
outcome of this study, it provides a model for how a city 
scale water audit could be conducted at a religious 
tourism destination that will identify the threats to its 
urban water security. 
 
 
METHODOLOGY 
 
Study area 
 
Guruvayoor municipality is situated in the central portion of the 
Indian state of Kerala, located in Southern Peninsular India 
between 10.61° N, 76.01° E and 10.58° N, 76.07° E (Figure 1). The 
municipality is divided into 43 wards with a total area of 29.69 km2. 
It is situated at a distance of approximately 4 km from the Arabian 
seashore and at an altitude above Mean Sea Level (MSL) between 
3.35 to 7.34 M and receives an annual rainfall of 3155mm. 
Guruvayur is a temple city, famous for the Lord Sri Krishna temple, 
which is the fourth largest temple in India based on number of 
religious pilgrims and devotees visiting on a daily basis. Although 
Guruvayoor has a residential population of 70,012, religious tourism 
brings the floating population to around 35 million (Census, 2011).  
 
 
Data sources and analysis  
 
The water audit methodology followed in this study consisted of 
three phases: phase I- Data Collection, including identification of 
water sources and water demand; phase II - data processing and 
analysis; and phase III – developing possible recommendations. 
Figure 2 provides a diagrammatic framework for the methodology 
followed in the present study. Primary as well as secondary data 
were collected to estimate total water supply as well as demand in 
the town. A general household survey was conducted in Guruvayur 
Municipality to gauge the water scenario across the whole 
municipal area. Among 18,772 households, 2380 households were 
surveyed, that is, 12.7% of total households. The survey was 
conducted with the help of an android application called Open Data 
Kit, which can be installed on an android mobile phone. The 
locations of the households were geo-tagged. From the household 
survey, the frequency of Kerala Water Authority (KWA), which is the 
governmental authority responsible for public water distribution, 
was analyzed. The efficiency of the existing water distribution 
network was assessed spatially with the help of geographic 
information system (GIS) based analysis. The survey also identified 
and mapped existing urban water bodies, including ponds and 
wells, their water quality as well as the available water storage 
capacity in these water sources.  



 

 

90          Int. J. Water Res. Environ. Eng. 
 
 
 

 
 
Figure 1. Study area. 

 
 
 

 
 
Figure 2. Methodological Framework for this study. 
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Table 1. Sources and data collected. 
 

S/N Water Source Primary data Secondary data Secondary data source 

1 KWA Supply 
Location of public taps, 
flow in the distribution 
lines 

Distribution network, meter 
readings, pump capacities, storage 
tank capacities 

Kerala Water Authority 

2 Ground Water Water levels, water quality 
Net ground water availability, stage 
of ground water development 

Ground Water 
Department 

3 Rainwater Runoff computed using 
rational method 

Recharge locations, rainfall data Municipality, Indian 
Meteorology Department  

4 Imported water (tanker 
supply, packaged water) 

Traffic survey, survey with 
dealers 

  

 
 
 
Estimation of water supply 
 
Various water sources and the primary and secondary data 
collected for each of these sources as part of this study are 
provided in Table 1. The flow in the KWA distribution lines was 
verified using ultrasonic flow sensors (NIVUS Model NIC-CO01). To 
assess ground water availability, a total of 52 wells were sampled 
out of which 27 were private wells and 25 were public wells. The 
quality of water, whether potable or not, was done by comparing 
water quality parameters measured against IS 10500-2012 
standards. The water level measured at each well was analyzed 
using GIS for spatial variations utilizing the Inverse Distance 
Weighing (IDW) method. In order to assess rainwater harvesting 
potential in the municipal area, analysis of rainfall data was done 
based on the data available during the period 2006-2016 at the 
nearest rain gauge station, which is located at Kunnamkulam. From 
the rainfall data, potential surface runoff which could be harvested 
was computed using the rational method as described by Modi 
(2008). The imported water supply into the town, in the form of 
tanker truck supply, as well as packaged drinking water, was 
estimated through semi-structured interviews with the water tanker 
dealers. A 24-h traffic survey was also carried out to estimate 
tanker supply into the town, as the data on the number of water 
supplying tanker trucks entering the city on a daily basis was 
unavailable in the municipal records. 
 
 
Estimation of water demand 
 
The total water consumption comprised domestic, commercial and 
agricultural use. Domestic demand included the water demand for 
the households in the Municipality. The commercial demand 
included the water demand of hotels, restaurants, lodges, wedding 
halls, theatres and other institutions like schools, colleges and 
railway stations.  All major institutions existing in the study area 
were considered in arriving at the number of consumers to be 
included under the scope of this study. The overall water demands 
were calculated based on data collected from household and 
commercial surveys and from various departments. 

Domestic water demand was found out by considering the ward-
wise population of the municipality as per the 2011 census data and 
multiplying it by the per capita water demand obtained from the 
household water survey. In order to estimate commercial demand, 
the total number of hotels, restaurants, lodges, wedding halls, and 
schools in the municipality was calculated from data available at the 
Revenue Department of the Municipal Office. The daily demand of 
obtained from the data collected  from  the  Hotel  and  Restaurants  

major establishments like hotels, restaurants, and lodges was 
Association, along with the results of a commercial survey that was 
also conducted. Data regarding the water demand of the railway 
station as well as the Guruvayoor temple were directly obtained 
from the concerned authorities. 

The agricultural demand was estimated based on the optimum 
amount of water required for cultivation of various types of crops 
that are typically farmed in the study region. The water requirement 
of different crops and their growing period were taken as per the 
guidelines of Food and Agricultural Organization (FAO, 2006). The 
major crops seen in the Municipality were coconut, plantain, and 
other inter-crops. Data regarding various crops and their cultivated 
area were obtained from the Municipal office.  
 
 
Estimation of water deficit 
 
The supply and demand for water was used to estimate the deficit 
of water with respect to the location as well as the activity within 
Guruvayoor town. 
 
 
RESULTS 
 
Estimation of water supply 
 
The primary survey results indicated that only 5% of the 
households have a Kerala Water Authority water 
connection. The municipal coverage of the KWA supply 
was limited; moreover, among those who did have a 
water connection, only a few had a regular water supply. 
The study estimated KWA supply to be 1.5 million liters 
per day (MLD) to meet the demand in Guruvayoor. There 
were 281 public taps in the municipality out of which only 
224 were functioning.  

The domestic demand in the town was mostly (89%) 
met from ground water. Guruvayur municipality had a 
total of 11,117 open wells including 144 public wells. The 
open well density of the municipality was 379 wells/km2 
which was well above the Kerala State average of 200 
wells per sq.km in the coastal region. The net annual 
groundwater availability in the Chavakkad block, of which 
Guruvayoor  town  was  a part, was 36.5 MCM with stage  
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Figure 3.  Changes in ground water levels in Guruvayoor. 

 
 
 

 
 
Figure 4. Spatial variation in ground water quality at Guruvayoor. 

 
 
 
of development of 66%. Figure 3 shows the variations in 
ground water levels in Guruvayoor during the study 
period and Figure 4   shows  the  spatial  variation  in  the 

quality of ground water available for consumption at 
Guruvayoor. The bad or good demarcation of wells was 
based  on  the IS 10500-2012 water quality criteria. About  
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Figure 5. Spatial variation in domestic water demand at Guruvayoor. 

 
 
 

Table 2. Water demand for various establishments at Guruvayoor. 
 

S/N Type of establishment Total number (Unit) Average daily demand (Liters/Day) Water demand (MLD) 
1 Hotels 200 15,000/unit 3 
2 Restaurants 180 6000/unit 1.1 
3 Lodges 150 10000/unit 1.5 
4 Wedding Halls 16 3000/unit 0.048 
5 Schools 27 45/head 0.21 
6 Railway Station 1  1 

 
 
 
7% of wards in the municipality reported salinity in ground 
water. 

Analysis of rainfall data showed that the total rainfall 
across the study area has been declining over the past 
few years. The average annual rainfall received by the 
Guruvayoor Municipality was 2355 mm. The number of 
rainy days varied between 94 and 161, with an average 
of 122 days. The number of rainy days did not show 
much fluctuation over the past 10 years. Estimation of 
runoff available for recharge using the rational method 
showed that 30 million liter of water are potentially 
available to be recharged into the aquifer in the region. 
However, as of now rainwater harvesting is not effectively 
implemented in the town. If rainwater harvesting was 
effectively implemented across the municipality, it is likely 
that the water stress in the Guruvayoor Municipality could 
be reduced to a good extent. 

Twenty-three wards in the municipality depended on 
tanker trucks for supplying water; these water tanker 
trucks   were   majorly   used   to   meet  commercial  and  

institutional demand. A total of 2.5 MLD was estimated 
for tanker  truck water supply and 0.08 MLD for packaged 
drinking water (available either in 1 or 20 liter cans). The 
existence of packaged water was prevalent in the nearby 
areas of Guruvayoor temple due to the presence of the 
large floating population. 
 
 

Estimation of water demand 
 

(i) Domestic Water Demand: Figure 5 shows the spatial 
variation in domestic water demand at Guruvayoor. The 
total domestic water demand in the Municipality was 
estimated to be 12.5 MLD. 
(ii) Commercial/ Institutional Water Demand: The total 
commercial/institutional water demand was estimated to 
be 7.2 MLD and the major portion of this demand was by 
the Hotels, restaurants, and lodges in and around the 
ward number 18 (Gurupavanapuri) where the Guruvayur 
temple is located. Table 2 shows water demand for 
various  establishments  in  the  town. Guruvayoor temple  
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Table 3. Agricultural water demand for various crops. 
 

S/N Crop Area (km2) Duration (Days) Water demand (mm) Total water demand (m3/day) 
1 Banana 0.12 300 1200 480 
2 Coconut 19.04  50 L/day /Palm 28.56 
3 Others 0.2 120 500 833.33 

 
 
 
which has an average of 10,000 devotees visiting it daily 
was the major establishment with the highest water 
demand. As per the data collected from the Guruvayur 
Dewasom, the water is required for daily needs of the 
temple and Punnathur Aanakotta (an elephant park) 
which is situated in ward number 37 (Kotta South). The 
Punnathoor elephant park at Guruvayoor, which has 54 
elephants, required 200,000 L of water daily and the 
Guruvayoor temple required 200,000 liters of water on an 
average. The total water demand of Guruvayoor temple 
therefore came to be 0.4 MLD.  
(iii) Agricultural Water Demand: The study estimated that 
there was about 20.2 km2 of agricultural land within the 
Guruvayoor municipal area. Paddy (rice) cultivation was 
very popular in this region in the past. However, at 
present, there is no paddy cultivation within the municipal 
area, and thus this high-demand agricultural commodity 
generates no water demand in the study area. Table 3 
shows the agricultural water demand for various crops as 
estimated at Guruvayoor. 
 
The total agricultural water demand for the Guruvayoor 
Municipality was estimated to be 1.3 MLD. As the 
population of Guruvayoor has increased, and as 
urbanization of previous agricultural lands has occurred, 
much of the uncultivated land is being converted for 
construction of residential and commercial buildings. This 
has reduced the agricultural water demand, while 
domestic and commercial water demand has seen a 
concommitant increase. 
 
 
DISCUSSION 
 
The total water demand for the Municipality was found to 
be 21 MLD out of which 12.5 MLD was from domestic 
household demand alone. As seen from the data 
collected and the surveys conducted, the municipality has 
reduced the amount of area under agriculture. Moreover, 
the cultivation of water intensive crops such as paddy has 
essentially ended in the urban municipal space. This has 
resulted in the agricultural water demand being reduced 
significantly from historical levels to currently only 1.3 
MLD. Commercial water demand has increased as 
agricultural lands have given way to the establishment of 
commercial and urban structures, resulting in increased 
water demand in this  area,  which  was  estimated  to  be 

7.2 MLD. 
 
 
Water supply 
 
The collected data and the results of the surveys have 
demonstrated that the KWA supply of water is irregular 
and has limited coverage of the study area. In the net, 
KWA was only supplying 1.5 MLD, which is a mere 7% of 
the total demand. This limited and irregular supply was 
shown to have very limited coverage within the urban 
space; in addition, many of the pubic taps were found to 
be points of water misuse and  had no accountability. In 
sum, the current water supply by the KWA has been 
insufficient to meet the water demand of the municipality. 
Domestic demand has been met mostly by the ground 
water supply, as 89% of households had access to either 
private or public wells. Our data showed that Wards 5 
and 7 have suffered a significant drop in groundwater 
level of more than 1m. This appears mainly due to 
borewell extractions, which have prevailed in these 
wards, specifically for water commoditization. Water 
quality in each of the wells were tested according to 
standards for 11 parameters, including pH, TDS, EC, 
Alkalinity, Chloride, Hardness, Coliform, Iron, Nitrate, 
Sodium and Potassium. Our data showed that 36 out of 
52 wells revealed water quality that was in good 
condition. Another issue that is of significance given the 
proximity of the sea as well as brackish backwaters, 
instances of salt water intrusion were also noted; 
instances were specifically found to prevail in ward 40 
near the Canoli canal as well as near the Chakumkandam 
backwaters. The location of landfill sites also has resulted 
in contamination in Wards 30, 31, 36, which were found 
to be affected in the rainsy season by leachates from the 
nearby landfill sites. Crowded human habitation areas 
such as informal settlements, encampments, as well as 
formal housing colonies, revealed fecal coliform in their 
wells. The two fresh water drains Valiyathodu and 
Thykadu Valiyathodu, have both become sources of 
contamination , mostly resulting from the discharge of 
effluents by hotels, restaurants and lodges from the town. 
These discharges result in the transport of the polluted 
effluents all the way to the Chakkumkandam back water 
area. The surface water bodies in the municipality have 
also revealed high degrees of pollution, primarily due to 
direct disposal of wastes into these surface water bodies.   



 

 

 
 
 
 
This widespread degradation in quality of ground water, 
as well as quantity of groundwater available, has resulted 
in the creation of increased demand for imported water 
within the town, mostly to meet the demand from 
commercial establishments. In fact the 2.5 MLD of tanker 
supply was predominantly directed at commercial 
establishments in and around ward 18, where the temple 
is situated. One of the major utilizers of water tanker 
supply was the Guruvayoor temple. The temple 
organization has its very own tanker trucks operating 
regularly in order to meet the daily water demand, which 
comes to 0.4 MLD. Twenty-three wards, of the fifty-two in 
the municiplaity depend on tanker water, especially 
during the summer season. These tanker trucks, which 
are all owned by private parties, source and collect water 
from different regions outside the municipality, including 
Kandanissery, Kunnamkulam, Chavakkad, Thiruvatra, 
Kottapuram, Mullakkal, Kechery, Kaiparamb, and 
Manathala. Given the scarcity of water as well as the 
poor quality in the study area, the price of water supplied 
by tanker lorries is highly variable, depending on the 
indiviual suppliers, further excacerbated during the 
summer season. This dependence on private water 
suppliers from outside the region is an emerging threat to 
urban water security for Guruvayoor. 
 
 
Water demand 
 
Out of all the wards, ward number 25 (Sub station) had 
the highest domestic water demand and this was due to 
the fact that it had the second highest population among 
all 31 wards and a high per capita demand as per the 
data obtained from the household survey. Even though 
ward number 18 (Gurupavanapuri) had the lowest 
population as the major area of the ward was occupied 
by Guruvayur temple and related commercial 
establishments, the per capita demand was high and the 
ward with lowest domestic water demand was ward 
number 32 (Kottapadi) as it had a comparatively low 
population and the least per capita demand among all the 
wards. Other wards having comparatively high domestic 
demand were ward number 38 (Thamarayur), 37 (Kotta 
South) and 31 (Choolpuram West). The total 
commercial/institutional demand was estimated to be 7.2 
MLD and the major portion of this demand was 
contributed by the hotels, restaurants, and lodges in and 
around the ward number 18 (Gurupavanapuri) where the 
Guruvayur temple is located. 
 
 
Water deficit 
 
The water audit found that Guruvayoor town requires 21 
MLD water supply to meet the total water demand. Out of 
this, direct estimates of KWA supply, along with  imported  
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water supply of both tanker- supplied and packaged 
water, which account for only 4.08 MLD. The agricultural 
demand of 1.3 MLD has been entirely met by ground 
water supply. The total domestic demand of 11MLD was 
also dependent on ground water, where 89% comes from 
groudwater through extraction from wells. The city as of 
now has a water deficit of about 5 MLD, which is  mostly 
to meet its commercial demand.  It is important that 
measures are taken by the municipality to target 
increasing KWA supply or importing water in authorized 
tank lorries under direct control of the municipality, which 
will minmize and reduce the risk of exploitation of the 
public by private water suppliers. Rejuvenation of 33 
public ponds within the city could also be a potential 
alternative water source for Guruvayoor. These ponds at 
present are contaminated with waste or weed and 
cleaning them up could open up additional water sources 
for the municipality. 
 
 
Conclusion 
 
A city scale water audit was carried out at Guruvayoor, a 
pilgrimage town in the southern Indian state of Kerala. 
Sources of water supply with their quantity and water 
demand for various activities were estimated through 
primary and secondary data collection and analysis. The 
collected and analyzed data demonstrated that the city is 
under a severe water stress condition, with a deficit of 
almost 5 MLD of water in order to meet its total water 
demand. Most of this deficit was for meeting commercial 
demand spread across the wards around ward 18 where 
the temple is located. This study is first of its kind water 
audit for an Indian city known for religious tourism with a 
large floating population. The recommendations that 
followed from this audit include the following: 
 
(i) Target the restoration of urban water bodies as 
alternative water sources 
(ii) Promote rain water harvesting across the municipality 
as well as recharging of aquifers 
(iii) Expand the public water distribution network, but 
reduce the prevalence of public taps 
(iv) Establish routine monitoring of ground water quality & 
consumption rates and patterns  
(v) Register all water supply tankers within the 
municipality and regulate and monitor  movement and 
loads 
(vi) Ensure, through policy and regulation, the quality 
price of water from tanker truck operator. 
 
One of the limitations of this work was that the availability 
of rainwater and groundwater was not included while 
calculating total supply. Since ground water consumption 
was not metered, ground water contribution to the total 
available water  supply  had  to be assumed based on the 
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population and their usage pattern. This can be improved 
in follow up studies by including good estimates for these. 
Also, ward-wise consumption patterns of water from the 
KWA supply was unavailable; this will provide finer 
details and indepth understanding of water use in the 
municipality. Finally, data collection was one of the major 
challenges since it was an important part of this project. 
Accurate data regarding tanker supply were unavailable 
and therefore the estimation of imported water could be 
more than actually quantified. 

This study focused on the conduct of a city-wide and 
city-scale water audit over a period of one year during 
2017-2018. The objective was to estimate the demand 
and supply of water. The major finding was that imported 
water has become a major contributor to the urban water 
supply of Guruvayoor.  An over- arching conclusion from 
this study is that if the right measures are not taken and 
some of these studies’ recommendations are not followed 
through, this can emerge as a threat to urban water 
security of the temple city. Finally, the dependency on 
ground water reserves are increasing but sufficient efforts 
on recharging ground water through RWH are not being 
implemented or taken up. All of these aspects need to be 
investigated further in order to fully understand their 
potential impact on the level and quality of religious 
tourism at Guruvayoor. 
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Abstract. Liquefaction induced damages are plenty and cause various levels of destruction to 

civil engineering infrastructure. It is possible to prevent liquefaction-induced hazards by 

understanding the mechanism and adopting some improvement techniques or design the 

structure to resist the soil liquefaction. In the present study, the influence of cyclic preloading on 

the liquefaction resistance of sand-silt mixtures is analyzed by conducting undrained cyclic 

triaxial tests on the cylindrical samples reconstituted at medium dense conditions (Dr = 50%). 

All samples were tested at an effective confining pressure of 100 kPa by varying the cyclic stress 

ratios (CSR) in the range of 0.127 to 0.178 using a sinusoidal waveform of frequency 1 Hz. The 

results are presented in the forms of the pore pressure build-up, axial strain variation and 

liquefaction resistance curves. Test results indicate that the liquefaction resistance of silty sands 

is increased substantially with the application of preload under drained conditions.  

1.  Introduction 
Liquefaction induced damages are plenty and cause various levels of destruction to civil engineering 

infrastructure. It is possible to prevent liquefaction-induced hazards by understanding the mechanism 

and adopting some improvement techniques or design the structure to resist the soil liquefaction. The 

first possibility is to avoid the construction on liquefiable soil deposits as far as possible. However, it is 

mandatory to utilize the available land for the various infrastructure developments due to scarcity in the 

availability of land even it does not satisfy the required properties. Hence, the second option is to make 

the structure resistant to liquefaction by adopting deep foundations. Nevertheless, the deep pile 

foundations may not prevent liquefaction damages in all cases.  Piles are causing to deflect in 

liquefaction susceptibility zones. Hence, the third option is liquefaction mitigation which involves 

improving the strength, density, and drainage characteristics of the soil. The selection of the most 

appropriate ground improvement method for a particular application could depend on many factors 

including the type of soil, level, and magnitude of improvement to be attained, required depth and extent 

of the area to be covered.  This paper presents an experimental study regarding the applicability of 

preloading for the improvement of liquefaction resistance.  

2.  Literature review 
Preloading of the soils occurs naturally (for eg., erosion, the flow of groundwater, etc)  or artificially  

(purposeful preloading to improve the soil properties, demolition of structures, etc). A few researchers 

have analyzed the liquefaction resistance of preloaded soils. The details are given in Table 1.  
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Table 1. Studies reported by various authors  

Author Remarks 

Finn et al. [1] Cyclic preloading improves the resistance of sand 

Ishihara and Okada [2] Cyclic preloading at higher amplitudes reduces the cyclic strength of 

sands 

Stamatopoulos et al. [3] Preloading can decrease significantly the danger of liquefaction, at 

least in the free field. 

Bouferra and Shahrour [4] Preloading at great amplitudes increases liquefaction susceptibility 

Wichtmann et al. [5] The samples with preloading experience the high liquefaction 

potential 

Lopez and Modaressi [6] The usage of preloading reduces the rate of pore pressure which is 

build up in the soil (conclusion based on FEM analysis) 

Stamatopoulos and Balla [7] prestress ratio and cyclic shear strength are directly proportional 

Stamatopoulos et al. [8] Conducted field experiments to prove the effectiveness of preloading 

in liquefaction mitigation 

 

The above review highlights that in most cases, preloading improves liquefaction resistance; but 

some scholars reported contradictory findings [5]. Hence this work attempts to study the influence of 

cyclic preloading on liquefaction resistance of sand and sand-silt mixtures. 

3.  Methodology 
In this study, the authors utilized the soil combinations obtained by mixing various amounts of non-

plastic fines by weight into the sand.  The basic laboratory tests were performed on soil combinations 

to find the index properties. The gradation curves derived from the particle size analysis are shown in 

Figure 1. Table 2 summarises the obtained properties of soil combinations.  

The cyclic triaxial testing (conducted in computerized triaxial equipment) involves various stages 

such as sample preparation, saturation of soil, consolidation, application of drained preloading and 

application of the undrained loading. A detailed description of each stage is given in [9]. 
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Figure 1. Particle size distribution curves 
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Table 2. Basic properties of various soil combinations [9] 

Notation FS SS10 SS20 SS30 SS40 

Fines content (%) 0 10 20 30 40 

G 2.62 2.66 2.71 2.72 2.69 

D50, mm 0.28 0.26 0.23 0.2 0.15 

Cu 2.36 4.00 4.67 6.25 7.33 

Cc 0.87 1.28 1.17 0.72 0.74 

ρmax, g/cc 1.66 1.71 1.81 1.86 1.79 

ρmin, g/cc 1.41 1.44 1.48 1.52 1.42 

ρtest, g/cc 1.52 1.56 1.62 1.67 1.58 

 

4.  Results and Discussions 
Cyclic triaxial tests were performed on the silty sands with and without preloading. The samples were 

prepared by combining the moist tamping - under compaction procedure [10] at medium dense 

conditions and consolidated at an effective pressure of 100 kPa. Initially, the samples were subjected to 

5 and 10 cycles of preloading with CSR = 0.076 in drained conditions. The samples were then subjected 

to the cyclic stress amplitude of 0.127, 0.152 and 0.178 in undrained condition until failure.  

Figures 2 to 6 show the effect of cycles of preloading on the undrained response of silty sands (tested 

at CSR = 0.178). Table 3 summarises the effect of cycles of preloading on undrained response and 

liquefaction resistance of silty sands. The number of cycles to liquefaction (i.e., when the excess pore 

pressure becomes equal to the effective consolidation pressure) is given in the table.. 

It is evident from the figures that the pore pressures build up and axial strain propagation become 

more gradual in the soils which are subjected to drained preloading than in the soils without preloading. 

Preloading slows down the build-up of pore pressures during undrained cyclic triaxial loading. Also, it 

is worthy to note that the soil samples with cycles of preloading experience both the compression and 

extensional strains whereas the samples without preloading only experience compression strains. The 

samples become more resistant to liquefaction and withstand large deformations when they are subjected 

to preloading in drained conditions. Similar trends were observed in other tested CSRs too. 
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Figure 2. Results of FS sample 
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Figure 3. Results of SS10 sample  
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Figure 4. Results of SS20 sample  
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Figure 5. Results of SS30 sample  
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Figure 6. Results of SS40 sample  

Table 3. Summary of results 

Soil 
Cycles of preloading 

0 5 10 0 5 10 0 5 10 

CSR = 0.178 CSR = 0.152 CSR = 0.127 

FS 28 38 49 53 68 77 85 113 133 

SS10 20 33 38 43 58 65 77 101 116 

SS20 10 24 30 33 47 59 71 89 104 

SS30 8 19 23 24 39 51 66 81 99 

SS40 4 14 18 14 28 44 62 76 89 
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     (c) SS20                                                                 (d) SS30 
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Figure 7. Liquefaction resistance curves 

Figure 7 shows the effect of cycles of preloading on the liquefaction resistance curves of all soil 

combinations. The CSR corresponding to 20 cycles is found from this and is used to evaluate the 

effectiveness of preloading on liquefaction resistance. Figure 8 plots the variation of CSRNl = 20. The 

figure clearly shows that the CSR values are increasing as the number of cycles of preloading is 

increasing, irrespective of the soil type.  
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Figure 8. Improvement of CRR values 

5.  Summary and Conclusions 
The authors studied the liquefaction resistance of silty sands subjected to initial preloading. The analysis 

of test results allow to draw the following conclusions: 

 The low amplitude drained preloading slowed down the buildup of pore pressure and 

propagation of axial strain. 
 The samples subjected to preloading experience both positive and negative strains.  

 From liquefaction resistance curves, CSR corresponding to 20 cycles is found and it is used to 

evaluate the effectiveness of preloading on liquefaction resistance. CSR values increase as the 

number of cycles of preloading increases, irrespective of the soil type.  

However, to make consistent conclusions, liquefaction susceptibility is to be investigated by varying, 

among others, the consolidation pressures, relative density, frequency of loading. 
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a b s t r a c t

One of the major issue faced by the construction industry is the degradation of structures due to different
loads acting on the structure. So retrofitting and rehabilitation has become quite inevitable and it can
help in regaining the original strength of the structure. Use of ferrocement is an effective method and
it is used in developed countries as it is considerably cheap and materials of construction are easily avail-
able. Ferrocement is a system of construction using reinforced mortar or plaster applied over an armature
of metal mesh, woven expanded-metal or metal-fibers and closely spaced thin steel rods such as rebar.
The skill required is of low level and it has superior strength properties as compared to conventional rein-
forced concrete. The main drawback of ferrocement is corrosion. Thus to avoid corrosion stainless steel
jacketing is employed for rehabilitation within the study that opens the scope for a new jacketing
methodology.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Second International
Conference on Recent Advances in Materials and Manufacturing 2020.

1. Introduction

Concrete is the most popular construction material which is
made of cement, aggregate and water. Water is acting as the bond-
ing agent between the component. On adding water, the concrete
is in a plastic state and acquires strength with time. Portland
cement is the ordinarily used type of cement for production of con-
crete. Concrete is used in the construction of the major structural
elements like foundations, columns, beams, slabs and other load
bearing components. The use of traditional construction materials
such as steel and concrete showed signs of deterioration due to
prolonged action of loads which results in degradation of overall
strength of the structure which makes it futile. This degradation
is a result of poor construction techniques, flaws in designing pro-
cess or may be due to poor updating of the methods specified in
design codes. Proper maintenance is a partial solution. So is a
necessity of an effective rehabilitation technique which will
improve the life expectancy of the structure. Earlier studies
focused on steel meshes which is prone to corrosion. My study
focuses on a non corrosive technology for rehabilitation. The scope
of stainless steel as a jacketing method is not studied formerly.

In most of the developed countries, the development trade has
almost reached saturation. So there is an increasing demand to
ameliorate and strengthen the existing structure instead of demol-
ishing. The damages are mainly due to the environment degrada-
tion, design inadequacies, poor construction practices, irregular
maintenance, requirement of revision of codes in practice, increase
in the loads and seismic conditions etc. Rehabilitation is one of the
practical solution for such structural collapse and it can be done
effectively by strengthening the load bearing components or by
strengthening the vital components of the building which results
in the failure of the building. Therefore, rehabilitation and upgrad-
ing of degraded structure has become one among the foremost
vital challenges in development industry. In several cases, the
whole demolition of the existing structure is not an economical
answer as it becomes an exaggerated money burden. So upgrading
or repairing the structure is an effective practical approach. Col-
umn is the major compression load bearing component member
and the failure of which results in the failure of the whole building.
During earthquakes, columns are likely to undergo brittle failure.
So the ductility of columns has to be improved to prevent the
inelastic deformation occurred during earthquakes. Whereas
repair and rehabilitation using ferrocement enhance the strength
and ductility of the column. Proper selection of the strengthening
material is inevitable to enhance the properties of the column.
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Many experimental studies conducted in recent years con-
cluded that beams and columns repaired by ferrocement jackets
showed superior performance both at the service and ultimate load
[1]. Abdullah et al. [2] observed that providing jackets over the
entire length of the columns increased the ductility of columns
tremendously. An effective retrofit technique using ferrocement
jacket reinforced with expanded steel meshes for shear deficient
concrete columns was suggested by Kazemi and Morshed [3].
Study on the behaviour of RC columns strengthened using FRP by
Kumutha et al. [4] proved conventional jacketing not effective
due to stress concentration at corners. The influence of the round-
ing of corners on the strength of small scale square concrete col-
umn specimens confined with FRP composite laminates was
studied by Salloum [5] and observed that circular section had the
best performance. Kondraivendhan and Pradhan [6] showed that
providing confinement using external ferrocement jacketing can
enhance the ultimate concrete compressive strengths and failure
strains of circular cylindrical specimens. Wu and Wei [7] studied
the effect of cross sectional aspect ratio on the behaviour of axially
loaded short rectangular columns strengthened with car- bon
fibre-reinforced polymer (CFRP) wrap. Xiong et al. [8] proposed a
method to strengthen the columns with ferrocement including
steel bars (FS) jackets and observed that the compressive strength,
ductility, energy absorption capacity and deformation capacity of
the FS columns were higher compared to that of others. Studies
conducted by Kaish et al. [9] proved that confinement with
improved square ferrocement jacketing techniques were effective
to overcome the stress concentration problem of conventional
square ferrocement jacketing under both concentric and eccentric
modes of loading. Full scale rectangular columns were tested by
Realfonzo and Napoli [10] for performances of different strength
techniques with FRP. Mourad and Shannag [11] studied one-third
scale square RC columns preloaded up to various fractions of its
ultimate load and found that strengthening of square RC columns
preloaded up to failure with ferrocement jacketing restored the
original load carrying capacity of control columns. Shannag and
Mourad [12] also developed flowable high strength cementitious
matrices of varying strengths for casting ferrocement laminates.
This when used for confinement of cylindrical studs was found to
improve ultimate load and load deformation response.

2. Ferrocement as a rehabilitation technique

Ferrocement is a composite type of construction material con-
sisting of a mesh layer and a mortar layer. The mesh layer can
either be metallic or non metallic layer. Commonly used mesh lay-
ers are glass fibre reinforced polymers (GFRP), carbon fibre rein-
forced polymers (CFRP), mild steel, steel laminates etc. Due to
the presence of mesh layer, the structure will get more stability
reducing the volume of concrete used for construction. Thin sec-
tions and strong components can be made with ferrocement. A rich
mix of cement, sand and water constitutes the confining mortar.
Due to its flexibility in construction it can be moulded to any com-
plicated shapes and ferrocement is most commonly used in the
construction shell slabs, hulls for boats and water tanks. Less
skilled labours are needed due to its simplicity in construction
and it results in rapid construction. Ferrocement is advantageous
as retrofitting technique in earthquake prone areas because of uni-
form distribution of mesh and presence of additional reinforce-
ment [1].

The use of ferrocement as a jacketing method to concrete col-
umn is investigated in this study. Ferrocment exhibits many bene-
ficial behaviour in strength aspect and potential applications
compared to conventional concrete. The jacketing has uniform dis-
tribution of reinforcement throughout the confinement, so load

will be distributed proportionately which results in improvement
of many of the engineering properties of the material, such as ten-
sile and flexural strength, toughness, fracture, crack control, fatigue
resistance and an impact resistance and added advantage of easy
fabrication. In developing countries, the raw materials for ferroce-
ment construction are easily available, and also it could be con-
structed in any complicated shape. The skill required is of low
level and it has superior strength properties as compared to con-
ventional reinforced concrete. These are the reasons for which
the ferrocement is considered to be an appropriate confinement
material in developing countries such as India.

The major downside of ferrocement is that it is a labour inten-
sive method of construction and it is uneconomical for industrial
applications. Also if there is any presence of air voids during con-
struction, due to too dry a mixture of the concrete being applied,
or not forcing the air out of the structure while it is in its wet stage
of construction, through vibration, pressurized spraying tech-
niques, or other means there will be chances of rust resulting in
corrosion of mesh layer. During curing process, water particles will
be entrapped in the air voids resulting in the initiation of corrosion
if the steel is untreated. So a corrosion resistant method is indis-
pensable to enhance the method of rehabilitation.

Major problem of ferrocement is corrosion. So to prevent corro-
sion Stainless steel jacketing is used in the present study for reha-
bilitation. The introduction of stainless steel in construction
industry improved many attractive advantageous features like cor-
rosion resistance, durability, high strength-to-weight ratio, ease
and speed of transportation, construction, and maintenance, fire
resistance, nice look and recyclability of the material [1]. Chro-
mium and nickel are the two significant alloy-elements in stainless
steels, as these deliver the basic corrosion-resistance and bright-
ness of stainless steel members. It is well established that the
mechanical properties of carbon steel are not same as those of
stainless steel. For carbon steel, the proportional limit is at least
70% of the yield strength, whereas it is 36% to 60% for stainless
steel [3].

3. Stainless steel as a construction material

Stainless Steel is a highly efficient construction material mainly
known for its corrosion resistance, strength and stiffness proper-
ties due to high chromium content. Stainless steel was introduced
in construction date back about 90 years and include landmark
examples such as the cladding on the Chrysler Building in New
York and the Gateway Arch in St. Louis. There is an increase in
the use of stainless steel recently as it can achieve desirable dura-
bility, aesthetics and structural properties. It is commonly used in
the construction of buildings, towers, domes, footbridges and road
bridges. The uses of cold-form stainless steel tubular structures
have been rising recently due to different attractive advantageous
features such as: corrosion resistance, durability, high strength-to-
weight ratio, ease and speed of transportation, construction, and
maintenance, fire resistance, nice look and recyclability of the
material. Stainless steel is composed of two alloy metals chromium
and nickel which is the main reason for corrosion resistance and
strength of stainless steel components. It is proven that the
mechanical properties of carbon steel are not same as those of
stainless steel. For carbon steel, the proportional limit is at least
70% of the yield strength, whereas it is 36% to 60% for stainless
steel [1]. In the present study, stainless steel meshes with a yield
strength of 215 N/mm2 are used with mesh openings of size 0.5,
1 and 2 in. are introduced to find the optimum mesh size to obtain
maximum strength (Fig. 1. Fig. 2).
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4. Ferrocement confinement on RC rectangular column

Column is the main load bearing component of a structure and
if a column fails, it will result in the failure of the whole building.
Confining and strengthening the major load bearing is an effective
method of repairing. So column was taken for the experimental
study as it is an integral part of the building. Certain preloads were
provided to simulate the actual failure of column in a structure.
The experimental study was done on 8 identical rectangular col-
umns of size 115 � 170 � 500 mm. Control specimens were chosen
to obtain the ultimate load of failure. The effect of localization of
jacketing was also studied by providing stainless steel jacketing
up to the crack prone area. Rectangular columns were selected
for the study with an aspect ratio of 1.5. Only single layer mesh
was provided. For localization 0.500 mesh was selected. The param-
eters studied were optimum size of mesh, corner radius and local-
ization of stainless steel mesh. The methodology of the present
study is demonstrated in Fig. 3.

Mini Soman [5] investigated the effect of ferrocement with steel
meshes in square and rectangular columns. The parameters stud-

ied were the effect of aspect ratio, number of layers of meshes
and the effect of corner radius. Corner radius is an important factor
in jacketing as stress concentrations are higher at the corners. The
researchers observed that the confinement effectiveness decreased
with increase in aspect ratio and the effectiveness was enhanced
with increase in number of layers. The investigation by Mini
Soman [5] is compared with the present study to analyze the effect
of steel and stainless steel as confinement.

5. Reviews of the study

From the experimental study conducted it was observed that
certain characteristics of the confined concrete was improved.
The reviews of the research conducted using ferrocement using
stainless steel mesh as jacketing are presented in the following
sections.

5.1. Breaking load of column

The researchers observed that the breaking load of the jacketed
column was higher in specimen with 100 mesh but increase in

Fig. 1. Stainless steel mesh of opening size 0.5 and 1 in.

Fig. 2. Stainless steel mesh of opening size 2 in.

Fig. 3. Methodology of experimental study.

Fig. 4. Test setup for compression test of 70% preloaded specimen.
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preloading the load decreased. Test setup for compression test is
shown in Fig. 4 and details of specimen are described in Table 1.
The stress–strain curve is depicted in Fig. 5. Stress strain graph
implies the specimen wrapped with ferrocement with a preload
of 70% have higher stiffness and energy absorption is higher. Even
with localization the specimen gained ample stiffness. The factors
considered for the study are discussed below.

5.1.1. Mesh size
The study was done on 3 specimens with different mesh size

which includes 0.500,100 and 200 based on availability in market. Even
though the specimens were identical specimen with 100 mesh has
shown maximum results. The diameter of wire should also be con-
sidered as 100 and 200 mesh wires were identical. From the results it
was evident that as the mesh size decreases, confinement pressure
increases. Ultimate load of failure of specimens are depicted in
Table 2.

5.1.2. Effect of preload
70% and 100% preload was given to the column. As 100% pre-

loaded specimen is a fully failed column the percentage of strength
regained was slightly lesser than that of lesser preloads.

5.2. Localization of mesh

As stainless steel is costly compared to steel meshes used in
conventional ferrocement construction, localization study was
done for cost effectiveness. It was done with 0.500 mesh as it pro-
vides sufficient confinement even for smaller heights of jacketing.
70% preloaded columns were considered as cracks are more local-
ized in this loading. Even with localizing sufficient strength was

regained which paves the way for a new cost effective method.
The test set-up is shown in Fig. 5. The test set-up is shown in Fig. 6.

6. Theoretical model for ultimate load

The ultimate load of a confined model can be analysed using
softwares and empirical formulas. Analytical validation is a tedious
process and modelling is difficult. Empirical equations are formu-
lated based on experimental study done by researchers. The empir-
ical formulations are usually easily applicable for design purposes.
More advancements are needed in software field for accurate anal-
ysis of confinement models. The study by Mini Soman et al. [5] and
Kumutha et al. [8] considered the effect of corner radius, aspect
ratio, number of layers of confinement, mesh size and preload
are taken to formulate an empirical equation for calculating the
ultimate load bearing capacity of the jacketed specimen. From
the study done by Kumutha [8] the formulation of confinement
effectiveness was extracted. Load vs displacement graph and
stress-stain graphs obtained are shown in Fig. 6 and Fig. 7. Test
setup of localized specimen is shown in Fig. 8.

6.1. Confinement effectiveness

Confinement effective coefficient (k) was introduced by
Kumutha et al. [8] to relate the strength of confined concrete
(fcc) and strength of unconfined concrete (fco).

Table 1
Details of specimens.

Group ID Preload (%) Mesh size (inches) Height of jacketing (mm)

Rectangular CS-0 100 0 0
R-70-0.5 70 0.5 480
R-70-1 70 1 480
R-70-2 70 2 480
R-100-1 100 1 480
R-100-2 100 2 480
Rl-70-0.5 70 0.5 250

Fig. 5. Test setup for compression test of 100% preloaded specimen.

Table 2
Ultimate load of specimens.

Group ID Ultimate load (kN) Strength gain

Rectangular CS-0 445 1
R-70-0.5 788.9 1.77
R-70-1 876.55 1.96
R-70-2 820.9 1.84
R-100-1 611.8 1.37
R-100-2 368.95 0.83
Rl-70-0.5 895.85 2.01

Fig. 6. Load Vs Displacement graph of specimens.
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f cc ¼ f co þ kf 1 ð1Þ
The effect of confinement pressure exerted by ferrocement jack-

eting was formulated by Jamil et al. [5] as

f 1 ¼ 2NAwðHj þ bwÞ
DcHjbw

f ywð 2Þ

where N- number of mesh layer,
Aw- cross sectional area of individual wire,
bw- opening of wire mesh,
Hj- height of ferrocement jacket,
Dc- diameter of concrete core.

6.2. Ultimate load

In the study done by Mini Soman [5] the effect of preloading is
also considered. A constant of Preload (Pr) was used in formulation
of ultimate load (Pu). The confined strength of concrete is changed
as,

f cc
f co

¼ 0:844þ ½31:265 f 1
f co

þ 0:863
2r
b
� 0:0127Ar � 0:517Pr � ð3Þ

Thus the ultimate load bearing capacity (Pu) of jacketed column
can be expressed as

Pu ¼ f ccAc þ f yAs ð4Þ

Pu ¼ f cof0:844

þ 31:265
f 1
f co

þ 0:863
2r
b
� 0:0127Ar � 0:517Pr

� �
gAc

þ f yAsðPrÞ0:1 ð5Þ
where r- corner radius,
Ar- aspect ratio,
Ac- area of concrete

7. Conclusion

The present study focused on effectiveness of ferrocement con-
finement with stainless steel and steel meshes. With respect to the
study done by different researchers the following conclusions were
obtained:

1. With the use of steel mesh and stainless steel mesh, the
regaining capacity was improved by 19% and 49% respectively. So
confinement using stainless steel is an effective method of rehabil-
itation as it enhances strength and improves corrosion resistance.

2. Ferrocement confinement method holds good for localization
of jacketing in crack prone areas with a regaining capacity of 50%
which makes the method viable.

8. Research gaps

Rehabilitation studies are mainly focused on the use of polymer
composites. There is a huge research gap exist in the field of ferro-
cement as a rehabilitation technique and few are listed below.

1 More studies are to be conducted in the effective use of jack-
eting in localized areas of crack propagations, thus minimizing the
cost of construction.

2. The effect of corner radius influences the load carrying capac-
ity of column as stress concentrations are more at the corners
resulting in the rupture of meshes. Effect of corner radius on spec-
imen confined with stainless steel mesh should be conducted for
further studies.

3. For accurate and uncomplicated design of confinement mod-
els of jacketing proper analysis tools should be introduced for ana-
lysing complicated methods of rehabilitation.
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Abstract
World over, the instances where polluters are made to pay for the damages they have caused to the environment are on the rise. If
more than one party is found responsible for pollution, our analyses of statutes of different countries, covering more than 57% of
the world population and more than 45% of its land area, showed that liability is to be allocated among the involved parties on an
equitable basis, often decided by the courts. Analyses of a number of court cases showed that the factors considered for allocation
in such cases may be classified into two, technical and non-technical. It was also found that the legal liability of pollution was
different from the technical liability in many cases due to the influence of non-technical factors that were very specific to the case.
These non-technical factors often do not fall under the investigation purview of an environmental forensic expert who carries out
technical investigations to find the responsible parties. Based on the analysis, it is suggested that the liability allocation be a two-
stage process; the first stage being technical liability allocation done by the forensic expert and the second stage the final (legal)
allocation by the court. It is also suggested that clear guidelines be prepared for technical liability allocation. There was also a felt
need to quantify remediability to make the remediation liability allocation easier.

Keywords Legal liability of pollution . Technical liability of pollution . Environmental forensics . Impact liability . Remediation
liability . Remediability

Introduction

An environmental forensic investigation not just involves
identifying who the polluter(s) is/are in an environmental pol-
lution episode but also estimating the monetary cost of the
damage (Block 1998; Stout et al. 1998; Siddik et al. 2015;
Varghese et al. 2015). When pollution occurs, there can be
loss of lives, health, property, and goods. However, these
losses are often considered compensable, for which laws have
existed in all communities, even since the distant past. But, the
damages that occur to the environment were often neglected
until a few decades back. The remediation for environmental
losses is not covered in the civil laws of most of the countries.
Nevertheless, the past few decades have seen a shift from this,
and the need for a justifiable compensation for environmental

damage is addressed by many environmental statutes and leg-
islations, like The Swedish Environmental Code (Ministry of
Environment and Energy, Sweden 1999), The European
Union Directive on Environment Liability (European
Parliament and Council, European Union 2004), and The
National Green Tribunal Act of India (Ministry of Law and
Justice, India 2010). Proper procedural and legal frameworks
are important for allocating compensation to the victims of
pollution and assigning the cost to the polluters, both for com-
pensating victims (damages or the impact liability) and paying
for cleanup activities (the remediation liability). A challenge
in ensuring compensation for environmental damages is that
all kinds of environmental damage are not measurable in
terms of economic values. Some losses like loss of trees, flora,
and fauna are easily measured (Cho et al. 2008; De Groot et al.
2012; Wilting et al. 2017; Reale et al. 2018); however, losses
due to psychological irritation caused by noise, odour, etc.
cannot be measured easily (Pfennigstorf 1979). Though there
are recent works that attempt to measure the economic values
of losses due to psychological irritations, etc. (Shepherd et al.
2016; Rung et al. 2018), these are not without limitations.

Apart from the difficulty in calculating the actual cost as-
sociated with environmental pollution, there is another chal-
lenge, that of identifying the parties responsible and their share
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of liability. Often, a detailed environmental forensic investi-
gation at the polluted site can identify the parties responsible
for pollution. Still, there remains the challenge of allocating
liability among the polluters based on the facts established
during the forensic investigation. This study investigates the
legal provisions and practices adopted in fixing the liability of
pollution in different parts of the world when multiple parties
are found to be responsible for the menacing scenario. A num-
ber of cases involvingmultiple polluters where the courts have
given their decision were analysed to identify the principles
adopted for responsibility allocation. Some of the existing
practices regarding liability allocation in some countries were
also critically analysed. The study then tries to identify the
shortfalls in the provisions and practices and goes on to rec-
ommend modifications for improvement with the role of a
technical expert carrying out the forensic investigation clearly
defined. As liability for the loss of lives, health, property, and
goods normally falls under the general civil jurisdiction, the
remediation liability is the focus of this study.

Statutory provisions for responsibility
allocation in pollution cases

The responsibility allocation and consequently the cost allo-
cation among polluters are done by courts based on the rele-
vant statute(s)/legal provisions existing in the specific country.
Among the two components of the pollution cost, viz., the
compensation to victims (damages) and the environmental
cleanup costs (Bolt et al. 2005; Hylander and Goodsite
2006; Ministry of Environment and Forests, India 2006), the
former in most legal systems is claimed by the affected parties
through civil suits (Dalibor et al. 2017; Ellis v. Gallatin Steel
Co.,390 F.3d 461 (6th Cir. 2004), Jugheli and others v
Georgia, European Court of Human Rights, 38,342/05,
ECHR 660, Sutherland v. Can. (A.G.), 2002 BCCA 416,
Fadeyeva v. Russia, 55723/00, Dolan v Voutieros [2019]
SAERDC 8). But, specific statutory provisions exist in many
countries regarding remediation liability. Although some of
these statutes address the pollution liability in general, their
role is more significant for the remediation liability. The en-
vironmental liability statutes and their provisions relevant to
this study, from selected countries, are given below.

Africa

Egypt

The Law Number 4 of 1994 (The President of Republic, Egypt
1994) gives regulations on the necessary precautions for produc-
tion and handling of waste such that no damage to the environ-
ment is done. It takes into account all types of environmental
pollutions that can take place. The articles 85–101 of the law give

provisions on the penalties in case of violation of the law. The
law, however, is silent on allocation among multiple polluters.

Kenya

The Environmental Management and Coordination Act
(National Council for Law reporting, Kenya 2012) is the pri-
mary act dealing with environmental regulations in Kenya.
According to section 93 (3), a person convicted of pollution
has to pay for the remediation of the site. Explicit provisions
on allocation of responsibility among multiple polluters are
absent in the law.

Republic of South Africa

According to The National Environmental Management:
Waste Act 59 of 2008 (Parliament, Republic of South Africa
2008), chapter 7, section 68 (5), penalty may be allocated
among polluters based on monetary benefits obtained by the
polluter and the impact of pollution on health and environ-
ment. Liable party is identified as the one who has contributed
to pollution or the owner of the land or a personwho has failed
to prevent pollution or any party who has failed to control
pollution. South Africa adopted a revised regulation,
National Environmental Management: Waste Amendment
Act 26 of 2014 (Parliament, Republic of South Africa 2014),
later. The provisions on penalty in the new statute are accord-
ing to the 2008 Act. From chapter 3(A), section 13A(4) of the
2014 Act, the waste management charges should be based on
characteristics of waste, volume of waste, toxicity of waste,
extent of environmental impact, and the extent of approved
deviation from waste standards.

Asia

People’s Republic of China

The Environmental Protection Law of the People’s Republic
of China (President, People's Republic of China 2015) is the
most significant national legislation formulated for the pur-
pose of protecting and improving the environment and
preventing and controlling pollution in the People’s
Republic of China. Article 64 of the amended law that entered
into force on January 1, 2015, specifies that those who cause
damages due to environmental pollution and ecological de-
struction shall bear tort liability in accordance with provisions
of Tort Liability Law of the People’s Republic of China. In
China, there exist two systems of liability laws, namely tort
liability and remediation liability. According to article 65 of
the Environmental Protection Law of the People’s Republic of
China, in case of pollution by multiple polluters, the liability
shall be joint in addition to the punishment as given by laws.
Article 66 of the law puts the burden of proof on the polluters
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for disputes arising from pollution of the environment. Article
67 deals with responsibility allocation in the event of multiple
party causation. As per this article, ‘If the environment is
polluted by two or more persons, the degree of liability shall
be determined by factors including, inter alia, the type of
pollutants and the quantity emitted’. Chapter VIII of the Tort
Liability Law (President, People's Republic of China 2009)
deals with liability for environmental pollution. Chapter II of
the Law, dealing with the constitution and mode of tort liabil-
ity, describes the conditions when the liability is several or
joint and several (articles 10–12). In the case of joint and
several liability, the infringed party can seek contribution from
other parties who are jointly and severally liable (article 13).
The amount of compensation to be incurred by the person
subject to joint and several liability shall be determined ac-
cording to their respective liability. If the degree of their re-
spective liability cannot be determined, compensation liability
shall be borne equally (article 14).

India

The Environment (Protection) Act, 1986 (Ministry of
Environment and Forests, India 1986) is the most important
environmental statute of India. Section 9 of the act deals with
the responsibilities of stakeholders in preventing and mitigat-
ing the effects of pollutants discharged to the environment in
excess of what is permitted. Section 9 (3) allows the govern-
ment agencies that have incurred the expenses for remedial
measures to recover the same along with interest from the
person responsible for discharge. But, the act does not address
multi-party causation.

The environmental redress mechanism in India had been pre-
dominantly based on criminal sanctions (Ministry of
Environment and Forests, India 2006). Amajor change from this
was The National Green Tribunal Act, 2010 (Ministry of Law
and Justice, India 2010). The NGT Act addresses both remedia-
tion cost and damage cost. The tribunal aims to provide quick
settlement of claims related to environmental damage and has
powers over civil cases involving substantial questions relating to
the environment. Varghese and Alappat (2012) have discussed
the possible impact the Act can have on the development of
Environmental Forensics in India. Chapter III, section 17(1) of
the Act requires the person responsible for pollution to pay com-
pensation for the damages as decided by the tribunal.
Section 17(2) addresses multiple party causation. In such cases,
the tribunal may apportion the liability for compensation among
the responsible parties on an equitable basis.

Japan

The most important environmental legislation of Japan is the
Basic Environment Law (BEL) of 1993 (Ministry of
Environment, Japan 1993) BEL, chapter 2, section 8, article

37 that requires that when specific projects are undertaken by
the state and local governments to prevent environmental pol-
lution or interference with conservation of the natural environ-
ment, persons who have caused circumstances necessitating
the project bear appropriate and equitable share of the entire or
a part of the expenses to implement the project. The degree of
their responsibility and the extent of interference related to
environmental pollution shall be the basis for deciding the
share from parties responsible. Japan also has the ‘Soil
Contamination Countermeasures Act’ (Ministry of
Environment, Japan 2002), to facilitate the implementation
of countermeasures against soil contamination from hazard-
ous substances. According to article 7 (chapter III) of the Act,
the prefectural governor has the power ‘to order the owner,
etc. to take an action for removal of such contamination, pre-
vention of dispersion of such contamination, or any other
necessary measures..’. If it is proved that person(s) other than
the owner is responsible for pollution, he/they may be ordered
to take the action with the consent of the owner. If the owner
who has been ordered to take action by the prefectural gover-
nor is not responsible for pollution, article 8 permits him to
claim the cost from the person responsible for contamination.
Chapter VIII sets out penalties for the violators of the Act.

Russia

According to chapter VI, article 42 of the ‘Land Code of
Russian Federation’ (President, Russian Federation 2001),
permissible limits for the release of contaminants into the land
are given. According to chapter IX, article 62, a person who is
held liable for damage of land has to repay for the damages in
kind. The land owner will be held liable for contamination
unless another polluter is identified. Chapter XIII, article 76
gives insight on the compensation that must be paid by the
polluter in case of an environmental damage. According to
Russian ‘Federal law on Environmental Protection’
(President, Russian Federation 2002), article 77 (1), the com-
pensation for an environmental damage needs to be paid in
full. The allocation of responsibilities is to be held jointly. If
nobody is accepting the responsibility voluntarily, then the
court can decide on allocation. Article 78 explains on calcu-
lation of the amount of damage incurred. The cost calculation
is based on the actual cost required for restoring the damages
along with the cost of damages occurred. In the absence of
these data, the methods approved by the state government
executive bodies for environmental protection can be adopted.

Europe

The European Union

The European Union Directive on Environmental Liability
(European Parliament and Council, European Union 2004)
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(Directive 2004/35/EC) is based on the principle of ‘polluter
pays’. Where environmental damage has occurred, under ar-
ticle 8 of the Directive, the operator shall bear the cost of the
remedial action taken. In the case where multiple parties are
responsible, the Directive leaves the decision of responsibility
allocation to member states. Article 9 of the Directive states
that the cost allocation in multiple party causation is ‘…with-
out prejudice to any provisions of national regulations
concerning cost allocation in cases of multiple party causa-
tion…’. The Directive does not concern private claims.

Although the Directives of the European Union are bind-
ing, as to the result to be achieved, upon eachMember State to
which it is addressed, it leaves to the national authorities the
choice of form andmethods, according to article 288 of Treaty
on the Functioning of the European Union (European
Parliament, European Union 2012). Hence, each Member
State is supposed to have its own statute(s) to achieve the
objectives delineated in the Directive on Environmental
Liability. But, a report by the Committee on Legal Affairs of
the European Parliament (European Parliament, European
Union 2017) noted that the implementation of the Directive
is not effective due to various reasons including the lack of
clarity of certain provisions and the continued use of own
domestic law to deal with cases of environmental damage
within their territory by many member states. An analysis of
the statutes of the member states showed that in Belgium
(Ministry of Environment and Water, Belgium 2008),
Czechia (Ministry of Environment, Czech Republic 2008),
Germany (Federal Ministry of Justice and Consumer
Protection, Federal Republic of Germany 1990), Greece
(Ministry of Environment, Energy and Climate, Greece
1986), Ireland (Minister for Justice, Ireland 1961),
Luxemburg (Minister of Environment, Grand Duchy of
Luxembourg 1994), Romania (Romanian Parliament 2005),
Spain (Head of State, Spain 2011), and Sweden (Ministry of
Environment and Energy, Sweden 1999), the statutes specify
the liability in the event of multi-party causation to be joint
and several. Ireland adopted a revised environmental regula-
tion in 2008 (Minister of Justice, Ireland 2008). However, the
multiple polluter liability allocation in the new statue is also in
accordance with the statue of 1961. The Swedish
Environmental Code 1999 (Ministry of Environment and
Energy, Sweden 1999), chapter 32, section 8 which specifies
the liability as joint and several asks the multiple parties liable
for the same damage, to share the cost between them as ap-
pears reasonable with regard to the grounds for liability, the
extent to which they could have prevented the damage and
any other circumstances. The Bulgarian statute (Ministry of
Environment and Water, Bulgaria 2008) specifies the liability
to be solidary, which is similar to ‘joint and several liability’.
Statutes of Denmark (Ministry of Environment and Food,
Denmark 2016), Finland (Ministry of Environment, Finland
2014), and Portugal (Ministry of Environment, Portuguese

Republic 2008) require the distribution to be equitable.
Section 8 of the Act on Compensation for Environmental
Damages (Ministry of Environment, Finland 1994) of
Finland, in addition to specifying that liability is to be distrib-
uted equitably giving due consideration to the grounds for the
liability, the chances of preventing the damage, and the other
prevailing circumstances, also requires that liability for com-
pensation be not imposed by judgment, in a degree exceeding
the appropriate share, on a person whose share in inflicting the
loss is manifestly minor. The statutes of France (Ministry for
Ecological and Inclusive Transition, French Republic 2002),
Italy (President, Republic of Italy 2006), Malta (Minister for
Sustainable Development, the Environment, and Climate
Change, Malta 2015), and UK (European Parliament,
European Union 1990) demand the responsibility allocation
in case of multiple party causation to be proportional (several
liability). The statutes of Croatia (President, Republic of
Croatia 2007), Hungary (Ministry of Environmental
Protection and Water, Hungary 1995), Latvia (Supreme
Council, Republic of Latvia 2003), and Slovakia (National
Council of the Slovak Republic, Slovakia 2007) also specify
the liability to be proportional, but in the absence of knowl-
edge about the share of contribution, the liability is joint where
each party is liable up to the full amount of the relevant
obligation.

The UK

Part IIA of The Environmental Protection Act 1990 deals with
liability allocation among polluters. Section 78F of the act
identifies two categories of ‘appropriate person to bear respon-
sibility for any particular thing which the enforcing authority
determines is to be done by way of remediation in any partic-
ular case’. The first category (often referred to as class A
person) is ‘any person, or any of the persons, who caused or
knowingly permitted the substances, or any of the substances,
by reason of which the contaminated land in question is such
land to be in, on or under that land’. The second category
becomes relevant only when no person has, after reasonable
inquiry, been found who can be identified as a first category
appropriate person. In this case, ‘the owner or occupier for the
time being of the contaminated land in question’ will be the
appropriate person (often referred to as class B person).
Section 78F (7) provides that ‘where two or more persons
are appropriate persons in relation to any particular thing
which is to be done by way of remediation, they shall be liable
to bear the cost of doing that thing in proportions determined
by the enforcing authority in accordance with guidance issued
for the purpose by the Secretary of State’. The guidelines
issued for the purpose, the Defra Circular 01/2006
(Department for Environment, Food and Rural Affairs,
United Kingdom 2006), in its chapter D (Annexure 3) explain
the procedure to be followed in deciding the cost to be borne
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by each responsible party. The underlying principle in the
guidelines is to apportion the remediation responsibility pro-
portional to the contribution of each party to pollution.

Australia

In Australia, apportioning of liabilities differs with states. In
Western Australia, ‘Contaminated Sites Act, 2003’ (Ministry
for Environment,Western Australia 2010) lays down the rules
for allocation of liability among multiple polluters. According
to part III, division 1, section 22(2), all the polluters are re-
sponsible for the pollution caused. The allocation is joint and
several. Section 30(1) of part III provides provisions for trans-
fer of responsibility among polluters partly or fully with writ-
ten agreements. From section 25(3), each polluter will be al-
lotted liability based on the extent of pollution caused by
them. According to the Environment Protection Act for
Australian Capital Territory (Parliamentary Counsel,
Australia 1997) under division 9.6, part 9, section 91 – M,
liability for environmental damage is to be allocated among
all polluters jointly. According to the section, the person car-
rying out the remediation works may recover a part of the cost
incurred from the other persons responsible for contamination.

North America

Canada

Canada, like the USA, has a federal structure with ten provin-
cial governments. Both the federal and provincial govern-
ments have mandates over environmental-related matters.
Thus, the provinces have their own environmental legisla-
tions. The most important federal legislation on the environ-
ment is the Canadian Environmental Protection Act, 1999
(S.C. 1999, c. 33) (Ministry of Justice, Canada 1999).
Section 98(1) of the act permits recovery of cost incurred for
remedial actions in the event of release of toxics to the envi-
ronment. According to section 98(3), the parties responsible
for release ‘are jointly and severally liable or solidarily liable
for the costs and expenses’.

The USA

In the history of environment cleanup laws, the Resource
Conservation and Recovery Act (RCRA) of 1976 in the
USA was one of the first to be enacted (U.S Congress,
United States 1976), according to which the owner/
operator of a hazardous waste unit would be held respon-
sible for the release of any waste and would be required
to perform further cleanup. A more comprehensive act,
Comprehensive Environmental Response, Compensation
and Liability Act (CERCLA) or the Superfund Law,
enacted in 1980 (U.S Congress, United States 1980),

among other things, provided for the establishment of a
central fund to undertake cleanup activities of polluted
sites. Section 107(a) of CERCLA identifies Potentially
Responsible Parties (PRPs), who can be past owners
and operators, present owners and operators, waste gen-
erators or transporters, or even people who arrange for
the transport of waste (Murphy and Sanborn 1993;
Murphy 2000). The PRPs are the ones who are expected
to share the cost of pollution. CERCLA provisions do
not expressly dictate how the response costs should be
shared among PRPs. But the courts have interpreted the
responsibility to be joint and several when parties are
liable under section 107 (Kilbert 2011). This means that
the entire cost of response can be recovered from any of
the PRPs. But, CERCLA (section 113(f)) allows the
PRP(s) who has/have borne the response cost to seek
contribution from other PRPs. Courts have generally
interpreted the cost recovery from other PRPs to follow
the principle of several liability, meaning the recovery is
limited only to the PRPs’ share in pollution. To resolve
contribution claims, courts may adopt ‘such equitable
factors as the court determines are appropriate’ (section
113 (f) (1)). Section 122 of CERCLA that gives provi-
sions for the agreement between the Government and
PRPs for settlement tells about non-binding allocation
of responsibility (NBAR) as part of the settlement pro-
cess (section 122 (3)) (USEPA Agency, United States
1987). The factors recommended to be considered for
responsibility allocation are volume of waste, toxicity,
mobility, strength of evidence, ability to pay, litigative
risks, public interest considerations, precedential value,
and inequities and aggravating factors (section 122 (3)
(A) (U.S Congress, United States 1986)). Though the
use of NBAR in settlements was not very effective due
to various reasons (Mason 1991; Samson 2000), the fac-
tors recommended for responsibility allocation remain
significant.

South America

Brazil

The federal, state, and municipal legislations of Brazil give
strict provisions on environmental damage. Brazil follows
‘The National Environment Policy Act’ (President,
Federative Republic of Brazil 1981). According to article 14,
a polluter must pay for the damages caused by him. All the
parties responsible for the damage are liable to pay according
to this law. Brazil also follows policies of the National
Envi ronment Counc i l (CONAMA) (Minis t ry of
Environment, Federative Republic of Brazil 2012) for the
management of contaminated land. The resolution 420/2009
gives guidelines for management of land. CONAMA
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resolution 2 of 1991, article 4 mandates that the cost for man-
agement of land due to environmental damage needs to bemet
by the polluting party alone.

Chile

The environmental law No. 20417 (Ministry of Environment,
Chile 2010) sets out provisions on environment liability in
Chile. Title III deals with the penalties to be imposed in case
of an environmental damage. The decisions regarding penal-
ties are taken by the superintendency. Provisions on multiple
party polluter are absent under this law. The law however
makes references to Civil code of Chile. According to the
provisions of Civil code of Chile (Ministry of Justice, Chile
2000), when more than one person is involved in a pollution
incident, the liability among them needs to be allocated jointly
and severely.

Colombia

The Law 1753 of 2015 (National Government, Colombia
2015) is the main environmental law of Colombia, which is
the amended form of an earlier law enacted in 1993. Article
251 of the law, which is on environmental liabilities, states
that the National Government, under the leadership of the
Ministry of Environment and Sustainable Development, will
formulate a policy for the management of environmental lia-
bilities. The policy is expected to establish technical, legal,
and financial instruments for the management and recovery
of environmental liabilities. But, this policy is yet to be for-
mulated. An environmental damage can give rise to adminis-
trative, tort, and criminal liabilities, depending on its type,
extent, and magnitude. In general, the civil liability allocation
is joint and several.

Summary of the analysis of statutory provisions

The statutes analysed above applies to almost 57% of the
world’s population and more than 45% of the world’s land
area (Fig. 1 and Table 1). The analysis showed that the statu-
tory provisions to deal with multi-party pollution are not the
same in all the countries. All the same, one can notice many
features that are common to the statutes. One such common
feature noticed in the statues of many counties is the require-
ment to apportion the liability reflecting the parties’ role in
pollution. Equitable distribution of cost is another requirement
noticed in many legislations. Under a situation where the harm
is divisible among parties and all the responsible parties are
financially capable of meeting their share of responsibility, an
equitable distribution should ideally result in each party pay-
ing for his exact share of pollution. But, this allocation may
get modified to the extent there are agreements between
parties to handle such situations. Some legislations specify

factors to be considered for arriving at the role of a party in
pollution. These factors, consolidated from different legisla-
tions, include characteristics of waste, volume of waste, tox-
icity of waste, extent of environmental impact, the type of
pollutants and the quantity emitted, and the extent of approved
deviation from waste standards.

Some existing practices and guidelines
on liability allocation

Currently, countries like the USA follow certain guidelines for
allocating liabilities. Reasonable factors known as Gore fac-
tors (H.R. 7020, 96th Cong., 2d Sess. (1980)) developed by
Albert Gore are used as guidelines for liability allocation in the
USA. The Gore factors include (i) ability to distinguish party’s
contribution to the nature and extent of problem, (ii) degree of
party’s involvement in activities that caused the problem, (iii)
degree of care exercised by the party, (iv) degree of coopera-
tion of the party with government agencies, (v) the quantity of
hazardous waste involved, and (vi) the toxicity of waste. But,
the Gore factors are neither complete nor limited (Hall et al.
1994). Many important points like profit from acquiring con-
taminated land knowingly (Nagle 1994; Ferrey 2009) are not
included in Gore factors.

Though not as popular as Gore factors, there is another set
of factors adopted for liability allocation named after Judge
Ernest Torres of the District of Rhode Island. These factors,
proposed in United States v. Davis, 31F.Supp.2d 45 (D.R.I.
1998), include (i) extent to which costs are related to waste for
which each party is responsible, (ii) each party’s level of cul-
pability, (iii) degree to which the party is benefitted from dis-
posal, and (iv) ability to pay. Torres factors were critical in
liability allocation of United States v. Consolidated coal
Co.184 F.Supp.2d 723 (S.D Ohio 2002). However, these fac-
tors do not include the nature and quantity of waste, risk asso-
ciated with the pollutant, its migratory potential, etc. The Non-
Binding Preliminary Allocations of responsibility (NBAR)
framed by Environmental Protection Agency (USEPA
Agency, United States 1987) serves as a guidance material in
responsibility allocation. while allocating liability usually EPA
focuses on nonfactors like volume of waste, toxicity of waste,
the mobility of substances, and settlement criteria listed in an
interim policy by EPA (USEPA Agency, United States 1987).
The settlement criteria include factors like strength of evidence
against the polluter and ability to pay. The waste is allocated
based on the volume of waste among generators if the wastes
are in commingled form. The liability is distributed among
owners and generators based on the relative time they owned
or operated the property. The NBAR allocates 100% remedia-
tion cost among the polluters. After fixing the liability, the
NBAR results are provided to the PRP (Potentially responsible
party) for further negotiations, etc.
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In the UK, the supplemental guidelines to the
Environmental Protection Act 1990, published by the
Department for Environment, Food and Rural Affairs (Defra
Circular 01/2006), give the procedure to be adopted in appor-
tioning the cost among the responsible parties (appropriate
person). The responsibility is defined for a ‘significant pollut-
ant linkage’. A pollutant linkage is a combination of (a) a
contaminant, (b) a receptor. and (c) a pathway capable of
exposing a receptor to the contaminant. ‘Appropriate person’
is identified for each ‘significant pollutant linkage’ through
investigations. Chapter D of the Circular, among other things,
describes the step-by-step procedure to apportion liability
among members of a liability group (i.e., responsibility allo-
cation when ‘appropriate person’ is a group). The principle
underlying the procedure is to apportion the liability among
members of the group proportional to their contribution. The
contribution of each party is calculated in terms of any of the
quantifiable items like (a) area contaminated by each party, (b)
quantity of pollutant contributed by each party, (c) period of
occupancy by each party, (d) scale of operation, (e) extent to

which each party had the means and opportunity to control
pollution, or combinations thereof, as appropriate.

Factors considered by courts and tribunals
for responsibility allocation

As seen already, in many countries, the statutes permit the
courts to divide the responsibility equitably among the respon-
sible parties. The factors considered by the courts for equitable
distribution are many depending on the particular case under
consideration. These factors include economic benefits, coop-
eration with remediation agencies, knowledge about contam-
ination, strength of evidence, and agreement between parties.

Economic benefits

Economic benefits gained by parties from transaction of con-
taminated land were an important factor considered by courts
in fixing liability in a number of cases (Weyerhauser v.

Fig. 1 Countries whose environmental laws were analysed in the study
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Table 1 Country wise legal provisions for responsibility allocation among multiple polluters

Name of country Name of relevant legislation Provision for responsibility
allocation in the case of
multiple polluters

Remarks

Africa

Egypt Law Number 4 (1994) Not explicit

Kenya Environmental Management and
Coordination Act (2012)

Not explicit

Republic of South
Africa

National Environmental
Management: Waste Act 59
(2008)

Proportional

National Environmental
Management: Waste Amendment
Act 26 of 2014

The cleanup cost should be based on characteristics of
waste, volume of waste, toxicity of waste, extent of
environmental impact, and the extent of approved
deviation from waste standard

Asia

China The Environmental Protection Law
(2015)

Joint Damages due to environmental pollution and ecological
destruction shall bear tort liability in accordance with
provisions of Tort Liability Law of the People’s Republic
of China. In case of multiple party pollution, the degree
of liability shall be determined by factors including, inter
alia, the type of pollutants and the quantity emitted

Tort Liability Law (2009) Joint and Several If the degree of their respective liability cannot be
determined, compensation liability shall be borne equally

India The Environment (Protection) Act
(1986)

-

National Green Tribunal Act (2010) Equitable The NGT Act addresses both remediation cost and damage
cost

Japan Basic Environment Law (1993) Equitable

Soil Contamination Countermeasures
Act (2002)

Joint and Several

Russia Land Code of Russian Federation
(2001)

Proportional

Federal law on Environmental
Protection (2002)

Joint The cost calculation is based on the actual cost required for
restoring the damages along with the cost of damages
occurred.

Europe

Belgium VLAREBO 2008 Joint and several

Bulgaria Liability for Prevention and
Remedying of Environmental
Damage Act, 2008

Joint and several

Croatia Environmental Protection Act 2007 Proportional

Czech Republic Prevention and Remedying of
Environmental Damage (2008)

Joint and several

Denmark Environment Protection Act (No.
1189) (2016)

Equitable

Finland Act on Compensation for
Environmental Damages (1994)

Equitable

France Environmental Code (2002) Proportional

Germany Environmental Liability Act(1990) Joint and several

Greece Law No. 1650 on the Protection for
the Environment(1986)

Joint and several

Hungary Act LIII of 1995 on the General
Rules of Environmental
Protection(1995)

Proportional

Ireland Civil Liability Act(1961) Joint and several

Environmental liability
regulations(2008)

Joint and several

Italy Legislative Decree (2006) Proportional
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Koppers Co, 771 F. Supp. 1406 (1991, BCW Associates Ltd.
v. Occidental Chemical Corp.(No. 86-5947, 988 U.S. Dist.
LEXIS 11,275 (E.D. Pa. Sept. 30, 1988)). In all these cases,
a contaminated site was brought by the existing owner with
prior knowledge of contamination. These owners were found
to have benefitted economically from the deal, although the
previous owner’s or operator’s activities had resulted in
contamination.

In Weyerhauser v. Koppers Co, 771 F. Supp. 1406 (1991),
the court had allocated liability between the owner (40%) and
the previous operator (60%) who actually caused the pollu-
tion. The operator and the owner received monetary benefits,
and both knew about the contamination. Though the opera-
tor’s activities caused the contamination, the owner was also

asked to pay compensation since the owner received monetary
benefits from the deal. The court emphasised on the ‘benefits’
obtained because of the contaminating activities.

In BCW Associates Ltd. v. Occidental Chemical Corp.
(No. 86-5947, 988 U.S. Dist. LEXIS 11,275 (E.D. Pa.
Sept. 30, 1988), the current owner and operator filed a case
against the former owner for polluting the site. The court or-
dered one-third liability to be paid by the former owner for
polluting the site, one-third liability to the current owner for
knowingly buying the land, and one-third liability to the cur-
rent operator whose activities were also polluting the site. The
current owner and operator were also held responsible as they
had knowledge of the contamination and they had benefitted
economically from the purchase.

Table 1 (continued)

Name of country Name of relevant legislation Provision for responsibility
allocation in the case of
multiple polluters

Remarks

Latvia Environmental Protection Law
(2003)

Proportional

Luxemburg Law of 1994 on the Prevention and
Management of Waste (1994)

Joint and several

Malta Prevention and Remedying of
Environmental Damage
Regulations (2015)

Proportional

Portugal The Environmental Liability Law:
Decree-Law No. 147/2008 (2008)

Equitable

Romania Emergency Ordinance 195/2005 on
environment protection (2005)

Joint and several

Slovakia Prevention and Remedying of
Environmental Damage (2007)

Proportional

Spain Waste and Contaminated Soils Act
22/2011 (2011)

Joint and several

Sweden Swedish Environmental Code (1999) Joint and several

UK Environmental Protection Act (1990) Proportional

Australia

Western Australia Contaminated Sites Act 2003 (2010) Joint and several

Australian Capital
Territory

Environment Protection Act for
Australian Capital Territory (1997)

Joint

North America

Canada Canadian Environmental Protection
Act (1999)

Joint and several Federal legislation

USA Comprehensive Environmental
Response, Compensation and
Liability Act (CERCLA) (1980)

Joint and several Federal legislation

South America

Brazil The National Environment Policy
Act(1981)

Proportional

National Environment Council
(CONAMA) (2012)

Proportional

Chile The environmental law No. 20417
(2010)

-

Civil code of Chile (2000) Joint and several

Colombia Law 1753 of 2015 (2015) - Joint and several in civil cases
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Cooperation with remediation agencies

Cooperation rendered by polluters towards remediation agen-
cies was also a factor in deciding liability.

In the case of Amoco Oil v. Dingwell (690 F. Supp. 78 (D.
Me. 1988)), the generators had filed a case jointly with the
USEPA against the owners for the poor disposal systems of
the site. The court allocated 65% of the liability to the owner
and only 35% to the generator because of the cooperation
rendered by the generator.

In United States v. Vertac Chemical Corp., 79 F. Supp. 2d
1034 (E.D. Ark. 1999), the previous owner and operator of the
site, Hercules and the arranger Uniroyal, were held responsi-
ble by the court for polluting the site. However, because of the
greater cooperation rendered by Hercules towards the remedi-
ation agencies, the cost of remediation also got reduced. Due
to the lack of cooperation fromUniroyal, its responsibility was
increased from 1.76 to 2.6%.

Knowledge about contamination

Prior knowledge about contamination by polluters was used
as a factor for deciding liability by courts in a number of
occasions. In Ellman v. Woo case, 90-0718 (E.D. Pa. 1991),
the court distributed the cost of cleanup between lessee and
owner. The owner sued the lessee for contaminating the land.
However, it was found that although the chemicals discharged
by the lessee was polluting the land, the major cause of pol-
lution was petroleum products which were released neither
from the activities of lessee nor from that of the owner. It
was understood that the owner had purchased the property
after knowing about its contamination from petroleum prod-
ucts. The lessee argued that it should not be asked to pay
compensation since the contamination due to petroleum as
well as other chemicals will cost the same for remediation.
Since the owner had prior knowledge of pollution and the
lessee also contributed to pollution, each was charged 50%
of the remediation liability.

In Gopher Oil Co. v. Union Oil Co. case, 757 F. Supp. 988
(1990), the court allotted 100% compensation cost to the sell-
er, or the previous owner. Seller sold the property after con-
taminating it. The buyer, however, had no information on the
pollution and purchased it. The court focused on the fact that
the buyer lacked knowledge on pollution and hence ordered
100% cost to the seller.

In a series of cases—Environment Protection Authority v
Foxman Environmental Development Services; Environment
Protection Authority v Botany Building Recyclers Pty Ltd.;
Environment Protection Authority v Foxman (No 2) [2016]
NSWLEC 120—the defendants Foxman Environmental
Development Services (FEDS) and Botany Building
Recyclers Pty Ltd. (BBR) who were held responsible by the
EPA for pollution approached the court to mitigate the

penalty.Waste materials were generated from ametal process-
ing unit at Banksmeadow, owned and operated by BBR. The
wastes were transported to Foxman’s Valley, owned by FEDS
for disposal. However, this land was not suitable for waste
disposal according to the law. The court found that both the
parties were liable for the pollution. However, the court found
FEDS to be more liable than BBR, since FEDS accepted the
wastes for disposal knowing the presence of the hazardous
material, asbestos, in it.

In South Florida Water Management District v.
Montalvo case, 84 F.3d. 402. 409 (11th circuit court,
1996), the current owner had brought the contaminated
property from the previous owner after knowing about
the pollution. However, the current owner was not
benefitted economically from the deal. The court then
allocated 75% of the liability cost to the previous owner
whose activities had caused the pollution and 25% to
the current owner, since he had knowledge about the
contamination while purchasing the property.

In the case of Redland Minerals v. Environmental
Agency; Crest Nicholson Residential v. Environmental
Agency ([2010] EWHC 913 (Admin)), the current own-
er Redland Minerals and previous owner Crest were
charged with liability for polluting the site. The previ-
ous owner had released chemicals containing bromide
into the soil. The site was then purchased by the current
owner Redland Minerals. The current owner knew about
the contamination. The court allocated liabilities to both
the companies on the basis that they both knew about
contamination and were responsible to an extent.

Strength of evidence

Strength of evidence plays a pivotal role in getting liabil-
ity allocated against a polluter (O’Neil v. Picillo case, 883
F.2d 176 (1st Cir. 1989), Sterlite Industries (I) Ltd. Vs
Union of India and Ors. (Original Application No. 22/
2013 (SZ)). In O’Neil v. Picillo, 883 F.2d 176 (1st Cir.
1989), out of the five companies against which charges
were filed, only three were convicted by the court. The
Picillos had allowed dumping waste in barrels at their site,
which later led to heavy fire breakout. Two of the five
companies that dumped their waste were not found guilty
by the court since the state failed to demonstrate that the
waste discharged from these companies were hazardous in
nature. The court ordered 5.8 million dollars as costs to be
shared by the three companies.

In the case of Sterlite Industries (I) Ltd. Vs Union of India
and Ors. (Original Application No. 22/2013 (SZ)), the appli-
cant had filed a case against the air and water pollution caused
by the industry. However, the tribunal did not grant compen-
sation because their claims were not legally established due to
the lack of monitoring data.
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Agreement among parties

In the case of Versatile Metals, Inc. v. Union Corp., 693 F.
Supp. 1563 (E.D. Pa.1988), Versatile Metals brought a prop-
erty from Metal Bank. Metal Bank was performing the pro-
cessing of used transformers for reclaiming copper cores and
iron castings. VersatileMetals took the possession of the prop-
erty after signing the agreement and paying 50,000 dollars to
Metal Bank. During the agreement period, PCB contamina-
tion was found in the site. They were asked to vacate the site.
Preliminary assessment of the site revealed that the contami-
nation was a result of long-term and recent spills of contami-
nants into the ground. The Versatile Metals did not participate
in the cleaning process initiated by Metal Bank. The plea of
VersatileMetals was that the contamination was not caused by
them. It was caused during the possession period of Metal
Bank. The judgement of the court was in favour of the defen-
dants Metal Bank. According to the agreement between them,
Metal Bank had agreed to compensate Versatile Metals for
any damage that would result from the presence of waste in
the inventory at the time of agreement. But, this was subject to
certain conditions in the agreement. Though the contaminants
were present at the site when Versatile Metals took procession
of the property, its failure to adhere to the conditions of the
agreement made them ineligible for compensation fromMetal
Bank. The Versatile Metals were asked to pay 1,107,489 dol-
lars for the cleanup. Versatile Metals were found guilty, since
the contamination had occurredmainly due to the mishandling
of inventory by them. They were held responsible for the
pollution caused during their possession period.

In United States Gypsum Company v. Schiavo Brothers,
Inc. (668 F.2d 172), United States GypsumCompany owned a
landfill site in southwest Philadelphia. Schiavo Brothers had
entered into an agreement with the Gypsum Company in
1966. Schiavo also signed another agreement with Gypsum
for hauling the waste generated by Gypsum. Schiavo gave a
part of property to automobile junkyard dealers. However, by
the time Schiavo left the place, the site was fully contaminated
with debris left by the junk dealers. The Gypsum Company
filed a suit against Schiavo for contaminating the site and for
the holdover rent caused due to the occupancy of Schiavo
beyond the tenure period. The court gave its judgement in
favour of Schiavo, that they had not breached the agreement.
According to the agreement made between the parties,
Schiavo was bound to return the leasehold property in the
condition in which it was received; however, reasonable wear
and tear was accepted. The finding of the court was that the
debris left at the site was only a reasonable quantity.

In Chemical Waste Mgt. v. Armstrong World Industries,
669 F. Supp.1285 (E. D. Pa. 1987), Chemical Waste
Management entered into an agreement with Old Stabatrol,
owner of Lyncott landfill facility. While signing the agree-
ment, Old Stabatrol had mentioned that the landfill was

operating according to the state and federal laws. Both the
companies were engaged in the waste disposal business.
Armstrong World Industries had an agreement with Old
Stabatrol for disposal of the waste generated by Armstrong.
The Chemical Waste Management Company bought all the
rights, assets, and properties of Old Stabatrol. The agreement
said that the ‘buyer shall not be liable for any of (previous
owner’s) past, present or future debts, obligations or liabilities
of any kind’. After the purchase, the Pennsylvania Department
of Environmental Resources (DER) found that the environ-
mental permits are violated in the site. Presence of arsenic was
found on the site. It was also found that the wastes were
getting mixed with water and surface soils. The DER also
found that the vaults operating in the site were not constructed
according to the designs approved by DER. The permit of the
site was suspended. Chemical Waste Management filed a case
in court asking for compensation from the defendant genera-
tor, Armstrong World Industries. According to the court, a
PRP may ask other PRPs also to pay for the remediation cost.
The defendants argued it had given Old Stabatrol the cost for
handling the waste generated by them. However, according to
the court, there was no well-written agreement or proof for
establishing the truth. The court thus found that Armstrong
also was responsible for the cleanup.

In FMC Corp. v. Northern Pump Co., 668 F. Supp. 1285
(D. Minn. 1987), FMC had to bear the entire cost of cleanup
because of its agreement with Pump, though Pump contribut-
ed significantly to the pollution. Pump, that was operating a
manufacturing plant in Northern Ordnance Division in
Minnesota, sold all its assets and shares of ordnance to FMC
as per an agreement that came into force in the year 1964
between the two parties. As per the agreement, remediation
of any contamination determined until 1967 was the respon-
sibility of Pump. In 1980, Minnesota Pollution Control
Agency found that the south tract of the land was used for
waste disposal. The presence of harmful chemicals including
trichloroethylene was found at the site in 1980. It was deter-
mined that the chemical was present in soil before 1964 itself.
However, the court absolved Pump from all claims which
FMC raised because of the release granted to Pump by FMC
in 1967.

Other factors

There are many other factors which the court considered while
allocating responsibilities among multiple polluters. Mindset
of the parties, their economic status, etc., were considered by
courts in the case of United States vs R.W Meyer, 889 F.2d
1497 (6th circuit court, 1989).

Factors like transport potential of pollutants, physical and
chemical properties of pollutants, economic profits, and his-
torical cases also need to be considered in liability allocation
(Mesard et al. 2015). Similarly, the area of contamination,
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duration, volume of waste, etc., can also be determining fac-
tors in liability allocation (Boehm and Murphy 2015). Risk
associated with contamination is another factor that needs
consideration in liability allocation. The presence of some
contaminants even in a small amount may be associated with
high risk due to its hazardous nature and transport potential
(Siebert 1991). In the case of Valbruna Slater Steel
Corporation et.al v. Josyln Manufacturing Company et al.,
No.1:2010cv00044 (N.D Ind 2018), the court gave the judge-
ment considering the risk from contamination. Factors like
quantity of pollutant, toxicity of pollutant, migratory potential
of pollutant, and duration of contamination were also factors
considered by courts for liability allocation (Kalamazoo River
Study Group v. Rockwell International Corp., 274 F.3d 1043
(Dec. 18, 2001), Castaic Lake Water Agency v. Whittaker
Corp., 272 F. Supp. 2d 1053 (C.D. Cal. 2003).

Analysis of the current provisions
and practices

Most of the countries practicing common law system adopt
one of ‘joint’, ‘several’, or ‘joint and several’ liability princi-
ples for liability allocation. In joint liability, each polluter is
liable to the full extent irrespective of their contribution to
pollution. In several liability, polluters have to pay only for
the portion for which they are responsible. However, in a joint
and several liability system, each polluter is liable to pay the
full cost, but is allowed to sue the co-polluters for a contribu-
tion proportional to their role. In most cases, the liability re-
gime is joint and several, as it ensures that the pollution cost is
not borne from the public exchequer. At the same time, it
allows the party that was made to bear the cost to recover it
from other responsible parties in proportion to their share in
pollution. Even in countries that do not adopt common law
system (for example, countries of the European Union), sim-
ilar principles are adopted for liability allocation.

Thus, statutes for liability allocation in most countries re-
quire that the role of each polluter in the pollution incident be
quantified. But, this quantification is complex and varies from
case to case. The courts that consider the allocation cases
analyse the situation and apportion responsibility among
parties involved. Analyses of a number of settled cases helped
in preparing a list of factors that the courts used for differential
responsibility allocation. These are economic benefits, coop-
eration with remediation agencies, knowledge about contam-
ination, strength of evidence, quantity of pollutant, toxicity of
pollutant, migratory potential of pollutant, duration of pollu-
tion, etc. A closer look at these factors shows that some of
these factors could be classified as technical factors and others
as non-technical. Quantity of pollutant, toxicity of pollutant,
migratory potential of pollutant, duration of pollution, etc.
may be termed as technical factors, while others like

agreement between parties, economic benefits, and coopera-
tion with remediation agencies, as non-technical factors. The
technical factors help in deciding the contribution of each
party to the total pollution load and pollution impacts. Or, it
can be said that the technical factors help in apportioning,
what may be called the ‘technical liability’ of pollution. But,
the legal liability of each polluter will be different from his
technical liability to the extent the technical liability gets mod-
ified by non-technical factors. Thus, the analysis of the
existing legal provisions and practices for responsibility allo-
cation in pollution episodes involving multiple parties shows
that technical liability is an implicit subset of the legal liability.

Fixing technical liability through forensic
investigations

As the technical expert who carries out the investigation of the
pollution incident, it is the responsibility of the environmental
forensic expert to help establish technical liability of the
parties involved before the court. The technical liability would
be established with information like (i) the pollutant(s) in-
volved and their quantities, (ii) the fraction of pollutant(s)
contributed by each party and the duration of contribution,
(iii) the technical reason behind the emission/discharge of pol-
lutant(s) by each party, and (iv) the reach and impact of each
pollutant. With the fractional technical liability of each in-
volved party established, it would be much easier for the court
to fix the legal liability considering other factors like contract
between parties, financial status of parties, and economic ben-
efits received by parties which may not come under the pur-
view of an environmental forensic investigation. Thus, the
forensic investigation in a pollution case involving multiple
polluters/responsible parties should establish the percentage
or fractional contribution of each party to the total pollution
costs that are subject to modification based on the legal liabil-
ity. As seen already, the pollution costs include both the im-
pact cost (damages to be paid for the loss of life and property)
and remediation cost (for remediating the polluted environ-
ment back to the previous state). This would mean that frac-
tional technical liability of each party for both pollution im-
pacts and contamination of environmental media needs to be
separately established. But, the information generated for fix-
ing technical liability listed above (i.e., (i) the pollutant(s)
involved and their quantities, (ii) the fraction of pollutant(s)
contributed by each party and the duration of contribution, (iii)
the technical reason behind the emission/discharge of pollut-
ant(s) by each party, (iv) the reach and impact of each pollut-
ant) will be sufficient for both the cases. There are different
technical tools that help a forensic expert in generating
these information. With these information available, the
technical factors identified in the previous section (i.e.,
quantity of pollutant, toxicity of pollutant, migratory
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potential of pollutant, duration of pollution) can be used as
the criteria for fixing fractional technical liability of each
involved party.

There are numerous environmental forensic techniques that
can help in generating the information required for fixing
technical liability. Morrison 2000a, 2000b) has given an ex-
tensive list of environmental forensic tools that can be adopted
for investigation in different circumstances. Forensic technol-
ogies like chemical fingerprinting can help in revealing the
source of contamination as well as the time of release of con-
taminants (Brilis et al. 2001). The methods like isotopic fin-
gerprinting, chemical fingerprinting, geochemical fingerprint-
ing, mineralogical fingerprinting, DNA fingerprinting, and
tree ring fingerprinting are used by forensic experts for source
identification of pollutants, age dating of pollutants and deter-
mining the contribution of each polluter in case of
commingled pollutants, etc. (Petrisor 2014). The investigation
tool is selected based on the suitability of the method to each
situation. The forensic investigations can also help in finding
the extent of human exposure to chemicals (Mudge 2008).
Forensic investigations can identify the polluter from succes-
sive site owners by determining the time when the pollution
occurred (Boehm and Murphy 2015). Environmental forensic
investigations can also solve mysterious spill cases, like in
cases of oil spills where the spill source is not known (Wang
et al. 2006). Cases like Carnahan v. Chesapeake operating,
Inc., Comp. w/110989, City of Wichita, Kansas v. Trustees
of APCO Oil Corp. Liquidating Trust, 306 F. Supp. 2d 1040
(D. Kan. 2003) had made use of environmental forensic tools
for investigation.

Although the forensic techniques discussed above help an
expert in generating the information required for fixing frac-
tional technical liability among individual polluters adopting
the technical factors as the criteria, there are still gaps that can
be filled to ensure better delivery of justice in pollution cases.
Though courts have used the technical factors in fixing legal
liability, there were no instances where the technical factors
were used first to fix the technical liability and then legal
liability including other factors. Undertaking the legal liability
allocation as a two-step process of technical liability allocation
followed by legal liability allocation has advantages. Along
with bringing inmore transparency in the allocation process, it
gives an opportunity for leaving technical liability allocation
to technical experts who are better trained in it. This also helps
in a more accurate, uniform, and consistent use of the techni-
cal factors in responsibility allocation. As the technical factors
normally do not vary from case to case, there is also a scope
for preparing a general guideline for technical liability alloca-
tion. Such a general guideline prepared taking opinion from
experts regarding any extra factors to be considered, the
weights to be attached to each factor, the method of integrat-
ing the factors, and the ways of quantifying each factor will go
a long way in the process of liability allocation in cases

involving multiple responsible parties. Moreover, availability
of a widely accepted guideline like this has the potential to
avoid litigation delays and litigation costs. If there are no non-
technical factors to be considered, the case needs not even go
to a court for settlement. It is worth noting that the USEPA has
a system of Non-Binding Preliminary Allocations before the
actual allocation which is also a two-stage process, though
different from what is envisaged here.

An issue that may have to be addressed in the above pro-
cess of technical liability allocation is the difference in ap-
proaches required for allocating impact liability and remedia-
tion liability. In most jurisdictions, the impact liability claims
(damage claims) are initiated by the affected parties and rem-
edy is available only if one asks for it. The remediation liabil-
ity claims are initiated in the public interest and the claim
amount would depend on the expenses for remediation.
Given this, the process of technical liability allocation sug-
gested above will be more suitable for remediation liability.

The two-stage process proposed here can be illustrated
using a hypothetical case similar to FMC Corp. v. Northern
PumpCo., described earlier. A and B are successive owners of
a site, both contributing to pollution of the site. When the site
was in B’s custody, pollution came to the knowledge of the
regulatory agency. The regulatory agency orders cleanup of
the site. As the first stage of remediation responsibility alloca-
tion, environmental forensic investigation shall be carried out
to identify the pollutants, its quantity, discharge history, etc.
Now, based on the quantity of pollutants, its nature, and any
such other factors important in deciding its remediability, the
fractional responsibility of A and B for remediation is calcu-
lated. This completes the first part of liability allocation. Now,
if there is an agreement between A and B regarding the shar-
ing of responsibility, or presence of any non-technical factor
that may modify the technical liability determined in the first
stage, the case is taken for legal responsibility allocation. In
the absence of such non-technical factors, the issue gets re-
solved in the first stage itself.

The above illustration brings forth a need to quantify ‘re-
mediability’ to address certain issues. ‘Remediability’ of a site
(or an environmental medium) will measure the ease with
which it can be remediated. The cost of remediation, thus, will
be inversely proportional to the ‘remediability’ of the contam-
inated environmental matrix; higher the ‘remediability’, lesser
the remediation cost and vice versa. ‘Remediability’ in this
case is a quantity that will depend on the properties of pollut-
ant(s), the properties of contaminated medium, and other ex-
ternal factors. The technical liability of a party for remediation
would depend on the ‘remediability’ of his contribution to
contamination. For a given contaminated site, the technical
factors identified for responsibility allocation will be used to
quantify the remediability of contribution from each polluter.
Thus, defining and quantifying ‘remediability’ will make
technical liability allocation easy.
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Conclusion

The current practices existing in different parts of the world
for liability allocation in pollution cases involving multiple
responsible parties were analysed. The statues existing in most
countries require the liability to be divided among responsible
parties through decisions of the court. It was found that there is
a scope for improving the current system of allocation. If the
allocation process is made as a two-stage process, where an
initial technical liability allocation is made by the forensic
expert investigating the pollution case, the final allocation by
the court can bemore transparent and efficient. This allows the
technical factors to be taken care of more effectively and uni-
formly in liability allocation considering the opinion of tech-
nical experts. Among the two components of pollution liabil-
ity, i.e., impact liability and remediation liability, the sug-
gested improvements will be more suitable for remediation
liability. For the effective implementation of the suggested
improvements, there is a need to quantify remediability
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ABSTRACT
Light non-aqueous phase liquids (LNAPLs) spilt over an area can be 
a persistent and long-term source of groundwater contamination. Once the 
groundwater gets contaminated, it is difficult to remediate. Migration of the 
spilt LNAPL should be contained within the unsaturated zone of the soil such 
that the LNAPL does not reach the groundwater source. Although the pre-
sence of LNAPLs in the unsaturated zone is also a long-term source, the 
provision of proper liners can contain the LNAPL within this region. The use 
of natural fiber as a liner in the unsaturated zone can be a sustainable 
solution to this problem if it can effectively contain the LNAPL. The objective 
of the present study was to investigate whether the use of natural fiber (coir 
geotextile) has supplemented the inherent attenuation characteristics of 
soils in the unsaturated zone thereby controlling the LNAPL migration. The 
study reveals that coir geotextiles were more effective in reducing the LNAPL 
migration in laterite soil than in sandy soil. Coir geotextiles are effective in 
controlling the migration of LNAPL if these are embedded in the soil with 
permeability less than 2.30 × 10−05 m/s.

摘要

散落在一个地区的轻非水相液体 (LNAPLs) 可能是地下水污染的持久和长 
期来源. 一旦地下水受到污染, 就很难补救. 溢出的LNAPL的迁移应控制在 
土壤的非饱和带内, 以使LNAPL不会到达地下水来源. 尽管非饱和带中 
LNAPL的存在也是一个长期的来源, 但提供适当的衬垫可以在该区域内控 
制LNAPL. 如果天然纤维能够有效地抑制LNAPL, 那么在非饱和区使用天然 
纤维作为衬垫可以是解决这一问题的一个可持续的解决办法. 本研究的目 
的是调查天然纤维 (椰壳土工布) 的使用是否补充了非饱和带土壤的固有 
衰减特性, 从而控制LNAPL的迁移. 研究表明, 椰壳土工织物比砂土更能有 
效地减少LNAPL在红土中的迁移. 如果将椰纤维土工布嵌入渗透性小于 
2.30x10-05m/s的土壤中, 则可以有效地控制LNAPL的迁移.
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Introduction

Accidental spills or leakages of non-aqueous phase liquids (NAPLs) from underground storage tanks 
(UST) have become a significant source of contamination for both soil and groundwater (Fagerlund, 
Illangasekare, and Niemi 2007; Van Geel and Sykes 1994; Yang, Annable, and Jawitz 2014). 
A complete understanding of how these NAPLs migrate through the soil is essential to develop 
a proper remediation system for treating such NAPL-contaminated sites effectively and efficiently. 
Many researchers have studied the fate and transport of NAPL in various soils through laboratory 
simulations by using small or bench-scale experiments (Fagerlund, Illangasekare, and Niemi 2007; 
Illangasekare, Armbruster, and Yates 1995; Sa’ari et al. 2015; Van Geel and Sykes 1994; Yang, Annable, 
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and Jawitz 2014; Yang et al. 2013). The flow characteristics of NAPL can be assessed quantitatively 
either by using conventional methods (Fagerlund, Illangasekare, and Niemi 2007; Illangasekare, 
Armbruster, and Yates 1995) or with the aid of Image Analysis Techniques (IAT) (Van Geel and 
Sykes 1994).

In the case of leakage of NAPL from a UST to the surrounding soil, it can migrate through the 
unsaturated zone of the soil and can reach groundwater source. Once the NAPL reaches groundwater, 
the remediation of groundwater becomes difficult. A provision of the non-porous and non-degradable 
geosynthetic layer (liner) can be an immediate solution for restraining the NAPL from reaching the 
source of groundwater. However, the non-degradable nature of geosynthetics has direct negative 
impacts on biotic systems (Agrawal, 2011; Raja et al. 2015). Moreover, geosynthetics have a very low 
permeability to water and are typically used for the containment of contaminated water (Fityus and 
Smith 1998). Such containment of NAPL in the unsaturated zone leads to the piling up of water in the 
contained volume when rainfall occurs. It would have been very much appropriate if a liner that can 
permit the flow of water through it and can prevent the migration of NAPL is available. In this context, 
it is essential to find an appropriate eco-friendly and sustainable alternative material that fulfills the 
aforementioned requirements of the liner.

Many researchers used natural biodegradable fibers to remediate the spilt-oil over water bodies 
(Adebajo et al. 2003; Ali et al. 2012; Al-Majed, Adebayo, and Hossain 2012; Ifelebuegu and Momoh 
2015; Tijani, Aqsha, and Mahinpey 2016) and proved the application of those fibers as an efficient oil 
clean-up technology for such uses. Among various natural fibers, the coir fiber (coir geotextile (CG)) is 
abundant, locally available, and biodegradable. The degradation rate of coir geotextile when soaked in 
the diesel-contaminated soil is lesser than that in control soil condition (Praseeja and Sajikumar 2018). 
Although many researchers studied the behavior of NAPL migration through various soil media, the 
effectiveness of natural fiber in controlling the NAPL migration through the soils has not been assessed 
yet. The sorption capacity of coir fiber for crude oil ranges between 3.5 g/g to 6.0 g/g (Wahi et al. 2013). 
The oil (diesel) sorption capacity of coir fiber is at the order of 5.45 g/g and is not affected by the aging 
of coir fibers (Praseeja and Sajikumar 2020). The present study explores the possibility of using the coir 
geotextile as a viable and sustainable measure for controlling the migration of LNAPL (Light Non- 
Aqueous Phase Liquid) through the unsaturated zone of various soils. Further, IAT has not been used 
for such assessment. Hence, the objective of the present study is to assess the ability of CG in 
controlling the LNAPL migration through the unsaturated zone of various soils by using the image 
analysis technique (IAT). Therefore, it is essential to study the behavior of LNAPL migration through 
different soil media, viz., (i) in both dry and unsaturated soil conditions, (ii) in both coarser and finer 
soil medium, and (iii) in ungraded (natural) soil conditions. Further, the study verifies whether the 
layer of CG effectively arrests the migration of oil through it, while it allows the flow of water.

Experimental study and data analysis

In order to assess the effectiveness of CG in preventing the migration of NAPL in different soil media, 
two types of soils were used viz., sand and laterite soil, in both dry and wet conditions. Two different 
sizes of sand and laterite soil were used-Coarser soils (2 mm – 4.75 mm) and Finer soils (0.075 mm – 
0.425 mm) as per the soil classification system under the Bureau of Indian Standard. Experiments were 
conducted in both laterite soil and sand with the same range of particle distribution. A disturbed soil 
sample from the site was also used without using any size gradation and is referred to as the ungraded 
laterite soil in this study. Hence, the different types of soils used in this experiment were: (i) Fine 
Laterite soil (ii) Coarse Laterite soil (iii) Ungraded Laterite soil (iv) Fine sand (v) Coarse sand, and (vi) 
layered soils. Table 1 shows the properties of these soils. In this study, the dry condition of the soil 
referred to air-dried samples. The density of soil referred to the bulk density (packing density) of the 
soil used in the experiments. Constant head permeability test as per IS: 2720–17 (2016) was used to 
determine the permeability of each soil with the same packing density of the soil as maintained in the 
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experimental setup (flow-cell). Based on the permeability and bulk density of each soil, the respective 
porosity was also computed (Mishra, Parker, and Singhal 1989) (Table 1).

The experimental setup (flow-cell) consisted of a tank that allows the simulation and monitoring of 
the transport of LNAPL through various soil media in two dimensions (Figure 1). The internal 
dimension of the flow-cell was 120 cm x 120 cm x 10 cm. The front side of the flow-cell was made 
of acrylic plexiglass and the backside of white color water-proof multi-wood. Two valves were 
provided at the height of 10 cm from the bottom on either side of the flow chamber to drain out 
the water so that a minimum saturated water depth of 10 cm (below the water table) was maintained. 
The transparent front wall of the flow-cell allowed visual observations of the migration of the LNAPL 
through the soil medium. In this experiment, the diesel with a density of 835 kg/m3, viscosity of 2.98e- 
03 Ns/m2 and surface tension of 0.031 N/m was selected as the LNAPL and was dyed with Solvent Red 
24 to enhance the visual observation and clarity of images.

Image analysis technique (IAT)

To generate or validate a multiphase flow model (mathematical or numerical model), 
a quantitative assessment of LNAPL migration is necessarily required. For this purpose, the 

Table 1. Properties of soil medium.

Packing (bulk) density 
(kg/m3) Porosity Permeability x10−4 (m/s)

Soil type 
Sand Soil medium Dry wet dry wet dry wet

Coarse 1480 1590 0.46 0.40 4.3 2.28
Fine 1385 1537 0.49 0.41 3.41 1.98

Laterite Coarse 1660 1790 0.39 0.35 0.23 0.14
Fine 1610 1730 0.41 0.37 0.14 0.11
Ungraded 1625 1785 0.40 0.35 0.15 0.11

Figure 1. Experimental setup for IAT for measuring LNAPL saturation.
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image of each trial was captured by using the CCD camera (Figure 1) and analyzed by using the 
Image Analysis Technique (IAT). A CCD (Color Capture Device) camera (Model: QSI 640wsg-8, 
KAF8300-Full Frame, Mono CCD Sensor, Micro lens on the chip) was kept at a distance of 1.5 m 
from the flow-cell. The camera could capture images of size 8.6mega pixels (3358 x 2536 pixels), 
and with a 16bit dynamic range that resulted in, 65,536 gray levels. The EZCAP V3.36 software 
controlled the image acquisition through a laptop. The captured images were saved in JPEG 
format. The operation of the lens and the shuttering time of the camera together kept the exposure 
times in the range of a few seconds (5–10 s). The image capturing setup consisted of a light source 
to provide controlled lighting conditions, as shown in Figure 1. A dark room was created using 
black curtains surrounding the entire setup to eliminate reflections. All experiments were con-
ducted inside the darkroom.

A multispectral image analysis was conducted to study the LNAPL flow behavior through an 
unsaturated sand medium and proposed equation (Eq.2 and Eq.3) for obtaining LNAPL saturation at 
a point (Sudsaeng, Yimsiri, and Likitlersuang 2013). 

do ¼ � log
Ir

I0

� �

(2) 

where do is the optical density at a point in the sand medium, Ir is the intensity of reflected light 
(obtained from image analysis by MATLAB) and Io is the intensity of light that would be reflected by 
an ideal white surface (taken as 255). The relationship between the optical density of individual pixels 
(dij) and degrees of liquid saturation (Sudsaeng, Yimsiri, and Likitlersuang 2013) gives the LNAPL 
saturation (So). 

di;j ¼ a:Sw þ b:So þ c
(3) 

Sw and So represent the water saturation and LNAPL saturation, respectively; a, b, and c are constants. 
At first, a calibration scale was created (Simantiraki, Aivalioti, and Gidarakos 2009; Sudsaeng, Yimsiri, 
and Likitlersuang 2013) to estimate the LNAPL saturation during the experiment Images was taken at 
the required interval and all the images were processed by using a MATLAB program. The actual 
intensities consequent to the presence of LNAPL were then computed by deducting the initial average 
value (before spill) from the respective new images. The maximum and minimum intensity values 
(Ir

max and Ir
min extracted from the image by using the MATLAB program) were then substituted in 

Eq.1 to obtain the respective saturation values.
In this study, the potential of CG in retarding the LNAPL (diesel) migration through various soil 

media was experimentally analyzed. The depth of soil in the flow-cell was maintained as 1.10 m in each 
experiment. The soil was dropped through a tube of 1 m length to achieve equal drop velocity, 
resulting in uniform packing density. The experiments were divided into four categories, viz., DS-soils 
in a dry state, DS-CG-soil in the dry state with CG, WS-soil in (wet) unsaturated condition, and WS- 
CG soil in (wet) unsaturated condition with CG. In the case of Trial WS and Trial WS-CG, in addition 
to the usual procedure of soil filling, it was required to keep the soil in unsaturated (wet) condition. 
The soil in the flow-cell was initially brought to the fully saturated condition by closing the two outlet 
valves at the bottom. Subsequently, the soil was drained by opening the outlet valves at the bottom for 
sufficient time so that soil moisture was reduced to specific retention. Bulk densities in wet conditions 
were computed by considering the quantity of water added and drained. For Trial DS-CG and Trial 
WS-CG, the CG layer (3.5 cm thick) was placed at an approximately 20 cm depth from the top of the 
soil. Each Trial of experiments (DS, DS-CG, WS, and WS-CG) consisted of 5 numbers of experiments; 
hence, 20 numbers of experiments were conducted.
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Results and discussion

This study assesses the effectiveness of natural fiber (coir geotextile) in reducing the migration rate of 
diesel through various soil media. The spill rate of diesel was maintained at a rate of 2 L in 30 minutes 
by using a control valve. The CG layer for Trial DS-CG and Trial WS-CG was provided at a depth of 
20 cm from the top of the soil. Images were taken by using a CCD camera from the instant of the spill 
until the plume of diesel has no noticeable movement downwards. The LNAPL saturation was 
estimated quantitatively by image analysis technique (IAT).

Migration of LNAPL in fine laterite soil

In the case of Trial DS, the migration rate of the diesel (i.e., the used LNAPL) was about 1.6 cm/min in 
the first 15 minutes, and then it was slowly declined to 0.66 cm/min in the next 30 minutes (Figure 2). 
The vertical migration of the diesel stopped after 50 minutes. The plume of diesel reached only up to 
a depth of 40 cm from the top of the flow-cell. In the case of Trial DS-CG, the migration of the diesel 
plume was similar as in the case of Trial DS for the first 15 minutes (Figure 3). After 30 minutes from 
the commencement of the spill, the diesel started accumulating over the CG layer and then spread 
laterally over the CG layer. The CG layer could contain the diesel for more than 2 hours from the 
commencement of the spill.

As indicated earlier, Trial WS and Trial WS-CG were conducted in soil under wet conditions. The 
migration rate of diesel was 1 cm/min in the first 15 minutes, and it slowed down in the next 
30 minutes (0.50 cm/min) (Figure 4). The plume of diesel slowly reached a depth of 40 cm after 1 h 
30 min (with a rate of 0.3 cm/min). Here, the spread of diesel plume was not uniform because of the 
presence of moisture content. The rate of lateral spread of the diesel was more in the wet condition 

Figure 2. The saturation data from IAT migration of the diesel through fine laterite soil (DS).
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Figure 3. The LNAPL saturation data from IAT migration of the diesel through fine laterite soil with CG (DS-CG).

Figure 4. Various stages of diesel migration through Fine laterite soil under Wet condition with time.
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than that in the dry condition. In the case of Trial WS, the plume reached a depth of 45 cm in 1 
h 30 min (Figure 4). In the case of Trial WS-CG, the CG layer has effectively stopped the migration of 
diesel in the vertical direction and the plume of diesel started to spread laterally above the CG layer.

The vertical migration rate of diesel through the fine laterite soil is lesser in wet condition than in 
dry condition (Figure 5). The rate of vertical migration of diesel is initially reduced and ultimately 
stopped at a depth of 20 cm in both the Trial DS-CG and Trial WS-CG, as a result of the presence of 
coir geotextile (Figure 5). The rate of sorption is appreciable in soils with a small migration rate of 
contaminants (Yang et al. 2013). The migration rate of diesel near the CG layer in the case of Trial DS- 
CG and Trial WS-CG were 0.8 cm/min and 0.6 cm/min, respectively, allowing adequate time for the 
sorption to take place. The LNAPL saturation values are calculated using the IAT method (Eq. 2 and 
Eq. 3). The LNAPL saturation (using Eq. 3) of fine laterite soil so estimated is presented in Table 2 and 
the sample calculations are given in Table 3.

In IAT, the optical intensity at any point within the plume boundary was obtained by selecting the 
required point, and thereby the saturation level at any point in the plume could be estimated. Figure 2 
and Figure 3 show the saturation profiles of LNAPL migration through fine laterite soil for the Trial 
DS and Trial DS-CG, respectively.

Migration of LNAPL in coarse laterite soil

Once the spill started, the plume of diesel migrated at the rate of 3 cm/min in both Trial DS and Trial DS- 
CG (Figure 6) up to a depth of 10 cm. In the case of Trial DS, the plume of diesel reached more than 

Figure 5. Migration rate of diesel in the Fine laterite soil in the presence and absence of the CG layer for both dry and wet conditions.

Table 2. LNAPL saturation of Fine laterite soil obtained from IAT.

Time (min) LNAPL spill % Image pixels Average intensity Average do

LNAPL saturation 
So = (do- aSw-c)/b

Trial DS a b c So
5 20 1872 126 0.31 - 1.0 0.06 0.25
15 60 1993 106 0.38 - 0.9 0.02 0.40
30 100 3021 82 0.49 - 0.75 0.04 0.61
45 100 5134 46 0.74 - 0.75 0.03 0.95
60 100 6210 45 0.75 - 0.78 0.01 0.95
75 100 6273 51 0.7 - 0.75 0.03 0.89
120 100 6691 56 0.66 - 0.75 0.03 0.84
Trial WS a b c So
5 20 3124 122 0.32 0.05 0.75 0.14 0.24
15 60 4339 98 0.42 0.07 0.72 0.07 0.47
30 100 5726 76 0.53 0.1 0.68 0.03 0.71
45 100 7392 43 0.77 0.05 0.75 0.01 1.00
60 100 7925 44 0.76 0.1 0.73 0.01 1.00
75 100 8350 52 0.69 0.1 0.68 0.01 0.97
120 100 10251 53 0.68 0.1 0.73 0.01 0.89
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50 cm in 20 minutes. In the case of Trial DS-CG, the initial rate of migration of the plume was similar to 
Trial DS up to a depth of 10 cm. Later, the migration rate was reduced to 2 cm/min in the proximity of 
CG layer and the plume started accumulating in the CG layer after 15 min from the commencement of 
the spill. The plume of diesel started to spread laterally and no further vertical migration of diesel was 
observed even after 2 h. In the case of Trial WS, the rate of migration was lesser than in Trial DS of about 
2 cm/min initially and it further reduced to 1.7 cm/min, when it reached a depth of 20 cm (Figure 6). In 
the case of Trial WS-CG, the plume of diesel reached the CG layer within 15 minutes at the rate of 1.4 cm/ 
min and the plume spread horizontally. Hence, the CG layer could effectively hold the diesel in both dry 
and wet conditions.

Table 3. Sample Calculation of average LNAPL saturation by using IAT.

For Trial DS for t = 5 min, 20% spill
Average intensity obtained (from MATLAB) = 126
Average optical density (using Eq.2), do = – log (126/255) = 0.31

di = minimum optical density = – log (22/255) = 1.06
dj = maximum optical density = – log (140/255) = 0.26

For dry condition: Sw = 0, So(min) = 0.20, So(max) = 1.0
By substituting these values to Eq. 3;

0.26 = bx0.2 + c (i)
1.06 = bx1 + c (ii)

By solving: b = 1.0, c = 0.06
Substitute these values in Eq.3 corresponds to average do to get average So

0.31 = 1.0 So + 0.06, by solving So = 0.25
For Trial WS for t = 5 min, 20% spill
Average intensity obtained (from MATLAB) = 122
Average optical density (using Eq.2), do = – log (122/255) = 0.32

di = minimum optical density = – log (33/255) = 0.89
dj = maximum optical density = – log (127/255) = 0.30
d0 = optical density at no spill = – log (180/255) = 0.15
(From calibration chart, Avg. intensity at 0% spill = 180)

For wet condition: Sw = 0.2, So(min) = 0.2, So(max) = 1.0, So (no spill) = 0
By substituting these values to Eq. 3;

0.30 = ax0.2+ bx0.2 + c (i)
0.89 = ax0 + bx1 + c (ii) when So = 1, Sw = 0
0.15 = ax0.2+ bx0 + c (iii)

By solving: a = 0.05, b = 0.75, c = 0.14
Substitute these values in Eq.3 corresponds to average do to get average So

0.32 = 0.05 Sw+0.75 So + 0.14; where Sw = 0.2
So = 0.24

Figure 6. Migration rate of the diesel in Coarse laterite soil in the presence and absence of the CG layer for both dry and wet 
conditions.
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Migration of LNAPL in ungraded laterite soil

Further, an ungraded soil sample containing soil particles of sizes varying from 0.05 mm to 
12.5 mm was used for the experiment. The rate of migration of diesel was slower in the 
ungraded laterite soil than in the graded soils, both in the case of Trial DS and Trial DS-CG. 
In the case of Trial DS, the migration rate of diesel was about 1.4 cm/min in the first 
15 minutes, and then it was slowly declined to 0.7 cm/min in the next 30 min (Figure 7). 
The plume of diesel reached only up to a depth of 30 cm from the top of the flow-cell. In the 
case of Trial DS-CG, the diesel started accumulating over the CG layer after 30 min from the 
commencement of the spill, and then spread laterally over the CG layer similar to fine laterite 
soils (Figure 7). The plume migration in the wet condition of the ungraded soil was lesser than 
in dry condition. The migration rate of diesel was 1 cm/min in the first 15 min, and it reduced 
to 0.60 cm/min (Figure 7), when the plume reached a depth of 45 cm. In the case of Trial WS- 
CG, the migration rate was reduced to 0.6 cm/min near the CG layer and the plume movement 
was arrested.

The results show a significant preventive action of the CG layer in controlling the migration of the 
diesel for both uniform graded and ungraded conditions of laterite soil. The performance is better in 
the case of the ungraded condition, which is the natural condition of the soil. Moreover, the 
performances of the CG layer in wet conditions give better results than in dry conditions. The natural 
state of the soil is very often in the unsaturated (wet) condition, and hence, better performance can be 
expected in field application.

Migration of LNAPL in fine sand soil

Figure 8 (Trial DS) shows the migration of diesel, only up to 12 min because the diesel reached a depth 
of 35 cm within this short time. In the case of Trial DS-CG, some amount of diesel got hold over the 
CG layer for some time and then, migrated across the CG layer after 20 minutes, but the migration rate 
was reduced to 2.4 cm/min after the plume crossed the CG layer (Figure 11). It is found that the diesel 
migrated at a faster rate (4.5 cm/min) in fine sand than in laterite soil (1.6 cm/min) in the first 15 min 
as shown in Figure 11

In the case of Trial WS; the migration of the diesel was initially 3.5 cm/min and later it was reduced to 
3.2 cm/min. In the case of trial WS-CG, the plume of diesel was retained for 30 min in the CG layer and 
then it was migrated through the CG layer (Figure 9). The CG layer could not restrict the flow but the rate 
was reduced to 2 cm/min after migrating through the CG layer (Figure 11). The migration of diesel is 
faster in sands than in laterite soils because of the larger permeability of the sand. Although the migration 
rate of diesel has been reduced by the presence of CG, it fails to hold the diesel for a prolonged time. 

Figure 7. Migration rate of the diesel in the Ungraded laterite soil in the presence and absence of the CG layer for both dry and wet 
conditions.
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When the migration of diesel through fiber becomes faster, it reduces the contact time of diesel on the 
CG layer and hence affected the sorption of diesel in the fibers considerably. Hence, the application of CG 
was not effective for controlling the migration of diesel through sandy soils.

Figure 10 and Figure 11 show a comparison of the migration rate of diesel through fine laterite soil 
and fine sandy soil in dry and wet conditions, respectively. Because of the larger migration rate of 
diesel in fine sand than fine laterite soils, the CG layer cannot hold diesel effectively, but it reduces the 
migration rate of the diesel. These findings also emphasize that the controlling/arresting of the LNAPL 
flow through the CG layer is very much influenced by the characteristics of soils that govern the 
velocity of flow through the soil.

Migration of LNAPL in coarse sand soil

Here, the coarse sand was filled in the flow-cell to a depth of 35 cm (from 75 to 110 cm) over the fine 
sand (75 cm from bottom). The CG layer was embedded within the layer of coarse sand at a depth of 
20 cm from the top. In all the trials, the migration of diesel was faster in the coarse sand (5 cm/min) than 
that in the fine sand (4.5 cm/min) as a result of its larger permeability and consequent larger velocity. 
When the plume of diesel reached fine sand soil, it started to move laterally in addition to the vertical 
direction and the vertical migration rate was reduced to 4 cm/min (Figure 12). In the case of Trial DS- 
CG, the plume of diesel was not effectively arrested owing to the higher migration rate (4.5 cm/min) near 
the CG layer. But the migration rate of the plume has reduced to 3.6 cm/min after crossing the CG layer.

The difference in the migration rate of the diesel through soils with the same particle sizes but 
different permeability values is presented in Figure 12 and Figure 13. In the case of Trial WS and Trial 
WS-CG, the rate of migration of LNAPL was faster in coarse sand (4.3 cm/min) than in coarse laterite 
soil (2 cm/min). In the Trial WS-CG, the CG layer could not arrest the diesel due to the high migration 
rate (3.4 cm/min) of the diesel near the CG layer, and here also the migration rate reduced thereafter to 

Figure 8. Different stages of the diesel migration through Fine sand under the dry condition with time.
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3 cm/min. Therefore, the effectiveness of the CG depends on the permeability of the soil in which the 
CG is embedded, because the sorption process requires a minimum contact time.

Migration of LNAPL in sandy soil where the CG layer is embedded in laterite soil

The findings from the experiments showed that the provision of the CG layer was not much effective 
in reducing the migration of contaminant plume in sandy soil, but it showed satisfactory results in 
laterite soils. To overcome this limitation, one more trial was attempted in sandy soil where the CG 
layer was embedded in a thin layer of laterite soil. In this experiment, the soils were filled in three layers 
viz., a) Layer 1 – fine sand up to 20 cm; b) Layer 2 – fine laterite soil next 20 cm; and c) Layer 3 – fine 
sand for further depth. Figure 14 shows the comparison of the migration rates of the diesel through 

Figure 9. Different stages of diesel migration through Fine sand under the wet condition with time.

Figure 10. Migration rate of the diesel in the Fine sand and Fine laterite soil in the dry condition.
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fine sand and sand-laterite layered soils. The diesel (in both in Trial DS and Trial DS-CG) migrated at 
a rate higher than 2 cm/min through the fine sand. The CG layer could have only a slight retarding 
effect on the migration of diesel in fine sand due to the short contact time between the diesel and the 
CG layer (Figure 14). The migration rate of diesel through the layered soil (Trial DS) was reduced to 
1.6 cm/min because of the embedding layer of fine laterite soil.

Although the migration rate of diesel through the layered soil under dry condition (Trial DS) was 
lesser (1.6 cm/min) than in sandy soils (4.5 cm/min), the plume of diesel crossed the fine laterite soil 
(second) layer and reached the (third) layer of sand. In the case of Trial DS-CG, the CG layer was 

Figure 11. Migration rate of the diesel in Fine sand and Fine laterite soil in the wet condition.

Figure 12. Migration rate of the diesel in Coarse sand and Coarse laterite soil in the dry condition.

Figure 13. Migration rate of the diesel in Coarse sand and Coarse laterite soil in the wet condition.
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embedded in the fine-laterite soil layer at a depth of 30 cm. When the CG layer of thickness 3.5 cm was 
provided, the thickness of laterite soil on either side of the CG layer was approximately 8.25 cm. Here, the 
migration rate of the plume in the fine-laterite soil was reduced to 0.7 cm/min near the CG layer and 
hence, prevented the flow of diesel from reaching the lower fine-sandy layer (Figure 14). The diesel 
migrated down through the laterite-soil layer of low permeability and reached the next layer when no CG 
layer was provided. Hence, this prevention is a result of the presence of the CG layer, but not the presence 
of the less permeable laterite soil. The lower permeability of the embedding layer and the consequent 
longer contact time of the LNAPL with the CG layer increase the effectiveness of the CG layer. This 
finding shows the usefulness of the CG layer in controlling the migration of diesel even through sandy 
soils provided the CG layer can be embedded within the laterite-soil layer. The usability of the CG is 
attributed to the sorption capacity of the CG layer even though the layer is highly porous than the soil.

Discussions

To have further insight into the migration of diesel through the different types of soils, the migration 
rates of diesel through various types of soils and the effect of CG on this rate for these soils are presented 
in Table 4. On analyzing the migration behavior of diesel through various soil media, it is found that the 
migration rate of diesel is inversely related to the contact time of the diesel on the CG layer. As the contact 
time of the CG layer increases, the diesel sorption capacity of the CG media also increases. The CG layer 

Figure 14. Migration of the diesel through the Fine Sand and Sand-Laterite layered soil in the dry condition.

Table 4. Comparison of the migration rate of diesel in different types of soil.

Migration rate (cm/min) 
near 20 cm depth

diesel migration: arrested or  
not by the CG layer

Trials Condition (wet/dry)
Type of soil 

Laterite w/o CG with CG

1 Dry Coarse 2.9 2.0 Yes
2 Wet 1.7 1.4 Yes
3 Dry Fine 1.0 0.8 Yes
4 Wet 0.9 0.6 Yes
5 Dry Ungraded 1.2 1.0 Yes
6 Wet 0.8 0.6 Yes

Sand
7 Dry Coarse 4.8 4.5 No
8 Wet 4.0 3.4 No
9 Dry Fine 4.3 2.8 No
10 Wet 3.2 2.5 No
11 Dry Layered: 

Fine sand Fine soil 
Fine sand

1.6 0.7 Yes
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has better performance in arresting the migration of diesel in ungraded laterite soils (Table 4), than in 
other soils. Similarly, the wet condition of ungraded soil gives better effectiveness for the CG layer in 
controlling the migration of diesel. The real field condition of soil very often similar to the wet-ungraded 
soil condition, and hence a better performance can be expected in field application of CG for preventing 
the migration of diesel. But the CG layer embedded in sandy soils cannot satisfactorily arrest the 
migration of diesel. However, a reasonably good result (100% reduction) is obtained when a thin layer 
of laterite soils is provided in between the sandy soils to embed the CG layer. This result indicates that the 
ability of the CG layer in arresting the migration of diesel depends on the permeability of the soil in the 
vicinity of the CG layer, not on the permeability of the entire soil depth.

The CG layer can effectively control the migration of diesel through the soil when the rate of 
migration through the soil is below 2 cm/min (Table 4). However, this limiting rate cannot be applied 
to the field directly because of the following reason: (i) the field density of soil could not be achieved in 
the flow-cell as the plexiglass material was flexible, which renders further compaction impossible; (ii) 
the laboratory spill rate was larger than in actual field conditions; and (iii) the migration rate of diesel 
along the glass surface is faster than through the porous medium. Therefore, the migration rate 
through the soil under field conditions shall always be less than this rate. Hence, the proposed limit 
corresponds to the worst condition, which may not be realized in the field. Therefore, the performance 
of the CG layer in controlling/arresting the migration of diesel under field condition has to be at par 
with the current performance, if not better.

The IAT method provides a complete picture of the local variations of plume migration in addition 
to saturation values. Further, the data thus generated from IAT experiments can be used for the 
development and validation of multiphase flow models. Once the flow model is validated with these 
IAT results, it can be further used for simulating the performance of CG for real field conditions.

The application of present research

The present study demonstrates that an embedded CG layer in the laterite soil can effectively hold the 
diesel for a period. Leakages in Underground Storage Tanks (USTs) are one of the potential sources of 
LNAPL contamination. Hence, an embedded CG layer surrounding the UST in the soil with a low 
permeability value, placed during its construction, can control the LNAPL migration for some amount 
of time, if not continuously. If the leaked amount of LNAPL is large, the volumetric balance of fuel in 
the UST can identify whether any leak is present or not. But if the amount of leak is small, it could go 
unnoticed and become a persistent contaminating source. In this context, an arrangement shown in 
Figure 15 can timely detect the leak and hence, can avert the danger of contamination to groundwater. 
If a leak of LNAPL occurs from a UST, the leakage is contained within the CG layer, and it spreads 
laterally within the containment. This containment occurs for a period at the order of months, if not 
years. The actual period of containment of LNAPL in the real field case is investigated numerically, 
which is presented in the next part of this paper. As the leaked LNAPL can laterally spread, it can reach 

Figure 15. Conceptual model representing the field application of the CG layer.

14 A. V. PRASEEJA AND N. SAJIKUMAR



the mouth of the vertical pipes (Figure 15) and quickly evaporates, depending on the soil conditions. 
Hence, regular checkup by opening the capped top of the pipe can easily smell out the presence of 
a leak and the leakage from the UST can be prevented. Meanwhile, the leaked LNAPL is contained in 
the CG layer, and thus the groundwater can be protected from being contaminated with these 
hydrocarbons for a period, if not permanently.

Now, a question arises, why not a synthetic material can be used for containing the NAPL, rather 
than by using natural materials like CG. If the synthetic material is used for containment, it can lead to 
the piling of water when rainfall occurs. The most important advantage of using a natural fiber rather 
than a synthetic material is that the CG layer allows the water to flow through it while it prevents the 
LNAPL flow. For demonstrating this statement, some amount of water was continuously applied over 
the flow-cell containing fine laterite soil with the CG layer, once the application of the CG layer had 
contained the diesel migration for 2hr30minutes. Figure 16 illustrates the effectiveness of the CG layer 
to hold the diesel while it can transmit the water through it. The diesel (the colored region in Figure 
16) has not even advanced a little while the water has moved down through the CG layer. The almost 
flat advancing front of water (except for the local variation) indicates that the water has migrated 
through the region uniformly.

Conclusions

The migration characteristics of the diesel through various soil media were experimentally studied and 
quantitatively assessed using the Image Analysis Technique. The effectiveness of coir geotextile as 
a measure in preventing the migration of the LNAPL in various types of soils is also assessed.

The following are the conclusions from the study.

● The CG layer can effectively control/arrest the migration of LNAPL through the unsaturated 
zone soil provided the permeability of the embedding soil should be less than 2.30 × 10−05 m/s, 
which allows sufficient contact time for the sorption to take place.

● The CG layer can act as an effective preventive measure when the LNAPL migration rate through 
soil media is below 2 cm/min. Hence, the CG layer can effectively reduce the LNAPL migration 
in most of the field conditions.

● The LNAPL sorption on the CG layer shows satisfactory results in laterite soils than sandy soils. 
For sandy soils, a satisfactory result is obtained when the CG layer is embedded in a thin layer of 
laterite soils.

Figure 16. Application of water over LNAPL in the fine laterite soil with CG layer.
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● The CG layer can arrest the migration of diesel while allowing the flow of water through it, 
provided sufficient contact time is available to happen the sorption process.

Hence, the Coir Geotextile can be considered as a viable and sustainable measure against hydro-
carbon contamination as a result of the leaks from UST. Further, these results can be used for 
validating the multiphase flow models that are developed for predictive and remediation purposes 
for representing the flow of LNAPL through the soil and natural fiber. The numerical simulation by 
using this experimental data is considered as the future scope of this study.
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Abstract 
The study on the migration behaviour of light non-aqueous phase liquid (LNAPL) through the 

subsurface system is essential for implementing a proper remedial measure against groundwater 
contamination. A FEM-based flow and transport model FEFLOW (Finite Element subsurface FLOW 
and transport system) was utilised in this study to model the migration of LNAPL, through the 

unsaturated zone, where the LNAPL is modelled as a single-phase contaminant with the least water 
solubility. Further, it evaluates the utility of a natural fibre, coir geotextile (CG) in controlling the 
migration of the LNAPL through the subsurface system based on an experimental study. The 

predictions from the numerical model are compared and found matching with the experimental 
results. The CG layer is also modelled similarly to the soil layer with appropriate values of the 
parameters, which defines the novelty of this study. Hence, the developed numerical model is 

used to simulate the actual field conditions to assess how long the coir geotextile can sustain as 
a remedial measure for controlling LNAPL migration through the soil. The provision of two layers 
of CG with a vertical layer on both sides as a box-like containment could hold LNAPL up to 7.5 years 

in the wet condition and 5 years in the dry condition of soil.  
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1 Introduction 

Accidental spills or leakages of non-aqueous phase liquids 
(NAPLs) from underground storage tanks (USTs) have 
become a significant source of groundwater contamination 
(van Geel and Sykes, 1994a; Fagerlund and Niemi, 2007). In 
the case of leakage of NAPL from a UST, it can migrate 
through the unsaturated zone of the soil and reach the 
groundwater source. A thorough understanding of the 
migration behaviour of NAPL through various types of soils 
in both saturated and unsaturated conditions is essential 
for implementing any remediation practices. As the field 
investigations are expensive, the laboratory simulations and 
numerical modelling become an integral part of such studies, 
which also evaluate the effects of suggested remedial actions. 

Laboratory studies for understanding the saturation 
distribution light NAPL (LNAPL) of through various soil 
media were conducted by many researchers (van Geel and 
Sykes, 1994a; Illangaskare et al., 1995; Fagerlund and Niemi, 
2007; Praseeja and Sajikumar, 2020). The experiments are 
usually conducted in an accelerated mode of high spill rate with 

a lesser density of soils such that it rarely simulates the field 
conditions. Hence it becomes necessary to use a numerical 
model to assess how the remedial measure performs in the 
actual field conditions against hydrocarbon contamination. 
A model with minimal requirement of input data is useful to 
assess the effect of different remedial measures in controlling 
the LNAPL migration through different soil media. 

A wide range of the models developed for representing 
the immiscible flow in the subsurface zone were reviewed 
and presented (Kamaruddin et al., 2011; Praseeja and 
Sajikumar, 2019). The models designed for simulating the 
flow of NAPL through porous media based on FEMs (finite 
element methods) are (i) areal multiphase organic simulator 
(ARMOS) (Kaluarachchi et al., 1990), (ii) multiphase analysis 
of groundwater, NAPL, and soluble components (MAGNAS) 
(Huyakorn et al., 1992), (iii) multiphase flow and transport 
(MOFAT) (Katyal et al., 1991), and (iv) NAPL simulator 
(Guarnaccia et al., 1997), and based on FDMs (finite difference 
methods) are (i) subsurface transport over multiple phases 
(STOMP) (White et al., 1995), (ii) TOUGH2 (Pruess et al., 
1999), (iii) VENT2D (Benson, 1994), and (iv) MODFLOW– 
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Nomenclature 

C solute concentration (kg/m3) 
D dispersion coefficient (m2/s) 
Dd molecular diffusion (m2/s) 
e gravitational unit vector 
fμ function of fluid viscosity 
g gravitational acceleration (m/s2) 
h  capillary head (m)   
I unit tensor 
K hydraulic conductivity tensor (m2) 
Kr relative hydraulic conductivity 
k intrinsic permeability tensor (m2)  
n, m  van Genuchten parameters 
pf fluid pressure (N/m2) 
Q specific mass supply 
q  darcy flux vector (m/s) 
R soil retardation coefficient 

s  saturation 
sf fluid saturation  
Se effective saturation 
So storage coefficient (m−1) 
t  time (s) 
z elevation above a reference datum (m) 

Greek symbols 

Δ differential operator 
ρ density (kg/m3)  
ε porosity 
χ adsorption function  
Ψ pressure head (m) 
θ volumetric water content 
ϑ decay rate 

  

SURFACT (Panday and Huyakorn, 2008).  
An inverse boundary design problem of combined natural 

convection–radiation is designed by considering specular 
reflectivity and participating media (Mosavati et al., 2013, 
2016) and hence formulates its solution techniques. The 
three fundamental mechanisms of NAPL migration involve: 
(i) transport under the combined influence of gravitational 
and capillary forces, (ii) through dissolution and consequent 
advection in the downward direction, and (iii) as a vapor 
NAPL constituent in the soil gas, where the increased 
gas-phase density induces downward movement. Hence, 
remediation of NAPL contamination from the subsurface 
often requires a combination of techniques. Conventional 
methods such as pump-and-treat methods, soil vapour 
extraction process, and in-situ soil flushing methods require 
much-extended operation periods and are expensive (Stroo 
et al., 2003). Oil sorption through natural fibres has been 
addressed by many researchers as an economical and 
environmentally friendly measure for removing oil over water 
bodies (Karan et al., 2011; Al-Majed et al., 2012; Ali et al., 
2012). Based on these outcomes, Praseeja and Sajikumar 
(2020) conducted an experimental study using coir geotextile 
(CG) layer (natural fibre) to control the migration of LNAPL 
in the unsaturated zone and highlighted the effective 
application of CG layer in the case of laterite soils rather 
than sandy soils.  

In this study, the numerical modelling of NAPL transport 
in the subsurface and its remediation using natural fibre is 
addressed. This work is an extension of the laboratory study 
conducted by Praseeja and Sajikumar (2020) for controlling 
the migration of LNAPL through various soil conditions 
using coir geotextiles. The experiment was conducted in a 

flow cell of 1.20 m in length, 1.20 m in height, and 0.10 m in 
depth filled with soil up to a height of 1.10 m from the bottom 
of the tank. Here diesel is taken as the LNAPL to simulate its 
flow behaviour. Twenty different trials of experiments were 
conducted for assessing the effectiveness of natural fibre (coir 
geotextile, CG) in controlling the NAPL migration through 
different types of soils, in both dry and wet conditions. The 
images of each trial were captured, and the LNAPL saturation 
was analysed using the image analysis technique (IAT). 
The flow cell was provided with ten pressure transducers, 
which were connected to a data acquisition system. From 
the experimental study, the effectiveness of the CG layer is 
observed using IAT, and the pressure variations are measured 
using transducers. The method of providing the CG layer was 
found efficient for controlling the flow of diesel through 
soils with permeability less than 2.30 × 10−5 m/s which allows 
sufficient contact time for the sorption to take place.  

The data obtained from laboratory simulation (Praseeja 
and Sajikumar, 2020) includes: (i) the LNAPL migration 
(in-transfer) rate, (ii) the initial saturation value (before spill 
starts), (iii) LNAPL saturation as it migrates through the soil 
in time intervals until the migration stops, (iv) the pressure 
values before and during the spill, and (v) the control action 
of the CG layer under various soil conditions. The containment 
of LNAPL on the CG layer was observed only for few hours 
due to the experimental limitations mentioned above. In this 
context, the actual period of containment of LNAPL in the 
real field case is to be investigated numerically. For numerically 
modelling the migration of a multiphase liquid in the 
unsaturated zone, it is necessary to study the transport 
mechanisms and the interactions between different phases 
(air, water, oil) within the zone. Since the experimental study  
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was intended to identify the effectiveness of CG in containing 
the LNAPL, the focus was given to check the time of 
LNAPL containment in the CG layer under different soil 
conditions. In other words, the LNAPL which reaches the CG 
layer irrespective of its transport mechanism was analysed 
whether the CG layer has contained it or not. Hence in this 
study, the LNAPL is treated as a single-phase contaminant, 
and it is assumed that the transport of LNAPL is merely 
through the advection–dispersion process. Numerical studies, 
considering the effect of a natural fibre in the unsaturated 
zone as containment for controlling the LNAPL migration 
to the groundwater, are not reported so far. 

This concept paved the way to select a model that can 
simulate the contaminant as a solute using the general 
contaminant transport equation, and the layering of soils could 
also be possible for representing the CG layer. Corapciouglu 
and Baehr (1985) developed a single-cell model to obtain a 
conservative estimate of NAPL in the unsaturated zone 
where the whole transport system (dissolution, volatization, 
and adsorption) is represented as a single element using the 
advective-solute transport equation. The coupled effects of 
three transport mechanisms such as dissolution (the linear 
dissolution model), sorption (mass-transport equation), and 
biological degradation (the coupled reactive transport model 
including sequential decay kinetics) of DNAPL (denser form 
of NAPL) in a subsurface system are analytically modelled 
and solved using a reactive transport code, RT3D (Clement, 
1999). Sulaymon and Gzar (2011) developed a three- 
dimensional finite element numerical model to study the 
dissolution and transport process of benzene (LNAPL), 
with the assumption that the dissolved concentration 
along the LNAPL–water interface is equal to the solubility 
of LNAPL in the aqueous phase. Berlin et al. (2015) 
developed a one-dimensional numerical model to simulate 
the transport of benzene in an unsaturated system using 
Richard’s equation (to represent fluid flow) and the reactive 
transport model. From the review of existing contaminant 
models, it is found that studies are conducted in FEFLOW 
(Finite Element subsurface FLOW system) such as the 
contaminant transport through (i) unsaturated zone in 
very dry soil condition using primary variable switching 
technique (Diersch, 2005), (ii) through a capillary barrier in 
the unsaturated zone between finer and coarser soils (Diersch, 
2005), (iii) multi-layered soils in the unsaturated zone (Sinton 
et al., 2015), (iv) remediation through containment in both 
the subsurface (Vigouroux et al., 2015), and the groundwater 
(Gigliuto et al., 2015) to reduce the effect of contamination. 
FEFLOW (FEM based) and MODFLOW-NWT (FDM based) 
models were compared on a hypothetical representation of 
a mine pit and highlighted that FEFLOW can model more 
complex systems in the vadose zone with far fewer elements 
(Sinton et al., 2015). 

The present study is primarily based on two objectives: 
(i) numerical modelling of LNAPL migration through an 
unsaturated zone of soil containing a layer of CG and (ii) to 
explore the possibility of different arrangements of CG layer 
in soil under field conditions to ascertain the maximum 
containment period of LNAPL. The former objective was 
attained through calibrating and validating the model with 
the laboratory results. The latter was achieved by using the 
parameters corresponding to field conditions in the validated 
model. In this study, the transport of NAPL in the CG layer 
(a natural fibre) is modelled in a similar manner as that of 
layered soil. This attempt is the novelty of this study.  

2 Numerical simulation 

In the present study, FEFLOW (version 7.1) was used to 
model the behaviour of LNAPL transport in the presence 
and absence of the CG layer. Here LNAPL is modelled as a 
single-phase solute such that the sorption of this solute in 
the unsaturated zone is given prime importance. Moreover, 
the CG layer could be modelled similar to that of the soil layer 
in the unsaturated zone to assess how the sorption capacity 
of the CG influences the natural sorption in the unsaturated 
zone. Hence the equations used in this study are amenable 
with the single-phase contaminant flow and transport in the 
unsaturated zone. 

2.1 Governing equations 

The governing equations for the unsaturated flow and mass 
transport equation are derived from the phase-related 
conservation principles for mass, linear momentum, and 
energy, followed by the general form of Richards equation 
as given in Eqs. (1)–(7) (Diersch, 2005):  
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(8)

The hydraulic characteristics of both the water and the 
chemical species are depicted using the van Ganuchten (VG) 
model as given in Eq. (8) (Diersch, 2005): 

            e [1 ( ) ] ,  0n mS αh h= + >  
            e 1,                     0S h= £  

1 2 1 2
r e e[1 (1 ) ]m mK K S S= - -                      

e r s r( ) / ( )S θ θ θ θ= - -   

Some assumptions are made to make the system of 
equations amenable to numerical solution for validating 
the experimental findings, which includes: 
i.    The soil used for experiment is of graded soil and packed 

in uniform density throughout the cell, and the properties 
are assumed to be constant in all directions. Hence porous 
media is considered as isotropic, homogeneous, and 
non-deformable. 

ii.   The contaminant flow and transport are assumed as 
transient since the process variables such as saturation, 
pressure, and mass concentration vary with time. The 
modelling was performed to analyse the total LNAPL 
saturation with respect to time. 

iii. The interphase mass transfer between different phases of 
LNAPL is not significant in this study, and it is intended 
that the CG layer should contain the LNAPL, irrespective 
of its different phases. The purpose of modelling is to 
determine the total LNAPL saturation with respect to 
time, and hence LNAPL is treated as a single-phase 
contaminant, where single-phase represents the aqueous 
soluble phase spreading downwards. 

iv. The concentration of LNAPL is taken as the solubility of 
NAPL in its aqueous phase. Hence the LNAPL is treated 
as a contaminant (solute) with small solubility in the 
aqueous phase (Sulaymon and Gzar, 2011; Berlin et al., 
2015). 

v.   The objective of this study was to determine how much 
enhancement in natural attenuation due to sorption 
has been achieved by the application of CG in the 
unsaturated zone. Hence among various reactions such 
as volatization, biodegradation, etc., in the unsaturated 
zone, only the natural attenuation due to adsorption is 

considered in this study. The adsorption process in the 
soil is defined in terms of distribution coefficient, which 
was determined through the laboratory flow-through 
method. 

vi.   Since the adopted remedial measure, CG has proven for 
many applications like filter, reinforcement, soil cover, 
etc. Here it is studied only its sorption capacity of oil, 
and hence it is assumed that CG acts as containment 
through the mechanism of sorption only. 

2.2 Modelling of laboratory simulation (van Geel and 
Sykes, 1994b) 

The laboratory simulation results of a published work for 
the study of LNAPL flow behaviour through silica sand soil 
(van Geel and Sykes, 1994b) is first attempted for calibrating 
the FEFLOW modelling tool. The boundary conditions and 
the input parameters for the model simulation were assigned 
as given in the published work (van Geel and Sykes, 1994b), 
which are presented in Table 1. The solubility of hydrocarbon, 
n-heptane in the aqueous phase is 3 mg/L (Clough, 2014), 
which was assigned as the LNAPL concentration in the 
boundary condition. Hence the model recognised the con-
taminant as LNAPL with its density, viscosity, and negligible 
water solubility. 

The model domain with dimension 1.5 m × 1.145 m × 
0.06 m is discretized using triangular prism elements (9408 
mesh elements and 5789 nodes, aspect ratio of 1.31) with six 
numbers of slices. The saturation of the domain is assigned 
as per van Genuchten empirical model, where the values 
are given in Table 2. The LNAPL spill boundary conditions 
were given in the top spill region with no-flow boundary 
conditions on the sides and bottom of the domain. In the 
referenced work, the constants α and n are defined for both 
drainage and imbibition conditions for (a) water–air, (b) 
water–heptane, and (c) heptane–air system. The drainage 
condition refers to decreasing saturation of a wetting phase, 
whereas the imbibition represents increasing saturation of 
wetting phase (van Geel and Sykes, 1994a). For wet condition, 
the system involves water and heptane, for which the 
corresponding values are given in Table 2. 

Here the modelling was conducted without considering  

Table 1 Boundary conditions and initial conditions for the trial model (van Geel and Sykes, 1994b) 

Boundary conditions 

Aqueous phase LNAPL concentration  
  Outer nodes except on LNAPL source  
   LNAPL source 

1st kind Dirichlet no-flow boundary condition  
C (z = 0, t) = Cn = 0 mg/L  

   C (z = 0, t) = Cn = 3 mg/L (Clough, 2014) 

Initial conditions 

Water saturation Sw = 0.17 

Pressure (entire domain other than source nodes)  
Pressure (source nodes) 

Pressure transducer values before starting spill in the flow cell  
0.3 kPa 

Aqueous phase LNAPL concentration C (t = 0, z) = 0 mg/L 
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Table 2 Input parameters for the trial model (van Geel and Sykes, 
1994b) 

Parameter Value 

LNAPL (n-heptane) 

Density (kg/m3) 998 
Viscosity (N·s/m2) 0.001 

In-transfer rate (d−1) 154.26 
LNAPL source release period ( min) 18.67 

Soil 

Porosity 0.374 
Permeability (10−4 m/s) kx = 2, ky = 1 

Hydrodynamic properties of soil 
Unsaturated flow model Van Genuchten model 

Van Genuchten parameter α (m−1) n 

Main drying (drainage) 3.97 6.22 

Main wetting (imbibition) 7.28 4.337 

Calibrated parameters 

Molecular diffusion (m2/s) 10−8 
Longitudinal dispersivity (m) 
Transverse dispersivity (m) 

0.001 
0.0001 

 
different phases of NAPL and the interphase mass transfer 
between phases. The model was calibrated by adjusting the 
values of molecular diffusion and dispersion values as given 
in Table 2 until the predicted plume depth reasonably 
matched with experimental images. The comparison of 
LNAPL saturation during the spill (from t = 0 to t = 4500 s) 
is presented in Fig. 1, where SN1, SN2, and SN3 are the 
observation points in the referenced work. The LNAPL 
saturations obtained from FEFLOW after the LNAPL front 
passed each transducer location are found more or less 
approximate or say +5% greater than the model and −5% 
lesser than the experiment saturation values, i.e., the LNAPL 
saturations (from FEFLOW) are showing the average of 
saturation values obtained from the model and experimental 
findings. The result shows 95%–98% approximate results with 
the referenced work, and thus the proposed assumptions of 
the numerical were validated with the results of the multiphase 
numerical model and corresponding laboratory LNAPL spill 
(van Geel and Sykes, 1994b).  

 
Fig. 1 Comparison of simulation results between van Geel and 
Sykes (1994b) and FEFLOW model.  

2.3 Modelling of laboratory simulation (Praseeja and 
Sajikumar, 2020) 

The developed two-dimensional model domain (1.20 m × 
1.10 m) with an aspect ratio of 1.09, was discretized into 15,650 
triangular elements (9042 nodes) (Fig. 2), which represents 
the soil media used in the flow cell of the experiment. The 
thickness of the model domain was discretised into ten 
slices, rendering the thickness of each slice as 0.01 m. The 
mesh quality was increased through the mesh smoothening 
option, where an aspect ratio of 1.40 was assigned. The 
discretized geometry of the soil domain, indicating the 
observation points and the position of the CG layers, is 
shown in Fig. 2. 

The boundary conditions, initial condition, and the 
required input parameters for simulating the migration of 
LNAPL, consequent to its spill, are presented in Fig. 3. 
Asymmetric no-flow boundary was assumed along the 
boundary of the model domain, except the top region of 
LNAPL (diesel) spill. The spill of the diesel was assigned over 
an area of 16 cm × 10 cm, located at the centre of the model 
domain with an in-transfer rate of 96.50 d−1 which was equal 
to the actual laboratory spill rate (2 L/30 min). Since the 
LNAPL flow velocity and pressure vary with time, the 
transient state of flow and transport are defined, where the 
temporal discretization can be changed using simulation 
time control. An initial time step size of 10−5 d was given. 
The simulation period was given for three hours, where the 
solutions were obtained after 12,500 time steps. 

 
Fig. 2 3D geometric model of (a) observation points and (b) 
LNAPL source and CG. 

 
Fig. 3 Boundary condition and input parameters of the model. 
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Table 3 Boundary conditions and initial conditions for the 
laboratory model (Praseeja and Sajikumar, 2020) 

Property Value 
Domain discretization 

Model domain x = 1.20 m, z = 1.10 m 
Node 9042 

Element type Triangular 
Element 15,650 

Slices 10 slices of 0.01 m each 
Boundary conditions 

Aqueous phase LNAPL concentration 
 

Outer region except on LNAPL source 
LNAPL source 

1st kind Dirichlet no-flow boundary 
condition 

C (z = 0, t) = Cn = 0 mg/L 
C (z = 0, t) = Cn = 5 mg/L 

Initial conditions 
Sw = 0.02 (dry condition) 

Water saturation 
Sw = 0.20 (wet condition) 

Pressure (entire domain other than 
source nodes) 

Pressure (source nodes) 

Pressure transducer values before 
starting spill in the flow cell 

0.3 kPa (van Geel and Sykes, 1994b)
Aqueous phase LNAPL concentration C (t = 0, z) = 0 mg/L 

 
The laboratory results at the zero hour (before spill) were 

assigned as the initial conditions for LNAPL spill modelling. 
The initial water saturation was assigned as 0.02 in the case 
of the dry condition and 0.20 for the wet conditions. The data 
such as density, permeability, and porosity of each soil media 
were obtained from laboratory experiments (Table 4). The 
CG layer was provided 20 cm from the top of the model 
domain as given in the experiment. 

Praseeja and Sajikumar (2021) studied the sorption 
capacity of coir fibres in hydrocarbon environments and 
showed that the Langmuir model could well fit the adsorption 
isotherm. The estimated parameters of the Langmuir model 
were assigned as the sorption parameters of the CG layer as 
given in Table 4. In the case of soils, the Langmuir isotherm 
equation can be rearranged to calculate its partition coefficient 
(EPA, 2004), and hence the respective Langmuir constants of 
soil are determined and given in Table 4. 

In the dry condition, the molecular diffusion value is 
calibrated to 10−6 m2/s to achieve the migration rate in the 
laboratory simulation and for wet conditions, it is given 
10−8 m2/s. A typical diffusion coefficient for a molecule in the 
gas phase is in the range of 10−6–10−5 m2/s, and that of in 
the aqueous phase is in the range of 10−10–10−8 m2/s (Fityus 
et al., 1999). As a result, diffusion of LNAPL in liquids (wet 
conditions) is found slow compared to dry conditions. For 
lengths less than 3500 m, the longitudinal dispersivity should 
not be more than αL = 0.0175L1.46, where L is the length of 
travel, and the transverse dispersivity (αT) is 1/10 to 1/100 of 
αL (Patil and Chore, 2014). Hence the calibrated values are 
within the range. These values are kept constant for all the 
trials attempted in dry and wet conditions throughout the 
simulations. 

Table 4 Input parameters for the laboratory model (Praseeja and 
Sajikumar, 2020) 

Parameter Value 

LNAPL (diesel) 

Density (kg/m3) 835 

Viscosity (N·s/m2) 0.00298 

In-transfer rate (d−1) 96.50 

LNAPL source release period (min) 30 

Soil 

Type Fine sand Fine laterite 

Condition Dry Wet Dry Wet

Porosity 0.48 0.41 0.39 0.38

Permeability (10−4 m/s) 3.41 1.98 0.14 0.12

Partition coefficient Kd (mL/g) 1.36 1.54 2.75 3.14

Langmuir constants K1, K2 1.14, 0 1.29, 0 2.30, 0 2.62, 0

Hydrodynamic properties of soil 

Unsaturated flow model Van Genuchten model 

Dry condition Wet condition

α (m−1) n α (m−1) n 

7.40 5.43 3.97 6.22

Van Genuchten parameter 

(van Geel and Sykes, 1994a) 

Main drying (drainage) 

Main wetting (imbibition) 10.80 4.54 7.28 4.337

Molecular diffusion (m2/s)  

Dry condition 10−6 

Wet condition 10−8 

Dispersivity (m) Longitudinal Transverse 

Dry condition 0.002 0.0002 

Wet condition 0.001 0.0001 

Coir geotextile 

Porosity 0.40 

Langmuir constants K1 = 6.73, K2 = 0.06 
 

3 Results and discussions 

The following trials are considered for the numerical 
simulation of behaviour of the LNAPL flow through: (i) fine 
laterite soil in dry and wet conditions, (ii) fine sandy soil in 
dry and wet conditions, and (iii) laterite-sand layered soil in 
dry conditions. These trials were simulated with and without 
the application of the CG layer. Discussions and conclusions 
in this study are based on the comparison of the results from 
the experiments and the numerical model. 

3.1 Case (i) migration of diesel through fine laterite soils  

The spill of diesel and its migration through fine laterite soil 
under dry condition was modelled for 50 min. The results 
from both the experiment (Fig. 4(i)) and the simulation model 
(Fig. 4(ii)) are presented.  
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The plume of the diesel has reached almost 15 cm below 
the top of the flow domain in the first 15 min in both the 
model (Fig. 4(ii)) and the experiment (Fig. 4(i)). During the 
last 50 min, the predicted plume movement of diesel from 
the model was found to be slightly lesser than that of the 
experiment, but the average plume lengths for both the cases 
were the same. There exist slight deviations in the form of 
the irregular shape of the plume in the experiment, resulting 
from the layered arrangement of soil within the flow cell. 
However, those variations are not significant as the model 
could capture the general trend. In all subsequent figures, 
the images of the salient area are only shown to have better 
clarity as against the actual depth of 1.10 m of the flow cell. 
Figure 4(iii) also gives the variation of LNAPL saturation 
with the depth. The LNAPL saturation was directly obtained 
from the model representing its plume migration, and those 
from the experiment were obtained through image analysis 
(Praseeja and Sajikumar, 2020).  

The simulation model has an advantage in the sense that 
it can give the saturation level at any point in the flow field 
whereas the experimental determination of that is based on 
the limited number of measurement points. The experiment 
and the simulation are conducted in an accelerated mode 

with a higher spill rate of diesel and with a lower density of soil 
media such that the plume movement was relatively faster. 
The actual plume movement through real field conditions 
might happen in days, if not months or years, as indicated 
in subsequent sections. 

Figure 5 shows the effect of the CG layer on controlling 
the migration of diesel through fine laterite soil under dry 
conditions. The results from the experiment (Fig. 5(i)) and 
the simulation model (Fig. 5(ii)) matched well, and hence the 
model can simulate the effect of the CG layer in the vadose 
zone in controlling the migration of diesel. The CG layer was 
modelled similarly to that of a soil layer using the values of 
its porosity and Langmuir constants as given in Table 4. The 
boundary conditions are not defined in the CG layer–soil 
interface. Both the experiments and simulations are conducted 
in an accelerated mode as indicated earlier, and the actual 
movement in the field could take many years as demonstrated 
in subsequent sections.  

The saturation profiles are plotted as shown in Fig. 5(iii), 
which shows the comparison of saturation values obtained 
from both the experiment and numerical simulations with 
the effect of the CG layer. As indicated earlier, the irregular 
shape in the experimental data might have been caused either  

 
Fig. 4 Simulation results of fine laterite soil in dry soil condition. 
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due to the local variation of packing density or the random 
errors in the measurement. The general trend of saturation 
profiles is well captured in the simulation model, and hence 
it validates the applicability of the model in simulating the 
plume movement, both in the absence and presence of the 
CG layer. Moreover, the lateral spread of the plume is also 
simulated in the model with a reasonable level of accuracy.  

3.2 Case (ii) migration of diesel through fine sand 

The simulation was carried out to study the behaviour of the 
diesel migration in sandy soils with the presence and absence 
of the CG layer. The boundary conditions and the input 
parameters were assigned in the numerical model as per values 
given in Tables 3 and 4. The migrations of diesel through 
fine sand, obtained from the numerical model and laboratory 
simulation, were compared and presented in Fig. 6 (without 
CG layer) and Fig. 7 (with CG layer). The predicted shape 
and depth of plume behaviour from the model agree well 
with images of diesel distributions from the experiment, 
both in the case of dry soil condition (DS) (Fig. 6) and dry 
soil condition with CG (DS-CG) (Fig. 7).  

It is interesting to note that the CG layer is not so 
effective in controlling diesel migration. The diesel migrated  

out of the CG layer after 55 min which was also observed in 
the experiment results (Fig. 7). This behaviour is in line with 
the findings from the experiment that the CG layer was found 
efficient for controlling the migration of diesel through less 
permeable soils, which allows sufficient contact time for the 
sorption to take place. The migration rate of diesel in the sand 
media is higher for the adsorption process to take place. 
The model could simulate the behaviour of diesel migration 
not only through the soil but also through the CG layer. 

In the case of wet soil condition (WS), the model predicted 
vertical migration of diesel through the fine sand is found 
comparable with the respective laboratory diesel migration 
(Fig. 8). The migration of diesel was relatively fast in the first 
10 min, and the plume reached a depth of 45 cm in the first 
12 min (Fig. 8). But the vertical migration rate of diesel 
through the fine sand soil is lesser in wet condition than in dry 
condition. In the case of wet soil condition with CG (WS-CG), 
the diesel migrated out of the CG layer after 55 min (Fig. 9) 
similar to experimental results. The numerical model also 
proved the finding from the experiment that the application 
of CG was not much effective in the case of sandy soils, even 
though the spill rate and thickness of the CG layer are the 
same as that in the case of laterite soil. 

 
Fig. 5 Simulation results of fine laterite soil with CG in dry condition. 
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3.3 Case (iii) migration of diesel through layered soil  

In the case of diesel migration through fine sand, the action 
of the CG layer was found to be not effective in both the 
laboratory and numerical simulation. It is concluded in 
laboratory studies that the lack of sufficient contact time 
between the contaminant and CG layer is the primary reason 
for the inadequate level of performance of the CG layer. To 
reaffirm this fact through numerical study, an alternative 
model mimicking the experimental study is tried with the 
embedded CG layer in a thin 20 cm thick layer of laterite 
soil which is further embedded in sandy soil (Praseeja  

and Sajikumar, 2020). The experiment showed that such 
configuration improved the effectiveness of the CG layer in 
sandy soils substantially.  

This trial is simulated using the same model of analysing 
the plume behaviour of diesel through fine sand except for 
the additional laterite soil layer which embeds the CG. Here, 
the CG layer was provided at a depth of 30 cm below the spill 
region similar to which given in the experiment. Figure 10 
shows assigned permeability values and percentage saturation 
profile of plume behaviour through layered soil. Figure 10(b) 
shows numerical results on the migration of diesel through 
the laterite soil without the application of the CG layer,  

 
Fig. 6 Migration of diesel through fine sand in dry condition. 

 
Fig. 7 Migration of diesel through fine sand in dry condition with CG. 
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Fig. 8 Migration of diesel through fine sand in wet condition. 

 
Fig. 9 Migration of diesel through fine sand in wet condition with CG. 

 
Fig. 10 Simulation results of migration of diesel through layered soils. 
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where the plume reached more than 20 cm in 30 min. By 
providing a CG layer, it is observed that the plume reached 
only up to 15 cm in 50 min (Fig. 10(c)), and the CG layer could 
hold diesel up to 2 h 30 min without any vertical movement 
of the plume beyond the CG layer (Fig. 10(d)).  

The predicted behaviour of the plume from the model is 
found comparable with the laboratory simulation results from 
Praseeja and Sajikumar (2020). Hence, the numerical model 
can predict the characteristics of the CG layer embedded  
in different types of soils. The results show the possible 
application of CG, embedded in a thin layer of laterite soil, 
for effectively controlling the diesel movement through the 
fine sand. All these matching comparisons in Cases (i), (ii), 
and (iii) categorically validate the efficacy of the numerical 
model in representing the physical system. 

3.4 Case (iv) action of vertical CG layer in addition to 
horizontal  

The movement of LNAPL, vertically or laterally in the 
unsaturated zone, depends on the soil profile and its 
characteristics. In the case of migration of diesel through 
fine laterite soils, the remedial action of CG was found very 
effective in reducing the vertical migration of the plume. The 
migration of diesel in laterite soil was observed only for 2 h 
30 min under the action of CG (Praseeja and Sajikumar, 
2020). This condition was numerically simulated and the 
model results were validated as shown in Fig. 5. The model 
was run with a longer simulation period to observe the long- 
term effect of the same spill rate as well as the holding capacity 
of the CG layer. This condition was not attempted in the 
laboratory simulation. It is observed that the diesel started 
migrating laterally after 4 h (Fig. 11), and then it flowed 
beyond the sides of the CG layer, and eventually could move 
down. Hence, a natural solution was to provide vertical 
layers to arrest lateral movement. Therefore, another trial was 
attempted through numerical simulation with the provision 
of the CG layer in both vertical and horizontal directions  
to verify its effectiveness in holding the diesel within the 

containment (Fig. 11). That configuration with the vertical 
and horizontal CG layer could effectively prevent the lateral 
migration of diesel for more than 7 h. But, it was observed 
that the diesel started migrating out of the horizontal CG 
layer after 7 h as shown in Fig. 11. 

It may also be noted that the spill rate of 96.50 d−1 was 
given throughout the simulation period which is high 
compared to actual field conditions and the field density  
of soil was not achieved in these experiments. This case 
represents the worse condition than normal field conditions, 
in which the CG layer could hold oil up to 7 h (Fig. 11). 
However, this period of containing the diesel required to an 
extent for years in the case of actual field conditions. To 
verify this statement, a numerical simulation was carried 
out with realistic field permeability and spill rate obtained 
from the literature. 

3.5 Case (v) simulation with field permeability and 
spill rate 

For the simulation of migration of diesel through the soil 
under field conditions, the hydraulic conductivity and porosity 
values of laterite soil were taken from the literature. The 
hydraulic conductivity of soil was taken as 1.15 × 10−6 m/s and 
the field porosity value was given as 0.30 (Gidigasu, 2012). 
For convenience in modelling, the isotropic-homogeneous 
condition was assumed with one layer/type of soil.  

The trial was attempted with and without the application 
of the CG layer. The degradation behaviour and sorption 
capacity of CG on hydrocarbons were studied (Praseeja and 
Sajikumar, 2021) for one year. It was observed that: (i) the 
sorption capacity of coir fibres is not much influenced by 
its degradation effect and (ii) the coir fibre can absorb oil, 
even if it gets aged under natural condition. Based on these 
findings, the numerical simulation was attempted by extending 
the period of simulation for several years and using the same 
sorption capacity of coir fibres. Figure 12 shows the migration 
of the diesel through laterite soil in wet soil conditions with 
and without the effect of the CG layer.  

 
Fig. 11 Simulation results of migration of diesel through the vertical CG layer. 
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For simulating the field condition, the model of dimension 
12 m × 11 m × 1 m is considered. The CG layer was provided 
at 2 m below the spill area horizontally and on both sides of 
the spill area vertically at a distance of 1.5 m from the spill 
area. The spill area is taken as 30 cm, and hence a length of 
3.30 m is provided for the CG layer. The model simulated 
the setting up of box-like containment using CG layers around 
the spill area in the actual field condition (Fig. 12). The release 
rate of the diesel spill was given as 5 L/d (assumed in-transfer 
rate). The dispersion and diffusion rate given was the same 
assigned for fine laterite soil in wet soil conditions. 

From Fig. 12, it is observed that the migration rate of 
the plume is 0.03 m/d initially, without the action of CG. The 
movement of the plume was observed for the simulation 
period of one year. As the plume moved down, the migration 
rate went on decreasing and reached 0.008 m/d. The lateral 
migration of diesel was also found to progress in one year 
and the results were shown (Fig. 12(i)). With the application 
of the CG layer, the migration rate was initially 0.0075 m/d, 
and it gradually reduced due to the containment effect of CG  

layers. It was observed from Fig. 12(ii) that the plume stopped 
vertical migration when it reached the CG layer and started 
migrating laterally. The lateral movement of the plume 
reached the vertical CG layer at the end of three years without 
any vertical progress of diesel through the horizontal CG 
layer. After 4 years of a continuous spill, the diesel started 
migrating through the CG layer which indicated its maximum 
holding capacity. 

3.6 Case (vi) action of two layers of CG under the field 
condition 

To enhance the retardation in the plume migration with 
the application of the vertical and horizontal CG layers as 
mentioned above (Case v), another trial was attempted with 
the provision of two horizontal CG layers. The same model 
representing the field condition (Case v) was modified with 
an additional CG layer at 1 m depth from the spill area as 
shown in Fig. 13(a). Hence, the CG layers were provided 
successively at 1 m and 2 m depth from the top, in addition 

 
Fig. 12 Simulation results of migration of diesel through laterite soil in field condition (i) without the CG layer and (ii) with the 
effect of CG layer. 

 
Fig. 13 Simulation results of migration of diesel in the field condition with two CG layers. 
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to a vertical layer of CG on both sides. The parameters and 
boundary conditions were assigned similarly to the above 
condition.  

The plume reached the first CG layer in one year and 
started lateral migration within CG containment. Figure 13(b) 
shows the plume behaviour in two years, where it started to 
come out of the first CG layer provided at 1 m depth. The 
plume reached up to 1.5 m within 200 days in Case (v) as 
shown in Fig. 12(i). The progressive movement of the plume 
was shown in Figs. 13(c) and 13(d). After 7.5 years, the plume 
gradually started to come out of the second CG layer. Thus, 
the provision of an additional layer of CG could extend the 
period of containment of diesel within the CG layers by 
further 3.5 years. In the same model, when run under dry soil 
condition, it is found that the total years of containment 
reduced to 5 years instead of 7.5 years. The wet soil condition 
is more realistic in representing actual field conditions.  

In usual practice, the leakage from a storage tank is 
recognised only when the nearby drinking water wells get 
contaminated. Based on the above findings, it is recommended 
to provide the CG layer as indicated earlier at the time of 
installation of all storage tanks themselves. Hence, an 
embedded CG layer surrounding the UST in the soil with a 
low permeability value, placed during its construction, can 
control the LNAPL migration for some amount of time. 
The conceptual model detailing the action of CG layer in 
the field is presented in Praseeja and Sajikumar (2020). 

4 Conclusions 

A numerical study was carried for simulating the migration 
of diesel through different types of soil media under 
unsaturated conditions using the commercial software 
FEFLOW. The model was validated using laboratory 
model results. Further, the model was used to simulate the 
application of the CG layer in controlling the diesel 
migration and was validated using the data available from 
the experimental study.  

The following are the conclusions from the study. 
(i)  The result shows the efficacy of the model in simulating 

the LNAPL transport in soil media, with minimal inputs 
and little calibration, provided LNAPL is treated as a 
solute with small solubility in the aqueous phase. 

(ii) The similar migration behaviour of the diesel, both 
from the numerical results and the experimental 
study, validates the efficacy of the numerical model in 
simulating the migration of diesel (LNAPL) through 
soil and CG layers.  

(iii)The model validates the possible application of the CG 
layer (which is embedded within the laterite soil) in the 
sandy soil, with the experimental results. 

(iv) The numerical result shows the box-like containment 
of the CG layer can effectively contain the diesel for a 
longer period which is many folds compared with the 
case of providing horizontal CG layer alone. 

(v) The validated model enables us to simulate the effect of 
providing CG in different configurations under actual 
field conditions by assigning the field permeability of 
the soil and the field spill rate of diesel.  

(vi) The controlling effect of CG against diesel migration 
was effectively simulated in the model using the same 
parameters as that of soil. 

Predictive simulations on field conditions must be 
viewed as estimates, dependent upon the uncertainty of input 
data such as field permeability and spill rate. Moreover, 
multiphase flow models are suggested to study the actual 
behaviour of LNAPL migration and how the interphase mass 
transfer influences the sorption capacity of CG. However, 
this study was intended to model the natural fibre (CG layer) 
similar to that of a soil layer and analyse the time of 
containment of LNAPL within the containment zone with 
minimal inputs. Proper monitoring of an actual spill case  
is also recommended as a future study to verify model 
predictions on real field conditions.  
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Abstract - In this paper the analytical formulations and 
solutions using Generalized Shear Deformation Theory with 
five degrees of freedom for the buckling analysis of simply 
supported Sandwich Functionally Graded plates under 
various types of thermal loads are presented. Variation of 
material properties along the plate thickness is assumed to 
follow the Power Law function (Poisson's ratio is assumed to 
be constant for both the materials (metal and ceramic)). The 
Principle of Minimum Potential Energy (PMPE) is used to 
derive the equations of equilibrium. The analytical solutions 
in closed-form are obtained by solving the boundary value 
problem using Navier's Solution technique. For the analysis 
of plate problems, the simply supported boundary condition 
is considered. The numerical outcomes are acquired from a 
code created in MATLAB software.  

 
Key Words:  Functionally graded materials, generalized 
shear deformation theory, power law index, minimum 
potential energy, thermal buckling, Navier’s solution 
 

1. INTRODUCTION  
 
Sandwich structures are broadly utilized in territories of 
aircraft, aerospace, naval/marine, construction, 
transportation, and wind energy systems because of their 
outstanding properties, such as high stiffness and low weight 
for a long time. These sandwich structures offer advantages 
over other types of structures. But the sudden change in 
material properties over the interfaces between the face 
sheets and the core can bring about huge inter-laminar 
stresses which may cause delamination and this is a main 
problem of conventional sandwich structures. Also the 
difference in thermal coefficients of the materials may cause 
residual stresses. To overcome this problem the functionally 
graded materials (FGM) were introduced. FGM is 
heterogeneous composite material in which material 
properties vary continually from one surface to the other. 
This may be achieved by gradual change in the volume 
fraction of the constituent materials, mainly in the thickness 
direction and thus eliminating the sudden changes of thermo 
mechanical properties. This removes interfacial problems of 
composite materials; hence the stress distributions become 
smooth. 

Two distinct material components were changed gradually 
from one another in simplest FGM form. Stepwise variation 
of the constituent materials resulting in discontinuity can 
also be treated as FGM. The most common FGM is ceramic to 

a metal gradation. Generally, FGMs are made from a metal 
and ceramic mixture or a combination of various materials. 
The ceramic part provides heat shield effects and protects 
the metal from oxidation and corrosion, and the metallic part 
toughens and strengthens the composition.  Generally FGMs 
are used as composite structures exposed to high 
temperature conditions and various applications. FGM 
materials are having certain characteristic property changes 
continuously in space either in thickness or in- plane 
direction. Thus it is overcoming the shortcoming of 
traditional composite materials. 

1.1 Material Property Idealization 

FGM is formed by gradually varying the material 
composition. This can be achieved by varying the volume 
fraction distribution of component materials continuously 
and varying the mechanical and thermal properties 
simultaneously. The mathematical idealization of this non-
homogeneous material property is done by assuming the 
FGM specimen as homogeneous, and defining the mechanical 
property variation according to corresponding relations.  
The material properties and volume fraction variations are 
calculated by different methods. 

1.1.1 Power law function (P-FGM) 

This method is the simplest and the one which is extensively 
used in literature. In this method, material properties and 
volume fraction vary across the thickness. The variation of 
material properties across the thickness (from metal surface 
to ceramic surface) is given by, 
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Figure 1.1 : Representation of Plate geometry 



          International Research Journal of Engineering and Technology (IRJET)       e-ISSN: 2395-0056 

                Volume: 07 Issue: 06 | June 2020                 www.irjet.net                                                                     p-ISSN: 2395-0072 

 

© 2020, IRJET       |       Impact Factor value: 7.529       |       ISO 9001:2008 Certified Journal       |     Page 5253 

Where, 
z is the axis in thickness direction. 
E and  are Young’s modulus and coefficient of  thermal 
expansion.   
h is the total thickness of the plate. 

 
Figure 1.2 : Variation of Volume fraction Vf 

 

Vf is the volume fraction of the ceramic surface, and p is 
power law index or material property gradient index. The 
subscripts c and m represent the components of ceramic and 
metal, respectively. 
At bottom layer, z = -h/2, Ez = Em 

At top layer, z = h/2, Ez = Ec 

1.2 Temperature Dependent Property 
FGM are new composite materials which have been 
researched and developed for the parts that need to be 
temperature resistant. The temperature effect has significant 
influence on behaviour of FGM. A new method for evaluating 
the temperature dependency of FGM was proposed by 
Touloukian (1967)  

2 31
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Where  
P(T) is the relevant material property at temperature T. 
P-1, P0, P1, P2 and P3 are constants in the cubic fit of the 
material property and temperature. 
The effective property that depends on both temperature 
and position is expressed as, 

      (z, )eff m c m fp T P T P T P T V    

Where Vf is the volume fraction using power-law function 
and independent of temperature.  

1.3 Thermal Considerations 
Mechanical stress analysis alone is not sufficient for analysis 
of laminates that have been used at temperature different 
from the design operating temperature. In such cases, 
thermal stresses arise and must be accounted for. Variations 

in temperature results in two effects which are to be 
considered. First is, most material expands on heating and 
contracts on cooling, and this expansion is proportional to 
temperature change in most cases. Strain due to temperature 
change is added to the strains due to mechanical loading. 
Thermal strain can be expressed as 

   T T    

Where, 
  is the coefficient of thermal expansion. 

T  is the temperature difference from reference state. 
The second relates to strength and stiffness. On heating most 
materials become soft, weak and ductile. For stress analysis, 
the strength and the modulus of elasticity of the material at a 
temperature at which the structure is anticipated to perform 
in acquiring the natural frequency, or determining the 
buckling load of a cooled or heated structure is used. In an 
orthotropic material like composite, three different 
coefficients of thermal expansion and thermal strains can 
occur in all the orthogonal direction. There are no thermal 
effects in shear. 

2. THEORETICAL FORMULATION 
An all-side simply supported configuration is selected for the 
analysis. The displacement field assumed in sinusoidal shear 
deformation theory proposed by Zenkour is adopted. For 
buckling analysis, equilibrium equations are obtained using 
Principle of minimum potential energy. For simplicity, 
material properties; Poisson’s ratio, coefficient of thermal 
expansion and Young’s modulus are assumed to be 
temperature independent. 

2.1 Geometry of sandwich plates 
The sandwich plate is made of three isotropic layers of 
thickness h, width of band length a . 

 

Figure 2.1 : Geometry of the FGM sandwich plate 

The four edges of the FGM sandwich plate are simply 
supported. It is defined in the (x,y,z) coordinate system with 
x- and y-axes located in the middle plane (z= 0) with origin p 
at the corner of the plate. The external boundaries of the 

plate are defined by  / 2z h  . The vertical positions of 

the bottom plane, both the interfaces between core and faces 
parts, and top plane are respectively denoted 
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by 0 1 2 3/ 2,  ,   / 2h h h h and h h   . The face layers are 

composed of FGM in which material properties vary evenly 
in the thickness direction (z) only. The FGM are made of 
metal and ceramic mixture and the core is completely 
ceramic. It is assumed that the gradation is varied from the 
interfaces to the bottom and top planes, i.e. bottom 

 / 2z h   & top  / 2z h  surfaces are metal-rich 

and the interfaces (h1, h2) are ceramic-rich. The thermal and 
mechanical properties of FGMs are computed from the 
volume fraction of the material composition. Poisson’s ratio 
m is assumed to be constant, and the other material 

properties for every layer n, like the Young’s modulus 
 nE  

and coefficient of thermal expansion 
 n  at a point are 

generally assumed according to power law.  
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where subscripts m and c represent metal and ceramic 

respectively, and 
 nV  represents volume fraction of nth 

layer and its value is equal to unity in the core (i.e.
 2 1V  at 

1 2h z h  )while it follows a simple power law through-

the-thickness of the bottom and top layers that takes the 
form; 
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Where p refers to the parameter which indicates the power-
law index whose values are greater than or equal to zero. 
The core is independent of p value as it is fully ceramic. The 
p value with zero indicates a homogeneous isotropic ceramic 
plate and the value with infinity indicates a metal–ceramic–
metal (m–c–m) sandwich plate. 

2.2 Strain Displacement Relations 
The relation of the strains at whichever point within the 
plate and the corresponding deformations are functions of 
the assumed displacement fields with the definitions of 
strains for the linear theory of elasticity. The general linear 
strain-displacements relations are given as follows 
[Timoshenko and Goodier 1982] 
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The six quantities, i.e. three unit elongations in x, y, z 

directions ),,( zyx  , and three unit shear 

strains ),,( xzyzxy   in three orthogonal planes, are called 

components of strain at a point. 

The stress-strain relations according to the general theory of 
elasticity are: 
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For FGM the ijQ matrix is given as follows, 
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Where 
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In which  is the effective thermal coefficient and  T z  is 

the temperature change which is given by     iT z T z T   , 

where Ti and T(z) are the initial and the current 
temperatures respectively. And E(z) is determined by 
power-law function. 
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The stress resultant components for the FGM plate with 
thickness ‘h’ are given as: 
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These thermal stress resultants are the functions of the 

incremental temperature ( )T z  
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2.3 Equations of Equilibrium 
The Principle of Minimum Potential Energy (PMPE) is used 
to derive the equations of equilibrium 
The potential energy   for a plate element is given by, 

ex eyU V W W       

Where, 
U is the Strain energy of the plate due to deformation 
V is the Potential energy due to the in-plane thermal stress  
Wex is Work done by edge stress on x (constant) 
Wey is Work done by edge stress on y (constant)  
For Equilibrium, the total potential energy    must be 
stationary. i.e.,  

( ) 0ex eyU V W W         

In analytical form Minimum Potential Energy (PMPE) can be 
expressed as: 
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 ' ' ' ' ' '
ex ey x x y y xy xy

x y z x y z

(U W W )dV dV 0               
    

The individual terms can be estimated as: 

x x y y z z xy xy xz xz yz yz
x y z
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The second term in the potential energy equation is the 
potential energy due to the in-plane thermal 

stresses
'
x

'
y and '

xy  produced by in-plane thermal 

moments and 
'
x , '

y , '
xy  are in-plane strains due to 

transverse deflection w and are expressed as follows: 
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Applying  operation, the above equation becomes,  
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Wex and Wey represents the work done by edge stresses on 
edges, x=constant and y= constant respectively. 
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Rewriting the equation yield the following: 

Substituting the proper strain expressions and then 
integrating along the thickness gives the stress resultants 
and integrating the resulting expression by parts and 

substituting coefficients of 0u , 0v , 0w , x and 

y equal to zero, the following expressions are obtained 

which constitute the equilibrium equations for buckling 
analysis. 
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3. NAVIER SOLUTION TECHNIQUE 

The FGM plate structure considered in the present work is of 
simply supported boundary condition. Such supports imply 
the following boundary conditions: 
  
At edges x = 0 and x = a; 

00 v  00 w  0x  0xM  0xN    

At edges y = 0 and y = b; 

00 u ; 00 w  0y  0yM   0yN    

The generalized displacement field is expanded in double 
Fourier series to satisfy the assumed boundary conditions 
and is written as, 
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Now the expressions for the curvature and slopes are 
substituted in the stress resultant-mid plane strain 
relationship and the relation can be written as, 
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To solve the equilibrium equations, Substitute into the first 
equilibrium equation: 
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Substituting Navier’s solution form: 
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On simplification: 
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After following the steps, the solution is obtained in the 
following form: 
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[G] represents the coefficient matrix due to in-plane thermal 
forces , also called geometric stiffness matrix. Thermal stress 

resultants for an assumed rise in temperature T  is used to 
compute the coefficients of geometric stiffness. 
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The critical temperature Tcrof the plate is calculated from 
thermal stress 
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4. CONCLUSIONS 
 
 Analytical formulation and stability analysis of functionally 
graded sandwich plates under various types of thermal 
loading using Sinusoidal shear deformation theory with five 
degrees of freedom are presented. The gradation of the 
properties through the thickness is supposed to vary as per 
to Power Law function (only modulus of elasticity and 
coefficient of thermal expansion is varied and Poisson's ratio 
is assumed to be constant for metal and ceramic). Based on 
the investigation completed and numerical outcomes 
obtained, the following conclusions are made: 

 The critical buckling temperature of homogeneous 
plates is found to depend only on the coefficient of 
thermal expansion. 

 As the ceramic content of the sandwich plates 
increases by reducing the power law index, the 
buckling strength is seen to be enhanced. 

 The critical buckling temperature Tcr for the FGM 
plates are normally higher than that of 
homogeneous plates. FGM plates have numerous 
points of interest as a temperature resistant 
material, yet it is necessary to check their strength 
due to buckling failure. 

 Assuming Non-Linear temperature variation 
through thickness results in higher values of critical 
buckling temperature for FGM plates 
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Abstract - A stirrup is a closed loop of reinforcement bar 
that is used to hold the main reinforcement has together in 
R.C.C column. Stirrups are placed diagonally and often 
vertically as well. This is done to prevent shear failure which 
is usually diagonal incase of cracks in beam. The top and 
bottom of the spacing of lateral ties were reduced to 
enhance the confinement pressure and thus prevent the 
early crushing of the ends. The effect of stirrups on the 
behavior of building is a great concern. This thesis deals 
with a finite element investigation for stirrup densification 
at top and bottom of column and behavior along the height 
of column on ultimate capacity of circular reinforced 
concrete columns (diameter 200mm) with different 
slenderness ratio. For an existing high rise buildings, within 
the limit, how can we increase the load carrying capacity 
with based on the stirrup densification factor 

KeyWords: Stirrups, Densification, (RC) columns, 
Slenderness ratio, Load capacity 
 

1. INTRODUCTION  
 
The parameters that affect columns behaviors depend on 

stirrups form and spacing, steel bar diameter, cross-

section of the column, concrete quality, percentage of 

longitudinal bar reinforcement, slenderness ratio and 

other parameters. From previous parameters slenderness 

ratio becomes an important factor to be considered in 

design of columns. The present study deals with the effect 

of stirrups densification at top and bottom of columns on 

rectangular and circular columns subjected to lateral loads 

in addition to axial loads, with different slenderness ratio 

tested under axial loads. 

Stirrups are elements that are used in columns and beams 

as transverse reinforcement and as a means to provide 

strength against shear forces. This means that the bending 

resistance of elements is increased. Moreover, they are 

used to improve ductility of densification and prevent 

buckling in longitudinal reinforcement. Various 

experimental studies about the use and arrangement of 

stirrups are available. According to the stirrup 

arrangement affects the system behavior under lateral 

loads; when arranged properly, stirrups improve the 

horizontal displacement capacity, ductility, energy 

consumption ability, and lateral load capacity of the 

system. With the densification of stirrups, the buckling 

length in columns and beams decreases and an 

instantaneous brittle failure is prevented. 

1.1 OBJECTIVES 

i)  To simulate the effect of stirrups densification on 

the behavior of circular reinforced concrete (RC) 

columns with different slenderness ratio (λ). 

ii) To determine of failure modes for circular columns 

with different stirrups densification. 

 

1.2 SCOPE OF THE WORK 

The effect of stirrups on the behavior of building is of great 

concern. Stirrups are placed at proper intervals to beam 

and column to prevent them from buckling. Also they 

protect R.C.C structures from collapsing during seismic 

activities. For an existing high rise buildings, within the 

limit, how can we increase the load carrying capacity with 

based on the stirrup densification factor. This project set 

out to investigate the behavior of circular reinforced 

columns with stirrup densification 

 

2. FINITE ELEMENT ANALYSIS 

2.1 GENERAL 

The finite element models performed with numerical 

analysis usingANSYS16.0 predict strictly the analysis and 

discussion effective of stirrups densification in capacity 

and slenderness ratio for reinforced concrete columns. 

This parametric study depends on variation of percentage 

stirrups densification height at top and bottom of column 

to total column height=[Δ / h] (0%,20%,33% 50% and 

100) as well as columns without stirrups densification at 

top and bottom with different slenderness ratio (λ) 
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Fig-2.1: Show details of stirrups densification columns 

 
h = Total column height(mm) 

b= cross section width (mm)  

t= Length of cross section column (mm) 

a = Stirrups densification height at top of column (mm) 

b= Stirrups densification height at bottom of column 

(mm) 

 = Stirrups densification height at top and bottom of 

column (mm) 

    = [ a+ b] 

Λ =Total column height / width of cross section column 
=[h /b] 

2.2 METHODOLOGY 

There are five main stages to model columns specimen:- 

i. Defining element types, real constants, and material 

properties. 

ii. Modelling the geometry of column specimens. 

iii. Meshing the specimen geometry. 

iv. Applying boundary conditions and loads on specimen. 

v. Loading procedure and analysis of the results 

 

2.2.1 MODEL OF CONCRETE 

The concrete is modeled using hexahedral elements 

(SOLID 65) type with eight corner nodes having three 

translation degrees of freedom at each node. The Young's 

modulus for concrete was taken 31117 MPa and Poisson's 

ratio was taken to be (0.2). The stress- strain curve was 

defined for concrete element in "ANSYS" program with fcu= 

40MPa. 

 

2.2.2MODEL OF LONGITUDINAL AND 

TRANSVERSE REINFORCEMENT STEEL 

ELEMENTS 

The longitudinal and transverse steel is modelled using 

LINK180 element type. Both yielding and strain-hardening 

failure modes can be accounted. The yield stress, Fy = 415 

MPa. The Young's modulus for reinforcement was taken 

2.0 x 105 MPa and Poisson's ratio was taken to be (0.3). 

 

2.2.3 APPLYING BOUNDARY CONDITIONS AND 

LOADS ON SPECIMEN 
 

The boundary conditions were chosen to resembling the 

experimental conditions. This was done by restraining the 

horizontal translations of all base joints in the three 

directions 

 

 
 

Fig-2.2: Specimen model and Boundary condition 
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3. RESULTS AND DISCUSSION 
 
3.1 COLUMN – 0% H 
 

 
 

Fig-3.1: Deformation of columns(C1000)and the failure 
modes obtained from (FEA) for group 1 with no perentage 

of stirrup densification with slendernes ratio 5 . 
    

       

  

Fig-3.2: Deformation of columns(C1500,)and the failure 

modes obtained from (FEA) for group 1 with no perentage 

of stirrup densification with slendernes ratio 7. 

     
Fig-3.3: Deformation of columns(C2000,)and the failure 

modes obtained from (FEA) for group 1 with no perentage 

of stirrup densification and the slendernes ratio is 10 

3.2 COLUMN -20%H 

 

        
 

Fig-3.4: Deformation of columns(C1000)and the failure 
modes obtained from (FEA) for group 2 with 20% 

perentage of stirrup densification with slendernes ratio 5 . 
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Fig-3.5: Deformation of columns(C1500)and the failure 

modes obtained from (FEA) for group 2 with 20% 
perentage of stirrup densification with slendernes ratio 7 . 

 

 
 

Fi-3.6: Deformation of columns(C2000)and the failure 
modes obtained from (FEA) for group 2 with 20% 

perentage of stirrup densification with slendernes ratio 
10. 

 
 
 
 
 
 
 
 
 
 

3.3 COLUMN -33%H 
 

        
Fig-3.7: Deformation of columns(C1000)and the failure 

modes obtained from (FEA) for group 3with 33% 
perentage of stirrup densification with slendernes ratio 5 

 

       
 

Fig-3.8: Deformation of columns(C1500)and the failure 
modes obtained from (FEA) for group 3 with 33% 

perentage of stirrup densification with slendernes ratio 7 
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Fig-3.9: Deformation of columns(C2000)and the failure 

modes obtained from (FEA) for group 3 with 33% 

perentage of stirrup densification with slendernes ratio 10 

 

3.4 COLUMN -50%H 
 

       
Fig-3.10: Deformation of columns(C1000)and the failure 

modes obtained from (FEA) for group 4 with 50% 

perentage of stirrup densification with slendernes ratio 5 

 

 

 
 

        
 

Fig-3.11: Deformation of columns(C1500)and the failure 
modes obtained from (FEA) for group 4 with 50% 

perentage of stirrup densification with slendernes ratio 
7.5 

 

          
 

Fig-3.12: Deformation of columns(C2000)and the failure 
modes obtained from (FEA) for group 4 with 50% 

perentage of stirrup densification with slendernes ratio 10 
 
 
 
 
 
 
 
 
 
 



          International Research Journal of Engineering and Technology (IRJET)       e-ISSN: 2395-0056 

                Volume: 07 Issue: 06 | July 2020                 www.irjet.net                                                                      p-ISSN: 2395-0072 

 

© 2020, IRJET       |       Impact Factor value: 7.529       |       ISO 9001:2008 Certified Journal       |     Page 3652 
 

3.6 DISCUSSION 
 

Table-3: Failure loads from (FEA)for columns with variation in percentage of stirrups densification height / total column 

height 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table.3 shows  the failure load obtained for cirular columns with or without variation in perentage of stirrups 

densification at top and bottom of columns. 

 

 

 

Grup 
No. 

Column 
No. 

Column 
dimensions 

Slender
ness 
ratio 
h/b 

% of 
stirrups 

densifica
tion 

Height/t
otal 

column 
height(

%) 

Failure 
load(FE

A) 
(kN) 

  dia 
 

(mm) 

Height 
(mm) 

 
1 

       

C1000 

 
200 

1000 5  
- 

1557 

C1500 1500 7.5 1467 

C2000 2000 10 1411 

 
2 

C1000-

20%H 

 
200 

1000 5  
20% 

1569 

C1500-

20%H 

1500 7.5 1538 

C2000-

20%H 

2000 10 1435 

 
3 

C1000-

33%H 

 
200 

1000 5  
33% 

1580 

C1500-

33%H 

1500 7.5 1560 

C2000-

33%H 

2000 10 1476 

 
4 

C1000-

50%H 

 
200 

1000 5  
50% 

1595 

C1500-

50%H 

1500 7.5 1577 

C2000-

50%H 

2000 10 1483 

 
5 

C1000-

100% 

 
200 

1000 5  
100% 

1744 

C1500-

100% 

1500 7.5 1657 

C2000-

100% 

2000 10 1526 
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However an increase in the load carrying capacity is 

obtained with increasing percentage of stirrups 

densification height/total height. By increasing the load 

the stirrups started to yield and vertical crack appeared 

and propagated directly after to stirrups densification 

zone as well as the vertical reinforcement bars buckled.. 

From figures; it has been noticed generally, that cracked 

and/or crushed concrete were located directly after to 

stirrups densification obtained from (FEA) 

 

 
 

Chart-3.1: Loadv/s slenderness ratio 
 

(chart 3 ) shows the relationship between failure load v/s 

slenderness ratio ,However, derease in the load carrying 

capacity is obtained with increasing slenderness ratio. 

 Slenderness ratio is the ratio of the length of a column and 

the least radius of gyration of its cross section.  More 

the slenderness ratio,  more is the tendency of column to 

fail by buckling effect in that direction, a higher 

slenderness ratio means a lower critical stress that will 

cause buckling, conversely a lower slenderness 

ratio results in a higher critical stress (but still within the 

elastic range of the material). Column sections with large 

r-values are the more resistant to buckling 

3.7 DISCUSSION 

From the comparison graph studies, In the 20% 

densification at the top and bottom / total height, 

compared to middle zone stirrups densification, However 

the load carrying capacity is more at top and bottom/ total 

height. But coming to 33% densification, the long column 

turns to buckling effect and it will cause to the sudden fail 

of column. In 33% and 50% densification at top and 

bottom/ total height is not effective. To overcome the 

buckling failure, the middle zone densification is more 

effective. By which the load carrying capacity can be 

increased through the middle zone densification in long 

column 

 

4. CONCLUSION 
 
The present day deals with the effect of stirrups 

densification on ultimate capacity of circular reinforced 

concrete columns. From the study we obtained that the 

cracks and failure are located directly after to stirrups 

densification. However, an increase in the load carrying 

capacity from 8%-13% with respect to increasing 

percentage of stirrup densification height/ total column 

height. The effect of slenderness ratio is slightly effect on 

column carrying capacity with densification of stirrups at 

top and bottom of the column. The failure load decreases 

with increasing slenderness ratio. And also we can say that 

stirrups densification along the length of column is more 

active than stirrups densification at top and bottom of 

column 
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Abstract - Skewed bridges are those bridges which are not 
orthogonal to the traffic direction. Bridges having smaller 
angle of skew (<20°) are usually considered as right bridges 
and thus the analysis and design becomes less complex. Due to 
the skew effect in bridges having skew angles greater than 20°, 
additional torsional effects are developed on the bridge deck 
which makes the analysis and design quite complex. Skew slab 
bridges are usually designed by grillage analogy method and 
thus torsional moments cannot be incorporated in the design. 
The current practice is to provide a mesh reinforcement at the 
obtuse corners of the slab bridge which is decided by the 
designer himself. But if the skewed slab bridges are modelled 
using finite element method, then the torsional moments can 
be incorporated in the design using Wood and Armer moments 
thus making the design much safer. Concrete skew slab bridges 
of varying skew angles are modelled by grillage analogy using 
STAAD Pro and finite element method using SAP 2000. The 
bridge modelled by grillage analogy method is designed by 
following the conventional method and the latter one is 
designed by using Wood-Armer Equations. The span of bridges 
considered are 8 m, 10 m, 12 m, 15 m for skew angles 
0°,15°,30°,45° and 60°. 

Key Words: Skew Bridge, Wood and Armer Moments, 
Skew Angle, Grillage Analogy, Finite Element method. 

 
1. INTRODUCTION 
 
A slab bridge consists of a reinforced concrete slab 
supported on the abutments. They are supported at two 
edges and the remaining two ends are free. These supports 
are normally orthogonal to traffic direction. They are 
common for short spans up to 15 m, whereas voided slabs or 
other structural systems are more economical for longer 
spans. But sometimes, the bridges may not be at right angles 
to the supports due to many reasons. Such skewed bridges 
are commonly used to cross the roadways, waterways or 
railways that are not perpendicular to the bridge at the 
intersection. Skew bridges are characterized by their skew 
angle which is defined as the angle between normal to the 
centerline of the bridge and the centerline of abutment or 
pier cap (3). The behavior of skew bridges differs widely 
from that of normal bridges and therefore, the design of 
skew bridges needs special attention. 

In small skew angle bridges say up-to 20°, the behavior is 
found out to be similar to that of normal bridges and are 

typically designed as normal right-angle bridges where the 
force flow is always straight towards the supports (fig 1a). 
There is no considerable variation in values of parameters 
like bending moment, shear force and torsional moment. 
However, if the skew angle increases beyond 20°, then there 
could be a considerable variation in values of shear force, 
bending moment, and torsional moment since the load 
always takes the shortest path to reach the supports (fig 1b). 

 

(a) 

 

(b) 

Fig 1: Force flow in Non-Skewed and Skewed Bridges 

1.1 Scope of Work 
 
For the analysis and design of skew slabs with higher skew 
angles, there is no generalized method. Due to the lack of 
standard methdology, design is very much individualized and 
the designs vary from designer to designer depending upon 
his own experience and concept of modelling of bridge decks. 
Skew slab bridges are usually designed by grillage analogy 
method and the resulting high torsional moments could not 
be incorporated in the design. The current practice is to 
provide a mesh reinforcement at the obtuse corners of the 
slab bridge where high torsion is acted upon. But if the 
skewed slab bridges are modelled using finite element 
method, then the torsional moments can be incorporated in 
the design by converting such moments to equivalent 
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bending moments using Wood-Armer moments thus making 
the design much safer. 

2. PARAMETRIC STUDY 
 
The total span of the bridges considered for the analysis are 
8m, 10m, 12m and 15m for skew angles 0°, 15°, 30° ,45° and 
60° each. Among the 40 bridge models, 20 bridge models 
were analyzed by grillage analogy method (STAAD Pro) and 
20 models by finite element method (SAP 2000). The 
thickness of slab considered is 1000mm throughout and the 
total carriageway width is 12 m (fig 2). The loads considered 
for analysis included the self-weight as dead load and 
vehicular loads as live loads. All the other loads were 
neglected for reducing the complexity in analysis. The 
vehicular loads considered are one lane of IRC Class 70R for 
every two lanes with one lane of IRC Class A on the 
remaining lane or 3 lanes of IRC Class A. The grade of 
concrete adopted is M30 and the steel is of Fe500 grade. 

 

Fig 2: Model of Skew Bridge considered for analysis 

2.1 Grillage Analogy method of bridge analysis 
 
In grillage analogy method, the whole bridge structure is 
converted into appropriate number of longitudinal and 
transverse beams such that given prototype bridge deck and 
the equivalent grillage of beams are subjected to identical 
deformations under loading. The analysis was conducted 
using the software STAAD Pro. A few approximations were 
allowed in calculating the properties of all interconnected 
beams since exact modelling and calculation of properties of 
structure is tedious and time consuming. All the outer 
elements are considered as dummy elements and therefore 
all the properties are assumed to be minimum. The 3-lane 
slab bridge considered is simply supported over the 
abutments. Therefore, one end of bridge is assumed as 
pinned support and other end is fixed but support. The skew 
length of the bridge increases with an increase in skew angle.  

2.1.1 Results and Discussions 

All the 20 models were analyzed using the software STAAD 
Pro V8i SS5 and the following results for Shear Force, 
Torsional Moment and Longitudinal Bending Moment are 
taken. The load combination considered for tabulating the 

result is 1 Dead Load + 1 Live Load. Table 1 to 4 shows the 
results for all the models analyzed. 

Table 1: Results for 8 m skew slab bridge  

SKEW                       
(in 

degree) 

SHEAR 
FORCE 

(kN) 

TORSIONAL 
MOMENT 

(kNm) 

MOMENT 
(kNm) 

0 430.3 74 723.8 
15 476 147 685.4 
30 586.6 211.8 605.1 
45 837.5 666 555.1 
60 944.1 716.3 504.2 

 

Table 2: Results for 10 m skew slab bridge 

SKEW                       
(in 

degree) 

SHEAR 
FORCE 

(kN) 

TORSIONAL 
MOMENT 

(kNm) 

MOMENT 
(kNm) 

0 540.3 97.6 1113 
15 577.6 220.3 1071.4 
30 674.1 341.9 943.9 
45 862 706.5 787.8 
60 1027.6 753.8 730.7 

 

Table 3: Results for 12 m skew slab bridge  

SKEW                       
(in 

degree) 

SHEAR 
FORCE 

(kN) 

TORSIONAL 
MOMENT (kNm) 

MOMENT 
(kNm) 

0 662.5 154.8 1651.1 
15 712 299.3 1608.5 
30 761.5 543.7 1407.7 
45 960.8 874.5 927 
60 1133.5 1097.4 777.9 

 
Table 4: Results for 15 m skew slab bridge 

SKEW                       
(in 

degree) 

SHEAR 
FORCE 

(kN) 

TORSIONAL 
MOMENT 

(kNm) 

MOMENT 
(kNm) 

0 803 207.9 2568.1 
15 881.8 547.6 2517 
30 938.1 883.3 2235.6 
45 1140.7 1109.5 1740.4 
60 1244.5 1197.2 1355 

 

Shear Force ratio v/s skew angle 

The shear force obtained from analysis is presented in the 
form of Fx/F0  (chart 1), where Fx is the maximum shear force 
in the bridge for a given skew angle of x (between 0° to 60°) 
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and F0 is the maximum shear force for a non-skewed bridge 
(skew angle = 0°). The shear force due to dead load and live 
load increases with an increase in skew angle for all the 
models analyzed. From figure 1a, it can be seen that more 
force will get concentrated at the obtuse corners of the 
bridge slab. 

Torsional Moment ratio v/s skew angle 

The torsional moment obtained from analysis is presented in 
the form of Tx/T0 (chart 2), where Tx is the maximum 
torsional moment in the bridge for a given skew angle of x 
(between 0° to 60°) and T0 is the maximum torsional 
moment for a non-skewed bridge (skew angle = 0°). Due to 
the force concentration at the obtuse corners of the bridge 
slab, there is a chance for possible uplift at the acute corners. 
The torsional moment due to dead load and live load 
increases with an increase in the skew angle for all the 
models considered. 

Bending Moment ratio v/s skew angle 

The bending moment obtained from analysis is presented in 
the form of Mx/M0 (chart 3), where Mx is the maximum 
torsional moment in the bridge for a given skew angle of x 
(between 0° to 60°) and M0 is the maximum moment for a 
non-skewed bridge (skew angle = 0°). The trend of the curve 
obtained in this case is different from that obtained for shear 
force and torsional moment ratios. The longitudinal bending 
moment due to dead load and live load decreases with an 
increase in the skew angle for all the models considered. The 
reason for this trend can be attributed to the fact that the 
force flows through the strip connecting the obtuse corners 
of the bridge slab and as the skew angle increases, the length 
of the strip decreases and thus the longitudinal bending 
moment also decreases. 

 

Chart 1: Shear Force Ratio v/s Skew Angle 

 
Chart 2: Torsion Ratio v/s Skew Angle 

 

Chart 3: Moment Ratio v/s Skew Angle 

2.1.2 Design of Skew Bridge by Grillage Analogy Method 
 
Limit State Method which is a method is based on the 
concept of safety and serviceability has been adopted for the 
design of slab bridge. Excel sheets were prepared for the 
design and the reference code selected was IRC:112-2011. A 
15 m span slab bridge with a skew angle of 30° is selected for 
simplicity.  

For the main reinforcement, 25 mm diameter bars at 130 
mm center to center was adopted and 12 mm diameter bars 
at 130 mm center to center was adopted as the distribution 
reinforcement. For the top reinforcement, 12 mm diameter 
bars at 130 mm center to center was adopted along the 
longitudinal direction and 10 mm diameter bars at 130 mm 
center to center was adopted as distribution reinforcement. 
Mesh reinforcement is also provided at the obtuse corners of 
slab where high torsion is acting (fig 3). Shear check was also 
done and the slab was found to be safe against shear. The 
total quantity of steel required is calculated to be around 
11052 kg. 

 

 
Fig 3: Reinforcement detailing of slab bridge modelled by 

grillage analysis 
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2.2 Finite Element Method of Bridge Analysis  

The basic idea in finite element method is to find the solution 
of complicated problem by replacing it by their individual 
component or elements whose behavior is readily 
understood. These elements are interconnected at specified 
joints or nodal points which possess an appropriate number 
of degrees of freedom. The software used for finite element 
analysis is SAP2000. The dimension of models was same as 
that of grillage analysis. The slab bridge is simply supported 
over the abutments. Shell elements were considered for the 
analysis and the loads considered are dead load and live load 
as in case of grillage analysis. The bridge is analyzed as a 
shell element having a thickness of 1 m in bending and 
membrane is assigned as shown in the fig 8. The loads 
considered for the finite element analysis are self-weight of 
the slab and the live loads (IRC Class A and IRC 70R 
Wheeled).  

2.2.1 Results and Discussions 

Bridges of span 8 m, 10 m, 12 m and 15 m were analyzed for 
skew angles of 0°, 15°, 30°, 45° and 60° using the software 
SAP2000 and the following results for Shear Force, Torsional 
Moment, Longitudinal Bending Moment and Transverse 
Bending Moment are taken. The load combination 
considered for tabulating the result is 1 Dead Load + 1 Live 
Load. 

In the tables show below from table 5 to 8, M11 (+) 
represents the longitudinal sagging moment, M11(-) 
represents the longitudinal hogging moment, M22(+) 
represents the transverse sagging moment and M22(-) 
represents the transverse hogging moment. 

Table 5: Results for 8 m skew slab bridge  

SKEW 
(°) 

LONG. 
MOMENT 
kNm/m 

TRANS. 
MOMENT 
kNm/m 

TORSION 
kNm/m 

SHEAR 
FORCE 
kN/m M11 

(+) 
M11 
(-) 

M22 
(+) 

M22 
(-) 

0 390 10 175 158 47 168 
15 386 39 184 182 97 175 
30 357 69 196 174 138 224 
45 320 103 207 116 298 313 
60 238 130 221 86 318 369 

 
Table 6: Results for 10 m skew slab bridge  

SKEW 
(°) 

LONG. 
MOMENT 
kNm/m 

TRANS. 
MOMENT 
kNm/m 

TORSION 
kNm/m 

SHEAR 
FORCE 
kN/m 

M11 
(+) 

M11 
(-) 

M22 
(+) 

M22 
(-) 

0 564 15 186 190 58 198 

15 559 47 197 231 108 228 
30 499 81 207 234 185 254 
45 425 122 227 171 359 359 
60 325 158 241 108 402 398 

 
Table 7: Results for 12 m skew slab bridge  

SKEW 
(°) 

LONG. 
MOMENT 
kNm/m 

TRANS. 
MOMENT 
kNm/m 

TORSION 
kNm/m 

SHEAR 
FORCE 
kN/m 

M11 
(+) 

M11 
(-) 

M22 
(+) 

M22 
(-) 

0 770 21 199 220 89 247 
15 761 56 218 281 158 284 
30 671 102 244 297 261 301 
45 543 133 259 233 424 398 
60 427 182 272 124 517 471 

 
Table 8: Results for 15 m skew slab bridge 

SKEW 
(°) 

LONG. 
MOMENT 
kNm/m 

TRANS. 
MOMENT 
kNm/m 

TORSION 
kNm/m 

SHEAR 
FORCE 
kN/m 

M11 
(+) 

M11 
(-) 

M22 
(+) 

M22 
(-) 

0 1116 29 225 262 117 317 
15 1098 81 258 354 269 346 
30 952 158 309 390 394 399 
45 743 144 307 329 496 478 
60 555 201 319 161 564 527 

 
Shear Force ratio v/s skew angle 

The pattern for shear force ratio versus skew angle obtained 
from finite element analysis is similar to that obtained from 
grillage analysis (chart 4). Shear force increases with an 
increase in the skew angle and more force is found to 
concentrate at the obtuse corners of the bridge. 

Torsional Moment ratio v/s skew angle 

The torsional moment obtained from analysis is presented in 
the form of Tx/T0 (chart 5). The pattern of the graph 
observed in finite element analysis is similar to pattern 
observed in grillage analysis. The maximum torsional 
moment increases with an increase in the skew angle. Up to 
a skew angle of 30°, the curve for all the models is almost 
following the same trend but after 30º there is noticeable 
variation in the pattern of the curves. 

Bending Moment ratio v/s skew angle 

The maximum longitudinal bending moment decreases with 
an increase in the skew angle and the pattern of curves 
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obtained from both methods of analysis are the same (chart 
6). 

 
Chart 4: Shear Force Ratio v/s Skew Angle 

 

Chart 5: Torsion Ratio v/s Skew Angle 

 

Chart 6: Moment Ratio v/s Skew Angle 

2.2.2 Incorporation of twisting moments using WOOD-
ARMER moments 

The Wood-Armer method is a structural analysis method 
based on finite element analysis used to design the 
reinforcement for concrete slabs. This method provides 
simple equations to design a concrete slab based on the 
output from a finite element analysis software. This method 
explicitly incorporates twisting moment in slab design. In 
case of reinforced concrete slab which is reinforced by an 
orthogonal system of bars placed in the x and y directions, 
the problem is to determine the design moments Mud1 and 
Mud2. The reinforcement should be designed for if adequate 
strength is to be available in all directions. Once Mud1 and 
Mud2 have been found, the reinforcement may be found out 
to resist these moments by normal analysis of a section in 
bending. 

 

 

Conditions 

Ma =   +  cos (2) + Mxy sin (2)    

Mb =   -  cos (2) - Mxy sin (2) 

Mab = -  sin (2a) + Mxy cos (2) 

Bottom Rebar 

Mud1 = Ma –   +    

Mud2 =  +  

When Mud1 > 0 & Mud2 > 0 

Mud1 = Ma –   +    

Mud2 =  +  

When Mud1 < 0 & Mud2 > 0 

Mud1 = 0  

Mud2 =        

When Mud1 > 0 & Mud2 < 0 

Mud1 =  

Mud2 = 0 

When Mud1 < 0 & Mud2 < 0 

Mud1 = 0  

Mud2 = 0 

Top Rebar 

M’ud1 = Ma +  -                   

M’ud2 =  -  

When M’ud1 < 0 & M’ud2 < 0 

M’ud1 = Ma +  -  
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M’ud2 =  -  

When M’ud1 > 0 & M’ud2 < 0 

M’ud1 = 0 

M’ud2 =   

When M’ud1 < 0 & M’ud2 > 0 

M’ud1 =      

M’ud2 = 0 

When M’ud1 > 0 & M’ud2 > 0 

M’ud1 = 0 

M’ud2 = 0 

The bending moment values in the longitudinal direction and 
transverse direction i.e., Mx and My and the torsional 
moments i.e., Mxy are obtained from SAP2000 for all the 20 
models and it is substituted in the above equations using 
Microsoft Excel sheets. Thus, by using Wood-Armer 
equations, the torsional moments are converted to their 
equivalent bending moments in the longitudinal and 
transverse directions. From these moment values, the 
reinforcements in longitudinal and transverse direction can 
be easily calculated. The following tables from 9 to 12 
represent the bending moment values for all the 20 models 
after the incorporation of torsional moments. 

Table 9: Bending Moments after the incorporation of 
twisting moment (span = 8 m)   

SKEW                       
(°) 

BOTTOM REBAR 
(kNm/m) 

TOP REBAR 
(kNm/m) 

Mud1 Mud2 M’ud1 M’ud2 
0 484 437 104 205 

15 580 483 233 279 
30 633 495 345 312 
45 916 618 699 414 
60 874 556 766 404 

 
Table 10: Bending Moments after the incorporation of 

twisting moment (span = 10 m)   

SKEW                       
(°) 

BOTTOM REBAR 
(kNm/m) 

TOP REBAR 
(kNm/m) 

Mud1 Mud2 M’ud1 M’ud2 
0 680 622 131 248 

15 775 667 263 339 
30 869 684 451 419 
45 1143 784 840 530 
60 1129 727 962 510 

 

Table 11: Bending Moments after the incorporation of 
twisting moment (span = 12 m)   

SKEW                       
(°) 

BOTTOM REBAR 
(kNm/m) 

TOP REBAR 
(kNm/m) 

Mud1 Mud2 M’ud1 M’ud2 
0 948 859 199 309 

15 1077 919 372 439 
30 1193 932 624 558 
45 1391 967 981 657 
60 1461 944 1216 641 

Table 12: Bending Moments after the incorporation of 
twisting moment (span = 15 m)   

SKEW                       
(°) 

BOTTOM REBAR 
(kNm/m) 

TOP REBAR 
(kNm/m) 

Mud1 Mud2 M’ud1 M’ud2 
0 1350 1233 263 379 

15 1636 1367 619 623 
30 1740 1346 946 784 
45 1735 1239 1136 825 
60 1683 1119 1329 725 

 
2.2.3 Design of Skew Bridge analyzed by Finite Element 
Method 

For the bottom main reinforcement, 25 mm diameter bars at 
100 mm center to center spacing was adopted along the 
longitudinal direction and 25 mm diameter bars at 130 mm 
center to center was adopted as the transverse 
reinforcement up to a length of 3000 mm from the support 
where maximum hogging moment is acting. For the 
remaining 9000 mm 12 mm diameter bars at 130 mm center 
to center was adopted. For the top main reinforcement, 25 
mm diameter bars at 200 mm center to center spacing was 
adopted as the longitudinal reinforcement while 25 mm 
diameter bars at 240 mm center to center was adopted for a 
length of 3500 mm from the support where maximum 
hogging moment is acting. For the remaining 8000 mm 10 
mm diameter bars at 130 mm center to center was adopted. 
Total quantity of steel required is calculated to be around 
16988kg.  
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Fig 4: Reinforcement detailing of slab modelled by Finite 
Element Analysis 

3. CONCLUSIONS 
 
After the analysis of various concrete skew bridges by 
grillage analogy method and finite element method, the 
following conclusions can be made from the results obtained 
from the two software: 

 From both the analysis methods, it was observed 
that the shear force and torsional moment increases 
with an increasing skew angle. Up to a skew angle of 
30º, the increase in these values are less and at 
higher skew, a sharp increase is observed. 

 Longitudinal Bending Moment was found to be 
decrease with an increase in the skew value. 

 The pattern of the curves obtained from grillage 
analysis and finite element analysis is same. 

 The results for bending moment obtained from 
finite element analysis is lesser in magnitude as 
compared to grillage analogy method. But Grillage 
Analogy method is widely accepted by the designers 
due to its easiness to use. 

 The quantity of reinforcement calculated from finite 
element analysis is found to be more as compared 
to grillage analysis but the former one is safer 
approach as it includes the effects of torsion in the 
design. 
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Abstract - Steel concrete composite structures consists 
advantage of two different materials result in reduced size, 
weight, and less cost of construction. The profiled steel deck, 
concrete over the deck and embedded shear connector 
together constitute the composite deck slab. The horizontal 
slippage between the concrete and the steel deck should be 
avoided by mechanical shear connectors. The mechanical 
shear connectors are provided in the form of stud bolts, shear 
bar, and ribs. The profiled steel deck provided here is of 75 mm 
depth and over that 75 mm concrete is placed. The different 
slab cases with different shear connector arrangements 
considered are normal slab without shear 
connector(SWOSC),slab with 10 mm diameter bolt as shear 
connector(SWSC T1), slab with 10 mm steel bar as shear 
connector(SWSC T2), slab with both 10 mm diameter bolt and 
bar(SWSC T3), and finally slab with perfobond ribs(SWSC T4). 
The effectiveness of shear connector configuration in the slab 
is determined by analyzing these five different shear connector 
configuration involved slabs under two-point loading in ANSYS 
Workbench. The effective slab is determined on basis of 
maximum load carrying capacity of slab, total deformation 
and slip values. 
 
Key Words: Steel concrete composite slab, Profiled steel 
deck, Shear connector, Horizontal slippage, Perfobond 
ribs. 
 

1. INTRODUCTION  
 

The profiled steel deck performs two major 
functions that act as a permanent formwork during concrete 
casting and also as tensile reinforcement after the concrete 
has hardened. The profiled decking sheet provides the 
resistance to vertical separation and horizontal slippage 
between the contact surface of concrete and the steel deck. 
Additional steel in the form of reinforcing bars or welded 
wire fabrics needs to be provided for taking care of 
shrinkage, temperature and negative bending moment at 
support. 

The horizontal slippage between the concrete and 
the steel deck will also exist due to the longitudinal shear 

stress when the shear force of the shear connectors reaches 
its ultimate strength. In order to reduce the slippage steel 
deck should be properly connected to concrete and also to 
each other. Mechanical shear connectors including all the 
types and their combinations are widely adopted in effective 
way. i.e.; by the combination of steel rod and stud bolt, steel 
rod and perfobond ribs. The secondary reinforcements in the 
form of mesh are also provided in the steel deck slabs other 
than shear connector in order to avoid the slab curling and 
also to improve strength of slab in shear. 

2. METHODOLOGY 
The project includes analytical study of steel 

concrete composite slab with profiled steel deck including 
different shear connector configurations. The five different 
slab models were considered and they are analyzed under 
flexure (two-point loading) for ultimate load, total 
deformation and slip. The modeling and analysis were done 
using ANSYS Workbench 15.0 

 
3. FINDINGS 
 

The previously published papers suggest various types of 
embossments and ribs as shear connector. In a research 
paper [1] the structural behaviour of orthotropic steel deck 
slab with normally used stud bolt for bridges was studied. 
The combined slab of steel plate, concrete and shear 
connector in bridge deck helps to minimize the stress 
concentration induced by the vehicles. In another paper [3] 
ultimate behavior of a steel concrete composite deck slab 
system with profiled steel sheeting and perfobond rib shear 
connectors was experimentally investigated. In one of the 
paper [8], the slab is created by the composite interaction 
between the concrete and steel deck with embossment to 
improve their shear bond characteristics. But that fails under 
longitudinal shear bond due to the complicated phenomenon 
of shear behavior. Most of the previous research papers 
explain about the experimental tests to know the behavior of 
steel plate and shear connector involved slab. The profiled 
steel sheet involved slab improves the tensile capacity of 
slab. And also the combined effect of shear connector, steel 
plate and concrete enhance the slab in terms of shear 
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strength and load carrying capacity. In many cases only one 
shear connector either stud bolt or embossment or slab is 
considered. The combination of different shear connector is 
an effective method to improve the load carrying capacity of 
slab and also to minimize the deformation. The shear 
connector combination of stud bolt and steel bar or 
perfobond sheet and steel bar will reduce the slab 
deformation. The combination of shear connector will also 
reduce slip between the steel deck and concrete in span 
direction. 

 

4. MODELING 
  
4.1 Dimensions of composite slab 
 

The plain steel sheets are pressed into trough shape with 
the dimensions of the sheet as determined from IS 277; 
2003. The dimensions are; thickness of sheet: 1 mm, length 
of sheet: 1800 mm, width of sheet 750mm, depth: 75mm, 
and pitch: 100 mm; shown in Figure-1. The E value for steel 
is taken as 2x105 and poisons ratio as 0.3. 

 

Fig-1: Steel sheet dimensions 

The concrete is of grade M20 grade and of depth 75 mm. Thus 
the overall depth of composite slab is 150 mm. The stress 
strain values for both steel and concrete are inputted for 
nonlinear properties as shown in Table 1.The maximum 
strain in the steel and concrete is taken as 0.0038 and 0.003 
respectively. 

Table-1: Properties of concrete and steel 
 

Property Concrete Steel 

Grade M20 Fe 415 

Modulus of 
elasticity (E) 

0.2828x105 

N/mm2 
2x105 N/mm2 

Poisson’s 
ratio(µ) 

0.20 0.3 

Maximum 
strain value 

0.003 0.0038 

4.2 Shear connector configurations 
 

The shear connectors used are 10 mm diameter stud 
bolt, 10 mm diameter steel bars and perbond ribs. The 
perfobond rib is a rectangular sheet of length 1790 mm, 
width 100 mm and 1mm thick with circular gaps of 25 mm 
diameter at 150mm c\c on a sheet followed by 10 mm 
diameter bars along the circular gaps in width direction of 
slab. In normal slab without shear connector and slab with 
only 10 mm diameter stud bolts, a secondary reinforcement 
is provided as 6 mm diameter bars at 250 mm c\c on both 
ways. Similarly in the case of slab with 10 mm diameter bar 
only as shear connector, it is followed by 6mm diameter bars 
at 250 mm c\c on both ways as secondary reinforcement. 
But in the other two slab cases (SWSC T3 & SWSC T4), 
secondary reinforcement is not provided since it is shear 
connector combination of bars, bolts and ribs. 

 

4.3 Modeling of slab 
 
 The material property values of steel and concrete were 
inputted in the respective material sections as per the Table 
1. The five different slab cases were modeled as per 
dimensions and configurations using ANSYS Workbench 
15.0., shown in Figures 2 to 6. 

 

Fig-2: Normal slab without shear connector (SWOSC) 

 

Fig-3: Slab with 10 mm diameterbolt as shear connector 
(SWSC T1) 

 

Fig-4: Slab with 10 mm diameter bar as shear connector 
(SWSC T2) 
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Fig-5: Slab with 10 mm diameter bar and 10mm diamter 
stud bolt as shear connector (SWSC T3) 

 

Fig-6: Slab with perfobond rib shear connector (SWSC T4) 

Every slab model is of 150 mm overall depth with 75 mm 
steel deck slab and 75mm concrete over the deck including 
shear connector arrangements. The modeled slab also 
includes support and loading points. The support is fixed at 
150 mm from each end below the slab. And loading points are 
fixed at a shear span of 300 mm from each support and these 
contribute two loading points over the slab; shown in the 
Figure-7. 

 
Fig -7: Support and loading conditions 

 

5. ANALYSIS RESULTS 

The five different slab cases considered were 
perfectly modeled in the geometrical part and loaded into 
analysis part. The support and loading points were fixed at 
100 mm from each end and 300 mm from supporting point 
respectively. Material properties are properly assigned to 
the solid and surface elements of the model.  
 

 
Fig- 8: Meshed steel deck of SWOSC 

 
Fig- 9: Meshed steel deck of SWSC T1 

 
Meshing was done for a relevance factor of 80 and with 
element size of 1mm for both concrete and structural steel 
elements; Figures 7 to13. The analysis of composite slab 
cases was done corresponding to the support and loading 
conditions as given.  

 

 
Fig- 10: Meshed steel deck of SWSC T2 

 

 
Fig- 11: Meshed steel deck of SWSC T3 

 

 
Fig- 12: Meshed steel deck of SWSC T4 
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Fig- 13: Meshed whole composite slab 

 
The analysis settings were properly fixed for the analysis. 
Material failure was allowed in the analysis. The analysis 
was time controlled including minimum of 10 sub steps and 
maximum of 50 sub steps. Later fixed supports were 
assigned to the solid parts by selecting each faces. The load 
was applied at the two points by inputting the load values in 
the proper direction corresponding to the co-ordinate 
system. The maximum load applied is 200 kN. And 
displacement is limited to span/50 as per ultimate failure 
criterion [8]. The total deformation was added to the 
solution part and solved to get the analysis done. After 
achieving the green tick on solution part, total deformation 
and slab behavior was observed to achieve the results. The 
total deformation of each case were checked; shown in 
Figures 14-18 respectively. 
 

  
Fig-14 : Total deformation of SWOSC 

 

 
Fig-15 : Total deformation of SWSC T1 

 
Similarly the force reactions corresponding to the 
deformation were also determined. Slip along span direction 
is fond out using ‘deformation probe’ in Ansys. After 

obtaining values for total deformation, load and slip, load-
deformation and load slip curves were drawn. From load 
deformation curve maximum ultimate load and maximum 
deformation were determined. Similarly maximum slip value 
was determined from load slip curve 
 

 
Fig-16 : Total deformation of SWSC T2 

 
 

 
Fig-17 : Total deformation of SWSC T3 

 
 

 
Fig-18 : Total deformation of SWSC T4 

 
 

 
Chart-1: Load-deformation curves for normal slab without 

shear connector (SWOSC) 
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Load deformation curves for each slab cases were drawn as 
shown in Charts 1 and 2 and compared values of ultimate 
load and deformation.  
 

 

Chart -2: Load-deformation curves for shear connector 
involved slab cases (SWSC T1, SWSC T2, SWSC T3, and 

SWSC T4) 
 
Similary comparison was done between slip values from load 
slip curves of each case as shown in the Charts 3 and 4. . Later 
comparison table is prepared and studied. 
 

 
Chart -3: Load-slip curve for normal slab without shear 

connector (SWOSC) 
 

 
Chart -4: Load-slip curve for slab with shear connectors 

(SWSC T1, SWSC T2, SWSC T3, SWSC T4) 

5.1 Comparison of results 
 

The five different type of composite slab with 
different shear connector configurations were analyzed and 
thus obtained total deformation, ultimate load and slip. The 
five slabs were compared based on these three parameters 

as given in the Table 2. 
 

Table-2: Comparison of analysis results 
 

Type of 
shear 

connector 
in slab 

Total 
deformation 

(mm) 

Ultimate 
Load  
(kN) 

Slip in span 
direction 

(mm) 

SWOSC 28.532 74.656 7.0236 

SWSC T1 17.155 91.328 3.21 

SWSC T2 16.605 112.022 2.965 

SWSC T3 14.918 143.285 2.35 

SWSC T4 17.047 138.430 3.139 

  

 Among that, slab without shear connector failure at lower 
load and lower ultimate value. i.e.; 74.656 kN and possess 
higher deformation and slip. The slab SWSC T3 is found to be 
the effective slab as compared to the other slab due to their 
higher ultimate load or load carrying capacity i.e.; 143.28 kN 
and lower deformation and slip values. The last slab (SWSC 
T4) also possesses higher load carrying capacity than SWSC 
T1 and SWSC T2, but lower than SWSC T3. In this case (SWSC 
T4),the slip value is found to be higher than SWSC T3 and 
SWSC T2,but lower than SWSC T1.SWSCT1 and SWSC T2 
were found to be the slab with lower load carrying capacity. 

After comparing and studying these features, it was 
obtained that the slab with shear connector scheme SWSC T3 
(with both 10 mm diameter steel bar and 10 mm diameter 
bolts) is the effective way to be used; Thus SWSC T3 is the 
composite slab with effective shear connector 
configurations. 

6. CONCLUSIONS 
 
 The paper represents the analytical behavior of steel 
concrete composite slab with profiled steel deck and 
different shear connector configurations under two points 
loading or flexure. The five different slab cases were 
modeled and analyzed under two-point loading to determine 
the effective shear connector configuration involved slab. 
The determination of effective shear connector involved 
profiled steel deck slab is determined on the basis of 
maximum load carrying capacity or ultimate load, minimum 
slip and deformation values. The following findings were 
made using this study. 
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 From the four different shear connector 
configuration involved slabs and a normal slab 
without shear connector, it is concluded that the 
slab incorporated with both 10 mm diameter shear 
bar and 10 mm diameter stud bolt (SWSC T3) is the 
effective slab. 

 The SWSCT3 slab has higher ultimate load value or 
maximum load carrying capacity; lower 
deformation and low slip values among the other 
cases. 
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Abstract – Masonry-infilled (MI) panels that function 
as partitions in buildings are generally considered as 
architectural components. Therefore the resistances of 
such components are often assumed insignificant in 
design procedures. However infill walls stiffness becomes 
significant to the frame under progressive collapse. It is 
necessary to quantify the contribution of MI walls on the 
load resisting capability of RC frames to mitigate 
progressive collapse. Numerical studies are carried out 
on this subject to study the same. To further assist the 
strength of MI walls composite CFRP infill walls, and 
infill walls with perforated steel plates are introduced to 
study their influence on the structural behavior. 
Numerical studies on different RC frame configuration 
shows that CFRP and perforated steel plate increases the 
strength of RC frames to an extent. However the increase 
in strength is influenced by the CFRP fiber alignments, 
thickness and bolt spacing of the plates. Preliminary 
studies on these factors are also made part of this paper. 
 
Key Words: CFRP Composite walls, Infill walls, 
Progressive Collapse, RC Structure strengthening, 
Steel Plated infill walls, Masonry walls 
 
1. INTRODUCTION  
 
A building structure is a perfect example of group work 
where different members are connected to form a whole 
structure. When a member of the structure fails, the load 
which that member has to carry is now to be distributed 
among the remaining members. This excess load can cause 
further member failure and ultimately lead to whole building 
collapse. This chain reaction of structural element failures, 
disproportionate to the initial damage, resulting in the 
partial or full collapse of the structure is called Progressive 
collapse occurs. 
 
Progressive collapse is a nonlinear event in which elements 
are stressed beyond their elastic limit to failure. Frames in 
structures consisting of columns and beams are often in-
filled with brick walls. However, when the brick infill walls 

are subjected to a small lateral drift, they suffer significant 
damage, and therefore their contributions to the frame are 
lost. As a result of this brittle behavior, brick infill walls are 
for the most part not accepted as a load-bearing member. 
However under progressive collapse, the presence of infill 
walls provides an additional stiffness and strength to the 
frame. This alters the behavior of the structure under 
progressive collapse. This complicated behavior is not 
considered in simple structural analysis and hence several 
researches have been focused to study the influence of infill 
walls on RC frames. 
 
There have been many attempts to strengthen these brick 
walls by using different methods and materials to make 
them behave similarly to a ductile RC wall system. Generally, 
in these studies the strengthening is achieved by using 
various polymer materials, precast concrete panels, 
structural steel elements, and reinforced mortar. In recent 
years studies have been also shedding light to the use of 
reinforced polymer and other geo synthetic materials to 
enhance infill walls. 
 
It is observed that none of the methods mentioned in 
previous studies involve sufficient ductility, low cost, and 
easy to use criteria at the same time. As a practically and 
economically feasible option, this study puts forward the use 
of perforated steel plates and CFRP (Carbon Fiber reinforced 
polymer). Use of Fiber reinforces polymer have been proven 
effective in seismic strengthening [4] and is a promising area 
of research on its application in other fields. Perforated steel 
plates being more ductile than plain steel plates thanks to 
their holes, and are favorable for strengthening infill walls. 
The effectiveness of perforated steel plates was first 
investigated in studies on strengthening beams against 
flexure [7]. This advantage is further extended to improve 
RC frames under progressive collapse. 
 
This paper investigates the effect of progressive collapse on 
an ordinary RC frame using numerical modeling. Different 
structural models are subjected to non linear analysis to 
better understand the behavior of the structure under 
progressive collapse. Micro model of frames are modeled 
using ANSYS_Workbench. Infill walls, CFRP and steel plated 
alternatives are also introduced in the micro model to study 
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their influence on progressive collapse resistance. A 
parametric study on plate thickness, hole diameter and CFRP 
fiber alignment is also made to improve the effectiveness of 
the module. 
 
The study progresses in three stages. The first stage involves 
the study of behavior of infill walls in a 2D bare RC frame. 
The second stage introduces CFRP and perforated steel infill 
walls to the frame and analysis is carried out for different 
frame configurations using ANSYS. The third stage aims in 
optimizing the parameters like plate thickness, bolt spacing 
and CFRP alignment to arrive at the best possible result from 
the structure. 
 
Although total prevention of progressive is not always 
feasible, the study aims to provide a viable and effective 
solution to improve the strength of RC frames will infill walls 
under progressive collapse. 
 

2. METHODOLOGY 
 
The project includes analytical study of RC frames against 
progressive collapse using CFRP composite and perforated 
steel plated infill walls. Micro-modeling of brick infill wall 
and three different configuration of infill wall using CFRP 
strips and perforated steel plated infill with different 
thickness and bolt spacing were analyzed for total 
deformation. The modeling and analysis were done using 
ANSYS Workbench 15.0 

 
3. FINDINGS 
 
Several researches have been carried out in the area of 
progressive collapse and its mitigation. Most of which 
studied the effect of infill walls with macro modeling infill 
walls into compressive struts [8]. Though the strut model is 
widely adopted, provides a rudimentary understanding of 
the actual behavior. Works conducted on strengthening of 
walls mostly focuses on structural steel [7], precast concrete 
panels, reinforced mortar [10] etc. The current study aims at 
providing a better understanding to the actual behavior of 
the structure and to simulate real life scenario of progressive 
collapse in loading as well as modeling of elements. 

 
4. MODELLING  
 
4.1 Dimensions of frame elements 
 

 A 4000x3200mm frame of 3 bays with brick infill walls was 
analysed. The supports are fixed. Column size of 300 x 450 
mm and beam size of 300 x 380 mm is adopted. The Young’s 
modulus for steel is taken as 2x10e5 and poison’s ratio as 
0.3. 

The concrete is of grade M25 and overall depth of slab is 150 
mm. The nonlinear stress strain curve for steel and concrete 
adopted to impart material nonlinearity.  This is done by 

manual input of stress strain curve in ANSYS. The maximum 
strain in the steel and concrete is taken as 0.0038 and 0.003 
respectively. 

4.2 Modelling of CFRP infill walls 

Finite element modelling consisted of the creation of two 
parts; one for the masonry wall and one for the CFRP strips. 
The epoxy glue, which can be regarded as the contact surface 
between masonry and CFRP strips is maintained by the 
surface to surface contact elements. This option sets the 
behaviour of contact pair to ‘bonded always’ for the surfaces 
and are not separated in normal and tangential directions at 
the beginning and during the deformation of contact surface. 
 

Table (1) Properties of CFRP strips 
 

Properties Values 
Thickness 0.12 mm 
Density 1600kg/m³ 
Poisson’s ratio 0.2 
Modulus of elasticity 2772MPa 

 

 
Fig-1: Model of frame with CFRP infill (model 1) 

 

 
Fig-2: Model of frame with CFRP infill (model 2) 

 

 
Fig-3: Model of frame with CFRP infill (model 3) 
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4.3 Modelling of perforated infill walls 
 

A 4000x3200mm frame of 3 bays with perforated infill walls 
was analysed. The infills were strengthened with perforated 
steel plates on both faces with three different thickness i.e. 
1.0, 1.5, and 2.0mm. The specimens had three different bolt 
spacing values, which are 100, 150 and 200mm. M6 anchor 
bolts were used. 

The material property values of steel and concrete were 
inputted in the respective material sections as per the 
standard data. The five different slab cases were modeled as 
per dimensions and configurations using ANSYS Workbench 
15.0.  

Table (2) Dimensions of modelled perforated steel plated 
infill walls 

Specimen Plate 
thickness(mm) 

Bolt 
spacing(mm) 

S1.0-100 1.0 100 

S1.0-150 1.0 150 

S1.0-200 1.0 200 

S1.5-100 1.5 100 

S1.5-150 1.5 150 

S1.5-200 1.5 200 

S2.0-100 2.0 100 

S2.0-150 2.0 150 

S2.0-200 2.0 200 

 

       

(a)                                                  (b) 

Fig-4: (a) frame with plate S1.0-100  (b) frame with plate 
S1.0-150 

The modeled frame includes fixed support and maximum 
displacement of 500 mm is applied on the central column.  

5. ANALYSIS RESULTS 

RC frames with brick infill wall, three different 
configurations of infill walls with CFRP strips and nine 
different configurations of perforated steel plates with 
varying thickness and bolt spacing were subject to 

progressive loading until collapse were analyzed. Material 
properties are assigned to solid and surface elements of the 
model. Meshing was done for a relevance factor of 80 and 
with element size of 1mm for both concrete and structural 
steel elements. The analysis settings were properly fixed for 
the analysis. Material failure was allowed in the analysis.   
 

 
Fig-5 : Total deformation of frame with brick infill wall 

 

 
Fig-6 : Total deformation of frame with CFRP model 1 infill 

wall 
 
Total deformation of frame with four different infill walls are 
analysed for maximum displacement controlled loading and 
results obtained from ansys as shown in chart 1 
 

 
 

Chart – 1 : shows the total deformation variation of bare 
frame, CFRP1, CFRP2 & CFRP3 
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Fig-7 : Total deformation of frame with S1.0-100 infill wall 
 

 
 

Fig-8 :Total deformation of frame with S2.0-100 infill walls 
 
Total derormation of frame with nine different perforated 
steel plated infill walls with varying thickness and bolt 
spacing and results were shown in chart 2 

 
Chart-2 : shows the variation of total deformation of all 

perforated plated infill walls 

 
Chart -3: shows the variation of total deformation of brick 

infill wall, CFRP3 & S2.0-100 infill walls 
 

Table (3): Comparison of analysis results 
 

Type of infill 
walll 

Total 
deformation 

(m) 

Percentage 
variation with 

respect to 
brick infill wall  

CFRP model 1 0.69576 0.56 
CFRP model 2 0.64358 8.02 
CFRP model 3 0.55661 20.45 
S1.0-100 0.46963 32.88 
S1.0-150 0.540084 22.81 
S1.0-200 0.61992 11.40 
S1.5-100 0.419387 40.06 
S1.5-150 0.502818 28.14 
S1.5-200 0.570328 18.49 
S2.0-100 0.385836 44.85 
S2.0-150 0.472649 32.45 
S2.0-200 0.530405 24.57 

  

RC frames with different infill walls were analysed. Among all 
brick infill wall poses maximum deformation.  CFRP model 1 
and brick infill wall shows similar trend in behaviour. Among 
CFRP models, model 3 shows minimum deformation against 
progressive collapse. 

For frames with perforated plated infill walls, variation of 
thickness of plate and bolt spacing affects the resistance 
against progressive collapse. Plate with maximum thickness 
(ie; 2mm ) and minimum bolt spacing (ie;100 mm) shows 
minimum deformation of 0.385836m among all the 
alternatives. 

6. CONCLUSIONS 
 
The following observations and conclusion can be drawn 
based on the analytical results of the study 
 
1. Infill walls strengthen RC frames against progressive 
collapse. 
2.  Among three CFRP models, model 1 shows has negligible 
effect on total deformation of brick infill wall. 
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3. CFRP model 3 shows minimum deformation as compared 
with brick infill wall with a reduction of 20.45%. 
4. For perforated plated infill walls, thickness of plate and 
bolt spacing influence the resistance against progressive 
collapse. 
5. Perforated plate with maximum thickness (2 mm) and 
minimum bolt spacing (100 mm) shows the best results in 
terms of deformation and increases strength of infill walls by 
45%. 
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Abstract - In steel-composite structures, shear connectors 
play a crucial role in the shear transfer between steel and 
concrete. They are generally used for the transfer of 
longitudinal shear forces across the steel concrete interface, 
and also resist the displacement of steel and concrete at the 
connection, ensuring the composite action. Currently, stud 
shear connectors being the most widely used shear connectors 
in composite constructions. Studies have proven that scrap 
rebars, from the wastage of reinforcement in constructions 
can also be used as shear connectors. Various shapes of rebar 
connectors were experimentally tested for their shear 
behaviours under static loading. However, shear behaviour of 
the rebar connectors under cyclic loading has not been studied 
and needs investigation. This paper presents an experimental 
study of the shear behaviour of rebar connectors of different 
shapes under monotonic loading cases and analytical study of 
the same under cyclic loading. Rebar connectors of different 
shapes such as open link, closed stirrups, circular spirals, 
rectangular spirals, v-shaped are studied. Each rebar 
connector was attached to steel flanges by means of welding. 
Specimens are made for each connector with adequate 
reinforcements if needed. Push-out tests are conducted on each 
specimen to determine its ultimate strength, Elastic stiffness, 
load-slip characteristics, and failure patterns. The experiments 
are carried out for monotonic loading and analysis of 
specimen under cyclic loading in ANSYS software is conducted 
and results were compared. 

Key Words: Steel- Composite Structures, Stud Shear 
Connectors, Rebar Shear Connectors, Push-Out 
Tests, Shear Behaviour 

1. INTRODUCTION 

Steel-concrete composite structures are those 
consisting of structural members which are made of 
two or more different materials, such as steel and 
concrete. The main advantage of composite 
structures is that the properties of individual 
material can be utilised to form a single unit that 
performs overall better than its constituent 
materials. Some composite structures other than 
steel-concrete include; steel-timber, timber-
concrete, plastic-concrete and so on. As it is known, 
in steel-concrete composite structures, the concrete 
acts well in compression, but it lacks resistance in 
tension. Steel can be very strong in tension, even 
when it is used only in comparatively small amounts. 
Steel- concrete composite elements use the 

concrete’s compressive strength along with the 
tensional resistance of steel and when they are 
connected together, this results in a lightweight and 
highly efficient unit. For this necessary and an 
efficient connection must be ensured between the 
steel concrete interface and that can be achieved by 
shear connectors. In steel-concrete composite 
structures, shear connectors play a critical role in the 
shear transfer between the steel and concrete 
members. The seismic capacity and ductility of the 
steel-concrete composite structural system entirely 
depends on the shear transfer between steel-
concrete interfaces. The headed studs are the most 
commonly used shear connectors. They are popular 
mainly due to its proven performance and ease in 
installation. Studies have been conducted in 
determining the shear capacities of headed studs 
under monotonic loading through standard push out 
tests [Ollgard. J. O, et al. 1971]. Several different 
types of shear connectors have been studied as 
alternatives to the shear stud connectors and these 
are reported in the literature. The rebars can also be 
used as a shear connector in accordance with 
various international codes. Rebar shear connectors 
have the advantage among other types of shear 
connectors considering the fact that it can be 
fabricated to required shape along with 
reinforcement for slab. The wastage of 
reinforcement in the Indian construction industry is 
higher than in other countries due to manual 
methods of bar bending and cutting. Hence, rebar 
shear connectors can be made using rods available 
from the wastage of reinforcement. Conventional 
push out tests with single level shear connector 
resulted in the separation of slab portion from the 
composite structure. Therefore, modified push out 
test was suggested which facilitates performance of 
push out tests with standard machines. 

Many experimental studies conducted in recent 
years concluded that a comparative study between 
the behavior of channel and angle shear connectors 
was conducted [Shariati, et al. 2013]. Compiled 
experimental and analytical studies of some shear 
connector made of rolled steel sections (Tee, 
Channel, Plate shapes) besides non-welded shear 
connectors [Ali Shariati, et al, 2012]. Advantages and 
disadvantages of those connectors were presented. 
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Studies on the behavior of channel shaped 
connectors and recommended empirical formula for 
the strength of connectors [Amit Pashan, et al, 2006]. 
Also, studies were conducted to determine the 
behavior of channel connectors both experimentally 
and analytically [Shervin Maleki, et al.,2008]. 
Usability of standoff screw as shear connector was 
studied [Alander, C. C, et al., 1998], showing standoff 
screw to be an effective alternative to stud shear 
connector. The behavior of perforated steel plate as 
shear connector has been also studied [Kim. B, et al., 
2011]. Use of straight rebar pieces as shear 
connector, which resulted in higher ultimate 
strength has been also studied [Koken. A, et al., 
2014]. The headed stud connectors when provided 
with rubber sleeves, they showed excellent 
deformation recovery and FEM results were also 
presented in accordance with it [B. Zhuang, et al., 
2018]. Studies were also conducted in order to study 
the shear behaviour of studs under both monotonic 
and cyclic loading [C. Zhai, et al., 2018]. Usage of 
rebars as shear connectors instead of studs and 
experimental determination of ductility was also 
studied [B. Saravanakumar, et al., 2018]. Studies also 
showed the tie-bars subjected to cyclic loading 
exhibited lesser values for the shear capacities and 
shear slips than those subjected under monotonic 
loading [C. Zhai, et al., 2018]. Kisaku [13] based on 
the experimental results, attempted to empirically a 
model perfobond-rib connector which was necessary 
to predict the shear slip behaviour of connectors 
under cyclic loading. A new type of a mixed shear 
connector was introduced by combining both 
headed stud and perfobond rib connectors at the 
same flange of the steel beam [14]. The shear 
capacity of the mixed shear connector increases with 
the increase of the stud diameter, rebar diameter, 
hole diameter, stud strength, rebar strength, and 
concrete strength. Hildebrand [15] their research 
focused on prediction of stud welding process 
behaviour, stud diameter effects, and influence of the 
material strength and hardening behaviour as well 
as metallurgical effects on fatigue strength. 
Experimental assessment of angle shear connectors 
under monotonic and fully reversed cyclic loading in 
HSC did not achieve required ductility and 
specimens showed a lower strength degradation 
when they were subjected to low cyclic fatigue 
loading [16]. Use of straight rebar pieces as shear 
connectors has been studied by Koken, et al. [17], 
reporting that such connectors resulted in higher 
ultimate strength in comparison to stud shear 
connectors. The strength of double shear studs in a 
favourable position is generally more than that of 
staggered pairs of shear connectors [18]. Studies 
also concluded that numerical analysis with finite 
element based softwares like ANSYS, ABACUS etc, 
could be used as a supplement to push-out tests [19]. 

 

Fig -1 Rebar shear connectors; (V shape, Closed stirrups, 
Circular spiral, Rectangular spiral, and Open link 

respectively) 

From the above studies the following observations are 
derived. 

(i) Majority of studies are conducted on static and fatigue 
behavior of most common type of shear connector, i.e., 
headed stud shear connectors which are welded to the steel 
beam flange in the steel-concrete interface. 

 

Fig -2(a) Details of rebar connectors 

(ii) Most of the works are also concentrated on replacing the 
type of shear connectors of various shapes such as angle 
shear connectors, channel shear connectors, perfobond-rib 
type and mixed shear connectors which are made of rolled 
steel sections. 

(iii) A wide research gap exists in the economic usage of 
scrap rebars obtained from cutting and bending of bars in 
Indian construction industry. Hence it is felt that the 
potential of these scrap rebars as an economic but effective 
shear connector needs to be explored further. 

iv) Works are carried out to determine the shear behavior of 
the scrap rebars as shar connectors under monotonic 
loading. Hence, it is required to ensure the effectiveness of 
these connectors under fatigue loading. 

v) Analytical studies were also carried out as a supplement 
to the push out tests conducted for both monotonic and 
cyclic loading.  
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Based on these observations, this investigation is aimed at 
studying the effectiveness of scrap rebar shear connectors 
under both monotonic and cyclic loading with a numerical 
study. An experimental study was conducted for steel-
concrete composite beam with different shapes of scrap 
rebar shear connectors namely, circular spiral, open link, 
closed stirrup, rectangular spiral and V- shaped connectors 
as shown in fig.1. 

2. EXPERIMENTAL PROGRAMME  

For determining the strength of scrap rebar shear connectors, 
an experimental program was executed. Various codes 
[20,21,22] give guidelines for conducting standard pushout 
tests. Total of five specimen were made with different shapes 
of rebar shear connectors. The rebars are welded on the 
flange of steel beam. The composite specimen was made up of 
steel beam and concrete blocks cast upon both flanges of the 
steel beam in which the shear connectors are welded. 
Fig.2(b) shows the dimension of specimen cross-section. 
Fig.2(a) shows the dimension of connectors.  

 

Fig -2(b) Details of circular spiral shear connectors 

 

Fig -2(b) Details of rectangular spiral shear connectors 

 

 

Fig -2(b) Details of closed stirrup shear connectors 

 

Fig -2(b) Details of open link shear connectors 

 

Fig -2(b) Details of v-shaped shear connectors 

 

Fig -3 Details of specimen 
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2.1. Materials 

Fresh Portland Pozzolana Cement (PPC) was used for casting 
of concrete slab. Manufactured sand passing through 4.75 
mm sieve and conforming to zone II of IS 383 was used as 
fine aggregate. 12.5 mm down crushed stones were used as 
coarse aggregates. In order to cast the reinforced concrete 
slab made of plywood was made for each specimen. The 
pushout test samples were made using M20 concrete. The 
concrete mix proportion is shown in table 1. The steel beam 
used for the experimental study was standard ISMB 200 
confining to IS 11384-1985 [21], with a length of 500 mm. 
The steel beam was cut using gas welding and cut surface as 
properly grinded. The specimen was fabricated in workshop. 
The thickness of the steel beam flange was 10.8mm and the 
yield strength of steel beam was 250MPa. Rebar shear 
connectors in the form of open links, closed stirrups, 
rectangular spiral, circular spiral and V-shape as in fig.1 were 
made from steel bars of 8 mm diameter. Reinforcement cage 
was provided using 8 mm bars and stirrups using 8 mm bars. 
The different types of rebar shear connectors were made of 
8mm rebars bent into required shapes. For Open link shear 
connector, the two arms of 50mm length was welded onto the 
flange surface. Whereas, for V-shaped connector the arm 
length was 25mm on each side. The extended length of 50mm 
was welded to the flange in the case of circular and 
rectangular spiral rebar connectors. The closed stirrup has 
edge length of 70mm which was welded to beam. 

Table -1: Concrete mix proportion 

Material Quantity (kg/m3) 

Cement Content 113.30 

Fine Aggregate Content 189.035 

Coarse Aggregate Content 94.512 

Water Content 50.98 

Water cement ratio 0.45 

 

2.2. Preparation of specimens 

Initially, the concrete floor of laboratory was properly 
cleaned to avoid undulations. Before casting, the surface of 
mould was roughly cleaned by sand paper to remove dust 
and oil to get bonding. The rebars were bent and cut into 
required shape. The size of weld was taken as 4mm. The 
position of rebar connectors is shown in fig.3. Concrete slabs 
of size 300 mm X 400 mm X 150mm, were cast with a clear 
cover of 25 mm with concrete mix of cube compressive 
strength 20 N/mm2, with water-cement ratio 0.45. Four 8 
mm diameter bars were used as longitudinal reinforcement 
and 8 mm diameter stirrups at 75mm spacing was provided 
as lateral reinforcement. There was a gap of 50mm at the 
bottom to facilitate slip. After casting, the specimens were 
demolded after 24hrs and immediately submerged in clean 
fresh water of the curing tank. After the completion of curing 

period of 28 days, the specimens are taken out and tested. 
Specimen to be tested is shown in fig.4. 

2.3. Experimental procedure 

The push-out specimens under monotonic loading were 
loaded using Universal Testing Machine of 1000 kN capacity. 
The load was applied on the upper end of ISMB 200. The 
monotonic push-out specimens were placed on the platform 
of UTM as shown in fig.4. The specimen was loaded at a 
constant rate until failure of specimen occurs. For monotonic 
loading, the loading condition was controlled by the load. 
The load was continuously increased till the failure of 
specimen. Each time cracking of concrete, failure load and 
slip at regular intervals of load increment were noted 
carefully. The load and displacement of the samples were 
recorded by UTM till failure of specimen. 

2.4. Experimental result 

2.4.1 Failure mode 

The specimen exhibits a failure mechanism characterized by 
shearing at the slab-beam interface. The common different 
failure modes observed in the previous studies were, namely 
fracture of connector, weld failure of connector and concrete 
crushing-splitting. In all the specimens, the failure was 
observed as weld failure for the loads applied. None of the 
specimens showed concrete crushing-splitting failure. This is 
due to the hoop type transverse reinforcement which 
confined the concrete near the vicinity of the connector. The 
details of failure type are shown in fig.5. 

2.4.2 Shear capacity and Load- slip characteristics 

All rebar shear connectors showed higher shear capacity, 
compared to stud shear connectors. The ultimate load for 
rebar shear connectors would be more if higher size of weld 
were to be used. The magnitude of increase in ultimate 
strength is much higher (21% to 70%) in Saravanakumar, et 
al, compared to 7% in the study of Koken and Koroglu, et al. 
[8] Fig.5 shows the ultimate shear strength of shear 
connectors. The circular rebar shear connector obtained 
maximum load of 56.57 kN. The slip at maximum load for 
circular spiral was 7.4mm which was 92.5% of diameter of 
connectors. Also, circular rebar shear connectors showed 
decrease of 25.76% from that of studies conducted by 
Saravanakumar, et.al.[11]. 
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Fig -4 Specimen cast for Monotonic loading 

The open link type connector showed a decrease of 15.43% 
from the study, with an ultimate load of 50.26 kN and slip at 
maximum load is obtained as 7 mm which is 87.5% of 
diameter of connector. The closed stirrups obtained an 
ultimate load of 53.5 kN per connector and slip of 4.6mm 
which is 57.5 % of diameter of connectors. Also, they showed 
a decrease in strength by 19.24%. The rectangular spiral 
observed a slip of 4.30mm which is 53.75% of diameter of 
the connectors at a maximum load of 46.19 kN. It showed a 
variation in strength by 14.46%. the V-shaped connectors 
obtained an ultimate load of 53.6 kN with a slip of 6.4mm. 
From the experimental results, it is observed that the 
circular spiral rebar shear connectors exhibit higher ultimate 
strength when compared to the other shapes of rebar shear 
connectors. The V-shaped rebar shear connector which is 
studied in this experiment is having a similar strength of that 
of closed stirrups with a capacity of 53kN. However, all the 
rebar connectors showed a decrease in the ultimate load 
capacity from the literature. Fig.7 shows the load-slip 
characteristics of different rebar shear connectors. This may 
be due to the replacement of OPC cement grade with that of 
PPC. Also, the quality of materials and the efficiency in the 
compaction of concrete during the casting determines the 
ultimate strength of the specimen. The average ultimate 
strength and slip obtained of connectors is listed in table 2. 

2.4.3 Shear stiffness 

The shear stiffness has been calculated in the linear range of 
load-slip curve and tabulated in the table 2. The shear 
stiffness is ultimate shear capacity of connector upon 
maximum slip obtained. Load-slip plots indicated that all the 
rebar connectors provide superior ductile behaviour. The 
linear load range of circular is about 50%, open link is 44%, 
closed stirrup is 30%, rectangular spiral is 35% and V-shape 
is 31%. 

 

Fig- 5 Test setup for Monotonic loading 

Table- 2: Shear stiffness comparison of rebar shear 
connectors 

Specimen Average Ultimate 
strength per 
connector (kN) 

Average Elastic 
stiffness 
(kN/mm) 

Circular spiral 56.57 15.29 
Open link 50.26 14.36 
Closed stirrups 53.5 10.38 
Rectangular spiral 46.19 8.63 
V shaped 53.6 16.75 

 

Fig -6 Failure type in specimen: connector part attached to 

(a) steel beam (b) concrete 

 3. ANALYTICAL STUDY 

Inorder to understand the strength and ductility limits of the 
specimen, numerical models of the specimen were prepared 
and analysed. The specimen prepared for the experimental 
programme is modelled in the software and boundary 
conditions are applied for analysing both static and fatigue 
behaviour of connectors. Materials are modelled in 
Solidworks and are exported to Worbench setup for applying 
boundary conditions. The nonlinearity among material, 
geometry and contact were taken into consideration. A finite 
element model was prepared using the general-purpose finite 
element software. The model consist of mainly steel beam, 
concrete, connectors and reinforcing bars which are 
modelled in the software ANSYS WORKBENCH 16.0. Though 
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the model was symmetric the entire portion was established 
for analysis. The materials were selected from the material 
library. Material property of the model is defined when the 
model is transferred to the setup part in ANSYS WORKBENCH 
16.0. 

3.1 Material modelling 

The concrete part of the specimen was modelled as concrete 
nonlinear. Fig.2(b) shows the dimension of model. The 
modulus of elasticity of M20 concrete was 22367 MPa and the 
yield strength was 250MPa. The uniaxial stress-strain curve is 
defined in the properties of concrete. Mainly two stages of 
compression can be seen in concrete. The first being the ideal 
elastic stage in which the compressive stress gradually 
increased a proportional limit. The second part is the 
nonlinear part, which is parabolic and shows the nonlinear 
variation of compressive stress for the strain. The steel beam 
was also modelled as non linear. The yield strength of steel 
beam is 250MPa and elastic modulus is 200000 MPa. Five 
different shapes of rebar shear connectors were prepared for 
the analysis. Fig.2(a) shows the dimension of connectors. The 
connection between steel beam and connectors were welded 
connetion. Hence, rigid connection was assumed. The bond 
between concrete and Steel beam (ISMB 200) is assumed to 
be frictionless. Mesh controls allows establishing factors such 
as the element shape, mid side node placement, and element 
size to be used in the solid model. The generate mesh 
operations uses all defined meshing controls as input to 
generate a mesh. The composite structure is fixed at base and 
steel beam is allowed to move vertically due to the application 
of load. The uniform load was applied on the top of the steel 
beam and the two concrete blocks were supported at the base.  

In structural analysis, for example, we may apply wind loads 
in one load step and gravity in a second load step. Load steps 
also are useful in dividing a transient load history curve into 
several segments. Sub steps are incremental steps taken 
within a load step. They are mainly used for accuracy and 
convergence purposes in transient and nonlinear analyses. 
Sub steps also are referred to as time steps- steps 
appropriated a period of the time.  

 

Fig -7 Load – slip characteristics of connectors under 
monotonic loading (Experimental) 

3.2 Validation of model 

Nowadays, the development in the software modelling and 
analysis of structural elements has become simple. The finite 
element analysis is one such tool. Selection of proper 
element types is another important criterion in finite 
element analysis. For monotonic or static loading valdation, 
Khushaboo et al, 2017 was considered. In the literature, RC 
beam of 6000mm x300mm x500 mm size, is designed for 
M20 concrete and Fe 415 steel. The simple span of the beam 
is reinforced with sufficient steel at bottom and top with 
12mm bars which is the hold in place with the help of 2 
legged 8mm stirrups at 250mm c/c. The specimen was 
modelled and transferred to the setup part of workbench for 
analysis. Khushaboo and Imran Alam, (2017) in their 
experimental study conducted on the flexural behaviour of 
the concrete beam with glass fibre reinforced polymer rebar 
as internal reinforcement [23], obtained the load- deflection 
graph from which we obtained deviations from the original 
values within 20% range. Hence, we can infer that the 
variation in non-linearity of the load- deflection curve may 
be due to the inability in assumption of the failure criteria. 

For the validation of cyclic loading in specimen, the study 
conducted by B.Zhuang,et al.(2018) on the deformation 
recovery of rubber sleeved stud connectors is referred [9]. 
The steel- concrete composite ith rubber sleeved studd 
connectors were modelled and transerred to the setup part 
of ANSYS Workbench for analysis. The cyclic loading was 
applied in the tabular form with respect to time. In the 
literature the analysis was done using ABAQUS. The 
specimen was applied cyclic loading for positive cycles. 

 

 

 

 

 

 

Fig -8 Specimen modelled in Solid works (Circular spiral, 
Open link, Closed stirrup, Rectangular spiral, V-shaped 

respectively) 
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The maximum deformation was obtained as 4.69mm, where 
as in the literature it was obtained as 6mm. Variation in the 
results of FE model analysis and that from the literature was 
negligible. The von mises stress variation of the stud under 
the cyclic loading program is also determined. The peak 
value occurred at the stud root. The von mises stress 
variation as in the literature for the cyclic load upper limit of 
112.5 kN is 425MPa. Thus, percentage variation in the von 
mises stress being 14.4%. 

3.4 Static loading  

3.4.1 Shear capacity and Load- slip curve 

The shear capacity of stud connectors were referred from 
the literature and all that of rebar connectors were 
experimentally determined. The table 3 shows the ultimate 
strength and maximum slip obtained for different 
connectors. Therefore, monotonic loading was applied to all 
the specimen in number of steps. The validation results are 
obtained by combining the results from the literature, 
experimental program conducted during validation and the 
analytical validation of the steel- concrete composite 
specimen with different types of rebar shear connectors. 
Fig.11 shows the load-slip characteristics of connectors 
under static loading. From the graphs, it can be inferred that 
the analytical results are analogous to the experimental 
results obtained. 

 

Fig -9 Model of stud shear connector specimen 

 

Fig -10 Meshed model of shear connector 
specimen 

3.4.2 Von mises Stress 

When a body is in equilibrium state and is subjected to a 
surface force, it tends to deform until it reaches a new state 

of equilibrium. It is also referred to as deformed state. Here, 
the external forces which characterize what is called the 
stress and the deformation of the body, which characterizes 
strain. An equivalent tensile stress or equivalent von Mises 
stress, is used to predict yielding of materials under 
multiaxial loading conditions using results from simple 
uniaxial tensile tests. It is used to determine if a given 
material will yield or fracture. It is mostly used for ductile 
materials, such as metals. The fig.12 shows the variation of 
Mises stress for different connectors. The maximum von 
mises stress occurred at the interface between steel and 
connector at the root of the connector. As most of the 
specimen failure was due to weld failure. From the static 
analysis, the von mises stresses of stud, circular spiral, open 
link, closed stirrup, rectangular spiral and v-shaped 
connectors were 310Mpa, 493.96Mpa, 292.08Mpa, 
260.41Mpa, 311.84Mpa and 301.04Mpa respectively. 

 

Fig -11 Load-slip curve of shear connectors under 
monotonic loading (Analysis) 

Table 3: Ultimate strength and maximum slip obtained for 
static loading 

Specimen Average Ultimate 
Strength per 
Connector (kN) 

Slip at 
max. load 
(mm) 

Stud type 45.15 4.91 
Circular spiral 49.85 8.08 
Open link 47.47 7.14 
Closed stirrups 46.12 4.65 
Rectangular spiral 45.42 4.37 
V shaped 44.24 6.49 

 

3.5 Cyclic or fatigue loading 

3.5.1 Shear capacity and Load- slip characteristics 

Fatigue analysis is mainly carried out to identify the 
capability of the material to survive the many cycles of 
loading. While many parts may work well initially, they often 
fail in service due to fatigue caused by repeated cyclic 
loading. The repeated loading may effect in the intialisation 
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of micro-cracking. . For the cyclic loading the maximum slips 
for different specimen were 0.28mm for stud type connector, 
1.9mm for circular spiral, closed stirrup having 0.27mm, 
open link with 0.22mm, rectangular spiral and V-shape 
connectors with 2mm and 0.3mm respectively. At each load 
stage, there was increment in the slip obtained in the loading 
program. The maximum slip of 2mm was obtained 
rectangular spiral type of connector. The load-deflection 
hysteresis loops plays an important role and it must be 
generated to evaluate the structural performance during 
seismic events. The Load-deflection hysteresis response 
indicates the energy dissipation capacity of a structure by 
combining the area enclosed by the individual hysteresis 
loops. Load-deflection hysteresis loops of all connectors are 
shown in Fig.13. The load-slip hysteresis was within the 
elastic range for the upper limit of loading cycle reaches 50% 
of its ultimate capacity. The maximum slip was obtained as 
the upper limit of loading cycle reaches to 90% of its 
ultimate shearing capacity. Maximum slip developed 
indicates higher energy dissipation under loading cycle. 

 

Fig -12 Von Mises stress in shear connectors under 
monotonic loading 

3.5.2 Von mises stress 

For a structure under loading, the stresses are always not 
uniaxial. Hence, the stresses in all directions are combined 
and represented as von mises stress. The von mises stress is 
the maximum stress achieved when the connector reaches 
its yielding point. Therefore, it plays a significant role in the 
understanding of failure behavior of structures. The von 
mises stress in the connectors for cyclic loading program are 
shown in the fig.14. The headed stud obtained a maximum 
stress value of 305MPa in the loading cycle. The open link 
shear connector obtained stress of 317MPa. Closed stirrup, 
Circular spiral, Rectangular spiral and V shaped shear 
connectors obtained stresses of 321, 521, 342 and 332MPa. 

 

(a) Stud type 

 

(b) Circular spiral type 

 

(c) Open link type 
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(d) Closed stirrup type 

 

(e) Rectangular spiral type 

 

(f) V-shaped type 

Fig -13 Load-slip curves of shear connectors under cyclic 
loading 

The von mises stress distribution of different shear 
connectors was obtained from the analysis. Under both 

static and fatigue loading procedure, the highest stress was 
shown by circular spiral type shear connector with a value 
of 493.96 and 568.12MPa for static and fatigue loadings 
respectively. The comparison of equivalent von mises 
stress distribution for various connectors are noted in the 
table 4 given. 

 

Fig -14 Equivalent Von mises stress distribution of 
shear connectors under cyclic loading 

Table 4: Comparison of Equivalent Von mises stress in 
connectors 

Type of Connector Static Von 
mises stress 
(MPa) 

Fatigue Von 
mises stress 
(MPa) 

Stud type 310.00 305.02 

Circular spiral 493.36 568.12 
Open link 292.08 317.00 

Closed stirrup 260.41 321.14 
Rectangular spiral 311.84 342.10 

V Shaped 301.04 332.19 
 

3.5.3 Energy Dissipation 

In the case of structures, survival after a seismic loading 
mainly depends on its energy dissipation capacity. Greater 
the energy dissipation, better the performance of specimen. 
For a RC member subjected to cyclic loading, it is a relevant 
parameter. In a typical loading cycle, the energy injected into 
the structure has two forms: dissipated energy and 
recoverable energy. Total energy absorbed by the system is 
the total of dissipated and recoverable energy. The energy 
dissipated encloses the area of the hysteresis loop and 
denotes the capacity of a structural element to mitigate the 
effects due to seismic events, inelastically through inelastic 
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behaviour of reinforcing steel which in turn results in 
excessive cracking and permanent deformation. The energy 
dissipated during each loading cycle is the area within the 
load-deflection hysteresis loop which is calculated using the 
trapezoidal rule. The energy dissipation for different types of 
connectors under cyclic loading program is listed. It can be 
observed that for all the beams, the energy dissipated in the 
first cycle of each displacement level was greater than that in 
the subsequent cycles. The headed stud shear connector has 
an energy dissipation of 43700J. The highest energy 
dissipation was recorded by Rectangular spiral shaped 
connector with 169000J, followed by circular spiral having 
197000J. The closed stirrup shaped connector produced 
34400J, Open Link with 25300J and V-shaped connector 
having 65500J. The energy dissipation of various connectors 
is plotted in the chart fig.15. The possible explanation of 
greater value of dissipated energy in first cycle of loading is 
that when the loading increases, deflection is increased 
which causes the cracks to extend. But the connectors 
present in the path of the cracking tries to resist their 
propagation causing much energy dissipation than the 
subsequent cycles. 

 

Fig -15 Energy dissipation of shear connectors under 
cyclic loading 

4. CONCLUSIONS 

In this study, five push-out specimens were tested 
experimentally and analytically to study the shear behavior 
of rebar shear connectors under the static and fatigue 
loading. The parameters considered for the study includes 
different type of connectors and shapes of rebar connectors 
as well as the load procedure. The failure mode, shear 
capacity, slip, load-slip characteristics, shear stiffness and 
energy dissipation capacities of the various rebar connectors 
were studied. The steel-concrete composite beam specimen 
with different shear connectors were also modelled and 
analyzed to obtain FEM results and compared with 
experimental results. The findings from this study can be 
summarized as follows: 

 The failure modes observed for the experiment 
conducted, where all the specimen was subjected to 
static loading is weld failure. It is viewed that the 
load-slip characteristics and failure mode showed 
the low strength of the heat affected zones in the 
welded joint was a prime reason for the reduction 

in strength or shear capacities of shear connectors 
under monotonic loading. 

 The analysis for studying the shear behavior of 
rebar connectors under static loading revealed 
comparable results with that of the experiment 
conducted. In static loading, the circular rebar 
connector showed the maximum ultimate shear 
capacity of 56.57kN with a maximum slip of 7.4mm. 
Whereas for analytical study showed 49kN.  

 The percentage variation of ultimate shear capacity 
for static loading experimental and analysis were 
13.38% for circular spiral, 5.5% for open link, 
13.79% for closed stirrups, 1.67% for rectangular 
spiral and 17.46% for V-shaped rebar shear 
connectors. 

 The shear capacities and slips of the rebar and stud 
connectors for fatigue loading analysis were much 
below compared to that of static loading. The 
maximum slips obtained by rectangular spiral and 
circular spiral were 2mm and 1.9mm respectively. 
The circular spiral seemed to be not much efficient 
when it was under cyclic loading condition as 
repeated loading cycles enhances more separation 
behavior due to weakening of corners. 

 The Von mises stress under both loading cases 
revealed the circular spiral is having highest Von 
mises stress with 493MPa in static loading and 
568.12MPa in fatigue loading followed by 
Rectangular spiral, Headed stud, V-shaped, Open 
link and Closed stirrups.  

 The highest energy dissipation for cyclic loading 
analysis was recorded by circular spiral having 
197000J followed by rectangular spiral shaped 
connector with 169000J, whereas the headed stud 
shear connector has an energy dissipation of 
43700J. Maximum slip developed indicates higher 
energy dissipation under loading cycle. 
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Abstract - One of the main causes of structural repairs 

worldwide is that the corrosion of ferroconcrete structures, 

like residential buildings and piers, which are exposed to harsh 

marine environments. This investigation aims to guage and 

compare the flexural parameters of the corroded concrete 

beam wrapped with GFRP specimens and ferroconcrete beam 

after fire exposure. Evaluation of the corrosion level of the 

specimens by mass loss measurements and crack scoring were 

done. For this adequate number of ferroconcrete beams are 

going to be caste and tested. After proper moist curing, all 

beams are corroded, in two phases, with accelerated corrosion 

test, then others were exposed to fireside, following the ASTM 

E-119-12 time-temperature curve. Finally, fire testing 

specimens are going to be tested for flexural strength by using 

the four-point loading method and compare the flexural 

properties of ferroconcrete beam with ferroconcrete beam 

wrapped with GFRP  

 
Key Words:  GFRP, accelerated corrosion test, fire test, and 
corroded reinforced concrete beam 
 

1. INTRODUCTION  
 
The deterioration of civil engineering infrastructures such as 

buildings, bridge decks, girders, offshore structures, parking 

structures are mainly due to ageing, poor maintenance, 

corrosion, exposure to harmful environments. These 

deteriorated structures cannot take the load for which they 

are designed. A large number of structures constructed 

within the past using the older design codes in several parts 

of the world are structurally unsafe consistent with the new 

design codes and hence need up gradation. Corrosion leads 

to the decrease of the sectional area of reinforcement [W.P. 

Zhang et. al., 2012] and the reduction of the bond strength 

between the steel bar and concrete [Z.M. Ma, F.Z. Zhu, G.Z. Ba, 

2019]. Corrosion can also change the shear transfer 

mechanisms of RC members. Elevated temperatures 

associated with fire exposure cause severe damage to 

reinforced concrete (RC) structures, resulting in loss of 

strength and stiffness and the development of relatively 

large permanent deformations during and following 

exposure [Lingzhu Chen et. al., 2019]. 

 

The degradation of both concrete and steel reinforcement 

alter  mechanical properties  and thus the redistribution of 

stresses within the beam after fire exposure .The corrosion 

products of steel bars used to reinforce concrete produce a 

high hoop tensile stress, which cause concrete cracking or 

spalling off [Guangzhong Ba, et.al, 2019]. In a fire, the cracks 

caused by the reinforcement corrosion provide passageways 

for warmth transfer into the concrete. It found that heat 

propagation tends to increase within the cracked regions 

compared with undamaged regions at elevated 

temperatures. 

 

The exposure to fireside, either natural or man-induced, can 

aggravate the structural damage in already corroded 

structures. Structural fire safety is one among the most 

concerns in high rise buildings and bridges, where concrete 

members are often utilized because of innate to inherent 

good fire resistance of concrete materials. Structural 

members answer the high temperatures during a fire with a 

mixture of the subsequent detrimental effects: (1) 

Deterioration of fabric properties, i.e. the loss in mechanical 

strength, stiffness and durability; (2) No uniform 

temperatures and stress distributions across the cross 

sections; (3) Induced mechanical stresses thanks to thermal 

expansion and thermal gradient; and (4) Possible spalling of 

concrete, which changes the temperature distribution within 

the concrete and reinforcement. [Hadi, M. N. S. 2018].This 

mix can have devastating consequences on structural 

stability. As per the increasing the technologies and research, 

there are so many methods are introducing for retrofitting 

the structure in many advantages ways.  Introduction of 

Fiber Reinforced Polymer (FRP) Composite is one among 

them. 

 

Reinforced concrete structures near the coastlines are at 

very high risk of corrosion due to the high concentration of 

chloride ions in the environment. [Jialiang Liu et.al. 
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2019].More researches are contacted to increase the stability 

of structures in such areas. Due to the presence of high 

chloride ions structures may corrode and crack will form in 

the structural components. The corroded structures could be 

subjected to elevated temperatures due to a catastrophic 

fire, and the coupled effects of both corrosion and fire 

further deteriorate the integrity of the structure and cause 

earlier failure. The main goals of this research were: Based 

on the mass loss measurements and crack scoring, the level 

of corrosion is compared. Determine the flexural loading 

capacities and load-displacement response of the corroded 

reinforced concrete beam wrapped with GFRP and corroded 

reinforced concrete beam after fire exposure. 

 

2. MATERIALS AND EXPERIMENTAL DETAILS 
 
2.1 Design and Manufacturing Specimen 
 

Sixteen identical beams were designed and manufactured 

with a total length of 500 mm and section size of 150 x 150 

mm and a concrete cover of 25 mm. Among the sixteen 

identical RC beams, uncorrored Specimen II-1, Specimen II-2 

were used for the loading test to obtain its ultimate beating 

capacity. The concrete mixture consisted of ordinary Portland 

cement, natural river sand is passing through 4.75 mm sieve 

and having a specific gravity of 2.59 and the coarse 

aggregates of two grades are used one retained on 10 mm 

size sieve and another grade aggregates retained on 20 mm 

size sieve. The maximum size of coarse aggregate was 20 mm 

and is having specific gravity of 2.85.the cement sand and 

aggregate proportion by weight were  1:1.199:2.33 with a 

water cement ratio of 0.4. The compressive compressive 

strength achieved by concrete cube at 28 days was 32.96 

MPa. Mix proportion of the concrete are shown in Table 1. 

 

Table -1: Details of M25 concrete 
 

Mix proportion of concrete (kg/m3)  

cement 
Fine 

aggregate 

Coarse 

aggregate 

water Water 

cement ratio 

502.825 603.26 1175.99 201.13 0.4 

 
All the specimen is identical with same arrangement of 2 

numbers of 10 mm φ HYSD bars and three bars of 8 mm φ 

steel bars as stirrups. The yields strength of the specimens 

(10 mm φ and 8 mm φ) are averaged 532 (N/mm2) and 523 

(N/mm2). The modulus of elasticity of steel bars was 2 x 105 

MPa. Longitudinal tensile reinforcements were extended 50 

mm at both ends, and they were used to accommodate the 

extra power required during the accelerated corrosion tests. 

2.2 Accelerated corrosion tests 
In this experiment, the acceleration corrosion tests was done 

in two phase. The specimen in the first phase, the specimens 

were used for determining the crack score and material loss 

of reinforcement bar. Second phase specimen were used for 

determine the flexural load capacities of beam.  

 

2.2.1 Phase I specimens accelerated corrosion  

Beam specimens were corroded within the same marine-

simulated environment, that is, a tank crammed with 5% 

NaCl solution. An initial DC voltage of 30V was applied 

following the procedure distributed by Andrade (2008). 

After seen a really high and explosion in current, and an 

oversized quantity of corrosion products within the tank 

(saline water turned orange), then the DC voltage supply was 

reduced to 5V after 30 hours. At 103 hours, the voltage was 

increased to 12V because significant current increases 

weren't observed. The test was ended at 127 hours due to 

the massive quantity of corrosion products within the water 

and therefore the severe concrete spalling within the beams. 

 

2.2.2 Phase II specimens accelerated corrosion 

The experimental setup was similar to that of the phase I. 

Direct current passing through the specimen remain 

constant throughout the experiment. Different degrees of 

corrosion is tabulated within the Table 2. The specimens 

being subjected to the accelerated corrosion 

procedure within the same 130 gallon plastic tank. 

 

2.3 Crack Scoring   

 

Based crack scoring criteria, crack score is evaluated. The 

number of cracks, their average lengths, and maximum 

widths were measured, the total crack score per 

specimen, Cs, was calculated as shown in the following 

equation (1).      

  Cs = No of cracks x average crack length x average max 

crack width                                                         (1) 

Table -2: Time calculation for different degree of 
corrosion 

 
 

  

 

 

 

 

 

 

 

Percentage of 
Corrosion 

Current 
(Amps) 

Duration of 

Corrosion (Days) 

2.5 10 9 

5 10 15 

7.5 10 20 
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2.4 Measurement of Reinforcement Corrosion 

The corroded rebar were initial immersed in acid solution 

for 30 mins before being sent to alkali solution for a further 

10 mins. Afterwards, wetting and drying process were done 

simultaneously. The specimens were weighted at the 

accurate level of 0.01g. The loss percentage of rebar was 

studied by Equation (2). 

 

             Mass loss =     x 100                                 (2)                                                                                       

Where W and Wc are the weight of bars before and after the 

deterioration, respectively. The averaged diameter of at least 

six measurements the specimen of corrored rebar gives the 

value for the area of cross-section of reinforcement. Cross-

section area loss of reinforcements can be determined by 

Equation (3).  

 Section area loss   =      x100                               (3)                                                                 

Where F and Fmin are the section areas of bar before and 

after the corrosion, respectively.   

2.5 Fire Testing 

Six specimens were exposed to elevated temperature 

following the temperature curve of ASTM E-119-12 

“Standard Test Methods for Fire Tests of Building 

Construction and for Fire Tests of Building Construction and 

Materials, and taking into account the reduction in time for 

small scale specimens, based on the test findings of Young 

(2006).  Small scale specimens, based on the test findings of 

Young (2006).An Olympic 2827G Torchbearer gas kiln was 

used for the fire testing of all the specimens Figure 1. 

 

 

 

 

 

Fig-1:.Gas kiln used for fire test 

2.6 Load -Bearing Capacity Test 
Load bearing capacity of the corroded beam and the 

corroded beam wrapped with GFRP was determined using 

the four-point loading method, according to ASTM C78 -

“Standard Test Method for Flexural Strength of Concrete. 

 

 

3. RESULT AND DISCUSSION 

3.1 Cracking and Material Loss Evaluation 

In first phase specimens, a large amount of concrete were 

peeled out due to the weak bonding of reinforcement and the 

concrete. After the accelerated corrosion process the beams 

became more weak and instable. The crack scores for the 

Phase I specimens, are summarized in the histogram, Figure 

2.The mass losses of the reinforcing bars of Phase I 

specimens, were measured as summarized in the histogram, 

Figure.3. 
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Fig-2:  Crack Scores for Phase I, specimens 

 

 

 

 

 

 

 

 

 

 

 

Fig-3: Phase I, Rebar Mass Losses 

As the specimen is subjected to same corrosion, some of the 

beams show high level of corrosion compared with other 

ones. This is because of the localized corrosion. This leads to 

the premature spallation of concrete, leading to extreme loss 

of cross- sectional area of the rebar. Table 3. records the 

observations of whether corrosion pitting corrosion or 

uniform corrosion occurred in the specimens. As the level of 

corrosion increases, there was a rise in the mass loss, this 

leads to the pitting corrosion.  
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Most specimens of Phase I, specimens, experienced a 

corrosion mass loss of less than 7%, with only two specimens 

presenting corrosion mass loss above 10%, due to localized 

corrosion of the rebar. The three least corroded specimens (I-

3, I-5, and I-6) had the three corresponding lowest crack 

scores. However, due to some corrosion-induced segmental 

deboning, occurring at the end of the specimens, higher crack 

scores were observed for specimens I-1, I-2, and I-4. 

As the Table 3, two forms of corrosion were spot out in the 

reinforcements, specified as uniform corrosion as well as 

pitting corrosion. The horizontal corrosion in the steel bar 

was quantitatively evaluated from the perspective of mass 

loss and cross-sectional loss. For samples corroded only 

under uniform corrosion, the ratio of mass loss to cross-

sectional loss is approximately 1.0, which indicates that both 

the mass loss and the cross-sectional area loss of the steel bar 

may reflect the degree of corrosion of the steel bar. When the 

steel bars are corroded in a uniform manner, both methods 

can effectively measure the corrosion state. The samples with 

pits show that the ratio of mass loss to cross-sectional area 

loss is much less than 1.0. Therefore, the quality loss of the 

steel bar cannot properly represent the corrosion level, 

because the occurrence of pitting corrosion significantly 

affects the mechanical properties of the steel bar due to the 

modification of the cross-sectional area. 

3.2 Flexural Testing  

After the corrosion of phase II specimens, were subjected to 

fire in the kiln. For every 15 min the temperature were 

measures and plotted. The ASTM E 119-12 temperature 

curve, as shown in Figure 4. As the specimen were corroded 

in different degree of corrosion ,the beam show a severe 

spalling of concrete and show a reduction in the strength of 

the beam compared with the controlled beam.Table 4 shows 

Ultimate Load & Deflection for Different Percentages of   

Beams corrosion. Table 5 show the Ultimate Load & 

Deflection for Different Percentages of corroded Beams 

wrapped with GFRP. 

3.3 Load Vs Deflection Curves for Specimen 

Four-point static loading was done on the beam and at each 

increment of 5 kN, deflections were taken. All the specimen 

show a reduction in the load carrying capacity. Using this 

load and deflection of beam, load vs deflection curves were 

plotted. At the load of 25 kN initial cracks were started on 

the beam. As the load increases the cracks started 

propagating throughout the length. The specimen wrapped 

with GFRP show a positive nature in attain load carrying 

capacity. Figure 5 and Figure 6 shows the load vs. deflection 

curves for corroded concrete beam wrapped with GFRP 

specimens and reinforced concrete beam after fire exposure. 

               Table 3: Phase I, Rebar Mass Loss Measurements 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig-4: Temperature curve of fire exposure of Phase I 

beams 

The 0% corroded beams increases the load carrying capacity 

14% when strengthened with 1.2mm thick of GFRP sheet. 

After strengthening the 2.5%, 5%, 7.5% corroded beams the 

flexural loading capacity of the beam increases by 7%, 5% 

and 2%. 

 

 

 

 

Specimen ID Mass Loss 
(%) 

Note 

I-1 6.97 Corrosion-induced 

segmental 

debonding/Pitting 

corrosion 

I-2 13.10 Corrosion-induced 

segmental 

debonding/Pitting 

corrosion 

I-3 4.08 Uniform corrosion 

I-4 17.35 Corrosion-induced 

segmental debonding/ 

Pitting corrosion 

I-5 4.93 Uniform corrosion 

I-6 4.17 Uniform corrosion 
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Table: 4 Ultimate Load & Deflection for Different 
Percentages of Beams corrosion 

 

Table: 5 Ultimate Load & Deflection for Different 
Percentages of corroded Beams wrapped with GFRP 

 

 

Fig-5: shows the load vs. deflection curves for corroded 
and reinforced concrete beam after fire exposure. 

Fig-6: shows the load vs. deflection curves for corroded 

concrete beam after fire exposure wrapped with GFRP 

specimens. 

4. CONCLUSIONS AND FURTHER RESEARCH 

 As the corrosion period increases the rate of corrosion 

also start increasing. Corrosion level of steel bars should 

be estimated based on cross-sectional area loss rather 

than quality loss, especially for steel bars with corroded 

pits. Through the loss of cross-sectional area to enhance 

the degree of corrosion of steel, especially for pitting 

corrosion of steel. 

Specimen 
ID 

Beam 
Specimen 

Initial 
Crack 
Load 
(kN) 

Ultimate 
Load 
(kN) 

Deflectio

n (mm) 

Specimen 
II-1 

0 % 25 95 10.2 

Specimen 
II-3 

2.5% 20 90 12.1 

Specimen 
II-4 

5% 15 85 10.6 

Specimen 
II-5 

7.5% 10 70 8.9 

Specimen 
ID 

Beam 
Specimen 

Initial 
Crack 
Load 
(kN) 

Ultimate 
Load 
(kN) 

Deflection 

(mm) 

Specimen 
II-1 

0 % 25 95 10.2 

Specimen 
II-3 

2.5% 20 90 12.1 

Specimen 
II-4 

5% 15 85 10.6 

Specimen 
II-5 

7.5% 10 70 8.9 
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 Flexural loading capacity of the corroded and fired can 

be improved when the beams was wrapped externally 

with GFRP sheets. 

 The initial cracks in the strengthened beams are formed 

at a higher load compared to the ones in the control 

beam. 

 The 0% corroded beams increases the load carrying 

capacity 14% when strengthened with 1.2mm thick of 

GFRP sheet. 

 The 2.5 % corroded beams increases ultimate load 

carrying capacity by 7 % when strengthened with 

1.2mm thick of GFRP sheet. 

 The 5 %and 7.5 % corroded beams increases ultimate 

load carrying capacity by 5% and 2% respectively when 

strengthened with 1.2mm thick of GFRP sheet. 

 Usage of GFRP sheets upgrade the load carrying 

capacity; the crack propagation and toughness of beam 

can be detained. Decrees in the deflection indicates the 

rise in stiffness. 

 This paper has conducted a preliminary study on the 

influence of steel bar corrosion on the fire resistance of 

concrete beams, but there are still some limitations that 

need further study. The percentage of the package is 

different, and the result is compared with the control 

beam. FRP strengthening of corroded and fired RC beam 

with different types of fibers such as carbon, aramid & 

basalt. Strengthening of corroded and fired RC beam 

weak in shear. The flexural behavior of corroded and 

fired reinforced concrete beams strengthened with 

different sizes of GFRP sheets. 
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Abstract
This paper presents the details of studies carried out to 
investigate the fracture energy of fiber-reinforced rubcrete with 
an aim to assess the improvement in ductility. A three-point 
bend beam test was carried out using 18 mixes with compressive 
strength of 20 N/mm2 as per RILEM TC-50 FMC. Experiments 
were carried out on four rubcrete mixes (with 5, 10, and 15% 
replacement of fine aggregates with crumb rubber), three 
polypropylene fiber-reinforced concrete mixes (with 0.1, 0.2, 
and 0.3% of polypropylene fibers occupying the total volume of 
concrete), and four steel fiber mixes (with 0.25, 0.5, 0.75, and 1% 
of steel fibers occupying the total volume of concrete). The fiber-
reinforced rubcrete mixes included rubcrete mixes with 15% of 
fine aggregate replacement with crumb rubber. Fracture energy 
obtained using the work of fracture method provides an insight 
into the ductility and toughness of concrete. The results of the 
study indicated that for rubcrete beams, the fracture energy 
was increased by 14% for rubcrete with 15% crumb rubber. The 
fracture energy of steel fiber-reinforced concrete beam with 1% 
steel fiber content was 56% higher than the fracture energy of 
ordinary concrete. The fracture energy of steel fiber-reinforced 
rubcrete beam with 1% steel fiber content and 15% crumb 
rubber content was 92% more than the fracture energy of the 
ordinary concrete beam. For polypropylene fiber-reinforced 
concrete beam with 0.3% polypropylene fiber content, the 
fracture energy was improved by 27%. In the polypropylene 
fiber-reinforced rubcrete beam with 15% crumb rubber content 
and 0.3% polypropylene fibers, the enhancement in fracture 
energy was 57%. Significant improvement in ductility was 
achieved using steel fiber-reinforced rubcrete mix with 1% steel 
fibers and 15% crumb rubber when compared to concrete.

Keywords: Fiber-reinforced rubcrete, Fracture energy, 
Polypropylene fibers, Rubcrete, Steel fibers.

1. INTRODUCTION
The vast outreach of concrete as a construction material has 
been phenomenal [1,2]. Being the most prominent material used 
in the construction industry, concrete has been extensively 
researched [3]. One of the main drawbacks of using concrete is 
its brittle nature [4,5].The use of reinforced concrete in structures 

*Corresponding author : Anand Raj, Email: anandrajce@gmail.com

has been able to impart some amount of ductility to structural 
elements. But, still, the demand for improved ductility is rising 
owing to the urge of the designers to push the structures to 
their limiting strength. So, efforts have been undertaken to 
further improve the ductility of concrete [6,7,8]. One of the means 
to enhance the ductility of concrete is by using tyre crumb 
rubber as a replacement of fine aggregates in concrete [9,10]. 
The concrete in which the mineral aggregates are replaced 
with rubber particles is generally termed as Rubcrete [11]. Along 
with the improvement in ductility, enhanced energy absorption 
characteristics and toughness make rubcrete an attractive 
substituent to ordinary concrete. But, the compressive strength 
and tensile strength of rubcrete are lower than that of ordinary 
concrete when worn-out tyre rubber was used to replace 
aggregates [12]. The reduction in compressive strength and tensile 
strength could be compensated to some extent if the graded 
rubber particles used were pre-treated [13]. Improvements in 
energy absorption characteristics and toughness of concrete can 
be achieved by the addition of fibers. An increase in strength 
can be noticed by the addition of steel fibers in concrete [14]. 
Hence, when steel fibers are added into rubcrete, the resulting 
fiber-reinforced rubcrete possesses improved strength when 
compared to ordinary rubcrete. Presence of internal voids 
in rubcrete leads to a quicker generation of microcracks in 
rubcrete in comparison with ordinary concrete [15]. A remedy to 
this problem can be achieved by using polypropylene fibers 
in rubcrete. Polypropylene fibers suppress the generation 
of microcracks in concrete to an extent [16]. Cifuentes [17] have 
reported that the fracture energy of concrete increases with the 
addition of polypropylene fibers. Using fiber-reinforced rubcrete 
can result in saving precious natural aggregates. Utilising worn-
out crumb rubber provides a solution for problems associated 
with their disposal. Thus, using fiber-reinforced rubcrete sustains 
the natural resources for the use of future generations. 

But, before utilizing the materials in actual structures, a thorough 
understanding of the material behavior is essential. Fracture 
energy is an ideal tool for analysing the ductility of concrete [18,19]. 
Fracture energy is defined as the energy that has to be spent 
to generate a unit area of crack [20]. The work of fracture method 
proposed by Hillerborg [21] is considered as an effective method 
to determine the fracture energy of concrete [22-25]. Fracture 
energy is an effective tool to quantify the toughness of a quasi-
brittle material like concrete [26]. The characteristic fracture length 
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of materials obtained by using the work of fracture method gives 
an indication of the ductility of the material [27,28]. Though fiber-
reinforced rubcrete has the potential to be used in applications 
that require high energy absorption capacity and ductility, it is 
essential to prove its ability through scientific investigations. 
Hence, this paper highlights the fracture energy studies, as per 
RILEM TC-50 FMC, carried out on beams 60 × 100 × 500 mm [29] 
for steel and polypropylene fiber-reinforced rubcrete. 

2. EXPERIMENTAL INVESTIGATIONS
Fracture energy (Gf) of conventional concrete, rubcrete, fiber-
reinforced concrete, and fiber-reinforced rubcrete was found 
out using beams of dimension 60 × 100 × 500 mm. The effective 
span of the beam during loading was 400 mm. 

2.1 Materials and Mix Proportions
Portland pozzolana cement adhering to IS 1489 (Part 1): 1991, 
manufactured sand, 12.5 mm size coarse aggregate, crumb 
rubber, and fibers were used in the study. The specific gravity of 
manufactured sand and coarse aggregates were 2.67 and 2.79, 
respectively. The crumb rubber of density 650 kg/m3 was sieved 
to get the same particle size as that of the manufactured sand. 
The gradation curve for fine aggregates with crumb rubber 
is shown in Figure 1. Crimped steel fibers and polypropylene 
fibers have been used to enhance the energy absorption 
capacity of concrete. The properties of the fibers used in the 
study are shown in Table 1. Tables 2 and 3 show the details 
of the specimens and mix proportions for the mixes. The 
maximum percentage of replacement of fine aggregates with 
crumb rubber was limited to 15% since the preliminary study on 
the compressive strength of rubcrete with 20% crumb rubber 
indicated a reduction in strength of more than 30% of that of the 
conventional concrete. 

Initially, the aggregates were mixed thoroughly. Then cement 
was added, and mixing was carried out to obtain a uniform 
mix. The crumb rubber particles were immersed in polyvinyl 
alcohol solution, having 2% of polyvinyl alcohol of the weight of 
water used to dip them. After 30 minutes of soaking in polyvinyl 

alcohol solution, the crumb rubber particles were added to the 
fine aggregates and mixed thoroughly. Sufficient care was taken 
to obtain a uniform mixture during the addition of fibers. 

2.2 Testing of Notched Beams
The fracture energy (Gf) was determined by conducting 
experimental investigations on notched beam specimens of 
dimension 60 × 100 × 500 mm. A notch depth of 30 mm was 
provided at the center of the beam bottom. The load-deflection 
curve of the notched beam subjected to a three-point bend 
beam test can be used to determine the fracture energy of 
concrete as per RILEM TC-50 FMC. Figures 2 and 3 present the 
details of testing of notched beams. Testing of the notched 
beam was carried out on a displacement-controlled universal 
testing machine at a strain rate of 0.2 mm per minute. 

 Gf = 
W0 + mgδ0

Alig

 (1)

where Gf is the fracture energy in Nm/m2, W0 is the area under 
the load-deflection graph expressed in Nm, m is the sum of self-
weight of the beam between the supports expressed in kg, δ0 
is the deformation of the beam at failure in meter, and Alig is the 
projection of the fracture zone on a plane perpendicular to the 
beam axis expressed in m2.

A typical load-deflection curve obtained from the testing of 
notched beams is shown in Figure 4. The area under the curve 
was estimated by using the trapezoidal rule. The maximum 
deflection at failure is directly measured using the dial gauge 
fixed at the bottom of the beam.

The characteristic fracture length of materials was calculated 
based on Equation 2.

 Lc = 
Ec Gf

ft
2

 (2)

Table 1: Properties of fibers used in the study
STEEL FIBERS

Length 30 mm

Aspect ratio 60

Tensile strength 1100 N/mm2

POLYPROPYLENE FIBERS

Fiber length 12 mm

Tensile strength 551 N/mm2

Diameter 0.02

Figure1: Gradation curve for fine aggregates
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P

100 mm

400 mm

Notch 30 mm deep

500 mm

where Lc is the characteristic fracture length in mm, Ec  and ft 

are the modulus of elasticity and tensile strength of concrete, 
respectively, obtained as per IS: 456 (2000), and Gf is the fracture 
energy of concrete in Nmm/mm2.

3. RESULTS AND DISCUSSIONS 
Figure 5 presents the load-deflection curves for rubcrete 
specimens in which the fine aggregates were replaced with 
crumb rubber by 5, 10, and 15%. It can be observed that, as the 

percentage of crumb rubber replacing an equal volume of fine 
aggregates increases, the peak load decreases. The initial slope 
of the load-deflection curve decreased, and the deflection at the 
peak load had shifted when compared to the ordinary concrete 
beam. The decrease in the initial slope of the load-deflection 

Table 2: Details of specimens
SPECIMEN ID NUMBER OF 

SPECIMENS CAST
RUBBER  

CONTENT (%)
STEEL FIBER
CONTENT (%)

POLYPROPYLENE 
FIBER CONTENT (%)

COMPRESSIVE 
STRENGTH

(N/mm2)

R1 3 0 0 0 35

R2 3 5 0 0 34

R3 3 10 0 0 30

R4 3 15 0 0 26

S1 3 0 0.25 0 35

S2 3 0 0.5 0 36

S3 3 0 0.75 0 37

S4 3 0 1 0 37

SR1 3 15 0.25 0 33

SR2 3 15 0.5 0 35

SR3 3 15 0.75 0 36

SR4 3 15 1 0 35

P1 3 0 0 0.1 33

P2 3 0 0 0.2 34

P3 3 0 0 0.3 35

PR1 3 15 0 0.1 26

PR2 3 15 0 0.2 27

PR3 3 15 0 0.3 29

Note: R1, R2, R3, and R4 : Rubcrete with 0, 5, 10, and 15% replacement of fine aggregates with crumb rubber
 S1, S2, S3, and S4 : Steel fiber-reinforced concrete with 0.25, 0.5, 0.75, and 1% steel fibers
 SR1, SR2, SR3, and SR4 : Steel fiber-reinforced rubcrete (15% crumb rubber) with 0.25, 0.5, 0.75, and 1% steel fibers
 P1, P2, and P3 : Ordinary concrete with 0.1, 0.2, and 0.3% with polypropylene fibers
 PR1, PR2, and PR3 : Polypropylene fiber-reinforced rubcrete (15% crumb rubber) with 0.1, 0.2, and 0.3% polypropylene fibers

Figure 2: Schematic diagram of testing of beams Figure 3: Testing of beams
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curve can be related to the significant deflection of the beam at 

a particular load with an increase in the crumb rubber content. 

It can also be noticed from the load-deflection curve of the 

rubcrete beams that as the percentage of crumb rubber in the 

concrete increases, the hardening of the descending part of 

the post-peak section of the load-deflection curve showed an 

increase. As a result, the maximum deformation for the beam 

increased by 9%, with an increase in the crumb rubber content 
by 15%. The reduction in the peak loads with the increase 
in crumb rubber content may be due to the relatively quick 
breaking of the inter material bonds within the material matrix 
due to the presence of voids induced by the introduction of 
crumb rubber. Due to the aforementioned reasons, the fracture 
energy of rubcrete beams increased with an increase in crumb 
rubber content. 

Figure 4: Sample load-deflection curve

Figure 5: Load-deflection curves of rubcrete beams

Table 3: Mix proportions 
MIX 
ID

CEMENT COARSE 
AGGREGATES

WATER RUBBER STEEL FIBERS POLYPROPYLENE 
FIBERS

FINE 
AGGREGATES

R1 1 3.788 0.45 0 0 0 1.908

R2 1 3.77 0.45 0.024 0 0 1.854

R3 1 3.77 0.45 0.047 0 0 1.757

R4 1 3.77 0.45 0.071 0 0 1.659

S1 1 3.788 0.45 0 0.056 0 1.908

S2 1 3.788 0.45 0 0.113 0 1.908

S3 1 3.788 0.45 0 0.169 0 1.908

S4 1 3.788 0.45 0 0.227 0 1.908

SR1 1 3.788 0.45 0.071 0.056 0 1.659

SR2 1 3.788 0.45 0.071 0.113 0 1.659

SR3 1 3.788 0.45 0.071 0.169 0 1.659

SR4 1 3.788 0.45 0.071 0.227 0 1.659

P1 1 3.719 0.45 0 0 0.0026 1.873

P2 1 3.719 0.45 0 0 0.0052 1.873

P3 1 3.719 0.45 0 0 0.0078 1.873

PR1 1 3.719 0.45 0.07 0 0.0026 1.629

PR2 1 3.719 0.45 0.07 0 0.0052 1.629

PR3 1 3.719 0.45 0.07 0 0.0078 1.629

Note: The proportions presented in Table 3 are in terms of weight  fractions per kilogram of cement.

1.2

1

0.8

0.6

0.4

0.2

0

0.00 0.10 0.20 0.30

Deflection (mm)

Lo
a
d

 (
kN

)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0.00 0.20 0.40 0.60 0.80

Lo
a
d

 (
kN

)

Deflection (mm)

R1

R2

R3

R4



41THE INDIAN CONCRETE JOURNAL | JUNE 2021

TECHNICAL PAPER

Figures 6 and 7 present the load-deflection curves of the 

polypropylene fiber-reinforced concrete and polypropylene 

fiber-reinforced rubcrete beams. From the load-deflection 

curve of the polypropylene fiber-reinforced concrete, it can 

be seen that the deflection corresponding to the peak load 

increased with an increase in fiber content. This is primarily 

because of the ability of the polypropylene fibers to hold 

the material constituents together until the generation of 

microcracks. Hence, higher energy had to be expended to 

break the bonds established by polypropylene fibers with other 

material constituents. Once the microcracks had widened, 

the polypropylene fibers did not have any significant effect on 

the behavior of concrete. For polypropylene fiber-reinforced 

rubcrete beams, apart from the action of polypropylene 

fibers, the effect of crumb rubber had resulted in a prolonged 

deflection at peak load. The descending part of the 

polypropylene fiber-reinforced concrete beams had a reduced 

softening trend in comparison with the descending curve of the 

ordinary concrete beam. The reduction in softening of the post-
peak slope can be attributed to the action of the polypropylene 
fibers that were still able to provide some resistance to the 
generation of cracks. As a result, for the polypropylene fiber 
content of 0.2 and 0.3%, the fracture energy had shown an 
increase with an increase in fiber content. The maximum 
deflection at the failure of polypropylene fiber-reinforced 
rubcrete beams was 9% greater than that of polypropylene 
fiber-reinforced concrete beams. This combined action of 
polypropylene fibers and crumb rubber resulted in increased 
fracture energy for polypropylene fiber-reinforced rubcrete 
beams with an increase in polypropylene fiber content.

Figures 8 and 9 depict the load-deflection curve of steel 
fiber-reinforced concrete and steel fiber-reinforced rubcrete 
beams. It can be noticed that for steel fiber-reinforced concrete 
beams, the softening slope in the post-peak section of the 
load-deflection curve was reduced when the content of steel 
fibers was increased. In the case of steel fiber-reinforced 

Figure 6: Load-deflection curves of polypropylene fiber-reinforced 
concrete beams

Figure 8: Load-deflection curves of steel fiber-reinforced concrete beams

Figure 7: Load-deflection curves of polypropylene fiber-reinforced 
rubcrete beams

Figure 9: Load-deflection curves of steel fiber-reinforced rubcrete beams
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rubcrete beams, the softening slope of the descending part 
of the curve was further reduced. The maximum deflection for 
steel fiber-reinforced rubcrete beams was increased by 15% 
for a steel fiber content of up to 0.5% when compared to that 
of steel fiber-reinforced concrete beams. The increase in the 
deflection of steel fiber-reinforced rubcrete beam having steel 
fiber content of 1% was 22% more than the maximum deflection 
of steel fiber-reinforced concrete beam having the same steel 

fiber content. It can be seen that the percentage increase in 

the maximum deflection is greater for steel fiber-reinforced 

rubcrete beams when compared to that of polypropylene fiber-

reinforced rubcrete beams. This may be because of the ability of 

steel fibers to enforce macrocrack control, whereas the action of 

polypropylene fibers is insignificant after the peak load.

The profile of the fractured surface was obtained using the 

ALICONA instrument (Figure 10). The failure profile of concrete 

specimens subjected to the three-point bend beam test, plotted 

using the ALICONA instrument, is provided in Figure 11. It can 

be seen from the failure profile that the failure plane comprised 

of an even profile indicating a brittle nature of the failure. The 

failure profile of rubcrete specimens subjected to a three-point 

bend beam test can be seen in Figure 12. When compared to 

the profile of the failure plane of the concrete specimen, the 

profile of the rubcrete specimen has more consecutive troughs 

and peaks. The presence of these consecutive troughs and 

peaks indicates a less brittle failure when compared to that of 

the concrete specimen. As a result, the fracture energy obtained 

for rubcrete specimens was more than that of the concrete 

specimen.

Figure 10: ALICONA instrument

 Fractured surface Profile of fractured surface

Figure 11: Failure profile of concrete specimen subjected to three-point bend beam test

	 Fractured	surface	 Profile	of	fractured	surface

Figure 12: Failure profile of rubcrete specimen subjected to three-point bend beam test
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Figure 13 presents the failure profile of a portion of the 
polypropylene fiber-reinforced rubcrete specimen subjected 
to a three-point bend beam test. The profile of the failure 
plane of polypropylene fiber-reinforced rubcrete specimen 
comprised of more profound valleys and peaks when 
compared to that of the concrete and rubcrete specimen. 
This may indicate the resistance offered by the polypropylene 
fibers to the process of degeneration of bonds between 
the particles of the components of the material matrix. The 
failure profile of a portion of the steel fiber-reinforced rubcrete 
specimen, presented in Figure 14, indicates much more regular 
arrangement of peaks and valleys. This regular arrangement 
indicates the resistance offered by the bonds to failure and a 
predominantly ductile failure. The irregularities in the failure 
profiles of steel fiber-reinforced rubcrete and polypropylene 
fiber-reinforced rubcrete justify the increase in their fracture 
energies. 

Table 4 shows the fracture energy absorbed by the beams. 
It can be noted that as the percentage of the volume of fine 

aggregates replaced by crumb rubber increases, the fracture 
energy of the specimen increases. The enhancement in the 
fracture energy of rubcrete beams were 4, 7, and 14% for crumb 
rubber content of 5, 10, and 15%, respectively. Improvement 
in fracture energy of steel fiber-reinforced concrete specimens 
were by 9, 22, 39, and 56% for the steel fiber content of 0.25, 0.5, 
0.75, and 1%, respectively. For steel fiber-reinforced rubcrete 
beams with 15% replacement of fine aggregates by crumb 
rubber, improvement of 16, 31, 83, and 99% was observed in 
fracture energy for the steel fiber content of 0.25, 0.5, 0.75, and 
1%, respectively. No significant improvement in fracture energy 
was noted for polypropylene fiber-reinforced concrete beams 
with 0.1% polypropylene fiber content in comparison with the 
fracture energy of ordinary concrete beams. Enhancement 
in fracture energy was 21 and 27% for polypropylene fiber-
reinforced concrete beams with 0.2 and 0.3% polypropylene 
fiber content, respectively. For polypropylene fiber-reinforced 
rubcrete beams, the fracture energy was improved by 23, 51, 
and 26% for polypropylene fiber content of 0.1, 0.2, and 0.3%, 
respectively. 

	 Fractured	surface	 Profile	of	fractured	surface

Figure 13: Failure profile of polypropylene fiber-reinforced rubcrete specimen subjected to three-point bend beam test

	 Fractured	surface	 Profile	of	fractured	surface

Figure 14: Failure profile of steel fiber-reinforced rubcrete specimen subjected to three-point bend beam test



44 THE INDIAN CONCRETE JOURNAL | JUNE 2021

TECHNICAL PAPER

Table 5 presents the characteristic fracture length obtained 
for the materials. It can be seen that 32% improvement was 
noticed in the characteristic fracture length of rubcrete with 
15% crumb rubber when compared to that of concrete. The 
characteristic fracture length of steel fiber-reinforced concrete 
was improved by 52% when compared to that of concrete 
when the steel fiber content was 1%. An enhancement of 
100% was obtained in the characteristic fracture length of steel 
fiber-reinforced rubcrete with 1% steel fiber content and 15% 
crumb rubber. The polypropylene fiber-reinforced rubcrete 
beams and polypropylene fiber-reinforced concrete beams 
showed an improvement of 72 and 28%, respectively, when 
their characteristic fracture length was compared with that of 
concrete. An increase in characteristic fracture length indicates 
improvement in ductility of the material. Hence, it can be 
noticed that significant improvement in ductility can be obtained 
when steel fiber-reinforced rubcrete beams having steel fiber 
content of 1% and crumb rubber content of 15% are used 
instead of concrete. 

4. CONCLUSION
Three-point bend beam tests were conducted on 18 beams 
of dimension of 60 × 100 × 500 mm made of steel and 
polypropylene fiber-reinforced rubcrete mixes of grade M 
20. The characteristic fracture length of the materials was 

Table 5: Characteristic fracture length of materials
SPECIMEN ID FRACTURE ENERGY  

(Nm/m2)
MODULUS OF 
ELASTICITY

(N/mm2)

TENSILE STRENGTH 
OF MIXES  
(N/mm2)

CHARACTERISTIC 
FRACTURE LENGTH

 (mm)

% INCREASE

R1 46.31 29580.4 4.14 79.9 0

R2 48.21 29154.76 4.08 84.4 6

R3 49.95 27386.13 3.83 93.1 17

R4 52.86 25495.1 3.57 105.8 32

S1 50.48 29580.4 4.14 87.1 9

S2 56.9 30000 4.20 96.8 21

S3 64.5 30413.81 4.26 108.2 35

S4 72.5 30413.81 4.26 121.6 52

SR1 53.8 28722.81 4.02 95.6 20

SR2 60.9 29580.4 4.14 105.0 32

SR3 84.9 30000 4.20 144.4 81

SR4 92.5 29580.4 4.14 159.5 100

P1 45.3 28722.81 4.02 80.5 1

P2 56.19 29154.76 4.08 98.3 23

P3 59.14 29580.4 4.14 102.0 28

PR1 57.26 25495.1 3.57 114.6 43

PR2 70 25980.76 3.64 137.5 72

PR3 72.6 26925.82 3.77 137.6 72

Table 4: Fracture energy absorbed by beams
SPECIMEN 

ID
TOTAL  

WORK DONE  
(Nm)

FRACTURE 
ZONE 

PROJECTION 
(m2)

FRACTURE 
ENERGY 
(Nm/m2)

%  
INCREASE

R1 0.196 0.0042 46.31 0.00

R2 0.2025 0.0042 48.21 4.10

R3 0.2098 0.0042 49.95 7.86

R4 0.222 0.0042 52.86 14.14

S1 0.212 0.0042 50.48 9.00

S2 0.239 0.0042 56.9 22.87

S3 0.2712 0.0042 64.5 39.28

S4 0.3027 0.0042 72.5 56.55

SR1 0.2405 0.0042 53.8 16.17

SR2 0.294 0.0042 60.9 31.51

SR3 0.305 0.0042 84.9 83.33

SR4 0.3887 0.0042 92.5 99.74

P1 0.1905 0.0042 45.3 -2.18

P2 0.236 0.0042 56.19 21.33

P3 0.2484 0.0042 59.14 27.70

PR1 0.2405 0.0042 57.26 23.65

PR2 0.294 0.0042 70 51.16

PR3 0.305 0.0042 72.6 56.77
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determined to assess the ductility of the beams. The major 
conclusions from the study are as follows.

•	 The fracture energy of rubcrete beams increased with an 
increase in the percentage replacement of fine aggregates 
with crumb rubber. In the case of rubcrete beams, the 
fracture energy was increased by 14% for rubcrete beams 
with 15% crumb rubber. The characteristic fracture length 
was increased by 32%.

•	 For polypropylene fiber-reinforced concrete beam with 
0.3% polypropylene fiber content, the fracture energy was 
improved by 27%. In the polypropylene fiber-reinforced 
rubcrete beam with 15% crumb rubber content and 0.3% 
polypropylene fibers, the enhancement in fracture energy 
was 57%. Improvement in characteristic fracture length of 
28 and 72%, respectively, was observed for polypropylene 
fiber-reinforced concrete and polypropylene fiber-
reinforced rubcrete, respectively.

•	 The fracture energy and characteristic fracture length of 
steel fiber-reinforced concrete with 1% steel fiber content 
were enhanced by 56 and 52%, respectively, over that of 
ordinary concrete. The fracture energy and characteristic 
fracture length of steel fiber-reinforced rubcrete with 1% 
steel fiber content and 15% crumb rubber content was, 
respectively, 92 and 100% more than that of the ordinary 
concrete.

•	 A notable improvement in ductility can be obtained when 
steel fiber-reinforced rubcrete beams with a steel fiber 
content of 1% and crumb rubber content of 15% are used 
instead of concrete beams.

It can be concluded that the increased fracture energy of fiber-
reinforced rubcrete makes it suitable for application in structures 
which require significant energy absorption. The use of fiber-
reinforced rubcrete results in limiting the exploitation of fine 
aggregates. Thus, fiber-reinforced rubcrete helps to sustain the 
precious natural resource. 
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ABSTRACT

Clean drinking water sources are polluted day by day due to improper discharge of untreated or
partially treated effluents, even though more than 2% of the world’s electrical energy is used for
sanitation. Huge amount of coconut water is wasted from copra industries.  Waste coconut water
is either discharged directly into the soil or drained without any treatment from most of the small/
medium-scale copra processing units. This in turn results in soil contamination, groundwater-
leaching problems and emission of bad odours. Microbial Desalination cell (MDC) is a bio-
electrochemical system that simultaneously generates electricity from the biodegradation of
organic compounds and desalinate saline water using the electric potential created. The present
study evaluates the potential of a three-chambered MDC, to reduce the organic strength of coconut
water in a sustainable manner with production of bioenergy. This paper analyzed the role of
various factors such as KMnO4 concentration as the electron acceptor (Catholyte), concentration of
saline brackish water in the central chamber, Catholyte pH, and temperature on COD removal
efficiency using MDC. The electric potential generated from MDC was also measured
simultaneously.  Using an optimized KMnO4 concentration of 2500 mg/l at pH 5 as Catholyte and
brackish water concentration of 2000 mg/l in the central chamber, MDC produced a COD removal
efficiency of 47.68 % using Aluminium electrode within 102 hours of detention period at ambient
temperature. The cell could generate an electric potential of 1.1 V consistently for a period of more
than 24 hours.

KEY WORDS : Waste coconut water, Microbial Desalination Cell, Sustainable treatment,
COD removal efficiency, Copra industry, Bioenergy.

INTRODUCTION

Energy and water are the two key resources facing
growing demands and constraints throughout the
world, as a result of economic and population
growth. Most freshwater resources face terrible
contamination due to discharges from domestic,
agricultural and industrial sources (Ballesteros et al.,
2016; Li et al., 2020). The total primary energy supply
(TPES) of India in 2017 was 882 million tons of oil
equivalent (Mtoe), of which 37.4% was imported
from other countries. The total emission of carbon
dioxide associated with all energy sources has been
recorded as 2162 Mt (IEA, 2017). A National Action

Plan on Climate Change (NAPCC) was adopted in
2008 to support India’s development goals, with the
aim of enhancing energy efficiency, sustainable
ecosystems, waste management practices, etc. Other
missions were added in2015, such as waste-to-
energy, which would improve energy production
and minimize carbon dioxide emissions through the
use of other fossil fuels (IEA, 2020).

For a developing country like India, agriculture
and associated sectors are very important,
employing over 70 % of the rural population and 10
percent of the urban population (Archana, 2019).
Coconut cultivation and related industries generate
tens of millions of jobs in Asia and around the world
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(Prades et al., 2016). The coconut is an important
agriculture crop, closely linked to India’s socio-
cultural requirements and plays an important role in
the national economy as a viable cause of rural
employment and earnings (Yamuna and Ramya,
2016). India has produced a total of 21,384.33 million
nuts, the largest coconut producer in the world,
according to 2018-2019 statistics reported by the
Coconut Development Board (CDB). Copra and
coconut oil, from several products such as
desiccated coconut, coconut milk, coconut milk
powder, coconut cream, and virgin coconut oil, are
the most important value-added products from
mature coconut fruit. Kernel and copra products are
considered by almost all major coconut growing
countries in Asia as their main economic product
(Perera et al., 2015).

According to the report of ‘Price Policy for Copra:
2019 Season’, by the Ministry of Agriculture and
Farmers Welfare, Government of India, 39 % nuts
are used in the copra production and 14 % used for
other value-added products. The enormous quantity
of coconut water remained unused during copra
processing, with very high COD varying from 45000
to 50000 mg/l. Coconut water is in its sweetest state
at the tender coconut stage (7 to 9 months) and has
wide acceptance as a natural health drink. But at
maturity (10-13 months), due to the development of
the kernel, the amount of water inside the shell
decreases. With a higher concentration of amino
acids, proteins, vitamins and minerals such as K, Na,
Ca, etc., the sugar and phenolic content in matured
coconut water is quite poor and this reduces the
taste and acceptability of mature coconut water on
the commercial sector. Upon maturity, the rise in the
pH of coconut water decreases its shelf life after
extraction from the nut (Tan et al., 2014). Natural
vinegar is a commercial product made from
matured coconut water. But it is less favored due to
long fermentation time (6-8 weeks), less availability
of technology to extract clean coconut water and
availability of cheaper synthetic vinegar on the local
market (Othaman et al., 2014).

The coconut industry’s conventional wastewater
treatment systems are based on aerobic and
anaerobic bioreactor principles (Industrial Pollution
Control Guidelines, Sri Lanka-No.3 1992). The
aerobic bioreactor is consuming excess energy,
whereas conventional anaerobic bioreactors are with
very slow nutrient removal rate (Suman et al. 2018).
Limited studies on the treatment of effluent from the
coconut industry are available. The research

available focuses on the treatment of diluted
coconut water produced as effluent from the
desiccated coconut industry. Effluent from
desiccated coconut industries is almost five times
diluted coconut water, minimizing the intensity of
contamination at the source itself. A desiccated
coconut industry that consumes 50,000 coconuts per
day discharges about 10 m3 of pure coconut water
and 40 m3 of wash water, creating a total of 50 m3 of
effluent per day, with an average COD of 4000 to
8000 mg/l (Industrial Pollution Control Guidelines,
Sri Lanka – No.3 1992). The anaerobic degradability
of wastewater from the desiccated coconut industry
was studied by Chanakya et al. (2015). The paper
stated that adaptation time for anaerobic bacteria
was 15 days with low biogas generation. The author
also reported that COD removal efficiency (COD
above 5000 mg/l even after 30 days of detention)
was decreased by the presence of inhibitors such as
VFA and high lipid concentration. In order to
remove suspended solids, lipids, and also to balance
the pH, so as to improve the biodegradability of
waste water, the author proposed primary
treatments such as filtration, adsorption, and
neutralization. Several physico-chemical treatments
were studied by Soletti et al. (2005) [dissolved air
flotation using Fe3SO4 as a flocculent agent] and
Gomes et al. (2014) [separate and combined Fenton
and electrochemical treatments] on synthetic low
strength coconut industry effluent. In contrast to
conventional biological treatment methods, the
papers reported high efficiency with a lower
strength of COD.

Numerous investigates have been performed
worldwide in pursuit of wastewater recycling
technologies, but most of them are energy-intensive.
It is estimated that 1 to 3% of the overall energy
output is used in wastewater treatment plants
(Capodaglio and Olsson, 2020; McCarty et al., 2011).
The current scenario is in the demand of sustainable,
energy-efficient alternative treatment technologies.
At the same time, because of global energy
shortages and environmental concerns, viable
renewable energy sources with low emissions of
carbon dioxide are also gaining importance. One of
the latest technical developments incorporating the
Microbial Fuel Cell (MFC) and electro-dialysis
concepts is the Microbial Desalination Cell (MDC).
The system efficiently uses waste as fuel for
electricity generation and simultaneously
desalinates salt water (Pandey et al., 2016; Teli et al.,
2016).  MFCs consider biodegradable organic
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pollutants as a resource for generating electricity
with lower carbon emissions (Sreedharan and
Pawels, 2016). Wastewater treatment, electricity
generation, and desalination take place
simultaneously in the MDC, thus reducing overall
cost.

An anode, a cathode and a central saline water
chamber form a typical three chambered MDC. The
cathode chamber is physically separated from the
central desalination chamber by a cation exchange
membrane (CEM) and the anode chamber is
separated from the central desalination chamber by
an anion exchange membrane (AEM). Microbes in
the anode chamber oxidize the organic compounds
in waste water in an anaerobic environment and
produce protons and electrons within the anode
chamber. Electrons are transferred to the anode and
transmitted via an external circuit to the cathode.
The anions and cations in the saline water must
therefore move to the anode and cathode
respectively, to attain a charge balance. Similar to
electro-dialysis (ED) configuration, ion-exchange
membranes thus generate desalination (Cao et al.,
2009; Saeed et al., 2015). Microorganisms that
generate electrical energy through the oxidation of
organic matter and transfer the electrons outside
their cells to an electron acceptor are called
exoelectrogens. Electrical energy may be generated
from organic sources, such as simple carbohydrates,
glucose, domestic, agricultural or industrial waste
water, or even industrial dyes using MDC. Since
bacteria replicate themselves, the degradation of
organic matter is achieved without the need for
catalyst replenishment (Guang et al., 2020). The
passage of electrons into an external circuit induces
bio-electricity.

Typically, MDC research focused on two
applications: the first focus was on MDC as an
energy-efficient desalination system and the second
focus was on MDC as a wastewater treatment
system for residential, commercial, agricultural and
related sources. The theoretical minimum energy for
typical seawater desalination (35 g/l of total
dissolved solids) is ~1.0 kWh/m3, while the energy
needed for desalination in the MDC is provided by
wastewater biodegradation. However a large
amount of non-salty Anolyte and Catholyte, with 55
to 133 times the volume of desalinated water,
required very high salinity removal. Hence MDCs
can be more effective for partial removals of salinity
(Kim and Logan, 2013). Use of ‘MDC for
wastewater’ is investigated addressing problems

like waste management problems, increasing energy
demand, and limited fossil fuel resources. According
to the literature, most studies are carried out on the
performance of MDCs with simple substrates of
wastewater (mainly acetate) as well as low strength
original wastewater (like domestic, leachate etc.)
with COD ranging from 400 mg/l to 3000 mg/l
(Jacobson et al., 2011; Luo et al., 2012; Zuo et al., 2016;
Habibi et al., 2020).

In India, coconut oil is produced by a large
number of small scale copra industries in suburban
and rural areas. In most of these industries, Copra
and coconut oil are produced batch-wise (5 to 7 days
of processing time), processing 5000 and 10000 nuts
per batch. In most of these fields, coconut water is
either dumped directly into the soil or temporarily
collected and drained slowly to reduce pollution
intensity. Based on the production and utilization
statistics of Coconut by CDB, an average of 3200
million liters of coconut water per year is released
into the environment in India without adequate
treatment by the Copra industry alone. The current
study focused on the treatment efficiency of high-
strength coconut water with three-chambered MDC.

Practical implementation of MDC has not been
realized due to significant costs, system design,
scaling up and energy recovery issues (Flimban et al.,
2019). Therefore the constraints and feasibility of
this technology need to be re-examined in order to
accept it as a safe treatment of waste water and to
assess whether the expected benefits of this
technology can potentially be achieved in the
treatment of coconut water. Type of substrate, type
and concentration of electron acceptor in the
cathode, pH, temperature, electrode material,
membrane, etc. are the key factors affecting MFC
performance (Jayashree et al., 2019). For the present
study, the operating parameters were selected
accordingly, since MDC is a modified version of
MFC. In comparison to dissolved oxygen and
potassium ferricyanide, potassium permanganate
identified as an effective and safe Catholyte.
Although KMnO4 has oxidizing capacity under
acidic, basic and neutral pH conditions, the KMnO4

solution’s oxidation potential has been reported to
improve at acidic pH (Nandi 2015; Osunlaja et al.,
2012). Brackish water concentrations ranging from
1000 to 3000 mg/l (salinity of well water in the
Kochi area, Kerala, India) (Sreedharan and Pawels,
2018) were used in the central chamber as very high
saline water concentrations effect biodegradability
because ion migration. In this analysis, the effects of
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KMnO4 concentration as an electron acceptor
(Catholyte), brackish water concentration in the
central chamber, optimum Catholyte pH and reactor
temperature, were evaluated on treatment efficiency
of waste coconut water with MDC, and the
corresponding electrical potential generation from
cell.

Materials

In acrylic, a three-chambered MDC model was
designed. The capacity of the cathode, anode, and
middle chambers was 125 ml each. The chambers
were physically isolated by a 30 mm diameter hole
by the Cation Exchange Membrane and Anion
Exchange Membrane (CEM: CMI-7000, AEM: AMI-
7000, manufactured by Membranes International
Inc., NJ, USA). Using nuts and bolts, the chambers
were coupled. To stop leakage, rubber gaskets were
used as spacers and sealed with silicone sealant.
Fig.1 illustrates the layout of chambers separated by
AEM and CEM respectively used for the
investigation.

orthophosphate solutions for buffering the
Catholyte.

Methodology

The entire study maintained the anoxic condition in
the anode chamber with air tight sealing using
silicone sealant. In order to avoid evaporation loss
during the investigation period, the central saline
water chamber was also kept sealed. The Anolyte,
coconut water was filtered using ordinary filter
paper and seeded with 1gm of yeast per liter, to
accelerate the fermentation process. The
measurement of open circuit voltage (V) was done
on an hourly basis over a span of 7 hours daily using
a digital multimeter manually. In four levels,
experimental studies were carried out using batch
reactors with a detention time of 102 hours. After the
detention time, changes in the COD values of
coconut water were measured to indicate the
treatment efficiency of the MDC. The concentration
of KMnO4 as Catholyte was optimized during the
first level of investigation. The different
concentrations of KMnO4 solutions: 0 mg/l, 500 mg/
l, 1000 mg/l, 1500 mg/l, 2000 mg/l, 2500 mg/L,
3000 mg/l and 3500 mg/l, were compared in the
MDC modules using 50 mm x 50 mm Aluminium
electrodes of 0.5 mm thickness. The initial
concentration of salt water in the central chamber
was maintained in all cells at 1000 mg/l. MDC
efficiency was demonstrated by estimating the %
removal of COD (standard APHA methods, 1992)
and electrical potential (V) generated from cells. The
investigation limited the saline water concentration
to 3000 mg/l as higher concentrations affect the
microbes present in Anolyte that in turn reduce the
treatment efficiency and to correlate the salinity
levels of Kochi well water during different seasons.
MDC’s performance was analyzed at different pH
conditions of KMnO4 in the third level of the
investigation. KMnO4 solutions was loaded to
MDCs at pH 3, 4, 5 and 6 using a conjugate acid-
base buffer (made of 0.1 M citric acid and 0.2 M
Sodium hydrogen orthophosphate). The findings
were compared with the second level’s non-buffered
condition. One of the most influential parameters for
microbial fermentation is reaction temperature. In
order to enhance the yeast reaction, the fourth level
of the experimental research was done at different
temperature ranges. The first reactor was kept in a
BOD incubator at 20 oC. The second MDC was
placed at 40 0C in a hot air oven. Throughout the
testing period, the third MDC was maintained at

Fig. 1. Three chambered MDC cell separated by AEM
and CEM

Filtered, fresh coconut water was used for each
level of the investigation. The COD of raw coconut
water samples ranged from 45000 to 50000 mg/l
with a pH between 4.9 and 5.6. Aluminium was
used as electrode material, connected externally by
means of light gauge copper wire. Potassium
permanganate (KMnO4) was used as an electron
acceptor (Catholyte), being the safest chemical (even
used as a water disinfectant) compared with many
other toxic chemical oxidizing agents. For the
preparation of synthetic saline water laboratory
grade NaCl was dissolved in distilled water.
Conjugate acid-base buffers were made from
various blends of citric acid and sodium hydrogen
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ambient room temperature, with usual day-night
fluctuations between a minimum of 27 0C and a
maximum of 33 0C.

RESULTS AND DISCUSSION

Effect of KMnO4 concentration on performance of
MDC

The effect of concentration of Catholyte, KMnO4, on
the efficiency of COD removal relative to the control
sample is shown in Figure 2. A part of the feed
seeded and held in a bottle in anoxic condition at
room temperature was the control sample. The
efficiency of COD removal was 34.97 % at the
optimized KMnO4 concentration of 2500 mg/l
compared to the control sample of 10.30 % COD
removal. With a 13.31 % decrease in COD even for
KMnO4-free MDC, indicates that natural dissolved
oxygen by aeration present in water has effectively
increased Anolyte’s biodegradability. Hence,
Catholyte plays a vital role in the treatment
efficiency of MDC.

Figure 3 shows the electric potential (V)
generated from different MDCs, measured as open
circuit voltage, at different concentrations of KMnO4

solution as Catholyte. The maximum electric

potential of 0.8 V was created between the
electrodes of MDC with Catholyte concentration of
2500 mg/l, the cell which produced maximum COD
removal efficiency.

The results show that the efficient transfer of ions
from the central chamber to the anode and cathode
chambers, as well as the movement of electrons in
the external circuit, improved the development of
electrical potential in the cell and increased
biodegradability in order to improve the efficiency
of treatment. The current study reveals that at very
high concentrations of KMnO4, electron/ion transfer
efficiency has been negatively affected.

Effect of concentration of salinity on performance
of MDC

The overall performance efficiency of MDC is
depends on the concentration of saline water in the
central chamber, ionic migration is initiated from the
central chamber to cell anode and cathode. Figure 4
shows a slight difference in the efficiency of COD
removal from MDCs with different concentrations
of saline brackish water. The maximum COD
removal efficiency of 36.03 % was achieved from the
cell having salinity of 2000 mg/l.

The daily average variation of electric potential
generated from different MDCs with varying
concentrations of saline brackish water in the central
chamber is shown in figure 5. The concentration of
salt water in the central chamber influences the ionic
transfer and thus decreases the internal resistance in
the circuit. As the salinity increases, the internal
resistance of the cell lowers and hence improves the
cell potential. However, due to the addition of
chloride ions to the Anolyte, greater concentration
affects biodegradability.

Effect of pH of KMnO4 solution on performance
of MDC

Catholyte concentration (2500 mg/l KMnO4

Fig. 2. Effect of KMnO4 concentration as Catholyte on
COD removal efficiency

Fig. 3. Effect of concentration of KMnO4 on electric
potential generation from MDCs

Fig. 4. Effect of Saline water concentration on COD
removal efficiency of MDC
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solution) and saline water concentration in the
central chamber (2000 mg/l NaCl solution) in all
batch reactors were kept constant at this level. In
order to maximize the reactor performance,
Catholyte pH values were varied to identify the
optimized pH of the KMnO4 solution. Figure 6
represents the effect of Catholyte pH on the COD
removal efficiency. MDC exhibited a maximum
COD removal of 47.94 % at pH 5. The non-buffered
KMnO4 solution was found to have an alkaline pH
range. While KMnO4 solution has better oxidation
potential at acidic pH, treatment efficiency of MDC
reduces at very low pH values of Catholyte.

chamber was reduced to reduce the overall
efficiency of MDC.

Fig. 5. Effect of salt concentration on generation of
Electric Potential from MDC

Fig. 6. Effect of pH of Catholyte on COD removal
efficiency from MDC

Fig. 7. Effect of pH of Catholyte on electric potential
generated from MDC

Effect of Temperature on performance of MDC

The performance of MDC put under ambient
temperature (under day-night variation from 27 0C
to 33 0C) was better compared with controlled
reactor temperatures of 200 C and 40 0C. The
maximum daily average electric potential of 1.11V
obtained with a 47.68 % COD removal efficiency.
The COD removal efficiency and electric potential
generated from MDCs maintained at different
temperature conditions are shown in Figures 8 and
9. The findings were in agreement with the research
conducted by Merritt (1966) and Walsh and Martin
(1977) on the impact of temperature during wine
processing by yeast in un-aerated fermentations.
The coconut water fermentation by yeast in MDC
also maximizes its reaction rate at an average
temperature of 30 0C. Therefore, yeast can be used
efficiently as a biocatalyst, economically without
temperature control facilities in warmer regions.

Fig. 8. Effect of reactor temperature on COD removal
efficiency from MDC

Figure 7 shows the daily average electric
potential form MDC having Catholyte buffered at
different pH values compared to the non-buffered
Catholyte. A maximum electrical potential of 1.11 V
from the MDC was generated when the KMnO4

solution was buffered at pH 5. The cell was able to
consistently generate more than 1.09 V from the cell
for more than 24 hours. The results were in
agreement with the principle of higher oxidation
potential of KMnO4 solution at acidic pH compared
to alkaline pH. At very low pH values of Catholyte,
the driving potential for cations towards cathode
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CONCLUSION

Energy-efficient technologies, environment
conservation and waste-to-energy are the major
concerns of current research. Microbial Desalination
Cells (MDCs) are bioreactors which extract chemical
energy stored in organic compounds into electrical
energy through bio-degradation. A large number of
small-scale coconut-based industrial units, similar to
the copra industry, manufacture value-added
products with excellent nutritional quality. Owing to
discontinuous and high-strength discharges, the
installation of complex wastewater treatment plants
to handle their effluents is not economically feasible.
MDC, being a zero-energy system with electricity
generation from high strength effluent, is a
sustainable way to handle wastewater. Therefore,
MDC is a feasible and economical solution for
reducing pollution issues related to different
coconut processing industries. The current study
revealed that at ambient temperature, the MDC
batch reactor using 2500 mg/l of KMnO4 buffered at
pH 5 as Catholyte and 2000 mg/l salt water in
central chamber provided more than 47 % of the
COD removal efficiency by using an Aluminium
electrode within 102 hours of detention period.

In most of the small sale coconut processing
industries operating on batch mode, it is easy to
provide a detention period of 5 to 7 days for better
treatment.  MDC can be used as a primary treatment
for small to medium scale coconut industry
wastewater to reduce high organic pollution. Since
bio-flocculation takes place in MDC, COD is further
reduced by filtration, or chemically aided
sedimentation of the treated effluent.

The optimized MDC batch reactor generates
energy output and if this energy can be channelized

effectively for the production processes, it can
reduce fuel consumption. In order to improve the
efficiency of MDC in the treatment of waste coconut
water and bioenergy production, further critical
parameters such as electrode materials, various
types of microbial species instead of yeast as
biocatalyst, the effect of mediators on more efficient
capture of bio-electricity, etc. can be further studied.
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Abstract - Concrete is the world's second most consumed 
material after water. Cement, fine aggregate, coarse 
aggregate, and water are the traditional components of 
concrete. Natural resources are disappearing at a faster rate 
as a result of excessive concrete usage, causing environmental 
problems. As a result, the use of stable and solid waste 
materials in concrete is becoming increasingly important in 
order to reduce overuse of natural resources, associated 
environmental impacts, and waste management issues. The 
current study focuses on using waste materials to partially 
replace traditional concrete components. The trials compared 
the distinctive qualities of M sand and copper slag in a 3:2 
ratio as fine aggregate to a control mix. Nano silica and Silica 
Fume were used to replace cement by 1 to 3% by weight. Silica 
fume addition increased the compressive strength of concrete 
more than nano silica. The concrete mix with 2% cement 
replacement with silica fumes and 40% fine aggregate 
replacement with copper slag had a maximum 28-day cube 
compressive strength of 38.4 N/mm2 compared to control mix 
(26.1 N/mm2).  

 
Key Words:  Copper Slag, Nano Silica, Silica Fume, 
Concrete, Compressive Strength, Workability, Split 
Tensile Strength.  
 

1. INTRODUCTION  
 
Cement plays a significant role in concrete due to adhesive 
property, even though the larger volume of concrete is 
constituted by aggregate. Thus the mechanism of cement 
hydration decide the quality and properties of concrete. 
Different cementitious materials known as supplementary 
materials are added to concrete so that the improvement of 
properties can be done. Some of the materials are fly ash, 
blast furnace slag, rice husk, silica fumes, and even bacteria. 
The latest researches are oriented in Nano-technology as a 
promising approach in improving the properties of concrete. 
In concrete, cement acts the binder material and it binds the 
other material together. But one disadvantage of application 
of cement is it emits the large amount of CO2 in the 
environment and pollute them. Nano silica is effectively high 
pozzolanic material. The size of nano silica is 1000 times 
smaller than the average size of cement particle [1].  

The America Concrete Institute (ACI) defines silica fume as 
‘Very fine non-crystalline silica produced in electric arc 
furnaces as a by-product of the production of elemental 
silicon or alloys containing silicon. It is a grey coloured, 

ultrafine powder consists of spherical particles with an 
average particle size (diameter) of 150 nm. The application 
of these materials expected to improve the performance of 
concrete similar to addition of other pozzolanic material [2]. 
The cementitious characteristics of silica fume (SF) and nano 
silica (NS) have been established in latest concrete 
researches. If their usage in concrete improves the strength 
properties, it will gain more acceptability as a result of more 
cost-effective constructions, as well as contributing to 
energy conservation and providing a substantial solution for 
the disposal of industrial by-products. 

Many countries are witnessing rapid growth in the 
construction industry in which the use of natural resources 
for the development of the infrastructure. Natural resources 
are depleting worldwide, at the same time the generated 
wastes from the industry are increasing. The sustainable 
development for construction involves the using of non-
conventional and innovative materials, and recycling of 
waste materials in order to reduce the use of natural 
resources for conserving the environment and future 
generation. Due to the depletion of non-renewable 
resources, a wide range of research projects are underway 
around the world to find effective ways to use waste 
products in the building sector as alternative materials to 
cement and fine aggregate. The following are a few of them: 

Al-Jabri (2009) et al.,  investigated the use of copper slag as a 
sand substitute in high-performance concrete, finding that 
using up to 50% copper slag as a sand replacement yielded 
comparable strength to the control mix. As the percentage of 
copper slag in the mix increased, the mix's workability 
improved [3]. Selvi et al. (2014) conducted an experiment on 
concrete utilizing copper slag as a fine aggregate 
replacement material. For the same water-cement ratio, 
workability and unit weight of concrete improved as the 
copper slag concentration of fine aggregate replacements 
rose. The concrete showed the best strength characteristics 
when copper slag was used to replace 40% of the fine 
aggregate [4]. Patil and Patil (2016) also investigated the 
impacts of copper slag as sand replacement in concrete. At 
40% fine aggregate replacement of copper slag, the modulus 
of elasticity and compressive strength of concrete improved 
by 15.22%, and 32 % respectively. At 60% fine aggregate 
replacement, the concrete gained highest modulus of 
elasticity than normal concrete [5]. 

The effects of nano silica on concrete compressive strength 
and durability were investigated experimentally by Isfaani et 
al.  (2016), who observed that adding nano silica to concrete 
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improves compressive strength. By increasing nano silica 
dosage, the durability properties of concrete with diverse 
w/c ratios showed a highly variable tendency, but the 
apparent chloride diffusion coefficient dropped [6].The 
effects of colloidal nano silica (CNS) on cement hydration 
and gel characteristics were investigated by Hou et al. 
(2012). Results revealed that the accelerating effect of CNS 
on hydration in the early age is achieved by the acceleration 
of cement dissolution and hydrate nucleation on reacted 
nano-SiO2 particles. Cement hydration was hampered as it 
time passed [7]. 

Chithra et al.  (2016) investigated at how colloidal nano silica 
affected the workability, mechanical properties, and 
durability of cement mortar and concrete utilising copper 
slag as a partial fine aggregate. The findings show that when 
the percentage of micro silica increases, the water demand 
increases due to its large specific surface area. With the 
addition of a little amount of nano silica to the concrete mix, 
the strength, penetration properties, and abrasion resistance 
of high performance slag concrete (HPSC) were all improved 
[8]. 

Flores (2017) examined the influence of nano-silica with 
three different silica-based materials (quartz, ultrafine 
quartz, and silica fume) in cement pastes with 2.5% cement 
replacement. When nano-silica and silica fume are used, the 
porous structure is refined, resulting in an increase in 
compressive strength [9]. 

Mostafa Jalal et al.  (2015) investigated the impacts of 
various admixtures on the qualities of high performance self-
compacting concrete, including nano silica, silica fume, and 
Class F fly ash (HPSCC). The investigation showed that in 
combinations comprising admixtures, mechanical and 
transport qualities increased, particularly in a blend of silica 
nanoparticles and silica fume [10].   

In their study, Bingliu Zhang et al.  (2018) attempted to use 
nano silica and silica fume to modify cement mortar as a 
surface protection material (SPM) in order to improve the 
overall penetration resistance. The results demonstrate that 
the surface has strong integrity, with great interfacial bond 
strength between matrix and SPM with negligible shrinkage. 
The chloride diffusion coefficient has decreased significantly 
when SPM was coated on the surface of the matrix [11]. 

This study examines the feasibility of using industrial waste 
materials to replace cement as well as natural aggregates, 
thus leading sustainable development in the field of 
construction. Hence the objectives of this research is to 
investigate the suitability of using nano silica and silica fume 
as partial replacement of cement in concrete and to find an 
economical solution for its disposal. The paper compare the 
compressive strength and split tensile strength of concrete 
made of partially replaced nano silica and silica fume for 
cement with the control sample. The optimum percentage 
replacement of nano silica and silica fume for cement to get 
maximum strength in concrete was also investigated. 
Throughout the investigation, a 3:2 mixture of M sand and 
copper slag was used as fine aggregate. 

2. MATERIALS AND METHODOLOGY  
 
2.1 Material Properties 
 
2.1.1 Cement 

Cement is the most important constituent in a concrete mix, 
which act as a binder between the fine and the coarse 
aggregate and to fill the voids in between aggregate particles 
to form a compact mass. For the experiments, ordinary 
Portland Cement (OPC) conforming to 53 Grade was used, 
with a high Tri Calcium Silicate content ensuring long-term 
durability of concrete. The physical properties of cement used 
in the study are showed in the table 1. 

Table -1: Properties of Cement 
 

Sl. No Properties Value 

1 Specific Gravity 3.1 

2 Consistency 29.35% 

3 Initial setting time 90 minutes 

4 Final setting time >600 minute 

 

2.1.2 Aggregate 

Locally available good quality M-Sand and coarse 
aggregate were used for the study. The physical 
qualities of aggregate were assessed using IS 
standards, and the results are shown in table 2. 

2.1.3 Copper Slag 

Copper slag is a byproduct of the copper extraction. Copper 
slag was purchased from a local industry for this project. 

2.1.4 Nano Silica 

Nano-silica is a fine material with pozolanic reactivity. The 
nano silica used in this research was purchased from 
Chennai-based suppliers.  

2.1.5 Silica Fume 

Silica fume is a byproduct of silicon metal production. Silica 
fume used in this project was bought from a local industry. 

Table -2: Properties of Aggregate 
 

Sl. 
No 

Properties 
Fine 

Aggregate 
Coarse 

Aggregate 

1 Specific Gravity 2.83 2.67 

2 
Bulk Density 
(non-compacted) 

1580 kg/m3 1660 kg/m3 

3 Effective size 0.16 mm 3.9 mm 

4 
Uniformity 
Coefficient 

3.625 3.33 

5 
Coefficient of 
curvature 

1.39 1.109 
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2.2 Methodology 
 
The main focus of this study was to determine the effect of 
partial replacement of cement with nano silica and silica 
fume.  According to the literature, fine aggregate in concrete 
can be replaced with copper slag, which is an industrial 
waste, and the optimum percentage of replacement in terms 
of strength was found to be 40%. The workability, 
compressive strength, and split tensile strength of cement 
concrete were studied by substituting fine aggregate with 
40% copper slag and partially replacing the cement with 
nano silica and silica fume (1%, 2% and 3%). The properties 
were compared to control samples of M20 nominal mix and 
concrete with fine aggregate replaced with 40% copper slag 
without replacement for cement. 

The concrete used in the experiment was of the M20 nominal 
mix (1:1.5:3:0.5). The amount of coarse aggregate, water 
content, and water to binder ratio were all kept constant in 
all of the mixes. The required quantity of materials for each 
mix was calculated. The table 3 shows the abbreviations and 
proportions of mix used in this work for various mixtures. 

Table -3: Various mixes used in this study 
 

Mix 
designation 

Cement 
(%) 

Nano silica 
or 

Silica Fume 
(%) 

Fine 
Aggregate (%) 

Coarse 

Aggregate  

(%) Sand Copper 
Slag 

Pc 100 0 100 0 100 

P0 100 0 60 40 100 

P1 99 1 60 40 100 

P2 98 2 60 40 100 

P3 97 3 60 40 100 

 

Mixer machine was used for mixing the ingredients of each 
mix of concrete to get consistent uniform mix. The 
workability of the different mixes were done immediately 
after the mixing by slump test as per IS standards. Then 
sufficient number of concrete cubes (150 mm X 150 mm X 
150 mm) and concrete cylinders (150 mm X 300 mm) were 
casted for all mixes mentioned in the table 3 to conduct tests 
on hardened concrete. Concrete specimens were molded with 
standard compaction in three layers. Specimens were 
removed from the mold after 24 hours and cured it in water 
for both 7 and 28 days. The compressive strength and split 
tensile strength of cured concrete specimens were done as 
per IS standards. 

3. RESULT AND DISCUSSION 
 
3.1 Workability 
 
The slump test is one of the simplest ways to determine if 
concrete is workable in the field. As per Chart - 1, the 
workability has improved with the addition of 40% copper 
slag substituting fine aggregate (P0), compared to control 

mix (Pc). Copper slag's glass surface prevents water from 
penetrating it. It absorbs less water than river sand, which 
could be the cause of the behaviour. As a result, adding 
copper slag to concrete reduces the need for admixture. Also, 
as shown in Chart 1, partial replacement of nano silica 
boosted concrete workability due to its fine nature, but 
partial replacement of silica fume decreased concrete 
workability due to its coarser nature.  

 

Chart -1: Variation of slump values for different 
replacement of Nano Silica and Silica Fume 

3.2 Compressive strength of concrete cube 
 
The compressive strength of concrete is a crucial parameter 
while designing the concrete structures. The quality of 
concrete prepared usually measured by the compressive 
strength of concrete. Partial replacement of nano silica and 
silica fume improved the compressive strength of concrete 
cube as shown in Chart - 2. When comparing the compressive 
strength of concrete with 40% copper slag replaced with fine 
aggregate (P0), and other mixes after 7 days of curing it was 
observed that, as nano silica partially replaced cement from 
0% to 2% the strength increased from 14.07 MPa (P0) to 18 
MPa and the corresponding percentage increase is 27% and a 
decreased when the addition of nano silica was from 2% to 
3% (compressive strength decreased from18 MPa to 11.48 
MPa). Similiarly, when 3% silica fume partially replaced with 
cement, the strength increased from 14.07 MPa (P0) to 18.9 
MPa and corresponding percentage increase is 34%. Also 
when comparing with the compressive strength of control 
mix (Pc), the nano silica showed an increase from 12.5 MPa 
(Pc) to 18 MPa (P2) and corresponding percentage increase is 
44%. Similarly, with partial replacement with silica fume the 
value raised from 12.5 MPa (Pc) to 18.9 MPa (P2) which is an 
increase of 51%. 
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Chart -2: Variation of compressive strength of concrete 
cubes for different percentage of nano silica and silica 

fume 

When comparing the strength after 28 days, as nano silica 
replaced the cement partially by 1%, the compressive 
strength increased from 18.66 MPa (P0) to 22.33 MPa and the 
corresponding percentage increase is 19% and the strength 
decreased from 22.33 MPa to 20.45 MPa when the the 
percentage of nano silica increased from 1% to 3% as shown 
in the Fig. 2. When the Silica Fume is partially replaced with 
cement from 0% to 2%, the compressive strength increased 
from 18.66 MPa (P0) to 38.4 MPa and the corresponding 
percentage increase is 105%. But when comparing the 
compressive strength of control mix and concrete with nano 
silica and silica fume, the former showed a decreased in 
strength (26.1 MPa to 22.33 MPa) whereas later shows 
improvement (26.1MPa to 38.4 MPa). 

3.3 Compressive Strength of Concrete Cylinders 

Compressive strength of cylinders also showed similar 
behavior as that of compressive strength of concrete. The 
partial replacement of fine aggregate with 40% of copper 
slag showed decrease in compressive strength of cylinders. 
But the partial replacement of nano silica and silica fume 
with cement showed improvement in the compressive 
strength of concrete cylinder as shown in Chart - 3. When 
nano silica partially replaced cement from 0% to 1% the 
compressive strength of cylinder strength increased from 6.5 
MPa (mix P0) to 7.75 MPa and the corresponding percentage 
increase is 19% and the strength decreased from 7.75 MPa 
to 4.5 MPa when the percentage of replacement increased 
from 1% to 3%. When the silica fume partially replaced 
cement from 0% to 3% the strength increased from 6.5 MPa 
(mix P0) to 9.69MPa and the corresponding percentage 
increase is 49%.  

 

Chart -3: Variation of compressive strength of concrete 
cubes for different percentage of nano silica and silica 

fume 

The addition of both nano silica and silica fume showed 
improvement in compressive strength of cylinder after 28 
days of curing also. When comparing the 28 days strength as 
nano silica partially replaced 1% cement the strength 
increased from 13.29 MPa (mix P0) to 14.71 MPa and the 
corresponding percentage increase is 10% and a decreased  
the compressive strength of cylinder from 14.71 MPa to 13.4 
MPa when the replacement of nano silica was from 1% to 
3%. Also when the silica fume partially replaced cement the 
strength increased from 13.29 MPa (mix P0) to 17.68 MPa 
when 2% cement replaced with silica fume and the 
corresponding percentage increase is 33% and then 
decreases.  

When comparing the compressive strength of cylinders it 
can be seen that partial replacement of silica fume and nano 
silica showed maximum strength in compression of cylinder 
at 2% and 1% respectively for both 7 and 28 days of curing. 
After 7 days of curing the compressive strength values of 
cylinders were nearly same for 1% (7.75 MPa) and 2% (6.9 
MPa) replacement of nano silica. Similarly, for 28days also 
compressive strength of cylinders were nearly same for 1% 
and 2% partial replacement of cement with nano silica.  
Hence comparing the compressive strength of concrete 
cylinders when 2% cement is replaced with silica fume and 
nano silica it can be seen that on 7th day of testing the value 
of 2% partially replaced silica fume is 9.32 MPa which is 
greater than that of the 2% partially replaced nano silica 
concrete which was 6.9 MPa. On 28th day of testing the 
compressive strength of cylinders with 2% nano silica and 
2% silica fume were 14 MPa and 17.68 MPa respectively. 
Hence the replacement of silica fume is more beneficial than 
nano silica in terms of compressive strength of concrete 
cylinders. 

3.3 Split tensile strength of concrete 

Tensile strength is an important property of concrete 
because concrete structures are highly vulnerable to tensile 
cracking due to various kinds of effects and applied loading 
itself. However, the tensile strength of concrete is very low 
due to its brittle character when compared to its 
compressive strength. Split tensile test on concrete cylinders 
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is an indirect method for determining tensile strength for 
concrete. 

Partial replacement of nano silica and silica fume improved 
the split tensile strength of concrete cylinders as shown in 
Chart - 4. After 7 days of curing when the nano silica partially 
replaced with 1% cement,  the strength increased from 1.31 
MPa (mix P0) to 1.735 MPa and the percentage increase is 
32% and the split tensile strength decreases thereafter as in 
the case of compressive strength of cubes and cylinders. In 
silica fume partially replaced cement concrete the strength 
increased from 1.31 MPa to 1.94 MPa when the percentage 
of silica fume increases from 0% to 3% and the 
corresponding percentage increase is 48%. Similar 
variations were observed for the split tensile strength of 
concrete after 28 days of curing also. 

 

Chart -4: Variation of split tensile strength of cylinder for 
different percentage of nano silica and silica fume 

Partial replacement of silica fume and nano silica showed 
maximum strength in split tensile of cylinder at 2% and 1% 
respectively for both 7 and 28 days similar to compressive 
strength of concrete cubes and cylinders. But the difference 
in split strength of cylinder with 1% and 2% nano silica 
replacement with cement is less. Hence, comparing the 
strength corresponding to 2% replacement of cement with 
silica fume and nano silica, the silica fume replaced concrete 
showed better results similar to compressive strength of 
cubes and cylinders. 

Nano-silica and silica fume is a material having pozolonic 
reactivity and also its fineness helps pore-filling effect in 
concrete. Due to its fineness and high amorphous silicon 
dioxide content, silica fume is a very reactive pozzolanic 
material. Silica fume influences the thickness of transition 
phase in mortars and the degree of the orientation of the CH 
crystals.  Addition of silica fume accelerates the hydration of 
cement at all stages of hydration. The pozzolanic action of 
silica fume seems to be very active at early hours of 
hydration [12, 13]. 

4. CONCLUSIONS 

Natural resources are depleting at a faster pace as a result of 
excessive concrete usage in the present world, causing 
environmental problems. Hence the use of stable and solid 

waste materials in concrete is becoming increasingly 
important in order to minimize both environmental impacts 
and waste management issues. Here in this study it was 
found that the waste materials nano silica and silica fume 
can be effectively used in the concrete production. The 
following were the conclusions obtained from the study. 
 
• The addition of copper slag increased the workability of 

concrete.  Further the addition of nano silica increases 
the workability whereas the addition of silica fume 
reduces the workability of concrete. 

• The compressive strength of concrete cubes and 
cylinders and split tensile strength of concrete has 
increased by the addition of nano silica and silica fume 
and optimum percentage was found to be 2% to obtain 
maximum strength.  

• Comparing the strength gained by the addition of nano 
silica and silica fume, higher strength was obtained for 
silica fume replaced concrete. 

 

REFERENCES 
 
[1] V. Bajpai, K. Chandraul, and M. K. Singh, “Experimental 

study of partial replacement of cement with nano silica 
in concrete”, International Research Journal of 
Engineering and Technology. Vol. 5(1), 2018, pp. 1000-
1003. 

[2] S. H. Kosmatka, B. Kerkhoff, and W. C. Panarese, “Design 
and control of concrete mixtures”, Portland Cement 
Association. Fourteenth Edition, 2002. 

[3] K. S. Al-Jabri, M. Hisada, S. K. Al-Oraimi, and A. H. Al-
Saidy, “Copper slag as a replacement for sand in high 
performance in concrete”, Cement and Concrete 
Composites, Vol. 31,2009, pp. 483–488. 

[4] P. T. Selvi and P. L. Narayani, G. Ramya, “Experimental 
study on concrete using copper slag as replacement material 
of fine aggregate”. Journal of Civil and Environmental 
Engineering, 4: 156, 2014.  
DOI:10.4172/2165-784X.1000156 

[5] V. Patil, and Y.D.Patil,  “Effects of Copper Slag as Sand 
Replacement in Concrete Copper slag as sand 
replacement for high performance concrete”, 
International Journal of Engineering and Technology, 
Vol. 8(2), 2016, pp. 1172-1181. 

[6]  F. T. Isfaani, E. Redaelli, F. Lollini , Weiwen Li , and Luca 
Bertolin , “Effects of nano silica on compressive strength 
and durability properties of concrete with different 
water to binder ratios” ,Advances in Materials Science 
and Engineering, 2016, doi:10.1155/2016/8453567 

[7] P. Huo, S. Kawashima, and D. Kong  , “Modification 
effects of colloidal Nanosilica on the cement hydration 
and its gel property”, Composites part B: Engineering 
vol. 45 (1), , 2013, pp. 440-448.  

[8] S. Chithra, S.R.R. Senthil Kumar  and  K. Chinnaraju, “The 
effect of Colloidal Nano-silica on workability, mechanical 
and durability properties of High Performance Concrete 
with Copper slag as partial fine aggregate”, Construction 
and Building Materials , Vol.113, 2016, pp. 794–804.  

[9] Y.C. Flores (2017) “Performance of Portland Cement 
Pastes Containing Nano Silica and Different Types of 
Silica”, Construction and Building Materials, Vol. 146, pp. 
524–530. 



          International Research Journal of Engineering and Technology (IRJET)       e-ISSN: 2395-0056 

                Volume: 08 Issue: 07 | July 2021                www.irjet.net                                                                      p-ISSN: 2395-0072 

 

© 2021, IRJET       |       Impact Factor value: 7.529       |       ISO 9001:2008 Certified Journal       |     Page 1702 

[10] Mostafa Jalal, Alireza Pouladkhan, Omid Fasihi Harandi , 
and Davoud Jafari ,“Comparative study on effects of 
Class F fly ash, Nano silica and Silica fume on properties 
of high performance self-compacting concrete”, 
Construction and Building Materials , Vol. 94, 2015, pp. 
90-104. 

[11] Bingliu Zhang, Hongbo Tan, Weiguo Shen, Gelong Xu, 
Baoguo Ma and Xiaoli Ji , “Nano-silica and silica fume 
modified cement mortar used as Surface Protection 
Material to enhance the impermeability”, Cement and 
Concrete Composites ,Vol. 92, September 2018, pp. 7-17. 

[12] Mohammad Iqbal Khana and Rafat Rafat Siddique, 
“Utilization of Silica Fume in concrete: Review of 
durability properties”, Resources, conservation and 
recycling, Vol.  57, 2011, pp. 30-35.  

[13] Houssam A. Toutanji and Tahar El-Korchi, “The 
influence of silica fume on the compressive strength of 
cement paste and mortar”, Cement and Concrete 
Research, Vol. 25(7), 1995, pp. 1591-1602. 

 



          International Research Journal of Engineering and Technology (IRJET)       e-ISSN: 2395-0056 

                Volume: 08 Issue: 07 | July 2021                www.irjet.net                                                                      p-ISSN: 2395-0072 

 

© 2021, IRJET       |       Impact Factor value: 7.529       |       ISO 9001:2008 Certified Journal       |     Page 518 
 

Accident analysis and black spot detection on NH544- Karukutty to 

Athani Road Stretch 
Deepu R1, Famitha Shamsudheen 2, Geethu Bennyson2, Greety C Maria2, Jaseena T M2 

1Assistant Professor, Department of Civil Engineering, SCMS School of Engineering and Technology, Kerala, India 
2B.Tech student, Department of Civil Engineering, SCMS School of Engineering and Technology, Kerala, India 

---------------------------------------------------------------------***----------------------------------------------------------------------

Abstract - Accidents are those incidents which are not 
natural, but are a result of various actions. Various factors 
that are responsible for the causation of an accident must be 
identified and remedial measures should be taken to avoid 
such occurrences in the future. Various traffic studies like road 
inventory, signal inventory, traffic volume count, pedestrian 
volume count, spot speed study, speed and delay study, 
accident study etc. helps in choking out various improvement 
measures and thereby avoiding chances of accidents in future. 
Accident data collection involves identifying the cause and 
type of vehicles involved in the accident which in turn helps in 
implementing accident preventive measures in the field of 
road design and other features. The objective of this study is to 
locate the accident prone area on a selected road stretch, 
determine the probable reasons for accidents, identify the 
black spot and suggest remedial measures. In this work 
accident analysis and black spot detection is conducted on a 
selected stretch of NH-544 (Karukutty - Athani). 

Key Words:  Accident, Road Safety, Black spot, Accident 

Severity Index, Weighted Severity Index 

1. INTRODUCTION  

Road safety is one of the most important areas of concern 
throughout the world as the number of accidents and 
fatalities are showing an upward trend over the past few 
years.  Not only ignorance but also carelessness, 
thoughtlessness and over confidence can be attributed to be 
the main reasons for these accidents. Number of motor 
vehicles on the roads is reaching an all time high value, so is 
the number of accidents and fatalities. Complex flow pattern, 
mixed traffic conditions, large pedestrian volume and failure 
in enforcing traffic laws alleviate the problem. The major 
outcomes of road accidents are loss of life, injuries and 
damage to property. Traffic engineers are the ones 
responsible for providing safe traffic movements, frame 
traffic management measures and create awareness among 
the public on the importance of traffic laws. It is not possible 
to totally prevent road accidents, but adopting suitable 
traffic management measures can reduce the severity of 
accidents to a greater extent. Once an accident occurs, 
proper study must be conducted to find out the probable 
reason for that accident. If a number of accidents are due to a 
same reason, some remedial measures must be taken to 
avoid accidents in the future. Accident black spot detection is 
the process of determining a point on the road stretch where 

the maximum number of accidents has occurred. Certain 
indices may be used to rank the major junctions on the 
selected road stretch. Based on those indices, the black spot 
on that stretch is identified. Detailed traffic study is 
conducted at that black spot and the probable reason for 
accidents is determined. Suitable remedial measures that 
would prevent accidents in future on that same spot are also 
suggested.  Some of the major factors that have an influence 
on accidents are:  

Vehicle – Failure of vehicle brake, steering system, tyre 
burst or puncture, absence of windscreen wipers, issues to 
vehicle lighting system can lead to accidents. 

Road – Available sight distance, alignment of road, gradient, 
width and condition of carriageway, width and condition of 
shoulders, drainage factors, and pavement surface 
characteristics are causative factors of accidents. 

Road users – Carelessness from road users like vehicle 
drivers, pedestrians, fatigue, influence of alcohols and drugs, 
jumping of traffic signals may lead to accidents. 

Environmental factors – It includes weather conditions like 
rain and snow which affect the visibility on roads and change 
pavement surface conditions like skid resistance. 

Other causes – Some miscellaneous causes of accidents 
include lack of visibility of roads due to advertisement 
boards, failure to close gates at level crossings, moving 
animal groups on roads without having sufficient number of 
men to attend them. 

Accident black spot is a particular section on a road stretch 
which is considered as a high risk location involved in many 
vehicle crashes. Different indices may be used to rank the 
major junctions on a road stretch and finally the black spots 
may be determined based upon the ranking obtained. 

In this study, the selected road stretch is from Karukutty to 
Athani on NH544 (old NH 47) which is an accident prone 
area. The number of accidents on the selected road stretch is 
very high compared to other stretches. Probable reasons for 
this variation may be increased pedestrian traffic due to the 
presence of a number of educational institutions on this 
stretch. Accident data of the road stretches are kept zone 
wise in police stations which control the traffic movements 
under their jurisdiction. First investigation report related to 
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an accident gives an idea about the probable cause of that 
accident and the outcome. Black spot identification is 
essential to sort out the traffic problems in the stretch and 
avoid accidents of similar nature in the future.  

2. METHODOLOGY 

Accident data for the years 2015, 2016 and 2017 were 
collected from Angamaly and Nedumbassery police stations. 
Study stretch was finalized based on the number of accidents 
and considering the priority of the roads. The accident 
details for the years 2015, 2016, 2017 of the selected road 
stretch were collected from Angamaly and Nedumbassery 
police stations. Accident data obtained involves the type of 
collision, result of collision and the time of occurrence of 
accident. Following flow chart gives an idea about the steps 
followed in this work.  

 

Fig-1: Flow chart of methodology 

2.1 Identification of study area  

The road stretch for the analysis is NH 544(old NH 47) from 
Karukutty(10.2270° N, 76.3749° E) to Athani(16.7269° N, 
75.0641° E) which is about 10 km long. The selected road is 
under National Highway Authority of India (NHAI). This 
particular stretch was selected after conducting preliminary 
survey. Severity of accidents occurred in the particular road 
stretch, presence of schools and colleges nearby, geometry of 
the road were the main factors considered. This stretch has a 
higher length of straight roads which become very busy 
especially during the peak hours. Traffic density has gone up 
over the years. The number of accidents and fatalities has 
also increased in the recent years. Increase in speed of 
vehicles may be considered as a major reason for accidents. 
The map of the study stretch is given below: 

 

Fig.-2: Location map of study area 

2.2 Accident Data Collection 

In order to determine the accident prone locations, the 
accident reports for the past three years (2015–2017) were 
collected from the concerned police stations. From the data 
obtained, we can group the accidents into different 
categories such as minor injuries, major injuries, number of 
persons killed etc. The spots on the road where most of the 
accidents usually occur can be identified. These spots could 
be listed and some indices could be worked out to identify 
the spot where there is a serious concern which is known as 
the black spot. Probable reason for the accidents on that spot 
could be identified by having a site visit and collecting the 
basic details regarding that spot. 

2.3 Analysis of the Data 

The data collected from police stations was sorted for the 
entire study stretch based on type of vehicle involved in the 
accident, time of occurrence of accident, gender of affected 
people and age group of affected people. Graphs were 
plotted for each category and some conclusions were drawn 
from the analysis.  

2.3.1 Number of accidents v/s Type of vehicle involved  

Traffic along the selected road stretch is mixed in nature. So 
the accidents on the stretch involve different types of 
vehicle. It is clear from the following graph that the major 
types of vehicles involved in accident are car and motorcycle. 
The reason for this trend may be that the number of this 
category of vehicles on the road is higher compared to other 
vehicle classes. Higher speed of this vehicle class may be 
another contributing factor. 
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Fig-3: Graph showing type of vehicles involved in accident 

2.3.2. Accident occurring time in day or night 

From the obtained data, it is clear that majority of accidents 
occurred during day time. Traffic flow is very high during the 
peak hours due to increased number of work trips and 
educational trips. Chances of accidents during night time are 
high due to the over speeding of vehicles and lack of 
visibility. Since the selected road stretch is a part of National 
Highway, street lighting is proper and road stretch is 
comparatively straight which helps drivers to see the road 
and furniture clearly.  

 

Fig-4: Graph showing the time of occurrence of accidents 

2.3.3. Gender of persons involved in accident  

It is a common trend that women will be more careful on 
roads compared to men. Women drivers and pedestrians are 
reluctant in taking risks on roads. Collected data also reveals 
the same trend that is men are more involved in accidents on 
the selected stretch compared to women. 

 

Fig-5: Graph showing the gender of affected people 

2.3.4. Number of accused v/s age 

Old age people are more careful on roads. Children will be 
always accompanied by elders. So the age group which is 
more prone to accidents on roads is the working class and 
youngsters. Youngsters are involved in rash driving and they 
are careless while crossing roads. Working class has to stick 
to the time constraint which forces them to violate traffic 
rules.  

 

Fig-6: Graph showing age group of affected people 

2.3.5. Analysis by Weighted Severity Index (WSI) 

Accident data for three years (2015-2017) were collected 
from the police stations and four major spots were identified 
as crucial based on the obtained data. Weighted severity 
index is a dimensionless value used to rank black spots 
based on the number of people involved  and severity of 
accidents in that location. It depicts the hazardousness of the 
spots on a road stretch. WSI value is calculated using the 
following equation.  

WSI = (41 x K) + (4 x GI) + (1 x MI)                                                        
Where, 

K- Number of persons killed 

GI- Number of grievous injuries 

MI- Number of minor injuries 
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2.3.6. Analysis by Accident Severity Index (ASI ) 

Accident severity index is a dimensionless value which takes 
into account the number of accidents based on their severity. 
A weightage is also provided with number of fatal accidents 
having maximum weightage and number of minor accidents 
having minimum weighatge. The following equation is used 
to calculate accident severity index.  

ASI = (Nf x Wf) + (Ns x Ws) + (Nm x Wm)                                                  

Where,  

Nf - Number of fatal accidents at the spot in last 3 years  

Wf- Weightage assigned to fatal accidents = 6 

Ns – Number of serious accidents at the spot in last 3 years 

Ws - Weightage assigned to serious accidents = 3 

Nm – Number of minor accidents at the spot in last 3 years 

Wm-Weightage assigned to minor accidents=1 

Table-1: Places with WSI and ASI values 

PLACE WSI ASI 

Karukutty 744 188 

Angamaly signal 676 63 

Kariyad 678 98 

Athani 530 140 

 

2.3.7. Ranking of Black spots 

The ranking of black spots on the selected road stretch was 
done based on the WSI and ASI values. WSI values consider 
the number of people involved in accidents and ASI values 
take into account the severity of accidents. From the 
obtained results, Karukutty is the spot having largest WSI 
and ASI value which confirms that Karukutty is the accident 
black spot on the selected road stretch.  
 

Table-2: Ranking of black spots based on WSI values 

RANK SPOT 

1 Karukutty 
2 Kariyad 

3 Athani 
4 Angamaly Signal 

 

 

2.3.8. Remedial measures 

A spot speed study and a pedestrian survey were conducted 
at Karukutty junction which was identified as the black spot 
on the selected stretch. From the study, it was found that 
over speeding of vehicles and high pedestrian crossing 
during peak hours may be the probable causes of accidents 
in that junction. Some of the remedial measures that may 
reduce accidents at the spot are: 

 Appointing a traffic police officer to assist 
pedestrian crossing during peak hours 

 Provision of peed breakers at proper intervals 
 Proper sign boards and boards showing accident 

history on the spot 
 Providing pedestrian flyover 
 Provision of signals and a separate phase for 

vehicles intending to take U turn 
 Relocating bus stops to the service road 

 

3. CONCLUSION 

The study was conducted to identify the accident black spot 
on the selected road stretch from Karukutty to Athani on 
NH544. Determination of black spots and detailed traffic 
study of those spots is an important step in prevention of 
accidents. Accident data obtained from police stations were 
analyzed and Karukutty was found to be the black spot based 
on WSI and ASI ranking. Spot speed study and pedestrian 
survey were conducted at Karukutty and the probable 
causes of accidents were listed out. Remedial measures to 
reduce the number of accidents were also suggested which 
include appointing a traffic police officer and installation of 
traffic signal and speed breakers at the junction.  
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Effect of Plasticity of Fines on Properties
of Uniformly Graded Fine Sand

M. Akhila, K. Rangaswamy, N. Sankar, and M. R. Sruthy

1 Introduction

Even though researchers separate soils based on particle size as sand, silt and clay,
in the field, soil always exists as a combination of all these. There are many studies
concentrating on the effect of fines on the shear characteristics of sand [1–3] and
liquefaction [4–7] but only a few studies have considered the other properties.

Yang and Wei [8] have analysed the change in critical state friction angle for
Fujian and Toyoura sands. For clean sand without fines, the critical state friction
angle tends to decrease with increasing roundness of sand particles. When those sands
were tested with fines (round shape), the critical state friction angle of the mixture
tends to decrease with an increase in fines content. But for fines with an angular
shape, the critical state friction angle tends to increase with fines content. Phan et al.
[9] have conducted one-dimensional consolidation tests on sand–silt mixtures (with
low-plastic fines at a constant void ratio and constant relative density) and indicated
that the behaviour of the mixtures were similar to those of loose sand. The effect
of fines on void ratios was studied by Cubrinovski and Ishihara [10]. The authors
reported that the void ratio initially decreases as the fines content increases from
0–20% and above 40% fines, the maximum and minimum void ratios were seen to
increase steadily.

It is clear from the literature that the studies on the effect of plasticity of fines on
the properties of sand are limited. Hence, the present study is focused on the effect
of the amount of fines and the type of fines (or plasticity index of fines) on various
properties of sand like specific gravity, limiting void ratios, grain size characteristics,
angle of internal friction and compression index.
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2 Material Tested

The soil materials utilized in the present study are natural sand, M sand, natural clay
and kaolinite clay. The natural sand was collected from Turavoor region in Kerala
state. The M sand was collected from a local quarry in Calicut, and the non-plastic
silt powder was derived after sieving the M sand through 75-µm sieve. The natural
clay was collected at a depth of 3 m from Pantheerankavu which is 12 km far from
south of Calicut city in Kerala. The index and strength properties of natural clay
are listed in Table 1. The commercial kaolinite clay was procured from Sajeev and
Co. Ltd. at Calicut district of Kerala state. The physical and chemical properties of
kaolinite clay have been provided by the manufacturer as shown in Table 2. The
results of tests conducted on natural sand are listed in Table 3.

Table 1 Index and strength
properties of natural clay

Property Value

Index property

Specific gravity 2.56

Liquid limit (%) 79

Plastic limit (%) 48

Shrinkage limit (%) 27

Plasticity index 31

Clay size (%) 50

Soil classification MH

Strength property

Maximum dry density (kN/m3) 17.5

Optimum moisture content (%) 32

UCS (kPa) 64

Table 2 Properties of
kaolinite clay

Physical (Mass
%)

Chemical (Mass %)

Acid soluble 0.94 SiO2 44

Water soluble 0.35 Al2O3 38

Oil absorption
(mm/100 g)

35 Fe2O3 0.25

Specific gravity 2.62 TiO2 0.35

pH 5 ± 0.5 CaO 0.05

Moisture
percentage

1.5 ±0.06 0.5 Na2O 0.06

TDS 100 K2O 0.05

MgO 0.07
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Table 3 Basic and index
properties of sand

Property Value

Specific gravity 2.62

D50, mm 0.28

Uniformity coefficient, Cu 2.36

Coefficient of curvature, Cc 0.87

emax 0.858

emin 0.578

Among the numerous trial combinations of low-plastic soils mixtures processed,
the combinations of 50% kaolinite + 50% silt, 100% kaolinite and 20% clay +
80% kaolinite mixtures were found to possess plasticity indices of 5%, 10% and
15%, respectively and hence decided to be used for the current work. A total of 17
soil combinations were prepared by mixing the above-mentioned low-plastic soil
combinations to the fine sand. The effect of presence of fines in the sand matrix
on its properties was investigated by conducting various test including grain size
analysis, relative density tests, specific gravity, direct shear test and one-dimensional
consolidation tests. The tests were performed as per IS test procedures at different
percentage fines (0, 10, 20, 30 40%) and plasticity index of fines (0, 5, 10, 15%).

3 Results and Discussions

Test results for index properties and some engineering properties on all the soil
combinations adopted in the study are presented in the following sections.

3.1 Effect of Particle Size Characteristics

A combined dry sieve and hydrometer analysis was performed on all the soil combi-
nations to obtain the particle size distribution. The gradation curve of fine sand is
shown in Fig. 1. The values of average particle size, D50, were found from the grada-
tion curves, and its variation with respect to amount and PI of fines added is reported
in Fig. 2. D50 gives an understanding of physical properties of the soil which in turn
affect its strength and load bearing properties. It is clear from Fig. 2a that the D50 of
sand decreases with the addition of fines at every tested value of PI. But, the plasticity
index of fines has no much influence on the gradation of the soil (Fig. 2b).
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Fig. 1 Particle size
distribution of sand
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Fig. 2 Effect of a fines content and b plasticity index on D50

3.2 Effect on Void Ratio

Relative density tests were performed as per the IS code procedure to arrive at the
maximum density of all soil combinations. The minimum densities of soil combi-
nations were attained by pouring it steadily with zero height using paper cone into
the CBR mould of 150 mm size. The average values of maximum and minimum
densities of soil combinations are reported in tables after repeating the tests thrice.
Based on limited densities, the maximum and minimum void ratios are estimated by
using the empirical equations, and its variations are shown in Figs. 3 and 4.

It was observed that both the maximum and minimum void ratios decrease as the
fines content increases at all tested values of PI of fines. The variation with respect
to the PI of fines showed different trends with different fines contents. At low fines
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Fig. 3 Effect of a fines content and b plasticity index on emax
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Fig. 4 Effect of a fines content and b plasticity index on emin

content (10%), both emax and emin decrease with the increase in the plasticity of fines.
At higher fines content, a contradiction was observed between the variations in emax

and emin. At higher fines content, emax shows an initial decrease with the increase in
the PI of fines and then shows an increase. But the variation of emin is exactly the
opposite.

3.3 Effect on Specific Gravity

The specific gravity of all the soil combinations was found using pycnometer.
Figure 5a and b shows the influence of fines on the initial specific gravity of natural
fine sand which was found to be 2.62. It is clear from Fig. 5a that specific gravity
increases with an increase in fines content. The influence of PI of fines on specific
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Fig. 5 Effect of a fines content and b plasticity index on specific gravity

gravity of sand is shown in Fig. 5b. The specific gravity of natural sand showed an
initial decrease followed by a gradual increase with increase in PI of the fines added
at all tested fines content.

3.4 Effect on Angle of Internal Friction

Direct shear tests were carried out in the small direct shear box (6 × 6 × 5 cm) to
understand the changes in shear strength properties of natural sand due to addition
of fines. The soil samples were filled in the direct shear box under loosest as well
as densest states, and tests were conducted at normal stresses ranging from 100–
300 kPa. From the test data, maximum and minimum angle of friction were found
and are plotted in Figs. 6 and 7. It can be observed from Figs. 6a and 7a that the value
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Fig. 6 Effect of a fines content and b plasticity index on maximum angle of internal friction
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Fig. 7 Effect of a fines content and b plasticity index on minimum angle of internal friction

of the angle of internal friction increases with the addition of non-plastic fines (both
in loosest and densest state of soil). But on addition of low-plastic fines to the sand,
an opposite trend can be seen with a decrease in friction angle corresponding to an
increase in fines content.

An average reduction of 62.5% from the initial values was observed in friction
angles when low-plastic fines of PI = 15% was added to sand (Figs. 6b and 7b). The
reduction trends can be seen overlapping at all fines content. The angle of internal
friction decreases significantly with increase in the plasticity of fines.

3.5 Effect on Compression Index

One-dimensional oedometer tests have been conducted on all the soil samples in the
loosest and densest possible states. The e-log p curve of natural sand is shown in
Fig. 8. From this, the compression index is found as 0.04 in the loosest state and 0.03
in the densest state. The effect of fines on compression index of sand is shown in
Figs. 9 and 10. It is clear from Figs. 9a and 10a that the addition of low-plastic fines
increases the compression index of sand. But the variation in compression index due
to the addition of non-plastic fines is negligible. Figures 9b and 10b indicate that at
all tested fine content, Cc increases with an increase in PI of fines. Also, if the value
of sand is excluded in Figs. 9 and 10, the remaining points will show a linear trend
between Cc and PI.
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Fig. 8 e-log p plots of sand
in loosest and densest state
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Fig. 9 Effect of a fines content and b plasticity index on Cc (loosest possible state)

0 10 20 30 40
0.00

0.04

0.08

0.12

0.16

0.20

C
c

Fines content (%)

 PI = 0
 PI = 5
 PI = 10
 PI = 15

-2 0 2 4 6 8 10 12 14 16
0.00

0.04

0.08

0.12

0.16

0.20

C
c

Plasticity index (%)

Sand
 FC = 10%
 FC = 20%
 FC = 30%
 FC = 40%

(a) (b)

Fig. 10 Effect of a fines content and b plasticity index on Cc (densest possible state)



Effect of Plasticity of Fines on Properties of Uniformly … 9

4 Summary and Conclusions

The present paper discussed the effect of non-plastic and low-plastic fines on the
properties of sand. Effect on grain size characteristics, limiting void ratio, specific
gravity, angle of internal friction and compression index is elaborated. The following
conclusions are derived:

1. The D50 of sand decreases with the addition of fines at every tested value of PI.
But, if particular fines content is taken, the plasticity index of fines has no much
influence.

2. Both maximum and minimum void ratios decrease as the fines content increases
at all testes values of PI of fines. The variation of emax and emin with respect to
the PI of fines is contradicting to each other.

3. Value of angle of internal friction is increased with the addition of non-plastic
fines (both in loosest and densest state of soil). But an opposite trend is found
with the addition of low-plastic fines. The angle of internal friction decreases
with increase in the plasticity of fines.

4. The addition of low-plastic fines increases the compression index of sand, but
the effect of non-plastic fines is negligible. At all tested fine content, Cc increases
with increase in PI of fines.
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Abstract: Zero energy technologies and sustainable energy production are the two major concerns of present day 
researches. Microbial fuel cells (MFCs) are bioreactors that extract chemical energy stored in organic compounds, 
into electric potential, through bio-degradation. The core reason for the high strength of effluent generated from 
slaughterhouses is animal blood. The current study evaluates the potential of MFC technology to reduce the 
pollution strength of cattle blood in terms of chemical oxygen demand (COD). The current study was piloted in 
three stages using lab scale two chambered MFC: The first stage was to determine the best oxidising agent as 
compared to natural aeration from three accessible options, KMnO4, diffused aeration and tape grass aquatic plant. 
KMnO4 was found to be the superlative with a 30% reduction in COD in 100 hrs batch reactor and a maximum 
power of 0.97 mW using 125 mL livestock blood. The second stage of the study optimised the concentration of 
KMnO4. At 500 mg/L KMnO4 concentration, 50% COD removal efficiency was acquired in a batch reactor of 60 
hrs with an average energy output of 1.3 mW. In the final stage on the addition of coconut shell activated carbon 
with an Anolyte at a rate of 40 mL/125 mL of substrate COD removal efficiency increased to 74.9%. 

Key words: Adsorption, bio-energy, cattle blood, microbial fuel cell, wastewater treatment. 

Introduction

Industrial development and population growth have 
brought about intensified need for fossil fuels for 
energy. For the past few decades, researchers are 
focusing more on fresh solutions for alternate energy 
sources, due to the depletion of non-renewable energy 
sources like fossil fuels and drastic changes in the 
climate. The inevitable byproduct of industrialisation 
is wastewater, generated from diverse industrial 
sectors (Halakoo et al., 2015). The energy intense, 
conventional wastewater treatment systems, demand 
the energy efficient alternative treatment technology, 
which will make the process/operation sustainable. 

In the recent past, anaerobic technologies are gaining 
increased attention for wastewaters treatment. At the 
same time, use of wastewater as a clean energy source 
with minimal or zero carbon dioxide emission is also 
growing attention due to global environmental concerns 
and energy insecurity. Microbial fuel cell technology 
utilises waste as a fuel for producing electricity (Sabat et 
al., 2013; Teli et al., 2016). In this approach, wastewater 
is considered as a resource, which, rather than using 
energy and producing waste solids to dispose off, will 
be regarded as a production plant, where wastewater 
is cleaned for the effective re-use and electricity is 
produced from the biodegradable organic pollutants 
with a lower carbon emission (Sreedharan and Pawels, 
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2016). MFC effectively uses micro-organisms naturally 
present or grown in wastewater as the catalyst to 
generate electricity during the degradation of waste 
organic matter. Thus, in MFC, wastewater treatment 
and electricity generation takes place simultaneously 
and hence will diminish the treatment cost. 

Wastewater discharge from slaughterhouse is 
moderate to high strength containing about 45% soluble 
and 55% suspended organic contaminants. The major 
source of organics in wastewater is animal blood 
(Manjunath et al., 2000; Omole and Ogbiye, 2013). 
Animal blood contains 50 to 70% plasma and 30 to 
50% cellular elements like red blood cells, white blood 
cells, platelets, etc. depending on the animal species 
(Bah et al., 2013). Ekman (1976) reported that cattle 
blood contains glucose (280-530 mg/L), urea (100-230 
mg/L), and some inorganic elements like Na, Ca, K, 
Mg, P, etc. Blood is an unavoidable waste product of 
the meat processing industry, up to 4% of the animal 
weight. Blood produced in an abattoir, is a challenging 
waste product because of its clouting nature, very high 
pollution strength and the high volumes generated. It 
causes unhygienic conditions when discharged directly 
into the soil or water bodies (Bah et al., 2013). Wang 
et al. (2018) reported the suitability of slaughterhouse 
blood in an anaerobic digester with the production of 
methane as biogas.

Microbial Fuel Cell Technology 
Microbial fuel cell is a microbial device that generates 
electrical potential during the oxidation of organic 
compounds with the help of microorganisms. A 
conventional MFC consist of anode and cathode, 
separated by a proton/cation exchange membrane. 
Microbes oxidise the organic substances anaerobically 
and produce protons and electrons within the anode 
chamber. Electrons are transferred to the anode and 
conducted to the cathode by the external circuit. The 
generated protons are migrated through the membrane 
to the cathode chamber (Sabat et al., 2013). Oxygen 
acts as the electron acceptor in the cathode chamber 
due to its strong oxidation potential. Thus, electrons 
combined with oxygen and protons, migrated through 
the membrane, forming H2O as a clean by-product 
(Rabaey and Verstraete, 2005; Rahimnejad et al., 2015). 
The passage of electrons through an external circuit, 
creates bio-electricity.

Experimental investigations are done on MFCs to 
generate electricity directly from complex organic 
wastewater such as, domestic wastewater (Hays et al., 
2011; Sreedharan and Pawels, 2016), sanitary effluent 

(Castroet al. 2014; Ieropouloset al. 2013), rice mill 
wastewater (Behera et al., 2010), dairy wastewater 
(Patil et al., 2011), molasses wastewater (Zhong et al., 
2011), cheese whey (Antonopoulou et al., 2010), etc. 
Investigations are going on worldwide in MFC systems 
using wastewaters, being the most promising electron 
donors because of it’s free availability and sustainable 
nature (Behera et al., 2010; Gil et al., 2003). Several 
recent researches proved that coconut shell activated 
carbon is a promising low cost adsorbent material 
used in the treatment of both organic and inorganic 
contaminants from wastewater (Jayan and Aryasree, 
2019; Olafadehan et al., 2012). The present study tried 
to combine the effect of adsorption using coconut shell 
activated carbon to improve the treatment efficiency and 
generation of electric potential from MFC.

Experimental Investigations

Slaughter houses in sub-urban and rural areas discharge 
blood and untreated wastewater into the environment. 
Fresh blood coagulated and putrefied causing an 
offensive odour as well as sanitary and environmental 
issues. The present study was conducted to treat cattle 
blood using MFC technology. The potential developed 
between the electrodes is an added benefit of this 
technology.

Materials
A two chambered model of MFC was designed in Acrylic. 
Both cathode and anode chambers having a capacity 
of 125 ml each. Chambers were connected through 
a 30 mm diameter hole, where the cation exchange 
membrane (CMI-7000 Membranes International Inc., 
NJ, USA) separates the chambers. The chambers were 
coupled using nuts and bolts. To prevent leaks rubber 
gaskets were used as spacers and sealed using silicone 
sealant.

In this study fresh cattle blood, collected from a 
local slaughter house and treated at source with Sodium 
citrate as anti-coagulant, was used as substrate in an 
anode chamber. Light gauge copper wires, connected 
with Graphite electrodes, were used for the external 
circuit of MFC. Options like KMnO4 solution, diffused 
aeration (using aquarium pump), Tape Grass Aquatic 
Plant and natural aeration were compared in cathode as 
oxygen sink at the end of the electron transport chain. 
Potassium permanganate (KMnO4) was tried as the 
chemical electron acceptor in cathode chamber, being 
the safest chemical form even used as a disinfectant, 
compared to plenty of other chemical oxidising agent 



 Study on Treatment of Blood from Abattoir using MFC Technology with Production of Green Energy 137

like potassium ferricyanide (K3[Fe(CN)6]), potassium 
dichromate (K2Cr2O7), Fe3+, Hg+, Cu2+, etc (He et al., 
2015; Ucar et al., 2017). The last stage of investigation 
used coconut shell activated carbon along with the 
Anolyte, cattle blood, to modify the treatment efficiency 
of MFC.

Methodology
Experimental investigations were done in three stages: 
Stage one compared different modes of supplying 
electron acceptors in the cathode chamber. 1500 mg/L 
of KMnO4 solution, Dissolve oxygen by diffused 
aeration, tape grass aquatic plant and distilled water 
taken in an open cathodic chamber proving possibility 
for natural surface aeration. The potential difference 
between electrodes was measured using digital 
multimeter. Initial and final COD of the blood samples 
were evaluated, using the standard titrimetric method, 
to obtain the treatment efficiency of MFC within 100 
hrs time period. Voltage and current measurements 
were taken for a period of 5 hrs. at one hour interval 
daily and average daily voltage, current and produced 
power were calculated. Figure 1 shows the experimental 
configuration of MFC.

According to the first stage study, the chemical 
oxidising agent, KMnO4, is found to be the most 
effective Catholyte media. The second stage of the 
study was a 60 hrs batch reactor, using different 
concentrations of KMnO4. COD was evaluated to 
represent the treatment efficiency of MFC. Current and 
potential differences between electrodes were measured 
using digital multimeter, at 2 hrs interval. 

The second stage of the study derived 500 mg/L of 
KMnO4 to be the most effective concentration in terms 
of COD removal and bio-energy generation. But due 

Figure 2: Voltage development in MFC using different 
oxidizing agents in the cathodic chamber

to the limited COD removal efficiency, the third stage 
of investigation combined the effect of MFC with 
adsorption using coconut shell activated carbon. With 
60 hrs of batch study both current and electric potential 
were measured at 2 hrs interval.

 In all stages of the experiment samples of blood were 
kept closed in anode chambers in an anoxic condition to 
develop anaerobic degradation. The control sample was 
also kept under the same environmental conditions to 
compare the treatment efficiency of MFC with respect 
to natural anaerobic degradation.

Results and Discusssion

Comparison of Different Oxidising Agents in the 
Cathodic Chamber
Cathodic media plays a vital role in the treatment 
efficiency and bio energy production of MFC. Figure 
2 represents voltage generation from MFCs using cattle 
blood as substrate in the anodic chamber of MFC, 
with different oxidising agents in the cathode chamber. 
Chemical oxidising agent, KMnO4, is found to be the 
best oxidising agent with maximum voltage and power 
generation compared to diffused aeration, tape grass 
aquatic plant and natural aeration in distilled water. 
MFC using KMnO4 produced an average daily voltage 
in the range of 0.95 V to 1.22 V.

Figure 3 represents the calculated power generation 
as the product of voltage and current measurements of 
cells using multimeter. The maximum value of average 
daily power was 0.97 mW from the MFC chamber of 
using 125 mL cattle blood as substrate and KMnO4 
as an oxidising agent. Average power generation was 
found to be 0.88 mW, equivalent to the power density 
of 7 W/m3 cattle blood treated.

Treatment efficiency of MFC is represented in Figure 
4, in terms of % COD reduction of cattle blood. A total 
of 30% reduction in COD is found with KMnO4 as an 
oxidising agent, the chamber from which maximum 
power was obtained. Natural anaerobic reduction of 

Figure 1: Two-chambered MFC Experimental setup.
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value of power was obtained from MFC with a 
KMnO4 concentration of 500 mg/L. As the current was 
lowered in higher concentrations of KMnO4, the power 
was effectively reduced at higher ranges of KMnO4 
concentrations. The maximum power obtained was 1.48 
mW from MFC with KMnO4 concentration of 500 mg/L 
in the cathodic chamber. Effective generation of power 
can be represented as 1.30 mW or power density as 10 
Watt/m3 of waste cattle blood.

Figure 7 represents the COD removal efficiency 
of MFC with different concentrations of KMnO4. 
Compared to natural anaerobic biodegradation 9% 

Figure 4: COD removal efficiency of MFCs compared to 
average power generation.

Figure 5: Voltage development in MFC using different 
concentrations of KMnO4.

Figure 6: Power production from MFC using different 
concentrations of KMnO4.

Figure 7: COD removal efficiency of MFC compared 
to power generation using different concentrations of 

KMnO4.

Figure 3: Power production from MFC using different 
oxidiszing agents in the cathodic chamber.

sample kept as control under similar anoxic, time 
and temperature condition found to be 7.64%. Better 
biodegradation was found in all MFC cells, compared 
to natural biodegradation even with lower power 
generation than KMnO4 in the cathodic chamber. 

Comparison of Concentration of KMnO4 as 
Oxidising Agent in Cathodic Chamber 
Different concentrations of KMnO4 solution ranging 
from 0 mg/L to 1500 mg/L were used in the cathodic 
chamber to find out the optimum concentration of 
KMnO4 for maximum biodegradation and power 
generation from MFC. Distilled water (0 mg/L) showed 
very little potential difference below the measurable 
level. Figure 5 shows the voltage generated between 
the electrodes at different concentrations of KMnO4 
in the cathodic chamber. A concentration of 250 mg/L 
showed a measurable potential difference in the range 
of 0.2 to 0.6 V. A total of 500 mg/L concentration of 
KMnO4 produced maximum steady state potential 1.18 
V to 1.2 V from 20th hour of the batch reactor. A slightly 
reduced steady voltage is shown in all other higher 
concentrations of KMnO4.

Power generation was calculated from the measured 
values of voltage and current (Figure 6). The maximum 
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reduction in COD in MFC without any oxidising 
agent, MFC with KMnO4 concentration of 500 mg/L 
could reduce about 50% of COD. Maximum power 
generation coincides with maximum COD removal 
efficiency of MFC at KMnO4 concentration of 500 
mg/L. Even with other KMnO4 concentrations in MFC, 
better biodegradation was found compared to natural 
anaerobic biodegradation. Electricity generation and H+ 
ion migration provide a better condition for anaerobic 
degradation in the anodic chamber of MFC.

Coconut Shell Activated Carbon in MFC
Activated carbon was added to the anode chamber of 
MFC with cattle blood in terms of volume in three 
reactors. Compared to 20 mL, MFC added with 30 mL 
and 40 mL coconut shell activated carbon generated 
better electric potential from the cell. They produced 
potential in the range of 1.3 V consistently for a 
period of 30 hrs. MFC with 40 mL activated carbon 
produced a slightly higher potential. After crossing the 
40 hrs reactor period, a slight reduction in potential 
was noticed with slight discolouration indicating the 
consumption of KMnO4 solution. Figure 8 represents 
the potential generation from MFC added with coconut 
shell activated carbon.

Figure 9 shows the power generation from MFC. 
MFC with the highest content of activated carbon 
generated a slightly lower current, hence lower power. 

Maximum power was generated from MFC with 30 
mL of activated carbon. This is indicated by higher 
internal resistance and lower substrate volume by 
the addition of excess activated carbon. Figure 10 
clearly indicates that the combination of MFC and 
activated carbon improves the treatment efficiency of 
cattle blood. The combined effect of adsorption and 
anaerobic biodegradation could achieve a 74.9% COD 
removal efficiency for high strength cattle blood. But 
the addition of excess activated negatively affects on 
power generation potential of MFC by reducing the 
holding capacity of Anolyte.

Figure 8: Voltage development in MFC with addition of 
activated carbon.

Figure 9: Power production from MFC with addition of 
activated carbon.

Figure 10: COD removal efficiency of MFC compared 
to power generation with addition of activated carbon.

Conclusion

According to Omole and Ogbiye (2013), the dung/
partially digested food and blood which count about 
5% of the total cattle slaughtered at abattoirs constitutes 
the greatest threat to the environment. Out of which 
dung will be converted and utilised as manure. Cattle 
blood, even though collected in liquid form, coagulated 
immediately. Hence, its mixing makes the wastewater 
more complex with higher strength of COD. Microbial 
fuel cell is a technology of the day with multiple benefits, 
found suitable for reduction in strength characteristics in 
order to reduce pollution problem. Conventional aerobic 
treatment systems are energy intensive creating higher 
treatment costs and anaerobic degradation is very slow. 
MFC, being a zero energy system with the production 
of power during treatment, is a more sustainable way 
of treating wastewater. From the results, it is clear that 
at an optimum concentration of 500 mg/L KMnO4 in 
the cathodic chamber, maximum power of 1.48 mW or 
11.84 Watt/m3 was produced with almost 50% reduction 
in COD for cattle blood having raw average COD of 
250,000 mg/L. Combination of adsorption with MFC is 
found to be an excellent option for better COD removal 
efficiency, even with lower power generation.
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Abstract - The performance of a high rise building during 
strong earthquake motions depends on the distribution 
of stiffness, strength and mass along both the vertical and 
horizontal directions. If there is discontinuity in stiffness, 
strength and mass between adjoining storeys of a 
building then such a building is known as irregular 
building. The present study focuses on the performance 
and behaviour of regular and vertical irregular G+11 
storied buildings under seismic loading. Two types of 
irregularities namely vertical irregularities and 
horizontal irregularities are considered in this study. 
Total ten regular and irregular buildings are modelled 
and seismic analysis is carried out in Staad Pro and the 
results are compared. 
 
Index Terms - Horizontal irregularities, Mutli storeyed 
Building, Seismic analysis, Vertical irregularities. 
 

I.INTRODUCTION 
 

An RCC framed structure is basically an assembly of 
slabs, beams, columns and foundation inter -connected 
to each other as a unit. The floor area of a R.C.C 
framed structure building is 10 to 12 per cent more 
than that of a load bearing walled building. Monolithic 
construction is possible with R.C.C framed structures 
and they can resist vibrations, earthquakes and shocks 
more effectively than load bearing walled buildings. 
During an earthquake, the collapse of the building is 
mainly due to discontinuity in geometry, mass and 
stiffness. Vertical irregularities are one of the major 
reasons of failures of structures during earthquakes. 
Geometric irregularity also introduces discontinuity in 
the distribution of mass, stiffness and strength along 
the vertical direction. The behaviour of these types of 
building is something different. So this paper is an 
attempt to study about the structural behavior of 
various types of building configuration. The main 
objective of this work is to study the flexural and 
seismic behaviour of regular & irregular shape 

building and to identify the best building configuration 
from this analysis. 

 
II. LITERATURE REVIEW 

 
Akhil R, et.al (2017) This analysis aims to the seismic 
response of various vertical irregularity structures. The 
project is done by Response spectrum analysis (RSA) 
of vertically irregular RC building. This study includes 
the modelling of regular and H-shape plan irregular 
building having area of 25x25m and height of 3.5 m 
from each G+10 storey. The performance of this 
framed building during study earthquake motions 
depends on the distribution of stiffness, strength, and 
mass in both the horizontal and vertical planes of the 
building. The main aim of this work is comparative 
study of the stiffness of the structure by considering 
the three models in Regular Structure and three models 
in Plan irregular structure with different Vertical 
irregular structure. All models are analysed with 
dynamic earthquake loading for the Zones V. Result 
found from the response spectrum analysis that in 
irregular shaped building displacements are more than 
that of regular shaped building 
Anil Kumar et.al (2012) -The structural irregularities 
cause non-uniform load distribution in various 
members of a building. There have been several 
studies on the irregularities, viz., evaluation of 
torsional response of multi-storey buildings using 
equivalent static eccentricity, three-dimensional 
damage index for RC buildings with planar 
irregularities, seismic response of vertically irregular 
frames with pushover analysis and evaluation of mass, 
strength and stiffness limits for regular buildings 
specified by UBC. In this paper, response of a 10-
storeyed plane frame to lateral loads is studied for 
mass and stiffness irregularities in the elevation. These 
irregularities are introduced by changing the 
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properties of the members of the storey under 
consideration. Various irregularities include soft 
storey, heavy loads on top floor, floating columns as 
well as unusually tall first storey. Effects on storey-
shear forces, storey drifts and deflection of beams is 
studied. 
Aruna Rawat et.al (2017)-The present study focuses 
on the performance and behaviour of regular and 
vertical irregular G+10 reinforced concrete buildings 
under seismic loading. Two types of vertical 
irregularities namely stiffness and setback are 
considered in this study. Total eight regular and 
irregular buildings are modelled and seismic analysis 
is carried out using response spectrum analysis 
method. Different seismic responses like storey 
displacement, storey drift, overturning moment, storey 
shear force, and storey stiffness are obtained. By using 
these responses, a comparative study has been made 
between regular and irregular buildings. The result 
remarks the conclusion that, a building structure with 
stiffness and setback irregularity provides instability 
during seismic loading. To control the instability, a 
proportionate amount of stiffness is beneficial in RC 
building 

III. METHODOLOGY 
 

An RCC framed structure is basically an assembly of 
slabs, beams, columns and foundation inter-connected 
to each other as a unit. Here the study is carried out for 
the behavior of G+11 Storied Buildings, Floor height 
provided as 3m and also properties are defined for the 
building structure. The model of buildings is created 
in Staad.pro software. The seismic zone considered is 
zone III and soil type is medium. Ten models of 
buildings are prepared. Two types geometry are 
adopted for this analysis regular and irregular shaped 
building with and without stepped. The building 
description were given in table I. 
Case I: Regular Building- A 32m x 20m with 12-storey 
regular structure is considered for the study. Size of 
each grid portion is 4m x 4m. Height of each storey is 
3m and total height of the building is 36m.  
Table. I Building description 

SL. No Item Description 
1 Length x Width 32 x 20m 
2 No. of storeys 12 
3 Storey height 3m 
4 Beam along length 250 x 450mm 
5 Beam along width 250 x 450mm 

6 Column 600 x 600mm 
7 Interior Column (7th 

to 12th storey) 
450 x 450mm 

7 Slab thickness 120mm 
8 Thickness of main 

wall 
230mm 

9 Height of parapet wall 1m 
10 Thickness of parapet 

wall 
115mm 

 

 
Fig.1 Plan of Regular Building 
 
Case II: Irregular Building-A 32m x 20m 12-storey 
irregular structure is considered for the study. Size of 
each grid portion is 4m x 4m. Three different irregular 
building such as in H, L, C shape with and without 
setback are modeled.  

 
Fig.2 Plan of Irregular (H Shape) Building 

 
Fig.3 Plan of Irregular (L Shape) Building 
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Fig.4 Plan of Irregular (U Shape) Building 

 
3.1 Loading 
Dead Load 
The dead load consists of self-weight of the structure, 
wall load, weight of parapet walls, floor slabs and floor 
finish. 
Wall load: Full brick load = 11.5 kN/m (Full brick load 
is given only to the outer walls of both type building)  
Half brick load = 5.75kN/m (half brick load is given 
to the inner walls of both type building) 
Weight of parapet = 2.3kN/m.  
Self-weight of slab = 3kN/m2.  
Floor finish load =1kN/m2 
Live Load: Live load of 3 kN/m2 is given in all floors. 
Seismic Load: The building was analysed for 
earthquake load also. Seismic parameters used for 
modeling was as per IS 1893-2002 is shown in Table. 
II 
Table. II Seismic parameters 

Sesmic Zone 3 

Zone Factor, Z 0.16 

Soil Type Type 2 (medium) 

Importance factor, I 1 

Response reduction factor, R 5 

Damping 5% 

Period in X direction 0.57 

Period in Z direction 0.72 

Wind Load: As per IS 875 (Part 3) - 1987 
Design Wind Speed Vz = Vb x K1 x K2 x K3 
Basic wind speed, Vb =39 m/s 
K1 =1, K3 = 1+ Cs (s=0) = 1, K2 (Category 3, Class B) 
Table. III Wind Load Parameters 

Height (m) K2 Vz (m/s) 
12 0.904 35.256 
15 0.94 36.667 
18 0.964 37.596 
21 0.985 38.415 

24 1 39 
27 1.015 39.585 
30 1.03 40.17 
33 1.039 40.521 
36 1.048 40.872 

The structure was analysed for various load 
combination as shown below. 
1. 1.5 DL 
2. 1.5(DL+LL) 
3. 1.2(DL+LL+EQX) 
4. 1.2(DL+LL+EQ-X) 
5. 1.2(DL+LL+EQZ) 
6. 1.2(DL+LL+EQ-Z) 
7. 1.5(DL+EQX) 
8. 1.5(DL+EQ-X) 
9. 1.5(DL+EQZ) 
10.1.5(DL+EQ-Z) 
11.0.9DL+1.5EQX 
12.0.9DL+1.5EQ-X 
13. 0.9DL+1.5EQZ 
14. 0.9DL+1.5EQ-Z 
15. 0.9DL+1.5WLX 
16. 0.9DL+1.5WL-X 
17.0.9DL+1.5WLZ 
18. 0.9DL+1.5WL-Z 
19. 1.5(DL+WLX) 
20. 1.5(DL+WL-X) 
21. 1.5(DL+WLZ) 
22. 1.5(DL+WL-Z) 
23.1.2(DL-IL WLX) 
24. 1.2(DL+LL+WL-X) 
25.1.2(DL-LLWLZ) 
26.1.2(DL LL WL-2) 
 

IV. MODELLING IN STAAD PRO 
 

 
       Fig. (a)5                                                       Fig. (b)5 
Fig.5 Regular Building with and without setbacks 
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       Fig. (a)6                                                      Fig. (b)6 
Fig.6 Irregular Building (H Shape) with and without  
Setbacks 
 

     
       Fig. (a)7                                                       Fig. (b)7 
Fig.7 Irregular (L Shape) Building with and without 
setback 
 
 

      
       Fig. (a)8                                                      Fig. (b)8 
Fig.8 Irregular (U Shape) Building with and without 
setback 

 
Fig.9 Inverted T shaped Building 

 
V.  RESULT AND DISCUSSION 

 
The parameters which are considered for this study are 
shear force, bending moment, storey displacement. 
The critical maximum values are taken in all the cases. 
The maximum node displacement values for each 
model are tabulated below. 

 
Fig.10 Comparison of maximum node displacement 
for each model 
Comparing the node displacements for both regular 
and irregular building the maximum displacement is 
obtained for Regular (U Shape) and minimum is 
obtained for Regular with stepped. 

 
Fig.11 Base shear for each model 
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Comparing the base shear for both regular and 
irregular building the maximum is obtained for 
Regular and minimum is obtained for Irregular H 
shape with stepped. 
Comparing the Shear force for both regular and 
irregular building the maximum is obtained for 
Irregular (U shape) and minimum is obtained for 
regular with stepped due to severe effect of wind load. 

 
Fig.12 Comparison of shear force for each model 
Comparing the bending moment (+ve) for both regular 
and irregular building the maximum is obtained for 
Regular (U shape) and minimum is obtained for 
regular with stepped. 

 
Fig.13 Comparison of (+ve) bending moment for each 
model 
Comparing the bending moment (-ve) for both regular 
and irregular building the maximum is obtained for 
Regular (U shape) and minimum is obtained for Invert 
T. 

 

Fig.14 Comparison of (-ve) bending moment for each 
model 

VI.  CONCLUSIONS 
 

After conducting the analysis of all the building 
configurations, behaviour of the structure is different 
for the different shape of the structure. After 
discussion of results and observation some of results 
are summarized. 
It is concluded that as the amount of setback increases, 
the critical shear force also increases. The regular 
building frames possess low shear force compared to 
setback irregular frames. 
The critical bending moment of irregular frames is 
more than the regular frame for all building heights. 
This is due to decrease in stiffness of building frames 
due to setbacks. Thus there is need for providing more 
reinforcement for irregular frames. 
Comparing the maximum base shear for both regular 
building and irregular building the maximum shear is 
obtained for regular building. 
Compared to irregular model lateral displacement is 
less in regular model. Comparing the node 
displacements for both regular and irregular building 
the maximum displacement is obtained for Regular (U 
Shape) and minimum is obtained for Regular with 
stepped. 
The seismic performance of regular frame is found to 
be better than corresponding irregular frames in nearly 
all the cases. Therefore, it should be constructed to 
minimize the seismic effects. Among irregular frames, 
H shaped building configuration is found superior than 
others. 
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Abstract 
The study on the migration behaviour of light non-aqueous phase liquid (LNAPL) through the 

subsurface system is essential for implementing a proper remedial measure against groundwater 
contamination. A FEM-based flow and transport model FEFLOW (Finite Element subsurface FLOW 
and transport system) was utilised in this study to model the migration of LNAPL, through the 

unsaturated zone, where the LNAPL is modelled as a single-phase contaminant with the least water 
solubility. Further, it evaluates the utility of a natural fibre, coir geotextile (CG) in controlling the 
migration of the LNAPL through the subsurface system based on an experimental study. The 

predictions from the numerical model are compared and found matching with the experimental 
results. The CG layer is also modelled similarly to the soil layer with appropriate values of the 
parameters, which defines the novelty of this study. Hence, the developed numerical model is 

used to simulate the actual field conditions to assess how long the coir geotextile can sustain as 
a remedial measure for controlling LNAPL migration through the soil. The provision of two layers 
of CG with a vertical layer on both sides as a box-like containment could hold LNAPL up to 7.5 years 

in the wet condition and 5 years in the dry condition of soil.  
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1 Introduction 

Accidental spills or leakages of non-aqueous phase liquids 
(NAPLs) from underground storage tanks (USTs) have 
become a significant source of groundwater contamination 
(van Geel and Sykes, 1994a; Fagerlund and Niemi, 2007). In 
the case of leakage of NAPL from a UST, it can migrate 
through the unsaturated zone of the soil and reach the 
groundwater source. A thorough understanding of the 
migration behaviour of NAPL through various types of soils 
in both saturated and unsaturated conditions is essential 
for implementing any remediation practices. As the field 
investigations are expensive, the laboratory simulations and 
numerical modelling become an integral part of such studies, 
which also evaluate the effects of suggested remedial actions. 

Laboratory studies for understanding the saturation 
distribution light NAPL (LNAPL) of through various soil 
media were conducted by many researchers (van Geel and 
Sykes, 1994a; Illangaskare et al., 1995; Fagerlund and Niemi, 
2007; Praseeja and Sajikumar, 2020). The experiments are 
usually conducted in an accelerated mode of high spill rate with 

a lesser density of soils such that it rarely simulates the field 
conditions. Hence it becomes necessary to use a numerical 
model to assess how the remedial measure performs in the 
actual field conditions against hydrocarbon contamination. 
A model with minimal requirement of input data is useful to 
assess the effect of different remedial measures in controlling 
the LNAPL migration through different soil media. 

A wide range of the models developed for representing 
the immiscible flow in the subsurface zone were reviewed 
and presented (Kamaruddin et al., 2011; Praseeja and 
Sajikumar, 2019). The models designed for simulating the 
flow of NAPL through porous media based on FEMs (finite 
element methods) are (i) areal multiphase organic simulator 
(ARMOS) (Kaluarachchi et al., 1990), (ii) multiphase analysis 
of groundwater, NAPL, and soluble components (MAGNAS) 
(Huyakorn et al., 1992), (iii) multiphase flow and transport 
(MOFAT) (Katyal et al., 1991), and (iv) NAPL simulator 
(Guarnaccia et al., 1997), and based on FDMs (finite difference 
methods) are (i) subsurface transport over multiple phases 
(STOMP) (White et al., 1995), (ii) TOUGH2 (Pruess et al., 
1999), (iii) VENT2D (Benson, 1994), and (iv) MODFLOW– 
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Nomenclature 

C solute concentration (kg/m3) 
D dispersion coefficient (m2/s) 
Dd molecular diffusion (m2/s) 
e gravitational unit vector 
fμ function of fluid viscosity 
g gravitational acceleration (m/s2) 
h  capillary head (m)   
I unit tensor 
K hydraulic conductivity tensor (m2) 
Kr relative hydraulic conductivity 
k intrinsic permeability tensor (m2)  
n, m  van Genuchten parameters 
pf fluid pressure (N/m2) 
Q specific mass supply 
q  darcy flux vector (m/s) 
R soil retardation coefficient 

s  saturation 
sf fluid saturation  
Se effective saturation 
So storage coefficient (m−1) 
t  time (s) 
z elevation above a reference datum (m) 

Greek symbols 

Δ differential operator 
ρ density (kg/m3)  
ε porosity 
χ adsorption function  
Ψ pressure head (m) 
θ volumetric water content 
ϑ decay rate 

  

SURFACT (Panday and Huyakorn, 2008).  
An inverse boundary design problem of combined natural 

convection–radiation is designed by considering specular 
reflectivity and participating media (Mosavati et al., 2013, 
2016) and hence formulates its solution techniques. The 
three fundamental mechanisms of NAPL migration involve: 
(i) transport under the combined influence of gravitational 
and capillary forces, (ii) through dissolution and consequent 
advection in the downward direction, and (iii) as a vapor 
NAPL constituent in the soil gas, where the increased 
gas-phase density induces downward movement. Hence, 
remediation of NAPL contamination from the subsurface 
often requires a combination of techniques. Conventional 
methods such as pump-and-treat methods, soil vapour 
extraction process, and in-situ soil flushing methods require 
much-extended operation periods and are expensive (Stroo 
et al., 2003). Oil sorption through natural fibres has been 
addressed by many researchers as an economical and 
environmentally friendly measure for removing oil over water 
bodies (Karan et al., 2011; Al-Majed et al., 2012; Ali et al., 
2012). Based on these outcomes, Praseeja and Sajikumar 
(2020) conducted an experimental study using coir geotextile 
(CG) layer (natural fibre) to control the migration of LNAPL 
in the unsaturated zone and highlighted the effective 
application of CG layer in the case of laterite soils rather 
than sandy soils.  

In this study, the numerical modelling of NAPL transport 
in the subsurface and its remediation using natural fibre is 
addressed. This work is an extension of the laboratory study 
conducted by Praseeja and Sajikumar (2020) for controlling 
the migration of LNAPL through various soil conditions 
using coir geotextiles. The experiment was conducted in a 

flow cell of 1.20 m in length, 1.20 m in height, and 0.10 m in 
depth filled with soil up to a height of 1.10 m from the bottom 
of the tank. Here diesel is taken as the LNAPL to simulate its 
flow behaviour. Twenty different trials of experiments were 
conducted for assessing the effectiveness of natural fibre (coir 
geotextile, CG) in controlling the NAPL migration through 
different types of soils, in both dry and wet conditions. The 
images of each trial were captured, and the LNAPL saturation 
was analysed using the image analysis technique (IAT). 
The flow cell was provided with ten pressure transducers, 
which were connected to a data acquisition system. From 
the experimental study, the effectiveness of the CG layer is 
observed using IAT, and the pressure variations are measured 
using transducers. The method of providing the CG layer was 
found efficient for controlling the flow of diesel through 
soils with permeability less than 2.30 × 10−5 m/s which allows 
sufficient contact time for the sorption to take place.  

The data obtained from laboratory simulation (Praseeja 
and Sajikumar, 2020) includes: (i) the LNAPL migration 
(in-transfer) rate, (ii) the initial saturation value (before spill 
starts), (iii) LNAPL saturation as it migrates through the soil 
in time intervals until the migration stops, (iv) the pressure 
values before and during the spill, and (v) the control action 
of the CG layer under various soil conditions. The containment 
of LNAPL on the CG layer was observed only for few hours 
due to the experimental limitations mentioned above. In this 
context, the actual period of containment of LNAPL in the 
real field case is to be investigated numerically. For numerically 
modelling the migration of a multiphase liquid in the 
unsaturated zone, it is necessary to study the transport 
mechanisms and the interactions between different phases 
(air, water, oil) within the zone. Since the experimental study  
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was intended to identify the effectiveness of CG in containing 
the LNAPL, the focus was given to check the time of 
LNAPL containment in the CG layer under different soil 
conditions. In other words, the LNAPL which reaches the CG 
layer irrespective of its transport mechanism was analysed 
whether the CG layer has contained it or not. Hence in this 
study, the LNAPL is treated as a single-phase contaminant, 
and it is assumed that the transport of LNAPL is merely 
through the advection–dispersion process. Numerical studies, 
considering the effect of a natural fibre in the unsaturated 
zone as containment for controlling the LNAPL migration 
to the groundwater, are not reported so far. 

This concept paved the way to select a model that can 
simulate the contaminant as a solute using the general 
contaminant transport equation, and the layering of soils could 
also be possible for representing the CG layer. Corapciouglu 
and Baehr (1985) developed a single-cell model to obtain a 
conservative estimate of NAPL in the unsaturated zone 
where the whole transport system (dissolution, volatization, 
and adsorption) is represented as a single element using the 
advective-solute transport equation. The coupled effects of 
three transport mechanisms such as dissolution (the linear 
dissolution model), sorption (mass-transport equation), and 
biological degradation (the coupled reactive transport model 
including sequential decay kinetics) of DNAPL (denser form 
of NAPL) in a subsurface system are analytically modelled 
and solved using a reactive transport code, RT3D (Clement, 
1999). Sulaymon and Gzar (2011) developed a three- 
dimensional finite element numerical model to study the 
dissolution and transport process of benzene (LNAPL), 
with the assumption that the dissolved concentration 
along the LNAPL–water interface is equal to the solubility 
of LNAPL in the aqueous phase. Berlin et al. (2015) 
developed a one-dimensional numerical model to simulate 
the transport of benzene in an unsaturated system using 
Richard’s equation (to represent fluid flow) and the reactive 
transport model. From the review of existing contaminant 
models, it is found that studies are conducted in FEFLOW 
(Finite Element subsurface FLOW system) such as the 
contaminant transport through (i) unsaturated zone in 
very dry soil condition using primary variable switching 
technique (Diersch, 2005), (ii) through a capillary barrier in 
the unsaturated zone between finer and coarser soils (Diersch, 
2005), (iii) multi-layered soils in the unsaturated zone (Sinton 
et al., 2015), (iv) remediation through containment in both 
the subsurface (Vigouroux et al., 2015), and the groundwater 
(Gigliuto et al., 2015) to reduce the effect of contamination. 
FEFLOW (FEM based) and MODFLOW-NWT (FDM based) 
models were compared on a hypothetical representation of 
a mine pit and highlighted that FEFLOW can model more 
complex systems in the vadose zone with far fewer elements 
(Sinton et al., 2015). 

The present study is primarily based on two objectives: 
(i) numerical modelling of LNAPL migration through an 
unsaturated zone of soil containing a layer of CG and (ii) to 
explore the possibility of different arrangements of CG layer 
in soil under field conditions to ascertain the maximum 
containment period of LNAPL. The former objective was 
attained through calibrating and validating the model with 
the laboratory results. The latter was achieved by using the 
parameters corresponding to field conditions in the validated 
model. In this study, the transport of NAPL in the CG layer 
(a natural fibre) is modelled in a similar manner as that of 
layered soil. This attempt is the novelty of this study.  

2 Numerical simulation 

In the present study, FEFLOW (version 7.1) was used to 
model the behaviour of LNAPL transport in the presence 
and absence of the CG layer. Here LNAPL is modelled as a 
single-phase solute such that the sorption of this solute in 
the unsaturated zone is given prime importance. Moreover, 
the CG layer could be modelled similar to that of the soil layer 
in the unsaturated zone to assess how the sorption capacity 
of the CG influences the natural sorption in the unsaturated 
zone. Hence the equations used in this study are amenable 
with the single-phase contaminant flow and transport in the 
unsaturated zone. 

2.1 Governing equations 

The governing equations for the unsaturated flow and mass 
transport equation are derived from the phase-related 
conservation principles for mass, linear momentum, and 
energy, followed by the general form of Richards equation 
as given in Eqs. (1)–(7) (Diersch, 2005):  
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(8)

The hydraulic characteristics of both the water and the 
chemical species are depicted using the van Ganuchten (VG) 
model as given in Eq. (8) (Diersch, 2005): 

            e [1 ( ) ] ,  0n mS αh h= + >  
            e 1,                     0S h= £  

1 2 1 2
r e e[1 (1 ) ]m mK K S S= - -                      

e r s r( ) / ( )S θ θ θ θ= - -   

Some assumptions are made to make the system of 
equations amenable to numerical solution for validating 
the experimental findings, which includes: 
i.    The soil used for experiment is of graded soil and packed 

in uniform density throughout the cell, and the properties 
are assumed to be constant in all directions. Hence porous 
media is considered as isotropic, homogeneous, and 
non-deformable. 

ii.   The contaminant flow and transport are assumed as 
transient since the process variables such as saturation, 
pressure, and mass concentration vary with time. The 
modelling was performed to analyse the total LNAPL 
saturation with respect to time. 

iii. The interphase mass transfer between different phases of 
LNAPL is not significant in this study, and it is intended 
that the CG layer should contain the LNAPL, irrespective 
of its different phases. The purpose of modelling is to 
determine the total LNAPL saturation with respect to 
time, and hence LNAPL is treated as a single-phase 
contaminant, where single-phase represents the aqueous 
soluble phase spreading downwards. 

iv. The concentration of LNAPL is taken as the solubility of 
NAPL in its aqueous phase. Hence the LNAPL is treated 
as a contaminant (solute) with small solubility in the 
aqueous phase (Sulaymon and Gzar, 2011; Berlin et al., 
2015). 

v.   The objective of this study was to determine how much 
enhancement in natural attenuation due to sorption 
has been achieved by the application of CG in the 
unsaturated zone. Hence among various reactions such 
as volatization, biodegradation, etc., in the unsaturated 
zone, only the natural attenuation due to adsorption is 

considered in this study. The adsorption process in the 
soil is defined in terms of distribution coefficient, which 
was determined through the laboratory flow-through 
method. 

vi.   Since the adopted remedial measure, CG has proven for 
many applications like filter, reinforcement, soil cover, 
etc. Here it is studied only its sorption capacity of oil, 
and hence it is assumed that CG acts as containment 
through the mechanism of sorption only. 

2.2 Modelling of laboratory simulation (van Geel and 
Sykes, 1994b) 

The laboratory simulation results of a published work for 
the study of LNAPL flow behaviour through silica sand soil 
(van Geel and Sykes, 1994b) is first attempted for calibrating 
the FEFLOW modelling tool. The boundary conditions and 
the input parameters for the model simulation were assigned 
as given in the published work (van Geel and Sykes, 1994b), 
which are presented in Table 1. The solubility of hydrocarbon, 
n-heptane in the aqueous phase is 3 mg/L (Clough, 2014), 
which was assigned as the LNAPL concentration in the 
boundary condition. Hence the model recognised the con-
taminant as LNAPL with its density, viscosity, and negligible 
water solubility. 

The model domain with dimension 1.5 m × 1.145 m × 
0.06 m is discretized using triangular prism elements (9408 
mesh elements and 5789 nodes, aspect ratio of 1.31) with six 
numbers of slices. The saturation of the domain is assigned 
as per van Genuchten empirical model, where the values 
are given in Table 2. The LNAPL spill boundary conditions 
were given in the top spill region with no-flow boundary 
conditions on the sides and bottom of the domain. In the 
referenced work, the constants α and n are defined for both 
drainage and imbibition conditions for (a) water–air, (b) 
water–heptane, and (c) heptane–air system. The drainage 
condition refers to decreasing saturation of a wetting phase, 
whereas the imbibition represents increasing saturation of 
wetting phase (van Geel and Sykes, 1994a). For wet condition, 
the system involves water and heptane, for which the 
corresponding values are given in Table 2. 

Here the modelling was conducted without considering  

Table 1 Boundary conditions and initial conditions for the trial model (van Geel and Sykes, 1994b) 

Boundary conditions 

Aqueous phase LNAPL concentration  
  Outer nodes except on LNAPL source  
   LNAPL source 

1st kind Dirichlet no-flow boundary condition  
C (z = 0, t) = Cn = 0 mg/L  

   C (z = 0, t) = Cn = 3 mg/L (Clough, 2014) 

Initial conditions 

Water saturation Sw = 0.17 

Pressure (entire domain other than source nodes)  
Pressure (source nodes) 

Pressure transducer values before starting spill in the flow cell  
0.3 kPa 

Aqueous phase LNAPL concentration C (t = 0, z) = 0 mg/L 
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Table 2 Input parameters for the trial model (van Geel and Sykes, 
1994b) 

Parameter Value 

LNAPL (n-heptane) 

Density (kg/m3) 998 
Viscosity (N·s/m2) 0.001 

In-transfer rate (d−1) 154.26 
LNAPL source release period ( min) 18.67 

Soil 

Porosity 0.374 
Permeability (10−4 m/s) kx = 2, ky = 1 

Hydrodynamic properties of soil 
Unsaturated flow model Van Genuchten model 

Van Genuchten parameter α (m−1) n 

Main drying (drainage) 3.97 6.22 

Main wetting (imbibition) 7.28 4.337 

Calibrated parameters 

Molecular diffusion (m2/s) 10−8 
Longitudinal dispersivity (m) 
Transverse dispersivity (m) 

0.001 
0.0001 

 
different phases of NAPL and the interphase mass transfer 
between phases. The model was calibrated by adjusting the 
values of molecular diffusion and dispersion values as given 
in Table 2 until the predicted plume depth reasonably 
matched with experimental images. The comparison of 
LNAPL saturation during the spill (from t = 0 to t = 4500 s) 
is presented in Fig. 1, where SN1, SN2, and SN3 are the 
observation points in the referenced work. The LNAPL 
saturations obtained from FEFLOW after the LNAPL front 
passed each transducer location are found more or less 
approximate or say +5% greater than the model and −5% 
lesser than the experiment saturation values, i.e., the LNAPL 
saturations (from FEFLOW) are showing the average of 
saturation values obtained from the model and experimental 
findings. The result shows 95%–98% approximate results with 
the referenced work, and thus the proposed assumptions of 
the numerical were validated with the results of the multiphase 
numerical model and corresponding laboratory LNAPL spill 
(van Geel and Sykes, 1994b).  

 
Fig. 1 Comparison of simulation results between van Geel and 
Sykes (1994b) and FEFLOW model.  

2.3 Modelling of laboratory simulation (Praseeja and 
Sajikumar, 2020) 

The developed two-dimensional model domain (1.20 m × 
1.10 m) with an aspect ratio of 1.09, was discretized into 15,650 
triangular elements (9042 nodes) (Fig. 2), which represents 
the soil media used in the flow cell of the experiment. The 
thickness of the model domain was discretised into ten 
slices, rendering the thickness of each slice as 0.01 m. The 
mesh quality was increased through the mesh smoothening 
option, where an aspect ratio of 1.40 was assigned. The 
discretized geometry of the soil domain, indicating the 
observation points and the position of the CG layers, is 
shown in Fig. 2. 

The boundary conditions, initial condition, and the 
required input parameters for simulating the migration of 
LNAPL, consequent to its spill, are presented in Fig. 3. 
Asymmetric no-flow boundary was assumed along the 
boundary of the model domain, except the top region of 
LNAPL (diesel) spill. The spill of the diesel was assigned over 
an area of 16 cm × 10 cm, located at the centre of the model 
domain with an in-transfer rate of 96.50 d−1 which was equal 
to the actual laboratory spill rate (2 L/30 min). Since the 
LNAPL flow velocity and pressure vary with time, the 
transient state of flow and transport are defined, where the 
temporal discretization can be changed using simulation 
time control. An initial time step size of 10−5 d was given. 
The simulation period was given for three hours, where the 
solutions were obtained after 12,500 time steps. 

 
Fig. 2 3D geometric model of (a) observation points and (b) 
LNAPL source and CG. 

 
Fig. 3 Boundary condition and input parameters of the model. 
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Table 3 Boundary conditions and initial conditions for the 
laboratory model (Praseeja and Sajikumar, 2020) 

Property Value 
Domain discretization 

Model domain x = 1.20 m, z = 1.10 m 
Node 9042 

Element type Triangular 
Element 15,650 

Slices 10 slices of 0.01 m each 
Boundary conditions 

Aqueous phase LNAPL concentration 
 

Outer region except on LNAPL source 
LNAPL source 

1st kind Dirichlet no-flow boundary 
condition 

C (z = 0, t) = Cn = 0 mg/L 
C (z = 0, t) = Cn = 5 mg/L 

Initial conditions 
Sw = 0.02 (dry condition) 

Water saturation 
Sw = 0.20 (wet condition) 

Pressure (entire domain other than 
source nodes) 

Pressure (source nodes) 

Pressure transducer values before 
starting spill in the flow cell 

0.3 kPa (van Geel and Sykes, 1994b)
Aqueous phase LNAPL concentration C (t = 0, z) = 0 mg/L 

 
The laboratory results at the zero hour (before spill) were 

assigned as the initial conditions for LNAPL spill modelling. 
The initial water saturation was assigned as 0.02 in the case 
of the dry condition and 0.20 for the wet conditions. The data 
such as density, permeability, and porosity of each soil media 
were obtained from laboratory experiments (Table 4). The 
CG layer was provided 20 cm from the top of the model 
domain as given in the experiment. 

Praseeja and Sajikumar (2021) studied the sorption 
capacity of coir fibres in hydrocarbon environments and 
showed that the Langmuir model could well fit the adsorption 
isotherm. The estimated parameters of the Langmuir model 
were assigned as the sorption parameters of the CG layer as 
given in Table 4. In the case of soils, the Langmuir isotherm 
equation can be rearranged to calculate its partition coefficient 
(EPA, 2004), and hence the respective Langmuir constants of 
soil are determined and given in Table 4. 

In the dry condition, the molecular diffusion value is 
calibrated to 10−6 m2/s to achieve the migration rate in the 
laboratory simulation and for wet conditions, it is given 
10−8 m2/s. A typical diffusion coefficient for a molecule in the 
gas phase is in the range of 10−6–10−5 m2/s, and that of in 
the aqueous phase is in the range of 10−10–10−8 m2/s (Fityus 
et al., 1999). As a result, diffusion of LNAPL in liquids (wet 
conditions) is found slow compared to dry conditions. For 
lengths less than 3500 m, the longitudinal dispersivity should 
not be more than αL = 0.0175L1.46, where L is the length of 
travel, and the transverse dispersivity (αT) is 1/10 to 1/100 of 
αL (Patil and Chore, 2014). Hence the calibrated values are 
within the range. These values are kept constant for all the 
trials attempted in dry and wet conditions throughout the 
simulations. 

Table 4 Input parameters for the laboratory model (Praseeja and 
Sajikumar, 2020) 

Parameter Value 

LNAPL (diesel) 

Density (kg/m3) 835 

Viscosity (N·s/m2) 0.00298 

In-transfer rate (d−1) 96.50 

LNAPL source release period (min) 30 

Soil 

Type Fine sand Fine laterite 

Condition Dry Wet Dry Wet

Porosity 0.48 0.41 0.39 0.38

Permeability (10−4 m/s) 3.41 1.98 0.14 0.12

Partition coefficient Kd (mL/g) 1.36 1.54 2.75 3.14

Langmuir constants K1, K2 1.14, 0 1.29, 0 2.30, 0 2.62, 0

Hydrodynamic properties of soil 

Unsaturated flow model Van Genuchten model 

Dry condition Wet condition

α (m−1) n α (m−1) n 

7.40 5.43 3.97 6.22

Van Genuchten parameter 

(van Geel and Sykes, 1994a) 

Main drying (drainage) 

Main wetting (imbibition) 10.80 4.54 7.28 4.337

Molecular diffusion (m2/s)  

Dry condition 10−6 

Wet condition 10−8 

Dispersivity (m) Longitudinal Transverse 

Dry condition 0.002 0.0002 

Wet condition 0.001 0.0001 

Coir geotextile 

Porosity 0.40 

Langmuir constants K1 = 6.73, K2 = 0.06 
 

3 Results and discussions 

The following trials are considered for the numerical 
simulation of behaviour of the LNAPL flow through: (i) fine 
laterite soil in dry and wet conditions, (ii) fine sandy soil in 
dry and wet conditions, and (iii) laterite-sand layered soil in 
dry conditions. These trials were simulated with and without 
the application of the CG layer. Discussions and conclusions 
in this study are based on the comparison of the results from 
the experiments and the numerical model. 

3.1 Case (i) migration of diesel through fine laterite soils  

The spill of diesel and its migration through fine laterite soil 
under dry condition was modelled for 50 min. The results 
from both the experiment (Fig. 4(i)) and the simulation model 
(Fig. 4(ii)) are presented.  
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The plume of the diesel has reached almost 15 cm below 
the top of the flow domain in the first 15 min in both the 
model (Fig. 4(ii)) and the experiment (Fig. 4(i)). During the 
last 50 min, the predicted plume movement of diesel from 
the model was found to be slightly lesser than that of the 
experiment, but the average plume lengths for both the cases 
were the same. There exist slight deviations in the form of 
the irregular shape of the plume in the experiment, resulting 
from the layered arrangement of soil within the flow cell. 
However, those variations are not significant as the model 
could capture the general trend. In all subsequent figures, 
the images of the salient area are only shown to have better 
clarity as against the actual depth of 1.10 m of the flow cell. 
Figure 4(iii) also gives the variation of LNAPL saturation 
with the depth. The LNAPL saturation was directly obtained 
from the model representing its plume migration, and those 
from the experiment were obtained through image analysis 
(Praseeja and Sajikumar, 2020).  

The simulation model has an advantage in the sense that 
it can give the saturation level at any point in the flow field 
whereas the experimental determination of that is based on 
the limited number of measurement points. The experiment 
and the simulation are conducted in an accelerated mode 

with a higher spill rate of diesel and with a lower density of soil 
media such that the plume movement was relatively faster. 
The actual plume movement through real field conditions 
might happen in days, if not months or years, as indicated 
in subsequent sections. 

Figure 5 shows the effect of the CG layer on controlling 
the migration of diesel through fine laterite soil under dry 
conditions. The results from the experiment (Fig. 5(i)) and 
the simulation model (Fig. 5(ii)) matched well, and hence the 
model can simulate the effect of the CG layer in the vadose 
zone in controlling the migration of diesel. The CG layer was 
modelled similarly to that of a soil layer using the values of 
its porosity and Langmuir constants as given in Table 4. The 
boundary conditions are not defined in the CG layer–soil 
interface. Both the experiments and simulations are conducted 
in an accelerated mode as indicated earlier, and the actual 
movement in the field could take many years as demonstrated 
in subsequent sections.  

The saturation profiles are plotted as shown in Fig. 5(iii), 
which shows the comparison of saturation values obtained 
from both the experiment and numerical simulations with 
the effect of the CG layer. As indicated earlier, the irregular 
shape in the experimental data might have been caused either  

 
Fig. 4 Simulation results of fine laterite soil in dry soil condition. 



A. V. Praseeja, N. Sajikumar 

 

8 

due to the local variation of packing density or the random 
errors in the measurement. The general trend of saturation 
profiles is well captured in the simulation model, and hence 
it validates the applicability of the model in simulating the 
plume movement, both in the absence and presence of the 
CG layer. Moreover, the lateral spread of the plume is also 
simulated in the model with a reasonable level of accuracy.  

3.2 Case (ii) migration of diesel through fine sand 

The simulation was carried out to study the behaviour of the 
diesel migration in sandy soils with the presence and absence 
of the CG layer. The boundary conditions and the input 
parameters were assigned in the numerical model as per values 
given in Tables 3 and 4. The migrations of diesel through 
fine sand, obtained from the numerical model and laboratory 
simulation, were compared and presented in Fig. 6 (without 
CG layer) and Fig. 7 (with CG layer). The predicted shape 
and depth of plume behaviour from the model agree well 
with images of diesel distributions from the experiment, 
both in the case of dry soil condition (DS) (Fig. 6) and dry 
soil condition with CG (DS-CG) (Fig. 7).  

It is interesting to note that the CG layer is not so 
effective in controlling diesel migration. The diesel migrated  

out of the CG layer after 55 min which was also observed in 
the experiment results (Fig. 7). This behaviour is in line with 
the findings from the experiment that the CG layer was found 
efficient for controlling the migration of diesel through less 
permeable soils, which allows sufficient contact time for the 
sorption to take place. The migration rate of diesel in the sand 
media is higher for the adsorption process to take place. 
The model could simulate the behaviour of diesel migration 
not only through the soil but also through the CG layer. 

In the case of wet soil condition (WS), the model predicted 
vertical migration of diesel through the fine sand is found 
comparable with the respective laboratory diesel migration 
(Fig. 8). The migration of diesel was relatively fast in the first 
10 min, and the plume reached a depth of 45 cm in the first 
12 min (Fig. 8). But the vertical migration rate of diesel 
through the fine sand soil is lesser in wet condition than in dry 
condition. In the case of wet soil condition with CG (WS-CG), 
the diesel migrated out of the CG layer after 55 min (Fig. 9) 
similar to experimental results. The numerical model also 
proved the finding from the experiment that the application 
of CG was not much effective in the case of sandy soils, even 
though the spill rate and thickness of the CG layer are the 
same as that in the case of laterite soil. 

 
Fig. 5 Simulation results of fine laterite soil with CG in dry condition. 
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3.3 Case (iii) migration of diesel through layered soil  

In the case of diesel migration through fine sand, the action 
of the CG layer was found to be not effective in both the 
laboratory and numerical simulation. It is concluded in 
laboratory studies that the lack of sufficient contact time 
between the contaminant and CG layer is the primary reason 
for the inadequate level of performance of the CG layer. To 
reaffirm this fact through numerical study, an alternative 
model mimicking the experimental study is tried with the 
embedded CG layer in a thin 20 cm thick layer of laterite 
soil which is further embedded in sandy soil (Praseeja  

and Sajikumar, 2020). The experiment showed that such 
configuration improved the effectiveness of the CG layer in 
sandy soils substantially.  

This trial is simulated using the same model of analysing 
the plume behaviour of diesel through fine sand except for 
the additional laterite soil layer which embeds the CG. Here, 
the CG layer was provided at a depth of 30 cm below the spill 
region similar to which given in the experiment. Figure 10 
shows assigned permeability values and percentage saturation 
profile of plume behaviour through layered soil. Figure 10(b) 
shows numerical results on the migration of diesel through 
the laterite soil without the application of the CG layer,  

 
Fig. 6 Migration of diesel through fine sand in dry condition. 

 
Fig. 7 Migration of diesel through fine sand in dry condition with CG. 
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Fig. 8 Migration of diesel through fine sand in wet condition. 

 
Fig. 9 Migration of diesel through fine sand in wet condition with CG. 

 
Fig. 10 Simulation results of migration of diesel through layered soils. 
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where the plume reached more than 20 cm in 30 min. By 
providing a CG layer, it is observed that the plume reached 
only up to 15 cm in 50 min (Fig. 10(c)), and the CG layer could 
hold diesel up to 2 h 30 min without any vertical movement 
of the plume beyond the CG layer (Fig. 10(d)).  

The predicted behaviour of the plume from the model is 
found comparable with the laboratory simulation results from 
Praseeja and Sajikumar (2020). Hence, the numerical model 
can predict the characteristics of the CG layer embedded  
in different types of soils. The results show the possible 
application of CG, embedded in a thin layer of laterite soil, 
for effectively controlling the diesel movement through the 
fine sand. All these matching comparisons in Cases (i), (ii), 
and (iii) categorically validate the efficacy of the numerical 
model in representing the physical system. 

3.4 Case (iv) action of vertical CG layer in addition to 
horizontal  

The movement of LNAPL, vertically or laterally in the 
unsaturated zone, depends on the soil profile and its 
characteristics. In the case of migration of diesel through 
fine laterite soils, the remedial action of CG was found very 
effective in reducing the vertical migration of the plume. The 
migration of diesel in laterite soil was observed only for 2 h 
30 min under the action of CG (Praseeja and Sajikumar, 
2020). This condition was numerically simulated and the 
model results were validated as shown in Fig. 5. The model 
was run with a longer simulation period to observe the long- 
term effect of the same spill rate as well as the holding capacity 
of the CG layer. This condition was not attempted in the 
laboratory simulation. It is observed that the diesel started 
migrating laterally after 4 h (Fig. 11), and then it flowed 
beyond the sides of the CG layer, and eventually could move 
down. Hence, a natural solution was to provide vertical 
layers to arrest lateral movement. Therefore, another trial was 
attempted through numerical simulation with the provision 
of the CG layer in both vertical and horizontal directions  
to verify its effectiveness in holding the diesel within the 

containment (Fig. 11). That configuration with the vertical 
and horizontal CG layer could effectively prevent the lateral 
migration of diesel for more than 7 h. But, it was observed 
that the diesel started migrating out of the horizontal CG 
layer after 7 h as shown in Fig. 11. 

It may also be noted that the spill rate of 96.50 d−1 was 
given throughout the simulation period which is high 
compared to actual field conditions and the field density  
of soil was not achieved in these experiments. This case 
represents the worse condition than normal field conditions, 
in which the CG layer could hold oil up to 7 h (Fig. 11). 
However, this period of containing the diesel required to an 
extent for years in the case of actual field conditions. To 
verify this statement, a numerical simulation was carried 
out with realistic field permeability and spill rate obtained 
from the literature. 

3.5 Case (v) simulation with field permeability and 
spill rate 

For the simulation of migration of diesel through the soil 
under field conditions, the hydraulic conductivity and porosity 
values of laterite soil were taken from the literature. The 
hydraulic conductivity of soil was taken as 1.15 × 10−6 m/s and 
the field porosity value was given as 0.30 (Gidigasu, 2012). 
For convenience in modelling, the isotropic-homogeneous 
condition was assumed with one layer/type of soil.  

The trial was attempted with and without the application 
of the CG layer. The degradation behaviour and sorption 
capacity of CG on hydrocarbons were studied (Praseeja and 
Sajikumar, 2021) for one year. It was observed that: (i) the 
sorption capacity of coir fibres is not much influenced by 
its degradation effect and (ii) the coir fibre can absorb oil, 
even if it gets aged under natural condition. Based on these 
findings, the numerical simulation was attempted by extending 
the period of simulation for several years and using the same 
sorption capacity of coir fibres. Figure 12 shows the migration 
of the diesel through laterite soil in wet soil conditions with 
and without the effect of the CG layer.  

 
Fig. 11 Simulation results of migration of diesel through the vertical CG layer. 
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For simulating the field condition, the model of dimension 
12 m × 11 m × 1 m is considered. The CG layer was provided 
at 2 m below the spill area horizontally and on both sides of 
the spill area vertically at a distance of 1.5 m from the spill 
area. The spill area is taken as 30 cm, and hence a length of 
3.30 m is provided for the CG layer. The model simulated 
the setting up of box-like containment using CG layers around 
the spill area in the actual field condition (Fig. 12). The release 
rate of the diesel spill was given as 5 L/d (assumed in-transfer 
rate). The dispersion and diffusion rate given was the same 
assigned for fine laterite soil in wet soil conditions. 

From Fig. 12, it is observed that the migration rate of 
the plume is 0.03 m/d initially, without the action of CG. The 
movement of the plume was observed for the simulation 
period of one year. As the plume moved down, the migration 
rate went on decreasing and reached 0.008 m/d. The lateral 
migration of diesel was also found to progress in one year 
and the results were shown (Fig. 12(i)). With the application 
of the CG layer, the migration rate was initially 0.0075 m/d, 
and it gradually reduced due to the containment effect of CG  

layers. It was observed from Fig. 12(ii) that the plume stopped 
vertical migration when it reached the CG layer and started 
migrating laterally. The lateral movement of the plume 
reached the vertical CG layer at the end of three years without 
any vertical progress of diesel through the horizontal CG 
layer. After 4 years of a continuous spill, the diesel started 
migrating through the CG layer which indicated its maximum 
holding capacity. 

3.6 Case (vi) action of two layers of CG under the field 
condition 

To enhance the retardation in the plume migration with 
the application of the vertical and horizontal CG layers as 
mentioned above (Case v), another trial was attempted with 
the provision of two horizontal CG layers. The same model 
representing the field condition (Case v) was modified with 
an additional CG layer at 1 m depth from the spill area as 
shown in Fig. 13(a). Hence, the CG layers were provided 
successively at 1 m and 2 m depth from the top, in addition 

 
Fig. 12 Simulation results of migration of diesel through laterite soil in field condition (i) without the CG layer and (ii) with the 
effect of CG layer. 

 
Fig. 13 Simulation results of migration of diesel in the field condition with two CG layers. 
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to a vertical layer of CG on both sides. The parameters and 
boundary conditions were assigned similarly to the above 
condition.  

The plume reached the first CG layer in one year and 
started lateral migration within CG containment. Figure 13(b) 
shows the plume behaviour in two years, where it started to 
come out of the first CG layer provided at 1 m depth. The 
plume reached up to 1.5 m within 200 days in Case (v) as 
shown in Fig. 12(i). The progressive movement of the plume 
was shown in Figs. 13(c) and 13(d). After 7.5 years, the plume 
gradually started to come out of the second CG layer. Thus, 
the provision of an additional layer of CG could extend the 
period of containment of diesel within the CG layers by 
further 3.5 years. In the same model, when run under dry soil 
condition, it is found that the total years of containment 
reduced to 5 years instead of 7.5 years. The wet soil condition 
is more realistic in representing actual field conditions.  

In usual practice, the leakage from a storage tank is 
recognised only when the nearby drinking water wells get 
contaminated. Based on the above findings, it is recommended 
to provide the CG layer as indicated earlier at the time of 
installation of all storage tanks themselves. Hence, an 
embedded CG layer surrounding the UST in the soil with a 
low permeability value, placed during its construction, can 
control the LNAPL migration for some amount of time. 
The conceptual model detailing the action of CG layer in 
the field is presented in Praseeja and Sajikumar (2020). 

4 Conclusions 

A numerical study was carried for simulating the migration 
of diesel through different types of soil media under 
unsaturated conditions using the commercial software 
FEFLOW. The model was validated using laboratory 
model results. Further, the model was used to simulate the 
application of the CG layer in controlling the diesel 
migration and was validated using the data available from 
the experimental study.  

The following are the conclusions from the study. 
(i)  The result shows the efficacy of the model in simulating 

the LNAPL transport in soil media, with minimal inputs 
and little calibration, provided LNAPL is treated as a 
solute with small solubility in the aqueous phase. 

(ii) The similar migration behaviour of the diesel, both 
from the numerical results and the experimental 
study, validates the efficacy of the numerical model in 
simulating the migration of diesel (LNAPL) through 
soil and CG layers.  

(iii)The model validates the possible application of the CG 
layer (which is embedded within the laterite soil) in the 
sandy soil, with the experimental results. 

(iv) The numerical result shows the box-like containment 
of the CG layer can effectively contain the diesel for a 
longer period which is many folds compared with the 
case of providing horizontal CG layer alone. 

(v) The validated model enables us to simulate the effect of 
providing CG in different configurations under actual 
field conditions by assigning the field permeability of 
the soil and the field spill rate of diesel.  

(vi) The controlling effect of CG against diesel migration 
was effectively simulated in the model using the same 
parameters as that of soil. 

Predictive simulations on field conditions must be 
viewed as estimates, dependent upon the uncertainty of input 
data such as field permeability and spill rate. Moreover, 
multiphase flow models are suggested to study the actual 
behaviour of LNAPL migration and how the interphase mass 
transfer influences the sorption capacity of CG. However, 
this study was intended to model the natural fibre (CG layer) 
similar to that of a soil layer and analyse the time of 
containment of LNAPL within the containment zone with 
minimal inputs. Proper monitoring of an actual spill case  
is also recommended as a future study to verify model 
predictions on real field conditions.  
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Abstract—With the rapid increase in communication technolo-
gies, shortage of spectrum will be a major issue faced in the
coming years. Cognitive radio is a promising solution to this
problem and works on the principle of sharing between cellular
subscribers and ad-hoc Device to Device (D2D) users. Existing
5G spectrum sharing techniques work as per a fixed rule and
are pre-established. Also, recent game theoretic approaches for
spectrum sharing uses unrealistic assumptions with less likely
practical implications. Here, a novel spectrum sharing tech-
nique is proposed using 5G enabled bidirectional cognitive deep
learning nodes (BCDLN) along with dynamic spectrum sharing
long short-term memory (DSLSTM). A joint spectrum alloca-
tion and management is carried out with wireless cyclic prefix
orthogonal frequency division multiple access (CP-OFDMA). The
BCDLN self-learning nodes with decision making capability route
information to several destinations at a constant spectrum shar-
ing target, and cooperate via DSLSTM. BCDLN based on time
balanced and unbalanced channel knowledge is also examined.
With the proposed framework, expressions are derived for the
spectrum allocated to multiple sources to obtain their spectrum
targets as a variant of the participation node spectrum sharing
ratio (PNSSR). The impression of noise when all nodes broadcast
with equal spectrum allocation is also investigated.
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I. I NTRODUCTION

T HE ENORMOUS demand for localized services has fore-
casted twofold increase in mobile data traffic compared

to the existing fixed IP traffic [1], while the cellular networks
fails to deliver this growing demand due to restricted band-
width and shortage of spectrum [2]–[5]. The device-to-device
(D2D) communication has been proposed and integrated in the
next generation mobile network as a possible solution to meet
this rising mobile traffic demand. The D2D communication
allows the transmission of cellular data among users in close
proximity without the involvement of the base stations [6].
Two approaches are employed in D2D to enhance the quality
of service: the direct approach and the collaborative approach.
The cooperative D2D scheme utilizes the cellular user to
relay information between base station and end-user to speed
up the communication. Decode-and-forward and amplify-and-
forward are the prominent relay schemes employed to achieve
cooperation among nodes [7]. One of the important factors in
multi-hop communication is relay selection. Although various
relay selection methods are used to achieve fast data trans-
mission, many of them suffer from limitations in transmission
delay, imposed by the security.

D2D communication happens via the route discovery pro-
tocol with increased power savings as base stations are not
involved. Once ad-hoc D2D users determine their route, they
can share the spectrum with cellular users, i.e., they can
operate in the same frequency spectrum as licensed cellu-
lar radio network. The existing 5G spectrum sharing has
a fixed rule and it is pre-established [4], [8]. To overcome
the issues, 5G enabled bidirectional cognitive deep learn-
ing nodes (BCDLN) along with dynamic spectrum sharing
long short-term memory (DSLSTM) is proposed. BCDLN
are self-learning proactive and predictive node with decision
making capability that creates dynamically adaptable clusters.
The joint spectrum allocation and management for 5G access
wireless CP-OFDMA communication system with numerous
source and multiple destination BCDLN based on time vari-
ant and invariant channel knowledge is examined. Each of the
BCDLN in the network, sends data to different receivers at
a fixed spectrum sharing target and cooperates via DSLSTM
with different frequency slots.
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TABLE I
LIST OF ABBREVIATIONS

The proposed novel framework for spectrum sharing in the
current scenario works around the concept of CP-OFDMA and
derive the conditions for the spectrum allocated to multiple
sources to achieve their spectrum targets as a function of
the participation node spectrum sharing ratio (PNSSR). As
the PNSSR decreases between transmit-receive (TR) nodes,
channel gain and feedback increase and more information
is exchanged between CN nodes creating dynamic spectrum
long memory (DSLM) in the forget node (FN), else creating
dynamic spectrum short memory (DSSM) in the FNs. Further,
the increase in PNSSR matches the spectrum allocation for
time variant and time invariant channel state information. For
PNSSR less than the required minima, the channel gain and
feedback are sufficient as TR nodes employ orthogonal regen-
erative decode and forwarding (ORDF) and for the PNSSR
greater than the required minima the channel gain and feed-
back is not sufficient as TR nodes employ orthogonal amplify
and forwarding (OAF) strategy. The PNSSR resolves the chal-
lenge involved in the optimal allocation of the total spectrum
of each TR nodes between the transmissions it is assisting,
based on time variant and time invariant channel knowledge.

The paper is organized as follows. Section II discusses
recent works proposed in 5G spectrum allocation. The
proposed method is presented and discussed in Section III.
The section presents the discussion on the spectrum sharing
framework with BCDLN and DSLSTM along with the the-
oretical analysis. Different scenarios of spectrum sharing are
discussed in this section along with the analysis. The anal-
ysis of the proposed method in roundabout network is then
presented. The discussion of results achieved is included in
Section V and finally the paper concludes in Section VI with
future research scope. Table I presents the list of abbreviations
used in the paper.

II. RELATED WORKS

This section presents the discussion on recent works in 5G
spectrum sharing. In [9], a spectrum sharing method using
context information is proposed. Here different user profiles
are assumed for different networks and the accuracy of the

Fig. 1. Dynamic spectrum sharing long short-term memory (DSLSTM)
deployment scenario for analysis.

technique depend on the availability of maximum context
information from the network. A discussion on affordable
broadband and various aspects for 5G is provided in [10].
The paper also discusses network infrastructure cost reduc-
tion using software defined networking (SDN) and network
functions virtualization technologies (NFV) [11]–[12]. Most
of the recent works in 5G are compatible with IoT, fog
and sensor networks [13]–[16]. Few works have focused
on optimization of power and improving efficiency in 5G
spectrum allocation [17]. In [18], the authors discussed an
approach for spectrum sharing using game theory in both
licensed and unlicensed bands. Game theory-based solutions
for spectrum sharing has many limitations. It assumes that
each CN has the knowledge of spectrum sharing strategy of
the surrounding CN and the pay-off matrix for the possible
solution can be constructed. The assumption is unrealistic
with very less likely practical implications. Other exist-
ing 5G spectrum sharing techniques work as per a fixed
rule and are pre-established. To overcome these limitations,
a novel framework for spectrum sharing is proposed in this
paper using 5G enabled bidirectional cognitive deep learn-
ing nodes (BCDLN) along with dynamic spectrum sharing
long short-term memory (DSLSTM). More efficient spectrum
sharing is achieved using the proposed technique.

III. PROPOSEDMETHOD

This section presents and describes the theoretical anal-
ysis of the proposed method DSLSTM integrated with
BCDLN. The participating node’s spectrum sharing in CP-
OFDMA networks with Cognitive Node (CN) behaving as
bidirectional deep learning node using proposed DSLSTM
architecture, for N=1 to 5 and Cij (i, j = 1 to 5) is indicated
in Figure 1, where1 ≤ N ≤ 5, 1 ≤ i ≤ 5, and1 ≤ j ≤ 5.

Here, each source CN wishes to have a bidirectional com-
munication with its destination CN to obtain their spectrum
in terms of PNSSR. The partial knowledge of the spectrum
sharing is available with all the CNs. Here the CP-orthogonal
transmission between the CNs is considered. When the CN
use orthogonal spectrum allocation instead of direct alloca-
tion, the destination CNs will not have any spectrum conflict
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Fig. 2. Direct CN to CN spectrum sharing.

with source CNs. The source CN can directly transmit to
the destination CN or via an intermediate CN depending
on the spectrum sharing and the bandwidth efficiency. The
CN exchanges information based on DSLM or DSSM. The
varianceN0 and the additive white Gaussian noise (AWGN)
between the CNs are independent of each other. The spectrum
of the node has independent Rayleigh fading, i.e., the weight
is varies exponentially with means. The means incorporate the
shadowing effect and the spectrum unit between the CNs. The
spectrum of CN and the aggregate network spectrum are des-
ignated asPij andPtotal respectively. The complete spectrum
allocation is given byRTu = Rit + Ŕjt, whereRit and Ŕjt

denotes the spectrum sharing among the distinct CNs. Initially
the work is carried out on the smallest total spectrumPtotalmin

that is needed to assure the total spectrum allocationRTu for
each channel. Then the threshold spectrum is set depending on
the PNSSR. If the allocated spectrum is below the threshold
spectrum, the PNSSR is less than the required minimum spec-
trum. The channel weight is large, for this particular DSLM
scheme. If the allocated spectrum has a value greater than the
threshold spectrum, the PNSSR is greater than the required
minimum spectrum. The channel weight is small for this par-
ticular case of DSSM scheme. The net achievable end-to-end
spectrum allocation isRTu = Rit + Ŕjt, whereRit and Ŕjt

denote the spectrum allocation between the different CNs.

A. Different Cases in Spectrum Sharing

Here, the three different cases of spectrum sharing are dis-
cussed: direct CN to CN spectrum sharing, spectrum sharing
using two forget nodes, and fixed spectrum allocation between
the CNs.

1) Direct CN to CN Spectrum Sharing: The direct CN
to CN spectrum sharing is indicated in Figure 2. Here the
CN1 shares spectrum with CN2 for 0≤ f ≤ f1, CN1 shares
spectrum with CN3 for f1< f ≤ f2 and CN1 shares
spectrum with CN4 for f2< f ≤ 1 using Orthogonal
Compress and Forwarding (OCF). When the spectrum shar-
ing between CNs is done reliably, the CN nodes decodes and

re-encodes the information with the original codebook used
in the CN. Transmitter sends the information in the secondary
link of the CN. Perfect decidability is not required to pass
on the information in the secondary link of the CN using
DSLM. Using this strategy of CN, the spectrum allocation
can be written as,

R
(CN1→CN2)
12 ≤

f1∑

0

f1log(1 + C12P12/N0)

R
(CN1→CN3)
13 ≤

f2∑

f1

(f2 − f1)log(1 + C13P13/N0)

R
(CN1→CN4)
14 ≤

1∑

f2

(1− f2)log(1 + C14P14/N0)

R
(CN2→CN1)
21 ≤

f1∑

0

f1log(1 + C21P21/N0)

R
(CN3→CN1)
31 ≤

f2∑

f1

(f2 − f1)log(1 + C31P31/N0)

R
(CN4→CN1)
41 ≤

f2∑

1

(1− f2)log(1 + C41P41/N0) (1)

For the transmission of CN1→CN2, the spectrum allocation
is f1, for CN1→CN3 the spectrum allocation is (f2−f1) and for
CN1 to CN4 the spectrum allocation is(1−f2). Minimum total
spectrum allocation convincing the total end to end spectrum
rate RTu needs optimizing the parametersf1, f2, P12, P13,
P14, P21, P31, P41 and is written as

P
(C1)
total = min

∏

f1,f2,P12,P13,P14P21,P31,P41

(f1P12

+ (f2 − f1)P13 + (1−f2)P14 + f1P21

+ (f2 − f1)P31 + (1− f2)P41 (2)

such that R1t + Ŕ1t ≥ RTu and (R1t, Ŕ1t) satisfy
Equation (1) with

R1t = min
∏(

R
(CN1→CN2)
12 ,R

(CN1→CN3)
13 ,R

(CN1→CN4)
14

)
and

Ŕ1t = min
∏(

R
(CN2→CN1)
21 ,R

(CN3→CN1)
31 ,R

(CN4→CN1)
41

)
.

(3)

2) Spectrum Allocation Using Two Forget Nodes: In this
scenario, the CN source uses two relay CNs to arrive at
the expected destination CN and sends the information in
improved orthogonal spectrum space. Figure 3 shows the spec-
trum allocation using two forget nodes. It shows CN1 and
CN5 spectrum allocation using CN2, CN3 as forget nodes and
CN1 and CN5 spectrum allocation using CN3, CN4 as forget
nodes. The end to end spectrum allocation is written as,

RCN1→CN2→CN3→CN5
1235 ≤

f1∑

0

f1log(1 + C12P12/N0)

+ f1log(1 + C23P23/N0)

+ f1log(1 + C35P35/N0)
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Fig. 3. Spectrum sharing using two forget nodes.

RCN5→CN3→CN2→CN1
5321 ≤

f1∑

0

f1log(1 + C53P53/N0)

+ f1log(1 + C32P32/N0)

+ f1log(1 + C21P21/N0)

RCN1→CN4→CN3→CN5
1435 ≤

1∑

f1

(1− f1)log(1 + C14P14/N0)

+ (1− f1)log(1 + C43P43/N0)

+ (1− f1)log(1 + C35P35/N0)

RCN5→CN3→CN4→CN1
5341 ≤

1∑

f1

(1− f1)log(1 + C53P53/N0)

+ (1− f1)log(1 + C34P34/N0)

+ (1− f1)log(1 + C41P41/N0)

(4)

Here, the minimum total spectrum will satisfy the following
condition,

P
(C3)
total = min

∏

f1,P12P23P35P53P32P21P14P43P35P53P34P41

(f1P12+f1P23+f1P35+f1P32+f1P21

+ f1P53+(1−f1)P14+(1−f1)P43+(1−f1)
× P35+(1−f1)P53+(1−f1)P34+(1−f1)P41)

(5)

such that Rtwo node + Ŕtwo node ≥ RTu and
Rtwo node = min

∏
(R1235,R1435) and Ŕtwo node =

min
∏

(R5321,R5341)
The total orthogonal spectrum is given by

Porth
total = min

∏(
P
(C1)
total,P

(C2)
total,P

(C3)
total

)
(6)

For the orthogonal spectrum allocation from CN transmit
node to CN receiver node, the smallest total spectrum satis-
fying the complete spectrumRTu will be the smallest of the
total spectrum allocation given in Case 1-3.

Fig. 4. Fixed spectrum allocation between the CNs.

3) Fixed Spectrum Allocation Between the CNs Using
DSLSTM: In this scenario, no relay CN is used between the
source and destination CNs. Here, the spectrum allocation
is fixed as shown in Figure 4. The figure shows the source
and destination CN for fixed spectrum allocation, CN1 source
and CN2 destination for fixed spectrum, CN1 source and
CN3 destination for fixed spectrum and CN1 source and
CN3 destination for fixed spectrum. The last part of the fig-
ure shows source CN2, CN3, CN4 and destination CN5 for
fixed spectrum. Here, each CN source communicate with CN
destination if the weight of the channel is superior to the
channel weight of the rest of paths. The available spectrum
is assigned by the CNs with reference to the weight condition
of the particular channel for a given total spectrum constraint.

R
(CN1→CN2)
12 ≤

1
4∑

0

1

4
log(1 + C12P12/N0)

R
(CN1→CN3)
13 ≤

1
4∑

0

1

4
log(1 + C13P13/N0)

R
(CN1→CN4)
14 ≤

1
4∑

0

1

4
log(1 + C14P14/N0)

R
(CN2,3,4→CN5)
2,3,4 ≤

1
4∑

0

1

4

(
1 + C21,31,41P21/N0

)
(7)

The spectrum allocation for various paths are stable and
identical. Smallest total spectrum satisfying complete spectrum
RTu needs optimal parameterP12, P13, P14, P25, P35, P45

and is written as

P
(C1)
total = min

∏

P12,P13,P14P25,P35,P45(
1

4
P
12
+
1

4
P13+

1

4
P14+

1

4
P
25
+
1

4
P
35
+
1

4
P
45

)

(8)
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such that R1t + Ŕ1t ≥ RTu and (R1t, Ŕ1t) satisfy
Equation (1) with

R1t = min
∏(

R
(CN1→CN2)
12 ,R

(CN1→CN3)
13 ,

R
(CN1→CN4)
14 ,R

(CN2,3,4→CN5)
2,3,4

)
(9)

The CN thus communicates directly with balanced spec-
trum allocation strategy and extracts dynamic spectrum
allotments.

B. Participation Node Spectrum Sharing Using DSLSTM

The spectrum sharing occurs in pre-assigned channels. The
CN source transmit its information using the spectrum allo-
cated for the first channel and the relay CN retransmits the
data in the secondary link using the spectrum allocated for
the second channel. Theith sender node having zero-average
and unit-variance is represented bysi, the ith sender’s value
in the fth frequency slot byvi[f] ≥ 0 and theith sender’s
transmission in thefth frequency slot by CNi[f]. The jth

receiver in the network obtains the signal transmitted by
the ith sender in frequency slot f using DSSM given by
rcij[f] = CijCNi[f]+nij[f], whereCij represents (scalar) route
magnitude gain in perpendicular medium i between sender’s
i and j and nij[k] is the zero-average noise with variance
σn2 > 0.

1) CN Source Orthogonal DSLSTM Protocol: The orthog-
onal collaborative communication protocol used in the system
is given as follows. The CN for source i with frequency slot
f is represented as CNi [f1] = vi [f1]si and for slot(f2 − f1)
is CNi [f2− f1] = ai [f2− f1]rcij [f2− f1]. Also CN for source
j with frequency slot f is represented as CNj [f1] = vj [f1]sj
and for slot(f2 − f1) is CNj [f2 − f1]=aj [f2 − f1]rcji [f2 − f1].
The CN for frequency slot(1 − f2)in source i is represented
by CNi [(1− f2)]=ai [(1− f2)] rcij [(1− f2)] Cij and for source
j is represented as CNj [(1− f2)]=aj [(1− f2)]rcji [(1− f2)] Cij .
The CN for frequency slot(1− f1) in source i is represented
by CNi [(1− f1)] = ai [(1− f1)] rcij [(1− f1)] and for source
j is represented by CNj [(1− f1)]= aj [(1− f1)]rcji [(1− f1)].
The message arriving at the receiver CN nodes using DSLM
in the Cij perpendicular medium in frequency slot f is
given as

řcij[f] =
∐

CijCNi[f] + wij[f] (10)

where Cij is the scalar route magnitude gain between the
ith subscriber and receiver andwij[f] is the zero-average
noise in this channel with varianceσw2 > 0. The effect
of nij[f] and wij[f] are contrasting for the frequency slot f
as they are computed utilizing DSLM or DSSM method.
The receiver CN nodes form the judgement stats for theith

subscriber’s message symbol as an integration of the two
significant measurements.

rcij =

f2∐

f1

řcijΓj [f1 ]̌rcij [f1] + Γi [f2 − f1]rcij [f2 − f1]

rcij =
1∐

f1

Γi [1− f1]rcij[1− f1] + Γj [1−f2 ]̌rcij[1− f2]

řcij =
1∐

f1

Γj [1− f1 ]̌rcij[1− f1] + Γi [1− f2]rcij[1− f2] (11)

whereΓi[f] andΓj[f] are the linear fusion of parameters chosen
by the receiver to magnify the PNSSR of the verdict stats.

C. Transmit/Receive CN Spectrum and PNSSR Analysis

The organization model and the collaborative communi-
cation protocol was described in the previous section. The
problem of effectively distributing transmit power is consid-
ered in obtaining a pair of stable PNSSR targets, denoted
asPNSSRi andPNSSRj at the transmitter and the receiver.
Without cooperation, the orthogonality of the transmitters is
utilized to solve this problem. The PNSSR target will be
fulfilled if

Pi = v2i [f] ≥
(
σ2w/C

2
ij

)
PNSSRi

Pj = v2j [f] ≥
(
σ2n/C

2
ij

)
PNSSRj (12)

wherePi andPj indicates transmission power of theith and
jth source.

For transmit-receive CN spectrum analysis, the transmis-
sion power for source ‘i’ in frequency slot ‘f’ is represented
as Pi[f1] =

∑
v2i [f1] and for frequency slotf2 − f1 is rep-

resented asPi[f2 − f1]=
∑

[f2 − f1](C
2
ij v

2
j [f2 − f1] + σ2n.

Similarly, the transmission power for source ‘j’
in frequency slot (1 − f2) is represented as
Pj[(1− f2)] =

∑
a2j [(1−f2)]and for frequency slot(1− f1) is

given byP j[(1− f1)]=
∑

[(1− f1)](C
2
jiv

2
j [(1− f1)] + σ2w)v

2

j
.

The aggregate transmission power for source i is given as

Pi =
∑

Pi [f1] + Pi [f2 − f1] (13)

The absolute transmit power for source j is given as,

Pj =
∑

Pj [f1 − f2] + Pj [1−f1] (14)

The complete transmit power of all nodes are represented by

Ptotal = Pi + Pj (15)

From Equations (11) and (12), “collaborative spectrum
ratio” criteria is defined for every transmitter in the system.
The ith senders’ collaborative spectrum ratio is given as the
ratio of the spectrum power of theith source’s collaborative
retransmission to the spectrum power of the original transmis-
sion of source j (i�= j). The collaborative spectrum ratios for
the ith source is obtained as,

Җi =
Pi[f2 − f1]

Pj[1−f2]
=

a2i [f2 − f1]
(
C2
ijv

2
j [1−f2] + σ2n

)

v2j [1−f2]
(16)

for 0 ≤ Җi <∞ and j �= i.

Җj =
Pj[1−f1]
Pi[f1]

=
a2i [1−f1]

(
C2
ijv

2
i [f1 ] + σ2w

)

v2j [f1]
(17)

for i, j ∈ {1, 2, 3, 4, 5} and 0 ≤ Җj
< ∞ and j �= i. The

non-collaborative scenario points toҖi
= Җj

= 0.
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D. Spectrum Sharing at Destination CN and PNSSR

The next stage in the analysis is to extract equations for the
PNSSR of CN nodes at the receiver based on the assump-
tion that the receiver effectively couples the measurements
{rcij, řcij} to PNSSR. Every noise parameter is assumed to
mutually exclusive as well as separate from the message, it
can be shown that maximum ratio fusing at the receiver mag-
nifies the PNSSR ofrcij and řcij. The maximal ratio merging
coefficients can be written as

Γi[f2 − f1]

Γi[f1]
=

Cijvj[f2 − f1]σ
2
w

σ2w +C2
ijv

2
j [f2 − f1]σ2n

Γi[1− f 2]

Γi[1− f1]
=

Cijvi[1− f 2]σ
2
w

σ2w +C2
ijv

2
i [1− f 2]σ

2
n

(18)

The obtained PNSSRs with maximum ratio compounding
at the receiver can be expressed as

PNSSRi =

f2⋃

f1

C2
ijv

2
i [f2 − f1]

σ2w
+

C4
ijv

2
j [f1]v

2
i [f2 − f1]

σ2w +C2
ijv

2
2[f1]σ

2
n

(19)

PNSSRj =

1⋃

f1

C2
ijv

2
j [1− f1]

σ2w
+

C2
ijv

2
i [1− f1]C

2
ijv

2
j [1− f1]

σ2w +C2
ijv

2
i [1− f 2]σ

2
n

(20)

Using the values obtained in Equations (16) and (17) into
Equations (19) and (20), the PNSSR of each transmitter can
be represented as

PNSSRi =

f2⋂

f1

C2
ijPi[f1]

σ2w

+
ҖjP

2
i [f2−f1]C4

ij

σ2w

(
C2
ijPi[f1]+σ2n

)
+ҖjPi[f1]C

2
ijσ

2
n

(21)

PNSSRj =

1⋂

f1

C2
ijPj[1−f1]

σ2w

+
Җi

P2
j [1−f 2]C4

ij

σ2w

(
C2
ijPj[1−f1]+σ2n

)
+Җi

Pj[1−f1]C2
ijσ

2
n

(22)

The stipulations of the PNSSR targets{PNSSRi,PNSSRj}
as well as the collaborative ratios{Җi,Җj} completely com-
pute the minimum transmission power and bandwidth for all
CN nodes and the peak collaboration between them.

IV. ROUNDABOUT NETWORK SCENARIO

Here the proposed method BCDLN is analyzed in round-
about network scenario. Figure 5 presents the ‘n’ spectrum
sharing nodes placed at identical spectrum units around the
circular path. Assume that every CN will successfully relay
spectrum information to its 2 neighbors. For example, spec-
trum f1 can be shared and broadcasted to cognitive node e1
and e2.

Fig. 5. Roundabout network.

Lemma 1: For the roundabout network it is stated
1. Beyond DSLSTMTw ≥ n− 2,
2. Including DSLSTMTnc ≥ (n− 1)/2.
Proof: Since one spectrum progressively splits and relays

to its two nearest neighbors, each broadcast spectrum can
transfer at most one unit of spectrum to two CN receivers.
An ‘n−1’ BCDLN receivers are there to cover and thus the
best spectrum allocation effectiveness can be (n−1)/2 per
spectrum unit. When sending out spectrum information, it
is considered that single BCDLN transmitter is relaying
to n−1 BCDLN receivers. The foremost spectrum sharing
reaches dual BCDLN destinations. Every added spectrum shar-
ing can donate one spectrum unit to one BCDLN receiver.
Based on the scenario of spectrum sending, it is easy to see
that a DSLSTM method obtains the limit inlemma 1. For
DSLSTM, let us examine the following method. The ‘n’ is
considered as even count. Division of ‘n’ spectrum in two
setsF = {f1, . . . , fn

2
} andE = {e1, . . . , en

2
} of size n

2 each,
such that each spectrum of F has a dual neighboring nodes in
E spectrum.

For example, Figure 5 indicates a circular configuration with
n=8 BCDLN nodes. It is sufficient to show that it can share
spectrum and telecast in set F to all in sets F and E using
Tnc ≥ n/2 spectrum sharing. This procedure is done again
uniformly for spectrum sharing in set F. Let{x1, . . . , xn

2
}

represent the spectrum sharing associated with the nodes in F.
Consider the subsequent spectrum sharing theme that advances
in ‘n/4’ steps.

Every step has dual phases, where foremost spectrum in
group F transmit and spectrum in group E receive and vice
versa. The spectrum sharing in different states, state 1 and
state k is described below.

State 1: Neighbouring CN node isei and neighbouring CN
node>1.

In sub state 1, the spectrum in group F split and relay their
information to their closest neighbor such that each BCDLN
ei receivesgi andgi+1 spectrum as shown in Figure 6.

In sub state 2, the spectrum in group E adds the spectrum
they receive and broadcast it. For example, BCDLN nodefi
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Fig. 6. Spectrum allocation in static CN node with CP-OFDMA using
DSLSTM.

receivesgi+1 + gi from BCDLN nodeei andgi−1 + gi from
BCDLN nodeet−1. Thus, BCDLN node fi has the spectrum
sharing from sourcesfi−1 and fi+1.

For the state k, the neighboring BCDLN node is ‘u’ and
neighboring BCDLN node>1.

Sub state 1: Each spectrum in group F allocate the sum of
the two spectrum units it received in sub state 2, of state 1.

Sub state 2: Every spectrum in group E part the sum of the
two spectrum units it received in sub state 1, of state 1.

Lemma 2: The DSLSTM deliver the lower bounds in
lemma one. Thus,

lim
n→∞

Tnc

Tw
=

1

2
. (23)

Proof: From the preceding analysis it is sufficient to show
that algorithm of DSLSTM will complete in at most ‘n/4’
states. Each state involves n spectrum and every spectrum
brings one new sub spectrum unit to two BCDLN receivers.
Note that within the last state, second sub state, fewer spectrum
sharing’s are required, but this does not affect the organization
of the result. This DSLSTM method transports n/2 spectrum
units in n

4 spectrum sharing. ThusTnc = n/2. Assume now
that every node can share spectrum at a uniform radius of
u neighbors, i.e., every spectrum sharing reaches almost 2u
BCDLN nodes. Consider group F spectrum to consist of n/2u
transmitters that are 2u BCDLN nodes apart, and group E
spectrum consist of n/2u BCDLN broadcasts. Every spectrum
in E is at spectrum unit k from its two nearest neighbors in
spectrum group F. The problem is adequately minimized to
the u=1 scenario and get directly to the following theorem.

Theorem 1: In a roundabout network where every BCDLN
node can really share spectrum at a uniform radius of u
BCDLN neighbors,

Tnc

Tw
=

n−1
2u

n−1
u − 1

≈ 1

2
(24)

Note that changing the spectrum sharing to reach further than
the direct BCDLN neighbors is non-effective method. It allows
to diminish the spectrum sharing by a factor of u, but the
collected spectrum is proportionate toul with the path loss
exponent l almost equal to 2 (depending on the environment).

V. RESULTS AND DISCUSSION

The simulation results using the proposed technique are
presented in this section. The spectrum allocation in the static
CN node with CP-OFDMA using DSLSTM is presented in

Fig. 7. Spectrum allocation in CN node with CP-OFDMA using DSSM.

Fig. 8. Spectrum allocation in CN node with CP-OFDMA using DSLM.

Fig. 9. Spectrum allocation in dynamic CN node with CP-OFDMA using
DSLSTM.

Fig. 10. PNSSR variation with respect to the frequency.

Figure 6. Using the proposed approach, the spectrum is allo-
cated between 500 to 1500 MHz with static CN and varying
number of CBs from 0 to 14. Figures 7 and 8 show the spec-
trum allocation in static CN node with CP-OFDMA using
DSSM and DSLM. Figure 9 shows the spectrum allocation
in dynamic CN node with CP-OFDMA using DSLSTM. For
static node and dynamic node, the spectrum allocation is
optimized with the proposed approach.

Figure 10 shows the PNSSR variation with respect to
frequency spectrum showing the maximum and minimum
hold value for channel 1. The PNSSR maximum and
minimum values in variation is presented in the figure.
Figure 11 shows the spectrum sharing with PNSSR variation.
As the PNSSR decreases between transmit-receive (TR) nodes,
channel gain and feedback increase and more information
is exchanged between CN nodes creating dynamic spectrum
long memory (DSLM) in the forget node (FN), else creating
dynamic spectrum short memory (DSSM) in the FNs. The
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Fig. 11. Spectrum sharing with PNSSR variation.

PNSSR resolves the challenge involved in the optimal allo-
cation of the total spectrum of each TR nodes between the
transmissions it is assisting, based on time variant and time
invariant channel knowledge.

VI. CONCLUSION

A novel spectrum sharing technique in 5G is proposed using
cognitive nodes. The self-learning nodes in the system route
information to several destinations at a constant spectrum shar-
ing target, and cooperate with one another via a dynamic spec-
trum sharing long short-term memory. The joint spectrum allo-
cation and management is carried out with CP-OFDMA. With
the proposed framework, expressions are derived for the spec-
trum allocated to multiple sources to obtain their spectrum
targets as a variant of the participation node spectrum sharing
ratio. The participation node spectrum sharing ratio resolves
the challenge involved in the optimal allocation of the total
spectrum of each TR nodes between the transmissions it is
assisting, based on time variant and time invariant channel
knowledge. Our theoretical analysis and simulation results
confirm that the proposed method achieves good results in
spectrum sharing.
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Abstract

A novel parallelization method of genetic algorithm (GA) solution of the Traveling Salesman Problem (TSP) is
presented. The proposed method can considerably accelerate the solution of the equivalent TSP of many complex
vehicle routing problems (VRPs) in the cloud implementation of intelligent transportation systems. The solution
provides routing information besides all the services required by the autonomous vehicles in vehicular clouds. GA
is considered as an important class of evolutionary algorithms that can solve optimization problems in growing
intelligent transport systems. But, to meet time criteria in time-constrained problems of intelligent transportation
systems like routing and controlling the autonomous vehicles, a highly parallelizable GA is needed. The proposed
method parallelizes the GA by designing three concurrent kernels, each of which running some dependent
effective operators of GA. It can be straightforwardly adapted to run on many-core and multi-core processors. To
best use the valuable resources of such processors in parallel execution of the GA, threads that run any of the
triple kernels are synchronized by a low-cost switching mechanism. The proposed method was experimented for
parallelizing a GA-based solution of TSP over multi-core and many-core systems. The results confirm the efficiency
of the proposed method for parallelizing GAs on many-core as well as on multi-core systems.

Keywords: Vehicle routing, Cloud computing, Genetic algorithm, Transportation systems, Parallel

Introduction
Vehicle routing problems have been the focus of exten-
sive research over the past 60 years, driven by their
economic importance and their theoretical interest. The
diversity of applications has motivated the study of an
innumerable problem variants with different attributes
in transportation literature [1, 2].
Using efficient vehicle routes provides a direct com-

petitive advantage to transportation companies, which
usually operate with limited profitability margins. More-
over, the fact that these problems share a simple yet rich
structure, generalizing the traveling salesman problem,
has helped to elevate the VRP family into one of the

main testbed for studies in optimization and heuristics
[3, 4]. Recently, integration of the traffic management
systems (TMSs) with cloud computing paradigm has
brought the extensibility and scalability for these systems
[5]. Recently, many researches seek VRP solutions which
can be easily exploited on vehicular cloud computing
(VCC) platforms [6–8].
This research paper proposes an optimally parallizable

Genetic Algorithm solution to TSP problem in VRPs.
Approximate solutions have been widely used in science
and engineering problems. Genetic Algorithm is a class
of evolutionary algorithms which is used for finding
approximate solutions for search and optimization
problems.
A challenging issue in solving problems using GA is the

considerable iterations of the genetic algorithm. In such
cases, with the increase in the number of generations, the
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populations and their required crossovers and muta-
tions will increase. These, in turn, significantly in-
crease the time complexity of the deployed algorithm.
This computational disadvantage of GA is considered
as a major problem in deploying GA-based solution
to time-constrained problems like vehicle routing and
controlling navigation of autonomous vehicles in in-
telligent transportation systems [9].
Computational bottlenecks of the GA are fitness, mu-

tation, crossover and selection functions. A common
solution to this challenge is to migrate the computation
of these functions to parallel machines [10, 11]. There-
fore, regarding the wide use of GA in a variety of
problems such as optimization [12], image processing
[13] artificial neural networks training [14] and rule-
based systems [15] many researchers try to investigate
parallelization methods for GAs on multi-core systems
as well as many-core systems.
This paper presents a method for parallelizing the

main operators of the genetic algorithm. The proposed
parallelism is based on the structure of multi-core
Central Processing Units (CPUs) and many-core
Graphics Processing Units (GPUs) and tries to compare
the power of the two processors in parallelizing genetic
algorithms. Our methodology for evaluating the
performance of these two different types of processors is
based on the results of executing parallel GAs which
solve a well-known complex problem in computer
science, i.e. TSP problem. TSP is an NP-complete prob-
lem with high complexity. The main idea of TSP is
finding the shortest route among a set of cities, provided
that each city is visited only once, and at the end the city
of origin should be visited again.
Specifically, the contributions of the paper are as

follows:

1- Usually, in comparisons between multi-core CPU
and many-core GPU, the CPU is illustrated weaker
than GPU in certain cases. In this article, by
comparing the performance of Threading Building
Blocks (TBB) and Compute Unified Device
Architecture (CUDA) platforms in solving TSP
problem with a parallel GA, we show that by
optimally exploiting the parallel resources of a
multi-core CPU, a higher level of performance
could be obtained.

2- In our multi-core parallelization, all working
threads should be synchronized. But, in GPU-based
parallelization only threads of one block could be
synchronized with each other. Hence, in order to
best utilize the resources of GPU in parallelization
of GA, we use three distinct kernels which let us
synchronize threads in different blocks of GPU.
This setting makes it possible to synchronize all of

the working threads but, meanwhile, imposes the
cost of switching among kernels. We investigate this
cost in our parallel kernels.

3- The investigated TBB-based and CUDA-based
methods are evaluated on different data sets,
according to the variations of GA operators includ-
ing length of chromosomes, number of generations,
and size of populations.

The rest of the paper is structured as follows. In the
next section, a brief overview of the related works is pre-
sented. Section three reviews the structure of CUDA
and TBB platforms. In addition, the method of solving
TSP with genetic algorithm is explained next. The pro-
posed approach to parallel implementation of a GA
problem is discussed in the fourth section. Experiments
and their corresponding analyses are extensively ex-
plored in the following section. Section six concludes
the paper and suggests some future directions.

Related work
In this section, we review the related works in parallel
implementation of GA algorithms for solving TSP. For
this purpose, first we review the studies that have
parallelized their algorithm on multi-core CPUs or
many-core GPUs. Next, we review the works that have
compared the performance of different parallel GA-
based TSP solutions.
J. Zhu et al. [16] combine TBB and MPI platforms to

parallelize a GA-based solution of TSP. In their
parallelization model which is named Island Model, the
original population is divided into a series of subpopula-
tions called islands or demes. Such demes could evolve
in parallel but are mostly isolated from each other. Inter-
action between demes is done by an operator known as
migration. Each island is a process which is connected
to other ones via MPI ring topology. After running five
generations of each process, it sends 5% of its best popu-
lation to another process. Initially, each process indi-
vidually generates the first population randomly, which
increases the probability that the population will be uni-
form in the process. According to the results obtained
from implementation on different datasets in 100 gener-
ations, the acceleration rate achieved on four processing
cores in 144 and 1889 cities is 2.1 and 2.55, respectively.
Studies conducted by Fujimoto et al. [17] and Chen

et al. [18] can be considered as preliminary studies
which introduce two different methods for Parallelizing
GA computations on CUDA platform. The former ex-
ploits all threads of a CUDA block for performing the
computations of each GA chromosome and the latter
exploits only one thread for this purpose. Both of these
methods use only one CUDA block for parallelization.
Moreover, due to the need for synchronizing threads in
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both of these methods, none of them can fully utilize the
computational resources of the GPU.
Sánchez et al. [19] consider this issue and propose two

parallel models for GAs on GPU, namely, PGAIM and
PGAEI which stand for a Parallel Genetic Algorithm
with Islands Model and a Parallel Genetic Algorithm
with Elite Island, respectively. In both models, each
individual is represented by a thread, and each island is
represented by a CUDA block. Their results show that
PGAEI model outperforms PGAIM model. PGAEI does
not let any migration between islands and, instead,
creates an elite island with the best individuals from
each island. Despite its better results, PGAEI model is
unable to produce the intended solution in a shorter
time as compared to PGAIM model.
The work of Kang et al. [20] proposes a parallel

solution to genetic TSP. In their method, a single gene
corresponds to a tour visiting all the cities. For large
problem spaces, they propose an improved crossover
that maintains a diversity of genes. However, by increas-
ing the problem size, the size and number of genes
increases and, consequently, the necessary computation
tasks increase. Although they propose a parallel imple-
mentation for their proposed GA which can be executed
on GPU-like many-core machines, experimental results
show the inefficiency of this method in achieving a
high level of parallelism on GPUs. Other researches
like [21–24] have obscurely implemented parallel ker-
nels for GA-based solutions of TSP.
Up to now, few studies have been carried out to quan-

titatively compare the efficiency of parallel kernels on
multi-core machines with that of GPU-like many-core
machines.
The most prominent example is the study conducted

by Saxena et al. [25] which compares the efficiency of
Open Multi-Processing (OpenMP) and CUDA via exe-
cution of parallel GA-based optimization kernels on
multi-core CPUs and many-core GPUs. Unfortunately,
this study does not provide a common experimental
setting for all parallel kernels. As a result, the effect of
different parameters of GA on the performance of both
parallel kernels which run over OpenMP and CUDA
platforms has not been assessed. For example, they have
provided plots which represent the effect of the number
of cities on the processing time of OpenMP kernel while
providing plots which demonstrate the effect of the size
of initial population on the processing time of CUDA
kernel. Such superficial results cannot be used for any
judgment and comparison as to the efficiency of those
parallelization platforms.
These studies clearly indicate that research in the field

of GA parallelization has tended only to focus on ob-
scure design of parallel programs. None of the presented
studies have investigated the efficient parallelization of

GA operators on multi-core platforms like TBB and
many-core platforms like CUDA. Specifically, the paral-
lel processing models of the threads and different ap-
proaches of synchronization of threads in different
blocks of GPU have not been exactly studied in any of
them.
In this paper, we investigate the effect of different pa-

rameters of GA-based solutions of TSP on the perform-
ance of parallel kernel on both multi-core systems as
well as many-core systems. For this purpose, we provide
parallel kernels for multi-core systems using TBB and
for many-core GPUs using CUDA. The results of run-
ning this kernels with identical GA settings are used to
provide an in-depth comparison of the efficiency of the
kernels as well as to assess the effect of each GA param-
eter on the overall efficiency of each kernel.

Background
This section gives a brief overview of the related con-
cepts including the architecture of GPU in the CUDA
platform and the main ingredients of TBB architecture.

CUDA
Graphics processing unit is a tool assigned to display
graphic images in workstations, game consoles, or
personal computers. Due to its high processing power in
non-graphic applications, a new branch has been
developed in computer science called GPGPU (General-
Purpose computing on Graphics Processing Unit).
Nvidia’s graphics cards include one of the Femi, Tesla,
and Kepler structures. Each structure has specific
characteristics such as the maximum number of threads
in blocks, the size of shared memory, etc. However, in
order to facilitate programming, the programming inter-
face has been developed. The programming of GPU is of
course a difficult task. Therefore, Nvidia company
presented a software platform called CUDA in 2006 to
implement non-graphic computation on the graphics
processor [26–28].
CUDA provides features for developers to use the hard-

ware capabilities of Nvidia graphics cards in non-graphic
programs and to increase the implementation rate of so-
phisticated algorithms using GPU capabilities. CUDA sup-
ports the main factors involved in the computation from
two different points of view: host and device. Host runs the
main program while device is a help with the processing. A
typical scenario is that CPU is considered as the host and
GPU is considered as an aid to the processor [29].
Any program that is written in CUDA may consist of

several kernels. Each kernel is executed by a grid which
consists of several blocks. Each block consists of mul-
tiple threads. These threads are responsible for imple-
menting the program. In Fig. 1, the concepts of thread,
block and grid are depicted [30].
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TBB
TBB was first introduced by Intel in 2006 as a parallel
programming library. Figure 2 illustrates the general
structure of TBB and how it works to create threads
and balance their workloads. This library allows
parallelization to be interpreted both explicitly and
implicitly. In explicit mode, spawning provides the
programmer with full control over the work of each
task. The implicit state can be achieved using patterns
such as parallel_for or parallel_reduce that accelerate
code-writing. Tasks created explicitly or implicitly are
added to the queue of thread tasks in an abstract
space called Threads Arena. These tasks are carried
out by the master thread or by other workers through

a mechanism called theft. In what follows, we shall
have a look at this concept [31].
TBB’s master thread represented by MT in this figure

is a software thread that instantiates the TBB::task_
scheduler_init object. All threads that are created by MT
and are used to complete MT’s task are referred to as
worker threads. The resource management layer (RML)
is the host of a pool of worker threads. The role of the
Market is to distribute the workloads of master threads
as well as to assign workers to the arenas of master
threads for carrying out the allocated workloads. The
number of available worker threads is always one less
than the maximum of tbb::task_scheduler_ init argument
and the total number of logical cores on the system

Fig. 1 Grid of Thread Blocks

Fig. 2 Components of TBB’s Task Scheduler
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CPU. The next structure is the arena of each MT that
encapsulates all the tasks and resources available (worker
threads) to execute a master thread. A number of slots
are assigned to each arena that represent the number of
worker threads which are needed to complete the paral-
lel tasks of the MT. If the total number of slots needed
for all master threads exceeds the number of workers in
the RML pool, allocation of slots to the arena of MTs
will be tailored to the needs. When the task of the mas-
ter thread ends, the threads produced at the time of
creating each arena are either destroyed or assigned by
RML to active arenas.
Each working thread, when run in an arena, executes a

scheduling procedure called wait_for_all() which consists
of three nested loops. The inner loop executes the
current task by calling the execute() method. Upon
completion of this task, if no further task is called, the
program exits the inner loop. In the middle loop, the
get_task() method attempts to dequeue local tasks in a
Last-In-First-Out (LIFO) order. If successful, the inner
loop will be called again. Otherwise, the thread exits the
middle loop and the outer loop activates the stealing
mechanism by calling the receive_or_steal_task()
method. This method searches for all tasks on this level.
The search includes sending tasks through the task-
thread dependency mechanism, reloading tasks without
uploading priority, or reloading tasks left by other
workers. If the search does not return a task to run, this
method steals from a victim thread that is randomly se-
lected at the current location. If the failures of a worker
thread to steal exceed a certain threshold (a default value
of 100) and the arena of the MT is empty, the failed
worker is released and returned to the pool of RML. The
details of how tasks are stolen can be found in many
sources such as [31, 32].

The proposed approach
Parallel GA for TSP
The general method of solving TSP with genetic
algorithm, which is discussed in this section, is presented
in a flowchart in Fig. 3. It has a lot of applications in
different areas of engineering such as timing, routing,
etc. [33].
Population: each chromosome consists of a fixed

number of genes. In this case, each gene is a city and
every permutation of cities can be considered as a
chromosome.
Fitness function of the initial population: for each

chromosome, the function gives a non-negative integer
which indicates competence and individual ability of
each chromosome. To calculate the fitness of each
chromosome in TSP, we consider the matrix of coordi-
nates of cities. With respect to the coordinates matrix,
the distance between the cities of a chromosome is
obtained from the following equation [34]:

f xð Þ ¼
Xn

i¼2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi−xi−1ð Þ2 þ yi−yi−1ð Þ2

q !

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1−xnð Þ2 þ y1−ynð Þ2

q
ð1Þ

Crossover: this operator is responsible for mating
process (exchange of information between paired chro-
mosomes) and also the convergence speed of genetic al-
gorithm. It usually acts with high probability, i.e. 0.6 to
0.9. This value is called crossover rate and is denoted by
Pc. In this case, a parent and a random position between
the parent’s genes are considered. Then all the genes
which were at the right side of the position of the parent

Fig. 3 Sequential approaches for running Genetic Algorithm
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chromosome will be moved so that the new chromo-
some is obtained.
Mutation: it is another operator which is responsible

for the new information. This operator with the low
probability of 0.01 accidentally changes one of the re-
sulted genes. The overall probability of mutation on a
chromosome is called mutation rate which is denoted by
Pm. In this paper, two genes of a chromosome are ran-
domly displaced.
Calculation of the fitness of new generation: the fitness

function of the population is calculated using crossover
and mutation operators just as the calculation of initial
population.
Selection: there are different methods for selecting the

best chromosome and its transfer to the next generation.
In parallel implementation, it is better to use tourna-
ment selection. In this method, two chromosomes are
randomly selected from the population. Then a random
number between zero and one is chosen as r. if r < k (k
is a parameter for the case of 0.8) then a fitted person or
the one which is less adapted is selected as the parents.
These two are then returned to the initial population
and again participated in the selection process. Finally,
the selected chromosomes are recognized as the next
generation and are sent to the next round of algorithm
implementation [10]. The statistical analysis of the
methods of selection in genetic algorithms, as well as
other operators, is already studied in many researches
including [35]. This issue has a significant effect in de-
signing efficient GAs [36].
The general structure of the sequential and parallel

genetic algorithm is illustrated in Fig. 4. In all of the

proposed parallel kernels, the initial population is same.
The aim of the proposed kernels for parallel GA is to
compare the parallelization power of CUDA and TBB.
In the sequential method, all the operations of the gen-
etic algorithm are performed sequentially. However, in
the parallel method, the important operations of the GA
are implemented in parallel, which reduces the runtime
of the genetic algorithm. These operators are fitness,
crossover, mutation and selection. Figure 4 shows the
flowchart of the proposed method for parallelizing GA.
According to the structure of GPUs, only the threads of
one block can be synchronized. The synchronization is
very important in the genetic algorithm where some op-
erators need to execute in sequence. The most import-
ant advantage of our method over recent methods like
[18] is proposing a trick for solving the problem of syn-
chronizing threads and using the threads of more than
one block. For this purpose, we organize three different
kernels, each of which corresponds to a distinct function
of GA. These kernels would be replicated on different
CUDA blocks simultaneously. By switching between ker-
nels, all threads coincide. The main challenge in switch-
ing among kernels is to minimize the related cost. Given
that, the result of the computations of each kernel are
stored in the global memory of GPU, and no data would
be exchanged at each switching step between the host
and the device. Therefore, the time required for switch-
ing among kernels is very small. The operation of each
kernel is described below.
In the proposed parallelism, first the primary popula-

tion fitness is calculated in parallel by the first kernel. In
this kernel, each thread is responsible for calculating the

Fig. 4 Parallel approaches for running Genetic Algorithm
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fitness of a chromosome. Then, in order to create a new
generation, the operators of crossover, mutation, and fit-
ness functions are implemented in parallel by the second
kernel. In this kernel, each thread is responsible for cre-
ating a new child using different operators of the GA.
The next operator, which is the selection, is also exe-
cuted in parallel by the third kernel and selects the best
chromosomes of current generation to be passed to the
next generation. In this kernel, each thread is respon-
sible for choosing a chromosome. In the end, the condi-
tion of the end of the generation is checked. If the
condition of the completion of the generation is estab-
lished, this operation stops and the best answer is
returned from the populations as a result. Otherwise,
the second and third kernel that perform the creation of
a new generation as well as the selections will run to the
end of the pre-defined number of generations. In the
next section, we examine the performance of parallel
methods on TSP.

Integration to vehicular cloud
Vehicles and sensors in a local area produce the vehicle
content. These contents are processed and used by
neighbourhood vehicles. Vehicles can access these re-
sources by means of vehicular cloud computing (VCC)
[6, 37]. VCC lets vehicles to compute, process, store, and
communicate with each other. The corresponding re-
sources provide the feasibility of management of traffic
and safety of the roads. Indeed, VCC opens new

possibilities for traffic management via efficient vehicle
routing [8].
Our proposed routing system is exploitable on VCCs.

In this case, the systems can offer a new direction for
the development of traffic management systems. Note
that, the integration of VCC with other commercial and
roadside clouds can expand the capabilities of VCC. The
different types of cloud generated by vehicles and dis-
tinctions between them depend on the underlying net-
work infrastructure and the nature of merging between
the clouds. Here, we only focus on the overall structure
of the VCC platform which is best suited for our method
and skip issues and challenges that it brings [7, 8, 37].
Figure 5 shows the proposed VCC structure for imple-

menting the proposed method for routing in smart
vehicular networks. In the bottom of the diagram, a ve-
hicular ad-hoc network (VANET) infrastructure is pre-
sented. The cloud shows the connections of the
participating vehicles. One vehicle acts as a cloud leader
or cloud controller. The cloud controller also links to
the Internet for additional services. Through the inter-
net, the leader communicates with traffic management
officials which runs the proposed algorithm on received
vehicular positional information thus providing required
routing information (information or event - related in-
structions) about optimum routs for the entire road net-
work of a vehicles over the city.
Each vehicle have a collection of resources and knows

the main service provider which can provide routing in-
formation. The abstraction of the vehicle, as shown in

Fig. 5 The vehicular cloud computing for exploiting the proposed method
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Fig. 5, is shown in the right side of the diagram. Each ve-
hicle has an operating system and hardware at the
primary level controlled by a software that can be run
on virtual machines. This system provides collects
positional data of vehicle and communicates. The re-
sources of the vehicle are actually made available to the
cloud according to the service level agreements with
cloud leader. The cloud leader initiates, publishes and
analyzes the services for the vehicles by continually
evaluating and monitoring the virtual resources of the
contributing vehicles.

Implementation and performance evaluation
In this section, first the characteristics of the used CPU
and GPU as well as the values of the different parame-
ters of the GA are described. Next, the performance of
the proposed parallelization method is investigated based
on different metrics.

Experimental setup and methodology
The experiments were conducted on an Intel (R) Core
i5–7600 3.50GHz personal computer with 8 GB of main
memory that was equipped with NVIDIA GeForce GTX
1060 graphics card. This GPU has 1280 cores, and its
base and boost clocks are 1506MHz, and 1708MHz, re-
spectively. The frameworks used in this implementation
are based on C++ CUDA 8.0 (V8.0.61) for many-core
GPU and TBB version 2018 for multi-core CPU. The
number of threads in the CUDA platform was set equal
to the number of chromosomes while the number of
threads on multi-core CPUs was set equal to the number
of cores. Therefore, in the TBB-based parallel code, the
number of cores is impressive. To investigate this effect,
we run the TBB-based parallel code on dual-core and
quad-core CPUs.
Crossover operator probability is 0.8 and mutation

probability is 0.02. The probability of selection operator,
providing that the operator may choose a sample with
less fitness, is equal to 0.8. The crossover operator is a
single-parent and single-point one and the mutation op-
erator are of the movement type.
The standard data of BCL380, RBU737, PBD984 derived

from VLSI data were used to implement TSP. The data-
sets consisted of 380, 737 and 984 geographical regions of
cities [38]. TSP was solved with 1024 to 16,384 popula-
tions by applying 100, 200 to 3000 generations on each.
The number of offsprings produced in the crossover was
between 10%–50% of the size of the initial population. In
the next section, we review the results which were ac-
quired from the experiments that were repeated 10 times.

Performance evaluation
To evaluate the proposed methods and compare their
performances, we reviewed the influence of parameters

such as population size, number of generations, number
of crossover-mutation and chromosomes size on the
performance of each method.
Evaluation criteria are the implementation time of the

GA in the proposed methods and accelerating the paral-
lel versions of the serial method. First, we investigate the
cost of switching between the proposed kernels over
CUDA platform in different scenarios. Table 1 shows
the time required for solving TSP with 380 cities using
the proposed set of tertiary kernels with different sizes
of population and different numbers of generations. For
each case, the time required for switching among kernels
as well as their execution time is reported. Table 2
shows the switching and execution time of the kernels in
100 generations, with different numbers of cities and dif-
ferent sizes of population. In Tables 1 and 2, the number
of offsprings is 40% and 30% of the population, respect-
ively. As explained in Section 4, since there is no data
transmission between kernels and generations (from
GPU to CPU and vice versa), increasing the number of
generations has not any effect on the switching time.
But by increasing the number of cities and the size of
population, switching time increases due to the transfer
of the initial population from CPU to GPU. However,
the switching time is negligible compared with the ker-
nel running time. The total computation time for any
CUDA kernel is actually the sum of the switching time
and the time of kernel computation.
The plots in Fig. 6 shows the effect of increasing the

size of the initial population and the number of genera-
tions on the execution time of the serial method, the
parallel method on CUDA platform, and the parallel
methods formed by exploiting TBB on two/four CPU
cores. In this experiment, the size of the new population
generated from the crossover operation is 40% of the ini-
tial population. By increasing the number of generations,
the running time of TSP has increased in all methods.
A remarkable point in this experiment is the impact

of the size of population on the running time of
CUDA-based parallel code as compared to TBB-based
parallel codes running on dual-core and quad-core
CPUs. As shown in Fig. 6-a, the execution time of
CUDA-based parallel TSP code is worse than TBB-
based parallel code on dual-core and quad-core CPUs.
In this experiment, all resources of CPUs have been
used while in the GPU only up to 1024 threads have
been used. Increasing the size of populations in-
creases the level of parallelism and consequently the
performance of GPU code is improved. For example,
in the case of having a population of size 4096,
CUDA-based parallel TSP has been better than TBB-
based TSP. The degree of this superiority reaches a
maximum when the size of population hits 16,384. In
this state, the GPU resources has been well used.
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Figure 7 shows the speedup of three parallelization
methods, namely TBB-based TSP kernel on dual-core
and Quad-core CPUs and CUDA-based GPU kernel
with respect to the sequential code in different sizes of
population and offsprings created by crossover. As a
common setting in this experiment, the maximum num-
ber of generations of the GA is set to 100. In all cases,
the speedup of TBB on four cores is more than the
speedup of TBB on two cores. In addition, the overall

rate of the speedup has not changed with the size of
population and the number of offsprings. This is while
in the CUDA-based TSP kernel the speedup has chan-
ged with both of these parameters. The reason is that
both parameters affect the utilization of the resources of
GPU.
The effect of the number of chromosomes on the execu-

tion time of parallel TSP codes is illustrated in the plots in
Fig. 8. In the corresponding experiment, the number of

Table 2 Switching and kernel computation time (ms) in CUDA- 100 generations

Cities Population

Switch Kernel Switch Kernel Switch Kernel Switch Kernel

1024 2048 4096 6144

380 (BCL380) 0.68951 2175.47 1.1975 2211.08 2.20462 2359.25 3.24037 2366.61

737 (RBU737) 1.15285 4060.45 2.1389 4114.11 3.83376 4367.86 5.60917 4377.8

984(PBD984) 1.57603 6200.72 3.11869 6301.57 6.60059 6714.43 8.52061 6727.66

7168 8192 9126 10,240

380 (BCL380) 3.67074 2138.17 4.96326 2400.57 4.65838 2179.79 5.00744 2198.41

737 (RBU737) 6.61571 4410.09 7.89123 4447.35 8.11848 4503.38 9.41981 4528.84

984(PBD984) 10.4104 6786.87 11.0019 6829.77 14.361 6917.51 13.9765 6953.94

16,384 20,480 32,768 65,536

380 (BCL380) 8.41643 2280.52 10.2355 2632.1 16.026 4905.64 32.1677 9212.24

737 (RBU737) 16.22 4694.13 194,048 4917.1 30.0229 9179.92 58.7788 17,204.9

984(PBD984) 24.4927 7204.22 28.8571 7572.09 44.0464 14,145.5 91.1372 26,544.6

Table 1 Switching and kernel computation time (ms) in CUDA- 380 cities (BCL380)

Population Generation

100 200 400 800 1000 2000 2500 3000

1024 Switch 0.73822 0.75217 0.76018 0.75258 0.74694 0.75838 0.75547 0.75114

Kernel 2183.76 4352.68 8687.09 17,355.7 21,697.6 43,378.4 54,213.4 65,068.2

2048 Switch 1.28195 1.47194 1.35182 1.26267 1.2215 1.37934 1.28483 1.28211

Kernel 2268.34 4520.98 9024.91 18,036.1 22,541.3 45,064 56,323.4 67,587.5

3072 Switch 1.80883 1.80882 1.94954 1.81701 1.83845 2.31515 1.8183 1.80926

Kernel 2359.75 4700.82 9390.72 18,762.1 23,439.8 46,859.3 58,596.2 70,285.9

4096 Switch 2.33739 2.33973 2.33702 2.52005 2.35171 2.3325 2.3419 2.28941

Kernel 2362.82 4705.47 9399.08 18,779.1 23,461.8 46,914.9 58,661.3 70,357.7

5120 Switch 2.90762 2.92509 2.86219 2.91802 2.91189 2.97024 3.03762 2.88035

Kernel 2384.06 4750.92 9484.7 18,944.5 23,687.8 47,371.8 59,201.4 71,052.9

6144 Switch 3.73773 3.4692 3.58517 3.48848 3.40894 3.45525 3.5112 3.60488

Kernel 2399.68 4779.72 9544.65 19,071.8 23,829.4 47,643.4 59,560 71,438.4

8192 Switch 4.68266 4.48123 4.52781 4.87566 4.90762 4.45749 5.53869 4.46005

Kernel 2443.86 4876.11 9721.46 19,423.6 24,309.7 48,604.7 60,656.3 72,888.9

10,240 Switch 5.55746 5.61781 5.79314 5.61149 5.62642 5.53069 5.70728 5.61958

Kernel 2239.25 4434.78 8829.64 17,603.5 21,985.7 43,953.9 54,938.4 66,007.3

16,384 Switch 11.3822 9.32661 8.84053 8.85627 9.85898 9.05573 9.3819 8.99462

Kernel 2434.82 4814.55 9593.75 19,134 23,902.9 48,031.8 60,033 72,071.8

Abbasi et al. Journal of Cloud Computing: Advances, Systems and Applications             (2020) 9:6 Page 9 of 14



generations and the number of offsprings resulting from
each crossover process are kept constant while the size of
the population is allowed to be varied. For this experi-
ment, three different datasets with 380, 737 and 984 cities
have been used. The size of offsprings is set to be 40% of
the initial population during 100 generations.
As shown in Fig. 8, TBB-based code on four cores in

the population of less than or equal to 4096 has the least
running time and the highest speedup as compared to
other methods. But when the population is more than
4096, CUDA has the best performance compared to
other methods. This state hits when CUDA computes
the GA solution of TSP with 20,480 population; in this

case, each thread calculates a chromosome. As the popu-
lation grows, each thread should examine more than one
chromosome, which increases the running time. This is
illustrated in the speedup plots of Fig. 8.
According to the GPU specifications used in this study,

the maximum number of threads to run simultaneously is
20,480 threads. Thus, when the initial population exceeds
20,480, the computational load per thread increases, which
reduces the acceleration. Another remarkable point in this
experiment is the ineffectiveness of changes in chromo-
some length (number of cities) in the overall running time
of the three parallel methods provided by the GA. The
maximum speedup values obtained in experimentation of

Fig. 6 The running time of the algorithm over different numbers of generations and different sizes of population. Each subplot is labeled with
the corresponding population size
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TBB-based TSP on dual-core and quad-core CPUs are 1.99
and 3.99, respectively, while the maximum speedup of
CUDA-based TSP on 1280 cores is 13.73.
Finally, according to the experiments, it can be stated

that when a genetic algorithm is applied on a small
population, the TBB-based method has the best per-
formance. Otherwise, considering the ability of CUDA
to define the maximum required number of threads for
calculations, the use of CUDA is more efficient.

Efficiency evaluation and comparison
To provide a more intuitive illustration of the efficiency of
the proposed parallelization method, the efficiency of the

proposed parallelization of the GA solution of TSP on TBB
platform is computed and compared in Table 3 with the
state-of-the-art methods. As shown in Table 3, the efficiency
of the proposed parallel GA on a quad-core system using
TBB platform is the highest as compared to the other paral-
lel GA solutions of TSP on multi-core systems. Moreover,
the efficiency of multi-core parallelization of GA solution of
TSP using TBB platform is 0.9975, which is considerably
higher than that of the OpenMP-based parallelization as
well as TBB-based parallelization done by Zhu [16]. This re-
sult shows that the proposed parallelization method could
more optimally exploit the parallel resources of the multi-
core CPUs and consequently achieve higher efficiency.

Fig. 7 The speedup of the parallel methods with respect to different ratios of offspring on different populations in a TSP with 380 cities. Each
subplot is labeled with the corresponding population size
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Conclusion
Using efficiently parallelizable optimization algorithms
for solving equivalent TSPs of vehicle routing problems
is a key in minimizing the costs of any intelligent trans-
portation system with limited profitability margins. Espe-
cially, providing a solution exploitable on vehicular
cloud computing platform has been recently attracted
many interests.
In this paper we presented an enhanced GA solution

to TSP problem in VRPs which could be easily and
highly parallelized on multi-core and many-core

Fig. 8 The impact of population size on the speedup of parallel methods. Each subplot is labeled with the corresponding population size

Table 3 Comparing the efficiency of state-of-art parallelizations
of GA solution of TSP

Year Method Reference # of Cores Speed up efficiency

2013 TBB Zhu [16] 4 2.55 0.6375

2019 OpenMP Saxena [25] 4 2 0.5

2019 TBB Proposed Method 4 3.99 0.9975

2019 TBB Proposed Method 2 1.99 0.995

Abbasi et al. Journal of Cloud Computing: Advances, Systems and Applications             (2020) 9:6 Page 12 of 14



machines of suitable VCC platforms. We show that the ef-
ficient parallelization of genetic algorithms (GAs) on
multi-core or many-core systems is affected by the effi-
ciency of the schedulation of hardware resources regard-
ing the concurrency of threads. We proposed a method
for efficient parallelization of genetic algorithms on multi-
core and many-core systems. In the proposed method, the
fitness functions, crossover, mutation and selection func-
tions are implemented in parallel. Next, the proposed
method is implementable on many-core and multi-core
processors. The second aim of this study was to arrange
synchronizable kernels which can use the maximum re-
sources of many-core processors for accelerating the com-
putations. In this regard, three separate kernels were
designed to compute the various functions of the genetic
algorithm concurrently. These kernels can be replicated
on different CUDA blocks on GPU. To synchronize the
threads of these blocks, a switching mechanism is used.
The time taken to switch between the kernels of different
blocks is negligible with regard to the running time of the
genetic algorithm. Therefore, the proposed method is
highly efficient in synchronizing collaborative threads in
the processing of genetic algorithms.
The proposed method was tested for parallelizing a

GA-based solution of Traveling Salesman Problem
(TSP) on CUDA and TBB platforms with the same set-
tings including the same number of primary population
and generations as well as the same ratio of children cre-
ated by crossover and mutation operators on the same
data set. The performance of these two platforms were
evaluated based on different criteria such as the running
time and speedup of the parallel GA over each of them.
According to the results, the highest speedup of the

parallel algorithm on the GPU, the dual–core processor,
and the quad-core processor is 13.73, 1.99, and 3.99, re-
spectively. Another significant finding of this study is
that the performance of a parallel algorithm on a GPU-
like many-core processor, when the initial number of
population in the genetic algorithm is low, is much
lower than that of a multi-core processor. The reason is
that, in a low initial population, parallelization resources
in multi-core processors are more efficiently utilized
than in the GPU-like many-core system.
The CPU/GPU clusters have recently evolved to become

high-performance accelerators for computation-intensive
programs [39, 40]. Therefore, future studies should inves-
tigate how to extend the proposed method to best use the
resources of GPU cluster for GA computations.
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ABSTRACT In Digital Video Broadcasting-Handheld (DVB-H) devices for cyber-physical social systems,
the Discrete Fractional Fourier Transform-Orthogonal Chirp Division Multiplexing (DFrFT-OCDM) has
been suggested to enhance the performance over Orthogonal Frequency Division Multiplexing (OFDM)
systems under time and frequency-selective fading channels. In this case, the need for equalizers like the
Minimum Mean Square Error (MMSE) and Zero-Forcing (ZF) arises, though it is excessively complex due
to the need for a matrix inversion, especially for DVB-H extensive symbol lengths. In this work, a low
complexity equalizer, Least-Squares Minimal Residual (LSMR) algorithm, is used to solve the matrix
inversion iteratively. The paper proposes the LSMR algorithm for linear and nonlinear equalizers with
the simulation results, which indicate that the proposed equalizer has significant performance and reduced
complexity over the classical MMSE equalizer and other low complexity equalizers, in time and frequency-
selective fading channels.

INDEX TERMS Least-squares minimal residual (LSMR), digital video broadcasting-handheld (DVB-H),
orthogonal frequency division multiplexing (OFDM), zero-forcing (ZF) and cyber-physical social systems.

I. INTRODUCTION
The Digital Video Broadcasting-Handheld (DVB-H) tech-
nology is the superset of the Digital Video Broadcasting-
Terrestrial (DVB-T) systems for handheld devices applied
in a cyber-physical human organization to share multime-
dia content. It adopts Orthogonal Frequency Division Mul-
tiplexing (OFDM) in its physical layer (as to the OFDM
capability to diagonalize the circulant time-invariant chan-
nel matrix that allows the use of a single tap equalizer).

The associate editor coordinating the review of this manuscript and
approving it for publication was Xiaokang Wang.

Indeed, applying a single tap equalizer is considered manda-
tory for the DVB-H, due to the need for reducing the
power consumption to meet the particular requirements of the
handheld and battery-powered receivers, taking into consid-
eration that the simplicity feature is achieved only under sta-
tionary communication channel conditions. However, in the
presence of the carrier frequency offset or Doppler shift
(doubly dispersive channel) [1], which is the case in com-
munication channel for DVB-H; the circulant property of
the effective channel matrix is no more valid, and there-
fore the optimality of OFDM against Inter-Carrier Interfer-
ence (ICI) is lost because the OFDM becomes unable to

VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 67591

https://orcid.org/0000-0002-2029-5067
https://orcid.org/0000-0002-3055-9900
https://orcid.org/0000-0001-7818-459X
https://orcid.org/0000-0001-6686-4424
https://orcid.org/0000-0001-6847-2387


A. A. A. Solyman et al.: Low-Complexity Equalizer for Video Broadcasting in Cyber-Physical Social Systems

FIGURE 1. OFDM block diagram.

diagonalize the channel matrix anymore. Hence, the need for
complex equalizer arises. Replacing the Discrete Fractional
Fourier Transform (DFrFT) with the Fast Fourier Trans-
form (FFT) in multicarrier systems reduces the effects of
Doppler frequency spreads [2], because the chirped nature
of the DFrFT subcarriers mitigates the Doppler shift, and
reduces the ICI. However, although DFrFT provides better
performance than OFDM under the doubly dispersive fading
channel, but yet the complex equalizer is still required [3].
The equalizer complexity is initiated from the need to inverse
the channel matrix, which could reach a matrix order up
to 8k ∗ 8k in DVB-H typical applications used in
Cyber-Physical-Social Systems. Simple equalizers proposed
in [4]–[6], rely on iterative methods, or banded matrix inver-
sion to solve the inversion problem. One of the most recent
approaches to address the inversion matrix complicatedness
is the LSMRalgorithm [7], [8], which is an iterative algorithm
for sparse least-squares problems that promises better numer-
ical stability, and faster convergence compared to LSQR [9].

In this paper, DFrFT-OCDM and OFDM systems equal-
ization problem will be stated, and a comparison between
well-implemented complicated equalizers will be provided.
Finally, a novel linear and nonlinear equalization methods
will be introduced based on LSMR.

The rest of the paper is organized as follows. Section 2 pro-
vides a comprehensive introduction to DFrFT-OCDM
and OFDM systems. On the other hand, OFDM and
DFrFT-OCDM equalization techniques under doubly disper-
sive fading channel are introduced in section 3. In section 4,
the linear and nonlinear low-complexity LSMR equalizers are
explained. Sections 5, illustrates the simulation results with
clear justification, and finally, the conclusion is presented in
section 6.

II. DFrFT-OCDM AND OFDM SYSTEMS EQUALIZATION
The OFDM block diagram system is shown in Fig. 1 and its
received symbols are given by:

rn = HF∗dn + zn (1)

where r_n is the received sequence, H is the N×N chan-
nel matrix that is a linear time-invariant frequency-selective
Additive white Gaussian noise channel (AWGN), N is the
number of subcarriers, F is the DFT matrix, F∗ is the Inverse
Discrete Fourier Transform (IDFT) matrix, d_n is the trans-
mitted data vector in the nth OFDM symbol, and z_n is
the noise in the time domain. After applying the demodula-
tion using a Discrete Fourier Transform (DFT), the received

vector becomes:

r̃n = FHF∗dn + Fzn (2)

Due to the Cyclic Prefix (CP), H becomes a circulant
matrix, and FHF3∗ becomes a diagonal matrix [10]. Accord-
ingly, the phase and amplitude of the received sequence can
hence be equalized by a simple adjustment.

When the channel is time and frequency selective, or there
is a frequency offset in the receiver; the simple equalization
procedure fails because the DFT cannot diagonalize the chan-
nel matrix any longer, resulting in appearing the ICI; conse-
quently, a complicated equalizer is required that depends on
the inversion of the estimated channel matrix [11]–[13], such
as an MMSE equalizer. Martone [2] proposed the Fractional
Fourier Transform as a new base for the OFDM that can
improve the system performance under time and frequency
selective fading channel, due to its chirp carrier’s nature
that can compensate the effect of the Doubler shift [14].
DFrFT-OCDM system will be discussed carefully in the next
section.

A. DISCRETE FRACTIONAL FOURIER TRANSFORM (DFrFT)
The FrFT maps a function into an intermediate domain
between the time and frequency that may be understood
as a rotational operator in the time-frequency plane. The
FrFT has an order of α; at which the value of α =0, there will
be no changing after applying DFrFT, while for α = π /2,
FrFT becomes a conventional Fourier transform. For other
values of α, the DFrFT rotates the time-frequency distribution
according to α. The transformation kernel of the continuous
FrFT is defined in equation [15], the derivation for [15] is
given as follows:

Kα (t, u) = Aαejπ
(
t2+u2

)
cotα−j2π tucscα (3)

where α is the rotational angle for the transformation process
and

Aα =
e{−jπsign[sinα]/4+jα/2}

√
|sinα|

(4)

The forward FrFT is defined as,

fα {x (t)} (u) = Xα (u) =
∫
∞

−∞

x (t)Kα (t, u) dt (5)

x (t) =
∫
∞

−∞

Xα (u)K−α (t, u) du (6)

The domains of the signal for 0 < |α| < π are defining the
fractional Fourier domains. Substituting the value of α = π/2
in (5) and (6) yields the well-known Fourier transform. There
are various DFrFT algorithms with different accuracies and
properties. Still the DFrFT proposed in [16] is chosen in this
proposed work because of its transformation kernel, and its
inverse transform is orthogonal and reversible.

Assume that the input function f (t) and the output function
Fα(u) of the DFrFT have the chirp period of an order p,
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FIGURE 2. The DFrFT-OFDM system with a complicated equalizer.

a period of Tp = N1t,Fp = M1u, and sampled signals
are with the intervals of 1t and 1u as:

x (n) = f (n1t) , Xα (m) = Fα (m1u) (7)

where n = 0,1. . . N-1, and m = 0,1. . .M-1.
When α 6= D×π (D is an integer), (6) can be converted to:

Xα (m) = Aα1te
j
2 cotα.m

21u2
∑N−1

n=0

× e
j
2 cotα.n

21t2ejcscα.n.m.1t.1ux (n) (8)

The transformation becomes reversible when M = N, and
maintain the condition of (9),

1t1u =
2π sinα
M

(9)

Equation (8) can also be written in a matrix-vector multi-
plication form,

X = Fαx (10)

where X = [Xα(0),Xα(1), .,Xα(N−1)]T, x = [x(0),
x(1), . . . .,x(N−1)]T, andFα is anN ∗N matrix. Accordingly,
the IDFrFT can be written as:

x = F−αX (11)

where F−α = FHα
To remove the Inter-Symbol Interference (ISI), CP is added

at the beginning of The DFrFT-OCDM symbol. However,
in DVB-H, a larger ICI is introduced. Hence, complicated
equalizers are needed, such as in the case of OFDM systems.

The complexity of the DFrFT-OCDM system is almost
the same as the OFDM system [2], [8], [17], and both can-
not diagonalize the time-variant channel matrix. However,
the DFrFT-OCDM can compress the power spreading in the
channel matrix much more efficiently than OFDM.

III. OFDM AND DFrFT-OCDM EQUALIZATION
TECHNIQUES UNDER DOUBLY DISPERSIVE
FADING CHANNEL UNITS
In an OFDM and DFrFT-OCDM systems; the loss of subcar-
rier orthogonality occurs as a result of the receiver mobility,
because the resulted Doppler frequency and time-variation in

FIGURE 3. The OFDM design.

the frequency fading channel over a Multiple Constant Mul-
tiplication (MCM) block period, produces ICI that degrades
the OFDM and the DFrFT-OCDM system performance. The
ICI increases significantly with the increase of the MCM
block size, which is the case in the DVB-H, carrier frequency
and velocity. Numerous techniques have been suggested to
counter such ICI effects in the OFDM system, and in the
DFrFT-OCDM system, such as in [4]–[6], [12], [18]–[23],
and [8], [13], [14], respectively.

It has been shown in [11], [18] that nonlinear equaliz-
ers based on ICI cancellation generally outperform linear
approaches. However, the linear schemes still preserve their
importance for the following reasons:

1) Linear equalizers are usually simpler, and therefore less
complicated systems are in need of them.

2) Nonlinear schemes usually apply a linear equalizer to
obtain the temporary decisions to cancel out the ICI.

Consider the OFDM system in Fig. 3. The transmitted
data vector in the nth OFDM symbol is sampled by dn =
[d0, d1 . . . dNa−1]

T in the frequency domain, and permuted
by the binary matrix P that assigns a data vector dn ∈ CNa to
N subcarriers, of which only Na are active according to:

P =
[
0Na×(N−Na)/2INa 0Na×(N−Na)/2

]
(12)

where 0X×Y is a X × Y matrix with zero entries, and IX is
a X × X identity matrix. The vector sn = [s0s1 . . . sN ]T is
calculated from:

sn = F∗Pdn (13)

where F∗ is used to denote to the N -point unitary
IDFT matrix.

The doubly dispersive channel can be modelled by the
time-variant discrete impulse response h(n, v), where n is the
time instant, and v is the time delay. The model justification
can be found in more details in [1], [24], [25] and it can be
expressed in the form of (time-variant, circular) convolution
matrix by:

[H ]n,v := h (n, 〈n− v〉N ) (14)

Assuming causal channel and the cyclic prefix L is longer
than themaximumdelay spreadNh ≤ L, the received samples
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FIGURE 4. DFrFT-OCDM system design.

for the nth OFDMsymbol after discarding the CP can be given
by:

rn = Hndn + zn (15)

where zn are the samples of AWGN with variance σ 2. In sta-
tionary conditions, Hn is circulan and can be decoupled by
the DFT matrix. Received subcarriers are demodulated using
the DFT

y = Frn (16)

where F is the DFT matrix, and y is the received signal
after demodulation by the DFT matrix. The Equalizer matrix
Wn ∈ CNa×Na operates on the input:

r̃n = PHFHnF∗Pdn + PHFz = Undn− (17)

with a system matrix Un∈CNa×Na , where Un = PHFHnF∗P.
The purpose of the binary matrix P is not only to act as a
frequency guard band and help lower out-of-band emissions,
but also to eliminate components that would appear in the
upper right and lower left corners in Un [4]. The estimated
data vector is given by:

d̂n = Wr̃n (18)

where W is the Equalizer matrix, Na × Na is the equiva-
lent subcarrier coupling matrix (frequency domain channel
matrix), and the noise vector in the frequency domain are
given by H̃ = FHF∗; and z̃ = Fz, respectively.
It is straight forward to show that

[
H̃
]
m,k
= h̃ (m− k, k) ,

where

h̃ (m, k) =
1
N

N−1∑
n=0

N−1∑
v=0

h (n, v)e−j2π (vk+mn)/N (19)

From (19), it can be shown that {h̃(0, :)} appears on the main
diagonal of [H̃ ]m,k , {h̃(−1, :)} on the first super-diagonal,
{h̃(1, :)} on the first sub-diagonal and so on, accordingly,
h̃ (m, k) can be considered as the frequency-domain response,
at subcarrier k + m, to a frequency-domain impulse centred
at subcarrier k , where m can be understood as the Doppler
index, and k is the frequency index. Similarly in h (n, v) , n
can be interpreted as the time index and v as the lag index.
Now consider the DFrFT-OCDM system in Fig. 4, it is almost

the same as the OFDM system except for the fact that the
modulation and demodulation blocks are replaced by the
Inverse Fractional Fourier Transform (IDFrFT) and the Frac-
tional Fourier Transform (DFrFT), respectively. Applying the
same procedure over the transmitted and received data trans-
mitter is straight forward, which shows that the Equalizer
matrix Wn ∈ CNa×Na operates on the input:

r̃n = PHFαHnF−αPdn + PHFαz = Un,αdn + z̃n (20)

where Fα is the DFrFT, F−α is the IDFrFT, α is the fractional
angle in the fractional domain, and Un,α is the system matrix
with Un,α ∈ CNa×Na . The equivalent Na×Na channel matrix
and the noise vector in the fractional domain are given by
H̃α = FαHF−α and z̃ = Fαz, respectively.

Both of H̃ and H̃α are nondiagonal subcarrier channel
matrices resulting of introduce ICI, which is the case when
the dispersive channel comprises multipath doubly dispersive
channel. Accordingly, the symbol estimation task particularly
complicated due to the necessity of a complicated Equalizer.

The linear ZF [26] and MMSE estimates [4] can be found
by minimizing E {‖dn −Wr̃n‖}, yielding:

d̂ZF = H̃+α r̃n = H̃H
α

(
H̃αH̃H

α

)−1
r̃n (21)

d̂MMSE = H̃H
α

(
H̃αH̃H

α + γ
−1INa

)−1
r̃n (22)

where H̃α can be reduced to H̃ when α = π/2 and
the fractional domain will reduce to the frequency domain,
d̂ZF and d̂MMSE are the estimated data after ZF and MMSE
equalization, respectively, H̃H

α is the channel matrix conju-
gate transpose in the fractional domain, INA is the identity
matrix with Na × Na elements, γ is the signal-to-noise ratio
(SNR), and H̃+α is the Moore-Penrose pseudo-inverse of the
channel matrix in the fractional domain [8], [14], [23]. In (21)
and (22), perfect knowledge of the channel matrix Hα is
assumed, so the Equalizer does not use guard subcarriers. Fur-
thermore, it is supposed E {dn} = E {z̃n} = 0,E

{
dndHn

}
=

I ,E
{
dnz̃Hn

}
= 0,E

{
z̃nz̃Hn

}
= σ 2I .

Taking into consideration that ZF Equalizer performance
is usually regarded as low due to the highly expected noise
enhancement. On the other hand, the MMSE Equalizer
gives the best performance in all linear Equalizers [18];
however, it is very complicated due to the existence of
the channel matrix inversion, which needs O(N 3

a ) complex
operations [27], accordingly, ZF is regarded as unpractical for
high values of Na, which is the case DVB-H.
Moreover, it is essential to mention that many Equalizers

are proposed for reducing the MMSE Equalizer’s complex-
ity [4]–[6], [12], [19], [20], [22]. In [4], a serial MMSE
Equalizer is proposed, and in [20] banded Equalizers were
offered. All these low complexity Equalizers give almost the
same or near performance as block MMSE while reducing
the complexity of calculations.

As stated in [4], doubly dispersive channels produce a
nearly banded channel matrix in the frequency domain and
fractional domain, according to this criteria, more complexity
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reduction can be achieved by LDLH factorization [10], [20]
instead of direct matrix inversion. In the following sec-
tions, low complexity Equalizers will be examined with
DFrFT-OCDM and OFDM based on the LSMR iterative
algorithm.

IV. LOW-COMPLEXITY LSMR EQUALIZATION
MMSE Equalizer complexity comes from the matrix inver-
sion in (22), so solving the matrix inversion iteratively is
regarded as a smart idea to reduce the MMSE Equalizer’s
complexity. In [9, [28]–[30], authors use the iterative LSQR
algorithm, such as in [31], which has superb performance
in solving the channel matrix inversion problem (typically
ill-conditioned matrix) by early termination of the iterations
at low complexity. The complexity order per iteration is
O(NaNh) operations, where Nh is the maximum delay of the
channel. Thus, the method is mostly smart when the chan-
nel’s maximum delay is not too long. Recently, an iterative
algorithm called LSMR was proposed in [7].

LSMR is an iterative algorithm for solving linear sys-
tems of Ax = b, Least-Squares (LS) problems of
min ‖Ax-b‖2, and Regularized Least Squares (RLS) of

min

∥∥∥∥( A
λI

)
x −

(
b
0

)∥∥∥∥
2

with A being sparse or a fast

linear operator [7]. LSMR is based on the Golub-Kahan
bi-diagonalization method, and it is analytically equivalent to
the MINRES [32], which is applied to the standard equation
of ATAx = AT b. LSMR is similar in style to the well-
known method LSQR in being based on the Golub-Kahan
bi-diagonalization of A.

LSQR is equivalent to the Conjugate Gradient (CG)
method applied to the standard equation, where (ATA +
λ2I )x = AT b, which has the property of reducing ‖rk‖
monotonically, where rk = b − Axk is the residual for the
approximate solution xk . On the other hand, LSMR has the
property of reducing both ‖rk‖ and

∥∥AT rk∥∥ monotonically.
Although LSQR and LSMR ultimately converge to similar
points, however, LSMR converges faster at fewer amounts of
iterations. LSMR can solve the inversion matrix problem in
MMSE Equalizer more effectively with less computational
cost due to its higher conversion speed of solution.

A. LSMR ALGORITHM
LSMR algorithm aims to solve the linear equation approxi-
mately given by:

ATAx = AT b (23)

min ‖Ax-b‖2 (24)

and the regularized least-squares are given by:

(ATA+ λ2I )x = AT b (25)

min

∥∥∥∥(Aλ
)
x −

(
b
0

)∥∥∥∥
2

(26)

where A is being sparse or a fast linear operator.
The flow chart for the LSMR algorithm is shown in Fig. 5.

FIGURE 5. LSMR algorithm flow chart.

For simplicity, consider (23) given A(m× n) and b(m× 1)
starting fromGolub-Kahan bi-diagonalization [33], the direct
bi-diagonalization is provided by:

UT (b A)
(
1
V

)
=


× ×

0 ×
0 0
× 0

0 0
0 0

× ×

0 ×


⇒ (bAV ) = U (β1e1B) (27)

using iterative bi-diagonalization Bidiag (A, b):

b = Uk+1 (β1e1) (28)

AVk = Uk+1Bk (29)

ATUk = VkBTk

(
Ik
0

)
(30)

where

Bk =


α1
β1
0
0
0

0
α2
. . .

0
0

0
0
. . .

βk
0

0
0
0
αk
βk+1

 (31)

and

Uk =
(
u1 . . . uk

)
Vk =

(
v1 . . . vk

)
Vk spans the Krylov subspace:

span
{
v1, . . . , vk

}
= span

{
AT b,

(
ATA

)
AT b, . . . ,

(
ATA

)k−1
AT b

}
(32)

Define xk = Vkyk , sub-problem to solve:

min
yk

∥∥∥AT rk∥∥∥ = min
yk

∥∥∥∥β̄1e1 − ( BTk Bk
β̄k+1eTk

)∥∥∥∥ (33)

where rk = b− Axk , β̄k = αkβk
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TABLE 1. Storage and computational requirements for various
LS methods.

B. LSMR COMPLEXITY
The storage requirement and computational complexity can
be compared for LSMR and LSQR on Ax ≈ b, and MINRES
on the normal equation ATAx = AT b. The vector storage
(excluding the storage of A and b) was listed in Table 1.
Taking into consideration that A is (m× n) for LS systems,
where m might be considerably larger than n. Moreover,
Av denotes to the working storage for the matrix-vector prod-
ucts, hk and; h̄k are scalar multiples of wk , w̄k , respectively,
and the work represents the number of floating-point multi-
plications required for each iteration.

From Table 1, it can be shown that the complexity of the
LSMR is slightly more than the LSQR.

C. LINEAR LSMR EQUALIZERS
1) LINEAR LEAST SQUARES LSMR EQUALIZER
The doubly dispersive channel matrix is characterized by
large maximum delay and Doppler shifts. So the system
matrix (Fractional domain channel matrix) H̃α might have
a very high condition number, and the linear least squares
(LLS)-LSMR can be used for equalization with ‘‘implicit
regularization.’’

Using the LLS-LSMR equaliser directly on H̃α will be
complex. However, applying LLS-LSMR on Bn produces
a major complexity drop, taking into consideration that the
banded properties of H̃α and using Bn = M � H̃α where
� represents element-wise multiplication, and

M (m, n) =

{
1 0 ≤ |m-n| ≤ Q
0 Q < |m-n| < Na

Accordingly, the typical equation for LLS-LSMR Equalizer
is then given by:

BHn Bnd̂ZF = BHn r̃n (34)

This standard equation is obtained from (20) when ignor-
ing the noise z̃n, substituting H̃α with Bn, and left-multiplying
by BHn . One can show that in the ith LSMR iteration,
an approximate solution for the linear least squares problem
is obtained by min

∥∥∥Bn d̂ZF − r̃n∥∥∥.
In zero-forcing equalizer, ignoring the noise effect results

in noise and modelling errors amplification that degrades
the system’s performance. The same can be considered for

LLS-LSMR Equalizer, because there is no account for noise
effect. However, LSMR depends on the number of iterations
as a regularization parameter, accordingly; an efficient way of
avoiding the amplification of errors and noise can be ensured
by early termination of the amount of the iterations. Con-
sequently, using the optimal number of iterations in LSMR
can reduce the system’s errors to a comparable limit with
the MMSE equalisation. In practice, LSMR inputs are known
approximately, and using the maximum number of iteration
amplifies the noise and modelling errors.

2) REGULARIZED LEAST SQUARES LSMR EQUALIZER
The estimated data d̃MMSE from (30) in the MMSE sense is
given by:

d̂MMSE = H̃H
α

(
H̃αH̃H

α + γ
−1INa

)−1
r̃n (35)

which is equivalent to:

d̂MMSE =
(
H̃H
α H̃α + γ

−1INa
)−1

H̃H
α r̃n (36)

by multiplying the left side of (36) by
(
H̃H
α H̃α + γ

−1INa
)
;

(37) is obtained:(
H̃H
α H̃α + γ

−1INa
)
d̂MMSE = H̃H

α r̃n (37)

which is equivalent to the regularized least-squares problem

(ATA + λ2I )x = AT b to minimize min

∥∥∥∥(Aλ
)
x −

(
b
0

)∥∥∥∥
2

RLS-LSMR Equalizer.
Again, the obtained system is complex when working for

the entire H̃α matrix, which justifies using the banded prop-
erties of H̃α that leads to the banded matrix Bn, the MMSE
Equalizer problem applying the band approximation will be
given by: (

BnBHn + γ
−1INa

)
d̂MMSE = BHn r̃n (38)

It is can be shown that an approximate solution of the regular-
ized least-squares equation can be reached using the LSMR.

In this method, RLS-LSMR has two regularization param-
eters: the number of iterations and the signal to noise ratio (γ )
parameter, which limits the noise andmodelling errors ampli-
fication, and improves the system performance.

The optimal number of LSMR iterations depends on:
1) The noise level.
2) The maximumDoppler spread and the maximum delay

spread as they affect the distribution of the singular
values of the channel matrix.

However, the number of iterations does not depend on the
number of subcarriers, which appears clearly in simulation.

LSMR is particularly attractive due to its numerical sta-
bility, inherent potential for regularization, and low compu-
tational complexity of O(Na(Q+ 1)i) complex operations in
total [7], where i denotes to the number of iterations used,
Na number of subcarriers, and Q is the number of sub - and
super-diagonals that define the banded matrix limits.

Thus, the complexity is just linear inNa, Q, and the number
of iterations i.
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FIGURE 6. BDFE structure.

D. NONLINEAR LSMR EQUALIZERS
1) LOW COMPLEXITY LSMR-BASED BLOCK DECISION
FEEDBACK EQUALIZER (LSMR-BDFE) FOR DFrFT-OCDM)
The Block decision feedback Equalizer (BDFE) was pro-
posed in [34] to improve the MMSE Equalizer performance
by detecting the data recursively (one-by-one) instead of
detecting all of them concurrently. Hence, the consecutive
detection technique was used, which is extensively adopted
in DS-CDMA systems for multi-user detection.

An Equalizer based on the LSMR and the MMSE-BDFE
was designed to reduce the MMSE-BDFE Equalizer com-
plexity and to improve the performance. Unlike the previ-
ously mentioned techniques; the proposed Equalizer uses the
LSMR algorithm to minimize the band approximation error,
and uses the band LDLH factorization method with DFE to
obtain better performance without increasing the complexity.
The MMSE methodology in [34] was adopted to design the
feed-forwarded (FF ), and feedback (FB) filters as shown
in Fig. 6. This methodology minimizes the error e = d̃n−dn.
Considering that FB is strictly the upper triangular, resulting
to enable the feed-back process to be performed by successive
cancellation.

Using the standard assumption of correct past decisions,
that is d̂n = dn; the error vector can be expressed as below.

e = FF r̃n −
(
FB + INa

)
dn (39)

which leads to the relation between FF and FB according to
the mean square error (MSE) minimization criterion in [34]:

FF = (FB + INa)
(
H̃H
α H̃α + γ

−1INa
)−1

H̃H
α

= (FB + INa)WMMSE (40)

by applying the band approximation H̃α = Bn

FF = (FB + INa)
(
BnBHn + γ

−1INa
)−1

BHn (41)

The feed-forwarded filter is the cascade of the low-
complexity MMSE Equalizer and an upper triangular matrix
FB + INa with unit diagonal. Designing the feed-forwarded
and the feed-back filters were carried out in details in [34],
where the autocorrelation matrix of the error vector e is given
by:

Ree=σ 2 (FB+INa) (BnBHn +γ−1INa)−1 (FB+INa)H (42)

where σ 2 is the noise variance. Using the LDLH :

M = BnBHn + γ
−1INa = LDLH (43)

where L is the lower triangular with unit diagonal, and D is
the diagonal matrix. It is straight forward now to minimize
the error expectation E

{
e2
}
by setting:

FB = LH − INa (44)

which reduces Ree diagonal. Using (41) and (44); FF can be
expressed by:

FF = LHWMMSE = LHM−1BHn = D−1L−1BHn (45)

Although (45) and (44) looks complicated but using the
LSMR algorithmwith the fact thatD is diagonal, B is banded,
and L is lower triangular and banded; it turns out that the
resulting banded LSMR-BDFE is then characterized by very
low complexity. For the feed-forwarded filter:

dn = FF r̃n (46)

r̃n = F−1F dn = B−HDLdn (47)

from (43) it can be shown that:

DL =
(
BnBHn + γ

−1INa
)
L−H (48)

r̃n = B−Hn
(
BnBHn + γ

−1INa
)
L−Hdn

=

(
Bn + B−Hn γ−1

)
L−Hdn (49)

which can be solved efficiently using the LSMR algorithm.
The complexity of the proposed LSMR-BDFE Equalizer

is almost the same as the RLS-LSMR Equalizer with a total
of O(N (Q+ 1)i) complex operations.

E. RLS-LSMR SLIDING WINDOW EQUALIZER
Sliding window Equalizer was proposed in [35] to reduce
the complexity of the MMSE Equalizer by dividing the large
matrix inversion to a multiple of smaller matrix inversions,
for example, the complexity of inverting N × N matric
equalO

(
N 3
)
. So, choosingN = 96 gives a complexity equal

884736 complex operations. In comparison, if the inversion
was sub-divided to calculate the 96 symbols using a window
of 9 so the total complexity will equal 93 × 96 = 69984,
which is less complicated.
Accordingly, the main idea to estimate transmitting a sym-

bol on a particular subcarrier is to consider a small window
from the entire banded system matrix Bn, in which all the
energy corresponding to the symbol of interest is concen-
trated in this window while ignoring the rest. This method is
then repeated by sliding the window over all the subcarriers
of the received multicarrier symbol. Using this technique
reduces the dimension of the system under consideration,
resulting in reducing the complexity considerably, without
decreasing the system’s performance significantly.
Based on above, the complexity can be reduced more by

merely using the LSMR algorithm in solving the reduced
dimension system.
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Consider the case where the data symbol dk,n has to be
detected; almost all the dk,n symbol energy is located on the
subcarrier k and its neighbours. dk,n can be estimated using:

d̂k,n = WMMSE,k r̃k (50)

where the vector r̃k =
[
r̃k−D · · · r̃k+D

]T is a part of the
received vector r̃ , which is related to the symbol dk,n and
its neighbours, P = 2D + 1 is the number of the related
symbols that equal to the size of the sliding window matrix
(P× K ), K = (2Q+ 1) ,Q is the number of sub- and super-
diagonals that defines the banded matrix limits, andWMMSE,k
is the MMSE Equalizer for the k symbol window:

WMMSE,k =

(
Bn,kBHn,k + γ

−1Ik
)−1

BHn,k (51)

where Bn,k matrix is a part of the equivalent banded system
matrix Bn with P× K size and can be defined by:

Bn,k

=


Bk−D,k−Q Bk−D,k−Q+1
Bk−D+1,k−Q Bk−D+1,k−Q+1

· · · Bk−D,k+Q
· · · Bk−D+1,k+Q

...
...

Bk+D,k−Q Bk+D,k−Q+1

...
...

· · · Bk−D,k+Q


(52)

Using this approach turns the complexity of inverting the
Na × Na matrix into N inversions of P × K matrices, which
could be reduced even more by using the LSMR algorithm to
solve the regularized least-squares problem:(

Bn,kBHn,k + γ
−1Ik

)
d̂k = BHn,k r̃k (53)

Reduction in the system’s complexity depends on the width
of the sliding windowmatrix P, taking into consideration that
choosing a minimal P does not affect the system’s perfor-
mance significantly. Another hidden benefit from this algo-
rithm is the reduction of the effort for perfect channel matrix
estimation, as it is no longer needed because only a limited
number of the channel elements are required. The complexity
of the sliding window equalizer is given by O(NaP(Q +
1)iP×K ). Though the first glance may show that the obtained
complexity exceeds the complexity of the other LSMR low
complexity Equalizers, however, the number of iterations
iP×K needed to solve the smaller matrix P×K is much fewer
than the number of iterations i needed to solve the matrix
Na × Na, which means that the complexity is reduced in
reality.

V. SIMULATION RESULTS
The non-encoded BER performance of the DFrFT-OCDM
and the OFDM system with the different LSMR Equalizers
are investigated by means of simulation over 105 multicarrier
blocks. DFrFT-OCDM and OFDM systems with N = 128,
NA = 96, L= 8, and QPSKmodulation are assumed. Simula-
tions are performed over an ensemble of 105 Rayleigh fading
channels defined by an exponential power delay profile with
an RMS delay spread of three sampling periods. The channel

FIGURE 7. DFrFT-OCDM and DFT-OFDM non-coded
BER comparison (Q=5).

FIGURE 8. Non-coded BER comparison between LSMR, LSQR, and ZF.

model uses the same statistics as in [20], including a maxi-
mum Doppler spread fd equal to 15% of the carrier spacing.
The carrier frequency is fC = 10 GHz, and the subcarrier
spacing is1f = 20kHz. This Doppler frequency corresponds
to a high mobile speed V = 324 Km/h.

1) LINEAR LSMR EQUALIZER SIMULATION RESULTS
Fig. 7 shows a comparison between the DFrFT-OCDM and
the OFDM using = 5, Banded MMSE (BMMSE), and
RLS-LSMR Equalizers. From this figure, it can be seen that
the DFrFT-OCDM outperforms the OFDM system with both
the LSMR and the MMSE Equalizers, though the complex-
ity of the DFrFT-OCDM system is almost the same as the
OFDM system.

Fig. 8 compares the performance of the DFrFT-OCDM
system using different Equalizers (ZF, LSMR, and LSQR),
taking into consideration that LSMR and LSQR algorithms
will solve the linear system Ax = b with the limited number
of iterations. Fig. 8, illustrates that the LSMR Equalizer
provides the best performance and the LSQR Equalizer
almost achieves the same performance in low SNR and
slightly less than LSMR in higher SNR, which is justified
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FIGURE 9. Non-coded BER comparison between BMMSE, LSQR and LSMR
equalizers.

by the reason that the LSMR algorithm is more stable than
LSQR algorithm. However, the processing with sparse, pos-
sibly ill-conditioned least-squares problems, also the LSMR
converges faster with a low amount of iterations. On the
other hand, the ZF Equalizer provides the worst performance
due to the matrix inversion of the sparse matrix B as it
amplifies noise. LSMR and LSQR Equalizers reach almost
the same performance, with much less complexity than the
ZF Equalizer. LSQR can provide the same performance as
LSMR using a higher number of iterations, which leads to
more complexity.

Fig. 9 shows a comparison between the performance of
the DFrFT-OCDMusing different Equalizers (LSMR, LSQR,
and BMMSE) where LSMR and LSQR will solve the reg-
ularized least-squares problem (38). From here, it is clear
that all Equalizers give almost the same performance, but the
complexity of the LSMR and LSQR Equalizers is much less
than the complexity of the MMSE. Moreover, comparing the
LSMR and the LSQR shows that both algorithms converge to
nearly the same point (though LSMR is better than LSQR).
However, the LSMR converges faster at fewer numbers of
iterations.

From the numerical simulations shown in Fig. 8 and
Fig. 9, it is clear that the minimum achievable BERs for the
LLS-LSMR (34) and the RLS-LSMR (38) are close to each
other even if the noise limits are identified precisely at the
receiver.

However, a key advantage of RLS-LSMR is that the semi-
convergence is many minors; that the BER grows gradually
as the number of iterations increases after reaching the mini-
mum.

2) NONLINEAR LSMR EQUALIZER SIMULATION RESULTS
Fig. 10 shows a comparison between the DFrFT-OCDM
and the OFDM using Q = 5, LSMR-BDFE, and BMMSE
Equalizers. It can be perceived from Fig. 10 that the
LSMR-BDFE Equalizer provides the best performance, and
the BMMSE Equalizer almost give the same performance in

FIGURE 10. DFrFT-OCDM and DFT-OFDM non-encoded BER
comparison (Q=5).

FIGURE 11. RLS-LSMR sliding window equalizer and the banded MMSE
equalizer BER comparison (Q=5).

FIGURE 12. DFrFT-OCDM and OFDM non-coded BER comparison using
the RLS-LSMR sliding window equalizer.

low SNR. Again according to Fig. 10, the DFrFT-OCDM
outperforms the OFDM system with both the BMMSE and
the LSMR-BDFE Equalizers, though the complexity of the
DFrFT-OCDM system is almost the same as the OFDM
system.
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Fig. 11 also provides a comparison between the pro-
posed RLS-LSMR sliding window Equalizer and the banded
MMSE Equalizer at Q = 5, it can be demonstrated that the
banded MMSE Equalizer achieves the best performance and
the RLS-LSMR sliding window Equalizer almost provides
the same performance in low SNR. Moreover, in high signal
to noise ratio, the performance of the RLS-LSMR sliding
window Equalizer is slightly degraded, which is the penalty
that is paid for reducing the complexity, taking into considera-
tion that the performance degradation depends on the window
matrix dimension.

Fig. 12 describes a comparison between theDFrFT-OCDM
and the OFDM systems using the proposed RLS-LSMR
sliding window Equalizer with Q = 5 and P = 9. The
results illustrate that the DFrFT-OCDM significantly out-
performs the OFDM system, which enhances this paper’s
achievement.

VI. CONCLUSION
In this paper, the doubly dispersive channel and its effect on
DVB-H based on OFDM system’s performance were investi-
gated towards the social internet of things and cyber-physical
human system applications [36]–[43]. DFrFT-OCDM MCM
system was investigated as an alternative MCM system
that can improve the overall DVB-H system’s performance.
Low complexity Equalizers were proposed with OFDM and
DFrFT-OCDM systems. The results show that using sim-
ple Equalizers with DFrFT-OCDM achieves better perfor-
mance than using the same low complexity Equalizers with
OFDM, accordingly, this paper suggest that the offered
DFrFT-OCDM system with the LSMR can be used for reli-
able DVB-H communication. Low complexity Equalizers
were offered using the new LSMR algorithm, which provides
the same performance though the more moderate complexity
when compared to the LSQR and the LDLH factorization
algorithms. Using low complexity equalizer while improving
or maintain the DVB-H system’s performance will increase
the hand-held system battery usage time and over-all system
reliability. Future is planned to improve the proposed system
by applying it to other techniques address complexity, or
the power efficiency, such as Network Coding introduced
in [44]–[47], or utilizing the proposed equalizer over the
optimum number of paths for the realization of multi-path
routing in [48].
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[22] H. Doǧan, E. Panayirci, and H. V. Poor, ‘‘Low-complexity joint data detec-
tion and channel equalisation for highly mobile orthogonal frequency divi-
sion multiplexing systems,’’ IET Commun., vol. 4, no. 8, pp. 1000–1011,
2010.

[23] F. Rottenberg, X. Mestre, F. Horlin, and J. Louveaux, ‘‘Efficient equal-
ization of time-varying channels in MIMO OFDM systems,’’ IEEE Trans.
Signal Process., vol. 67, no. 21, pp. 5583–5595, Nov. 2019.

[24] X. Cai and G. B. Giannakis, ‘‘Bounding performance and suppressing
intercarrier interference in wireless mobile OFDM,’’ IEEE Trans. Com-
mun., vol. 51, no. 12, pp. 2047–2056, Dec. 2003.

[25] Y. Li and L. J. Cimini, ‘‘Bounds on the interchannel interference of OFDM
in time-varying impairments,’’ IEEE Trans. Commun., vol. 49, no. 3,
pp. 401–404, Mar. 2001.

[26] K. Chen-Hu and A. G. Armada, ‘‘Low-complexity computation of zero-
forcing equalizers for massive MIMO-OFDM,’’ in Proc. IEEE 89th Veh.
Technol. Conf. (VTC-Spring), Apr. 2019, pp. 1–5.

[27] G. H. Golub and C. F. Van Loan, Matrix Computations. Baltimore, MD,
USA: Johns Hopkins Univ. Press, 1996.

67600 VOLUME 8, 2020



A. A. A. Solyman et al.: Low-Complexity Equalizer for Video Broadcasting in Cyber-Physical Social Systems

[28] T. Hrycak, S. Das, G. Matz, and H. G. Feichtinger, ‘‘Low complexity
equalization for doubly selective channels modeled by a basis expan-
sion,’’ IEEE Trans. Signal Process., vol. 58, no. 11, pp. 5706–5719,
Nov. 2010.

[29] H. Han and L.-N. Wu, ‘‘Low complexity LSQR-based block deci-
sion feedback equalizer for OFDM systems over rapidly time-varying
channels,’’ in Proc. Int. Conf. Commun. Mobile Comput., Apr. 2010,
pp. 438–441.

[30] G. Taubock, M. Hampejs, P. Svac, G. Matz, F. Hlawatsch, and
K. Grochenig, ‘‘Low-complexity ICI/ISI equalization in doubly dis-
persive multicarrier systems using a decision-feedback LSQR algo-
rithm,’’ IEEE Trans. Signal Process., vol. 59, no. 5, pp. 2432–2436,
May 2011.

[31] C. C. Paige and M. A. Saunders, ‘‘LSQR: An algorithm for sparse linear
equations and sparse least squares,’’ ACMTrans. Math. Softw., vol. 8, no. 1,
pp. 43–71, Mar. 1982.

[32] C. C. Paige and M. A. Saunders, ‘‘Solution of sparse indefinite systems
of linear equations,’’ SIAM J. Numer. Anal., vol. 12, no. 4, pp. 617–629,
Sep. 1975.

[33] G. Golub and W. Kahan, ‘‘Calculating the singular values and pseudo-
inverse of a matrix,’’ J. Soc. Ind. Appl. Math. B, Numer. Anal., vol. 2, no. 2,
pp. 205–224, Jan. 1965.

[34] A. Stamoulis, G. B. Giannakis, and A. Scaglione, ‘‘Block FIR decision-
feedback equalizers for filterbank precoded transmissions with blind
channel estimation capabilities,’’ IEEE Trans. Commun., vol. 49, no. 1,
pp. 69–83, Jan. 2001.

[35] I. Ivan and B. Muquet, ‘‘Reduced complexity decision feedback equalizer
for supporting high mobility in wimax,’’ in Proc. IEEE 69th Veh. Technol.
Conf., Apr. 2009, pp. 1–5.

[36] X.Wang, L. T. Yang, X. Xie, J. Jin, andM. J. Deen, ‘‘A cloud-edge comput-
ing framework for Cyber-Physical-Social services,’’ IEEE Commun. Mag.,
vol. 55, no. 11, pp. 80–85, Nov. 2017.

[37] X. Wang, W. Wang, L. T. Yang, S. Liao, D. Yin, and M. J. Deen,
‘‘A distributed HOSVD method with its incremental computation for big
data in Cyber-Physical-Social systems,’’ IEEE Trans. Comput. Social Syst.,
vol. 5, no. 2, pp. 481–492, Jun. 2018.

[38] X. Wang, L. T. Yang, H. Li, M. Lin, J. Han, and B. O. Apduhan,
‘‘NQA: A nested anti-collision algorithm for RFID systems,’’ ACM
Trans. Embedded Comput. Syst., vol. 18, no. 4, pp. 1–21, Jul. 2019,
doi: 10.1145/3330139.

[39] X. Wang, L. T. Yang, Y. Wang, X. Liu, Q. Zhang, and M. J. Deen,
‘‘A distributed tensor-train decomposition method for cyber-physical-
social services,’’ ACM Trans. Cyber-Phys. Syst., vol. 3, no. 4, pp. 1–15,
Oct. 2019, doi: 10.1145/3323926.

[40] L. Qi, X. Zhang, S. Li, S. Wan, Y. Wen, and W. Gong, ‘‘Spatial-temporal
data-driven service recommendation with privacy-preservation,’’ Inf. Sci.,
vol. 515, pp. 91–102, Apr. 2020.

[41] S. Wan and S. Goudos, ‘‘Faster R-CNN for multi-class fruit detection
using a robotic vision system,’’ Comput. Netw., vol. 168, Feb. 2020,
Art. no. 107036.

[42] L. Qi, W. Dou, W. Wang, G. Li, H. Yu, and S. Wan, ‘‘Dynamic mobile
crowdsourcing selection for electricity load forecasting,’’ IEEE Access,
vol. 6, pp. 46926–46937, 2018.

[43] S. Wan, Z. Gu, and Q. Ni, ‘‘Cognitive computing and wireless commu-
nications on the edge for healthcare service robots,’’ Comput. Commun.,
vol. 149, pp. 99–106, Jan. 2020.

[44] H. Attar, L. Stankovic, and V. Stankovic, ‘‘Cooperative network-coding
system for wireless sensor networks,’’ IET Commun., vol. 6, no. 3,
pp. 344–352, 2012.

[45] S. Nazir, V. Stankovic, H. Attar, L. Stankovic, and S. Cheng,
‘‘Relay-assisted rateless layered multiple description video delivery,’’
IEEE J. Sel. Areas Commun., vol. 31, no. 8, pp. 1629–1637,
Aug. 2013.

[46] H. Attar, L. Stankovic, M. Alhihi, and A. Ameen, ‘‘Deterministic net-
work coding over long term evaluation advance communication system,’’
in Proc. 4th Int. Conf. Digit. Inf. Commun. Technol. Appl. (DICTAP),
May 2014, pp. 56–61.

[47] M. El-Hihi, H. Attar, A. A. A. Solyman, and L. Stankovic, ‘‘Network
coding cooperation performance analysis in wireless network over a lossy
channel, M users and a destination scenario,’’ Commun. Netw., vol. 8, pp.
257–280, 2016, doi: 10.4236/cn.2016.84023.

[48] M. A. Alhihi, M. R. Khosravi, H. Attar, and M. Samour, ‘‘Determining
the optimum number of paths for realization of multi-path routing in
MPLS-TE networks,’’ TELKOMNIKA Indonesian J. Electr. Eng., vol. 15,
no. 4, pp. 1701–1709, 2017.

AHMAD A. A. SOLYMAN received the degree
from the University of Strathclyde, U.K., in 2013.
His Ph.D. researches include in multimedia ser-
vices over wireless networks using OFDM. He is
currently a Lecturer with the Department of
Electrical and Electronics Engineering, Istanbul
Gelisim University, Turkey. His research inter-
ests contain wireless communication networks and
MIMO communication systems.

HANI ATTAR received the Ph.D. degree from the
Department of Electrical and Electronic Engineer-
ing, University of Strathclyde, U.K., in 2011. Since
2011, he has been working as a Researcher of
electrical engineering and energy systems. He is
currently a University Lecturer with Zarqa Univer-
sity, Jordan. His research interests include network
coding, wireless sensor networks, and wireless
communications.

MOHAMMAD R. KHOSRAVI received the B.Sc.,
M.Sc., and Ph.D. degrees electrical engineering
with expertise in communications and signal pro-
cessing. He has been with Department of Electri-
cal and Electronic Engineering, Shiraz University
of Technology, Shiraz, Iran. He is currently with
the Department of Computer Engineering, Persian
Gulf University, Bushehr, Iran. His main interests
include statistical signal and image processing,
medical bioinformatics, radar imaging and satel-

lite remote sensing, computer communications, industrial wireless sensor
networks, underwater acoustic communications, information science, and
scientometrics.

VARUN G. MENON (Senior Member, IEEE)
is currently an Associate Professor with the
Department of Computer Science and Engineer-
ing, SCMS School of Engineering and Technol-
ogy, India. He has publishedmore than 50 research
articles in peer reviewed and highly indexed inter-
national journals and conferences. His research
interests include the Internet of Things, fog com-
puting and networking, underwater acoustic sensor
networks, scientometrics, educational psychology,

ad-hoc networks, wireless communication, opportunistic routing, and wire-
less sensor networks. He has servedmore than 20 conferences like IEEE ICC,
ICCCN 2020, IEEE COINS 2020, SigTelCom, ICACCI, and ICDMAI in
leadership capacities including a Program Co-Chair, a Track Chair, a Session
Chair, and a Technical Program Committee Member. He is currently a
Guest Editor of the IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, the IEEE
SENSORS JOURNAL, the IEEE Internet of Things Magazine, and the Journal of
Supercomputing. He is an Associate Editor of IET Quantum Communica-
tions and also an Editorial Board Member of the IEEE FUTURE DIRECTIONS.
He is a Distinguished Speaker of ACM.

VOLUME 8, 2020 67601

http://dx.doi.org/10.1145/3330139
http://dx.doi.org/10.1145/3323926
http://dx.doi.org/10.4236/cn.2016.84023


A. A. A. Solyman et al.: Low-Complexity Equalizer for Video Broadcasting in Cyber-Physical Social Systems

ALIREZA JOLFAEI (Senior Member, IEEE)
received the Ph.D. degree in applied cryptography
from Griffith University, Gold Coast, Australia.
He worked as an Assistant Professor with
Federation University Australia and Temple Uni-
versity, Philadelphia, USA. He is currently a Lec-
turer (Assistant Professor in North America) and a
Program Leader of cyber security with Macquarie
University, Sydney, Australia. He has authored
more than 60 peer-reviewed articles on topics

related to cybersecurity. His current research areas include cyber security,
the IoT security, human-in-the-loop CPS security, cryptography, AI, and
machine learning for cyber security. He has received multiple awards for
Academic Excellence, University Contribution, and Inclusion and Diversity
Support. He received the prestigious IEEE Australian council award for
his research article published in the IEEE TRANSACTIONS ON INFORMATION

FORENSICS AND SECURITY.

VENKI BALASUBRAMANIAN received the
Ph.D. degree in body area wireless sensor net-
work (BAWSN) for remote healthcare monitoring
applications. He is the pioneer in building (pilot)
remote healthcare monitoring application (rHMA)
for pregnant women for the New South Wales
Healthcare Department. His research established
a dependability measure to evaluate rHMA that
uses BAWSN. His research also opened up a new
research area in measuring time-critical appli-

cations. He contributed immensely to eResearch software research and
development that uses cloud-based infrastructure and a software architect
for the several projects sponsored by Australian National Data Service
(ANDS). He contributed heavily in the field of healthcare informatics, sensor
networks, and cloud computing. He is the Founder of Anidra Tech Ventures
Pty Ltd., a smart remote patient monitoring company.

BUVANA SELVARAJ received the master’s degree
in software science from Periyar University, India.
She is currently an Academician with the School
of Information Technology and Engineering,
Melbourne Institute of Technology, Australia. Her
research interests are in android programming,
software engineering, and the IoT.

POOYA TAVALLALI received the B.Sc. and M.Sc.
degrees in electrical engineering (communication
systems) from the Department of Electrical and
Electronic Engineering, Shiraz University, Shiraz,
Iran, in 2013 and 2016, respectively. He is
currently pursuing the Ph.D. degree with the
Department of Electrical Engineering and Com-
puter Science, University of California at Merced,
Merced, USA. His scientific interest consists of
machine learning, statistical signal and image pro-

cessing, neural networks, statistical pattern recognition, and optimization
algorithms.

67602 VOLUME 8, 2020



XXX-X-XXXX-XXXX-X/XX/$XX.00 ©20XX IEEE 

Bidirectional Multi-tier Cognitive Swarm Drone 5G 

Network  
 

Sunil Jacob  
SCMS Center for Robotics  

SCMS School of Engineeeirng and 
Technology,  

Ernakulam, India 
suniljacob@scmsgroup.org 

Fathima Shemim KS 
Department of Computing and IT 

University of Bolton 
Ras Al Khaimah, United Arab Emirates 

F.KS@bolton.ac.uk 

Varun G Menon 
Department of Computer Science and 

Engineering  
SCMS School of Engineeeirng and 

Technology,  

Ernakulam, India 
varunmenon@ieee.org 

Bandana Mahapatra 
Department of Data Science, 

Symbiosis Skills and Open University 
Kiwale, Pune, India 

bandana11@gmail.com

Shynu P g 
School of Information Technology and 

Engineering 
Vellore Institute of Technology  

Vellore, India 
pgshynu@gmail.com   

Saira Joseph 
Department of Electronics and 
Communication Engineering  

SCMS School of Engineeeirng and 
Technology, 

 Ernakulam, India 
saira_joseph@scmsgroup.org 

Abstract— The use of unmanned aerial vehicle (UAV) as a 
dynamic node in point to point communication of 5G and 
beyond 5G cellular networks is an emerging technology. It 
provides a reliable and efficient mode of wireless 
communication network in the sky. Existing architectures 
include single tier and multi-tier drone architecture. Major 
challenges in multi-tier architecture is in establishing an air 
traffic control system and in efficient resource sharing between 
the drones. To overcome the challenges associated with the 
multitier drone and cellular drone networks, a bidirectional 
multitier cognitive swarm drone network (BMCSDN) is 
proposed and investigated in terms of spectrum efficiency and 
allocation of optimized altitude and power for down link 
transmission. The proposed method uses the cognitive swarm 
drone (CSD) concept and provides enhancement of capacity and 
coverage with optimized transmission efficiency. The work also 
analyses the effect of interference when all CSDs transmit and 
receive with static and dynamic frequency allocations. 

Keywords—5G, cognitive swarm drone, multi-tier 
architecture, resource sharing, unmanned aerial vehicle 

I. INTRODUCTION  

Recently, unmanned aerial vehicle (UAV) networks have 
gained enormous attention due to its applications in 
emergency and disaster relief operations. In scenarios where 
the deployment of terrestrial communication infrastructure is 
infeasible, intelligent heterogenous networks can be instantly 
set up leveraging unmanned aerial vehicle together with 5G, 
beyond 5G, Internet of Things (IoT) and fog technologies [1-
5]. Further, drones in the network can be easily equipped with 
multiple devices assisting communication and advanced 
sensors for low altitude surveillance and other purposes [6-7]. 
Although this technology offers many advantages in 
flexibility, ease of deployment, low operational expenditure, 
there are still few issues and challenges to be addressed [8-
10].  

Controlling the optimal flying trajectory and mobility is a 
major challenge in drone networks. The size, weight and 
power of the drone restrict its operational altitude and may not 
be optimal for various urban environments. Also, the drone 
manoeuvres should be properly controlled for optimized 
energy usage. Due to the advantages offered in network 
coverage and minimum operational altitude, multi-tier 
architecture are preferred for drone networks [11]. In multi-

tier architecture, establishing an air traffic control system and 
the deployment of a cellular network together with drones is a 
major challenge. Interference management between the 
drones in multitier network is also very critical [12]. Existing 
multitier drone architecture shares the resources depending 
upon a pre-established and fixed rule.  

To overcome the various challenges associated with the 
multitier drone and cellular drone networks, a bidirectional 
multitier cognitive swarm drone network (BMCSDN) with 
optimized resource sharing for 5G network is proposed.  Here, 
the cognitive swarm drone (CSD) will work on the master-
slave concept. The capability of the CSD to act as a master 
depends upon the amount of resources it has. The path 
optimization is done as the master drone decides the path to 
be followed by the slave drones. The proposed architecture 
uses wireless cyclic prefix orthogonal frequency division 
multiple access (CP-OFDMA) for joint resource allocation 
and management. The CSD has the capability to make 
decisions depending on the mutual cooperation among the 
swarm drones.  

TABLE 1 
FREQUENTLY USED NOTATIONS 

 
Notation Definition 

CLs clusters 
DRs drones  
Rij  resource allocation of CSD 

Rtotal aggregate resource allocation 
N0 noise variance 
ω angular frequency P   optimized total orthogonal resource allocation 

Pi, Pj transmission CSD power allocation 
Ptotal total transmit power of all CSD  
rcij scalar magnitude gain 

Гi[ω], Гj[ω] linear combination parameters  
wij[ω] average noise interference in the bidirectional 

channel 
CDRSR cooperating drone resource sharing ratio 

 

The proposed framework is used to derive the expression 
for resource allocation for different CSD using cooperating 
drone resource sharing ratio (CDRSR). CDRSR exhibits the 
strength of bonding between the CSDs. A decrease in CDRSR 
between the CSD increases the gain and feedback of the 
channel and achieves maximum cooperation between CSD 
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and vice versa. For CDRSR less than the required threshold, 
the resource sharing is sufficient and it employs orthogonal 
regenerative decode and forward (ORDF) and for CDRSR 
greater than the required threshold, resource sharing is not 
sufficient and it employs orthogonal amplify and forward 
(OAF) strategy. Table 1 presents the frequently used symbols 
in the paper. Section 2 presents and discusses the proposed 
technique in detail. 

II. BIDIRECTIONAL MULTITIER COGNITIVE SWARM DRONE 

NETWORK  

 Initially, the theoretical analysis and design of the 
proposed approach is presented. The cooperating drones share 
resources using CP-OFDMA with CSD acting as bidirectional 
swarm drone using the proposed BMCSDN technique for 
clusters CL=1 to 5 and drones Dij (i, j = 1 to 5). The scenario 
is illustrated in figure 1. Here, the source CSD establishes a 
bidirectional communication with destination CSD in vicinity 
to share the resource allocation using CDRSR. CSDs have 
partial knowledge of the available resources. The source  CSD 
uses orthogonal resource allocation with destination CSD, 
avoiding resource allocation conflicts. The source CSD can 
communicate with the destination CSD directly or via relay 
CSD depending on the resource allocation capability. The 
CSD information exchange depends upon the dynamic 
resource allocation using long or short memory. This gives 
CSD the decision making capability and make it cognitive in 
nature. The noise variance N0 and additive white gaussian 
noise (AWGN) are independent in nature and are shared 
between the CSDs. The resource allocation for drones are 
having independent Rayleigh fading, that is the channel 
weight changes exponentially with mean. The shadowing 
effect is included in the mean. The resource allocation of CSD 
and aggregate resource allocation for BMCSDN are denoted 
as Rij and Rtotal. The net resource allocation is DTu = Diit+Dllt 

where Diit and Dllt are the resource allocation among CSD. 
Initially the analysis is done on the minimum total resource 
allocation Rtm required to allocate the total resource allocation 
DTu for each path between CSDs.  

 
Fig. 1: CSDs with channel gain sharing using BMCSD architecture 
 

Depending on the CDRSR, the resource allocation 
threshold is set. For the condition when resource allocated is 
less than the required threshold, CDRSR is minimum 

compared to actual resource allocation and the weight of the 
channel strength is more between CSDs. For this condition, 
long memory for resource allocation scheme is implemented. 
For the condition when resource allocated is more than the 
required threshold, CDRSR is maximum compared to actual 
resource allocation and the weight of channel strength is less 
between the CSD. For this condition, short memory for 
resource allocation scheme is implemented. The net source to 
destination resource allocation achievable is DTu = Diit+Dllt. 

A. Different scenarios for resource allocation 

The three different scenarios for resource allocation is 
analysed: Point to point CSD resource allocation, resource 
allocation using two I-CSD and static resource allocation 
between CSD. 

1) Point to point CSD resource allocation 
 The point to point CSD resource allocation is shown in 
figure 2. For the angular frequency in the range 0 ≤ ω ≤ ω1, 
the DR1 shares resources with DR2, DR1 resource sharing 
with DR3 for angular frequency band ω1 < ω ≤ ω2 and DR1 
resource sharing with DR4 for angular frequency band ω2 <ω≤ 1 
using orthogonal decode and forwarding (ODF). The sharing 
of the resources are optimal between the drones. The CSD 
source transmit the resource information to the secondary path 
of CSD. The resource information to be passed require perfect 
decoding in the CSD using long memory. 

 

 
Fig. 2. Point to Point CSD resource allocation 
 

The point to point strategy of CSD for resource allocation 
is written as, ( → ) ≥ ∑ 	(1 + ⁄ )  ( → ) ≥ ∑ ( − ) 	(1 + ⁄ )  ( → ) ≥ ∑ (1 − ) 	(1 + )⁄   ( → ) ≥ ∑ 	(1 + ⁄ )  ( → ) ≥ ∑ ( − ) 	(1 + ⁄ )  
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( → ) ≥ ∑ (1 − ) 	(1 + ⁄ ) (1) 

In bidirectional communication of DR1→DR2, the 
resource sharing is for the angular frequency band ω1, 
DR1→DR3 bi-directional communication is for the angular 
frequency band (ω − ω )  and bi-directional 
communication of DR1→DR4, the resource sharing is for the 
angular frequency band (1 − ω ) . The optimized total 
resource sharing convincing the source to destination 
resource sharing rate DTu

 is given as, P( ) = 	min∏ (ω P + (ω −, , , , , ,ω )P +	(1 − ω )P + ω P + (ω − ω )P 	 + (1 −ω )P  (2) 
For the condition Di1t+Dl1t ≥ DTu and (Di1t, Dl1t) satisfying eq 
(1) with the value, Di = max∏ ( → ), ( → ), ( → ) and  Dl = max	∏(R( → ), R( → ), R( → ))   (3) 

 
2) Resource allocation using two I-CSD 

 Resource allocation using two I-CSD is presented in figure 
3. Here, source CSD uses bidirectional communication with 
two I-CSDs to reach the destination CSD and share the 
resource allocation in optimized orthogonal resource 
allocation space. The resource allocation to DR1 and DR5 is 
done using DR2 and DR3 as I-CSD and DR1 and DR5 
resource allocation using DR3 and DR4 as I-CSD. 

 
Fig. 3. Resource allocation using two I-CSD 
 

The source to destination resource allocation is given by, R → → → ≥ ∑ ω log	(1 +D P N )⁄ +ω log	(1 + P N )⁄ + ω log	(1 +P N )⁄   R → → → ≥ ∑ ω log	(1 +P N )⁄ +ω log	(1 + D P N )⁄ + ω log	(1 +D P N )⁄   R → → → ≥ ∑ (1 − ω )log	(1 + P N )⁄ +(1 − ω )log	(1 + P N )⁄ + (1 − ω )log	(1 +P N )⁄   R → → → ≥ ∑ (1 − ω )log	(1 + P N )⁄ +(1 − ω )log	(1 + P N )⁄ + (1 − ω )log	(1 +P N )⁄  (4) 
Here, the following condition is to be satisfied for the 

optimized total minimum resource allocation, P( ) =	min∏ (ω P +,ω P + ω P + ω P + ω P 	+ ω P + (1 −ω )P + (1 − ω )P + (1 − ω )P + (1 − ω )P +(1 − ω )P + (1 − ω )P ) (5) 
such that Di2t+ Dl2t ≥ DTu and where Di2t = 
max∏(R , R )	and Dl2t=  max∏(R , R ) . The 
optimized total orthogonal resource allocation is given by, P = max	∏(P( ), P( ), P( )) (6) 

 
3) Static resource allocation between CSD 

 In static resource allocation scenario, the resource 
allocation is fixed and is shown in figure 4. For static resource 
allocation, source is DR1 and destination is DR2, DR1 is the 
source and destination is DR3, DR1 is the source and DR4 is 
the destination. The final subpart shows source as DR2, DR3, 
DR4 and DR5 as destination for static resource allocations. 
The source CSD communicate with destination CSD, 
provided the channel gain for the path is better than the 
channel gain of the rest of the path. 

 
Fig. 4. Static resource allocation between CSD 

The resource allocation for different CSD with different 
channel weight for optimized resource allocation is given by. R( → ) ≥ ∑ log	(1 + P N⁄ )  

   R( 	 	 ) ≥ ∑ log	(1 + P N⁄ )  

  R( → ) ≥ ∑ log	(1 + P N )⁄    R , ,( , , → ) ≥ 	∑ (1 + , , P N⁄ )      (7) 

Here the resource allocations are identical and static. The 
optimized total resource allocation satisfying the condition 
for complete resource allocation DTu needs resource 
parameter P12, P13, P14, P25, P35, P45 to be optimal and is given 
by, P( ) = 	max∏ ( P + P + P +, , , ,P + P + P )                                                      (8) 

For the condition Di1t+Dllt ≥ DTu and (Di1t, Dllt) satisfying eq 
(1) with the value, D= max	 (R( → ), R( → ), R( → ), R , ,( , , → ))		 

(9) 
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Thus, CSD communicates bidirectionally with stable and 
balanced resource allocation and enhance dynamic resource 
allocation for the dynamic network. 

B. Cooperating drone resource allocation using dynamic 
spectrum sharing long short-term memory (DSLSTM) 

Here, the resource sharing channels are pre-assigned. The 
source CSD broadcast the resources using the preassigned 
channel and the I-CSD decode and retransmit the resources 
in the next preassigned channel towards the destination CSD.  
The ith transmitting CSD with zero averaging and unity-
variance is denoted by si, the ith CSD transmits the resource 
in the angular frequency slot  ωth given by vi[ω] ≥ 0 and the 
senders retransmission in the angular frequency slot  ωth is 
given by DRi [ω].The destination receiver jth  in the multitier 
network receives the broadcasted signal by ith transmitter in 
the preassigned angular frequency slot ω using short memory 
for resource allocation and is  given by 
rcij[ω]=DijDRi[ω]+nij[ω], where Dij is the scalar  magnitude 
gain  between CSD i and j and nij[k] is the average noise 
interference with  noise variance σn2>0. 

1) CSD Transmit/Receive orthogonal Short-Long 
Memory  protocol 

The orthogonal cooperative swarm Short-Long Memory 
communication protocol for source i and angular frequency	slot	 (ω1)	 is	 written	 as	 DRi[ω1]=vi[ ω ]si	 and	 for	 angular 
frequency	 slot	 ( ω −ω )	 it	 is	 DRi[ ω −ω ]=ai[ ω −ω ]rcij[ω − ω ].	 For	 source	 j	 and	 angular frequency	 slot		(ω − ω )	it	 is	 DRj[ω1]=vj[ω ]sj	 and	 for	 angular frequency	slot	 (ω − ω )	 it	 is	 	DRj[ω −ω ]=aj[ω −ω ]rcji[ω − ω ].	For	angular frequency	slot	(1 − ω )	and	source	i	is	written	as	DRi[(1 −ω )]=ai[(1 − ω )]	rcij[(1 − ω )]Cij	and	for	source	j	is	written	 as	 DRj[ (1 − ω ) ]=aj[ (1 −ω ) ]rcji[ (1 −ω ) ].	 For	
angular frequency	 slot	 (1 − ω ) and	 source	 i	 is	 written	 as	DRi[(1 −ω )]=ai[(1 − ω )]	 rcij[(1 − ω )]	 and	 for	 source	 j	 is	written	as	DRj[(1 − ω )]=aj[(1 − ω )]rcji[(1 − ω )].	The CSD 
transmit/receive using resource allocation long memory with 
scalar magnitude gain for the pre-assigned angular frequency 
slot	ω is given by, řcij[ω]=∐D DR [ω] + w [ω]																																												(10) 

The Dij is the scalar magnitude gain between the ith  source 

CSD and destination jth CSD.  wij[ω] is the average noise 
interference in the bidirectional channel with noise variance 
σw2>0. The resource allocation using short-long memory nij[ω] 
and wij[ω] are having contrasting effect for the assigned angular 
frequency slot ω. The CSD transmit/receive using resource 
allocation long memory with scalar magnitude gain for the 
different pre-assigned angular frequency slots given by, rcij	=	∐ řc Г [f ]řc [ω ] + Г [ω − ω ]rc [ω − ω ]	rcij	=	∐ Г [1 − ω ]	rc [1 − ω ] + Г [1 − ω ]řc [1 −ω ]	řcij	=	∐ Г [1 − ω ]	řc 	[1 − ω ] + Г [1 − ω ]	rc [1 −ω ]	 	 	 	 	 		 	 	 	 	 	 				(11)	

where Гi[ω] and Гj[ω] are the linear combinations of 
different parameters selected by the CSD receiver to magnify 
the CDRSR of the transmit/receive drones.  

C. Source CSD resource allocation and  CDRSR Analysis 

Optimal source/destination CSD resource allocation is 
required for a stable CDRSR. The problem of effectively 
distributing transmit power is considered in obtaining a pair 
of stable CDRSR, denoted as CDRSRi and CDRSRj at the 
source and destination. With mutual cooperation, the swarm 
of the CSD source and destination is used to achieve the 
target. The CDRSR condition will be satisfied if, P = v [ω] ≥ (σ )CDRSR  P = v [ω] ≥ (σ )CDRSR       (12) 

where Pi and Pj are transmission CSD power allocation of 
the ith and jth CSD source. For source-destination CSD power 
allocation analysis, the power source ‘i’ at the transmission 
end in ‘ω’ angular frequency slot is given as  P [ω ] =	∑ v [ω ]. For angular frequency slot ω −ω  it is given by P[ω − ω ] = ∑[ω − ω ](D v [ω − ω ] + σ . For 
source j and angular frequency slot (1 − ω )  power 
allocation representation is given by 	P [(1 − ω )] =	∑ a [(1 − ω )] and for angular frequency slot(1 − ω ) it is 
given by P[(1 − ω )] = ∑[(1 − ω )](D v [(1 − ω )] +σ ) v . The cumulative transmission power for CSD-source 
i is given as Pi= ∑P [ω ] + P [ω − ω ]	.	 The optimal 
transmit power for CSD source j is given by, Pj=∑P [ω −ω ] + P [1 − ω ]	.The total transmit power of all CSD is 
given by,  

Ptotal = Pi + Pj         (13) 

From eq. 13, CDRSR condition is defined for all 
bidirectional transmit and receive drones. The ith transmitter 
CDRSR is presented as the ratio of the power of the ith 
source’s CSD collaborative bidirectional retransmission to 
the power of the actual transmission of CSD source j (i ≠ j). 
Using eq.12 and eq. 13, the CDRSR for the ith CSD source is 
given as, Җi=	 [ ][ ] 	= [ ]( [ ] )[ ] 																											(14)	for	0	≤	Җ	i<∞	and	j	 	i.		Җj=	 [ ][ ] 	= [ ]( [ ] )[ ] 																																				(15)	for	 i,j	 Є	 {1,2,3,4,5}	 and	 0	≤	Җ	 j	<∞	and	 j	 	 i.	The non-
collaborative scenario points to Җi = Җj =0	
D.   Destination CSD resource allocation and CDRSR 

analysis 

The optimal CDRSR of CSD at the destination is to be 
analyzed for the conditions where CSD receivers effectively 
combines the resources shared {rcij, řcij} to CDRSR. The 
noise interferences are assumed to be exclusive from the 
resources. Thus, it can be proved that maximum CDRSR is 
fusing at receiver CSD for rDij and řDij. The maximal 
CDRSR coefficients is written as, Г [ω ω ]Г [ω ]   =  

[ω ω ]( [ω ω ] )   Г [ ω ]Г [ ω ]   =  
[ ω ]( [ ω ]       (16) 

1222
Authorized licensed use limited to: CALIFORNIA INSTITUTE OF TECHNOLOGY. Downloaded on September 26,2020 at 04:38:59 UTC from IEEE Xplore.  Restrictions apply. 



The optimal CDRSR at the receiver CSD is obtained as, 

CDRSRi=	⋃ [ ] 	+	 [ ] [[ ]][ ] 										(17)	
CDRSRj	=⋃ [ ] 	+	 [ ] [ ][ ] 									(18) 

The CDRSR of each source CSD can be obtained as, 

CDRSRi	=⋂ [ ] 	+	 Җ [ ]( [ ] ) 	Җ [ ]21	 	 	 	 	 				(19) 

CDRSRj	=⋂ [ ω ] 	+	 Җ [ ω ]( [ ω ] ) 	Җ [ ω ]ω	 	 	 	 	 				(20) 

The targeted CDRSR {CDRSRi, CDRSRj} as well as the 
swarm cooperative ratios { Җi, Җj } allow to calculate the 
optimized transmit power and the angular frequency 
spectrum for all CSD at the maximum swarm cooperative 
ratios. 

 

 

 

Fig. 5. Resource allocation variations 

 

 

 

 

 

 

 

 

 

Fig. 6: Movement of the master drone and slave drone 

III. RESULTS AND DISCUSSION 

The results obtained using simulations with the proposed 
architecture is presented and discussed in this section. Figure 
5 presents the trajectory of the master drone and the slave 
drones that follows the master using the swarm technology. 
The swarm concept incorporated in the proposed resource 
sharing architecture helps in optmized resource sharing 
between the drones in the network. The figure shows that the 
slave drones with less capacity follows the master with higher 
capacity and more number of resources. The resource 
allocation variations in milliWatt between the master and the 
slave drones is also presented in the figure. Using the proposed 
BMCSDN architecture, the slave drones can be controlled by 
the master drone without much help from base stations and 
also lead to efficient and optimized resource sharing between 
the drones in the 5G network. Efficient resource sharing 
improves the QoS and energy efficieny of applications 
deploying UAV networks for critical operations. Figure  6 
shows the movement of the master drone snd the 
corresponding movement of the  slave drones in x, y and z 
axes. This verifies the control of the slave drones by the master 
drone without the help of base stations. 
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IV. CONCLUSION 

Here, a bidirectional multitier cognitive swarm drone network 
architecture (BMCSDN) is proposed to overcome the 
challenges with multitier networks, especially in efficient 
resource sharing. The proposed method uses the cognitive 
swarm drone (CSD) concept and provides enhancement of 
capacity and coverage with optimized transmission efficiency. 
The CSD has the capability to make decisions depending on 
the mutual cooperation among the swarm drones and helps in 
efficient resource sharing. The effect of interference when all 
CSDs transmit and receive with static and dynamic frequency 
allocations is also analyzed. Results from the simulation 
verified the efficient resource sharing among the drones and 
also that the slave drones can be controlled by the master 
drone without much help from the base stations. 
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Abstract
Haze and fog had a great influence on the quality of images, and to eliminate this, dehazing and defogging are applied. For this 
purpose, an effective and automatic dehazing method is proposed. To dehaze a hazy image, we need to estimate two important 
parameters such as atmospheric light and transmission map. For atmospheric light estimation, the superpixels segmentation 
method is used to segment the input image. Then each superpixel intensities are summed and further compared with each 
superpixel individually to extract the maximum intense superpixel. Extracting the maximum intense superpixel from the 
outdoor hazy image automatically selects the hazy region (atmospheric light). Thus, we considered the individual channel 
intensities of the extracted maximum intense superpixel as an atmospheric light for our proposed algorithm. Secondly, on 
the basis of measured atmospheric light, an initial transmission map is estimated. The transmission map is further refined 
through a rolling guidance filter that preserves much of the image information such as textures, structures and edges in the 
final dehazed output. Finally, the haze-free image is produced by integrating the atmospheric light and refined transmission 
with the haze imaging model. Through detailed experimentation on several publicly available datasets, we showed that the 
proposed model achieved higher accuracy and can restore high-quality dehazed images as compared to the state-of-the-art 
models. The proposed model could be deployed as a real-time application for real-time image processing, real-time remote 
sensing images, real-time underwater images enhancement, video-guided transportation, outdoor surveillance, and auto-
driver backed systems.
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1 Introduction

Acquiring high-quality images has rapidly increased to 
meet practical applications such as vision systems, global 
positioning system (GPS), and remote sensing. However, 
such images have bad quality due to haze, fog, dust par-
ticles and water droplets, which cannot be used for real-
time applications due to the attenuation of the flux radiant 
energy received by a sensor along the line of sight. Moreo-
ver, the light received by a sensor is a mixture of different 
things or qualities (dust, smoke, and dry particles) [1]. 
Likewise, haze also causes color distortion of the image. 
The aforesaid discussion reveals that defogging and dehaz-
ing play an important role and provide a faster aid for 
real-time applications such as video-guided transportation 
[2–4], outdoor surveillances [5–7], for analyzing real-time 
remote sensing images [8–11], and the auto-driver backed 
systems [12–14]. Moreover, the dehazing algorithms can 
be extended for real-time underwater images enhancement. 
After removing haze, the restored image appears better and 
the appearance of the objects looks clear, which provide 
easy understanding for vision systems, satellites imagery, 
and surveillance systems. Haze elimination is an ill-posed 
process and much-needed research for photography, com-
puter vision, and real-time image processing applications.

Haze removal methods can be classified into three 
main categories. The first one is enhancement [15–18], 
the second one is image restoration [19–24] which are 
based on a physical model [25] and the third one is fusion-
based methods [26–28]. The enhancement-based methods 
improve the visual quality and contrast of the image but 
do not remove the full haze [7]. On the other hand, in 
the image restoration-based methods, a physical model is 
involved for degradation of the hazy image, where the lost 
information is compensated with the inversion algorithm, 
which has a natural effect of dehazing. Our method falls at 
the restoration side so we will mainly focus on restoration-
based methods. The image restoration-based techniques 
provide the analysis of image degradation and imaging 
mechanism where the scene can be recovered by inverse 
transformation. The restoration-based methods divided 
into three subcategories: (1) multiple images-based dehaz-
ing, (2) additional information-based dehazing, and (3) 
prior knowledge-based dehazing. Multiple images-based 
dehazing techniques further contain weather conditions 
and polarization-based dehazing.

In polarization-based methods [23, 29] the haze 
removed from multiple images captured at different 
degrees of polarization. For instance scheme [23] pre-
sented an approach based on air-light scattering. Images 
were taken on dissimilar orientations through the polarizer. 
In this method, a depth map of the scene and information 

of the atmospheric particles were yielded, which improved 
the contrast of the scene and the correction of color. The 
method proposed in [29] blindly separated the air-light 
radiance from the object signal. Since the air-light causes 
contrast degradation. It worked even without the existence 
of the sky region in the field of view (FOV) and auto-
matically determined the parameters for separation. This 
automatic separation process reduced the user interaction 
for dehazing.

Likewise, the works [21, 22, 30, 31] have more constraints 
obtained from the same scene under different weather con-
ditions. In [21] maximum and minimum depths of field are 
specified artificially to obtain approximate depth information 
and recovered a clear image based on the physical model. 
The method proposed in [22] is based on atmospheric optics 
identify some important aspects of bad weather. These 
effects considered as advantageous for dehazing. This work 
also demonstrated the atmosphere modalities as information 
from scene point to the observer and further developed mod-
els to recover relevant scene properties. P. Tavallai et al [30] 
used the statistical local luminance features to build a fast 
and robust skin detector based on Cascaded AdaBoost for 
face detection and recognition issues. Another physics-based 
model is proposed in [31] which defined scene appearances 
in bad weather conditions. In bad weather, the dynamic 
intensities of scene points provide constraints to detect depth 
discontinuities in the scene. Additionally, it computed the 
scene structure and a scene contrast was restored without 
any prior scene structure.

Nowadays, single image dehazing gained much atten-
tion due to its stronger prior and assumption [32]. Single 
image dehazing has auxiliary branches like direct air-light 
estimation [32, 33], anisotropic diffusion [34], and contrast 
maximization-based [35, 36] techniques. A statistical-based 
scheme proposed in [32] referred to as dark channel prior 
(DCP) method. The suggested algorithm initially applied 
the minimum operator and obtained the lowest pixel inten-
sities called a dark channel, where the air-light is estimated 
directly from the highest pixels. After atmospheric light esti-
mation, the initial transmission was obtained and further 
refined by the soft matting interpolation method. Finally, the 
radiance produced from the estimated atmospheric light and 
transmission map. The work proposed in [33] targeted the 
restored image and maximized its contrast which is based on 
the assumption that the haze-free image has higher contrast 
than the haze image. However, the method has still halo 
artifacts in the final output map. In the anisotropic diffu-
sion method [34] the post- and pre-processing steps require, 
where histogram equalization and histogram stretching are 
used. The aforesaid scheme worked well for both color and 
gray-scale foggy images.
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The work [35] is based on scattered light elimination to 
increase the scene visibility and recovered a haze-free FOV. 
In which, a refined image formation model adopted for sur-
face shading. According to the image formation model, the 
image was broken into different regions of constant albedo 
where an additional constraint is used to resolve the air-light 
ambiguity. The constraint imposes local statistical un-corre-
lation for surface shading and medium transmission. Finally, 
the graphical model is used to propagate the derived pixels. 
The results were convincing; however, the sky region in the 
haze image limits the performance. The work [36] presented 
a visibility restoration-based model for single image dehaz-
ing based on filtering approach. The median filter is used to 
estimate the atmospheric transmission, and further, a tone 
map is applied to get the dehaze image with the limitation 
to halo effects.

To overcome such limitations, a color attenuation prior 
method was proposed in [37], in which the depth information 
is recovered through a linear model. From the depth infor-
mation, the transmission is estimated and the scene radiance 
is restored through the atmospheric scattering model which 
produced better dehaze results. Meanwhile, the works [38, 
39] demonstrate a color lines and regularization schemes 
to dehaze the haze image. Another way around, the works 
[40, 41] used a cost function which relied on contrast and 
the amount of lost information and adaptive wiener filtering 
for dehazing. A fusion-based method was proposed in [26] 
in which an image is composed of separate layers such as 
scene albedo and scene depth. The depth information was 
computed using factorial Markov random field; however, the 
contrast in the resultant image was too saturated. Similarly, 
a fusion-based work proposed in [27] modeled the image 
with FMRF where an image is factorized into scene albedo 
and depth. In this technique the key insight is that both scene 
albedo and depth have important structural information 
which are influential to the resulting hazy image. Finally a 
single foggy image is factorized by a canonical expectation 
maximization algorithm. A technique proposed in [28] fused 
two coarse transmission maps using the dark channel prior 
(DCP). This method worked well in terms of computational 
speed and applicable to the real-time applications.

This work focused on the problems persist in given 
methods [32, 35–37, 39, 42]. The work [32] provided a 
new direction of dark channel prior; however, it has also 
some limitations such as over-saturation and halo effects 
in the final output map. Moreover, this method uses soft 
matting to refine the transmission map which is computa-
tionally an expensive task. Later on, a work proposed in 
[42] is integrated with the DCP method [32]. The guided 
filtering solved the computational complexity and pre-
served much of the edges information too. However, the 
over-saturation and halo effects still persist. Furthermore, 

the work [35] may get failed when the pre-assumptions 
void, hence unable to completely remove haze. Similarly, 
the work [36] tries to simplify the dehazing process; how-
ever, it is not vibrant approach due to the segregation of 
small edge regions. In addition to the above, the work [37] 
presents a robust haze removal method, both in terms of 
results and computations; however, its training procedure 
is complex due to the parameters which largely depend on 
the training data. Therefore, this work proposed a novel 
procedure consisting of superpixels masking and rolling 
guidance filter-based haze removal method which is in fact 
related with both statistical-based DCP [32] and guided 
filtering [42] methods. The proposed method comprises 
the following steps: 

1. Air-light is estimated through superpixels segmentation.
2. The rolling guidance filter is adopted instead of soft-

matting and guided filter to refine the transmission map 
which preserves the edges, structure, and textures char-
acteristics.

The rest of the paper is structured as follows: Sect. 2 pre-
sents the background and haze imaging model. Section 3 
illustrates the proposed methodology. Section 4 describes 
the results and their discussion, and finally Sect. 5 concludes 
the paper with possible future research directions.

2  Background

2.1  Haze imaging model

The haze imaging model used in [31, 43, 44] is illustrated in 
Fig. 1. The mathematical representation of the hazy image 
formation model is given as:

where I is the haze image, J is the scene radiance (haze-free 
image) and xg is the pixel location, whereas A denotes the 
air-light and t is the medium transmission which describes 
the portion of the light, which is not scattered and reaches 
the sensor. The term J(xg) t(xg) denotes the direct attenua-
tion [33] and the second part A(1 − t(xg)) refers to air-light 
or atmospheric light [29, 33]. The both terms also provide 
theoretical basis for blurred hazy images [45–48]. The 
transmission t(xg) in a homogeneous atmosphere and can 
be expressed as:

(1)I
(
xg

)
= J

(
xg

)
t
(
xg

)
+ A

(
1 − t

(
xg

))

(2)t(xg) = e−�d(xg)
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where � is scattering coefficient and d is the scene depth. 
The � = 0 in a clear weather means that I ≈ J , however, 
when � has some value it results in a hazy image. Besides, 
the transmission t can be defined as the ratio of two line seg-
ments from Equation 1 and given as:

where C belongs to r, g, b and is the color channel index. 
The discussed, degraded imaging model reveals that dehaz-
ing is all about the estimation of the air-light A, and trans-
mission t(xg) through which the final haze-free image J(xg) 
can be restored from I(xg).

2.2  Dark channel prior (DCP) theory

The dark channel prior (DCP) method proposed in [32] is a 
statistical and simple yet effective method which explores the 
dark pixels phenomena to compute the thickness of the haze 
to recover a haze-free image. In DCP method [32] extensive 
experimentation is performed on thousands of outdoor hazy 
images which explored that at least one color channel has the 
lowest pixel intensities ignoring the sky region which tends to 
zeros and yielding a dark channel. These dark pixels appear 
due to the shadows, trees, plants, and some dark surfaces like 
stones and rocks. This statistical observation revealed that in 
the presence of haze, the air-light can alter the dark pixel val-
ues and provides a direct contribution to the values of dark 
pixels. Therefore, these dark pixels are vibrant clue to estimate 
haze transmission. Mathematically, the dark channel for an 
image is defined as:

(3)t(xg) =

‖‖‖A − I(xg)
‖‖‖

‖‖‖A − J(xg)
‖‖‖
=

Ac − Ic(xg)

Ac − Jc(xg)

where Jc is a color channel of J and �(xg) is a patch center-
ing at xg , and minc∈{r,g,b} is the minimum operator which is 
applied to all color channels and selects the lowest pixels 
intensities. According to DCP [32], in haze-free image the 
intensity of Jdark is low and has a tendency toward zero while 
ignoring the sky region. Therefore, Jdark is demonstrated as 
a dark channel of J.

Apart from the success of DCP method [32], it has also 
some limitations such as the use of soft-matting which 
results in slow processing. Secondly, the production of over-
saturation, distortion and halo effect in the final output map.

3  Proposed method of superpixels masking 
and rolling guidance filter

The proposed haze removal method overcomes the afore-
mentioned limitations by first segmenting the outdoor input 
hazy image into superpixels by using the simple linear 
iterative clustering (SLIC) algorithm [49]. After superpix-
els computation, we extracted the most intense superpixel 
among the all computed superpixels which automatically 
selects the hazy region of the input hazy image. Therefore, 
we considered the extraction of the maximum intense super-
pixel as an air-light parameter for our proposed algorithm.

On the second stage, the transmission map is estimated 
from the air-light and dark channel. For the refinement of 
the transmission map further, a rolling guidance filter [50] 
is applied instead of guided filtering [42] to preserve more 
strong edges, better structure, and texture. Our two proposed 

(4)Jdark
(
xg

)
= min

c∈{r,g,b}

(
min

y∈ � (xg)
(Jc(y))

)
→ 0

Fig. 1  On left the atmospheric scattering model suggests that the 
hazy imaging model scene consists of two main parts. One is the 
attenuation process which is reflected light from the scene surface to 

the sensor and the second one air-light scattering reaches to the sen-
sor. At the right side, the haze imaging model when applied to a pas-
sive satellite sensor for defogging the satellite imagery
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novel settings of air-light estimation and transmission refine-
ment help to obtain a better scene Radiance, i.e., the haze-
free image. Figure 2 shows the important steps of our pro-
posed method which are further explained in the following 
sections.

3.1  Air‑light estimation by superpixels 
segmentation

Recently superpixels have drawn more attention due to its 
usefulness in computer vision applications. Many algorithms 
proposed which outputs compact superpixels according to user 
desire at low computational cost. However, Achanta et al. [49] 
proposed an effective simple linear iterative clustering (SLIC) 
algorithm for superpixels computation. In their method, a 
three-channel image is taken into account where the image pix-
els are considered as N numbers. The amount of superpixels is 
defined by K . The average area of a superpixel is derived by 
this simple formula of N/K. A single superpixel is defined as:

where Ck is the single superpixel, composed of Rk, Gk, Bk 
channels and xk, yk coordinates. The distance of each super-
pixel is defined by:

where m is the compactness of a superpixel. The dxy is the 
distance in x − y space which considers the coordinates of 

(5)Ck = [Rk, Gk, Bk, xk, yk]
T

(6)Ds = dRGB +
m

S
dxy

every pixel. The mathematical representation of dxy is given 
as:

In equation (6) S is the distance between superpixels centers 
and given as

Similarly the dRGB in equation (6) is the distance in RGB 
color space and basically a Euclidian distance between the 
coordinates of two pixels which is given as:

From these components, we can measure every pixel’s color 
and location weather they are similar or not. The overall con-
cept of selecting the most intense superpixel is demonstrated 
in Fig. 3. Initially, the superpixel boundaries are covered on 
the original image. Then Equation 5 initializes cluster cent-
ers and repeat until stability for each Ck and finds similar 
pixels in the neighborhood to compute new centers. After, 
computing the new centers of the superpixels, the mean RGB 
color of the superpixel region has been assigned to each 
pixel in the output image. Further, we have computed each 
superpixel RGB channels intensities which later compared 
with every superpixel intensity and selected the most intense 
superpixel by the designed constraint. Thus, we considered 
RGB intensities of the highest intense superpixel as the 
atmospheric light parameter A which automatically selects 
the hazy region from the input hazy image. Mathematically 
formulation of A is given as:

where max _int denotes the maximum intensity of the 
extracted intense superpixel for the RGB channels.

3.2  Estimating the transmission map

When the atmospheric light A is given, the transmission t 
can be estimated. For this purpose DCP [32] suggested that 
transmission in a local patch �(xg) is constant. Therefore, 
the patch transmission is denoted by t(xg) . A minimum (min) 
operation is applied in the local patch on the haze imaging 
Equation 1, and we get the following equation:

where C is a color channel. Equation 11 can be further 
expressed as follows:

(7)dxy =

√
(xk − xi)

2 + (yk − yi)
2

(8)S =

√
N

Z

(9)dRGB =

√
(Rk − Ri)

2 + (Gk − Gi)
2 + (Bk − Bi)

2

(10)A = max _int (Ck{Rk, Gk, Bk})

(11)min
y∈�(xg)

(Ic(y)) = t(xg) min
y∈�(xg)

(Jc(y)) + (1 − t(xg))A
c

Fig. 2  The proposed algorithm. Where I is an input haze image, 
initially the superpixel boundaries are overlaid. Next the pixels are 
re-clustered and new centers are defined. The maximum intense 
superpixel extracted from the image and  we considered it as an 
atmospheric light parameter. Getting the air-light value, the transmis-
sion t is estimated and rolling guidance filter is applied to refine the 
estimated transmission t. Finally, the scene radiance J is recovered
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Note that, the min operation applied to all channels which 
give us the following equation:

(12)min
y∈�(xg)

(
Ic(y)

Ac

)
= t(xg) min

y∈�(xg)

(
Jc(y)

Ac

)
+ (1 − t(xg))

DCP method suggests that the dark channel Jdark of the 
haze-free radiance J has tendency toward zero, which can 
be expressed as:

(13)
min

c

(
min

y∈�(xg)

(
Ic(y)

Ac

))
= t(xg)min

c

(
min

c∈�(xg)

(
Jc(y)

Ac

))

+ (1 − t(xg))

Fig. 3  Proposed air-light estimation model which automatically selects the hazy region by extracting the most intense superpixel from the input 
image
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Equation 14 leads to the following expression:

Finally, the transmission is estimated by substituting Eq. 15 
in Eq. 13 which is given as:

where � is the parameter to keep the naturalness of the 
image and to perceive the depth for the human eye.

3.3  Transmission map refinement

Images contain many pieces of information such as textures, 
structures, and edges. Many real-world applications require 
to remove several uninformative contents from the images; 
however, performing such operations on images can cause the 
deterioration of the image textures, structures, and edges. For 
instance, obtaining the transmission map for dehazing using 
the techniques discussed in previous sections, the parameter 
� such as in Eq. 16 is supplied to keep naturalness of the 
dehaze output image. However, this addition may weaken the 
structures and edges after dehazing. Similarly, guided filtering 
method [42] still lacks in efficiency near to edges. For this pur-
pose, we proposed rolling guidance filter [50]. It completely 
controls the details of the filtered image under a scale measure, 
which works iteratively and converges quickly. As an outcome, 
it produced artifact-free results by separating unwanted details 
while preserving important details of the image. The adopted 
rolling guidance filter [50] is a scale-aware and can refine the 
obtained transmission map effectively as compared to the 
guided filter [42].

3.4  Problem analysis and formulation 
for transmission refinement

The rolling guidance filter [50] has two main stages; the first 
one to remove the small structures and the second stage is 
about edges recovery. Initially, the structure scale is defined 
as the smallest Gaussian standard deviation �d such that when 
�d is applied to the transmission, the corresponding structure 
vanishes. This is denoted by the convolution process of the 
obtained transmission t(xg) and the Gaussian gv(x, y) of vari-
ance v = �2

d
 given as:

(14)Jdark(xg) = min
c

(
min

y ∈ � (xg)
(Jc(y))

)
= 0

(15)min
c

(
min

y ∈ � (xg)

(
Jc(z)

Ac

))
= 0

(16)t(xg) = 1 − �min
c

(
min

y ∈ � (xg)

(
Ic(y)

Ac

))

(17)Rv = gv ∗ t(xg)

where gv(x, y) =
1√
2�v

exp
�
−

x2+ y2

2v

�
 and ∗ is a convolution 

operator. The Rv is the result at scale v. The v is referred to 
as scale parameter in scale space theory [51]. When the 
structure scale in image is smaller than �d , it will be removed 
in the result such as Rv . This analysis provides us a solid 
intuition to assume the � parameter of DCP [32] and the 
other extra details such as a Gaussian, i.e., gv(x, y) = gv , 
which generated in the process of obtaining the transmission 
map. In [50] for small structure removal, the filter is defined 
as:

where Kp =
∑

q∈Nig(p) exp
�
−

‖p−q‖2

2�2
d

�
 denotes the normaliza-

tion, Nig(p) represents the neighboring pixels of p, where 
the p and q are the index pixel coordinates. Therefore, ini-
tially the small structures are removed where scale is smaller 
than �d as claimed in space scale theory [51]. In edge recov-
ery phase the t

(
xg

)
small_scale_removed

(P) in Equation  18 is 
defined as U. U is iteratively updated and denoted as Ut+1 as 
a result in the tth iteration. Note that, the Ut+1 can be obtained 
in the form of Joint Bilateral Filter; mathematical representa-
tion is given as:

where Kp =
∑

q∈Nig(p) exp
�
−

‖p−q‖
2�d

2

2
−

‖Ut(p)−Ut(q)‖2

2�range
2

�
 is to be 

considered for normalization. �d controls the spatial and �r 
controls the range weights. The described phases can be 
combined into a single equation by the following equation:

where Ut+1(p) is a refined transmission and can be written as:

When the parameters such as transmission t and air-light A 
are known, the scene radiance J can be recovered by con-
sidering Eq. 1; we can derive the global equation for scene 
radiance J as follows:

(18)
t(xg)

small_scale_removed

(P) =
1

Kp

�
q∈Nig(p)

exp

�
−
‖p − q‖2

2�d
2

�

t(xg)(q)

(19)

Ut+1(p) =
1

Kp

�

q∈Nig(p)

exp

�
−
‖p − q‖

2�d
2

2

−
‖Ut(p) − Ut(q)‖2

2�range
2

�

t(xg)(q)

(20)Ut+1(p) =
1

Kp

�

q∈Nig(p)

exp

�
−
‖p − q‖

2�d
2

2�
t(xg)(q)

(21)t(xg)
refined

=
1

Kp

�

q∈Nig(p)

exp

�
−
‖p − q‖

2�d
2

2�
t(xg)(q)
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Finally, by integrating all the obtained entities into Eq. 22 
can restore a haze-free image.

(22)J(xg) =
I(xg) − A

t(xg)
+ A

4  Experimental results

This section presents the image quality assessment based 
on image fidelity, i.e., subjective assessment and image 
readability, i.e., objective assessment. To give a clear 

Fig. 4  Visual comparison of our proposed method with DCP [32] and Guided Filter [42]
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Fig. 5  Visual comparison of the proposed method with [35–37, 39, 53, 54] on benchmark images
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Fig. 6  Visual comparison of the proposed method with [32, 36, 37, 39, 42, 53, 54] on O-Haze Dataset [52]
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intuition, we sub-categorize the experimental section as 
Sect.   4.1 presents the subjective assessment, Sect. 4.2 
demonstrates the structures, textures, and edge-preserv-
ing characteristics, Sects. 4.3 and 4.4 show the objective 
assessment and computational time analysis, respectively, 
of our proposed method which has been tested on several 
datasets such as benchmark hazy images [27, 32–36, 38, 
42], O-Haze [52], remotely sensed, and satellite images. 
All the reported results for comparison are directly gen-
erated from their online available codes. The proposed 
method results are promising as compared to the state-of-
the-art methods. To overcome the computational complex-
ity and for the fair evaluation and comparisons, we have 
reduced the size of O-Haze images.

4.1  Subjective assessment

4.1.1  Evaluation on benchmark images

The benchmark images are equated for visual comparison 
with given approaches [32, 35–37, 39, 42, 53, 54]. Fig-
ure 4 shows the comparison of the proposed method with 
the state-of-the-art DCP method [32] and the guided filter 
[42]. In Fig. 4 we can clearly note the better scene radi-
ances as outputs are recovered through our technique. For 
example, in image buildings, the distorted and halo arti-
facts are removed. In image Manhattan-1 proposed method 
impressively cleared the distortion in sky region while in 
DCP [32] and Guided Filter failed [42] to do so.

Fig. 7  Evaluation of the proposed method with [37, 42, 54] for visual comparison on satellite imagery
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Furthermore the proposed method is compared with 
other techniques, and their visual results are depicted in 
Fig. 5, where the visual superiority of the proposed method 
has been noted. In Fig. 5a, proposed method is compared 
with the method of Zhu [37] for images Dolls, Train and 
Rocks. The proposed method removed the haze success-
fully where better contrast and texture have been recov-
ered in dehazed outputs. In Fig. 5b the Fattal [35] method 
dehazed the hazy images, but our method has more pleas-
ant results in terms of its contrast and dehazing effects. 
For example, for the images Redbricks and Aerial, the 
Fattal method [35] failed to completely remove haze as 
compared to the proposed technique. Figure 5c depicts the 
dehaze images comparison of Cai [54] with the proposed 

algorithm. We can see there is still a haze in the output of 
Cai [54], while our method completely dehazed the hazy 
inputs. Figure 5d shows the comparison with Berman [53], 
where a lower contrast of the dehazed images has been 
observed as compared to our proposed method. The com-
parison for Tarel [36] with the proposed method is given in 
Fig. 5e, which has very worst performance among all of the 
cited methods for comparison. Although, their outputs have 
better contrast of some portions of the dehazed images. 
Yet, their generated outputs have still a very heavy hazy 
layers. Figure 5f shows the comparison with Meng [39]. 
In images Forest, Manhattan-1, and Aerial, there is still a 
haze in the outputs of Meng [39] method. Additionally, the 

Fig. 8  Proposed method with [32, 37, 39, 42, 53, 54] for texture and structure analysis
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over-saturation and color distortion can be seen in Manhat-
tan-1 image dehazed by Meng [39] technique.

4.1.2  Evaluation on O‑Haze data set

O-Haze dataset [52] is the first outdoor scenes database 
composed of real hazy and corresponding ground truth 
images. O-Haze [52] contains different outdoor images of 
the different scenes depicting the haze-free (ground truth) 
and hazy conditions. These scenes captured under the same 
illumination parameters. This dataset involves investigat-
ing the existing haze in the captured scenes for scene vis-
ibility and objects radiance. To illustrate the usefulness of 
the proposed algorithm, O-Haze [52] is used for evaluation. 
We compared our proposed method with the state-of-the-
arts dehazing techniques such as DCP [32], Guided [42], 
Tarel [36], Zhu [37], Meng [39], Berman [53], and Cai [54]. 
Evaluating the proposed method on O-Haze data set [52], 
revealed quite effective results. Figure 6 depicts the compari-
son of our proposed algorithm with other methods.

4.1.3  Evaluation on satellite imagery

Nowadays, environmental pollution and fog are serious 
threads today’s world is facing. These factors not only thread 

at the ground surface but also limit the performance of the 
satellites in the upper atmosphere. To restore a degraded 
image, image recoloring (image-manipulation) techniques 
are also important which can be used for dehazing purposes. 
Manipulation of digital images is rapidly growing phenom-
enon and a challenging task [55]. The presence of haze tends 
to mixed pixels in remote sensing (RS) images due to the 
spatial resolution of the sensor and variability of ground 
surface [56]. Moreover, the haze causes the degradation of 
visual information such as color, structures, textures, and 
edges [57]. Analysis of these polluted images is a challeng-
ing task for analysts and real-time applications [58]. To cope 
with these factors, dehazing is considered to be an impor-
tant task to preprocess satellite images [59]. We observed 
that when there is fog, dust, aerosols, and water droplets in 
the atmosphere, the haze imaging model is also applica-
ble to a passive satellite sensor (depicted in Fig. 1). In the 
same way, we considered hazy and foggy satellites imagery 
for dehazing. For this purpose, we collected some images 
from Geoeye-1, Landset 8, and WorldView-2 satellites 
http://www.satimagingcorp.com. These satellites images 
are evaluated on proposed method, Guided Filtering [42], 
Zhu method [37], and Cai method [54]. Figure 7 provides 
the visual evaluation comparison of the proposed method 
with other state-of-the-art techniques for satellite imagery. 

Fig. 9  Structures, textures and edges analysis on satellite imagery
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Table 1  Objective evaluation of benchmark hazy images

Benchmark Images Proposed DCP [32] Tarel [36] Zhu [37] Meng [39] Guided [42] Berman [53] Cai [54]

Mean squared error (MSE)
Building 1 1565 1639 5823 1625 1963 2371 2256 8621
WheatCones 1471 2767 4251 1364 2037 2438 1933 2151
Manhattan-1 1445 2251 1635 4212 2516 2924 3165 2209
Pumpkins 1689 2909 4913 1744 1779 3182 2708 1951
Stadium 1310 1914 3742 1672 1478 2643 1791 3042
Dolls 1583 3620 6697 2851 3645 6819 1744 3746
Trees 2023 3671 2083 3718 2063 3111 3090 1644
Train 1758 5792 1988 7222 3853 7953 4581 4095
Aerial 1676 2197 3680 3600 1799 4493 1090 3763
Forest 1878 4792 3498 5047 2080 5429 2733 2922
Mountain 3632 7660 4613 5693 2876 8216 3463 3770
Red Bricks 1403 1529 2638 1900 1576 1010 1776 1429
People 1354 2305 2360 4237 2206 2137 1328 1424
Average 1752.84 3311.23 3686.23 3452.69 2297.77 4055.85 2435.23 3135.92
Peak signal-to-noise ratio (PSNR)
Building 1 21.758 19.9841 10.4791 16.0218 15.2008 17.1045 14.597 19.3077
WheatCones 24.647 21.7094 11.845 16.78 15.9895 14.8099 15.2663 17.5188
Manhattan-1 26.2405 18.6065 15.9938 11.8853 14.1231 16.1651 13.1261 18.2206
Pumpkins 29.4003 27.4928 11.2166 15.714 15.627 14.694 13.8042 18.3464
Stadium 17.9098 15.3104 12.3994 15.8963 16.4328 16.5872 15.5997 13.2982
Dolls 19.379 18.5431 9.8714 13.5801 13.9059 12.1512 15.7131 15.7087
Trees 24.3013 21.4819 14.9431 12.4273 14.9846 15.9086 13.2302 16.244
Train 28.4736 26.4094 18.183 18.5299 20.2439 22.1002 11.5204 16.4992
Aerial 37.1356 35.8421 12.4719 32.4707 15.579 13.3035 17.755 13.7159
Forest 15.7757 14.0025 12.6925 11.1004 14.9494 12.5374 13.764 13.4726
Mountain 25.9876 25.3254 11.4908 10.5771 13.5427 9.8732 12.7353 12.3667
Red Bricks 26.1545 19.2884 13.9176 15.3426 16.1545 21.3954 18.5725 18.0041
People 19.7307 17.8751 14.4012 11.8595 14.6928 17.0635 16.8982 16.5952
Average 24.3764 21.6823 13.0696 15.5526 15.4943 15.6687 14.8140 16.0998
Structural similarity index metric (SSIM)
Building 1 0.8189 0.7498 0.647 0.7112 0.753 0.6748 0.8631 0.7797
WheatCones 0.7995 0.7011 0.682 0.8321 0.7796 0.7176 0.7741 0.7686
Manhattan-1 0.8495 0.8454 0.8694 0.6367 0.829 0.8017 0.8075 0.8161
Pumpkins 0.77 0.687 0.6926 0.7498 0.7236 0.767 0.7347 0.7618
Stadium 0.8061 0.6582 0.7364 0.7372 0.6542 0.6611 0.7977 0.805
Dolls 0.8177 0.5294 0.7001 0.7257 0.6176 0.6144 0.8014 0.7274
Trees 0.8017 0.7686 0.8109 0.7391 0.8405 0.7367 0.825 0.8009
Train 0.842 0.8111 0.7195 0.4241 0.6092 0.5085 0.79 0.7535
Aerial 0.7352 0.566 0.7673 0.6624 0.7017 0.6213 0.6017 0.8084
Forest 0.7719 0.6886 0.7514 0.5843 0.7406 0.658 0.6734 0.7159
Mountain 0.7448 0.5134 0.6498 0.4771 0.3353 0.4533 0.605 0.5708
Red Bricks 0.8688 0.8199 0.8064 0.811 0.8401 0.8264 0.821 0.7725
People 0.7946 0.7018 0.7177 0.6125 0.7284 0.7554 0.7799 0.6896
Average 0.8015 0.6954 0.7346 0.6694 0.7040 0.6766 0.7595 0.7515
Perception-based image quality evaluator (PIQE) no-reference image quality score
Building 1 50.9921 43.717 36.321 47.0342 39.01 44.8065 46.9845 44.793
WheatCones 57.57 18.6026 25.5848 13.6222 28.7292 18.1037 32.9421 51.892
Manhattan-1 30.5713 29.3206 26.3178 29.2138 31.1695 29.5296 41.5572 23.3677
Pumpkins 39.4539 25.1015 24.4791 22.7639 35.4232 24.7328 30.2217 28.5148
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The images recovered though proposed method have better 
textures, structures, and edges. Besides this, our proposed 
method successfully remove the thin fog from the satellite 
images while the other techniques are failed to do so. The 
proposed method recovered radiances have better contrast 
and color. The second good performance we have observed 
of Cai method [54] on these satellite images. Guided Filter-
ing [42] and Zhu [37] method produced radiances were not 
enough good as compared to our proposed method. Moreo-
ver, the radiances recovered by Guided Filtering [42] and 
Zhu method [37] were too much smoothen which of course 
not a good choice for real-time applications such as com-
puter vision and remote sensing systems.

4.2  Visual texture and structure analysis

To keep important information such as textures, structures, 
and edges in the output dehazed images, the performance of 
rolling guidance filter is investigated. It observed that the use 
of the rolling guidance filter is very successful instead of the 
guided filter in terms of recovery of edges, structures, and 
textures. This is already explained in Sect. 3.4. The visual 
texture and structure analysis are shown in Fig. 8, where 
Fig. 9 shows the textures, structures and edges analysis on 
satellite imagery. The DCP [32], Guided Filtering [42], and 
Berman [53] method generated results have not such a solid 
textures and edges as compared to our proposed method. For 
O-Haze Image 01, all the state-of-the-art methods generated 
competitive outputs. However, we can see the edges and 
textures of the objects are not fully recovered. Similarly, 
we can see more amount of haze in their recovered outputs. 
The same observations can be made for O-Haze 12, such 
as the proposed method’s generated output is comparative 
cleared and have more contrast and more visible in terms 
of textures and edges recovery. For images O-Haze 07 and 
O-Haze 03, the proposed method outputs contain visible 
scenes and objects clarity. For instance, one can notice the 
chairs and table are more visible as compared to the outputs 

of other methods. Our proposed technique is superior due 
to the following facts. The proposed method uses rolling 
guidance filter as compared to the guided imaging filtering. 
The guided image filtering dependent on the joint bilateral 
filter uses more amount of Gaussian and can cause weaken-
ing of the textures, structures, and edges. Another important 
factor is the omega factor used for keeping naturalness of 
the dehazed output. The performance of Guided Filter [42] 
was worst, as its sheds color distortion and smoothen image 
more than required. Thus, it vanishes important structures 
and edges. Similarly, Zhu [37] performance was also aver-
age on this remotely sensed imagery. While Cai method [54] 
performed better on this remote sensing imagery as com-
pared to Guided Filtering [42] and Zhu method [37]. The Cai 
method [54] dehazed outputs have also some drawbacks of 
smoothing image and not efficient to remove the thin haze 
contrary to our method performed well by restoring better 
contrast, edges, structures, and textures. 

4.3  Objective assessment

Objective assessment performs a key role in the evolution 
of dehazing methods. There are many parameters described 
in the literature such as mean squared error (MSE), peak 
signal-to-noise ratio (PSNR), structural similarity (SSIM) 
and perception-based Image quality evaluator (PIQE) no-
reference image quality score. Table 1 shows these metrics 
scores for benchmark images, where Table 2 provides the 
metrics scores for O-Haze dataset [52] and satellite images. 
This quantitative analysis shows that our proposed algorithm 
performed well on all three datasets. In Table 1, in terms 
of MSE score the second-best algorithm is Meng [39], and 
the third one is Berman [53]. Similarly, in terms of PSNR, 
the DCP [32] performed well. For the SSIM score, again 
the Berman [53] performed well and got a higher average 
SSIM value. Further, we evaluated our proposed method and 
other methods on perception-based image quality evaluator 
(PIQE). Where we can see that apart from our method, the 

Table 1  (continued)

Benchmark Images Proposed DCP [32] Tarel [36] Zhu [37] Meng [39] Guided [42] Berman [53] Cai [54]

Stadium 39.0644 39.9332 33.2566 32.3864 40.4754 38.4992 37.548 23.0031
Dolls 31.5962 38.8974 34.0157 45.519 34.8812 34.1787 44.3576 33.721
Trees 43.234 43.6199 39.6557 19.5195 38.4818 43.1747 28.2405 36.5889
Train 33.3798 33.0375 34.272 32.6669 32.5934 83.8418 35.1318 44.6617
Aerial 36.2686 28.1259 25.6897 32.0187 25.5014 31.1838 24.6308 31.6728
Forest 19.0384 13.0085 13.1984 14.2105 17.846 12.7286 21.6638 16.1871
Mountain 15.8295 11.4277 26.4467 12.3746 14.7853 12.4105 25.0138 14.2749
Red Bricks 31.242 28.7902 32.229 22.23 31.242 28.7902 33.1653 28.2786
People 47.324 49.1253 40.2258 49.6883 40.0199 49.1253 50.5331 47.6318
Average 36.5818 30.9774 30.1301 28.7113 31.5506 34.7004 34.7684 32.6605
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Table 2  Objective evaluation of O-Haze dataset [52] and satellite imagery

O-Haze [52] Proposed DCP [32] Tarel [36] Zhu [37] Meng [39] Guided [42] Berman [53] Cai [54]

Mean squared error (MSE)
Image#1 2649.9797 3618.3543 2948.9352 5285.7755 2744.8863 4688.3609 5285.7755 4158.987
Image#3 1748.8062 3190.3107 1499.8183 1979.302 2966.9628 4673.7761 1979.302 1839.4082
Image#7 1489.0485 1984.9063 4926.6406 591.3968 4381.7134 2380.9107 949.3968 2562.4431
Image#10 2012.3204 3058.7392 1717.4271 3468.6823 4185.1399 5222.1735 3468.6823 3612.5807
Image#12 1860.5571 3874.9812 4183.0022 2698.5728 3652.398 4457.924 2698.5728 3183.0022
Image#22 1448.782 3229.0557 3903.3843 4103.9785 1735.1656 4254.3936 4103.9785 2967.169
Image#27 1816.5503 3255.4049 2172.9438 4187.9027 4085.9958 8034.0564 4187.9027 3979.0133
Average 1860.8634 3173.1074 3050.3073 3187.9443 3393.1802 4815.9421 3239.0872 3186.0862
Peak signal-to-noise ratio (PSNR)
Image#1 21.0006 20.5457 18.3584 10.8997 13.7456 11.4206 12.5816 17.49
Image#3 26.7394 19.0925 16.3704 15.1657 14.3889 11.4341 14.1803 16.6879
Image#7 28.3809 15.1534 18.4617 21.2342 11.7144 14.3634 15.9249 20.63
Image#10 20.0938 16.2754 15.782 12.7292 11.9137 10.9523 13.8803 20.2592
Image#12 25.6175 22.2481 17.4009 13.8195 12.505 11.6395 16.3186 19.1074
Image#22 19.6113 13.04 18.8705 11.9988 15.7374 11.8424 15.5119 15.1924
Image#27 21.0569 16.0048 14.7603 11.9108 12.0178 9.0815 11.8442 15.1663
Average 23.2143 17.4799 17.1434 13.9654 13.1461 11.5334 14.3202 17.7904
Structural similarity index metric (SSIM)
Image#1 0.6724 0.3023 0.9468 0.5676 0.1044 0.5387 0.3155 0.793
Image#3 0.8902 0.4098 0.9272 0.8632 0.6056 0.6289 0.6156 0.8284
Image#7 0.6805 0.6194 0.9272 0.9257 0.2931 0.5938 0.495 0.6075
Image#10 0.8155 0.5877 0.9367 0.7386 0.7259 0.6483 0.6702 0.7452
Image#12 0.7475. 0.2974 0.9448 0.8339 0.3836 0.5277 0.6725 0.7125
Image#22 0.7308 0.596 0.9327 0.6 0.7867 0.5414 0.6356 0.7043
Image#27 0.7558 0.4522 0.9097 0.7298 0.5295 0.4585 0.4773 0.7226
Average 0.7433 0.4664 0.9321 0.7512 0.4898 0.5624 0.5545 0.7305
Perception-based image quality evaluator (PIQE) no-reference image quality score
Image#1 34.9921 21.3283 18.73 21.5726 14.4581 11.811 27.7534 14.8556
Image#3 30.5713 21.288 17.1948 24.5466 20.3637 19.0957 29.3902 21.1508
Image#7 31.5962 17.824 15.9657 13.0883 15.8543 10.0953 14.2414 14.8871
Image#10 26.2686 28.2742 18.8169 18.2987 27.157 23.7636 14.1081 18.0492
Image#12 24.0384 25.1002 15.3707 13.5775 19.2519 23.2059 13.6475 19.7756
Image#22 23.6356 23.7959 12.7742 22.2106 21.2159 28.7264 22.0496 12.8867
Image#27 39.4618 29.883 27.6015 21.6892 22.2663 29.4618 36.8612 18.0822
Average 30.0805 23.9276 18.0648 19.2833 20.0810 20.8799 22.5787 17.0981

Satellite imagery Proposed Zhu [37] Guided [42] Cai [54]

Mean squared error (MSE)
Image#1 1272.7155 1850.8835 2797.8024 1508.1568
Image#2 1526.6623 3629.682 6258.2137 627.6459
Image#3 1502.8359 3490.917 4531.8852 631.0249
Image#4 1033.5931 1004.1959 5197.383 2473.9491
Image#5 2437.4816 2784.8154 13280.0194 3533.9832
Image#6 1649.8378 2976.9558 4753.7639 1972.3256
Average 1570.5210 2622.9082 6136.5112 1791.1809
Peak signal-to-noise ratio (PSNR)
Image#1 25.7575 15.457 13.6626 21.2364
Image#2 20.9155 12.5321 10.1663 20.1537
Image#3 19.0845 12.7014 11.568 20.1303
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second-best performer is Berman [53] and got the maxi-
mum average PIQE score. Additionally, we extended our 
evaluation metrics to the O-Haze dataset [52] and remotely 
sensed imagery. In Table 2 we can note that the Tarel [36] 
method has second-best performance in terms of MSE Score 
for O-Haze dataset [52] while Cai [54] and DCP [32] pro-
duced better PSNR and PIQE values, respectively. In terms 

of SSIM, again the Tarel [36] method out-performed all the 
compared methods including our proposed method. For sat-
ellite imagery our evaluation is based on 4 algorithms. The 
second-best method which is observed in terms of MSE, 
PSNR, SSIM, and PIQE is the method of Cai [54]. Here, we 
refer the readers to respective tables which are depicting the 
evaluation metrics score. 

Table 2  (continued)

Satellite imagery Proposed Zhu [37] Guided [42] Cai [54]

Image#4 18.9213 18.1126 10.973 14.1969
Image#5 16.2614 13.6828 6.8988 12.6482
Image#6 18.9564 13.3931 11.3604 16.8882
Average 19.9827 14.3131 10.7715 17.5422
Structural similarity index metric (SSIM)
Image#1 0.9634 0.6155 0.5493 0.9021
Image#2 0.8762 0.6658 0.4063 0.7636
Image#3 0.9059 0.5159 0.5032 0.8878
Image#4 0.8086 0.8774 0.4564 0.7766
Image#5 0.7619 0.7736 0.3775 0.8259
Image#6 0.8508 0.5883 0.4522 0.7527
Average 0.8611 0.6727 0.4574 0.8181
Perception-based image quality evaluator (PIQE) no-reference image quality score
Image#1 33.9247 29.6709 24.4308 34.7706
Image#2 26.0271 21.4251 18.5775 19.3406
Image#3 40.5434 24.3906 14.4421 34.5113
Image#4 21.5068 19.9712 22.928 19.9863
Image#5 30.1163 22.5668 26.7142 22.6335
Image#6 20.2408 17.6096 13.9249 17.3809
Average 28.7265 22.6057 20.1695 24.7705

Fig. 10  Computational analysis 
of benchmark images
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4.4  Computational analysis

For real-time image processing, the computational time of 
an algorithm is to be considered as an important aspect. So 
image and video applications need lower computational cost 
while extracting features from the images [60–62]. Keep-
ing this important fact in view, we evaluated the proposed 
method and all others compared techniques [32, 36, 37, 
39, 42, 53, 54] on the benchmark images, O-Haze dataset 
[52], and remote sensed imagery. For our experimentation, 
the system specification is ASUS machine with Intel Core 
i7-6700HQ 2.60 GHz CPU running with installed memory 
(RAM) of 8.00GB, with MATLAB 2016b under windows 
10. On benchmark images the performance of the proposed 
method is better than the methods of DCP [32], Tarel [36], 
Meng [39], and Berman [53], while Zhu [53], Guided [42] 
and Cai [54] methods are faster with respect to some frac-
tions of a second. However, the performance of Zhu [37], 
Guided [42], and Cai [54] becomes slower when the image 

dimensions get higher. For instance, evaluating the high-
dimensional O-Haze datasets [52] images the proposed 
method processing time is fast as compared with Zhu [37], 
Guided [42], and Cai [54]. The computational evaluation is 
provided in the respective Figs. 10, 11 and 12.  

4.5  Validation of the air‑light estimation model

To validate our proposed method for air-light estimation 
model, we performed statistical analysis on approximately 
500 hazy images, downloaded from different online sources 
including the dataset images, to see whether the proposed 
algorithm is selecting the right hazy area from the input haze 
image or not. Because the atmospheric light is an important 
parameter for recovering the haze-free image, in Table 3 we 
noted that when there are bigger regions of brighter objects 
in the hazy input image, the proposed model may lead us 
to inaccurate atmospheric light value. To solve this, we 

Fig. 11  Computational analysis of O-Haze dataset [52]
Fig. 12  Computational analysis of remote sensed imagery

Table 3  A statistical analysis that shows the divergence of the proposed atmospheric light model using the superpixels segmentation method

Creating smaller superpixels (by increasing number of superpixels) with respect to increased brighter objects/regions of an input hazy image 
may extract false hazy area/region from the input hazy image

No. of images Bright objects/regions in 
input hazy image

No of super-
pixels

Haze amount Accurate hazy region extrac-
tion (air-light value)

False hazy region 
extraction (air-light 
value)

100 Normal 100 As in input image Yes No
100 Slightly increased 100 As in input image Yes No
100 Further increased 100 As in input image Yes/no Yes/no
100 Further increased 100 As in input image No Yes
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reduced the number of superpixels when there are increase 
in brighter objects/regions in the input hazy image. Thus, it 
will estimate the optimal atmospheric light value which is 
shown in Table 4. Therefore, we have come across this trade 
off by creating bigger superpixels to extract right atmos-
pheric light value.

5  Conclusions

This work proposed a novel two-stage image dehazing 
and defogging method. In the first stage, this work adopts 
a superpixels segmentation technique to segment the hazy 
image into superpixels to account the atmospheric light val-
ues. At the second stage, we proposed the use of a rolling 
guidance filter to refine the initial transmission instead of 
the guided filter. Rolling guidance filter preserves better tex-
tures, structures, and edges in the dehazed image irrespective 
of previous works and produces remarkable results. The pro-
posed method is evaluated both subjectively and objectively 
on benchmark hazy images, O-Haze challenging dataset and 
satellite images. The experimental evaluation reveals that the 
proposed method outperforms the state-of-the-art methods. 
The proposed method can be useful for real-time applica-
tions such as video-guided transportation, outdoor surveil-
lance’s, the auto-driver backed systems and remote sensing 
due to its fast processing of higher-dimensional images. The 
proposed work can further be extended to underwater image 
enhancement and images captured in snow, rain, and fog. 
Our future research direction entails validating the proposed 
method on hazy videos and the development of hierarchal 
deep models.
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Abstract: Recently, underwater acoustic sensor networks (UASNs) have gained wide attention due to their numerous
applications in underwater surveillance, oil leakage detection, assisted navigation, and disaster prevention. With unique
characteristics like increased propagation delay, constant mobility of sensor nodes, high error rate, and limitations in
energy and interference, efficient routing of data packets from the source node to the destination is a major challenge
in UASNs. Most of the protocols proposed for traditional sensor networks do not work well in UASNs. Although many
protocols have been specifically proposed for underwater environments, the aim of most of them is to improve only the
quality of service (QoS) in the network. The security of the transmitted data, energy efficiency of the participating nodes,
and handling of communication voids are three significant challenges that need to be adequately addressed in UASNs.
In this research work, a secure and energy-efficient opportunistic routing protocol with void avoidance (SEEORVA) is
proposed. This protocol uses the latest opportunistic routing strategy for reliable data delivery in the network and also
provides priority to the nodes having energy above a specific threshold in the forwarding process, thereby increasing
the lifetime and energy efficiency in the network. The transmitted messages are encrypted using a secure lightweight
encryption technique. The protocol is also integrated with a strategy to handle the communication voids in the network.
Simulation results with Aqua-Sim validate the better performance of the proposed system compared to the existing ones.

Key words: Energy efficiency, communication voids, routing protocols, secure data transmission, QoS, underwater
acoustic sensor networks

1. Introduction
The ocean covers about 70% of the Earth’s surface and is the most abundant source of rare and valuable
resources. Due to various constraints, knowledge about the underwater environment is limited, and most of
these resources are still unexplored. Underwater acoustic sensor networks (UASNs) [1] have given us hope as
a possible solution to this problem. A UASN is a group of self-driven sensor nodes and autonomous vehicles
connected underwater to perform different collective tasks based on user applications [2]. Sensor nodes placed
at various locations and depths sense and record data and transfer them through the network of nodes to the
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destination sinks placed at the surface. The collection centers are usually on buoys or ships on the water’s
surface. Integrating with the most popular Internet of Things (IoT) [3, 4] technology, this smart network of
interconnected underwater devices forms the Internet of Underwater Things (IoUT) [5].

Recently, the IoUT and UASNs have gained wide popularity due to their numerous research, industrial,
and military applications. They are currently deployed for underwater monitoring and surveillance, oil leakage
detection, assisted navigation, and disaster prevention. UASNs are different from the traditional sensor networks
(TSNs) and use acoustic signals instead of radio signals. Routing of data packets in UASN is an exceedingly
challenging task due to the unique features of the transmission medium such as long propagation delay, constant
mobility of sensor nodes, high error rate, limitations in energy, increased error rate, interference caused by
animals, and limited bandwidth. Reliable communication and efficient transfer of data from the source to the
destination node are vital factors determining the success of various user applications deploying UASNs with
multiple objectives. Routing protocols proposed for TSNs do not work well in the underwater environment
[6–8]. In the last few years, many techniques have been discussed for efficient data transfer in UASNs, with
opportunistic routing protocols (ORPs) [9, 10] being the latest and most efficient among them. ORPs use
a broadcasting strategy to increase the number of forwarder nodes and create a prioritized list of available
forwarder nodes. They then select the node that has maximum progress to the destination for forwarding the
data packet. If that node is unable to forward the data packet within a specified time limit, the next forwarder
node in the list forwards the data packet, thus ensuring reliable data delivery in the network. Although the
ORPs proposed for UASNs offer several advantages, most of them are designed primarily for improving the
quality of service (QoS) in the network.

One of the main limitations in UASNs is the difficulty in periodic recharging of the sensor nodes. If
the energy available in the sensor nodes gets exhausted very quickly, the nodes cannot participate in future
data transmission. Hence, it is essential to optimize the energy usage in data packet forwarding and conserve
energy to extend the lifetime of each sensor node [11–13]. This issue is very inadequately addressed by most
of the routing protocols proposed for UASNs [14–16]. Security in data transmission is another major issue to
be addressed in UASNs. Sensor nodes in many military and industrial applications collect and record sensitive
data. These sensitive data have to be securely stored and transmitted to the sink nodes and any leakage
can be very harmful [17]. Moreover, it is found that numerous communication voids [18] occur in underwater
environments. Communication voids occur when a source node is unable to find any suitable forwarder node
in its transmission range and located in the direction of the destination. Communication voids are also called
communication gaps or the unreachability problem. Failure of intermediate nodes due to energy drainage,
wrong deployment, intrusions, attacks, etc. are some of the reasons contributing to the occurrence of voids
in the network. As most of the latest routing protocols use a position-based greedy forwarding mechanism,
this issue has become a major concern. Lack of proper mechanisms to handle voids can lead to huge data loss
and loss of energy with retransmissions. Our proposed protocol, the secure and energy-efficient opportunistic
routing protocol with void avoidance (SEEORVA), addresses all three issues and also supports good QoS for
data transmission in the underwater environment.

In SEEORVA, the sensed and collected data are encrypted using a lightweight security protocol, the
novel tiny symmetric encryption algorithm (NTSA) [19]. These encrypted packets are sent to the destination
nodes through the network of sensor nodes. Only the collection and processing centers located at the surface
are capable of decrypting these data packets, hence ensuring the security of transmitted data. The proposed
protocol uses an opportunistic routing strategy but considers the remaining energy in each sensor node as a

2304



MENON et al./Turk J Elec Eng & Comp Sci

significant factor determining the section of the next best forwarder node. Nodes that have less energy are given
less priority to participate in the forwarding process, thus extending the lifetime of each sensor node. SEEORVA
is also integrated with a unique strategy to handle the communications voids in the network. Simulation results
using Aqua-Sim [20] validated the better performance of SEEORVA compared to the existing protocols in the
underwater environment.

The paper is arranged as follows. Section 2 presents the discussion on a few related works. Section
3 discusses the proposed work. Theoretical analysis of energy-efficient data transfer in the network is also
presented. Section 4 presents a discussion on the results achieved through simulations. Here the performance of
the proposed work is compared with existing protocols in the underwater environment. Section 5 presents the
future research directions in UASNs. Finally, the paper concludes in section 6 with future research directions.
Table 1 presents the notations and Table 2 presents the abbreviations used in the article. Table 3 lists the
differences between TSNs and UASNs.

Table 1. Frequently used notations.

19 Notation Definition
x̄ Transmission signal coefficient
h̄ Fading signal coefficient
n̄ Noise coefficient
y1, y2 . . . yL Signal received at the receiving node
ȳ Receiving signal coefficient
w̄ Beamforming coefficient
Bf Beamformer output
Ps Signal power
Pn Noise power
Ne Effective noise at the output of beamformer
SNRBf

SNR at the output of the beamformer
w̄ Beamforming vector

Table 2. List of abbreviations.

Abbreviation Description
UASN Underwater acoustic sensor networks
QoS Quality of Service
SEEORVA Secure and energy-efficient opportunistic routing protocol with void avoidance
IoT Internet of things
IoUT Internet of underwater things
TSN Traditional sensor networks
ORP Opportunistic routing protocols
NTSA Novel tiny symmetric encryption algorithm
PDR Packet delivery ratio
PFL Priority forwarder list
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Table 3. Difference between TSNs and UASNs.

TSN UASN
Sensor nodes are deployed densely Sparse deployment of sensor nodes
The Communication medium is radio waves The Acoustic channel is the medium used
Data transfer rate is comparatively high Data transfer rate is low
Less delay in data transmission High delay is communication and data transmission
Lower energy consumption High energy consumption
Higher number of static nodes Higher number of dynamic nodes
Low error rate High error rate

2. Related work
This section presents and discusses a few of the existing protocols proposed for UASNs. The security of the
transmitted data, energy efficiency of the nodes, and handling of communication voids are three major challenges
that need to be adequately addressed in UASNs. Several protocols are proposed to improve the QoS and energy
efficiency in UASN. In Su et al. [21], a technique is discussed to increase the network lifetime of the sensor
nodes in UASNs using the concept of Deep Q-Network. The technique is also aimed at reducing the delay in
data transmission in the network. Another method [22] uses the fuzzy-based relay selection approach to select
the node with the maximum energy for forwarding the data packets. Furthermore, the holding time is set
for each group of forwarding nodes to avoid collision and save energy. Many protocols work on reducing the
collision between the nodes in the network, like the multichannel MAC protocol discussed in Bouabdallah et al.
[23]. Although many protocols have tried to improve the energy efficiency and QoS in UASNs, most of them
have given very little importance to security in data transmission. A reliable security framework for UASNs is
proposed in Ateniese et al. [24]. Common security measures and threats faced in UASNs are discussed in detail
in that work. It aims to provide data confidentiality, integrity, and authentication for applications deploying
UASNs. A comprehensive discussion on the security attacks faced in UASNs is presented in Shahapur and
Khanai [25]. A technique to improve the secrecy of block transmissions based on the half-duplex nature of the
underwater transceivers in underwater acoustic channels is presented in Huang et al. [26]. A few protocols are
designed to handle the communication voids in the network [27, 28]. However, most of the existing protocols
focus primarily on improving the QoS. Lack of an efficient technique for energy efficiency and void avoidance
with adequate security in data transmission is still a major problem. The proposed method, secure and energy-
efficient opportunistic routing protocol with void avoidance (SEEORVA), uses the latest opportunistic routing
strategy for reliable data delivery in the network. The protocol considers only the nodes having energy above a
specific threshold in the forwarding process, thereby increasing the lifetime and energy efficiency in the network.
The transmitted messages are encrypted using a lightweight encryption technique and the protocol is integrated
with a strategy to handle the communication voids in the network. The next section discusses the proposed
method.

3. Proposed system

3.1. Theoretical analysis

In this section, the theoretical analysis of the proposed work in efficient energy utilization of a UASN is presented
and discussed. Emphasis is given on optimizing the beamforming between the sender and the receiver nodes
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such that minimum energy is utilized during the transmission process. Here, assuming x̄ as the transmission
signal coefficient, h̄ as the fading signal coefficient, n̄ as the noise coefficient, and y1, y2, . . . , yL as the signal
received at the receiving node, the receiving signal coefficient (̄y) is given by

y = h̄x̄+ n̄ (1)

Here the beamforming coefficient is assumed to be w̄ such that

w̄ =


w1

w 2
.
.

wl

 and w̄H =
[
w∗

1 w∗
2 w∗

3 . . . w∗
L

]
.

Combining the received signals with the beamforming coefficient w̄ , the beamformer output Bf is
obtained as

Bf =
[
w∗

1 w∗
2 w∗

3 . . . w∗
L

]


y1
y2
.
.
.
yL

 (2)

Bf = w̄Hy (3)

Substituting the value of the received output signal y in Eq. 1 into Eq. 2, we obtain

Bf = w̄H
(
hx+ n

)
(4)

Bf = w̄Hhx+ w̄Hn (5)

Here the signal power Ps is given by w̄Hhx and noise power Pn is given by w̄Hn . Introducing constant
P with signal power, we obtain

Ps =
∣∣w̄Hh

∣∣2.P (6)

Now we have the effective noise at the output of beamformer, Ne = w̄Hn . Calculating the expectationE
of Ne we have

Ne = E
{∣∣w̄Hn

∣∣2} (7)

Ne = E
{(

w̄Hn
) (

w̄Hn
)∗} (8)
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where w̄Hn = w∗
1n1 + w∗

2n2 + . . .+ w∗
LnL and

(
w̄Hn

)∗
= w1n

∗
1 + w2n

∗
2 + . . .+ wLn

∗
L

Ne = E


L∑

i=1

|wi|2|ni|2 +
∑
i

∑
j

wiw
∗
jn

∗
inj

 , (9)

where i ̸≡ j. Here E
(
nin

∗
j

)
= E(ni)E(n∗

j ) , which will become zero. Thus the equation is reduced to

Ne =
∑|wi|2

E{ni}2 (10)

Ne = σ2
n

wi2∑
(11)

Ne = σ2
nw̄

2 (12)

Ne = σ2
nw̄

Hw (13)

Now the SNR at the output of the beamformer is given by

(SNR)
max

=

∣∣w̄Hh
∣∣2P

σ2
n (w̄

Hw)
(14)

The aim is to select the beamforming vector w , such that w maximizes the SNR in multiple diversity
receiving nodes,

(SNR)
max

=

(∣∣w̄H h̄
∣∣2

w̄Hw̄

)
∗ p

σ2
n

(15)

Let us assume that the optimal w is K such that

(SNR)
max

=

(
K2
∣∣w̄H h̄

∣∣2
K2w̄Hw̄

)
∗ p

σ2
n

(16)

Here the constant K will get canceled, implying that scaling will have no effect. It is scale invariant and
we need to select w such that its magnitude is one. Select w such that ||w̄||2 = 1, which implies w̄Hw̄=1. Now

(SNR)
max

= |wHh|2. p
σ2
n

(17)

Now we need to find the maximum value for
(∣∣w̄H h̄

∣∣2 p
σ2
n

)
, for which w̄ = const h̄ . For this we have

c2||h̄||2 = 1 , which gives C= 1
h̄

‖. Optimal beamforming vector w̄ that maximizes the received SNR= h̄
h̄

‖ =

w̄ (the optimal value that is calculated as maximum ratio combiner). Now we have SNR = (h̄H h̄)
2

h
p
σ2
n

), which

gives SNR = h2 p
σ2
n

. This is the optimal SNR at the output of the receiver.
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3.2. Best forwarder selection
The proposed method uses the opportunistic routing strategy for the selection of the best relay node. The
opportunistic routing strategy enables the presence of more than one forwarder node and hence the chances of
data delivery at the destination are high. Thus, our algorithm initially makes sure that the packet delivery ratio
(PDR) in the network is high and maximum packets are delivered at the destination. The proposed algorithm
used for the best forwarder selection is presented below. At first, the source node that has to transmit data
packets creates a virtual vector pipe to the destination node. A list of nodes that are located within the pipe is
then compiled. The highest energy of the nodes in the list is then calculated. The nodes that are outside the
pipe are not considered in the forwarding process. A threshold energy value based on the calculated highest
energy value is set for the forwarder nodes. The node that has energy above the threshold and within the
transmission range of the source node and also that has the maximum progress to the destination is chosen as
the best forwarder node. If this node cannot forward the packet within a specific period (set by a timer) due to
reasons like mobility or damage of the node, the next node in the list forwards the data packet to the destination.
Thus, a high rate of data delivery along with energy efficiency is guaranteed by the proposed approach. The
working of this technique is illustrated in Figure 1. Here the source ‘s’ wants to transmit the data packets to
target node ‘t’. The source node creates a list ‘f’, ‘c’, ‘h’, ‘a’, ‘b’ of the nodes that are located within the vector
pipe. Now the source node calculates the highest energy node among the four and sets the threshold value.
Nodes ‘h’, ‘c’, and ‘f’ are within the transmission range of the source node. Therefore, a priority forwarder list
(PFL) (‘h’,‘c’,‘f’) is generated by the source node based on the maximum progress to the destination. Let us
assume that node ‘h’ does not have energy greater than the set threshold. Thus, the node ‘c’ is selected as the
best forwarder. If the node ‘c’ is unable to forward the data packet within a particular time, node ‘f’ forwards
it.

 

Sensor   
Node 

Surface 
Sonobuoy 

Virtual 
Vector Pipe 

Transmission 
Range of ‘S’ 

T 

S 

G 

A B 
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E 

H 
C 

F 

  
Terrestrial   
Base Station 

Figure 1. Illustration of the best forwarder selection algorithm using the proposed method.
Algorithm 1: For best forwarder node selection

1. The source node creates a virtual vector pipe to the destination node.

2. The source node checks for the nodes inside the pipe. If true go to step 3, otherwise drop the data packet.

3. Calculate the highest energy among the nodes inside the pipe and go to step 4
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4. Set the energy threshold as highest/2.

5. The source node creates a PFL containing the nodes within its transmission range.

6. Sort the list by the distance to the destination. The node having a minimum distance to the destination
is assigned the highest priority in the PFL.

7. Check whether the energy > threshold for all the nodes in the PFL. If true keep the node in the list and
go to step 9. Otherwise, go to step 8.

8. Drop the packet and label as a low energy node.

9. Call packet forwarding algorithm.

10. Repeat the step until the packet reaches the destination.

Algorithm 2: For packet forwarding

1. Data packet is received by a source node.

2. The node generates the PFL.

3. Forward the packet to the nodes in the PFL.

4. If the best priority forwarder forwards the data packet within a period, go to step 6, else go to step 5.

5. Next node in the PFL forwards the data packet.

6. The received node repeats steps from 1 to 4 until the packet reaches the destination.

3.3. Security and void avoidance in data transmission
One of the major issues to be addressed in UASNs is the security of data transmitted between the sensor
nodes. In many UASN applications such as military ones, the security of data is the most important factor.
Any leakage of information in such applications can have major consequences. To provide high security for the
transmitted data, we integrate a simple, lightweight, and strong encryption technique discussed in Rajesh et
al. [19] into our proposed system. It is a symmetric encryption algorithm that follows the Feistel structure.
The algorithm has 64 rounds and 32 cycles of operation. In every cycle, there is an odd and even round. The
message to be transferred through the network is set as 64-bit blocks. The key used in the algorithm is 128 bits
and is divided into 4 subkeys. The subkeys are then dynamically applied to odd and even rounds in encryption.
This algorithm is used to encrypt the transmitted data packet, which can only be decrypted by the receiver,
thereby protecting the data from intruders. Due to sparse deployment and frequent mobility of sensor nodes,
communication voids are a major issue contributing to increased packet drops. An efficient mechanism to handle
communications voids is necessary to guarantee good QoS for various applications in UASNs. In the proposed
method when a node experiences a communication void, it sends a data packet void_alert to the previous node
from which the data have come. The previous node tries to find an alternate route avoiding the void or around
the void and routes the data packets to the destination. All the remaining packets through the void node are
redirected to this new route until the void node reports that the void is past. This technique gives much better
results compared to the major existing techniques used to handle communication voids. The major advantage
of this technique is that it is easy to implement with less overhead and delay.
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4. Results and discussion

The performance of the proposed method, SEEORVA, is analyzed and compared with that of the existing
underwater routing protocols using simulations in Aqua-Sim [20]. Aqua-Sim is an extended version of NS-2
and offers easy implementation of underwater network scenarios. The specifications used for the simulation are
presented in Table 4.

The protocols are compared in terms of performance using the packet delivery ratio (PDR) (number
of packets delivered at the destination compared to the total packets sent), average end-to-end delay, and
normalized energy consumption. The PDR and average end-to-end delay are used to measure the QoS in the
network. The number of nodes participating in the network is varied and the performance of the protocols
is measured. Comparison is done using vector-based forwarding (VBF) [29] and vector-based void avoidance
(VBVA) [30] protocols. Figure 2 presents the comparison of PDR with a varying number of nodes. Here we can
see that the proposed technique has a better PDR compared to all the existing techniques with different numbers
of nodes. Moreover, in void scenarios the proposed technique achieves a good PDR. This is because, in the
proposed technique, the best forwarder is selected using an opportunistic strategy and even if the best forwarder
is unable to forward the data packet, the next best forwarder forwards it, thus ensuring reliability and a high
packet delivery rate in the network. Figure 3 presents the comparison of average end-to-end delay with varying
number of nodes. SEEORVA has less delay in data transmission compared to all other existing techniques like
VBF and VBVA. The proposed technique is easy to implement with less complexity. The efficient forwarder
priority list in the algorithm aids in less delay in data transmission. Figure 4 presents the normalized energy
consumption achieved through various protocols with varying numbers of nodes in the network. It is evident
that SEEORVA has better energy efficiency in the network compared to the existing approaches. In addition,
the proposed technique is tested in a communication void environment. Both in normal and void scenarios,
the proposed technique achieves much better energy efficiency compared to all the existing approaches. This
is because the proposed technique considers the residual energy available in the sensor nodes for the forwarder
selection process. Thus, the network lifetime is extended with improved energy efficiency in the routing process.
The simulation results show the better performance offered by the proposed technique in terms of QoS, energy
efficiency, and security compared to the existing techniques in UASNs.

Table 4. Simulation specifications.

Parameter name Values
Simulator name NS 2.35 with Aqua-Sim
Dimension of topology 1500 x 1500 x 1500 m
Transmission range 250 m
Antenna-Type Omni-Directional
Data rate 50 kbps
Packet size 25 to 125 bytes
Number of nodes 100 to 300
Simulation time 200 s
Number of Simulation runs 10
Protocols SEEORVA, VBF, VBVA
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Figure 2. Variation in packet delivery ratio (PDR) with different numbers of nodes.

0

0.5

1

1.5

2

2.5

3

3.5

4

100 150 200 250 300 350

)s( yale
D

Number of Nodes (No.) 

VBF

VBF-void

VBVA

VBVA-void

SEEORVA

SEEORVA-void

Figure 3. Variation in delay with different numbers of nodes.

5. Future research directions
In this section, we list a few research areas within UASNs that have generated interest among researchers due
to the opportunities, issues, and challenges.

• Quality of service: QoS has been one of the major research areas focused on in UASNs. As the success of
most of the applications depends on a high delivery rate, less delay, and other QoS parameters, numerous
studies have been carried out in this direction. With an increased number of sensor nodes and advancement
in sensor technology, new technique for further optimization of QoS in the network is an emerging area of
research.

• Energy efficiency: With restrictions and limitations in recharging the deployed sensor node underwater,
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Figure 4. Variation in normalized energy consumption with different numbers of nodes.

the major hindrance behind the success of many applications is related to energy efficiency. Current
research focuses on optimizing energy usage in the routing process and preventing energy leakages. This
will be a major area of research in the future too.

• Channel utilization: Efficient utilization of the channel is another major area of research in UASNs that
has gained wide prominence. With numerous challenges like propagation delay, constant mobility of sensor
nodes, high error rate, and interference, it is vital to have optimal utilization of the channel.

• Security: The security of data transmitted between sensor nodes is a major area of concern. In many
UASN applications such as military ones, the security of data is the most important factor. Any leakage
of information in such applications can have major consequences. Recently, numerous studies have been
carried out to secure the communication between the sensor nodes in UASNs. With increasing attacks
and threats, research in security and privacy will be an ongoing and highly challenging task.

• Reliability: Many studies have focused on reliable data delivery in the network. This is an important
parameter because it provides trust for user applications and helps in its success.

• Communication voids: Sparse deployment and frequent mobility of sensor nodes have led to increased
communication voids in networks, leading to frequent packet drops. An efficient mechanism to handle
communications voids is necessary to guarantee good QoS for various applications deployed with UASNs.
This is a major research area in UASNs and will continue to be prominent in the coming years.

6. Conclusion
The security of the transmitted data, energy efficiency of the nodes, and handling of communication voids are
three major challenges in UASNs that are not adequately addressed in most of the existing protocols. To address
these issues, a secure and energy-efficient opportunistic routing protocol with void avoidance (SEEORVA) is
proposed. This protocol uses the latest opportunistic routing strategy for reliable data delivery in the network
and considers only the nodes having energy above a specific threshold in the forwarding process, thereby
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increasing the lifetime and energy efficiency in the network. The transmitted messages are encrypted using a
lightweight encryption technique and the protocol is also integrated with a strategy to handle the communication
voids in the network. Simulation results with Aqua-Sim confirmed the better performance of the proposed
system compared to the existing ones. The proposed technique needs to be tested in a real-time underwater
environment in the future. The design could also be modified to incorporate bulk data coming from numerous
sources.
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a b s t r a c t 

In our world of advancing technologies, automobiles are one industry where we can see 

improved ergonomics and feature progressions. Artificial Intelligence (AI) integrated with 

Internet of Things (IoT) is the future of most of the cutting-edge applications developed 

for automobile industry to enhance performance and safety. The objective of this research 

is to develop a new feature that can enhance the existing technology present in automo- 

biles at low-cost. We had previously developed a technology known as Smart Accident 

Precognition System (SAPS) which reduces the rate of accidents in automobile and also 

enhance the safety of the passengers. Current research advances this technique by inte- 

grating Google Assistant with the SAPS. The proposed system integrates several embedded 

devices in the automobiles that monitor various aspects such as speed, distance, safety 

measures like seatbelt, door locks, airbags, handbrakes etc. The real-time data is stored in 

the cloud and the vehicle can adapt to various situations from the previous data collected. 

Also, with the Google Assistant user can lock and unlock, start and stop, alert and do var- 

ious automated tasks such as low fuel remainder, insurance remainders etc. The proposed 

IoT enabled real-time vehicle system can detect accidents and adapt to change according 

to various conditions. Further, with RFID keyless entry authentication the vehicle is secure 

than ever before. This proposed system is much efficient to the existing systems and will 

have a great positive impact in the automobile industry and society. 

© 2020 Elsevier B.V. All rights reserved. 

1. Introduction 

The automobile industry is in a path of technological advancement. The latest cars have advanced security features, but 

they are costly. So, the common man who can afford low-end automobiles needs to compromise on the latest features such 

as advanced safety, voice commanding, connected cars, etc. Due to this, road safety and user-friendliness are decreasing, 

which is having a substantial adversarial impact on our society [1–2] . Further, physically disabled people find it very diffi- 

cult to use facilities in a budget car. If we take a closer look, most brutal accidents happen with low-end car users. Also, 
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most of the luxurious advantages that connected car owners experience is not enjoyed by common car owners. And voice 

commanding is still a dream for a common man. No live feed details are displayed in budget cars. Also, in existing budget 

cars, there are no applications available to see car diagnostics or for controlling the lane collision detection system [3] . 

The primary objective of this research is to develop a new feature that can enhance the existing technology present in 

automobiles at a low cost. Nowadays, every budget car owner has smartphones. The proposed method utilizes the advan- 

tages offered by the Google Assistant available in smartphones and integrates it with the automobile system. The proposed 

system consists of embedded devices in automobiles connected to the Internet that will continuously monitor various as- 

pects such as lock, AC status, media, headlights, wiper, etc. The significant advantage of the proposed system is in its lower 

cost of development and deployment, which would enable low-end car users to enjoy these advanced features. 

We have already developed a previous system, Smart Accident Precognition System (SAPS) that reduces the chances 

of accidents in automobile and also enhance the safety of the passengers. SAPS system consists of an ultra-sonic based 

obstacle detector in the vehicles. This sensor detects the distance to an object (maybe another vehicle on the road) and 

reduces the speed of the vehicle if the distance falls below a certain set threshold, which prevents accidents. The proposed 

method is integrated into this technology and offers much better results. The new system integrates the Google Assistant 

with SAPS. Using the advantages offered by Internet of Things, the entire system is connected via the Internet, and this 

technology will have a tremendous impact on the society. Devices embedded in the system will continuously monitor the 

automobile’s aspects such as speed, distance, safety measures like seatbelts, door locks, and media unit, etc. The real-time 

data is stored in the cloud, and the vehicle can adapt to various situations from the previous data collected. Also, with 

the Google Assistant, user can lock and unlock, start and stop, alert and, do various automated tasks such as low fuel 

remainder, insurance remainders, etc. Further, with RFID keyless entry authentication, the vehicle is secure than ever before. 

The contributions of this research can be summarized as, 

• An efficient, low-cost system using SAPS and Google Assistant technology along with smartphones for advanced safety, 

voice commanding, networking in automobiles. 

• An effective accident prevention system using ultra-sonic based obstacle detector. 

• Automated system with user application to check real-time conditions of the car and to control it according to need and 

desire. 

• Secure system with authentication provided by the combination of RFID tag value and intelligence data from sensor. 

The paper is organized as follows. Section two describes the background and the related works with initial investigation, 

facts and figures and, design specifications. Section 3 presents the proposed system with the methodology used and the 

working of the system. Theoretical analysis of the system is also discussed in this section. Discussion of results is presented 

in the next section. Finally, the paper concludes in Section 5 . 

2. Background and related works 

2.1. Initial investigation 

Initially, a survey was conducted on smart features and facilities in automobiles and some of the existing technologies. 

One such electronic system allows the vehicles to reduce speed while approaching another vehicle and accelerate again 

to the preset speed when traffic is cleared. It also warns the driver and brake if there is a high risk of a collision. This 

is a microcontroller based automatic vehicle speed control system. Nowadays, it is observed that a significant number of 

accidents happens in highways. Most of the accidents are due to the drivers’ mistake. To avoid this situation, an adaptive 

cruise control system which consists of an ultra-sonic based obstacle detector was developed. Whenever the system detects 

the obstacle automatically, speed will be reduced, and when the distance of the obstacle increases automatically, speed gets 

increased. Also, the driver doesn’t need to give acceleration and the break, which is entirely controlled by the system [4] . 

The study also analyzed the safety impacts of this system [ 5 6 ]. The research also studied the positive features of some of 

the latest existing systems that provided the necessary background towards the development of the proposed technology 

[7–16] . After investigating through the current systems, it is found that there is enormous scope and opportunity to the 

economically smart vehicle theme proposed in this paper. Further, there are also numerous opportunities to enhance the 

existing smart system. 

2.2. Facts and figure 

According to the latest survey, the number of smartphone users in India is 337 million. The number of smartphone users 

is increasing at a faster rate and, if this trend continues, it is estimated to reach 800 million by 2022 [17-18] . This marks a 

60% increase in users. Fig. 1 shows the smartphone user statistics. 

Also, in 2015, there were about 5 lakh road accidents in India, which killed about 1.5 lakh people. Road accidents are 

not decreasing, even though strict traffic rules were implemented. The first quarter of 2018 shows a 1.68% rise over the 

corresponding previous quarter. Low-end car users suffer most of the accidents. Such budget cars don’t have advanced 

safety features such as collision detection system. Fig. 2 shows the road accident statistics. The number of road accidents 

per lakh population has been increasing since 1970, with an 84% increase from 1980 to 1990 
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Fig. 1. Smartphone users’ statistics [19] . 

Fig. 2. Road Accident Statistics [20] . 

2.3. Technology and design 

Some of the existing systems utilize the significant advantages offered by the voice recognition technology through which 

automobile systems are controlled remotely or autonomously using controllers and sensors embedded on them [21-24] . In 

our proposed system, a vehicle that can be controlled by voice commands via smartphone using Arduino Mega processor 

and Bluetooth sensor is developed. The Google Voice and VoiceBot [25–27] application is used for voice commands. Since, 

Bluetooth is a short-range technology, its application is not suited in the current system. In order to provide a real-time re- 

sponse, better technology than Bluetooth is required. So, Internet of Things (IoT) technology [28–31] is the next best option. 

Many IoT based efficient schemes have been proposed for advanced sensing with security in vehicles and vehicular networks 

[32–35] . The proposed system needed automation in order to make the vehicle smart. One of the automation technologies 

that existed was based on a web service called IFTTT [36] . This technology currently used in-home automation [37] and is 

quite efficient in our proposed system. All the above-mentioned technologies along with applications from Artificial Intelli- 

gence (AI) and IoT with real-time data base is combined to form a unique product which satisfies the needs of low-end car 

users. 

The study on IFTTT includes some interesting areas that can be presented with role-application-security models. Current 

technology adapts some existing models mainly for automation systems of home. Our proposed framework is completely 

different from the past frameworks as per the integration of a simplified core script and a collection of trigger/action scripts. 

In fact, our proposed prototype integrates Google App Engine platform, a Raspberry Pi board, and the Arduino boards as I/O 

units. 
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Fig. 3. Block diagram of working at user end. 

3. Proposed System 

3.1. Methodology and working 

This section discusses the methodology used by the proposed system. Fig. 3 presents the block diagram of the working 

of the system at the user end. 

The basic block used in our project consists of three main components at the user end. The first component is Google 

assistant, which is a virtual assistant powered by artificial intelligence. It is developed by Google and mainly available on 

mobile and smart home devices. The company previously had a virtual assistant called Google Now. But it doesn’t support 

a two-way conversation. Here, Google Assistant can engage in two-way conversations. Assistant was introduced initially 

in May 2016 with Allo, which is a messaging app of Google and its voice-activated speaker Google Home. First, it was 

deployed on Pixel and Pixel XL smartphones. Later it was used on other Android devices in February 2017, including third- 

party smartphones and Android Wear (now Wear OS), and was released as a standalone app on the iOS operating system 

in May 2017. The software development kit was announced in April 2017. Along with this, the Assistant was developed 

and extended to support various devices such as cars and third-party smart home appliances. Third-party developers can 

enhance the functionality of the Assistant. Google Assistant was installed over more than 400 million devices by 2017. Thus, 

this feature is available in almost all the smartphones, and an extra purchase is not required by common users. 

In step 1, the Google Assistant is activated by an initial command of “Hey Google” or “OK Google”. Then the instruction 

is given to Google Assistant by the user through previously saved command. This is recognized by Google Assistant and is 

sent to IFTTT server. IFTTT (IF THIS THEN THAT) is a free web-based service to create applets. IFTTT server lets us exchange 

data between multiple applications. It can also make changes in other applications based on the values and command of 

another connected app. In step 2, IFTTT receives the data from Google assistant and transmits a trigger data based on the 

command to Adafruit.io. Adafruit.io is a cloud service it is meant primarily for storing and then retrieving data. In step 3, 

the stored value in adafruit.io changes when the trigger data is received. This data is stored such that it can be retrieved 

upon connection to the internet and the changes can be read by the Node MCU. In step 4, Node MCU constantly observes 

for changes in the values in Adafruit.io, when the value in Adafruit.io changes Node MCU reads this data and perform 

the corresponding saved action in the vehicle and thus the action desired by the user is completed. In step 5, along with 

performing the desired actions Node MCU also updates the value in firebase server. Sunil-Auto, the application installed in 

the user’s phone is set to read and display readings and corresponding values in firebase. Thus, the user can check real-time 

conditions of the car and control it according to desire. 

Authentication and security are another major area of concern in vehicles, and most of the low-end cars don’t enjoy 

high-security features [38-39] . In the proposed system, the combination of RFID tag value and intelligence data from the 

sensor improves the authentication. A corresponding authentication key is generated using a predictive decision system 

enabled with predefined authentication factor and intelligence information. The predictive decision system is enabled with 

passive class 2 RFID tag, considering various factors like sensor values, RFID Tag value with personal data, intelligence and, 

decision-making system. The intelligent authentication agent uses the sensors values for decision making. The node MCU 

manages the intelligent agent and RFID reader to generate the authentication key. The authentication key generation is 

done by combining intermediate steps in the Advanced Encryption Standard (AES) algorithm. The AES algorithm used is 

14 round and 256-bit symmetric key size. The authentication key will have RFID Tag value, sensor value, environment and 

event information enabled with AES encryption. This logical combination is mapped into a standard format to generate the 

authentication key for adaptive authentication. The three-technology predictive decision system, RFID and AES encryption 

are combined together for the generation of the encrypted key. The functionality of each component is specified below. The 

passive type 2 RFID tag consists of tag number and personal information. The intelligence and sensor values are extracted, 

and a sensor array is formed. The sensor array and RFID tag are combined to make the decision on the generation of the key. 

The node MCU will have the movement information, and it generates the authentication key by combining it with sensor 

array. Assume an environment when RFIID user having the passive RFID tag is under surveillance with the RFID reader. 

The RFID reader is scanning the user periodically and keeping track of the users’ movements. The objective is to combine 

the AES encryption with their free movement. Consider a matrix of G for the active tag in the restricted boundary as 
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Fig. 4. Hardware block diagram (with embedded devices) of the proposed system. 

Fig. 5. Circuit diagram of the proposed system. 

G = {G1,G2……Gn}. The RFID tags are having individual information and sensors value R = {R1,R2,…..Rn}. The AES encryption 

algorithm combined with the G and R matrix generates the ROUND KEY and SMART KEY and authentication key. 

3.2. Hardware and circuit modules 

Fig. 4 shows the Hardware block diagram (with embedded devices) and Fig. 5 shows the circuit diagram of the proposed 

system 

In this circuit, the following components are used; Arduino Mega 2560, NodeMCU ESP8266, HCSR04 Ultrasonic Sensors, 

MFRC522 RFIDN Reader, Relays, Servo Motors, Gear Motors a Motor Shield (L293D). The NodeMCU is connected to the 

Adafruit.io and the Firebase Server. All the commands are given using the Google Assistant in the phone and modifying the 
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Fig. 6. FireBase console: real-time data entries in the firebase database. 

Table 1 

Real-time database details of fields. 

Fields Data provided by 

service Car Manufacturer 

ac Adafruit.io 

fuel NodeMCU 

insur Insurance Company 

light Adafruit.io 

lock Adafruit.io 

media Adafruit.io 

odometer NodeMCU 

speed Android App Via GPS 

wiper Adafruit.io 

Table 2 

Real-time feed details of Adafruit.io 

server. 

Feed Name Data Provider 

ac Google Assistant 

light Google Assistant 

lock Google Assistant 

media Google Assistant 

wiper Google Assistant 

data in Adafruit.io server. The NodeMCU continuously monitors the data feeds in the adafruit server and responds to any 

data change. This node is directly connected to relays that can activate the headlight, AC, media player, etc. on command. 

Also, the node is communicating with Arduino Mega that transmits data in order to control door lock/unlock, wipers, etc. 

Once any change is made in the server of the adafruit, the node rewrites the data in the firebase server. 

The Arduino, on the other hand, is controlling the motors via the motor driver. The motor is used to move the vehicle 

around. Also, the RFID authentication service is handled by the Arduino. The two HCSR04 ultrasonic sensors connected to 

the board calculates the distance of the vehicle in front and back. When the board receives a trigger from the NodeMCU, 

the board does the respective action. There are two servos used in the project representing the wiper and door lock system. 

These are triggered when the command is given using the google assistant. The entire system works using 12 V supply. 

Fig. 6 presents the Fire Base console with real-time data entries in firebase database. 

Table 1 presents the real-time database details of the fields. Fig. 7 shows the real-time feed updating in the Adafruit.io 

server. And table 2 also shows the real-time feed details of the Adafruit.io server. 

Fig. 8 presents the Blocks of the proposed application in the Android App with Thunkable.com and Fig. 9 shows the 

screenshot from the developed application. 
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Fig. 7. Real-time feed updating in Adafruit.io server. 

Table 3 

Commands for Google Assistant and its actions. 

Applet Google Assistant Command Task Performed 

car unlock, unlock car, unlock Data ‘1 ′ is Saved in Adafruit.io feed lock 
doors lock, lock doors, car lock Data ‘0 ′ is Saved in Adafruit.io feed lock 
turn on ac, ac on, switch on ac Data ‘1 ′ is Saved in Adafruit.io feed ac 
turn off ac, ac off, switch off ac Data ‘0 ′ is Saved in Adafruit.io feed ac 
turn on media, media on, switch on media Data ‘1 ′ is Saved in Adafruit.io feed media 

turn off media, media off, switch off media Data ‘0 ′ is Saved in Adafruit.io feed media 

turn on wiper, wiper on, switch on wiper Data ‘1 ′ is Saved in Adafruit.io feed wiper 

turn off wiper, wiper off, switch off wiper Data ‘0 ′ is Saved in Adafruit.io feed wiper 

turn on headlight, headlight on, switch on headlight Data ‘1 ′ is Saved in Adafruit.io feed light 
turn off headlight, headlight off, switch off headlight Data ‘0 ′ is Saved in Adafruit.io feed light 

Fig. 8. Blocks of the proposed application in Android App with Thunkable.com. 
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Table 4 

Comparison of the proposed system with existing systems. 

System Purpose Node power Protocol used Communication Mobility 

BIADAS [2] The parameters of interest are sensed 

in the environment and object 

under test 

Source Sensor node, Relay and 

destination node (500mw) 

Wi-Fi, ZIGBEE Multi-hop delayed control Sensor nodes are dynamic and 

tracking is difficult 

REISE [3] The tag object presence is detected Source Sensor node, Relay and 

destination node (450 mW) 

Wi-Fi, ZIGBEE Multi-hop delayed control Sensor nodes are static and 

tracking is instant 

IMVC [4] The tag object presence and location 

are detected 

Source Sensor node, Realy and 

destination node(480mw) 

Wi-Fi, ZIGBEE Multi-hop delayed control Sensor nodes are static and 

instant tracking 

LSICACC [5] The parameters of interest are sensed 

in the environment and object 

under test 

RFID Tags and readers (50mw) RFID Standard Single-hop 

instant/intermediate 

control 

Sensor nodes are static and 

instant tracking 

Proposed System The tag object presence, location, 

parameter of interest is sensed in 

the environment and object under 

test 

RFID Tags and readers (10mw) RFID standard Single-hop instant control Static/dynamic with respect to 

the attached object and 

instant tracking 

P
le
a
se

 cite
 th

is
 a
rticle

 a
s:
 V

.G
.
 M

e
n
o
n
,
 S
.
 Ja

co
b
 a
n
d
 S
.
 Jo

se
p
h
 e
t
 a
l.,
 A

n
 io

t-e
n
a
b
le
d
 in

te
llig

e
n
t
 a
u
to
m
o
b
ile

 sy
ste

m
 fo

r
 sm

a
rt
 

citie
s,
 In

te
rn

e
t
 o
f
 T
h
in
g
s,
 h
ttp

s://d
o
i.o

rg
/1
0
.1
0
1
6
/j.io

t.2
0
2
0
.1
0
0
2
1
3
 

https://doi.org/10.1016/j.iot.2020.100213


V.G. Menon, S. Jacob and S. Joseph et al. / Internet of Things xxx (xxxx) xxx 9 

ARTICLE IN PRESS 

JID: IOT [m3Gsc; June 15, 2020;20:51 ] 

Fig. 9. Screenshot of the application (Sunil-Auto-App). 

3.3. Theoretical analysis 

Let us assume that the relays and motor shield is driven by voltage of small-signal bias. The voltage of small signal is 

sinusoidal and have an angular frequency ‘w’. In steady-state mode all the signals the relays will have same nature with 

same frequency. The voltage and current for the small-signal will be represented by a cosine function. 

v R −S ( t ) = K v R −S 
cos 

(
wt + ∅ v R −S 

)
(1) 

For the phasor representation of voltage & current of small-signal. The angle of magnitude is mapped to the phase and 

amplitude. 

V R −S = K v R −S 
e j∅ V R −S (2) 

We are interested in finding the effect of V R1 , V R2, V R3 & V M-S on the current I R-3 . There can be four possibilities. We 

will consider V R3 a small-signal voltage by keeping all the remaining three equals to zero. We can do the same operation by 

keeping other voltages as constant. In any possibility, the ratio of current phasor & voltage phasor is a complex admittance. 

The small-signal circuits are linear. The amenities of I R1 , I R2, I R3 & I M-S are linear functions of V R1 , V R2, V R3 & V M-S . We 

can use superposition theorem to find I R3 . This can be done by assuming one voltage as active & evaluating the total current. 

I R 3 = I R 3 

∣
∣

V R 1 , V R 2 , V R 3 = 0 + I R 3 

∣
∣

V R 2 , V R 3 , V m −s = 0 + I R 3 

∣
∣

V R 3 , V R m −s , V R 1 = 0 + 

I R 3 

∣
∣
V R 3 , V R m −s , V R 1 = 0 + I R 3 = Y R 3 R 3 V R 3 + Y R 3 R 1 V R 1 + Y R 3 R 2 V R 2 + Y R 3 R m −s 

V m −s 
(3) 
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Fig. 10. Overview of the implemented system. 

A similar analysis can be done to find the current through the remaining relay and motor shield. Where 

Y KR = 

I k 
V I R 

| V m = 0 , m � = R | (4) 

4. Results and discussion 

The proposed design was successfully implemented by integrating multiple internet services and applications to create a 

device with minimal hardware and maximum adaptability for modern cars. This section presents a discussion on the results 

obtained. 

The following four objectives were satisfied with the current product, 

• Voice Command Using Google Assistant: The actions of the car can now be controlled by just your voice remotely, 

whether you are in or out of the vehicle. Further, as Google Assistant has voice recognition, it also provides security 

to some extent. 

• Live Vehicle Details on the Go: Real-time conditions of the vehicle like current location, fuel level, service updates on 

the user’s smartphone. Sensors connected to different parts of the car keeps updating the status on a real-time basis and 

can be seen in the app 

• In Lane Collision Detection: Accident prevention with safety of the passengers and speed control of the vehicle ensured. 

• Security: As security is one of the most concerning factors, the lock and ignition are connected to personalized keycards 

and the real-time position and condition can be seen in the smartphone application. 

Fig. 10 presents the overview of the inputs, outputs and working of the implemented system. The current research has 

implemented the capture of throttle, kilometer driven (drove) and automobile speeds statistics. Option is provided to the 

user for wiper control, vehicle lock and unlock, fuel level indicators. Additional features can be easily added to the system 

based on user requirements. All the data is available to the user using the application installed on the user smartphone. 

Fig. 11 presents the live results obtained from the smart automobile system. The live feed on kilometer driven, throttle 

and speed are collected at the user end via the smart application. This data will be stored and used for many decision- 

making applications in the future via the application. Fig. 12 shows the live statistics of the system varying with time. 

Fig. 13 presents the accuracy of voice command in real-time detection. Fig. 14 depicts the lower delay obtained by the 

system in comparison to the existing system. It is evident from the results that the proposed system thus gives good per- 

formance and accuracy in real-time. 
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Fig. 11. Live results from the system a) Kilometer Driven b) Throttle c) Automobile Speed. 

Fig. 12. Live statistics from the system varying with time. 
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Fig 13. Accuracy of voice commands. 

Fig 14. Delay vs time. 

5. Conclusion 

There have been numerous advancements in the automobile industry that have made various vehicles popular that we 

know today. Automated functions and voice commanding are the highlights of such vehicles. Fully automated functions are 

mainly present in high-end cars, which are not easily affordable for all. Voice commanding is not possible in low-end cars. 

Budget car users have to compromise with various safety features. Our technology helps integrate high-end features to a 

budget car, thus making its functions remotely accessible by smartphones from anywhere according to the user’s desires; 

this technology also provides the user with the real-time status information and location of the car. The voice command 

recognition is done by integrating with the Google Assistant. Google Assistant is an artificial intelligence-powered virtual 

assistant developed by Google. It can engage in two-way conversation. The automation technology is based on a web service 

called IFTTT. These technologies along with the latest IoT, and real-time database are combined to form a unique product, 

which can satisfy the needs of low-end car users. NodeMCU (ESP8266), Arduino mega 2560, Hc-Sr04-Ultrasonic Sensors, 
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MFRC522 are used here. This provide better security and make it more user-friendly, as the technology is evolving and 

number of smartphones are increasing exponentially every day, the implemented concept can help everyone simplify life 

without carrying any extra equipment and everything is just a click away. So, the headlights, media, AC, etc. can be turned 

on and off by voice commands. Thus, the features present in high-end cars can be brought in budget cars with the user’s 

smartphone. 
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In the Internet of things (IoT), network devices andmobile systems should exchange a considerable amount of data with negligible
delays. For this purpose, the community has used the software-defined networking (SDN), which has provided high-speed flow-
based communication mechanisms. To satisfy the requirements of SDN in the classification of communicated packets, high-
throughput packet classification systems are needed. A hardware-based method of Internet packet classification that could be
simultaneously high-speed and memory-aware has been proved to be able to fill the gap between the network speed and the
processing speed of the systems on the network in traffics higher than 100Gbps.(e current architectures, however, have not been
successful in achieving these two goals. (is paper proposes the architecture of a processing micro-core for packet classification in
high-speed, flow-based network systems. By using the hashing technique, this classifying micro-core fixes the length of the rules
field. As a result, with a combination of SRAM and BRAMmemory cells and implementation of two ports on Virtex®6 FPGAs, thememory usage of 14.5 bytes per rule and a throughput of 324 Mpps were achieved in our experiments. Also, the performance per
memory of the proposed design is the highest as compared to its major counterparts and is able to simultaneously meet the speed
and memory-usage criteria.

1. Introduction

Our world is connected by Internet of things (IoT). In the
past few years, the considerable growth of network band-
width and development of hardware technologies, especially
in mobile communications, have led to a significant increase
in the speed of communication lines of this worldwide
network [1, 2]. (at is, the speed of communication lines is
reached to higher than “terabits per second.” (e SDN
paradigm aims to achieve good performance in managing
networks by accelerating routers and switches to process the
packets with the rate of network links [3, 4]. Making SDN
flexible enough to satisfy the different requirements of
heterogeneous IoT applications is desirable in terms of

software-defined IoT (SD-IoT) [5, 6]. For this purpose,
network devices are equipped with a new mechanism,
naming packet classification, which lets them to be flow-
aware. (at is, the network device, first classifies the in-
coming packets into predefined flows according to a set of
filters, then any further processing is done accordingly.
(erefore, a variety of packet processor devices including
routers, firewalls, intrusion detection systems, account
management systems, and network management systems
use packet classification [1, 7–10]. (at is, a number of
important network management functions such as access
control, quality of service provisioning, firewall, traffic po-
licing, and policy-based switching make use of packet
classification.
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(ere are five fields in a typical classification rule including
source and destination IP addresses (SA and DA), source and
destination port numbers (SP and DP, respectively), and
protocol (PT). SA and DA are address prefixes, SP and DP are
number ranges, and the PT fieldmay be either a specified value
or a wildcard. (e order of rules in a rule set determines their
priority. (e last rule is the default rule in which all the five
fields are equal to the wildcard. If an incoming packet matches
more than one rule, the action corresponding to the rule with
the highest priority is performed. A description for packet
classification algorithms is found in [1].

Classification of Internet packets in network devices is
conducted through either software-based or hardware-based
approaches. Considerable time overload of software-based
methods makes them less popular among network equip-
ment manufacturers [11]. On the other hand, there is a
widespread tendency towards hardware-based methods and
their higher throughput rate and lower delay [12]. Hard-
ware-based implementation of packet classification algo-
rithms may categorized into two groups. (e first group
consists of algorithms based on parallel search in the content
addressable memory (CAM) chips Z-TCAM [13], E-TCAM
[14], and ZI-CAM [15]. In spite of their relatively high
speeds, the use of ternarymemories in these algorithms leads
to disadvantages such as excessive power consumption,
lower speed than other memory cells, lack of scalability,
undue consumption of chip resources, and high prices. (e
second group consists of algorithms such as decision tree,
decomposition tree, geometric space, field encryption, and
similar methods which are realized on programmable
hardware devices like ASIC or FPGA.

(e main challenge in designing hardware-based methods
is increasing the ratio of throughput to design cost. (e
throughput of a classifier is the number of packets that are
classified in unit time. (e required memory space is the main
indicator of the system design cost. To reach this optimal point,
we propose a micro-core that lowers memory consumption
and simultaneously increases the classification throughput.(e
chief contributions of this paper are as follows:

(1) (e proposed micro-core uses SRAM and BRAM
cells, which allow for dual-port implementations.

(2) (e proposed engine does not use any ternary content
addressable memory. Instead, it encodes all of the
prefixes by a cyclic redundancy check (CRC) code.

(3) Implementing the proposed classifier on Virtex®6FPGA shows that the memory cost reduces to
14.5 bytes per rule, and simultaneously the
throughput of the classifier reaches 324Mpps. (is
result confirms the superiority of the proposed ar-
chitecture to its counterparts.

(e rest of this article is organized as follows. In Section
2, the related works on hardware-based packet classification
systems are reviewed. (e proposed microclassifier archi-
tecture is explained in Section 3.(e performance evaluation
of the proposed architecture is presented in Section 4 after
introducing the metrics. Finally, conclusions and directions
for future research are discussed in Section 5.

2. Related Work

So far, a wide variety of hardware-based classifier archi-
tectures have been proposed for packet classification. All of
them attempt to increase the throughput and decrease the
memory usage. (e CAM-based classifier architectures
benefit from the parallel search property of CAM modules
but suffer high implementation costs and high levels of the
consumption power. In [16, 17], two of the most recent
architectures are proposed. (ey utilize a pipelined decision
tree algorithm and a ternary memory, respectively. (e
architecture proposed in [16] has achieved a throughput of
103Gbps, which is the highest among all the works men-
tioned here. However, depending on its hardware param-
eters like the number and length of pipelines on the
distribution of the values of the classifier’s rule fields, any
updating requires reconfiguration of the architecture. On the
other hand, the memory usage of this architecture is 63.5
bytes per packet. In [17], the researchers used ternary
memories of the size 52∗144 and were able to reduced
memory usage down to 18 bytes per rule; however, their
maximum throughput was as low as 38Gbps. (e archi-
tectures proposed in [18, 19] could achieve a throughput of
100Mpps while keeping the memory usage at 23.5 and 17.4
bytes, respectively. (e focus of the architecture in [18] is on
the rule search, and it does not address the issue of longest
prefix matching (LPM). (e architecture proposed in [19]
adopts a TCAM-based approach to packet classification. Its
major drawback is linear growth of TCAM usage is pro-
portional to the number of rules that increases con-
sumption of chip resources and power. Implementation of
a merge algorithm based on decomposition tree in [20]
achieves a throughput of 94Gbps (amounting to 147Mpps,
given that each packet is 40 bytes). (e study does neither
provides the memory usage nor suggests any solution for
updating rules.

Some classifiers like that presented in [21] use a special
model to accelerate accessing the memory containing the
rules, which in turn raises their memory consumption.
Pipelined implementation of packet classification algorithms
seeks appropriate solutions to reduce the number of pipeline
stalls and the required memory space. For example, in the
pipelined packet classifier of [22], the memory consumption
varies from 16 to 24.5 bytes per rule.

To overcome the abovementioned disadvantages, we
propose a packet-classifying micro-core with low memory
consumption and high throughput. (e proposed micro-
core makes use of SRAM and BRAM cells, which allow for
dual-port implementations. Processing based on cyclic re-
dundancy check (CRC) codes in the internal structure of the
micro-core without any need for ternary memories reduces
the consumption of FPGA hardware resources and the time
required for memory access in this classifier.

3. Proposed Architecture

(is section explains the architecture of the proposed
classifier which is aimed at increasing packet classification
speed. Underlying the architecture are two principles: first,
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making use of BCAM memory in prefix matching and,
second, using hash codes to reduce memory usage.

In this classifier, a set of processing micro-cores act like a
CAM, each one storing the information about one rule field
of the rule set. (e architecture is shown in Figure 1. In this
architecture, n micro-cores are defined for each of the fields
used for packet classification, where n is the number of rules
in the classifier representing the number of micro-cores per
field.

(e incoming packets are classified as follows: First, the
packets are transmitted through a shared bus to the micro-
core unit. As soon as a packet enters a micro-core, the fields
of source and destination IP addresses of the header are read
by Parallel Hash Calculator. Next, in a parallel manner and
proportional to the length of the value of the Prefix register,
CRC-16 generation process is performed on the input ad-
dress and the result is stored in the Temp register. Each
micro-core has a control unit that, in addition to controlling
the function of the micro-core, manages the generation
process as well as the process of matching the hash code
generated and stored in the Temp register against the hash
code of the prefix field of the corresponding rule of the
micro-core in the Hash-of-rule register. If the hash code of
the incoming packet header matches the hash code in the
micro-core, the Adder will add one to the variable stored in
the Rank register. Moreover, in the case of correct matching,
the one-bit flag Match and the corresponding bit of the
micro-core in the n-bit register Packet Matching will be set.
If matching fails, these bits will be reset by default. (e
Packet Matching register is used to record matches or
mismatches in other micro-cores. In this register, any bit
with a value of one denotes a match and any bit with a value
of zero denotes a mismatch in the micro-core corresponding
to a field that is being searched. After matching all fields, the
results are written to the bits corresponding to each field in
the Packet Matching register. Next, the result of logical AND
operation on all Packet Matching registers is stored in
Matched Vector. Finally, a prioritized decoder selects the
matching rule with the highest priority.

As seen in Figure 1, the classifier consists of a set of
processing micro-cores. In the following, we shall discuss the
internal architecture of the micro-cores that is illustrated in
Figure 2. Also, the length of each register of the micro-cores
is shown in the bottom of Figure 2.

(e main body of the micro-core is composed of two
modules, i.e., CRC Calculator and Controller. (e Con-
troller module is responsible for management of all control
lines, inputs, and outputs. Operations in this unit include
management of selection lines, injection, and updating of
registers. In fact, this unit is the decision-maker of themicro-
core, which is separately controlled by the main controller of
the classifier. In other words, the functioning of the micro-
cores is not disrupted by updating and changing one of the
micro-cores.

(e second important module of the micro-core that
bears a major part of its processing load is CRC Calculator.
Figure 3 shows the function of this module. It receives the
incoming packets and calculates their hash code in parallel
(Line 1 of Algorithm 1). For this purpose, each IP address

along with the corresponding prefix which has been already
stored in the Prefix register enters the module. Next, a hash
code is computed using them and sent to the Controller for
the purpose of matching. Implementation of this module
consumes 40 out of 204000 LUTs on Virtex-6.

(e micro-core has 7 input pins and 2 output pins.
Table 1 lists the input and output ports of the micro-core
along with their length in bits as well as their description. A
micro-core is composed of registers, hash generator modules
(CRC Calculator), and a controller.

One set of the input pins of the micro-core is named
“Select,” which determines the operation mode of the micro-
core (Line 2 of Algorithm 1). In fact, this pin is responsible
for management of the micro-core’s functioning. It is
connected to a two-bit bus which is used to address different
modes of the micro-core function as described below (also,
see Table 2):

Mode 0: themicro-core performs its main task, which is
the packet classification (Lines 3–7 of Algorithm 1).
Mode 1: when the address from the Address port is
identical with that in the Address register, the infor-
mation in the selected micro-core is updated by means
of the information from the Prefix and Rules ports
(Lines 9–11 of Algorithm 1).
Mode 2: each micro-core sends the information related
to its rank into a shared output bus. (is operation is
aimed at selecting the best candidate for being removed
by the classifying controller. (e central controller
stores the number of the classifier with the lowest rank
to update the rules (Lines 12-13 of Algorithm 1).
Mode 3: the majority of the existing classifiers do not
offer a dynamic solution for updating rules and per-
form this task by reconfiguration of the chipset.
However, given its low-rank feature, our proposed
architecture enables us to update the rules under
certain conditions. It is easy to inject new rules without
changing the order of the existing rules. (e last mode
is Select(1, 1), which is used to initialize the micro-cores
by injecting rules into each micro-core (Lines 14–17 of
Algorithm 1).

Before injecting the packets into a processing micro-
core, the rules are injected. In this step, the rules that have
been converted to hash codes are stored in the Hash Code
register. Prefix and Address registers keep the prefix length
and the address of the processing core of the rules. Flag
belongs to the internal controller which manages the input/
output operation inside the micro-core so that the acts of
processing the input packets would not overlap. Rank
register has a length of 32 bits and holds the correct
matches between the incoming packets and the matched
field in the micro-core. For each correct match in the
micro-core, one is added to the value of this register. (is is
a criterion used for updating and removing rules in other
processing micro-cores. (us, the micro-core with the
lowest rank is selected for removing and updating. In fact,
in this classifier, a lower rank is indicative of decreased use
of the rule in the rule set.
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Figure 1: Proposed architecture for a packet classifier.
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4. Implementation and Evaluation

In this section, the results of implementation of the proposed
micro-core architecture are discussed. (is architecture is
implemented on a XC6VLX75T chip from Virtex-6 FPGA
family with a Xilinx ISE 14.7 simulator using VHDL lan-
guage. Experiments are done on a system with the char-
acteristics mentioned in Table 3.

(e evaluation criteria in this experiment are throughput
and memory. (roughput refers to the number of packets
classified in a second. Assuming a minimum of 40 bytes for
each packet [20], we use Gbps instead ofMpps formeasuring
the throughput. Memory usage is measured in bytes for each
rule in the classifier.

We use Classbench tool to generate rules and experi-
mental packets in our experiments. Classbench runs on
Linux platform and is used for generating rulesets with
desirable distributions in themodel of the geometric space of
rules. It generates rules and corresponding headers by using
a set of input distribution parameters [23].

(e highest throughput achieved so far belongs to Chang
[16], which is 103.53Gbps. However, it is 0.150Gbps less
than our throughput rate. Also, the memory usage for
storing the classifier’s rules in that architecture is four times
greater than in our method. In fact, Chang’s architecture
resembles traditional TCAM-based architectures in terms of
memory usage.

Table 4 compares the proposed micro-core architecture
with the existing architectures. With a clock frequency of
170MHz, the processing time of each micro-core is in the
worst case 6.2 nanoseconds per packet and power con-
sumption is 118mW. With a dual-port memory which can
process two packets simultaneously, the proposed micro-
core is able to process 324 million packets of at least 40 bytes
in a second which amounts to a throughput of more than
100Gbps. In this simulation, our architecture used 137 Slice
registers and 182 search tables.

In Table 4, the proposed micro-core architecture is
compared with major recently proposed counterparts in
terms of throughput and memory usage per rule. From
among these architectures, Jiang and Prasanna [19] and
Irfan et al. [17] require the least amount of memory, i.e., 17.4
and 18 bytes per rule, respectively. With a required memory
of 14.5 bytes per rule, our proposed micro-core outperforms
these two architectures. (e major reason behind the low
memory usage in our method is that, in contrast to the two
mentioned architectures, our classifier does not rely on
TCAM and mask for matching operation.

In a more fare approach, Table 5 compares the proposed
design with other designs with regard to the performance
per memory [19]:

188.112.0.0

Incoming packet

13

Length of prefix

XORXORXORXORXOR
1011110001110∗ 1110101010100010

Calculate 
CRC

16 bitsVariable

Figure 3: CRC Calculator module.

Input: Data, InputPrefix, Rules, Select, InputAddress
Output: rank out, match
Registers: Rank, Flag, Hashcode, Prefix, Address, Match
Data: Packet P, CRCof Packet PCRC

(1) PCRC⟵Calculate CRC (P,HashCode)
(2) Switch Select
(3) Case 00: //classify Operation
(4) if PCRC �� Hashcode then
(5) Match⟵ 1, Rank←Rank + 1, Flag←1
(6) Else
(7) Match⟵ 0
(8) end if
(9) Case 01: //update
(10) Rank⟵ 0, Match←0, Flag←0
(11) Prefix⟵ Input prefix, Hashcode←Rules
(12) Case 10: //rank
(13) Rank out⟵Rank
(14) Case 11: //set address
(15) Address⟵ InputAddress, Prefix←Input prefix
(16) Hashcode⟵Rules
(17) Match⟵ 0, Flag⟵ 0
(18) End Switch
(19) If flag �� 1 then
(20) Flag⟵ 0, Match⟵ 0
(21) End if

ALGORITHM 1: Implementation of the packet classifier micro-core.
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Table 1: (e function of input pins.

Name Length (bit) Description
Clk 1 Clock for all micro-cores
Prefix 6 Length of Prefix
Data 32 Width of input line for incoming packets
Rule 16 Maximum length of the hash code of rules
Address 16 Address of the selected processing core
En-address 1 Activation of updating and configuration operations
Select 2 Mode of processing in selected core
Rank-out 32 Width of the bus which is shared with all micro-cores and is used for updating
Match 1 A flag for signalling match/mismatch in a micro-core

Table 2: Modes provided by select pin.

Select Modes Corresponding lines of Algorithm 1
00 Classifying packets 3–7
01 Updating rules and propertyof micro-cores 9–11
10 Outputting rank of micro-cores on BUS 12–13
11 Initializing the selected micro-core 14–17

Table 3: System specification.

Specifications Processor
Name Intel Core i7-3720QM
Clock speed 2600MHz
L3 cache 6MB
Main memory 16GB DDR3
Operation system Windows 10 enterprise 18.03, 64 bit

Table 4: Comparison of the performance of the proposed method with different architectures.

Reference (roughput (Gbit/s) Frequency (MHz) Memory (byte) Seri Chip
Pus and Korenek [18] 100 125 23.5 Virtex5 LX110T
Chang and Chen [16] 103.53 161.76 63.5 Virtex-6 XC5VFX200T
Fiessler et al. [24] 92.16 180 NA Virtex-7 XC7VX690T
Orosz et al. [25] 100 312 NA Virtex-6 XC6VHX255T
Zhou et al. [20] 147 mil NA NA Virtex-7 XC7VX690T
Irfan et al. [17] 37.3 259 18 Virtex-6 XC6VLX760
Jiang and Prasanna [19] 100 167 17.4 Virtex-5 XC5VFX200T
Our design 103.680 170 14.5 Virtex-6 XC6VLX75T

Table 5: Comparison of performance per memory for various systems.

Approaches (roughput (Gb/s) Memory (byte) Efficiency (throughput/memory) Chip
Orosz et al. [25] 100 156 0.64 XC6VHX255TOur approach 101.7 14.5 7.01
Irfan et al. [17] 37.3 18 2.072 XC6VLX760Our approach 75.83 14.5 5.229
Ganegedara and Prasanna [21] 407 156 2.660 XC6VLX760Our approach 75.83 14.5 5.229
Qi et al. [26] 73.9 46.4 1.592 XC6VSX475TOur approach 86.83 14.5 5.988
Pao and Lu [22] 108.8 18 6.04 XC6VLX75TOur approach 103.680 14.5 7.150
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efficiency �
throughput (Gb/s)

normalizedmemory (B/rule)
. (1)

For this purpose, the throughput as well as the memory
consumption of the proposed architecture is measured on
the chipsets that are used in the evaluation of the competitor
designs.(e memory usage per rule is always constant in the
proposed design.(erefore, the performance per memory of
the proposed design is the highest as compared to its major
counterparts.

(e ratio of superiority of the efficiency of the proposed
method with respect to each counterpart is illustrated in
Figure 4. Our comparisons suggest that the proposed ar-
chitecture has considerably improved the throughput rate
and memory usage of the Internet packet classification
systems. (e performance per memory of the proposed
design is at least 18% and at most 990% better than the best
and the worst designs, namely, Pao and Lu [22] and Orosz
et al. [25].

5. Conclusion

In this paper, we proposed a new micro-core architecture
for classification of Internet packets that is capable of being
updated. (e proposed architecture allows for adding or
removing rules during processing and enjoys lower
memory usage as well as higher throughput rate in com-
parison with other architectures. Our evaluations suggest
that this micro-core can classify packets with a throughput
of more than 103Gbps, which amounts to about 324Mpps.
Another advantage of this architecture is that memory
usage per rule is always constant. (erefore, the perfor-
mance per memory of the proposed design is the highest as
compared to its major counterparts. (is achievement
helps the proposed micro-core to avoid the problem of
resource requirement in the longest prefix matching
(LPM). A fruitful topic for future research would be to
apply this inherent feature of the micro-core to the
implementation of pipeline classifiers in which LPM is a
great problem in pipeline processing.
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[18] V. Puš and J. Korenek, “Fast and scalable packet classification
using perfect hash functions,” in Proceedings of the ACM/
SIGDA International Symposium on Field Programmable
GateArrays, ACM, pp. 229–236, Monterey, CA, USA, Feb-
ruary 2009.

[19] W. Jiang and V. K. Prasanna, “Field-split parallel architecture
for high performance multi-match packet classification using
FPGAs,” in Proceedings of the Twenty-irst Annual Sympo-
siumon Parallelism in Algorithms and Architectures, ACM,
pp. 188–196,Calgary, Alberta, Canada, August 2009.

[20] S. Zhou, Y. R. Qu, and V. K. Prasanna, “Large-scale packet
classification on FPGA,” in Proceedings of the IEEE
26thInternational Conference on Application-pecific Systems,
Architectures and Processors (ASAP), pp. 226–233, IEEE,
Toronto, Ontario July 2015.

[21] T. Ganegedara and V. K. Prasanna, “StrideBV: single chip
400G+ packet classification,” in Proceedings of the IEEE
13thInternational Conference on High Performance
Switching andRouting,pp. 1–6, IEEE, Belgrade, Serbia, June
2012.

[22] D. Pao and Z. Lu, “A multi-pipeline architecture for high-
speed packet classification,” Computer Communications,
vol. 54, pp. 84–96, 2014.

[23] D. E. Taylor and J. S. Turner, “Classbench: a packet classifi-
cation benchmark,” IEEE/ACM Transactions on Networking,
vol. 15, no. 3, pp. 499–511, 2007.

[24] A. Fiessler, C. Lorenz, S. Hager, B. Scheuermann, and
A. W. Moore, “HyPaFilter+: enhanced hybrid packet filtering
using hardware assisted classification and header space
analysis,” IEEE/ACM Transactions on Networking, vol. 25,
no. 6, pp. 3655–3669, 2017.
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Abstract—With the advancement of wireless communi-
cation, Internet of Things (IoT), and big data, high per-
formance data analytic tools and algorithms are required.
Data clustering, a promising analytic technique is widely
used to solve the IoT and big-data-based problems, since it
does not require labeled datasets. Recently, metaheuristic
algorithms have been efficiently used to solve various clus-
tering problems. However, to handle big datasets produced
from IoT devices, these algorithm fail to respond within
the desired time due to high computation cost. This article
presents a new metaheuristic-based clustering method to
solve the big data problems by leveraging the strength of
MapReduce. The proposed methods leverages the search-
ing potential of military dog squad to find the optimal
centroids and MapReduce architecture to handle the big
datasets. The optimization efficacy the proposed method is
validated against 17 benchmark functions, and the results
are compared with five other recent algorithms, namely,
bat, particle swarm optimization, artificial bee colony, mul-
tiverse optimization, and whale optimization algorithm. Fur-
thermore, a parallel version of the proposed method is
introduced using MapReduce [MapReduce-based MDBO
(MR-MDBO)] for clustering the big datasets produced from
industrial IoT. Moreover, the performance of MR-MDBO is
studied on two benchmark UCI datasets and three real
IoT-based datasets produced from industry. The F-measure
and computation time of the MR-MDBO is compared with
the six other state-of-the-art methods. The experimen-
tal results witness that the proposed MR-MDBO-based
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clustering outperforms the other considered algorithms in
terms of clustering accuracy and computation times.

Index Terms—Benchmark, big data, clustering, Industrial
Internet of Things (IoT), optimization.

I. INTRODUCTION

THE RAPID advances in the Internet of Things (IoT) to
provide smart services to the people is the trending research

area in the last few years. On the same footprints, the Industrial
IoT system is also working to make smart factories by enabling
structural health monitoring, remote diagnosis, condition mon-
itoring, and automation of various services [1], [2]. Meanwhile,
industrial IoT comes with a number of challenges for making
smart, reliable, and optimized system [3], [4]. Large numbers of
sensors are deployed in the industries to collect the streaming
and high volume data [5]. Generally, the data produced from
these sensors are huge, streaming, and unstructured. To analyze
such high volume and streaming data is a challenging issue.
Moreover, the streaming data arriving from the sensors are
also time depended, which may loose the patterns over the
time [6]. The efficient analysis of such data is a prominent
part for the smart industries, as it may improve the services
and reduce the risks involved in the different processes. The
timely and efficient analysis of the information such as humidity,
temperature, pressure, and gas composition collected from large
number of sensors can mitigate the chances of abnormalities.
However, the traditional data analysis techniques cannot handle
such datasets due to limited memory and processing unites [7].
Therefore, for the efficient analysis of big industrial datasets,
advanced tools and algorithms are required. Data clustering is
an efficient unsupervised method of data analysis. Generally,
the data generated from the sensors is not labeled, therefore,
clustering is a promising tool for such systems [8]. In the recent
years, metaheuristic-based clustering methods have been effi-
ciently used for solving the clustering problem due to their ability
to avoid local optima [9]. Generally, metaheuristics are used
for optimization of real-world problems, where the traditional
methods are not able to respond in the polynomial time. These
algorithms start with random set of solution in search space to
find the optima in the defined time interval. However, the No Free
Lunch theorem proves that there exists no algorithm that can be
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efficiently applied for all kind of problems [10]. Therefore, a
number of metaheuristic-based methods have been developed
in the literature for unfolding various real world problems.
Moreover, the existing sequential algorithms are not suitable
to cope with high computation cost of big datasets. To remedy
this challenge, in this article, a novel meta-heuristic algorithm
is introduced that mimics the searching process of suspicious
objects by the trained military dog squad. Military dogs have
the high smell senses, by which they can search any object like
bomb, body, blood, or currency. They may sense the object in
the range of 200 m by their smell power in the absence of wind.
However, with the wind factor, the same can go up to 1000 m
depending on the direction and speed of the wind. Moreover,
some other factors such as vegetation may deviate the direction
of sound or smell. In this article, the ability of the trained military
dogs is leveraged to find the optimal centroids in clustering big
data produced by Industrial IoT. The major contribution of this
article is summarized as follows.

1) A novel metaheuristic-based clustering method is intro-
duced that can handle the complexities of big industrial-
IoT-based datasets. The mathematical model of the
proposed metaheuristic is presented. Furthermore, the
optimization efficacy of the proposed algorithm is vali-
dated against 17 benchmark functions and performance is
evaluated in term of two parameters namely, mean fitness
value and standard deviation.

2) The benchmark function results are compared with the
five existing state-of-the-art metaheuristics, namely, par-
ticle swarm optimization (PSO) [11], bat algorithm (BA)
[12], artificial bee colony optimization (ABC) [13], mul-
tiverse optimization (MVO) [14], and whale optimization
algorithm (WOA) [15].

3) For efficient clustering of big datasets generated from
Industrial IoT, a parallel version of the proposed algo-
rithm is introduced and named MapReduce-based MDBO
(MR-MDBO).

4) The performance of MR-MDBO is validated on two
benchmark UCI datasets and three real datasets produced
from industrial IoT. The results are compared against
five MapReduce-based state-of-the-art clustering algo-
rithms namely, MapReduce based particle swarm opti-
mization (MR-KPSO) [11], improved PSO [16], dynamic
frequency based parallel K-Bat algorithm (DFBPKBA)
[17], MR-ABC [18], and MapReduce based enhanced
grey wolf optimizer (MR-EGWO) [19].

The rest of this article is organized as follows. Section II dis-
cusses the related work. Section III introduces the mathematical
model of the proposed algorithm. Section IV presents the par-
allel MDBO model using MapReduce. Section V provides the
experimental results. Finally, Section VI concludes this article.

II. RELATED WORK

A. Big Data in Cognitive IoT: Opportunities and
Challenges

In the first decade of IoT from 2009 to 2018, several mature
products have been introduced to develop the IoT-based sys-
tems, containing sensors, cloud platform, and big data analytic
systems [20], [21]. Now a days, we are in the second decade of

IoT, where the novel techniques for the data analysis produced
from the IoT-based systems are essential research topics [22],
[23]. Meanwhile, the Industrial IoT comes with a number of
challenges, for smart control and management of high volume
and unstructured data, produced from IoT-based devises and
sensors [23], [24]. For the same, researchers are working to
develop efficient methods for analyzing data produced from IoT.
Recently, some techniques and frameworks for the big data anal-
ysis have been introduced for the industrial applications [21].
Cao et al. [25] presented an outlier detection framework for the
big streaming data. Rosa et al. [26] introduced a nonparametric
approach for the classification of industrial data. Fong et al. [6]
introduced a lightweight particle-swarm-based feature selection
method for the streaming big data analysis. Zhang et al. [1]
introduced incremental CFS algorithm for clustering the big
data in industrial IoT. Subsequently, Yuan et al. [16] introduced
spark-based improved particle swarm optimizer for the anomaly
data mining in mass sensor networks. However, in the last few
years, the data mining challenges of IoT-based problems have
been research trend [3]. Some metaheuristic-based algorithms
are introduced in the literature for solving the computationally
complex problems using MapReduce. However, for the IoT-
based framework, no study have been perform in the literature.
To bridge this gap, a novel MDBO-based algorithm have been
introduced in this work for clustering big data in Industrial IoT.

B. Challenges of Metaheuristic-Based Clustering

Producing acceptable solutions in a reasonable time is one of
the key challenge for the metaheuristic algorithms. Resources
like memory have always been a concern, an algorithm is effi-
cient if it uses the resources in an optimized way and always
maintains a tradeoff between time and space complexity. At
present, due to the tremendous growth in industrial data, the
complexity of real-world problems related to optimization tasks
in the smart industries has been also increased. The conventional
metaheuristic computation is facing new challenges due to com-
putation intensive objective functions. To mitigate these con-
cerns, nowadays, researchers are working with parallel and dis-
tributed metaheuristic computation [27]. A number of platforms
are available for solving the computation-intensive problems
using distributed metaheuristic computation, such as CUDA,
GPU, and MapReduce-based programming. MapReduce is an
open source parallel computation framework, that has been suc-
cessfully utilized for the parallel computations of metaheuristics
algorithms for managing large-scale and streaming datasets [28],
[29]. In the last one decade, Hadoop and MapReduce-based
model for parallel processing have been used by a number of
researchers for solving complex real-world problems. Thus, in
this article, Hadoop and MapReduce programming framework
is leveraged for the parallel processing of the complex dataset
produced from Industrial IoT.

III. MILITARY-DOG-SQUAD-BASED OPTIMIZATION

This section details the behavior and mathematical model of
the trained military dogs for finding the optimal solution in the
predefined search space. Military dogs undergo hard training
through special training coaches, where they learn to search
any suspicious object using their strong smell sense. A rigorous
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training is performed to train them for working in team. Military
dogs use barking to pass message to each other. They cooperate
each other by passing the message, by different ways of barking
and loudness. The way of barking and loudness represents some
specific message and loudness helps them to identify the distance
from the suspicious object. When a trained military dog squad
is left for finding the suspicious object in a tertiary, it starts
searching the area randomly. Military dogs make a move in the
area, using their smell sensation and barking sound from other
dogs of the squad. Each military dog defines its fitness value
in terms of loudness. The loudest barking represents the best
fitness value, as it is assumed to be closest from the target object.
Furthermore, each military dog uses scent smell to reach close to
the target object, which represents the exploitation phase of the
MDBO. However, they also take moves based on the loudness
of any randomly chosen dog, which helps to explore the search
space and avoid the local optima.

A. MDBO Definitions and Algorithm

To design an efficient algorithm, the searching behavior of
the trained military dog squad is mathematically modeled. This
section presents the definitions and mathematical model of
the trained military dog squad. First, the formal definitions
of MDBO are presented. Thereafter, the complete MDBO al-
gorithm is explained. In the following definitions, the set of
empty numbers and real numbers is represented with φ and R,
respectively, whereas the set of integers is represented by Z.

Definition 1: MDSN : is defined as military dog squad of
N trained military dog. The value of N in the squad remains
constant with time. In future, the value of N can be variable for
the further improvements.

Definition 2: MDSI : MD → R : represents the military
dog smell index. It is defined as the closeness of an MD with
the target object. In other metaheuristic-based algorithms, this
factor is commonly known as fitness of individual.

Definition 3: FSV d; is a feasibility solution vector, which
denotes the position of a trained military dog in the military dog
squad. Furthermore, FSV ∈ Rd is a set of all real numbers that
represents the position of a military dog in the dth dimension.

Definition 4: Sniffing movement δ(p, Pm, ) : MD → MD;
represents an operator, which modifies the FSV d of military
dogs randomly, based on the MDSI of fittest military dog. Pm

is the movement probability, which controls the movement of a
military dog. The mathematical model of sniffing movement is
defined by the following equation:

FSVj
i (i+1)=

{
FSVj

loudest, p ≤ Pm

FSVj
i +R(0, 1)×mstep(i), p > Pm

(1)

where mstep(i) = WC ×R(0, 1) × (FSVj
i − FSVj

loudest),
R(0, 1) is any randomly chosen number between 0 and 1, WC
is a wind constant, and p is any randomly generated number in
the range (0, 1).

Definition 5: ω(Pm, X, α) : MDn → MD is an operator
which defines the barking movement of the military dog. The
barking movement of a trained military dog is controlled by
FSVd of fittest dog and it is also induced by any randomly

chosen military dog. X ∈ (1, 2, 3..., d) is the randomly chosen
index andPm is the movement probability that remains constant.
Furthermore, α is the vegetation or smog factor that may effect
the intensity of the sound in the air. The barking movement
modifies the feasible solution vector (FSVd) of a military dog,
which is defined as follows:

FSVj
i (i+ 1) =

{
FSVj

i (i), p ≤ α

FSVj
i (i) +Bm ×R(0, 1), p > α

(2)

where Bm = (FSVloudest − FSVq) and R(0, 1) represents a ran-
dom number in the range (0, 1).

Definition 6: The transition function φ = (m, d, δ, ω, Pm) :
MDm → MDm; represents a 5-tuple MDS transition function,
which updates the MDS in each iteration. It starts with the
computation of FSVd and MDSI. Furthermore, a modification
operator is applied on each MD of MDS and the MDSI value is
redefined.

Definition 7: Finally, the MDBO algorithm is defined as three
tuple, MDBO = (H,φ, T ), which obtains the solution for any
optimization function. The initial population is generated using
function H :→ {MDn,MDSIn}, and corresponding MDSI is
calculated. φ is an MDS transition function defined earlier. H
generates the FSV of each military dog in the specified search
space. T : MDn → {true, false} represents the termination cri-
terion of the algorithm. The complete procedure of the MDBO
is described with the following steps.

1) In the first step, all the parameters of the MDBO algo-
rithm are initialized. A method is derived to map the
problem to FSVd and MDS as defined in Definitions 1
and 2. This process is dependent on the nature of prob-
lem. Furthermore, the maximum population size (military
dogs), movement probability Pm, vegetation constant α,
and wind factor W are fixed as per the nature of the
optimization function.

2) In the second step, the position (FSV) of each MD in
the search space is initialized according to the search
boundaries defined in the optimization problem. This
process is performed by the H operator explained in
Definition 7.

3) Sniffing movement (exploitation step): Furthermore, each
MD redefines its FSV that is influenced by the fittest
(loudest barking) military dog in the squad. During the
search, each MD makes a random walk and look around
the location. MD approaches the target object using the
smell sensation. MD may take move toward the loudest
barking dog with probabilityPm. In the other case, it may
take random move influenced by the loudest baking dog.
The complete pseudocode of the sniffing movement is
defined as follows.

for (i = 1 to N) do
W = rand(0, 1)
IF(W < Pm)
FSVj

i (i+ 1) = FSVj
loudest

step(i) = WC ×R(0, 1)× (FSVj
i − FSVj

loudest);

FSVj
i (i+ 1) = FSVj

i +R(0, 1)× step(i)
end for
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4) After the sniffing movement, the barking movement is
performed to explore the search space. Generally, it is
observed that military dogs bark loud, where they sense
any suspicious object. This barking sound makes a global
movement, as other military dogs follow the loudest bark-
ing dog. Each military dog makes a movement, according
to the fittest (loudest) one, and any other randomly chosen
barking dog from the squad. The FSV of each military dog
is redefined by the barking movement, which is explained
as follows.
The complete pseudocode for the barking movement is
presented as follows:

for (i = 1 to N) do
K = rand(0, 1)
S=IF(K < α)

FSV(i+1)
i = FSVi(t) +Bm × S

Bm = rand ∗ (FSVloudest − FSVq);
end for

5) Start the next iteration from step 3. This loop is continued
until the maximum numbers of iterations are not reached,
or the required solution is achieved. This step implements
the T operator as explained in Definition 6.

B. MDBO-Based Clustering

In the MDBO-based clustering, the FSV of each military
dog denotes a set of centroids, C = {C1, C2, . . . , CM} for M
number of clusters. The MDSI value represents the fitness
(squired Euclidean distance) of MD as shown in the following
equation:

SED(N,M) =
N∑
i=1

M∑
j=1

Wij | Zi − Cj | (3)

Where M represents the number of cluster, N denotes the
number of data items, | Ni − Cj | presents the Euclidean dis-
tance between I th data point J th center. Subsequently, Wij is
an association weight corresponding to the ith vector in the jth

cluster. The value of Wij is 1, if ith data point belongs to the jth

cluster, else it is set as 0. In the clustering process, each solution
is represented by an FSV, which represents the position of MD in
the search space. The algorithm starts by randomly generatingN
random FSVs, whereN is the size of MDS. The FSV of each MD
is updated in each iteration to improve the MDSI value. Finally,
after the termination criteria is reached, the FSV corresponding
to the fittest MD is returned, which represents the position of
final cluster centers.

IV. PARALLEL MDBO FOR IOT-BASED INDUSTRIAL

BIG DATA CLUSTERING

In this section, parallel model of the MDBO algorithm using
Hadoop MapReduce is explained. In MR-MDBO, two main
operations are performed namely, updating of the cluster cen-
troid and the MDSI computation, which represents the fitness

Algorithm 1: Map Function.
Input: Key − RecordID,Value − Record.
Output: Key-MD-ID, Value-Minimum distance
Map (Key : dataId, Value : data)
MD-ID = read ( file );
for each MD in MDS do

MD-ID = read(MD-ID);
Centroid = read(centroids) // FSV represents the

location of centroids
Min-D = getMinD(record, Centroid ); //getMinD

returns centroid nearest to the record
centroid-ID = i //index of the centroid with minimum

distance
new-key = MD-ID+centroid-ID;

end for
write (new-key, Min-D).

Algorithm 2: Reduce Function.

Input: Key − (MD − Id, centroid − ID),Value −
(Min − Distance)

Output: MD-ID, Value-MD-fitness // sum of intracluster
distance

Reduce (Key:MD-Id, centroid-ID, Value-list:
Min-Distance) // value contains list of distances of data
point from their nearest centroids

Initialization
MD-fitness=0
for each distance in Min-Distance list do

MD-fitness=sum-Dist+distance
end for
Update the positions of MD
write(key, MD-fitness)

of the clustering solution. In the proposed algorithm for data
clustering, the centroids of the clusters are updated according to
MR-MDBO with the purpose of minimizing sum of the squared
Euclidean distance. The complete MapReduce architecture of
the MDBO for the clustering of large datasets is shown in
Fig. 1. As shown in figure, first the dataset is divided into
smaller data blocks called input split. In the first iteration of
the algorithm, population of the MR-MDBO is initialized and
supplied to each mapper running on the different nodes. In
the clustering process using MR-MDBO, the main computation
intensive task is to compute the sum of the squared Euclidean
distance. The MapReduce model is thus employed to compute
the fitness value. Each iteration of MR-MDBO runs in two
phases called MR-MDBO-Map and MR-MDBO-Reduce. In
the proposed MR-MDBO, the task of fitness computation is
done in the MR-MDBO-Map phase, in which parallelism is
achieved, since each machine have only some fraction of the
whole dataset. As shown in in Algorithm 1, the MR-MDBO-Map
function starts with extracting the centroids of each cluster from
the population, which is stored in the Hadoop distributed file
system. The MR-MDBO-Map function then retrieves the FSV
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Fig. 1. Model of parallel MDBO for data clustering.

vector of a military dog that represents location of the centroids.
Furthermore, the distance of the centroid is calculated with each
data object and minimum distance along with its centroid − ID
is returned. The MR-MDBO-Map function writes (MD − ID,
centroid − ID) as the new key and the data point is written as
the new value. After the completion of the MR-MDBO-Map
phase, the output of all the mappers are merged and grouped by
keys.

In the MR-MDBO-reduce phase, the reduce function is called
on each key, value pair generated by the MR-MDBO-Map phase.
The reducer function aggregates all the values with the identical
key’s to compute the fitness value that we aim to minimize. The
main function of the MR-MDBO-Map is to decompose the task
and that is merged by the MR-MDBO-Reduce phase. Finally,
as shown in the Algorithm 2, the reduce function computes the
sum of the squared Euclidean distance between each data object
and the respective cluster centroids. The newly computed fitness
value is used to update the FSV of the military dog squad in
the next iteration. The whole MapReduce cycle is repeated and
this process continues until the stopping criterion or maximum
iterations are not reached. Algorithm 2 presents the Pseudocode
of the MR-MDBO-Reduce function.

The time complexity of MR-MDBO-based clustering is pro-
portional to the number of data points, number clusters, and
number of dimensions in the dataset. In the MR-MDBO-based
clustering, the optimal cluster centroids are generated with
O(N ×K ×D × I) operations, where N , K, D, and I rep-
resent the number of data points, number of clusters, number
of dimensions, and number of iterations, respectively. For M
number of agents, the time complexity of the MR-MDBO-based
clustering can be represented as O(M ×N ×K ×D × I).

V. PERFORMANCE ANALYSIS AND RESULTS

The performance analysis of MDBO is presented in two folds.
First, the optimization ability of MDBO is vindicated against 17
standard benchmarks. The results are detailed in Section V-A.
Second, the clustering ability of MDBO is validated against big
datasets produced from industries, and the results are presented
in Section V-A3.

TABLE I
RANKING OF THE CONSIDERED ALGORITHMS USING THE FRIEDMAN TEST

A. Benchmark Function Results

This section presents the optimization efficacy and uniqueness
of MDBO. For the fair compression, 17 benchmark functions
are used, and the results are presented in terms of mean and
standard deviation of the fitness value. Furthermore, Wilcoxon
rank sum and FriedMan’s test of MDBO is performed with the
other algorithms, which validates the dissimilarity of MDBO
and other considered algorithms. Each algorithms is run on the
system with 3.0-GHz frequency, Intel (R) core(TM) i7 processor
and 16-GB RAM with MATLAB 2015a.

1) Comparison With Existing Algorithms: The proposed
MDBO is first tested on benchmark functions to validate the
optimization efficacy. Table II presents the detail of each bench-
mark function, including name and category (unimodel or mul-
timodel). Among 17 benchmark functions, nine are the uni-
model, whereas rest eight function belong to the multimodel
class. Generally, unimodel functions are used to validate the
convergence rate, whereas multimodel functions are used to
test the ability of local optima avoidance. The optimal value
for each benchmark function is defined as 0. The parameter
values of each algorithm as taken from the respective literature.
Furthermore, each algorithm is run 30 times to obtain the mean
and standard deviation of the fitness value. Table III presents the
results on each benchmark function in terms of mean and the
standard deviation. It is observed from the Table III that MDBO
outperformed five other state-of-the-art existing algorithms on
17 considered benchmark functions in terms of mean of the
fitness value. However, on one function, i.e., F6, WOA has
shown competitive results. Moreover, in terms of the standard
deviation, MDBO has outperformed all the algorithms on 16
benchmark functions, while for one function i.e., F1, again WOA
has produced minimum value. Furthermore, it can be analyzed
that MDBO has shown superior results on all nine unimodel
function, which validates its stronger ability for the local search.
However, on the multimodel functions, MDBO outperformed in
seven among eight, which shows stronger exploration property.
Thus, it is concluded that MDBO can be successfully utilized
for solving real-world optimizations problems.

2) Wilcoxon and Friedman’s Test: The Wilcoxon rank sum
and FriedMans’s tests are performed to validate the dissimilarity
and efficacy of MDBO with other compared algorithms. The test
is performed over the fiver percent significance level (ninety five
percent confidence) using NULL hypothesis. Furthermore, the
p-value of the MDBO and other algorithms has been computed
using the best fitness of each iteration. Null hypothesis is reject,
if p< 0.05 and presented with “+” or “-” symbol. However, if the
value of p> 0.05, NULL hypothesis is accepted and represented
with symbol “=.” The “+” symbol shows superior result of
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TABLE II
p AND SG VALUES OF THE WILCOXON RANK-SUM TEST AT α = 0.05 ON STANDARD BENCHMARK FUNCTIONS

TABLE III
MEAN OF FITNESS VALUE AND STANDARD DEVIATION FOR 30 RUNS ON SEVENTEEN BENCHMARK FUNCTIONS

Bold entries represent the most efficient value among the compared algorithms.

the MDBO, whereas “-” indicate inferior results of MDBO as
compared to other algorithm. The results of the Wilcoxon rank
sum test of MDBO with the other considered algorithms over 17
benchmark functions are presented in Table II. The performance
of MDBO is analyzed with five other state-of-the-art algorithms,
namely, PSO, Bat, ABC, MVO, and WOA in terms of the
p-value. The p-value on each benchmark function is calculated
by running 30 iterations of each algorithm. The significant value
(SG) is calculated on the basis of the p-value and mean of the
fitness value. As shown in the table, the value of SG is positive
if p < 0.05 and mean fitness value of MDBO is better than
the compared algorithm. However, if the mean fitness value of
MDBO is less than the compared algorithm, the SG is repre-
sented with “-” symbol. The p > 0.05 indicates that MDBO has
failed the test of dissimilarity. It can be concluded from Table II
that the proposed algorithm has surpassed WOA on all 17
benchmark functions except F6. Moreover, MDBO has outper-
formed the BA on all the 17 benchmark functions. Also, MDBO
produced better results than MVO on 16 benchmark functions
among 17. However, for F6, PSO has given competitive results.

Also, MDBO has shown positive SG value on all the functions
against PSO and ABC except one function, i.e., F6. Furthermore,
the Friedman’s test was also performed to find the mean rank of
each algorithm. Table I presents the ranking of each algorithm
obtained by Friedman’s test. As shown in the table, again the
MDBO algorithm is ranked first as it has achieved minimum
mean rank. Thus, it is concluded from the experimental results
that the MDBO algorithm is significantly different and superior
as compared to five state-of-the art algorithms, namely, PSO,
Bat, ABC, MVO, and WOA for all the considered methods.

3) Clustering Analysis: In Section V-A1, MDBO has shown
superior results on the 17 benchmark functions. In this sec-
tion, the clustering efficacy of the MR-MDBO is analyzed on
two UCI and three big industrial IoT-based datasets. Table V
presents the details of datasets, including number of datapoints,
number of clusters, and number of dimensions. Pokerhand and
SUSY are the large size benchmark datasets widely used for
testing the clustering performance, whereas DLemp, sIoT, and
IoT_bonet are the three real industrial IoT-based big datasets.
For the experiments, a Hadoop cluster of ten computers having
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TABLE IV
COMPUTATION TIME AND F-MEASURE OF THE PROPOSED AND CONSIDERED METHOD OVER 30 RUNS

Bold entries represent the most efficient value among the compared algorithms.

Fig. 2. Speedup analysis of (a) Slot and (b) sIoT_Bonet.

TABLE V
DATASETS DESCRIPTION

an Intel Core-i7 processor with 3.20 GHz, 16 GB of memory,
and 2 TB hard disk is designed. All the methods were run with
Hadoop version 3.6.2, jdk 1.8.0, and Ubuntu version 14.04. The
results of the MR-MDBO are presented in terms of computation
time and F-measure. Table IV shows the mean of F-measure
and computation time of five state-of-the-art MapReduce-based
methods, obtained by running each method on a cluster of ten
nodes. It is clearly observed from the table, that MR-MDBO has
surpassed all the considered methods on four datasets in terms of
F-measure, whereas for Pokerhand, MR-ABC has given compet-
itive results. Moreover, the computation time of MR-MDBO is
minimum among all the MapReduce-based methods on all the
datasets, whereas I-PSO has performed well on two datasets,
namely, pokerhand and IoT_bonet. Thus, it can be inferred
from the experimental results, that MR-MDBO can be used for
efficient analysis of IoT-based big datasets.

4) Speedup Analysis: Furthermore, the speedup perfor-
mance of all the considered methods is also studied on a cluster
with ten nodes. For analyzing the speedup efficacy, two big
industrial IoT datasets, namely, sIot and IoT_Bonet datasets
have been used as described in Table V. The computation
time of each MapReduce-based method has been recorded by
adding two nodes in the cluster in each run. It is pertinent from
Fig. 2 that the running time of the MDBO reduces gradually
with the increasing the number of nodes. It is also concluded
from the figure that the performance of MR-MDBO is close
to ideal for the datasets large in size and having more number

of features and clusters. Moreover, it is clearly vindicated from
the figure that the computation time of MR-MDBO is minimal
among all the MapReduce-based considered method on both
the datasets. Hence, it can be concluded that, as the size and
number of clusters, features of the dataset grew, the advantage
of the proposed parallel MDBO are increased.

VI. CONCLUSION

This article presented a novel method for clustering big IoT-
based datasets, produced from industry. The proposed method
founds the optimal centroids by using the ability of the trained
military dogs to sense the suspicious object by their strong
smell sense and communication. The contribution of this article
had the following three folds: a novel metaheuristic algorithm,
inspired from trained military dogs, has been introduced; the op-
timization ability of the proposed algorithm has been tested on 17
standard benchmark functions; and the results are compared with
five other state-of-the-art metaheuristics. The proposed MDBO
outperformed all the considered algorithms in terms of standard
deviations and fitness value on all the benchmark functions. The
uniqueness and superiority of the MDBO was also validated
using the Wilcoxon rank-sum and Friedman’s test. Finally, a
parallel model of the proposed algorithm (MR-MDBO) was in-
troduced for clustering the IoT-based big datasets from industry.
The clustering efficacy of the MR-MDBO was validated against
F-measure and computation time. The clustering performance
of the MR-MDBO was compared with six other state-of-the-art
MapReduce-based parallel methods. Five standard benchmark
datasets, two UCI and three real IoT-based datasets, from in-
dustry were used to perform the test. The experimental results
validated that the proposed MR-MDBO had surpassed all the
considered methods in terms of F-measure and computation
time. Also, the speedup analysis of the parallel algorithm was
analyzed on a cluster with ten nodes to test the scalability. The
results witnesses that the MR-MDBO had outperformed all the
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compared algorithms in clustering big datasets. Thus, it could
be concluded that MR-MDBO can serve as an alternative tool
for handling real-world big data and IoT-based problems. The
future work will include the applications of the proposed method
in other real-world applications pertaining to IoT and big data.
Also, some other tools such as spark can be tested to accelerate
the computation efficiency of the algorithm.
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ABSTRACT The paralyzed population is increasing worldwide due to stroke, spinal code injury, post-polio,
and other related diseases. Different assistive technologies are used to improve the physical andmental health
of the affected patients. Exoskeletons have emerged as one of the most promising technology to provide
movement and rehabilitation for the paralyzed. But exoskeletons are limited by the constraints of weight,
flexibility, and adaptability. To resolve these issues, we propose an adaptive and flexible Brain Energized
Full Body Exoskeleton (BFBE) for assisting the paralyzed people. This paper describes the design, control,
and testing of BFBE with 15 degrees of freedom (DoF) for assisting the users in their daily activities. The
flexibility is incorporated into the system by a modular design approach. The brain signals captured by
the Electroencephalogram (EEG) sensors are used for controlling the movements of BFBE. The processing
happens at the edge, reducing delay in decision making and the system is further integrated with an IoT
module that helps to send an alert message to multiple caregivers in case of an emergency. The potential
energy harvesting is used in the system to solve the power issues related to the exoskeleton. The stability
in the gait cycle is ensured by using adaptive sensory feedback. The system validation is done by using
six natural movements on ten different paralyzed persons. The system recognizes human intensions with
an accuracy of 85%. The result shows that BFBE can be an efficient method for providing assistance and
rehabilitation for paralyzed patients.

INDEX TERMS Artificial intelligence, assistive technologies, brain-computer interface, edge computing,
Internet of Things (IoT), rehabilitation.

I. INTRODUCTION
A recent survey carried out by Toyota Foundations revealed
that 30% of the paralyzed population is disappointed with
the assistive devices in the market. The outdated design of
assistive devices is causing constant pain and frustration.
Survey participants also recommended that future assistive

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhenyu Zhou .

devices should be easy to handle and help in daily activities.
The respondents also indicated that the design should be nat-
ural, like an extension of their body, providing them freedom
and independence [1], [2]. Currently, exoskeletons are the
most popular solution used in rehabilitation and assistance of
the paralyzed people [3]–[8]. Numerous types of exoskele-
tons are designed for purposes ranging from rehabilitation
and assistance to transportation and handling heavy load in
industries.
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In rehabilitation, the exoskeletons are used to work in
parallel with the human legs and carry out the desired actions
with ease. These devices are specifically designed to treat
disabilities of patients in a clinical setting. The rehabilita-
tion exoskeleton helps paralyzed patients to engage with
real-world things and to monitor the movement of body
parts. Exoskeletons are also designed for healthy subjects,
enabling them to interact with a virtual environment [9].
As healthy people use these haptic exoskeletons, ease of
wearability is not a major issue, but portability and efficient
finger tracking are highly required. In recent times, to assist
children having cerebral palsy disorders, exoskeletons have
been designed [10]. The architecture of the control unit,
the mechanical system, and feature extraction is discussed
in detail. In [11], a wearable hip assist robot is discussed,
which is used to improve the gait function and reduce muscle
effort and metabolic activities. The device can reduce knee
and ankle muscle activity along with a decrease in hip move-
ments. The robot can stabilize the trunk during walking in
adults. But the system has not investigated the effectiveness
of gait rehabilitation.

In [12], the translation of gait without using crutches gait
in a biped robot is demonstrated. The mathematical hybrid
model analysis is carried out to find different gait and walking
speeds. The walking gaits are stabilized using a centralized
controller. A knee exoskeleton that can be used for sit to
stand assistance is discussed in [13]. Here, the torque control
is improved using a unique transmission configuration, also
with reduced output impedance. Design specifications of the
current lower limb exoskeletons are reviewed, and the human
biomechanical consideration in lower limb design is analyzed
in [14]. The classification and design challenges in the field
of Exoskeleton and Orthoses are discussed in [15]. In [16],
the classification of exoskeletons into the palm, upper limb,
and lower limb exoskeleton is discussed. Further, the paper
discusses various exoskeletons proposed for rehabilitation
and enhancement purposes. The paper also puts forward the
concept of developing a full-body exoskeleton.

In [17], a wearable full-body exoskeleton is designed for
a mobile cyber-physical system. Here, the design of a new
technique for identifying the gate phase is also discussed.
Energy harvesting using human’s daily actions is proposed
to charge the battery of exoskeleton in [18]. Conventional
and alternative methods for providing power to exoskele-
tons are discussed. A systematic review of various types of
exoskeletons for using with the lower limb in neurorehabil-
itation is presented in [19]. In [20], an exoskeleton to aid
patient rehabilitation with postural equilibrium is designed.
Multi-variable robust control with the patient’s Electro Myo-
graphical (EMG) signals is utilized to achieve equilib-
rium. Berkeley Lower Limb Exoskeleton (BLEEX) [21] is
designed to transfer load and body weight into the ground,
which reduces the metabolic cost of the wearer. This par-
allel exoskeleton is able to enhance the endurance of the
user. The exoskeleton, which augments the torque and power
of the user during lifting and daily activities, is discussed.

Software-Defined Network (SDN) assisted solutions with
exoskeletons for use in rehabilitation are also proposed
recently [22]. The majority of the existing exoskeletons have
weight, flexibility, and adaptability constraints. Easy weara-
bility and portability are other significant limitations expe-
rienced by current assistive exoskeleton-based solutions for
rehabilitation [23]–[25].

To overcome the current issues existing with exoskeletons,
we propose an adaptive and flexible Brain Energized Full
Body Exoskeleton (BFBE) for assisting the paralyzed peo-
ple. In the BFBE system, the brain signals captured by the
EEG sensors are used for controlling the movements of the
exoskeleton. The flexibility is incorporated into the system
by a modular design approach. The BFBE system has a BCI
module, a Control Unit (CU), and a Body-Part Actuation
Module (BAM). BCI module captures the brain signal and
transforms it into a signal that can be used by the CU. The pro-
cessing happens at the edge, thus reducing delay in decision
making, and the system is further integrated with an IoTmod-
ule that helps to send an alert message to multiple caregivers
in case of an emergency. The system is non-invasive, and
the fabricated EEG sensor is used to collect the signals from
the scalp. An instrumentation amplifier is used to enhance the
strength of the obtained signals. The output signal from the
amplifier is subjected to filtering and pre-processing. The sig-
nals are generated for different basic human actions (sitting,
standing, sleeping) and then after the pre-processing is stored
in a database. When the paralyzed person has an intention
to make a particular movement, the microcontroller in the
CU uses this database and produces the signal for activating
the particular body part. The generated EEG pattern of the
person is mapped into the corresponding action. The BAM
then uses the motor driver circuit to pass the activation signal
to the corresponding part of the body. The potential energy
harvesting is used in the system to solve the power issues
related to the exoskeleton. The stability in the gait cycle is
ensured by using adaptive sensory feed-back.

The paper is arranged into 4 sections. The proposed work
is discussed in Section 2. The system architecture is dis-
cussed initially, and then the theoretical analysis is presented.
Section 3 presents and discusses the system working and
testing details and the results obtained. Finally, the paper
concludes in section 4. The list of abbreviations is listed in
table 1.

II. PROPOSED SYSTEM
A. SYSTEM ARCHITECTURE
The architecture of the Brain Energized Full Body Exoskele-
ton (BFBE) system is shown in Figure 1. The BFBE system
has three major modules 1) BCI module, 2) Control Unit,
and 3) Body-Part Actuation Module. The primary function of
the BCI module is to collect the EEG signals from the scalp
and then convert it into a form that can be used by the CU.
We have fabricated a sixteen-electrode based EEG sensor,
which is used in the proposed system for collecting the signals
and also for analyzing the brain activity. For removing the
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TABLE 1. List of abbreviations.

FIGURE 1. System architecture: Brain Energized Full Body Exoskeleton
(BFBE).

high-frequency noise, we use a bandpass. Walsh Hadamard
Transform (WHT) is then used to transform the signals into
the frequency domain.

The signals are further transformed into a digital form and
provided to the Arduino Mega, which transmits the signal
via Bluetooth to the Control Unit. The signals are generated
for different basic human actions (sitting, standing, sleeping)
and then after the pre-processing is stored in a database.
When the paralyzed person has an intention to make a par-
ticular movement, the microcontroller in the CU uses this

TABLE 2. Body parts of BFBE and its corresponding joints.

database and produces the signal for activating the particular
part of the body. The generated EEG pattern of the person
is mapped into the corresponding action. The BAM then
uses the motor driver circuit to pass the activation signal
to the corresponding part of the body. The potential energy
harvesting is used in the system to solve the power issues
related to the exoskeleton. The stability in the gait cycle is
ensured by using adaptive sensory feed-back. The feedback
to the CU is provided using a multi-level sensing technique
so that corrections can be made in the process. Required
corrections for producing the actuation signals are done by
the microcontroller using this feedback and thus improving
the decision-making accuracy. An accelerometer is used on
the backside for detecting accidental falls. The processing
happens at the edge, thus reducing delay in decision making,
and the system is further integrated with an IoT module
that helps to send an alert message to multiple caregivers in
case of an emergency. If the measured tilt passes a particular
threshold, a similar emergency message will be given to the
caregiver via a wireless transmitter. The secure communi-
cation is ensured between paralyzed persons and caregivers
using a double encrypted NTSA algorithm [26]. The material
used for the development is carbon fiber, so that it can easily
replicate various body movements with ease. The BFBE has
a total of 15 degrees of freedom spread across different joints
of the body, as indicated in Table 2.

Each of these joints is realized using high torque motors.
Controlling the angle of rotation of the motors enables the
system to make different movements. The exoskeleton is easy
to wear due to its flexible and detachable components. The
straps are used to tie the exoskeleton to different body parts.
To further improve the stability of the person, support is
provided on the backside and ankle region. In order to check if
the applied force is sufficient to make the exoskeleton stable,
angle sensors are placed on the joints.

B. SYSTEM DESIGN AND METHODOLOGY
The full-body structure of the exoskeleton mainly consists
of five different body parts, which are lower limb, upper
limb, head & neck, shoulder, and hip. The BFBE structured is
designed by integrating these parts. The modular design pro-
vides BFBE with the highly required flexibility. The system
can thus be used by people with different degrees of paralysis.
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FIGURE 2. Sitting posture of BFBE (3D model).

1) EXOSKELETON DESIGN FOR DIFFERENT POSTURES
In this section, we discuss the design generated for the
exoskeleton in different body postures. BFBE exoskeleton
is constructed to mirror the anatomy of the human body.
Figure 2 illustrates the full-body exoskeleton designed using
3D software to emulate sitting posture. The major advantage
of the exoskeleton system is that the various parts and the
joints can be attached and detached easily. The system can
thus be used by people with different degrees of paralysis.
The full-body exoskeleton can be used by a completely par-
alyzed person. paralysis can be provided with a customized
exoskeleton. People experience the ease of wearability and
mobility because of the development of the exoskeleton with
carbon fiber material. To further improve the stability of the
person, on the backside and in the ankle region, a support
is provided with the system. Actuating the motors placed at
the corresponding joints helps to move from sleeping to the
sitting posture.

Figure 3 shows the standing posture of the full-body
exoskeleton. The system translates from sleeping to standing
based on the acquired human intensions. The high torque
motors placed at the different joints help in lifting the human
weight. If the actuation signals produced are not sufficient,
more accurate signals will be generated based on the feedback
received. A customized execution pattern is used to maintain
stability and reduce errors. The design also ensures that no
direct transition from sleeping to standing or vice versa.

III. MATHEMATICAL ANALYSIS OF THE PROPOSED
SYSTEM
The mathematical analysis is done on the full-body exoskele-
ton to identify the desired torque proportional to the mass.
The joints used to provide 15 degrees of freedom are uti-
lized to control the different bones of the human skeleton.
Figure 4 presents the exoskeleton structure used for the anal-
ysis. Here, A is the head joint (HJ), b is the neck joint (NJ),

FIGURE 3. Standing posture of BFBE (3D model).

FIGURE 4. Exoskeleton structure used for analysis.

c is the left shoulder joint left (SJL), d is the elbow joint left
(EJL), e is the hand joint left (HJL), f is the shoulder joint
right (SJR), g is the elbow joint right (EJR), h is the hand
joint right (HJR), lr and lh are the links for humanoid limbs.

Let the angle of the limb with respect to vertical and
horizontal axis is denoted by ’θ’, the masses of the element by
mi, the length of the elements by li, and the center of gravity of
the system by Gi. The spring of the element is represented by
spring coefficientKi. The angles are referenced with horizon-
tal and vertical axis where L denotes the kinetic andP denotes
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the potential energy, and e is the force to be applied to the
joint.

Let the different control signals to be applied at hip and
knee joint of human and exoskeleton be defined as Â for the
angular acceleration of knee, Ã for the angular velocity of the
knee, Å for the angular position of the knee, for the total
torque applied on the knee and the ankle, Î for the inertia on
the foot and the shank. Let the length of the shank is L̂m,
length of the foot is L̂m, the mass of the shank is Ŏ kg, mass
of the foot is Ō kg and let the torque be proportional to mass.

Consider the upper part of the body. The driving motor
is located at the head joint driven by VHJ , VNJ is the neck
joint motor driving voltage, VSJL is the shoulder joint left
motor driving voltage, VSJR is the shoulder joint right motor
driving voltage. Because of the DC voltage, we have currents
IHJ , INJ , ISJL , ISJR, entering the exoskeleton upper part. The
current flowing from the neck joint to the head joint is denoted
by INH. We have INJ = INH , ISJL = 0, IS−R = 0, IHJ =−INH
and INH = SM (VNJ , VSJR, VSJL , VHJ ),where SM is a function
classified based on the portion at the exoskeleton. Also ‘ ∈′

is the force to be applied to the joint to move from an initial
position or angle ‘0’ to final position angle ′θ ′. The length of
the exoskeleton part be li and the width is wi and the initial
position of the exoskeleton is ‘x ′ along the axis. The net force
applied to the head joint movement will be,

∈HJ=

∫ <∅

0
∈
1
HJ Widx (1)

With ∈1 as the force applied per unit area, the width Wi
becomes constant, thus we have,

∈HJ= Wi

∫ <∅

0
∈
1
HJ dx (2)

Similarly, we obtain other values of force applied on shoul-
der joint left and shoulder joint right as,

∈SJL = Wi

∫ <∅

0
∈
1
SJL dx (3)

∈SJR = Wi

∫ <∅

0
∈
1
SJR dx (4)

We can say that the net force applied to the head joint,
shoulder joint left and shoulder joint right movement as a
function of different voltages given by,

∈HJ = fHJ (VNJ ,V SJL ,VSJR,VHJ ) (5)

∈SJL = fSJL (VNJ ,V SJL ,VSJR,VHJ ) (6)

∈SJR = fSJR (VNJ ,V SJL ,VSJR,VHJ ) (7)

If we consider a time-varying voltageVNJ ,V SJL ,VSJR,VHJ
to move the exoskeleton at any position at any time, the neck
to head force, shoulder joint left and shoulder joint right, as a
function of time t is given by,

∈
(t)
NH = fHJ (VNJ (t),V SJL(t),VSJR(t),VHJ (t)) (8)

∈
(t)
SJL = fSJL (VVJ (t),V SJL ,VSJR,VHJ ) (9)

∈
(t)
SJR = fSJR (VNJ (t),V SJL ,VSJR,VHJ ) (10)

Here ‘f’ is the function taking the time-varying force into
consideration. Now we have current acting at shoulder joint
left and shoulder joint right given by,

ISJL(t) =
d
dt
∈SJL (11)

ISJR(t) =
d
dt
∈SJR (12)

As the incoming current is equal to the outgoing current,
we have, INJ (t) + IHJ (t) = d

dt ∈NH . With INJD (t) as the
initial position, we have INJ (t) = Iµ (t)+ INJD (t), IHJ (t) =
−Iµ (t)+ IHJD (t) and INJD (t)+ IHJD(t) = d

dt ∈NH .
Here, Iµ (t) is fully responsible for the exact movement at

the exact time and INJD and IHJD for the correct initial posi-
tion. We can call them us the returned coordinates. If INJD (t)
is causing the change in the movement of exoskeleton by an
angle θ ′ in the given time 1t , then INJD (t) = d

dt ∈
′

θ , and if
IHJD (t) is causing the change in themovement of exoskeleton
by θ ′′ in the given time 1t , then IHJD = d

dt∈
′′

θ .
Change in the variation between the neck and the head joint

is given by d
dt ∈

′

θ +
d
dt ∈

′′

θ=
d
dt ∈NH that is ∈

′

θ + ∈
′′

θ= ∈NH .
Assuming two different movement angle force at <∈′θ and
<∈θ

′′ we have the force, variations given by,

∈
′

θ ′ = Wi

∫ <θ ′

0

x
li
∈
′
HJ dx (13)

∈
′′

θ ′′ = Wi

∫ <θ ′′

0

(
1−

x
li

)
∈
′
HJ dx (14)

The net force applied is written as a function of different
voltages given by,

∈
′

θ ′ = fθ ′ (VNJ ,V SJL ,VSJR,VHJ ) (15)

∈
′′

θ ′′ = fθ ′′ (VNJ ,V SJL ,VSJR,VHJ ) (16)

Considering the time-varying voltageVNJ ,V SJL ,VSJR,VHJ
to move the exoskeleton at any position at any time, the neck
to head force, shoulder joint left and shoulder joint right, as a
function of time t is given by,

∈
′

θ ′ (t) = fθ ′ (VNJ (t),V SJL(t),VSJR(t),VHJ (t)) (17)

∈
′′

θ ′′ (t) = fθ ′′ (VNJ (t),V SJL(t),VSJR(t),VHJ (t)) (18)

Considering the ‘f’ function takes time varying force into
considerations, we have the current acting as,

IHJD (t) =
d
dt
∈θ ′ (19)

IHJD (t) =
d
dt
∈θ ′′ (20)

ISJL (t) =
d
dt
∈SJL (21)

ISJR (t) =
d
dt
∈SJR (22)

The net current flowing through the exoskeleton is zero and
given by,

INJ (t)+ IHJ (t)+ ISJL (t)+ ISJR (t) = 0 (23)

INJD (t)+ IHJD (t)+ ISJL (t)+ ISJR (t) = 0 (24)
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Using the chain value of differentiation on the current
values we obtain,

INJD (t) =
∂ ∈θ ′

∂VNJ

d
dt
VNJ +

∂ ∈θ ′

∂VSJL

d
dt
VSJL

+
∂ ∈θ ′

∂VSJR

d
dt
VSJR +

∂ ∈θ ′

∂VHJ

d
dt
VHJ (25)

IHJD (t) =
∂ ∈θ ′′

∂VNJ

d
dt
VNJ +

∂ ∈θ ′′

∂VSJL

d
dt
VSJL

+
∂ ∈θ ′′

∂VSJR

d
dt
VSJR +

∂ ∈θ ′′

∂VHJ

d
dt
VHJ (26)

ISJL (t) =
∂ ∈SJL

∂VNJ

d
dt
VNJ +

∂ ∈SJL

∂VSJL

d
dt
VSJL

+
∂ ∈SJL

∂VSJR

d
dt
VSJR +

∂ ∈SJL

∂VHJ

d
dt
VHJ (27)

ISJR (t) =
∂ ∈SJR

∂VNJ

d
dt
VNJ +

∂ ∈SJR

∂VSJL

d
dt
VSJL

+
∂ ∈SJR

∂VSJR

d
dt
VSJR +

∂ ∈SJR

∂VHJ

d
dt
VHJ (28)

With dx as a small incremental moment for an incremental
time dτ we obtain,

dx =
−KiWi

Ã
∈
′
HJ dτ (29)

Substituting the above value of dx in (2) and (3) we obtain,

∈SJL = Wi

∫ θ ′′

θ ′
∈
′
SJL

(
−KiWi

Ã
∈
′
HJ dτ

)
(30)

∈SJL =
−KiW 2

i

Ã

∫ θ ′′

θ ′
∈
′
SJL∈

′
HJ dτ (31)

∈SJR =
−KiW 2

i

Ã

∫ θ ′′

θ ′
∈
′
SJR∈

′
HJ dτ (32)

∈HJ =
−KiW 2

i

Ã

∫ θ ′′

θ ′

(
∈
′
HJ
)2 dτ (33)

Substituting the above value of dx in (12) and (13) we
obtain,

∈
′

θ ′ =
−KiW 2

i

Ã

∫ θ ′′

θ ′

x
li

(
∈
′
HJ
)2dτ (34)

∈
′′

θ ′′ =
−KiW 2

i

Ã

∫ θ ′′

θ ′

(
1−

x
li

) (
∈
′
HJ
)2dτ (35)

Calculating ‘x’ in terms of torque we integrate ‘x’ from
initial angle ′θ ′ to final angle θ ′′.

x =
−KiWi

Ã

∫ θ ′′

θ ′
∈
′
HJ dτ (36)

The VNJ value for which we reach the maximum limit
isVmax . If the value ofVNJ is raised aboveVmax , the exoskele-
ton movements will remain unaltered and practically con-
stant. The human body parts will act as the dielectric of
the capacitor with the exoskeleton acting as the plate of the
capacitor. Here VOI is the voltage applied between outer
and inner exoskeleton, Plimb is the potential drop across the
thickness of the limb,PIX is the potential drop across the inner

surface of the exoskeleton, and PCM is the potential at all the
contact point across the exoskeleton and human limb.We now
have,

VOJ = Plimb + PIX + PCM (37)

The variation in the voltage ig given by, 1VOJ =

1Plimb+1PIX + PCM where, PCM is constant.
Now there are three potential charges across the exoskele-

ton and the limb, ϕOE is the charge on the outer exoskeleton,
ϕlimb is the charge on the limb, ϕIE is the charge on the
inner exoskeleton, and we have ϕOE+ ϕlimb + ϕIE = 0 and
ϕ̃OE + ϕ̃limb + ϕ̃IE = 0. The charges per unit area are given
by 1ϕ̃OE +1ϕ̃IE = 0 with ϕ̃limb as constant.
To analyze the effect of external voltage on the exoskele-

ton, and the human limb, we are defining a threshold voltage
depending on the EEG signal Vth. The minimum voltage
required to trigger the movement is, if VOI < Vth then
ϕ̃IE > 0 and PIX < 0, if VOI≥ Vth then ϕ̃IE < 0 and
PIX > 0, if VOI= Vth then ϕ̃IE = 0 and PIX = 0. The
signal from EEG headset to limb is defined as Rsurface–limb,
ST is the potential depending on the thickness of limb, and LT
is the length of the limb. The ratio of the potential drop across
the inner surface of the exoskeleton to the length of the limb
is given by PIX

/
LT . The signal transferred from EEG headset

to the limb is given by,

Rsurface−limb = ST ePIX /LT (38)

The potential depending on the thickness of the limb is
calculated as,

ST = SLe−PRX /LT (39)

Substituting the value of ST in (39), we obtain,

Rsurface−limb = SLe(PIX−PRX )/LT (40)

The capacitance coefficient variation in the direction of x
and capacitance coefficient variation in the opposite direction
of x given by,

K (x) = K0eP(x)
/
LT (41)

K (y) = L0e−P(x)
/
LT (42)

Potential is at its local maximum, which indicates that the
system in the equilibrium state is unstable. We apply a small
displacement to the exoskeleton and move it to a random
small distance from its equilibrium state, and the total force
of the exoskeleton makes it to move even farther. Mobility
displacement along the x direction is given by,

µ(x) = ϑ(K(y) − K(x) − PA) (43)

d2P
dy2
=
−ϑ

µs

[
L0e−P(x)

/
LT − K0eP(x)

/
LT − PA

]
(44)

The charge on the inner skeleton is given by,

ϕ̃IE =
∓
√
2ϑµsPA

√
LT e−P(IX )

/
LT+PIX√

−LT + e−PRx /LT
(
LT eP/LT − PIX − LT

) (45)
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ϕ̃IE = C̃limbPlimb (46)

ϕ̃IE = −
√
2ϑµsPA

√
PIX + LT e(PIX−PRX )/LT (47)

ϕ̃IE = ϕ̃RL + ϕ̃SL (48)

The charge on the right-side outer skeleton to the limb is
calculated as,

ϕ̃RL =

∫ final

initalθ
(ϑ)K (x) (Adx) (49)

The charge on the left-side outer skeleton to the limb is
calculated as,

ϕ̃SL = −ϑ

∫ final

inital
K (x) dx (50)

The body parameter constant with static exoskeleton
movement is given by,

TB =

√
2µs
ϑPA

√
PIX (51)

The small variation in the charge on the inner skele-
ton is given by, 1ϕ̃IE= 1ϕ̃RL+1ϕ̃SL where ϕ̃RL =

ϕ̃RL (PIX ) and ϕ̃SL = ϕ̃SL(PIX ). The voltage applied between
the outer and inner exoskeleton is given by,

VOI = Vth + PIX −
ϕ̃SL (PIX )+ ϕ̃RL (PIX )

l̃imb
(52)

IV. RESULTS AND DISCUSSION
The designed system is tested on six different subjects, three
healthy and three paralyzed persons. The collection of data
is done in the offline and online phases. The experiments are
carried out for three different human intentions like sleeping,
standing, and sitting. To maintain stability, the movements
are executed based on the designed pattern. In the offline
training phase, the brain patterns corresponding to each of
these intended movements are acquired using the 64 channel
EEG sensor. Figure 5 presents the EEG Sensor manufactured
with 16 Electrodes for collecting the signals.

Signal analysis is carried out using WHT, and the unique
features required for the classification are extracted. Large
amount of EEG signals is compressed using WHT, and a
faster computation is also provided. The database is designed
using the extracted information corresponding to each human
thought obtained during the training phase. In the online
phase, the WHT coefficients, along with extracted informa-
tion, are transmitted from the brain to the full-body exoskele-
ton for the reconstruction of the original signal.

The EEG signals corresponding to human intentions of
sitting and standing are depicted in figure 6. Here, the original
signal and the reconstructed signal for both the postures are
presented. Figure 7 shows the area matching of EEG patterns
obtained for the sitting and standing postures. The original
and reconstructed signal is correlated at the receiver side to
identify the movement to be executed. Based on the classifi-
cation results, the required joints are actuated to produce the
desired movement by the exoskeleton system.

FIGURE 5. EEG sensor manufactured with 16 electrodes.

FIGURE 6. Original and reconstructed EEG signal in sitting and standing
positions with BFBE.

FIGURE 7. Area matching of EEG patterns obtained for sitting and
standing posture.

FIGURE 8. EEG amplitude and EEG amplitude error for original and
reconstructed signals.

Figure 8 shows the varying of the EEG signal captured
by the brain headset with time. The error in EEG amplitude
for the signal is also shown in the figure. Figure 9 presents
the brain pattern variations at different frequencies using
the proposed system. The voltage spectral density variations
at frequencies 6 Hz, 10 Hz and 22 Hz are presented and
highlighted in the figure.
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FIGURE 9. Brain pattern variations at different frequencies.

FIGURE 10. Electrode placement locations in the EEG headset.

FIGURE 11. EEG for different postures with placement of electrodes from
CP5 to LO1.

FIGURE 12. EEG for different postures with the placement of electrodes
from CP5 to PO2.

In the proposed system, EEG analysis is carried out using
realistic head models to identify the unique EEG signal fea-
tures and to validate the brain network connectivity. Here,
a 64-electrode placement scheme is used in the proposed
system. The electrodes are placed in the frontal and parietal

FIGURE 13. EEG for different postures with the placement of electrodes
from CP5 to P6.

FIGURE 14. EEG voltage for different frequency and number of trials per
second.

FIGURE 15. Number of trials with time.

FIGURE 16. EEG voltage for different frequency and number of trails per
second.

regions of the brain. Figure 10 indicates the electrode place-
ment positions used for testing the proposed system.

Figure 11 shows the EEG signal for different postures
with the placement of electrodes from positions CP5 to LO1,
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and figure 12 shows the EEG for different postures with
the placement of electrodes from CP5 to PO2 positions and
figure 13 shows the EEG for different postures with the place-
ment of electrodes fromCP5 to P6 positions. Figure 14 shows
the EEG voltage for different frequencies and also the number
of trials per second.

Figure 15 shows the number of trials carried out with
time, and figure 16 shows the EEG potential with vary-
ing latency using the proposed system. The proposed
system achieves excellent performance in all real-time sce-
narios. Results confirm that the proposed method pro-
vides adequate assistance and rehabilitation for paralyzed
patients.

V. CONCLUSION
To overcome the constraints of weight, flexibility, and adapt-
ability faced by the existing exoskeletons used for assisting
the paralyzed people, we proposed an adaptive and flexible
Brain Energized Full Body Exoskeleton (BFBE). The brain
signals captured by the EEG sensors are used for controlling
the movements of the exoskeleton. The flexibility is incor-
porated into the system by a modular design approach. The
parts and joints can be attached and detached easily, allowing
it to be used by people with different levels of paralysis. For
the fully paralyzed, the full-body exoskeleton structure can
be used. The processing happens at the edge, thus reduc-
ing delay in decision making, and the system is further
integrated with an IoT module that helps to send an alert
message to multiple caregivers in case of an emergency.
The potential energy harvesting is used in the system to
solve the power issues related to the exoskeleton. The sta-
bility in the gait cycle is ensured by using adaptive sensory
feedback. The system was by using six natural movements
on ten different paralyzed persons and received very good
results.
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ABSTRACT The emergence of the Internet of Things (IoT) has revolutionized our digital and virtual worlds
of connected devices. IoT is a key enabler for a wide range of applications in today’s world. For example,
in smart healthcare systems, the sensor-embedded devices monitor various vital signs of the patients. These
devices operate on small batteries, and their energy need to be utilized efficiently. The need for green
IoT to preserve the energy of these devices has never been more critical than today. The existing smart
healthcare approaches adopt a heuristic approach for energy conservation by minimizing the duty-cycling
of the underlying devices. However, they face numerous challenges in terms of excessive overhead, idle
listening, overhearing, and collision. To circumvent these challenges, we have proposed a cluster-based
hierarchical approach for monitoring the patients in an energy-efficient manner, i.e., green communication.
The proposed approach organizes the monitoring devices into clusters of equal sizes. Within each cluster,
a cluster head is designated to gather data from its member devices and broadcast to a centralized base station.
Our proposed approach models the energy consumption of each device in various states, i.e., idle, sleep,
awake, and active, and also performs the transitions between these states. We adopted an analytical approach
for modeling the role of each device and its energy consumption in various states. Extensive simulations were
conducted to validate our analytical approach by comparing it against the existing schemes. The experimental
results of our approach enhance the network lifetime with a reduced energy consumption during various
states. Moreover, it delivers a better quality of data for decision making on the patient’s vital signs.

INDEX TERMS Green IoT, patient monitoring system, cluster-based hierarchical routing, cluster head,
energy-efficiency.

I. INTRODUCTION
Internet of Things (IoT) allows the connectivity of phys-
ical devices to the Internet for gathering data about the
real-world happening events [1]. These devices collect and
exchange the gathered data among each other with little
human intervention. These networks are used in an increasing

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhenyu Zhou .

number of applications to facilitate human beings with bet-
ter facilities. The ubiquitous connectivity and large-scale
deployment of these networks are hindered by the lim-
ited energy supply of their sensor-embedded operational
devices [2]. Green IoT emphasizes on the need to preserve
the energy of these devices for better and prolonged opera-
tions of the underlying applications [3]. It allows the devices
to conserve energy during sensing, computation, transmis-
sion, data aggregation, and fusion. An increasing number
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of applications, e.g., smart healthcare, smart farming, smart
city, and industrial automation rely on green communication
to prolong their network lifetimes [4].

The smart healthcare systems use green communication
to monitor the vital signs of patients in real-time with the
least energy consumption [5]. Because of their patient-centric
approach, these systems have found their applications in
hospitals, nursing care, and in-home patient monitoring.With
the outbreak of various chronic diseases, e.g., COVID-19,
the role of smart healthcare systems for its mitigation and
control cannot be ignored. This virus itself is highly infectious
and can quickly spread at a fast pace. In this scenario, even
health practitioners are at risk of being infected with minor
negligence. Smart healthcare systems can effectively monitor
the infected patients with health practitioners examining the
gathered data from their desktops at the hospital or even
at their homes [6]. Besides, these systems are intelligent
enough and are capable of being instructed via commands,
queries, and control signaling. The practitioners can guide
the implanted devices on a patient to gather the type of data
required by them.

In these systems, each monitoring device is equipped with
several central and peripheral units, e.g., medical sensor,
actuator, transceiver, buffer, battery, and microcontroller [7].
These units are used to sense the underlying health conditions
of a patient for vital signs monitoring, processing of these
signs for feature extraction, storage of the processed data,
and upstream transmission towards the base station or cloud
data centers [8]. The battery unit provides the required power
level for the functioning of each component of the device.
However, the battery itself has limitations imposed on its
resources. The devices have limited battery power, and as
such, the available power needs to be utilized efficiently and
in an intelligent manner. Efficient utilization of battery power
prolongs the lifetime of these networks, and at the same,
provides seamless transmission of vital signs of a patient [9].
In these networks, increasing the battery size of devices is not
a viable alternative as it will increase the cost and weight [10].
The devices need to be cost-efficient for wider deployment
and enhanced coverage of the monitored region. An increase
in weight will create bulky systems that affect the mobility of
devices.

In smart healthcare systems, the patient monitoring devices
consume a varying amount of energy in different states,
i.e., sleep, awake, active, and idle [11]. As a result, a state-
based scenario is required to model the energy consump-
tion of these devices to analyze their behavior. For this
purpose, Medium Access Control (MAC) and cluster-based
routing protocols have been investigated in the literature.
The MAC layer protocols [12] ensure the operation of these
devices with minimal duty cycling. These protocols reduce
energy consumption by keeping the transmitter in idle or
sleep state. As a result, the transmission delay is mini-
mized, and at the same time, the network throughput and
lifetime are maximized. These protocols have an essen-
tial role in energy conservation as they control the main

sources of energy wastage, i.e., packet collision, overhear-
ing, control packet overhead, and idle listening. MAC pro-
tocols are classified as either schedule-based [13]–[15] or
contention-based [16]–[18]. In the case of contention-based
protocols, e.g., Carrier Sense Multiple Access/Collision
Avoidance (CSMA/CA), the devices compete with each other
to access the transmission channels for data communication.
They are scalable, and at the same time, do not impose
strict time-synchronization on the resource-starving devices.
However, they incur excessive overhead and keep the devices
wait for longer than expected. The sensitivity of a patient’s
vital signs requires immediate transmission to the healthcare
personnel. Schedule-based protocols, on the other hand, uses
Time Division Multiple Access (TDMA) for efficient uti-
lization of the transmission medium. These protocols reduce
collision, overhearing, and idle listening; however, they incur
excessive waiting on the part of monitoring devices.

Cluster-based hierarchical routing protocols, on the other
hand, have attracted significant research in recent years
for various healthcare applications [19]–[21]. These pro-
tocols operate at the network layer and are highly scal-
able, adaptable, self-configurable, and have the ability of
self-healing [21]. These unique features make them an
ideal option for adaptation in smart healthcare environments
because the patient’s vital signs cannot tolerate network con-
nectivity issues, require fault-tolerant features, and, at the
same time, demand a higher level of QoS. These protocols
organize health monitoring devices into groups, which are
known as clusters [22]. In each cluster, one single device is
designated to collect data from all other devices. The former
is known as cluster head, and the latter as member devices.
These protocols support two modes of communication [23]:
Intra and inter. In intra-cluster communication, the devices
can only communicate with their designated cluster head,
as shown in Fig. 1. Inter-cluster communication, on the other
hand, allows communication between the devices in two or
more clusters. However, the communication must be routed
through the cluster heads. In literature, inter-cluster com-
munication mainly focuses on cluster head-to-cluster head
communication between two different clusters.

Inspired from the distinguishing features of a cluster-based
hierarchical approach, in this paper, we present an
energy-efficient technique for patient monitoring in a smart
healthcare environment. The significant contributions of our
work are as follows.
• We formulated the energy consumption of a health mon-
itoring device in various states. We also evaluated the
energy consumption during the states’ transitions. For
this purpose, we have proposed a novel energy state
model that carefully compute the energy consumption
during various states and their transitions.

• We presented a centralized cluster-based hierarchical
routing protocol for a patient monitoring system. Unlike
the existing approaches, our protocol is centralized in
nature, and the base station makes the decision about
cluster head election. This transfer of control from nodes
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FIGURE 1. Cluster-based communication in a smart healthcare system.

to the base station ensures that the overall energy of the
network is utilized efficiently.

• We compute the energy consumption of various devices
in the network based on their run-time operational
behavior. We considered numerous metrics and criteria
for this purpose.

The rest of this paper is organized as follows. In Section II,
we present the energy state model of a patient moni-
toring device. In Section III, we present our centralized
cluster-based routing approach for seamless and green com-
munication in a smart healthcare system. Section IV vali-
date the proposed approach via experimental results. Finally,
the paper is concluded, and future research directions are
provided in Section V.

II. ENERGY STATE MODEL OF A PATIENT
MONITORING DEVICE
The energy consumption of a health monitoring device in
various states is shown in Fig. 2. A number of such devices
are implanted on a patient body to monitor vital signs. Ini-
tially, the device fetches and executes various instructions
to transform itself into an awake state. It dissipates a con-
siderable amount of energy during this transition because
the instruction set requires ample amount of memory space
due to a larger code size. Moreover,its memory unit needs
to be continuously queried for fetching and executing these
instructions. Similar to other sensor nodes, the medical mon-
itoring device wakes up periodically or at some predefined
threshold parameters by broadcasting a base beacon message
with no backoff field [24]. However, it cannot stay awake all
the time due to restrictions on its available resources. The
transition to an awake state enables it to prepare itself for
reception or transmission of data. The device switches to

an active state and continuously senses data of the patient.
Upon capturing an event of interest, it is processed for extract-
ing valuable information. These processed events are either
transmitted to the neighbouring device or stored locally to
enable it in performing various tasks such as route mainte-
nance, neighbourhood discovery, redundancy checking and
data fusion. All these operations are performed in an active
state. After performing the resource-intensive tasks in an
active state, the device switches to an idle state. During this
state, it remains inactive and no longer performs any task.
However, in idle state, a small amount of residual energy is
still consumed due to the leakage of current [25]. In order to
preserve energy, relevant circuitry of the device need to be
switched off during this state.

The energy consumption of the patient monitoring
device i in different states and transitions is shown in Equ. 1

Ei(δt) =
Nc∑
c=1

∑
s∈S

∑
st∈ST

C(ec,s, ec,st , tc,s). (1)

In this equation, Nc is the total number of units of this
device and C represents the individual units, where C ∈ Nc
and Nc = {Pc, Mc, Sc, TRc}. Here, Pc represents the pro-
cessing unit, Mc represents the memory unit, Sc represents
the sensing unit and TRc represents the transceiver unit. The
set of sensor’s states is represented by S, where s ∈ S and
S = {sleep, awake, idle, active}. The set of state transition
is represented by ST, where st ∈ ST, and ST = {aa, ai,
ia, is, sa}. Here, aa represents a transition from awake to
an active state, ai represents a transition from active to an
idle state, ia represents a transition from idle to an active
state, is represents a transition from idle to sleep state and
sa represents a transition from sleep to an active state. In this
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FIGURE 2. Energy consumption of a device in various states.

equation, ec,s represents the energy consumption of unit c in
state s, ec,w represents the energy consumption of unit c in
state transition w and tc,s defines the duration of states for a
unit c.

In smart healthcare systems, energy is consumed not only
by the individual states but also by the state transition,
i.e., switching from one state to another [26]. As a result,
the number of state transitions needs to be reduced without
compromising the operation of the device. State transition
can be reduced in a number of ways. For example, memory
read and write operations need to be performed for multiple
packets, i.e., a bulk, rather than a single read and write oper-
ation upon an individual packet arrival and departure [27].
State transition can also be reduced if the processor decreases
the number of memory queries and increases the number of
processed packets sent to a transceiver [28].

III. A CENTRALIZED CLUSTER-BASED ROUTING
APPROACH FOR PATIENT MONITORING SYSTEM
Upon energy evaluation of a patient monitoring device in
different states and transitions, we present a centralized
cluster-based hierarchical routing approach for an underlying
smart healthcare network. Our approach can be used by a
number of such devices to transmit their gathered data in an
efficient way. The proposed approach achieves its objective
of data transmission in two phases: set-up and steady-state.
The set-up phase has four sub-phases.

• Status
• Cluster Head Selection
• Cluster Formation
• Schedule Creation

During status sub-phase, each sensor device transmits
a status message to it’s nearest aggregator device before

the start of a particular round. This message has an 8 bit
source’s identity (ID), 8 bit destination’s identity (ID) and
a variable-length residual energy field. The source ID is the
identity of the transmitter device, whereas, the destination ID
is the identity of the nearest aggregator. The frame format of
status message is shown in Fig. 3

FIGURE 3. Frame format of a status message.

Each aggregator accumulates multiple status messages
from its neighbouring medical devices and broadcast a single
message to the base station. Upon transmission, each aggre-
gator goes to sleep mode until the beginning of next round.
The base station retrieves the source ID and residual energy
from each status message and stores locally within a queue.
It then calculates the average residual energy (Eaverage) using
Equ. 2.

Eaverage =
n∑
j=1

(
Ej
n
). (2)

Here, Ej represents the residual energy of the medical device,
and n denotes the total number of such devices. In our network
model, the value of n is 100.
Upon the completion of status sub-phase, cluster head

selection is initiated. During this phase, the base station elects
an optimal number of cluster heads and maintains them in
a buffer as shown in Fig. 4. The cluster heads are selected
among the medical devices based on their energy levels. Any
device that has Ej greater than Eaverage becomes eligible to be
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FIGURE 4. Nominee and cluster head election.

elected as cluster head. In Fig. 4, the value of Eaverage is equal
to 1.5 joule for the current round. There is a high probability
of having a large number of devices that have Ej greater or
equal to Eaverage in the current round. The problem is that
all these devices cannot be elected as cluster heads. Thus,
we use the term nominee to represent all such devices. The
nominees are the possible candidates for cluster heads. If two
or more nominees are co-located in the neighborhood of each
other, then such nominees are evaluated according to their
residual energy values and their election as cluster heads
based on their election as cluster heads in the past 1

kopt
rounds.

This election criteria of cluster head is inspired from our
previous work [29]. In our network model, we have bounded
the optimal percentage of cluster heads as 5% to 10% of all
devices in any given round.

Among the nominees, i.e., candidates of Fig. 4, devices 2, 3
and 11 reside in one cluster, whereas, devices 63 and 69
reside in another cluster, as shown in Fig. 5. However, each
cluster is restricted to only one cluster head. It means that one
among these candidates needs to be elected as cluster head.
Among devices 2, 3 and 11, device 11 has the highest Ej,
however, this device was previously elected as cluster head
in the past 1

kopt
rounds which makes it ineligible for the

current round. The elimination of device 11 from cluster head
election paves the way for device 2 and 3 as the possible
nominees for cluster head in the current round. Device 2 takes
preference over 3 for cluster head election because the former
has higher Ej and has not been elected as cluster head in the
past 1

kopt
rounds. In the second cluster, the election procedure

is rather straightforward. Device 63 has a higher Ej than 69.
Furthermore, the former has not been elected previously over
the past 1

kopt
rounds.

We used the term clusterwhile referring to Fig. 4 and Fig. 5
for clarity and simplification purposes. In reality, there is no
such thing like cluster at the time of evaluating Ej by the
base station. Once the base station performs the evaluation
of residual energy of each device, only then the cluster head
election takes place and the formation of cluster is initiated.
Perhaps, region will be a better term in this context because,
initially all these medical devices reside in one or more
regions of the deployed field.

The cluster head election is a complex resource-intensive
task that incurs high processing overhead and network delay.
As a result, the monitoring devices and aggregators remain

FIGURE 5. Cluster head selection.

inactive to conserve their energy. Once an optimal number
of cluster heads are elected for the current round, the base
station transmits a message to each device. This message
contains ID of each patient monitoring device and ID of its
respective cluster head. At this point of time, there are two
types of operational devices within the network: cluster heads
and patient monitoring devices. The latter are those devices
that participated in cluster head election but were unable to
satisfy the criteria for election. Their residual energy were
lower than average threshold energy required as part of the
election criteria. The base station assigns a cluster head to
each patient monitoring device in order to form a group,
known as cluster. In other words, the geometry of a cluster
has two types of devices: a cluster head and multiple patient
monitoring devices. The latter senses the patient data and
transmit to its respective cluster head. The patient monitoring
devices are the member nodes of a given cluster head within
each cluster. The formation of a cluster around each cluster
head signals the end of cluster formation sub-phase. The
direct association of amember nodewith its respective cluster
head enhances the network lifetime because a cluster head is
no longer required to advertise itself. Moreover, the member
node, i.e., patient monitoring device, avoids the transmission
of join-request messages to its respective cluster head.

The completion of cluster formation initiates the sched-
ule creation phase. During schedule creation, every clus-
ter head allocates TDMA slots to its patient monitoring
devices, i.e., member devices, that allow the latter to transmit
their data using these slots. Furthermore, the creation of
schedule allows the member devices to remain inactive and
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periodically wake up to gather data and transmit using their
assigned slots. The assignment of TDMA slots signals the end
of set-up phase.

Upon completion of set-up phase, the member devices
gather a patient data and transmit to their respective clus-
ter heads. This is the steady-state phase of our proposed
centralized routing approach for patient monitoring. During
steady-state phase, each member device collects the patient
data according to a predefined condition and transmits to its
designated cluster head, using its assigned TDMA slot. When
all the member devices within each cluster have transmitted
their data, the cluster head performs necessary signal pro-
cessing to eliminate redundant data packets. Becausemultiple
cluster heads are involved during this process, it would be a
resource-consuming task if all the member devices transmit
their gathered data directly to a base station. To reduce their
energy consumption, the cluster head with highest energy
among it’s peers is selected as a leader, shown by Fig. 6. The
leader collect data from each cluster head and broadcast to the
base station on their behalf. The whole procedure is shown in
the Algorithm 1.

FIGURE 6. Data transmission to a base station.

The leader performs further aggregation to eliminate red-
undant patterns and transmits highly refined data to the
base station. The task performed by a leader is resource-
consuming, and as a result, the cluster heads take turn to
become leader in consecutive rounds. Once the leader per-
forms its task of data offloading to the base station, steady-
state is accomplished. During each round, these two phases

Algorithm 1 Green Communication for Smart Healthcare
System
Initialization: Ej, n F n is the number of devices
Input: Ej
1: procedure
2: BS compute Eaverage and retrieves Ej

F Set-up phase
3: if Ej > Eaverage then
4: j is a nominee
5: else
6: j is patient monitoring device
7: Sleep & wait for Cluster Head announcement
8: end if
9: if multiple nominees in the same region then
10: if j was elected in previous 1/kopt rounds then
11: j is not illegible for current round
12: go to to sleep state
13: else
14: Wait for the nomination packet
15: i is a cluster head
16: end if
17: if j receives announcement from i then
18: j sends Join-Request message to elected i
19: i forms cluster

F Upon receiving Join-Request message from j
20: end if
21: i collects data from member devices

F Steady-state phase
22: l delivers data to Base Station

F Leader l ∈ i
23: end procedure

are performed: set-up and steady-state. In cluster-based rout-
ing protocols, a round is measured in terms of time required
to perform control signaling and data transmission. Set-up
deals with control signaling and steady-state deals with data
transmission. The complete set of operations performed dur-
ing each round is shown in the flowchart of Fig. 7.

A. ENERGY EVALUATION MODEL OF THE NETWORK
Both set-up and steady-state phases are resource-consuming
tasks and need to be dealt with utmost care to model the
energy of each device. The amount of energy consumed by
each individual device differs and depends on its operational
behavior at a given time. Besides, the energy consumption
depends on the distance metric between the member device
and its cluster head. In this section, we present the energy
evaluation model of each device in various states of our
network. We considered patient monitoring member device,
cluster head and the aggregator for this purpose as these are
the three main devices in our underlying network.

At the time of transmitting the status messages, the patient
monitoring device broadcast its location, residual energy
and identities. The energy consumption during the status
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FIGURE 7. Flowchart of set-up and steady-state phases.

sub-phase (Estatus) is computed using Equ. 3.

Estatus(m, d) = mEelec + mεfsd2HEN , dHEN < dc. (3)

In this equation, dHEN represents the distance of a moni-
toring device from its nearest aggregator and m is the mes-
sage size. Here, Eelec denotes the energy consumed by the
device in processing the data gathered from a patient and
εfs is its energy consumption while transmitting the gath-
ered data to the aggregator. The aggregators are high energy
devices as compared to cluster heads and patient monitoring
devices. They are expected to stay alive longer due to their
highly-resource intensive operations of gathering status mes-
sages from all the devices in the field. Lastly, dc represents
the crossover distance [30] between the monitoring device
and the aggregator. It is approximately equal to 87m, and
dHEN < dc decides the type of model to be used, either
free-space or multipath ground propagation [29], [31].

Each aggregator receives status messages from a num-
ber of neighboring monitoring devices. They aggregate the
gathered data, fuse it, and broadcast to the base station.
In this context, the energy consumption of aggregator is piv-
otal for the network operation. During the status sub-phase,
the energy consumed by an aggregator (EHEN ) is computed

using Equ. 4.

EHEN (m, d) =

{
mEelecx + mεfs d2BS , dBS < dc,
mEelecx + mεmp d4BS , dBS ≥ dc.

(4)

Here, x is a subset of monitoring member devices that com-
municate with a particular aggregator, ∀ x ∈ n ∧ x< n. In this
equation, dBS represents the distance between an aggregator
and the base station. If the base station is located at a distance
greater than dc, multipath model is used for communication,
otherwise, free-space model is utilized.

The base station elects an optimal number of cluster heads
and advertise them in the network. Upon election, each cluster
head gather data from its monitoring member devices, per-
form fusion and broad to base station. The amount of energy
consumed by each cluster head (ECH ) is computed using
Equ. 5.

ECH (m, d) =



mEelec(
n
kopt

)+ mEDA(
n
kopt

)+

mεfsd2LN , dLN < dc,

mEelec(
n
kopt

)+ mEDA(
n
kopt

)+

mεmpd4LN , dLN ≥ dc.

(5)

In this equation, kopt denotes the optimal number of cluster
heads [32], [33]. The number of cluster heads and clusters
are always equal because there is always one cluster head per
cluster. Here, dLN denotes the distance of a cluster head from
its leader. Recall that a leader is one of the cluster head that
has the highest energy among all.

Our proposed approach achieves equal-sized clusters using
the balanced-clustering approach [34]. It means that each
cluster has the same number of patient monitoring devices.
The location of these devices are known to the base station
and the latter always elect cluster heads that were not pre-
viously elected in kopt . Besides, the elected cluster heads
are always nearer and easily accessible to the monitoring
devices. We have considered a network size of 100. Using
balanced-clustering approach, there are always 20 nodes in
each cluster. Based on this calculation, the optimal value of
kopt is 5 for our network. Balanced-clustering ensures that
our proposed approach forms equal-sized clusters in which
the load is uniformly distributed on the cluster heads. The
rotation of cluster heads in each round distribute the load
uniformly on all monitoring devices. Hence, this approach
enhances the lifetime of the network. Each cluster head
performs data processing, data aggregation, and data trans-
mission to the leader. It means that a given cluster head
consumes energy while processing (Eelec), aggregation (EDA)
and transmission (εmp/εfs).

In Equ. 5, each cluster head only performs data processing,
data aggregation and data transmission to a leader. They were
not assumed to sense data within their respective clusters,
a role similar to the member devices. In case, if each cluster
head monitors the patient as well, their energy consumption
will be much higher. This is mainly because they will not only
gather, process, aggregate and transmit data from member
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FIGURE 8. Energy consumption in different scenarios.

devices, but similar functionalities for its own collected data
need to be performed. Recall that each cluster head is one of
the patient monitoring member device. The only difference is
that it has higher energy among its peers within its neighbor-
hood, in that particular round. If each cluster head monitors
the patient for data collection, then its energy consumption
can be calculated using Equ. 6.

ESensing−CH (m, d)=



αI + mEelec(
n
kopt

)+ mEDA(
n
kopt

)

+mεfsd2LN , dLN < dc,

αI + mEelec(
n
kopt

)+ mEDA(
n
kopt

)

+mεmpd4LN , dLN ≥ dc.
(6)

Here, α represents the energy consumption of a cluster
head while sensing one bit of data, and I denotes the total
number of such bits within the data.

The energy consumption by a member device, i.e., patient
monitoring device (Emember ) within its cluster is computed
using Equ. 7.

Emember = αI + mEelec + mεfsd2CH , dCH < dc. (7)

In this equation, dCH denotes the distance of a member device
from its cluster head. Since, the member device is located
in vicinity of cluster head, free-space propagation model is
an obvious choice because dCH <dc is always true for their
communication.

Upon data collection from their member devices, the clus-
ter heads do not broadcast the gathered data directly to base
station. Rather they elect one among themselves as leader to

represent all the cluster head. The leader gathers the data from
each cluster head, aggregate it, and broadcast to base station.
Leader nodes are always rotated in each round to balance the
energy utilization and distribute the load uniformly among
the elected cluster heads in subsequent rounds. The energy
consumption of a leader (ELN ) is computed using Equ. 8.

ELN (m, d)=



mEelec(
n
kopt

)+ mEDA(
n
kopt

)+ mEDA

(
∑kopt−1

i=1
CHi)+ mεfsd2BS , dBS < dc,

mEelec(
n
kopt

)+ mEDA(
n
kopt

)+ mEDA

(
∑kopt−1

i=1
CHi)+ mεmpd4BS , dBS ≥ dc.

(8)

Here, dBS denotes the distance of a leader from the base
station. In each round, the energy of a leader is consumed in
data processing, data aggregation and data transmission to the
base station. Besides, the leader itself is a cluster head, so it
consumes a considerable amount of energy while aggregating
the gathered data of its ownmember devices. In this equation,
CHi denotes the remaining cluster heads from whom the
leader gather the data.

In any given round, one or perhaps more member devices
may be located farthest from their nominated cluster heads.
In this case, the member device may choose not to join
this cluster head. Rather, it may broadcast its gathered data
directly to base station as this approach is more energy-
efficient. Neither it has to wait for its allocated TDMA slot
nor it has to perform set-up operations. In Fig. 8a, we have
represented this type of scenario. If the devices choose to
transmit directly to the base station, such devices are known
as isolated devices and in fact, a very common practice in
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smart healthcare infrastructures, e.g. telemetry or an Intensive
Care Unit (ICU). The energy consumption of isolated nodes
(Eisolated ) can be computed using Equ. 9.

Eisolated (m, d) =

{
mEelec+mεfsd2BS , dBS < dc < dCH ,
mEelec+mεmpd4BS , dc ≤ dBS < dCH .

(9)

In this equation, dBS denotes the distance of an isolated device
from the base station, and dCH denotes its distance to a
cluster head located in its vicinity. An isolated device can only
transmit its gathered data directly to base station without the
intervention of cluster head when dBS < dCH .
In smart healthcare systems, there are very few devices

that are still capable of data transmission towards the
base station, towards the end of network lifetime. Most
of the devices deplete their energy while performing the
resource-intensive operations during various states within the
setup and steady-state phases. Due to the lowered number
of alive devices towards the end of network lifetime, cluster
formation becomes extremely difficult. In this case, amember
device is left with no other choice but to transmit gathered
data directly towards the base station, as depicted by Fig. 8b.
We call this state as End State. In this state, the energy con-
sumption of each device (Eend ) is formulated using Equ. 10.

Eend (m, d) =

{
mEelec + mεfsd2BS , dBS < dc,
mEelec + mεmpd4BS , dBS ≥ dc.

(10)

After formulating the energy consumption of the devices in
various states and phases, we calculate the energy consump-
tion in a particular round (Eround ), using Equ. 11.

Eround = Estatus + EHEN + ECH + Emember
+ELN + Eisolated . (11)

Eround represents the energy consumption in one complete
round. It comprises the energy consumed in the set-up and
steady-state phases. During these two phases, Estatus, EHEN ,
ECH , Emember , ELN , and Eisolated are involved. Eround is calcu-
lated towards the end of network lifetime because among all
the parameters of this equation, Eisolated is the only parameter
that can only be calculated toward the end of network lifetime.
In the early stages of network operation, Eround does not
comprise Eisolated because the network is fully operational
and balanced clusters are formed easily due to sufficient
number of cluster heads in each round.

Finally, the total amount of energy consumption (ETotal)
over the period of time, i.e., network lifetime, is computed
using Equ. 12.

ETotal =
i=r∑
i=1

Eround +
i=r∑
i=1

Eend (12)

In this equation, r represents the total number of rounds over
which the network remains operational. When there are one
or more clusters within a network, Eround is the end result.
However, towards the end of network lifetime, there are

hardly enough devices to create one or more balanced clusters
in any round and the end result is Eend . The sum of Eround
and Eend denotes the total energy consumed by the patient
monitoring devices and aggregators during their lifetime.

IV. EXPERIMENTAL RESULTS AND ANALYSIS
In this section, we present the experimental results of our
proposed centralized cluster-based approach for patient mon-
itoring system. We compared our approach against LEACH
and DEEC algorithms by analyzing various simulation met-
rics. For our experiments, we considered Matlab 2018a with
Intel Core i7. The values of various parameters are as fol-
low: Eelec is 50nJ/bit, n is 100, εfs is 10pJ/bit/m2, εmp is
0.0013pJ/bit/m4, dc is 87m, k is 500 bytes and r is 10000.
Recall that Eelec is the energy consumed by electronic com-
ponent of a patient monitoring device, cluster head, and of
the aggregator during data processing, n is the total number
of monitoring devices, εfs represents the energy consumed in
free-space model by these devices, εmp denotes the energy
consumption in multipath model and dc is the crossover dis-
tance between the nodes. Moreover, the size of each message
containing data of a patient is represented by k. Finally, r is
the total number of rounds for which the network remains
operational. For comparison, we considered the network life-
time, data aggregation quality of data, and energy efficiency,
respectively.

A. LIFETIME OF THE NETWORK
The network lifetime is computed based on two terms: stabil-
ity and instability periods. Stability period is calculated when
the first device of a network runs out of energy. For example,
if in round 1000, one of the device completely depletes its
energy, the stability period is 1000. Instability period, on the
other hand, is the period of time when the last device becomes
non-functional. However, in cluster-based routing protocols,
instability period is computed from the time when 97%
of the devices become non-functional. At this percentage,
there are not sufficient devices to form balanced clusters.
To compute these two terms, we compared our centralized
approach against the state-of-art LEACH and DEEC proto-
cols, in Fig. 9. As the figure shows, our proposed approach
has much better stability and instability periods, as compared
to the existing approaches.

In our centralized routing approach, the cluster heads are
elected by the base station. Besides, the cluster heads are
no longer required to advertise themselves in their neighbor-
hood. As a result, the cluster formation consumes no energy
on part of the cluster heads. These steps conserve the energy
of these resource-constrained devices and at the same time,
prolongs the overall network lifetime. There is a tradeoff
between the resource-intensive operations of base station and
energy consumption by the devices. Apart from cluster heads,
the patient monitoring devices are no longer required to
transmit join-request messages to the cluster heads for cluster
formation. This in turn, conserves their energy and enhances
the network lifetime. In comparison, LEACH and DEEC
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FIGURE 9. Lifetime of the network.

use randomly distributed approach for cluster formation. The
cluster heads consume a large amount of their energy in
advertising themselves and at the time of cluster formation.
The patient monitoring devices, on the other hand, need to
send join-request messages. As a result, their energy depletes
that deteriorate the overall network lifetime.

B. DATA AGGREGATION
In cluster-based hierarchical smart healthcare system, data
aggregation and data fusion are performed at the local and
global level, i.e., at the patient monitoring devices and at
the cluster heads. The focus of our approach is more on the
global level. We calculated the overall data aggregated by
the cluster heads over their network lifetime. The efficiency
of robust data aggregation at the cluster heads depends on
how many packets it received and how many it transmitted to
the base station via the leader. An effective data aggregation
approach should eliminates all the redundant packets and
transmits only highly refined packets. We also calculated the
number of packets received by the base station to show the
effectiveness of our data aggregation approach at the cluster
heads. In Fig. 10, we made a comparison of data aggregation
for our proposed algorithm, LEACH and DEEC, respectively.

FIGURE 10. Data aggregation.

In our approach, the cluster heads received 140192 packets
from the patient monitoring devices over the entire network
lifetime. After performing data aggregation and fusion for the
elimination of redundant and correlated packets, only 8312
packets were transmitted to the base station. In comparison,
the cluster heads in DEEC received 113245 packets from the
patient monitoring devices and transmitted 11782 packets to
the base station. LEACH, on the other hand, received 106613
packets at the cluster heads and transmitted 12109 packets to
the base station. Among all these approaches, ours has the
best results in term of data aggregation.

C. QUALITY OF DATA
Quality of data (QoD) is computed as the ratio of sum of all
packets received at the base station to the sum of all packets
received and processed by the cluster heads. It is calculated
as a percentage value and is used to measure the QoS level
of a network. However, it is different than QoS because it
depends on the results of data aggregation. Better the data
aggregation approach, lower will be the number of packets
received at the base station, and minimum will be the value
of QoD. In Fig. 11, we compared the QoD for our approach
in comparison to LEACH and DEEC.

FIGURE 11. Quality of data (QoD).

In this figure, we made a comparison for a network
of 100 devices. First we compared the results when each node
has 10 joule of energy and then we made a comparison for
20 Joule. The assumption of 10 and 20 joules are in contrary
to Fig 4 but there is a logical reason for these energy values.
The difference of QoD is much more visible and significant
with these values. In case of 10 Joule, the QoD of our pro-
posed algorithm is 7.32%, whereas, DEEC and LEACH have
10.01% and 11.39%, respectively. It means that for every
100 packets, the cluster heads transmit these percentages of
packets to the base station after data aggregation and fusion.
In case of 20 Joule, the QoD of our proposed algorithm is
4.78%, whereas, DEEC and LEACH have 7.39% and 9.73%,
respectively. In either case, our approach is much better in
terms of QoD for the underlying network.
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FIGURE 12. Energy consumption in one round: set-up and steady-state.

D. ENERGY CONSUMPTION
Finally, we compute the energy consumption of different
devices in one complete round. A round comprises set-up
and steady-state phases. A comparison is made in presence
and absence of our approach for cluster head, aggregator
and patient monitoring devices, i.e., the member device,
as shown in Fig. 12. In this figure, each cluster head consumes
0.412 joule of energy in absence of our approach. How-
ever, the same cluster head consumes almost half of the
energy, i.e., 0.207 joule when our approach of centralized
clustering is adopted. Each aggregator, on the other hand,
consumes 0.309 joule in absence and 0.166 joule in presence
of our approach. The resource-constrained patient monitoring
devices, implanted on the patient body, consumes 0.149 joule
in absence of our approach and 0.077 joule in presence of
our approach. The main reason for the reduction in energy
consumption by these devices in any given round is the use
of state-based mechanism of our approach. We have modeled
these devices so that they consume very small portion of their
energy in order to operate over a longer period of time.

V. CONCLUSION AND FUTURE WORK
In this paper, we presented an intelligent green communica-
tion approach for monitoring the patients within the smart
healthcare system. The proposed approach used a central-
ized cluster-based hierarchical routing mechanism to parti-
tion the health monitoring devices into clusters. Each cluster
is administered by a cluster head, which is selected by a
centralized base station. The cluster heads are responsible for
data collection, scheduling, and data transmission to the base
station. They rotate in each round to balance the network load
and optimize the efficiency of the underlying devices. The
cluster heads themselves experience a significant amount of
energy utilization in each round. To conserve their energy,
one among them is elected as a leader to transmit data to the
base station on their behalf. Our proposed approach admin-
istered the energy conservation of devices in various roles,
states, and the transition among these states. Each device is
modeled as an entity to extract the best out of it in terms

of energy utilization. We compare our approach against the
existing approaches in terms of network lifetime, amount of
aggregated data, the quality of gathered data, and the energy
consumption of the underlying medical devices. Our exper-
imental results verify the efficiency of our approach. In the
future, we aim to extend our approach by incorporating secu-
rity primitives in it to make it resilient against various attacks.
Besides, we also aim to study the effect of congestion on
QoS in both intra-cluster and inter-cluster communication
frameworks of our approach.

REFERENCES
[1] G. Mei, N. Xu, J. Qin, B. Wang, and P. Qi, ‘‘A survey of Internet

of Things (IoT) for geohazard prevention: Applications, technologies,
and challenges,’’ IEEE Internet Things J., vol. 7, no. 5, pp. 4371–4386,
May 2019.

[2] A. Kumar, M. Zhao, K.-J. Wong, Y. L. Guan, and P. H. J. Chong, ‘‘A com-
prehensive study of IoT and WSN MAC protocols: Research issues, chal-
lenges and opportunities,’’ IEEE Access, vol. 6, pp. 76228–76262, 2018.

[3] R. Arshad, S. Zahoor, M. A. Shah, A. Wahid, and H. Yu, ‘‘Green IoT:
An investigation on energy saving practices for 2020 and beyond,’’ IEEE
Access, vol. 5, pp. 15667–15681, 2017.

[4] J. Ma, S. Shi, S. Gu, N. Zhang, and X. Gu, ‘‘Age-optimal mobile elements
scheduling for recharging and data collection in green IoT,’’ IEEE Access,
vol. 8, pp. 81765–81775, 2020.

[5] J. J. P. C. Rodrigues, D. B. De Rezende Segundo, H. A. Junqueira,
M. H. Sabino, R. M. Prince, J. Al-Muhtadi, and V. H. C. De Albuquerque,
‘‘Enabling technologies for the Internet of health things,’’ IEEE Access,
vol. 6, pp. 13129–13141, 2018.

[6] J. Arboleda, J. Aedo, and F. Rivera, ‘‘Wireless system for supporting home
health care of chronic disease patients,’’ in Proc. IEEE Colombian Conf.
Commun. Comput. (COLCOM), Apr. 2016, pp. 1–5.

[7] P. G. Vinoj, S. Jacob, V. G. Menon, S. Rajesh, andM. R. Khosravi, ‘‘Brain-
controlled adaptive lower limb exoskeleton for rehabilitation of post-stroke
paralyzed,’’ IEEE Access, vol. 7, pp. 132628–132648, 2019.

[8] M. M. Hassan, K. Lin, X. Yue, and J. Wan, ‘‘A multimedia healthcare data
sharing approach through cloud-based body area network,’’ Future Gener.
Comput. Syst., vol. 66, pp. 48–58, Jan. 2017.

[9] O. Amjad, E. Bedeer, N. Abu Ali, and S. Ikki, ‘‘Robust energy efficiency
optimization algorithm for health monitoring system with wireless body
area networks,’’ IEEE Commun. Lett., vol. 24, no. 5, pp. 1142–1145,
May 2020.

[10] S. M. Demir, F. Al-Turjman, and A. Muhtaroğlu, ‘‘Energy scavenging
methods for WBAN applications: A review,’’ IEEE Sensors J., vol. 18,
no. 16, pp. 6477–6488, Aug. 2018.

[11] M. M. Alam, E. Ben Hamida, O. Berder, D. Menard, and O. Sentieys,
‘‘A heuristic self-adaptive medium access control for resource-constrained
WBAN systems,’’ IEEE Access, vol. 4, pp. 1287–1300, 2016.

[12] N. Bradai, L. C. Fourati, and L. Kamoun, ‘‘Investigation and performance
analysis of MAC protocols for WBAN networks,’’ J. Netw. Comput. Appl.,
vol. 46, pp. 362–373, Nov. 2014.

[13] S. Rajesh, V. Paul, V. G. Menon, S. Jacob, and P. Vinod, ‘‘Secure brain-
to-brain communication with edge computing for assisting post-stroke
paralyzed patients,’’ IEEE Internet Things J., vol. 7, no. 4, pp. 2531–2538,
Apr. 2020.

[14] N. Bradai, E. Charfi, L. C. Fourati, and L. Kamoun, ‘‘Priority considera-
tion in inter-WBAN data scheduling and aggregation for monitoring sys-
tems,’’ Trans. Emerg. Telecommun. Technol., vol. 27, no. 4, pp. 589–600,
Apr. 2016.

[15] M. Salayma, A. Al-Dubai, I. Romdhani, and Y. Nasser, ‘‘New dynamic,
reliable and energy efficient scheduling for wireless body area networks
(WBAN),’’ in Proc. IEEE Int. Conf. Commun. (ICC), May 2017, pp. 1–6.

[16] D. Liu, J. Wang, C. Jiang, F. Ren, and Y. Ren, ‘‘A contention-oriented node
sleeping MAC protocol for WBAN,’’ in Proc. IEEE Wireless Commun.
Netw. Conf. (WCNC), Apr. 2018, pp. 1–6.

[17] F. Ullah, A. H. Abdullah, O. Kaiwartya, and Y. Cao, ‘‘TraPy-MAC: Traffic
priority aware medium access control protocol for wireless body area
network,’’ J. Med. Syst., vol. 41, no. 6, p. 93, Jun. 2017.

101474 VOLUME 8, 2020



G. Yang et al.: Centralized Cluster-Based Hierarchical Approach for Green Communication in a Smart Healthcare System

[18] B. Liu, Z. Yan, and C.W. Chen, ‘‘Medium access control for wireless body
area networks with QoS provisioning and energy efficient design,’’ IEEE
Trans. Mobile Comput., vol. 16, no. 2, pp. 422–434, Feb. 2017.

[19] S. R. Chavva and R. S. Sangam, ‘‘An energy-efficient multi-hop routing
protocol for health monitoring in wireless body area networks,’’ Netw.
Model. Anal. Health Informat. Bioinf., vol. 8, no. 1, p. 21, Dec. 2019.

[20] K. S. Kathe and U. A. Deshpande, ‘‘A thermal aware routing algorithm for
a wireless body area network,’’ Wireless Pers. Commun., vol. 105, no. 4,
pp. 1353–1380, Apr. 2019.

[21] A. Sundar Raj and M. Chinnadurai, ‘‘Energy efficient routing algorithm
in wireless body area networks for smart wearable patches,’’ Comput.
Commun., vol. 153, pp. 85–94, Mar. 2020.

[22] W. R. Heinzelman, A. Chandrakasan, and H. Balakrishnan, ‘‘Energy-
efficient communication protocol for wireless microsensor networks,’’ in
Proc. 33rd Annu. Hawaii Int. Conf. Syst. Sci., 2000, p. 10.

[23] L. Qing, Q. Zhu, and M. Wang, ‘‘Design of a distributed energy-efficient
clustering algorithm for heterogeneous wireless sensor networks,’’ Com-
put. Commun., vol. 29, no. 12, pp. 2230–2237, Aug. 2006.

[24] M. Ghribi and A. Meddeb, ‘‘Survey and taxonomy of MAC, routing
and cross layer protocols using wake-up radio,’’ J. Netw. Comput. Appl.,
vol. 149, Jan. 2020, Art. no. 102465.

[25] V. L. Quintero, C. Estevez,M. E. Orchard, and A. Pérez, ‘‘Improvements of
energy-efficient techniques in WSNs: A MAC-protocol approach,’’ IEEE
Commun. Surveys Tuts., vol. 21, no. 2, pp. 1188–1208, 2nd Quart., 2019.

[26] M. Salayma, A. Al-Dubai, I. Romdhani, and Y. Nasser, ‘‘Wireless body
area network (WBAN): A survey on reliability, fault tolerance, and tech-
nologies coexistence,’’ ACM Comput. Surv., vol. 50, no. 1, pp. 1–38,
Apr. 2017.

[27] N. Saleh, A. Kassem, and A. M. Haidar, ‘‘Energy-efficient architecture for
wireless sensor networks in healthcare applications,’’ IEEE Access, vol. 6,
pp. 6478–6486, 2018.

[28] S. Bhandari and S. Moh, ‘‘A priority-based adaptive MAC protocol for
wireless body area networks,’’ Sensors, vol. 16, no. 3, p. 401, Mar. 2016.

[29] M. A. Jan, P. Nanda, and X. He, ‘‘Energy evaluation model for an
improved centralized clustering hierarchical algorithm in WSN,’’ in Proc.
Int. Conf. Wired/Wireless Internet Commun. Saint Petersburg, Russia:
Springer, 2013, pp. 154–167.

[30] M. A. Jan, P. Nanda, X. He, and R. P. Liu, ‘‘PASCCC: Priority-based
application-specific congestion control clustering protocol,’’ Comput.
Netw., vol. 74, pp. 92–102, Dec. 2014.

[31] M. D. Alshehri and F. K. Hussain, ‘‘A comparative analysis of scalable
and context-aware trust management approaches for Internet of Things,’’ in
Proc. Int. Conf. Neural Inf. Process. Turkey: Springer, 2015, pp. 596–605.

[32] Z. Tang and M. Gong, ‘‘Adaptive multifactorial particle swarm optimisa-
tion,’’ CAAI Trans. Intell. Technol., vol. 4, no. 1, pp. 37–46, Mar. 2019.

[33] M. D. Alshehri, F. K. Hussain, andO. K. Hussain, ‘‘Clustering-driven intel-
ligent trust management methodology for the Internet of Things (CITM-
IoT),’’Mobile Netw. Appl., vol. 23, no. 3, pp. 419–431, Jun. 2018.

[34] M. A. Jan, P. Nanda, X. He, and R. P. Liu, ‘‘A Sybil attack detection scheme
for a centralized clustering-based hierarchical network,’’ in Proc. IEEE
Trustcom/BigDataSE/ISPA, vol. 1, Aug. 2015, pp. 318–325.

GUOJIE YANG graduated from Hebei University,
in 2009. She currently works with the Affiliated
Hospital of Hebei University, Hebei University.
She has published her research articles in vari-
ous IEEE journals and conferences. Her research
interests include information system development,
smart healthcare systems, and the Internet of
Things.

MIAN AHMAD JAN (Senior Member, IEEE)
received the Ph.D. degree in computer systems
from the University of Technology Sydney (UTS),
Australia, in 2016. He is a Researcher with
Ton Duc Thang University, Ho Chi Minh City,
Vietnam. His research articles have been published
in various prestigious IEEE TRANSACTIONS and
journals (Elsevier). His research interests include
security and privacy in the Internet of Things
and wireless sensor networks. He had been the

recipient of various prestigious scholarships during his studies, notably the

International Research Scholarship (IRS) from the UTS, Australia, and
Commonwealth Scientific Industrial Research Organization (CSIRO) Schol-
arships. He was awarded the Best Researcher Award from the UTS, in 2014.
He was the General Co-Chair of Springer/EAI Second International Confer-
ence on Future Intelligent Vehicular Technologies, in 2017. He has been a
Guest Editor of numerous special issues in various prestigious journals such
as Future Generation Computing Systems (Elsevier), Mobile Networks and
Applications (MONET) (Springer), Ad Hoc and Sensor Wireless Networks,
and Information (MDPI).

VARUN G. MENON (Senior Member, IEEE)
is currently an Associate Professor with the
Department of Computer Science and Engineer-
ing, SCMS School of Engineering and Technol-
ogy, India. He is a Distinguished Speaker of the
ACM. His research interests include the Internet
of Things, fog computing and networking, under-
water acoustic sensor networks, cyberpsychology,
hijacked journals, ad-hoc networks, and wireless
sensor networks. He is currently a Guest Editor

of the IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, the IEEE SENSORS

JOURNAL, the IEEE Internet of Things (IoT) Magazine, and The Journal of
Supercomputing. He is an Associate Editor of IET Quantum Communica-
tions and also an Editorial Board Member of the IEEE FUTURE DIRECTIONS

NEWSLETTER: TECHNOLOGY POLICY AND ETHICS EDITORIAL BOARD.

P. G. SHYNU (Member, IEEE) received the
M.E. degree in computer science and engineering
from the College of Engineering, Anna University,
Chennai, India, and the Ph.D. degree in computer
science from the Vellore Institute of Technology
(VIT), Vellore, India. He is currently working as
an Associate Professor with the School of Infor-
mation Technology and Engineering, VIT. He has
published over 30 research papers in refereed inter-
national conferences and journals. His research

interests include deep learning, cloud security and privacy, ad-hoc networks,
and big data.

MIAN MUHAMMAD AIMAL received the Ph.D.
degree from Abdul Wali Khan University Mar-
dan, Pakistan. He has been working as a Senior
Researcher with the Network Research Cen-
ter, Virtual University Islamabad, Pakistan, since
2018. He worked on energy efficiency in wire-
less sensor networks during the Ph.D. studies.
He has been actively involved in the Internet of
Things test-beds for energy efficiency in extreme
resource-constrained devices (having less than

100-MHz processing speed and 100 K RAM). In his current role, he has
been focusing mainly on test-beds as a prototype for large-scale commercial
deployment. He has published his research articles in various journals and
has submitted his latest research findings in the IEEE, Springer, and MDPI
venues.

MOHAMMAD DAHMAN ALSHEHRI (Member,
IEEE) received the bachelor’s degree in computer
science from King Khalid University, Saudi Ara-
bia, and the master’s degree in information tech-
nology and the Ph.D. degree in AI of cybersecurity
for the IoT from theUniversity of Technology Syd-
ney (UTS), Australia. He is an Assistant Professor
with the Department of Computer Science, Taif
University, Saudi Arabia, a Visiting Fellow of the
School of Computer Science, and a member of the

Centre for Artificial Intelligence (CAI), UTS. He did a number of intensive
advanced courses on the Internet of Things and cybersecurity. His main
current research interests include cybersecurity, artificial intelligence, and
trust management for the Internet of Things (IoT). Furthermore, he received
a number of international awards and prizes.

VOLUME 8, 2020 101475



Journal Pre-proof

High-performance flow classification using hybrid clusters in software
defined mobile edge computing

Mahdi Abbasi, Azad Shokrollahi, Mohammad R. Khosravi, Varun
G. Menon

PII: S0140-3664(20)30471-0
DOI: https://doi.org/10.1016/j.comcom.2020.07.002
Reference: COMCOM 6483

To appear in: Computer Communications

Received date : 24 February 2020
Revised date : 17 June 2020
Accepted date : 1 July 2020

Please cite this article as: M. Abbasi, A. Shokrollahi, M.R. Khosravi et al., High-performance flow
classification using hybrid clusters in software defined mobile edge computing, Computer
Communications (2020), doi: https://doi.org/10.1016/j.comcom.2020.07.002.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the
addition of a cover page and metadata, and formatting for readability, but it is not yet the definitive
version of record. This version will undergo additional copyediting, typesetting and review before it
is published in its final form, but we are providing this version to give early visibility of the article.
Please note that, during the production process, errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier B.V.

https://doi.org/10.1016/j.comcom.2020.07.002
https://doi.org/10.1016/j.comcom.2020.07.002


High-Performance Flow Classification Using Hybrid Clusters in Software Defined Mobile 
Edge Computing   

Mahdi Abbasi*1, Azad Shokrollahi1 , Mohammad R. Khosravi2,3, Varun G. Menon4 
1Department of Computer Engineering, Engineering Faculty, Bu-Ali Sina University, Hamedan, Iran 
2 Department of Computer Engineering, Persian Gulf University, Bushehr, Iran. 
3 Telecommunications Group, Department of Electrical and Electronic Engineering, Shiraz University of    
Technology, Shiraz, Iran. 
4 Department of Computer Science and Engineering, SCMS School of Engineering and Technology, Ernakulam 
683582, Kerala, India 
 
*Corresponding author (M. Abbasi): abbasi@basu.ac.ir 
 ORCID: 0000-0002-5373-5778 
 

 
Abstract: Mobile Edge Computing (MEC) provides different storage and computing capabilities within the access 

range of mobile devices.  This moderates the burden of offloading compute/storage- intensive processes of the mobile 
devices to the centralized cloud data centers.  As a result, the network latency is reduced and the quality of service 
provided for the mobile end users is improved. Different applications benefit from the large-scale deployments of MEC 
servers. However, the considerable complexity of managing large scale deployments of the sheer number of applications 
for the millions of mobile devices is a challenge. Recently, Software Defined Networking (SDN) is leveraged to resolve 
the problem by providing unified and programmable interfaces for managing network devices. Most of the current SDN 
packet processing services are tightly dependent on the packet classification service. This primary service classifies any 
incoming packet based on matching a set of specific fields of its header against a flow table. Acceleration of this basic 
process considerably increases the performance of the SDN-based MEC. In this paper, the hierarchical tree algorithm, 
which is a packet classification method, is parallelized using popular platforms on a cluster of Graphics Processing Units 
(GPUs), a cluster of Central Processing Units (CPUs), and a hybrid cluster. The best scenario for the parallel 
implementation of this algorithm on the CPU cluster is that which combines OpenMP and MPI 

. In this case, the throughput of the classifier is 4.2 million packets per second (MPPS). On the GPU cluster, two 
different scenarios have been used. In the first scenario, the global memory is used to store the rules and the Hierarchical-
trie of the classifier while in the second scenario we break the filter set in a way that the resulting Hierarchical-trie of each 
subset could be stored in the shared memory of GPU. According to the results, although the first GPU cluster scenario 
achieves a throughput of 29.19 MPPS and a speedup 58 times as great as the serial mode, the second scenario is 12 times 
faster due to using the shared memory. The best performance, however, belongs to the hybrid cluster mode. The hybrid 
cluster achieves a throughput of 30.59 which is 1.4 MPPS more than the GPU cluster. 

 

Keywords: Flow classification, Graphics Processing Unit (GPU), GPU cluster, Mobile edge computing, Software 
Defined Networking, Software Defined Mobile Edge Computing (SDMEC). 

 

1- Introduction 

The advent of several mobile applications, such as intelligent transport systems [1], virtual reality [2], Human activity 
recognition, and control [3-6], and smart environments [1, 7, 8] has implied the availability of a large pool of computing 
and storage resources. Hence, the considerable growth in data volume that comes from the massive number of devices 
enabled by 5G has made mobile edge computing more important than ever before[9, 10]. Beyond its abilities to reduce 
network traffic and improve user experience, edge computing also plays a critical role in enabling use cases for ultra-
reliable low-latency communication in industrial manufacturing and a variety of other sectors [11]. Especially, facilitating 
cloud-like resources at the edge of the network is a challenging issue for the telecommunication sector [12]. By the 
introduction of the Mobile Edge Computing (MEC) in 2014, a sustainable business model is provided for mobile 
operators, service providers, and mobile subscribers [13, 14]. MEC aims to provide cloud capabilities within the Radio 
Access Network (RAN) in the area of mobile subscribers[15]. That is, it provides accelerated services, contents, and 
applications by increasing availability at the edge [16]. Recently, flexible and scalable solutions of SDN for a large set of 
challenges that are encountered within the traditional networking approach, have introduced it as a suitable collaborator 
for MEC [17]. When the intrinsic properties of SDN are considered, three practical models for fruitful collaboration of 
SDN and MEC in real-world scenarios would be exploited, including multi-tier edge computing architecture, service-
centric access to the edge,  and network function virtualization (NFV) [17, 18].  SDN has proficiencies of arranging the 
network, its services, and devices by hiding the complexities of the varied mobile environment from end-users. Thus, 
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SDN can moderate the barriers and limits that multi-tier MEC infrastructure will meet. The SDN control mechanism can 
reduce the complexity of MEC by utilizing accessible resources more efficiently. SDN dynamically routes the traffic 
between MEC servers and cloud servers to deliver the highest quality of service to end-users. In the second model of 
collaboration, the NFV platform of SDN can be dedicated to MEC or shared with other network functions or applications.  
In this model, MEC can use NFV management and orchestration entities and interfaces. Finally, as the third form of 
collaboration, SDN provides high speeds in content delivery between the MEC and central cloud systems.  

These collaboration models result in several benefits including high resolution & effective control, flexibility and low 
barrier on innovation, service-centric implementation, virtual machine mobility, adaptability, interoperability, low-cost 
solutions, and multiplicity of scope [17]. 

SDN uses the limited network resources optimally and enables flexible network management by separating the control 
operations from the data management [19]. For this purpose, the forwarding switch nodes cannot take decisions on their 
own, instead, a software-based controller that has a general view of the underlying network makes the forwarding and 
routing decisions. All operations of the SDN controller, especially its flexible communication with switches are carried 
out according to the OpenFlow protocol. The chief functionalities of the SDN controller include managing the flow tables 
on the forwarding nodes, collecting statistics, and populating them by editing the packet classification rules. To classify 
a packet appearing at an ingress port of an SDN switch, the switch performs a lookup on its flow table, according to a 
classification algorithm to find any matching rule. If found, the corresponding action on the packet. Otherwise, the switch 
requests the controller to figure out the most appropriate action. The decided action is applied to the packet, and the 
necessary classification rule is installed on the corresponding switch.  

The performance of the classification engine of an SDN switch has a great impact on the overall performance of the 
system [20, 21]. There are different methods for parallel implementation of packet classification algorithms [1, 22-26]. 
Some of these methods, e.g. parallelization of algorithms on GPUs and multi-core CPUs, have been recently implemented. 
Due to the limitation of hardware resources, however, the throughput of these systems can hardly reach the cumulative 
throughput rates of current network systems. A common solution to overcome this limitation is CPU clusters and GPU 
clusters. The present study is the first attempt to parallelize the Hierarchical-trie algorithm on a CPU cluster, a GPU 
cluster, and a hybrid cluster. The innovations of this study are as follows: 

 For the first time, a cluster system has been used for packet classification.  

 This study compares for the first time the performance of programming based on Message Passing Interface 
(MPI) with that of OpenMP-based programming in cluster computations.  

 In all the scenarios, the effect of different types of memory in the hierarchy of GPU memory on the 
performance of concurrent processes of packet classification in a GPU cluster is investigated.  

 The parameters of memory usage, speedup, and throughput are measured based on the results of our 
implementation of the scenarios which are combinations of MPI, CUDA, and OpenMP. 

The paper is organized as follows. Section 2 discusses the Hierarchical-trie packet classification algorithm. Next, 
cluster systems and their programming will be described. In Section 3, the literature on different architectures of the cluster 
and parallel implementations of packet classification algorithms will be reviewed. Section 4 provides a description of the 
proposed scenarios for the parallelization of Hierarchical-trie algorithm on CPU clusters, GPU clusters, and hybrid 
clusters. In the next section, the implementation results will be analyzed and evaluated. The final section compares the 
results of our work with other findings in this field and proposes suggestions for further research.  

2- Tools and Algorithms 

This section describes the structure of the Hierarchical-trie algorithm as well as how this algorithm classifies internet 
packets. Next, cluster computing and its related parallelization tools are discussed. 

2-1- Hierarchical Binary Search Tree 

Decision-tree algorithms have an appropriate algorithmic structure for parallelization. A key decision-tree algorithm is 
he Hierarchical-trie algorithm which has a relatively low memory usage. In the Hierarchical-trie algorithm, the decision 
tree used for classification is constructed according to prefixes in source and destination IP addresses. For example, we 
can use the tree illustrated in Fig.1 based on the 9 filters listed in Table 1. 
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Table 1 Example of a filter set [27] 

Protocol Source port Destination 
port 

Source 
IP 

Destination 
IP 

Filter 

6 25,25 0,65536 01* 1010* R0 
4 443,443 53,53 0111* 10001* R1 
17 1024,65535 53,53 1110* 0* R2 
4 443,443 53,53 1100* 0* R3 
4 25,25 53,53 1110* 111* R4 
17 2788,2788 0,65535 * 1110* R5 
6 5632,5632 53,53 10* 1* R6 
6 25,25 53,53 1* * R7 
17 2788,2788 0,65535 10* * R8 

 
To construct the tree, the bits of the prefix of the source IP address of the filters are read consecutively. Depending on 

whether a 0 or 1 is met, the left or right side of the tree is formed, respectively. A wildcard sign (*) denotes that the 
formation of the tree based on the source IP address of that rule is completed.  

In the next step, a pointer is used for reaching the root of the destination IP tree. In this tree, all the rules whose source 
IP prefix can be traversed from the root to a leaf of the source tree are inserted in a node of the destination tree based on 
their destination IP prefix. The procedure of creating the tree based on destination IP prefixes is the same as creating the 
tree based on source IP prefixes. 

For classifying packets, the source and destination IP addresses, the source and destination port numbers, and the 
protocol are extracted from the header of every incoming packet. since the flow classification only requires the 
information extracted from the packet header, the packet size does not affect the performance. 

 

 
Fig. 1 The Hierarchical-trie of the filters in Table 1 [27]. 

 
The lookup is done by traversing the tree. The traversal begins at the root of the source tree and continuous based on 

the values of the bits of the source address field. During the traversal, the nodes that contain a pointer to the destination 
IP tree are inserted into a queue. At the end of the traversal, the trees corresponding to the nodes in the queue will be 
traversed according to the values of bits of the destination IP field of the packet. All the filters on the traversal path are 
stored and then searched linearly to find the best matching filter. The time complexity of Hierarchical-trie algorithm is 
𝑂 𝑤𝑑 , where 𝑤 represents the maximum prefix length of each field and 𝑑 denotes the number of the fields in question. 
Also, 𝑂 𝑁𝑑𝑤  represents the storage complexity of the algorithm, where N represents the number of classifying filters. 

 

2-2- Cluster Computing  

A group of computer systems that consists of a set of independent systems is called a cluster. Systems in a cluster are 
closely interconnected. In fact, they can be viewed as a single system.  A local network usually connects the components 
of a cluster. The number of these components should be two or more. In this structure, the systems require a message 
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passing interface and a scheduler that controls the allocation of resources [8]. There is a variety of frameworks for 
scheduling and passing the messages in parallel computing and distributed computing platforms including, Spark, Flink, 
and MPI. Recently, it is shown that though MPI is harder to program, it outperforms existing frameworks  [28, 29]. 

The first cluster system, which had a computation power of 1 Gigaflop, was called BEOWULF and was developed and 
implemented by NASA. Beowulf consisted of 16 PCs with 486 processors which were connected through a standard 
Ethernet. It is interesting to note that the total cost of the project amounted to only four percent of a single processor with 
the same computation power [30]. 

An important service provided by cluster systems is high-performance computing (HPC). In this mode, the software 
and hardware capacity of all the computers are used in a parallel manner for conducting a process. This will remarkably 
reduce the time required for large amounts of processing [10]. In the following, we shall discuss different parallel models 
for the current programming interfaces. 

 

2-2-1-  OpenMP-based Model 

 OpenMP is a shared memory programming interface in C, C++, and Fortran on all major compilers and platforms. 
The library includes parallelization patterns such as parallel blocks, loop, and tasks supported by basic concepts like data 
sharing and synchronization. Parallel algorithms can be expressed in simple, compact pieces of code to improve 
productivity. Also, OpenMP provides a more abstract interface than many common schedulers used in applied 
programming. This is a great advantage for implementation of scientific and analytical algorithms. The underlying concept 
of this library is the Fork/Join model for parallelization which is shown in Fig. 2. The command used to interpret parallel 
blocks is #pragma opm parallel  [31]. 

 
Fig. 2 OpenMP parallelization mode. 

 
In this model, each parallel block has a master thread, several slave threads, and a specified operation. The master 

thread and the slave threads are collectively called a team. Each team has a certain size which is expressed in terms of the 
number of master and slave threads. At the beginning of each parallel block, there is a fork to synchronize the master and 
slave threads. After all the threads of the team have reached the fork, each member of the team begins to execute part of 
the team's operations that is assigned to it. These parts are assigned by the compiler at compile time. At the end of each 
parallel block, a join barrier is used to synchronize the master and slave threads so that the execution of the program 
continues sequentially through the master thread. Therefore, it can be said that processing in this model is divided into 
three main steps: the first stage is forking. At this step, the master thread first takes a team from the pool of defined teams 
or creates a new team. Then it sets the team size to a specific value and starts to run. The second step is execution in which 
the master thread processes along with slave threads that part of the team's operations which is assigned to it. The last step 
is joining. Here, the master thread creates a barrier and waits for all the slave threads to complete their work. Eventually, 
the team is collected; that is, it is either returned to the pool team or destroyed [31]. 
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2-2-2- MPI-based Model 

MPI is the most common technique of parallel programming. The message mediator is what controls the capability of 
an application programming interface to be exploited on shared-memory systems such as clusters of computing nodes. In 
MPI, the programmer explicitly communicated the data from the address space of one process to that of another through 
cooperative operations on each process. By caching data intended to be consumed by a consuming process before this 
inter-process communication, communication encounters minimum delay in passing the data. Therefore, in our proposed 
scenarios, we place the message data in a cache, bound, and make it ready to be consumed by the consuming process. The 
mediator provides this facility. The mediator of MPI is not a tool, but a communication protocol that determines how 
parallel systems can communicate messages [32, 34, 35]. The chief advantage of MPI over other methods of message 
mediation is its lightness and high speed. Its high speed is due to the fact that it can be optimized while being executed on 
any hardware configuration. The most important feature of this method is that its functions can be called in different 
programming languages including C, C++, Fortran, Java, C#, and Python [35-39]. 

There are several implementations of MPI for different operating systems and configurations of hardware. One of these 
implementations is MPICH which is used as a dedicated open-source implementation of MPI for Linux. The chief 
advantage of parallel programs that use MPICH is that they can be executed on the most popular cluster architectures in 
the world. MPICH provides a set of libraries for Fortran, C, and C++ to use MPI-2. Hence, the MPICH has been used as 
the message mediator in our experiments. 

 

2-2-3- CUDA-based Model 

 
GPU is a professional system to display graphic images in personal computers. Following the release of software 

development packages on this unit by great manufactures such as Nvidia [32] and ATI [33], the use of GPU was accepted 
as a powerful many-core computing hardware instead of central processing unit in accelerating  technical computational. 
The main reason for this considerable revolution is that the architecture of GPU is specially designed for running compute-
intensive and parallel programs (required for displaying graphic images). Hence, Nvidia provided a software platform 
called CUDA (Compute Unified Device Architecture) for performing nongraphic computations on graphic processors in 
2006 [32]. CUDA supports possibilities that could be used by technical programmers to have access to hardware 
capabilities of graphic processors in their nongraphic technical compute-intensive programs and increase the speed of 
running complex algorithms. 

Several kinds of research including [34, 35] have attempted to study the use of the CUDA platform for parallelizing 
instruction-parallel or data-parallel network functions such as IP lookup in routing tables, aiming at having access to 
higher throughput. This tool has been used to parallelize evolutionary programs [36], convolutional neural networks [37] 
and in the other fields, as well [38, 39]. Also, the considerable capacity of parallel programming in the CUDA platform 
has been used in the field of cryptography for condensing databases and accelerating encryption and decryption in 
encryption algorithms [40, 41]. 

Fig. 3 Architecture of the NVIDIA GeForce 425M GPU [23]. 
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From a programming perspective, two CUDA processes are involved in parallel computations: host and device 

processes. The former runs on the central processing unit and executes the main program, whereas the latter is executed 
on GPU. Any program that is written on CUDA may be formed of several kernels. Each kernel is executed by a grid and 
each grid may be formed of several blocks. Each block is formed of several threads. Indeed, threads are responsible for 
performing programs.  

One of the graphics processors used in this paper is GT 425M that is comprised of two streaming multiprocessors 
(SM), each consisting of 48 streaming processors (SP) [42]. Fig. 3 shows the hardware structure of GT 425M GPU. This 
GPU has different types of memory including global, constant, texture, register, and shared memories. The CUDA grid 
in this figure includes four blocks that each of them consists of four threads. 

 

2-2-4- Hybrid models 

This method simultaneously uses OpenMP for cores with shared memory and MPI for those with separate memories. 
It should be noted, however, that MPI can also be used for the cores within the same system. The structure of hybrid 
architecture is illustrated in Fig. 4. Another common hybrid architecture, which also takes into account the GPU, is the 
combination of CUDA and MPI. Fig. 5 shows this architecture. 

 

 
Fig. 4 Combination of MPI and OpenMP programming models.  

 

 
Fig. 5 Combination of MPI and CUDA. 
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The most recent hybrid model is the combination of the above two models. By involving both GPU and CPU, this 

model seeks to use the maximum processing power of the systems on a network. It can provide a significantly high 
parallelization capacity. However, a major disadvantage of this model is the complicated nature of the task of combining 
MPI, OpenMP, and CUDA [16]. The present study makes use of all the three hybrid methods for the parallelization of 
Hierarchical-trie algorithm. 

 

3- Review	of	Literature 

Zhou et al. conducted one of the preliminary research studies of the parallelization of packet classification algorithms 
on multi-core systems [43]. They parallelized linear search algorithm and area-based tree search algorithm using Pthread 
library. The maximum throughput of their parallel packet classifier was 11.5 Gbps. Another dominant study was 
conducted by Qu et al. in 2015. They parallelized the Bit-vector packet classification algorithm on multi-core processors 
using the OpenMP. The maximum throughput rate achieved in their study was 14/7 MPPS [47]. Recently, Tung et al. 
proposed a new algorithm for parallel packet classification on a processor with eight cores. According their results, the 
throughput of their algorithm had been increased by 40 percent. By appropriately setting the parameter of the dependence 
of CPU on threads, they improved the productivity of cache memory [47].  

GPU-based packet classification is one of the interesting fields in the literature that has emerged after the suggestion 
of GPU for parallel processing. Since the introduction of the GPUs for performing parallel algorithms, rare studies have 
been conducted on parallelization of the packet classification algorithms on such many-core machines. An important study 
in this domain is done by Nottingham et al. [44], which theoretically studies the possibility of parallel execution of packet 
classification algorithms on highly-threaded  many-core GPUs. Though they introduce the concept of parallel packet 
classification on CUDA and OpenCL platforms, their work lacks experimental evaluation. Hung et al. [45] assess two 
parallel packet classification algorithms, namely RFC and BPF, according to four and eight different scenarios of using 
GPU memory hierarchy, correspondingly. According to their experimental results, for both algorithms, the most effective 
scenario is one in which the classification filters and test packets are stored in constant and global memory, respectively. 
They use an impractical test dataset, which includes only three filters as the classification filter set. Certainly, the 
experimental results of this unrealistic study are not consistent.  

Deng et al. [46] proposed a hybrid method that utilizes both the CPU and GPU for the parallelizing linear packet 
classification algorithm. In this study, only the slow global memory of the GPU was used. Thus, their hybrid method may 
not be efficient in seamlessly exploiting the capacity of the hierarchical memory system of GPUs. Kang et al. [47] 
introduce a meta-program model for GPU-based packet classification. By using this technique, the rules are compiled into 
instructions and consequently the expensive latency of memory accesses would be avoided.  

Zhou et al. investigate the impact of efficiently exploiting the various types of memory on the performance of packet 
classification algorithms on GPU-like many-core machines [48]. They study GPU’s characteristics in terms of thread 
parallelization and memory access in parallelizing the Bit-vector packet classifier using the CUDA platform. Their parallel 
classification that has only one CUDA block of 32 threads (one warp) classifies each packet.  Their parallel algorithm 
tries to store all of the filters in the shared memory of the block. Hence, the performance of this kernel decays with an 
increase in the number of filters. In such a case, the shared memory cannot hold the whole dataset and the remaining part 
of data is stored in the slow global memory of GPU. As a result, the access time of threads increases.  

In their pioneering research, Varvello et al. propose a kernel model for effective parallel packet classification on GPUs 
[49]. Their kernel model tries to maximize the parallelization capacity of threads by splitting the filter set among several 
blocks, so that each block is responsible for checking the incoming packets only against a specific part of the filter set. 
Also, the authors assess the effect of some parameters including the size of the filter set, the number of blocks as well as 
the threads per block on the overall efficiency of the parallel kernel model. However, their study lacks an efficient analysis 
method to estimate the effect of the algorithm complexity and the different hardware characteristics of GPU on the overall 
performance of the classifier. 

Unfortunately, recent studies like [33, 50] have only inspected the effect of tuning parameters including the number of 
threads and blocks on the overall kernel runtime. In all, all of the reviewed studies in the field of GPU-based packet 
classification have obscurely parallelized some packet classification algorithms. None of them has studied the parallel 
processing models of the kernel threads and the different types of memory modules.  

Recently, Abbasi et al. have proposed a novel complexity analysis method that analytically estimates the efficiency of 
parallelization methods considering the threads, the type of memory used for storing the data structure, and memory access 
latency. Their method provides an inclusive analysis framework that helps in designing efficient algorithms for parallel 
packet classification on GPU-like many-core systems. Their work also introduces applied models for parallel packet 
classification on GPUs.  
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Abbasi et al. [24] assessed different scenarios for parallel packet classification using OpenMP,  MPI, and their 
combination on a simple system with a single multi-core processor as well as on complex multi-core number processor 
clusters. Their results show the speed of packet classification is linearly related to the number of cores. Also, though MPI 
uses more memory than OpenMP, it provides a higher rate of packet classification. Moreover, in the case of using a 
combined MPI-OpenMP interface, the maximum speed of packet classification is reached when the number of processes 
and threads is equal to the number of processor cores.   

None of the above works has made simultaneous use of CPU clusters and GPU clusters for the parallelization of packet 
classification. In what follows, we shall have a brief look at some major works that have utilized CPU clusters to solve 
the problems of various fields of engineering. 

Henty et al. proposed a combination of OpenMP and MPI on a CPU cluster [19]. Their work showed that a combined 
method has a lower performance than the MPI-alone method due to its processing load. They also showed that the 
OpenMP-alone method is more efficient than the combined method in small-scale parallel problems. They also concluded 
that the efficiency is highly depended on the structure of program code.  

J. Hutter et al. used a combination of the shared-memory and MPI in a 1024-core cluster. Their results showed that the 
communication delay is an important factor in the overall efficiency of the cluster [48]. Cappello et al. used two methods 
to solve numerical simulation problems of aerodynamics, i.e., a combined method and an MPI-alone method. They found 
that the efficiency of computation in a cluster depends on several parameters such as memory access pattern and hardware 
performance [31]. In another work in 2018, M.  Ferretti et al. implemented Cross Motif search in a parallel form on a CPU 
cluster. Their results showed that the use of MPI alone is more efficient than the combination of MPI and OpenMP [49]. 
Q. Zhao et al. showed in 2019 that large-scale numerical simulation for the analysis of discrete spherical forms is extremely 
long. The results of exploiting OpenMP, MPI, and their combination showed that the combined method may result in a 
better performance than the other two methods [50]. 

The first GPU cluster called Lincoln was implemented by D. A. Jacobsen and his colleagues at Illinois University [28]. 
They focused on hardware resources, power consumption, and the price of the graphics cards used in the cluster and their 
main aim was to find the best graphics card for their cluster. 

In [29] the architecture, resource sharing, and programming models of GPU clusters are discussed as far as HPC is 
concerned. This study reports the main challenges such as resource management, task scheduling, and security in two 
well-known GPU clusters, namely, Lincoln and AC. These two clusters are based on the NVIDIA S1070 graphics card. 

J. Song et al. studied the combination of MPI, CUDA, and OpenMP and showed that, for applications that use the 
CUDA+MPI model, a compromise among different performance factors is necessary [30]. 

This review shows that hybrid clusters provide a higher capacity for the parallelization of algorithms using different 
combinations of programming models.  

For this reason, the present study combines CPU and GPU clusters for packet classification. Hybrid clustering could 
significantly increase the classification speed. Nevertheless, it is obvious that there are always limitations on hardware 
capacity and the number of CPUs and GPUs on a system cannot be freely determined. This is why parallel computing has 
come to the help of computer clusters. In contrast, hardware clustering could provide higher extension capacity and any 
new node can be easily added to the system, thereby increasing the number of CPUs and GPUs. In addition to combining 
CPUs and GPUs, therefore, the present study also uses clustering for the task of packet classification. 

It is the first time that the Hierarchical-trie algorithm is parallelized on a combination of CPU and GPU clusters. This 
significantly increases the speedup and throughput rates. Different scenarios have been created and compared here by 
using several programming models on a combined CPU and GPU cluster. 

 

4- Proposed	Method 
In this section, we shall first describe the cluster used for the implementation. Next, we shall explain the parallelization 

of Hierarchical-trie algorithm on a CPU cluster, a GPU cluster, and a hybrid cluster. As Table 2 predicts, the hybrid 
cluster can reveal the highest performance level. Also, it is expected that the complexity of a hybrid cluster algorithm is 
more than that of any parallel algorithm. 

 
Table 2 Comparing the expected performance and complexity level of parallelization methods 

Method  Performance level  Complexity level  
CPU Very Low  Very low 
GPU Low Low 
Hybrid CPU-GPU Average Average 
CPU Cluster High High 
GPU Cluster High High 
Hybrid Cluster Extremely High Very High 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

4-1- Specifications of the Implemented Cluster 

Implementation of our cluster was based on the Rocks distributed operating system which is based on Centos operating. 
The Rocks reduce the complexity of processing, development, and management as well as to improve performance in a 
parallel cluster system. To install Rocks on a front-end node, two network adapters, one for internal communications 
(eth0), and the other for external communications (eth1) are required. The operating system is first installed on the front-
end node system, and next on other computers. Most of the required packages including MPICH and OpenMP are installed 
by default with Rocks [51]. 

 

 
 

Fig. 6 Clustering with Rocks [24]. 

 
The nodes (systems) within a cluster communicate through switches. The switch used in this study was D-Link 10/100. 

Three systems were used in this study, but only two of them, which were homogeneous and had a quad-core CPU and 
similar GPUs, were used for computing.  Fig. 6 illustrates the architecture of the systems as well as how they are connected. 

 

 
Fig. 7 The structure of the connections among the systems. 
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As can be seen in the figure, each system was equipped with a separate CPU, GPU, and memory (i.e. symmetric 

multiprocessing or SM). The specifications of the quad-core CPU used in the systems are listed in Table 3. 
The graphics card used was GeForce GTX 960. Its specifications are shown in Table 4. Given its Maxwell architecture, 
the eight SMs of GeForce GTX 960 provide a CUDA computation capacity of 5.2. The size of the shared memory for 
each SM and each block in this card is 96KB and 48KB, respectively, and the maximum number of static threads for each 
SM is 2048. Since the maximum number of threads in each block cannot exceed 1024, two blocks can be defined in each 
SM. Given that there are eight SMs, a total number of 16 blocks can be defined on each system for the task of packet 
parallelization. 
 
 

Table 3 Specifications of the CPU. 

Q6600 Processor Number 

End of Interactive Support Status 

Q1'07 Launch Date 

65nm Lithography 

4 # of Cores 

2.40 GHz Processor Base 

Frequency 

8 MB L2 Cache 

1066 MHz FSB Bus Speed 

NO FSB Parity 

4096 KB Cache size 

105 W TDP 

0.8500V-1.500V VID Voltage Range 

 

 

 

Table 4 Specifications of the graphics card. 

GeForce GTX 960 

8 Streaming Multiprocessors 

1024 CUDA Cores 

1126 Base Clock 

7.0 Gbps Memory Clock 

112 MemoryBandwidth 

(GB/sec) 

Maxwell Architecture 

PCI Express 3.0 Bus Support 

2 GB Standard Memory Config 
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4-2- Parallelization of Hierarchical-trie Algorithm on a CPU Cluster 

4-2-1- The first scenario 

 

 
Fig. 8 The configuration discussed.  

 
As fully explained in [24], this scenario only makes use of MPI. Given that the total number of CPU cores on the two 

systems is eight, eight MPI processes are defined. When the processes are produced, a file is given to each process to be 
executed. Also, a separate address space in the cluster memory is allocated to each process. Therefore, there are eight 
different address space in this scenario, each of which contains the memory, filters, results array, tree structure, and packets 
of its corresponding process (𝐻 ).  

MPI distributes the execution of the file simultaneously on all the cores. In doing so, the packets corresponding to each 
process can be separated by referring to the rank of the process, which is a unique ID. In this study, this technique is used 
to distribute the packets among different processes. According to Algorithm 1, the total number of processes (S), the 
packets (H), and the rank of each process are given to the function. Using the unique rank of each process, the function 
determines and returns the start index (𝑠𝑡𝑎𝑟𝑡 ) and the end index  𝑒𝑛𝑑  of the packets which should be classified by the 
i-th process. 𝐻  denotes the number of packets related to the i-th process. 

 
Algorithm 1 The pseudocode for the distribution of packets among the processes. 

Input: MPIsize S, Headers H, rank R 
Output: Headers 𝐻 , 𝑠𝑡𝑎𝑟𝑡 , 𝑒𝑛𝑑  
   1   if (|H|%S) =0 then 
   2:    |𝐻 |← |H | / S 
   3:  else 
   4:    |𝐻 |← (|H | / S) +1 
   5:    𝑠𝑡𝑎𝑟𝑡  ← R *| 𝐻 | 
   6:     𝑒𝑛𝑑 ← ((R + 1) *|𝐻 |) – 1 
   7:  end if 
   8: if (R = (S - 1) && (𝑒𝑛𝑑 > H) then 
   9:     𝑒𝑛𝑑 ← |H| 
  10:  end if 
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After distributing the packets among the processes and obtaining the indexes (𝑒𝑛𝑑 , 𝑠𝑡𝑎𝑟𝑡 ) as well as the number of 
the packets belonging to each process (𝐻 ), these values along with the filter set R and the tree structure T are given as 
arguments to the classification algorithm. As can be seen in Algorithm 2, the classification algorithm stores the filter that 
best matches the i-th process in 𝑟𝑢𝑙𝑒𝐼𝑛𝑑𝑒𝑥𝐴𝑟𝑟𝑎𝑦 , which is in the range [𝑠𝑡𝑎𝑟𝑡 ، 𝑒𝑛𝑑 ], and returns it as the output. This 
is done simultaneously for all the processes. 

 
 
 
 

Algorithm 2 The pseudocode for packet classification on a CPU cluster. 

Input: rules R, H-trie T, Headers 𝐻 , 𝑠𝑡𝑎𝑟𝑡 , 𝑒𝑛𝑑  
Output: 𝑟𝑢𝑙𝑒𝐼𝑛𝑑𝑒𝑥𝐴𝑟𝑟𝑎𝑦  
   1:  for all i ∈ [𝑠𝑡𝑎𝑟𝑡 , 𝑒𝑛𝑑 ] 
   2:    P ← Read Packet (i) 
   3:    rIdx ← Classify (P, T, R) 
   4:    if rIdx ≠ Null then 
   5:      ruleIndexArray (i, rIdx) 
   6:    end if 
   7:    i ← i+1 
   8:  end for 

 

4-2-2- The second scenario 

  In addition to MPI, this scenario also uses OpenMP. The number of MPI processes and OpenMP threads are 
determined as four and two, respectively. Since four processes are defined and there are two systems, two processes are 
allocated to each system. Each process becomes responsible for parallel handling of two threads. As in the previous 
scenario, the filters, the results array, the tree structure, and the number of packets assigned to each process (𝐻 ) are copied 
into the allocated space of processes. Since the number of OpenMP threads in this scenario is two, 𝐻  allocated to each 
system is partitioned into two separate parts, each being classified by one thread. The advantage of this method is that it 
reduces the address space required by the processes almost by half in comparison with the previous scenario. This is 
shown in Fig. 9.  

 
Fig. 9 The configuration of the second scenario for CPU cluster. 
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4-2-3- The third scenario 

 In contrast to the previous scenario, two processes are used here. We need four OpenMP threads per process to involve 
all the processing cores. The rest of the scenario resembles the last two scenarios. This is shown in Fig. 10.  

 
   

 

Fig. 10 The configuration of the third scenario for CPU cluster. 

 

4-3- Parallelization of the H-trie algorithm on a GPU cluster 

4-3-1- The first scenario 
Using MPI, two different processes are generated and the packets are divided into two equal groups, i.e. 𝐻  and 𝐻 , 

by means of the pseudocode in Algorithm 3.  

 
Algorithm 3 The pseudocode for packet classification in the global memory of a GPU cluster. 

Input: rules R, H-trie T, Headers H, gc, ruleIndexArray, np 
Output: ruleIndexArray 
 1:   if |H|%gc=0  
 2:   b ← |H| /gc 
 3:   else 
 4:   b ← (|H| /gc) +1 
 5:   end else if 
 6:   H  ← (np – 1) * b 

 7:   |H | ←|H|- |H | 
 8:   if rank = 0  
 9:      ruleIndexArray ← GPU (T, H , R) 
10:   else    
11:      ruleIndexArray ← CPU (T, H , R) 
12:   end else if 
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Fig. 11 illustrates the distribution of packets among the processes on the GPU cluster. After sending the packet groups 
to two systems, as shown in the pseudocode, each system receives the filters (R), the tree structure (T), and the 𝐻  as 
arguments. In the first line of the pseudocode, these values are transferred from the host's memory to the global memory 
of the GPU. In line 2, the total number of packets is divided by the total number of processing threads. If the number of 
packets is greater than the number of threads, E packets are given to each thread. In line 4, the index of the packet in 
question is obtained using the thread index in the block, the block index in the grid, the dimension size of the block, and 
the number of packets allocated to each thread (E). If the obtained index is less than the total number of packets, the 
thread retrieves one packet from the global memory and classifies it using the tree structure T and the filter set R, which 
are both located in the global memory. Since it is possible for the incoming packet to match several filters, the index of 
the best matching filter is stored in ruleIndexArray and returned as the output.  In fact, the algorithm stores the index of 
the filter that best matches the i-th process in ruleIndexArray which is in the range [𝑠𝑡𝑎𝑟𝑡 ، 𝑒𝑛𝑑 ]. 

 

 
Fig. 11 Distribution of packets among the processes on the GPU cluster 

4-3-2- The second scenario 

In this scenario, the filter sets are divided into trees with a size that can be stored in the shared memory of the block. 
The aim of this division is to make maximum use of the shared memory. The main reason is that access to the shared 
memory is 100 times as quick as the global memory of the GPU. As mentioned earlier, the size of the shared memory is 
48KB. Given that each node occupies 40B, we can create a tree with a maximum of 1200 nodes that could be stored in 
the shared memory. This scenario can have 199 filters, and needs a corresponding tree with 1193 nodes. The input to this 
algorithm consists of the small filter set, the packets, and the tree corresponding to the small filter set. After transferring 
these data to the global memory, the small tree is copied into the shared memories of the blocks in both systems and the 
packets are classified based on this tree. 

 

4-4 Parallelizing the H-trie algorithm on a hybrid cluster 

In the CPU cluster mode, when the CPU is in use, the GPU is idling and no packet is assigned to it to be classified. 
Similarly, using the GPU means that the CPU is idling. In the hybrid cluster mode, however, attempts are made to utilize 
the capacity of both processors simultaneously.  

In the implemented cluster described in this study, the graphics card (GTX 960) has 1024 computing cores. On the 
other hand, the CPU (Q6600) has only four cores, which means a low parallelization capacity. Therefore, the packets 
should be distributed proportionately between the CPU and the GPU.  For this purpose, a variable called gc is defined 
which represents the ratio of the speeds of the GPU and the CPU for packet classification. The value of this variable was 
calculated by testing the algorithm with different numbers of incoming packets. The gc value, the filter set, the packets, 
and the results array are given as input to the algorithm. The pseudocode for this scenario is presented in Algorithm 4. In 
lines 1-5, the variable b is initialized. It is calculated by dividing the number of packets by gc. Using b and np (the number 
of packets), the number of packets that should be allocated to the CPU can be determined. The number of packets that 
should go to the GPU is also easily calculated by subtracting the number of CPU packets from the total number of packets.  
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Algorithm 4 The pseudocode for dividing the packets between the CPU and the GPU. 
Input: rules R, H-trie T, Headers H, gc, ruleIndexArray, np 
Output: ruleIndexArray 
 1:   if |H|%gc=0  
 2:   b ← |H| /gc 
 3:   else 
 4:   b ← (|H| /gc) +1 
 5:   end else if 
 6:   H  ← (np – 1) * b 

 7:   |H | ←|H|- |H | 
 8:   if rank = 0  
 9:      ruleIndexArray ← GPU (T, H , R) 
10:   else    
11:      ruleIndexArray ← CPU (T, H , R) 
12:   end else if 

 
To sum up this scenario, when two processes has been defined according to the pseudocode in Algorithm 4 and the 

packets have been divided equally between the two systems, the number of packets that should go to the CPU and the 
GPU are determined according to the pseudocode in Algorithm 4. Finally, the packets are classified according to this 
scheme. In this scenario, two GPUs and eight cores from two CPUs are involved in classification.  

5- Implementation	and	Evaluation 
In this section, we will first describe a software suite for generating the filter sets of experimental headers. Next, we 

will discuss our criteria and evaluate the results from the scenarios described in Section 4. 

5-1- ClassBench 
ClassBench is a simulator based on C language and Linux platform which is used to generate experimental filters and 

their corresponding headers. This suite creates rule sets that are similar to the actual rule sets in the classification process. 
It produces filters based on input parameters. ClassBench uses two modules. The first module generates rule sets with 
any desirable number of rules. It can generate three kinds of rule set: Firewall (FW), Access Control (ACL), and Chain 
(IPC). The second module produces a set of random packets based on the statistical features of the rule sets generated by 
the first module. In the following we briefly introduce abovementioned types of ruleset.   

5-1-1- ACL Ruleset 

The ACL represents the standard format for security and network address translation (NAT) rules. It is a set of rules 
that define how to forward or block a packet at the router’s interface. By applying an ACL on a routing device for a 
specific interface, all the packets flowing through it, are compared with the ACL rules, which can either block or allow 
them.  

5-1-2- FW Ruleset 

The FW is the registered format for specifying security rule-sets for firewall devices. FW rules determine what traffic 
your firewall allows and what is blocked. They also inspect the control information in individual packets, and either block 
or permit them according to the defined conditions. As a result, these rules dictate the firewalls on how to protect the 
network from malicious programs and illegal access. 

5-1-3- IPC Ruleset 

IPC allows a network administrator to manage rules in the kernel packet filtering area, by adding or deleting rules 
from various chains. It also proposes a decision tree format for security rules. A set of rules that direct the traversal 
according to the header information of a packet toward a specific node specifies a chain of the decision-tree. The end-
node of the chain contains a set of commands, which must be applied to the packet. There are three types of chain including 
the input chain, the forward chain, and the output chain. The input chain checks the permissions of the incoming packet. 
After this, the routing decision is applied, and the packet goes through a forward chain or an output chain regarding 
whether it is an internal packet or not.   

 
A review of the literature on packet classification shows that the majority of studies [51, 52] have used ClassBench to 

generate filters. The main reason is that this suite uses a random method and produces datasets that are very close to 
authentic data. 
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In the present study, we also used this suite to generate packets and filters corresponding to IPC2. 1k filters as well as 
32k, 64k, 128k, 256k, 512k, and 1024k incoming packets were generated for the evaluation of our scenarios. The 
algorithm was executed ten times for each number of packets and the mean of the results was recorded as the final result 
of each classification. It should be noted that, due to space limitations, we shall only present part of the results in this 
paper.  

5-2- Evaluation Criteria 

In this section, the performance criteria for packet classifier systems are defined. 
Throughput: Throughput is defined as the number of packets which can be classified in the unit of time. It is measured 

in packets per second (PPS).  
Classification time: It refers to the duration of the processing of packets in CPU or GPU. The unit of this measure is 

milliseconds and it is denoted by 𝑇 . This time can be calculated in two ways for each process.  The first method 
considers the maximum time among the times of all processes. The reason is that it takes this amount of time to complete 
all classifications. Equation (1) represents how the time is calculated in this method. 

 𝑇 𝑚𝑎𝑥 𝑡 ،𝑡 ،… , 𝑡                                                   1  

In the second method, the average of the times is taken into account instead of the maximum time. The average 
classification time can be calculated using Equation (2). 

 
𝑇  

∑ 𝑡 _  

𝑛𝑝
                      2  

Speedup: Speedup is obtained by dividing the classification time in the serial mode by the classification time in the 
parallel mode. 

𝑆
𝑇 1
𝑇 𝑝

                                              3  

In Equation (3), T(p) denotes the time required for parallel execution of the algorithm, and T (1) denotes the time 
required for serial execution of the algorithm. 

Transfer time: It refers to the time it takes to copy the required data structure from the CPU memory into the global 
memory of the GPU. Transfer time is measured in milliseconds. 

Memory usage: An important criterion for evaluating the performance of classification algorithms is memory usage. 
Thus, an algorithm with lower memory usage has a better performance.  

In this study, IPC filters are used. The total number of IPC filters are 634. The Hierarchical-trie corresponding to this 
filter set contains 7215 nodes. Each node needs 40 bytes to be stored on a Linux platform, which means a total amount of 
288 KB of memory. In addition, some memory should also be allocated to filters, packets, and an output array for 
displaying the results. 𝑀𝑒𝑚𝑜𝑟𝑦  represents the total amount of memory needed for any classification process. Given that 
processes have separate address spaces, this amount of memory should be multiplied by np in order to obtain the memory 
usage of np processes. 

 
 Memory  np ∗  𝑀𝑒𝑚𝑜𝑟𝑦                                                                                             4  

 

5-3- CPU Cluster 

Classification time for different numbers of packets was calculated. The speedup rate for these classification times 
was also calculated for different numbers of packets. For example, Fig. 12 shows the graph for the speedup rate of the 
CPU cluster for 32k packets in all three scenarios obtained by the average method and the maximum method. The first 
two columns show the speedup rate with two cores involved and in a mode that uses MPI alone for packet classification. 
In the first column, classification time was calculated with the maximum method, and in the second column, it was 
calculated with the average method. The second and third two columns show the same results for the second scenario. 
Also, the third and fourth two columns show these results for the third scenario. As the number of cores is eight, in this 
scenario, the cores were increased from 1 to 8, and the speedup rate was calculated after the addition of each new core. 
The highest speedup achieved in the first scenario belongs to the case where all cores are involved in the computation. In 
this case, the speedup rate calculated by the first and the second method is 6.4 and 7.5, respectively. In fact, with the 
addition of new cores, the speedup rate will increase. When eight processes are used, this rate will achieve its maximum.  

Fig.13 shows memory usage for the classification of 32k packets in the three scenarios. According to the graphs in 
this figure, the increased number of cores will increase memory usage due to using a separate address space. Note that, 
as one process is executed per core, any increase in the number of cores will increase the processes.  

As the threads share an address space in the second and third scenarios, memory usage does not differ from the MPI-
alone mode. As can be seen in the graphs, the maximum memory required for the classification of 32k packets is 2.98 
MB and belongs to the case where eight processes are defined. 
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Fig. 12 Speedup rate of CPU cluster for 32k packets in all three scenarios with different numbers of threads assigned to each core 

(denoted by the coefficient of T).

 

 
Fig. 13 Memory required for classification of 32k packets by the CPU cluster in the three scenarios. 

 
Throughput: Fig. 14 illustrates the throughput of all three scenarios in the classification of 32k packets as calculated 

by the maximum method and the average method. The maximum throughput, which is 4.5 Mega PPS, belongs to the case 
where the eight processes are running in eight cores. This is the maximum throughput among the three scenarios. The 
maximum throughput in the second scenario, which is 4.07 Mega PPS, is achieved when two processes are involved in 
classification. Finally, the maximum throughput in the third scenario, i.e., 2.87 Mega PPS, is achieved when two cores 
are involved in classification.

2core 3core 4core 5core 6core 7core 8core

First Scenario‐Pure‐Mpi 1.81 2.68 3.51 4.33 4.95 5.76 6.45

Second Scenario‐Pure‐Mpi 1.90 2.83 3.81 4.76 5.59 6.49 7.53

First Scenario‐MPI‐OpenMP‐2T 3.20 4.80 6.30 3.96 2.65 3.20 2.59

Second Scenario‐MPI‐OpenMP‐2T 3.24 4.96 6.73 6.23 4.83 4.14 2.99

First Scenario‐MPI‐OpenMP‐4T 4.65 3.03 2.55 2.56 2.34 2.39 1.36

Second Scenario‐MPI‐OpenMP‐4T 4.75 3.80 2.81 2.72 2.82 2.64 1.86
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 Fig. 14 Throughput of CPU cluster for 32k packets in all three scenarios. 

 
From the results of the CPU cluster scenarios we can infer that, to achieve the maximum speedup rate, the total number 

of MPI processes plus the number of OpenMP threads must be equal to the total number of computing cores. In addition, 
the larger the number of processes and the smaller the number of threads, the higher the speedup rate is. Using more 
processes, however, means using more memory. In fact, the best scenario for a CPU cluster is to define one process per 
system and to determine the number of OpenMP threads equal to the number of the cores in each system so that the largest 
number of packets could be classified in the unit of time with the lowest memory usage. 

5-4-  GPU Cluster 

The first scenario 
According to the results of [23], the number of blocks in the GPU should be determined as 16 for the optimum use of 

processing threads. In our evaluations, we sought to examine whether a smaller or larger number of blocks would change 
the classification time. For this purpose, the number of blocks was increased from 1 to 32 and classification was performed 
for different numbers of blocks. The performance of the classifier was measured in each run for 32K to 1024K packets. 

 

 
Fig. 15 The effect of the number of blocks on the classification time with 32K packets.  

 
Fig. 15 shows the classification time with 32K experimental packets for different numbers of blocks. It can be seen 

that this time is 14.4ms for one block. This time is significantly reduced and becomes 9ms for two blocks. The more the 
number of blocks, the less the slope of the curve of time reduction. Our results suggest that this reduction continues up to 
16 blocks and, from this point on, the increase in the number of blocks has no effect on the classification time.  
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After obtaining a fixed number for the CUDA blocks, the classification algorithm was executed on the GPU cluster 
and the classification time, the transfer time, and the sum of both times were calculated for different numbers of packets 
on both systems. The results are shown in Table 5. By comparing the classification times of the two systems, we find out 
that they are almost equal, which may be explained by the fact that the graphics cards are the same and the numbers of 
packets are equal. We should however note that the times are not exactly equal because the packets allocated to each 
process as well as the execution conditions may be different. With 512K packets, for example, the classification times of 
systems 1 and 2 are 19.66ms and 14.31ms, respectively. The 5-millisecond difference is mostly due to the difference in 
the allocated packets. In other words, the classification of packets with different headers may require that different path 
be traversed on the filter tree with different numbers of accesses. 

 
Table 5 The classification time for different numbers of packets on the two GPU cluster systems. 

 

System 2 System 1  
Number 

of 
packets 

Total 
time 

Transfer 
time 

Computing 
time of the 

core 

Total 
time 

Transfer 
time 

Computing 
time of the 

core 
2.587 0.498 2.088 2.010 0.503 1.507 32K 
4.381 0.644 3.737 4.043 0.689 3.354 64K 
7.652 1.063 6.589 7.532 1.044 6.487 128K 
14.166 1.838 12.327 10.142 1.815 8.327 256K 
17.644 3.325 14.319 23.03 3.368 19.662 512K 
43.673 6.327 37.346 40.849 6.366 34.483 1024K 

 
In the previous section, two methods, naming average and maximum methods were described for calculating the 

classification time in cluster systems. Using these two methods, the speedup graph for different numbers of packets can 
be drawn as in Fig. 16. It shows the speedup rate in the one-system mode and in the first scenario of the GPU cluster 
mode. In the one-system mode where we used one GPU on a single system for packet classification, the average speedup 
rate achieved for packets less than 512K is 20 times as much as the serial packet classification.  

 

 
Fig. 16 The speedup achieved in classifying different numbers of packets on the GPU cluster. 

 
For packets more than 512K, the speedup is almost 30 times. This shows that with the increase in the number of 

packets, the parallelization capacity of the GPU becomes more manifest. In the classification of 32K packets by the GPU 
as in the first scenario, the average speedup is 25 times and the maximum speedup is 30 times. With increasing the number 
of packets, the speedup begins to rise until, for 512K packets, the average and maximum speedup values become 50 and 
58, respectively. These values are 1.78 and 2 times as great as the speedup values achieved with a single GPU. This is 
what we expected from the outset. In fact, by increasing the number of processors from one to two, the speedup also 
doubles. It can be seen that the GPU could significantly increase the speedup value in comparison with the serial 
classification. Also, the ratio of the speedup, particularly the maximum speed up, in the GPU cluster mode to the speedup 
in the one-system mode increases with the number of packets and almost reaches 2 for 512K or more packets.  
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The second scenario 
Using the classification time in the global and shared memory of the GPU, the ratio of the speedup in using the shared 

memory to the speedup in using the global memory was calculated for both the one-system and the two-system modes. 
Fig. 17 shows the speedup in the classification of different numbers of packets. 

In the one-system mode, the speedup is less than in the two-system mode. For example, for the classification of 128K 
packets by one system, the speedup in the second scenario is 7.3 times as much as the speedup in the first scenario and 
the ratio of the average and maximum classification time in the first scenario to the average and maximum time in the 
second scenario on the GPU cluster is 8.74 and 8.00, respectively. An interesting point in this graph is the remarkable 
speedup resulting from using the shared memory of the GPU in comparison with the first scenario.  

According to Fig. 17, the ratio of the speedup in the second scenario to the speedup in the first scenario for different 
numbers of packets is almost 5. The speedup for 512K packets is around 10. This increase in speedup shows that the 
shared memory of the GPU can provide a remarkable speedup in packet classification. The reason is that the lifetime of 
the data in the shared memory amounts to the lifetime of its corresponding block and, in addition, this memory has a very 
short access time; therefore, the data in it can be accessed very rapidly.  

 
 

 
Fig. 17 Comparison of the speedup in the first and the second scenarios of GPU cluster. 

 

5-5- Hybrid cluster 

Under the circumstances described in Section 4.4, we measured the classification time for different numbers of packets 
on the hybrid cluster. The speedup graph is shown in Fig.18. In this graph, the left column represents the speedup for each 
number of packets in the one-system mode. In this mode, the four CPU cores and all the GPU cores of a single system 
were involved in packet classification. The second column from left shows the same results with the difference that the 
GPU of one system is used along with the CPUs of both systems in the cluster. The motivation behind this experiment 
was that it might be the case that the GPU of one of the nodes in the GPU cluster would not be ready for processing. 
According to the results, there is not any significant difference in speedup between these two modes. The third and fourth 
columns respectively represent the maximum and average speedup achieved by the hybrid cluster when all cores of the 
CPUs and GPUs were engaged in classification. In this mode, the maximum capacity of the cluster was utilized. The ratio 
of the speedup of the hybrid cluster to the speedup in the one-system mode for 1024K, 512K, and 256K packets is 1.89, 
1.85, and 1.95, respectively. These values indicate that the classification speed in the two-system mode is almost twice as 
much as the speed in the one-system mode. A comparison with the speedup graph of the GPU cluster would show that 
the speedup achieved by the hybrid cluster is not significant because the CPU of the cluster nodes has a high computation 
power. 
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Fig. 18 The speedup of the one-system and two-system hybrid clusters for different numbers of packets. 

 
Fig. 19 shows the memory usage of the hybrid cluster. The first column represents the one-system mode where one 

CPU and one GPU are used. The second column represents the memory usage of the two-system cluster. In the latter, the 
CPUs of one system and the GPU of the other system were used. The amounts of memory used in both modes are equal. 
Also, the memory usage of a perfect hybrid cluster is twice as much as in the one-system mode. 

 
 

 
Fig. 19 The memory usage of the one-system and two-system hybrid clusters for different numbers of packets. 

5-6- Comparing proposed scenarios 

In this section, we compare the throughput achieved by the CPU cluster, the GPU cluster, and the one-system and 
two-system hybrid clusters. For this comparison, the results of the optimum scenarios of each cluster are used.  

Fig. 20 illustrates the throughput achieved by all of the clusters for 1024K packets. It can be seen that when only one 
CPU (with four active cores) was used, the throughput reached 2.1 MPPS. Due to the larger number of cores and its higher 
parallelization capacity, the GPU has classified 13.15 million packets more than the CPU in the unit of time. When both 
the CPU and the GPU of a system were used, the number of packets classified in the unit of time increased from 15.25 to 
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16.12 million. Also, the CPU cluster has reached a throughput of 4.2 MPPS which is twice as much as the throughput of 
the one-system mode. The highest throughput was 30.59 MPPS and belongs to the hybrid cluster.  

 

 
Fig. 20 The throughput of the three clusters for 1024K packets. 

 
A similar work has been carried out by Abbasi et al [23]. The hardware specifications used in that study are listed in 

Table 6.  Fig. 21 compares the classification time of their best scenario with all the scenarios of the present study for an 
IPC filter set. The number of packets is assumed as 64K.  The reason for selecting this number is that the maximum 
number of packets used in [23] is 64K. 

 

Table 6 System specifications in [23]. 

CPU Intel(R) Core™ i7Q 740 @ 1.73GHz 
RAM 4 GB 

OS Windows 7 Ultimate, 64-bit 

GPU 

Model (Nvidia) GTX 750 
Architecture Maxwell 
CUDA Cores 512 

Core clock 1020MHz 
Memory Clock 1250 MHz 

Processing Power (GFLOPS) 1044 
Memory bandwidth 80 GB/s 

SMs 4 
Bus width (bit) 128 

 
In their best scenario, the minimum time for the classification of a packet using the GPU is 7ms. The GPU in the 

present study has reduced this time down to 6.22ms. This reduction is explained by the higher processing power of our 
GPU. By using engaging the CPU in the hybrid mode, this time has been reduced by 0.83ms to reach 5.38ms. In the GPU 
cluster mode and the hybrid mode, the classification time has increased by 3.44ms and 3.84ms, respectively, in 
comparison with the results of Abbasi et al. In the CPU cluster mode, the classification time is comparatively lower 
because the CPU used in our study has lower processing power.  
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Fig. 21 Comparing the running time of three methods used in [23] in classifying 64K packets.  

6- Conclusion 
MEC is a new accelerated trend in ubiquitous computing where the computational resources are being brought nearer to 
the mobile users. SDN, can serve as an enabler to reduce the complexity barriers involved and let the real potential of 
MEC be achieved. That is, the complexities resulted from deploying the cloud-like resources and related services at the 
edge of the mobile network can be solved by a control mechanism that can orchestrate the distributed environment. All 
data flow management, service orchestration, and other management tasks are accomplished by the central SDN controller 
that is transparent to the end-user.  

The undeniable efficiency of SDN in managing the sheer number of flows in MEC owes to packet classification.  
Packet classification is a process whereby network packets are divided into flows. Central to this process is the search for 
the best matching packet through matching the packet headers against the filters.  

A desirable classification algorithm is one that could perform classification with the least memory usage and in the 
shortest time possible. To reduce the classification time, the packet classification algorithm can be parallelized. With this 
aim, the present study attempted for the first time to parallelize a typical trie-based packet classification algorithm through 
different scenarios on a CPU cluster, a GPU cluster, and a hybrid cluster. To evaluate these scenarios, an IPC filter set 
was used to classify different numbers of packets. 

Two major conclusions can be drawn concerning the use of CPU clusters. First, the optimum results are obtained 
when the total number of MPI processes plus the number of OpenMP threads are equal to the total number of processing 
cores. Second, MPI has a higher performance than OpenMP in all scenarios but its memory consumption is also higher.  

Two scenarios were considered for the GPU cluster mode. In the first scenario in which the filter set and the packets 
were stored in the global memory, we calculated the optimum number of blocks and achieved a speedup 58 times as large 
as in the serial mode. In the second scenario, we tried to decompose the filter set down to a point in which the sub-tree 
corresponding to each subset of the filters could be stored in the shared memory of the CPU. We concluded that the 
scenario using the shared memory was 12 times as fast as the scenario using the global memory. 

In the hybrid method, the entire computing capacity of both CPU and GPU was utilized. The results show that a 
combination of MPI, CUDA, and OpenMP programming models is the optimum mode. In this mode, the maximum 
capacity of the cluster is used and all the cores of the CPU and the GPU are involved in packet classification. In 
comparison with GPU cluster mode, this mode increased the throughput by 1.4 MPPS. 

A powerful technology that can enhance GPU performance is GPU Direct. It requires only a single pre-processing 
time. In other words, all CPUs are involved in the task of pre-processing; rather, after receiving and reading the 
information, each system can transmit it to its GPU without engaging the CPU of other systems.  
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Smart Sensing-Enabled Decision Support
System for Water Scheduling

in Orange Orchard
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Abstract —The scarcity of water resources throughout the
world demands its optimum utilization in various sectors.
Smart Sensing-enabled irrigation management systems are
the ideal solutions to ensure the optimum utilization of water
resources in the agriculture sector. This paper presents
a wireless sensor network-enabled Decision Support Sys-
tem (DSS) for developing a need-based irrigation schedule for
the orange orchard. For efficient monitoring of various in-field
parameters, our proposed approach uses the latest smart
sensing technology such as soil moisture, leaf-wetness, tem-
perature and humidity. The proposed smart sensing-enabled
test-bed was deployed in the orange orchard of our institute
for approximately one year and successfully adjusted its
irrigation schedule according to the needs and demands of
the plants. Moreover, a modified Longest Common SubSe-
quence (LCSS) mechanism is integrated with the proposed
DSS for distinguishing multi-valued noise from the abrupt
changing scenarios. To resolve the concurrent communica-
tion problem of two or more wasp-mote sensor boards with a common receiver, an enhanced RTS/CTS handshake
mechanism is presented. Our proposed DSS compares the most recently refined data with pre-defined threshold values
for efficient water management in the orchard. Irrigation activity is scheduled if water deficit criterion is met and the farmer
is informed accordingly. Both the experimental and simulation results show that the proposed scheme performs better in
comparison to the existing schemes.

Index Terms — Wireless sensor network, precision agriculture, irrigation management systems, DSS, RTS/CTS, LCSS.

I. INTRODUCTION

WORLDWIDE, water is a scarce resource and it requires
considerable attentionfrom the research community

and industry to ensure its maximum utilization. Agriculture
sector is one the water‘s main consumer because it con-
sumes approximately 70% of the available water to fulfill
the food requirements of the world fast growing population
[1]. Generally, irrigation schedules are based on farmers
experience, crop requirements, environmental conditions, and
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soil properties. However, these traditional irrigation procedures
are not efficient from the resource utilization perspective
as a considerable amount of water is wasted. Due to the
recent technological advancements, particularly sensors and
actuators, it is possible to develop a smart sensing-enabled
automated Decision Support System (DSS) that has the ability
to identify water-deficit locations and irrigate those areas on
priority basis if needed [2].

A network of smart sensing devices has the potentials to
collect the real-time data for developing an automated Irriga-
tion Management System (IMS) or DSS, that is also known
as precision agriculture [3]. The DSS aims to provide the
right resources at the right time, which has a direct correlation
with the yield improvement of various crops. To realize this
objective, smart sensing devices are deployed in agricultural
fields where specialized sensors probe their surrounding phe-
nomena such as soil moisture, soil temperature, pH, humid-
ity, and leaf wetness, etc. These gathered phenomena are
thoroughly observed by the DSS on a centralized device.
Various agriculture-related activities are subject to these obser-
vations. There exist numerous studies in this context. In [4], a
WSN-based remote water management system for agriculture
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sector was implemented in Thailand. The proposed approach
was deployed for five months in agricultural fields and various
data mining techniques were used to analyze the captured data.
However, the proposed approach completely neglected out-
liers, i.e., noisy data. A DSS-enabled irrigation prediction
system was presented in [5] for optimizing the water schedul-
ing of orange orchard. This system has the ability to predict
the soil moisture of a particular region within the orchard
by applying a hybrid of Support Vector Regression (SVR)
and K-mean clustering algorithm on the gathered data. The
proposed DSS emphasized on the refinement of captured data
before it is being processed by the DSS. However, this system
fails to distinguish multivariate noise from abrupt changing
scenarios [6]. In [7], a WSN-enabled water management
system was deployed in adjacent agricultural fields where
different crops were grown. The proposed test-bed utilized
both the historical data and variations in the climate values
to devise an effective irrigation schedule. An Internet of
Things (IoT) and neural network-based DSS was developed in
[8] to predict the water-deficit locations. The proposed DSS
is capable to precisely detect the required amount of water
for irrigation. However, this approach does not consider the
outliers in the gathered data.

In precision agriculture, outliers or noise is defined as
unwanted data that severely affect the performance of
an operational DSS. Usually, this problem occurs due
to malfunctioning sensor nodes, interference, collision of
packets, circuit failure, extreme pressure, high temperature,
and other environmental conditions. As a result, refinement
of sensed data prior to its processing by the concern DSS
is a challenging issue. Moreover, in the case of shared
media, collision of Request To Send / Clear To Send
(RTS/CTS) packets and data packets is another challenging
issue. Therefore, the development of a precise and accurate
technology-assisted DSS is desperately needed to ensure
maximum utilization of water in agriculture sector.

In this paper, a smart sensing-enabled DSS for the orange
orchard is presented to resolve the aforementioned issues.
In our proposed approach, the sensed data by the various smart
sensing devices/nodes is processed using a refinement module
to ensure accuracy and integrity of data at the destination.
Moreover, every node is bounded to transmit its data only if
the medium of communication is free. The main contributions
of this paper are:

1) A smart sensing-enabled DSS is presented for proper
management of the irrigation activities in agriculture
sector. The proposed agricultural DSS is a need-based
system that provides water to a particular area only if it
is identified as water-deficit.

2) A modified LCSS mechanism is proposed that enables
the proposed DSS to differentiate multivariate noise
from the abrupt changing scenario.

3) An enhanced RTS/CTS mechanism is proposed to
resolve the collision issue associated with concurrent
communications. Before any transmission activity, every
sensor node is bounded to use the classifier-based
mechanism that ensures a collision-free communication
between two or more operational devices.

The rest of the paper is organized as follows. In Section II,
an overview of the literature is presented. In Section III,
a detailed description of the proposed smart sensing-enabled
DSS module and its deployment for orange orchard are
presented. In Section IV, both experimental and simulation
results are discussed in detail. Finally, concluding remarks are
provided in Section V.

II. LITERATURE REVIEW

Precision agriculture is the technology-assisted farming,
which is based on sensor-enabled monitoring, measurement
and response generation via the DSS. The responses are gen-
erated based on the varying conditions of crops [9]. It enables
the farmer to provide the right resources at the right time and
right place to any crop [10]. In agriculture, water is an essential
resource that is needed to bring forth the maximum potential of
the agricultural fields. Moreover, it enables crops to make full
use of other yield enhancing production factors [11]. In this
section, a brief overview of various test-beds which are related
to the proposed work is presented.

Keswani et al. [8] have presented an optimal Internet of
things (IoTs) and neural network-based irrigation management
system that has a one-hour prior prediction capability of
water-deficit location(s). For this purpose, various sensors
were deployed such as soil moisture, temperature, CO2, light
intensity, and humidity sensors. A hybrid DSS was proposed
by Viani et al. [12] which was based on the fuzzy logic and
farmer’s experiences. Likewise, WSNs and General Packet
Radio Services (GPRS) were used to form an optimal irriga-
tion management system. Soil moisture sensors with controller
modules were deployed in agricultural field(s) [13]. A machine
learning and agronomist’s encysted knowledge-based irriga-
tion prediction system was proposed that concluded that
Gradient Boosted Regression Trees (GBRT) was the best
regression model with approximately 93% irrigation predic-
tion accuracy [14]. Dursun and Ozden [15] presented an
automatic drip irrigation management system for the cherry
trees. A low-cost IoT system for smart irrigation was proposed
by NK. Nawandar and Satpute [16]. The system capabilities
include the estimation of irrigation schedule, neural-based
decisions and remote monitoring. Similarly, a WSN-based
irrigation management platform was presented that has the
capacity to calculate the quantity of water needed for irrigating
a specific area [17]. A novel watering management system,
which is based on low-cost IoT components was presented
by Khoaet al. [18]. Additionally, LoRa LPWAN technology
was used for the transmission to ensure the best performance
of the proposed system. In FLOW-AID project, WSNs were
used to identify water-deficit locations, a situation where plants
need water desperately [19]. In 2011, the Information and
Communication Technology unit of Commonwealth Scientific
and Industrial Research Organization (CSIRO) used various
sensor nodes to recover the ecological integrity of Queens-
land‘s National Park [20]. Pardossiet al. [21] described a
methodology of integrating Root Zone sensors with WSNs
which is used to identify water deficit locations in agricultural
fields. Harunet al. [22] described WSNs as an efficient tool
to resolve both the decision-making and resource optimization
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issues associated with technology-assisted farming. A need-
based irrigation practice was presented by Abrishambafet al.
[23]. This system has the capacity to schedule the irrigation
activity for lowest cost period by using various parameters
to temperature, soil moisture, wind, precipitation forecast,
and soil calculation. An IoT-based irrigation system was
developed to automate the irrigation activity of crops using
soil and environmental data [24]. Donget al. [25] presented
a pivot-based irrigation procedure to optimize the irrigation
activity via wireless underground sensor networks.

III. PROPOSED LCSS-BASED DATA REFINEMENT

MECHANISM

Data fusion or refinement of the WSNs capture data
has become a dominant research area; as the majority of
our daily-life activities are either partially or completely
dependent on these DSS-based networks. In this section,
a space free LCSS-based data fusion scheme is presented
to enhance accuracy and precision level of the proposed
agricultural DSS. The captured data of every deviceCi , that
is wasp-mote agricultural board in the proposed test-bed,
is passed through the LCSS-based noise detection module
that ensures the accuracy of the refined data. Moreover,
the proposed fusion scheme has the capacity to distinguish
outliers or noisy data from the abrupt changing scenarios,
i.e., an abrupt change occurs if water directly interacts with
soil moisture or leaf wetness sensors.

A. Sequence Matching: Definitions and Preliminaries
A sequenceSQi is defined as a collection of related

values,a1, a2, . . . ., an ∈ SQn where n represents length of
the data set. The longest common subsequence (LCSS) is
represented byLC SS(k), where k defines length of the LCSS.
Concatenation process in LCSS is defined as appending any
two symbols X and Y to form a subsequence XY such that
X&Y ∈ SQa .

Definition 1: Any two valuesX ∈ SQa and Y ∈ SQb are
considered as equaliff distance(X,Y)<= 0.05 or X � Y .

definitions LC SS(0, 0) is used to describe an empty LCSS.
Definition 2: A valuea1 ∈ SQa is considered as a predeces-

sor of another valuea2 ∈ SQa in LC SS iff index(a2 > a1)
and for both values∃ (a valuebm ∈ SQb such thata1 � bm

anda2 � bm ).
Definition 3: A valuea1 ∈ SQa is not considered as a prede-

cessor of another valuea2 ∈ SQa , that isa1 /∈ LC SSmatched ,
iff index(a2 < a1) that is 1> 2. Although, for both values
a1&a2 ∈ SQa ∃ (by&bz ∈ SQb such thata1 � by&a2 � bz

∀ where y and z represent indexes information.
Definition 4: Similarity index of any two sequences or data

setsSQa& SQb are higheriff length of theirLC SSmatched >
length(SQ3∗n/2& SQ3∗m/2))

Definition 5: TheLC SS(k) represents the LCSS ofSQa and
SQb iff ∀(an ∈ SQa) there exist abm ∈ SQb such thatan �

bm and∃(n′ < n andm′ < m such thatLC SS(k − n′, l − m′)
is generated byn′ andm′).

B. Computation of the LCSS
The proposed approach uses two different sequences of

the same size n that is 10 in this case i.e.,SQa for storing

current data values andSQb for previously transmitted data
where a = 1, 2, 3 . . . n and b = 1, 2, 3 . . . m. Every device
Ci ∈ W SN is bounded to store the collect data inSQa

until a = n. Initial values for SQb is defined manually,
once at the deployment stage of WSNs, and are updated
according to collected data of sensor(s). For example, soil
moisture sensor values are setaccording to the average values
of three different soil moisture sensors which were deployed
in dried soil i.e., 250Hz to 260Hz. Once, the network becomes
fully operational i.e., sensors begin to probe the phenomena
after the defined interval of time, that is 30 second in the
deployed WSN‘n infrastructure. In the proposed test-bed,
every wasp-mote boardCi is bounded to store their captured
data temporarily in sequenceSQa until value ofa = 10 and
then send it to the gateway.

To refine this data, the proposed test-bed uses a modified
form of LCSS and gap-free LCSS. LCSS is used to find
the similarity indexes of the currently received dataSQa

and existing dataSQb. Initially, a matching window control
parameterδ is defined that is used to limit the matching
window of a value in sequenceSQa , i.e., a = 1, with another
sequenceSQb. In the proposed test-bed, the value ofδ is
set to three (3) which means that the first element ofSQa

is matched with at-most three elements ofSQb iff these
elements are not matched. In phase-I, the first element of
SQa , i.e., SQ1 ∈ SQa , is matched with element(s) ofSQb,
i.e., b1, b2, . . . ., bδ ∈ SQb, such that either a match is found
or maximum limit δ is reached. If first elementa1 ∈ SQa

matches with any elementb1toδ ∈ SQb then bm is stored
in classLC SSmatched with its position information. However,
if a1 does not match with any element ofSQb within the
defined windowδ thena1 is ignored and subsequent element
a2 ∈ SQa is processed. Likewise, second valuea2 ∈ SQa

is matched using similar approach with a slight modification
that is its matching criteria with theSQb is subjected to the
following conditions.

1) a2 ∈ SQa is matched with the first value ofSQb iff
a1 ∈ SQa does not have a matching value in the defined
window, i.e.,δ.

2) a2 ∈ SQa is matched with value ofSQb that is stored
after previously matched value i.e.,b1 ∈ SQb iff a1 ∈
SQa � b1 ∈ SQb.

If a2 ∈ SQa has a match inSQb then matching value
b2−−δ ∈ SQb is stored in classLC SSmatched with its position
information. For the remaining values ofSQa , this process is
repeatedly applied to compute their LCSS.

In phase-II, first value ofSQa , i.e., a1 ∈ SQa , is ignored
iff a1 ∈ LC SSmatched and the required LCSS is not com-
puted yet. The remaining values, i.e.,a2, a3, . . . ., an ∈ SQa ,
is considered as a refined data set which has nine values. Then,
the aforementioned process, i.e., findingLC SSmatched of SQa

andSQb, is repeated. Both LCSSs, i.e., currentLC SSmatched

and previousLC SSmatched , are compared andLC SS with the
maximum length is selected whereas other is discarded. This
process is repeated until the required LCSS.

To understand this idea, consider two sequencesSQa and
SQb which contain data generated by the temperature sen-
sor(s) i.e.,SSn = 30 34 31 30 33 35 34 30 34 32 andSQm
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= 33 30 32 34 30 33 34 30 34 32 where n=m=10 and
δ = 3. First value 30∈ SQa is matched with every value of
SQb within the defined windowδ = 3; starting with the first,
i.e., 32 ∈ SQb. A match is encountered at the 2nd position
in SQb i.e., 30 = 30. Value 30 is stored inLC SSmatched

with its position information. Second value 34∈ SQa is
then matched with every value ofSQb starting from the
position 3rd i.e., 31 in this case. However, 31 does not have
a matching value inSQb within δ. Therefore, it is neglected
and the subsequent value 31∈ SQb is processed which is
matched with 3rd value in SQb. 31 is stored with its location
information in LC SSmatched . For the remaining values of
SQa , this process is repeatedly applied until their LCSS is
found. It is to be noted that phase-II is applicable only if the
computed LCSS length is less than the length ofSQb/2.

Lemma 1: LC SS(p) represents the longest common subse-
quence ofSQa& SQb of length n and m respectivelyiff k >=
1 and∃( a1 · · · p such thata1 · · · p � b1···p ∵ a1···p ∈ SQa

andb1···p ∈ SQb) where p ≤ n & m.
Proof: Applying mathematical induction i.e.,fork = 1 The

length(LC SS(1)) is equal to 1iff a1 � b1 wherea1 ∈ SQa

andb1 ∈ SQb. (According toDefinition-4). Hence, the lemma
is true fork = 1.

Suppose that the lemma is true fork − 1 values. We need
to prove that the lemma is true fork values. If LC SS(n, m)
represents the LCSS ofSQa& SQb then∃ ( n′ < n andm′ <
m such thatLC SS(n′, m′) is the LCSS ofSQ′

a& SQ′
b for k−1

value).
According to our assumption,
LC SS(n′, m′) = p′

1, p′
2, p′

3, . . . ., p′
k such thatp′ < p and

p′
1, p′

2, p′
3, . . . ., p′

k ∈ SQa & SQb ∵ an = bm ∵ n′ < n and
m′ < m.

Therefore, LCSS ofSQa and SQb is of length k. ∵
length(LC SS(n′, m′)) + length(LC SS(n, m)) = k. Hence,
it proves thatk is the length of required (LC SS(p)).

Conversely, if length(LC SS(n, m)) ≥ k and an = bn,
wherean ∈ SQa andbm ∈ SQb then∃( n′ < n andm′ < m
such thatan′ � bm′ . Moreover, length(LC SS(n′, m′)) =
length(LC SS(n, m))−1 ≥ k −1. Therefore,LC SS(n′, m′) is
the LCSS ofk −1 length data sets (By inductive Hypothesis).
Hence, the proof i.e.,LC SS(p) represents the longest common
subsequence ofSQa$SQb.) �

C. Proposed Methodology: Classifier-Based Based
RTS/CTS Handshake

To resolve one of the aforementioned issue, i.e., collision
of RTS/CTS packets, a classifier-based scheduled RTS/CTS
mechanism is presented. Every deviceCi ∈ IoT s shares
its communication scheduleTs with the neighboring devices
via a smaller scheduled-frame preferably after the deployment
phase. The proposed communication scheme consists of two
phases i.e., hop-count and classifier-based optimal neighbors
discovery phases.

1) Hop-Count Discovery Phase: The base station moduleSj

broadcasts a scheduled-frame which contains a transmission
schedule (Ts), hop-count (Hc) and back-off timerTb. More-
over, the hop-count value is set to zero as base station is
the ultimate destination for every deviceCi ∈ IoT s and

Tb value is set to infinity which distinguishesSj from the
ordinary devices. Active devicesCi which reside in the closed
proximity of Sj receive this frame and update it according
to their stored information, i.e.,Hc = 1, Tb and Ts are
set according to the equation. 2 & 3 respectively. Moreover,
every deviceCi maintains a schedule table where valuable
information about neighboring nodes is stored i.e.,Hc, Ts ,
residual energyEr that is calculated using equation 1.

Er = Ei − Ec (1)

whereEi and Ec represent the initial and consumed energies
respectively.

Back-off timer Tb is computed using equation 2. The idea
of adding anHc value orδ with the generated random number
is to minimize the collision probability of neighboring nodes
as,usually, these nodes have differentHc values. However,
if back-off timer Tb of the two neighboring devices are
similar then these devices should recompute theirTb. δ is an
infrastructure dependent parameter i.e., for flat networks its
value ranges from 5-15 whereas in hierarchical networks its
value ranges from 2-5.

Tb(Ci ) = rand(0 − 1000) + min(
Tp(Ci )

Hc(Ci )
, δ) (2)

Transmission scheduleTs is computed using equation 3.

Ts(Ci ) = Tb + Tp + γ (3)

where Tp is the average propagation time ofCi ‘s first hop
neighbors which includes both the transmission and processing
delays.γ represents the sampling rate of a particular device
which will be similar for everyCi ∈ W SNs.

Once a first hop neighboring nodeCi updates the schedule-
frame, it doesn’t broadcast the frame immediately rather it
waits for Tb. When Tbexpires, Ci broadcasts an updated
version of the scheduled-frame which is received by devices
reside in vicinity.Ci ‘s neighboring devices are divided into
two groups i.e., Group-I which consists of devices such that
their Hc <= Hc(Ci ) whereas Group-II has devices with
Hc > Hc(Ci ). When a deviceCi+1 ∈ Group − I receives a
scheduled-frame from a neighboring deviceCi it updates the
schedule table entries according to the message contents and
discard it.Ci+1 discards the received scheduled-frame because
it has either transmitted a scheduled-frame or waiting for its
Tb to expires as it has already received a similar message from
the base station moduleSj . Conversely, if the scheduled-frame
is received by a deviceCi+2 ∈ gruop − I I then it updates the
scheduled table information particularly aboutCi such asHc,
Tb andTs . Moreover,Ci+2 computes its back-off timer using
equation 2 and updates the scheduled-frame by replacingHc,
Tb and schedule timeTs with its own. WhenTb of Ci+2 expires
it broadcasts the updated scheduled-frame. This process is
repeatedly applied until every deviceCi ∈ W SNs in an oper-
ational network has a definedHc value and information about
neighboring node’s transmission schedulesTs . Additionally,
Ci ‘s transmission schedule is not affected even if it serves as
a relaying device, that is forwarding packets of neighboring
devices, in addition to its own duties.
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2) Classifier-Based Mechanism to Mitigate the Collisions
Ratio of RTS/CTS and Data: In the proposed scheme, every
deviceCi maintains a schedule table which contains informa-
tion about neighboring devices. This information is very useful
in both scenarios i.e., minimizing the collision probability and
finding an optimal device.

1) Where multiple devices initiate a request-to-send mes-
sage (RTS) at the same time and are interested to start
a communication process with a shared device i.e., base
station or cluster head (CH) or neighboring node.

2) Where a single device Ci has multiple recipient and
needs to start communication with a reliable and opti-
mal device.

In scenario-I, without a proper schedule information of
neighboring devices, particularly first hop neighbors, collisions
will occur and retransmission is mandatory which is not only
time-consuming but power consuming too. However, if these
devices are bounded to store sufficient information about
neighboring devices such asTs , Tb and Hc then packets col-
lisions are minimized or even avoided. The proposed scheme
uses a classifier-based mechanism to resolve the collision issue
associated with devices interested in communication with a
shared base station or otherentity. Since, every neighboring
deviceCi has a unique back-off timerTb, hence, the collision
probability is zero even if two neighboring devices initiate the
RTS process simultaneously.

In scenario-II, if a deviceCi is interested to initiate a com-
munication session with a reliable and optimal neighboring
device or CH or base station then this device needs a sim-
plified classification mechanism which identifies an optimal
device. The proposed classifier-based mechanism uses various
parameters such asTs , Tb, Er andHc values to find an optimal
neighbor. Neighboring devices are classified using equation 4.

Copt = (W1 ∗ Tb + w2 ∗ Ts)Ci (4)

whereW1 = 50%, W2 = 50% represent different weight-ages
assigned to these parameters. A neighboring deviceCi with
minimum value ofCopt is an ideal and reliable candidate.
However, if Hc and Er of neighboring devices are not con-
sidered by our classifier then it is possible that either the
transmitted packets may propagate in opposite directions or
forwards to a device with minimum residual energy. In both
cases the results are not favorable specifically in resource lim-
ited infrastructures, therefore, once the classifier described in
equation 4 identifies the optimal neighbors then the two most
optimal devices are passed to another classifier as described
in equation 5.Creliable = W3 ∗ Hc + W4 ∗ Er (Ci ) (5)

where W3 = 40%, W4 = 60% are weight-ages assigned to
the residual energy and hop-count parameters. A neighboring
deviceCi with maximum value ofCreliable is considered as
optimal and reliable device.

D. Implementation of the Proposed Scheme in
Agricultural Environment: A Case Study

A precise and accurate DSS (preferably technology-
assisted) is subjected to the selection of appropriate devices
or sensorsCi , parameters to be sensed, data refinement and
communication mechanisms.Toaccomplish this, wasp-mote

Fig. 1. Deployment of the wasp-mote agriculture boards with humidity
and temperature sensors.

Fig. 2. Deployment of leaf wetness sensor in orange orchard.

Fig. 3. Deployment of soil moisture sensor in orange orchard.

agricultural boards with a gate way were deployed in the
orange orchard of our institute for approximately one year
to form an automatic irrigation management system as shown
in Fig. 1, Fig. 2 and Fig. 3, respectively. These boards were
equipped with soil moisture, temperature, humidity and leaf
wetness sensors to collect real time data continuously after a
defined interval of time i.e., 30 seconds.

In the proposed DSS, soil moisture parameter is considered
due to its vital role in the development of a precise watering
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Fig. 4. Data flow diagram of the proposed WSN‘s based DSS for
agriculture.

schedule. For example, if the sensed value is below the
threshold value, then that particular area is needed to irrigated
on priority basis. To further precise the proposed DSS, soil
moisture sensors were deployed at three different levels in the
agricultural field, as shown inFig. 3. Likewise, atmospheric
moister exerts drastic effects on the watering schedules of
various crops. Therefore, leaf wetness sensors were deployed
in closed proximity to the orange leaves as shown inFig. 2.
Moreover, Temperature and humidity sensors were integrated
with the wasp-mote boards to further enhance accuracy of
the proposed DSS as shown inFig. 1. The gateway module
is directly connected to a computer via a USB serial port
(port-6 in this case) to receive data.

In our previous data collection and communication
infrastructure [6], a simplified approach was used to resolve
the collision issue associated with simultaneous transmission
of two or more devicesCi to a common destination. However,
the system enters to deadlockif more than two devices are
simultaneously transmitting to a common destination. In this
paper, a modified version of the RTS/CTS handshake
approach is used to resolve this issue. A detailed description
of the proposed WSNs-based DSS for agriculture sector is
presented inFig. 4.

Every wasp-mote board collects real time data from various
sensors i.e., temperature, humidity, soil moisture and leaf
wetness. This data, say packet-x, is sent to the gateway
either directly or through the relaying nodes. In both cases,
the transceiver module uses the RTS/CTS handshake approach
to avoid collision of packet(s). In the proposed experimental
setup, the gateway module is directly connected to a central
computer via USB cable specifically through port-6 and the
received data is (temporarily) stored automatically using Cool
Term software. Before DSS, packet-x is passed through the
noise detection module to get the refined data let say packet-y.
The DSS module of the proposed system checks packet-y
against the threshold value, that is 250Hz for soil moisture
sensor, and if the threshold value is crossed then the alarming

TABLE I
WSN‘S SIMULATION PARAMETERS SETUP AND THEIR VALUES

unit is activated along with a text message to the farmer on his
mobile or LAN. If data is within the defined threshold then it
is stored permanently.

IV. EXPERIMENTAL AND SIMULATION RESULTS

In this section, a detail description of both experimental
and simulation results are presented to verify the exceptional
performance of the proposed system against the existing
schemes in terms of computational time, decisions accuracy,
packet collision ratio and packet loss ratio. These algorithms
were implemented in OMNET++, which is an open source
simulation tool specifically designed for the resource limited
networks. Initially, a static topological infrastructure, which
was later on changed to the random, with a fixed propaga-
tion delay was used to mimic the real deployment process
of WSNs in general and our deployment infrastructure in
particular. Additionally, other networks related parameters
such as interference and path-loss ratio were kept constant.
A detail description of various simulation related parameters
are presented intable I.

Initially, the real-time data set, that is collected through
the deployment of various wasp-mote boards based tested
in the orange orchard, is used as a testing tool to check
the performance of these algorithms particularly in terms of
computational time and decision accuracy of the underlined
DSS. In terms of computational cost, the performance of
these algorithms is presented inFig. 5, which clearly depicts
that the proposed algorithm performance is better than exist-
ing algorithms except the noise evading algorithm. However,
a common problem associated with NE algorithm is its vulner-
ability to multi-valued noise, which is quite common in WSNs.
Moreover, NE does not differentiate multi-valued noise from
an abrupt change scenario. Similarly, the proposed scheme
performance is not affected by changing data set size either
statically or dynamically because it always uses a fixed sliding
window. Therefore, the proposed algorithm is suitable for both
scenarios, i.e., static and dynamic datasets. Additionally, these
algorithms were evaluated on different static versions of the
real-time dataset obtained through our deployed test bed, that
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Fig. 5. Performance of DSS in terms of computational time.

Fig. 6. Accuracy of the DSS in terms of decisions or predictions.

TABLE II
ANALYSIS OF THE PROPOSED & EXISTING ALGORITHMS ON

BENCHMARK DATA SETS IN TERMS OF COMPUTATIONAL TIME

was approximately collected in a month or two. The proposed
scheme performance is intact as shown inFig.5.

In agriculture sector, the farmer’s attraction to the
technology based infrastructures or DSS will be increased
iff majority of their decisions or predictions are accurate.
Therefore, the proposed algorithm is eager to improve accu-
racy of the agricultural DSS with the available computational
resources and minimum cost. The decision accuracy of the pro-
posed and existing algorithms based DSS is depicted inFig. 6
which shows the exceptional performance of the proposed
algorithm based DSS than existing algorithms. Moreover, it is
evident from Fig. 6 that the NEA based DSS has a high
probability of errors or wrong decision(s).

The claims of an algorithm is considered as authenticiff it
is tested on publicly available benchmark datasets. Therefore,
these algorithms were tested on various publicly available
benchmark datasets as shown inTable-II. The computational
time of the proposed algorithm is less than that of existing
algorithms except NE which has other issues as described
above. We have observed that the computational time of the
proposed scheme is inversely proportional to the similarity
indexes of the datasets or matching windows i.e., if similarity

TABLE III
COMPARATIVE ANALYSIS OF THE PROPOSED & EXISTING

ALGORITHMS ON BENCHMARK DATA SETS

IN TERMS OF ACCURACY

Fig. 7. Comparison of the average packet delivery ratio (simulated
results).

Fig. 8. Average packet delivery ratio (experimental results).

index is high the computational time will be small and vice
versa. Due to the high similarity indexes of the benchmark
datasets B-Cancer and Two Patterns, the computational time
of the proposed algorithms is approximately equal to that of
NE algorithm as shown inTable II.

Accuracy of the proposed and existing algorithms based
DSS on various publicly available benchmark datasets are
depicted in Table III. It is evident from Table III that the
proposed mechanism is an ideal candidate for the design of an
accurate and precise technologybased DSS for the agriculture
sector.
Packet delivery ratio is the ratio of successfully delivered pack-
ets, particularly at the destination module, to the transmitted
one in an operational network. We have observed that the
proposed scheme has the maximum packet delivery ratio for
both real-time and simulated data against its rival schemes as
shown inFig. 7andFig. 8; as packet delivery ratio is inversely
proportional to the packet loss ratio which is mostly due to
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the packet collision. In proposed scheme, the collision issue
is resolved by utilizing the RTS/CTS handshaking scheme.

V. CONCLUSION

Smart sensing-enabled networks, such as WSNs, have the
ability to predict when and where the irrigation activities
need to be performed. These networks enable the farmers
to evaluate the required amount of water for irrigation pur-
poses based on the data sensed by various nodes. In this
paper, a real-time smart sensing-enabled Decision Support
System (DSS) was presented for optimizing the water sched-
ules for orange orchard. Smart sensing-enabled devices were
deployed in different regions for approximately one year to
collect soil moisture, temperature, humidity and leaf-wetness
of the orchard. The gathered raw data were refined by passing
it through a noise module foroutliers detection. The DSS
module matches the refined data against the threshold values
using a modified LCSS mechanism. If these data are below
the threshold value, e.g., less than 250Hz for the soil moisture
sensor, then irrigation activity is scheduled in that region
and the farmer is notified via a text message. Moreover,
a modified version of the RTS/CTS handshake mechanism
was presented to ensure the successful delivery of packets
and collision avoidance. Both the experimental and simulation
results showed the exceptional performance of our proposed
scheme against the existing schemes for outliers detection and
successful delivery of packets.
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 Abstract: Background: Recent advances in medical associated technologies have drastically in-
creased the amount of electronic medical records collected, stored and transferred through the 
network. Considering the significance and level of sensitivity of the collected medical data, the 
security of the transmitted data has become a very vital and challenging task for researchers. The 
protection of these medical images with embedded data is usually guaranteed using encryption or 
data hiding techniques. Conventional techniques that employ encryption or data hiding are often 
insecure and also time-consuming during transmission through the network. 

Methods: A method combining encryption and data hiding together can result in compression of 
data that reduces the transmission time and increases the security level. Reversible data hiding in 
images can reestablish the cover image after extracting the hidden embedded data exclusive of al-
terations. Here a new reversible crypto-watermarking system is proposed using cryptographic al-
gorithms that encrypts and hides an Electronic Patient Record (EPR) into an image corresponding 
to that patient using Rhombus Prediction Scheme. It embeds a big amount of encrypted data into 
an image with hardly noticeable modification using spatial pixel manipulations based on predic-
tion errors. The marked image is hashed using SHA-256 algorithm. 

Results and Conclusion: Hashing and cryptography increases the robustness and guarantees au-
thenticity with integrity. The proposed method results in improved safety with a lower transmis-
sion time than the existing methods. 
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1. INTRODUCTION 

Crypto-watermarking has great significance in the area of 
research related to medical associated technologies. Patient’s 
medical reports are transferred among health care institutions 
to get opinions from experts. Storage and locked transmis-
sion of the medical images [1] are carried out using well-
organized crypto-watermarking systems. Crypto-water-
marking helps to provide suitable information embedded in 
medical images without any chance of defaming an institu-
tion by providing the proposed owner with legal medical 
images. Encryption is done to protect image while transfer-
ring through channel. Once the images are decrypted on the 
receiver side, they are prone to breaches of security, which 
can be met by watermarking.  

Crypto-watermarking is a method used to combine cryp-
tography with watermarking. These techniques have recently  
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become important in areas such as health, military interac-
tion and law administration and have also been widely em-
ployed to securely transmit data between devices in Internet 
of Things and fog networks [2-6]. Web application for data 
transmission has created a security call. The protection of 
privacy can be guaranteed by encrypting and embedding the 
symmetrical key that forms the encrypted domain. Hiding 
the encrypted data ensures confidentiality and the 
authentication in the transmission of medical images. One 
important difference between text and image data is that the 
text data is much lesser than image data when considering 
size. While transmitting an encoded image with hidden data, 
the unidentified source attempts to compress this encoded 
image. Time taken, which is also a major concern, can be 
found on two levels, one for encryption and the other for 
image transfer. To minimize it, the first step is to choose a 
robust, fast and easy cryptosystem implementation method. 
Another key concern is the compression method, which re-
duces the size of the images deprived of losing the characte-
ristics of the image. Partial encryption is a method for redu-
cing computer resources for large amounts of multimedia 
data in low power networks. In order to transfer images se-
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curely with confidential data embedded, encryption of EPR 
(Electronic Patient Record) that includes patient id, current 
diagnostic and Region of Interest is done. This avoids the 
need to encrypt image to be transferred that saves much of 
time and computational resources.  

A medical practitioner requires the data to be sent secure-
ly to a medical expert. In order to preserve the ethics regard-
ing the broadcast of medical images along with the patient 
record, the combination of encryption and data hiding is 
made. The encryption of medical data with the area of inter-
est preserves the image detail, also privacy along with confi-
dentiality is ensured. This hiding scheme is used for 
grayscale image based on prediction error or local standard 
deviation to encode the encrypted data securely. This pre-
serves the attacker from taking the data. Works previously 
done in this area are discussed in Section II. The planned 
technique and its features are described in Section III. Re-
sults from the experiments are presented and discussed in 
Section IV and Section V concludes the paper with Future 
scope. 

2. RELATED WORKS 

Reversible Data Hiding (RDH) is widely considered by 
researchers worldwide as one of the major research 
problems. Various techniques are proposed to achieve host 
images reversibility classified with compression, histogram 
equalization and differential expansion. The general method 
for compressing data [7-11] is embedding the relevant 
information in the watermarked host image. This is done by 
compressing a small amount of the cover image. Histogram 
equalization is an additional method for hiding reversible 
information as in [12-23]. The initial reported technique was 
to embed 1/0 bit by moving the highest / lowest bin [24]. It 
was reported that only the peak bin pixels were used even 
when it had overflow and underflow problems. As the 
number of peak points of the cover image is inadequate, the 
implanting capacity is low in almost all stated works [25-27]. 

Tian [28], based on Difference Expansion (DE) proposed 
a reversible watermarking (RW) technique. DE has an 
advantage of increasing the data hiding capacity and 
reducing the cost of computing compared to the earlier work 
[29–33]. Thodi et al. [34] as an extension, proposed 
Prediction Error Expansion (PEE) also implemented in [35– 
39]. Interpolation of images is another idea used to protect 
the reversibility of the image cover. In this case, 2Mx2N 
sized image is first sized down to M x N dimension known 
as the seed pixels. The final cover image of the size 2Mx2N 
is obtained from the seed pixels. The different interpolation 
methods (IM) are Neighbour Mean Interpolation (NMI) [40–
42], Interpolation by Neighbouring Pixels (INP) [43], 
Interpolation by Maximizing the difference values between 
Neighbouring Pixels (IMNP) [44, 54, 55] and Pixel 
Repetition Technique (PRT).  

A novel approach to image interpolation was given in 
[44, 45] using Neighbour Mean Interpolation (NMI). In [35], 
Luo et al. used IM using neighbouring pixels to implement 
reversibility. The algorithm does not have underflow and 
overflow problems and embedding does not use border 
pixels. Abadi et al. [46] used Histogram shifting method to 
intensify the embedding volume. The boundary pixels were 

used for embedding, thus surging the payload. Naheed et al. 
[47] improved reversibility by approximating misplaced 
pixels with Particle Swarm Optimization (PSO). In [48], Lee 
and Huang suggested an INP to provide a reversible high-
capacity hiding algorithm for pixel differential values which 
was maximum. Jie et al. [49] suggested another technique 
based on prolonged interpolation of images using the highest 
difference among adjacent pixels. Poor perception of 
watermarked images was the result. Tang et al. [50] reported 
immense capacity RDH approach for a group of standard 
images, ranging from 1.20 bits per pixel (bpp) to 2.45 bpp. 

In [51], Arsalan reported an RW algorithm for medical 
pictures using the various approaches along with Genetic 
Algorithm (GA). For a payload of 0.5 bpp the average 
arrived PSNR was 45 dB. Hirak et al. [52] suggested an 
RDH algorithm, considering the different modes of capturing 
and sizes of DICOM images. It replaces usual reversible 
watermarking (RW) with reversible contrast mapping 
(RCM) from Colcut, which ensures low computer difficulty. 
Tsai et al. [27] proposed an RDH system for medical 
pictures with huge payloads using the neighbouring pixel 
residual histogram prediction technique. Naheed et al. [53] 
gave a technique which worked on the expansion of 
cumulative interpolation-error for medical pictures. In order 
to achieve reversibility in watermarking and huge payload, 
the authors worked with GA and PSO. For 38,545 bits of 
data the authors testified a PSNR of 49 dB. The key attribute 
of any hiding system is the ability to detect and locate 
tampering [54]. Hiding systems are gaining wide popularity 
in data transmission in areas like underwater sensor networks 
[56-58], swarm robots [59], ad hoc networks [60]. 

The authors of [55] have proposed an RDH scheme using 
distributed source code (DSC) in encoded images. When the 
receiver has the encryption key only, the original cover 
image can be recovered with almost the same quality with 
the help of an image estimation algorithm. Authors of [61] 
proposed a new crypto-watermarking system to recognize 
the original data with illegitimate distribution. In [62], a new 
method along with traditional RDH method is proposed by 
reserving the room before encryption. The procedure 
described by authors of [63] embeds EPR in the cover image 
using discrete cosine transform (DCT) watermarking and 
RSA cryptographic algorithm. The technique proposed in 
[64] is built on the combination of public-private key 
encryption, secret keys and watermarking. The author of [65] 
proposed a new scheme for the hiding of reversible 
information in encrypted pictures. When the receiver has 
data hiding and encryption keys, it takes advantage of the 
natural image spatial correlation to obtain extra data and 
claim the error-free original content. 

The work presented in [66] shows a system with integrity 
checking of images using the Fast Johnson Linden-Strauss 
Transform (FJLT) image hashing method and a blind DCT 
watermarking method. It is robust with JPEG compression 
with a quality level of more than 60 and can be distinguished 
from any other possible handling. The system proposed in 
[67] is built on an approach that combines the Quantization 
Index Modulation watermarking algorithm (QIM) with an 
encryption algorithm. Medical watermarking must maintain 
the superiority of the image for medicinal diagnosis and 
treatment. The paper [68] highlights the need for medical 
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watermarking with an evaluation of advances since 2000. It 
simulates tests to determine the importance of watermarking 
in managing health information. 

The science involving the collaboration of secret data in a 
suitable multimedia carrier is steganography. In the paper 
[69], the author examines the distinctive existing approaches 
of steganography and some common benchmarks derived 
from the literature. In order to improve the sharing of medi-
cal images in e-learning or remote diagnostic aids applica-
tions, the authors of [70] suggested watermarking it with a 
summary of its use of the image. In [71-76], application in 
acoustic, multimedia and radar systems could be followed. 
Using interpolation-based reversible watermarking has been 
suggested in [77-79] for medical and RS images. The paper 
[80] addresses this issue and a block image encryption has 
been suggested to get a hidden EPR data encrypted image. It 
also uses support vector machine based classification for 
extracting data from the encrypted image. In [81], Authors 
proposed an RDH algorithm for images exclusive of the use 
of a location map in the paper. This algorithm incorporates 
data into the image that exploits the forecast error and then 
encrypts it. The authors of paper [82] used the method of 
hiding data based on bit substitution to implant the secret 
data. The secret key k is used for each block Yi as the initial 
start of the pseudo-random number generator (PRNG) to 
replace a pixel bit with a bit of data to be implanted. 

Various methodologies have been suggested to safeguard 
the authenticity of multimedia images. These methods in-
clude traditional cryptography, watermarking and digital 
signatures created on relevant image content. The authors of 
[83] aim to survey and present a comparison of developing 
image authentication methods based on their service, detec-
tion, location and restoration abilities and toughness versus 
various anticipated image-processing processes. The authors 
of paper [84] present an RDH algorithm that can recapture 
the original image from the encoded image without any dis-
tortion after extracting the secret data. This method uses the 
zero or minimum points in the histogram of an image and 
marginally alters the values of grayscale to include data in 
the image. 

The authors in [85, 86] use pixel to block conversion in-
stead of interpolation ensuring reversibility. They also in-
cluded a fragile watermark and block checksum in order to 
facilitate content authentication at the receiver. Intermediate 

Significant Bit Substitution has been used to insert the EPR, 
watermark and checksum data. In addition to providing 
complete reversibility of high quality and high capacity wa-
termark, this also detects and localizes tamper if any. Use of 
robots in telemedicine is becoming popular these days hence 
the authentication of the data collected by robots has to be 
ensured.  

3. PROPOSED SYSTEM 

The proposed method is a combination of encryption and 
data hiding with integrity verification using hashing tech-
nique. A medical image with the help of a medical specialist 
is nominated for transmission. Prior to transmission, steps to 
be done systematically are as follows. The EPR data is en-
crypted using the Diffie Hellman key initialization technique 
for ensuring authentication using the RC4 method. Then 
hiding is done on the encrypted data. The data-hiding 
scheme used is built on prediction errors manipulating the 
features of local variance. The watermarked image is finally 
transmitted after calculating its digest based on SHA hashing 
scheme and appending it to the image with hidden data. The 
suggested method is shown in Fig. (1) from the transmission 
perspective and in (Fig. 2) from the receptive perspective. 

The asymmetric methods are not appropriate for encrypt-
ing images due to their computational complexity. So an 
encryption of secret key with transmission channel for trans-
ferring the key is used. Key is confirmed based on Diffie-
Hellman key algorithm (DH). The proposed method com-
bines a symmetric encryption algorithm for EPR data, data 
hiding scheme for embedding encrypted data and a hashing 
scheme for integrity verification of the marked image in 
transit.  

If a specialist M wants to safely send another specialist S 
a medical image of concern, M will encrypt the EPR data 
using a symmetrical algorithm. For this purpose, M gener-
ates its secret key to encrypt the EPR data, which is then 
inserted into the cover image using spatial pixel manipula-
tion based on prediction errors to obtain a watermarked im-
age. As in space, the capacity of data embedding is more 
comparable to the frequency domain. After that, the digest is 
calculated using a hashing scheme for the integrity check and 
attached at the end of the image. Finally, send the picture 
marked to specialist S. S on receiving the image, checks the 
digest to verify the integrity of the image and extracts the 

 

Fig. (1). Proposed methodology for medical specialist. 
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hidden key k by which he can decrypt and view the data M 
received by him. 

Basically, the RDH scheme for EPR data in medical im-
ages involve EPR data encryption, and embedding the en-
crypted data using a robust scheme based on spa-
tial/frequency domain characteristics and the image authenti-
cation with integrity check is done using hashing scheme 
which can be SHA- 256. The next sections offer a detailed 
explanation of the proposed work. The brief points involved 
in the proposed scheme before the transmission of biomedi-
cal images and the EPR data include the enumerated items: - 

1. Encryption of EPR data. 

2. RDH scheme for embedding the encrypted data  

3. Image authentication and integrity verification using 
hashing technique. 

The steps are reversed during the reception of the medi-
cal image as shown in Fig. (2). 

3.1. EPR Encryption 

Section headings should be numbered sequentially, left 
aligned and have the first letter capitalized, starting with the 
introduction. Sub-section headings, however, should be in 
lower-case and italicized with their initials capitalized. They 
should be numbered as 1.1, 1.2, etc. 

EPR data includes various types of data, such as notes 
from the medical specialist, MRIs and clinical laboratory 
results. The data of the patient can be transferred to doctors, 
to the home patient and to other healthcare providers. The 
advantages of these technologies must be balanced with se-
curity and privacy. Access regulator mechanisms are thus 
used in encryption to protect EPR data. In order to meet this 
demand, various messaging encryption techniques have been 
developed. The encryption process can be symmetrical, 
asymmetrical or hybrid in blocks or streams. Three problems 
can be encountered; one is when all blocks in regions with 
same color are encrypted in the same way. The second is that 
it is not hard to noise block encryption methods, whether 
symmetrical or asymmetrical. And data integrity is the third. 
These problems can be solved by grouping encryption and 
data hiding [8]. Combining encryption and watermarking can 
therefore eliminate these problems. The RC4 stream cipher 

algorithm is applied to X consisting of ERP data with N 
characters. The general equation for encryption is given be-
low:  

Y = Ek(X)    (1) 

Where Ek () is the encryption function done with the secret 
key k and Y is equivalent X cipher text.  

3.1.1. Stream Cipher - RC4  

RC4 is a symmetric variable key sized stream cipher al-
gorithm. Mostly symmetric stream cipher algorithms are 
utilized to group the plain text bits/bytes along with secret 
key bits/bytes supplied from a Pseudo Random Number 
Generator (PRNG) and an XOR operation is done. The key 
streams origination depends on one key. 

The RC4 PRNG consists of two steps:  

• Initialization - A 256-byte table is filled in here 
by repeating the encryption key. 

• Byte key stream generation - Here permutation 
and addition is applied to the elements of the ta-
ble to generate the key stream.  

When each key stream value is produced, the records in 
the S-box are permuted, and XORed for encryption on the 
next byte of plaintext. The reverse is done by XORing the 
encryption value with the next cipher byte. Image encryption 
is based on the RC4 algorithm. 

3.1.2. Key Scheduling Algorithm  

The S items are set from 0 to 255 in ascending order, i.e. 
S[0]= zero, S[1]= 1, S[255]= 255. If the key with K length is 
256 bytes, then K is assigned to a newly created vector T. 
Otherwise, for a key with length, keylen bytes, the first 
keylen elements of T is traced from K and then K is iterated 
number of times so as necessary to fill T. 

3.1.3. Byte Stream Generation  

The input key is used only till S has been initialized. The 
stream origination starts from S[0] to S[255] and keeps on 
replacing S[i] with another byte as configured by S. This 
process repeats the procedure. 

 

Fig. (2). Proposed methodology for the receiver specialist. 
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The EPR data is shown below as a sample example and 
its corresponding RC4 encryption is done. It is converted to 
a binary format and then incorporated into the medical im-
age. 

3.1.4. Electronic Patient Record  

 Patient Name: Ghosh (m) 

 Patient ID: 12005  

 Diagnostic: TB 

 ROI: (142, 87) (97,151).  

Binary Encrypted Electronic Patient Record  

11111100100010101 

000000010000010100000 

00000011010110011  

0110111.....00111000.  

3.2. Data Embedding  

The converted data is incorporated in the host image by 
sorting local variances µ based on prediction errors. The lo-
cal variance µi,j is used to measure data embedding feature. It 
should be unaffected even after data hiding in the cover im-
age is done. It is also related to the magnitude of cell error 
under consideration. 

Cell is a pixel unit in which data must be embedded. Ef-
ficient embedding of low distortion data can be achieved 
using the prediction scheme. Each picture element of the 
host image is used to hide data, which significantly increases 
the capacity. Techniques for hiding data prefer prediction 
error values that are low. The reversible data hiding after 
EPR data encryption is the main emphasis of this methodol-
ogy. The data safety is ensured by RC4 encryption and this 
respective data is then secreted in the medical copy using 
prediction error scheme. The use of prediction errors in 
spatial domain is effective where the correlation factor is 
high and distortion resulted in embedding is less. The meth-
od makes use of histogram shifting method and local vari-
ance determination. The ratio of local variance within a set 
of pixels in medical image before and after embedding re-
mains the same. This feature enables the extraction of elec-

tronic data fast and with less error induced. After the embed-
ding, hash of watermarked image is found to get a digest, 
which is used to verify the legitimacy of medical data.  

At receiver end, the image obtained from the practitioner 
is checked for its authenticity and integrity while taking the 
hash of the image and comparing it with the respective hash 
digest sent via email. When the hash is found to be same, the 
image is worked upon for extraction of the electronic patient 
record. Otherwise, the image is regarded as manipulated dur-
ing transmission and is requested for retransmission. The 
extraction method is followed as the same prediction error 
scheme used while embedding data.  

3.2.1. EPR Data Embedding in DCT Domain  

The EPR data embedding method in the DCT domain 
systematically ensures ERP data encryption and image wa-
termarking in medical field with guaranteed privacy and se-
curity. In the presence of a medical specialist, a medical im-
age is chosen for transmission.  The following steps are done 
thoroughly before the transmission. This comprises encryp-
tion of EPR record for a patient account associated with the 
corresponding scan or other biomedical image sets. The en-
cryption is done after the secret key is agreed on securely 
using convenient stream cipher algorithm RC4. The encrypt-
ed electronic patient record is then embedded in the DCT 
domain by watermarking. The key is encrypted by a public - 
private crypto system by itself. Finally, the watermarked 
image with the patient's encrypted record is transmitted for 
specialist opinion derivation. The EPR data embedding 
methodology in DCT is depicted in Fig. (3). 

Digital watermarking is a tool for copyright defense and 
to prevent the illegally intended access to reliable multime-
dia data, including images. The watermarking can be per-
formed in the domain of space and frequency [24]. As the 
frequency domain was harder to attack, discrete cosine trans-
formation was selected. The spread spectrum approach, 
which is a traditional method [68], is used to embed encrypt-
ed data as the fundamental watermarking principle in the 
DCT domain. The DCT frequency components are calculat-
ed for an input image. In this case, NxM pixels are taken in 
consideration. x(m,n) is the spatial component at an image 
position and  y(u, v) is the DCT frequency coefficients at the 
respective discrete cosine transform position.  

The reverse DCT operation is achieved on the watermar-
ked image so as to reestablish the image. This protects the 

 
Fig. (3). Methodology for Embedding in DCT. 
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watermark information too. The low frequency sub band 
contains important image details and high frequency image 
coefficients are easily removed by geometric modification 
compression. The low frequency sub band contains impor-
tant image details and high frequency image coefficients are 
easily eliminated by geometric modification compression. 

3.2.2. Spread Spectrum Watermarking  

The watermarking algorithm proposed in the DCT field 
is the spread spectrum technique. First, the position is deter-
mined to inject the bits to be watermarked by index classifi-
cation. Index classification provides an account of high 
frequency coefficients. The watermark is distributed over 
several bins, so as to keep the energy negligent and that it 
cannot be identified in any bin. Therefore, the watermark 
should be placed in significant regions and hence referred to 
as frequency domain signal. The explicit placement of the 
watermark in the most important image coefficients ensures 
that the watermark is robust and safe. DCT coefficients are 
calculated for N x N image in order to place watermarks of 
length n in it. Then the watermark is placed in high coeffi-
cients magnitudes. 

A watermark is created by independently choosing xi. A 
sequence of values Vi is extracted from the host image in 
which the watermark xi is inserted to get a series of values 
Wi as shown in Eq. 2. The insertion of the watermark results 
in watermarked image W, along a scaling parameter α used 
to specify the extent to which the watermark alters the cover 
image. A higher value of α can cause degradation of the wa-
termarked image. 

Wi = Vi +α xi     (2) 

where Vi is the DCT image coefficient and α is the scaling 
factor indicating the degree of imperceptibility. The water-
mark extraction reverses the above-mentioned process, in-
cluding analysis of deviation. For each Yi watermarked chip 
text, the decoding function is applied to 0 or 1, the probable 
values and the local standard deviation is analyzed. The val-
ue for the bit is selected with the least standard deviation. 

3.2.3. Spatial EPR Embedding using Rhombus Prediction 
Scheme  

In the rhombus prediction scheme, image is partitioned 
into a dot set and a cross set as shown in Fig. (4). The cross 
set includes a single cross pixel and four dot pixel. The dot 
pixels are used to evaluate the predicted value of cross pixel 
where the embedding is done. The embedding method in 
which modified predicted value of cross pixel in cross set is 
used for hiding data bits is called cross embedding scheme. 
Here dot pixels are not changed and this independence of dot 
pixels with that of cross pixels help in the extraction of data 
bits reversibly. The dot embedding process is used to signifi-
cantly increase the embedding rate once the cross embedding 
is done. Cross embedding and dot embedding methods fol-
low the same process for hiding and it is done consecutively. 
So for convenience cross-embedding scheme is taken for 
explanation. 

Following are the steps followed for data embedding 
scheme using rhombus prediction scheme.  

1. The image is classified into two sets - cross set and 
dot set.  

2. For individual set, predicted value of pixel, local 
variance and prediction error is found.  

3. Prediction error is sorted based on local variance.  

4. First 34 prediction error values after sorting are re-
served in order to hide the threshold, load length 
and location map length.  

5. Histogram shifting data hiding method is done 
checking the overflow and underflow condition. 6. 
Overflow and underflow condition for a set is done 
using two-pass testing and location map is updated 
accordingly.  

6. After data hiding is done, the threshold values, the 
payload and location map length is embedded in 
first 34-pixel set reserved for it.  

7. Same procedure is followed for dot set pixels - this 
is subsequently called the dot-embedding scheme.  

At decoding phase, the independence feature enables the 
extraction of embedded bits promptly as the dot set pixels is 
independent of cross set pixel. The diagrammatic representa-
tion of the Rhombus prediction scheme is shown in Fig. (5).  

Cell definition Predicted Value (u’i,j) : 

  !′!,! =
!!,!!!!!!!!,!!!!,!!!!!!!!,!

!
                    (3) 

Prediction Error (di,j) 

!!,!   =   !!,! − !′!,!                                (4) 

 

Fig. (4). Cross set. 
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Local Variance 

!!,! =
!
!

(Δ!! − Δ!′!)!
!!!

!
                            (5) 

 

where      Δ!! = |!!,!!! − !!!!,!|    

and   Δ!′! =
!!!!!!!!!!!!!!!

!
 

3.2.4. Histogram Shifting Technique Encoding 

Encoding using Histogram Shifting method follows:  

!!,! =
2 ∗ !!,! + !"#  !!,!! !!;!!

!!,! +   !! + 1                    !"    !!,! > !!    !"#  !!   ≥ 0
!!,! +   !!                                                !"  !!,! < !!  !"#  !! < 0

  

                                                                                          (6) 

Decoder reverses the original prediction errors and bits 
embedded. 

!!,! =

!!,!
!
                                            !"!!,! ∈ 2!!; 2!! + 1

!!,! − !! − 1      !"!!,! > 2!!  !"#  !! ≥ 0
!!,! − !!                      !"  !!,! < 2!!  !"#  !! < 0

        (7) 

Bit embedded can be extracted by 

! = !!,!!"#  2    !ℎ!"!  !!,! ∈ 2 ∗ !!; 2 ∗ !! + 1  

                                                     (8) 

3.2.5. Problems of Overlapping and Under Lapping 

To locate the overlapping and underlapping problems the 
following condition must be met:  

0<=ui,j +Di,j<=255                                 (9) 

• Two-Pass Testing is done. (With test bits 1 or 0 de-
pending on prediction error)  

• Overlapping problems are resolved by location map.  

1. If the cell can be modified at least once, the cell 
on the map should be ' 0 '. 

2. If the cell cannot be modified at all, the cell on 
the map should be ' 1 '. 

3.3. Authentication  

The authentication and integrity of the transmitted image 
are verified using hashing scheme. The digest of the water-
marked image is computed and its one time only. This digest 
is appended to the watermarked image and sent to the spe-
cialist where the extracted digest is verified using the same 
scheme with the currently calculated digest. Hash functions 
are deterministic mathematical algorithms that map arbitrary 
bits in a hash result of a fixed, limited length. The primary 
use of hash functions in cryptography is the integrity of mes-
sages. The hash value provides a digital fingerprint of the 
content of a message that does not alter the message by an 
intruder, virus or other means. MD5 and SHA-1 designed by 
Ronald Rivest and the National Safety Agency (NSA) re-
spectively are the most commonly used hash functions. 

3.3.1. Secure Hash Algorithm  

The SHA family is a set of associated cryptographic hash 
functions with 16 bits and above. SHA-2 includes a set of 2 
hash functions with 256, 512 bits of digest.SHA-1 algorithm 
is based on similar principles to the digest algorithm for 
MD4 messages. It works on 512-bit messaging blocks for 
which a 160-bit digest is generated. Since the SHA-1 digest 
is 32 bits longer than the MD5, it is much stronger against 
attacks 256 converts an input message into a 256-bit digest 
message. The SHA-256 compression algorithm then repeats 
and processes a further 512-bit message block until all data 
blocks are processed. 

3.3.2. Transmissions and Reception  

The ERP encrypted data is implanted into the original 
document with a secret key-ensuring authentication. This 

 
Fig. (5). Proposed rhombus embedding scheme. 
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encrypted data is transferred to the network after appending 
the digest evaluated with SHA hashing scheme. When the 
image is received at the receiver end, the encrypted data has 
to be reversibly extracted. Before extracting, the hash value 
is calculated and compared to the hash value extracted. This 
is carried out to perform integrity check. The algorithm 
should be a lossless system for the correct removal of the 
encrypted data.  

4. EXPERIMENTAL RESULTS 

The reversible crypto watermarking system in python 
was implemented using the Open CV library running on the 
Ubuntu 14.04 platform with Intel i5 and 4 GB RAM support. 
The performance of each step in combined spatial embed-
ding and frequency embedding crypto watermarking tech-
niques is evaluated using the dataset. 

4.1. Dataset  

The method proposed is practiced to a chest image (396x 
400 pixels), MRI scan and Feet X - Ray image (512x 512 
pixels), as shown in Fig. (6.1). The encrypted electronic pa-

tient record of variable length is watermarked in the host 
image and is shown in Fig. (6.2). Mean-square-error (MSE) 
and peak-signal-to-noise ratio (PSNR) is used to estimate 
results. Data sets of medical images are collected from: 

• open.nlm.nih.gov/gridquery.php/ 

• MHealth Database: 
https://archive.ics.uci.edu/ml/  

• Montgomery County chest X-ray set [76].  

4.2. Results - DCT Crypto-watermarking System 

Interpretation of results obtained using histogram analy-
sis, entropy analysis and PSNR ratios calculate the differ-
ences among host image and EPR embedded image. The 
image under consideration has 256 gray scales and the theo-
retical entropy value is 8 bits. Entropy is a factor for under-
standing the safety and robustness of image encryption pro-

 

Fig. (6.1). Chest Image. 

 

Fig. (6.2). MRI Image. 

 

Fig. (6.3). Feet Image. 

Fig. (6). Input Images. 

 

Fig. (7.1). Chest Image. 

 

Fig. (7.2). MRI Image. 

 

Fig. (7.3). Feet Image 

(PSNR = 80.58dB)       (PSNR = 79.73dB)       (PSNR = 79.88dB 

Fig. (7). Watermarked Images. 
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cess. The performance of crypto-watermarking techniques 
with (i) RC4 EPR encryption (ii) DCT- Spread spectrum 
coding is tested and evaluated with the same dataset. The 
input images and their respective watermarked images are 
displayed together with their PSNR values. Since the em-
bedding rates vary, the image quality is reduced in compari-
son with the spatial embedding system. 

4.3. Histogram Analysis 

Histogram is a graphic representation, which shows the 
underlying frequency distribution for a set of uninterrupted 
data. The spatial embedding method of Rhombus Prediction 
Scheme accomplishes the use of histogram shifting and sort-
ing based on predicted values, histogram based on threshold 
values are used for shifting the bins making room for em-
bedding. For higher efficiency the values of threshold are 
varied to get more qualified images after embedding. Histo-

grams, the graph between the prediction error and the fre-
quency are shown in Figs. (8 and 9) for 2 sets of threshold 
values. 

4.3.1. D. Quality Check 

The crypto-watermarking system proposed is used for 
medical images. Peak Signal to Noise Ratio is the quality 
measure utilized to match the original image and embedded 
data. PSNR should be high in order to obtain a good image. 
PSNR for M x N image is provided as below. 

obtain  !"#$ = 10 log!"
!!"#
!!

!!!
!
!!!

! !,! !!! !,! !!
!!!

!
!!!

                                                                              (10) 

where, f(x, y) is the original image gray values. F’(x, y) is 
watermarked image gray values. M x N is the dimension of 

 
Fig. (8). Prediction Error Histogram (Tn = -9, Tp =10). 

 

Fig. (9). Prediction error histogram (Tn = -19, Tp = 20). 
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the image. The resulting PSNR value for the embedded im-
age tends to be high and decreases as the embedded bits in-
crease. 

These results demonstrate an enhancement in the func-
tioning of the crypto-watermarking technique with rhombus 
prediction. In addition, the use of the digital watermarking 
and encryption hybrid system resists various types of attacks 
in a very good way. It ensures confidentiality and robustness. 
The value of these quality metrics can be concluded to vali-
date the efficiency of the projected crypto-marking. 

These results demonstrate an enhancement in the func-
tioning of the crypto-watermarking technique with rhombus 
prediction. In addition, the use of the digital watermarking 
and encryption hybrid system resists various types of attacks 
in a very good way. It ensures confidentiality and robustness. 
The value of these quality metrics can be concluded to vali-
date the efficiency of the projected crypto-marking tech-
nique. 

Table 1. PSNR value for different bits embedded into chest 
image. 

Bits (Capacity) PSNR (dB) 

216 80.58 

888 74.63 

3016 69.84 

7712 65.77 

15242 62.84 

 
Table 2. PSNR value for different bits embedded into MRI 

image. 

Bits (Capacity) PSNR (dB) 

216 79.73 

888 74.03 

3016 69.22 

7712 65.19 

15242 62.21 

 
Table 3. PSNR value for different bits embedded into feet 

image.  

Bits (Capacity) PSNR (dB) 

216 79.88 

888 73.78 

3016 69.91 

7712 64.86 

15242 61.87 

CONCLUSION 

For the benign communication of EPR data embedded in 
a cover image, the method combining encryption and data 
hiding with integrity verification is proposed and analyzed. 
The cipher data ensures the robustness of reasonable noise 
and has a high quality factor. Data hiding based on the 
rhombus prediction error scheme that compares the standard 
local deviation is used. The prediction error is used to insert 
the key due to geometric distortions imperceptibility. Hash 
scheme SHA is used to calculate an authentication image 
digest for integrity verification. The EPR embedding with a 
Rhombus prediction pattern, therefore, applies to the hiding 
of nil distortion data. In addition, the use of sorting results in 
a good relationship with capacity and distortion. Numerous 
works in data hiding of medical images are currently under 
study and we are working towards an optimal solution modi-
fying and combining the innovative concepts from for future 
developments in other imaging systems like SAR images 
[87] and core networks [88]. 
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a b s t r a c t

Recently, the orthogonal frequency-division multiplexing (OFDM) system has become an appropriate
technique to be applied on the physical layer in various requests, mainly in wireless communication
standards, which is the reason to use OFDM within mobile wireless medical applications. The OFDM
with cyclic prefix (CP) can compensate lacks for the time-invariant multi-path channel effects using
a single tap equaliser. However, for mobile wireless communication, such as the use of OFDM in
ambulances, the Doppler shift is expected, which produces a doubly dispersive communication channel
where a complex equaliser is needed. This paper proposes a low-complexity band LDLH factorisation
equaliser to be applied in mobile medical communication systems. Moreover, the discrete fractional
Fourier transform (DFrFT) is used to improve the communication system’s performance over the OFDM.
The proposed low-complexity equaliser could improve the OFDM, and the DFrFT-orthogonal chirp-
division multiplexing (DFrFT-OCDM) system’s performance, as illustrated in the simulation results.
This proves that the recommended system outperforms the standard benchmark system, which is an
essential factor as it is to be applied within mobile medical systems.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Mobile wireless communication systems for E-health appli-
cations have received more attention recently with the goal to
achieve a mobile hospital and patient monitoring system. Accord-
ingly, the mobile wireless communication system, including video
broadcasting features, is urgently needed in such applications.
The orthogonal frequency-division multiplexing (OFDM) is the
base for several communication systems such as, European dig-
ital video broadcasting systems like Digital Video Broadcasting-
Terrestrial (DVB-T), DVB-Second Generation Terrestrial (DVB-T2),
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DVB Handheld (DVB-H), Long-Term Evolution (LTE), and fifth
generation (5G) mobile communication systems. The popularity
of OFDM systems is based on its ability to compensate the ef-
fect for the time-invariant channel matrix. However, the OFDM
loses its optimality against intercarrier interference (ICI) due to
Doppler shift (doubly dispersive channel) or carrier frequency
offset; accordingly, the system will be in need of sophisticated
equalisers [1,2]. In [3,4], the discrete Fourier transform (DFT) was
replaced by the discrete fractional Fourier transform (DFrFT) for
multicarrier systems, which resulted in decreasing the Doppler
frequency spread’s effect, benefiting from the DFrFT subcarrier’s
chirped nature that mitigates the Doppler shift. As such, the ICI
was reduced.

While DFrFT gives a more improved performance than DFT
under the doubly dispersive fading channel, there is still a need
for a complex equaliser [5]. Simple equalisers were proposed
in [6–8], wherein [6] least-squares problems (LSQR) algorithm
was offered to solve the matrix inversion iteratively; accordingly,
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no matrix inversion is needed, which simplifies the equaliser.
In [7], the equaliser was simplified by using a banded matrix,
while in [8], a new approach is proposed, which is based on both
a banded matrix and the LDLH factorisation algorithm.

Unlike the aforementioned simple equalisers which were ap-
plied with OFDM, this paper proposes the Orthogonal Chirp Divi-
sion Multiplexing (DFrFT-OCDM) systems, and then combines the
simple suggested equaliser under a time-variant multi-path chan-
nel, which is deemed to be suitable for a medical mobile video
broadcasting system. Furthermore, the DFrFT-OCDM system was
introduced in detail, including the way it is able to replace the
DFT on the OFDM, and primarily, the simple equaliser has been
added with DFrFT-OCDM to fit the mobile medical applications.
Moreover, the doubly dispersive channel details, with their effects
on the OFDM and the DFrFT-OCDM system’s performance, will
be outlined. The equalisation challenges will be specified, then
an assessment between some known complex equalisers will be
delivered to evaluate the equalisers’ behaviour when improving
the systems. The suggested simple equalisation methods based on
the LDLH factorisation algorithm is explained and presented as a
practical solution for mobile medical applications.

802.11-WLAN video streaming was investigated in [9] over m-
health claims, where a medical channel-adaptive fair allocation
scheme was proposed to enhance the Quality of service (QoS) for
IEEE 802.11 (WLAN). More recent work against real-time medical
applications were explained in [10], where an adaptive video
encoder compared to a real-time medical use is investigated to
maximise the encoded video’s quality, improve encoding rate,
and to minimise the bit rate demands. In [11], an experimental
set was introduced to provide mobile WiMAX video streaming
performance analysis for Bandwidth on demand (BOND) services.
More recent research and proposed wireless medical applications
can be found in [12–15]. Comprehensive knowledge regarding
the structure of health monitoring and machine learning can
be found in the well-cited reference book [16], where the the-
ory and the demonstration of the health monitoring structure
were presented. Recently, a lot of research has been carried out
in this field, including, [17], where the limitations of machine
learning approaches have been investigated, and future clini-
cal translations defined. Specific application for using machine
learning within health monitoring is rapidly increasing, for ex-
ample, in [18] where this technique was proposed for the early
prediction of asthma attacks.

On the other hand, [19] investigates the scenario of E-health
applications that apply the multi-service stream network, which
concludes that the mathematical model class G/G/1 – in its
general case of a single-channel system – is regarded as an
appropriate technique to be implemented within the E-health
applications. Indeed, the short time delay and the jitter are prac-
tically suitable for E-health primarily. Moreover, the packet losses
and the error rates are also considered to be suitable within
E-health.

The paper is organised as follows: In Section 2, the background
of the OFDM system equalisation is explained to equip the reader
with a more comprehensive understanding of the research work
presented. The preliminaries for this research are also stated in
this section. The proposed approach is presented in Section 3. Sec-
tion 4 details the performance analysis of the proposed method,
technical discussion, and deep computing/machine learning per-
spectives. Finally, conclusions are presented in the last section.

2. Background and preliminaries

The OFDM allows high data rates to be reliably and efficiently
transmitted over the delay-dispersive channels. By dividing the
transmitted signal into several narrow bandwidth sub-carriers,

OFDM can mitigate the undesirable multi-path effects, mainly,
the inter symbol interference (ISI) quantity in long symbol time
systems. Moreover, at the beginning of each symbol, a guard
period is added – termed cyclic prefix (CP) – to eliminate the
expected effects of ISI over the multi-path signals’ delay. The
multi-path effect tolerant resulting from CP makes OFDM more
suitable for high data rate transmission over terrestrial locations
rather than single carrier transmissions.

The CP has significant influence over the OFDM system equal-
isation, as a result of inserting it at the first part of the OFDM
symbol. This transfers the multi-path frequency fading channel
matrix into a circulant matrix that can be diagonalised by the FFT
at the receiver side. The diagonalised channel matrix can be com-
pensated using a single tap equaliser, which can be considered as
a simple multiplication in the gain and phase components.

The basic block diagram for a baseband OFDM transmission
and reception system is shown in Fig. 1. The OFDM signal is cor-
rupted by passing through the channel. Taking into consideration
that the receiver’s mission is to obtain the useful information
from the corrupted message correctly, accordingly, the receiver
converts the received signal into its original form depending on
a single tap equaliser.

Let us consider the communication system in Fig. 1 in its
sequence processing steps over a noisy, frequency fading channel.
The received symbols are shown in (1):

zn = HFHxn + vn (1)

where zn is the received signal, H is the N × N frequency fading
channel matrix, N is the number of subcarriers, FH is the inverse
discrete Fourier transform (IDFT) matrix of DFT, xn is the data
vector transmitted in the nth OFDM symbol, and vn is the time
domain of the white Gaussian noise (WGN). After demodulation
and using DFT, the received vector can be calculated as:

z̃n = FHFHxn + Fvn (2)

Where H is a circulant matrix (resulting from CP), FHFH

becomes a diagonal matrix [20], and we can equalise the received
signal by simple adjustment of the amplitude and phase for the
received sequence [21]. This property is one of the key advan-
tages of OFDM as it reduces the complexity of the equalisation
process in a multi-path fading channel, which is a harsh environ-
ment requiring complex equalisers [22]. However, this property
is valid only in time–invariant frequency-selective multi-path
channels [23].

When the channel is doubly selective or the receiver induces
a frequency offset, [24], the channel matrix is no longer circulant,
the DFT cannot diagonalise and ICI appears. In this event, OFDM
needs a complicated equaliser [8,22,25], such as the minimum
mean square error (MMSE) equaliser. The fractional Fourier trans-
form (FrFT) proposed a new base for OFDM [3,4] that can enhance
multicarrier modulation (MCM) systems’ performance under a
doubly dispersive fading channel because of its ability to cope
with the Doppler shifts and to compensate its effects.

2.1. Discrete Fractional Fourier Transform (DFrFT)

The FrFT was presented as a new idea in 1929 [26] as a gen-
eralisation of the FT. Namias reintroduced FrFT in mathematics
for applications in quantum mechanics in 1980 [27]. The DFrFT
appeared after many groups of researchers reinvented FrFT [28].
Later, low-complexity representations, computational cost, and
applications for the DFrFT were investigated in [29,30]. Nowa-
days, DFrFT is being used in various requests, such as in optics,
image processing, and signal processing.

One of the FrFT definitions is that:



H.H. Attar, A.A.A. Solyman, A.-E.F. Mohamed et al. / Physical Communication 42 (2020) 101173 3

Fig. 1. Basic baseband OFDM transmission and reception system.

Fig. 2. The Basic baseband DFrFT-MCM transmission and reception system with a complicated equaliser.

‘‘A fractional Fourier transform is a rotation operation on the
time–frequency distribution by angleα’’ [28].

For α = 0 when DFrFT has no effect, for α = π/2 when DFrFT
returns to FT, and for any value of α in between 0 to π/2; the
DFrFT substitutes the time–frequency distribution based on the
value of α.

The transformation kernel of the continuous FrFT is according
to [30]:

Kα (t, y) = Aαe
jπ

(
t2+y2

)
cotα−j2π ty cscα (3)

where α is the rotation angle for the transformation process
and

Aα =
e{−jπsign[sinα]/4+jα/2}

√
|sinα|

(4)

The FrFT becomes:

fα {d (t)} (y) = Xα (y) =

∫
∞

−∞

d (t) Kα (t, y) dt (5)

d (t) =

∫
∞

−∞

Dα (y) K−α (t, y) dy (6)

The fractional Fourier signal domain is defined by the α angle
for 0 < |α| < π . Fourier transform can be obtained using α =

π/2. There are several DFrFT algorithms with various properties
and accuracies. The DFrFT algorithm proposed in [31] is used in
this work. Suppose that the input and output functions of the
DFrFTf (t) and Fα (y)respectively have the chirp period of order
p with the period Tp = N∆t , F p = M∆y, and the sampled signals
are bound between the interval ∆t and ∆y as:

d (n) = f (n∆t) ,Dα (m) = Fα (m∆y) (7)

where n = 0, 1 . . .N−1 and m = 0, 1 . . .M−1. When α ̸= X .π (X
is an integer), (5) can be converted to:

Dα (m) = Aα∆te
j
2 cotα.m2∆y2

N−1∑
n=0

e
j
2 cotα.n2∆t2ej cscα.n.m.∆t.∆yd (n) (8)

when M = N the transformation is reversible, with the condition:

∆t∆y = 2π sinα/M (9)

Eq. (8) may also be written in a multiplication of matrix and
vector form,

D = Fαd (10)

where D = [Dα(0),Dα(1), .,Dα(N − 1)] T, d = [d(0), d(1), . . . .,
d(N − 1)] T, and Fα is an N∗N matrix in the same way, the IDFrFT
may be written as:

d = F−αD (11)

where F−α = FH
α .

The DFrFT-MCM system shown in Fig. 2 is a system based on
block data transfer, and the subcarriers are orthogonal to each
other where each subcarrier is a different chirp signal, so we can
call it DFrFT-OCDM. Two bases for the DFrFT-OCDM system are
shown in Fig. 3 and the spectral energy distribution for the two
bases are shown in Fig. 4.

The Wigner distribution in time and frequency domain for
the 1st basis signal and the 20th basis signal with α = 0.7
are shown in Fig. 5. The figure shows that the DFrFT bases are
frequency varying with time, which is a property of the DFrFT
transformation.

The transmitted DFrFT-OCDM signal is a combination of many
blocks, starting with a CP to eliminate the ISI. However, the need
for fast mobile communications with significant high data rates
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Fig. 3. DFrFT-OCDM basis for the 1st and the 20th basis signals.

Fig. 4. Spectral Energy Distribution for the 1st and the 20th basis signals.

Fig. 5. The Wigner distribution for the 1st basis signal and the 20th basis signal.

and long symbols introduces larger ICI, which forces the use of
complicated equalisers.

The DFrFT-OCDM system complexity is nearly equivalent to
the traditional OFDM system [3], and both systems exhibit almost
the same performance when the channel is time-invariant. How-
ever, neither of them can diagonalise the time-variant channel

Fig. 6. Rayleigh fading channel corresponding to a Doppler shift of 10 Hz.

matrix; the DFrFT-OCDM can compress it towards the diagonal
much more effectively than OFDM, which is the main advan-
tage of the DFrFT-OCDM system. This enables it to achieve a
better performance than OFDM and provides the opportunity
to use low-complexity equalisers while maintaining this better
performance.

2.2. Doubly dispersive channel

The channels of the mobile-radio applications have time-
variant behaviour, due to the transmitter and/or the receiver
movement that results in the continual changing of the propaga-
tion paths. The changing pace of the propagation circumstances
is causally related to the fading rapidity, i.e. the speed of the
changing rate of fading environments.

In the environment of proposed multimedia mobile communi-
cations for medical applications, multiple copies of the transmit-
ted signal are received with different delays and phases at the
receiver. This creates the phenomenon of multi-path, resulting
in a random frequency modulation on each of its multi-path
components due to the Doppler shifts. Hence, the resultant re-
ceived signal may suffer from severe attenuation and interference
that can lead to errors at the receiver and system performance
degradation.

The variation in the fading channel frequency response with
time due to the Doppler shift in fading channels is called a doubly
dispersive fading channel. The Doppler shift calculations are given
by:

fd = (∆u/C) fC (12)

where fd is the Doppler shift frequency, ∆u is the velocity differ-
ence between the transmitter and the receiver, C is the speed of
light, and fC is the signal carrier frequency.

Figs. 6 and 7 show the Rayleigh fading channel mutual shape
for two different maximum Doppler shift frequencies of 10 Hz
and 100 Hz, respectively. These Doppler shifts are measured re-
spectively for 6 km/h and 60 km/h velocities at 1800 MHz, which
is one of the working frequencies for GSM mobile networks. The
intensity of the signal can fall by several thousand factors or
30–40 dB in some ‘‘deep fades’’.

2.3. Communication channel equalisation

The majority of errors at the receiver side are caused by the
channel distortion, whilst the most effective method to compen-
sate for this channel distortion effect, in order to recover the
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Fig. 7. Rayleigh fading channel corresponding to a Doppler shift of 100 Hz.

original signal’s shape, is the equalisation, as shown, for example,
in Fig. 8 [32]. The most fundamental method used by the equal-
isation is to select the correct receiver’s filter to compensate for
the selectivity of the radio channel frequency completely. This
could be accomplished by choosing the receiver’s filter impulse
response that satisfies the relation in (13):

W ⊗ h = 1 (13)

where W is the equaliser impulse response, h is the channel
impulse response, and ‘‘⊗’’ represents the linear convolution. This
algorithm of equalisation is called ‘‘zero-forcing (ZF) equalisa-
tion’’ and, according to [32–34], ZF can provide the complete
removal of any frequency selectivity in the radio channel. As a re-
sult, destruction-free and corruption-free signals can be achieved.
However, ZF equalisation may become a great source of noise
amplification that occurs after the filtering process. This may have
an undesirable effect in that it may cause severe degradation in
the system’s performance.

An alternative suggestion for the ZF equalisation is to build a
filter that provides a compromise between the noise/interference
level and the signal distortion level based on the level of the
radio-channel frequency selectivity. This might be accomplished
by the MMSE equaliser that selects the filter to minimise the
mean-square error (ε)between the transmitted signal and the
equaliser output:

ε = E
{⏐⏐ẑ (t) − z(t)

⏐⏐2} (14)

where d̂ (t) is the estimated signal, and d(t) is the actual trans-
mitted signal.

It was proved that using a single carrier modulation system
in frequency fading channel is inefficient due to the time equal-
isation complexity. On the other hand, the OFDM systems give
an instant solution to this problem using a single tap equaliser
in the frequency domain. As the OFDM cannot deal with doubly
dispersive channels, there is a motivation to search for other
bases that can match the channel frequency variation with time
like DFrFT.

3. Proposed method

Fig. 9 shows the OFDM system data flow, xn = [x0, x1 . . . xNa−1]
T

is the data vector transmitted in the nth OFDM symbol, whilst its
samples are permuted by the binary matrix P ∈ ZN×Na in the

frequency domain, which allocates a data vector xn ∈ CNa to N
subcarriers, with only Na active:

P =
[
0Na×(N−Na)/2INa0Na×(N−Na)/2

]
(15)

INa is an identity matrix with Na × Na dimensions. The vector
sn = [s0s1 . . . ..sN ]T is calculated from:

sn = FHPxn (16)

where FH is the N-point IDFT matrix.
The time and frequency fading channel can be demonstrated

by the time-variant discrete impulse response: h(n, u), where n is
the time instant, and u is the time delay. The justification of this
model with further details can be found in [1,35,36] that could
be stated in the formula of (time-variant, or circular) convolution
matrix by:

[H]n,u := h (n, ⟨n − u⟩N) (17)

Supposing the causal channel and the maximum delay spread Nh
were shorter than the CP Nh ≤ L; after removing the CP, the nth
OFDM received symbol can be specified by:

zn = Hnxn + vn (18)

where vn are the samples of the additive white Gaussian noise
(AWGN) with variance of σ 2. In static setting,Hn is circulant and
the DFT matrix can be decoupled. The received subcarriers are
demodulated by DFT:

y = Fzn (19)

where F is the DFT matrix. The equaliser matrix W n ∈ CNa×Na

deals with the input:

z̃n = PHFHnFHPxn + PHFv = Unxn + ṽn (20)

with a system matrix Un ∈ CNa×Na , where Un = PHFHnFHP .
P is a binary matrix used to remove the components that may
appear in the lower left and upper right corners in Un [37], and to
support reducing the out-of-band emissions. The estimated data
vector after using equaliser is specified by:

x̂n = Wz̃n (21)

It is easy to show that
[
H̃

]
m,k

= h̃ (m − k, k), where

h̃ (m, k) =
1
N

N−1∑
n=0

N−1∑
u=0

h (n, u) e−j2π (uk+mn)/N (22)

From (22), it is clear that
{
h̃ (0, : )

}
is on the main diagonal of[

H̃
]
m,k

,
{
h̃ (1, : )

}
and

{
h̃ (−1, : )

}
is on the first sub-diagonal and

the first super-diagonal respectively. It is obvious that h̃ (m, k) is
the response of the frequency-domain, at subcarrier k + m, to a
frequency-domain impulse centred at subcarrier k. In h̃ (m, k), k
is the frequency index and m known as Doppler index. In h (n, u),
n is known as the time index and v as the lag index.

The DFrFT-OCDM system data flow diagram is shown in
Fig. 10, which illustrates the difference from the OFDM system by
using inverse fractional Fourier transform (IDFrFT) and the DFrFT
for modulation and demodulation respectively. Using identical
sequences for the data vector in the transmitter and the receiver,
it can be shown that the equaliser W n ∈ CNa×Na function is to
estimate the transmitted data using Eq. (20):

z̃n = PHFαHnF−αPxn + PHFαv = Un,αxn + ṽn (23)

where Fα and F−α represent the DFrFT matrix and the IDFrFT
matrix respectively, with fractional angle = α. The channel matrix
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Fig. 8. General time-domain linear equaliser.

Fig. 9. OFDM data flow block diagram.

Fig. 10. DFrFT-OCDM System data flow block diagram.

and the noise vector in the fractional domain are given by H̃α =

FαHF−α and ṽ = Fαv, respectively.
H̃ and H̃α introduce ICI because they are non-diagonal sub-

carrier channel matrices, which is the case in a doubly dispersive
fading channel, accordingly, the process of the symbol estimation
will be complicated and as a result, it is necessary to use a
complex equaliser.

3.1. Zero forcing and MMSE block equalisers

The ZF and MMSE equalisers can estimate the transmitted data
by minimising E

{xn − Wz̃n
}

[37]:

x̂ZF = H̃
+

α z̃n = H̃
H
α

(
H̃αH̃

H
α

)−1
z̃n (24)

x̂MMSE = H̃
H
α

(
H̃αH̃

H
α + γ −1INa

)−1
z̃n (25)

when α = π/2, the fractional domain channel matrix H̃α can
be reduced to the frequency domain channel matrix H̃ , x̂ZF , and
x̂MMSE is the estimated data using the ZF and the MMSE equalisers
respectively, γ is the signal-to-noise ratio (SNR), and H̃

+

α is the
fractional domain Moore–Penrose pseudo-inverse of the chan-
nel matrix [38]. In (24) and (25), complete information of the
channel matrix Hα is presumed thanks to the channel estimation,
even when the guard subcarriers are not used by the equaliser.
Moreover, it is presumed that: E {xn} = E

{
ṽn

}
= 0, E

{
xnxHn

}
=

I, E
{
dnṽ

H
n

}
= 0, and E

{
ṽnṽ

H
n

}
= σ 2I

The ZF equaliser enhances the noise so its performance is
poor, whilst the performance of the MMSE equaliser is the best
in all linear equalisers [5]. However, it is the most complicated
because it needs channel matrix inversion that involves O

(
N3

a

)
complex processes [39]. For high values of Na like DVB-T, DVB-H
and WiMAX, it is not practical.

3.2. Main contribution

Reduced complexity MMSE equalisers are proposed in [8,
22,25,37,40–43]. In [37], a sequential MMSE equaliser is sug-
gested and banded equalisers were presented in [8]. As identified
in [37], a nearly-banded channel matrix produced in the fre-
quency and fractional domains under doubly dispersive channels
based on these conditions adapting LDLH factorisation, can reduce
the MMSE equaliser complexity [8,20]. All the low-complexity
equalisers are itemised for the OFDM systems alone; this is not
the case for the DFrFT-OCDM systems.

LDLH factorisation equaliser (Linear equaliser) was proposed
in [42] as a low-complexity equaliser for the OFDM systems,
benefiting from the banded properties of the frequency domain
channel matrix H̃ . In like manner, the DFrFT-OCDM systems can
use the LDLH factorisation equaliser because the system matrix
in the fractional domain is almost banded more than the system
matrix in the frequency domain [3].

The calculation of the equaliser matrix W n is restricted to the
first Q sub- and super-diagonals of H̃α by applying the binary
masking matrix M with elements:

M(m, n) =

{
1 0 ≤ |m − n| ≤ Q
0 Q < |m − n| < Na

(26)

where the masked matrix:

Bn = M ⊙ H̃α (27)

which is shown in Fig. 11, where ⊙ denotes to the element-wise
multiplication. The MMSE equaliser can be defined according
to [42] as:

W n,MMSE = BH
n

(
BnBH

n + γ −1INa

)−1
(28)

where Bn is a banded matrix with Q off-diagonal terms below
and above the diagonal, which corresponds to a band structure
for (BnBH

n ), only the first 2Q off-diagonal terms above and be-
low the diagonal enclosed elements can reduce the calculation
complexity of the MMSE equaliser in (28). In the meantime, (28)
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Fig. 11. The desired structure of the band matrix B inside the whole matrix H̃α .

is regarded as time-dependent where x̂n = W n,MMSE z̃n can be
deduced with no need for explicitly determining W n,MMSE .

The LDLH factorisation of the Hermitian band matrix BnBH
n +

γ −1INa = LDLH can then be directly calculated [39], reaching to:

x̂n = BH
n

(
LDLH)−1 z̃n = BH

n dn (29)

As an alternative option to calculate the inverse in (29), the
system can be resolved by forwarding the substitution to obtain
d2,n via the lower left triangular matrix L and a rescaling by the
diagonal matrix D−1 to calculate d1,n. Finally, back substitution
with the upper right triangular LH yields xn, which can be inserted
into (29) to determine d̂n :(
LDLH)−1 z̃n = dn (30)

z̃n =
(
LDLH)

dn (31)

z̃n = L D

d1,n
LHdn  
d2,n

(32)

The overall complexity for obtaining x̂n is (8Q 2
+ 22Q + 4)Na

complex operations [42]. The choice of the parameter Q is a
trade-off between performance and sophistication. So, for exam-
ple, a larger Q produces a slight estimation error, resulting in
performance enhancement. On the other hand, the calculations’
complexity increases as a consequence of the higher bandwidth
of B.

4. Results and discussion

In the following channel environments, the performance of
uncoded bit error rate (BER) for the conventional OFDM and
DFrFT-OCDM systems is studied:

1- Time-invariant channel.
2- Time-variant channel.

The QPSK modulated OFDM system under investigation has
the following parameters: L = 8,N = 128, and Na = 96.
The communication channel simulated in this proposed work is
the Rayleigh fading channel that has an exponential power delay
profile and a root-mean-square delay spread of 3. The adopted
carrier frequency is chosen to be ultra-high frequency based on
the suggested application investigated in this paper, therefore,
the subcarrier spacing is ∆f = 20 kHz and fC = 10 GHz. This
Doppler frequency corresponds to a high mobile speed V = 324
Km/h. Simulation is carried over 105 continuous channels and
different OFDM symbols, which means105

∗ 96 ∗ 4 data bits.

4.1. Time-invariant channel

Doppler frequency is equal to zero in the time invariant chan-
nel environment (fd = 0). The OFDM system uses the single tap
equaliser, and the DFrFT-OCDM system uses the MMSE equaliser.
Fig. 13 shows the BER performance for both systems. The OFDM

Fig. 12. OFDM and DFrFT-OCDM BER comparison in time invariant channel
environment.

Fig. 13. OFDM and DFrFT-OCDM BER comparison in time-variant channel
environment.

system performance is compared to the work carried out in [42],
and it was found to match.

From Fig. 12, although the DFrFT-OCDM system has a superior
performance, the OFDM system with the single tap equaliser has
a very competitive performance with much less complexity. As
a result, there is a recommendation to use the OFDM in the
time-invariant fading channel scenarios.

4.2. Time-variant channel

In the time-variant channel environment, we consider the
maximum Doppler frequency fd = 0.15∆f . The MMSE equaliser
was used for the OFDM and the DFrFT-OCDM system.

From Fig. 13, the DFrFT-OCDM system has a superior per-
formance when compared to the OFDM system with the same
MMSE equaliser, and with the same complexity. As a result, the
DFrFT-OCDM is regarded as a better choice in time-variant fading
channel scenarios.

4.3. LDLH factorisation equaliser simulation

To measure the performance of the proposed OFDM system,
simulation was run for an OFDM transmission with N = 128
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Fig. 14. BER for MMSE equalisation with a block of Q = Na(96), and low-
complexity at Q = 5 approaches for DFrFT-OCDM at α = 0.2π/2 and
OFDM.

Fig. 15. Comparing OFDM and DFrFT-OCDM at α = 0.2π/2 for different
percentage values of H̃α power restricted in Bn , determined by [Q ] that depends
on the number of off-diagonal elements Q that are measured by M ..

subcarriers, where only Na = 96 are active subcarriers, with CP
of lengthL = 8, and QPSK modulation. The channel model is the
same as the one used in [8], which adapts an exponential power
delay profile with an RMS delay spread of 3 sampling periods,
with a maximum Doppler spreadfd equal to 15% of the carrier
spacing over a group of 105 Rayleigh fading channels.

A comparison between the block MMSE equaliser and the LDLH

low-complexity equaliser (Banded MMSE) is shown in Fig. 14 for
the OFDM system and the DFrFT-OCDM system (α = 0.2π/2).The
low-complexity equaliser functions with Q = [5, 96], where 96
corresponds to the regular block MMSE equaliser. Performance
results are shown in Fig. 14 in terms of BER. The OFDM curves
correspond with those stated in [42]. The DFrFT-OCDM system
with Q = 5 shows a slight degradation over the full MMSE OFDM
system at high SNR, but needs only 3.4% [42] of the calculation’s
cost in terms of complex operations, and still outperforms OFDM.

To investigate and determine the masking level Q’s influence,
the power components in H̃α and the after-masking process by M
reduced to Bn, should be compared. We take into consideration
that the ensemble trace operator tr{·}’s average power ratio is

given in the following relation:

ρ [Q ] = ε

⎧⎨⎩ tr
{
BnBH

n

}
tr

{
H̃αH̃

H
α

}
⎫⎬⎭ , 0 ≤ ρ [Q ] ≤ 1 (33)

Fig. 15 clearly illustrates that OFDM suffers from the effect of
Doppler fading that causes energy to spread away from the main
diagonal. The results show that the spread of energy is not even
limited to nearby off-diagonals, which makes it essential to imply
a high value of Q to collect a large amount of the power contained
in H̃ . A similar effect of Doppler fading can be noted with the
DFrFT-OCDM because of its inability to diagonalise H̃α . However,
unlike OFDM, DFrFT-OCDM’s leaked power exists adjacent to the
off-diagonal element. As a result, a much lower value of Q can
be applied to collect the required power of the components of
H̃α in Bn, which justifies the performance improvement achieved
with even less difficulty, making the proposal of this system for
mobile medical application with machine learning perspectives
preferable.

4.4. Deep computing perspectives

Although various concepts of machine learning and big data
applications are explored in mobile health, there has been little
attention paid to the usage of machine learning and optimi-
sation techniques for coding at the physical layer. At present,
the machine learning and deep learning fields have overcome
issues concerning compression of neural networks and neural
auto-encoders. Consequently, there is adequate opportunity for
applying such techniques in the mobile health field; indeed, it
could be used in encoding the data prior to broadcasting and
then decoding it after passing through the channel. This oppor-
tunity is regarded as essential in the sense that a robust and
compressed neural net is needed. At the same time, such a model
must be able to decrease the load of transmitted data through
its auto-encoding structure. Other opportunities consist of the
application’s design using intelligent models that are specialised
for specific medical tasks. They can also communicate through
the channel both efficiently and in a compressed manner.

There are various methods that can apply machine learning
models for the specific tasks of medical images or video process-
ing [43]. Such models can be quickly and easily learned through
different optimisation techniques, such as greedy growing and
pruning for trees. These can be easily used for fast auto-encoder
tasks because they are compact and simple to interpret. Other
types of models, such as neural nets, can be learned through
some gradient-based methods. However, for neural nets, due
to the high complexity of the model, the issue of compressing
and decreasing inference complexity must be tackled for specific
tasks of data transmitting. As an extension to the current work,
one can further design a model that is suitable for the previ-
ously mentioned tasks whilst achieving optimal efficiency in data
transmission, encoding, and bandwidth usage.

5. Conclusions

In this paper, a mobile medical video streaming broadcasting
system was proposed. The time and frequency fading channel
with its effects on OFDM system performance were investigated.
The DFrFT-OCDM MCM system was studied as an alternative
MCM system that can enhance the overall MCM system perfor-
mance. It was demonstrated that using simple equalisers with
MCM systems was in high demand within the medical video
broadcasting system because of its large symbol length, despite
its simplicity. The DFrFT-OCDM was found to be a good alterna-
tive for the OFDM in a doubly dispersive channel environment,
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dependent upon changing the traditional OFDM basis with a chirp
basis using the DFrFT, which can cope with the channel variations.

Low-complexity equalisers based on LDLH factorisation were
proposed with the DFrFT-OCDM system, and it was demonstrated
that this new combination shows improved performance when
compared to OFDM using the same equalisers. This justifies the
reason this system is recommended to be applied within mobile
medical video broadcasting. Future work will be implemented
to incorporate this proposed system with other techniques that
could reduce the complexity or the power consumption, such as
searching for new low-complexity equalisers, searching for alter-
native bases that can improve the MCM system’s performance
under doubly dispersive fading channels in other applications
like social media, introducing Network Coding in [15,44–46] with
MCM systems to improve the overall system performance, or with
searching for the optimum number of paths for realisation of
multi-path routing as in [47].
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ABSTRACT The interaction among different Internet of Things (IoT) sensors and devices become massive
and insecure over the Internet as we probe to smart cities. These heterogeneous devices produce an enormous
amount of data that is vulnerable to various malicious threats. The generated data need to be processed and
analyzed in a secure fashion to make smart decisions. The smart urban planning is becoming a reality through
the mass information generated by the Internet of Things (IoT). This paper exhibits a novel architecture,
SafeCity, that limelight the ecosystem of smart cities consists of cameras, sensors, and other real-world
physical devices. SafeCity is a three-layer architecture, i.e., a data security layer, a data computational layer,
and a decision-making layer. At the first layer, payload-based symmetric encryption is used to secure the data
from intruders by exchanging only the authentic data among the physical devices. The second layer is used for
the computation of secured data. Finally, the third layer extracts visions from data. The secured exchange of
data is ensured by using Raspberry Pi boards while the computation of data is tested on trustworthy datasets,
using the Hadoop platform. The assessments disclose that SafeCity presents precious insights into a secured
smart city in the context of sensors based IoT environment.

INDEX TERMS Internet of Things, smart city, symmetric encryption, data management design, data
analytics, data mining.

I. INTRODUCTION
Currently, 55% population of the world is in the cities that are
expected to grow up to 67% by the year 2050 [1], [2]. The
gradual increase in the urbanization poses various encounters
for the decision-makers in proposing different facilities to
the inhabitants of these cities. The ICT (Information and
Communication Technologies) are used to make the cities
smart enough by deploying and promoting sustainable devel-

The associate editor coordinating the review of this manuscript and

approving it for publication was Jesús Hamilton Ortiz .

opment practices for addressing the growing challenges of
urbanization. A solid foundation is offered for the Internet of
Things (IoT) with an advancement in the field of smart cities’
sensors by enabling them to interconnect [3]. Technology in
the shape of smartphones, sensors, and other devices is play-
ing a pivotal role in bringing the era of ubiquitous computing.
In 2017, Gartner predicted that the number of interconnected
devices will increase by 31% in 2017 by getting 8.5 billion
and exceeded 20+ billion by the year 2020.
The IoT-enabled environment is a pattern where the pro-

cessing of information is connected with every encountered
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activity [4]. A huge number of real-world physical devices
in a ubiquitous environment will generate voluminous data
containing a variety of information that needs new forms
of computation to facilitate enhanced decision making. The
vast amount of data generated by the ubiquitous devices
will add veracity, value, and variability to the Internet [5].
Advancement in the ubiquitous computing is causing in a
large-scale valuable data or information, and with the assis-
tance of Big Data tools and proficient machine learning
methods, there is a great potential of analytical amenities to
the smart cities [6]–[9]. A number of proposals are found
to process and analyze the data generated by heterogeneous
devices to perform efficient decision making.

Smart city data computation and pervasive intelligence
expose the networks to security attacks, malware, and other
cyber breaches. The inter-connectivity requirements of every-
day physical devices would probably add numerous ground-
breaking and resourceful malicious prototypes to IoT data
computing [10]. The presence of malicious intruders may
generate fabricated data to manipulate the sensed information
of legitimate devices. The intruders may adversely affect the
services and decision making in a ubiquitous environment.
Furthermore, these malicious entities may liftoff attacks like
denial-of-service by disrupting the transmission, and sensing
of a ubiquitous environment to reduce the eminence of smart
services [11].

Security provisioning in a ubiquitous environment is an
intricate work since every machine possesses its identifi-
able unique characteristics and the uniqueness to be veri-
fied when connected to the Internet. The solutions for these
ubiquitous devices in the marketplace lack the secured char-
acteristics and are exposed to an extensive kind of adver-
sarial attacks [12]. Besides, the existing privacy-preserving
and authentication algorithms for smart ubiquitous environ-
ments involve complex and resource-intensive operations that
require an abundance of resources. Most of these algorithms
are not suitable for delay-sensitive and priority-based traffic
generated in these environments.

In this article, we propose a safe and secured data manage-
ment design for smart city planning using ubiquitous comput-
ing. The key contributions of the proposed architecture are as
follows.

1. Payload-based symmetric encryption is proposed
for a smart ubiquitous environment that is simple,
lightweight, robust, and resilient against various mali-
cious threats. The proposed approach uses 128-bit
security primitives for secured exchange of data among
the real-world physical devices.

2. A customized utility is proposed for the efficient load-
ing of secured data into Hadoop. The proposed loading
utility is efficient in terms of time and storage. The
default HDFS (Hadoop Distributed File System) archi-
tecture is customized to achieve effective data storage.
Our customized HDFS reduces storage consumption
along with the network overhead.

3. The traditional YARN (Yet Another Resource Negotia-
tor) Hadoop definition is customized for efficient data

computation. This is accomplished by introducing the
concept of dynamic scheduling into the Hadoop YARN
definition.

The remaining paper is ordered as follows. In Section 2,
we spotlight the existing studies. In Section 3, we
spotlight our proposed SafeCity framework for an IoT sensors
based environment. In Section 4, the experimental results
for secured data transmission and processing are presented.
Finally, the paper is concluded in Section 5.

II. LITERATURE REVIEW
In this section, first we highlight the current works about
the secure transmission of ubiquitous data collected from the
smart cities, followed by their processing to extract valuable
features.

A. SECURED TRANSMISSION OF DATA
Over the last decade, a lot of hype has been witnessed around
building the concept of smart cities. Finally, the presence of
sensor-embedded Internet of Things (IoT) platforms, ubiq-
uitous connectivity, and cloud and data analytics has turned
this concept into a reality. Although cities around the globe
are seeking to become smarter, the applications of smart
cities face a plethora of challenges in terms of security and
privacy. These applications need to secure the gathered data
from unauthorized access, disruption, annihilation, modifi-
cation, inspection, and various other malevolent activities.
In literature, numerous studies exist to protect the volumi-
nous data traffic of smart ubiquitous cities from malicious
entities. The error-prone communication channels used by the
resource-starving sensors of smart cities limit the usage of
TLS (Transport Layer Security) for seamless traffic flow [13].
As a result, most of the sensor nodes in smart ubiquitous envi-
ronments rely on DTLS (Datagram Transport Layer Security)
for the secured transmission of their data [14]. Nonetheless,
the record layers of DTLS and handshake have a collective
overhead of 25 bytes in each datagram header. The DTLS
needs to be stripped of the resource-intensive operations to
suit the resource-starving sensor nodes of smart cities [15].

In [16], the authors proposed an extremely lightweight
encryption approach for the secured establishment of a uni-
cast communication system in smart cities. The authors
claimed that their model decreases the energy consumption
and computational time of the sensor nodes. However, they
did not provide any experimental and analytical results to
verify their claim. In [17], the authors studied the use ofDTLS
for secured communication in a smart ubiquitous environ-
ment. They argued that the streaming applications of smart
cities require an abundance of memory space and the use of
DTLS is not feasible for them. The authors emphasized the
use of compressed IPSec to offer security at the network layer
for streaming applications.

A robust and resilient secured scheme for ubiquitous appli-
cations of smart cities was proposed in [18]. An RSA-based
DTLS implementation was used for the secured exchange
of ubiquitous data. However, both the RSA and DTLS have
higher computational overheads due to resource-intensive
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handshake mechanisms. The presence of complex cipher
suites of RSA incurs a higher energy consumption and com-
putational overhead for the ubiquitous operation of sen-
sor nodes. The performance of the DTLS handshake was
evaluated for ubiquitous smart devices using the Elliptic
Curve Cryptography (ECC) [19].

In [20], a DTLS implementation for smartphones was pro-
posed using the Constrained Application Protocol (CoAP).
The proposed scheme involves computationally difficult
encryption suites, requires ample processing and powermem-
ory, and is not suitable for sensor nodes of the smart cities.
In [21], a lightweight encryption approach was proposed for
ubiquitous communication in a smart city environment. Prior
to establishing a secured session, the proposed approach val-
idates the identities of clients and servers. For authentication,
symmetric encryption with 128- bit security primitives were
used. However, the proposed scheme is not validated experi-
mentally to verify its efficiency, robustness, and resilience.

B. DATA PROCESSING AND FEATURE EXTRACTION
In this section, the challenges and issues in the existing
works for smart city planning utilizing the Big Data analytical
techniques are presented. In [22], the authors designed a
model to compute Big Data generated in the loT-based smart
health setting. It involves the separation of vigorous data
into subclasses that are based on hypothetical simulation of
data fusion to improve computational effectiveness. The key
issues underlined in this model are the use of customary
MapReduce Cluster management for Apache Hadoop server,
insufficient data loading to Hadoop, a conceptual framework,
and the utilization of only healthcare datasets.

A Big Data analytics framework comprised of various
tiers was proposed for urban planning in [23]. Each tier of
the framework is responsible for different activities of the
Big Data analytics to have efficient modularization of the
overall process. Although, it is a complete framework from
data generation and collection to application and usage of
the analyzed data, it causes significant delay in processing
and the use of classical MapReduce deteriorates the per-
formance [24]. Moreover, prior to data loading, the authors
focused on data aggregation while overlooking the data load-
ing competence.

An IoT-enabled framework using Hadoop-based Big Data
analytics was proposed in [25] for a smart city application.
The proposed framework has different layers from data acqui-
sition to the application. The main problem of this framework
is that the data loading efficiency was ignored.

A proposal based on the analysis of Big Data that endorses
the perception of SCC (smart and connected societies) for
smart cities was proposed in [26]. The SCC model is a
conceptual framework that was not implemented. A similar
model was proposed for the ubiquitous smart city application
in [27]. However, this model was not implemented as well.
Moreover, [26] and [27] overlooked the data loading and
ingestion into a distributed ubiquitous smart city environ-
ment. In addition, many solutions have been proposed to treat
similar problems of Big Data analytics in smart ubiquitous

environments [28], [29]. Vecular fog computing may also
be utilized for smart city planning [30]. However, a critical
issue in the design of these methods is the deployment of
a traditional cluster resource management scheme and insuf-
ficient data loading to the Hadoop server.

A graph-oriented architecture to analyze the Big Data in a
smart ubiquitous transportation system was proposed in [31].
This graph-based solution is more scalable and efficient, but
it incurs additional delay due to graph processing. In addition
to processing delay, the proposed solution was tested only
for the transportation dataset, and loading the Big Data to
the Hadoop server and its efficiency was overlooked. The
proposed architecture was tested only for a healthcare dataset.
The authors proposed a multi-level data processing scheme,
based on parallel processing, for Big Data analysis. However,
a YARN-enabled solution was provided but the data ingestion
efficacy was ignored.

III. A SAFE AND SECURED DATA
MANAGEMENT FRAMEWORK
For a smart and safe city to perform intelligent and secure
decisions, the ubiquitous data collected by the devices are
processed using different approaches. In SafeCity, the data
analysis and machine learning approaches are applied to the
data generated and acquired in a ubiquitous environment. The
acquisition is carried out by systems that convert the analog
information into digital. The cellular technology, i.e, 4G/LTE,
is used as a ridging technology between the users, devices,
and the system, as shown in Figure 1.

FIGURE 1. Overview of the proposed system.

To design a ubiquitous environment, numerous surveil-
lance cameras, wired and wireless sensors, and device-
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mounted sensors are deployed. Data sensing, acquisition, and
collection are performed in this environment. Digital loggers
and digital data acquisition systems are used to detect and col-
lect data from devices and disseminate them with the help of
the Internet. The produced ubiquitous data are secured before
forwarding to a computational unit for safe and secured pro-
cessing and transmission. Afterward, the decisions are made
on the secured ubiquitous data. The proposed system is a
three-layer architecture, i.e., a ubiquitous data security layer,
a ubiquitous data computation layer, and a decision-making
layer. A payload-based authentication approach is utilized
in the first layer to make the ubiquitous data secured from
adversaries.

This layer ensures that only secured data is forwarded.
The second layer is accountable for the resource-intensive
processing of secured ubiquitous data at the conventional
computing platforms. Finally, the third layer provides insights
from the ubiquitous data and makes smart decisions. The pro-
posed architecture is shown in Figure 2. The comprehensive
description of each layer is given in the following subsections.

FIGURE 2. System architecture of SafeCity.

A. DATA SECURITY LAYER
This layer of SafeCity is linked to the data sources. The
data received from the sensors are in the form of mes-
sages. At this layer, message identification and authentication

are performed using a simple payload-based authentication
scheme. The proposed scheme uses the CoAP protocol [32]
for message exchange and authentication at the application
layer of each data source. In ubiquitous environments, most
of the CoAP-based solutions are relied on the use of DTLS
to ensure the protected transfer of resources between the
devices. However, the DTLS-enabled CoAP stack incurs
an excessive computational and communication overhead.
Furthermore, the use of DTLS in combination with CoAP
adds an extra layer of protocol header for security provision-
ing. In our approach, the security of data messages is not
compromised while transferred between clients and servers.
The session key is transmitted within the payload mes-
sages while authentication is achieved at the request-response
communication, as shown by the top layer in Figure 2.
In SafeCity, CoAP is equipped with secured features for
authentication, efficiency, robustness, and defense against a
number of malevolent threats.

FIGURE 3. Mutual authentication.

During the authentication process, the resource-constrained
clients communicate with a server to verify each other identi-
ties. As an example, the ubiquitous clients of Figure 1 observe
various events such as, temperature, humidity, pollution, and
fire eruption, at the server. For a server to provide access to
the residing resources, both the parties need to be mutually
authenticated. In SafeCity, the authentication is accomplished
using four handshake messages. A maximum of 256-bits is
used within the payload of each message. The four hand-
shake messages are session launch, server challenge, client
challenge and reply, and server reply, as shown in Figure 3.
The session launch is headed by a provisioning stage where
the clients share a secret key with the server. The server
conserves a trace of keys, based on an associated unique
identifier (ID). The exchange of a session key between the
client and server takes place upon successful authentication.
For each client, a session key is implanted on the device at the
manufacturing time. If an impostor strives to rage the client,
a specific alarm is spawned to notify the crack. To encode
the payload of authentication information, the Advanced
Encryption Standard (AES) is utilized.
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During the session launch, a secret key λi is shared with
the server, where λi is 128-bit long. The λi is identified only
by clienti (it belongs) and server, where i ∈ {1,2,3,. . . ,I }.
Each i has a unique identifier that helps the server to execute
a look-up table for verification of identity. The session launch
is similar to a Hellomessage and its payload consists of CoAP
options fields, i.e., Auth and Auth-Msg-Type, to indicate
the type of operations performed between the client and a
server. After the session launch, the next step is the server
challenge, in which the server creates a challenge for the
client. The encounter containing a pseudo-random nonce ηr
and a session key µ produced by the server. The following
equations are used to create a challenge.

ϑ = λi ⊕ µ (1)

Cr = AES{λi, (ϑ |ηr )} (2)

where, i is the ID of a client, ϑ is the intermediate value
generated by the server, and Cr is the challenge sent to i.
In the client challenge and reply message, the client retrieves
ηr and λ from the server challenge and creates a challenge in
response using the following equations.

ϑ ′ = ηr ⊕ λi (3)

Ci = AES{µ, (ϑ ′|ηi)} (4)

where ηi is the pseudo-random nonce and ϑ’ is the intermedi-
ate value generated by the client, and Ci is the challenge sent
to the server. Upon receiving, the server tries to retrieve ηr
from the client’s challenge. If this nonce is present, the status
of i changes to Authenticated, and the server responses to
the client’s challenge to complete the authentication process,
using the following equation.

Cr = AES{λi, (ηr |µ)} (5)

B. DATA PROCESSING AND COMPUTATION LAYER
Versatile analysis and intelligent processing on huge data
streams can be unrealistic and infeasible if the data streams
are not properly pre-processed. Data pre-processing are per-
formed prior to the core computation and processing. The pre-
processing steps involve the reduction to realize the reduced
data with similar properties, data transformation to standard-
ize data to an appropriate arrangement for processing, and
data cleansing. These activities are carried out using machine
learning approaches. The objective is to dig out the data
about various sets of an IoT domain, based on its charac-
teristics. Next, the data loading is performed using multiple
attribute criteria model (MACM) in the context of the Hadoop
ecosystem. The MACM includes parallel data loading using
the customized utility. The HDFS saves the huge files in
small chunks that are customized to avoid too much data and
metadata, that would otherwise create the overhead.

In HDFS, a replication method is to replicate the original
chunk of data which is a time-consuming task. As a result,
customized replication is proposed in this paper. Moreover,
the Sqoop utility is used due to the parallel loading of data

using the map method. The proposed scheme utilizes Sqoop
that offers connectivity to the external databases. The uti-
lization of Sqoop brings a variety of features in SafeCity,
such as loading with increments, complete import, paral-
lel import, and corresponding export, compression, easy
movement, enterprise independence, and auto-generation of
tedious user side’s code. Data processing and analytics are
carried out using the MapReduce programming paradigm.
Hadoop divides input dataset into small blocks of same size
files, known as input splits. The size of the split is usu-
ally identical to the block or chunk size. One specific task
(known as map task) is formed for each split that performs
the function of the map, defined by the programmer, for each
row (a record). A RecordReader is used to arrange the rows
as a pair (key-value). The MapReduce process is depicted
in Figure 4. The outputs of the map are not stored in HDFS,
these results are stored in the local storage. Results from a
number of mappers are the input for the reduce task. Reduce
tasks do not include the advantage of data locality charac-
teristic. Therefore, the stored map results have to transfer
crossway the system to that specific location, where the job
of reducing is performing. The of the reducer result is stored
on HDFS.

FIGURE 4. MapReduce paradigm.

Our projected scheme is grounded on the up-to-date depic-
tion of Apache Hadoop framework which is embedded with
Yet Another Resource Negotiator (YARN) and is account-
able for data computation and cluster management. Unlike
conventional MapReduce, the computation elements and
resource management is separated by YARN. The YARN-
enabled model is not limited to the MapReduce classical
mechanism. The YARN is preferred due to limitations of
classical MapReduce that are mostly associated with scal-
ability and workload support. In the proposed architecture,
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YARN has a ResourceManager that runs as a master dae-
mon by managing the accessible cluster resources among a
wide range of competing and contending applications. The
ResourceManager keeps track of the available resources and
live nodes on the cluster. As it is the solo process having
this information, so it coordinates the resource allocation
and scheduling between the submitted applications. The allo-
cation decisions are made in a secured, multi-tenant, and
shared way, e.g. based on queuing capacity, data locality,
an application priority, etc. On the submission of an applica-
tion, a lightweight process instance, also known as Applica-
tionMaster, is initiated that is responsible for the execution
of all the tasks within an application. It is comprised of
tasks monitoring, restarting failed tasks, and calculating the
overall values of the used application counters. In the existing
literature, the classical MapReduce framework is utilized
where a single JobTracker is responsible to take care of these
responsibilities for all the jobs. Utilizing a single JobTracker
in huge clusters exposes them to the scalability bottleneck.

FIGURE 5. Yet another resource negotiator (YARN).

Different tasks associated with a particular application and
an ApplicationMaster are controlled, monitored, and man-
aged by the corresponding NodeManagers. Unlike the Task-
Tracker of a classical MapReduce framework, NodeManager
is an efficient and more generic version of the TaskTracker.
The NodeManager has many resource containers that are
created dynamically, rather than having a defined number of
slots (maps and reduces). All the components of the YARN
such as ResourceManager, NodeManagers, ApplicationMas-
ter, and containers cooperate with each other in a specific way
upon the submission of an application in the cluster of YARN.
This interaction of different parts of a YARN framework is
shown in Figure 5.

The application is submitted using the Hadoop jar com-
mand in CLI or using Java IDE to RM, in a similar way to
classical MR. A complete list of running jobs on the Hadoop
cluster and all the available and accessible resources on every
NM (live) are maintained by RM. The RM needs to decide
which application is the next to acquire a piece of cluster
resource. A number of constraints are taken into considera-
tion while taking this decision such as fairness and capacity
of the queue. The RM employs a scheduler that focuses
mainly on scheduling activities. It deals with accessing the
resources of a cluster and decides when and who will access
them.Within an application, the taskmonitoring is not carried
out by the scheduler and it never tries to restart a failed
task. When the submission of a new application is accepted
by ResourceManager, first the scheduler decides to select a
container where ApplicationMaster will be started and run.

The ApplicationMaster will be in charge of the entire life
cycle of the application when it starts. Primarily, Applica-
tionMaster would be requesting for various resources to the
overall manager (ResourceManager) in order to inquire for
different containers that are required to execute tasks of a
particular application. A request for a particular resource
is just a demand for several containers to assure various
resource necessities, i.e., a number of resources. For example,
CPU share, MB memory, preferred location, e.g. rack name,
hostname or if no preference is required then ∗ is used, and
priority inside the current application.

The ResourceManager grants a container, whenever possi-
ble, that satisfies the request made by an ApplicationMaster.
On a specific host, the application is permitted by the
container to utilize specified resources. ApplicationMaster
requests the NodeManager to launch an application-specific
task to utilize these resources after a container is granted.

Please recall that the NodeManager is responsible to man-
age the host on which a particular container is assigned. The
application-specific task could be any particular task written
in any framework, e.g. MapReduce. The NodeManager only
monitors and examines the resource usage in the containers.
It does not monitor the tasks and destroys them if they use
more than the allocated memory.

The ApplicationMaster is responsible for monitoring the
restarting tasks in fresh containers that are failed, the progress
of tasks and its application, and provides the progress back
to a client. The ApplicationMaster closes itself and releases
its container on completion of the application. Nevertheless,
the RM does not check the tasks inside an application at
all. It only confirms the health of the ApplicationMasters.
In this paper, a flowchart is proposed using the MapReduce
programming paradigm that is applied to a water dataset. This
flowchart is used to collect the values/quantity of water con-
sumption against different houses to govern the level of water
and its demand. The pictorial illustration of recommended
MapReduce is depicted in Figure 6.

The mapper gets the offset of a line as a specific key and
the entire row is considered as a value. The time parameter
(timestamp) and associate values are produced as output
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FIGURE 6. MapReduce flowchart for water dataset.

Algorithm 1Mapper for Water Dataset
BEGIN
Input:
key: line-offset
value: = row

Output:
key: fecilityID
value: LOTLINK
//containing water consumption measurement

// line splitting
fecilityID, LOTLINK: = line.split (‘\t’)
key: = fecilityID
value: = LOTLINK
emit (key, value)

END

by the mapper. The reducer clusters the necessary associate
values alongside every timeStamp and relates with the TLV
(threshold limit value). Information with regard to the water
consumption of different houses is obtained with the help of
such algorithms. As the MapReduce executes various jobs
in 2 phases, i.e., Map phase and Reduce phase, therefore,
a separate Map function and a Reduce function is proposed
for the flowchart of Figure 6. In Algorithm 1, we present the
mapper for the water dataset and in Algorithm 2, we present
the reducer for the same dataset.

Algorithm 2 Reducer for Water Dataset
BEGIN
Input:
key: fecilityID
value: LOTLINK

Output:
key: fecilityID
value: LOTLINK greater than threshold

initialize threshold
final []
FOR each (LOTLINK) at fecilityID DO
IF (LOTLINK > threshold)
Begin

final.append (LOTLINK)
key: = fecilityID
value: = final
emit (key, vaue)

End IF
END

C. DECISION-MKING LAYER
The intelligent decision making is the key to our SafeCity
framework that includes the prediction, creation of training
sets, thresholds setting, rules definition, and event manage-
ment. It acts as the moderator between the end-users and
it is carried out by the decision-making agent, based on AI
approaches. Various limits are defined and several rules are
set for the assessment of different datasets. The processing of
data is carried out using these rules according to proposed
algorithms. The TLV (Threshold Limit Value) is a precise
value set for each dataset also known as threshold or limit
which is the base for event generation and decision making.
Likewise, several rules are set centered on corresponding
limits in the form of if/then statements that are utilized for
decision making. The notification and event alert component
determines the specific recipient of a generated event. Hence,
it notifies the operator with the generated event for further
actions.

IV. SYSTEM EVALUATION AND ANALYSIS
The detailed analysis and discussion of results achieved
using SafeCity discuss in this segment. The secured data
authentication is realized using Raspberry Pi boards for the
client-server interface model. The Libcoap library is used for
Raspbian operation system that provides basic communica-
tion among the ubiquitous devices. The analysis is carried out
on a dataset that is realistic to evaluate the SafeCity scheme
using the premeditated algorithms. The implementation of
our ubiquitous data computation layer is carried out using
the Hadoop cluster on Ubuntu OS along with Sqoop. More-
over, Java is used for the MapReduce implementation by
utilizing the pre-defined classes (mapper and reducer). The
data is received from diverse but trustworthy sources that
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are authentic. These datasets contain the transportation data,
i.e., vehicles on roads in Aarhus city, Denmark. The water
dataset homes are gained from the houses in Surrey, Canada.

A. SYSTEM EVALUATION FOR SAFETY AND SECURITY
The experimental results concerning the ubiquitous data secu-
rity layer are illustrated here. A comparison of our payload-
based authentication for SafeCity and CoAP-based DTLS
implementation for smartphones is provided in Figure 7.
DTLS+ denotes a smartphone (ubiquitous device) operating
as a server and a workstation as a client. On the other hand,
DTLS∗ denotes the handshake between a smartphone and a
workstation, where the smartphone operates as a client and
the workstation as a server. As the figure shows, SafeCity has
a much lower handshake duration and standard deviation in
comparison to DTLS∗ and DTLS+.

FIGURE 7. Handshake duration.

FIGURE 8. Average response time.

Similarly, SafeCity focuses on asynchronous communi-
cation of CoAP messages over the UDP sockets. A record
of transferred Confirmable (CON) requests is maintained by
every client. The mean reaction time for one CON request
message of 1 byte is compared with DTLS exchange and the
CoAP protocol with no added security, in Figure 8. SafeCity
has a much lower average response time in comparison to
DTLS because the latter involves computationally complex
cipher suites and a resource-intensive record layer. CoAP
with no added security has a slower response time but it is
prone to various malicious and adversarial attacks.

TABLE 1. Average consumption (kb).

The memory utilization of a CON request is evaluated
at the compile time in Table 1. The proposed SafeCity is
compared with the existing schemes for a CON message of
minimum 500 bytes, as depicted in Figure 9 too. Among
the current schemes, CoAPBlip [33] allocates considerable
storage to messages at the compile time of the message.
TinyCoAP [34] is a variation of the standard libraries of
C that need the TinyOS element for its installation on a
ubiquitous device. HTTP has a short foot-print of memory
as it doesn’t offer a trustworthiness method or correlation
of a request/response. Both TinyCoAP and CoAPBlip use
resource-consuming libraries and have a much higher mem-
ory consumption.

FIGURE 9. Average memory consumption.

B. SYSTEM EVALUATION FOR DATA PROCESSIGN
AND COMPUTATION
Our SafeCity architecture generates alerts in real-time for a
particular ubiquitous environment. In this section, we evalu-
ate SafeCity in terms of efficiency by considering the execu-
tion time and throughput. To examine the system performance
in real-time, various datasets, such as vehicular and water, are
replayed to our Hadoop-based YARN framework of SafeCity.
The throughput is assessed using datasets by increasing the
data size. The efficiency concerning throughput is measured
as shown in Figure 10. It can be observed that with the
growth in size, the processing speed is reduced. The system
throughput of Yarn-based framework is considerably higher
in comparison to the existing classical MR-based solution.

Table 2 reveals the processing time, also known as the
execution time proposed framework in the context of data
volume. The execution time is evaluated for different sizes
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FIGURE 10. System throughput.

TABLE 2. Processing time of proposed framework.

TABLE 3. Average consumption (kb).

of data. The data size is started from 500MB and experienced
up to 13 GB of data.

Table 3 determines the processing time in comparison
to the classical structure. The time is calculated for minor,
average, and huge datasets. It is observed that the pro-
cessing time improves when the dataset size is increased.
Figure 11 demonstrates the execution time of jobs using our
Yarn-based framework in comparison to the existing scheme.
The execution time is evaluated for small, medium, and large
datasets. It is observed that the processing time improves
when the dataset size is increased. It is mostly because of the
data loading efficiency and improvement.

C. DATA ANALYSIS
The time difference of data loading is not perceptible
when the size is smaller. The data ingestion time is pretty
evident when the bulk of a dataset is larger due to the

FIGURE 11. Execution time (s).

replication approach. The query that arises is the threshold
data, to discover the TLV size, the data loading performance
is measured by testing the different sizes of data.

The TLV size is the point where the time difference
becomes positive (greater than 0) which means a significant
change occurs. The TLVs for various attributes are set using
the outputs of similar trials. Taking into account the data
ingestion tool experiments, the TLV size is 900MB (size of
data). At this value, the effect of the data ingestion period is
experienced as shown in Figure 12. This figure demonstrates
that 1GB of size does not generate any change even if the
automated ingestion is practice. The productivity is attained
when dataset size is greater than 900 MB at least.

FIGURE 12. Data loading efficiency.

The water consumption is evaluated to achieve sustainable
water management in the city due to the inconsistent con-
sumption of water could be a disaster in the future. The data
utilized in our research contains information about the city of
Surrey, Canada. It comprises of the water intake of the houses
in Surrey that is processed using our proposed algorithms.
The results are demonstrated in Figure 13.

It shows the houses consumed more than 82000 liters
each month. The defined TLV is 82000 found from the rule
engine. The water usage higher than the TLV is particu-
larly highlighted in this figure and this can cause frightening
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FIGURE 13. Water consumption.

situations for the authorities. It is observed that almost 50%
of the consumers consumed more than the threshold limit.
Most of the consumers, above the TLV limit, consumed water
between 110000 to 120000 liter, which is quite alarming.
Up-to-date fabrication methods could be industrialized to
control the issues of the consumers in a city.

FIGURE 14. Number of vehicles on the road.

FIGURE 15. Average speed of automobiles.

Regarding traffic management, we consider the traffic data
about road congestion. The data is intelligently processed
using the SafeCity framework to overcome the traffic issues
when the vehicles on roads surpass TLV. Figure 14 reveals

the vehicles and the corresponding TLV. It depicts vehicles
at a different time on the roads. It is observed that due to
schooling hours, there are more cars between 8:05-12:15 PM
due to school and office timing in the city.

Furthermore, the average speed of vehicles is revealed
in Figure 15. It is noticed that the average speed of the
vehicles is quite alike all day, except from 13:00 to 18:00,
when there are few vehicles.

V. CONCLUSION
This paper has envisioned the vital role of safety and secu-
rity in IoT-enabled data computation and communication to
achieve safe and secure decisions. The data generated by IoT
sensors exploit the association between various features of
data and enables the meaning of a safe city. We have sug-
gested the conception of SafeCity and proven its applicability
using apache and Hadoop, via cautious investigation and
assessment of the presence of residents in the evolving smart
cities. SafeCity carefully controls the encounter of security
and computation faced by the ubiquitous data. It is a layered
architecture that is composed of a data security layer, data
computation layer, and decision-making layer. A payload-
based authentication approach is utilized at the ubiquitous
data security layer to secure the ubiquitous data from malev-
olent entities.

The data computation layer is liable for the processing
of secured data. Finally, the decision-making layer extracts
insights for making smart decisions. The ubiquitous data
security is evaluated using the Raspberry Pi boards while the
ubiquitous data computation is tested on trustworthy datasets,
using Hadoop. In association with the current methods,
SafeCity is trivial about handshake duration, response time,
and average memory consumption. Furthermore, it attains a
lesser processing time, greater throughput, and efficient about
massive data ingestion.
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Abstract—Intelligent vehicular networks converged with
software-defined networking provides several flow-based surveil-
lance services to mobile applications on vehicular nodes. But,
as the scale of such networks grows exponentially, a substantial
delay in processing tremendous flows emerges. The delay can be
reduced by accelerating the packet classification methods, which
are nowadays exploited in software-defined vehicular networks.
Fast packet classification lets firewalls to inspect each incoming
packet at wire speed. One of the well-known packet classification
methods is the KD-tree algorithm. This paper presents an
enhanced version of this algorithm that uses the geometric space
to display different fields and increases search speed by recursive
decomposition of the search space. Also, the enhanced KD-tree
is integrated with a leaf-pushing technique, which enhances
the performance of KD-tree search during classification. The
proposed algorithm is implemented using a bloom filter data
structure and a hash table. Experimental results show that
the proposed leaf-pushed KD-tree algorithm improves packet
classification speed up to 24 times in comparison with the
conventional KD-tree. Moreover, the proposed algorithm can
significantly reduce the classification time in comparison with
state-of-the-art tree-based algorithms.

Index Terms—Intelligent vehicular network, flow classification,
KD-tree algorithm, leaf-pushing, performance, software-defined-
networking (SDN).

I. INTRODUCTION

I NTELLIGENT Vehicular Network (IVN) is one of the
world-evolving technologies that help enhance road safety

and efficient traffic control in smart cities [1]. This technology
uses various communication technologies to provide organized
routes to high mobility vehicular nodes [2], [3]. Although
recently exploited high-speed communication technologies can
provide dependable and universal mobile coverage [4], several
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prominent features of novel deployments of IVN lead new
challenges, such as unbalanced traffic flow in a multi-path
topology and inefficient network utilization [5]–[7]. Thus,
flexible and programmable architectures like software-defined-
networking (SDN) have been recently proposed as a key
solution for IVNs. The network programmability feature of the
SDN, when added to IVN lets external applications to simply
reconfigure the equipment and wireless devices [8]. That is,
the SDN provides considerable flexibility in evolving vehicular
network infrastructure [9], [10]. For this purpose, flow classi-
fication rules are configured and assigned to switches dynami-
cally according to the network conditions and the requirements
for applications on IVN [11]. Flow classification enables an
SDN controller to provide several on-demand IVN surveil-
lance services. Each SDN controller manages a dynamic set of
packet classification rules, each of which corresponds to a data
stream to/from a specific vehicular node [11], [12]. An essen-
tial prerequisite for classifying data into specific flows is the
packet classification [13]–[17]. Packet classification refers to
the process of classifying network packets into flows in routers
and switches. Various methods have been so far developed for
this purpose which are different in terms of classification time
and memory usage. The methods are either software-based or
hardware-based. Major hardware-based methods make use of
Field-Programmable Gate Array (FPGA) and Ternary Content-
Addressable Memory(TCAM) [18]. In general, although
hardware-based classifiers achieve high speeds and throughput
rates up to 100 MPPS (million packets per second), they
cannot be easily developed and customized due to the limited
resources on the chip [19], [20]. Moreover, these systems carry
high costs and have a low efficiency-to-cost ratio. This is why
software-based methods have become the focus of attention in
recent years [19]–[24].

In spite of their extensibility, software-based classifiers do
not function efficiently in networks with high bandwidth due to
the low speed of the serial processing of instructions in CPUs.
The challenge of accelerating the software-based classifiers
of IP packets, therefore, has resulted in considerable research
with the aim of developing methods to increase the speed of
classification algorithms. In this study, we seek to use the leaf
pushing technique to enhance the performance of KD-trees.
The KD-tree is a decision-tree packet classification algorithm.
Decision tree-based algorithms are considered as an important
class of software-based classification methods. In this type of
classification, the rule sets are stored in the search tree based
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on binary patterns in the rule fields. Hence, to find the rule
that best matches the incoming packet, the tree is traversed
based on the binary content of the fields in question [25].
Various tree-based algorithms such as AQT [26], HiCuts [27],
and Hyper-Cuts [28] have been so far developed. These
algorithms first, seek to obtain efficient search methods by
using the geometric representation of rules, and then construct
the corresponding decision tree.

As the main contribution, we propose a classification
method that makes use of leaf-pushing to allocate search
space in a KD-tree. In this method, the nodes in each path
that contain rules are reduced to one leaf node. The rules
to be compared with each packet are confined to the rules
stored in the leaf node and the process of searching the tree
is completely separated from the process of rule comparison.
As a result of optimizing the KD-tree and using leaf pushing
technique, both memory usage and access to off-chip memory
are reduced.

The paper is organized as follows. Section II reviews the
related literature. Next, the proposed method is described in
Section III and evaluated in Section IV. The final section
concludes the discussion and shows the direction of further
research.

II. RELATED WORK

In this section, the Area-based Quad Tree (AQT) algorithm
and the other relevant methods are briefly explained. Next, the
key idea behind leaf-pushing is fully explained.

A. Area-Based Quad Tree

In this algorithm, each packet is represented as a point in
the geometric space. Space decomposition algorithms provide
a search technique that uses a tree or tree-like structure to find
a rule that covers the packet. An area-based quad tree (AQT)
has a search area that consists of the source prefix address on
the X axis and the destination prefix address on the Y axis.
Each rule is represented as a square formed by the source and
destination prefix addresses [26].

B. Other Algorithms

Linear search compares the rules sequentially with the
incoming packet and has a low performance in terms of
time. Characteristic of space decomposition algorithms is their
geometric approach. In fact, the space of the classification
problem is represented as a d-dimensional geometric space
in which separators are shown as rectangles. While the rules
are stored only once in AQT, other space decomposition
algorithms allow their repetition to increase the efficiency of
packet classification. Hierarchical Intelligent Cutting algorithm
(HiCuts), for example, produces a decision tree by recursive
decomposition of the search space. On each node of the tree,
one decision is applied to decompose the current search space
into several subsets so that each subset would specify a child.
Each internal node keeps the information about the divisions
performed in the node including the field used in the cutting,
the number of cuttings, and the pointers to its children. Each
leaf node keeps the rules relating to the space covered by

the node. In grid-of-tries structure, pointers are used instead
of rule repetition to relate the nodes. This contributes to the
reduction of memory usage. This method does not require
recursive traversals; rather, it only traces the pointers back
to the node. The algorithm’s update time is so long that it is
better to recreate the data structure from scratch for addition
or omission of a rule. Therefore, this algorithm is appropriate
for static packet classifiers in two dimensions, but it cannot
be easily extended to multidimensional modes. An algorithm
that is suitable for multidimensional modes is Cross-product.
In this algorithm, for any given packet P, the best match for
each header field is found and all of the results are finally
combined to find the best match [27].

Another algorithm is Recursive Flow Classification. This
algorithm works by mapping the packet header information
onto a smaller number of bits in several phases according
to the features of actual classifiers. It is suitable for large
numbers of fields and provides a relatively high speed of
access, but it has low scalability because it changes the
structure of classification fields by adding a new field and
requires hardware implementation which is usually difficult to
modify [27].

C. Leaf Pushing

A leaf-pushed tree pushes all the prefixes in the internal
nodes downward into the leaves, thus storing prefixes only in
its leaves [29], [30].

None of the algorithms so far proposed have been able to
compromise between classification time and memory usage.
In other words, each of these algorithms is optimal either in
terms of classification time or in terms of the memory used by
its data structure. Therefore, we need a classification algorithm
that would be efficient concerning both criteria. With this aim,
the next section proposes such a method by making use of the
best features of previous algorithms.

III. THE PROPOSED METHOD

In this section, first, we explain the basic KD-tree algorithm
and its related data structure using a sample ruleset. Next,
we explain how our proposed method applies the leaf-pushing
technique on the sample KD-tree. Finally, a bloom-filter based
implementation of the leaf-pushed KD-tree is completely
explained.

A. KD-Tree Structure

In this algorithm each packet is represented as a point in
the geometric space. Space decomposition algorithms provide
a search technique that uses a tree structure to find a rule that
covers the packet. In a tree structure, all children of a node
share an identical prefix that is inherited from the parent node.
For example, the children of a parent node that begins with
“0” will begin with “0”.

Fig. 1 shows an example of a space decomposed by the two
fields F1 and F2 which represent the source and destination
prefix addresses from Table I, respectively. The wild card state,
represented by ∗, means that the rest of the bits can be 0 or 1.
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TABLE I

EXAMPLE OF A RULE SET [30]

Fig. 1. The rules from Table I as represented in the geometric decomposition
space of the KD-tree.

The space covered by a prefix on one axis is inversely related
to the prefix length; that is, a shorter prefix covers a larger
space. The length of the wild card state, for example, is always
0 and covers all the input spaces on the axis.

The partitioning of the geometric space is as following.
The search space is recursively decomposed into two equal
partitions based on F1 and F2. At the first level, this is done
through F1 which is the first dimension and, at the second
level, this is done through F2 which is the second dimension.
Thus, if one of the corners of the square space of a rule crosses
the boundary of its partition, the rule is considered as part of
the Crossing Filter Set (CFS) of that partition.

A KD-tree makes combines recursive decomposition and
tree-like structure. In fact, it provides two-dimensional packet
classification for binary trees with the aim of searching an IP
address.

As shown in Fig. 2, a KD-tree is built by the source and
destination prefix address of a rule. Each level of the tree in
the search space is divided into two parts based on one of the
prefixes.

We begin by the root node which covers the entire search
space. Partitioning at this level is based on the source prefix

Fig. 2. The binary KD-tree of the geometric space represented in Fig. 1.

code. In this way, all the rules with a source prefix code of 0
(in the left-hand partition of the geometric space) are inserted
on the left side of the root and the rules with a source prefix
code of 1 (in the right-hand partition of the geometric space)
are inserted on the right side. At the next level, partitioning
is done on the basis of the destination prefix address. This
will continue until every rule has been placed in a node. The
inserted into the CFS of a partition have identical prefixes
which are derived from the shortest prefix of each rule. They
are inserted into a node where the area and path correspond
to the sum of the lengths of source and destination prefix
addresses and the value of the source and destination prefix
codes, respectively. In this method, the rules are stored once
without any repetition.

Note that the shortest length of two prefixes determines the
area in which the rule is stored. In other words, the KD-tree
does not exactly represent the decomposed space. This will
increase the number of nodes on each path from the root to a
leaf and decrease the efficiency of search. The reason is that
the code used in the generation of a KD-tree is produced based
on the length of the shortest prefix field of the rule and the
rest of the length of longer fields is not used.

B. Leaf-Pushed KD-Tree

A leaf-pushed tree pushes all the prefixes in the internal
nodes downward into the leaves. Therefore, prefixes are only
stored in the leaves Fig. 3 represents the implementation of the
leaf-pushing on the tree of Fig. 2. The prefixes in a leaf-pushed
tree are joined, which optimizes the IP address search. Each
leaf node in the leaf-pushed tree corresponds to the joined
range of coverage and stores the prefixes which the range
covers. The leaf-pushing technique used here differs from that
utilized in IP address search problems. In IP address search
where the longest prefix matching is at stake, only the longest
prefixes are pushed into the leaves while here we push all
prefixes that cover the same range into the leaves with the
aim of solving packet classification problems.
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Fig. 3. The leaf-pushed tree of the geometric space represented in Fig. 1.

Fig. 4. Comparison of the architecture of conventional KD-tree and
leaf-pushing tree.

In what follows, we seek to turn a KD-tree into a leaf-
pushed tree. The leaf-pushed tree is created as following. In the
example in Fig. 2, the rules stored in the internal nodes include
R4, R5, R6, and R7. Let us examine the leaf-pushing process
for R4 (1∗, 10∗). This rule is in the first dimension. Since
there is no other prefix in this dimension, the rule can cover
both the left and the right child. Therefore, if we extend the
prefix address of the first dimension, which is the starting
point, we will obtain 10∗ and 11∗ and the rule R4 will be
transferred to its two child nodes. As the right node is a
leaf, further extension on this side is not necessary. On the
left side, as R4 still lies in an internal node, it should be
further extended. Since this rule still has a prefix code on
the second dimension (i.e. the destination), this bit will be
used. The bit is 0. Therefore, we move to the left side of the
node and stop further extension on arriving at a leaf node.
This process will continue for all rules in the internal nodes.
In fact, further extension of rules should stop with the end
of their nested relations because, although further extension
will increase search efficiency, the required memory will also
increase due to the repetition of rules in the nodes.

Algorithm 1 shows the pseudo code for searching the leaf-
pushed KD-tree. The input to this function is the input that
was assumed for explaining the search process in this tree, i.e.

Algorithm 1 The Pseudo Code for Searching the
Leaf-Pushed KD-Tree

Input: packet in_pkt
Output: ruleR

1: function SearchLea f PushingK dtree(in_pkt)
2: B M R = de f aul t
3: next_node = root; i = 0
4: while (next_node! = NU L L) do
5: node = next_node
6: if ((node.type =

= RuleNode)&&(B M R
> node.pri)) then

7: B M R = linear Search(in_pkt)
8: break
9: else

10: if (node.dimention == 0) then
11: next_node = node.ptr(in_pkt .srcA[i ])
12: else if (node.dimention == 1) then
13: next_node = node.ptr(in_pkt .dst A[i ])
14: i++
15: end if
16: if end
17: end while
18: //search f or wi ldcard rules
19: if (B M R > wi ld.threshold) then
20: B M R = linear Search(in_pkt);
21: if end
22: return BMR
23: function end

Fig. 5. Searching a tree by means of a Bloom filter and a hash table.

(6, 1711, 161, 01100, 01100). The output of the function is the
best matching rule (BMR). First, a default value is determined
for cases where the packet does not match any of the rules in
the database (line 2). The default value is usually the wild-card
state. Lines 4 to 17 traverse the tree. The traversal begins at
the root and the first dimension. The algorithm takes the first
bit of the source prefix code, which is 0, and moves to the left
child (line 10). At the next level, it takes the first bit of the
destination prefix code and moves to the left child (line 12).
Then it takes the second bit of the source prefix code, which
is 1, and moves to the right child. As the process continues
and a leaf node containing R1 is achieved (line 6), the search
is finished. R1 is compared with the packet header and, if they
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TABLE II

COMPARISON OF THE BEHAVIOR OF CONVENTIONAL KD-TREE AND THE PROPOSED LEAF-PUSHING TREE

Fig. 6. The structure of the leaf-pushing KD-tree in Figure (3) as modified
by means of HiCuts.

match, it is returned as the best matching rule (line 7). In this
step, if there are several rules in the node, they are searched
linearly to find the best matching rule. In this example, the
search is finished only by comparing one rule. Comparison
with R6 and R7 is avoided because they lie in the leaves.
Lines 18 to 22 are executed when none of the rules in the tree
match the packet. In this case, the packet is matched linearly
against a list of rules in which both input fields have wild-card
values and which have already been ordered by priority.

Fig. 4 compares the architecture of conventional KD-tree
and leaf-pushed tree. It should be noted that we keep the

KD-tree in the on-chip memory and the database in the
off-chip memory due to its large size. When a node containing
a rule is observed in a KD-tree, the algorithm is referred to
the memory whereas, in a leaf-pushed tree, the entire search
process is performed within the on-chip memory. The pointer
obtained in this search is used to access the off-chip memory
which keeps the classifier’s database.

C. Generating a Leaf-Pushed KD-Tree by Using a Bloom
Filter

In this section, we shall introduce a useful method for
implementing a leaf-pushing KD-tree. Characteristic of this
tree is that all the nodes that contain rules lie at the last level.
Thus, an efficient search method is to use a Bloom filter and a
hash table. Fig. 5 illustrates the proposed method which makes
use of a Bloom filter, a hash table, and a rule database.

The Bloom filter is responsible for determining whether or
not each input substring has a corresponding node in the tree.
Therefore, the Bloom filter should be applied to all the nodes
that contain rules in a leaf-pushing KD-tree.

First, the length of prefixes in the tree is sorted in a descend-
ing order and represented using vectors. Then a substring with
the same length as the longest prefix in the tree is retrieved
from the source and destination address prefixes of the packet
and a query is sent to the Bloom filter. If the result is positive,
the node with this prefix length contains a rule that matches
the input. As a Bloom filter never produces false negatives,
a negative result means that there is no node with the current
length. Afterwards, further queries will be sent to the Bloom
filter as the length of the input substring is being reduced down
to smaller lengths in the prefix vector. This will continue until
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Fig. 7. Comparison of memory access among the proposed algorithm,
HiCuts, and AQT.

a positive result is obtained. In this way, the search proceeds
only by querying the Bloom filter. The role of the hash table is
to provide a pointer to possibly matching rules in the database.
For this purpose, every rule node must be stored in the hash
table.

For example, let us assume the input packet (01100, 01100,
161, 1711, 6). In the tree in Fig. 3, the vector of prefix
lengths is <3, 4, 5, 6, 7, 8, and 9>. The pseudo code
for Bloom filter search is shown in Algorithm 2. The input
to this function is our example packet. The output of the
function is the best matching rule (BMR). The Bloom filter
programmed according to the nodes of the tree in Fig. 3 will
return a positive result (line 3 in Algorithm 2) for the substring
001111000∗. Suppose that the probability of false positive
results is sufficiently small. Using the substring 001111000

Fig. 8. Comparison of memory usage among the proposed algorithm, HiCuts,
and AQT.

(which is a positive substring) as a hash key, the hash table is
accessed (line 4). By obtaining a pointer from the hash table,
R1 is accessed. Next, R1 is compared with the packet header
and, if they match, it is returned as the best matching rule
(line 6).

D. Modification of the Algorithm

Space decomposition algorithms such as HyperCuts [28],
HiCuts [27], and BC [31] are controlled by a predetermined
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TABLE III

COMPARISON OF THE MEMORY USED BY KD-TREE AND THE PROPOSED LEAF-PUSHED KD-TREE

Algorithm 2 The Pseudo Code for Searching by the
Proposed Algorithm Using a Bloom Filter
Input: packet in_pkt
Output: rules R

1: function SearchWith B F (n_ pkt)
2: B M R = de f ault
3: B M L = Search B F (n_ pkt)
4: rulePtr = Search H ASH (B M L)
5: //rule database search
6: B M R = linear Search(in_pkt, rulePtr)
7: //search f or wildcard rules
8: if (B M R > wild.threshold) then
9: B M R = linear Search(in_pkt);

10: end if
11: return BMR
12: end function

TABLE IV

COMPARISON OF THE PROPOSED ALGORITHM WITH OTHER ALGORITHMS

variable called binth. The binth controls the number of rules in
a decomposed space. To provide a similar control mechanism,
a modified form of the leaf-pushing KD-tree which was

proposed in the previous section is presented here so as to
reduce the number of memory accesses. In this modified
structure, a HiCuts tree is produced for each leaf node in which
the number of rules is greater than the value of binth.

In other words, the space covered by each node in the leaf-
pushing KD-tree is partitioned to make the number of rules
in a decomposition space equal to or smaller than the value
of binth. Fig. 6 represents the modified structure of the leaf-
pushing KD-tree in Fig. 3, with binth set to 2. The space
separated by the node 0101∗ contain three rules, which is
greater than binth. As a result, this space is partitioned by
HiCuts.

IV. IMPLEMENTATION AND EVALUATION

The proposed algorithm was implemented using C++ and
Classbench Suite [32]. Two of the most important criteria used
in the evaluation of packet classification algorithms include
search time (which is directly related to the number of memory
accesses) and memory usage. In our discussion, N denotes the
number of rules in the database and W denotes the maximum
prefix length in the rule database. Every rule has d dimensions.

A. Classbench

Classbench [33] is a simulator for generating rule sets with
any distribution along with headers corresponding to the rules.
This software suite can also produce the required packets.
It performs this task by using the control information and the
input parameters called ‘seed’ which are given to it through
a text file. This simulator fulfills the need of the developers
of packet classification algorithms for authentic, heterogeneous
rules that are found in firewalls, IP chains, and Access Control
Lists. In this study, we used three filter sets corresponding to
the parameters Acl2, Fw2, and Ipc2 with the number of rules
being 5k, 10k, 50k, and 100k.

B. Metrics

In this section, the efficiency of the suggested algorithm
is studied from different aspects such as memory required
for storing the data structure, complexity of algorithm, and
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TABLE V

COMPARISON OF THE SEARCH EFFICIENCY OF KD-TREE AND LEAF-PUSHING KD-TREE IN
TERMS OF THE NUMBER OF MEMORY ACCESSES (A: AVERAGE, W: WORST -CASE)

maximum number of memory accesses in classifying a typical
packet.

C. Evaluation

Table II compares the behavior of conventional KD-tree
and leaf-pushing tree. While the number of nodes in the leaf-
pushing tree does not show remarkable increase, the number
of stored rules has significantly increased. The efficiency of
the leaf-pushing tree strongly depends on the type of classifier
as well as on the number of rules in the wild-card field because
these rules tend to appear in many leaves. The FW rule set
has a high rate of rule repetition.

Table III shows the memory required by the KD-tree and
the leaf-pushing KD-tree. The size of the required on-chip
memory (Mi) is calculated based on the width of a single node
which includes the node type field, two child pointers, and one
rule pointer. This width is then multiplied by the number of
the nodes in the tree. This size is measured in KB, as opposed
to the size of the off-chip memory which is measured in MB.
As can be observed in the table, the increase in memory size
is quite remarkable and the generated tree can be easily stored
in the on-chip memory.

Table IV compares the complexity of the proposed algo-
rithm with state-of-the-art algorithms. The total number of
tuples in the classifier is Wd. The height of the KD-tree is
log Wd or d log W. The complexity of the structure is equal
to the height of the balanced KD-tree, i.e. O (d log W). For
the storage of N filters, the space complexity is O (Nd log W).
Also, Table IV provides a comparison between the proposed
algorithm and other classification algorithms. The proposed
algorithm has an acceptable performance in terms of time and
space complexity.

The average number of queries is related to the tree depth.
The number of inputs to each rule set is shown in Table V.

The average number of rule comparisons is obtained by
dividing the sum of comparisons for all inputs by the total
number of inputs. The worst case of rule comparisons belongs
to the input that causes the highest number of comparisons.
Our evaluations show that the average number of access to
the hash table in our algorithm is 1. The worst case of access

to the hash table is the maximum number of back-tracking
as a result of the false positive of the Bloom filter. In this
table, the number of accesses to the Bloom filter and the
hash table is represented by Ai and Wi, respectively. The
number of rule comparisons strongly depends on the type of
sets and the features of the tree, particularly in the case of
rules in which both prefix fields have the wild-card parameter.
For example, the FW rule set has many such rules. As these
rules are matched against the inputs after the BMR has been
obtained from the leaf-pushing tree, the worst number of rule
comparisons can be greater than the maximum number of rules
in a leaf node. According to the results of our evaluations, the
speedup achieved by the leaf-pushing KD-tree was 1 to 42
times as large as that achieved by the KD-tree. Fig. 7 compares
the average number of accesses to the memory in each
algorithm which refers to the number of rule comparisons.
As can be seen in the figure, the proposed algorithm had a
better performance in most of the sets in comparison with
other algorithms. The reason is that in a Bloom filter with a
remarkably low amount of error, access to the hash table is
minimized. Moreover, since the numbers are sorted by their
priority in the rule set, the number of rule comparisons is
reduced as a result of decreased memory access. It can be
seen in the figure that the number of memory accesses in the
AQT algorithm has been reduced from 23 to 1.

In Fig. 8, the memory usage of the proposed modified
structure is compared with that of HiCuts and AQT. Memory
usage is directly related to the repetition of rules. The proposed
modified structure can also be stored in an on-chip memory.
Even if the on-chip memory is not sufficient, the significant
reduction in the number of rule comparisons makes it possible
to store the rule database in an off-chip memory without any
concern about decrease in efficiency. As mentioned earlier,
the number of stored rules has increased in the proposed
method. The efficiency of the leaf-pushing tree strongly
depends on the type of classifier as well as on the number of
rules in the wild-card field because these rules tend to appear
in many leaves. As the rate of rule repetition in FW and IPC
rule sets is high, the memory usage of the proposed algorithm
increases in these classifiers. As can be seen in the figure, the
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memory usage of the algorithm is acceptable and there is a
77-percent reduction in comparison with AQT.

V. CONCLUSION

Software-defined intelligent vehicular networks require fast
packet classification algorithms to provide several flow-based
surveillance services to mobile applications on vehicular
nodes. This requirement emerges when the scale of such
networks grows exponentially and consequently results in
a considerable delay in processing big streams of network
packets to/from vehicular nodes. Using appropriate packet
classification methods and enhancing their speed is a key
solution to this problem.

In this paper, we first described the implementation of
KD-tree which is an algorithm for packet classification and
then discussed the structure of leaf-pushing tree. By using
leaf-pushing, the prefix information in longer prefixes would
significantly reduce the number of rules in a search path.
The rules are kept only in leaf nodes. We showed that leaf-
pushing technique can be efficiently used to separate the search
process from the process of rule matching. To improve the
performance of a previously generated tree, we used a Bloom
filter and a hash table. The Bloom filter is used in our proposed
method to search for a node that contains a rule that matches
an incoming packet. The function of the hash table is to
provide a pointer to the rule database when a node has been
found to contain a matching rule. Finally, we also proposed a
modified structure for our leaf-pushing KD-tree to enhance its
performance and reduce the number of accesses to the off-chip
memory.

We evaluated our method in terms of memory usage and
memory access. Although the required memory increased only
slightly, a significant improvement was observed in memory
access. The obtained speedup is indicative of the efficiency of
the proposed method. We compared the implementation results
with other algorithms for geometric space decomposition such
as AQT and HiCuts. The comparison proves that our modified
structure is significantly more efficient in reducing the number
of memory accesses. Our method could reduce this number
from 23 to 1 and its memory usage was comparable to other
algorithms.

To continue this research, parallel platforms like GPUs can
be used for parallelization of the packet classification process.
Given the larger number of computational cores in GPUs, it is
predictable that the parallelization of the proposed algorithm
would be expressively optimized on GPUs.

REFERENCES

[1] M. Seredynski, G. Arnould, and D. Khadraoui, “The emerging appli-
cations of intelligent vehicular networks for traffic efficiency,” in Proc.
3rd ACM Int. Symp. Design Anal. Intell. Veh. Netw. Appl. (DIVANet),
2013, pp. 101–108.

[2] M. B. Younes and A. Boukerche, “Safety and efficiency control protocol
for highways using intelligent vehicular networks,” Comput. Netw.,
vol. 152, pp. 1–11, Apr. 2019.

[3] J. Cheng, J. Cheng, M. Zhou, F. Liu, S. Gao, and C. Liu, “Routing in
Internet of vehicles: A review,” IEEE Trans. Intell. Transp. Syst., vol. 16,
no. 5, pp. 2339–2352, Oct. 2015.

[4] Z. Zhou, X. Chen, Y. Zhang, and S. Mumtaz, “Blockchain-empowered
secure spectrum sharing for 5G heterogeneous networks,” IEEE Netw.,
vol. 34, no. 1, pp. 24–31, Jan. 2020.

[5] W. Xu, H. Zhou, H. Wu, F. Lyu, N. Cheng, and X. Shen, “Intelligent
link adaptation in 802.11 vehicular networks: Challenges and solutions,”
IEEE Commun. Standards Mag., vol. 3, no. 1, pp. 12–18, Mar. 2019.

[6] F. Tang, Y. Kawamoto, N. Kato, and J. Liu, “Future intelligent and
secure vehicular network toward 6G: Machine-learning approaches,”
Proc. IEEE, vol. 108, no. 2, pp. 292–307, Feb. 2020.

[7] X. Lin, J. Wu, S. Mumtaz, S. Garg, J. Li, and M. Guizani, “Blockchain-
based on-demand computing resource trading in IoV-assisted smart city,”
IEEE Trans. Emerg. Topics Comput., early access, Feb. 6, 2020, doi:
10.1109/TETC.2020.2971831.

[8] G. Raja, A. Ganapathisubramaniyan, S. Anbalagan, S. B. M. Baskaran,
K. Raja, and A. K. Bashir, “Intelligent reward-based data offloading in
next-generation vehicular networks,” IEEE Internet Things J., vol. 7,
no. 5, pp. 3747–3758, May 2020.

[9] L. Nkenyereye, L. Nkenyereye, S. M. R. Islam, Y.-H. Choi, M. Bilal,
and J.-W. Jang, “Software-defined network-based vehicular networks:
A position paper on their modeling and implementation,” Sensors,
vol. 19, no. 17, p. 3788, Aug. 2019.

[10] F. A. Silva, A. Boukerche, T. R. M. B. Silva, E. Cerqueira, L. B. Ruiz,
and A. A. F. Loureiro, “Information-driven software-defined vehicular
networks: Adapting flexible architecture to various scenarios,” IEEE Veh.
Technol. Mag., vol. 14, no. 1, pp. 98–107, Mar. 2019.

[11] J. Bhatia, Y. Modi, S. Tanwar, and M. Bhavsar, “Software defined
vehicular networks: A comprehensive review,” Int. J. Commun. Syst.,
vol. 32, no. 12, p. e4005, Aug. 2019.

[12] J. C. Nobre et al., “Vehicular software-defined networking and fog
computing: Integration and design principles,” Ad Hoc Netw., vol. 82,
pp. 172–181, Jan. 2019.

[13] T. Ganegedara and V. K. Prasanna, “StrideBV: Single chip 400G+
packet classification,” in Proc. IEEE 13th Int. Conf. High Perform.
Switching Routing (HPSR), Jun. 2012, pp. 1–6.

[14] P. Gupta and N. McKeown, “Algorithms for packet classification,” IEEE
Netw., vol. 15, no. 2, pp. 24–32, Mar./Apr. 2001.

[15] C.-L. Hsieh and N. Weng, “Scalable many-field packet classification
using multidimensional-cutting via selective bit-concatenation,” in Proc.
11th ACM/IEEE Symp. Archit. Netw. Commun. Syst. (ANCS), May 2015,
pp. 187–188.

[16] W. Jiang and V. K. Prasanna, “Scalable packet classification on FPGA,”
IEEE Trans. Very Large Scale Integr. (VLSI) Syst., vol. 20, no. 9,
pp. 1668–1680, Sep. 2012.

[17] Y. R. Qu, H. H. Zhang, S. Zhou, and V. K. Prasanna, “Optimizing
many-field packet classification on FPGA, multi-core general purpose
processor, and GPU,” in Proc. ACM/IEEE Symp. Archit. Netw. Commun.
Syst. (ANCS), May 2015, pp. 87–98.

[18] B. S. Tumari and W. Lakshmipriya, “FPGA implementation of binary-
tree-based high speed packet classification system,” Int. J. Combined
Res. Develop., vol. 2, no. 6, pp. 17–22, Jun. 2014.

[19] K. Zheng, H. Che, Z. Wang, and B. Liu, “TCAM-based distributed
parallel packet classification algorithm with range-matching solution,”
in Proc. IEEE 24th Annu. Joint Conf. IEEE Comput. Commun. Soc.
(INFOCOM), Mar. 2005, pp. 293–303.

[20] K. Zheng, H. Che, Z. Wang, B. Liu, and X. Zhang, “DPPC-RE:
TCAM-based distributed parallel packet classification with range encod-
ing,” IEEE Trans. Comput., vol. 55, no. 8, pp. 947–961, Aug. 2006.

[21] Z. Cao, M. Kodialam, and T. V. Lakshman, “Traffic steering in soft-
ware defined networks: Planning and online routing,” ACM SIGCOMM
Comput. Commun. Rev., vol. 44, no. 4, pp. 65–70, Feb. 2015.

[22] K. G. Perez, X. Yang, S. Scott-Hayward, and S. Sezer, “A config-
urable packet classification architecture for software-defined network-
ing,” in Proc. 27th IEEE Int. Syst.-Chip Conf. (SOCC), Sep. 2014,
pp. 353–358.

[23] S. Han, K. Jang, K. Park, and S. Moon, “PacketShader: A
GPU-accelerated software router,” ACM SIGCOMM Comput. Commun.
Rev., vol. 40, no. 4, pp. 195–206, 2011.

[24] K. G. Perez, X. Yang, S. Scott-Hayward, and S. Sezer, “Optimized
packet classification for software-defined networking,” in Proc. IEEE
Int. Conf. Commun. (ICC), Jun. 2014, pp. 859–864.

[25] H. Lim, Y. Choe, M. Shim, and J. Lee, “A quad-trie conditionally merged
with a decision tree for packet classification,” IEEE Commun. Lett.,
vol. 18, no. 4, pp. 676–679, Apr. 2014.

[26] H. Lim, M. Y. Kang, and C. Yim, “Two-dimensional packet classifi-
cation algorithm using a quad-tree,” Comput. Commun., vol. 30, no. 6,
pp. 1396–1405, Mar. 2007.

[27] D. Pao and Z. Lu, “A multi-pipeline architecture for high-speed packet
classification,” Comput. Commun., vol. 54, pp. 84–96, Dec. 2014.

Authorized licensed use limited to: Scms School Of Engineering And Technology. Downloaded on December 25,2021 at 16:20:59 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1109/TETC.2020.2971831


4150 IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 22, NO. 7, JULY 2021

[28] S. Singh, F. Baboescu, G. Varghese, and J. Wang, “Packet classification
using multidimensional cutting,” in Proc. Conf. Appl., Technol., Archit.,
Protocols Comput. Commun., 2003, pp. 213–224.

[29] V. Srinivasan and G. Varghese, “Fast address lookups using controlled
prefix expansion,” ACM Trans. Comput. Syst., vol. 17, no. 1, pp. 1–40,
Feb. 1999.

[30] J. Lee, H. Byun, J. H. Mun, and H. Lim, “Utilizing 2-D leaf-pushing
for packet classification,” Comput. Commun., vol. 103, pp. 116–129,
May 2017.

[31] H. Lim, N. Lee, G. Jin, J. Lee, Y. Choi, and C. Yim, “Boundary
cutting for packet classification,” IEEE/ACM Trans. Netw., vol. 22, no. 2,
pp. 443–456, Apr. 2014.

[32] D. E. Taylor and J. S. Turner, “ClassBench: A packet classification
benchmark,” IEEE/ACM Trans. Netw., vol. 15, no. 3, pp. 499–511,
Jun. 2007.

[33] D. E. Taylor and J. S. Turner, “ClassBench: A packet classification
benchmark,” in Proc. 24th Annu. Joint Conf. IEEE Comput. Commun.
Soc. (INFOCOM), Mar. 2005, pp. 2068–2079.

[34] D. E. Taylor, “Survey and taxonomy of packet classification techniques,”
ACM Comput. Surv., vol. 37, no. 3, pp. 238–275, Sep. 2005.

[35] V. Srinivasan, G. Varghese, S. Suri, and M. Waldvogel, “Fast and
scalable layer four switching,” in Proc. ACM SIGCOMM Conf. Appl.,
Technol., Archit., Protocols Comput. Commun. (SIGCOMM), 1998,
pp. 191–202.

[36] T. V. Lakshman and D. Stiliadis, “High-speed policy-based packet
forwarding using efficient multi-dimensional range matching,” ACM
SIGCOMM Comput. Commun. Rev., vol. 28, no. 4, pp. 203–214,
Oct. 1998.

[37] A. Feldman and S. Muthukrishnan, “Tradeoffs for packet classification,”
in Proc. IEEE Conf. Comput. Commun., 19th Annu. Joint Conf. IEEE
Comput. Commun. Soc. (INFOCOM), Mar. 2000, pp. 1193–1202.

[38] C.-F. Su, “High-speed packet classification using segment tree,” in Proc.
IEEE. Global Telecommun. Conf. (Globecom), vol. 1, Nov./Dec. 2000,
pp. 582–586.

[39] P. Gupta and N. McKeown, “Packet classification on multiple fields,”
in Proc. Conf. Appl., Technol., Archit., Protocols Comput. Commun.
(SIGCOMM), 1999, pp. 147–160.

[40] P. Gupta and N. McKeown, “Packet classification using hierarchical
intelligent cuttings,” in Proc. Hot Interconnects, 1999, pp. 1–9.

[41] V. Srinivasan, S. Suri, and G. Varghese, “Packet classification using tuple
space search,” in Proc. Conf. Appl., Technol., Archit., Protocols Comput.
Commun. (SIGCOMM), 1999, pp. 135–146.

[42] H. Lu and S. Sahni, “O(log W ) multidimensional packet classification,”
IEEE/ACM Trans. Netw., vol. 15, no. 2, pp. 462–472, Apr. 2007.

Mahdi Abbasi received the B.Sc., M.Sc., and Ph.D.
degrees in computer engineering from the Sharif
University of Technology, Tehran, Iran, and the
University of Isfahan, Isfahan, Iran, respectively.
He is currently with the Department of Computer
Engineering, Faculty of Engineering, Bu-Ali Sina
University, Hamedan, Iran. His research interests
include computer architecture, signal and image
processing, machine learning, the Internet of Things
(IoT), and computer networks.

Hajar Rezaei received the M.Sc. degree in com-
puter engineering (computer networks) from Bu-Ali
Sina University, Hamedan, Iran, in 2019. Her
research interests include computer networks, soft-
ware defined networking, and the Internet of Things
(IoT).

Varun G. Menon (Senior Member, IEEE) received
the Ph.D. degree in computer science and engineer-
ing from Sathyabama University, India, in 2017.
He is currently an Associate Professor with the
Department of Computer Science and Engineer-
ing, SCMS School of Engineering and Technology,
India. His research interests include sensors, the
IoT, fog computing, and underwater acoustic sensor
networks. He is also a Distinguished Speaker of
ACM.

Lianyong Qi (Member, IEEE) received the Ph.D.
degree from the Department of Computer Science
and Technology, Nanjing University, China, in 2011.
He is currently an Associate Professor with the
School of Information Science and Engineering,
Qufu Normal University, China. He has already
published more than 50 articles, including JSAC,
TCC, TBD, FGCS, JCSS, CCPE, and ICWS. His
research interests include services computing, big
data, and the IoT.

Mohammad R. Khosravi is currently with the
Department of Computer Engineering, Persian Gulf
University, Iran. His main interests include statisti-
cal signal and image processing, medical bioinfor-
matics, radar imaging and satellite remote sensing,
computer communications, industrial wireless sen-
sor networks, underwater acoustic communications,
information science, and scientometrics.

Authorized licensed use limited to: Scms School Of Engineering And Technology. Downloaded on December 25,2021 at 16:20:59 UTC from IEEE Xplore.  Restrictions apply. 



Environmental Technology & Innovation 20 (2020) 101144

Contents lists available at ScienceDirect

Environmental Technology & Innovation

journal homepage: www.elsevier.com/locate/eti

A trust analysis scheme for vehicular networkswithin
IoT-oriented Green City
Geetanjali Rathee a,∗, Naveen Jaglan b, Razi Iqbal c, Sujesh P. Lal d,
Varun G. Menon e

a Department of Computer Science and Engineering, Jaypee University of Information Technology, India
b Department of Electronic and Communication Engineering, Jaypee University of Information Technology, India
c University of Engineering and Technology, Lahore, Pakistan
d Department of Computer Applications, Federal Institute of Science and Technology, India
e Department of Computer Science and Engineering, SCMS School of Engineering and Technology, India

a r t i c l e i n f o

Article history:
Received 18 April 2020
Received in revised form 15 July 2020
Accepted 31 August 2020
Available online 8 September 2020

Keywords:
Green city
Intelligent transportation system
Security
IoT devices
Malicious devices
Smart city
Trust

a b s t r a c t

A smart city refers to an intelligent environment obtained by deploying all available
resources and recent technologies in a coordinated and smart manner. Intelligent
Transportation System (ITS) is used for developing and maintaining a sustainable and
environmental friendly transportation system leading to the evolution of the concept
of a Green City. The expansion and development of green cities goes side by side
with the development of smart cities. Internet-of-Vehicles (IoV) is an advanced ver-
sion of transportation mechanisms to enhance the benefits mentioned above. Several
authors have proposed various security transportation schemes, however, the response
time and communication overhead still need to be considered to encourage business
developments, and expanding the recycling’s. In this paper, we have proposed an
intelligent transportation mechanism that categorizes each device into various categories
depending upon its communication behavior using decision based tree making system.
Additionally, an Intrusion Detection System (IDS) method is proposed to further examine
and analyze the continuous flow of data. The proposed mechanism is further validated
through MATLAB simulator against number of metrics over a baseline method. The
simulated results suggest that the proposed scheme leads to 89% efficiency in terms
of better detection of legitimate nodes, altered records, records accuracy and response
time during sensing of vehicles.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

1.1. IoT and Green city

The accelerated pace of urbanization in the recent decades has endangered the environment and economic sustain-
ability by raising several social, technical and economic concerns. Therefore, for exploiting and optimizing the tangible
and intangible assets, governments across the world have been taking an interest in adopting the concept of smart cities
and their related infrastructure (Lombardi et al., 2012). A smart city refers to an intelligent environment obtained by
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Fig. 1. Green transportation mechanism.

deploying all available resources and technologies in a coordinated and smart manner with the means of developing
urban centers (Neirotti et al., 2014; Mehmood et al., 2017). Traffic management, smart industry, smart grid, smart
healthcare, public safety, secure e-voting, Intelligent Transportation Systems (ITS) and water management are the various
developments related to smart cities that are being retro fired with Internet-of-Things (IoT) and smart sensors (Gubbi
et al., 2013; Lee and Lee, 2015; Paul et al., 2016a; Paul and Jeyaraj, 2019). Another notion gaining prominence in the
contemporary world is the concept of ’Green city’ (Breuste, 2020). These cities are designed in a way to most efficiently
handle traffic and over population and lessen their environment impact by reducing waste, expanding recycling, lowering
emissions, increasing housing density and encouraging the development of sustainable local businesses (Antrobus, 2011).
The expansion and development of green cities goes side by side with the development of smart cities. The intelligent
devices employed in smart cities are equally usable in green cities as they provide necessary tools to the authorities
for handling the infrastructure requisite for green cities like recycling plants, emission control of factories in the city
vicinity and etc. (Shabandri et al., 2020; Bănică et al., 2020). The IoT sensors and devices play a very crucial role in this
regard. IoT sensors and recent technologies working mutually are steadily becoming more pervasive and accomplish
users’ desires more effectively and efficiently. Objects with internet protocol (IP) connectivity are connected to the
internet to offer better usability in day-to-day actions. This interconnection amid devices creates a lot of data related
to device status, energy usage and environmental behavior that can be aggregated, composed and then disseminated in
an adopted, confined and secure manner. Also, as these devices are associated to the internet, they can be controlled at
anytime and from everywhere. Therefore, the goal of smart cities is to make best public resource usage with improved
services and quality of life by using advanced communication and information technology. Further, in order to ensure
a reliable data exchange among devices, there is a need to use massive communication capabilities such as 5G and 6G
technologies (Al-Turjman, 2019; Daniel et al., 2017).

1.2. Vehicular network

Among the various applications of smart cities, we have considered smart vehicular networking with the aim of
developing an Intelligent Transportation System (ITS) or a Green Transportation mechanism (Iqbal et al., 2019; Rathee
et al., 2020; Paul et al., 2015). ITS can be used for a variety of purposes including efficient management of traffic, road
congestion, road accidents, accurate mapping and positioning and monitoring the vehicular emissions to check on air
pollution (Abbasi et al., 2020; Paul et al., 2016b). The daily life routine of human beings is being completely or partially
replaced by automated or cognitive systems in various aspects. From home automation systems to smart industries
and intelligent transportation, cognitive systems monitor or control each and every activity of environment without any
human intervention. Now a days, VANET (Qu et al., 2020; Menon and Prathap, 2017) has become an advanced research
area with the development of intelligent communication strategies.

A VANET is generally a combination of various stationary and mobile vehicles connected through several smart
networks. The intelligent vehicular system is changing the view of transportation and communication where vehicles
are increasingly communicating through various IoT sensors. Intelligent transportation mechanism is considered as
the most emerging technology where number of devices are connected through internet to ensure an improved and
secure communication mechanism. An Intelligent Transportation System (ITS) (Hussain et al., 2020; Daniel et al., 2016;
Balasubramaniam et al., 2020) is defined as an intelligent way of ensuring an efficient and secure communication where
devices may retrieve data through roadside sensors as depicted in Fig. 1. It depicts an example of ITS mechanism where
vehicles communicate with each other through various smart sensors for accessing essential information related to road
congestion, weather predictions, shorter routes etc. However, the utilization of IoT devices integrated with vehicular
systems is still avoided by business organizations due to various safety concerns and associated costs of centralized firms
and cloud servers (Nguyen et al., 2016; Erdinc et al., 2009).
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1.3. Research objective

In traditional vehicular techniques, communication without any smart devices raises concern regarding large number
of road accidents and an efficient management of traffic. During traveling, the driver may sometimes fall asleep or may get
stuck into a traffic jam in an accidental or natural disaster prone area among other reasons. Further, delay is considered
to be a major concern where without any prior information of jams people may get stuck on roads for several hours.
Though number of intelligent GPS based systems has been proposed by various researchers, delay due to lack of real-
time information may lead to inefficient systems. Environmental issues related to vehicular emissions and pollution have
been a major cause of concern in the recent years. This has led to large scale research for the development of cities
called ’Green cities’ that can efficiently manage pollution levels in a sophisticated manner by making use of methods
like efficient management of traffic among other things. ITS can be a great contributing factor toward the development of
these cities. Sensors embedded in vehicles and across the city may be used to check emissions from vehicles and pollution
levels in various parts of the city. However, systems where a large number of smart devices work in a synchronous
manner can always be potential targets for hackers which may affect the overall communication process. A number of
intelligent vehicular techniques and security procedures have been proposed by several authors such as cryptographic,
homomorphic, probabilistic etc., however, these existing solutions may further leads to increase in computational and
communication complexity and cost inside the network. Therefore, it is further needed to propose a secure intelligent
communication mechanism in vehicular systems that is still in its early stages (Rajesh et al., 2019). In order to propose a
secure and intelligent transportation mechanism for vehicular networks in green city, we have used a decision based tree
system where upon transmission and receiving of information, smart devices are categorized into various entities such
as malicious, trusted or prone to malicious devices. Further, the categorized devices are again analyzed continuously to
examine their behavior in the communication process. All categories of nodes are examined after a specific interval of
time to check their further behavior through IDS. However, the devices once identified as malicious will be permanently
blocked by an intrusion detection system (IDS) (Antrobus, 2011; Shabandri et al., 2020; Bănică et al., 2020) to secure and
speed up the communication mechanism in real time scenarios.

1.4. Contribution of the paper

The potential contribution of our paper is as follows.

1. Proposing a secure green transportation mechanism using device based tree system to analyze and categorize the
vehicles into various categories.

2. Design of an IDS mechanism to further keep a check upon trusted and threat prone devices by examining their
various communication parameters.

3. A proposed threshold value identity decided to compare and categorize the various devices during communication
in green transportation system.

The remaining structure of the paper is organized as follows. Section 2 discusses various security techniques in ITS
with and without blockchain phenomenon. An intelligent vehicular mechanism using detection based tree and an IDS
is elaborated in Section 3. In addition, number of security measures such as response time, resource utilization, request
processes and record accuracy are compared for an existing approach and the proposed phenomenon in Section 4. Finally,
Section 5 concludes the paper and suggests a number of points that may be considered for future communication.

2. Related work

Number of researchers have proposed various security solutions in ITS environment for ensuring an efficient com-
munication in various environments like smart cities and green cities. This section illustrates the number of security
schemes proposed by various scientists. Now days, road accidents are increasing tremendously due to various reasons,
it is very much needed to focus on this issue and propose several intelligent transportation mechanisms to secure or
prevent from road attack. Numbers of researchers have proposed various security schemes in order to further detect
the onsite activities by various intruders (Lei et al., 2017; Gaber et al., 2018; Rathee et al., 2019). Lee et al. (2004) have
proposed an architecture framework based on distributed intelligent devices. An architecture mechanism is designed to
focus on various shapes and sizes of an environment. The proposed architecture not only ensures scalability but also
able to provide modularity, maintenance, re configurability. Further, the authors have provided positions and space to
various devices based on some situations by proposing cooperation among function modules and intelligent devices. In
order to ensure significant quality road side vehicular communication, conventional intelligent data bus had not paid
attentions to information demand exchange information among onboard and roadside units. Cai and Lin (2008) have
proposed a novel intelligent data bus system by discussing top three layers of OSI model such as physical layer, data link
and application layer. The authors have simulated experimental results in order to provide roadside–roadside and vehicle–
roadside services. In addition, potential intelligent data bus applications such as intersection and probe car collision
preventions were discussed. Further, to detect the reliability, robustness and cost of an intelligent communication device,
Xu et al. (2009) have proposed a magnetic sensing designing system for intelligent guidance of vehicles. The magneto
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resistive sensing model is robust, reliable and ensures less cost using magnetic coder methods. Further, a magnetic field
ratio scheme is proposed in combination with sequencing to compute lateral offsets having high measurable accuracy. Zhu
et al. (2017) have proposed a comprehensive literature surrey on intelligent vehicles perception during communication
in environment. The modeling schemes and state of art methods are given with their brief description of cons and pros.
Further, the authors have paid a special attention to road detection and lane mechanisms for tracking, traffic signal
recognition and behavioral analysis. Furthermore, the authors have provided the elaboration about datasets, perspectives
and performance analysis for future directions. Meiying et al. (2015) have illustrated a study on intelligent transportation
mechanisms that adopts the time and distance range to access any device. The authors have evaluated the results through
Yunnan Province example and uncover the transportation accessibility among various regions. Further, the papers have
proposed various relevant solutions to conventional issues.

In order to improve the safety and performance of road side transportation’s, intelligent transportation schemes are
set of several technological solutions. The driver behavior is considered as one of the crucial parameter of causing road
accidents. Therefore, it is very much needed to model and understand the safety of road communications. Fernandez and
Ito (2016) have proposed a fuzzy based system to classify various behaviors of drivers according to their profiles. The fuzzy
based system is again integrated with intelligent architecture to avoid and predict accidents and to optimize and manage
the routing process. Further, various authors have proposed various pollution free and hazardous schemes in various
cities such as Morocco in real time environment. Boulmakoul and Laurini (2001) have proposed telegeomatic systems
with the integration of spatial decision support schemes with new communication and information technologies. Further,
authors have described various fuzzy logic systems to ensure an efficient routing process during the communication. In
addition, various orientations are discussed in real time scenarios to measure capabilities of system. Ya-jun et al. (2009)
have evaluated a fuzzy based secure transportation mechanism by analyzing the system. In order to evaluate the weighted
modulus of indexed systems, several synthetic systems were quoted. Wang et al. (2020) have proposed a black-and-white
list for enhancing the edge quality in smart cities. To theoretically identify the ability of stability and validity of proposed
approach, the authors have proposed a game theory mechanism. the experimental results validate the cooperation of
multi intelligent IoT devices by resisting the malicious threats in smart cities. Gong et al. (2020) have proposed a multi-
dimensional fine grained scheme for computing the trusted environment during communication. The authors have used
a signature based trust certification for ensuring the information authentication. The simulated results provide better
adaptability and premise several security threats in the system.

Number of authors have proposed various security schemes in order to ensure secure communication by identifying
the trust of each node. They have proposed various security, privacy, machine learning and cryptographic schemes for
improving the sensing, communication and computation mechanisms for driver-assisted systems. However, the existing
security mechanisms lead to a severe increase in communication and computational overhead and may affect the overall
vehicular communication process. For example, In a particular use case of ITS i.e. ’Green city’, the data generated by sensors
embedded in vehicles and deployed across the city may get manipulated and might affect the working of the entire city by
triggering false response to the corrupt data. Therefore, the aim of this paper is to propose a security technique that leads
to high accuracy while analyzing the devices and reduces complexity among nodes during communication mechanism.

3. Proposed framework

In order to speed up the communication process, it is very essential to provide a secure procedure so that vehicles
may interact effectively and share the information among each other safely. In addition, such efficient communication
mechanisms are also required for various environments such as smart cities and green cities. Trust is considered as a
very important factor to measure the security among nodes/vehicles. The computation of trust among communicating
nodes not only provides an accurate security measure but also ensures an efficient and effective security procedure in
ITS framework. Though several authors have proposed various security schemes, however very few of them have applied
trust based methods while ensuring the security in ITS.

The proposed ITS architecture is presented in Fig. 2 for detecting and controlling intruder threats. The proposed
mechanism comprises of three different layers i.e. data accumulation layer (DAL), decision layer and an IDS layer. DAL
is responsible for accessing and collecting the data from various devices such as outside environment devices, vehicular
devices and location based devices. The gathered information is further transferred over decision tree for diagnosing and
processing the devices’ categories. Upon the identification of malicious devices, decision layer directs the data to IDS to
undertake preventive measures in time. The categorized devices are further examined continuously by the IDS to take
successive actions. The major advantage of using decision tree and an IDS is to initially categorize the devices in the
network and further continuously analyze the behavior and internal characteristics of the network. A detailed description
of each layer is discussed as follows.

3.1. System model

Data Accumulation Layer:
It is used to collect information requested and accessed by various users from the surroundings. The collected

information consists of vehicle information, environmental information and location information of each device. The data-
sets are collected from various sensors which are capable of sensing, accessing and transmitting information continuously
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Fig. 2. Proposed ITS framework.

Fig. 3. Decision tree of devices.

through wireless technology. The devices are categorized into various categories based on types of data sets as discussed
below.

Vehicular Data set:
It comprises of necessary information required to check the status of the vehicle such as GPS information, data related

to smart automation, real time data and so on. Such data sets are captured by devices embedded on vehicles themselves.
Environmental data-set: It comprises of information about other vehicles and drivers based on their locations. This
information is continuously recognized by the sensors. Weather forecast, distance calculation, mapping, accidental prone
areas, jamming areas are types of environmental and location based data collected from the environment.

Location Data set:
Location data set is specific to weather forecasts and natural disaster conditions to prevent predict and prevent certain

roadside conditions.
Decision Layer:
It acts as a bridge between DAL and IDS layer for analyzing and processing collected information in real time

environment. It forwards real time alerts to the drivers about critical conditions and roadside situations. The decision
layer comprises of classification and monitoring components. Both the components are discussed below:

Classification:
This component categorizes the devices into trusted, malicious and prone to threats using a decision based classification

tree depending upon various symptoms. A decision tree generated via weka for devices categorizes is presented in Fig. 3.
The devices are categorized into susceptible if they are not fully affected but have certain indications of a malicious act.

The EX is a device that has been exposed and shows malicious behavior whereas IN is a device which has been infected
and is completely malicious. Fig. 4 presents the cycle of malicious nature of devices at various stages.

Now, the AG and monitoring is detected regularly to access the past history and progress report of the devices. The
devices prone to threats are monitored continuously based on several data sets for computing their probability index.

ProbabilityIndex(PI) = P
C

O1 ∪ O2 ∪ On
(1)
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Fig. 4. Cycle of malicious devices.

where C is current situation and O1 ∪ O2 ∪ . . .On is occurrence of severity in threat prone devices. Algorithm 1 presents
the proposed decision tree class algorithm.

Algorithm 1 Device Monitoring
1: Input: Current situation of device.
2: Output: Revise the categorized device.
3: Step 1: Get the current situation of each device along with their ID’s.
4: if deviceID already exist then
5: Record will be updated
6: else
7: new record with an ID will be generated
8: end if
9: Step 2: A decision tree is created to categorize each device

10:
11: if (predictioncategory < oldcategory) then
12: Record will be updated and stored as it is
13: else
14: Monitor change interval and continuously monitor the updated device
15: end if

3.2. IDS layer

An IDS layer is sued to process and store the information that cannot be properly and permanently managed and stored
by the DL. Now, IDS layer consists of two components. Alarm based record: In order to protect the threat prone devices
identification of risk prone areas and devices must be done and controlled using a warning generation mechanism. The
working of an alarm based record is depicted in Algorithm 2.

The complete execution procedure of trusted proposed approach is further presented in Algorithms 1 and 2.

4. Performance analysis

4.1. System state

In order to validate or identify the truly legitimate IoT devices, the proposed mechanism is simulated using MATLAB
simulator. The numerical results are analyzed by examining the security environment against various network security
metrics. Though, result measures in ITS application are considered to be crucial, however, the paper proposes a secure
intelligent transportation system which not only ensures secure communication through legitimate devices but also
provides a reliable and delay free communication networking among various number of devices. In the proposed approach,
MATLAB simulator with its predefined parameters is considered. A network simulation size of 450 m × 450 m is created
having various numbers of devices. Further, in order to validate a secure ITS mechanism, number of malicious nodes are
intentionally inserted to analyze the behavior. The malicious devices are added based upon a probabilistic distribution
criterion where malevolent nodes are increased at a fixed rate i.e. 5% upon increasing the network size. Now, the security
metrics considered for analyzing the results are defined as response time, malicious alteration rate, trusted communication
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Algorithm 2 Device Category
Input: Details of each user with their locations.
Output: Updated or new generated tree.
Step 1: Access source ID, destination ID and their category.
Step 2: Put a start and end time among source and device ID.
Step 3: Access stay time of source and targeted ID prone to malicious device.
if source and target ID already exist then

Exit an alarm from that device
else

A continuous monitoring and false alarm will be generated to that edge.
end if
Step 4: A decision tree is created to categorize each device
if target ID highly prone to malicious then

Block that device
else

Update the value and transferred from prone to trust category
end if

Table 1
Simulation Parameters.
Parameters Values

Simulation Area 400 m ×400 m
Number of devices 50
Types of nodes Trusted, Malicious
Vehicular Mobility 0.5 m/s
Weight parameters 25, 45
Malicious rate 5, 10%
Device bandwidth 20 MHz

nodes and record accuracy. In addition, the mentioned network security metrics are compared against a baseline (existing)
security approach. Further, the execution time of the proposed phenomenon is considered as 1 min. The simulation criteria
used to perform results are depicted in Table 1.

Messagealterationrate =
Malicious nodes

Total number of devices/nodes
(2)

TrustedCommunicationNodes =
Ideal Devices

Total number of devices/nodes
(3)

Responsetime =

n∑
i=1

(trusted + malicious) (4)

RecordsAccuracy = Total number of nodes − trusted nodes (5)

4.2. Existing method

The efficiency and management of the proposed approach is evaluated using numerical simulations through MATLAB.
Kang et al. (2019) have proposed a secure vehicular mechanism in order to ensure a secure communication mechanism
among various devices. The authors have used contract base theory or reputation algorithm to ensure the security while
communicating in the network. They have proposed a blockchain based scenarios using these approaches to track the
individual activities of each and every user. However, in the proposed approach, a trust management mechanism using
various trusted criteria and decision based tree are used to accurately analyze the efficiency and performance of the
network. Upon the identification of malicious devices, decision layer directs the data to IDS to undertake preventive
measures in time. The categorized devices are further examined continuously by the IDS to take successive actions. The
out performance of the proposed mechanism is validated by measuring several security concerns such as trusted node
identification, message alteration, and accuracy.

4.3. Results and discussion

The mentioned security measures such as malicious alteration rate, trusted communication nodes, response time and
record accuracy are recorded against a baseline security approach on MATLAB. The depicted and mentioned results are
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Fig. 5. Message Alteration Rate.

Fig. 6. Trusted communicating nodes.

evaluated and compared against baseline and proposed scenarios. The presented Fig. 5 shows the malicious alteration
rate where number of devices are intentionally infected by an intruder device at a fixed rate upon increasing the devices
and the alteration rate that is measured for both the approaches. The proposed approach performs better as compare to
existing as it continuously analyze the malicious behavior of each infectious node through IDS mechanism.

Malicious alteration rate is defined as the process of successfully identifying the change of nodes from legitimate to
malicious in existing or proposed phenomenon. Further, Fig. 6 depicts the trusted communication nodes where a number
of ideal nodes are involved for ensuring a secure communication in the network.

As depicted in Fig. 6, the proposed mechanism efficiently analyzes the true number of ideal nodes that are actually
involved during the communication process as it initially filters out the infected and malicious number of devices through
decision based trees. In addition, Fig. 7 shows the response time of both proposed and existing mechanism. Response
time is defined as the amount of time required by both the mechanisms to identify the behavior of any node either ideal
or malicious. In depicted Fig. 7, the proposed approach’s response time is significantly higher than the existing scheme
because proposed phenomenon uses decision trees which filer out the nodes before analyzing their past and current
behavior.
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Fig. 7. Response Time.

Fig. 8. Records Accuracy.

Similarly, Fig. 8, shows the record accuracy that is defined in terms of true positive or false positive reports generated
by both the approaches. The proposed mechanism’s record accuracy is much higher and significant as compared to the
existing mechanism because of the involvement of two stage process in the network.

Conventional ITS schemes and the proposed transportation mechanism have been analyzed against several networking
environments by providing a numerical test bed. The evaluated simulated results of the proposed approach are victorious
against various numerical metrics. The proposed phenomenon behaved as desired with significant and optimized results
over baseline mechanism. In addition, the reason of proposed mechanism’s out performance over existing scheme is its
tree based decision scheme that categorized the communicating nodes into various levels such as trusted, malicious and
prone to threat nodes that further reduces the processing time to analyze them. The nodes that are malicious in nature,
will never be looked into by the manager; the scheme will continuously analyze and check the legitimacy of trusted
nodes that cannot be altered to malicious in future and prone to threat nodes that can be altered by intruders in future
communication processes.
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5. Conclusion

The development and expansion of green cities goes side by side with the development of smart cities. Green
transportation mechanism can be used for a variety of purposes including efficient management of traffic, accurate
mapping and checking vehicular emissions. In this paper, we have proposed a secure transportation mechanism based
upon decision based tree model with an intrusion detection system and is analyzed against various security parameters.
The proposed mechanism efficiently reduces the response time, communication overhead and improves communication
and computational overhead parameters. All the simulated results of the proposed scheme are validated against an
existing (baseline) approach. Further, the simulation results suggested that our proposed model achieves 89% in the
success rate in comparison to the existing approach. However, the possible learning of security patterns by intruders
and the subsequent evolution of attacking strategies still needs to be considered as a major downside. A more secure
intelligent transportation mechanism against smart attacking patterns may be reported in future communications.
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Abstract—Physical layer security is known as a promising
paradigm to ensure secure performance for the future beyond 5 G
(B5G) networks. In light of this fact, this paper elaborates on a
tractable analysis framework to evaluate the reliability and the
security of wireless-powered decode-and-forward (DF) multi-relay
networks. More practical, the nonlinear energy harvesters, in-phase
and quadrature-phase imbalance (IQI) and channel estimation
errors (CEEs) are taken into account. To further enhance the secure
performance, two relay selection strategies are presented:
1) suboptimal relay selection (SRS); 2) optimal relay selection (ORS).
Specifically, exact analytical expressions for the outage probability
(OP) and the intercept probability (IP) are derived in closed-form.
For the IP, we consider that the eavesdropper can wiretap the signal
from the source or the relay. In order to obtain more deep insights,
we carry out the asymptotic analysis as well as the diversity orders
for the OP in the high signal-to-noise ratio (SNR) regimes.
Numerical results show that: 1) Although the mismatches of
amplitude/phase of transmitter (TX)/receiver (RX) limit the OP
performance, it can enhance IP performance; 2) Large number of
relays yields better OP performance; 3) There are error floors for
the OP due to the CEEs; 4) There is a trade-off for the OP and IP to
obtain the balance between reliability and security.

Index Terms—B5G, channel estimation error, in-phase and
quadrature-phase imbalance, nonlinear energy harvester, physi-
cal layer security.

I. INTRODUCTION

THE goals of the future fifth generation (5 G) and beyond

(B5G) wireless networks can provide reliable communica-

tion among almost all aspects of life through the networks with

higher date rate, lower latency and ubiquitous connectivity [1].

The security has been identified as an vital factor for wireless

communication systems, which has triggered enormous interests

from both academia and industry [2]–[4]. However, due to the

broadcast characteristics of wireless propagation environments,

it is a great challenge to ensure secure communication for the

wireless networks without being eavesdropped by un-authored

receivers. The conventional methods are to use encryption algo-

rithms, which impose extra computational overhead and system

complexity [5]. In addition, with the rapid development of chip

and computer technologies, conventional encryption technolo-

gies can not provide perfect security.

As an alternative way, physical layer security (PLS) has

sparked a great deal of research interests [2]. The basic principle

of PLS is to exploit the inherent randomness of fading channels

to resist the information to be extracted by eavesdroppers [3].

Recently, there are a great of research works investigated

the PLS under various fading channels, e.g. see [6]–[8] and

the references therein. In [6], a secure transmit-beamforming

of the multiple-input multiple-output (MIMO) systems over

Rayleigh fading channels was designed, in which the maximal

ratio combing (MRC) receivers were adopted to maximize the

signal-to-noise ratio (SNR) at the main receiver.

Meanwhile, the secure performance of the classic wiretap

model was investigated over the generalized Gamma fading

channels and the analytical expressions of the strictly positive

secrecy capacity (SPSC) probability and the lower bound for the

secrecy outage probability (SOP) were derived [7]. On the other

hand, considering k� m shadowed fading channels, the authors

investigated the secrecy performance of classicWyner’s wiretap

model and the approximate expressions on the lower bound for

the SOP in the high SNR region and SPSC probability were

derived with the aid of a moment matchingmethod [8].

In real communication environments, it is difficult to have

direct links between sources and destinations due to shadow

fading and/or obstacle, so it is indispensable to use the relay to

complete the communication [9]. In light of this fact, relaying
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assisted transmission has been identified as one of the key

technologies in the current and future wireless cooperative net-

works [10], [11]. The signals can be decoded and transferred from

the source to the destination by using low cost and low power

consumption relay nodes. In general, there are two basic relay

protocols: i) amplify-and-forward (AF) [12]–[14], and ii)

decode-and-forward (DF) [15], [16]. In [12], the outage probabil-

ity (OP) performance is investigated based on the mobile device-

to-device cooperative networks with incremental AF relaying

and transmit antenna selection. The authors of [13] considered

N-Nakagami-m fading channels and analyzed the average bit

error probability (ABEP) of AF relaying networks. In [14], the

authors investigated the performance of a multi-hop AF commu-

nication network over Nakagami-0.5 channels and the closed-

form analytical approximate expressions for the OP and EC were

obtained. Tomaximize confidentiality, the authors in [15] investi-

gated the secure performance of multiple DF relay systems.

When deploying multiple relays in the systems, it will incur

extra inter-relay (IR) interference and energy consumption. To

avoid this problem, relay selection (RS) technology has been

proposed [17], where some relay are selected according to some

principle. Among the various RS schemes, optimal relay selec-

tion (ORS), suboptimal relay selection (SRS) and MRC are the

most prevalent ones [18]–[20]. The pioneering work of the ORS

scheme has been proposed by Bletsas according to selecting the

relay with the largest instantaneous end-to-end SNR [21]. Based

on the ORS, the authors in [18] investigated the symbol error

rate (SER) of AF relay systems. To reduce the requirement of

channel knowledge, the authors proposed a SRS scheme that the

optimal relay is selected according to the link either source-relay

or relay-destination [19]. Cognitive radio inspired cooperative

relay systems was introduced, and the secure outage perfor-

mance was studied over independent and non-identically distrib-

uted Nakagami-m fading channels. In [20], the authors

compared the SOP of cognitive radio networks for ORS, SRS

withMRC schemes over Nakagami-m fading channels.

Although the performance of wireless cooperative networks

can be improved by appropriate relay protocols and RS

schemes, the operation of wireless communication systems is

constrained by power shortages of their wireless devices. This

happens that in some cases the nodes are deployed in the

remote or power limited areas [22]. Motivated by this fact,

some energy harvesting (EH) techniques have been pro-

posed to prolong the life of the batteries of such wireless trans-

mission devices [23], [24]. Among the various EH techniques,

radio frequency (RF) enabled simultaneous wireless informa-

tion and power transfer (SWIPT) attracts a lot of attentions

because it can overcome the limitations of some other renew-

able energy resources such as solar energy, wind energy and

magnetic induction that can only be used in some specific cir-

cumstances [25]. In addition, RF signals are ubiquitous in

electromagnetic waves, and EH in RF is green, safe, controlla-

ble and reliable [26]. In general, there are usually two common

protocols for SWIPT systems: i) time-switching (TS) and ii)

power-splitting (PS) [27]–[30]. For PS, the authors proposed

an artificial-noise(AN)-aided transmission scheme to facilitate

the secure information transmission to information receivers

(IRs) and meet the EH requirement for energy receivers

(ERs) [27]. The authors of [28] considered an underlay cogni-

tive radio system based on the PS protocol SWIPT technique,

and derived the expressions of upper and lower bounds of

probability of SPSC.

In addition, most of the existing works assumed the linear

energy harvester mode in the SWIPT systems. Recent works

in [31]–[33] showed that the nonlinear mode is more practical,

because the electronic devices used in the power conversion

circuit are nonlinear. Furthermore, the linear mode of the

energy harvester may cause serious resource allocation mis-

match, resulting in a significant performance degradation. It is

also a special case of the nonlinear mode when the saturation

threshold of the energy harvester is infinite, ie., unlimited bat-

tery capacity. Therefore, it is of high practical relevance to

consider a nonlinear energy harvester.

Unfortunately, the aforementioned studies are based on the

assumption of ideal hardware components and perfect channel

state information (CSI), which is unrealistic in practical wireless

communication systems. In practice, due to component mis-

match and manufacturing non-idealities, these monolithic archi-

tectures inevitably have defects associated with the RF front-

ends, thereby limiting the overall system performance [34]. A

typical example is the in-phase and quadrature-phase imbalance

(IQI), which refers to the mismatches of amplitude and phase

between I and Q branches of the transceiver. This will result in

incomplete image suppression [35]. Ideally, the I and Q

branches of the mixer have an amplitude of 0 and a phase shift

of 90�, providing an infinitely attenuated image band; however,

in practice, the transceiver is susceptible to some analog front-

end damage, and these damages introduce errors in the phase

shift resulting in amplitude mismatch between the I and Q

branches, thereby damaging the down-converted signal constel-

lation, thereby increasing the corresponding error [36].

Motivated by the above practical concern, several research

works have studied the systems secure performance in the

presence of IQI [37]–[39]. Under the assumption of uncorrela-

tion between channel of each subcarrier and its image,

Ozdemir et al. in [37] derived an exact expression for the

SINR of OFDM systems with IQI at transceivers. The authors

analyzed the impact of joint IQI on the security and the reli-

ability of cooperative NOMA for IoT Networks [38]. Consid-

ering backscatter communication, Li et al. in [39] derived

analytical expressions for OP and the intercept probability

(IP) of ambient backscatter NOMA systems under IQI.

On the other hand, imperfect CSI (ICSI) may be existed due

to the presence of channel estimation errors (CEEs) and feed-

back delay. Therefore, it is of great practical significance to

study the impact of ICSI and IQI on the security performance

of cooperative networks.

A. Motivation and Contribution

Specifically, we investigate the reliability and security by

deriving the analytical expressions for the OP and IP. Regarding

to security, the direct transmission and cooperative transmission

through relay are considered. In this study, we assume that the

source and relay nodes of the networks are configured with
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nonlinear energy harvesters to harvest energy from the nearby

power beacon under different saturation thresholds. This is rea-

sonable in some applications, such as internet-of-things (IoT),

mesh networks and Ad Hoc networks, etc. The main contribu-

tions of this paper are summarized as follows:

� Considering IQI and CEEs, we consider three represen-

tative RS schemes, namely RRS, SRS and ORS. RRS is

considered as a benchmark for the purpose of compari-

son. In SRS, the optimal relay is selected according to

the channel conditions either the S ! Rm or the Rm !
D. In ORS, the optimal relay is selected according to

the link qualities both the S ! Rm and the Rm ! D.

The major difference between our work and [40] is that

to study the effects of IQI caused by the mismatches of

amplitude and phase between I and Q branch.

� Different from the most existing research works, this

study adopts a more realistic nonlinear EH model due

to the nonlinearity characteristic of the electronic devi-

ces [41], [42]. We have the assumption that nonlinear

energy harvesters are equipped at the source and relays,

which can harvest energy from the nearby power bea-

con by using TS protocol.

� For the reliability, we derived the exact analytical

expressions for the OP of the proposed system for the

three RS schemes. For the security, we consider two

typical scenarios that direct transmission and coopera-

tive transmission, the exact closed-form analytical

expressions of the IP for the two scenarios are derived.1

� To obtain more insights, we derived the asymptotic ana-

lytical expressions and diversity orders for the OP of the

three RS schemes under non-ideal conditions. It reveals

that there are error floors for the OP due to the non-zero

CEEs, and the OP performance is limited by the IQI

parameters.

B. Organization and Notations

The rest of the paper is organized as follows. In section II,

we present a brief introduction of the considered system

model. In section III, the reliability of the considered system

for the three RS schemes is studied in terms of OP, while the

security is analyzed through deriving the analytical expres-

sions for the IP. In section IV, some numerical results are pro-

vided to verify the correctness of our analysis. Finally, we

present a conclusion of this paper in Section V.

We use j � j to define absolute value. The notations Ef�g and

, denote the expectation and definition operations, respectively.

e � CNðm; s2Þ defines a complex Gaussian distribution with a

mean ofm and a variance of s2. Prf�g represents the probability
andKvð�Þ denotes the v-th order modified Bessel function of the

second kind. The probability density function (PDF) and cumu-

lative distribution function (CDF) are expressed by fXð�Þ and

FXð�Þ, respectively. Finally, log 2ð�Þ is the logarithm.

II. SYSTEM MODEL

We consider a DF multi-relay system as shown in Fig. 1,

which deploys one power beacon B, one source S, M relays

Rm;m 2 f1; 2; . . . ;Mg, one destination D and one eaves-

dropper E. We assume that all nodes equipped with a single

antenna and all nodes are operate in half-duplex (HD) mode.

In order to improve the secure performance, the SRS and ORS

schemes are designed to select the optimal relay among the M
relays, while RRS scheme is presented as a benchmark. The

source and all relay nodes are energy-constrained and can har-

vest energy from nearby B according to the TS protocol. It is

considered that there is no direct link of S ! D due to the

blockage or heavy shadowing.

It is a great challenge to obtain perfect CSI in the communi-

cation process because of the CEEs, and the most common

method is to estimate the channel using the training sequence.

In this study, the linear minimum mean square error (LMMSE)

is adopted here. Thus, the channel can be modeled as

hj ¼ ĥj þ ej; (1)

where ĥj; j 2 fSRm;SE;RmD;RmEg; ð1 � m � MÞ is esti-
mated channel of the real channel hj, ej � CNð0; s2

ej
Þ is the

CEE, where s2
ej
is the variance of estimation error, which is con-

sidered in two representative channel estimation models: 1) It is

a non-negative fixed constant; 2) It is a function of the transmit

average SNR and can be modeled as s2
ej
¼ Vjð1þ drjVjÞ,

where d is the channel estimation quality parameter that indi-

cates the power consumption of the training pilot to obtain CSI;

Vj and rj are the variance of channel gain and transmit average

SNR, respectively [43]. We assume that all communication

links are subject to Rayleigh fading channels [44].

Typically, IQI is modeled as the phase and amplitude

imbalance between transceiver I and Q signal paths. As

depicts in [45], [46], the asymmetrical IQI model is consid-

ered, where I branch and Q branch are assumed to be ideal

and errors, respectively. In this study, both transmitter (TX)

and receiver (RX) are subject to IQI, in which case the trans-

mitted baseband signals can be expressed as

xIQI ¼ mt=ryj þ vt=ry
�
j ; (2)

Fig. 1. System Model.

1 In some cases, the eavesdropper can simultaneously receive signals from
both source and relays. Our work can be easily extended to these cases by
combining the received signals from source and relays by using the selection
combining or MRC.

LI et al.: I/Q IMBALANCE AWARE NONLINEAR WIRELESS-POWERED RELAYING OF B5G NETWORKS: SECURITY AND RELIABILITY ANALYSIS 2997

Authorized licensed use limited to: Scms School Of Engineering And Technology. Downloaded on December 25,2021 at 16:22:33 UTC from IEEE Xplore.  Restrictions apply. 



where yj ¼
ffiffiffiffiffiffiffiffiffiffi
PS=R

p
xj is the baseband signal that is transmitted

under the conditions of non-ideal I/Q matching with

Efjxjj2g ¼ 1, xj is the transmit signal of the TX; PS and PRm

are the transmit power at S and Rm, respectively; IQI coeffi-

cients are given by mt ¼ 1
2 ð1þ �t expðjftÞÞ, vt ¼ 1

2 ð1� �texp
ð�jftÞÞ, mr ¼ 1

2 ð1þ �rexpð�jfrÞÞ, vr ¼ 1
2 ð1� �rexpðjfrÞÞ,

where �tr and ftr denote the amplitude and phase mismatch at

the TX and RX, respectively [47]. For ideal conditions, the

parameters are set to �tr ¼ 1 and ftr ¼ 0� [48].
The entire data transmission is completed in three phases: 1)

S and relays harvest energy from B; 2) S transmits its own

signals to Rm and E; 3) Rm decodes and forwards the signals

toD and E.

1) The first phase: In this phase, S and Rm are equipped

with nonlinear harvesters can reap energy from B. As shown

in Fig. 2, EH in the first duration of aT , the harvested energy

at S and Rm can be formulated as

Ei ¼ &iPB hBij j2aT; i 2 fS;Rmg (3)

where &BS 2 ð0; 1	 and &BRm
2 ð0; 1	 are the energy converse

coefficients of harvesters at S and Rm, respectively; PB is the

transmitted power at B; hBS is the channel coefficient between

B and S; hBRm is the channel coefficient between B and Rm;

a is the time allocation factor for EH, and T is the block trans-

mission duration. The harvested energy Ei is used for infor-

mation transmission in the second phase. The transmit power

Pi can be expressed as follows in the case of the nonlinear

energy harvester [41]

Pi ¼
2a&BiPB

1�a
hBij j2; ifPB hBij j2 � Gi

2a&Bi
1�a

Gi; ifPB hBij j2 > Gi

(
; i 2 fS;Rmg (4)

where GBS and GBRm are the saturation thresholds of the har-

vester at S and Rm, respectively.

2) The second phase: In this phase, information reception at

the relays in the second duration of
ð1�aÞT

2 , S respectively sends

the signals xSRm and xSE to Rm and E with EfjxSRm j2g ¼
EfjxSEj2g ¼ 1. Considering IQI and CEEs, the received sig-

nals atRm andE can be written as (5),

yj ¼ mrj
ĥjþej

� �
mtj

ffiffiffiffiffiffiffiffiffiffiffiffiffi
PS=Rm

q
xjþvtj

ffiffiffiffiffiffiffiffiffiffiffiffiffi
PS=Rm

q
x�
j

� �
þnj

h i
þvrj ĥjþej

� �
mtj

ffiffiffiffiffiffiffiffiffiffiffiffiffi
PS=Rm

q
xjþvtj

ffiffiffiffiffiffiffiffiffiffiffiffiffi
PS=Rm

q
x�
j

� �
þnj

h i�
;

(5)

where ĥSRm and ĥSE are the estimated channel coefficients

from transmitter to receiver; nSRm � CN ð0; NSRmÞ and nSE �
CNð0; NSEÞ are the complex additive white Gaussian noise

(AWGN).

3) The third phase: In the third phase, information reception

at D=E in the final duration of
ð1�aÞT

2 , Rm respectively sends

the signals xRmD, xRmE to D and E with EfjxRmDj2g =

EfjxRmE j2g ¼ 1. Similarly, the received signals at D and E
can be expressed as (5).2

Hence, the received signal-to-interference-plus-noise ratio

(SINRs) at Rm,D and E can be expressed in a unified form as

gj ¼
ĥj

�� ��2rjpj
s2
ej
rjpj þ ĥj

�� ��2rjqj þ s2
ej
rjqj þ gj

; (6)

where j 2 fSRm; SE;RmD;RmEg, rj ¼ PS=R=Nj, pj ¼
jmtj

mrj
þ v�tjvrj j

2
, qj ¼ jmrj

vtj þ m�
tj
vrj j2 and gj ¼ jmrj

þ vrj j2.
According to the Shannon’s theorem, the channel capacity

can be expressed as follows

Cj ¼ 1� a

2
log 2 1þ gj

� �
; (7)

where the factor 1�a
2 means the data transmission is accom-

plished in equal two phases.

With DF protocol, the effective end-to-end capacity from S
toD can be expressed as

CR ¼ min CSRm; CRmDð Þ: (8)

III. PERFORMANCE ANALYSIS

This section analyzes the reliability and security of consid-

ered system in the presence of nonlinear energy harvester, IQI

and ICSI. The closed-form expressions for the OP under the

RRS, SRS, ORS schemes and IP under direct transmission

and relay transmission strategies are derived.3 [39]. Moreover,

the asymptotic behaviors for the OP are examined, as well as

the diversity orders.

A. Outage Probability Analysis

In the following, the expressions for the OP are presented

according the three RS strategies considered IQI, ICSI and

nonlinear energy harvesters. The OP is defined as the probabil-

ity that effective channel capacity is below the threshold Rth,

which can be expressed as

Pout ¼D Pr CR < Rthf g: (9)

1) Random Relay Selection: For RRS strategy, the link

between S and arbitrary one of the relay Rm is selected, and

the effective rate can be obtained as

Fig. 2. Time-splitting structure.

2 Note that j 2 fSRmSE;RmD;RmEg, and PS and PRm are the power
from S and Rm, respectively.

3 The reliability and security are another metrics to characterize the PLS of
wireless communication systems without using any secrecy coding, which are
formulated by the OP and the IP
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CRm ¼ min CSRm;CRmDð Þ: (10)

Based on the above discussion, we can obtain the analytical

expression for the OP of the RRS strategy in the following

theorem.

Theorem 1: The analytical expression for the OP of RRS

strategy is provided in (11) as shown at the top of the page.

where A1 ¼ 2a&1
1�a

, E1 ¼ G1
PB

, C1 ¼ A1PBðpSRm � qSRm"Þ,
C2 ¼ s2

eSRm
A1PB"ðpSRmþqSRmÞ, T1 ¼ gSRm

NSRm
"

C1E1
þ C2

C1
, b1 ¼

4�BSgSRmNSRm", g1 ¼ �SRm

C1
, L1 ¼ C1T1 � C2, dl1 ¼

cos ½ð2l1�1Þp
2Y1

	, Q1 ¼
"s2eSRm

A1G1ðpSRm
þqSRm

Þþ"gSRm
NSRm

A1G1ðpSRm
�"qSRm

Þ , A2 ¼
2a&2
1�a

, E2 ¼ G2
PB

, C3 ¼ A2PBðpRmD � qRmD"Þ, C4 ¼
s2
eRmD

A2PB"ðpRmDþqRmDÞ, T3 ¼ gRmDNRmD"

C3E2
þ C4

C3
, b2 ¼

4�BRmgRmDNRmD", g2 ¼ �RmD

C3
, L2 ¼ C3T3 � C4, dl2 ¼

cos ½ð2l2�1Þp
2Y2

	 and Q2 ¼
"s2eRmD

A2G2ðpRmDþqRmDÞþ"gRmDNRmD

A2G2ðpRmD�"qRmDÞ .

For " < 1maxfpSRm

qSRm
;
pRmD

qRmD
g, otherwise the OP expressions

are equal to 1.

Proof: See Appendix A. &

To get deeper insights, the asymptotic behavior of non-ideal

conditions ðs2
eSRm

¼ s2
eRmD

¼ tÞ is investigated at high SNRs

in the following corollary.4

Corollary 1: The asymptotic expression of OP for RRS strat-

egy under non-ideal conditions ðs2
eSRm

¼s2
eRmD

¼ tÞ is given by

PRRS;1
out ¼ 1� e��SRm

H1��RmDH2 ; (12)

where H1 ¼ "s2
eSRm

ðpSRm þ qSRmÞ=pSRm � "qSRm and H2 ¼
"s2

eRmD
ðpRmD þ qRmDÞ=ðpRmD � "qRmDÞ.

Proof: Based on (7), the asymptotic channel capacities of

S ! Rm and Rm ! D can be written in a unified form as

C1;ni
t ¼1� a

2
log 2 1þ ĥt

�� ��2pt
s2
et
ptþ ĥt

�� ��2qtþs2
et
qt

0
@

1
A; t2 SRm;RmDf g

(13)

According to the definition of OP, the following expression

can be obtained as

P1;ni
out ¼ Pr min C1;ni

SRm
; C1;ni

RmD

� �
< Rth

n o
¼ 1� Pr C1;ni

SRm
> Rth

n o
Pr C1;ni

RmD
> Rth

n o
: (14)

Utilizing the similar methodology of Appendix A, (12) can

be derived. &

Furthermore, the diversity order is investigated, which can

be defined as [34]:

d ¼ � lim
rj!1

log P1
out

� �
log rj

; (15)

where rj is the average SNR and P1
out is the asymptotic OP.

Corollary 2: The diversity order of OP for RRS scheme in

the presence of non-ideal conditions (s2
eSRm

¼ s2
eRmD

¼ t) can
be obtained as follows:

dniRRS rSRm
; rRmD

� � ¼ 0: (16)

Proof: Follows trivially by using (15) and the definition of

derivative. &

Remark 1: From Theorem 1, Corollary 1 and Corollary

2, the following observations can be obtained as: 1) When M
increases gradually, it can be seen that (11) and (12) are inde-

pendent of M, so the RRS scheme will not change with the

increase or decrease of the number of antennas; 2) At high

average SNR, PRRS;1
out is a fixed non-zero constant, which

results in 0 diversity order. This means that the diversity order

can not be improved by increasing the number of relays.

2) Suboptimal Relay Selection: For SRS strategy, the opti-

mal relay is selected according to maximizing the capacity of

the link S ! Rm, which can be expressed as

a ¼ arg max
m¼1;2;���M

CSRm; (17)

CRa ¼ min CSRa; CRaDð Þ: (18)

Based on (9) and (17), we have the following Theorem 2.

PRRS
out ¼1� �SRm

C1
e
��SRmC2

C1

ffiffiffiffi
b1
g1

s
K1

ffiffiffiffiffiffiffiffiffiffi
b1g1

p� �
� pL 1

2Y1

XY1
l1¼0

e
�2�BSgSRmNSRm"

L1 dl1
þ1ð Þ ��SRmL1 dl1

þ1ð Þ
2C1

ffiffiffiffiffiffiffiffiffiffiffiffi
1�d2l1

q2
4

3
5þe�BSE1 e��SRmQ1�e��SRmT1

� �0
@

1
A


 �RmD

C3
e
��RmDC4

C3

ffiffiffiffi
b2

g2

s
K1

ffiffiffiffiffiffiffi
b2g2

p
�pL2
2Y2

XY2
l2¼0

e
�2�BRm gRmDNRmD"

L2 dl2
þ1ð Þ ��RmDL2 dl2

þ1ð Þ
2C3

ffiffiffiffiffiffiffiffiffiffi
1�d2l2

q2
4

3
5þe��BRmE2 e��RmDQ2�e��RmDT3

� �0
@

1
A

(11)

PSRS
out ¼ 1þ X

C5
e
��SRa sþ1ð ÞC6

C5

ffiffiffiffiffi
b3

g3

s
K1

ffiffiffiffiffiffiffiffiffiffi
b3g3

p� �
� pL3

2Y3

XY3
l3¼0

e
�2�BSgSRmNSRa "

L3 dl3
þ1ð Þ ��SRa sþ1ð ÞL3 dl3

þ1ð Þ
2C5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� d2l3

q2
4

3
5

0
@

� X
�SRa sþ1ð Þ e

��BSE1��SRa sþ1ð ÞT5� 1� 1�e��SRaQ3
� �Mh i

e��BSE1
�

 e��BRaE2 e��RaDQ4 � e��RaDT7

� �þ�
�RaD

C7
e
��RaDC8

C7

ffiffiffiffiffi
b4

g4

s
K1

ffiffiffiffiffiffiffiffiffiffi
b4g4

p
� pL4

2Y4

XY4
l4¼0

e
�2�BRa gRmDNRaD"

L4 dl4
þ1ð Þ ��RaDL4 dl4

þ1ð Þ
2C7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� d2l4

q2
4

3
5
1
A

(19)

4 Through this paper, we have �tr ¼ 1, ftr ¼ 0� and s2
e¼0 for non-ideal

conditions, while �tr 6¼ 1, ftr 6¼ 0� and s2
e¼0; s2

e > 0 for ideal conditions,
respectively.
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Theorem 2: The analytical expression of OP is provided for

SRS strategy in (19) as shown at the top of the previous page,

where X ¼ �M�SRa

PM�1
s¼0 ðM � 1

s
Þð�1Þs, C5¼A1PBðpSRa�

qSRa"Þ, C6 ¼ s2
eSRa

A1PB"ðpSRa þ qSRaÞ, T5 ¼ gSRa
NSRa

"

C5E1
þ C6

C5
,

b3 ¼ 4�BSgSRaNSRa", g3 ¼ �SRa
ðsþ1Þ
C5

, L3 ¼ C5T5 � C6,

dl3 ¼ cos ½ð2l3�1Þp
2Y3

	, C7 ¼ A2PBðpRaD � qRaD"Þ, C8 ¼
s2
eRaD

A2PB"ðpRaD þ qRaDÞ, T7 ¼ gRaDNRaD"

C7E2
þ C8

C7
, b4 ¼

4�BRagRaDNRaD", g4 ¼ �RaD

C7
, L4 ¼ C7T7 � C8 and

dl4 ¼ cos ½ð2l4�1Þp
2Y4

	.
Proof: See Appendix B. &

Similarly, the asymptotic behavior of non-ideal conditions

is studied of OP for SRS strategy in the high SNR regime.

Corollary 3: The asymptotic expression for the OP of SRS

strategy under non-ideal conditions ðs2
eSRa

¼ s2
eRaD

¼ tÞ is

given by

PSRS;1
out ¼ 1� 1� 1� e��SRa

H3
� �M� �

e��RaDH4 ; (20)

where H3 ¼ "s2
eSRa

ðpSRa þ qSRaÞ=pSRa � "qSRa and H4 ¼
"s2

eRaD
ðpRaD þ qRaDÞ=ðpRaD � "qRaDÞ.

Then, the diversity order of OP for SRS strategy under non-

ideal conditions (s2
eSRa

¼ s2
eRaD

¼ t) is presented in the fol-

lowing corollary.

Corollary 4: The diversity order of OP for SRS scheme in

the presence of non-ideal conditions (s2
eSRm

¼ s2
eRmD

¼ t) is
given by:

dniSRS rSRa
; rRaD

� � ¼ 0: (21)

Remark 2: From Theorem 2, Corollary 3 and Corollary 4,

we can obtain the following conclusion as: 1) when the num-

ber of relay increases, it can be concluded from formulas (19)

and (20) that the system’s outage performance becomes better

under the SRS strategy; 2) From expression (19), it can be

obtained that when M is fixed and the transmit power at B is

in a high state, the OP will cause an error floor; 3) From (21),

we can observe that the diversity order of the considered sys-

tem is zero due to the fixed constant for the OP in the high

SNR regime.

3) Optimal Relay Selection: For ORS strategy, the optimal

relay is selected according to maximize the capacity of the

links both S ! Rm and Rm ! D

m� ¼ arg max
1�m�M

min CSRm; CRmDf g; (22)

CRm� ¼ max
1�m�M

CRm: (23)

According to (9) and (23), Theorem 3 can be obtained as

following.

Theorem 3: The analytical expression of the OP is provided

for the ORS strategy in (24) as shown at the top of the page.

Proof: See Appendix C. &

Next, the asymptotic behavior for the OP of ORS strategy in

the presence of non-ideal conditions is studied.

Corollary 5: The asymptotic expression of OP for the ORS

strategy under non-ideal conditions ðs2
eSRa

¼ s2
eRaD

¼ tÞ is

given by

PORS;1
out ¼

YM
i¼1

1� e��SRm
H1��RmDH2

� �
: (25)

Corollary 6: The diversity order of OP for ORS strategy

under non-ideal conditions (s2
eSRm

¼ s2
eRmD

¼ t) is following:

dniORS rSRm
; rRmD

� � ¼ 0: (26)

Remark 3: From Theorem 3, Corollary 5 and Corollary 6,

we can get the following points as: 1) When M increases,

PORS
out and PORS;1

out will become smaller because, which means

that the system’s outage performance becomes better under

the ORS strategy; 2) As PB goes to infinity, the OP of the con-

sidered system under non-ideal conditions has an error floor;

3) We can also observe that the diversity order is 0, which

means that the slope of the outage probability is 0.

B. Intercept Probability Analysis

IP is an important performance metric of wireless commu-

nication systems, the secrecy performance of the multi-relay

networks with IQI is studied in terms of IP considering two

scenarios of direct transmission and transmission via relay.

The definition of IP is the probability that the channel capacity

between S ! E or Rm ! E is greater than the threshold Rth,

which can be formulated as

P
direct=relay
int ¼D Pr CSE=RcE > Rth

	 

; (27)

where Rc is the selected relay, CSE and CRcE are the intercept

capacities of S ! E and Rc ! E, respectively.

1) Direct Transmission: Under the condition of direct

transmission, based on (6) and the definition of (27), the

closed-form analytical expression of IP under the condition of

direct transmission can be obtained as Theorem 4.

Theorem 4: The analytical expression of IP under the con-

dition of direct transmission is provided in (28) as shown at

the bottom of the next page, where C9 ¼ A1PBðpSE � qSE"Þ,

PORS
out ¼

YM
m¼1

1� �SRm

C1
e
��SRmC2

C1

ffiffiffiffiffi
b1

g1

s
K1

ffiffiffiffiffiffiffiffiffi
b1g1

p� �
� pL1

2Y1

XY1
l1¼0

e
�2�BSgSRmNSRm"

L1 dl1
þ1ð Þ ��SRmL1 dl1

þ1ð Þ
2C1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� d2l1

q2
4

3
5þ e�BSE1 e��SRm

Q1� e��SRm
T1

� �0
@

1
A

8<
:


 �RmD

C3
e
��RmDC4

C3

ffiffiffiffiffi
b2

g2

s
K1

ffiffiffiffiffiffiffiffiffiffi
b2g2

p
�pL2

2Y2

XY2
l2¼0

e
�2�BRmgRmDNRmD"

L2 dl2
þ1ð Þ ��RmDL2 dl2

þ1ð Þ
2C3

ffiffiffiffiffiffiffiffiffiffiffiffi
1� d2l2

q2
4

3
5þ e��BRmE2 e��RmDQ2� e��RmDT3

� �0
@

1
A
9=
;

(24)
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C10 ¼ s2
eSE

A1PB"ðpSE þ qSEÞ, T9 ¼ "gSENSE=C9E1 þ C10=C9,

b5 ¼ �BSgSENSE", g5 ¼ �SE
C9

, L5 ¼ C9T9 � C10, dl5 ¼ cos
½ð2l5 � 1Þp=2Y5	 and Q5 ¼ "s2

eSE
A1G1ðpSE þ qSEÞ þ "gSENSE=

A1G1ðpSE � "qSEÞ.
Proof: See Appendix D. &

2) Transmission via Relay: We then studied the security of

the considered system by utilizing relay to transmit informa-

tion in the following theorem.

Theorem 5: The analytical expression of IP under the trans-

mission via relay condition is provided in (29)

P relay
int ¼ e��BRc

E2 e��RcEQ6� e��RcET11
� �

þ�RcE

C11
e
��RcEC12

C11

ffiffiffiffi
b6

g6

s
K1

ffiffiffiffiffiffiffiffiffi
b6g6

p �pL6

2Y6

XY6
l6¼0

e
� b6

2L6 dl6
þ1ð Þ�

g6L6 dl6
þ1ð Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� d2l6

q2
4

3
5

(29)

where C11 ¼ A2PBðpRcE � qRcE"Þ, C12 ¼ s2
eRcE

A2PB"
ðpRcE þ qRcEÞ, T11 ¼ gRcENRcE"=C11E2 þ C12=C11, b6 ¼
4�BRcgRcENRcE", g6 ¼ �RcE=C11, L6 ¼ C11T11 � C12, dl6 ¼
cos ½ð2l6 � 1Þp=2Y6	 and Q6 ¼ "s2

eRcE
A2G2ðpRcEþqRcEÞ

þ "gRcENRcE=A2G2ðpRcE� "qRcEÞ.
Proof: See Appendix E. &

IV. NUMERICAL RESULTS

In this section, some numerical results are provided to vali-

date the correctness of the obtained results in the above section.

The results are then verified using Monte Carlo simulations with

107 iterations. Unless otherwise specified, we set the parameters

as in Table I.

A. Reliability Analysis

Fig. 3 plots the OP versus the transmit power PB for differ-

ent RS strategies. For the purpose of comparison, the curves

of ideal conditions are provided. We set M ¼ 2 [40]. These

simulation results perfectly verify the derived closed-form

analytical expressions of (11), (19) and (24) and asymptotic

expressions of (12), (20) and (25), as well as (16), (21) and

(26). We can also see from the simulation results that: 1) OP

under the non-ideal conditions is greater than that of the ideal

conditions due to the IQI and CEEs; 2) The outage perfor-

mance under RRS strategy is worse than SRS and ORS strate-

gies, and ORS scheme has the best outage performance; 3)

There are error floors of the OP for the three RS schemes in

the high regions due to CEEs, which means that the system

OP performance can not always be improved by increasing

the transmit power.

Fig. 4(a) illustrates the OP of TX/RX amplitude �tr for dif-
ferent number of relays (M ¼ f2; 4g) under two RS strate-

gies [49]. We set PB ¼ 20 dB. These results indicate that the

OP for SRS is higher than that of ORS for arbitrary number of

relay (M > 1). This gap of OP between the two schemes

becomes large as the number of relays increases. Also, we can

see that the outage performance of the considered system is

proportional to the M. Finally, the OP of the system increases

gradually with the increase of TX/RX amplitude, which means

that the �tr has negative effects on the system performance.

Fig. 4(b) plots the OP versus phase mismatch ftr for different

number of relays under two RS strategies. As in Fig. 4(a), we

set PB ¼ 20 dB. These simulation results verify that with the

increase of ftr, the outage performance of the system gradu-

ally becomes worse. Furthermore, the effects of the number of

relays on the system performance in Fig. 3 and Fig. 4 are fur-

ther verified. From Fig. 4(a) and Fig. 4(b), we can observe that

the parameters of amplitude and phase mismatches have the

similar effects on the outage performance.

TABLE I
PARAMETERS FOR NUMERICAL RESULTS

Fig. 3. Influence of IQI: (a) OP versus TX/RX amplitude; (b) OP versus
phase mismatch.

P direct
int ¼ �e��BSE1��SET9þ �SE

C9
e
��SEC10

C9 2

ffiffiffiffi
b5

g5

s
K1 2

ffiffiffiffiffiffiffiffiffi
b5g5

p� �
�pL5

2Y5

XY5
l5¼0

e
�g5L5 dl5

þ1ð Þ
2 � 2b5

L5 dl5
þ1ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� d2l5

q2
4

3
5þe��SEQ5��BSE1 (28)
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Fig. 5 shows the OP versus the transmit power PB under

three RS strategies for different CEE parameters. In this simu-

lation, we setM ¼ 2 [5]. The simulation results reveal that: 1)

when s2
e is a non-negative constant, the OPs for the three RS

schemes are positively correlated with CEE parameters; 2)

When s2
e ¼ Vð1þ drVÞ, the OPs decreases with the increase

of d, which means the reliability of the system increases gradu-

ally; 3) There are error floors for the OP of the three RS

schemes due to fixed non-negative CEEs.

Fig. 6 shows the OP versus PB for different time allocation

efficiencies a 2 f0:2; 0:4; 0:6g with M ¼ 2 [40]. We have the

following observations that: 1) when PB 2 ½0 dB : 24 dB	, the
outage performance of the system becomes stronger as the a

gets larger, that is, the reliability of the system increases; 2)

when PB 2 ½24 dB : 28 dB	, these simulation results show that

OP at a ¼ 0:6 is higher than a ¼ 0:4; 3) when PB 2
½28 dB : 32 dB	, the outage performance in the case of a ¼
0:6 is worse than that in a ¼ 0:2 and with the increase of a ¼
0:2; 0:4, the OP of the system decreases; 4) when PB 2
½32 dB : 40 dB	, the OP of the system gradually weakens with

a ¼ 0:6; 0:4; 0:2, that is, the outage performance of the system

gradually improves with the changing order of time allocation

efficiency.

Fig. 7(a) and Fig. 7(b) plot the OP versus energy conversion

coefficients for the three RS schemes. In this simulation, the

parameters are set M ¼ 2, &2 ¼ 0:5 in Fig. 7(a) and &1 ¼ 0:5
in Fig. 7(b) [41]. From Fig. 7(a) and Fig. 7(b), we can see that

the OPs under the case of the three RS schemes degrade when

&1 and &2 grow, i.e. the reliability of the system enhances with

the increase of the energy conversion coefficients of the system.

B. Security Analysis

Fig. 8 investigates the IP versus the transmit power PB for

different threshold rates and link schemes under two condi-

tions. The parameters is set as M ¼ 2 [40]. For different

threshold rates, it can be seen that the IP of the system

decreases as the Rth increases, and it can be obtained that the

IP in direct link transmission condition is smaller than that in

Fig. 4. OP versus the transmit power for different relay selection strategies.

Fig. 5. OP versus the transmit power for different CEE parameters.

Fig. 6. OP versus the transmit power for different time allocation factors.

Fig. 7. Influence of energy conversion coefficient: (a) OP versus &1; (b) OP
versus &2.

Fig. 8. IP versus the transmit power for different threshold rates and trans-
mission schemes.
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relay transmission condition. This means that cooperative

relay can improve the system performance by shortening the

distance between source and destination. We further explore

that the IP in the ideal case is smaller than the non-ideal case,

that is, the presence of IQI and ICSI in the system will

strengthen the security of the system in the high SNR region.

Fig. 9 illustrates the IP versus PB for different CEE s2
e . In

this simulation, two CEE cases are considered: 1) s2
e is a non-

negative constant; 2) s2
e is the function of the transmit average

SNR [5]. In this simulation, we set M ¼ 2. It can be seen that

with the aggravation of CEE parameters, the IP of the system

becomes smaller. This means that IQI parameters are benefi-

cial to the system IP. Similarly, it can be further concluded

that the IP of the system under relay transmission condition is

greater than the IP under direct transmission condition.

Fig. 10 shows the IP versus TX/RX amplitude �tr for differ-
ent phase mismatch ftr ¼ f0�; 20�; 40�g [49]. The simulation

results show that the IP under two transmission schemes of the

system degrades with the increase of IQI parameter �tr and

phase mismatch ftr. This means that the IQI existing in this

system is negatively correlated with IP under the conditions.

Fig. 11 plots the IP versus energy conversion coefficient &12
at S and Rm for different a with PB ¼ 5 dB [41]. From the

Fig. 10, we can draw the following conclusions: 1) Under the

conditions of IQI and CEEs, the IP for the two transmission

schemes of the system is proportional to the time allocation

factor; 2) With the increases of energy conversion coefficient,

the IP under different time allocation factors gradually

increases.

Fig. 12 illustrates that the OP under three RS strategies and

IP under two transmission link schemes versus time allocation

factor a [41]. As can be seen from the simulation, when a
increases, the OP of the proposed three RS schemes decreases

first and then increases, while IP under two transmission

schemes increases first and then decreases in the whole range,

which means that there is an optimal value in the process of a

gradually increasing. In addition, the optimal solution to bal-

ance the reliability and security of the system under consider-

ation can be obtained.

V. CONCLUSION AND FUTURE WORK

In this paper, we investigate the reliability and security of

multi-relay networks in terms of OP and IP in the presence of

nonlinear energy harvesters, ICSI and IQI. To improve the

security performance, three RS schemes are considered. For

reliability, we analyze the asymptotic behavior in the high SNR

regime and discuss the diversity order. For security, we con-

sider two representative cases. Theoretical analysis and experi-

ment results prove that: 1) The OP of the considered system

increases as the TX/RX amplitude and phase increases; 2) As

Fig. 9. IP versus the transmit power for different CEE parameters.

Fig. 10. IP versus the TX/RX amplitude for different phase mismatch.

Fig. 11. IP versus the energy converse coefficient for different time alloca-
tion factors.

Fig. 12. OP and IP versus the time allocation factor for different transmis-
sion strategies.
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the number of relays increases, the system’s outage perfor-

mance becomes better; 3) Different CEE modes have different

effects on the system. When the parameter is a non-negative

constant, the OP of the system increases as s2
e increases. When

the parameter is a variable, the OP decreases as d increases; 4)

The performance of the system is proportional to IP and energy

conversion coefficient; 5) There is a trade-off between reliabil-

ity and security, that is, when the performance of the interrup-

tion is relaxed, IP can be enhanced, and vice versa; 6) When the

system is under the condition of nonideal and the CEEs param-

eter is a constant, the OP exists error floor.

The work of our paper are focusing on the secure perfor-

mance of wireless-powered relaying networks affected by

IQI, however, our conclusions are not specific to other hard-

ware factors, such as, phase noise, amplifier non-linearities

and quantization error, etc. To this end, the analytical

method of our work can be extended to the above the hard-

ware imperfections. In fact, the ICSI is caused not only by

CCE at receiver, but also by feedback delay at the transmit-

ter. Our analysis can be extended to investigate the secure

performance of multi-antenna cooperative systems. The

above exciting extensions would be done as our future work.

In addition, cognitive radio technique can be introduced into

our considered communication system to further analyze the

security and reliability performance. Finally, the NOMA

technology and relatively optimization solutions can be

extend to our analysis [50].

APPENDIX A

PROOF OF THEOREM 1

According to the definition of OP and (6), the following

expression can be obtained as:

PRRS
out ¼Pr min CSRm; CRmDð Þ < Rthf g

¼ 1� Pr CSRm > Rthf g|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
I1

Pr CRmD > Rthf g|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
I2

: (A.1)

Substituting (6) into (A.1), set " ¼ 2
2Rth
1�a and the I1 can be

rewritten as:

I1¼Pr
ĥSRm

�� ��2rSRm
pSRm

s2
eSRm

rSRm
pSRmþ ĥSRm

�� ��2rSRm
qSRmþ s2

eSRm
rSRm

qSRmþ gSRm

>"

8<
:

9=
;

¼ Q1 þQ2; (A.2)

where

Q1 ¼ Pr
gSRmNSRm"

C1 ĥSRm

�� ��2�C2

< hBSj j2�E1; ĥSRm

�� ��2 � gSRmNSRm"

C1E1
þ C2

C1

8<
:

9=
;;

(A.3)
and

Q2 ¼ Pr ĥSRm

�� ��2 > Q1; hBSj j2 > E1

n o
¼ e��SRm

Q1��BSE1 ; (A.4)

in there, T2 ¼ gSRm
NSRm

"

C1jĥSRm
j2�C2

.

Substituting the PDF and CDF of Rayleigh fading into

(A.3), the following formula can be obtained by further calcu-

lation as:

Q1 ¼ ��SRm e��BSE1’1 � ’2

� �
; (A.5)

’1 ¼
Z 1

T1

e��SRm
ydy ¼ 1

�SRm

e��SRm
T1 ; (A.6)

according to the formula (3.324.1) in [51] and the following

expression (A.7) of Gaussian-Chebyshev quadrature [52], the

’2 as shown in (A.8) at the top of the page can be obtained asZ L

0

gðxÞdx � pL

2Y

XY
l¼0

g
L dl þ 1ð Þ

2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� d2l

q
; (A.7)

Substituting (A.6) and (A.8) into (A.5), the Q1 can be

derived. Then substituting (A.4) and (A.5) into (A.2), the I1
can be obtained. Substituting (6) into (A.1), the I2 of follow-

ing expression can be rewritten as

I2 ¼ Q3 þQ4 (A.9)

Similar to the calculation of I1, the Q3 as shown at the top

of the page and Q4 can be obtained as follows and

Q4 ¼ e��RmDQ2��BRmE2 ; (A.11)

put (A.10) and (A.11) into (A.9), the I2 can be derived.
Substituting the expressions of I1 and I2, the (11) can be

obtained.

APPENDIX B

PROOF OF THEOREM 2

For SRS strategy, substituting (18) into (9), the following

expression can be obtained as

’2 ¼
1

C1
e
��SRmC2

C1

ffiffiffiffiffi
b1

g1

s
K1 2

ffiffiffiffiffiffiffiffiffiffi
b1g1

p� �
� pL1

2Y1

XY1
l1¼0

e
�2�BSgSRmNSRm "

L1 dl1
þ1ð Þ �L1�SRm dl1

þ1ð Þ
2C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� d2l1

q2
4

3
5 (A.8)

Q3¼�e��BRm
E2��RmDT3þ�RmD

C3
e
��RmDC4

C3

ffiffiffiffi
b2

g2

s
K1 2

ffiffiffiffiffiffiffiffiffiffi
b2g2

p� �
�pL2

2Y2

XY2
l2¼0

e
�2�BRmgRmDNRmD"

L2 dl2
þ1ð Þ ��RmDL2 dl2

þ1ð Þ
2C3

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� d2l2

q2
4

3
5 (A.10)
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PSRS
out ¼ Pr min CSRa; CRaDð Þ < Rthf g

¼ 1� Pr CSRa > Rthf g|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
I3

Pr CRaD > Rthf g|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
I4

; (B.1)

the CDF and PDF of jĥSRa j2 can be written as

F
ĥRaDj j2ðyÞ ¼ 1� e��RaDy

 �M
; (B.2)

f
ĥSRaj j2 yð Þ¼M�SRa

XM�1

s¼0

M�1
s

� �
�1ð Þse��SRa

sþ1ð Þy: (B.3)

Similar to the calculation process of Appendix A, the I3 and
I4 can be expressed as

I3 ¼ Q5 þQ6; (B.4)

where

Q5 ¼Pr hBSj j2 C5 ĥSRa

�� ��2� C6

� �
> gSRmNSRa"; hBSj j2�E1

n o
¼ X e��BSE1’5 � ’6

� �
; (B.5)

’5 ¼
Z 1

T5

e��SRa
sþ1ð Þxdx ¼ 1

�SRa sþ 1ð Þ e
��SRa

sþ1ð ÞT5 ; (B.6)

and ’6 as shown in (B.7) at the top of the page, and

Q6 ¼ Pr ĥSRa

�� ��2 > Q3; hBSj j2 > E1

n o
¼ 1� 1� e��SRa

Q3
� �Mh i

e��BSE1 ; (B.8)

putting (B.6) and (B.7) into (B.5), the Q5 can be obtained;

substituting (B.5) and (B.8) into (B.4), the I3 can be derived.
Then, substituting (8) into (B.1), the following formula can

be expressed as

I4 ¼ Q7 þQ8; (B.9)

where

Q7 ¼Pr hBRaj j2 C7 ĥRaD

�� ��2� C8

� �
>gRmDNRaD"; hBRaj j2�E2

n o
¼ ��RaD e��BRaE2’7 � ’8

� �
; (B.10)

’7 ¼
Z 1

T7

e��RaDydy ¼ 1

�RaD
e��RaDT7 ; (B.11)

the ’8 as shown in (B.12) at the top of the page and Q8 is

obtained as following

Q8 ¼ Pr ĥRaD

�� ��2 > Q4; hBRaj j2 > E2

n o
¼ e��RaDQ4��BRaE2 ;

(B.13)

putting (B.11) and (B.12) into (B.10), the Q7 can be obtained;

substituting (B.10) and (B.13) into (B.9), the I4 can be

derived.

Substituting I3 and I4 into (B.1), the (19) can be obtained.

APPENDIX C

PROOF OF THEOREM 3

According to the definition of (9) and (22), the following

expression for ORS strategy can be obtained as

PORS
out ¼ Pr CRm� < Rth

	 

¼ Pr max

1�m�M
min gSRm

; gRmD

	 

< "

� �

¼
YM
m¼1

1� I1I2ð Þ;
(C.1)

put I1 and I2 of Appendix A into (C.1), the (23) can be

obtained.

APPENDIX D

PROOF OF THEOREM 4

Substituting (6) into (27), the following expression can be

obtained as

P direct
int ¼D Pr CSE > Rthf g

¼ Q9 þQ10: (D.1)

Similar to the Appendix A, theQ9 andQ10 can be expressed

as

Q9¼Pr
gSENSE"

C9 ĥSE

�� ��2�C10|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
T9

< ĥBS

�� ��2�E1; ĥSE

�� ��2�gSENSE"

C9E1
þ C10

C9|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
T10

8>>>><
>>>>:

9>>>>=
>>>>;

¼ ��SE e��BSE1’9� ’10

� �
; (D.2)

Q10 ¼ Pr ĥSE

�� ��2 > Q5; ĥBS

�� ��2 > E1

n o
¼ e��SEQ5��BSE1 ; (D.3)

’6 ¼
Z 1

T5

e��SRa
sþ1ð Þx��BST6dx ¼ 1

C5
e
��SRa sþ1ð ÞC6

C5

ffiffiffiffiffi
b3

g3

s
K1 2

ffiffiffiffiffiffiffiffiffiffi
b3g3

p� �
� pL3

2Y3

XY3
l3¼0

e
�2�BSgSRmNSRa "

L3 dl3
þ1ð Þ ��SRa sþ1ð ÞL3 dl3

þ1ð Þ
2C5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� d2l3

q2
4

3
5 (B.7)

’8 ¼
1

C7
e
��RaDC8

C7

ffiffiffiffiffi
b4
g4

s
K1 2

ffiffiffiffiffiffiffiffiffiffi
b4g4

p� �
� pL4

2Y4

XY4
l4¼0

e
�2�BRa gRmDNRaD"

L4 dl4
þ1ð Þ ��RaDL4 dl4
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2C7
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1� d2l4

q2
4

3
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where

’9 ¼
Z 1

T9

e��SEydy ¼ 1

�SE
e��SET9 ; (D.4)

and ’10 as shown at the top of the page.Putting (D.4) and (D.5)

into (D.2), the Q9 can be derived; then, substituting Q9 and

Q10 into (D.1), the (28) can be obtained.

APPENDIX E

PROOF OF THEOREM 5

Substituting (6) into (23), the following expression can be

obtained as

P relay
int ¼D Pr CRcE > Rthf g

¼ Q11 þQ12: (E.1)

Similar to the Appendix A, the Q11 and Q12 can be

expressed as

Q11 ¼ Pr
gRcENRcD"

C9 ĥRcD

�� ��2�C10|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
T10

< hBRcj j2�E2; ĥRcE

�� ��2�gRcENRcE"

C9E2
þ C10

C9|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
T9

8>>>><
>>>>:

9>>>>=
>>>>;

¼ ��RcE e��BRcE2’9 � ’10

� �
;

(E.2)

Q12 ¼ Pr ĥRcE

�� ��2 > Q5; hBRcj j2 > E2

n o
¼ e��RcEQ5��BRcE2 ; (E.3)

where

’9 ¼
Z 1

T9

e��RcEydy ¼ 1

�RcE
e��RcET9 ; (E.4)

and ’10 as shown in (E.5) at the top of the page.

Putting (E.4) and (E.5) into (E.2), theQ11 can be derived; then,

substitutingQ11 andQ12 into (E.1), the (29) can be obtained.
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ABSTRACT 
The number of vehicular collisions is on a toll worldwide. Despite 
enforcing stringent laws and incorporating various safety features 
on vehicles, the causalities due to road accidents are still on the 
rise. Existing techniques such as vision zero strategy and safe 
system approach provides only post-crash aid. Although 
numerous works have been carried out on intelligent 
transportation systems (ITS), a well-coordinated system for 
vehicular collision avoidance is still missing. In this paper, we 
utilize the tremendous opportunity provided by ITS, light 
detection and ranging (LIDAR), wireless sensor networks (WSN) 
and 5G technologies and propose an effective system using drones 
with swarm intelligence that can act upon an unfavorable situation 
and automatically control the vehicles to prevent the collision. 
The proposed method, Bidirectional Multi-Tier IoT drone with 
Swarm optimization (BMTD-IoT-S) uses intelligent coordination 
of the drone swarms with the vehicular networks and always 
ensures a safe distance between the vehicles using the principle of 
magnetic levitation. The system is further investigated for 
optimizing the power, altitude, and angular frequency allocation 
for static and dynamic BMTD-IoT-S’. The results from simulation 

confirm the excellent performance of the system in ensuring 
collision avoidance. 

  

CCS CONCEPTS 
• Dependable and fault-tolerant systems and networks • Network 

performance evaluation • Network architectures  

KEYWORDS 
5G, Collision Avoidance, Intelligent Vehicular Systems, IoT, 
Drone Swarms 

 

1 Introduction 
 
According to a recent survey conducted by WHO, 1.35 million 
people lose their lives yearly due to road accidents. On average, 
35 million people suffer from post-crash ailments and physical 
disabilities, thus affecting their daily livelihood.  It affects the 
revenue of the individual, society, and the entire nation and costs 
around 3% of the gross domestic product (GDP) in developing 
countries. With narrower roads and an increasing number of 
vehicles, reducing collisions has become a significant concern. 
VANETs, WSN, and LIDAR technologies [1-2] have been 
recently used to develop intelligent transportation systems aimed 
at reducing accidents. VANETs enable vehicles to communicate 
with other vehicles with a vehicle to vehicle (V2V) 
communication and with other networks through the vehicle to 
infrastructure communication. VANETs provide a platform for 
vehicles to share road-related messages with their neighbors, e.g., 
road conditions, traffic congestions. These messages help vehicles 
to be aware of traffic situations and improve transportation safety 

and efficiency [3]. We already have systems wherein vehicles can 

validate the received signals from neighboring vehicles using the 
Bayesian Inference Model (BIM) [4]. A traffic–social network 
framework, TrasoNET is also proposed to build the connection of 
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real-time traffic and networking [5]. With the advent of big data, 
the information from V2V nodes that provide continuous 
information regarding speed, relative velocity, and location of 
vehicles of interest is systematically monitored and deployed to 
form a smart transportation system. Though the advent of these 
technologies has reduced the road traffic death rates, there is still a 
considerable demand for a well-coordinated and effective method 
that can update the road status and control the vehicles with 
smarter technology without delay and ultimately ensure collision-
free roads. 
 
Multitier swarm drone technology offers excellent opportunities 
in this research direction. This technology has rarely been used in 
designing collision-free transportation systems. The distinct 
features of various drones, such as the maximum operational 
altitude, communication, coverage, computation, and endurance, 
impel the use of a multitier architecture for future drone cell 
networks [6-7]. In this paper, we propose an architecture for 
ensuring collision-free roads using swarm intelligence in drones. 
Swarm intelligence employs a master-slave strategy where the 
master controls the functionality of the system and initiates the 
operations to be performed by the slaves [8-9]. Here the master-
slave combo is a multitier drone intended to track and guide 
vehicle mobility on roads. The proposed system utilizes the 
tremendous opportunity provided by ITS, light detection and 
ranging (LIDAR), wireless sensor networks (WSN) and 5G 
technologies [10-12] and propose an effective system using 
drones with swarm intelligence that can act upon an unfavorable 
situation and automatically control the vehicles to prevent the 
collision. The proposed method, Bidirectional Multi-Tier IoT 
drone with Swarm optimization (BMTD-IoT-S) uses intelligent 
coordination of the drone swarms with the vehicular networks and 
always ensures a safe distance between the vehicles using the 
principle of magnetic levitation. The swarm drones serve the 
purpose in 2 stages. Initially, the target position is maintained at a 
safer distance and is frequently monitored and updated. Secondly, 
the vehicular control is initiated from the updated value by 
magnetic levitation. The system is further investigated for 
optimizing the power, altitude, and angular frequency allocation 
for static and dynamic BMTD-IoT-S'. The results from simulation 
confirm the excellent performance of the system in ensuring 
collision avoidance. The system model, results, and discussion are 
presented in the following sections. 
 

2 System Model 
 
The system model is discussed in this section. The proposed 
system uses the concept of magnetic levitation [13] to calculate 
the relative position and rate at which the vehicles are moving on 
the road, thereby maintaining a safer distance between the 
vehicles to prevent the collision. The maglev trains and levitron 
works on the principle of the magnetic force opposing the 
gravitational pull of the earth, considering earth to be a magnet. 
Since we are redefining the levitation on a plane perpendicular to 

the earth’s gravitational pull, the idea of opposing force due to 

gravity is irrelevant. A field of repulsive magnetic force is enough 
to carry out the levitation in our proposed architecture. Hence we 
achieve magnetic levitation between the vehicles by attaching a 
magnetic suspension and a conductor.  By exploiting Lenz’s law 

[], the levitation is attained. Lenz’s law defines that whenever a 
magnet moves relative to a current-carrying conductor, a current 
is induced. This current produces an opposing magnetic field, 
which is in accordance to the relative position among the two 
vehicles, thereby determining the amount of levitation that is 
needed to prevent the vehicles from colliding. If the vehicles are 
too close, the current in them must be reduced, and if they are too 
far, the current in them has to be increased. The relative position 
among the vehicles can be calculated using Hall effect sensors. 
Another concept to strengthen the magnetic force of repulsion is 
to employ the Meissner effect of superconductivity. The resultant 
effect is so strong that a magnet over a superconductor will lock 
the stability of the levitated object. 
 
By using the Hall effect sensor and deploying the Meisseiner 
effect, the sensor values are fed on a continuous basis to the 
scenario reader [14]. Using the gateway, the sensor values are 
broadcasted to the other drones using swarm intelligence. The 
drones then control the relative position and speed of the vehicles 
on the road over a coverage area of 10km. The sensor values from 
the various vehicles are continuously fed to the gateway, which is 
a scenario reader acting as a master. The master, which is capable 
of multiobject tracking, obtains the values from the gateway and 
passes the information to all the other slave drones, which are 
coordinated to exchange data and to control the relative vehicle 
speeds. The communication between the master and the slaves are 
carried out using radiofrequency. The slave drones are assigned an 
area to monitor the traffic flow and make decisions based on the 
sensor values obtained. The low capacity drone gateway confirms 
the tracks and road boundaries using LIDAR. The scenario reader 
has six LIDAR sensors and two vision sensor which covers the 
3600 viewing angle. There is some overlap and coverage gap. The 
drone gateway has two short-range radar sensors. This sensor 
covers at an angle 900. The first sensor on the adjacent side 
covers from middle of the vehicle to the back and the second 
sensor on adjacent side covers from the middle of the vehicle to 
the forward. 
 
The low capacity drone gateway concatenates the sensor data 
from the radar and vision sensor to form a single input to the 
scenario reader having the feature of multiobject tracks. The 
scenario reader is responsible for fusing the sensory data detection 
and tracking of multiple intelligent vehicles around the low 
capacity drone gateway. Analyzing the sensor coverage tracing 
and detecting a two-dimensional map having vehicle coordinates 
and displaying data recorded is critical. The prerecorded sensor 
data and tracing information reveals the information on the vision 
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and radar object lane information. Figure 1 presents the proposed 
system architecture. 

 
 

Figure 1: System architecture 
 

3 Theoretical analysis of the proposed system 
 
The theoretical analysis of the system working with magnetic 
levitation is presented in this section. Initially, the modeling of the 
electrical subsystem is discussed. The electromagnetic coil 
designed has a resistance 𝑅𝑑, inductance L, and voltage V, and is 
applied across the coil producing current i. The differential 
equation can be written as, 
 

𝑉 =  𝑖𝑅𝑑 + 𝐿 𝑑

𝑑𝑡
𝑖        (1)                                  

 
Now the current flowing in the coil is to be determined. For this, a 
series resistance 𝑅𝑠  is introduced in the coil. The voltage 𝑉𝑠  is 

measured across 𝑅𝑠 using 
𝐴

𝐷
 converter. The introduction of 𝑅𝑠 i.e.; 

sensing resistor modifies the differential equation for the EM coil 
as, 
 

𝑉 = 𝑖 (𝑅𝑑 +  𝑅𝑠) +  𝐿 𝑑

𝑑𝑡
𝑖  (2)   

 
Applying Laplace transform to the above equation with 𝐼𝑠  ≜
𝐿 𝑖(𝑡) and 𝑉𝑆  ≜ 𝐿 𝑣(𝑡), we obtain, 
 

𝐺𝐸(𝑆) ≜  
𝐼𝑠

𝑉𝑆
=  1

{𝐿𝑆 + (𝑅𝑑 + 𝑅𝑠)}⁄  (3)                  

 
Now, the modelling of the mechanical subsystem is discussed. 
The car under the influence of electromagnetic field experiences a 
force F where x is the distance between the car and electromagnet, 
g is the gravitational constant, I is the electric current flowing 
through the electromagnet, and 𝐾𝑡 is the magnetic force constant 

between the car and the electromagnet pair and m is the mass of 
the car, given by, 
 

𝐹 = 𝑚𝑔 −  𝐾𝑡(𝑖/𝑥)2    (4)                                 

 
The differential equation for the governing car position is given 
by, 
 
   𝑚𝑑2𝑥

𝑑𝑡2 = 𝑚𝑔 − 𝐾𝑡(𝑖/𝑥)2                                        (5)        

 
The steady state current for electromagnetic coil 𝑖𝑠𝑠 producing a 

steady state constant car position,  𝑥𝑠𝑠  is computed by, 
𝑑2𝑥

𝑑𝑡2
= 0, 

given by, 
 

𝑖𝑠𝑠 =  √𝑚𝑔/𝐾𝑡𝑥𝑠𝑠  (6) 

 
This 𝑖𝑠𝑠 can be theoretically used to control the car position. The 
necessary feedback controller is required to combat external 
disturbance, uncertainty, or variation in system position. This 
improves the subsystem performance for the mechanical design. 
Assume a shift in the variable as, �̂�(𝑡) ≜ 𝑥(𝑡) − 𝑥𝑠𝑠  and 𝑖(̂𝑡) =
 𝑖(𝑡) − 𝑖𝑠𝑠, the dynamic equation can be written as, 
 

𝑚
𝑑2𝑥

𝑑𝑡2
=  𝑚𝑔 − 𝐾𝑡[

�̂�+𝑖𝑠𝑠

𝑥+𝑥𝑠𝑠
]2           (7) 

 
Linearizing the above equation at, �̂� = 0 and 𝑖 = 0 we obtain, 

𝑑2𝑥

𝑑𝑡2
=  

1

𝑚
[

𝜕

𝜕𝑥
(𝑚𝑔 − 𝐾𝑡 [

�̂�+𝑖𝑠𝑠

𝑥+𝑥𝑠𝑠
]2)] 

𝑑2𝑥

𝑑𝑡2 =  �̂� +
𝜕

𝜕𝑥
(𝑚𝑔 − 𝐾𝑡 [

�̂�+𝑖𝑠𝑠

𝑥+𝑥𝑠𝑠
]2)  

𝑑2𝑥

𝑑𝑡2 =  
2𝐾𝑡𝑖𝑠𝑠

2

𝑥𝑠𝑠
2 𝑚

  

𝑑2𝑥

𝑑𝑡2 =
−2𝐾𝑡𝑖𝑠𝑠

𝑥𝑠𝑠
2 𝑚

𝑖 ̂  (8)     (8) 

Taking the Laplace transform with  �̂�(𝑠) ≜ 𝐿[�̂�(𝑡)]  and 𝐼 ≜

𝐿[𝑖(̂𝑡)]  and 𝑎 ≜
2𝐾𝑡𝑖𝑠𝑠

1

𝑥𝑠𝑠
2 𝑚

𝑖̂  and 𝑏 ≜
2𝐾𝑡𝑖𝑠𝑠

2

𝑥𝑠𝑠
2 𝑚

𝑖̂ , we obtain, 𝐺𝑚(𝑆) ≜

 
�̂�𝑠

𝐼𝑆
=

−𝑎

𝑠2−𝑏
. The variable a and b can be computed for the 

differential 𝑥𝑠𝑠 = 𝑖𝑠𝑠. The constant values used in the system are, 
coil inductance L is 0.4125 H, coil resistance 𝑅𝑑  is 10 ohms, 
current sensor resistance 𝑅𝑠  is 1ohm, the Force constant 𝐾𝑡 =
 32654 𝑚2/𝑎𝑚𝑝2, the gravitational constant, g = 9810 mm/ 𝑠𝑒𝑐2.  
 
The physical equation for the magnetic levitation system is 
modeled using state spacing modeling. The state-space model is 
represented by an algebraic output equation of first-order 
differential state equation in series. The linear system for state-
space model is written as, �⃗̇� = 𝐴�⃗� + 𝐵�⃗⃗�  and �⃗� = 𝐶�⃗� . The �⃗� 
represents invariant vector matrix, i.e., the state vector. The state 
variable i.e. the current state of the magnetic levitation is 
represented by matrix A. The C is the input matrix of the state 
( �⃗⃗�) . The linearization technique converts the equation (1), a 
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nonlinear system into linearized system. The equation (1) has to 

be converted into the state-space model. It is written as, 
𝑑𝑣

𝑑𝑡
𝑚 =

𝑚𝑔 − 𝐾𝑡(𝑖/𝑥)2  and  𝑢 = 𝑖 (𝑅𝑠) +  𝐿 𝑑

𝑑𝑡
𝐼 . The system is in the 

first-order differential equation representation  𝑥1 =
𝑥(𝑡) and  𝑥2 = �̇�(𝑡), 𝑥3 = 𝑖(𝑡).  This system can be matched to 

state-space model with �̇�1 = 𝑥2(𝑡) , �̇�2 = 𝑔 − (
𝑘

𝑚
(𝑥3 𝑥1⁄ )2)  and 

𝑥3̇ =
1

𝐿
(𝑢 − 𝑅𝑥3).  Now applying Taylor series, approx. at the 

equilibrium point of the magnetic levitation, the state-space model 
is given by, 

[

�̇�1

�̇�2

𝑥3̇

] =    [2

0              1     0
𝑘

𝑚
(𝑥3 𝑥1⁄ )2       0            −2

𝑘

𝑚
(𝑥3 𝑥1⁄ )2

0       0
−𝑅

𝐿

]  ∗

 [

𝑥1

𝑥1

𝑥3

] [

0
0
1

𝐿

]     (10)           (9) 

Now the position detection in the proposed system is discussed. 
The location of the car magnet with the suspect to the 
electromagnetic coil is determined by using the Hall effect sensor. 
It is used to measure their relative position. The sensor produces 
an output voltage called Hall voltage, when a magnet is felt near 
to its vicinity. With 𝑉𝐻 as the Hall voltage, 𝑅𝐻 as the Hall effect 
coefficient, t as the thickness, I as the current through the sensor 
and B as the magnetic field, is given by, 
 

𝑉𝐻 = 𝑅𝐻(
𝐼𝐵

𝑡
)          (11)

     
4 Results and Discussion 
 
This section presents the discussion of results obtained in 
simulation with the proposed system. Figure 1 shows the tracking 
scenario on the road without magnetic levitation. In this scenario, 
there are three vehicles on the road without employing magnetic 
levitation. Each of the three vehicles is having relative time and 
displacement denoted as ct and cv. Vehicle T3 is having a high 
rate of collision with some other two vehicles in its cluster. This 
proposes the need for magnetic levitation to maintain a safer 
distance among all the vehicles to avoid the collision. 
 

 
 
Figure 1: Tracking scenario on the road without magnetic 
levitation 
 
Figure 2 shows the drone tracking of the vehicles on the road and 
the projection of the area it covers. It is evident that the drone (in 

orange color) tracks vehicles T1-T5, and T6 does not fall in its 
vicinity.   
 

 
 
Figure 2: Drone assisted tracking of vehicles  
 
Figure 3 depicts the real-time condition of on-road traffic with T1 
–T9 vehicles monitored by drone having a coverage area shown 
by the blue image near the center (000) coordinate. The axis x, y, 
and z represent the length, breadth, and height displacement of the 
vehicles on the road. By employing magnetic levitation, the 
drones can maintain a safer distance among the vehicles thus 
avoiding collision. 
 

 
 
Figure 3: LIDAR Pre-processing and tracking of vehicles with 
magnetic levitation 
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Figure 4 shows the front camera view of the vehicle on the road. 
A back-end camera of the vehicle is also employed to serve 
collision avoidance. 
 

 
 
Figure 4: Front camera view of the vehicles on road 
 
 

 
 
Figure 5: Drone control over the vehicle with LIDAR cluster 
 
 
Figure 5 shows the range of camera projection of blue vehicle and 
drones. The front and back cameras angle view is shown in the 
blue range. The drone coverage is marked in the pink range. From 
the figure, it is evident that the drone covers both front end and 
back end of the projected visibility vehicles, thereby displacing it 
in the relevant path from other vehicles, thus avoiding collisions. 
Figure 6 explains the condition when the vehicle (center blue) is 
not integrated with magnetic levitation. Here the vehicle identifies 
the presence of other vehicles ahead, which can cause the 
collision. The vehicle six is identified in the LIDAR cluster for the 
blue vehicle leading to a collision in the absence of magnetic 
levitation. 

 
 
Figure 6:  Top view of the vehicle with LIDAR cluster without 
magnetic levitation 
 
 

 
 
 
Figure 7: Top view of the vehicle with LIDAR cluster with 
magnetic levitation 
 
Figure 7 explains the advantage of employing magnetic levitation 
to the vehicle. The blue vehicle is found to always maintain a 
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safer distance to avoid collision with vehicles 1,3,6,7. The LIDAR 
cluster has identified the presence of these vehicles with respect to 
the blue vehicle, and the latter is accordingly moved to avoid 
collision with the help of magnetic levitation. Figure 8 shows the 
3D real-time scenario of a vehicle on the road (the black region at 
the center is monitored) by 5G enabled drones. The green lines 
display after the magnetic levitation area of the vehicle. The 
scattered pink dot shows the chances of a collision. 
 

 
 
Figure 8: Real-time simulation of the vehicle with drone 
control using magnetic levitation for collision avoidance 
 

5 Conclusion 

This paper proposed an effective system using drones with swarm 
intelligence that can act upon an unfavorable situation and 
automatically control the vehicles on roads to prevent the 
collision.  The proposed system, Bidirectional Multi-Tier IoT 
drone with Swarm optimization (BMTD-IoT-S), used an 
intelligent combination of light detection and ranging (LIDAR), 
wireless sensor networks (WSN) and 5G technologies along with 
magnetic levitation. The system used intelligent coordination of 
the drone swarms with the vehicular networks and always ensures 
a safe distance between the vehicles using the principle of 
magnetic levitation. The system was further investigated for 
optimizing the power, altitude, and angular frequency allocation 
for static and dynamic BMTD-IoT-S'. The results from simulation 
confirmed the excellent performance of the system in ensuring 
collision avoidance.  
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ABSTRACT
Routing protocol for low-power and lossy networks (RPL)
is an widely-used IPv6 routing protocol for lossy wireless
networks with the power constrained devices in Internet of
Things (IoT). It is a proactive protocol that constructs a des-
tination oriented directed acyclic graph (DODAG) rooted at
the single destination called the root node that resides at un-
manned aerial vehicle (UAV). Specifically, a DODAG is built
with the help of different control messages like DODAG in-
formation object (DIO), DODAG advertisement object (DAO),
and DODAG information solicitation (DIS). As the genera-
tion of these messages incur additional energy consump-
tion, RPL uses the Trickle algorithm to dynamically adjust
the transmission windows. In this paper, we analyze the ef-
fect of the two parameters, namely, DIO-INTERVAL-MINIMUM
and DIO-INTERVAL-DOUBLING that have significant effect on
the Trickle algorithm and the rate of message generation.
Through experiments, we show that an optimal selection of
these parameters saves a significant amount of energy with
different parameter settings in UAV-assisted IoT networks.

CCS CONCEPTS
• Computer systems organization → Embedded sys-
tems; Redundancy; Robotics; • Networks → Network reli-
ability.
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1 INTRODUCTION
With the recent advancements in embedded computing and
wireless technologies, a variety of physical things are getting
connected to the Internet. Typically, the devices are gen-
erally constrained in terms of processing power, memory,
and energy (battery power), similar to wireless sensor net-
works (WSNs) and a network of such devices is called a low-
power lossy network (LLN). The wireless links interconnect-
ing these devices are characterized by high loss rates and low
data rates. To enable communication among such devices,
the routing over low-power and lossy network (ROLL) work-
ing group has specified the IPv6 routing protocol for LLN,
called RPL [6, 10]. The devices running RPL are connected
in a tree-like topology and the connections are established
forming a destination-oriented directed acyclic (DODAG)
graph, where all the nodes are directed towards a common
root. These graphs are formed based on an objective func-
tion (OF) that defines the metrics and constraints for the
nodes running RPL, and helps to compute routes from data
generating devices to the root node.

As the devices are battery powered, energy conservation
mechanisms becomes crucial to maximize the network life-
time. Although the design of OF is central to determining
the energy spent for network execution, there are several
other RPL parameters that play a significant role. RPL uses
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Figure 1: System model.

different control messages for topology formation, and fre-
quent generation of such messages that results in higher
energy costs. Unmanned aerial vehicle (UAV)-assisted net-
works have received significant attention in recent years due
to the numerous advantages offered in real time surveillance
and data collection applications. When deployed with an
efficient architecture and well coordinated system, UAV sys-
tems that include drones, small air crafts, balloons, would
provide reliable and cost-effective communication solutions
for numerous real-world scenarios. With the unmanned aer-
ial vehicle (UAV) as a root node, the task of data-collection
becomesmore challenging as additional control messages are
required to maintain network connectivity. The pattern of
generation of these control messages can be adapted within
a network based on network behavior and requirements. In
order to do so, it is important to understand and analyse
these factors.

2 MOTIVATION AND CONTRIBUTION
Energy consumption is one of the critical issues in LLN. Dif-
ferent networks have different requirements and since RPL
is the routing protocol designed to fulfill such requirements,
it can be customised according to the network to save more
energy and increase lifetime. To do so, understanding the
factors within the protocol and how the protocol works is
very important.

Therefore, in this paper, the role of parameters related to
DODAG information object (DIO) control with a significant
impact on the Trickle algorithm and the rate of message
generation is analyzed. Through experiments, we show that
an optimal selection of these parameters saves a significant
amount of energy with different parameter settings for data
collection in UAV-assisted IoT networks.

3 OVERVIEW OF RPL
The construction of network topology is initiated by the
root node. In our system model, the UAVs are responsible

to initiate the topology construction process. The DODAG
is formed by nodes joining the graph and this is performed
with the help of control messages by exchanging the inform-
ation. There exists four types of control messages a) DODAG
Information Object (DIO), b) Destination Advertisement Ob-
ject (DAO), c) DODAG Information Solicitation (DIS), and
d) and DAO Acknowledgement (DAO-ACK). An algorithm,
called as trickle Timer [2] is used to suppress the generation
of redundant control messages. Since our focus on the DIO
message generation and Trickle Timer analysis [2, 4], we
omit the discussion of other control messages for brevity. Al-
ternatively, few works [3] have solely focused on optimizing
the Trickle algorithm.

3.1 DIO Control Messages
To form the DODAG, the root node that resides on the UAV
broadcasts the DIO messages. The DIO message mainly con-
tains the following information: a) RPL instance ID, b) ver-
sion number, c) rank, which is the relative position of a node
from the root, d) Mode of Operation (MOP), root preferability
(Prf), saves Sequence Number (DTSN), DODAG-ID etc.

All the nodes within the communication range of the root
node receive the DIOmessage, when the root nodemulticasts
the DIO message. Multiple roots might be sending DIO mes-
sages at the same time and hence a node might receive DIO
messages from multiple roots having different OFs. A node
cannot join more than one root at a time to form DODAG,
so when a node receives multiple DIO messages, it runs an
algorithmwithin itself to decide which root they want to join.
The decision of the node is based upon the metrics defined
by the OF of the root node. After a node joins the DODAG,
if the node is not a leaf node, it further multicasts the DIO
control messages so that other nodes can join the graph.
These steps of forming the graph continues until no nodes
are found within range or leaf nodes are found [1, 6–8, 8–10]

3.2 Trickle Timer Algorithm
For the maintainance and upgradation of topology, control
messages need to be generated repeatedly, which consumes
a lot of energy. To use the resources efficiently, generation
of control messages is suppressed and are generated only
when it is necessary. This is done by the Trickle Timer al-
gorithm [5]. The Trickle timer algorithm uses a mechanism
to keep a check on the consistency of packet generation pat-
tern of the network. If the pattern is consistent, and does
not have any redundant or old data then the Trickle timer
reduces the rate of sending DIO control messages exponen-
tially. But in case of any inconsistency in the network, the
next DIO message is rescheduled and is sent at the latest
time interval.

87



DIO Messages and Trickle Timer analysis of RPL Routing Protocol for UAV-assisted Data Collection in IoTDroneCom ’20 , September 25, 2020, London, UK

3.3 Parameters of Trickle Timer Algorithm
The parameters that govern the Trickle timer algorithm are:
Imin, which denotes the minimum time interval between two
DIO messages. It is calculated as follows:

Imin = 2DIO-MINIMUM-INTERVAL . (1)
Imax that represents the maximum time interval between two
DIO messages. It is calculated as follows:

Imax = Imin × 2DIO-INTERVAL-DOUBLINGS . (2)
The redundancy constant k represents the number of re-

dundant messages. I is size of current time-interval, and the
time interval within I is represented using t . Lastly, c de-
notes a counter that is used to control transmissions. The
role of these parameters is discussed next in the Trickle timer
algorithm.

3.4 Trickle Algorithm Rules
(1) In the first interval, I is set to any value with in the

range [Imin, Imax].
(2) Reset c to 0 and I is reset to a random point between

[I/2, I ] at the beginning of an interval.
(3) Increment the counter c for every consistent transmis-

sion.
(4) Transmit a DIO message only if the counter c is less

than the redundancy constant k , otherwise it is sup-
pressed.

(5) When interval I expires, the timer doubles the interval
until Imax is reached. After that, the new interval is
again started as in Step 2.

(6) In case of an inconsistent transmission and if interval
I is greater then Imin the interval timer is reset to Imin
and a new interval starts as in Step 2. This is done even
if the threshold is not reached.

4 PERFORMANCE EVALUATION
To optimize the performance of the protocol in accordance to
the network requirements, we need to analyze the DIO mes-
sage generation pattern, and the working of the Trickle timer
algorithm. We carry out different simulations on the Cooja
network simulator to evaluate the performance for various
choices of parameters. Table: 1 summarizes the default simu-
lation parameters. The performance of RPL for UAV-assisted
data collection is performed by setting up a network of 16
randomly deployed nodes, with 15 senders (i.e., IoT devices)
and one sink node with mobility (i.e., UAV). Fig. 2 illustrates
the node deployment. The behavior of a randomly selected
node (we considered node 10) is presented to understand the
affect of these parameters on the the network.
As mentioned before, the parameters that determine the

operation of the Trickle Timer are Imin, Imax, where Imin is
based on value of min and Imax is dependent on the doubling

Table 1: Simulation Parameters

Parameters Values

OS Contiki master version
Simulator Cooja;

Radio Model Unit Disk Graph Medium
OF Expected Transmission Count (ETX)

Number of nodes 1 server, 15 clients
Transmission Reception ratio 100 percent

Sensor Sky Mote
Simulation Time 1 Hour (approximately)

Figure 2: TheNetwork set-upwith the green circle rep-
resenting the transmission range of node 10.

factor. The RFC[10] recommends the default values of 12 and
8 for min and doubling, respectively. Also, the default value
of k is set to 10. The values of Imin and Imax are calculated as
follows.

Imin = 2min

= 212 ms = 4096ms = 4 s (3)

Imax = Imin × 2doubling

= 4096 × 28 ms = 1 048 576ms = 17.5min . (4)

Thus, if the values of [min, doubling] are [12,8], then the
minimum possible interval between two DIO messages is 5 s
and maximum possible interval between two DIO messages
becomes 17.5min.

4.1 Delay analysis
The performance of the network is dependent on the para-
meter settings. To find the impact of these parameters, we
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Figure 3: Total time taken (in millisecond) by each of
the five cases to generate the last DIO message within
the simulation time-interval.

compared the relative performance by considering five differ-
ent pairs of values. For simplicity, we fixed the redundancy
constant to k = 10 for all the scenarios. The DIO message
generated only by the ’node 10’ is considered for this study1.
The five pair of values considered for the comparison are: 1)
min = 12, doubling = 8, 2) min = 12, doubling = 12, 3) min
= 21, doubling =2, 4) min = 21, doubling = 12, and 5)min =
8, doubling=2. For each of the above five cases, we run the
simulation until the 45th DIO message packet is transmitted
by the node 10. This allows us to verify for the pair of values
for which the network takes the longest time to generate
the 45th DIO message, and for what pair it take the least
time. Considering a fixed time-interval, if fewer number of
DIO messages are generated for a given pair of parameter
settings, then the energy consumption would be relatively
low in comparison to other scenarios.

Fig. 3 presents a comparison among all the five cases. We
can see that for a given value of k=10, the value pair [min,
doubling] = [12,12] takes the longest time to generate the
45th DIO message packet while [min, doubling] = [8,2] re-
quired the least time. This means that for values [12,12] the
least number of DIO messages are generated per unit time,
and hence it uses less energy, while value pair [8,2] generates
more DIO messages per unit time and hence expend more
energy. It is important to note that, among the five pairs
of values considered, the pair [21,12] is the largest value
pair and is expected to generates least DIO messages. This
is because the interval between messages is longer but it
takes less time than the pair [12,12]. This is because of the
considered k value. As mentioned in the algorithm Step4, if
the value of counter c becomes greater then the redundancy

1RPL-DIO-INTERVAL-MIN is referred as ’min’ and RPL-DIO-INTERVAL-
DOUBLINGS is referred as ’doubling’ in short
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Figure 4: Performance comparison in terms of
time taken for generation of DIO message for
[min,doubling]=[8,2] and [12,8].
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Figure 5: Performance comparison in terms of
time taken for generation of DIO message for
[min,doubling]=[12,8] and [12,12].

constant k , then the message generation is suppressed. Here,
although the min was much greater, i.e., min = 21, the in-
terval could not increment to the possible threshold as the
messages are suppressed when the counter reaches k = 10
and a new interval is started.

4.2 Time interval
Considering the same five pairs of values asmentioned above,
we compare the time interval set by the Trickle timer to
generate the DIO messages. The message generation pattern
for the values [min, doubling]= [8,2], [12,12], [21,2], and
[21,12] is compared to the default values as specified in the
RFC 6550[10] , i.e., [min, doubling]=[12,8]. This helps us
to practically understand how the trickle timer algorithm
actually manipulates the time intervals between the DIO
messages when the network remains unchanged.

Figs. 4, 5, 6, and 7 illustrate the differences in time interval
with respect to the message index. We can notice that the
largest difference is observed in Fig:5, where the longest time
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Figure 7: Performance comparison in terms of
time taken for generation of DIO message for
[min,doubling]=[12,8] and [21,12]

interval is experienced when Imax reaches maximum value
for the pair [min, doubling]=[12,12] compared to the Imax
for [min, doubling]=[12,8]. This difference is inline with the
Fig: 2, where [min, doubling]= [12,12] value achieves the
longest time while [12,8] results in third longest.
Furthermore, the comparison of time-intervals with the

value pair [min, doubling] = [12,8] in Fig: 4,6, and 7 did not
result in much difference even though the parameter values
have a significant differences between them. This is because
redundancy constant k-value is low, and is not sufficient
to achieve such a large Imax value. In these three cases, the
simulation could never achieve the calculated threshold of
Imax, as the counter expired and subsequently the messages
are suppressed. Hence to achieve a much higher Imax value,
the k value should also be increased.
Therefore, it can be concluded that the optimal values of

these parameters vary depending on the network objective
and underlying requirements. In case of an UAV root node

with higher mobility, the optimal value for this factors de-
pend on the data generation rate of network nodes. This
determines how often the DIO messages are required, how
often there is a possibility of a network inconsistency, un-
derstanding the behaviour and purpose of the sensors etc.

5 CONCLUSION
In this article, we have investigated the performance of RPL
routing protocol in low-power lossy IoT networks assisted
with an UAV with several constraints. RPL considers con-
straints and metrics defined using the objective function. The
three primary control messages – DIO, DAO, and DIS and
their rate of generation determines the power consumption.
Therefore, in order to suppress the generation of DIO control
message, trickle Timer algorithmuses DIO-INTERVAL-MINIMUM
and DIO-INTERVAL-DOUBLING. We have performed an ana-
lysis to understand how these parameter affect the energy
consumption. Finally, we have shown that optimal values
for these parameters according to the network requirement
can further optimise the working of the protocol for the data
collection in IoT network.

REFERENCES
[1] Hazrat Ali. 2012. A performance evaluation of rpl in contiki.
[2] Cosmin Cobarzan, Julien Montavont, and Thomas Noel. 2014. Ana-

lysis and performance evaluation of RPL under mobility. In 2014 IEEE
symposium on computers and communications (ISCC). IEEE, 1–6.

[3] Badis Djamaa and Mark Richardson. 2015. Optimizing the trickle
algorithm. IEEE Communications Letters 19, 5 (2015), 819–822.

[4] Olfa Gaddour and Anis Koubâa. 2012. RPL in a nutshell: A survey.
Computer Networks 56, 14 (2012), 3163–3178.

[5] Philip Levis, Thomas Clausen, Jonathan Hui, Omprakash Gnawali,
and J Ko. 2011. The trickle algorithm. Internet Engineering Task Force,
RFC6206 (2011).

[6] José VV Sobral, Joel JPC Rodrigues, Ricardo AL Rabêlo, Jalal Al-
Muhtadi, and Valery Korotaev. 2019. Routing Protocols for Low Power
and Lossy Networks in Internet of Things Applications. Sensors 19, 9
(2019), 2144.

[7] Joydeep Tripathi, Jaudelice Cavalcante de Oliveira, and Jean-Philippe
Vasseur. 2010. A performance evaluation study of rpl: Routing protocol
for low power and lossy networks. In 2010 44th Annual Conference on
Information Sciences and Systems (CISS). IEEE, 1–6.

[8] Tsvetko Tsvetkov and Alexander Klein. 2011. RPL: IPv6 routing pro-
tocol for low power and lossy networks. Network 59 (2011), 59–66.

[9] J Vasseur, Navneet Agarwal, Jonathan Hui, Zach Shelby, Paul Bertrand,
and Cedric Chauvenet. 2011. RPL: The IP routing protocol designed
for low power and lossy networks. Internet Protocol for Smart Objects
(IPSO) Alliance 36 (2011).

[10] Tim Winter, Pascal Thubert, Anders Brandt, Jonathan W Hui, Richard
Kelsey, Philip Levis, Kris Pister, Rene Struik, Jean-Philippe Vasseur, and
Roger K Alexander. 2012. RPL: IPv6 Routing Protocol for Low-Power
and Lossy Networks. rfc 6550 (2012), 1–157.

90



1414 IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 18, NO. 2, FEBRUARY 2022

Service Offloading With Deep Q-Network for
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of Vehicles in Edge Computing
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Abstract—With the potential of implementing computing-
intensive applications, edge computing is combined with
digital twinning (DT)-empowered Internet of vehicles (IoV)
to enhance intelligent transportation capabilities. By updat-
ing digital twins of vehicles and offloading services to edge
computing devices (ECDs), the insufficiency in vehicles’
computational resources can be complemented. However,
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owing to the computational intensity of DT-empowered IoV,
ECD would overload under excessive service requests,
which deteriorates the quality of service (QoS). To address
this problem, in this article, a multiuser offloading system
is analyzed, where the QoS is reflected through the re-
sponse time of services. Then, a service offloading (SOL)
method with deep reinforcement learning, is proposed for
DT-empowered IoV in edge computing. To obtain opti-
mized offloading decisions, SOL leverages deep Q-network
(DQN), which combines the value function approximation
of deep learning and reinforcement learning. Eventually,
experiments with comparative methods indicate that SOL
is effective and adaptable in diverse environments.

Index Terms—Deep reinforcement learning (DRL), digital
twinning (DT), edge computing, Internet of vehicles (IoV),
service offloading (SOL).

I. INTRODUCTION

THE INTERNET of Vehicles (IoV) is an evolution of ve-
hicular ad hoc networks (VANETs), where vehicles are

equipped with a variety of Internet of Things (IoT) equipments
and envisioned as intelligent objects [1]. In the IoV, an intelligent
vehicle is capable of vehicle to everything (V2X) communica-
tion. Specifically, an intelligent vehicle can share information
with other vehicles through vehicle to vehicle (V2V) commu-
nications. Rather than observing the condition by a single car,
V2V enables a broader view by sharing the traffic information
observed by multiple vehicles, which can significantly reduce
accidents caused by the blind spot [2]. Meanwhile, intelligent
infrastructures like roadside units (RSUs) and smart traffic lights
are deployed to analyze the vehicles in a specific region, then
provide vehicles with external information through vehicle to
infrastructure (V2I) communications [3]. Similarly, vehicle to
pedestrian (V2P) communication enables vehicles and pedes-
trians to deliver commands and safety warnings [4]. With V2X
communication in the IoV, intelligent vehicles have the potential
to adjust the driving status in time and avoid the occurrence of
traffic accidents and enhance the users driving experience.

Further, the digital twinning (DT) technology leverages ma-
chine learning and IoT technologies to create digital replicas
of physical objects. The replica has its properties cloned from
their original versions, and constantly update themselves with
real-time data from sensors. Empowered by DT technology, a
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virtual twin of vehicle in the IoV is generated and mapped to the
physical vehicle with IoT technologies [5]. The DT-empowered
IoV focuses on collecting the state information of the vehicle and
surroundings through the smart sensor devices, and sharing the
information with surrounding vehicles and infrastructures [6].
With the collected information, the digital twins are updated
constantly to keep consistent with the physical vehicles. Then,
through the technologies including augmented reality (AR)
simulation and artificial intelligence (AI) predictive analytics,
vehicles are provided with enhanced intelligence. Comparing
with the traditional IoV, DT-empowered IoV can easily access
the digital twins of vehicles instead of applying for and integrat-
ing numerous external data sources like the surveillance system
and the remote sensing (RS) system. Under such circumstances,
the data mining, simulation, and analytics of the IoV can be
enhanced by DT.

As most of the collected data in the DT-empowered IoV are in
the raw form (i.e., unprocessed images and videos), they cannot
be directly used for control and services [7]. Thus, a powerful
computing platform is required to refine the massive collected
data, then feedback the extracted instructions to vehicles and
passengers [8]. Usually, the processing of vehicular data re-
quires technologies such as object detection and AR, which are
computationally intensive operations [9]. To extend intelligent
vehicles’ capabilities, the cloud and edge computing solutions
provide DT-empowered IoV with a platform as a service (PaaS)
[10]. The data and service requests collected by vehicles are
offloaded to the cloud data center through RSU. After data being
processed at the cloud infrastructure, the refined data are fed
back in the form of instructions or services [11]. Technically,
the cloud data center is composed of centralized large-scale
computer clusters with high performance. To reduce the cost
of construction and facility maintenance, it is usually built in
areas far away from end-users. Therefore, service offloading to
the cloud will generate high latency during data transmission and
is easy to cause bandwidth tension [12]. As a complementary
paradigm of cloud computing, edge computing provides appro-
priate solutions in the DT-empowered IoV by offloading service
requests to edge computing devices (ECDs), servers deployed
close to vehicles and other end-users, for execution and data
extraction [13].

Despite the advantages of fast transmission and sufficient
bandwidth resources, edge computing has its own challenges.
Considering the distributed manner of ECDs, the computing
capacity of each independent ECD is smaller than the cloud data
center. Thus, the resources in each ECD are supposed to be fully
utilized to attain higher efficiency and quality of service (QoS)
[14]. Further, the load balancing in ECD is an important issue,
and mishandling of service offloading can cause load imbalance.
Consequently, some devices in ECDs would underperform due
to excessive service requests, and other would be underutilized.
To enhance the performance of edge computing and provide
reliable services to passengers, an effective service offloading
method is needed in the DT-empowered IoV [15].

For the dynamic offloading control, deep reinforcement learn-
ing (DRL) is adopted to evaluate and choose decisions where the
collective utilization is optimized [16]. Among the existing DRL

algorithms, the deep Q-network (DQN) has gained attention
as a modification of Q-learning, which takes the advantage of
temporal-difference learning from reinforcement learning (RL)
and the function approximation from deep learning (DL) [17]. In
this article, a dynamic service offloading method, named SOL,
is proposed based on DQN in edge computing. Specifically, the
contributions of this article are as follows.

1) Analyze the QoS level of DT-empowered IoV services in
respect of response time in a multiuser offloading system.

2) Model the ECD as the agent and formalize the state,
action, and reward in DRL to optimize the QoS level of
the offloading system.

3) Apply DQN with experience replay and target network
[17] to solve the problem of DT-empowered IoV service
offloading in edge computing.

4) Conduct comparative experiments with a real-world IoV
service dataset to evaluate the effectiveness and adapt-
ability of SOL.

The rest of the article is organized as follows. In Section II, the
related work is summarized. In Section III, the model of service
offloading in edge computing is described. In Section IV, details
of DRL and SOL are presented. Then, in Section V, comparison
experiments are conducted. Finally, Section VI concludes this
article.

II. RELATED WORK

So far, various applications in the DT-empowered IoV have
been proposed to enhance the QoS, safety, and security of
transportation [18]. However, the generated data of such ap-
plications are large in scale and has much redundancies, there-
fore not suitable for local computing and existing cloud com-
puting paradigms [19]. Hu et al. [20] addressed the scale-
sensitive problem of existing object detection, then modified
the deep convolutional neural network for vehicle detection
with a large variance of scales to guarantee the accuracy and
safety in IoV. From another perspective, Liu et al. [21] ex-
hibited the outstanding performance of edge computing on
enhancing the security and QoS of autonomous vehicles, in-
cluding extending computing capacity and reducing energy
consumption.

The placement of ECDs has great impact on overall perfor-
mance of edge computing. Zhao et al. [22] proposed a ranking-
based near-optimal placement algorithm to minimize average
access delay through SDN techniques in cloudlets placement.
Wang et al. [23] studied the ES placement while considering
load balancing as well as access delay and adopted mixed integer
programming to find the optimal placement. After ECDs are
located, task offloading can be taken into operation. He et al. [24]
gave consideration to users’ privacy and system cost in mobile
edge computing, and proposed a novel task offloading scheme
to enhance user experience. Zhou et al. [25] investigated the
task offloading under information asymmetry and uncertainty in
vehicular fog computing, and proposed a contract optimization
to realize the effective server recruitment.

Owing to higher effectiveness of evolutionary algorithms
(EAs), researchers widely adopted EAs as a tool for optimizing
the offloading problems in edge computing. Guo et al. [26]
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TABLE I
NOTATIONS AND DEFINITIONS

comprehensively investigated the computation offloading as
a mix integer nonlinear programming problem, and designed
a computation algorithm based on the genetic algorithm and
particle swarm optimization to minimize the energy consump-
tion of the user equipment. However, EAs are usually iterative
algorithms that find the global optimal solutions by updat-
ing the current solutions continuously. Thus, the dependency
on global information and the considerable time complexity
during the iteration of generations become significant draw-
backs [27]. If EAs are adopted for the offloading of each
service, the time overhead in controlling can be unaffordable
for the practical implementation of edge computing-empowered
IoV.

To obtain decentralized and time-efficient control in the IoV,
DRL has been adopted in many aspects of the IoV. To achieve
high QoS V2V communication, a decentralized resource alloca-
tion mechanism based on DRL is designed in [28]. Benefitting
from the decentralized manner, DRL can significantly reduce the
transmission overhead and the waiting time for global informa-
tion. Apart from the efficiency, DRL also exhibits the advantage
in adaptability. Liang et al. [29] adopted DRL to study the auto-
matic determination of traffic signal duration based on the data
collected from sensors. In their model, the actions are changes in
the duration of a traffic light, and the reward is the difference in
cumulative waiting time between two signal cycles. Meanwhile,
Zhou et al. [30] proposed a DRL-based car-following model,
which can make adjustments in driving behaviors under diverse
traffic demands, to improve travel efficiency and safety at sig-
nalized intersections in real-time. Generally, DRL is promising
in achieving distributed control in the dynamic environment of
IoV.

III. SYSTEM MODEL AND PROBLEM DEFINITION

This section describes the system model and service offload-
ing in edge computing. Table I presents the key notations and
definitions used in this article.

Fig. 1. Framework of service offloading in DT-empowered IoV with
edge computing.

A. Framework of Service Offloading for DT-Empowered
IoV in Edge Computing

In the proposed framework, vehicles are denoted by set
V = {v1, v2, . . . , vK}. For each vehicle, a digital twin of itself
is generated with information of position, speed, vehicle gap,
and dashcam videos collected by vehicular sensors and cameras.
The raw data and service messages of vehicles can be sent to
RSUs, denoted by set R = {r1, r2, . . . , rN}. With the constant
update, we can assume that the cloning is successful, and the
functions of the digital twin keep pace with the entity’s. Each
vehicle can concurrently request one service at time t, and the
data to be processed of each vehicular service is denoted by
setD(t) = {d1(t), d2(t), . . . , dK(t)}, while di(t) = 0 indicates
that no service is requested by vehicle vi. For RSUs are usually
considered as communicating nodes and not capable of a large
scale of computing tasks, ECDs are arranged to some certain
districts to process the service requests based on digital twins
of vehicles with massive data collected by RSUs. The ECDs are
denoted by the set E = {e1, e2, . . . , eM}. RSUs can communi-
cate with each other as well as ECDs in their transmission range.
Generally, the framework of task offloading in DT-empowered
IoV with edge computing is shown in Fig. 1.

In the DT-empowered IoV, the coverage of each ECD is
assumed to be the same and denoted by Ce, while for RSUs,
the range is denoted by Cr. Then, every RSU, ECD, and vehicle
can be, respectively, denoted by

ri (lati, loni, Cr) , 1 � i � N (1)

ej (latj , lonj , Ce) , 1 � j � M (2)

vk
(
˜latk(t), ˜lonk(t), dk(t)

)
, 1 � k � K (3)

where latn and lonn represent the latitude and longitude of a
network node, respectively, as the location of vehicle is dynamic
with time, ( ˜latk(t), ˜lonk(t), di(t)) is used to represent the state
of vk at time t.
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Based on the latitude and longitude, the distance between two
nodes (i.e., RSU, ECD, or cloud access point) can be calculated
by the Euclidean distance as

dist (nodei, nodej) =
√

(lati − latj)
2 + (loni − lonj)

2. (4)

It is guaranteed that the data transmission between a vehicle
and an RSU, as well as an RSU and an ECD, is a one-hop
transmission. Specifically, each RSU is in the coverage of at
least one ECD while each vehicle is in the coverage of at least
one RSU as

∀ri ∈ R, min
ej∈E

dist (ri, ej) � Ce (5)

∀vk ∈ V, min
ri∈R

dist (vk(t), ri) � Cr. (6)

B. QoS Model of DT-Empowered IoV Services
Offloading in Edge Computing

RSUs in the offloading system can independently choose their
computing paradigm in each time period, namely, local comput-
ing or edge computing. The response time of a service request
can be calculated as the sum of offloading time, execution time,
and feedback time.

1) Local Computing Model: When vehicle vk proposes a
service request at time t, and locally executes it, the offloading
indicator is ak(t) = 0. In this case, local computing yields a
response time of RT l

k(t), which only includes the execution
time of the task by vehicular computing units. The execution
time is determined by the processing capacity of resource units
and the length of data to be executed. Considering that the pro-
cessing requirements of vehicular services are usually different,
a standard measurement is to divide the vehicular processor into
multiple resource units with same local computing capacity of
λexec
l , and ua of these units are activated for the service. Then

the local execution time is calculated as

RT l
k(t) = RT que

k (t) +
f(dk(t))

ua · λexec
l

(7)

where RT que
k (t) is the queuing time of the task, denoted by the

difference between the execution starting time and requested
time as RT que

k (t) = T start
k − T request

k . Meanwhile, f(dk(t)) rep-
resents the total computation of the service with the size dk(t)
of raw data.

2) Offloading Computing Model: When the service of vehicle
vk is determined to be offloaded to ECD, the offloading indicator
is 1 � ak(t) � M , which indicates that the offloading destina-
tion is the ak(t)th ECD in the offloading system. Accordingly,
the response time RT o

k (t) is generated during three parts of
offloading computing. First, the data and service request of
vehicle are transmitted from vk to the nearest RSU ri, and ri
offloads the service to the destination ECD. During this phase,
network latency occurs in the data transmission, calculated as

RT o,tran
k (t) = RT o,tran

v (t) +RT o,tran
r (t)

=
dk(t)

λtran
v

+
dk(t)

λtran
r

(8)

where λtran
v is the data transmission rate between vk and ri

while λtran
r are the data transmission rate between ri and ECD.

According to the Shannon–Hartley theorem, λtran
v and λtran

r is
affected by the bandwidth B of the channel, signal power pt,
and the average power of the additive white Gaussian noise pn.
As the channel resources of an RSU are often utilized by several
vehicles, the bandwidth utilized by each RSU is denoted by B

Kc

when Kc vehicles are utilizing the channel concurrently. Thus,
λtran
v is calculated as

λtran
v =

Br

Kc
log2

(
1 +

pt
pn

)
(9)

analogously, the transmission rate λtran
r between the ECD and

one of Nc RSUs is calculated as

λtran
r =

Be

Nc
log2

(
1 +

p′t
p′n

)
. (10)

After the service and digital twin data of vk being offloaded,
the destination ECD will take time for execution. Analogous to
(7), the execution time of ECD is calculated as

RT o,exec
k (t) = RT que

k (t) +
f(dk(t))

ua · λexec
o

(11)

where λexec
o represents the execution capacity of the ECD, usu-

ally considered as λexec
o = n · λexec

l .
After the task is executed, the computing results are reported

back to the RSU to update the digital twin and give instruction
to the vehicle. Usually, the feedback data are condensed with
a relatively small size of d′k. Thus, the feedback time during
feedback is considered negligible.

Based on (8) and (11), the total response time of the service
proposed by vk at time t by offloading computing is RT o

k (t) =
RT o,tran

k (t) +RT o,exec
k (t).

3) QoS Measurement: To quantify and measure the QoS, the
maximum tolerable response time RTth is used as a standard to
normalize the indicator of QoS. The QoS level of response time
in local computing and offloading computing are calculated as

Sl
k(t) = 1− RT l

k(t)

RTth
(12)

So
k(t) = 1− RT o

k (t)

RTth
. (13)

C. Problem Definition

In the multiuser offloading system, the goal is to maximize the
average QoS level of vehicular services through an optimal of-
floading strategies set A(t) = {a1(t), a2(t), . . . , aK(t)} at each
time period t. Based on the models given above, the problem of
service offloading in DT-empowered IoV is formulated as

max
A(t)

K∑
k=1

[
Sl
k(t) +

M∑
m=1

So
k(t) Pr [ak(t)=m]

]/
K∑
k=1

Sgn(di(t))

(14)

s.t. ∀vk ∈ V, ak(t) ∈ [0,M ] (15)

∀vk ∈ V, So
k(t) � 0, Sl

k(t) � 0 (16)
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where Pr[ak(t) = m] is the probability of ak(t) = m, i.e., the
value is 1 if ak(t) = m, otherwise, 0. Meanwhile, Sgn(di(t))
is the sign of di(t), i.e., Sgn(di(t)) = 1 indicates that di(t) is
positive, and when di(t) = 0, Sgn(di(t)) = 0. As an element
of A, ak(t) represents the offloading destination, subject to
constraint (15). When ak(t) = 0, the service will be locally
executed. Otherwise, it will be offloaded to the corresponding
ECD for execution. Meanwhile, equation (16) indicates that the
QoS is not negative, i.e., the service response time should be
within the maximum tolerable time.

IV. SOL FOR DT-EMPOWERED IOV SERVICES OFFLOADING

In this section, SOL is designed for the service offloading
in edge computing-enabled IoV. First, the framework of RL
is introduced in service offloading. Then, the drawback of a
primitive RL algorithm-named Q-learning is analyzed, and a
DRL algorithm named DQN is leveraged for SOL.

A. Framework of Reinforcement Learning in SOL

RL is one of the significant branches of machine learning
alongside supervised learning and unsupervised learning. It
refers to the process of achieving the highest cumulative rewards
through the exploration of the environment and the exploitation
of previous knowledge. During such a trial-and-error process,
the agent in RL can obtain the perception of the environment
and the decision-making strategy.

In the offloading system, the ECD is enabled the controlling
of offloading decisions and viewed as the agent in RL. There are
three key elements of an agent, namely, the state (s), the action
(a), and the reward (R). Usually, the state is also considered the
environment that the agent reacts to. In SOL, the state consists
of two components, the available units of ECD, and the average
QoS level of each vehicle in the offloading system calculated as
(14). When the ECD receives a service request, it searches for an
optimal action ak(t) available in its current state. Based on the
action indicator ak(t), the ECD decides where to offload and
execute the service request. After making offloading decision
and execution, the QoS level of service is evaluated in terms of
the vehicle’s response time as Sk(t), then fed back to ECD as
the reward. In general, the goal of RL is to obtain the highest
cumulative reward in a learning episode.

Among the RL algorithms, Q-learning has proved to be ef-
fective in model-free learning problems [31]. In Q-learning, the
agent is given a Q-table which records the Q-value (i.e., quality)
of each pair of state and action as Q(s, a). For each step, the
agent selects an action at at the state st which brings it the
highest reward, then calculates and updates Q(st, at) based on
the action it chooses and the reward it gets as

Q(st, at)← Q(st, at) + α · δt (17)

where α is the learning rate parameter that satisfies 0 � α � 1
and determines the extent to which the newly acquired knowl-
edge overrides the old knowledge. Meanwhile, δt is the differ-
ence between the actual value of Q(st, at) and the estimated

value of it through the Q-table, calculated as

δt = rt + γmax
a′

Q(st+1, a
′)−Q(st, at) (18)

where γ represents the discount factor of future reward, st+1

is the next state after the agent performing at , and rt is
the instant reward experienced by the agent, also denoted as
the QoS level of service. Notice that, if the response time
exceeds the maximum tolerable time, the reward rt is set as
rt ← min(rt, 0) automatically as a punishment. Specifically, the
discount factor satisfies 0 � γ � 1, and the larger γ means that
the agent has a clearer view toward the future while lower γ
means that the agent is more focused on the instant reward.
Usually, Q-learning starts with a lower discount factor and
increases it toward its final value to accelerate learning.

As directly choosing the action with maximal Q-value encour-
ages exploitation but lacks exploration, agents might fall into the
local optimum. Thus, a certain degree of randomness is allowed
by introducing the ε-greedy in strategy selection. Specifically,
agents select the strategy with the highest Q-value with probabil-
ity Pr[si(t) = sbest] = 1− ε to exploit knowledge, while with
probability ε, they randomly select another action to explore for
more available choice. Usually, ε decreases over time to encour-
age exploration during the early phase and limit the blindness
and fluctuation of agents’ decision-making in the later phase.

B. SOL With Deep Q-Network

The primitive reinforcement learning method has a significant
disadvantage that it requires a Q-table to store the Q-values of
all possible state-action pairs. However, the number of states is
large or even infinite, the traverse and update of Q-table become
time-consuming. Moreover, there exist many state-action pairs
that are similar but not identical in a complex Q-table. There-
fore, the traditional Q-learning method will become ineffective
since the possibility of the agent to access a specific state-action
pair is relatively small. To tackle the problem, a practical ap-
proach is to approximate the Q-values of different state-action
pairs with deep neural network (DNN), which leads to the pri-
mary essence of DQN [17]. Intuitively, the differences between
Q-learning and DQN in offloading decision-making are shown
in Fig. 2.

Practically, the proposal of DQN successfully combined RL
with DL while tackling the challenges in the inconsistency
between them. Usually, DL assumes that the distribution of data
samples is in an independent manner. However, the states and
actions in RL are usually highly correlated, which is not consis-
tent with the requirement of DL. To mitigate the correlation in
data, a technique of experience replay is introduced. Technically,
a structure of experience pool D, which stores the experience of
each step as et(st, at, rt, st+1), is adopted to enable experience
replay in DQN. During the network training, a minibatch of the
experience is randomly drawn from D for training, such that
the distribution of data can be averaged, and the correlations can
be alleviated.

Another feature of DQN is to generate a target Q value in a
separate network (i.e., the target network Qtar). Unlike the orig-
inal network (i.e., the prediction network Qpre) which updates
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Fig. 2. Differences between offloading decision-making based on Q-
learning and DQN.

the parameters θ in every iteration, θ− in the target network are
only periodically updated in every C iterations and stay fixed
in other steps. Specifically, after C rounds of updates by the
prediction network, the target network is updated by a copy of
the prediction network. This feature adds a delay between the
update of the network and the effect on the targets yj and further
stabilizes the performance of DQN.

With DNN, the Q-value of state-action pair (st, a) is esti-
mated as Qpre(st, a; θ) ≈ Q(st, a), where the parameter θ is a
vector of weights in the DNN. To evaluate the accuracy of the
approximation and further train the network, the loss function is
introduced as

Li (θi) = E
[
(yi −Qpre (s, a; θi))

2
]

(19)

where yi represents the target Q-value generated by the target
network of

yi = r + γmax
a′

Qtar
(
st+1, a

′, θ−i
)
. (20)

By minimizing Li(θi) through updating weight θ repeatedly,
the network can be trained to be more accurate. Technically,
minibatch stochastic gradient descent (MSGD) is applied to
minimize the difference between the output of the target network
and the prediction network. More precisely, the pseudo code of
DQN is shown in Algorithm 1.

C. SOL Review

Generally, SOL is designed on the logical basis shown in
Fig. 3. The basic idea of SOL is to enable the ECD to make
optimal offloading decisions through RL. With the exploration
of the unknown environment, the agent in RL can learn from the
feedback reward. Meanwhile, the exploitation of experienced
knowledge enables the agent to select optimal action at each
state, jointly considering the instant reward and long-term re-
ward. However, as the environment of the IoV service offloading
system is dynamic and sophisticated, the space of states can be
vast or infinite. If primitive RL algorithms like Q-learning are
adopted, the update and search for optimal offloading decisions
generate a significant overhead of storage and time. Moreover,

Algorithm 1: SOL With Deep Q-Network.
1: Initialize experience pool D with the size of N
2: Initialize Qpre and Qtar with same random weights θ
3: for episode = 1 to M do
4: for t = 1 to T do
5: Approximate Q-values of all actions at state s
6: Select the optimal offloading decision at based on

ε-greedy policy
7: Perform service offloading or local computing

according to at
8: Calculate the reward rt and the next state st+1

9: Store experience et(st, at, rt, st+1) in D
10: Perform MSGD to update the parameters θ of

prediction network Qpre through minimizing L(θ)
11: Update the target network Qtar every C steps
12: end for
13: end for

the similar but not identical states significantly increase the
agent’s exploration range and will lead to slow convergence of
RL. To reduce the overhead in storage and time while fastening
convergence, a DRL algorithm named DQN is adopted in SOL.
Instead of referencing the Q-table to find the optimal decision,
DQN introduced the function value approximation of DL to
estimate the Q-value of state-action pairs. Also, with the features
of experience replay and target network, DQN successfully
alleviates the inconsistency between RL and DL, and can achieve
satisfying performance in SOL.

V. EXPERIMENTAL EVALUATION

In this section, SOL is implemented and experiments are con-
ducted based on the real-world IoV service requests. Then, com-
parative offloading strategies are introduced. Finally, the results
of SOL and comparative offloading strategies under different cir-
cumstances are presented, and the effectiveness and adaptability
of SOL are verified based on the experimental results.

A. Experiment Setup

Two real datasets of IoV service requests in Nanjing are
applied in the experiment. One dataset contains details of 436
activated RSUs in Nanjing, including their latitude and longi-
tude values. Based on the RSU locations, partitioning around
medoids (PAM) clustering is adopted with the parameter K=40
to simulate the placement of ECDs and the assignment of RSUs.
As shown in Fig. 4, on part of the brief road map of Nanjing,
the RSUs and ECDs in one cell of the offloading system are
marked with blue dots and red server icons, respectively. The 3
ECDs and 26 RSUs (including 3 colocated with each ECD) are
analyzed in the experiments.

The other dataset contains vehicular service requests collected
by RSUs in 30 consecutive days (from 00:00:00 Sep. 1st to
23:59:59 Sep. 29th). The total number of service requests is
more than 160 million. From the second dataset, the service
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Fig. 3. Programming flowchart of SOL.

Fig. 4. Distribution of RSUs and ECDs in an offloading system.

TABLE II
CONTROLLED VARIABLE SETTINGS

requests in one cell of the offloading system are extracted for
comparative analysis.

B. Comparative Offloading Strategies

1) Entirely Local Computing: Entirely local computing is a
conventional paradigm which depends only on the vehicles’
local execution capacity. Entirely local computing requires no
additional controlling strategy, and is used as a baseline to eval-
uate the optimization capability of other offloading strategies.

2) Nearest Neighbor Offloading Computing: Contrary to en-
tirely local computing, nearest neighbor offloading strategy en-
ables all the service requests and raw data to be offloaded to the
nearest ECD for execution. As the location of RSUs and ECDs
are fixed, the nearest ECD of each RSU can be determined. When
the computational resources of ECD are abundant, this strategy
can achieve a high level of QoS without complicated controlling.
However, as the local computing units are not utilized, and the
distribution of workload is uneven, excessive offloaded services
will increase the risk of ECD being overloaded and severely
lower the QoS level of the offloading system.

3) First Fit Offloading Computing: First fit is an online algo-
rithm where the service is offloaded to the nearest ECD that can
accommodate it. When first fit algorithm begins, it searches for
the closest ECD to the RSU which collected a service request. If
the ECD has insufficient idle resource units for the service, it will
be offloaded to the next closest ECD with sufficient resources. If
no ECD is capable, the service will be executed by the computing
devices of the vehicle which proposes the request.

C. Analysis on the Adaptability of Offloading Strategy

As the real condition of IoV services in cities are various, e.g.,
the number of vehicles and ECDs varies with the development
of cities. Thus, the offloading strategy needs to be adaptive,
so that it can be applied widely. To verify the adaptability
of SOL, four sets of controlled experiments with diversity in
services conditions are conducted, and the performance of SOL
is evaluated.

The controlled value of variables in the comparative analysis
are listed in Table II. In each set of experiment, there is one
variable with its value flucuating around the controlled value
and the others remain unchanged.

1) Analysis on the Variety of ECD Execution Capacity: Ex-
periments are conducted with different ECD’s execution capac-
ity, and the results are shown in Fig. 5. In this set of experiments,
the ratio of ECD execution capacity to local execution capacity
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Fig. 5. Comparison of QoS level with variety in ECD capacity.

Fig. 6. Comparison of QoS level with variety in ECD number.

ranges from three to seven. As the results indicate, SOL out-
performs entirely local computing, nearest neighbor offloading,
and first fit offloading in response time. When the capacity of
ECD is insufficient, the risk of ECD being overloaded is high
if no effective offloading strategy is adopted. Thus, the QoS
level of vehicular services by nearest neighbor offloading is
severely reduced by long response time. In contrast, when the
execution capacity of ECD is ample, the difference in response
time between SOL and the other offloading strategies is small. As
the ECDs can efficiently execute most of the services, offloading
computing is usually the optimal choice.

2) Analysis on the Variety of ECD Number: When the num-
ber of ECDs in the offloading system are different, the QoS level
of vehicular services are shown in Fig. 6. With other variables
unchanged, the number of ECDs ranges from one to five in
this set of experiments. The QoS level of SOL is generally the
highest despite the little disadvantage over first fit when ECD
number is five. When ECDs are sparsely deployed, the ECDs
can be easily overloaded by the excessive service requests. Thus,
SOL tends to assign the services to be executed locally and
has a slight advantage over other strategies. In contrast, when
ECDs are ample, the service requests and the workload of ECDs
are more balanced with SOL or first fit offloading strategy, and
overloading is unlikely to occur during offloading computing.

3) Analysis on the Variety of Service Number per Vehicle:
Fig. 7 illustrates the impact on the QoS level by the number of
services per vehicle. In this set of experiments, we assume each
vehicle can propose multiple service requests at different time,
and the number of proposed service requests per vehicle ranges

Fig. 7. Comparison of QoS level with variety in service number.

Fig. 8. Comparison of QoS level with variety in average size of raw
data.

from three to seven, while other variables remain unchanged.
The QoS level of response time by offloading method goes
down as the number of services rises, while SOL keeps the
decline smaller than first fit and nearest neighbor offloading.
The advantage of SOL is that ECD selectively executes some
of the services while others are executed locally, which reduces
the latency in queuing. When the execution capacity of ECD
goes beyond the service requests of vehicles, the QoS level of
first fit and nearest neighbor offloading is close to the one of
SOL and both outperform local computing. In addition, as the
bandwidth of ECD is usually considered fixed, the intensive data
transmission also has an impact on the offloading time when the
communication is frequent.

4) Analysis on the Variety of Average Size of Raw Data: In
Fig. 8, the QoS level with diversity in the average size of raw
data is analyzed. Experiments are conducted with the average
size of raw data ranging from 30 to 70 MiB, while the other
variables remain unchanged. It is intuitive that the QoS level
declines with the rise in the size of raw data. As the computing
capacity of on-board devices is usually insufficient, the response
time of local computing is intolerable. Simultaneously, the QoS
level of nearest neighbor offloading, first fit offloading, and
SOL also experience a drop. However, as the execution rate
of ECD is much higher than on-board devices, the increase in
response time by offloading methods is not significant. Instead,
the time overhead generated in data transmission has an impact
on the QoS level. Hopefully, 5G communication is promising
in mitigating the data transmission time and further enhance the
QoS level of service offloading by SOL.
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VI. CONCLUSION

In this article, edge computing was adopted in the DT-
empowered IoV to provide vehicular services with a high QoS
level, and a service offloading method with deep reinforcement
learning named SOL is proposed. First, a multiuser offloading
system in DT-empowered IoV was modeled with consideration
of response time. Then, DQN with experience replay and target
network, which exerts the advantages of both RL and DL, was
adopted in the offloading system to obtain optimal offloading
strategy. The experiments were conducted with a real-world
dataset of RSU locations and IoV service requests, and the
results verified the effectiveness and adaptability of SOL.

To simplify the model, the IoV service offloading was mod-
eled as a binary offloading process where the services are
assumed atomic, i.e., services cannot be divided and executed
on more than one devices. In future works, partial offloading
can be taken into consideration where a service can be divided
into several procedures and offloaded to different ECDs. In this
case, computational resources can be better utilized. However,
if partial offloading is adopted, the partibility, dependency, and
priority in the procedures of services need to be thoroughly
analyzed, and the offloading decisions are required a strict graph
dependency constraint.
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Abstract
In real-time image and video processing boards, power, speed, and area are the most often used measures for determining 
the performance of motion imagery applications. Due to technological advancement, power consumption has gained major 
attention in real-time image processing ability compared to speed. The increase in on-chip temperature due to larger power 
consumption has resulted in reduced operating life of chip and battery-driven devices. In this work, a new logic family has 
been introduced i.e., dual-mode logic (DML), which provides flexibility between the optimization of energy and delay (E-D 
optimization). This gate can be switched between two modes of operation that is a static mode (CMOS-like mode), which 
provides low power consumption and dynamic mode, which provides high speed. Recently, power leakage has become a 
dominant problem due to continuous data transfer among a large number of connected devices. Thus, to reduce power leak-
age, a self-controllable voltage level (SVL) power reduction technique is used along with DML logic. In the SVL technique, 
a maximum dc voltage is provided to the active load circuit on-demand or decrease the dc supplied to the load circuit in 
the standby mode. Integrating DML with the SVL technique reduces power consumption as well as leakage power. A 4-bit 
RCA, 8-bit RCA, and 16-bit RCA are used for verifying the proposed method and comparison of performance parameters is 
done with a conventional circuit. Complete circuit implementation and simulation are carried out in TANNER EDA version 
13 tools with operating voltage of 1 V. The proposed system is further applied to real-time image, and we obtain the finest 
resolution level with minimum power consumption.

Keywords Dual-mode logic (DML) · Self-controllable voltage level (SVL) · Full adder · Ripple carry adder (RCA) · Power 
leakage · Real-time image and video processing boards

1 Introduction

Recent advancements in embedded mobile sensors such as 
HD cameras, GPS, and proximity sensors have led to the 
deployment of numerous sensing applications for computer 

vision, mobile gaming, mobile entertainment, etc. A variety 
of data, including high-resolution images and videos, are 
captured, stored, and processed by these applications. Fetch-
ing these images and high-quality video through multiple 
portable devices and processing them significantly increase 
battery consumption. Power consumption in the hardware 
boards used for processing these real-time image and video 
is increasing and has become a major issue for both port-
able devices and high-end circuits [1–4]. Today, the main 
aim of any device is longer battery life along with high/
moderate performance. Earlier, the major issues in devices 
were area, delay, and cost, but in recent years, power has 
become more significant due to which need for low-power 
design [5–7] is becoming a vital parameter and thrust 
research area. In normal conditions, every system operates 
for a short period of time, and the rest of the time it remains 
in idle state. Thus, a system must be designed in such a 
way that it must offer high speed or low power as and when 
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required. The most commonly used logic family for imple-
menting real-time image and video processing boards are 
complementary metal–oxide–semiconductor (CMOS) and 
dynamic (domino) logic. CMOS logic [8] design provides 
low power consumption but offers a higher delay. Therefore, 
this design style is used for ultra-low-power circuit design 
like a wristwatch, sensor, etc. To overcome the problem of 
speed, dynamic logic [9, 10] styles are used, which improves 
speed but offers higher power consumption. Dynamic logic 
is used for implementing high-speed circuits like adders, 
multipliers, etc.

To overcome the problem of the above two logic designs, 
new logic family, dual-mode logic design, is introduced, 
which has the features of CMOS and dynamic logic style 
[11, 12]. This logic family combines the concept of CMOS 
and dynamic logic. DML logic operates in two modes: 
static CMOS mode or low power mode and dynamic mode 
or high-speed mode. DML enhances the option to control 
system performance on-the-fly and thereby support applica-
tions where a flexible workload is needed. Thus, with respect 
to the requirement, the mode of operation of the circuit can 
be changed. Many techniques for energy efficiency in real-
time image conversion have also been proposed [13, 14]. 
An optimized memory allocation-based power reduction 
technique was proposed in [15]. The technique focused on 
generating various types of memory architectures to obtain a 
reduction in power consumption in real-time video process-
ing boards. The method worked on the optimized alloca-
tion of on-chip memory resources to reduce the resource 
usage and subsequent consumption of power. The method 
was applied to obtain power efficiency in image and video 
processing systems fully contained on a field-programmable 
gate array (FPGA). Measurement of energy consumption in 
FPGS full HD-video processing systems is presented in [2]. 
Power consumption results would assist in the design of suit-
able techniques in its reduction. In [16], a power reduction 
technique is discussed for ARM-based architecture used in 
real-time video processing. Here, the proposed technique 
allows energy consumption only based on the amount of 
work done, and any unnecessary energy usage is eliminated.

As the technology scales down to the micron level, power 
leakage has become more significant in the real-time image 
and video processing boards. Many leakage reduction tech-
niques like multi-threshold CMOS (MTCMOS) [16], varia-
ble threshold CMOS (VTCMOS) [17], power gating [18] are 
being used currently. Our design uses SVL (self-controllable 
voltage level) technique [19] for the reduction of power and 
integrates with DML logic for better performance. The pro-
posed design, dual-mode logic with SVL technique, reduces 
power in active mode as well as in standby mode and helps 
in achieving higher performance whenever required. The 
proposed work concentrates on the reduction of power con-
sumption and leakage power of adders in the DML with 

SVL design. Arithmetic operators like adders are one of 
the important elements in data path subsystems. The opera-
tor like adder is used as basic building blocks in the digi-
tal IC’s. It forms the core functional unit like an arithmetic 
logic unit, multipliers, memory address generation, and DSP 
applications. RCA is the commonly used adder in various 
applications since it is simple and used in various appli-
cations. The worst delay in RCA is provided by the carry 
propagation chain. Thus, designing the carry chain in RCA 
is an important one. In this paper, the proposed DML using 
SVL design is verified by implementing in a 4-bit, 8-bit, and 
16-bit RCA. The work is organized into five sections. The 
next section discussed the proposed system design in detail. 
Section 3 presents the implementation of the ripple carry 
adder (RCA), and Sect. 4 discussed the results. The paper 
concludes in Sect. 5 with future work. Table 1 presents the 
description of various parameters, and Table 2 presents the 
abbreviations used in the paper.

2  Proposed system

This section presents and discusses the proposed system 
details. Initially, the dual-mode logic (DML) is discussed, 
and then its implementation with Type 1, 2, and 3 SVL tech-
niques is presented.

2.1  DML overview

The dual-mode logic (DML) style [9] incorporates both 
CMOS design and dynamic design. DML gate is constructed 

Table 1  Frequently used notations

Parameter Description

clk Clock input for switching element
a, b Logical input to the standard input CMOS logic gate
out Combined output of standard switching element 

(CMOS) and standard input CMOS logic gate
VDD Positive supply voltage to the switching element
Vss Ground voltage
D Drain voltage of the three terminal CMOS
S Source voltage of the three terminal CMOS
VN Voltage drop of weakly ‘ON’ NMOS resistors
VDSN Drain to source voltage for OFF NMOS
VD Supply voltage to load circuit in standby mode
Vs Ground voltage to load circuit in standby mode
clb Configurable logic block
CL Clock input for upper SVL circuit
A1, B1 Digital inputs
Cin Input carry
Cout Output carry
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from a standard CMOS logic and an additional transistor, 
which acts as a switching element, which is presented in 
Fig. 1. Using the switching element, the DML gate can be 
operated in either static mode or dynamic mode. In the static 
mode of operation, the DML provides low power dissipation 
with moderate performance.

In the dynamic mode of operation, the DML offers 
high-speed operation along with increased power dis-
sipation. The switching element used can either be an 
N-type metal–oxide–semiconductor (NMOS) or P-type 
metal–oxide–semiconductor (PMOS) transistor. Therefore, 
the switching element is also known as a pre-discharge tran-
sistor. Depending upon the transistor used as a switching 
element, we have two different types of DML topologies:

• Type A topology: Type A has added PMOS as a switch-
ing element.

• Type B topology: Type B has added NMOS as a switch-
ing element.

In the static mode of operation, Mc transistor is turned 
off by applying high value in case of Type A and low value 
in case of Type B. Thus, it operates similarly to standard 
CMOS logic. In the dynamic mode of operation, a periodic 
clock is applied to pre-discharge the transistor allowing two 

phases of operation. In the first phase, which is also known 
as the pre-recharge phase, the output node voltage is charged 
to a high value in case of Type A and low value in case of 
Type B which is shown in Fig. 2 and Fig. 3. Second phase 
is an evaluation phase, in which the output is evaluated with 
respect to the input provided to the functional block.

On comparing CMOS with DML, it can be implemented 
in two ways out of which one will be more efficient. The 
switching element placement is important in case of DML 
gate. The pre-discharge transistor is placed parallel to a net-
work which consists of large number of series transistor so 
that speed of the circuit can be increased in dynamic mode.

2.2  DML using SVL technique

In the proposed architecture, a self-controlled voltage level 
circuit or technique is incorporated with the dual-mode logic 
design. A self-controllable voltage level technique is a leak-
age control [20, 21] circuit technique which reduces leakage 
power either by lowering the supply voltage to load circuit 

Table 2  Frequently used abbreviations

Abbreviation Description

DML Dual-mode logic
SVL Self-controllable voltage level
RCA Ripple carry adder
FPGA Field-programmable gate array
CMOS Complementary metal–oxide–semiconductor
MTCMOS Multithreshold CMOS
VTCMOS Variable threshold CMOS
DSP Digital signal processing
NMOS N-type metal–oxide–semiconductor
PMOS P-type metal–oxide–semiconductor

Fig. 1  DML architecture

Fig. 2  Type A DML topology

Fig. 3  Type B DML topology
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or by increasing the ground voltage to load circuit or by both 
i.e., lowering the supply voltage and increasing the ground 
voltage to load circuit when the circuit is in standby mode. 
In the SVL technique, when the load circuits are in active 
mode, the SVL circuit supplies the maximum DC voltages 
to (VDD) logic/load circuit through switches that are turned 
“on”. Thus, the load circuit can operate rapidly. Otherwise, 
when the load circuits are in standby mode, it supplies 
slightly lower VDD and relatively higher ground level volt-
age to them through “on SW (switch)”, so the drain–source 
voltages of the “off MOSFETs” in the standby load circuit 
decreases and substrate bias increases [22]. Thus, the thresh-
old voltage increases and consequently reduces the leakage 
current. It results in a reduction of power in the standby 
stage, whereas data are retained, and noise immunity is high.

The SVL circuit is either stacked on the upper part of 
the DML circuit or on the lower part of the DML circuit 
or on both ends of the DML logic system. Thus, the DML 
circuit will be either connected to a virtual power supply or 
virtual ground or both. Proposed circuit design can be oper-
ated in two modes: active mode and standby mode. In active 
mode, the load circuit can be operated either in dynamic 
DML mode or in static DML mode depending upon the 
requirement. Here DML logic style provides flexible switch-
ing between dynamic and static DML mode. The circuit is 
operated in static DML mode when power is the limiting 
factor and in dynamic DML mode when high performance 
is required. In standby mode, the SVL circuit puts the entire 
system in low leakage mode when the computation is not 
required. Depending upon where the SVL circuit is stacked, 
there are three types of proposed design:

(a) DML using Type-1 SVL: have upper SVL circuit
(b) DML using Type-2 SVL: have lower SVL circuit
(c) DML using Type-3 SVL: have both upper and lower 
SVL

2.2.1  DML using Type‑1 SVL

In Type-1 SVL, SVL is incorporated to DML logic at upper 
part. It is also known as DML–USVL scheme as shown in 
Fig. 4. Upper SVL circuit consist of parallel combination of 
single PMOS and two series NMOS. In active mode, maxi-
mum power supply is provided to DML logic so that it oper-
ates at its maximum performance. In standby mode, reduced 
power supply is provided to DML circuit.

Supply voltage to load circuit in standby mode, where VN 
is voltage drop of weakly ‘on’ NMOS-resistors is given as, 

The drain to source voltage VDSN for ‘off NMOS’ is given 
as,

(1)VD = VDD − VN.

From the above equation, it is clear that this reduces the 
leakage power in standby mode.

2.2.2  DML using Type‑2 SVL

In Type-2 SVL, SVL is incorporated to DML logic at 
lower part. It is also known as DML–LSVL scheme as 
shown in Fig. 5. Lower SVL circuit consist of parallel 
combination of single NMOS and two series PMOS. In 
active mode, ground voltage is provided to DML logic 
so that it operates normally. In standby mode, increased 
ground voltage is provided to DML circuit. Ground volt-
age to load circuit in standby mode where VP as voltage 
drop of weakly ‘on’ PMOS resistors is given as

(2)VDSN = VD − VSS.

(3)VS = VP.

Fig. 4  Type 1 SVL

Fig. 5  Type 2 SVL
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The drain to source voltage VDSN  for ‘off NMOS’ is 
given by

From the above equation, it is clear that this reduces the 
leakage power in standby mode.

2.2.3  DML using Type‑3 SVL

In Type-3 SVL, SVL is incorporated to DML logic both 
ends. It is also known as DML–SVL scheme as shown in 
Fig. 6. SVL circuit consists of both upper SVL and lower 

(4)VDSN = VDD − VS = VDD − VP.

SVL circuit as shown in Fig. 6. In active mode, maximum 
power supply is provided to DML logic so that it operates 
at its maximum performance. In standby mode, reduced 
power supply is provided to DML circuit. This reduces the 
leakage power in standby mode. The maximum supply and 
ground voltage are expressed by equation as shown below:  

In standby mode both p-SW and n-SW are ‘off’ while 
n-RS and p-RS are ‘on’. The virtual supply and ground 
voltage, for SVL circuit are expressed by

Here VDSN can be expressed as

Here, using SVL, VDSN reduces further. Thus, there is 
more increase in threshold voltage VTHN and consequently 
more reduction in total leakage current and leakage power.

3  Theoretical analysis

Here the theoretical analysis of the proposed system is pre-
sented. The DML logic gate structure is having the dimen-
sions length, breadth, and height as LBH and a voltage VDML 
is applied. To calculate the resulting current, we have the 

(5)VD = VDD,

(6)VS = VSS = 0.

(7)VD = VDD − VN,

(8)VS = VP.

(9)VDSN = VDD −
(

VS + VP

)

.

Fig. 6  Type 3 SVL

Fig. 7  4-bit DMLA Type 1 SVL 
RCA 
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charge carriers travelling with an average velocity Va. The 
time delay it takes is given by

We have Va = MBV∕L and thus we obtain time delay

The voltage magnitude QDML for the charge carrier in 
DML at the given time instant is obtained as 
QDML = Pq(LBH)and the maximum leakage current for 
DML logic is Ileak =

QDML

TD

.

Substituting the above values, we have

Here the voltage magnitude per unit area QDML is given by

Substituting the value obtained in Eq. 13 in Eq. 12, we obtain

Also, we have the average velocity Va = MBE, where MB is 
the switching speed and E is the electric field which subse-
quently gives E = VDML/L and Va = MB VDML/L. Now substi-
tuting this value of Vain Eq. 1, we obtain TD = L2/ MB VDML 
Substituting this value in Eq. 2, we obtain

Introducing conductance G, we obtain, Ileak = G VDML and 
G = Pq(BH) MB / L. Introducing switching conductivity C, we 
obtain C = C(BH) / L. Finally, we obtain switching conductiv-
ity C = PqMB, conductance G = B Q’

DML MB / L and maximum 
leakage current for DML logic Ileak = B Q’

DML MB VDML/ L.
The negative charge carrier is present on both sides of the 

junction and is having a thermal motion which is random in 
nature. For a very small length Δt to the left of the region, 
more negative charge carrier is found compared to the right-
side region. Hence, the flow of negative charge carrier due to 
concentration gradient in a given time interval is expected to 
move across the plane from left to right direction and there 
is no flow from right to left. The charge carrier is negative in 
nature, so the leakage current in the direction will be posi-
tive. This current will be proportional to the magnitude of 
the charge carrier of the summed electrons and cross-sec-
tional area BH. The slope e− will decide the current nature.

(10)TD = L∕Va.

(11)TD = L2∕MBV

(12)Ileak =
Pq(LBH)

TD

= Pq(BH)Va.

(13)QDML

QDML

LB
= PqLBH∕LB = PqH

(14)Ileak = BQ
�

DML
Va.

(15)Ileak =
Pq(BH)MBVDML

L
.

(16)Ileak = Dcq(BH)(−
de−

dx
)

The more positive the slope of e− with “L”, the more 
negative the current. With MB as the mobility and VT as the 
thermal voltage, the proportionality constant Dc is given by

Consider a vertical thin slab of the region of volume BHΔt 
pointed out at center “L”. The accumulated charge will be 
−qe−(L)BHΔL , the negative sign indicates the charge of 
the negative carriers. Dividing the vertical thin slab by the 
area of the slab B ΔL and reducing ΔL to zero, the negative 
charge per unit area which is a function of “L” is given by

Substituting Eq. 17 in Eq. 16 and Eq. 15 we obtain

Now, considering the case in which the negative charge car-
rier concentration is non-uniform for the slab in vertical direc-
tion and on the horizontal plane at a given depth, the nature of 
e− versus ΔL follow a straight line equation. The assumption is 
 e− is uniform for the vertical direction. Since  e− is perpendicu-
lar and non-uniform in nature, it has a tendency to accelerate 
in the perpendicular direction. This is prevented by applying 
an external electric field. The negative charge carrier moves 
parallel in the direction of ‘L’ maintaining laminar flow.Since 
Q�

DML
(L) versus “L” is a straight line, its slope with ‘P’ as the 

final position and ‘0′ as the initial position will be

Using the Eq. 20 in Eq. 19 we obtain

The delay time  TD can be then calculated. The total 
negative charge found at any time instant is given by, 
Q = LBQ�

DML
(L) − Q�

DML
(0)∕2 . The time delay is given by

For perfect sine condition occurring at X = L, reduces the 
negative charge carrier concentration to zero, Q�

DML
(L) = 0 , 

and the time delay becomes,TD = L2∕MB(2VT ).

4  RCA implementation

This section discusses the RCA implementation for the 
application of the proposed technique. Ripple carry adder 
is constituted by cascading the full adder. The output carry 
from each full adder is fed as input to next full adder, thus 

(17)DC = MBVT .

(18)Q�
DML

(L) = (−q)He−(L).

(19)Ileak = MBVTB
d

dL
Q�

DML
(L).

(20)
d

dL
Q�

DML = Q�
DML(L) − Q�

DML(0)∕L

(21)Ileak = MBVT

B

L
[Q�

DML
(L) − Q�

DML
(0)]

(22)
TD = L2∕MB(2VT )Q

�
DML

(0) + Q�
DML

(L)
/

Q�
DML

(0) − Q�
DML

(L).
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carry ripples through the network. There are three types of 
RCA implementation using proposed designs which are 
explained below.

4.1  DML RCA with TYPE‑1 SVL

In the proposed 4-bit RCA design, full adder is implemented 
using DML Type A topology incorporating Type-1 SVL cir-
cuit. Here the SVL control circuit is placed at the upper 
part of DML full adder. It is presented in Fig. 7. Proposed 
RCA design can be operated in two modes: active mode and 
standby mode.

Active mode: During this mode, the CL signal to PMOS 
is low so that maximum supply voltage is provided to full 
adder circuit. In this mode, full adder can be operated either 
in dynamic DML mode or in static DML mode depending 
upon the requirement.

Standby mode: During this mode, CL is high which 
turns off PMOS and turns on NMOS, and provides a reduced 
supply voltage to the full adder. In this mode, SVL circuit 
puts the entire system in low leakage mode when computa-
tion is not required.

4.2  DML RCA using Type‑2 SVL

In the proposed 4-bit RCA design, full adder is implemented 
using DML Type A topology incorporating Type-2 SVL 
circuit as shown in Fig. 8. Here the SVL control circuit is 
placed at the lower part of DML full adder. Proposed RCA 
design can be operated in two modes: active mode and 
standby mode.

Active mode: During this mode, the CLB signal to 
NMOS is high so that full adder circuit is connected to 
ground voltage. In this mode, full adder can be operated 
either in dynamic DML mode or in static DML mode 
depending upon the requirement.

Standby mode: During this mode, CLB is high which 
turns on PMOS and provide a higher ground voltage to the 

full adder. In this mode, SVL circuit puts the entire system 
in low leakage mode when computation is not required.

4.3  DML RCA using Type‑3 SVL

In the proposed 4-bit RCA design, full adder is implemented 
using DML Type A topology incorporating Type-3 SVL 
circuit as shown in Fig. 9. Here the SVL control circuit is 
placed at the both upper and lower part of DML full adder. 
Proposed RCA design can be operated in two modes: active 
mode and standby mode.

Active mode: During this mode, the CL of USVL and 
CLB of LSVL is such that it turns on PMOS and NMOS, 
respectively. This provides maximum supply voltage and 
ground voltage to full adder circuit. In this mode, full adder 
can be operated either in dynamic DML mode or in static 
DML mode depending upon the requirement.

Standby mode: During this mode, resistive network of 
both USVL and LSVL becomes active and provides reduced 
supply voltage and raised ground voltage to the full adder. In 
this mode, SVL circuit puts the entire system in low leakage 
mode when computation is not required.

5  Simulation results and analysis

Here 4-bit, 8-bit, and 16-bit RCA’s are implemented in 
TANNER EDA version 13 tool in 0.25um technology 
at 1 volt, in conventional logic style and also with the 
proposed design. And their performances are presented 
and discussed in this section. Table 3 presents the power 
consumption comparison of 4-bit, 8-bit, and 16-bit RCA’s 
implemented in conventional style and with the proposed 
method. From the results, it is very evident that the pro-
posed technique saves power with limited power consump-
tion. Applications using the real-time image and video 
processing boards can achieve optimized power efficiency 
using the proposed approach. Table 4 presents the delay 

Fig. 8  4-bit DMLA Type 2 SVL 
RCA 
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comparison of 4-bit, 8-bit, and 16-bit RCA’s implemented 
in conventional style and with the proposed method. Here, 
the proposed technique has much lower delay compared to 
the existing techniques, which asserts the multiple advan-
tages offered by this new approach for real-time image and 
video processing applications.

From the above comparison table, it can be inferred that 
the RCA’s implemented using proposed dual-mode logic 
SVL design provide low power consumption and standby 
leakage power compared to conventional design, and dom-
ino logic provides higher power consumption and leakage 

power. Proposed design has three types of SVL circuit: 
DML–SVL 1, DML–SVL 2 and DML–SVL 3. All three of 
them are efficient compared to the existing designs. From the 
results obtained it is found that, out of the three, DML–SVL 
3 is more efficient. The RCA using Type 3 SVL design offers 
around 86% reduction in standby leakage power and 78% 
to 84% reduction in power consumption. The performance 
analysis of 4-bit, 8-bit, and 16-bit ripple carry adder reveals 
that the proposed design is faster than static CMOS and 
dynamic (domino) logic. Thus, the proposed design provides 
high efficiency compared to the existing systems.

Fig. 9  4-bit DMLA Type-3 
SVL RCA 

Table 3  Power consumption 
comparison

Logic style 4-bit RCA 8-bit RCA 16-bit RCA 

CMOS 5.338639e-004 8.204784e-004 1.581808e-003
DOMINO 7.419895e-004 1.267682e-003 2.652988e-003
DML TYPE A
 (a) Static DML mode 1.218283e-004 2.454587e-004 4.777648e-004
 (b) Dynamic DML mode 3.433527e-004 5.728997e-004 8.254181e-004

DML TYPE B
 (a) Static DML mode 3.381870e-004 6.513144e-004 1.277569e-003
 (b) Dynamic DML mode 7.868006e-004 1.537851e-003 3.048149e-003

Proposed DMLA-SVL 1
 (a) Static DML mode 9.109139e-005 1.734167e-004 3.427694e-004
 (b) Dynamic DML 1.732914e-004 2.727236e-004 4.777944e-004

Proposed DMLA-SVL 2
 (a) Static DML mode 1.129563e-004 1.949202e-004 4.005343e-004
 (b) Dynamic DML 3.465145e-004 5.475705e-004 7.779254e-004

Proposed DMLA-SVL 3
 (a) Static DML mode 8.462570e-005 1.550404e-004 3.033687e-004
 (b) Dynamic DML 1.786411e-004 2.671380e-004 4.662094e-004
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From Tables 3, 4 and 5, it can be inferred that the pro-
posed method DMLA–SVL 2 static DML mode for 4-bit 
RCA is having the lowest power consumption, standby leak-
age power, and delay. For 8-bit RCA, the proposed method 
DMLA-SVL 3 Static DML mode is having the lowest power 
consumption, standby leakage power, and delay. For 16-bit 
RCA proposed method DMLA–SVL 3 dynamic DML mode 
is having the lowest power consumption, standby leakage 
power and delay, as the drain to source voltage is less and its 
peak voltage swing is smaller and switching from ON state 
to OFF state is faster compared to other logic. In DML gate, 
the switching element that is the pre-discharge transistor is 
placed in parallel to a large number of series transistor net-
work improving the switching speed and reducing the delay.

Figure 10 depicts the leakage power variation with delay. 
It is observed from the results that the proposed technique 
DML TYPE A-SVL-3 has the least leakage power compared 
to all the other techniques. As from our theoretical analy-
sis, the standby leakage current and the delay are inversely 
proportional to each other which are depicted in the figure. 
Figure 11 presents the power consumption with delay. Pro-
posed method DML TYPE A-SVL-3 has the least power 
consumption among all the techniques available. The results 
obtained evidently indicate that the proposed technique has 
lower power consumption and leakage compared to all the 

Table 4  Delay comparison

Logic style 4-bit RCA 8-bit RCA 16-bit RCA 

CMOS 4.5470 e-009 8.4278 e-009 14.282 e-009
DOMINO 1.7804 e-009 3.0532 e-009 6.2041 e-009
DML TYPE A
 (a) Static DML mode 4.6491 e-009 8.5187 e-009 15.529 e-009
 (b) Dynamic DML 

mode
1.3264 e-009 2.5157 e-009 5.1019 e-009

DML TYPE B
 (a) Static DML mode 5.0806 e-009 9.3838 e-009 18.096 e-009
 (b) Dynamic DML 

mode
4.7089 e-009 9.0061 e-009 17.700 e-009

Proposed DML TYPE A-SVL 1
 (a) Static DML mode 4.6823 e-009 8.5516 e-009 16.108 e-009
 (b) Dynamic DML 

mode
1.3540 e-009 2.5442 e-009 5.1452 e-009

Proposed DML TYPE A-SVL 2
 (a) Static DML mode 4.6696 e-009 8.5336 e-009 15.728 e-009
 (b) Dynamic DML 

mode
1.3369 e-009 2.5278 e-009 5.1253 e-009

Proposed DML TYPE A-SVL 3
 (a) Static DML mode 4.7040 e-009 8.5772 e-009 16.261 e-009
 (b) Dynamic DML 

mode
1.3631 e-009 2.5568 e-009 5.1547 e-009

Table 5  Standby leakage power 
comparison

Logic style 4-bit RCA 8-bit RCA 16-bit RCA 

CMOS 5.540137e-010 8.897408e-010 1.778936e-009
DOMINO 7.172159e-008 1.434355e-007 2.868623e-007
DML Type A 3.221153e-010 6.430032e-010 1.284486e-009
DML Type B 4.724518e-010 9.485715e-010 1.897538e-009
Proposed DML Type A-SVL 1 1.993936e-010 3.808297e-010 7.358439e-010
Proposed DML Type A-SVL 2 1.404390e-010 2.634085e-010 5.26817e-010
Proposed DML Type A-SVL 3 7.878801e-011 1.318945e-010 2.460938e-010

Fig. 10  Standby leakage power vs delay
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Fig. 11  Power vs delay

Fig. 12  Delay vs interval

Fig. 13  Power consumption vs operating frequency
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existing techniques and hence more efficient in real-time 
image and video processing. The power consumption is less 
as the drain to source voltage switching the DML from ON 
state to OFF state is less allowing the fast switching and 
reducing the power.

Figure 12 depicts the delay with interval for the various 
techniques. The proposed technique DML TYPE A-SVL-3 
has lower delay compared to all the other methods. Fig-
ure 13 presents the power consumption with operating 
frequency variation. The proposed techniques have least 
power consumption among all the methods. Here, DML 
gate the switching element that is pre-discharge transistor 
is placed parallel to a large number of series transistor 
network improving the switching speed and reducing the 
delay. Figure 14 presents the drain to source voltage vari-
ation with synchronized switching. It is evident that the 
proposed technique DML TYPE A-SVL-3 has the least 
variation and hence more efficient compared to all the 
existing techniques for use with real-time image and video 
processing boards.

6  Real‑time results and analysis

The proposed method is applied using region of interest on 
the real-time image tomor_091.tif obtained from CAME-
LYON 16 dataset [23]. A real-time training image of lymph 
node having tumor tissue is used here. The actual image 
is having eight resolution levels and the finest resolution 
level is achieved using the proposed system with minimum 
power consumption. The image is having three coarse reso-
lution levels. The features are registered at each level. To 

get consistent aspect ratio, the spatial referencing is adjusted 
on the real-time basis. The Fig. 15 shows the real-time pro-
cessed image for three different areas.

7  Conclusion and future work

Here dual-mode logic using self-controlled voltage level 
technique is proposed, which especially overcome the prob-
lem of power leakage which is predominantly present in real-
time image and video processing boards. Technology scaling 
has resulted in higher leakage power in standby mode. The 
most important performance parameters for future real-time 
image and video processing board are speed and power dissi-
pation. Using the proposed design, depending upon varying 
workload requirement, the circuit can be operated either in 
static DML mode, where power is the limiting factor, or in 
dynamic DML mode, where speed requirement is important, 
or in standby mode, which drastically reduces the leakage 
power in idle state. A 4-bit, 8-bit, and 16-bit ripple carry 
adder is designed using the proposed method. The simula-
tion results obtained shows that the standby leakage power, 
delay and power consumption were significantly reduced 
compared to conventional design. The proposed system is 
further applied to real-time image to obtain the finest resolu-
tion level with minimum power consumption. Thus, using 
this dual-mode logic SVL technique, an efficient low power 
and high-performance system can be designed for real-time 
image and video processing boards. In future, the proposed 
can be extended to operate in subthreshold region such that 
ultralow power design can be achieved. Also, the proposed 
design can be extended for implementation with sequential 
circuits since it has an ability to retain data.

Fig. 14  Drain to source voltage vs synchronized switching
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integrated cloud-edge networks
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Abstract

Data redundancy is a significant issue that wastes plenty of storage space in the cloud-fog storage integrated
environments. Most of the current techniques, which mainly center around the static scenes, for example, the
backup and archive systems, are not appropriate because of the dynamic nature of data in the cloud or integrated
cloud environments. This problem can be effectively reduced and successfully managed by data deduplication
techniques, eliminating duplicate data in cloud storage systems. Implementation of data deduplication (DD) over
encrypted data is always a significant challenge in an integrated cloud-fog storage and computing environment to
optimize the storage efficiently in a highly secured manner. This paper develops a new method using Convergent
and Modified Elliptic Curve Cryptography (MECC) algorithms over the cloud and fog environment to construct
secure deduplication systems. The proposed method focuses on the two most important goals of such systems. On
one side, the redundancy of data needs to be reduced to its minimum, and on the other hand, a robust encryption
approach must be developed to ensure the security of the data. The proposed technique is well suited for
operations such as uploading new files by a user to the fog or cloud storage. The file is first encrypted using the
Convergent Encryption (CE) technique and then re-encrypted using the Modified Elliptic Curve Cryptography
(MECC) algorithm. The proposed method can recognize data redundancy at the block level, reducing the
redundancy of data more effectively. Testing results show that the proposed approach can outperform a few state-
of-the-art methods of computational efficiency and security levels.

Keywords: Convergent encryption (CE), Modified elliptic curve cryptography (MECC), Edge computing, Integrated
cloud and fog networks, Hash tree. Secure hash algorithm (SHA)

Introduction
The data gathered through different sources and the
Emergence of the Internet of Things in all aspects of ap-
plications increases data volume from petabytes to yotta-
bytes, necessitating cloud computing paradigm and fog
networks to process and store the data. Cloud comput-
ing (CC) produces a network-centered environment vi-
sion to users which provides access to the internet, to a
collective pool of programmable grids, servers, software,
storage, and amenities that could be quickly freed, with
less supervision and communication to the cloud service
provider. Data processing in all ways is carried out

remotely in the cloud server with the help of internet
connectivity. Fog computing provides the local infra-
structure to process the application locally and then
connects to the cloud. The fog environment reduces
delay when compared to the application connected to
the cloud for processing. The application developed to
process and store the data needs end-to-end security,
communication protocols, and resources to access infor-
mation stored in the cloud and fog environments. Smart
applications are built with the help of sensors and actua-
tors, and the data is stored in the cloud environment;
and edge computing facilities are also used along with
the local infrastructure, termed as fog, to process the
data without delay. Internet of Things does not end up
with an information system but tries to build a cyber-
physical system [1]. Edge computing provisions the
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feature of mobility for the user to process and store data
on the move. Mobile edge computing provides seamless
integrity among multiple applications, vendors, mobile
subscribers, and enterprises [2].
Sending data to the cloud was the bulbous trend in

the past decades, which is now changing to fog, edge,
and cloudlet due to delay-sensitive and context-aware
services. To address these challenges, the centralized
cloud computing paradigm is moving to distributed edge
cloud computing and this makes computing transparent
[3]. Fog computing is an attractive solution to the
distributed edge cloud computing for any type of appli-
cations and benefits in low-latency, mobility, and geo-
distributed services distinguished from the cloud with
several access control schemes [4–6]. When fog comput-
ing is considered the one-step solution for reducing
computation tasks’ latency, some schemes are described
for offloading the task focusing on reducing the latency,
energy efficiency, and reliability [7]. Admission control,
computational resource allocation and power control are
some of the critical parameters considered before off-
loading the intensive task from the cloud. The perform-
ance can be further improved only by the efficient
resource allocation methods available for cloud and fog
environment, thus increasing the reliability and transpar-
ency in application processing [8]. Resource allocation in
a period allows the moving user to offload the task to
the nearest cloudlet and extend the services from the fog
environment. This type of offloading reduces delays in
computational tasks with more significant mobility fea-
tures [9].
Various application services impulse the possibility of

edge computing by offering cloud capabilities at the net-
work edge closer to mobile devices. Edge computing is
an encouraging paradigm to decide several vital chal-
lenges in the Internet of Things in all domains, such as
delay, low bandwidth, energy issues, latency in transmis-
sion, and data security and privacy [10, 11]. A compre-
hensive study of information security and privacy
requirements, tasks, and tools in edge computing, cloud
computing, fog computing and the cryptography-based
technologies for solving security and privacy issues are
analyzed before incorporating the cloud and fog net-
works [12, 13]. Hybrid encryption techniques using AES
in CBC Mode and HMAC-SHA-1 (Hash-based Message
Authentication Code) with lightweight procedures im-
prove the robust encryption at user-level security in a
cloud computing environment [14]. There are many
more technical developments, but they exhibit other is-
sues that have to be resolved, encompassing processing
and storing data, securing sensitive information, and
protecting user privacy [15].
Data deduplication (DD) stands as a universal data re-

dundancy removal technology. DD primarily classifies

identical data, stores one copy of data, and substitutes
other similar copies with undirected references instead
of keeping full copies [16]. DD involves three major pro-
cesses: a) chunking, b) hashing, and c) comparing hashes
to recognize redundancy. The chunking process breaks a
file into many smaller files termed as chunks. The chunk
level deduplication method ameliorates the storage of
unique chunks by contrasting it with all incoming
chunks for duplicate recognition [17]. Once the data is
being uploaded to the cloud, the owner could not assure
the security of the data in remote storage systems. Per-
forming encryption is necessary to make data secure;
simultaneously, performing deduplication is imperative
for attaining optimized storage. Hence, encryption and
deduplication should be done simultaneously for ensur-
ing optimized and secured storage [18]. DD could be
employed within a file, across files, across applications,
or across clients over a particular period of time. It is
utilized in archiving and backing up the file systems, da-
tabases with low change rate, Network Attached Storage,
VMware environment, Local Area Network, and Storage
Area Network. By adopting them, the key utilized for en-
cryption and also decryption is itself attained from the
data and would resist further attacks [19].
This paper proposes a secure data deduplication sys-

tem using convergent and MECC algorithms over the
integrated cloud-fog-edge environment. The convergent
encryption appears to be the right choice for the imple-
mentation of deduplication with encryption in the cloud
storage domain. But there is the possibility of dictionary
attacks concerning this scheme as the encryption key is
formed using the plaintext. An intruder who has gained
access to the storage can compare the ciphertexts pro-
duced after the encryption of distinguished plaintext
values from a dictionary where the ciphertexts are being
stored. Moreover, even if encryption keys are encrypted
with the users’ private keys and stored somewhere else,
the cloud provider, who has no access to the encryption
key but has access to the encrypted chunks (blocks), can
efficiently perform offline dictionary attacks and deter-
mine the expected data. Hence, to solve the above prob-
lem, the encrypted and deduplicated data using the CE
are once again encrypted by the proposed modified ellip-
tic curve cryptography (MECC) technique. The com-
bined CE and MECC technique ensure efficient
deduplication and secured encryption of cloud-fog-edge
storage with less computational overhead compared to
existing data deduplication techniques.
The significant contributions of this paper can be

summarized as follows.

� A new method of constructing a secure
deduplication (DD) system using Convergent and
Modified Elliptic Curve Cryptography (MECC)
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algorithms over the cloud and fog/edge
environment.

� Performance evaluation of the proposed technique,
based on its computational efficiency and level of
security is done.

� We validated the proposed deduplication
technique’s ability to recognize data redundancy in
the level of blocks, which can reduce the
redundancy of data more effectively to minimize the
storage space in the cloud environment.

The draft structure of the manuscript is arranged as
follows: section 2 surveys the associated works, section 3
provides the proposed methodology, section 4 explores
the tentative outcome and section 5 contains the conclu-
sion and scope for future work.

Related works
The secure deduplication system abandons the duplicate
copies of data, and it also proffers security to the data.
Convergent Encryption (CE) is utilized to encrypt or de-
crypt the data to the file level with a convergent key that
is generated as the file content itself [20]. After encrypt-
ing such files, the cloud user just holds the encryption
key and outsources the ciphertext (CT) to the CS to save
storage space. By updating the CT saved in the central
cloud and user-level public keys without knowing the
private keys, consistent privacy is rendered [21].
Kwonet al [22]. proffered a secure deduplication frame-
work with user revocations. The system comprises of ‘3’
phases, namely: upload, revocation, and download. The
proffered framework is executed via a privilege-centric
re-encryption methodology over convergent-encryption.
Liet al [23]. recommended Dekey, a construction
wherein users need not handle any keys but rather se-
curely disseminate the convergent key shares across
multi servers. Dekey upholds the block-level and file-
level deduplication. File-level deduplication eradicated
the storage of any redundant files, and block-level dedu-
plication separated the files into a smaller variable or
fixed-sized blocks and wiped out the storage of any re-
dundant blocks. Security analysis delineated that Dekey
was secure. The Dekey centric Ramp secret centered
framework elucidated that Dekey incurred limited over-
head in factual environments.
Kwon et al. [24] recommended a deduplication frame-

work at the server-side for the encrypted data. It permits
the Cloud Server to control the access to the outsourced
data even while the ownership altered dynamically with
the secured ownership group key distributions and
exploited randomized CEs. It can avert data leakage to
the revoked users though they formerly owned the data
and even to the cloud storage. The system assures data
integrity like the tag inconsistency attack. The efficiency

estimation results corroborated that the scheme was al-
most as effectual as the former framework, while the
extra overhead in computations was insignificant.
Yuanet al [25]. developed a primitive termed and a fully
randomized framework (R-MLE2). It comprises of ‘2’
schemes: i) static and ii) dynamic, where the latter one
permitted tree adjustment by elevating specific computa-
tion cost. The primary trick of the framework was to
utilize the interactive protocol centered on dynamic or
static decision trees. The security and performance ana-
lyses evinced that the frameworks were Path-PRV-CDA2
secured which attained multiple orders of magnitude
and high-level performance for the data equality tests,
more than the R-MLE2 framework, when the count of
data items was comparatively large. Han et al. [26] pro-
pounded a multi-bit secret channel in the cloud storage
service, and also recommended a framework that
attained good security and high-level data transmission
rate. In the recommended algorithm, the data upload
was simplified via multi-bit file depiction. It eradicated
the need to upload “0” to diminish the number of
uploaded files, thereby made it hard for the attacker to
spot the covert channel and also effectually ameliorated
the security of cloud user data upload. Tawalbeh et al.
[27] reconsidered the security and privacy for cloud and
fog environments with the case study of health care sys-
tems using fog simulator and enhanced the performance
and trust among the end-users. Similarity and emer-
gence centered indexing for high-performance dedupli-
cation of data was introduced by Zhanget al [28]. which
provides quick responses to fingerprint queries. Houet al
[29]. suggested to check the truthfulness of cloud data
beneath the condition that the remote server stores only
a single copy of the same file from different users.
Deduplication has confirmed to achieve great space

and cost investment, and a higher number of distributed
storage suppliers are currently embracing it. Deduplica-
tion can weaken capacity needs by up to 90–95% for
corroboration [30]. As more users outsource their data
to remote server storage, the latest data breach occur-
rences make end-to-end encryption increasingly desir-
able. Enhanced Secure Threshold Data Deduplication
Pattern for remote storage helps to maintain end-to-end
encryption [31]. A flexible admission control tool called
Proxy re-encryption (PRE) has been recently hosted.
PRE is an effective tool for creating cryptographically
imposed admission control systems [32]. These schemes
show competence in computational cost and ciphertext
size.
A confidentiality-preserving deduplication technique for

remote storage in public cloud services is discussed in
[33]. The authors have proposed a secure file deduplica-
tion mechanism on the encrypted file, supporting public
reliability and auditing in the deduplication of the cloud
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storage system. A chaotic fuzzy transformation method is
projected to provision protected fuzzy keyword indexing,
storage, and query for fog systems that aid in raising the
privacy and confidentiality of the end-user data and also
by saving the resources of the mobile user devices [34]. A
comprehensive study on various security problems associ-
ated with outsourced data on the cloud and their existing
solutions is described using access control models for the
cloud computing environment [35].

A framework to mine structures statically and
dynamically from malware that imitates the perform-
ance of its code, such as the Windows Application
Programming Interface (API) classifies malware with
high accuracy and low false alarm rates [36]. The
public-key-based schemes obviate the security vulner-
ability inherent to symmetric-key-based μTESLA-like
schemes. But their signature verification is time-
consuming [37].

Fig. 1 a Uploading the file into the cloud server using the proposed system. b Downloading the file from the cloud server using the
proposed system
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Proposed secure deduplication approach
Cloud Service Provider provides many resources to users
as a service, for instance, vastly available storage space.
Managing the ever-elevating volumes of data in the cloud
is a noteworthy task. The DD technique makes data
management more scalable in CC. But security is the main
problem in Data Deduplication. To overcome this
problem, this paper proposes a secure data deduplication
system using convergent and MECC algorithms over the
integrated cloud-fog environment.
The proposed methodology is analyzed in four ways, i.e.,

a) when a new user tries to upload a new file, b) when the
same user tries to upload the same file c) when different
users try to upload the same file to the cloud server and d)
when the users try to download the file. The proposed
methodology could be expounded in detail using the block
diagram evinced in Fig. 1a and b.

When a new user tries to upload a new file
Initially, the new user browses a file and uploads it to the
CS. Then, the CS generates the hash code (HC) key for
the appropriate file using SHA 512 algorithm. The input
file is then appended with padding and fixed 128bit length
field. The enlarged message is partitioned as blocks. A
64-bit word is derived as of the current message block
utilizing 8 constants based on the square root of the first 8
prime numbers. In the subsequent level, a 512-bit buffer is
updated. SHA-512 operation can be comprehended using

Fig. 2, and then, the original input file is split into blocks.
Next, tag values are assigned for each block and hash code
(HC) is created for each tag value of a particular block
utilizing the same SHA 512 algorithm. Cloud server (CS)
verifies whether the hashtag is available in the HT. If it is
unavailable, then the hash tree is generated for Proofs of
Ownership (PoW) grounded on the hashtag value. Next,
the file is encrypted using a convergent encryption (CE)
method. The CE takes the HC key of the file as input.
Next, the convergent based encrypted file is again
encrypted utilizing the MECC algorithm.
The encryption process is done for securely uploading

the data to the CS. The CE and MECC based encryption
of the particular file is expounded as follows.

Convergent encryption (CE)
In data deduplication, CE improves data confidentiality.
The convergence key (CK) is denoted as the generated
hash code (HC) value of the file. Using this CK, all blocks
of data copy are encrypted. To detect the duplicate file in
the CSP, a tag will be derived for each data block. If two
data files are the same, the same tags will be provided.
Before storing the data file to the CSP, its tag would be
forwarded to the CSP for detecting duplicate data files. At
last, this encrypted data block, along with its tag, is saved
in the CSP. The phases in Convergent encryption (CE) are
described as follows.

Fig. 2 Structure of the SHA-512 algorithm [35]
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Convergent encryption
During encryption, the original file (f) and κh are given as
input for the encryption algorithm and Ey is the encryption
function. Finally, this encryption algorithm gives ciphertext
(Ct) as output.

Ct ¼ Ey f ; κhð Þ ð1Þ
Convergent decryption
During decryption, the encrypted file f or Ct is inputted to
the decryption algorithm. Finally, this decryption algorithm
outputs f and Ct.

f ¼ Dy Ct ; κhð Þ ð2Þ
The CE algorithm gives better performance when com-

pared with other existing methods, but it has a limitation
as the CE is not secure since it may be affected by the dic-
tionary attack. To avoid this, the proposed methodology
once again encrypts the above convergent encrypted file
utilizing the Modified ECC algorithm, which is discussed
as follows.
Elliptic Curve Cryptography (ECC) algorithm is

centered on a curve with specific base points and a prime
number function. This function is utilized as a maximum
limit. ECC is a kind of algorithm that is used in the
implementation of public-key cryptography. The mathem-
atical model of the ECC with g and e as integers is given
below.

w2 ¼ v3 þ gvþ e; 4g3 þ 27e2≠0 ð3Þ
In a cryptographic procedure, the potency of the

encryption technique depends mainly on the mechanism
that is deployed for the key generation. In the recom-
mended system, three types of keys have to be generated.
The main step is to generate the public key (αk) from the
server and encrypting it. In the next step, a private key
(βk) is produced on the server-side, and the message is
decrypted. The last step is to generate a secret key (οk)
from αk, βk, and point on the curve (ρc). Using the
succeeding equation, the αk is generated,

αk ¼ βk�ρc ð4Þ
The eq. (5) elucidates οk generation,

οk ¼ αk�βk�ρc ð5Þ
After οk generation, the file is encrypted. This

encrypted file contains two CTs, and mathematically,
they are depicted as,

C1 ¼ K≔1; 2;…; n − 1ð Þð Þ�ρc
� �þ οk ð6Þ

C2 ¼ f þ K≔1; 2;…; n − 1ð Þð Þ�αkð Þð Þ þ οk ð7Þ
Here, C1 and C2 represents the two CTs, K is the random

number generated in (1, ..., (n − 1)) interval. During
encryption, οk is added to the CTs. During decryption, οk is
subtracted with the two CTs, and the original file f is given
by,

f ¼ C2 − βk
� ��C1
� �

− οk
� � ð8Þ

When the same user tries to upload the same file
When the same user tries to upload the same file again,
the CS calculates the hash value with the CK by utilizing
the SHA 512 algorithm. Next, for every single input file,
the binary depiction of the file is split into fixed-sized
blocks. The size of the data block finds the level of granu-
larity of deduplication. As the data block size decreases,
the level of deduplication increases. Meanwhile, it might
bring complex metadata management. The proposed
approach considered the file block-sizes of 5MB, 10MB,
15MB, 20MB, and 25MB. Then, the tag key is created
for each of the divided blocks. Next, the hash value is
computed for all the tag keys utilizing the same SHA-512
algorithm.
In the uploading phase, the CS checks the hashtag (HT)

for a particular input file. If the hashtag value of the input
file is in that HT, then the CS queries the path of the hash
tree to the users. If a user sends the correct path, then the
CS verifies the user id. If the id is the same, then the CS
does not store the file again. Generally, the hash tree path
has the succeeding format,

P Htð Þ ¼ RLL;RLR; etc:f g ð9Þ
Where ,P(Ht) denotes the path of the hash tree, RLL

represents the “Root, Left, Left”, RLR, denotes the “Root,
Left, Right.” The leaf node is not added to the hashed tree
path. The same user trying to upload the same file is
mathematically denoted as,

Su →
Uploads

S f CS →
Informs

A

� �
ð10Þ

Where, Su denotes the same user, Sf represents the
same file, and CS means the cloud server, which informs
the file is previously available (A).

When different users try to upload the same file to the
cloud server
When different users try to upload the same files to the
CS, the file is split into several blocks, and a tag is created
for checking the duplicate data copies in CSP. Then, each
tag is converted into HC, and it is called a hashtag value.
The CS checks the HT for the input file grounded on the
hashtag value. If the hashtag value is available in the HT,
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then the CS asks the path of the hash tree of the input file.
If a user sends the correct path, then the CS verifies the
user id. If the id is different, then the CS sends the refer-
ence link of the particular stored file’s location to the user.
Different users trying to upload the same file to the CS is
expressed as,

Du →
Uploads

S f CS →
asks

P Htð Þ
� �

ð11Þ

P Htð Þmatched→ CS →
Send

Rl fð Þ
� �

ð12Þ

P Htð ÞNot matched→ CS →
Informed

Iu

� �
ð13Þ

Where Du denotes the different users. Rl is the reference
link and Iu denotes an invalid user.

When users try to download the file
Here, the user sends the tag value of the specified file.
Then, the CS generates the hash value utilizing the
SHA512 algorithm. The CS now checks the hashtag value,
whether it is in the HT. If the value is available, then the
CS lets the user download the file, else the CS considers
them as an invalid user. It is mathematically denoted as,

H Tð Þmatched→Du ↓ð Þ ð14Þ
H Tð ÞNotmatched→Iu ð15Þ

Where H(T) denotes the hashtag value. Pseudocode for
the proposed secure deduplication system is evinced below,

Result and discussions
The implemented deduplication methodology is de-
ployed in the JAVA programming environment with the
following system configuration. The system performance
is analyzed, centered on different file sizes varying from
like 5MB to 25MB with an increase of 5MB after each
iteration. In this section, the performance scrutiny is
done on the proposed system. First, the performance re-
vealed by the proposed MECC security algorithm is con-
trasted to the existing security algorithms, say, Diffie-
Hellman (DH), ECC and Rivest Shamir Adelman (RSA)
in respect of encryption time (Et), decryption time (Dt),
key generation time, and security analysis.

Performance analysis of proposed encryption technique
Encryption time
Et is considered as the time that an encryption algorithm
consumes to generate encrypted data as of the inputted
data. Encryption time is computed as the difference be-
tween the encryption ending time and encryption start-
ing time. It is evaluated as,

Table 1 Performance Comparison of Proposed MECC and
Existing Techniques in terms of Encryption Time

File
Size
in
MB

Encryption Time (sec)

Proposed MECC DH Existing ECC Existing RSA

5 6.21 10.22 14.47 12.44

10 10.04 19.64 22.56 21.76

15 15.54 28.32 28.00 30.35

20 21.0 36.33 36.65 35.61

25 27.55 46.29 44.32 47.28
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Et ¼ Ee − Es ð16Þ

Where Et is the encryption time, Ee is the encryption
ending time and Es is the encryption starting time.

Decryption time
Dt is defined as the difference between the decryption end-
ing time and decryption starting time. It is evaluated as,

Dt ¼ De −Ds ð17Þ

where Dt is the decryption time, De is the decryption
ending time and Ds is the decryption starting time.

Security
Security is highly essential for cloud storage. The secur-
ity level is computed by dividing the hacked data with
the number of the original text. The security level of the
system is expressed as,

S ¼ Hd
.
Od

ð18Þ

Table 2 Performance Comparison of Proposed MECC and
Existing Techniques in terms of Decryption Time

File Size
in MB

Decryption Time (sec)

Proposed MECC DH Existing ECC Existing RSA

5 5.28 12.21 13.50 11.51

10 10.22 18.11 22.66 20.53

15 16.74 26.43 29.43 28.54

20 20.36 34.56 38.64 36.87

25 25.44 45.44 45.81 48.43

Fig. 3 a Performance comparison of proposed MECC with existing techniques in terms of encryption time. b Performance comparison of
proposed MECC with existing techniques in terms of encryption time
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where S denotes the security level, Hd is a hacked data,
and Od denotes the number of original data.
Tables 1 and 2 elucidate the performance comparison

of proposed MECC with the prevailing DH, RSA, and
ECC techniques concerning Et and Dt. The comparison
is performed, centered on the uploaded file size. The Et
and Dt are denoted in seconds (s). The proposed MECC
takes 6 s to encrypt the 5mb file, whereas the existing

DH, ECC, and RSA take 10, 14, and 12 s to encrypt the
same 5mb file, which is high when contrasted to the
proposed MECC. Similarly, for the remaining file sizes
(10 to 25MB), the proposed method takes less time to
encrypt the data. For the same 5Mb file, the proposed
MECC takes 5 s to decrypt the data, but the prevailing
DH, RSA, and ECC takes 12, 13.5, and 11.5 s to decrypt
the data. So, it is inferred that the suggested MECC

Table 3 Performance Comparison of Proposed MECC and Existing Techniques in terms of Key Generation Time and Security Level

Sl. No Encryption Algorithms Key Generation Time (ms) Security (%)

1 Proposed MECC 425.21 96

2 ECC 612.32 90

3 RSA 765.54 87.5

4 DH 856.33 85

Fig. 4 a Performance comparison of proposed MECC with existing techniques in terms of key generation time. b Performance comparison of
proposed MECC with existing techniques in terms of security level
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algorithm takes less Et and Dt when contrasted to the
remaining techniques. Tables 1 and 2 are graphically
plotted and are displayed in Fig. 3a and b.
Fig. 3a and b analyze the performance proffered by

the proposed MECC approach with other existing
techniques. The Et and Dt time varies centered on
the file sizes. Here, the file sizes range from 5mb to
25mb. For 10mb file size, the Et and Dt of the MECC
are 10s, but the existing DH, RSA, and ECC take 19
s, 21 s, and 22 s for encryption and 18 s, 20s, and 22 s
for decryption. Similarly, for all file sizes, the pro-
posed MECC takes lesser Et and Dt. So, it is deduced
that the MECC attains the best performance when
contrasted to others.
Table 3 compared the performance rendered by the

proposed MECC technique with the prevailing
methods concerning the key generation time and se-
curity level. The proposed MECC takes 425 ms to
generate a key, whereas the existing ECC, RSA, and
DH methods take 612 ms, 765 ms, and 856 ms to gen-
erate a key. Here, the existing Diffie-Hellman (DH)
method takes more time for key generation. But the
proposed MECC takes less time to generate a key
when contrasted to other techniques. Furthermore,
the security level of the proposed and existing
methods is compared with existing techniques. The
proposed MECC gives the highest security value
(96%), but the existing ECC, RSA, and DH methods
give 90%, 87.5%, and 85% of security. So, it is inferred
that the proposed MECC proffers high performance
for both key generation and security. Table 2 is
graphically illustrated as displayed in Fig. 4a for the
Key Generation Time and Fig. 4b for the Security
Level.

Performance analysis of proposed deduplication
technique
The proposed deduplication scheme is contrasted to
existing techniques such as the Chinese Remainder
Theorem (CRT) centered secret sharing and Smart
Deduplication for Mobile (SDM) in respect of dedu-
plication rate, which is evinced in Fig. 5. Here, the
proposed deduplication scheme is contrasted to other
techniques concerning the deduplication rate and tree
generation time.
Figure 5 contrasts the performance of the proposed

deduplication with the prevailing methods, say CRT and
SDM. The deduplication rate varies centered on the file
size. For the 5mb file, the deduplication rate of the pro-
posed method is 26%, whereas the existing SDM and
CRT give 23% and 24%, which are relatively low when
contrasted to the proposed method. For the 25mb file,
the existing SDM and CRT give 23.5% and 24.2% of the

Fig. 5 Performance analysis of the proposed deduplication scheme with existing techniques in terms of deduplication rate

Fig. 6 Performance comparison of the proposed hash tree with
existing binary tree
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deduplication rate, but the deduplication rate of the pro-
posed method is 26.2%. Similarly, for other file sizes
such as 10mb, 15mb, and 20mb, the proposed dedupli-
cation scheme gives superior results contrasted to CRT
and SDM. The performance comparison of the proposed
hash tree used in deduplication with the existing binary
tree in respect of tree generation time is evinced in
Fig. 6.
Figure 6 contrasts the performance shown by the pro-

posed hash tree with the existing binary tree regarding
tree generation time. The proposed hash tree takes 245
ms to generate a tree, whereas the existing binary tree
takes 440 ms to generate a tree, which is high when con-
trasted to the proposed hash tree generation approach.
So it is deduced that the proposed hash tree approach
shows high-level performance compared to binary tree
generation methodology.

Conclusion
Deduplication is the utmost notable Data compression
methodology. Many existing methods introduced differ-
ent deduplication methods, but they provided low secur-
ity. This paper proposed a secure deduplication system
using convergent and MECC algorithms over the cloud-
fog environment. The proposed method is analyzed in
four ways: a) when new users try to upload the new file,
b) when the same user tries to upload the same file, c)
when different users try to upload the same file, and d)
when different users try to download the file. The per-
formance of the recommended system was analyzed by
using various file sizes ranging from 5MB to 25MB,
with an incremental of 5MB each in every iteration. The
performance analysis corroborated that the recom-
mended system has 96% security, which is a promising
result and higher than the other existing encryption
methods.
The assessment result elucidates that the recom-

mended system is extremely secure and effective for data
deduplication for an integrated cloud environment. This
proposed model may be extended in the future for any
kind of Internet of Things (IoT) applications that use dy-
namic resources management at the edge environment.
It can also be used in building cyber-physical systems by
studying the different use cases having different payload
with the variant data formats. The proposed technique
would certainly be a promising model for increasing the
security and optimizing the computation time and stor-
age in an integrated environment such as IoT or cyber-
physical systems.
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Abstract—In the 5G-envisioned Internet of vehicles (IoV),
a significant volume of data is exchanged through networks
between intelligent transport systems (ITS) and clouds or fogs.
With the introduction of Software-Defined Networking (SDN), the
problems mentioned above are resolved by high-speed flow-based
processing of data in network systems. To classify flows of packets
in the SDN network, high throughput packet classification sys-
tems are needed. Although software packet classifiers are cheaper
and more flexible than hardware classifiers, they could only
deliver limited performance. A key idea to resolve this problem
is parallelizing packet classification on graphical processing units
(GPUs). In this paper, we study parallel forms of Tuple Space
Search and Pruned Tuple Space Search algorithms for the flow
classification suitable for GPUs using CUDA (Compute Unified
Device Architecture). The key idea behind the offered method-
ology is to transfer the stream of packets from host memory to
the global memory of the CUDA device, then assigning each of
them to a classifier thread. To evaluate the proposed method,
the GPU-based versions of the algorithms were implemented
on two different CUDA devices, and two different CPU-based
implementations of the algorithms were used as references.
Experimental results showed that GPU computing enhances
the performance of Pruned Tuple Space Search remarkably
more than Tuple Space Search. Moreover, results evinced the
computational efficiency of the proposed method for parallelizing
packet classification algorithms.

Index Terms—5G, flow processing, GPU, Internet of Vehicles,
intelligent transport systems, SDN.

I. INTRODUCTION

OUR intelligent vehicular world is connected by the
Internet of vehicles (IoV). With the advent of the

fifth-generation (5G) wireless networks, the significant
development of network bandwidth and growth of hardware
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technologies has increased the speed of communications
considerably [2]–[4]. That is, the communications speed is
reached to terabits per second. SDN enhances the performance
by accelerating network systems to process the packets with
the rate of vehicular network communications [3], [5], [6]. For
this purpose, a new technology, packet classification, is used in
the architecture of modern network systems, which lets them
be flow-aware. In such systems, after classifying the received
packets into flows, the corresponding actions are performed
on each flow. A variety of modern network systems, including
high-speed core routers, network firewalls, intelligent intrusion
detection systems, and high-level network management
systems, run packet classification as their fundamental process.
In SDN-based IoV, as shown by Fig. 1, the flows of data
produced by billions of IoV sensing devices are transferred to
SDN controllers via high-speed switches and routers [7]. The
intermediate SDN switches should apply flow-based actions on
the received streams and process them at the speed of vehicular
network links. Therefore, to accelerate the flow classification
as the fundamental process of these systems, GPUs with their
rich computational resources are highly interested.

To classify an incoming packet, first, its header information
is compared against the filters of the classifier according to
specified fields to find a match. In this comparison, more than
one filter may match the packet, or no match may be found.
In the former case, the priority of filters is used to select
the best-matched filter. The action of this filter is applied to
the packet. In the latter case, a default action is applied by the
network processor on the unclassified packet. The standard
fields extracted from the packet header to be used in packet
classification include Service Type, Destination IP, Source IP,
Destination Port, and Source Port. The classifier may access
to other fields of the packet header like Source MAC and
Destination MAC addresses [8].

Packet classification algorithms are generally implementable
in hardware and software. Heavy computations of packet
classification are performed on parallel processors and mainly,
graphics processing units (GPUs) [9]. GPUs, these new emerg-
ing commodities, have increased the computational speed of
modern systems compared to multi-core processors. By the
introduction of useful modules like CUDA (Compute Unified
Device Architecture) [10] and the OpenCL (Open Comput-
ing Language) [11], many pieces of research have focused
on using GPUs to solve computation-intensive problems in
various domains of science.
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Fig. 1. SDN-Enabled internet of vehicles.

In this paper, we investigate GPUs to accelerate software-
based packet classification algorithms. Two typical packet
classification algorithms are selected for their simplicity and
highly parallelizable structures. The current work has the
following contributions:
• Different scenarios have been offered for the paralleliza-

tion of two important algorithms of packet classification.
The difference between the proposed plans is how the
GPU uses different memory configurations. Due to the
limited memory capacity and the data structure size of
packet classification algorithms, a suitable method is
proposed for optimal use of the GPU.

• The complexity of any parallelization scenario is highly
dependent on using the memory hierarchy of GPU and the
technique of exploiting the maximum concurrency among
threads. Hence, we present an asymptotic analytic model
to estimate the computational complexity of the proposed
parallelization scenarios. This model helps us to compare
the efficiency of different scenarios before running their
corresponding kernels.

The rest of this paper is structured as follows. In the next
section, related works on parallel packet classification via
GPU are reviewed. In section 3, structures of TSS and TPS
algorithms are evaluated for parallelization. In section 4, after
establishing the CUDA programming model, the proposed
method to parallelize TSS and TPS is explained. Experiments
and their results are offered and analyzed in section 5. The
conclusions and future works are presented in the final section.

II. RELATED WORK

Different classification algorithms, implementable in hard-
ware or software, fall into one of the four categories, including
linear search, decision tree-based, decomposition-based, and
tuple space-based [8].

In all of the algorithms mentioned above, the classification
process is launched per packet. That is, to classify each
input packet, the classification algorithm is executed again.
This key observation motivated limited researches to inves-
tigate the parallel forms of packet classification algorithms.

Nottingham and Irwin [11] provided valuable articles to pio-
neer the concept of parallel packet classification on GPU
using CUDA and OpenCL platforms. However, their work
does not include any implementation of algorithms and related
performance comparisons. Han et al. [12] showed that by uti-
lizing GPU co-processors, one might increase the classification
throughput. Their proposed GPU-based IP routing algorithm,
named PacketShader, could improve the performance com-
pared with CPU-based IP routing methods. Hung et al. [13]
presented parallelized versions of BPF and BitMap algorithms
on GPUs. They also, utilized different memory architectures
for GPU and compared numerical results reveling related
computation performance. Kang and Deng [14] parallelized
linear search and DBS algorithms and implemented them on
GPU. Comparing the computation time of sequential versions
of algorithms with that of GPU-based versions, they noticed
that the performance of linear search on GPU is higher than
DBS on GPU. Zhou et al. [9], [15] implemented the Bit-Vector
algorithm on GPU. Their results showed that the performance
of the algorithm, utilizing K computation threads on GPU,
is enhanced to log2 k times. Recently, Varvello et al. [16] used
GPU computations to accelerate the Bloom filter algorithm.
More recently, Zheng et al. [17] has presented an analogous
study to enhance the performance of the HiCuts algorithm via
parallelizing it on GPU.

Considering the researches mentioned above, some packet
classification algorithms have not yet been considered
for implementation on GPU. Moreover, none of the
aforementioned studies have offered a general methodology
to parallelize every packet classification algorithm. In the
following, after reviewing the structure of the TSS and TPS,
a general methodology is presented that simply makes the
GPU-based implementation of these packet classification
algorithms feasible.

III. BACKGROUND

A. Tuple Space Search

Srinivasan et al. [18] introduced the TSS technique for
packet clarification. The key idea behind this method is to
make the n the scope of a search on multiple fields of packet
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TABLE I

TUPLE SPACE

TABLE II

FILTER-SET

header narrower by dividing the filters to mutually exclusive
subsets according to definable “tuples”. Each tuple is a list of
n values; each of them is the length of a field in a filter. For
example, in filter-set on five prefix fields, the tuple [3, 5, 7,
0, 12] shows that the size of the first prefix field is 3 bits,
the size of the second prefix is 5 bits, the size of the next
prefix is 7, the size of the fourth one is 0 ( or a wildcard
field), and the size of the prefix of final field is 12.

TSS algorithm reduces the number of distinct tuples as
compared with the number of filters in the original filter-set.
Therefore, the filters of a filter-set are partitioned into the
distinct tuple groups. Then, the algorithm performs lookups
across all the identical tuples to find the most suitable filter
that is highly matched with the packet. Finally, among the
multiple reported filters, the highest priority one is reported as
the best-matched filter.

In order to visualize the idea of tuples in the TSS algorithm,
a sample filter-set is presented in Table I. The prefix of the
source IP address and destination IP address of three filters
are presented in Table I. The tuple of each filter is formed
by putting the lengths of those prefixes together according to
a predefined order. For example, since the size of the source
and destination IP prefixes are 1 and 2, respectively, the tuple
of R2 is (1,2).

In order to show the classification of packets with
TSS, a sample filter-set containing nine filters is presented
in Table II. Each filter of this table has five fields. Two binary
trees are constructed using source and destination IP prefixes.
For this purpose, according to the presence of 0 or 1 in the
successive bits of the prefix, a branch is added to the left or
right of the under-construction node of the tree.

Fig. 2 shows the binary trees corresponding to the source
address field and the destination address field of the sample
filter-set. Black nodes represent filters. Alongside these nodes,
several relevant nodes are also provided.

The algorithm works for input (11010, 00001, 53, 443,
4) with a set of filters in Table II as follows. Input (11010,
00001, 53, 443, 4) contains five fields of IP headers. These
fields are shown from left to right in Table II, respectively.

Fig. 2. The binary tree of source and destination addresses.

TABLE III

SELECTED FILTERS OF THE FILTER-SET

TABLE IV

SELECTED TUPLES FROM PRUNED TUPLE SPACE

In this example, the search is performed by traversing the
constructed binary trees using corresponding values extracted
from the packet header. The dashed line in Fig.2 shows the
search path. The filters corresponding to the tuples found in
the navigation path are extracted.

Table III shows the extracted filters for this example. As can
be seen, the number of these filters is a small fraction of the
filter-set. As a result, a substantial depletion of the irrelevant
filters in the large-size filter-sets is expectable.

Finally, to find the best-matched filter, a linear search is
conducted on the small subset of filters that were resulted from
the previous step. For the above example, the best adaptive
filter is the R4 filter.

B. Pruned Tuple Space Search (TPS)

The original tuple space search algorithm performs a linear
search on all tuples obtained from the lookups over two binary
trees. But the pruned tuple space search algorithm first shares
some of the results obtained by traverse in the source address
and destination address tree. Then, an exhaustive search is
performed on the small subset of filters that are found from
the intersection of tuples. Table IV shows the result of applying
the TPS algorithm to the example of Table III.

Comparison of Tables III and IV shows that the speed of the
TPS algorithm is higher than that of the TSS algorithm. This
is well illustrated in the evaluations carried out. But the speed
of this algorithm is still far from the ideal speed. One of the
best ways to accelerate the packet classification algorithms is
to execute them in parallel on graphics processing units. In the
last few years, there has been some work on parallelizing
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packet sorting algorithms to the graphics processing unit,
which will be reviewed later.

It can be easily deduced from the above discussion that
the TSS and TPS algorithms for packet classification benefit
significantly from the parallelizable search. In the following
section, parallel implementation of the TSS and TPS packet
classification algorithms is explained.

C. CUDA Programming Model

Generally, the GPUs are processing systems in which many
scalar processors execute threads of code in parallel. Modern
GPUs include a number of stream processors (SMs) that man-
age some scalar processors (SPs). To utilize the computational
power of these processors, standard platforms like CUDA are
provided by Nvidia [10], [19].

CUDA programs classically include two related modules,
a commonly sequential module that is executable on the CPU
of the system, or the host, and a heavier-but-parallel module
called the kernel that runs on the SPs. The former controls
the transfer of the input data for the latter from system
memory to the GPU memory hierarchy. Also, it copies the
computation results from the memory hierarchy of the device
to the system memory. The programmer should concisely
allocate the required kernel memory and minimize the kernel
communication overhead.

Kernel invokes a predefined set of threads on SPs that
compute results for a slice of input data. To handle these
threads, several blocks of thread are defined, each of which
contains 512 concurrent threads. The blocks of threads are
typically organized in a two/three-dimensional grid. By using
the unique index of each thread, the data elements which
should be processed by that thread are specified. Each block of
threads is run by a single multiprocessor, which orchestrates
the execution of the kernel on the corresponding SPs and
coordinates the access of threads to input data elements and
also storing the computation results through shared memory.

CUDA devices have different memory modules with varying
delays of access. The performance of the kernel is positively
related to the memory modules used in the kernel code.

Fig. 3 illustrates the proposed plan to keep filters-sets and
packets in the CUD device. Given the size of the filter-set and
packet headers, we prefer to store the filter-set and packets
in the shared memory and the global memory of the device,
respectively. The CUDA application programming interface
(API) coordinates the memory access on the device, and pro-
vides a set of functions to communicate the data between the
host memory and allocated device memory. Note that, among
different data-transfer models, the streaming model is the best.
It is a pipeline of data transmission. In this model, sequences of
operations are scheduled to be performed progressively on the
CUDA device [10], [20]. This model is used for data transfer
in the proposed parallelization methodology.

IV. PARALLEL IMPLEMENTATION OF TSS AND TPS

This paper presents three different methods for parallelizing
the search using a GPU. The first method uses global memory,
and the two other methods use shared memory. Our GPU

Fig. 3. The memory storage for filter-sets and packet data on CUDA device.

version of TSS and TPS are vastly parallel programs, in which
fine-grained parallelism is realized by exploiting the maximum
number of concurrent threads to classify packets. Note that,
since the precise number of references to the memory during
the runtime is not precisely determinable, the exact number of
floating-point computations per packet could not be estimated.
But as a lower bound, the balanced TSS/TPS algorithms
should perform at least one floating-point operation for each
packet classification.

Algorithm 1 represents the main steps of implementing
TSS, and TPS algorithms using CUDA. Initially, the filter-set
and packets are loaded from two separate files into the host
memory. Two binary tries, one for storing source address
prefixes of filters and the other for storing destination address
prefixes of filters are constructed in host memory. Then,
breadth-first traversals of these two trees are stored in host
memory. Next, after allocating the required memory, these
data, which reveal tree structures, filters of filter-set, and
packets are transferred from the system memory to the global
memory of GPU. In addition to these items, corresponding to
each packet a specific space, denoted by a result, is allocated
in the global memory of GPU to store its flow number.

Algorithm 1: The Parallel Form of TSS and TPS
Algorithms

1: Global Memory← Host Memory (Tree, structure
Packets, Filters)

2: p← ReadPacket(threadIdx)
3: BMR← Classification(p, tuples)
4: Result [threadIdx]← BMR
5: HostMemory← Result

As shown in the second step of the pseudo-code of
Algorithm 1, the proposed form for parallel kernel is very
fine grain. That is, each thread picks a packet from the pool of
packet in the global memory and classifies it according to the
third step of the process. The output of the calcification is the
identification number of the best-matched filter. As shown in
Algorithm 1, in the fourth step of the pseudo-code, this result
is stored in a pre-allocated memory space corresponding to
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each classified packet. After classifying all packets, the result
is transferred from device storage to host storage. Note that
after transferring the result to hot memory, the algorithm frees
the allocated space in device memory.

A. Scenario 1: Using Global Memory

In the proposed mechanism for parallelizing the packet clas-
sification operation first, the source tree and destination tree
corresponding to the filters are constructed by the CPU. Then
the remaining data structure including two trees, the filter-set,
the packet header, and the result array is transferred from the
system memory to the pre-specified memory module on GPU.
The reason for keeping this data in global memory is that they
are reachable to all threads.

It should be noted that the Result array stores the best
matching filter of each packet within a corresponding index
of it. These operations are illustrated in lines 1 and 2 of
Algorithm 2. Each thread classifies the maximum number of
packets equal to the number o f headers

3072 . The number of threads
used is 3072. Finally, each thread stores the result of the clas-
sifying each packet in the position corresponding to the index
of that packet in the output array. This operation is illustrated
in lines 3 through 8 of Algorithm 2. The classification process
is performed in parallel with all threads. When all threads are
done, the output array is transferred to the host memory. This
operation is illustrated in lines 9 and 10 of Algorithm 2.

Algorithm 2: Global Memory Scenario
Input : rulesR, header H
Output: rule indexes I for each header h�H
1 array results[number of headers];
2 Global Memory← Host Memory(Source Tree

structure, Destination Tree
structure, H, R, results);

3 tid ← threadIdx;
4 while tid < number of headers do
5 p← Readheader(tid);
6 BMR← Classification(p, tree);
7 Result[tid] ← BMR;
8 tid ← tid + threadIdx;
9 __syncthreads();

10 HostMemory← Result
11 end While

B. Using Shared Memory

In this study, three different scenarios of shared memory-
based parallel packet classification are presented. These three
methods have commonalities, which will be discussed below.

The access rate and the capacity of memory modules of
GPU are reversely related. That is, by increasing the access-
rate, the capacity of the memory module is decreased. In the
classification of the packet on GPU, two essential parts of
the dataset, including filters and headers, should be stored on
the most suitable modules of the memory hierarchy of GPU.
Each thread accesses the header of the packet once, but it

Fig. 4. Creating ACL2_1K destination tree with a 6-Block for each
processing kernel.

requires access to the filters set multiple times. Therefore,
keeping the filter-set in a fast memory results in a considerable
decrease in the classification time of packets. On the other
hand, the filter-sets in network processors of core routers
include millions of entries. Regrading those two major con-
cerns, it seems that the shared memory of GPUs with 48KB of
storage is the best module for keeping the filter-set. This mem-
ory module is so advantageous since all threads in a CUDA
block can simultaneously access to the content of this memory.

Each SM uses shared memory. This memory space is split
between blocks in the GPU. The storage space is so small
that if all this memory is allocated to a block, the source and
destination trees created corresponding to the filters, will not
be included in the associated memory. The solution used in
this article is to break the tree from different levels. To do
this, it is first estimated the amount of data that should be
communicated between the CPU and the GPU. This is based
on the amount of space required for tree storage and storage
space. Then the blocking policy is specified. Based on the
policy selected, the amount of memory allocated to each block
is specified. The number of nodes in a block can be specified
and used as a threshold. Then the breadth-first traversal is
done on the tree and each node encountered along the path
of the traversal is taken as the root of a separate tree. Then,
the algorithm gets the number of allocated nodes in this new
binary-tree. If the number of allocated nodes is less than the
given threshold, a cut is done on the current node, and the
corresponding subtree is separated from the main tree. This is
done as long as the breadth-first traverse continues. It should
be noted that this traverse does not include beneath cut trees.
These operations are illustrated in lines 1-2 of the algorithm
in Algorithm 3. Fig.4 demonstrates how to cut the ACL2_1K
(Access Control Lists type 2 with 1K Rules) destination tree.
The cutting process is explained below.

By estimating the number of memory transfers between the
memory of the system and device, and choosing the maximum
number of blocks, six blocks are defined in the processing
kernel. By choosing a 6-block policy for each processor, each
block reaches 8kB of shared memory, holding 512 = 8kB /
16B nodes. Note that the amount of space needed to store
every node of trees is 16 bytes. The numbers in each node
represent the sum of all nodes to the left and right of that
node plus the number of filters in that node. By cutting on
the target tree of ACL2_1K, the leaf nodes in Fig. 4 are each
considered as the root of a separate tree. As can be seen, the
number of nodes in all newly created trees is less than 512.
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Algorithm 3: Shared Memory Scenarios
Input : rulesR, headers H
Output: rule indexes I for each header h�H
1 Source tree break into Subtrees;
2 Destination tree break into Subtrees;
3 array O[|rules|][|headers|];
4 for i← 0 to |headers| − 1 do
5 O[ f oundruleof tree][i ]+ = 1
6 end for
7 Global Memory← Host Memory(subtrees, H, O);
8 for i ← 1 to ceilf(|subtrees|/|blocks|) do
9 tid ← threadIdx;

10 __shared__Tree tree[maximum size of the subtrees];
11 If (subtree(blockIdx.x∗i) �= Null) then
12 while tid < size of subtree(blockIdx.x∗i) do
13 tree[tid] = subtree(blockIdx.x∗i);;
14 tid ← tid + threadIdx
15 end While
16 __syncthreads()
17 end if
18 for j ← 0 to ceilf(|headers|/dimBlock) do
19 index← threadIdx.x+ j ∗ dimBlock
20 If (index < |headers|) then
21 O[found rule of tree][index]+ = 1
22 end if
23 end for
24 end for
25 array results[|headers|];
26 Global Memory← Host Memory(R, H, Results);
27 Shared Memory← Global Memory(R);
28 tid ← threadIdx;
29 while tid < |headers| do
30 p← Readheader(tid);
31 BMR← Classification(p);
32 Result[tid] ← BMR;
33 tid ← tid + threadIdx;
34 end While
35 Host Memory← Result

With this type of cutting, the nodes on the top of the tree
do not include any newly created trees. To solve this problem,
a straightforward classification operation is done for each
incoming packet. For this purpose, a two-dimensional array
is created first. The number of packets and the size of the
filter-set specifies the size of two corresponding dimensions
of this array. All cells of this array are preset, first. The
corresponding cells of this array are incremented in each step
for the filters of the matched tuples in the traversal path. This
operation is illustrated in lines 3 through 6 of Algorithm 3.

Then the new trees, the headers of the packets, along with
this two-dimensional array, are transferred to the machine’s
global memory (line 6-7 of Algorithm 3). The next line of
Algorithm 3 is executed when the number of trees created is
likely to exceed the number of available blocks. In this case,
the shared memory of the blocks must be emptied and reused
for the remaining trees. The trees are transferred to their own

block shared memory. Each thread gets one or more nodes
from the tree corresponding to its block and copies it to its
block memory.

The number of nodes that each thread copies in its shared
memory is obtained by the size of subtree

dim Block relation. Here it is
necessary to make a complete copy of the tree in order to
proceed to the next steps. This operation is illustrated in lines 9
through 17 of Algorithm 3.

Each thread picks the number o f headers
dim Block of packets from the

global memory and performs search operations on the tree
in its block. The algorithm records the filters in the tuples
encountered in the traversal path in the 2D array in the
global-memory module. When all the trees are transferred to
the shared-memory module and the initial search operation is
performed on all packets on the trees, the two-dimensional
array created in the block is transferred to the host memory.
This operation is illustrated in lines 18 to 23 of the algorithm
in Algorithm 3.

Then a new kernel function is created to perform
the second phase of the search, which is an exhaustive
search. Then the structure of the packet-headers, the filter-
set, the two-dimensional array completed in the previous step,
along with a new vector, and the number of test packets is
copied to the pre-assigned memory of GPU to store the clas-
sification results. This operation is illustrated in lines 25 and 26
of Algorithm 3.

The linear search in the TSS is done on the filters with
the corresponding value for the packet in the two-dimensional
array being one or two. In the pruned tuple space algorithm,
this value should be two. The reason for this difference is
that the linear search in the TSS is run on the filters in the
tuples that exist in the path of the source or destination tree
traversal, or both, while in the pruned tuple space algorithm,
the linear search on the filters which exist the ways of
traversing source and destination tree. Finally, when all threads
are processed, the Result array is transferred to the global
storage of GPU. This transfer is performed by the functions
of lines 28 to 35 of Algorithm 3. The differences between the
scenarios implemented in the shared memory are presented
below. Line 27 will also be executed if the linear search used
in both of these is executed on the shared memory.

C. Scenario 2

This method tries to use the maximum number of blocks to
decrease the number of sweeps between the CPU and GPU.
Here, the key idea is to break down the tree more. This will
reduce the workload of the threads in the block. Linear search
is also performed on global memory in this scenario.

D. Scenario 3

The difference of this scenario with the previous one is to
perform an exhaustive search on the shared memory of the
block. This scenario copies the filters to the shared memory
to access each thread earlier.
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TABLE V

ANALYSIS PARAMETERS [1]

V. ANALYZE USING THE CALIBRATED

ASYMPTOTIC FRAMEWORK

Analytically estimating the complexity of parallel kernels is
of great importance in designing resource-efficient algorithms.
Recently several methods have been offered that estimate the
efficiency of parallelized algorithms on many-core machines
like GPUs [21]–[24].

Recently, a comprehensive method is presented for ana-
lyzing the complexity of intricate parallel algorithms on
many-core computing systems like GPUs [1]. In this method,
to estimate the efficiency of parallel kernels, different parame-
ters, including the running time of the sequential algorithm,
the number of SPs, the data communication time, and the
number of concurrently running threads on each SP are
considered. Table V, introduces the parameters that are used
in this framework [1].

In our analysis model, the total time of running the parallel
kernel on the graphic processor according to the proposed
scenarios is obtained by equation (1):

T imetotal ∝
⌈

a

nT

⌉
×max

(
T1,

M × L

τ

)
×

⌈
QBr

P Ba

⌉
× 1

P
(1)

In the above equation, T1 and M L
τ represent the computa-

tional burden of the sequential deployment of the algorithm
and the number of simultaneous accesses to the storage, corre-
spondingly. The former depends on the nature of the sequential
algorithm and the latter depends on the kernel policy that
dictates how to deposit the data structure of the algorithm on
the hierarchy of memory modules of the GPU. Given that P/Q
represents the number of SMs, if Br > Ba×( P

Q ), to completely
execute the kernel, it is required to re-fill the shared memory of
defined blocks

⌈
Q Br
P Ba

⌉
times. The (M×L) term in equation (1),

represents the memory complexity of the kernel.

A. Parameters Required for the Proposed Parallel Model

According to equation (1), the parameters of our analysis
in different scenarios have different values regarding the size
of the filter-set, the number of the SMs and SPs, and the type
of used memory modules. Table VI shows the value of these
parameters for the proposed parallel model.

TABLE VI

VALUE OF REQUIRED PARAMETERS

TABLE VII

THE MEMORY COMPLEXITY

The parameters Br and Ba show the number of recon-
structed subtrees and the number of exploited functional
blocks in each SM.

The value of parameter T1 is computed to the extent of
O

(
W 2

) + O (N + N) given the searching process of the
algorithm and the way of comparing the fields of each filter
of filter-set with the values extracted from their corresponding
fields of the packet header. Parameter τ is computed according
to the following equation and reflects the computational load
for each SP.

τ = nT × P
Q×Ba

P
(2)

B. The Complexity of the Proposed Scenarios

The complexity of transferring the data from the global
memory to the shared memory is O(n). Also, the total
complexity of searching the tree to find all matching filters
is O

(
w2

)+ O(n+ n). Note that the type and combination of
memory modules used for storing the essential data determine
the worst-case memory complexity of each scenario. The
memory complexity of all scenarios is calculated and shown
in Table VII. The linear search in the second and third scenar-
ios is performed in both global and shared memories. Hence,
the memory complexity of the third scenario is the lowest as
compared to others. Based on the parameters of the parallel
model, Table VIII shows the complexity of the proposed
kernels on a CUDA device with specifications represented
in Table IX.

Fig. 5 shows the complexity diagram of the various scenar-
ios presented for parallel packet classification using the TSS
algorithm. The obtained complexity is calculated according
to the parameter values of Table VII and the scenarios of
Table IX. Given the complexity results, it is predicted that the
third, first, and second scenarios will yield the best results,
respectively.

VI. IMPLEMENTATION AND EVALUATION

The first part of this section is focused on the technical
details of the implementation of the parallel kernels and the
ClassBench tool [16]. Finally, the results of the implementa-
tion of both algorithms on different filter-sets are compared.
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TABLE VIII

THE COMPUTATIONAL COMPLEXITY OF THE PRESENTED PARALLEL SCENARIOS ON THE FILTER-SET UNDER EVALUATION
BASED ON THE CALIBRATED ASYMPTOTIC FRAMEWORK

Fig. 5. The complexity of different parallel classification scenarios using
TSS.

A. Implementation

The required synthetic data is produced using Class-
Bench. It is used to generate required filter-sets and packets
based on input parameter files [25], [26]. The presence of this
tool resolves the need for collecting real packet profiles, and
real filter-sets of Firewalls (FW), IP Chains (IPC), and Access
Control Lists (ACL). A different number of filters, related to
ACL2 and FW2, with N = 1k filters, was generated using
ClassBench and used in all of our experiments. Corresponding
to each of the filter-sets above, different profiles, including
1k to 64k synthetic packet headers were generated using
ClassBench and used in all experiments. The parallelized
version of TSS and TPS algorithms were developed by C
programming language. The CUDA 9 platform was used to
implement the GPU-based programs. The provided scenarios
were tested on a CUDA device with specifications represented
in Table IX.

B. Evaluation

In this section, the proposed scenarios are examined from
different aspects of performance, such as classification time
and throughput. The classification throughput shows the num-
ber of packets that are classified per unit time. The proposed
scenarios were run the algorithms on the filter-sets ten times,
and then the average of the aforementioned parameters was
calculated. All times quoted are in a millisecond.

Fig. 6 shows the packet classification times of 1k to 16k
of packets using the parallel TSS algorithm and the parallel
TPS algorithm. Charts a and b show the results of the ACL
filter-set, and the c and d charts show the result of the FW
filter-set.

According to the results of the two filter-sets, the lowest
classification time belongs to the third scenario. Because in

TABLE IX

SPECIFICATION OF THE SYSTEM

this scenario, a binary search is performed to match all of the
packet fields in shared memory. The first scenario, where the
tree is wholly held in global memory, is faster than the second
scenario where the tree is formed from small sub-trees in
shared memory. The results obtained from the implementation
confirm the predictions made in the previous section proposed
by scenarios.

After traversing two binary trees according to the corre-
sponding fields of the packet, all of the visited tuples and
all of the commonly visited tuples during the traversal of
the respectively TSS, and TPS algorithms are inspected to
find the best-matched filter. Since the number of inspected
tuples in TPS is much lower than that of TSS, the packet
classification time by the former would be considerably lower
than the latter. The plots of classification time of the ACL and
the FW datasets in Fig. 6 shows that in all scenarios, the TPS
is faster than the TSS algorithm. For example, in the second
scenario, for classifying 16K of packets, the speedup of
TPS and TSS to the sequential version of the algorithms is
9.28 and 6.76, respectively. Fig. 7 shows the throughput of the
proposed scenarios of the parallelization of the TSS and the
TPS algorithms. Bar chart (a) shows the Throughput of ACL
filter-set and bar chart (b) shows that of the FW filter-set per
kilo packet per second. The Throughput of the TPS algorithm
is more than TSS in all scenarios and filter-sets.

The main reason for the higher throughput of the TPS
algorithms as compared to the TSS algorithm is that as
compared with the latter, the former inspects a lower number
of tuples for finding the best-matched filter ate the final
step of classifying packets. Among the scenarios presented,
the third, first, and second scenarios have the highest amount
of throughout, respectively. The highest pass rates in the ACL
and FW filter-sets are 1028.28 and 926.46 KPPS, respectively,
which are achieved in the third TPS scenario. This result
introduces the third scenario as the best one for the real-time
classification of the vehicular network packest.
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Fig. 6. Packet classification time in different scenarios and filter-sets. (a) TSS-ACL. (b) TPS-ACL. (c) TSS-FW. (d) TPS-FW.

Fig. 7. Throughput of different packet classification scenarios. (a) Throughput of ACL filter-set. (b) Throughput of FW filter-set.

VII. CONCLUSION

Flow classification is considered as the key technique for
accelerating the different functions of modern network systems
in SDN-based IoV. The critical challenge in this regard is
deploying an engine that can classify the incoming packets
with speed near to the wire speed. The engine should also
optimize memory usage.

Existing solutions have failed to make a fair tradeoff
between the time and amount of memory consumed. This
paper focuses on the TSS and TPS packet classification algo-
rithms, which are considered suitable algorithms for parallel
implementation. These algorithms work well to reduce the
amount of memory consumed, but they suffer from low speed.
This study has attempted to resolve this problem by parallel
implementation of these algorithms. These two algorithms
are implemented in the GPU in three different scenarios.
To predict the classification speed of the proposed scenarios,
their complexity is calculated. The computational complexity
is obtained by the calibrated asymptotic model. The main para-
meter in evaluating the performance of parallel algorithms on
the graphics processing unit is the packet classification time.

Analyzing the evaluation results show that the different
modes of memory utilization in GPU have a significant effect
on the speed of packet classification by TSS and TPS algo-
rithms. Also, comparing the results of the formal complexity
analysis and the corresponding experimental results confirms
the efficiency of the hybrid scenario in parallelization of the
TSS and TPS algorithms.

The present study would be extended by parallelizing the
parallelizable algorithms on a cluster of GPUs. Without any
doubt, the design of efficient GPU cluster-based parallel classi-
fier engines requires a comprehensive analytical platform that
can precisely estimate the effect of specific parameters on the
complexity of kernels.
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Abstract—Industry 5.0 is the digitalization, automation,
and data exchange of industrial processes that involve arti-
ficial intelligence, industrial Internet of Things (IIoT), and
industrial cyber-physical systems (I-CPS). In healthcare,
I-CPS enables the intelligent wearable devices to gather
data from the real-world and transmit to the virtual world
for decision-making. I-CPS makes our lives comfortable
with the emergence of innovative healthcare applications.
Similar to any other IIoT paradigm, I-CPS capable health-
care applications face numerous challenging issues. The
resource-constrained nature of wearable devices and their
inability to support complex security mechanisms provide
an ideal platform to malevolent entities for launching at-
tacks. To preserve the privacy of wearable devices and their
data in an I-CPS environment, in this article we propose
a lightweight mutual authentication scheme. Our scheme
is based on client-server interaction model that uses sym-
metric encryption for establishing secured sessions among
the communicating entities. After mutual authentication,
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the privacy risk associated with a patient data is predicted
using an AI-enabled hidden Markov model. We analyzed
the robustness and security of our scheme using Burrows–
Abadi–Needham logic. This analysis shows that the use
of lightweight security primitives for the exchange of ses-
sion keys makes the proposed scheme highly resilient in
terms of security, efficiency, and robustness. Finally, the
proposed scheme incurs nominal overhead in terms of
processing, communication and storage and is capable to
combat a wide range of adversarial threats.

Index Terms—Artificial intelligence (AI), authentication,
client-server model, industrial cyber-physical systems
(I-CPS), Industrial Internet of Things (IIoT), privacy, security.

I. INTRODUCTION

THE latest developments in Industry 5.0 have enabled the in-
tegration of industrial Internet of Things (IIoT), industrial

cyber-physical systems (I-CPS), big data technologies, cloud
computing, and artificial intelligence (AI) [1]. It has resulted in
collecting huge amounts of data from different industrial appli-
cations using intelligent IIoT devices. For example, in I-CPS
enabled healthcare applications, wearable devices implanted on
a patient body are capable to stream the real-time data to the
cyberspace for computation, storage, and bigdata analytics [2].
I-CPS facilitate the healthcare entities with cyber computa-
tional capabilities for making quicker decisions. To deliver
high-quality services at low cost, the healthcare practitioners
need to adopt I-CPS based practices. In a healthcare ecosystem,
the smart devices of IIoT are capable to gather, analyze, and
broadcast a diverse range of data. These devices ensure the
real-time monitoring of patients to save lives in an event of
emergency, e.g., heart failure, severe pain, asthma, etc. The
proliferation in mobile communication bridges the gap among
these smart devices and the practitioners by providing seamless
and reliable delivery of gathered data [3]. The patient-centric
approach of I-CPS enables the remote monitoring of patients
with shorter hospital stays and, in most cases, avoiding the
hospital altogether. Using industrial techniques in I-CPS, we
need to consider the patients’ willingness and feelings about
these techniques.
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The increasing use of industrial techniques in I-CPS brings
new risks, vulnerabilities, and challenges for practitioners and
their patients. Not only the IIoT devices and their data, but the
complete healthcare ecosystem needs to be secured against the
adversarial attacks [4]. The IIoT devices hosting the healthcare
applications contain sensitive information, e.g., date of birth,
prescriptions, medical histories, and social security numbers
of the patients. These devices act as gateways to the secured
Internet. An adversary may compromise these devices to in-
ject fabricated data, ransomwares and other malwares into the
network [5]. In the traditional computing platforms, cyberse-
curity is a matured domain and can defend against most of
these adversarial threats. The existing cybersecurity solutions
include cryptographic techniques, secured protocols and privacy
protections that require ample of network resources. However,
the security requirements and system architecture of IIoT-based
I-CPS are different and as such, these existing solutions are not
directly applicable [6], [7]. In I-CPS, most of the devices are
connected to the Internet for the first time. It is extremely difficult
to predict the nature of adversarial threats posed by these devices,
if compromised. To secure the I-CPS, data integrity, data con-
fidentiality, data availability, authenticity, and nonrepudiation
need to be in place [8].

I-CPS enabled healthcare applications consist of resource-
constrained sensor nodes and requires lightweight and low-cost
protective measures. To deal with the aforementioned chal-
lenges, datagram transport layer security (DTLS) is proposed
as a lightweight secured approach for these applications of
I-CPS [9]. In literature, numerous DTLS-enabled authentication
approaches exist for secured data transmission, and privacy
of patients in healthcare applications [8], [10]–[12]. In [10],
the authors proposed an end-to-end authentication scheme for
a mobility-enabled healthcare application. A certificate-based
DTLS handshake approach is used for the end-users authenti-
cation and authorization. The proposed scheme provides robust
mobility using the interconnected smart gateways at the expense
of computational overhead due to the use of certificate-based
DTLS. In [11], a secured authentication approach was proposed
using a body sensor network. The use of crypto-primitives
enable the proposed approach to achieve system efficiency and
robustness, and at the same time, provides the transmission
confidentiality and authentication among the wearables and a
backend server. However, the use of an asymmetric algorithm,
i.e., Elliptic-curve cryptography, incurs additional overhead for
these intelligent wearables. In [12], the authors presented a
lightweight DTLS-enabled authentication approach for wear-
ables of a smart healthcare system. The proposed approach
allows a user to authenticate his/her wearable device(s) and a
mobile terminal, prior to establishing a session key among them.
The use of bitwise exclusive-OR (XOR) and hash functions
make the proposed scheme significantly lightweight for the
resource-constrained wearables. The security analysis of DTLS
via different techniques, such as the random oracle model [13]
and the Burrows–Abadi–Needham (BAN) logic [14], showed
that the use of DTLS for secured message exchanges leaves
a handful of payload for most of healthcare applications. This

remaining payload is not sufficient for these applications due to
their larger packet sizes, e.g., healthcare streaming applications.

Besides authentication, the privacy of patients and their data
needs to be dealt with utmost care in I-CPS. Different machine
learning (ML) algorithms have been used in the literature for this
purpose. An ML-based privacy-preserved healthcare framework
was presented in [15]. This framework uses ML-based scor-
ing service for the classification, and cryptographic algorithms
for data protection. It is a cloud-based framework for privacy
risk prediction in healthcare applications. In [16], the authors
have provided general guidelines about privacy challenges in
AI-based healthcare applications. The proposed work mainly
focuses on policies for the usage of AI-based healthcare guide-
lines to preserve the privacy of patients. In [17], the authors have
proposed a framework known as ModelChain. This framework
uses ML and blockchain for privacy preservation of patients in
a decentralized environment. ModelChain embeds the intelli-
gence in private blockchains to preserve the privacy of patients
and increases the interoperability between healthcare centers.
In [18], the authors have discussed AI-based cyber-physical
security and privacy for healthcare applications. They proposed
a ciphertext-policy attribute-based encryption scheme. In the
proposed scheme, complex computation tasks are offloaded to
the third parties for reducing load on wearables while preserving
their privacy at the same time. Most of these approaches use
asymmetric encryption that require ample resources on part of
the wearables to perform effectively.

In view of the resource-constrained nature of the healthcare
devices, we propose a lightweight mutual authentication scheme
for I-CPS. The proposed scheme uses symmetric encryption
for the exchange of handshake messages that can be used as
an alternative to the DTLS scheme. We perform its security
analysis using BAN logic to determine whether the exchanged
information is trustworthy and secured against eavesdropping
attack, and predict the privacy leakage using a hidden Markov
model (HMM). The hidden and observable states of HMM are
used to measure the risk of data leakage by preserving the
privacy of a patient and his/her connected devices. The major
contributions of the proposed work are as follows.

1) An authentication scenario is proposed in which a client-
server authentication takes place only if the clients, i.e.,
wearable patients, are within the coverage of their desig-
nated servers. Each server maintains a record of preshared
keys for the clients in its proximity. For the aforemen-
tioned scenario, a set of theorems are proposed and their
proofs are provided. Each theorem corresponds to a hand-
shake message that takes into account the possibility and
probability of an adversarial attack.

2) A privacy risk prediction model is proposed using HMM.
The proposed model is used to predict the risk of privacy
leakage of the patient identity and his/her data. If the
privacy risk is predicted, the patients’ data is altered with a
loss in utility. To the best of our knowledge, this is the first
ever work on HMM for predicting the privacy leakage.

3) Security analysis of mutual authentication and session
key exchange of our proposed scheme is performed using
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Fig. 1. Smart and secured healthcare facilitation center.

BAN logic. The security goals are set according to the
exchanged messages and are proven using the postulates
of BAN logic.

The rest of the article is organized as follows. In Section II,
the network and threat model is briefly explained. In Section III,
our proposed lightweight mutual authentication and privacy-
preservation scheme are presented. In Section IV, the security
analysis of the proposed scheme is performed using BAN logic.
In Section V, we present the experimental results of our proposed
scheme. Finally, the article is concluded in Section VI.

II. NETWORK AND THREAT MODEL

We have considered a healthcare facilitation center, i.e., a
hospital within an industry, as a case study of our proposed
I-CPS scheme. Various units such as critical care, chaplaincy,
cardiology, radiology, wards, and discharge lounge, along with
private rooms provide timely healthcare facilities to the patients.
These units and rooms are connected to remote servers for
storing the patients’ data and other credentials to provide on-
demand and responsive services. In Fig. 1, the sensor-embedded
wearables, i.e., clients, in various units and rooms are con-
nected to servers via their proxies. Each server facilitates a
number of clients within its coverage region. A client is static
in the context of the server’s coverage region, i.e., a client
remains within the coverage region of its associated server. For
seamless and interoperable communication, these clients need
to establish secured communication links to their concerned
servers.

In healthcare applications, any adversarial attack can lead to
the loss of precious lives and the associated medical data. An
adversary may establish secured connections to the servers if
its authentication requests are accepted. The smart healthcare
environment of Fig. 1 is prone to various types of adversarial
attacks. An adversary may infiltrate the network by seizing

the identities of clients and servers to pose various threats.
It is important to mention that in Fig. 1 the adversary uses
a smartphone to launch the attacks. Moreover, it may clone
itself for a large-scale adversarial effect on the overall sys-
tem. To prevent such threats, we propose a lightweight mutual
authentication approach for resource-starving intelligent wear-
ables. Our authentication approach is resilient against the fol-
lowing threats.

1) Replay: An adversary may replay a stream of previously
transmitted messages to the clients or servers.

2) Forward and backward secrecy: An adversary may launch
this attack by seizing the session key to predict the out-
come of previous or future sessions.

3) Client and server impersonation: An adversary may im-
personate a legitimate client to the server by fabricating
the preshared key of the given client. Moreover, it may
impersonate a legitimate server to one or more clients by
fabricating the session key of the given server.

4) Anonymity and untraceability: An adversary may launch
this attack by extracting the one-time nonces, and the
identities of clients and servers from exchanged mes-
sages. In doing so, it may interlink various sessions to
maliciously affect the clients and servers.

5) Eavesdropping: An adversary may launch active or pas-
sive eavesdropping by listening to the communication in
transit. It may seize various messages, manipulate them,
and may launch other types of attacks. The use of pseu-
dorandom nonces in our approach restricts an adversary
from launching this attack.

6) Denial of service (DoS): An adversary may broadcast
excessive requests to the clients or servers to authenticate
itself. By doing so, it may deprive the legitimate clients
from exchanging their data with the legitimate servers.
The use of preshared keys restricts an adversary from
launching a DoS attack in our approach.

III. LIGHTWEIGHT MUTUAL AUTHENTICATION AND

PRIVACY-PRESERVATION SCHEME

In this section, we discuss our mutual authentication and
privacy preservation scheme for the healthcare facilitation center
of Fig. 1. Numerous wearables within the hospital communicate
with their concerned servers for authentication, as shown in
Fig. 2. In this figure, A is the set of attackers, C is the set of
clients, and S is the set of servers, where Ci can communicate
either directly with Sj or via a proxy (P). Our proposed scheme
comprises of Ci clients and Sj servers, where i={1, 2, 3, . . ., I}
and j={1, 2, 3, . . ., J}, such that i, j ∈ N , and i > j. Here, N
is the total number of Ci and Sj in the network, i.e., N=Ci ∪ Sj .
Ci are dynamic in nature and may change their positions quite
frequently, whereas Sj are static in nature. Our proposed scheme
initiates a four-way handshake between any Ci and Sj for mutual
authentication. If the handshake is successful, Sj provides a
session key to Ci for data transmission. The list of Symbol
used in authentication is given in Table I. We discuss mutual
authentication in Section III-A and privacy risk prediction using
HMM in Section III-B.
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Fig. 2. Proposed mutual authentication scheme.

TABLE I
SYMBOLS AND MEANING USED IN AUTHENTICATION

A. Mutual Authentication

Each Ci periodically collects the desired data and transmits to
the nearest Sj . However, prior to the data transmission, both Ci

and Sj need to be authenticated. Our lightweight authentication
scheme verifies the identities of Ci and Sj before their engage-
ment for data exchange. The authentication is performed using
the following four handshake messages.

1) Session initiation.
2) Server challenge.
3) Client response and challenge.
4) Server response.

Initially, both Ci and Sj are assumed to be unauthentic, and
thus, untrustworthy. Prior to mutual authentication, each Ci is
assigned a unique 128-b preshared key (λi), and an identity (IDi)
in an offline phase. These secret primitives are also shared with
their associated Sj , located in their vicinity. The offline phase
is a prerequisite for the initialization of Ci and Sj , respectively.
Next, each Ci initiates a session request to its associated Sj .
This session initiation request contains the encrypted identity

λi(IDi)h() of Ci, i.e., IDi is encrypted by Ci using its λi and
hashed using h(). The transmitted request message is meaning-
less to the neighboring Ci−1 clients and adversaries Ak, where
k={1, 2, 3, . . .,K}, such that k /∈ {i, j}. The recipient, be it Ci,
Sj or Ak, needs to decrypt λi(IDi)h() with the same λi and h().
Please note that the mode of wireless communication means that
any device can intercept the session initiation request.

Theorem 1: At least one legitimate Ci, not an adversary Ak,
initiates a session with the corresponding Sj .

Proof: Each Ci shares its λi with its associated Sj in
an offline phase. The set of identities and keys of Ci,
i.e., {ID1, ID2, ID3, . . ., IDi} and {λ1, λ2, λ3, . . ., λi}, respec-
tively, are stored by Sj in a database. An Ak may initiate a session
request by transmitting a message λk(IDk)h(IDk), encrypted
with a fabricated λk and h(IDk). Sj checks the authenticity of
this request by retrieving the corresponding decrypting key λk.
Since, λk /∈ { λ1, λ2, λ3, . . ., λi}, Sj assumes that the request
was initiated by an adversary. The λi for encryption and de-
cryption is computed using the equality to compute λi and λ′i,
respectively [19].

λi = from-state⊕ Round0−9 ⊕ Add-Roundkey ⊕ to-state λ′i
= from-state ⊕ Round‘0−9 ⊕ Add-Roundkey ⊕ to-state

Here, λi and λ′i are the secret encryption and decryption
keys, where λi=λ′i. The only difference is that in λi, from-state
represents the plain text and to-state represents the cipher text.
For λ′i, from-state and to-state work oppositely to λi. Round is
a function used to compute a unique key every time [19], as
explained below.

Round0 statekey = AddRoundkey (ShiftRows(SubBytes
state))⊕ (Roundn+1 statekey = Roundnstatekey (AddRoundkey
(MixColumns (ShiftRows (SubBytes state))))). where, Ad-
dRound is a pairwise XOR operation, ShiftRows applies per-
mutation to the block, SubBytes applies an S-Box operation on
every state and MixColumns transforms every column of the
metric.

The session initiation request is terminated by Sj either by
ignoring it or by sending a denial message, i.e., when λk /∈
{ λ1, λ2, λ3, . . ., λi}. Hence, any Ci with an appropriate λi is
capable of initiating the session with an Sj . Conversely, if the
session initiation request, encrypted with λi, is received by an
Ak, the latter is unable to decrypt it. This is because the λ′i is
known only to encrypting Ci and to the associated Sj .

Upon the reception of a session initiation request, Sj retrieves
λi(IDi)h() and decrypts it with λ′i and h() to check IDi in it. If
the embedded IDi matches with an entry in Sj database, it means
that the session initiation request was received from a legitimate
Ci. At this point, Sj creates a challenge for the concerned Ci to
confirm its authenticity by establishing a session with it. For this
purpose, Sj generates a 128-b session key (μj), and a temporary
one-time 128-b pseudononce (ηserver). The nonce is computed
by generating two pseudorandom numbers ηs1 and ηs2 , and an
XOR operation is performed on them using (1).

ηserver = ηs1 ⊕ ηs2 . (1)

Next, an XOR operation is performed on μj and λi, and
their 128-b resultant is concatenated with ηserver. Finally, λi ⊕
μj |ηserver is encrypted with λi and hashed with h() to generate a
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256-b server challenge (γchallenge) as shown in (2). The advanced
encryption standard (AES) of 128 b is used for symmetric en-
cryption in Cipher block chaining mode.

γchallenge = AES((λi, (λi ⊕ μj |ηserver))h()). (2)

Theorem 2: An encrypted γchallenge is resolved iff a Ci or an
Ak has the required λ′i for decryption.

Proof: Any Ci receiving theγchallenge that containsμj needs to
have the required λ′i for decryption. Assume that the γchallenge is
received by Ak, and f(xk) is the function used by Ak to compute
a matching λi from the set { λ1, λ2, λ3, . . ., λi} as shown in (3).

f(xk) = {Sj , (C1, λ1), (C2, λ2), (C3, λ3), ..(Ci, λi)} . (3)

Here, {C1, C2, C3, . . ., Ci} represents the client devices’ IDs
that are generated by Ak based on historic data collection, and
{ λ1, λ2, λ3, . . ., λi} are their dummy secret keys. These dummy
keys are computed using (4).

λi = Ci ⊕ statistics(λi). (4)

Since, the γchallenge is encrypted with a particular λi known only
to a legitimate Ci and Sj , Ak will compute and apply different
λi values, as shown in (3), to decipher the cipher text of (2).
However, the success probability is 1

2128 . Thus, Ak will not be
able to decrypt the γchallenge within a stipulated time. Conversely,
if a Ci has the required λi, then it will decrypt γchallenge within its
stipulated time. Hence, an encrypted γchallenge is resolved only
by a single Ci that has the required λi.

Upon the reception of γchallenge, if Ci successfully deciphers
it, then it will have access to the corresponding ηserver and μj .
Additionally, it proves the authenticity of Ci to Sj . It is because
ηserver andμj are known only to a given Sj andλi to the concerned
Ci. To authenticate an Sj , Ci generates a client challenge for
the given Sj . Initially, a temporary one-time 128 b pseudononce
(ηclient) is computed by generating two pseudorandom numbers
ηc1 and ηc2 . Next, an XOR operation is performed on them using
(5).

ηclient = ηc1 ⊕ ηc2 . (5)

Next, an XOR operation is performed on ηserver and λi, their
resultant is concatenated with ηclient, and finally encrypted with
μj to generate a 256-b client challenge βchallenge, as shown in
(6).

βchallenge = AES((μj , (ηserver ⊕ λi|ηclient))h()). (6)

Theorem 3: An encrypted βchallenge is resolved and responded
iff a device, such as Sj , has the shared information, i.e., ηserver

and μj .
Proof: The μj and ηserver are known only to a given Ci and Sj .

Assume that an Ak receives βchallenge and tries to decrypt it using
a probabilistic function g(x). This function is used to compute
the desired μj by using (7).

g(x) = probability((C1, μ1), (C2, μ2), ..(Ci, μj)). (7)

The function g(x) utilizes the Ci and Sj information to return
a single pair of values for Ak, i.e., (IDi, μj). However, this

scenario is applicable only if Ak maintains a complete record
of the overall communication between Ci and Sj , which is
not a realistic assumption especially in a resource-constrained
health-CPS environment. In addition to μj and λi values that are
known only to Ci and Sj , Ak needs to verify its authenticity to
Ci as well. Conversely, if βchallenge is received correctly by the
concerned Sj , then the latter deciphers (ηserver ⊕ λi|ηclient)h() of
(6) correctly with μi and h() to retrieve ηclient. Thus, βchallenge

of a given Ci is resolved by a particular Sj that possesses the
required μj .

Finally, during the server response, the concerned Sj creates a
response by concatenating the Ci’s ηclient to its μj , and generates
an encrypted server response (γresponse) using λi (8).

γresponse = AES((λi, {ηclient|μj)h()). (8)

Upon reception, a Ci having a valid λ′i will be able to decipher
γresponse and retrieve ηclient to confirm the authenticity of the given
Sj .

Theorem 4: The encrypted γresponse of an Sj is decrypted by
a Ci iff it has the required λi.

Proof: In the prerequisite offline phase, Ci shared their λi

with their concerned Sj . The γresponse is decrypted by an Ak only
if it has the required λi, which is not the case. An Ak uses the
functions f(x) and g(x), as discussed earlier, to find an exact
copy of λi.

λi = f(x)⊕ g(x). (9)

Where, f(x) and g(x) return a pair of values, i.e., (Ci,λi) and
(Ci,μj), respectively. However by adopting the approach of (9),
Ak will only be able to obtain μj at the expense of excessive
resource consumption. However, it will still not be able to collect
the desired λ′i that is required to decrypt γresponse. Conversely, if
γresponse is received by the concerned Ci having the appropriate
λi, it will be able to decrypt this message within the stipulated
time. Thus, a given Ci having λi is able to successfully decrypt
the γresponse of Ci. Upon successful decryption of γresponse, both
Ci and Sj have mutually authenticated each other and are au-
thorized to exchange data. After successful authentication, data
are transmitted from Ci to Sj . During data transmission and
storage at Sj , the Ci privacy can be leaked, and hence needs to
be preserved. To solve the privacy leakage issues, we use HMM
to predict the privacy of Ci. In the next section, we present an
approach to predict the privacy risks of Ci using HMM.

B. Privacy Risk Prediction Using HMM

In this section, we predict the risk of a client’s privacy leakage
using HMM. In HMM, states are partially observed that helps in
solving real-world problems using sequential or temporal data.
The aim of the proposed model is to measure the risk of data
privacy leakage using HMM. The graphical representation of
HMM is shown in Fig. 3. The HMM uses two sets of random
variables, hidden variable H= {H1, H2, · · · , Hm} and observed
variableO={O1, O2, · · · , On}, whereO ∈ {discrete values, real
values,Rd}. In our proposed scheme,H is the data generated by
the patients and O is the usage pattern of Ci devices associated
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Fig. 3. Graphical demonstration of HMM.

with a patient. The joint probability distribution of HMM in
terms of H and O is given in (10).

P (O1, O2, . . ., On, H1, H2, . . . , Hn)

= P (H1)P (O1|H1)

n∏
k=2

P (Hk|Hk−1)P (Ok|Hk). (10)

1) Probabilities of the HMM: The HMM works on the initial
probability π(i), the observation probability Ei(O), and the
transition probability T(ij). The initial probability (π(i)) of a
patient’s data in the context of HMM is given in (11),

π(i) = P (H1 = i), for i ∈ {1, 2, . . . ,m}. (11)

where, π(i) is based on the previous data shared by a patient,
which include personal identification (PI) such as patient’s name,
patient’s location, and his/her illness, etc. π(i) is important in
the privacy risk identification because it reveals PI of a patient
that can be linked to anonymized data shared by the patient using
HMM. The initial risk probability of a client Ci is computed by
observing data Dt. (11) can be re-written as

π(Ci) =

{
p(Ci|Dt) > 0, for a patient having a shared PI

p(Ci|Dt) = 0, for a patient having no shared PI
.

(12)
Ei is the probability distribution on O, which can be defined

as a probability density function for {H1, H2, · · · , Hm} and
∀ O ∈ O, it can be written as

Ei(O) = P (O|Hk = i), for i ∈ {1, . . .,m}, and O ∈ O.
(13)

When O takes discrete random numbers, then (13) can be
written as the probability mass function as shown in (14).

Ei(O) = P (Ok = O|Hk = i), for i ∈ {1, . . .,m},
and O ∈ O. (14)

Ei is the probability of the data stored previously by Ci that
can reveal the consistency in the patient data and his/her usage
pattern. We modeled Ei as the probability of data (Dt) shared by
various patients in (12). It is needed to embed inconsistency in
the frequency of data sharing by a patient. The data frequently
shared by a patient reveal his/her concern of causing higher risk,
that can easily be inferred from the shared data. To increase the

inconsistency in the patient data and reduce the privacy risk, a
weight is multiplied with each probability and then it is inversed,
as shown in (15).

WEi(O) = 1− p(Ci|Dt)

count(Ci|Dt)
. (15)

where, 1/count(C i| Dt) is the weight multiplied to each proba-
bility.

The transition probability Tij is given in (16), which is the
conditional probability of current data given a sequence of
previously shared data.

Tij = P (Hk+1 = j|Hk = i), ∀ i, j ∈ {1, 2, . . .,m}. (16)

Eq. (16) models the distinctiveness of a patient’s data from
all other patients because the data distinguishability depends on
the previous data. The T ij between p(Oj | Oj−1) are weighted
by the number of occurring transitions. To decrease the distinc-
tiveness and privacy risk in the patient data, weighted transition
probabilities are computed as in (17).

WTij
=

p(Oj |Oj−1)

count(Oj |Oj−1)
. (17)

where, 1/count(O j | Oj−1) is the weight multiplied to each
probability.

The probability of a patient’s (Ci) privacy along with a
sequence of his/her observed data O1 → O2 → · · · → Oj is
calculated based on the Markov probability of (10),

p(O1, . . . , Oj |Ci) = min(HMMPI|Ci
)× ωT

× p(O1)× (1− ωO × p(Ci|O1))

×
n∏

k=2

ωT × p(Ok|Ok−1)× (1− ωO × p(Ci|Ok)) (18)

where,ωT is 1/count(O j |Oj−1), andωO is 1/count(C i|Dt). The
HMMPI|Ci

returns the list of privacy probabilities computed
from the PI. It includes probabilities from the paths where Ei of
a patient is greater than 0.

Upon identification of the privacy risk using (18), we alter the
data to circumvent the privacy risk with a utility loss (ul). The ul
uses a semantic similarity function [20], [21] to distinguish the
original data Dt from the altered data D′t, which is calculated as

ul(D,D′) = 1.0− sim(D,D′) (19)

The similarity function (sim) returns values within the range
[0,1]. The higher the similarity is, the lowerul is by using altered
data. In this fashion, using HMM, the privacy of Ci is preserved.
After privacy preservation, we need to analyze the correctness
and efficiency of our proposed scheme. In the next section, we
perform the security analysis of the proposed scheme using BAN
logic.

IV. SECURITY ANALYSIS

In this section, we analyze the mutual authentication and
session key (μ) of our proposed scheme using BAN logic [22].
BAN logic describes the trust of two parties involved in the
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TABLE II
NOTATIONS AND RULES USED IN BAN LOGIC

communication. The notations and rules used in BAN logic are
given in Table II.

1. The Postulates of BAN logic are given below,
1) Postulate of Rule-1 is,

λi =
Sj believes Ci

λi←→Sj ,Sj sees{X}λi
Sj believes Ci said X

2) Postulate of Rule-2 is,
Sj believes fresh (X),Sj believes Cisaid X

Sj believes Ci believes X
3) Postulate of Rule-3 is,

Sj believes Ci controls X, Sj believes Ci believes X
Sj believes X

4) Postulate of Rule-4 is,
Sj believes fresh (X)

Sj believes fresh (X,Y)
2. The following security goals must be met by the proposed

scheme,
G1. Sj | ≡ Ci ⇒ μj

G2. Ci| ≡ Sj ⇒ μj

G3. Sj | ≡ Ci| ≡ Sj
μj←→ Ci

G4. Ci| ≡ Sj | ≡ Ci
μj←→ Sj

3. The proposed scheme should be transformed into an ideal-
ized form as below,

Msg1. Ci → Sj : (λi(IDi))h()
Msg2. Sj → Ci : (λi(λi ⊕ μj ||ηserver))h()
Msg3. Ci → Sj : (μj(ηserver ⊕ λi||ηclient))h()
Msg4. Sj → Ci : (λi(ηclient||μj))h()

4. The following assumptions are mandatory for BAN logic.

A1. Ci| ≡ Sj
λi←→ Ci

A2. Sj | ≡ Ci

λi(IDi)←−−−−→ Sj

A3. Ci| ≡ Sj

λi(ηserver)←−−−−−→ Ci

A4. Sj | ≡ Ci

λi(ηclient)←−−−−−→ Sj

A5. Ci| ≡ #(λi(ηserver))
A6. Sj | ≡ #(λi(ηclient))

A 7. Sj | ≡ Ci ⇒ Sj
μj←→ Ci

A 8. Ci| ≡ Sλi Ci
μj←→ Sj

5. We analyze security of the proposed scheme based on the
idealized form,

s1. From Msg1, we obtain Sj� (λi(IDi))h()
s2. Applying Rule-1 and A2, we get Sj | ≡Ci| ∼ (λi(IDi))h()

s3. Applying Rule-4 and A6, we obtain Sj | ≡ #((λi(IDi))h())
Then, we apply Rule-2 to get Sj | ≡ Ci| ≡ #(λi(IDi))h()
s4. From Msg2, we obtain Ci� (λi(λi ⊕ μj ||ηserver))h()
s5. Applying Rule-1 and A1, we get Ci| ≡ Sj | ∼ (λi(λi ⊕

μj ||ηserver))h()
s6. Applying Rule-4 and A5, we obtain Ci| ≡ #(λi(λi ⊕

μj ||ηserver))h()
Then, we apply Rule-2 to get Ci| ≡ Sj | ≡ (λi(λi ⊕

μj ||ηserver))h()
s7. From Msg3, we obtain Sj� (μj(ηserver ⊕ λi||ηclient))h()
s8. Applying Rule-1 and A2, we get Sj | ≡Ci| ∼ (μj(ηserver ⊕

λi||ηclient))h()
s9. Applying Rule-4 and A6, we obtain Sj | ≡ #(μj(ηserver ⊕

λi||ηclient))h()
Then, we apply Rule-2 to get Sj | ≡ Ci| ≡ (μj(ηserver ⊕

λi||ηclient))h()
s10. From Msg4, we obtain Ci� (λi(ηclient||μj))h()
s11. Applying Rule-1 and A1, we get Ci| ≡ Sj | ∼

(λi(ηclient||μj))h()
s12. Applying Rule-4 and A5, we obtain Ci| ≡

#(λi(ηclient||μj))h()
Then, we apply Rule-2 to get Ci| ≡ Sj | ≡ (μj(ηserver ⊕

λi||ηclient))h()
s13. Applying the logic rule of BAN to s12 and A4, which split

conjunctions that yields Ci| ≡ Sj | ≡ Ci
μj←→ Sj , (Goal 4)

s14. Applying the logic rule of BAN to s9 and A3, which split

conjunctions that yields Sj | ≡ Ci| ≡ Sj
μj←→ Ci, (Goal 3)

s15. Applying Rule-3 to s13 and A8, which results in Ci| ≡
Sj ⇒ μj , (Goal 2)

s16. Applying Rule-3 to s14 and A7, which results in Sj | ≡
Ci ⇒ μj , (Goal 1)

By performing the security analysis of our proposed scheme
using BAN logic, the four security goals G1, G2, G3, and G4

are achieved. In the next section, we present the experimental
results of our proposed scheme.

V. EXPERIMENTAL RESULTS

In this section, we evaluate the performance of our approach
against existing state of the art schemes. For authentication, we
used Netduino Plus 2 boards as clients and Netduino 3 boards as
servers. The Netduino 3 boards were interfaced with MATLAB
ThingSpeak server via the μ PLibrary 1.8.1 This library ab-
stracts the ThingSpeak API and works with these boards using.
NET Micro Framework. For privacy-preservation, we relied on
MATLAB simulation at the ThingSpeak server. We evaluate the
performance of our approach in term of computational, commu-
nication, storage overheads, and its resilience against various
adversarial threats. These boards are resource-constrained and
as such, lightweight authentication approaches need to be de-
signed. For this purpose, we tested our proposed authentication
in terms of computation, communication, and storage overhead
incur by our authentication. For privacy preservation, we tested
our approach through privacy risk prediction and privacy risk
alleviation.

1[Online]. Available: https://www.nuget.org/packages/uPLibrary
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TABLE III
COMPUTATIONAL OVERHEAD COMPARISON

TABLE IV
COMMUNICATION OVERHEAD COMPARISON

In Table III, we provide a summary of the computational
overhead analysis. We compare the execution time of our scheme
against the existing schemes. In this table, Th and TXOR refer
to the computational time needed to perform the hash and
XOR operations. In our scheme, the encryption with λi and
μj works similar to hashing. The proposed scheme requires
only 2Th+2TXOR execution time at the Ci and Sj . The low
computational overhead is contributed mainly to the lightweight
mechanism adopted by λk(IDk)h(), γchallenge, βchallenge, and
γresponse of the proposed scheme.

In Table IV, we provide a summary of the communication
overhead analysis of our scheme against the existing schemes.
The proposed scheme requires four handshake messages for
the authentication. In this scenario, λk(IDk)h() is 128 b, and
γchallenge, βchallenge, and γresponse are 256 b each. Hence, total of
896 b communication overhead is incurred by these messages.
In comparison, the existing schemes have much higher com-
munication overhead due to the complex cipher-suites and the
involvement of resource-intensive operators.

In Table V, we compare the storage overhead incurred by Ci

and Sj of our proposed authentication scheme. In the proposed
scheme, each Ci stores its IDi and λi, respectively. On the other
hand, each Sj stores IDi and λi for n clients associated with
it. In comparison, in [23] and [9], each Ci stores its IDi and
λi along with IDG and λG of the gateway. In these schemes,
each Ci is connected to its Sj via a gateway. Moreover, each Sj
in these schemes incur excessive storage overhead as they need
to store the security primitives of n clients and m gateways.
As discussed earlier, λi is of 128 b. Thus, the cost incurred by
Sj is n times higher than Ci for storing λi of n clients in [23]

TABLE V
STORAGE OVERHEAD COMPARISON

TABLE VI
RESILIENCE AGAINST VARIOUS ATTACKS

and it is m times higher than Ci for storing λG of m gateways.
Similar to [23], the cost incurred by Sj is n times higher than
Ci for storing λi of n clients, and it is m times higher than Ci

for storing λG of m gateways.
In Table VI, the resilience of our scheme against various

adversarial attacks is compared with the existing schemes. In
our scheme, ηclient and ηserver are generated by a pseudorandom
number Ri and appended to a timer Ti. This combination of Ti

and Ri makes it extremely difficult for an adversary to replay
messages. In our scheme, the use of one-time nonces ηclient and
ηserver restrict the adversary from active eavesdropping. An Ak

may compromise the μj ; however, the latter does not reveal
any information about the previous or future sessions. This is
mainly because μj is a one-time session key generated every
time. Hence, forward and backward secrecy are maintained
by our scheme. An Ak may intercept the exchanged hand-
shake messages 〈λi(IDi)h(), γchallenge, βchallenge, γresponse 〉 and
may generate different message patterns such as 〈λk(IDk)h(),
γk

challenge, βk
challenge, γk

response 〉. The Ak may impersonate as Ci

by transmitting λk(IDk)h(), and βk
challenge to Sj . Also, the same

Ak impersonates as Sj by transmitting γk
challenge and γk

response to
Ci. To impersonate as Ci or Sj , Ak would need λi. Because,
Ak fabricates its own λk that does not exist either with Ci or
Sj , i.e., λk �= λi, hence it is unable to launch client or server
impersonation attack. Moreover, Ak would need to fabricate ηk,
μk, and IDk as well to launch these attacks. These parameters
are computationally inefficient to be calculated as each one
would require 2128 attempts. In our scheme, the identities of
Ci and Sj are masked in the messages (λi(IDi))h(), γchallenge,
βchallenge, and γresponse. An Ak cannot interpret the identities of Ci
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Fig. 4. Privacy risk prediction against number of entries.

Fig. 5. Privacy risk alleviation against number of entries.

and Sj from the aforementioned messages as they are protected
upon encryption by λi and μj . As a result, the anonymity of
Ci and Sj is preserved. Moreover, our proposed scheme uses
fresh nonces, i.e., ηclient and ηserver for every new session, and a
new timer Ti as well. Hence, all sessions are nonlinkable and
Ak is unable to trace any Ci and Sj from previous messages,
thus providing untraceability feature. Finally, Sj restricts a Ci to
only one connection at a given time. As a result, it is extremely
difficult for an adversary to launch a DoS attack. In comparison
to our scheme, all the existing schemes are susceptible to one
or more such attacks and affect the privacy of Ci and Sj in one
way or the other.

Our proposed scheme has used HMM to predict the privacy
leakage of a client. In Fig. 4 , we have shown the client’s privacy
risk against the number of entries. The privacy risk is associated
with the number of visits, i.e., entries, a client makes to a hospital
server. As evident from this figure, the privacy of linkable clients
is higher than unlinkable clients, where a linkable client is the
one whose personal identification can be extracted from entries
and search results on a particular topic. For example, when
a client searched for a specialist practitioner and read his/her
profile or read about a particular disease etc. When a client
visits the hospital server for the first time, his/her privacy risk
is relatively low and increases with each entry to the hospital
server. If the personal identification of this new client is linkable,
the privacy risk is higher in comparison to unlinkable client.

Similarly, for old linkable clients, the privacy risk is highest
and is moderate for unlinkable clients. The proposed scheme
preserve the privacy of clients by predicting the privacy leakage
using HMM. When the predicted privacy leakage crosses a
specified threshold, the risk is altered, as shown in Fig. 5.
The threshold is probabilistic and application-dependent that
can be changed according to the application requirements. In
this article, the threshold probability is 0.52, and once privacy
leakage crosses it, the client’s information is altered, and risk is
alleviated, as shown in Fig. 5.

VI. CONCLUSION

In this article, we proposed a lightweight mutual authentica-
tion and key establishment scheme for IIoT wearable devices
of I-CPS. The proposed scheme was based on client-server
interaction model that used symmetric encryption. It was ex-
tremely lightweight and was suitable for large-scale I-CPS in-
frastructures. It was feasible for clients having limited resources
and requires low computational, communication, and storage
overhead while interacted with the servers for the exchange of
session keys. After authentication, the privacy leakage of clients
and their data was predicted using HMM. Upon privacy leakage
detection, the data were altered through semantic similarity
function with a loss in utility. The efficiency, correctness, and
robustness of the security scheme were analyzed using BAN
logic. The analysis showed that the proposed scheme was highly
resilient against various adversarial attack. Moreover, it was
efficient in terms of computation, communication, and storage
overhead due to lightweight primitives, fewer number of ex-
changed messages and the absence of gateways, respectively.
In the future, we aimed to use software-defined network for
analyzed the exchanged data and the behavior of interacting
entities of our scheme.
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Abstract—Two Wheeler’s are one of the most commonly
used vehicles worldwide, and the helmet is the most criti-
cal gear/safety equipment. There is no proper system that
validates whether all the users are equipped with a helmet
while they are riding. The existing traffic surveillance and
security systems are designed only to identify the vehicles
that over speed and jump over the red lights. These systems
use interceptors at highways to capture the violators and
consume a lot of manpower and vehicles for patrolling.
An efficient traffic surveillance system to monitor whether
the motorcyclist and the pillion rider is wearing a helmet
is missing. This paper proposes an efficient and reliable
traffic surveillance system using edge computing and transfer
learning that continuously monitors the two-Wheeler’s and
sends alerts and information on the non-helmet riders to the
nearest police vehicles. The edge computing is being applied
at the input/entry-level (CCTV camera) and helps in reducing
the delay of the entire system. The classification models are
created by applying Transfer Learning on ResNet50, VGG16
architectures, and applied to real-time video footage from
the CCTV camera to detect non-helmet riders. The proposed
system gives an accuracy of 97.50%, reduces the manpower,
and enables the police interceptors to work efficiently.

Index Terms—Edge Computing; Helmet Detection;
ResNet50; Traffic Surveillance and Security System; Transfer
Learning; VGG16

I. INTRODUCTION

In countries like India, Brazil, Thailand, most of the
population use motorcycles for the daily commute. As the
number of vehicles are increasing day by day, so does the
traffic rule violations. The major violation by two-wheeler
riders is riding without a helmet. The total number of
accidents in India during the year 2018 was 467,044, out
of which 151,417 were dead, and 469,418 were injured
[1]. In 91% of two-wheeler accidents, the pillion rider (no
helmet) was hurt, i.e., they were either dead or grievously
injured or faced minor injuries. The above statistics also
points out that the helmet is vital for a motorcyclist. These
statistics put forth a few problems in front of us which are:
Is there a proper system to monitor whether the riders
are wearing a helmet?, What are the limitations in the
present traffic surveillance systems?, What all could be



added to make the system even more efficient? These
problems provided us the impetus for the creation of an
efficient real-time traffic surveillance and security system,
specifically for the non-helmet rider detection in two-
Wheeler’s.

The existing traffic surveillance system uses an Light
Dependent Resistor (LDR) camera to capture the images
of the vehicles who commit over-speeding and sends a
speed ticket to the address of the rider, which is set up by
the Motor Vehicle Department (MVD). The other system
is manual identification of violators by the MVD. This
system uses many human resources for screening and
detecting violators. Loss of time and human resources,
delayed response, and detection, makes the system less
effective to capture all violators. An automated system to
efficiently detect the violators from the CCTV footage is
the need of the hour. Our solution is a real-time traf-
fic surveillance and security system which uses transfer
learning and edge computing to detect the traffic violators
with less delay from the CCTV footage.

With edge computing, all the processing is done at the
end node of the system, and only the output is saved
to the database and sent to the interceptor. This reduces
delays in processing and improves efficiency. The classifi-
cation model in the proposed system is trained by using
Transfer Learning on ResNet50 architecture to identify
motorcycles and non-motorcycles; the resulting images
undergo several processes and reach another model that
classifies head and helmet. Once the model classifies the
input as a violation, that image would then be saved into
the database, and a copy would be sent to the nearest
interceptor. Thus they could be captured at the earliest
by the interceptor. The advantage of using this system is
that we could efficiently allocate the human resources for
the interceptor. Therefore bringing in such an intelligent
system would help the government to reduce the heavy
investment on traffic enforcement units. So this system
also cut down the expenses made by the government in
this sector to a great extend.

The contributions of our paper are.

• An efficient system to identify non-helmet riders in
a short period. i.e., the system can classify the input
and identify the violation in minimum time.

• One of the key observations is that the use of edge
computing in the system reduces latency and im-
proves efficiency. As, all the computations happen
at the input node, it takes less time to process the
input and it returns the output in a shorter period.
This output is then saved to the database and shared
to the nearest interceptor.

• The performance of the system with the classification
models was carried out, and it is observed that the
ResNet50 model gives the best accuracy.

This paper is organized as follows. Section II presents
the discussion on the related works. The proposed system,

along with the system architecture and the methodology
is presented in section III. The results are presented in
section IV, and the discussion is presented in section V,
The paper concludes with the conclusion and future work
in section VI.

II. RELATED WORKS

This section discusses some of the recent works in hel-
met detection and traffic surveillance systems. Chiverton
et al. [2] proposed an edge histogram-based method in
order to detect motorcyclists. The system uses Support
Vector Machines (SVM) trained on histograms derived
from the head region in motorcycle riders’ image data.
The system uses a circular arc detection technique based
on the Hough transform. Thus it leads to much misclas-
sification, i.e., helmet-like objects classified as helmets.
Another limitation is that it does not first identify mo-
torcyclists in the frames; instead, it checks for helmets
in a whole frame, since a helmet is only relevant in case
of motorcyclists, there should have been a classifier to
classify the motorcyclists. Silva et al. [3] proposed a system
in which vehicle tracking is done using a Kalman filter.
Kalman filter fails to track multiple objects. SVM classifiers
are used to detect motorcycles and helmets.

Dahiya et al. [4] proposed a system which makes use
of a Gaussian mixture model to detect moving objects
in the video. The system used two classifiers in serial to
classify motorcyclists and non-motorcyclists and classify
head and helmet. It used feature extraction tools such
as Scale-Invariant Feature Transform (SIFT), Local Binary
Patterns(LBP) [5], and Histogram of Oriented Gradients
(HOG) [6]. Linear kernel SVM was used for classification.
Many times SVM classification models have limitations
when compared to other machine learning techniques.

Vishnu et al. [7] proposed a system that used adaptive
background modeling and improved adaptive Gaussian
mixture model [8] for the detection of moving objects
from the video. CNN architecture AlexNet [9] was used to
model the classifiers to detect motorcycles and helmets.
Their results were promising as it successfully detected
heads on real videos.

The existing systems use different methods like SVM
[4] [3], CNN [7], haar cascades [10] for classification. For
SVM’s efficient working, they have used different feature
extraction methods, but these feature extraction methods
do not work well with low-resolution images. Vishnu et al.
[7] implemented a CNN approach that performed better
than SVM classifiers and HAAR cascades. This motivated
us to take the approach even further and implement a
transfer learning approach to this problem. Our transfer
learning model was implemented on ResNet50 [11] archi-
tecture

The system we created contains 2 classifiers that clas-
sifies motorcycle/non-motorcycle and head/helmet from
the video footage received from the CCTV. Since the
model is deployed on the input node, it processes at



higher rates and generates the requires result in short
span of time. These resulting images are saved to a local
database as well as sent to the nearest interceptor to
capture the violators. Detailed description is given in the
next section.

III. PROPOSED WORK

This section discusses the proposed system in detail
and presents the system architecture and methodology.
The video footage from the CCTV camera installed on
the highways/expressways is taken as the input to the
system. The output would be the images of the violators
(motorcyclists riding without helmets), which would be
stored in the database, and a copy would be sent to the
nearest interceptor on the highway. Our system consists
of 2 classifiers, the first classifier classifies the images as
motorcycle or non-motorcycle, and the second is used
to classify the image as head or helmet. The system uses
features like background subtraction, image filtering, head
localization, image resizing, etc. The system architecture
is presented in figure 2, and the detailed explanation is
presented in the next section.

A. System Architecture

Figure 1 represents the architecture of the proposed
system. Here, the video footage from the CCTV camera
is taken as input. These real time video footage is then
converted into frames, and they are then converted into
gray scale images. Background subtraction [12], absolute
difference is calculated on the two consecutive images to
differentiate between moving and stationary objects. All
these images would then be saved into a local storage and
will undergo image filtering. In Image filtering the images
that have the average size of motorcycles would be saved,
and the remaining would be discarded from the local
storage. The average size is computed from the generated
dataset of images. In this filtering process, similar images
are discarded using a custom made deletion algorithm
which works faster when the images are in sequence as
such in the video source. This is done because, the video
runs at a constant frame rate (eg: 30fps), a single image
could occur several times and would be saved several
times. After image filtering, these images would be sent to
the first classifier, which is a binary classifier, It classifies
the image as motorcycle or non-motorcycle. The image
classified as a non-motorcycle would be discarded, and
the images classified as a motorcycle would undergo head
localization. During head localization, the image would be
sliced to one-fourth of its initial size, and the upper part is
taken as the input to the next stage. It is done because the
head part of the rider is available in the top portion of the
image. These images would then be resized and fed into
the next classifier (binary classifier),it is a custom-made
3 layer CNN (head vs helmet), classifies images as head
or helmet. The images classified as the helmet would be
discarded, and the images classified as the head would be

saved to the local database, and an alert would be sent to
the nearest interceptor along with the image that shows
the act of violation.

B. Methodology

1) Input: Input to the system is the video footage from
the source (CCTV camera) which works at a particular
frame rate (here 30fps). This video will be converted into
frames using OpenCV function imread(). The function
reads the video as frame by frame. These frames are
then converted into gray scale by using another function
in OpenCV i.e. cvtColor(). This function is applied
in order to make easier calculations to find out moving
objects from a video using background subtraction and
object detection techniques. Before applying these tech-
niques the focus of capturing the violators were set to a
specific position in the video to avoid occurrence of same
images again and again since the video runs at 30 fps.
Therefore two reference lines were placed in the middle
of the video and moving object between these lines were
detected using the above said techniques.

2) Background Subtraction and Object Detection :
In this process the background subtraction [12] is
performed by taking two consecutive frames which were
converted to gray scale images, then apply Gaussian
blur [13] to these frames using GaussianBlur(),
and the absolute difference would be calculated from
these two frames using the function absdiff(). Then,
bgsegm.createBackgroundSubtractorMOG()
function is applied to separate the foreground and the
background to identify the moving and stationary object.
The moving objects are entitled inside a contour, and
these images are saved to the memory. The contour
was set to specific size so as to reduce error while
capturing images. The contour area was set to be less
than 900, therefore moving objects that cover an area
above 900 would be discarded since these would be
images of trucks, buses, heavy vehicles etc. Similarly
another criterion applied to the contour area was that it
should be greater than 500, it is done because to avoid
capture of smaller moving objects like birds,kids etc.

3) Image Filtering: In this process, the required images
are filtered by using the image dimensions. The image
dimensions threshold was calculated using the generated
data set to find the least and maximum size of an image
that contains a motorcycle in it. Therefore, images of
dimensions that do not belong to this category will be
discarded, and the remaining images would be send to
the next step for classification. As part of image filtering,
the deletion is done with the help of the histograms [14] of
the images where the calcHist and the compareHist
functions were used to calculate the histogram of each
images and to compare them. The algorithm 1 illustrates
the steps involved in deletion of similar images.

The algorithm takes the path to directory of images as
input, it takes the initial image in the directory as the



Fig. 1. Proposed System Architecture

Algorithm 1: Algorithm for deleting similar images
input : path directory to images
i=0;
l = assign the number of images stored in directory

or memory;
while i <l do

h1 = calcHist(image i) ;
j=i+1;
while j <50 do

h2 = calcHist(image j);
if compareHist(h1,h2) >0.7 then

remove(image j);
j=j+1;

else
j=j+1;

end
end

end
output : Similar images deleted inside the directory.

primary image and compares its histogram with the next
50 images in the sequence. The comparison is done in the
same order as the images occurred in the footage. This

makes the deletion simpler because the similar image
would be in the next 50 samples in the directory/database
where the image is stored. If an image match above 70%
the image would be deleted, after a round the next image
in the directory would be selected as the new primary
image, it would follow the same sequence and the same
step repeats. This algorithm stops when the final image
in the directory is set as primary image. The important
factor for this algorithm is each image should be named in
a particular order that, it gets saved right after it captured
from the video. This is done because to achieve faster
deletion rate from the algorithm.

4) Model Generation : There are two classifiers in the
system (A) Motorcycle vs Non-Motorcycle, (B) Head vs
Helmet, and both the models (classifiers) were generated
by applying transfer learning on ResNet50 architecture
and by using Convolution Neural Network(CNN) respec-
tively. The first model is created to check whether a given
input image is a motorcycle or a non-motorcycle. The
second model is created to check whether a given input
image is either a head or a helmet. In order to improve
the results of each classifier we applied ResNet50 which is
trained on ImageNet. Since it was found out that ResNet50
architecture has a better performance compared to the



AlexNet, SVM, VGG16 etc. The ResNet50 was applied to
the first classifier and a custom made CNN was created
for second classifier due to reduction of image size.

5) Motorcycle vs Non-Motorcycle Classifier: It is a bi-
nary classifier created by applying transfer learning on
ResNet50 architecture. It was trained on a dataset of
11,440 images. The dataset contained equal share of im-
ages of both the motorcycle and non-motorcycle classes.
After transfer learning the classifier consists of two fully
connected layers, each having 4,096 neurons and an out-
put layer having one neuron. Various other configurations
were also applied to this classifier to obtain better perfor-
mance and better results. Therefore, the images classified
as motorcycle would be sent for head localization and
images classified as non-motorcycle would be discarded.

6) Head Localization and Resizing: In this process, the
images that are classified as motorcycles would be taken
as input. The input image would be sliced to one-fourth
of its initial size, and the top portion of the image would
be selected. This is done because the head part of the
rider as well as pillion rider would be in the top portion
of the image. The image would then be resized to 45 X 45
for the next classifier. The image size was set to 45 X 45
for the custom made CNN by conducting tests on several
image sizes and it was found out that the image size 45
X 45 yields the best result among them all.

7) Head vs Helmet Classifier: This is a custom made
three-layer CNN, which is also a binary classifier. Since
the image size was reduced to 45 X 45 applying transfer
learning on these images would yield poor results because
the image size should be minimum 224 X 224. If the image
is resized to such a resolution then the image would be
pixelated which by then would be loss of information
and tends to give improper results. Therefore a custom
made CNN was finalized. In this CNN each layer contains
double the number of neurons of the previous layer,
i.e. the first layer contained 32 neurons, second layer
contained 64 neurons and the final layer contained 128
neurons. It also has two fully connected layers with 512
neurons and an output layer with one neuron. The model
was trained on a dataset that contained 8000 samples and
both classes had equal images. The image samples were
of the size 45 x 45. The kernel size was set to (3,3), Max
pooling was applied to each layer, the pool size was set
to (2,2), and the stride was also set to (2,2). The image
classified as helmet would be discarded and the image
classified as head would be sent to the next level for
further processes.

8) Save Image and Report Violation: After the images
are classified as head, they would be saved to the local
database. At the same time an alert would be given to the
nearest interceptor in the highway along with the image of
act of violation done by the corresponding riders. Once
the interceptor receives the alert they will be prepared
enough so that they could capture the violators at the
next intersection of the highway.

IV. EXPERIMENTAL SETUP AND RESULTS

The experiment was carried out with the support of
Google Colab notebook system and Kaggle to store the
dataset. The specifications of the system is, the CPU used
was Intel(R) Xeon(R) clocked @ 2.30GHz, it had 1 Core
and 2 Threads per core, the total RAM of the system is
25.51 GB and the GPU was Nvidia Tesla P100 with 16GB
vRAM. The software/packages and its version number are
TensorFlow: 2.2.0, Numpy: 1.18.5, OpenCV: 4.1.2, Keras:
2.3.1, Matplotlib: 3.2.2.

The images in the dataset were generated from the
videos collected [7]. The videos were having a total run
time of about 11 hours. The entire video footage was
divided into 11 parts where each part had a run time of 1
hour each. Datasets were generated using the first 9 parts
and the remaining two parts were used to create a test
set to validate the performance of each classifiers. Two
datasets were generated for the system, since the system
had two classifiers. The motorcycle vs non-motorcycle
dataset contained a total of 11,440 images where both the
classes contained 5,720 images each. Similarly the head
vs helmet dataset contained a total of 8000 images where
both the classes contained 4,000 images each. The clas-
sifier 1 was created using various network configurations
and the network configuration is shown in TABLE I.

TABLE I
CONFIGURATION OF THE MODELS

Configuration
type

Configuration

T1

ResNet50 + Flatten Layer
+ 2 Dense Layers (4096 neurons, ReLu activation function)

+ Batch Normalization
+ output layer (1 neuron, sigmoid activation function).

T2

ResNet50 + Dropout (0.15) + Flatten Layer
+ 2 Dense Layers (4096 neurons, ReLu activation function)

+ Batch Normalization
+ output layer (1 neuron, sigmoid activation function).

T3

ResNet50 + Flatten Layer
+ 2 Dense Layers (4096 neurons, ReLu activation function) and

2 Dropouts (0.25) + Batch Normalization
+ output layer (1 neuron, sigmoid activation function).

Here we present the results and observations made
during the experimental setup of the system. Our system
uses two classifiers as mentioned earlier one to identify
between motorcycle and non-motorcycle (classifier
1), the other is to identify between head and helmet
(classifier 2). The models in the system were created by
applying transfer learning on ResNet50 architecture (for
classifier 1) as well as creating custom made CNN for
the second classifier.These classifiers were used to make
a comparative study with the baseline model which is a
SVM Classifier. We performed two types of experiments
firstly by using train test split, the ratio for the train test
split was set to 67:33 for better performance, secondly
cross validation was also done. K-cross validation [15]



was applied and the value of K was set to 4 (higher value
of K were computationally complex).

T1 : M1, M2, M3 and M4 are the models created in this
configuration. Performance of models are shown in figure
2.

Fig. 2. Performance of models in T1 configuration

T2 : M5, M6, M7 and M8 are the models created in
this configuration. Performance of the models are shown
in figure 3.

Fig. 3. Performance of models in T2 configuration

T3 : M9, M10, M11 and M12 are the models created in
this configuration. Performance of the models are shown
in figure 4.

Fig. 4. Performance of models in T3 configuration

Hyper Parameter Tuning : Mainly two kinds of opti-
mizer were used, Adam ( for models M1, M3, M5, M7,
M9, M11) and SGD ( for models M2 , M4, M6, M8, M10,
M12). For Adam optimizer the learning rate was set to 1
X 10−6, beta_1 was set to 9 X 10−1, beta_2 was set to 999
X 10−1 and amsgrad was set to False, for SGD optimizer
the learning rate was set to 1 X 10−6 and momentum was
set to 9 X 10−1.

Epochs were set to 100, the dropout was set to 15
X 10−2. Batch Normalization was applied to each dense
layer. The loss function was set to binary_crossentropy.
The activation function for each dense layer were ReLu
(Rectified Linear Unit) and the activation function for the
output layer was sigmoid.

After training the model on all three configurations
it was found out that the ResNet50 architecture along
with Adam optimizer gave the best result compared to
VGG16. The models that had these combinations were
M3, M7 and M11. The accuracy achieved by the third
configuration T3 (for the model M11) was the highest
(99.24%). The model M11 had better accuracy than all
the other models including the baseline model(SVM).
Comparison of the best models from each configuration
to that of the SVM is shown in TABLE II.

TABLE II
COMPARISON OF THE PERFORMANCE OF BEST MODELS FROM EACH

TOPOLOGY AND SVM FOR CLASSIFIER 1

Parameter/Model M3 M7 M11 SVM
Accuracy 99.187 99.245 99.246 86.560

F measure 99.184 99.242 99.242 86.538

The second classifier in the system is a binary classifier
that classifies the images as head or helmet. The size of
the image was set to 45 X 45 after undergoing several
tests on different image sizes. A comparative study was
done to check which architecture gave the best results,
since this model is a custom made CNN. Three different
architecture were used, each architecture had a layer more
than the previous layer i.e. we created three different
models One layer CNN (C1), Two layer CNN (C2) and
Three layer CNN (C3).

It was found out that the model with the 3 layer CNN
gave better results compared to the rest. 3 layer CNN had
an accuracy of 97.5%, 2 layer CNN had an accuracy of
97.20% and 1 layer CNN gave an accuracy of 96.58%.
Even though increasing the number of layers may lead
to improved results, it also leads to overfitting. It was
found out that increasing the number of layers tend to
give better accuracy rates but also started to give false
outputs. All these architectures were better compared to
the baseline model. Results are shown in TABLE III.

It is clear from the table (TABLE II) that C3 is the
best option to be classifier 2 than all other architectures
including the baseline model (SVM). In order to evaluate



TABLE III
COMPARISON OF THE PERFORMANCE OF EACH CNN MODELS AND SVM FOR

CLASSIFIER 2

Parameter/Model C1 C2 C3 SVM
Accuracy 96.583 97.208 97.5 86.125

F measure 96.583 97.206 97.499 86.122

the performance of the classifiers a Cross-validation was
done on each classifier. Here we have done k-fold cross-
validation [15], where the value of k was set to 4. Higher
values of K leads to increased training time and high
variance. Classifier-1 gave a result of 98.39% during the
fourth fold and Classifier-2 gave a result of 97.7% during
the fourth fold.

V. DISCUSSION

From all the three configurations, model M11 which
was created in the type 3 configuration gave the best
result. In classifier 1, model was trained on ResNet50
architecture and the image size of the input was 224 x
224. After head localization the size of the image shrinks
to one fourth of its original size. Since the size of the
image has been decreased from 224 x 224, resizing the
image back to 224 x 224 would make the images pixelated
and applying transfer learning to classifier 2 would yield
tampered/incorrect results. Therefore, we created a cus-
tom made CNN. The custom made CNN were of 3 types.
Among all the architectures the 3 layer CNN gave better
results compared to the rest. The output image (classified
as violators) from the final classifier of the system was
added to the database and a copy was sent to the nearest
interceptor on the highway. The system was experimented
on a video that was at 30fps and had 16000 frames. The
average computational time for the system was calculated
to be at 11.61 ms.

VI. CONCLUSION AND FUTURE SCOPE

From this paper it is evident that by applying transfer
learning on ResNet50 architecture and by using edge
computing we were able to develop an efficient Real Time
Traffic Surveillance System, specifically for non-helmet
riders detection in two-wheeler. A comparative study
on other classification architectures such as VGG16 and
baseline (SVM) was also carried out with the proposed
system. Our system was able to accurately detect the
motorcycle with an accuracy of 99.24% and motorcyclists
without helmet with an accuracy of 97.50% from the
video footage. The average computational time the system
takes for a frame is 11.61 ms. The system improves the
efficiency of interceptors on the highway in capturing
the violators using a digital proof. Thus, it reduces the
number of deaths due to reluctance towards wearing the
helmet. The system can be further be improved by adding
an extra feature that could identify violators who indulge

in triple riding. It would also be an added boost to the
system to identify the stolen vehicles (it can be achieved
by cross checking the number plate of the vehicle to that
of the stolen vehicle). If the system is coupled with a
high-resolution high-speed camera, we can easily identify
violators by using their number plates since the quality
of the number plate is low in a CCTV footage.
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ABSTRACT As an important partner of fifth generation (5G) communication, the internet of things (IoT)
is widely used in many fields with its characteristics of massive terminals, intelligent processing, and
remote control. In this paper, we analyze security performance for the cooperative non-orthogonal multiple
access (NOMA) networks for IoT, where the multi-relay Wyner model with direct link between the base
station and the eavesdropper is considered. In particular, secrecy outage probability (SOP) for two kinds of
relay selection (RS) schemes (i.e., single-phase RS (SRS) and two-phase RS (TRS)) is developed in the form
of closed solution. As a benchmark for comparison, the SOP for random RS (RRS) is also obtained. To gain
more meaningful insights, approximate derivations of SOP under the high signal-to-noise ratio (SNR) region
are provided. Results of statistical simulation confirm the theoretical analysis and testify that: i) Compared
with RRS scheme, SRS and TRS may improve secure performance because of obtaining smaller SOPs; ii)
There exists secrecy performance floor for the SOP in strong SNR regime, which is dominated by NOMA
protocol; iii) The security performance can be enhanced by augmenting the quantity of relays for SRS
and TRS strategies. The purpose of this work is to provide theoretical basis for the analysis and design
of anti-eavesdropping for NOMA systems in IoT.

INDEX TERMS Non-orthogonal multiple access, physical layer security, secrecy outage probability,
single-phase relay selection, two-phase relay selection.

I. INTRODUCTION
Recently, the rapid development of IoT makes all walks of
life get convenient and fast services. However, due to the
importance of ownership and privacy protection, the IoT sys-
tem must provide corresponding security mechanisms. The
classical method to deal with the security problem is complex
encryption and decryption scheme [1]. Quantum computing
can crack complex keys. Moreover, the terminals of IoT are
often limited in size and power, and do not have strong
computing power. These contradictions lead that the classical
method is not so effective in many scenarios [2]. So an alter-
native mechanism, i.e., physical layer security (PLS) exhibits

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhenyu Zhou .

more advances. The method of PLS was initially discussed
by Wyner from the standpoint of information theory [3]. PLS
is a new approach to enhance network security by utilizing
the characteristics of channels, which has catched quantity
of attention due to the randomness of fading channels rather
than encryption technology [4]–[7]. In [8], the authors stud-
ied the secrecy behaviours for underlay cooperative relay-
ing networks. Recently, NOMA is deemed to have a bright
prospect in 5G networks on account that it can improve the
band-efficient and spectral efficiency [9]–[13]. Serving mul-
tiple users working at the same frequency band with different
power-split is the core thought of NOMA [14]. Do et al. put
forward a model which can serve cellular networks better
in NOMA [15]. The authors of [16] discussed a large-scale
network with an antenna and multiple antennas in NOMA
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systems, and derived the SOP. Lei et al. researched a secu-
rity NOMA system including two different forms of eaves-
dropping [17]. The ambient backscatter NOMA systems was
studied in terms of the secure performance [18]. Jiang et al.
analyzed the secure performance for uplink NOMA including
multiple eavesdroppers in [19]. Therefore, exploring PLS
in NOMA systems has also aroused the interests of many
researchers.

Cooperative communication is a specially efficient method
by furnishing greater diversity and expanding network cover-
age [20]. At present, two fields are mainly included in cooper-
ative communication for NOMA’s research. On the one hand,
the use of NOMA in cooperative networks was discussed
in [21]–[24]. On the other hand, cooperative NOMAwas first
put forward by Ding et al in [25] and researched in [26]–[29].
Choi studied the transmission rates on the cooperative sys-
tem in [21]. The authors studied the interruption probabil-
ity (IP) and systematic capacity of NOMA using decoded
and forward (DF) in relaying systems [22]. In [23], the SOP
was investigated based full-duplex (FD) in cooperative
communication using optimizing power allocation jointly.
Men et al. discussed the outage character using amplify
and forward (AF) protocol on Nakagami-m distribution for
NOMA in [24]. The core idea of cooperative NOMA is that
nearby NOMA users are treated as DF relaying to transfer
the messages for far NOMA users. The secrecy behaviors
for both AF and DF relaying strategies were investigated
in cooperative NOMA system [26]. Simultaneous wireless
information and power transmission (SWIPT) was adopted
by nearby NOMA users which were counted as DF relay-
ing [27]. The work researched the security transmission and
proposed an optimal power distribution scheme with max-
imum secrecy sum rate, where the precondition was that
the users’ quality of service (QoS) met the conditions [28].
The authors of [29] employed FD and artificial noise (AN)
methods in two-way relaying networks based on NOMA. The
mathematical expressions for the ergodic secrecy rate were
discussed under containing and excluding eavesdroppers.

As a popular transmission scheme, relay selection (RS)
has the advantages of low complexity due to taking full
advantage of spatial variety and high spectrum-efficient
[30], [31]. Considering that there might be some differences
between two users in the QoS requirements, two-stage single-
relay-selection and dual-relay-selection strategies were put
forward, respectively [32]. Ding et al. derived closed-form
expressions for the precise and asymptotic outage probabil-
ity (OP) by employing single-stage RS and two-stage RS
strategies in cooperative NOMA. And the two NOMA users
were classified as nearby and far users by their QoS, rather
than their channel conditions [33]. Accurate analytical for-
mulae for the OP and IP were analyzed by using two relay
selection strategies (i.e., optimal RS and suboptimal RS) in
wireless communication networks (WCNs) [34]. Under three
wiretapping cases including one eavesdropper, non-colluding
and colluding eavesdroppers, the secrecy outage behaviors
of the TRS strategy based on the system over Nakagami-m

fading channels were investigated in [35]. Zhang et al. ana-
lyzed the SOP with optimal relay selection, suboptimal relay
selection and multiple relays uniting schemes. In addition,
the confidentiality of a cognitive DF relaying network over
Nakagami-m fading channels with independent but not nec-
essarily identical distributed was also surveyed in [36].

Although these previous contributions provided a firm
foundation for understanding collaborative NOMA and RS
technologies, it still needs further developments and applica-
tions. It should be pointed out that RS schemes can meet the
requirements of actual IoT situation. In this paper, we inves-
tigate the SRS and TRS methods which can achieve the
minimum SOP. As far as we know, there is no research on
the security performance of SRS and TRS schemes in coop-
erative NOMAnetworks considering direct link between base
station and eavesdropper. To this end, we explore SOP using
RS schemes for basing on half-duplex (HD)NOMAnetworks
over independently Rayleigh distribution. More specifically,
the rate of data transmission for the far user is assured to
choose a relay as its auxiliary equipment to forward the mes-
sages in the SRS strategy. Under the premise of guaranteeing
the data transmission rate of far user, the maximum data rate
of the service is provided for nearby user to select the relay
opportunistically in the TRS scheme. The key contributions
of this paper are summarized as follows:
• This paper describes system model of cooperative

NOMA for IoT and focuses on two kinds of relay selec-
tion strategies (i.e., SRS and TRS schemes). Moreover,
the direct link between the eavesdropper and the base
station is considered. The eavesdropper uses selective
combination (SC) technique to process the received
signals from two slots.

• The theoretical SOP is derived by employing the SRS
strategy over Rayleigh fading channel. In addition,
the SOP for RRS scheme is also analyzed as a contrast.
The results show that SRS strategy obtains the lower
SOP. To better understand secure outage performance,
the asymptotic behaviors of SOP are analyzed with
RRS and SRS schemes in cooperative NOMA.

• We also derive the formulas of SOP for TRS scheme
in cooperative NOMA based on HD. What’s more,
experimental results prove that TRS scheme can obtain
the superior SOP. To get more insights, the approx-
imate SOP of TRS scheme under high SNR regime
is analyzed in cooperative NOMA. The results also
verify that the security performance can be enhanced
distinctly by augmenting the quantity of relays.

The specific arrangement of each section is as follows.
In Section II, the network system ofHDNOMA’sRS schemes
is established. Section III deduces new analytic formulae of
SOP for the RRS, SRS and TRS schemes. In Section IV,
the asymptotical SOPs in high SNR regime are derived.
Section V presents numerical results and systematic perfor-
mance. The conclusions are shown in Section VI in the paper.

Notations: The CN
(
µ, σ 2

)
denotes the complex Gaussian

distribution with expectation µ and standard variance σ .
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The Pr (·) and E (·) are the probability and expectation oper-
ation. fX (·) and FX (·) are the probability density func-
tion (PDF) and the cumulative distribution function (CDF),
respectively.

II. SYSTEM MODEL
As illustrated in Fig.1, a typical dual-hop NOMA relaying
system for IoT includes a base station (BS), K half-duplex
relays, a couple of legitimate users (e.g., the nearby user
D1 and far user D2 and one eavesdropper (Eve). It should
be noted that the direct links from BS to Dj (j = 1, 2)
are not considered, but the direct link between BS and Eve
exists. So, the Eve processes the received signals by using SC
arithmetic. Adopting a multi-access scheme, multiple users
can be easily partitioned into many groups in this cooper-
ative model, each of these groups implements the NOMA
protocol [37]. In the network model, all relaying nodes are
equipped with receiving and transmitting antennas, but BS
and users have only one antenna. TheBS tries to communicate
the users via relays, but there exists eavesdropping between
transmissions, and the information leakage exists in the trans-
mission between two slots. Each relay is assumed to use
DF protocol. All wireless channels are affected by additive
white Gaussian noise (AWGN) and modeled as indepen-
dent non-selective Rayleigh distribution. The distance from
X to Y is represented as dXY , α denotes exponent for the
path loss, hXY denotes the channel coefficient from X to Y ,
XY ∈ {SRi,RiD1,RiD2, SE,RiE} and hXY ∼ CN (0, 1). The
PDF and CDF for |hXY |2 have an exponential distribution as

f
|hXY |2 (x) =

1
gXY

exp
(
−

x
gXY

)
, (1)

and

F
|hXY |2 (x) = 1− exp

(
−

x
gXY

)
, (2)

respectively, where gXY is the mean channel power gain [38].
The two legitimate users are segmented into nearby and far
users on the basis of their QoS. More specifically, with the
assistance of relay chosen, the QoS requirements of legal
users can be effectively provided for the IoT scenario. There-
fore, we assume thatD1 can serve opportunely with low target
data rates, D2 needs to be served quickly.

During the first stage, the BS transmits composite mes-
sages

√
a1Psx1 +

√
a2Psx2 to the assistances on the basis of

NOMA theory, and normalization method of x1 and x2 signal
is adopted respectively, i.e. E

(
|x1|2

)
= E

(
|x2|2

)
= 1, Ps

and Pr denote the transmitted power from the BS and Ri. a1
and a2 are the corresponding power allocation coefficients.
In fact, in order to provide better fairness and QoS require-
ments among users [39], we hypothesize that a2 > a1 and
a1 + a2 = 1. Hence the received messages at the ith relay Ri
can be expressed as

ySRi =
hSRi√
dαSR

(√
a1Psx1 +

√
a2Psx2

)
+ nSRi , (3)

FIGURE 1. System model for IoT.

where nSRi is written as the superimposed Gaussian noise at
relay i.
In order to reduce the interference for decoding signal x1

of D1 at Ri, the successive interference cancellation (SIC)
method is employed to detect the information x2 of D2
firstly with the high power allocation coefficient. Therefore,
the received signal-to-interference-plus-noise ratios (SINRs)
to decode x1 and x2 at Ri are shown by

γRi,D2 =
a2ρs

∣∣hSRi ∣∣2
a1ρs

∣∣hSRi ∣∣2 + dαSR , (4)

and

γRi,D1 =
a1ρs

∣∣hSRi ∣∣2
dαSR

, (5)

where ρx =
Px
N0
, x ∈ (s, r) is the transmit SNR, and N0 is the

mean power of the AWGN in this system.
In the same way, the message received at Eve can be

expressed as

ySE =
hSE√
dαSE

(√
a1Psx1 +

√
a2Psx2

)
+ nSE . (6)

where nDj , nX denote the Gaussian noise at users Dj and X
(X = SE,RE).

We analyse the SINR for wiretapper to decode x1 and x2.
Considering a direct link between BS and Eve in this paper.
Therefore, in this time slot, the instantaneous SINRs at Eve
that eavesdrops the messages from legal users Dj are written
by

γSE1 =
a1ρs|hSE |2

dαSE
, (7)

and

γSE2 =
a2ρs|hSE |2

a1ρs|hSE |2 + dαSE
. (8)

During the second stage, it is assumed that relay Ri can
decode received messages and transmit signals to the tar-
get nodes, the following situations are met in this phase,
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i) log
(
1+γRi,D1
1+γE1

)
≥ RD1 , ii) log

(
1+γRi,D2
1+γE2

)
≥ RD2 , where

γEj is the SNR at Eve and will be further analyzed later, RDj
denotes the target data transmission rate. Selective relay Ri
forwards the signals to the user, so the signals received in Dj
can be represented as

yDj =
hj√
dαRDj

(√
a1Prx1 +

√
a2Prx2

)
+ nDj . (9)

The signals received inEve in this phase can be represented
as

yRE =
hRE√
dαRE

(√
a1Prx1 +

√
a2Prx2

)
+ nRE . (10)

It is assumed that perfect SIC can be used in D2 to detect
messages from D1 with a higher transmitting power. There-
fore, D2 detects the SINR of x1 given by the following for-
mula,

γD1,D2 =
a2ρr |h1|2

a1ρr |h1|2 + dαRD1

. (11)

Then, the received SINR at D1 is given by

γD1 =
a1ρr |h1|2

dαRD1

. (12)

Meanwhile, D2 decodes messages x2 by regarding x1 as
interference, and the SINR can be shown as

γD2 =
a2ρr |h2|2

a1ρr |h2|2 + dαRD2

. (13)

For the second time slot, the instantaneous SINRs at Eve
to wiretap the messages are expressed as

γRiE1 =
a1ρr

∣∣hRiE ∣∣2
dαRE

(14)

γRiE2 =
a2ρr

∣∣hRiE ∣∣2
a1ρr

∣∣hRiE ∣∣2 + dαRE (15)

III. SOP ANALYSIS
In this part, the SOPs of the cooperative NOMA system using
three kinds of relay selection schemes are studied.

To get the SOP for every user, channel statistics for the
users and Eve are analyzed primarily. Combined with (5) and
(12), the CDF of SINR from BS to D1 can be written as

Fγ1 (x) = Pr
(
min

(
γRi,D1 , γD1

)
< x

)
= 1− Pr

(
γRi,D1 > x

)
Pr
(
γD1 > x

)
= 1− Pr

(
a1ρs

∣∣hSRi ∣∣2
dαSR

> x

)
Pr

(
a1ρr |h1|2

dαRD1

> x

)
= 1− e−

Ax
a1 , (16)

where γ1 = min
{
γRi,D1 , γD1

}
, A =

dαSR
ρsgSRi

+
dαRD1
ρrg1

.

In similar, the CDF of SINR from BS to D2 is given as

Fγ2 (x) =

1− e
−

Bx
(a2 − a1x) x ≤

a2
a1

1 x >
a2
a1
,

(17)

where γ2 = min
{
γRi,D2 , γD1,D2 , γD2

}
, and B =

dαSR
ρsgSRi

+

dαRD1
ρrg1
+

dαRD2
ρrg2

.
For the signals received in Eve (BS → E , Ri→ E), the SC

algorithm is employed. Then, according to (5), (7) and (14),
the CDF of γE1 is expressed as

FγE1 (x)

= Pr
(
max

(
γSE1 ,min

(
γRi,D1 , γRiE1

)
< x

))
= Pr

(
γSE1 < x

) (
1− Pr

(
min

(
γRi,D1 , γRiE1

)
> x

))
= Pr

(
γSE1 < x

) (
1− Pr

(
γRi,D1 > x

)
Pr
(
γRiE1 > x

))
=

(
1− e−

dαSE x
a1gSE

)1− e
−

x
a1

(
dαSR
gSRi
+

dαRE
gRiE

)
=

(
1− e−

Ex
a1

)(
1− e−

Cx
a1

)
, (18)

where C =
dαSR
ρsgSRi

+
dαRE
ρrgRiE

, and E =
dαSE
ρsgSE

.
The PDF of γE1 can be obtained as

fγE1
(x) =

E
a1
e−

Ex
a1 +

C
a1
e−

Cx
a1 −

D
a1
e−

Dx
a1 , (19)

where D =
dαSR
ρsgSRi

+
dαRE
ρrgRiE

+
dαSE
ρsgSE

.
Referring to the derivation of γE1 , the PDF of γE2 can be

derived as

fγE2 (x) =
Ea2

(a2 − a1x)2
e−

Ex
a2−a1x

+
Ca2

(a2 − a1x)2
e−

Cx
a2−a1x

−
Da2

(a2 − a1x)2
e−

Dx
a2−a1x . (20)

A. SOP FOR RRS
The SOP is a very important benchmark to evaluate system-
atic secure performance, we can formulate it as [40]

Pout = Pr
(⌈
CDj − CEj

⌉+
< Rth

)
, (21)

where dXe+ = max {X , 0}, Rth is the threshold of rate.
The SOP for RRS can be rewritten as

SOPRRS = Pr
(⌈
CD1 − CE1

⌉+
< Rth1or⌈

CD2 − CE2
⌉+

< Rth2
)

= 1− Pr
(⌈
CD1 − CE1

⌉+
> Rth1 ,⌈

CD2 − CE2
⌉+

> Rth2
)

= 1− Pr
(

1+ γ1
1+ γE1

> ε1,
1+ γ2
1+ γE2

> ε2

)
, (22)

where εj = 2Rthj with Rthj being the target rates of Dj.
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Note that the variables γj, γEj in (22) are related, acquir-
ing an accurate expression of SOP is difficult. Therefore,
the upper bound of SOP is given using the basic probability
theory, (22) can be rewritten as

SOPRRS

≤ min
{
1, 2− Pr

(
1+ γ1
1+ γE1

> ε1

)
−Pr

(
1+ γ2
1+ γE2

> ε2

)}

= min

1,Pr
(

1+ γ1
1+ γE1

< ε1

)
︸ ︷︷ ︸

pout1

+Pr
(

1+ γ2
1+ γE2

< ε2

)
︸ ︷︷ ︸

pout2

 .
(23)

The term poutj in (23) represents the SOP for RRS atDj and
can be calculated as

poutj = Pr
(
γj < εj

(
1+ γEj

)
− 1

)
=

∫
∞

0
fγEj (x)Fγj

(
εj (1+ x)− 1

)
dx. (24)

Then, on the basis of (16), (19) and (24), pout1 can be
obtained as (25), shown at the bottom of the page.

Take full advantage of (24), the SOP for RRS at D2 can be
written as

pout2 =

∫ µ

0
fγE2 (x)Fγ2 (ε2(1+ x)− 1) dx

+

∫
∞

µ

fγE2 (x) dx, (26)

where µ = 1
a1ε2
− 1.

With the combination of (17), (20), (26) and the
Gaussian-Chebyshev quadrature method, the SOP for RRS
at D2 is given by (27), which is shown at the bottom of the
page, where φt = cos

(
2t−1
2N π

)
, t ∈ {l,m, n}, and

ϕ1(x) =
1

(a2 − a1x)2
e−

Ex
(a2−a1x) e−

B(ε2+ε2x−1)
(a2−a1(ε2(1+x)−1)) ,

ϕ2(x) =
1

(a2 − a1x)2
e−

Cx
(a2−a1x) e−

B(ε2+ε2x−1)
(a2−a1(ε2(1+x)−1)) ,

ϕ3(x) =
1

(a2 − a1x)2
e−

Dx
(a2−a1x) e−

B(ε2+ε2x−1)
(a2−a1(ε2(1+x)−1)) .

Combining (23), (25) and (27), the SOP for RRS is shown
by (28), shown at the bottom of the page.

B. SOP FOR SRS
In this part, we consider the SRS scheme for HD-based coop-
erative NOMA. BS can randomly select a relay as its auxiliary
to transpond the messages. Maximizing the minimum data
transmission rate D2 is the main idea of SRS method. What’s
more, the range of data rate for D2 is dominant by three
different data rates: i) the transmission rate for the relay
Ri to decode messages x2, ii) the transmission rate for D1
to decode messages x2. iii) the transmission rate for D2 to
decode messages x2. In relaying networks, the SRS scheme
activates a relay, which can be expressed as

i∗SRS = arg
i
max

{
min

{
log

(
1+ γRi,D2

)
,

log
(
1+ γD1,D2

)
, log

(
1+ γD2

)}
, i ∈ S1R

}
, (29)

where S1R reveals the amount of relays in the network.
Pay attention that the HD-based SRS scheme inher-
its the advantage of guaranteeing the data rate of D2,

pout1 =

∫
∞

0
fγE1 (x)Fγ1 (ε1 (1+ x)− 1) dx

= 1−
∫
∞

0

(
E
a1
e−

Ex+A(ε1(1+x)−1)
a1 +

C
a1
e−

Cx+A(ε1(1+x)−1)
a1 −

D
a1
e−

Dx+A(ε1(1+x)−1)
a1

)
dx

= 1−
(

E
E + Aε1

+
C

C + Aε1
−

D
D+ Aε1

)
e−

A(ε1−1)
a1 . (25)

pout2 = 1−
∫ µ

0
fγE2 (x) e

−
B(ε2+ε2x−1)

(a2−a1(ε2(1+x)−1)) dx ≈ 1−
Ea2µπ
2N

N∑
l=0

√
1− φ2l ϕ1

(
µφl + µ

2

)

−
Ca2µπ
2N

N∑
m=0

√
1− φ2mϕ2

(
µφm + µ

2

)
+
Da2µπ
2N

N∑
n=0

√
1− φ2nϕ3

(
µφn + µ

2

)
. (27)

SOPRRS = min
{
1, 2−

E
E + Aε1

e−
A(ε1−1)

a1 −
C

C + Aε1
e−

A(ε1−1)
a1 +

D
D+ Aε1

e−
A(ε1−1)

a1 −
a2µπ
2N
×(

E
N∑
l=0

√
1− φ2l ϕ1

(
µφl + µ

2

)
+ C

N∑
m=0

√
1− φ2mϕ2

(
µφm + µ

2

)
− D

N∑
n=0

√
1− φ2nϕ3

(
µφn + µ

2

))}
. (28)
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where applications for lower target data rate can be
implemented.

In accordance with the above investigations, 41 denotes
that either the relay i∗TRS or any of the legal users is unable to
decode x2 safely. So, the SOP based on SRS scheme with HD
can be obtained as follows,

SOPSRS

= Pr (41) = Pr
(∣∣∣S1R∣∣∣ = 0

)
=

K∏
i=1

(
1− Pr

(
1+min

(
γRi,D2 , γD1,D2 , γD2

)
1+ γE2

> ε2

))

=

K∏
i=1

(
1− Pr

(
1+ γ2
1+ γE2

> ε2

))
, (30)

where
∣∣S1R∣∣ denotes the size of S1R.

Substituting (27) into (30), the SOP for SRS scheme can
be obtained, that is shown by (31) at the bottom of the page.

C. SOP FOR TRS
For HD-based cooperative NOMA, TRS consists of twomain
periods. In the first period, the objective data rate ofD2 is met.
In the second period, we expect to make the data transmission
rate ofD1 as high as possible under the condition that the data
transmission rate ofD2 is satisfied. Therefore, the first period
activates the relays that meet the following conditions,

S2R =
{
log

(
1+ γRi,D2

)
≥ RD2 , log

(
1+ γD1,D2

)
≥ RD2 ,

log
(
1+ γRi,D2

)
≥ RD2 , 1 ≤ i ≤ K

}
, (32)

where S2R denotes these relays satisfying the objective data
rate of D2 in the first stage.

For all relays from S2R, the second period chooses a relay
to transmit messages and maximizes the data rate of D1,
the selected relay is

i∗TRS = arg
i
max

{
min

{
log

(
1+ γRi,D1

)
,

log
(
1+ γD1

)}
, i ∈ S2R

}
. (33)

As can be seen from the above explanations, excepting for
guaranteeing the data rate of D2, the TRS scheme based on
HD can support D1 to perform some background tasks.
It is worth noting that the total SOP events can be classified

as

SOPTRS = Pr (41)+ Pr (42) , (34)

where 42 means that the relaying i∗TRS , D1 and D2 can
successfully decode x2, while the i∗TRS and D1 cannot suc-
cessfully decode x1. Considering the analysis of the second
period, Pr (42) is expressed as

Pr (42)=

K∑
i=1

Pr
(

1+ γ1
1+ γE1

<ε1|

∣∣∣S2R∣∣∣ = i
)

︸ ︷︷ ︸
T1

Pr
(∣∣∣S2R∣∣∣ = i

)
︸ ︷︷ ︸

T2

,

(35)

where
∣∣S2R∣∣ represents the value of S2R.

Because of the mathematical intractability in (22), T1 can
be given as

T1 = 1− Pr
(

1+ γ1
1+ γE1

> ε1|

∣∣∣S2R∣∣∣ = i
)

=

1− Pr
(

1+γ1
1+γE1

> ε1,
1+γ2
1+γE2

> ε2

)
Pr
(

1+γ2
1+γE2

> ε2

)
i. (36)

So, the term T1 can be rewritten as (37) by substituting (25)
and (27) into (36), it is shown at the bottom of the page.

Moreover, there exist i relays in S2R, so the corresponding
probability T2 is calculated by

T2 =
(
K
i

)(
Pr
(

1+ γ2
1+ γE2

> ε2

))i
×

(
1− Pr

(
1+ γ2
1+ γE2

> ε2

))K−i
=

(
K
i

) (
1− pout2

)i(pout2

)K−i
. (38)

Combining (31), (35), (37) and (38) and employing some
arithmetical operations, the SOP for TRS scheme can be

SOPSRS = Pr (41) ≈

(
1−

a2µπ
2N

(E
N∑
l=0

√
1− φ2l ϕ1

(
µφl + µ

2

)

− C
N∑
m=0

√
1− φ2mϕ2

(
µφm + µ

2

)
+ D

N∑
n=0

√
1− φ2nϕ3

(
µφn + µ

2

)))K
. (31)

T1=min

1,


(
E

E+Aε1
−

C
C+Aε1

+
D

D+Aε1

)
e−

A(ε1−1)
a1

a2µπ
2N

(
E

N∑
l=0

√
1− φ2l ϕ1

(
µφl+µ

2

)
+ C

N∑
m=0

√
1− φ2mϕ2

(
µφm+µ

2

)
− D

N∑
n=0

√
1− φ2nϕ3

(
µφn+µ

2

))

i . (37)
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expressed as

SOPTRS =
K∑
i=0

(
K
i

) (
1− pout2

)i(pout2

)K−i
×min

(
1,
[

pout1

1− pout2

]i)
. (39)

IV. ASYMPTOTIC SOP ANALYSIS
To gain deeper insights, the asymptotical SOPs of coop-
erative NOMA over Rayleigh fading channel are analyzed
under these RS schemes. As ρ → ∞ (ρs = ρr ), specif-
ically, the SOP of cooperative NOMA systems under each
RS scheme depends on far user D2 when γ2 → ∞. The
asymptotical SOP for cooperative NOMA is shown as

ASOPRRS ≈ Pr
(⌈
CD2 − CE2

⌉+
< Rth2

)
. (40)

Substituting (27) into (40), the asymptotic SOP for RRS
scheme when ρ →∞ can be obtained by

ASOPRRS = 1−
a2µπ
N


N∑
l=0

2E
√
1− φ2l

(2a2 − a1µ (φl + 1))2

+

N∑
m=0

2C
√
1− φ2m

(2a2 − a1µ (φm + 1))2

−

N∑
n=0

2D
√
1− φ2n

(2a2 − a1µ (φn + 1))2

}
. (41)

From the asymptotic expression of SOP, it can be seen that
there exists secure performance floor in cooperative NOMA
system, which depends on the NOMA protocol. The main
cause for this situation is that the realizable data rate of far
user D2 is restricted by the power distribution coefficient,
a2
/
a1. However, there is no such restriction to realize the data

rate in Eve.
Based on (31), we observe that Pr (41) tends to a constant.

Therefore, the asymptotic SOP under SRS scheme is given
by

ASOPSRS =

1− a2µπ
N


N∑
l=0

2E
√
1− φ2l

(2a2 − a1µ (φl + 1))2

+

N∑
m=0

2C
√
1− φ2m

(2a2 − a1µ (φm + 1))2

−

N∑
n=0

2D
√
1− φ2n

(2a2 − a1µ (φn + 1))2

}}K
. (42)

Furthermore, taking into account the second stage, we have

Pr (42) = 0, ρ →∞. (43)

According to the above analysis, the asymptotic SOP
under TRS scheme is similar to SRS scheme. That is to say,
ASOPTRS = ASOPSRS .

FIGURE 2. SOP versus the transmit SNR for RRS and SRS schemes with
K = 2, α = 3, Rth1

= 2 and Rth2
= 0.5.

By comparing asymptotic SOP under RRS scheme with
SRS and TRS schemes, we find that the SRS and TRS
schemes prominently improve the secrecy outage perfor-
mance, and the interesting discovery is that increasing the
amount of relays can further enhance the security perfor-
mance.

V. NUMERICAL RESULTS
In this section, theoretical and practical simulation results
are provided. The abbreviation for the bit-per-channel-use is
BPCU. Combined with complexity and exactitude, we set up
tradeoff parameter: N = 30.

Fig. 2 is drawn to describe the SOP of cooperative NOMA
under RRS and SRS schemes for different power distribution
coefficients with K = 2, α = 3, dSR = 0.5, dRD1 = 0.3,
dRD2 = 0.5, dSE = 0.8, dRE = 0.6, Rth1 = 2 and
Rth2 = 0.5, where a2 > a1 and a2 = 1 − a1. The blue
circles and dash curves indicate the accurate SOP of RRS
scheme for HD-based NOMA. The red squares and solid
curves are the SRS strategy for cooperative NOMA, as can
be seen from the accurate result obtained in (31). The curves
of theoretical SOP coincide with the statistical simulation
results. No matter what SNR situation is, the performance
of SRS strategy is preferable to RRS strategy. Moreover,
the SOP of the HD-based SRS and RRS schemes under
a1 = 0.2 and a2 = 0.8 outperforms the SRS and RRS
schemes under a1 = 0.3 and a2 = 0.7, respectively. Another
phenomenon can be clearly obtained that HD-based NOMA
RRS scheme under a1 = 0.2 and a2 = 0.8 is superior to SRS
scheme under a1 = 0.3 and a2 = 0.7 in high SNR range.
The reason for this situation is that the power distribution
coefficient has a great influence in HD-based RS strategies.
In addition, the simulation results also show that the security
requirements of the nearby user D1 have no effect on the
security performance layer, which also proves the conclusion
of the approximate SOP analyzed in the previous discussion.

Fig. 3 depicts the SOP of cooperative NOMA under
RRS and TRS schemes for different power
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FIGURE 3. SOP versus the transmit SNR for RRS and TRS schemes with
K = 2, α = 3, Rth1

= 2 and Rth2
= 0.5.

FIGURE 4. SOP versus the transmit SNR for RRS and TRS schemes for the
different target rates with a1 = 0.2 and K = 2.

distribution coefficients. The red lines represent TRS scheme
for cooperative NOMA, and are consistent with the results
obtained in (39). According to the analysis results, the TRS
strategy can strengthen security performance. Similarly,
the SOP of TRS and RRS schemes under a1 = 0.2 and
a2 = 0.8 outperforms the TRS and RRS schemes under
a1 = 0.3 and a2 = 0.7, respectively. Moreover, when
SNR < 25 dB, the security performance of RRS scheme with
a1 = 0.2 is inferior to the TRS scheme with a1 = 0.3.
When SNR> 25 dB, the security performance of RRS scheme
with a1 = 0.2 begins to improve and surpasses the security
performance of TRS schemewith a1 = 0.3. Therefore, power
distribution coefficient has a great influence on the security
performance. It is also worth noting that the SOP is saturated
in high SNR, and the target confidentiality rate of legal user
D2 can determine the lower performance. The primary cause
for this phenomenon is that the NOMA protocol limits the
available data rate for weak user D2.
In Fig. 4, we compare the SOP using RRS and TRS strate-

gies with different target transmission rates. An interesting
observation is that transforming the NOMA user’s target rate
can affect the security outage behaviors for HD-based RRS

FIGURE 5. SOP versus the transmit SNR for RRS and TRS schemes for the
different distances with Rth1

= 1 and Rth2
= 0.3.

FIGURE 6. SOP versus the transmit SNR for TRS schemes with K = 2,3,4,
Rth1

= 1 and Rth2
= 0.3.

and TRS schemes. As the target rate value reduces, the two
kinds of schemes provide better outage performance, but
the advantage fades away in high SNR range. Even if an
effective RS scheme is implemented, there also exists secrecy
performance floor. This is because the application of these
two schemes does not eliminate the limitations (e.g., a2

/
a1)

imposed by the NOMA protocol.
In Fig. 5, the SOP of cooperative NOMA under RRS and

TRS schemes for different distances with K = 2, a1 = 0.2,
a2 = 0.8, α = 3, dSE = 0.6, dRE = 0.4, Rth1 = 1 and
Rth2 = 0.3. This paper normalizes the distances for dSR and
dRD2 , where dRD1 < dRD2 and dRD1+dRD2 = 1, becauseD1 is
the nearby user, whereas D2 is the far user. It is observed that
the security performance of TRS scheme is superior to RRS
scheme when changing the distance. Compared with RRS
scheme, there are more obvious variations for TRS scheme
with different distances on security performance. Therefore,
the distance from BS to Ri and from Ri to Dj has a signifi-
cant impact on the secure outage performance for HD-based
systems. Similarly, the SOP of cooperative NOMA can be
influenced by dSE and dRE .
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FIGURE 7. SOP versus K for SRS and TRS schemes with Rth1
= 1 and

Rth2
= 0.5.

Fig. 6 paints the SOP employing TRS scheme when the
number of relays is K = 2, 3, 4. The results show that
the quantity of relays in this model has great effect on the
performance of HD-based TRS schemes. When the number
of relays increases, the RS schemes can achieve the lower
outage probability. The reason is that the number of relays is
positively correlated with diversity gain, thus it can improve
the reliability of the cooperative networks.

Fig. 7 shows the SOP for both SRS and TRS schemes with
respect to the number of relays K in high SNR region. It is
observed that the analytic curves are precisely consistent with
the simulated results. It can be concluded that the SOP using
RS schemes reduces as the quantity of relaysK increases. The
security performance is improved due to the application of the
efficient RS schemes that take advantage of the diversity of
relaying networks. Moreover, from the analysis in section IV
and expressions (31), (39), the SOP of both SRS and TRS
schemes is coincident on account of pout1 = 0 in strong
SNR. Another conclusion is that the SOP of the RS schemes
becomes smaller when the increasing of a2

/
a1 distinctly.

VI. CONCLUSION
This paper has studied the security performance for coopera-
tive HD-based NOMA IoT systems over Rayleigh-distributed
under the influence of different relay selection methods. The
closed-form formulae of SOP for two users are derived. Fur-
ther analysis shows that the SRS/TRS scheme can achieve the
best secure performance, and RRS strategy may increase the
SOP compared with SRS/TRS strategy. The security perfor-
mance can be enhanced by augmenting the quantity of relays.
Whereas, it is pointed out that due to the adoption of NOMA
system, each RS scheme exists secrecy performance floor
that cannot be deleted by RS schemes and power allocation
strategy.
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 Supervised machine learning algorithm based retinal hemorrhage detection 
and classification is presented. For developing an automated diabetic 
retinopathy screening system, efficient detection of retinal hemorrhage is 
important. Splat, which is a high level entity in image segmentation is used to 
mark out hemorrhage in the pre-processed fundus image. Here, color images 
of retina are portioned into different segments (splats) covereing the whole 
image. With the help of splat level and GLCM features extracted from the 
splats, three classifiers are trained and tested using the relevant features. The 
ground-truth is established with the help of a retinal expert and using dataset 
and clinical images the validation was done. The output obtained using the 
three classifiers had more than 96 % sensitivity and accuracy.  
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1. INTRODUCTION 

The World Health Organisation estimated that by 2030, there will be nearly 366 million people with 
Diabetic mellitus (DM) [1]. A microvascular complication of DM that is responsible for a major share of cases 
of blindness in the world is the Diabetic Retinopathy (DR). The severe complications like Microaneurysms, 
Exudates, Occlusion, hemorrhages, etc., together known as DR. The DR becomes more severe when it goes 
undetected for a long period of time. Retinal hemorrhages and other symptoms are usually diagnosed by an 
ophthalmoscope or a fundus camera that are capable to examine inside of eye. In order to reduce the diagnosing 
time, human error and increase the accuracy, several algorithms have been developed for the early detection of 
DR and all of them use machine learning techniques. An expert, usually an ophthalmologist or a retinal 
specialist provides the ground truth to train the system. The pre-processed fundus image features are extracted 
and applied to a supervised classifier which is trained with the relevant features by feature subset selection. In 
this paper, classification of  hemorrhage and non-hemorrhage fundus images carried out using three different 
classifiers is presented. The techniques used to develop the algorithm is based on recent researches. 

When compared to large hemorrhages, it is seen that small hemorrhages are irregular in shape. Many 
systems have been developed to find these abnormalities.  DR detection based on Convolutional Neural 
Network (CNN) using binocular fundus images and its correlation is suggested by Zeng et.al [2]. The model 
has a Siamese-like architecture that predicts the possibility of DR for both the eyes by correlating the 
pathological as well as the physiological condition of eyes. In our work one of the classifier decision is based 
on Neural network (NN). D Kumar et.al. [3] presented a radiomics-driven Computer Aided Diagnosis (CAD) 
based method. In order to overcome the limitations with current CAD approaches such as decision making a 
CLass-Enhanced Attentive Response Discovery Radiomics CLEAR-DR is proposed to aid clinical diagnosis 
of DR. Another important symptom of diabetic retinopathy is exudates, which are similar to hemorrhage pixels. 



Retinal Image Enhancement by Intensity
Index Based Histogram Equalization
for Diabetic Retinopathy Screening

Arun Pradeep , X. Felix Joseph , and K. A. Sreeja

1 Introduction

Retinal exudates that can be visually identified as yellow flecks in fundus images
and is considered one of the symptoms arised due to Diabetic Retinopathy. These are
mainly due to leakage of lipids in the eyes from the damaged capillaries as shown
in Fig. 1. Diagnosis done at an earlier stage can control the degree of impairment
caused by leakage of lipids that can ultimately lead to loss of eyesight. Patient
friendly studies are centered on the accuracy of exudate detection from RGB fundus
images with the help of machine learning.

These images are captured using a fundus camera which may contain effects of
noise and uneven illumination and contrast. In order to filter out these undesired
effects, literature suggests that pre-processing and image enhancement should be
more focused before image segmentation and classification. The study presented by
[1] identifies retinal exudates established on spider monkey optimization using an
SMO-GBM classifier. Likewise, the image enhancement was done using contourlet
transform. The method proposed in [2] uses classification based on Top-k loss
method instead of Class Balance Entropy (CBCE) to reduce misclassification in
exudate detection.
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Fig. 1 Fundus image of
diabetic eye

The analysis in [3] proposes that Convolutional Neural Network (CNN) can
be utilized for a deep learning technique, for exudate detection, but the efficiency
is deprived when compared with Residual Network and Discriminative Restricted
Boltzmann machines. The color space used in our work is HSI instead of RGB,
which gives more attenuation to noise. This method is reiterated by the work
suggested by Khojasteh et al. [4] for exudate detection. Holistic texture features of
fundus images were extracted and trained to four different classifiers in the study [5]
conducted on a public database. Classification of hard exudates from soft exudate
using fuzzy logic was the area of interest in [6]. Segmentation of exudates using
dynamic decision thresholding was the focus of study in [7]. Their results were
validated using lesion and image based evaluation criteria. Circular Hough Trans-
form(CHT) and CNN based detection of exudates were suggested in [8]. A reduced
pre-processing strategy for exudate based macular edema recognition using deep
residual network was put forward in [9]. Multilayer perceptron based supervised
learning is studied in [10] to identify exudate pixels. Further segmentation was done
using unsupervised learning with the help of iterative Graph Cut (GC). The entire
image is segmented into a series of super pixels in [11] which are considered as
candidate pixels.

Also each candidate is characterized by multi-channel intensity features and
contextual features. The study in [12] using a neighborhood estimator presents
detection of blood vessels followed by segmentation with the help of in-painting the
exudates with the help of this estimator. A new approach called voxel classification
by a strategy based on layer dependent stratified sampling on OCT image was
introduced in [13]. Grayscale morphology based segmentation of exudates was
presented in [14] where the candidate pixels’ shape was determined with the help of
Markovian Segmentation model. Another method using Partial Least Squares (PLS)
for detection of exudates is studied in [15]. An image segmentation based high level
entity known as splat is used to identify retinal hemorrhages in [16] where pixels
sharing similar properties are grouped together to form non-overlapping splats and
the features are extracted and classified using supervised learning. The research
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Fig. 2 Depiction of total work flow

study presented in this paper is a modification of our existing algorithm presented
in [17]. The method associates both the principles of mathematical morphology
operation for detection of exudates and classification and extraction of exudates
using a trained classifier. Before the mathematical binary operation, initial pre-
processing is done to enhance the fundus image where an algorithm called Intensity
Index based Histogram Equalization Technique for retinal vessel enhancement
(IIHE-RVE) is proposed. The algorithm of the total work is depicted in Fig. 2.

2 Methodology

Color plane transition from RGB to HSI is performed because the Optic Disc
(OD) as well as exudates have analogous brightness characteristics. Many of the
imperfections caused by noise and texture in the image can also be reduced by
transition to HSI plane [18]. Median filter is applied to reduce the noise in the
intensity band of the image. A novel method called Intensity Index based Histogram
Equalization Technique for retinal vessel enhancement (IIHE-RVE) is applied to
enhance the contrast of the noise free image.

IIHE-RVE is based on the estimation of under radiance of the image which is
more effective than the existing Contrast limited adaptive Histogram equalization
(CLAHE) algorithm or any other Gaussian function equalization algorithms. The
following step is involved in the removal of Optic Disc (OD). It is assumed that
the OD exist as the largest bright circular shape component in the image. Finally,
exudates are classified into hard and soft exudates using a supervised classifier.
Clinical images as well as images from publically available database are validated
for the proposed algorithm.
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2.1 Image Enhancement

The pre-processing steps involved in this work are shown in Fig. 3. RGB to HSI
transition is followed by median filtering and contrast enhancement is done the new
technique of histogram equalization.

Applying a tunable parameter ξ , histograms are divided into sub-histograms by
computing the split value using the following set of Eqs. 1 and 2

αc(i) = φ(i)

ε
for 0 ≤ i ≤ I − 1 (1)

Γ (k) =
k∑

i=0

αc(i) for 0 ≤ k ≤ I − 1 (2)

where φ denotes the histogram of the image, i represents the intensity value, ε

represents the pixel numbers for the whole image, and I signifies the total brightness
levels in numbers. The parameters Γ and αc give accumulated normalized histogram
count and normalized histogram count, respectively, for the given image. The
controlling parameter Γp is found by Eq. 3.

Γp∑
j=0

Γ (j) ≈ ξ for any 0.1 ≤ ξ ≤ 0.9 (3)

Input Image HSI image Intesnity Band Of Image

Median Filtered ImageImage after IIHE-RVE

Fig. 3 Steps involved in pre-processing
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The split value Sv is found from Eq. 4.

Sv = (I − 1) − Γp − 1 (4)

The value of tunable parameter ξ is inversely proportional to enhancement level
of the image. Also when ξ increases the value of Γp also increases. For a certain
low value of ξ , we can acquire a first sub-histogram and for another high value
of ξ we can acquire a second sub-histogram. The first and second sub-histograms
are equalized specifically. Due to the extendedness of these histograms, the range of
pixels having lower intensity can be mapped to a range of higher intensity. Whereas,
in the second sub-histogram, the range is less and contains only larger intensity
range pixels. Because of this small range, the larger intensity pixels are saved from
over enhancement.

2.2 Intensity Index Based Histogram Equalization Technique
for Retinal Vessel Enhancement (IIHE-RVE)

According to the algorithm, when the two histograms are obtained, successive
integration based on difference of intensity parameters obtained from the iteratively
enhanced images is performed. Integration is continued till the absolute difference
between the intensity values ω1 and ω2 obtained from Eq. 5, for the given image and
the equalized image is lower than error referred to as threshold, e. Here, the value
of e is taken as 0.002.

Algorithm 1 IIHE algorithm
1: Compute histogram φ for image f.
2: Compute intensity values for input image from Eq. 5 for I = 256.

ω1 =
∑I−1

i=0 φ(i) · i

I · ∑I−1
i=0 φ(i)

(5)

3: Sv which is the split value is calculated from Eq. 4.
4: Separate the histogram into sub-histograms φl from radiance range 0 to Sv and φu from Sv+1

to I − 1.
5: Equalize histograms φl and φu in the respective intensity range.
6: Reiterate Step 2 to find the intensity values ω2 of equalized image.
7: Repeat steps 1–6 until |ω1 − ω2| ≤ e.
8: Integrate φl and φu to re-establish histogram φ.
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2.3 Optic Disc Elimination

The exudates have similar intensity values as that of optic disc. Opening and Closing
are the two binary operations used for detection of OD in retinal image. The shape
of the OD is obtained from the image I by employing the mathematical closing
operation. Using a threshold operation, the suitable binary image is produced.

The binary image Ω contains various connected components known as Ci which
is based on Eq. 6.

Ω =
⋃
k∈m

Ck, Ci

⋂
Cj = 0, ∀ i, j ∈ m, i �= j (6)

where m varies from 1 to k, k symbolizes the connected components. The disc shape
structure when compared to the background pixels are the components of Ci . This
includes the OD also. Hence, an effective separation of OD from other structures is
established. Now, Ri becomes the greatest component that is connected in Ci . The
conciseness of Ri is calculated using Eq. 7:

C(Ri) = 4π
A(Ri)

P 2(Ri)
(7)

In this equation, A(Ri) signifies pixels’ number in the ith region and P(Ri)

represents the pixels in region (Ri). Another threshold method is obtained from P-
tile method [19] and Nilback’s method[20, 21] in order to obtain the binary image.

The weight factor chosen is 1.3 based on previous conclusions in our method
[17]. In order to delineate the OD on the retinal image, Circular Hough Transfor-
mation (CHT) is employed as studied in[22]. The OD elimination is depicted in
Fig. 4.

2.4 Detection of Exudates

After optic disc elimination, exudate pixels are identified. Using binary closing
operation a 16-pixel radius, flat disc shaped structuring element is utilized and
the exudates pixels are directly identified. Binary closing operation follows this
threshold operation. The blood vessels have a contrast component which is similar
to the contrast component applied in this operation. Hence the image’s Standard
Deviation (SD) is calculated using Eq. 8.

I3(x) = 1

N − 1

∑
i∈W(x)

(
I2(i) − I3(x)

)2 (8)



Retinal Image Enhancement by IIHE for DR Screening 99

Binary Closing Operation Threshold Image from
Nilback’s Method

Threshold Image from
p-tile method

Optic Disc Eliminated Circular White Component’s
Inverted Image

Optic disc depicted as circular
white component

Fig. 4 Steps involved in OD elimination

In this above equation, W(x) symbolizes available pixels available for a sub-
window, N symbolizes pixels available in W(x) and I3(x) give the average value
for the image I3(x) where the local contrast image is symbolized by I3. Using a
method called Triangle based threshold [23], the bright regions can be precisely
detected and the components can be differentiated. Followed by identification of the
high intensity regions, unwanted pixels on the image are eliminated using binary
operation called dilation. This method is followed by a flood fill operation that is
done on holes so as to regenerate the image. Next, the final step involved in exudate
detection is difference image acquisition between from the output image from the
threshold image, which is nothing but the brightness based image. As a result, the
difference image is superimposed on the original image in order to extract exudate
features from the pixels. The whole process of detection of exudates is illustrated in
Fig. 5.

2.5 Hard Exudate Classification

The final operation which is the classification of hard exudates from the exudate
pixels comprises of a valuation using the features that are usually employed by
ophthalmologists to visually distinguish hard exudates. The same features are
employed as SVM Classifier’s input. The set of features is mentioned in Table 1.

Compared with features published in algorithms [24–26], the above eight
features were measured important to decrease processing time by not compromising
the efficiency for hard exudate classification. The features mentioned in Table 1 are
given to the input of an SVM classifier where the output shows the classification
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Morphological Closing
Operator applied

Standard Deviation and
Thresholding using Triangle

Method

Unwanted Borders removed
and holes are flood filled

Result superimposed on
Original Image

Thresholding Image Marker Image

Fig. 5 Steps involved in exudate detection

Table 1 Feature sets for hard exudate classification

Feature sl. no. Feature type Description

f1 Green intensity of mean channel The green channel image is applied with a
3 × 3 size Mean filter in order to find each
pixels’s gray scale intensity

f2 Gray intensity Pixel’s gray scale value

f3 f4 f5 Mean saturation, mean hue and
mean intensity of HSI color
model

A 3 × 3 size Mean filter is respectively
applied to the images Ih, Is , Ii . Now, f4
and f5 refers to saturation and brightness
as exudates can be seen as bright lesions

f6 Energy Intensity square of pixels and its
summation

f7 Standard deviation SD is performed and the foreground
regions are preserved in the image which
have characteristics similar to structuring
element

f8 Mean gradient magnitude The edge pixels’ intensity in terms of
directional change in magnitude

results in the form of a binary matrix. SVM is applied over Radial Basis Function
(RBF) kernel. The evaluation using cross validation was performed using the gold
standard images obtained from Dr. Bejan Singh Eye Hospital and selected by an
expert. A total of 72 images were selected from the gold standard for training.
The pixels were categorized as non-exudate regions and exudate regions. The cross
validation was performed in ten folds to check the SVM classifier’s efficiency.

The database images from DIARETDB1 were selected and split arbitrarily into
ten subsets (ten folds) which were mutually exclusive and has exudate connected
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components. They are B1, B2, B3 . . . B10 that have same size. Sixty-seven images
were trained on the classifier from the gold standard and the remaining 5 were
employed for testing. The output obtained was a binary matrix. And for cross
validation the process was repeated ten times with each subset. Thus every pixel
provided a vector set containing all the features mentioned in Table 1 as:

ai = (f1, f2, f3 . . . f8) (9)

Another entity bj is defined as a flag to define the category which is represented
as

bj =
{

−1 ai ∈ A

+1 ai ∈ B
(10)

where j ⊂ {1, 2, 3 . . . W } denotes the dimensions of the vector set sample.
The hard exudate region is represented by A and the non-hard exudate region is
represented by B.

The SVM classifier was trained using the sample set (ai, bj ). The value of W is
chosen as 4200, which means 4200 pixels in 67 samples were categorized by the
expert.

2.6 Evaluation Parameters

In this research work, the database candidate subset is considered as {B1, B2, B3,

. . . BN } and gold standard subset is {T1, T2, T3, . . . TM}.
The equation for a pixel to be True Positive (TP) is given in Eq. 11

{B ∩ T } ∪
{
Bi | |Bi ∩ T |

Bi

> σ

}
∪

{
Tj | |Tj ∩ B|

Tj

> σ

}
(11)

In this research work the σ value is fixed at 0.2 which has a global range of {0,1}.
The equation for a pixel to be False Positive (FP) is given in Eq. 12.

{Bi |Bi ∩ T = φ} ∪
{
Bi ∩ T | |Bi ∩ T |

|Bi | ≤ σ

}
(12)

The equation for a pixel to be False Negative (FN) is given in Eq. 13

{Tj |Tj ∩ B = φ} ∪
{
Tj ∩ B| |Tj ∩ B|

|Tj | ≤ σ

}
(13)

Finally, all the remaining pixels can be referred to True Negatives (TN).
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3 Results and Discussions

There are mainly two sources for the fundus image acquisition. Dr. Bejan Singh
Eye Hospital provided with the clinical image which were captured by “Remidio
Non-Mydriatic Fundus On Phone (FOP-NM10)” [27] Fundus camera having a
Field-Of-View: 40◦, having 100–400 ISO range and has a 33 mm working distance.
The public database DIARETDB1 was utilized for images required for validation.
Table 2 shows the observations of 30 images that were validated.

Since there is an asymmetry between the classes of TP, FN, and FP when com-
pared with TN, by computing just the Area Under Curve (AUC) of Receiver operator

Table 2 Performance matrix evaluated for 30 fundus images

TP FP FN TN Accuracy Sensitivity Specificity PPV F -score

Image 1 349 78 35 431,651 99.97% 90.89% 99.98% 81.73% 86.07%

Image 2 372 106 35 431,487 99.97% 91.40% 99.98% 77.82% 84.07%

Image 3 6835 83 52 419,183 99.97% 99.24% 99.98% 98.80% 99.02%

Image 4 54 89 30 431,946 99.97% 64.29% 99.98% 37.76% 47.58%

Image 5 321 34 23 431,630 99.99% 93.31% 99.99% 90.42% 91.85%

Image 6 1488 31 80 429,122 99.97% 94.90% 99.99% 97.96% 96.40%

Image 7 409 26 37 431,420 99.99% 91.70% 99.99% 94.02% 92.85%

Image 8 964 40 54 430,947 99.98% 94.70% 99.99% 96.02% 95.35%

Image 9 6543 56 67 422,555 99.97% 98.99% 99.99% 99.15% 99.07%

Image 10 811 80 78 430,774 99.96% 91.23% 99.98% 91.02% 91.12%

Image 11 1166 49 52 430,535 99.98% 95.73% 99.99% 95.97% 95.85%

Image 12 3522 39 40 427,474 99.98% 98.88% 99.99% 98.90% 98.89%

Image 13 818 30 67 430,259 99.98% 92.43% 99.99% 96.46% 94.40%

Image 14 435 88 23 431,328 99.97% 94.98% 99.98% 83.17% 88.69%

Image 15 1536 40 57 428,684 99.98% 96.42% 99.99% 97.46% 96.94%

Image 16 623 56 35 431,002 99.98% 94.68% 99.99% 91.75% 93.19%

Image 17 3421 38 22 427,567 99.99% 99.36% 99.99% 98.90% 99.13%

Image 18 4090 49 25 427,468 99.98% 99.39% 99.99% 98.82% 99.10%

Image 19 233 39 55 431,731 99.98% 80.90% 99.99% 85.66% 83.21%

Image 20 785 30 22 431,053 99.99% 97.27% 99.99% 96.32% 96.79%

Image 21 327 88 15 431,563 99.98% 95.61% 99.98% 78.80% 86.39%

Image 22 1053 33 24 430,947 99.99% 97.77% 99.99% 96.96% 97.36%

Image 23 188 70 22 431,441 99.98% 89.52% 99.98% 72.87% 80.34%

Image 24 2213 44 21 429,216 99.98% 99.06% 99.99% 98.05% 98.55%

Image 25 964 33 37 430,750 99.98% 96.30% 99.99% 96.69% 96.50%

Image 26 521 25 6 431,650 99.99% 98.86% 99.99% 95.42% 97.11%

Image 27 848 90 5 429,132 99.98% 99.41% 99.98% 90.41% 94.70%

Image 28 904 24 56 431,480 99.98% 94.17% 99.99% 97.41% 95.76%

Image 29 842 99 34 430,927 99.97% 96.12% 99.98% 89.48% 92.68%

Image 30 4543 35 68 422,565 99.98% 98.53% 99.99% 99.24% 98.88%
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characteristic (ROC) is not appropriate. So 5 different evaluation parameters are
taken into consideration. They are

accuracy = TN + TP

TP + FP + TN + FN
(14)

sensitivity = TP

TP + FN
(15)

specificity = TN

TN + FP
(16)

Positive Prediction Value (PPV) = TP

TP + FP
(17)

F score = 2 × sensitivity × PPV

sensitivity + PPV
(18)

The table shows good results with respect to the average sensitivity, specificity as
well as accuracy having a value of 87%, 98%, and 98.7%, respectively. The F -score
as well as the precision calculated were far higher than other works published in
the literature in [28, 29] that is F -score = 89.91% and precision = 88.10%. Table 3
shows a comparative study with algorithms that were already published and it can
be inferred that accuracy as well as specificity of this research work is greater than
the other methods in literature.

Table 4 gives a comparison of the improved method of image enhancement
that is IIHE-RVE with our previous method—contrast limited adaptive histogram
equalization (CLAHE) which shows a reasonable increase in the value of specificity,
PPV, and F -score.

Table 3 Comparison with existing algorithms

Methodology Sensitivity Specificity Accuracy

Chen et al. [29] 83 75 79

Travieso et al. [30] 91.67 92.68 92.13

Barman et al. [31] 92.42 81.25 87.72

Proposed method 87.90 99.97 99.92

A Hajdu et al. [26] 92 68 82

R Sinha et al. [25] 96.54 93.15 N.A.

Pourreza et al. [28] 86.01 99.93 N.A.

Table 4 Performance matrix of 30 images evaluated

Methodology Sensitivity Specificity Accuracy PPV F -score

CLAHE [17] 99.81% 80.06% 99.96% 88.03% 81.90%

IIHE-RVE 99.92% 87.90% 99.97% 89.91% 88.10%
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4 Conclusion

The proposed work is a novel technique to detect exudates using morphological
operation. The new enhancement method IIHE-RVE was used to increase the
sensitivity of our existing algorithm that originally involved enhancement using
CLAHE. A considerable increase in specificity indicates that the algorithm is more
accurate while considering low intensity images. Using the same feature set to the
classifier, the score of evaluation parameters could be increased by changing the
enhancement technique. Further studies can be implicated to increase the PPV and
F -score of this algorithm.
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Chapter 6
Automated Detection of Retinal
Hemorrhage Based on Supervised
Classifiers and Implementation in
Hardware

K. A. Sreeja , S. S. Kumar , and Arun Pradeep

Abstract Supervised machine learning algorithm based retinal hemorrhage detec-
tion and classification is presented. For developing an automated diabetic retinopathy
screening system, efficient detection of retinal hemorrhage is important. Splat, which
is a high level entity in image segmentation is used to mark out hemorrhage in the
pre-processed fundus image. Here, color images of retina are portioned into different
segments (splats) covering the whole image. With the help of splat level and GLCM
features extracted from the splats, two classifiers are trained and tested using the rel-
evant features. The ground-truth is established with the help of a retinal expert and
using dataset and clinical images the validation was done. The trained classifier’s out-
put is evaluated and the classifier with the best output is chosen for implementation
in hardware.

Keywords Retinal hemorrhage · Diabetic retinopathy · Fundus image · Splat
feature classification · GLCM features · Raspberry Pi

6.1 Introduction

The World Health Organization estimated that by 2030, there will be nearly 366
million people with Diabetic Mellitus (DM) [1]. A microvascular complication of
DM that is responsible for a major share of cases of blindness in the world is the Dia-
betic Retinopathy (DR). The severe complications like Microaneurysms, Exudates,
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Occlusion, hemorrhages, etc., together known as DR. The early diagnosis can reduce
the risk of losing vision. In order to reduce the diagnosing time, human error and
increase the accuracy, several methodologies were developed for early diagnosis of
DR and most of them use machine learning techniques. In this paper, classification
of hemorrhage and non-hemorrhage fundus images, carried out using two different
classifiers is presented. The classifier that performs the best, is chosen for realization
in a Raspberry Pi computer system. The techniques used to develop the algorithm
was chosen based on recent researches. When compared to large hemorrhages, it is
seen that hemorrhages of small size are irregular in shape. Several algorithms were
developed to find these abnormalities. In our work one of the classifier decisions
is based on Neural network (NN) as described in [2]. Kumar et al. [3] presented
a radiomics-driven Computer Aided Diagnosis (CAD) based method. In order to
overcome the limitations with current CAD approaches such as decision making a
CLass-Enhanced Attentive Response Discovery Radiomics CLEAR-DR is proposed
to aid clinical diagnosis of DR. Another important symptom of diabetic retinopathy
is exudates, which are similar to hemorrhage pixels. An Early detection of exudates
is presented by Wisaeng [4] using Morphology Mean Shift Algorithm (MMSA).
Detection of bright and dark lesion which can be hemorrhages or exudates, using a
combination of matched filter response(MFR) and Laplacian of Gaussian Response
(LoG) [5] produced a 96.10–96.99% accuracy for various publicly available database
in hemorrhage detection.Multi-resolution analysis(MRA) is given importance in the
work done by Lahmiri [6]. The statistical features obtained after MRA is fed to a sup-
port vector machine to grade retinal hemmorhage. Detection of hemorrhage pixels
from the bright optical disc is always a constraint. Many methods are already prevail-
ing in order to remove optical disc from the fundus image. Five optic disc detection
methods with an algorithms committee having waited voting is presented by Silva et
al. [7] where, 6 public benchmark databases with 1566 images are employed. Even
though, in our work the optical disc is not removed, this method is useful when pixel
based approach is considered. One such method of optic disc removal is used in
exudate detection that involves mathematical morphology [8]. After morphological
operation, the hard exudates are extracted using adaptive fuzzy logic. The purpose
of this research is to develop a supervised classification model using two different
classifiers and compare the output based on their sensitivity, specificity and accuracy.
Retinal hemorrhages are demarcated with the help of an ophthalmologist who use a
high-level representation entity known as splat [9]. Splats are a collection of pixels
that have similar fundamental features. A two-step feature selection process is car-
ried out to remove redundant features from the splat and these features are applied
to a supervised classification to predict the possibility of hemorrhage splats in the
whole image. The hemorrhage is finally detected and shown as bright spots on the
dark opponency image. The two classifiers are tested, and their responses are tab-
ulated. Section 6.2 describes the research method. Feature extraction, classification
and embedded system realization are portrayed in this section. Section 6.3 gives the
result and discussion and Sect. 6.4 summarizes and concludes the work.
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6.2 Methodology

After Initial Pre-processing of fundus images by strategies performed in [28, 29]
an enhanced image is obtained in which pixels that are assumed to have similar
spatial location and share same structural features such as color and intensity are
partitioned into non-overlapping splats and spread over the entire image [10]. Splat
based method uses several re-sampling strategies. In a fundus image with hemor-
rhage, the total number of hemorrhage pixels is comparatively less when the entire
image is considered [11]. Therefore, a splat-based method is more likely to have
better diversity in training the samples. Splats are generated using watershed seg-
mentation algorithm [10]. In order to create meaningful splats, a scale specific over
segmentation is performed. This is done in two steps. At first the gradient magnitude
of contrast enhanced dark-bright opponent image is taken using different scales. It
is done because of the variability in appearance of hemorrhages. All these values are
aggregated and the maximum of the gradient value with its scale of interest (SOI) is
taken to perform watershed segmentation. Lin et al. [12] The gradient magnitude is
computed using Eq. 6.1.

|∇ I (x, y; s)| =
√

Ix (x, y; s)2 + Iy(x, y; s)2 (6.1)

where Ix (x, y; s) is the image. Now establishing a scale-space representation of
the image using Gaussian kernels Gs , the gradient magnitude is calculated from its
horizontal and vertical derivative. The maximum of the gradient magnitude is given
in Eq. 6.2

|∇ I (x, y)| = max
i

|∇ I (x, y; si )| (6.2)

Splats are created using a modified watershed algorithm. The watershed segmented
image is shown in Fig. 6.1. All the splats generated throughout the total image area
is refrained to a threshold limit. Even though the number of splats increase accuracy,
the computation time tends to increase. So a compromise between the efficiency and
accuracy has been considered.

6.2.1 Feature Extraction from Splats

After assigning reference labels for splats, a classifier can be trained to detect the
target objects. An altogether of 352potentially relevant features are taken to train the
classifiers. They are: Color, Difference Of Gaussian (DoG) Filter, Responses from
Gaussian Filter Bank, Responses from Schmid Filter Bank, Responses from Local
Texture Filter Banks. These features are aggregated to obtain a meaningful response
image which has low inter splat similarity and high intra splat similarity [13–19].



60 K. A. Sreeja et al.

Fig. 6.1 Watershed
segmented image

The features mentioned are pixel- based responses. In addition to these features, we
take splat wise features according to Gray-Level Co-occurrence Matrix (GLCM)
[16–22] statistics.

6.2.2 Preliminary Feature Selection and Classification

A two-step feature selection method is taken here so as to take only the relevant
features and discard the irrelevant and redundant ones [23]. The preliminary feature
selection is done using a filter approach in order to eliminate the features that are
immaterial in discriminating hemorrhage and non-hemorrhage splats. A quadratic
discriminant analysis (QDA) [24] is performed and by inspecting the features’ vari-
ation with Misclassification Error (MCE) [25]. The preliminary features are chosen
when the smallest MCE is reached. After preliminary selection, a wrapper approach is
performed in order to get an optimal combination of relevant features with minimum
redundancy. It is the peculiarity of the wrapper approach that it assesses different
combinations of feature subsets customized for a certain classification algorithm
with higher computation time [26].The combinations are evaluated using a kNN
Classifier. All the selected features are now applied to a sequential forward feature
selection subset(SFS). After feature selection, two distinct trained classifiers are set
up with the set of features and reference label instances.

kNN and ANN Classification: The kNN algorithm assigns soft class labels. The
two classes defined or the outputs are hemorrhage splat or non-hemorrhage splat.
The classifier decides the class of a particular splat based on the Euclidean distance
of the features in an optimized feature space. The feature vector dimension is 19. As
the value of k is increased the computation time increases and the splats are more
accurately identified. But since all the k nearest neighbors are not near, an optimum
value of k is chosen instead of an arbitrary value. In this work, the value of k is chosen
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as 100 with a compromise between computational time and accuracy based on the
work in [27]. For ANN, the features are selected that are required to train the neural
network. These are the 19 features that were selected by wrapper approach. The
neural network is initialized and the number of layers are defined. The weights are
assigned arbitrarily small value so as to start the computation. The value of output for
each layer is computed and error is calculated. The weights are updated for the output
and the hidden layers and is repeated till the all the layers are trained. After training
all the layers, it is checked whether all the splat features are used in training purpose.
If not the process is repeated until the selection of all splat features is performed.
The network is trained τ epochs each time irrespective of whether the network is
convergent or not. When the difference of error between the current training series
and the previous series is smaller than a threshold , then it can be concluded that the
network is convergent and the training is stopped. After the training is completed,
the classifier is validated for its accuracy using the validation set. The validation set
does not change the trained values of the classifier and it is done only to ensure that
overfitting has not occurred. To determine the class of splat sigmoid transfer function
S(x) = 1

1+e−x is used. When S(x) = 1 then it comes under a hemorrhage splat and
when S(x) = 0, it is a non-hemorrhage splat.

6.3 Results and Discussions

Histogram equalization is done using the strategy proposed in [28, 29]. Also each
image is normalized according to its prevailing pixel value at the three colour chan-
nels. The pixel values that occur frequently are shifted to the beginning of RGB
colour space. Among the total of 1500 images obtained from from the publically
available database DIARETDB1 and the clinical images from Dr. Bhejan Singh’s
eye hospital, Nagercoil, 1050 were taken for training, 225 images for testing and
225 for validation. 10,500 splats were created among which 300 are hemorrhage
splats. Images with at least 6 splats are taken for training. After sequential forward
feature selection subset (SFS) only the relevant features were considered whereas
the insignificant and redundant ones were removed from the feature set. The final
feature set consists of 50 features from the 352 features obtained by filter approach
and from this set 19 features were finally obtained by wrapper approach. The details
of the final selected features are given in Table 6.1.

6.3.1 Classification of Splats Using kNN and ANN Classifiers

The splats are represented as a 19 dimensional feature vector. The kNN classifier and
the ANN Classifier are trained on these features. Different values of k were tested
whose values are chosen between 15 and 160 that involves both feature selection as
well classification. After repeated iterations, the value of k was fixed at 100 without



62 K. A. Sreeja et al.

Table 6.1 Details of final selected features

Features Number Description

DoG filter bank s2–s0.5 From Green channel

DoG filter bank s4–s0.5 From db and rg opponency

DoG filter bank s8–s0.5 From db opponency

Gaussian filter bank s = 8 orientation: 2, 3 Mean of second order
Gaussian derivative from green
channel

Gaussian filter bank s = 1, 2, 4 orientation: 1, 2, 3 Mean of second order
Gaussian derivative from green
channel

Schmid filter bank Response = 11 From db opponency

Mean of Gaussian s = 8, 16 From Green channel

compromising the computation time and prediction accuracy. The target class for
the classifier or the output consists of two classes: Hemorrhage or Non-Hemorrhage.
The two classifiers were tested with the equal number of images and the results were
compared. The splat centered Region of Convergence (ROC) curve for the fundus
image given in Fig. 6.2 using the two classifiers are shown in Figs. 6.3 and 6.4. For
a fundus image with 469 splats, the level of accomplishment of these classifiers are
represented in the ROC curve. From the ROC curve for various threshold values, it is
found that, among the two, ANN outperforms kNN classifiers in terms of sensitivity
with an Area Under Curve (AUC) of 0.80 than 0.75 of kNN classifier. The confusion
matrix calculated is given in Figs. 6.5 and 6.6 where n denotes the total number of
splats for 520 images. A total 22574 splats were identified from the 520 images
and they provide different accuracy at a certain threshold. The best classifier that
performed in evaluation which is the ANN is now chosen for implementation in
hardware.

6.3.2 Implementation in Hardware

Image preprocessing, processing and classification was done in MATLAB using
Intel i5 dual-core processor which has 8 GB RAM memory specification and a clock
speed of 1.6 GHz. The motivation behind this work was to develop an aid to assist
medical practitioners for an early and accurate diagnosis of DR. An easy diagnosis
is accomplished if the whole process of detection was implemented on an integrated
hardware. The tested and successfully executed algorithms were then implemented
in Raspberry-Pi system as seen in Fig. 6.7. The inclination towards Raspberry-Pi
board is the ease of designing a portable convenient handheld device. The Mobile
Industry Processor Interface (MIPI) interface is connected to a fundus camera by
which the real time images can be directly processed to detect hemorrhages which
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Fig. 6.2 Splats identified

Fig. 6.3 ROC for ANN

can predict the possibility of DR. This system can also be used with the help of
a smart-phone camera and an aspheric lens to capture retinal images. Two Fundus
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Fig. 6.4 ROC for kNN

Fig. 6.5 Confusion matrix
for ANN

Fig. 6.6 Confusion matrix
for kNN
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images 1 and 2 were taken from standard diabetic retinopathy database DIARETDB1
and from clinical database for testing. Figures 6.8 and 6.9 shows the various stages
of hemorrhage detection on images obtained from these source.

6.4 Conclusion

The presented work is a novel technique to detect exudates using morphological
operation. The new enhancement method IIHE was used to increase the sensitivity
of our existing algorithm that originally involved enhancement using CLAHE. A
considerable increase in specificity indicates that the algorithm is more accurate
while considering low intensity images. Using the same feature set to the classifier,
the score of evaluation parameters could be increased by changing the enhancement
technique. Further studies can be implicated to increase the PPV and F-Score of this
algorithm. Thus a splat-based feature classification using Raspberry Pi is presented
for the detection of retinal hemorrhage. The proposed classification strategy can
model different lesions with different texture size and appearance. The algorithm is

Fig. 6.7 Raspberry Pi implementation

Fig. 6.8 Hemorrhage detection process applied on DIARTEDB1 fundus image
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Fig. 6.9 Hemorrhage detection process applied on Clinical fundus image

validated on the publically available database DIARETDB1 and clinical image which
was captured using a “Remidio Non-Mydriatic Fundus on Phone (FOP-NM10). The
proposed detector can be incorporated into comprehensive DR assisting system for
ophthalmologists.
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Abstract—With the rapid increase in communication technolo-
gies, shortage of spectrum will be a major issue faced in the
coming years. Cognitive radio is a promising solution to this
problem and works on the principle of sharing between cellular
subscribers and ad-hoc Device to Device (D2D) users. Existing
5G spectrum sharing techniques work as per a fixed rule and
are pre-established. Also, recent game theoretic approaches for
spectrum sharing uses unrealistic assumptions with less likely
practical implications. Here, a novel spectrum sharing tech-
nique is proposed using 5G enabled bidirectional cognitive deep
learning nodes (BCDLN) along with dynamic spectrum sharing
long short-term memory (DSLSTM). A joint spectrum alloca-
tion and management is carried out with wireless cyclic prefix
orthogonal frequency division multiple access (CP-OFDMA). The
BCDLN self-learning nodes with decision making capability route
information to several destinations at a constant spectrum shar-
ing target, and cooperate via DSLSTM. BCDLN based on time
balanced and unbalanced channel knowledge is also examined.
With the proposed framework, expressions are derived for the
spectrum allocated to multiple sources to obtain their spectrum
targets as a variant of the participation node spectrum sharing
ratio (PNSSR). The impression of noise when all nodes broadcast
with equal spectrum allocation is also investigated.

Index Terms—5G, artificial intelligence, cognitive nodes, CP-
OFDMA, deep learning, PNSSR, spectrum sharing.
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I. I NTRODUCTION

T HE ENORMOUS demand for localized services has fore-
casted twofold increase in mobile data traffic compared

to the existing fixed IP traffic [1], while the cellular networks
fails to deliver this growing demand due to restricted band-
width and shortage of spectrum [2]–[5]. The device-to-device
(D2D) communication has been proposed and integrated in the
next generation mobile network as a possible solution to meet
this rising mobile traffic demand. The D2D communication
allows the transmission of cellular data among users in close
proximity without the involvement of the base stations [6].
Two approaches are employed in D2D to enhance the quality
of service: the direct approach and the collaborative approach.
The cooperative D2D scheme utilizes the cellular user to
relay information between base station and end-user to speed
up the communication. Decode-and-forward and amplify-and-
forward are the prominent relay schemes employed to achieve
cooperation among nodes [7]. One of the important factors in
multi-hop communication is relay selection. Although various
relay selection methods are used to achieve fast data trans-
mission, many of them suffer from limitations in transmission
delay, imposed by the security.

D2D communication happens via the route discovery pro-
tocol with increased power savings as base stations are not
involved. Once ad-hoc D2D users determine their route, they
can share the spectrum with cellular users, i.e., they can
operate in the same frequency spectrum as licensed cellu-
lar radio network. The existing 5G spectrum sharing has
a fixed rule and it is pre-established [4], [8]. To overcome
the issues, 5G enabled bidirectional cognitive deep learn-
ing nodes (BCDLN) along with dynamic spectrum sharing
long short-term memory (DSLSTM) is proposed. BCDLN
are self-learning proactive and predictive node with decision
making capability that creates dynamically adaptable clusters.
The joint spectrum allocation and management for 5G access
wireless CP-OFDMA communication system with numerous
source and multiple destination BCDLN based on time vari-
ant and invariant channel knowledge is examined. Each of the
BCDLN in the network, sends data to different receivers at
a fixed spectrum sharing target and cooperates via DSLSTM
with different frequency slots.

2332-7731 c© 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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TABLE I
LIST OF ABBREVIATIONS

The proposed novel framework for spectrum sharing in the
current scenario works around the concept of CP-OFDMA and
derive the conditions for the spectrum allocated to multiple
sources to achieve their spectrum targets as a function of
the participation node spectrum sharing ratio (PNSSR). As
the PNSSR decreases between transmit-receive (TR) nodes,
channel gain and feedback increase and more information
is exchanged between CN nodes creating dynamic spectrum
long memory (DSLM) in the forget node (FN), else creating
dynamic spectrum short memory (DSSM) in the FNs. Further,
the increase in PNSSR matches the spectrum allocation for
time variant and time invariant channel state information. For
PNSSR less than the required minima, the channel gain and
feedback are sufficient as TR nodes employ orthogonal regen-
erative decode and forwarding (ORDF) and for the PNSSR
greater than the required minima the channel gain and feed-
back is not sufficient as TR nodes employ orthogonal amplify
and forwarding (OAF) strategy. The PNSSR resolves the chal-
lenge involved in the optimal allocation of the total spectrum
of each TR nodes between the transmissions it is assisting,
based on time variant and time invariant channel knowledge.

The paper is organized as follows. Section II discusses
recent works proposed in 5G spectrum allocation. The
proposed method is presented and discussed in Section III.
The section presents the discussion on the spectrum sharing
framework with BCDLN and DSLSTM along with the the-
oretical analysis. Different scenarios of spectrum sharing are
discussed in this section along with the analysis. The anal-
ysis of the proposed method in roundabout network is then
presented. The discussion of results achieved is included in
Section V and finally the paper concludes in Section VI with
future research scope. Table I presents the list of abbreviations
used in the paper.

II. RELATED WORKS

This section presents the discussion on recent works in 5G
spectrum sharing. In [9], a spectrum sharing method using
context information is proposed. Here different user profiles
are assumed for different networks and the accuracy of the

Fig. 1. Dynamic spectrum sharing long short-term memory (DSLSTM)
deployment scenario for analysis.

technique depend on the availability of maximum context
information from the network. A discussion on affordable
broadband and various aspects for 5G is provided in [10].
The paper also discusses network infrastructure cost reduc-
tion using software defined networking (SDN) and network
functions virtualization technologies (NFV) [11]–[12]. Most
of the recent works in 5G are compatible with IoT, fog
and sensor networks [13]–[16]. Few works have focused
on optimization of power and improving efficiency in 5G
spectrum allocation [17]. In [18], the authors discussed an
approach for spectrum sharing using game theory in both
licensed and unlicensed bands. Game theory-based solutions
for spectrum sharing has many limitations. It assumes that
each CN has the knowledge of spectrum sharing strategy of
the surrounding CN and the pay-off matrix for the possible
solution can be constructed. The assumption is unrealistic
with very less likely practical implications. Other exist-
ing 5G spectrum sharing techniques work as per a fixed
rule and are pre-established. To overcome these limitations,
a novel framework for spectrum sharing is proposed in this
paper using 5G enabled bidirectional cognitive deep learn-
ing nodes (BCDLN) along with dynamic spectrum sharing
long short-term memory (DSLSTM). More efficient spectrum
sharing is achieved using the proposed technique.

III. PROPOSEDMETHOD

This section presents and describes the theoretical anal-
ysis of the proposed method DSLSTM integrated with
BCDLN. The participating node’s spectrum sharing in CP-
OFDMA networks with Cognitive Node (CN) behaving as
bidirectional deep learning node using proposed DSLSTM
architecture, for N=1 to 5 and Cij (i, j = 1 to 5) is indicated
in Figure 1, where1 ≤ N ≤ 5, 1 ≤ i ≤ 5, and1 ≤ j ≤ 5.

Here, each source CN wishes to have a bidirectional com-
munication with its destination CN to obtain their spectrum
in terms of PNSSR. The partial knowledge of the spectrum
sharing is available with all the CNs. Here the CP-orthogonal
transmission between the CNs is considered. When the CN
use orthogonal spectrum allocation instead of direct alloca-
tion, the destination CNs will not have any spectrum conflict
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Fig. 2. Direct CN to CN spectrum sharing.

with source CNs. The source CN can directly transmit to
the destination CN or via an intermediate CN depending
on the spectrum sharing and the bandwidth efficiency. The
CN exchanges information based on DSLM or DSSM. The
varianceN0 and the additive white Gaussian noise (AWGN)
between the CNs are independent of each other. The spectrum
of the node has independent Rayleigh fading, i.e., the weight
is varies exponentially with means. The means incorporate the
shadowing effect and the spectrum unit between the CNs. The
spectrum of CN and the aggregate network spectrum are des-
ignated asPij andPtotal respectively. The complete spectrum
allocation is given byRTu = Rit + Ŕjt, whereRit and Ŕjt

denotes the spectrum sharing among the distinct CNs. Initially
the work is carried out on the smallest total spectrumPtotalmin

that is needed to assure the total spectrum allocationRTu for
each channel. Then the threshold spectrum is set depending on
the PNSSR. If the allocated spectrum is below the threshold
spectrum, the PNSSR is less than the required minimum spec-
trum. The channel weight is large, for this particular DSLM
scheme. If the allocated spectrum has a value greater than the
threshold spectrum, the PNSSR is greater than the required
minimum spectrum. The channel weight is small for this par-
ticular case of DSSM scheme. The net achievable end-to-end
spectrum allocation isRTu = Rit + Ŕjt, whereRit and Ŕjt

denote the spectrum allocation between the different CNs.

A. Different Cases in Spectrum Sharing

Here, the three different cases of spectrum sharing are dis-
cussed: direct CN to CN spectrum sharing, spectrum sharing
using two forget nodes, and fixed spectrum allocation between
the CNs.

1) Direct CN to CN Spectrum Sharing: The direct CN
to CN spectrum sharing is indicated in Figure 2. Here the
CN1 shares spectrum with CN2 for 0≤ f ≤ f1, CN1 shares
spectrum with CN3 for f1< f ≤ f2 and CN1 shares
spectrum with CN4 for f2< f ≤ 1 using Orthogonal
Compress and Forwarding (OCF). When the spectrum shar-
ing between CNs is done reliably, the CN nodes decodes and

re-encodes the information with the original codebook used
in the CN. Transmitter sends the information in the secondary
link of the CN. Perfect decidability is not required to pass
on the information in the secondary link of the CN using
DSLM. Using this strategy of CN, the spectrum allocation
can be written as,

R
(CN1→CN2)
12 ≤

f1∑

0

f1log(1 + C12P12/N0)

R
(CN1→CN3)
13 ≤

f2∑

f1

(f2 − f1)log(1 + C13P13/N0)

R
(CN1→CN4)
14 ≤

1∑

f2

(1− f2)log(1 + C14P14/N0)

R
(CN2→CN1)
21 ≤

f1∑

0

f1log(1 + C21P21/N0)

R
(CN3→CN1)
31 ≤

f2∑

f1

(f2 − f1)log(1 + C31P31/N0)

R
(CN4→CN1)
41 ≤

f2∑

1

(1− f2)log(1 + C41P41/N0) (1)

For the transmission of CN1→CN2, the spectrum allocation
is f1, for CN1→CN3 the spectrum allocation is (f2−f1) and for
CN1 to CN4 the spectrum allocation is(1−f2). Minimum total
spectrum allocation convincing the total end to end spectrum
rate RTu needs optimizing the parametersf1, f2, P12, P13,
P14, P21, P31, P41 and is written as

P
(C1)
total = min

∏

f1,f2,P12,P13,P14P21,P31,P41

(f1P12

+ (f2 − f1)P13 + (1−f2)P14 + f1P21

+ (f2 − f1)P31 + (1− f2)P41 (2)

such that R1t + Ŕ1t ≥ RTu and (R1t, Ŕ1t) satisfy
Equation (1) with

R1t = min
∏(

R
(CN1→CN2)
12 ,R

(CN1→CN3)
13 ,R

(CN1→CN4)
14

)
and

Ŕ1t = min
∏(

R
(CN2→CN1)
21 ,R

(CN3→CN1)
31 ,R

(CN4→CN1)
41

)
.

(3)

2) Spectrum Allocation Using Two Forget Nodes: In this
scenario, the CN source uses two relay CNs to arrive at
the expected destination CN and sends the information in
improved orthogonal spectrum space. Figure 3 shows the spec-
trum allocation using two forget nodes. It shows CN1 and
CN5 spectrum allocation using CN2, CN3 as forget nodes and
CN1 and CN5 spectrum allocation using CN3, CN4 as forget
nodes. The end to end spectrum allocation is written as,

RCN1→CN2→CN3→CN5
1235 ≤

f1∑

0

f1log(1 + C12P12/N0)

+ f1log(1 + C23P23/N0)

+ f1log(1 + C35P35/N0)
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Fig. 3. Spectrum sharing using two forget nodes.

RCN5→CN3→CN2→CN1
5321 ≤

f1∑

0

f1log(1 + C53P53/N0)

+ f1log(1 + C32P32/N0)

+ f1log(1 + C21P21/N0)

RCN1→CN4→CN3→CN5
1435 ≤

1∑

f1

(1− f1)log(1 + C14P14/N0)

+ (1− f1)log(1 + C43P43/N0)

+ (1− f1)log(1 + C35P35/N0)

RCN5→CN3→CN4→CN1
5341 ≤

1∑

f1

(1− f1)log(1 + C53P53/N0)

+ (1− f1)log(1 + C34P34/N0)

+ (1− f1)log(1 + C41P41/N0)

(4)

Here, the minimum total spectrum will satisfy the following
condition,

P
(C3)
total = min

∏

f1,P12P23P35P53P32P21P14P43P35P53P34P41

(f1P12+f1P23+f1P35+f1P32+f1P21

+ f1P53+(1−f1)P14+(1−f1)P43+(1−f1)
× P35+(1−f1)P53+(1−f1)P34+(1−f1)P41)

(5)

such that Rtwo node + Ŕtwo node ≥ RTu and
Rtwo node = min

∏
(R1235,R1435) and Ŕtwo node =

min
∏

(R5321,R5341)
The total orthogonal spectrum is given by

Porth
total = min

∏(
P
(C1)
total,P

(C2)
total,P

(C3)
total

)
(6)

For the orthogonal spectrum allocation from CN transmit
node to CN receiver node, the smallest total spectrum satis-
fying the complete spectrumRTu will be the smallest of the
total spectrum allocation given in Case 1-3.

Fig. 4. Fixed spectrum allocation between the CNs.

3) Fixed Spectrum Allocation Between the CNs Using
DSLSTM: In this scenario, no relay CN is used between the
source and destination CNs. Here, the spectrum allocation
is fixed as shown in Figure 4. The figure shows the source
and destination CN for fixed spectrum allocation, CN1 source
and CN2 destination for fixed spectrum, CN1 source and
CN3 destination for fixed spectrum and CN1 source and
CN3 destination for fixed spectrum. The last part of the fig-
ure shows source CN2, CN3, CN4 and destination CN5 for
fixed spectrum. Here, each CN source communicate with CN
destination if the weight of the channel is superior to the
channel weight of the rest of paths. The available spectrum
is assigned by the CNs with reference to the weight condition
of the particular channel for a given total spectrum constraint.

R
(CN1→CN2)
12 ≤

1
4∑

0

1

4
log(1 + C12P12/N0)

R
(CN1→CN3)
13 ≤

1
4∑

0

1

4
log(1 + C13P13/N0)

R
(CN1→CN4)
14 ≤

1
4∑

0

1

4
log(1 + C14P14/N0)

R
(CN2,3,4→CN5)
2,3,4 ≤

1
4∑

0

1

4

(
1 + C21,31,41P21/N0

)
(7)

The spectrum allocation for various paths are stable and
identical. Smallest total spectrum satisfying complete spectrum
RTu needs optimal parameterP12, P13, P14, P25, P35, P45

and is written as

P
(C1)
total = min

∏

P12,P13,P14P25,P35,P45(
1

4
P
12
+
1

4
P13+

1

4
P14+

1

4
P
25
+
1

4
P
35
+
1

4
P
45

)

(8)
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such that R1t + Ŕ1t ≥ RTu and (R1t, Ŕ1t) satisfy
Equation (1) with

R1t = min
∏(

R
(CN1→CN2)
12 ,R

(CN1→CN3)
13 ,

R
(CN1→CN4)
14 ,R

(CN2,3,4→CN5)
2,3,4

)
(9)

The CN thus communicates directly with balanced spec-
trum allocation strategy and extracts dynamic spectrum
allotments.

B. Participation Node Spectrum Sharing Using DSLSTM

The spectrum sharing occurs in pre-assigned channels. The
CN source transmit its information using the spectrum allo-
cated for the first channel and the relay CN retransmits the
data in the secondary link using the spectrum allocated for
the second channel. Theith sender node having zero-average
and unit-variance is represented bysi, the ith sender’s value
in the fth frequency slot byvi[f] ≥ 0 and theith sender’s
transmission in thefth frequency slot by CNi[f]. The jth

receiver in the network obtains the signal transmitted by
the ith sender in frequency slot f using DSSM given by
rcij[f] = CijCNi[f]+nij[f], whereCij represents (scalar) route
magnitude gain in perpendicular medium i between sender’s
i and j and nij[k] is the zero-average noise with variance
σn2 > 0.

1) CN Source Orthogonal DSLSTM Protocol: The orthog-
onal collaborative communication protocol used in the system
is given as follows. The CN for source i with frequency slot
f is represented as CNi [f1] = vi [f1]si and for slot(f2 − f1)
is CNi [f2− f1] = ai [f2− f1]rcij [f2− f1]. Also CN for source
j with frequency slot f is represented as CNj [f1] = vj [f1]sj
and for slot(f2 − f1) is CNj [f2 − f1]=aj [f2 − f1]rcji [f2 − f1].
The CN for frequency slot(1 − f2)in source i is represented
by CNi [(1− f2)]=ai [(1− f2)] rcij [(1− f2)] Cij and for source
j is represented as CNj [(1− f2)]=aj [(1− f2)]rcji [(1− f2)] Cij .
The CN for frequency slot(1− f1) in source i is represented
by CNi [(1− f1)] = ai [(1− f1)] rcij [(1− f1)] and for source
j is represented by CNj [(1− f1)]= aj [(1− f1)]rcji [(1− f1)].
The message arriving at the receiver CN nodes using DSLM
in the Cij perpendicular medium in frequency slot f is
given as

řcij[f] =
∐

CijCNi[f] + wij[f] (10)

where Cij is the scalar route magnitude gain between the
ith subscriber and receiver andwij[f] is the zero-average
noise in this channel with varianceσw2 > 0. The effect
of nij[f] and wij[f] are contrasting for the frequency slot f
as they are computed utilizing DSLM or DSSM method.
The receiver CN nodes form the judgement stats for theith

subscriber’s message symbol as an integration of the two
significant measurements.

rcij =

f2∐

f1

řcijΓj [f1 ]̌rcij [f1] + Γi [f2 − f1]rcij [f2 − f1]

rcij =
1∐

f1

Γi [1− f1]rcij[1− f1] + Γj [1−f2 ]̌rcij[1− f2]

řcij =
1∐

f1

Γj [1− f1 ]̌rcij[1− f1] + Γi [1− f2]rcij[1− f2] (11)

whereΓi[f] andΓj[f] are the linear fusion of parameters chosen
by the receiver to magnify the PNSSR of the verdict stats.

C. Transmit/Receive CN Spectrum and PNSSR Analysis

The organization model and the collaborative communi-
cation protocol was described in the previous section. The
problem of effectively distributing transmit power is consid-
ered in obtaining a pair of stable PNSSR targets, denoted
asPNSSRi andPNSSRj at the transmitter and the receiver.
Without cooperation, the orthogonality of the transmitters is
utilized to solve this problem. The PNSSR target will be
fulfilled if

Pi = v2i [f] ≥
(
σ2w/C

2
ij

)
PNSSRi

Pj = v2j [f] ≥
(
σ2n/C

2
ij

)
PNSSRj (12)

wherePi andPj indicates transmission power of theith and
jth source.

For transmit-receive CN spectrum analysis, the transmis-
sion power for source ‘i’ in frequency slot ‘f’ is represented
as Pi[f1] =

∑
v2i [f1] and for frequency slotf2 − f1 is rep-

resented asPi[f2 − f1]=
∑

[f2 − f1](C
2
ij v

2
j [f2 − f1] + σ2n.

Similarly, the transmission power for source ‘j’
in frequency slot (1 − f2) is represented as
Pj[(1− f2)] =

∑
a2j [(1−f2)]and for frequency slot(1− f1) is

given byP j[(1− f1)]=
∑

[(1− f1)](C
2
jiv

2
j [(1− f1)] + σ2w)v

2

j
.

The aggregate transmission power for source i is given as

Pi =
∑

Pi [f1] + Pi [f2 − f1] (13)

The absolute transmit power for source j is given as,

Pj =
∑

Pj [f1 − f2] + Pj [1−f1] (14)

The complete transmit power of all nodes are represented by

Ptotal = Pi + Pj (15)

From Equations (11) and (12), “collaborative spectrum
ratio” criteria is defined for every transmitter in the system.
The ith senders’ collaborative spectrum ratio is given as the
ratio of the spectrum power of theith source’s collaborative
retransmission to the spectrum power of the original transmis-
sion of source j (i�= j). The collaborative spectrum ratios for
the ith source is obtained as,

Җi =
Pi[f2 − f1]

Pj[1−f2]
=

a2i [f2 − f1]
(
C2
ijv

2
j [1−f2] + σ2n

)

v2j [1−f2]
(16)

for 0 ≤ Җi <∞ and j �= i.

Җj =
Pj[1−f1]
Pi[f1]

=
a2i [1−f1]

(
C2
ijv

2
i [f1 ] + σ2w

)

v2j [f1]
(17)

for i, j ∈ {1, 2, 3, 4, 5} and 0 ≤ Җj
< ∞ and j �= i. The

non-collaborative scenario points toҖi
= Җj

= 0.
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D. Spectrum Sharing at Destination CN and PNSSR

The next stage in the analysis is to extract equations for the
PNSSR of CN nodes at the receiver based on the assump-
tion that the receiver effectively couples the measurements
{rcij, řcij} to PNSSR. Every noise parameter is assumed to
mutually exclusive as well as separate from the message, it
can be shown that maximum ratio fusing at the receiver mag-
nifies the PNSSR ofrcij and řcij. The maximal ratio merging
coefficients can be written as

Γi[f2 − f1]

Γi[f1]
=

Cijvj[f2 − f1]σ
2
w

σ2w +C2
ijv

2
j [f2 − f1]σ2n

Γi[1− f 2]

Γi[1− f1]
=

Cijvi[1− f 2]σ
2
w

σ2w +C2
ijv

2
i [1− f 2]σ

2
n

(18)

The obtained PNSSRs with maximum ratio compounding
at the receiver can be expressed as

PNSSRi =

f2⋃

f1

C2
ijv

2
i [f2 − f1]

σ2w
+

C4
ijv

2
j [f1]v

2
i [f2 − f1]

σ2w +C2
ijv

2
2[f1]σ

2
n

(19)

PNSSRj =

1⋃

f1

C2
ijv

2
j [1− f1]

σ2w
+

C2
ijv

2
i [1− f1]C

2
ijv

2
j [1− f1]

σ2w +C2
ijv

2
i [1− f 2]σ

2
n

(20)

Using the values obtained in Equations (16) and (17) into
Equations (19) and (20), the PNSSR of each transmitter can
be represented as

PNSSRi =

f2⋂

f1

C2
ijPi[f1]

σ2w

+
ҖjP

2
i [f2−f1]C4

ij

σ2w

(
C2
ijPi[f1]+σ2n

)
+ҖjPi[f1]C

2
ijσ

2
n

(21)

PNSSRj =

1⋂

f1

C2
ijPj[1−f1]

σ2w

+
Җi

P2
j [1−f 2]C4

ij

σ2w

(
C2
ijPj[1−f1]+σ2n

)
+Җi

Pj[1−f1]C2
ijσ

2
n

(22)

The stipulations of the PNSSR targets{PNSSRi,PNSSRj}
as well as the collaborative ratios{Җi,Җj} completely com-
pute the minimum transmission power and bandwidth for all
CN nodes and the peak collaboration between them.

IV. ROUNDABOUT NETWORK SCENARIO

Here the proposed method BCDLN is analyzed in round-
about network scenario. Figure 5 presents the ‘n’ spectrum
sharing nodes placed at identical spectrum units around the
circular path. Assume that every CN will successfully relay
spectrum information to its 2 neighbors. For example, spec-
trum f1 can be shared and broadcasted to cognitive node e1
and e2.

Fig. 5. Roundabout network.

Lemma 1: For the roundabout network it is stated
1. Beyond DSLSTMTw ≥ n− 2,
2. Including DSLSTMTnc ≥ (n− 1)/2.
Proof: Since one spectrum progressively splits and relays

to its two nearest neighbors, each broadcast spectrum can
transfer at most one unit of spectrum to two CN receivers.
An ‘n−1’ BCDLN receivers are there to cover and thus the
best spectrum allocation effectiveness can be (n−1)/2 per
spectrum unit. When sending out spectrum information, it
is considered that single BCDLN transmitter is relaying
to n−1 BCDLN receivers. The foremost spectrum sharing
reaches dual BCDLN destinations. Every added spectrum shar-
ing can donate one spectrum unit to one BCDLN receiver.
Based on the scenario of spectrum sending, it is easy to see
that a DSLSTM method obtains the limit inlemma 1. For
DSLSTM, let us examine the following method. The ‘n’ is
considered as even count. Division of ‘n’ spectrum in two
setsF = {f1, . . . , fn

2
} andE = {e1, . . . , en

2
} of size n

2 each,
such that each spectrum of F has a dual neighboring nodes in
E spectrum.

For example, Figure 5 indicates a circular configuration with
n=8 BCDLN nodes. It is sufficient to show that it can share
spectrum and telecast in set F to all in sets F and E using
Tnc ≥ n/2 spectrum sharing. This procedure is done again
uniformly for spectrum sharing in set F. Let{x1, . . . , xn

2
}

represent the spectrum sharing associated with the nodes in F.
Consider the subsequent spectrum sharing theme that advances
in ‘n/4’ steps.

Every step has dual phases, where foremost spectrum in
group F transmit and spectrum in group E receive and vice
versa. The spectrum sharing in different states, state 1 and
state k is described below.

State 1: Neighbouring CN node isei and neighbouring CN
node>1.

In sub state 1, the spectrum in group F split and relay their
information to their closest neighbor such that each BCDLN
ei receivesgi andgi+1 spectrum as shown in Figure 6.

In sub state 2, the spectrum in group E adds the spectrum
they receive and broadcast it. For example, BCDLN nodefi
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Fig. 6. Spectrum allocation in static CN node with CP-OFDMA using
DSLSTM.

receivesgi+1 + gi from BCDLN nodeei andgi−1 + gi from
BCDLN nodeet−1. Thus, BCDLN node fi has the spectrum
sharing from sourcesfi−1 and fi+1.

For the state k, the neighboring BCDLN node is ‘u’ and
neighboring BCDLN node>1.

Sub state 1: Each spectrum in group F allocate the sum of
the two spectrum units it received in sub state 2, of state 1.

Sub state 2: Every spectrum in group E part the sum of the
two spectrum units it received in sub state 1, of state 1.

Lemma 2: The DSLSTM deliver the lower bounds in
lemma one. Thus,

lim
n→∞

Tnc

Tw
=

1

2
. (23)

Proof: From the preceding analysis it is sufficient to show
that algorithm of DSLSTM will complete in at most ‘n/4’
states. Each state involves n spectrum and every spectrum
brings one new sub spectrum unit to two BCDLN receivers.
Note that within the last state, second sub state, fewer spectrum
sharing’s are required, but this does not affect the organization
of the result. This DSLSTM method transports n/2 spectrum
units in n

4 spectrum sharing. ThusTnc = n/2. Assume now
that every node can share spectrum at a uniform radius of
u neighbors, i.e., every spectrum sharing reaches almost 2u
BCDLN nodes. Consider group F spectrum to consist of n/2u
transmitters that are 2u BCDLN nodes apart, and group E
spectrum consist of n/2u BCDLN broadcasts. Every spectrum
in E is at spectrum unit k from its two nearest neighbors in
spectrum group F. The problem is adequately minimized to
the u=1 scenario and get directly to the following theorem.

Theorem 1: In a roundabout network where every BCDLN
node can really share spectrum at a uniform radius of u
BCDLN neighbors,

Tnc

Tw
=

n−1
2u

n−1
u − 1

≈ 1

2
(24)

Note that changing the spectrum sharing to reach further than
the direct BCDLN neighbors is non-effective method. It allows
to diminish the spectrum sharing by a factor of u, but the
collected spectrum is proportionate toul with the path loss
exponent l almost equal to 2 (depending on the environment).

V. RESULTS AND DISCUSSION

The simulation results using the proposed technique are
presented in this section. The spectrum allocation in the static
CN node with CP-OFDMA using DSLSTM is presented in

Fig. 7. Spectrum allocation in CN node with CP-OFDMA using DSSM.

Fig. 8. Spectrum allocation in CN node with CP-OFDMA using DSLM.

Fig. 9. Spectrum allocation in dynamic CN node with CP-OFDMA using
DSLSTM.

Fig. 10. PNSSR variation with respect to the frequency.

Figure 6. Using the proposed approach, the spectrum is allo-
cated between 500 to 1500 MHz with static CN and varying
number of CBs from 0 to 14. Figures 7 and 8 show the spec-
trum allocation in static CN node with CP-OFDMA using
DSSM and DSLM. Figure 9 shows the spectrum allocation
in dynamic CN node with CP-OFDMA using DSLSTM. For
static node and dynamic node, the spectrum allocation is
optimized with the proposed approach.

Figure 10 shows the PNSSR variation with respect to
frequency spectrum showing the maximum and minimum
hold value for channel 1. The PNSSR maximum and
minimum values in variation is presented in the figure.
Figure 11 shows the spectrum sharing with PNSSR variation.
As the PNSSR decreases between transmit-receive (TR) nodes,
channel gain and feedback increase and more information
is exchanged between CN nodes creating dynamic spectrum
long memory (DSLM) in the forget node (FN), else creating
dynamic spectrum short memory (DSSM) in the FNs. The
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Fig. 11. Spectrum sharing with PNSSR variation.

PNSSR resolves the challenge involved in the optimal allo-
cation of the total spectrum of each TR nodes between the
transmissions it is assisting, based on time variant and time
invariant channel knowledge.

VI. CONCLUSION

A novel spectrum sharing technique in 5G is proposed using
cognitive nodes. The self-learning nodes in the system route
information to several destinations at a constant spectrum shar-
ing target, and cooperate with one another via a dynamic spec-
trum sharing long short-term memory. The joint spectrum allo-
cation and management is carried out with CP-OFDMA. With
the proposed framework, expressions are derived for the spec-
trum allocated to multiple sources to obtain their spectrum
targets as a variant of the participation node spectrum sharing
ratio. The participation node spectrum sharing ratio resolves
the challenge involved in the optimal allocation of the total
spectrum of each TR nodes between the transmissions it is
assisting, based on time variant and time invariant channel
knowledge. Our theoretical analysis and simulation results
confirm that the proposed method achieves good results in
spectrum sharing.
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ABSTRACT The paralyzed population is increasing worldwide due to stroke, spinal code injury, post-polio,
and other related diseases. Different assistive technologies are used to improve the physical andmental health
of the affected patients. Exoskeletons have emerged as one of the most promising technology to provide
movement and rehabilitation for the paralyzed. But exoskeletons are limited by the constraints of weight,
flexibility, and adaptability. To resolve these issues, we propose an adaptive and flexible Brain Energized
Full Body Exoskeleton (BFBE) for assisting the paralyzed people. This paper describes the design, control,
and testing of BFBE with 15 degrees of freedom (DoF) for assisting the users in their daily activities. The
flexibility is incorporated into the system by a modular design approach. The brain signals captured by
the Electroencephalogram (EEG) sensors are used for controlling the movements of BFBE. The processing
happens at the edge, reducing delay in decision making and the system is further integrated with an IoT
module that helps to send an alert message to multiple caregivers in case of an emergency. The potential
energy harvesting is used in the system to solve the power issues related to the exoskeleton. The stability
in the gait cycle is ensured by using adaptive sensory feedback. The system validation is done by using
six natural movements on ten different paralyzed persons. The system recognizes human intensions with
an accuracy of 85%. The result shows that BFBE can be an efficient method for providing assistance and
rehabilitation for paralyzed patients.

INDEX TERMS Artificial intelligence, assistive technologies, brain-computer interface, edge computing,
Internet of Things (IoT), rehabilitation.

I. INTRODUCTION
A recent survey carried out by Toyota Foundations revealed
that 30% of the paralyzed population is disappointed with
the assistive devices in the market. The outdated design of
assistive devices is causing constant pain and frustration.
Survey participants also recommended that future assistive

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhenyu Zhou .

devices should be easy to handle and help in daily activities.
The respondents also indicated that the design should be nat-
ural, like an extension of their body, providing them freedom
and independence [1], [2]. Currently, exoskeletons are the
most popular solution used in rehabilitation and assistance of
the paralyzed people [3]–[8]. Numerous types of exoskele-
tons are designed for purposes ranging from rehabilitation
and assistance to transportation and handling heavy load in
industries.
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In rehabilitation, the exoskeletons are used to work in
parallel with the human legs and carry out the desired actions
with ease. These devices are specifically designed to treat
disabilities of patients in a clinical setting. The rehabilita-
tion exoskeleton helps paralyzed patients to engage with
real-world things and to monitor the movement of body
parts. Exoskeletons are also designed for healthy subjects,
enabling them to interact with a virtual environment [9].
As healthy people use these haptic exoskeletons, ease of
wearability is not a major issue, but portability and efficient
finger tracking are highly required. In recent times, to assist
children having cerebral palsy disorders, exoskeletons have
been designed [10]. The architecture of the control unit,
the mechanical system, and feature extraction is discussed
in detail. In [11], a wearable hip assist robot is discussed,
which is used to improve the gait function and reduce muscle
effort and metabolic activities. The device can reduce knee
and ankle muscle activity along with a decrease in hip move-
ments. The robot can stabilize the trunk during walking in
adults. But the system has not investigated the effectiveness
of gait rehabilitation.

In [12], the translation of gait without using crutches gait
in a biped robot is demonstrated. The mathematical hybrid
model analysis is carried out to find different gait and walking
speeds. The walking gaits are stabilized using a centralized
controller. A knee exoskeleton that can be used for sit to
stand assistance is discussed in [13]. Here, the torque control
is improved using a unique transmission configuration, also
with reduced output impedance. Design specifications of the
current lower limb exoskeletons are reviewed, and the human
biomechanical consideration in lower limb design is analyzed
in [14]. The classification and design challenges in the field
of Exoskeleton and Orthoses are discussed in [15]. In [16],
the classification of exoskeletons into the palm, upper limb,
and lower limb exoskeleton is discussed. Further, the paper
discusses various exoskeletons proposed for rehabilitation
and enhancement purposes. The paper also puts forward the
concept of developing a full-body exoskeleton.

In [17], a wearable full-body exoskeleton is designed for
a mobile cyber-physical system. Here, the design of a new
technique for identifying the gate phase is also discussed.
Energy harvesting using human’s daily actions is proposed
to charge the battery of exoskeleton in [18]. Conventional
and alternative methods for providing power to exoskele-
tons are discussed. A systematic review of various types of
exoskeletons for using with the lower limb in neurorehabil-
itation is presented in [19]. In [20], an exoskeleton to aid
patient rehabilitation with postural equilibrium is designed.
Multi-variable robust control with the patient’s Electro Myo-
graphical (EMG) signals is utilized to achieve equilib-
rium. Berkeley Lower Limb Exoskeleton (BLEEX) [21] is
designed to transfer load and body weight into the ground,
which reduces the metabolic cost of the wearer. This par-
allel exoskeleton is able to enhance the endurance of the
user. The exoskeleton, which augments the torque and power
of the user during lifting and daily activities, is discussed.

Software-Defined Network (SDN) assisted solutions with
exoskeletons for use in rehabilitation are also proposed
recently [22]. The majority of the existing exoskeletons have
weight, flexibility, and adaptability constraints. Easy weara-
bility and portability are other significant limitations expe-
rienced by current assistive exoskeleton-based solutions for
rehabilitation [23]–[25].

To overcome the current issues existing with exoskeletons,
we propose an adaptive and flexible Brain Energized Full
Body Exoskeleton (BFBE) for assisting the paralyzed peo-
ple. In the BFBE system, the brain signals captured by the
EEG sensors are used for controlling the movements of the
exoskeleton. The flexibility is incorporated into the system
by a modular design approach. The BFBE system has a BCI
module, a Control Unit (CU), and a Body-Part Actuation
Module (BAM). BCI module captures the brain signal and
transforms it into a signal that can be used by the CU. The pro-
cessing happens at the edge, thus reducing delay in decision
making, and the system is further integrated with an IoTmod-
ule that helps to send an alert message to multiple caregivers
in case of an emergency. The system is non-invasive, and
the fabricated EEG sensor is used to collect the signals from
the scalp. An instrumentation amplifier is used to enhance the
strength of the obtained signals. The output signal from the
amplifier is subjected to filtering and pre-processing. The sig-
nals are generated for different basic human actions (sitting,
standing, sleeping) and then after the pre-processing is stored
in a database. When the paralyzed person has an intention
to make a particular movement, the microcontroller in the
CU uses this database and produces the signal for activating
the particular body part. The generated EEG pattern of the
person is mapped into the corresponding action. The BAM
then uses the motor driver circuit to pass the activation signal
to the corresponding part of the body. The potential energy
harvesting is used in the system to solve the power issues
related to the exoskeleton. The stability in the gait cycle is
ensured by using adaptive sensory feed-back.

The paper is arranged into 4 sections. The proposed work
is discussed in Section 2. The system architecture is dis-
cussed initially, and then the theoretical analysis is presented.
Section 3 presents and discusses the system working and
testing details and the results obtained. Finally, the paper
concludes in section 4. The list of abbreviations is listed in
table 1.

II. PROPOSED SYSTEM
A. SYSTEM ARCHITECTURE
The architecture of the Brain Energized Full Body Exoskele-
ton (BFBE) system is shown in Figure 1. The BFBE system
has three major modules 1) BCI module, 2) Control Unit,
and 3) Body-Part Actuation Module. The primary function of
the BCI module is to collect the EEG signals from the scalp
and then convert it into a form that can be used by the CU.
We have fabricated a sixteen-electrode based EEG sensor,
which is used in the proposed system for collecting the signals
and also for analyzing the brain activity. For removing the

100722 VOLUME 8, 2020



S. Jacob et al.: Adaptive and Flexible BFBE With IoT Edge for Assisting the Paralyzed Patients

TABLE 1. List of abbreviations.

FIGURE 1. System architecture: Brain Energized Full Body Exoskeleton
(BFBE).

high-frequency noise, we use a bandpass. Walsh Hadamard
Transform (WHT) is then used to transform the signals into
the frequency domain.

The signals are further transformed into a digital form and
provided to the Arduino Mega, which transmits the signal
via Bluetooth to the Control Unit. The signals are generated
for different basic human actions (sitting, standing, sleeping)
and then after the pre-processing is stored in a database.
When the paralyzed person has an intention to make a par-
ticular movement, the microcontroller in the CU uses this

TABLE 2. Body parts of BFBE and its corresponding joints.

database and produces the signal for activating the particular
part of the body. The generated EEG pattern of the person
is mapped into the corresponding action. The BAM then
uses the motor driver circuit to pass the activation signal
to the corresponding part of the body. The potential energy
harvesting is used in the system to solve the power issues
related to the exoskeleton. The stability in the gait cycle is
ensured by using adaptive sensory feed-back. The feedback
to the CU is provided using a multi-level sensing technique
so that corrections can be made in the process. Required
corrections for producing the actuation signals are done by
the microcontroller using this feedback and thus improving
the decision-making accuracy. An accelerometer is used on
the backside for detecting accidental falls. The processing
happens at the edge, thus reducing delay in decision making,
and the system is further integrated with an IoT module
that helps to send an alert message to multiple caregivers in
case of an emergency. If the measured tilt passes a particular
threshold, a similar emergency message will be given to the
caregiver via a wireless transmitter. The secure communi-
cation is ensured between paralyzed persons and caregivers
using a double encrypted NTSA algorithm [26]. The material
used for the development is carbon fiber, so that it can easily
replicate various body movements with ease. The BFBE has
a total of 15 degrees of freedom spread across different joints
of the body, as indicated in Table 2.

Each of these joints is realized using high torque motors.
Controlling the angle of rotation of the motors enables the
system to make different movements. The exoskeleton is easy
to wear due to its flexible and detachable components. The
straps are used to tie the exoskeleton to different body parts.
To further improve the stability of the person, support is
provided on the backside and ankle region. In order to check if
the applied force is sufficient to make the exoskeleton stable,
angle sensors are placed on the joints.

B. SYSTEM DESIGN AND METHODOLOGY
The full-body structure of the exoskeleton mainly consists
of five different body parts, which are lower limb, upper
limb, head & neck, shoulder, and hip. The BFBE structured is
designed by integrating these parts. The modular design pro-
vides BFBE with the highly required flexibility. The system
can thus be used by people with different degrees of paralysis.
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FIGURE 2. Sitting posture of BFBE (3D model).

1) EXOSKELETON DESIGN FOR DIFFERENT POSTURES
In this section, we discuss the design generated for the
exoskeleton in different body postures. BFBE exoskeleton
is constructed to mirror the anatomy of the human body.
Figure 2 illustrates the full-body exoskeleton designed using
3D software to emulate sitting posture. The major advantage
of the exoskeleton system is that the various parts and the
joints can be attached and detached easily. The system can
thus be used by people with different degrees of paralysis.
The full-body exoskeleton can be used by a completely par-
alyzed person. paralysis can be provided with a customized
exoskeleton. People experience the ease of wearability and
mobility because of the development of the exoskeleton with
carbon fiber material. To further improve the stability of the
person, on the backside and in the ankle region, a support
is provided with the system. Actuating the motors placed at
the corresponding joints helps to move from sleeping to the
sitting posture.

Figure 3 shows the standing posture of the full-body
exoskeleton. The system translates from sleeping to standing
based on the acquired human intensions. The high torque
motors placed at the different joints help in lifting the human
weight. If the actuation signals produced are not sufficient,
more accurate signals will be generated based on the feedback
received. A customized execution pattern is used to maintain
stability and reduce errors. The design also ensures that no
direct transition from sleeping to standing or vice versa.

III. MATHEMATICAL ANALYSIS OF THE PROPOSED
SYSTEM
The mathematical analysis is done on the full-body exoskele-
ton to identify the desired torque proportional to the mass.
The joints used to provide 15 degrees of freedom are uti-
lized to control the different bones of the human skeleton.
Figure 4 presents the exoskeleton structure used for the anal-
ysis. Here, A is the head joint (HJ), b is the neck joint (NJ),

FIGURE 3. Standing posture of BFBE (3D model).

FIGURE 4. Exoskeleton structure used for analysis.

c is the left shoulder joint left (SJL), d is the elbow joint left
(EJL), e is the hand joint left (HJL), f is the shoulder joint
right (SJR), g is the elbow joint right (EJR), h is the hand
joint right (HJR), lr and lh are the links for humanoid limbs.

Let the angle of the limb with respect to vertical and
horizontal axis is denoted by ’θ’, the masses of the element by
mi, the length of the elements by li, and the center of gravity of
the system by Gi. The spring of the element is represented by
spring coefficientKi. The angles are referenced with horizon-
tal and vertical axis where L denotes the kinetic andP denotes
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the potential energy, and e is the force to be applied to the
joint.

Let the different control signals to be applied at hip and
knee joint of human and exoskeleton be defined as Â for the
angular acceleration of knee, Ã for the angular velocity of the
knee, Å for the angular position of the knee, for the total
torque applied on the knee and the ankle, Î for the inertia on
the foot and the shank. Let the length of the shank is L̂m,
length of the foot is L̂m, the mass of the shank is Ŏ kg, mass
of the foot is Ō kg and let the torque be proportional to mass.

Consider the upper part of the body. The driving motor
is located at the head joint driven by VHJ , VNJ is the neck
joint motor driving voltage, VSJL is the shoulder joint left
motor driving voltage, VSJR is the shoulder joint right motor
driving voltage. Because of the DC voltage, we have currents
IHJ , INJ , ISJL , ISJR, entering the exoskeleton upper part. The
current flowing from the neck joint to the head joint is denoted
by INH. We have INJ = INH , ISJL = 0, IS−R = 0, IHJ =−INH
and INH = SM (VNJ , VSJR, VSJL , VHJ ),where SM is a function
classified based on the portion at the exoskeleton. Also ‘ ∈′

is the force to be applied to the joint to move from an initial
position or angle ‘0’ to final position angle ′θ ′. The length of
the exoskeleton part be li and the width is wi and the initial
position of the exoskeleton is ‘x ′ along the axis. The net force
applied to the head joint movement will be,

∈HJ=

∫ <∅

0
∈
1
HJ Widx (1)

With ∈1 as the force applied per unit area, the width Wi
becomes constant, thus we have,

∈HJ= Wi

∫ <∅

0
∈
1
HJ dx (2)

Similarly, we obtain other values of force applied on shoul-
der joint left and shoulder joint right as,

∈SJL = Wi

∫ <∅

0
∈
1
SJL dx (3)

∈SJR = Wi

∫ <∅

0
∈
1
SJR dx (4)

We can say that the net force applied to the head joint,
shoulder joint left and shoulder joint right movement as a
function of different voltages given by,

∈HJ = fHJ (VNJ ,V SJL ,VSJR,VHJ ) (5)

∈SJL = fSJL (VNJ ,V SJL ,VSJR,VHJ ) (6)

∈SJR = fSJR (VNJ ,V SJL ,VSJR,VHJ ) (7)

If we consider a time-varying voltageVNJ ,V SJL ,VSJR,VHJ
to move the exoskeleton at any position at any time, the neck
to head force, shoulder joint left and shoulder joint right, as a
function of time t is given by,

∈
(t)
NH = fHJ (VNJ (t),V SJL(t),VSJR(t),VHJ (t)) (8)

∈
(t)
SJL = fSJL (VVJ (t),V SJL ,VSJR,VHJ ) (9)

∈
(t)
SJR = fSJR (VNJ (t),V SJL ,VSJR,VHJ ) (10)

Here ‘f’ is the function taking the time-varying force into
consideration. Now we have current acting at shoulder joint
left and shoulder joint right given by,

ISJL(t) =
d
dt
∈SJL (11)

ISJR(t) =
d
dt
∈SJR (12)

As the incoming current is equal to the outgoing current,
we have, INJ (t) + IHJ (t) = d

dt ∈NH . With INJD (t) as the
initial position, we have INJ (t) = Iµ (t)+ INJD (t), IHJ (t) =
−Iµ (t)+ IHJD (t) and INJD (t)+ IHJD(t) = d

dt ∈NH .
Here, Iµ (t) is fully responsible for the exact movement at

the exact time and INJD and IHJD for the correct initial posi-
tion. We can call them us the returned coordinates. If INJD (t)
is causing the change in the movement of exoskeleton by an
angle θ ′ in the given time 1t , then INJD (t) = d

dt ∈
′

θ , and if
IHJD (t) is causing the change in themovement of exoskeleton
by θ ′′ in the given time 1t , then IHJD = d

dt∈
′′

θ .
Change in the variation between the neck and the head joint

is given by d
dt ∈

′

θ +
d
dt ∈

′′

θ=
d
dt ∈NH that is ∈

′

θ + ∈
′′

θ= ∈NH .
Assuming two different movement angle force at <∈′θ and
<∈θ

′′ we have the force, variations given by,

∈
′

θ ′ = Wi

∫ <θ ′

0

x
li
∈
′
HJ dx (13)

∈
′′

θ ′′ = Wi

∫ <θ ′′

0

(
1−

x
li

)
∈
′
HJ dx (14)

The net force applied is written as a function of different
voltages given by,

∈
′

θ ′ = fθ ′ (VNJ ,V SJL ,VSJR,VHJ ) (15)

∈
′′

θ ′′ = fθ ′′ (VNJ ,V SJL ,VSJR,VHJ ) (16)

Considering the time-varying voltageVNJ ,V SJL ,VSJR,VHJ
to move the exoskeleton at any position at any time, the neck
to head force, shoulder joint left and shoulder joint right, as a
function of time t is given by,

∈
′

θ ′ (t) = fθ ′ (VNJ (t),V SJL(t),VSJR(t),VHJ (t)) (17)

∈
′′

θ ′′ (t) = fθ ′′ (VNJ (t),V SJL(t),VSJR(t),VHJ (t)) (18)

Considering the ‘f’ function takes time varying force into
considerations, we have the current acting as,

IHJD (t) =
d
dt
∈θ ′ (19)

IHJD (t) =
d
dt
∈θ ′′ (20)

ISJL (t) =
d
dt
∈SJL (21)

ISJR (t) =
d
dt
∈SJR (22)

The net current flowing through the exoskeleton is zero and
given by,

INJ (t)+ IHJ (t)+ ISJL (t)+ ISJR (t) = 0 (23)

INJD (t)+ IHJD (t)+ ISJL (t)+ ISJR (t) = 0 (24)
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Using the chain value of differentiation on the current
values we obtain,

INJD (t) =
∂ ∈θ ′

∂VNJ

d
dt
VNJ +

∂ ∈θ ′

∂VSJL

d
dt
VSJL

+
∂ ∈θ ′

∂VSJR

d
dt
VSJR +

∂ ∈θ ′

∂VHJ

d
dt
VHJ (25)

IHJD (t) =
∂ ∈θ ′′

∂VNJ

d
dt
VNJ +

∂ ∈θ ′′

∂VSJL

d
dt
VSJL

+
∂ ∈θ ′′

∂VSJR

d
dt
VSJR +

∂ ∈θ ′′

∂VHJ

d
dt
VHJ (26)

ISJL (t) =
∂ ∈SJL

∂VNJ

d
dt
VNJ +

∂ ∈SJL

∂VSJL

d
dt
VSJL

+
∂ ∈SJL

∂VSJR

d
dt
VSJR +

∂ ∈SJL

∂VHJ

d
dt
VHJ (27)

ISJR (t) =
∂ ∈SJR

∂VNJ

d
dt
VNJ +

∂ ∈SJR

∂VSJL

d
dt
VSJL

+
∂ ∈SJR

∂VSJR

d
dt
VSJR +

∂ ∈SJR

∂VHJ

d
dt
VHJ (28)

With dx as a small incremental moment for an incremental
time dτ we obtain,

dx =
−KiWi

Ã
∈
′
HJ dτ (29)

Substituting the above value of dx in (2) and (3) we obtain,

∈SJL = Wi

∫ θ ′′

θ ′
∈
′
SJL

(
−KiWi

Ã
∈
′
HJ dτ

)
(30)

∈SJL =
−KiW 2

i

Ã

∫ θ ′′

θ ′
∈
′
SJL∈

′
HJ dτ (31)

∈SJR =
−KiW 2

i

Ã

∫ θ ′′

θ ′
∈
′
SJR∈

′
HJ dτ (32)

∈HJ =
−KiW 2

i

Ã

∫ θ ′′

θ ′

(
∈
′
HJ
)2 dτ (33)

Substituting the above value of dx in (12) and (13) we
obtain,

∈
′

θ ′ =
−KiW 2

i

Ã

∫ θ ′′

θ ′

x
li

(
∈
′
HJ
)2dτ (34)

∈
′′

θ ′′ =
−KiW 2

i

Ã

∫ θ ′′

θ ′

(
1−

x
li

) (
∈
′
HJ
)2dτ (35)

Calculating ‘x’ in terms of torque we integrate ‘x’ from
initial angle ′θ ′ to final angle θ ′′.

x =
−KiWi

Ã

∫ θ ′′

θ ′
∈
′
HJ dτ (36)

The VNJ value for which we reach the maximum limit
isVmax . If the value ofVNJ is raised aboveVmax , the exoskele-
ton movements will remain unaltered and practically con-
stant. The human body parts will act as the dielectric of
the capacitor with the exoskeleton acting as the plate of the
capacitor. Here VOI is the voltage applied between outer
and inner exoskeleton, Plimb is the potential drop across the
thickness of the limb,PIX is the potential drop across the inner

surface of the exoskeleton, and PCM is the potential at all the
contact point across the exoskeleton and human limb.We now
have,

VOJ = Plimb + PIX + PCM (37)

The variation in the voltage ig given by, 1VOJ =

1Plimb+1PIX + PCM where, PCM is constant.
Now there are three potential charges across the exoskele-

ton and the limb, ϕOE is the charge on the outer exoskeleton,
ϕlimb is the charge on the limb, ϕIE is the charge on the
inner exoskeleton, and we have ϕOE+ ϕlimb + ϕIE = 0 and
ϕ̃OE + ϕ̃limb + ϕ̃IE = 0. The charges per unit area are given
by 1ϕ̃OE +1ϕ̃IE = 0 with ϕ̃limb as constant.
To analyze the effect of external voltage on the exoskele-

ton, and the human limb, we are defining a threshold voltage
depending on the EEG signal Vth. The minimum voltage
required to trigger the movement is, if VOI < Vth then
ϕ̃IE > 0 and PIX < 0, if VOI≥ Vth then ϕ̃IE < 0 and
PIX > 0, if VOI= Vth then ϕ̃IE = 0 and PIX = 0. The
signal from EEG headset to limb is defined as Rsurface–limb,
ST is the potential depending on the thickness of limb, and LT
is the length of the limb. The ratio of the potential drop across
the inner surface of the exoskeleton to the length of the limb
is given by PIX

/
LT . The signal transferred from EEG headset

to the limb is given by,

Rsurface−limb = ST ePIX /LT (38)

The potential depending on the thickness of the limb is
calculated as,

ST = SLe−PRX /LT (39)

Substituting the value of ST in (39), we obtain,

Rsurface−limb = SLe(PIX−PRX )/LT (40)

The capacitance coefficient variation in the direction of x
and capacitance coefficient variation in the opposite direction
of x given by,

K (x) = K0eP(x)
/
LT (41)

K (y) = L0e−P(x)
/
LT (42)

Potential is at its local maximum, which indicates that the
system in the equilibrium state is unstable. We apply a small
displacement to the exoskeleton and move it to a random
small distance from its equilibrium state, and the total force
of the exoskeleton makes it to move even farther. Mobility
displacement along the x direction is given by,

µ(x) = ϑ(K(y) − K(x) − PA) (43)

d2P
dy2
=
−ϑ

µs

[
L0e−P(x)

/
LT − K0eP(x)

/
LT − PA

]
(44)

The charge on the inner skeleton is given by,

ϕ̃IE =
∓
√
2ϑµsPA

√
LT e−P(IX )

/
LT+PIX√

−LT + e−PRx /LT
(
LT eP/LT − PIX − LT

) (45)

100726 VOLUME 8, 2020



S. Jacob et al.: Adaptive and Flexible BFBE With IoT Edge for Assisting the Paralyzed Patients

ϕ̃IE = C̃limbPlimb (46)

ϕ̃IE = −
√
2ϑµsPA

√
PIX + LT e(PIX−PRX )/LT (47)

ϕ̃IE = ϕ̃RL + ϕ̃SL (48)

The charge on the right-side outer skeleton to the limb is
calculated as,

ϕ̃RL =

∫ final

initalθ
(ϑ)K (x) (Adx) (49)

The charge on the left-side outer skeleton to the limb is
calculated as,

ϕ̃SL = −ϑ

∫ final

inital
K (x) dx (50)

The body parameter constant with static exoskeleton
movement is given by,

TB =

√
2µs
ϑPA

√
PIX (51)

The small variation in the charge on the inner skele-
ton is given by, 1ϕ̃IE= 1ϕ̃RL+1ϕ̃SL where ϕ̃RL =

ϕ̃RL (PIX ) and ϕ̃SL = ϕ̃SL(PIX ). The voltage applied between
the outer and inner exoskeleton is given by,

VOI = Vth + PIX −
ϕ̃SL (PIX )+ ϕ̃RL (PIX )

l̃imb
(52)

IV. RESULTS AND DISCUSSION
The designed system is tested on six different subjects, three
healthy and three paralyzed persons. The collection of data
is done in the offline and online phases. The experiments are
carried out for three different human intentions like sleeping,
standing, and sitting. To maintain stability, the movements
are executed based on the designed pattern. In the offline
training phase, the brain patterns corresponding to each of
these intended movements are acquired using the 64 channel
EEG sensor. Figure 5 presents the EEG Sensor manufactured
with 16 Electrodes for collecting the signals.

Signal analysis is carried out using WHT, and the unique
features required for the classification are extracted. Large
amount of EEG signals is compressed using WHT, and a
faster computation is also provided. The database is designed
using the extracted information corresponding to each human
thought obtained during the training phase. In the online
phase, the WHT coefficients, along with extracted informa-
tion, are transmitted from the brain to the full-body exoskele-
ton for the reconstruction of the original signal.

The EEG signals corresponding to human intentions of
sitting and standing are depicted in figure 6. Here, the original
signal and the reconstructed signal for both the postures are
presented. Figure 7 shows the area matching of EEG patterns
obtained for the sitting and standing postures. The original
and reconstructed signal is correlated at the receiver side to
identify the movement to be executed. Based on the classifi-
cation results, the required joints are actuated to produce the
desired movement by the exoskeleton system.

FIGURE 5. EEG sensor manufactured with 16 electrodes.

FIGURE 6. Original and reconstructed EEG signal in sitting and standing
positions with BFBE.

FIGURE 7. Area matching of EEG patterns obtained for sitting and
standing posture.

FIGURE 8. EEG amplitude and EEG amplitude error for original and
reconstructed signals.

Figure 8 shows the varying of the EEG signal captured
by the brain headset with time. The error in EEG amplitude
for the signal is also shown in the figure. Figure 9 presents
the brain pattern variations at different frequencies using
the proposed system. The voltage spectral density variations
at frequencies 6 Hz, 10 Hz and 22 Hz are presented and
highlighted in the figure.
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FIGURE 9. Brain pattern variations at different frequencies.

FIGURE 10. Electrode placement locations in the EEG headset.

FIGURE 11. EEG for different postures with placement of electrodes from
CP5 to LO1.

FIGURE 12. EEG for different postures with the placement of electrodes
from CP5 to PO2.

In the proposed system, EEG analysis is carried out using
realistic head models to identify the unique EEG signal fea-
tures and to validate the brain network connectivity. Here,
a 64-electrode placement scheme is used in the proposed
system. The electrodes are placed in the frontal and parietal

FIGURE 13. EEG for different postures with the placement of electrodes
from CP5 to P6.

FIGURE 14. EEG voltage for different frequency and number of trials per
second.

FIGURE 15. Number of trials with time.

FIGURE 16. EEG voltage for different frequency and number of trails per
second.

regions of the brain. Figure 10 indicates the electrode place-
ment positions used for testing the proposed system.

Figure 11 shows the EEG signal for different postures
with the placement of electrodes from positions CP5 to LO1,
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and figure 12 shows the EEG for different postures with
the placement of electrodes from CP5 to PO2 positions and
figure 13 shows the EEG for different postures with the place-
ment of electrodes fromCP5 to P6 positions. Figure 14 shows
the EEG voltage for different frequencies and also the number
of trials per second.

Figure 15 shows the number of trials carried out with
time, and figure 16 shows the EEG potential with vary-
ing latency using the proposed system. The proposed
system achieves excellent performance in all real-time sce-
narios. Results confirm that the proposed method pro-
vides adequate assistance and rehabilitation for paralyzed
patients.

V. CONCLUSION
To overcome the constraints of weight, flexibility, and adapt-
ability faced by the existing exoskeletons used for assisting
the paralyzed people, we proposed an adaptive and flexible
Brain Energized Full Body Exoskeleton (BFBE). The brain
signals captured by the EEG sensors are used for controlling
the movements of the exoskeleton. The flexibility is incor-
porated into the system by a modular design approach. The
parts and joints can be attached and detached easily, allowing
it to be used by people with different levels of paralysis. For
the fully paralyzed, the full-body exoskeleton structure can
be used. The processing happens at the edge, thus reduc-
ing delay in decision making, and the system is further
integrated with an IoT module that helps to send an alert
message to multiple caregivers in case of an emergency.
The potential energy harvesting is used in the system to
solve the power issues related to the exoskeleton. The sta-
bility in the gait cycle is ensured by using adaptive sensory
feedback. The system was by using six natural movements
on ten different paralyzed persons and received very good
results.
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A B S T R A C T   

Brain-Computer Interface (BCI) systems have recently emerged as a prominent technology for 
assisting paralyzed people. Recovery from paralysis in most patients using the existing BCI-based 
assistive devices is hindered due to the lack of training and proper supervision. The system’s 
continuous usage results in mental fatigue, owing to a higher user concentration required to 
execute the mental commands. Moreover, the false-positive rate and lack of constant control of 
the BCI systems result in user frustration. The proposed framework integrates BCI with a deep 
learning network in an efficient manner to reduce mental fatigue and frustration. The Deep 
learning Brain Network (DBN) recognizes the patient’s intention for upper limb movement by a 
deep learning model based on the features extracted during training. DBN correlates and maps the 
different Electroencephalogram (EEG) patterns of healthy subjects with the identified pattern’s 
upper limb movement. The stroke-affected muscles of the paralyzed are then activated using the 
obtained superior pattern. The implemented DBN consisting of four healthy subjects and a 
quadriplegic patient achieved 94% accuracy for various patient movement intentions. The results 
show that DBN is an excellent tool for providing rehabilitation, and it delivers sustained assis-
tance, even in the absence of caregivers.   

1. Introduction 

Quadriplegia results in partial or full mobility impairment and affects nearly 2% of the world population. Primary reasons iden-
tified for paralysis are Stroke (33%) and Spinal Cord Injury (SCI) (27.3%) [1]. Rehabilitation is the popular therapy prescribed to fasten 
the post-paralysis recovery process. In recent years, brain-controlled assistive technologies are employed to provide rehabilitation for 
quadriplegic patients. Milan et al. [2] demonstrated one of the preliminary works towards non-invasive BCI by controlling a mobile 
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robot using mental commands. The practical integration of BCI and assistive technologies for enhancing the disabled’s life was 
demonstrated in various applications. Most of the BCI based systems deployed exoskeletons and orthoses to support the movement of 
stroke-affected body parts. 

Based on tangled body parts, exoskeletons are classified into three different categories as the upper limb, lower limb, and specific 
joint exoskeleton. The upper limb exoskeleton is integrated with a virtual reality environment to help patients perform daily routine 
activities. Exoskeletons are also used for limb tracking and gravity compensation [3]. Evoked or spontaneous EEG signals are recorded 
from the scalp to decode the human intention for movements. Steady-State Visually Evoked Potential (SSVEP) and P300 come under 
the category of evoked potential, which employs visual or auditory stimuli to generate specific brain patterns [4]. Sensorimotor 
Rhythms (SMR) utilizes Event-Related Desynchronization (ERD) and Event-Related Synchronization (ERS) to record natural brain 
responses without stimuli. Motor imagery tasks can generate SMR without active movements [5]. Movement-Related Cortical Po-
tentials (MRCPs) show variations while performing an active and imaginary body parts movement. The vulnerability of MRCPs on the 
force-based factors are exploited to produce a control signal for assistive devices [6]. BCI based gait rehabilitation is provided by 
utilizing the brain signal measured by sixteen channel EEG sensors. The visual-tactile feedback enhances the user experience to control 
the exoskeleton [7]. 

A Convolutional Neural Network (CNN) based classifier was designed to detect and identify the P300 signal in the recorded EEG. 
The CNN model is applied to implement a P300 speller with 95.5 percent accuracy [8]. Dynamic graph metrics have been utilized to 
represent the temporal characteristics of the brain network. The time-varying brain connectivity is modeled as a multilayer network, in 
which each layer depicts connectivity at different instants of time [9]. A sub-network kernel is constructed to compute the similarity 
between brain networks and employed for brain disease classification. The sub-network kernel captures the inherent network char-
acteristics and multilevel properties of the nodes [10]. A sufficient distance scheme is deployed to construct directional brain networks. 
The hidden patterns and information propagation paths among functional brain regions are recorded for effective disease diagnosis 
[11]. 

Brain-Brain Interface (BBI) is the alternative available to the exoskeleton systems. But the existing BBI systems do not provide the 
required rehabilitation for the paralyzed patients. The system disallows the analysis of brain connectivity, which is essential for brain 
disease diagnosis. Most of the BCI-based assistive devices need the caregiver’s supervision and high-level mental concentration from 
the patient side. In previous work, we designed Muscle to Machine Interface for Paralyzed (MMIP) for the paralyzed person, which 
activates the paralyzed body part using electrodes and a TENS device. The muscular movements generated by a healthy subject is 
recorded and transformed into the affected body region [12–13]. The system is further modified to stimulate the upper limb’s muscle 
based on the patient’s intention for movement. The patient intentions captured using EEG sensors are translated into movements on 
the stroke-affected upper limb. We further demonstrated the rehabilitation process on the upper and lower limb, combining the 
exoskeleton and the EEG signals. The deep learning method is integrated with the system to enhance the post-stroke rehabilitation 
process [14]. We have also devised secure assistive solutions for paralyzed people using SDN and other latest technologies [15–16]. 
Most of the BCI systems developed are standalone and failed to explore the networking capabilities. The proposed method overcomes 
these issues using the deep learning brain network, which provides rehabilitation and brain connectivity analysis. The deep learning 
brain network reduces mental fatigue and eliminates the need for a dedicated caregiver. DBN integrates BCI with deep learning over 
the internet to enhance the rehabilitation process. The significant contributions of this research are,  

• The development of a Deep learning Brain Network (DBN) using paralyzed and healthy subjects.  
• Brain connectivity analysis using deep learning to identify the patient’s intentions.  
• Deep learning classifier to determine the patient’s intention for upper limb movement.  
• Rehabilitation of the upper limb using a superior EEG pattern in the network. 

Table 1 
List of Abbreviations.  

Abbreviation Description 

BCI Brain-Computer Interface 
DBN Deep learning Brain Network 
EEG Electroencephalogram 
SCI Spinal Cord Injury 
SSVEP Steady State Visually Evoked Potential 
SMR Sensorimotor Rhythms 
ERD Event-Related De-Synchronization 
ERS Event-Related Synchronization 
MCP Movement-related Cortical Potentials 
VRE Virtual Reality Environment 
KMI Kinesthetic Motor Imagery 
CNN Convolutional Neural Network 
TMS Transcranial Magnetic Stimulation 
BBI Brain-Brain Interface 
MMIP Muscle to Machine Interface for Paralyzed 
SAO Somatosensory Attentional Orientation 
EOG Electrooculogram 
EMG Electromyogram  
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• Reduced mental fatigue and continuous control by periodic mapping of EEG patterns. 

The rest of the paper is organized into five sections in which Section 2 reviews some of the recent works in BCI based assistive 
technologies, and Section 3 describes the proposed system with the mathematical analysis. The system architecture is presented and 
discussed in this section. The hardware implementation details and the discussions on results achieved is depicted in Section 4. Section 
5 concludes the research and provides future insights. Table 1 presents a list of abbreviations. 

2. Related work 

In this section, some of the existing BCI-based solutions used for quadriplegic rehabilitation are discussed. Most of the current 
devices require a high-level of user concentration and dedicated supervisors for execution. The proposed method executes commands 
even with low mental energy levels. The system also minimizes the intervention of caregivers to provide continuous control. Our 
research focused on integrating network capability with the BCI, which most of the previous works failed to exploit. In [17], a new 
BCI-based imagined tactile sensation referred to as Somatosensory Attentional Orientation (SAO), utilized to decode human intentions, 
is discussed. High classification accuracy is obtained even in the absence of sensory stimulation. A mobile hybrid bio-signal acquisition 
module is designed and implemented for assistive neurotechnology applications in [18]. The system resolution is improved by inte-
grating a shared analog front end and a powerful microcontroller. The feasibility of using brain signals to steer a vehicle is demon-
strated using the queuing network model in [19]. Three classes of steering commands are tested with high accuracy, but the model fails 
to accommodate more subjects and complex environments. 

Hybrid Brain-Machine Interface (BMI) system involving Electrooculogram (EOG), Electroencephalogram (EEG), Electromyogram 
(EMG) is deployed to control assistive robots. The robotic arm’s arm posture and grasping force are controlled based on the object and 
user input [20]. In [21], an MI-based two-channel wearable EEG system is implemented to improve operational convenience. The 
system’s discrete and continuous feedback reduced the command generation time to 3.77 s with a classification accuracy of 77%. Most 
of the BCI-based system requires rigorous training and feedback to achieve the desired accuracy. Moreover, a high level of user 
concentration is required to reduce false-positive rates. Hardly any BCI system utilized the network capabilities to impart rehabili-
tation. The proposed DBN system solves these issues by integrating deep learning and network capabilities into the existing BCI 
systems. Table 2 depicts the comparisons between DBN and existing systems in the literature. 

3. Proposed system 

3.1. Theoretical analysis 

The proposed system integrates deep learning with the brain network to enhance user experience and provide continuous control. 
The network is established over the internet with the quadriplegic patient and healthy subjects. The deep learning algorithm employed 
in the system improves the classification accuracy of the captured EEG signals. The deep learning framework automates the 
convergence and mapping process. The weights assigned by the algorithm help select the appropriate signal for muscle activation of 
the quadriplegic person. 

The converged EEG signal cut-off of the electrode is given by ‘EG’, and the cross-sectional area of the electrode is having ‘EG’ as fixed 
or variable function. Thus, if we determine ‘EG’, we can calculate signal propagation constant ‘α’. Ex, Ey are the horizontal and vertical 
components of the EEG signal. As we have E2

G = E2
x − E2

y , ‘α’ is given by, 

α =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

E2 − E2
G

√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

E2 − E2
x − E2

y

√

(1) 

Table 2 
Comparison of the assistive techniques.  

Reference No., 
year 

No. of subjects Type of control User concentration 
level 

Assistive device Network 
capability 

Accuracy/ 
success rate 

[23], 2013 one healthy and one SCI 
subject 

EEG and EMG 
based control 

high RoGO- commercial robotic 
gait exoskeleton 

standalone 78.7% 

[22], 2016 13 healthy subjects ERD/ERS based 
EEG 

high Arm exoskeleton standalone 77.8% 

[7], 2017 5 healthy subjects SMR based EEG medium exoskeleton one to one 81.3% 
[9], 2017 6 healthy subjects SMR based EEG high Lower limb exoskeleton one to one 

wireless control 
80.16% 

[16], 2019 3 healthy subjects SSVEP based 
EEG 

medium TMS one to one brain 
network 

81.25% 

[24], 2018 1 tetraplegic and 9 
healthy subjects 

P300 based EEG high BCI spellers stand alone 84.29% 

[25], 2019 10 healthy subjects MI-based EEG medium Cognitive tasks standalone 85.5% 
Proposed DBN 1 quadriplegic and 4 

healthy subjects 
EEG and EMG 
based control 

low TENS device with EMG 
electrodes 

5 user brain 
network 

94%  
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The scalp outer impedance and inner impedance in Fig. 1 must nullify each other i.e., 

ZIs(s) + ZOs(s) = 0 (2) 

In the realistic head model, there is a different layer of the dielectric interface. The realistic head model can be solved using a 
simultaneous algebraic solution. Consider Fig. 2 with the realistic head model in the X-Y plane. The green color fill represents a 
dielectric fill in head model with boundary 0 < Y < r, and it has propagation EEG constant as ‘αd’. 

From Fig. 3, the scalp impedance is given by, 

Zscalp =
E η
αd

=
Erηr

αdScalp
(3)  

where Er = w
̅̅̅̅̅̅̅̅̅̅̅̅
βo∈o

√
& ηr =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
β0 ∈o

√
. For r < y < q the realistic head model skull has propagation EEG constant as αdSkull, the skull 

impedance is given by, 

ZSkull =
Eskullηr

αdSkull
(4) 

From the above equations we obtain, 

αdSkulltanαdr + αdScalptanαd (q − r) = 0 (5) 

There are two unknowns in the equation αdScalpand αdSkull, i.e. the propagation EEG constant must be the same in both the skull and 
the scalp region for the phase matching of the tangential EEG signal at the interface of the skull and head. Thus, with Ex = 0, signal 
propagation constant becomes, 

α =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

E2
x − E2

y

√

α =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

βr E2
r − α2

dScalp

√

α =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

E2
r − α2

dSkull

√

(6)  

which implies βr E2
r − α2

dScalp = E2
r − α2

dSkull and that can create an infinite solution for the number of variations in ‘y’. 

3.2. System architecture 

The brain pattern of every user in the network is captured using sixteen channel EEG sensors. The fourteen electrodes in the EEG 
sensor are used for measurement, and two electrodes act as a reference. The proposed system is implemented on the IoT enabled 
network with five different users. Fig. 4 shows the structure of the DBN network consisting of a quadriplegic and four healthy subjects. 
The realistic head models are used to represent the members of the network. The brain connectivity of the paralyzed is represented 
using shades of blue indicating minimum connectivity. Healthy subjects are represented by the contrast of red indicating maximum 
connectivity. Wireless communication over the Internet is established between all users in the DBN. 

The system architecture consists of three basic units, 1) Handheld EEG Unit (HEU), 2) Correlation and Mapping Unit (CMU), and 3) 
Muscle Stimulation Unit (MSU). Fig. 5 depicts the different components of HEU, CMU, and their communication using the IoT Module. 
Every user in the network is equipped with HEU to capture human thoughts. The HEU utilizes sixteen channel EEG sensors to capture 
the brain signals. The signal is pre-processed, filtered, and amplified before relaying to the CMU. The bandpass filter removes the high- 
frequency noise and limits the signal in the desired frequency range of 4–60 Hz. A high gain instrumentation amplifier is used to 
amplify the weak EEG signals. The CMU identifies the human intention for movement, utilizing the deep learning classifier. The 
features extracted during the training sessions are employed to decode the EEG signal corresponding to the upper limb movement. The 
recognized signal is correlated and mapped with EEG signals of the healthy subjects, which mimics the action intended by the 
paralyzed. The DBN handpicks the appropriate signal based on the maximum convergence with human intention. The selected signal is 

Fig. 1. Scalp inner and outer impedances.  
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employed for activating the muscles of the stroke-affected body part. Any healthy subject available in the network can perform the 
duty of the caregiver. Moreover, the inclusion of healthy subjects guarantees continuous movement of the paralyzed body part. 

Fig. 6 depicts the muscle stimulation unit of the upper limb based on the received signal. The stimulating device is designed by 
utilizing the TENS device, microcontroller chip, and EMG electrodes. The bio-feedback from the TENS device is provided to the 
selected brain signals for the dynamic operation of the system. Muscle inspired algorithm implemented on the microcontroller fa-
cilitates the transformation of brain signals to muscle movements. The IoT module is implemented using Node MCU to receive the 
activation signal. 

3.3. Hardware set-up and experimentation 

In this section, we present and discuss the experimental setup for the proposed approach. Fig. 7 shows the TENS device and PCB 
designed for activating the stroke affected body part. The muscles are energized through EMG electrodes to produce the desired 
movements. During the training process, the patient is trained for four commands (pick, drop, rollup, and rolldown) associated with 
the upper limb movement. DBN and healthy subjects also undergo the training for defined specific commands. DBN is also trained for 
brain connectivity patterns for disease diagnosis, which will be employed for initiating the rescue. Fig. 8 depicts the use of the muscle 
stimulation module used in the system. Here, the TENS device produces stimuli proportional to the activation signal. A high gain 
instrumentation amplifier is used to amplify the TENS device output to the desired level. 

4. Results and discussions 

In online experimentation, a five-member DBN with a person with quadriplegia and four healthy subjects are deployed. A deep 
learning algorithm is implemented on the server-side that acts as the supervisor. The supervisor periodically scans the EEG patterns of 
all the users in the network. It uses power spectral analysis to differentiate between the paralyzed and the healthy subjects. Fig. 9 shows 
the power spectrum variations between the patient and the healthy subjects. The frequency range is minimum for the paralyzed and 

Fig. 2. Realistic head model in the X-Y plane.  

Fig. 3. Realistic head model with scalp and skull parameters.  

Fig. 4. Basic structure of DBN network with 5 users.  
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generally maximum for the healthy subjects. 
The signal strength variations are analyzed using realistic head models. Fig. 10 shows the variation in the signal strength of the 

patient and healthy subjects. Patients generally have weak signal compared to the healthy subject. Minimum connectivity is repre-
sented by blue color, and the maximum is represented by RED color. Fig. 11 depicts the concentration level required for operating 
standalone systems and the DBN system. Comparison is realized using realistic head models, in which red color indicates maximum 
concentration, and blue indicates minimum concentration. The concentration required to operate DBN is comparatively low, which 
helps to reduce mental fatigue. 

The patient’s intentions are captured periodically, and intimations are given to healthy subjects to perform motor tasks. DBN then 
records the EEG signals from all the healthy subjects in the network and launches the mapping and convergence process. The signal 
with the maximum convergence is selected and transmitted to the patient for activating the affected muscles. If the convergence and 
mapping are below the threshold, the process is repeated until the required minimum convergence level is obtained. Figs. 12 to 13 
indicate the mapping and convergence process for three different movements intended by the user. Fig. 12 depicts the mapping and 
convergence process between a quadriplegic and healthy subject corresponding to the ‘pickup’ movement. Signal amplitude variations 
are plotted with reference to time. In the graph ‘QP’ indicates the signal corresponding to a quadriplegic, and “HS1 – HS4” is related to 
four healthy subjects in the network. In this case, the convergence among the patient, and subjects were obtained, and prominent 

Fig. 5. Building blocks of DBN network.  
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Fig. 6. Muscle stimulation module for the quadriplegic.  

Fig. 7. TENS device and its control circuit.  

Fig. 8. Testing of muscle stimulation using EEG signal.  
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Fig. 9. Power spectral density with varying frequency for healthy and paralyzed people.  

Fig. 10. Signal strength variations between the healthy subjects and the paralyzed patients.  

Fig. 11. Concentration levels of the standalone and DBN system.  
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signal HS1 is used for muscle activation. Fig. 13 shows the mapping and convergence process corresponding to the upper limb “drop” 
movement. During this experiment also convergence is obtained, and ‘HS2’ is chosen for activating the upper limb. Fig. 14 displays the 
convergence, and mapping that corresponds to patient intention for the “Rollup” movement. The convergence among the signals is 
obtained, and ‘HS4’ is handpicked to energize patient intention for the “Rollup” movement. 

Fig. 12. Convergence and mapping for ‘pickup’ movement  

Fig. 13. Convergence and mapping for ‘drop’ movement  

Fig. 14. Convergence and mapping for rollup movement.  
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5. Conclusion 

A unique Deep learning Brain Network (DBN) is designed to provide rehabilitation for the person with quadriplegia. DBN is 
constructed among patients and healthy subjects, utilizing the potential of IoT. Offline training and online testing are carried out with a 
five-member network to assist the paralyzed. The deep learning algorithm demonstrated functional mapping and convergence ac-
curacy of approximately 95%. The DBN could deliver continuous control even with low user concentration levels. The system helped to 
reduce the mental fatigue and frustration experienced by users while using a standalone system. Moreover, the network capability and 
the deep learning algorithm eliminated the need for dedicated caregivers for providing rehabilitation. The supervisory power of DBN 
helped to create virtual caregivers for aiding the paralyzed. The signal monitoring mechanism helps to initiate rescue operations in 
case of an emergency. In future work, the number of patients and healthy subjects will be increased to realize a social network for the 
paralyzed. Security features should be incorporated to increase the network authentication and robustness. The deep learning algo-
rithm needs to be fine-tuned to reduce the training sessions and processing time. Developing an energy and computational efficient 
hardware architecture for the better deployment of DBN is the way forward. 
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Abstract
Rapid advancement in the sophistication of malware has posed a serious impact on the device connected over the Internet.
Malware writing is driven by economic benefits; thus, an alarming increase in malware variants is witnessed. Recently, a
large volume of malware attacks are reported on Internet of Things (IoT) networks; as these devices are exposed to insecure
segments, further IoT devices reported have hardcoded credentials. To combat malware attacks on mobile devices and
desktops, deep learning-based detection approaches have been attempted to detect malware variants. The existing solutions
require large computational overhead and also have limited accuracy. In this paper, we visualize malware as Markov images
to preserve semantic information of consecutive pixels. We further extract textures from Markov images using Gabor filter
(named as Gabor images), and subsequently develop models using VGG-3 and Densely Connected Network (DenseNet).
To encourage real-time malware detection and classification, we fine-tune Densely Connected Network. These models
are trained and evaluated on two datasets namely Malimg and BIG2015. In our experimental evaluations, we found that
DenseNet identifies Malimg and BIG2015 samples with accuracies of 99.94% and 98.98%, respectively. Additionally, the
performance of our proposed method in classifying malware files to their respective families is superior compared to the
state-of-the approach calibrated using prediction time, F1-score, and accuracy.

Keywords Convolutional neural networks· DenseNet· Feature maps· Malware visualization· Texture

1 Introduction

In recent years, desktops and smart devices are exposed to
serious threat due to the presence of malware attacks [1].
Malware or malicious software are evolving at a faster
rate [2, 3]; they are designed to disrupt, gain unauthorized
access, and exfiltrate sensitive information from computer
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systems. A primary motivation for developing new malware
is the financial gain associated with it. Hence, it is an
industry worth millions of dollars which is increasing every
year. According to statistics, data breaches have increased
substantially by 40% [4]. Additionally, AV-Test threat report
registers [5] more than 350,000 new malware every day,
and malware circulation has increased to 114,530 million
in 2021; surprisingly, January 2021 alone reported the
presence of 607 million malware.

Recently, malware attacks on IoT devices are increasing
at an alarming rate. IoT devices have very specific
functionalities such as smart healthcare (for monitoring
glucose, smart pacemakers, etc), temperature monitoring
particularly used in industrial control systems, smart
appliances (e.g., smart refrigerator), baby monitoring
systems, surveillance system using security cameras, etc.
Vulnerable IoT devices of individuals and organizations are
largely attacked by hackers primarily due to (a) hardcoded
credentials, (b) outdated operating systems, device drivers,
and (c) connection of IoT devices to an insecure network
and poor web services. All these aforesaid issues transform
IoT devices as a pivot to the internal network and expose
them to adversary controlled servers. A widely used
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technique for detecting malware is based on “signatures”,
which is a short string of bytes that uniquely identify known
malware. To detect malware, a generated signature of a file
is compared with a collection of signatures stored in the
database. While this approach is simple, signature detection
fails to identify new malware samples, as it is highly
sensitive to minor software modification, besides demand
human expertise for its creation.

In general, malware detection techniques are classified as
static [6] and dynamic [7] approaches. In the static method,
analysis is performed on disassembled code to extract
opcode sequence, API sequence, functional call graph,
strings, etc. Static analysis can quickly derive program
semantics but is defeated by source code obfuscation
and encryption. The dynamic analysis, also known as
behavioral analysis, executes the application in a controlled
environment (known as a sandbox) to extract system calls or
network traces, and is effective in identifying camouflaged
behavior. This approach is robust but is slow and resource-
intensive. Besides, malware exhibits restrained behavior on
identifying analysis environments.

Generally, the performance of traditional machine learn-
ing algorithms depends on robust feature extraction [8, 9]
methods. This resulted in the popularity of machine learn-
ing in the security domain, especially malware detection [8,
10, 11]. However, these approaches are not effective in
detecting new variants or unknown malwares [12]. Recent
research has demonstrated the popularity of deep learning
techniques in numerous applications such as object detec-
tion, image segmentation, medical image analysis, and fraud
detection. Hazra et al. [13] exhaustively reviewed diverse
deep learning methods and prioritized Convolutional Neu-
ral Network, Recurrent Neural Network, Long Short-Term
Memory, and Deep Belief Network models as the most
promising architectures based on its acceptance in mod-
ern applications. Furthermore, deep learning techniques, in
particular Convolutional Neural Network (CNN), gained
importance in detecting malicious software [14]. Conse-
quently, many intelligent anti-malware solutions with deep
learning methods [15–18] have been reported.

A vast majority of malware samples have structural
dissimilarity having certain functionality in common.
The collection of such malicious programs is known as
“family” [ 10]. In this scenario, the detection of different
types of malware is a major concern to both researchers
and the anti-virus industry. It is reported that less than
2% code difference exists in newly generated variants. To
minimize the domain knowledge and feature extraction cost,
researchers have addressed malware detection problems as
image visualization techniques, largely due to the presence
of visual similarity among variants of the same family. In
this approach, a malicious binary is transformed into a two-
dimensional image [10], and these images are presented

to the machine learning or deep learning classifiers for
extracting relevant features for classification. In this way,
malware scanners will be agnostic to the operating systems
and file types. However, simply representing malware
binaries as 2D images is disregarded as they lack semantic
information. Additionally, training algorithms on the entire
pixels of an image is computationally expensive. Thus,
such malware scanners will be impractical to deploy on the
devices.

To address the above-stated limitations, we created a
deep learning-based malware classifier capable of detecting
and classifying malicious executables in real-time. Due to
resource constraint in IoT devices, we perform the analysis
of malicious samples in the cloud environment. The system
used by the end-user periodically transfers executable to
our analysis environment deployed on the cloud, which
performs data prepossessing and prediction of new samples
using deep learning models. Our approach maps executables
as grayscale and color images and textures are extracted
using Gabor filter, assuming a prevalence of code reuse
in new variants. We call such images Gabor images.
Subsequently, we create classification models trained
on Gabor images using a deep convolutional network
and DenseNet. Finally, we prove through comprehensive
experiments that DenseNet can accurately detect malicious
executables and classify the samples into their respective
family in real-time.

In summary, the main contributions of this paper are as
follows:

– We develop a malware detection and classification sys-
tem using different types of visual features (grayscale,
RGB, and Markov image). This is achieved by training
fine-tuned Convolutional Neural Network (specifically
VGG3) and Densenet over two benchmark malware
datasets, i.e., Malimg and BIG 2015.

– We conduct comprehensive experiments on image
texture and show significant improvement in the
performance of deep learning models comparing
standard visual features (gray and RGB images).

– We compare our proposed solution with the state-
of-the-art approaches using the identical datasets for
a fair comparison. Furthermore, through intensive
experiments, we show that our approach surpasses
the previous studies both in execution speed and
classification results. In addition, we created adversarial
samples by injecting additive noise into files. Finally,
we observed a marginal drop in the performance of
DenseNet. This proves the efficacy of the trained model
for detecting new samples.

Section2 gives a brief introduction to the related work.
Our contributions right from the preprocessing to deep
learning classification methods are described in Section3.
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Section4 explains the evaluation metrics used in this paper.
The experimental results and discussions are shown in
Section5. Section6 concludes the paper with directions for
future work.

2 Related work

In this section, we present the related research papers based
on feature analysis and malicious code visualization.

2.1 Feature analysis

The main approaches of analyzing malware based on
feature analysis are static and dynamic code analyses. In
static analysis, the code is disassembled and examined
for malicious patterns. Dynamic analysis is a behavior-
based procedure where the code is executed in a virtual
environment and the execution trace is analyzed. The static
analysis offers the complete analysis procedure but suffers
from code obfuscation. Dynamic analysis is more efficient
but the main disadvantage is a time-consuming process and
resource-consuming too. Some malicious apps might not
be observed because the environment is only a virtual one
which does not satisfy all conditions of a real one.

The static analysis method analyzes binary values or hex
values and extracts some features from the files. Machine
learning methods can be applied to the static features
obtained. It is observed that this method can achieve better
accuracy. Previous studies of static methods use permissions
to verify and check application risk, but these methods are
difficult to guarantee high accuracy [6, 19]. A method based
on static analysis is proposed in [6] for malware detection in
Android devices which is performed by extracting specific
feature information like serial number, and based on this
classify malicious apps of similar apps. Nezhadkamali
et al. [20] proposed a permission-based algorithm that
uses Intents and API sequences. The method modifies the
obtained values using the same features maps. In this way,
they were able to obtain accuracy to 98.6%.

Vasan et al. [21] proposed a data mining method that
detects malware variants by static methods. The analysis
introduced extraction of features and efficiently classifies
malware family which solves the data imbalance problem
with the help of the augmentation technique.

The dynamic analysis method executes the files in
a virtual environment. Shezan et al. [22] proposed a
detailed study on awareness to the users about common
vulnerabilities present in the OS and the quality tools for
testing the vulnerabilities.

Han et al. [7] proposed a method based on correlation
with semantics and a combination of static and dynamic API
functions and construct an overall feature map vector space

for malware detection. In [23], a probability matrix–based
classification system and machine learning are developed
for static and dynamic analyses using CNN with spatial
pyramid pooling techniques, where the accuracy of 98.82%
is achieved. Yoo et al. [24] proposed a hybrid model
consisting of a Random forest classifier and deep learning
models with 12 hidden layers to identify malware and
benign files, and obtained a detection rate of 85.1%.
In short, to detect malicious code a behavior model
is established. These behavior models achieved better
detection results but developed unreliable results. Moreover,
dynamic analysis consumes more processing time as the
computational overhead is more, which leads to less
accuracy when large datasets are involved.

2.2 Malicious code visualization

Nowadays, many tools can visualize the available data.
Several studies propose malware classification using visual-
ization techniques. The fundamental idea employed in these
approaches is to dissect the patterns of malicious apps and
new malware variants. It also identifies the changes made
on benign software due to viruses. The analysis also finds
the relation between different malware families and can
identify the unknown malware family too. Recent studies
point out that the patterns of benign and malicious apps are
different [25]. Experiments performed using CNN in this
paper report an accuracy of 90.67%. Furthermore, this paper
concludes the existence of relevant features for classifying
samples into their respective family.

Nataraj et al. [10] proposed a novel method for malware
detection, where the binary executables packed in families
are converted into grayscale images of fixed size based on
the technique of texture analysis. Then, the features are used
for the detection of malware and the efficiency was better in
less time.

Han et al. [26] proposed a dynamic analysis visualization
procedure to obtain RGB-colored pixels using the opcode
values from malware files and the similarities are calculated
and the procedure applies to packed malware samples
too.

Zhong and Gu [12] proposed a malware detection method
on deep learning by using multiple levels, where each model
does not work on the entire dataset, but it works on part
of the dataset for a group of malware families so that each
model can learn a particular data distribution. Finally, all
the models together decide hierarchically and make a final
decision on the data.

Due to the rapid growth of malware variants, a
classification method based on Markov images and deep
learning [27] was introduced using byte-level. It converts
the binaries into Markov images on the two standard
malware datasets, the Microsoft dataset and the Drebin
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dataset and the average accuracy rates obtained are 99.264%
and 97.364% respectively.

Deep learning has been a solution in many malware
classification applications. In [28], a deep learning model
classifier was developed for CNN-based architecture to
classify malicious samples which achieved accuracies of
98.52% and 99.97% on the Microsoft datasets and Malimg
datasets respectively. Roseline et al. [29] proposed a system
that does not require backpropagation or hyperparameter
tuning, thereby reducing model complexity. The model
has detection rates of 97.2% and 98.65% for BIG 2015
and Malimg datasets respectively. Their model deficits in
identifying unknown samples of untrained families.

Gibert et al. [30] developed a deep learning system
that learns visual features of Malimg and BIG2015
malicious executables to classify them into families.
To visualize, each malware sample was converted to a
grayscale image. A fine-tuned CNN model was developed
which classified malicious files of both the datasets with
accuracies of 98.48% and 97.49% respectively. Executables
of Microsoft BIG2015 were transformed to opcodes and
finally represented as images [31]. Then, GoogleNet model
and ResNet model were applied to detect malicious files.
The ResNet attained 88.36% precision, whereas 74.5%
accuracy was obtained on GoogleNet.

Hamad Naeem et al. [32] developed a hybrid approach
on color images to detect IoT malware using two datasets.
A deep CNN model was selected to extract visual features.
The detection accuracy was reported on two datasets
as 97.81% and 98.47% respectively. Recently, Turker et
al. [33] proposed a cognitive and intelligent anti-malware
model for classifying samples of the Malimg dataset.
They created hybrid features, extracted through LBP-
SVD-LPNet. Subsequently, Principal Component Analysis
(PCA) was applied to obtain relevant attributes, and
finally, a classification model was developed using Linear
Discriminant Analysis (LDA). This method achieved
87.62% F1 score and 88.08% detection rate. C¸ ayır et al. [34]
proposed Random Capsule Network (RCNF) reducing
the variance of different CapsNet. They conducted the
experiments on a public benchmark dataset, i.e., Malimg
and BIG2015. The authors reported that the RCNF achieves
F1 scores of 0.966 and 0.982 on Malimg and BIG2015.

Sun and Qian [35] proposed a method to combine the
static analysis with recurrent neural networks and CNN. By
using this technique, the accuracy obtained was over 92%.
By increasing the training dataset, the accuracy reached
99.5%. Feng et al. [36] proposed an Android malware
detection system in a real-time environment on mobile
devices and found that memory usage was 60 MB and the
execution time was 0.46 s. Detailed analyses on accuracy
and performance on various mobile devices were performed

and accuracy obtained was 96.75% on all devices with a
response time of fewer than 3 s.

To detect and classify malware samples in real-time,
we propose the implementation of DenseNet, trained on
visual artifacts of the malicious sample. Another important
aspect of our proposed approach is the use of texture-
based images for representing executables. This reduces
computational overhead by only allowing the classifier to
remember prominent patches of the image which acts as its
global feature.

3 Proposedmethod

Malware writers usually change a part of the previous codes
available to produce new malware [37] variants. If we try
to represent malware as an image, these changes can be
detected by robust malware visualization techniques. With
this idea, we visualize malware binary files as grayscale
images, RGB images, and Markov images. Later, we
perform texture analysis to determine specific components
around the region of interest.

Figure1 shows the overall architecture. In this system,
the benign and malware files are represented as fixed
size images. The benign executables were collected
from various sources which include laptops and the
Internet [38–41]. Then, we use VirusTotal to check if
the collected executables are malware free. In addition,
public benchmarks, i.e., Malimg [10] and BIG2015 [42],
are considered as malware datasets. We choose to study on
these samples as (a) both the datasets have class imbalance,
this will help us evaluate the robustness of the proposed
model, and (b) the samples in the aforementioned dataset
are exhaustively evaluated in a large collection of prior
work [12, 27, 30, 37, 43]. All binaries including malware
and goodware were converted to images. Subsequently,
these image files were supplied to DenseNet which learns
appropriate features necessary for the task of classification.

3.1 Preprocessing

Our system transforms executables to grayscale, RGB, and
Markov images. The steps for converting a given binary into
an image are explained in the subsequent paragraphs.

3.1.1 Grayscale images

The given hexadecimal values of executables are converted
into binary. We read bytes and express it as gray values
in the range of 0–255, where 0 indicates black and 255
represent white. These decimal values are organized as a
two-dimensional matrix of size 256×256.
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Fig. 1 Overall architecture of malware detection method

3.1.2 RGB images

In this process of visualization, we represent malware
and legitimate binaries as RGB channels. To accomplish
this task, we create a color map, a two-dimensional data
structure having 256 rows and 256 columns, consisting of
pixel values. For converting an executable to an RGB image,
we read two bytes at a time, the first byte is used as row
index, and the second byte as column index of the color
map. Finally, the element at the intersection of the row and
column indices is chosen as a pixel in the red, green, and
blue plane.

3.1.3 Markov images

Figure2shows the steps for converting binaries into Markov
images. Generally, for creating visual features, one byte is
read and mapped to an equivalent pixel [10]. The influence
of truncating and padding bytes to a file on classifier
accuracy is not precisely addressed in prior studies. To
circumvent the above-stated issue, Markov images are
developed, where the bytes are considered as a stochastic
process. This means that probability of bytebi is related to
bytebi−1; thus, the Markov chain is represented as:

P(bi+1|b0 · · · bi) = P(bi+1|bi)

The steps to generate Markov images are summarized
below:

– Step 1: First a frequency matrix is created which
records the occurrence of consecutive pixel pairs
denoted byf (x, y), for bytesx andy.

– Step 2: Using the frequency matrix, we create a
Markov probability matrix where the elements are
transfer probabilities of bytex andy. Probabilities in
the Markov probability matrix (see (1)) are populated
by taking each element in the frequency matrix and
dividing by the corresponding row sum.

– Step 3: Finally, we map the probability to pixels. Here,
each element in the probability matrix is multiplied
by 255 and divided by the maximum probability to
generate the Markov image of size 256×256.

P(x, y) = P(y|x) = f (x, y)
∑255

n=0 f (x, y)
. (1)

3.1.4 Gabor images

Gabor filter is popularly used in diverse computer vision
applications mainly in object detection, feature extraction,
and image segmentation. These filters mimic the mam-
malian visual cortex to recognize textures in an image. A
2D-Gabor filter derives features in both the spatial and

Fig. 2 Generation of Markov images
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Fig. 3 Parameters of Gabor filter applied to images

frequency domains. A Gabor function is the product of sinu-
soidal and Gaussian functions in the time domain, and con-
volution of transforms of these functions in the frequency
domain (refer to Fig.3). Gabor filter analyzes whether there
is a particular frequency of information in that particular
direction around the region of analysis. We can obtain a
bank of Gabor filters by varying the frequencies and orien-
tations in the Gabor function. The parameters at which we
obtained better results are also shown in Fig.3. An input
image is convoluted through a set of Gabor kernels to obtain
image texture. The figure briefly presents the steps for gen-
erating Gabor images. Later, Gabor images are fed to CNN
and DenseNet for classification and prediction.

3.2 Feature extraction and learning

Recently, researchers have attempted using deep learning
techniques for classifying and detecting malicious files.
As convolutional neural networks (CNN) and densely
connected networks (DenseNet) have proven to be very
efficient for computer vision problems [44, 45], we thus
adopt aforesaid architectures for malware classification
using visual features. In the following subsections, we
introduce CNN and DenseNet.

3.2.1 Convolutional neural networks

Convolutional neural networks have always become the
popular machine learning algorithm [14] for image clas-
sification and object detection. CNNs have two important
operations: (a) convolution and (b) pool. In the forward
pass, the convolutional layer utilizes a bank of filters, each
of which convolves across the width and height of the
executables image to output feature maps. Next, the max
pooling layer progressively downsamples the feature map.
Max pooling takes the maximum value by sliding 2×2 win-
dow over the feature map. The combination of convolution

followed by max-pool is a new image that is further pre-
sented to subsequent layers of CNN. Finally, the output of
the max-pool is flattened and given as input to the fully
connected network which is further connected to the out-
put layer. The class of malware file is given to the output
through softmax activation function for malware classi-
fication and sigmoid activation function for the malware
detection task. During the training phase, the values of the
parameters are updated continuously until the learning is
complete. In our study, we use the deep convolutional net-
work, in particular VGG3 [46]. VGG3 learns representative
attributes of a sample without the need for manual feature
extraction by performing multiple nonlinear transforma-
tion to produce abstract representation for each executable
image.

CNN has found more importance in medical applications
like chest disease detection [47, 48]. Choudhary and Hazra
employed the VGG16 model to train the medical images and
the results obtained are 98% of training accuracy and 97%
of test accuracy.

3.2.2 Densely connected networks

The motivation for selecting DenseNet is circumventing the
vanishing gradient problem. For deeper networks, gradients
are not propagated back to the previous layers or the
initial layers. The gradient shrinks for a deeper network
due to which the initial layers do not learn. If there is
no significant change in the gradient, it is understood that
the weights are not updated or in effect no learning takes
place. Hence to resolve the above-stated issue we have
considered DenseNets. DenseNets have interconnection
paths where features are combined by concatenation. The
main highlights of the DenseNet architecture are feature
reuse, vanishing gradient problem, feature propagation, and
less parameter count [44]. These interconnections form deep
and dense paths that learn better than other networks.
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Fig. 4 Detail architecture of DenseNet

The DenseNet comprises dense blocks, composite
function, and transition layer. First is the dense block where
each block comprisesn dense layers. These dense layers
are connected such that each layer receives information
from all preceding layers and passes its information to
all subsequent layers. Thus, each layer receives collective
information from all the subsequent layers. The width and
height of the feature maps stay the same in a particular
block. Each layer consists of two convolutional operations:
1×1 convolution (CONV) for extracting features and 3×3
CONV for bringing down the feature count. The composite
function consists of batch normalization, Rectified Linear
Unit (RELU), and 3×3 convolution layer. This function
concatenates the output of the preceding layers to the next
layer.

Finally, the transition layer consists of 1×1 CONV
operation which reduces the parameter count, followed by
the 2×2 average pool layer, responsible for downsampling
the dimension feature space. Figure4 illustrates the detailed
architecture of DenseNets. The whole idea of DenseNet
is to reuse features. Additionally, maximize the flow of
information between dense layers. As the model requires
only a fewer number of layers, they are easy to train and a
lesser number of parameters need to be learned. In our study,
we used a specific variant of DenseNet, i.e., DenseNet201,
consisting of 201 layers deep. The motivation of using
DenseNet201 was drawn due to improved performance
as reported in [44]. Additionally, DenseNet has a strong
gradient flow. The error signals are transferred to earlier
layers compared to the conventional deep neural network.
Thus, the earlier layers timely administer errors without
waiting longer for gradients, computed from previous
layers.

Table 1 Number of trainable parameters in the proposed DenseNet
model

Hyperparameters used in the model Value

No. of layers in DenseNet 201

Learning rate 0.001/0.01

No. of epochs 30/50

Batch size 32/64

In our experiments, we have used DenseNet architecture
with the number of trainable parameters as shown in
Table1.

4 Evaluationmetrics

The evaluation metrics used in our work for the classi-
fication and malware detection are Precision, Recall, F1
measure, and Accuracy. These metrics are calculated using
True Positive (T P ), True Negative (T N), False Positive
(FP ), and False Negative (FN). T P indicates the num-
ber of malware samples correctly identified as malware.
T N indicates the number of benign samples accurately
identified as legitimate.FP is the number of benign sam-
ples misclassified as malware.FN indicates the number
of wrongly malware images. The evaluation metrics are
defined using (2) through (5).

Precision(P ) = T P

T P + FP
, (2)

Recall(R) = T P

T P + FN
, (3)

F1measure(F ) = 2 ∗ R ∗ P

R + P
, (4)

Accuracy(A) = T P + T N

T P + T N + FP + FN
. (5)

The performance of DenseNet on different types of
images is compared and shown in Figs.5, 6, 7, and 8. An
ideal malware detection model should have a high value of
F1 measure. For the Gabor filter applied to Markov images,
F1 measures obtained are 98.73% and 99.94% for BIG 2015
and Malimg datasets, respectively.

5 Results and discussions

Implementation and setup The hardware requirements for
conducting the experiments are Intel(R) Xeon(R) CPU @
2.20GHz*2 processor with 12 GB RAM capacity and 1
TB hard drive. Experiments were conducted on Ubuntu
18.04 platform. Instead of normal CPU computing, the use
of NVIDIA Tesla P100 16 GB graphics card increases
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Fig. 5 Performance measures of
DenseNet without applying
Gabor filter, Dataset Benign
+ BIG 2015

Fig. 6 Performance measures of
DenseNet without applying
Gabor filter, Dataset Benign
+ Malimg

Fig. 7 Performance measures of
DenseNet using Gabor filter
applied on 256×256 images,
Dataset Benign+ BIG 2015
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Fig. 8 Performance measures of
DenseNet using Gabor filter
applied on 256×256 images,
Gabor filter applied images,
Dataset Benign+ Malimg

the computational speed. The software implementation
was done using Python 3.7.6 programming language, with
packages included such as TensorFlow 2.2.0 and Keras 2.3.1
with Scikit-learn machine-learning library and Matplotlib
for visualizing results.

Dataset The experiments are performed on two public bench-
mark malware datasets, BIG 2015 [42] and Malimg [10].
Malimg dataset has 9339 samples grouped in 25 families;
all binaries are converted to grayscale images and pub-
lished for use. BIG2015 dataset has been released as Kaggle
competition; this dataset contains 10868 ASM and byte
files corresponding to 9 different malware families. The
benign dataset samples constituted of executable collected
from [38–41]; furthermore, each executable was checked for
malicious files by uploading the file to VirusTotal.

For conducting experiments, we created two datasets.
Dataset 1 comprises 23,831 samples where 12,971 samples
were benign and 10,868 BIG 2015 samples. Out of the
12,971 benign samples, 9080 samples were used as train
set and 3891 samples were used as a test set. From the
BIG 2015 malware dataset, 7602 samples constituted the
train set and 3258 samples were reserved as the test set. In
addition, we created Dataset 2 having the same number of
the benign sample as in Dataset 1, but has 9339 Malimg
images. From the Malimg malware dataset, 6537 samples
were used as a train set and the remaining 2802 files were
used for prediction. All images were resized to 256×256 for
CNN and DenseNet. We conduct the following experiments:

– Experiment-1 Effect of image representations on
classification performance.

– Experiment-2 Performance of DenseNet in detecting
executables.

– Experiment-3 Comparison of VGG3 and DenseNet in
predicting malicious executables.

– Experiment-4 Classification of malware samples into
their respective families (i.e., multi-class classification).

– Experiment-5 Comparative analysis of proposed
model and state-of-the-art malware detection/classifi-
cation methods.

– Experiment-6 Performance evaluation of DenseNet
model on evasion attack.

5.1 Effect of image representations
on classification performance

In this section, we compare classifier results obtained while
inputting different types of images. Table2 shows the
results of the prediction obtained for two datasets. An F1-
measure of 98.73% is achieved for BIG2015 samples, and
99.88% F1-measure is obtained for Malimg samples during
prediction. The best classifier performance is obtained
with Markov images, followed by RGB, and inadequate
results are attained for grayscale images. Additionally,
improved performance is obtained if textures are extracted
from images and presented during the training phase. We
notice an increase in F1-measure for BIG2015 Gabor
images (grayscale, RGB, and Markov); improvements in
F1-measure attained are 96.88%, 97.81%, and 98.98%
respectively. Similarly, F1-measures achieved on Malimg
dataset are 99.45%, 99.52%, and 99.94% respectively.

In all cases, we can visualize that the classifier
performance is limited when trained on grayscale images.
Furthermore, the results of grayscale BIG2015 images
are less compared to Malimg. Especially in the case of
BIG2015, executables were disassembled using IDAPro,
and such tools generate output with a fixed structure. In
particular, we observed a large volume of black pixels in
the grayscale images. This would cause the max pool layer
to always output identical values, and such dark regions do
not contribute meaningful information during the learning
phase. Nevertheless, we also witness that deeper network
structures especially VGG3 tend to output moderate results
and tend to capture the localized association between the



Pers Ubiquit Comput

Table 2 Performance evaluation of convolution neural network and DenseNets without and with using Gabor filters

Without Gabor filter With Gabor filter

Dataset Image Architecture A (%) F (%) A (%) F (%)

VGG3 Dropout 96.37 96.38 96.39 96.39

Grayscale DenseNet 96.73 96.73 96.88 96.88

VGG3 Baseline 97.38 97.38 97.89 97.89

RGB DenseNet 97.58 97.58 97.90 97.89

VGG3 Dropout with Batch normalization 97.97 97.96 98.81 98.81

BIG 2015 Markov DenseNet 98.73 98.73 98.98 98.98

VGG3 Dropout with Batch normalization 98.72 98.72 99.45 99.45

Grayscale DenseNet 99.16 99.17 99.54 99.17

VGG3 Baseline 97.83 97.84 99.21 99.21

RGB DenseNet 98.93 98.93 99.52 99.52

VGG3 Dropout with Batch normalization 99.16 99.16 99.82 99.82

Malimg Markov DenseNet 99.88 99.88 99.94 99.94

pixels. However, superior outcomes are attained in the
case of Markov images. Primarily, extraction of texture
improves detection, as such images carry minute details
such as dots, lines, and boundaries separating different
regions in the image. Consequently, the best results are
achieved with Markov-Gabor filter images. In addition, we

observe moderate accuracy with classifiers trained on RGB
images, although RGB images enhance changes in sub-
region relatively better compared to the grayscale images.
Hence, such differences in regions are easily captured by the
deep classifiers during the training phase, and eventually,
distinguish malware from their families.

Fig. 9 Comparison of training
and validation loss and accuracy
with validation and testing
samples
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5.2 Performance of DenseNet
in detecting executables

From Figs.5, 6, 7, and 8, it is clear that F1-scores of
99.94% and 98.88% are attained for Malimg and BIG2015
respectively. Comparing all figures, it can be seen that
highest F1-score and accuracy are obtained if Gabor filter
applied Markov images were used to train the DenseNet.
Figure9 depicts the accuracies on the train and validation
sets. Likewise, the validation loss on the dataset is reported
in the same figure. It is evident that the accuracy improves
beyond 10 epochs and converges between 25 and 30 epochs.
An identical trend is obtained while we evaluate the loss.
In particular, beyond 25 epochs convergence in the loss can
be witnessed. Furthermore, in Table3, we compare time
for predicting new samples along with hyperparameters for
different DenseNet architectures. We can visualize from
Table3 that the average execution time for predicting a new
sample in both datasets is in the range of 0.004 to 0.006
ms which matches real-time scanning of files by antivirus
software.

From all experiments, we see that DenseNet obtains
a very high F1-score and accuracy particularly due to
two fundamental reasons: (a) deeper architecture and (b)
interconnections with the previous layers. The deeper
network advocates each layer to extract executable image
pattern which is disparate from other layers. Besides,
increased inter-connectivity of layers allows the re-use of
feature maps of previous layers and creates a new image
representation that carries information from all predecessor
layers along with the current layer. This resolves the
problems induced with redundant layers which are typical
in deeper architectures.

5.3 Comparison of VGG3 and DenseNet in predicting
malicious executables

Table2 compares the performance of VGG3 and DenseNet
on different types of images. Here, we see that for
BIG 2015 dataset represented in the form of Gabor
images; VGG3 shows a maximum F1-score of 98.81%.
While for the identical images, DenseNet attains F1-
score of 98.98% which is 0.17% higher than VGG3.
Similar trends in the results were observed for Malimg
samples. It can be observed that DenseNet accuracy and
F1-score for Gabor images is 99.94%, while for VGG3
an F1-score of 99.82% was obtained. Even though we
found marginal improvement in the DenseNet performance,
the prediction time for BIG 2015 with this model is
0.006ms, and 0.004ms for Malimg files. In addition, we
also found a reduction in the number of parameters for
implementing DenseNet architecture comparing the VGG3
models.
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Summary From experiments 1, 2, and 3, we conclude
that different deep learning models trained with Gabor
Markov images accurately represented malware and benign
executables comparing other types of images (grayscale and
RGB). Classification results (both F1-score and accuracy)
are superior for DenseNet while comparing different CNN
models used in this study. In addition, the small prediction
time along with a fewer number of parameters required to
model DenseNet comparing VGG3 shows its efficacy in
detecting malware executables from goodware.

5.4 Classification of malware samples into their
respective families (i.e., multi-class classification)

We illustrate the results of characterizing malware families
on different categories of images. These experiments were
repeated on two benchmark datasets used earlier in previous
experiments. The accuracy obtained using DenseNet is
98.53%. For Malimg executables, an F1-score of 98.88% is
attained; refer to Table4. The confusion matrix of the two
datasets is shown in Figs.10 and12. From the results, we

can see that 16 out of 25 families attained 100% detection,
test samples of 6 malware families had an F1-score greater
than 95%, and finally, 92.68% of Malex.gen!j, 89.47% of
Swissor.gen!E, and 42.5% of Swizzor.gen!l were identified
by the trained DenseNet model. In particular, we found
that 42% of Swizzor.gen!l variants were wrongly labeled as
C2LOP.P (refer to Fig.12).

Figure11 compares the visual representation of certain
samples belonging to three families which reported the
highest misclassification (Fig.12). As we can see, images
of malware samples of these families have identical visual
patterns due to similar distribution of bytes. Consequently,
the classification models wrongly label samples at the
prediction time. Thus, to improve the accuracies and F1-
score of the DenseNet, we merged malicious samples
of C2LOP and Swizzor to form a single-family during
the training phase. Specifically, C2LOP is a member of
Swizzor; hence, the malicious samples of these families
exhibit similar behaviors [49]. The confusion matrix
in Fig. 13 shows that the performance of DenseNet
significantly improves. Now, the F1-score of malware

Table 4 Comparison with
running time required for
Image Dimension 256×256 for
BIG 2015 and Malimg datasets

Models A (%) F (%) Prediction time

Prior work

CNN+1LSTM (BIG 2015) 97.64 94.15 32.0 ms

CNN+2LSTM (BIG 2015) [16] 97.91 95.52 62.0 ms

GRU+SVM (Malimg) [15] 85.00 85.00 23.7 ms

GIST+KNN (Malimg) 92.10 91.70 60.0 ms

GIST+SVM (Malimg) 92.50 91.40 64.0 ms

GLCM+SVM (Malimg) 93.40 93.00 48.0 ms

Bat algorithm (Malimg) [37] 94.60 94.50 20.0 ms

Tuncer et al. [33] (Malimg) 88.08 87.62 –

Cayr et al. [34] (Malimg) 98.72 96.61 –

Vasan et al. [21] (Malimg) 98.82 98.75 0.81 seconds

Kalash et al. [28] (Malimg) 98.52 – –

Kalash et al. [28] (BIG 2015-Setting-A) 98.99 – –

Khan et al. [31] (BIG 2015) 88.36 – 9248 seconds

Gibert et al. [30] (Malimg-25 families) – 94.8 –

Gibert et al. [30] (Malimg-19 families) – 98.4 –

Gibert et al. [30] (BIG 2015) 97.5 94.0 0.001 seconds

Naeem et al. [32] (Malimg) – 98.75 30 seconds

Our Proposed method: Classification

Gabor filter applied DenseNet Markov (BIG 2015) 98.52 98.53 11.5 ms

Gabor filter applied DenseNet Markov (Malimg) 98.97 98.88 5.0 ms

Gabor filter applied DenseNet Markov images (on combining 99.36 99.37 4.95 ms

C2LOP and Swizzor families of Malimg)

Our Proposed method: Detection

Gabor filter applied DenseNet Markov (BIG 2015) 98.98 98.98 5.7 ms

Gabor filter applied DenseNet Markov (Malimg) 99.94 99.94 3.8 ms



Pers Ubiquit Comput

Fig. 10 Confusion matrix of
BIG 2015

Fig. 11 Visual similarity in
samples of C2LOP,
Swizzor.gen!E, and
Obfuscator.AD families
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Fig. 12 Confusion matrix of Malimg dataset among variants

families is in the range of 95–100%. In particular, we can
find that 100% of samples of C2LOP and Swizzor.gen!E
were identified by the classification model.

5.5 Comparative analysis of proposed work
with the state-of-art solutions

Comparative analysis is performed based on two different
experimental settings: malware detection and classification.
In [15], an intelligent malware system is proposed on the
Malimg dataset which achieved an accuracy of 85% and
a prediction time of 23.7 ms. Quan et al. [16] proposed
a deep learning–based malware classification method that
requires only the knowledge of identification of features and

has obtained the maximum accuracy of 97.91%. In [30],
BIG2015 and malimg datasets were used where the visual
similarity was considered and the accuracy obtained was
98.4%. Zhihua et al. [37] give a comparison on various gist
techniques and the bat algorithm on the malimg dataset and
obtained an accuracy of 94.5% with a prediction time of
20 ms.

We compare the outcome of our proposed method with
the state-of-the-art solutions. To have fair comparison,
we considered only those classification systems which
employed identical dataset as we used in our work. Table4
summarizes the results of prior work and our proposed
solution. We can observe that performance of our solutions
is better compared to all other works listed in Table4
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Fig. 13 Confusion matrix combining C2LOP and Swizzor families of Malimg dataset

both in terms of values of evaluation metrics and execution
time.

5.6 Performance evaluation of DenseNet model
on evasion attack: adversarial attacks

To evaluate the robustness of classification models, we
performed adversarial attacks. In general, attacks can
be categorized as poisoning attacks and evasion attacks.
In the former, small perturbations are added to the
training samples which forces the classifier to learn a
complex hypothesis function. Consequently, the model
creates overlapping decision surfaces; eventually, the model
wrongly classifies the submitted samples. While in the

evasion attack, samples in the test set are modified
to increase the misclassification rate. In this work, we
launched an evasion attack with black-box access to
classification models. In particular, the adversary has
zero knowledge about the classification algorithms and
parameters, but may have access to surrogate samples
available in public malware repositories.

In our proposed method, all executables are transformed
into images; the model is developed by training the classifier
on the image textures. For fabricating attacks, we add two
types of additive noise (at a noise rate of 0.01) to the samples
in the test set. We created evasive samples by injecting
(a) Gaussian and (b) Poisson’s noise. A drop in the F1
score obtained is shown in Table5. The misclassification
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Table 5 F1 score of Densenet for Malimg and Big2015 dataset

Noise Malimg BIG2015

Poisson’s 0.971 0.907

Gaussian 0.97 0.901

is insignificant for Malimg which is a highly imbalanced
dataset, but an 8% decline in F1 is obtained for BIG2015
samples. One of the important aspects that were noticed in
this dataset is the presence of structural dissimilarity among
variants in families, which further increased the addition of
noise, causing the classifier to mislabel such instances. In
the future, we would like to evaluate the performance of
DenseNet by augmenting the training set with adversarial
examples using the executable images added with additive
noise.

6 Conclusion and future work

In this paper, we developed solutions to detect and
classify malicious executables by utilizing the visualization
approach. We used a deep convolutional neural network
(VGG-3) and DenseNet to extract features from images.
Our study analyzes the F1 measure of each model and
the best F1 measure is obtained for 256×256 Gabor
Markov images. Comprehensive experiments on two public
benchmark dataset (Malimg and BIG2015) using DenseNet
with Gabor Markov images resulted in 99.94% and
98.88% F1-measure in case of malware detection problem,
while F1-measures of 99.37% and 98.88% were obtained
for malware classification (family classification). Besides,
comparing with the state-of-the-art, we observed improved
performance in terms of both detection, classification, and
execution time.

In the future, our system can be extended to evaluate the
strength of the classification model against the adversarial
attacks. This investigation will be conducted by injecting
bytes from benign executables in the malware files, which
would change the statistical distribution of the malware
samples. In order to develop countermeasures on attacks, we
will propose a model in which the classification algorithm
will be trained withN + 1 classes, whereN is the original
malicious class and one adversarial class. In addition, we
would like to investigate generating a classification model
using one-shot training techniques, this would identify
evolving malware families having fewer malicious variants.
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Abstract— 

Precise and well-timed expertise of electricity consumption is an imperative requirement for implementing any 
power saving strategy. The primary function of energy management systems is to measure the electricity 
utilization in the homes. Monitoring energy usage in homes indirectly offers knowledge about consumer 
preferences, types of activities carried out by residents, and forecasting potential energy consumption, energy 
saving methods and lots of other proposes. Electricity consumers are oblivious to their daily unit consumption of 
electricity. They know about their power consumption only when they receive the electricity bill on a cycle of 2 
months to 3 Months which give consumers no possible option to control the usage of electricity as there are only 
limited number of methods for the consumers to know about how much units of electricity they have consumed. 
So, we are going to come up with a solution for the same so as to develop a method which would easily replicate 
the Electricity Meter reading and would also provide us with the power consumption of each individual appliance 
on to your phone. This helps us to compare the energy consumption and also helpful for the users to understand 
if their electricity usage is more or less on a need basis and can compensate or reduce electricity usage in turn 
reducing electricity bill.) 

Keywords—Internet of things (IOT), Android smart  phone, NodeMCU. 

                                      I. INTRODUCTION  

 
The advancement of the IOT (Internet of Things) have become an additional standard as a result of its contribution   
to economical solutions for several real time applications. It conjointly revolves the association between M2M 
that are embedded with electronics, software, sensors etc., which assist users in observing and controlling devices 
with efficiency. In an IoT system, objects and living beings are provided with unique  

identifiers with the ability to transfer the data. Nowadays, IoT is being applied in several areas like gas, water, 
electricity etc. to make our lives automated. Electricity is a crucial invention and its demand is also increasing at 
a relentless rate and is being utilized for numerous purposes such as agriculture, industries, hospitals etc. So, it is 
becoming additionally sophisticated to handle the electricity requirements and maintenance. Clearly there ought 
to be a necessity for measuring the consumed electricity. Therefore, it is indispensable to execute a technique of 
taking energy meter readings automatically, which can realize the power consumption management to the 
customers to be adjustable and manageable to save the electrical energy. Also, to take the reading of the meter, a 
human operator has to go turn by turn to every resident & commercial building, hence this will increase the work 
and potency. Therefore, the operating hours also increases to realize the complete area data reading. So, to achieve 
an efficient energy meter reading, reduce billing error, and operation cost, we need a system that can read the 
meter reading automatically at each time interval.  

The right way to cope up with the problem is to understand the situation thoroughly. At first, we need to realize 
the quantity of energy that we tend to consume so that we begin to limit it. So, as a solution to it, we intended to 
construct an application   using IOT, which would display the overall power consumed by the household together 
with the power consumed by individual appliances and conjointly enables the user to set a threshold which upon 
surpassing will notify the user with an alert message thus helping the user to monitor the power consumption in 
their house. Thus, this device uses IoT to automate the purpose of measuring consumption of power in homes, 
allowing for web access and digital technology. 
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                          II.     LITERATURE SURVEY          

In recent years, numerous papers have proposed the design of energy meter monitoring system. In [2], the author 
proposed a Prepaid Energy Meter based on IOT. The circuit mainly composed of an ADE7758 meter circuit, 
microcontroller i.e.; Atmega328p, and finally Wi-Fi module. The meter keeps the track of the number of units 
consumed and sends the information, as well as the cost, through the internet. If the usage of the user is 
approaching the set point, it will alert the user a warning. If consumption exceeds the set point, the device will 
switch off the battery. 
 
In [3], the author presented a paper based on the consumption of current by using an Infrared sensor device. The 
Infrared transmitter is mounted in the EB meter's revolving assembly. The receiver photodiode is positioned in a 
specific location to determine the number of rotations thereby getting the current consumption. rotations. By 
determining the rotations, the current consumption can be obtained. After obtaining the current consumption, 
ARM processor will limit the unit given for a particular user. If the device is reduced to its bare minimum, it will 
intimate the consumer via alarm and LCD unit. If a person decides to update more units for him, he must contact 
the EB section and send a request. The required cost will be dispatched to the ARM controller through a GSM 
modem. Then the unit is incremented by the processor in the memory. 
 
The author presented a remote device monitoring system on a smart phone GUI which is built on an Android 
Smartphone in [8]. A client logs into the app and gently presses the buttons in order to send the message 
instructions from the GUI to the home information center with the aid of the GSM network. The ATmega 
processor acknowledges the detailed command and uses wireless radio frequency to control the home appliance 
switches, allowing for eventual remote control of the appliances. This lecture emphasizes on the configuration of 
an Android terminal, the contact between the PIC and the GSM module, the implementation of the wireless 
module device's driver, and the difficulty of providing the required low- DC voltage for the MCU and wireless 
module using just one live cable. Consumers can control appliances at any time, allowing our homes to become 
increasingly smart and automated. 
 
In [12], the author proposed a mobile internet monitoring of a 
domestic electrical power meter using wireless communication. This is accomplished with the WSN platform's 
embedded active RFID tag module. The electrical power meters are monitored and identified using active RFID 
using the ZigBee protocol. The modules which are embedded in the power meters function as wireless sensors, 
thereby monitoring the power meter's electricity consumption value and transmitting the data value to the portable 
reader through an RF signal. The relayed signal is used to speed up certain everyday tasks, save time, and minimize 
the cost and error in information systems that humans can create. 
 
A Smart Home System (SHS) is a home with a communication network that links services and electrical 
appliances so they can be monitored managed and accessed remotely. SHS uses a variety of methods to 
accomplish a variety of goals, ranging from improving everyday comfort to allowing elderly and handicapped 
people to live more independently. In [10], the author presented a report based on the key 4 fields for SHS: 
domestic automation and faraway control, temperature and humidity monitoring, fault monitoring and 
management, and eventually monitoring of health. The machine is constructed round the Microcontroller by using 
the MIKRO C program, several active and passive sensors, and wi-fi web services, all of which are used in a 
variety of monitoring and manage processes. 
 

                 III .        PROPOSED METHODOLGY 

 
In the proposed technique, we propose a system that tracks the power consumption of domestic devices, allowing 
consumers to better control their energy consumption by tracking their use over time. 
 

 

Figure: 3.1 Block Diagram of Iot based power depiction system. 
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Figure : 3.1 Block Diagram of Iot based power depiction system. 

The main component is the Node MCU to which the devices are interfaced. The Node MCU is a web-based 
software and hardware environment based on the ESP8266, a low-cost System on a Chip (SoC). The current 
sensors are attached to this module to determine the amount of power used by individual appliances. We're using 
an ACS 712 current sensor, which can work in both DC and AC and provides separation between the load (AC/DC 
load) and also the measuring unit, which is the microcontroller. It is a sensor which runs on 5 volts and outputs 
an analogue voltage and is proportional to the current measured. This provides us with the individual power 
consumed by the appliances. Both the values (ie; total power and power consumed by individual appliances) are 
then sent to the user through this module to a mobile application using IOT from where the user can easily know 
about the power consumption pattern in his/her household and also about the appliance that is consuming more 
power just by comparing the total power and individual power of appliances displayed in the app. Hence this 
would help them in adopting certain energy conservation methods of their choice thus reducing the usage and 
electricity bill. Also, relays are connected to the devices as output from the Node MCU as a provision for the user 
to switch on or off these appliances, when necessary, through this app.    

                         IV.        CIRCUIT DIAGRAM 

 

 

 

 

 

 

 

Figure 4.1 Circuit diagram of IOT based power depiction system. 
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4.1. WORKING  

The central portion of the circuit is the Node Mcu, an open-source microcontroller to which the devices are 
interfaced.  Note that the MCU isn't solely a microcontroller however additionally a microcontroller with a Wi-
Fi indication where the Wi-Fi is already constitutional. Node MCU gives access to the General-Purpose 
Input/Output pins. It has 17 GPIO pins (0- 16), out of that solely 11 of them can be used because the other pins 
(GPIO 6 -11) are used for connecting the non-volatile memory chip. ESP8266 has an incorporated 10-bit ADC 
which has only one ADC channel to where the sensing element is connected. Although the Node MCU has just 
one ADC pin it does not limit the quantity of analog detector to 1 per module. Multiple sensors can be connected 
to the module through the method of multiplexing.   

During this arrangement, only a sensor at a time will have an entire circuit, or only one sensor will be able to 
operate at a time (that is, switch on a sensor), take the values needed from the sensor, shut down that sensor 
then move to consecutive sensor. For this we tend to connect diodes to the sensors as they direct the current 
towards one direction as a result, the sensor circuits are isolated from being read. When the reading is taken, the 
General-purpose pin is made HIGH by sending 3V to the sensor, thus finishing the circuit. Other pins are set to 
LOW, so they don't send any voltage, resulting in a ground to-ground link with no current. The ADC pin is read 
after the voltage is sent, and the value is written, which can also be stored in a variable.  

After the reading is taken the sensor is switched off and we move to the next sensor for taking the reading. 
Except when taking readings from analogue sensors, all GPIOs being used with them should be made to LOW. 
The signals given to the node MCU uses three types of output because of the presence of three relays for the 
purpose of switching On or Off the devices. These relays are connected to the GPIO pins of the MCU. The 
resistor going to the input of the relay is the current limiting resistor, a pull-down resistor is connected to the 
ground, and finally a transistor.   

The transistor is set to switch from 3 volts to 12 volts. Next, we can sense the current by passing the phase line 
of ac with it.  So that we can know how much energy that device has used.  Then there is a 3.3 voltage regulator, 
which is connected to the power supply. And finally, there is a reset switch at the top. It is used to reset the 
microcontroller. 

   4 .2    FLOW CHART  
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Figure 4.2  Flow chart of IOT based power depiction system . 

 
 

                   V.     MOBILE APP  DESIGN .  

 
 

 

   

  

     

 

                                                                              

                
 
 

 
 

Figure 5.1 MIT App Inventor Blocks Editor Screen 1                 

 

 

 

 

 

 

                                                                                       

   

             
    
         
 
 
 
     
         Fig. 5.2: MIT App Inventor Blocks Editor Screen 2. 

 
 
 



Automated Power Depiction System Using Iot Platform 

 

704 
 

 

 

 

 

 

 

 
 
 
 
         
 Figure. 5.3: MIT App Inventor Blocks Editor Screen 3 –                 User can monitor the voltage, current, power 
consumption unit , and also the bill amount in the text box provided.  

 

 

 

 

 

 

 

 

 
 
 
 
 Fig 5.4   MIT App Inventor Blocks Editor Screen 4  . 
In this figure user can set a threshold, which upon  
exceeding will notify them through an alert message.  

 

      VI .   RESULTS AND DISCUSSIONS 

 
Our Project IOT based power depiction system on Smartphone is being designed such that whenever the usage of 
energy exceeds the threshold value which is set by user, it will give an alert message. The monthly billing status 
through SMS is also being send onto the user’s mobile. This implementation illustrates the definition and 

implementation of a modern system with low running costs, increased data protection, and reduced manpower 
requirements. As a result, it not only fixes the issue of traditional meter reading, but it also adds new     functionality 
to cell phones. 
 
 
 
 
 
 
 
 

 

 

                    Figure 6.1 Hardware Implementation. 
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                      Figure : 6.2 App depicting power information’s of the devices used.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                       Figure 6.3  Illustration for setting threshold of devices .  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                   Figure 6.4   Image of alert message popup  
                                       when threshold exceeds. 

        VII .   CONCLUSION  &  FUTURE SCOPE 

 
In this paper, the design of IOT Based Power Consumption Depiction System is proposed. The application which 
we are developing helps us to give the information regarding the individual energy consumption and also the total 
energy consumed by all the devices which would be easier for the user to identify which device consumes more 
power and there is a provision to set a threshold for each appliance and hence it will notify the user when threshold 
exceeds and can switch off the device when needed. Hence, it will reduce the wastage of energy and bring 
awareness among all. 
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Abstract:  Electrical energy has a vital role in the development of civilization as it is the most refined form of energy. Load demand 
of the power system varies with the electricity consumption. As the power generation has to meet the varying load demand for an 
efficient system, various technologies like thermoelectric power generation can be used. Thermal energy can be recovered as 
electricity by using thermoelectric generator module. It can be related to energy conservation and reduces the maximum demand of 
energy with power energy management. This paper contains the basic concepts of thermo electric power generation and its 
applications are reviewed and discussed here.      

Key words – TEG, thermoelectric generator, Seebeck effect, thermoelectric materials 

1. INTRODUCTION: 
 

 For the development of any country, electrical energy has a vital role.  Some of the advantages of electrical energy are bulk 
power generation, economic transmission over long distance and can be efficiently distributed for domestic and commercial 
loads. Conventionally, electrical energy is obtained by the conversion from burning fuels or by the fusion of nuclear material or 
by using hydro energy Hydro energy is a replenishable source but is also limited in terms of power. 

          When exponentially rising population and increasing per capital energy consumption is considered, the non- replenishable 
fuel sources are not likely to last for a long time. Hence a co-ordinated plan is required so that energy supplied satisfies load 
requirement with low economical cost. In thermo electric generators, heat energy is directly converted to electrical energy. Some 
of the advantages of thermoelectric materials are  

1) As there is no moving part, the working is smooth and silent. 
2) Less maintenance is required  
3) They are compact in size and pollution free. 
4) It can withstand elevated temperatures for hours of steady state operations. 
5) In rural areas where electricity is a problem, this technology is suited for small scale and remote applications. 

   As TEG has low conversion efficiency of 5% to 8 %, its usage is restricted to specialized fields where reliability is a major 
concern. Drawbacks are expensive, large output resistance and large variation in temperature .In this paper, fundamental 
concepts of thermo electric power are discussed and a brief overview of several applications of thermoelectric, which include 
thermoelectric wooden stove, power generation from waste energy etc. 
 
 

 
 

2. METHODOLOGY 
 
a. Seebeck effect 

 
Heat is applied to two different conductor materials with a junction of difference in temperature which will generate electric 

current. The voltage magnitude depends on temperature difference and type of the material used. Figure (1) shows the voltage 
generation using Seebeck effect. 
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Figure (1): generation of voltage using Seebeck effect. 

 
Here conductor C and conductor D are joined together to form junction of a circuit. They are connected in series electrically and 
in parallel thermally. Let the hot junction has a temperature of Th and cold junction has a temperature of Tc .A voltmeter is 
placed between the two junctions to measure the voltage generated. The voltage produced is directly proportional to difference 
in temperature, Th – Tc. 
Seebeck coefficient is defined as S  

𝑆 = ∆𝑉
∆𝑇⁄             (1) 

Where ∆𝑉  is the thermoelectric voltage and ∆𝑇      is the temperature difference   between Th and Tc.    
  

b. Figure of merit ZT  
ZT indicates the measure of how efficiently the conversion of heat energy to electrically energy occurs in the system. It is 

dimensionless. ZT depends on properties of materials used and on the operating temperature T. It can be expressed as  
𝑍𝑇 = 𝑇(𝑆2𝜎 𝜆⁄ ) 

Where S = Seebeck coefficient of material, 𝜎 =  electrical conductivity and 
 𝜆 = Thermal conductivity of the material  
T = working temperature  
When Seebeck coefficient is of high value, figure of merit is high. ZT can be increased by either increasing λ or σ. High value 
of ZT is preferred for the good performance of the system. ZT gives the magnitude of maximum power conversion efficiency 
of TE module. 
 

c. Heat transfer  
Conduction is the heat transfer mode in TE module. Heat moves from high temperature to low temperature as temperature 

difference is the input force to the system, heat transfer occurs. Thermal conduction is proportional to the magnitude of the 
temperature gradient  

𝑄ℎ =  − Δ𝑇
𝑅ℎ⁄        (3) 

Where Rh is the thermal resistance, Ohm is the rate of heat transfer and ∆T is the temperature difference. 

Thermal resistance 𝑅ℎ = Δ𝑥
𝜎𝐴 ⁄   (4) 

Where ∆𝑥 is the heat transfer distance, 𝜎 = coefficient of thermal conductivity and 
 𝐴 = Surface area 

 
d. Maximum efficiency  

TE devices are dependent on temperature gradient and absolute temperature values. TE device can generate DC whenever 
there is a temperature difference.  

Maximum efficiency  𝜂 =
(𝑇ℎ−𝑇𝑐)

𝑇𝑐
(

𝛼−1

𝛼+1
)    (5) 

Where 𝛼 = 1 + 𝑧 ∗ 𝑇𝑎𝑣𝑔1/2 
Z* = optimum value Z for P type / N type material in TE device  

𝑇𝑎𝑣𝑔 =
(𝑇ℎ + 𝑇𝑐)

2
⁄     (6) 

 
3. WORKING OF THERMO ELECTRIC POWER GENERATOR  

 
Thermo electric devices convert thermal energy into electrical energy and vice versa. A thermo couple is formed with two 

dissimilar metals with two junctions (hot junction and cold junction). When hot and cold junctions are interchanged, the direction 
of flow of current is reversed. Heat sink is provided at the cold junction to maintain temperature Tc. Charge carriers in the 
thermoelectric materials are electrons and holes.  The motion of charge carriers leads to a temperature difference across the 
device. 
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Figure (3) Schematic diagram of thermo electric generation 

 
Positive entropy change occur during heat transfer process. When current flows Joule effect occurs and heat energy is dissipated 
in the resistance of TEG. 

4. TEG STRUCTURE 

The TEG device consist of more number of thermocouples  Fig(3) Schematic diagram of thermo electric generation Simplest 
TEG has f P – type and n- type semiconductor material which form thermo couple .Here two legs are linked by conductor 
forming a connection . 

 
 

 
 

Figure (3) Schematic diagram of thermo electric power generation 
 

P- type leg has excess number of holes and has positive Seebeck coefficient. N- type leg has excess number of electrons and 
has negative Seebeck coefficient. A voltage is produced across load resistance when current flows through it. Power increases 
when temperature difference across the module increases. 

 
5. COMPOSITION OF THERMO ELECTRIC GENERATOR MODULE  

 
Figure (4) shows   the arrangement of a conventional single-stage thermoelectric power generator. The foundation is two 

ceramic plates which provide mechanical strength and insulation to p-type and n-type semiconductors.  Alumina (Al2O3) is 
used as material for ceramic plate. The semiconductor materials (silicon-germanium SiGe, lead-telluride PbTe based alloys) are 
placed between the ceramic plates Copper strips interconnects the junction connecting thermo elements between cold and hot 
plates. . The size of thermoelectric device vary from 3 mm2   to 75 mm2.  The Length of the thermoelectric module can be up to 
50 mm .The height of one stage thermoelectric modules ranges from 1 to 5 mm.  The thickness of the module vary from 4 mm 
to 5mm. 3 to 127 thermocouples are used in a module. To meet large temperature difference, multi stage thermo electric devices 
can be used .Height of the such stage thermoelectric modules can be up to 20 mm.  
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Figure4: Thermoelectric Generator module 

 
The   electrical power output of TEG ranges from microwatts to   kilowatts. For a given cross-sectional area, maximum output 

increases with decrease in length of thermo element. Maximum output varies with contact properties and geometry of module. 
 

6. BLOCK DIAGRAM OF THERMO ELECTRIC ENERGY SYSTEM 
 

The main components in the thermoelectric energy system are  
 

(1) TEG 
If the temperature gradient is provided between hot and cold junction of the device, the output terminal of TEG can provide 

electric power to the external load. 
 

(2) Heat source  
Heat pipe system work with medium temperature to high temperature range. Water is the fluid used with a working temperature 

of 3000 C. Heat exchanger absorbs heat and transfer to TEG. TEG converts thermal energy into electrical energy partially. 
Remaining heat energy is transferred to cooling system and is dissipated.  

 
(3) Cold source  

They are generally heat sinks, cooling blocks and radiators. It helps to maintain a temperature difference in TEG. 
 

(4) DC- DC converter  
Converter is used to obtain different dc voltage level.. As the output of TEG varies, DC- DC converters are used to satisfy 

load requirements. For DC- DC converter, controllers are used to regulate voltage of DC- DC converter. 
 

(5) Load 
Load is connected to electric storage which can be either super capacitor or battery storage system. To avoid overcharging of 

battery, a regulator is required. 

 

 
 

Figure5: Block Diagram of thermo electric energy system 
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7. PERFORMANCE OF THERMOELECTRIC POWER GENERATORS  

The performance of TEG depends on figure of merit ZT. Figure of merit varies with different thermoelectric materials. Figure 
(6) shows variation of efficiency with electric power output for various figure of merit of thermo electric materials. When ∆T is 
increasing, efficiency also increases. For a figure of merit of 3, conversion efficiency is found to be 23% for a temperature 
difference of 600K. 

 

Figure 6: Graph showing conversion efficiency for different figure of merit 

8. APPLICATIONS 

The performance of TEG can be improved by using components that require less maintenance. Thermo electric generation can 
be used for medium power requirements in remote places, mountains or in deep oceans. 

 TEG are used on gas pipe lines where radio communication, telemetry and cathodic protection is required. Power consumption 
in gas pipelines are up to 5 KW that can be easily provided by using thermo electric generators. 

 Thermoelectric Generators are used as remote and off-grid power generators for remote areas.  
  The Solar PV panel with TEG can be used in power system for meeting load requirements. When solar PV panel is down then 

TEG will act as a backup source till solar PV can take the load. 
 TEG increases the fuel efficiency of entire automobile system by using waste heat energy. Waste heat from microprocessors, 

Solar PV system, heating from communication towers, b. 

9. EXPERIMENTAL SETUP OF THERMOELECTRIC GENEATION  

a) BY USING THERMOELECTRIC WOODEN STOVE 

 By using thermoelectric module, heat energy from the burning stove is converted into electrical energy. Figure 7 shows the 
block diagram of thermo electric stove. TEC 12704 is the specification of TEG module used. Heat sink is provided to keep heat 
equally to all the cells cooling system is used so that cold junction is maintained at desired temperature. The output voltage of 
each cell is 2.25 Volt and 20 Volt is obtained by connecting all cells in series. 12V, 7 Ah battery is used to store the electrical 
energy generated from TEG module. An inverter is used to convert dc energy stored in the battery to AC so that house hold 
appliances can be connected to it. IC 3525 is used as the oscillator which provides necessary frequency of output square wave. 
IRF44 MOSFET is used to amplify the electronic signals. The center tapped transformer with input of 12V and output of 230V is 
used to step up the voltage to 230V 
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Fig 7Block Diagram of Thermoelectric Stove 

When a temperature difference is build up at TEG module through wooden stove, voltage is generated. When temperature 
difference is increased, voltage increases. The maximum voltage obtained is about 25V for a temperature difference of 80 degree 
Celsius. Figure 8 shows the curve between voltage generated across TEG and temperature difference.  A diode is kept between 
the battery and stove in order to avoid reverse flow of energy from the battery to the modules. The output of inverter is connected 
to bulb and fan 

 

 
Fig: 8 Voltage versus Temperature. 
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b) USING WASTE HEAT ENERGY FROM AUTOMOBILES  

Heat energy from the automobile is utilized for electric power generation. 

 

Figure shows the block diagram of proposed system 

TEG SPI 1848-27145 SA is used as the TEG module. 555 Timer is used as the converter which step up the voltage of TEG 
module. To get pure DC voltage, Capacitor filter is used. LM 35 senses temperature of the module. The microcontroller ATMEGA 
328 interfaces LM 35 with LCD display the analog output of LM 35 sensor is converted into digital signal in micro controller. 
When the temperature of TEG module exceeds desired value, the microcontroller turns on the motor. This helps module to cool 
down and temperature is maintained with in the safe limit.  

12 V DC from TEG module is converted to 120V AC with the help of a transformer. 120V AC voltage is stepped down to 24 
V AC and is rectified to 24 VDC using the bridge rectifier. Figure shows the simulation result of converter. For input voltage of 
12V DC, 24V DC is obtained. 

            Fig: Input Voltage           Fig: Output Voltage 

 

10. LIMITATIONS TO THERMO ELECTRIC GENERATION 

  Conversion efficiency is low.  
 Cost is high 
 Output resistance of generator is high  
 Thermal conductivity  is low 
 There is difficulty in removing heat from cold side. 

 

 

 

11. CONCLUSION  

Considering the global warming issues and limited amount of energy sources, several research is going on the generation of 
thermo electric power in efficient manner. In this paper, basic concepts of thermoelectric power generation are discussed. Future 
scope in thermo electric generation is to find its application in domestic, automobile, microcontrollers, and wireless EEG system, 
watches and hearing aids and industrial waste heat. The electric power generated from TEG is pollution free and the developments 
in module configuration will help to use TEG more effectively in applications where waste heat energy can recycled and used. 
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ABSTRACT: Today the world is facing so many challenges regarding the energy crisis. As the population increases the demand 
for energy also get elevated. There is increase in energy demand for portable electronic devices and harnessing of alternative 
renewable source of energy is of interest as it is eco-friendly. This made us think about harnessing energy from different sources 
like from a microbial fuel cell utilizing dairy waste and vibrational energy from footsteps. For this the use of Piezo-electric 
crystals are being used for absorbing the pressure energy from the footsteps and converting the corresponding mechanical energy 
to electrical energy. Another method adopted for energy generation is the use of Microbial Fuel Cell (MFC). This uses the 
bacterial action to derive bio-electricity from waste. The MFC can generate electricity as well as it contributes to the effective 
waste management on a large scale. The electricity produced is of low power. 

KEYWORDS: Microbial Fuel Cell, Dairy byproduct, Whey, Renewable energy, Piezo-electric sensor 

Introduction 

The world we are seeing today is facing a lot of undeniable setbacks. For thousands of years we have been relying 
on fossil fuel for power generation to meet the demand. As the fossil fuels acts as the primary means of energy 
generation it also causes many complications as well. Climate change is one of the serious issues caused by the over 
dependence on fossil fuel. The abundant usage causes hike in the pollutants concentration in the atmosphere which 
will leads to massive increase in temperature on the earth’s surface. This is a huge threat to the environment. This is 
what led us to make us look into the greatly and rapidly developing fields of renewable energy. 

The use of Piezo electric modules for the application on footpath can contribute to the vast generation of electricity 
by installation. Basically, we don’t require any expensive machinery and it widely uses the pressure generated from 
the footsteps of the pressure from the moving vehicles as in advanced applications.  

The Piezo crystals has the ability to generate voltage by absorbing the pressure energy and converting to electrical 
energy. It is called as Piezo-electric phenomenon. The main advantage is that the areas which are needed to generate 
energy is not isolated or divided from the surroundings, it uses the active surroundings to generate electricity, saving 
the cost for land and any other premises. 

The Prototype can be installed in any place especially crowded region, from road pavements, schools and other 
educational institutions, offices etc. The practical implementation is such a prototype will inculcate feelings of using 
cleaner energy, conserving the planet and efficiently utilizing all resources god has gifted us with. 

The microbial fuel cell can be used for waste treatment as well as for biological power generation. Microbial Fuel 
Cell (MFC) uses bacterial metabolism to producing electrical current from organic substrates. Here the byproduct 
obtained from Paneer making process in a dairy is the fuel to the Microbial Fuel Cell and the analysis of the MFC 
with different varieties of bacteria has been carried out.   

We are using the action of Klebsiella Pneumonae bacteria for the whole process as it yields comparatively high 
amount of output from other micro-organisms. The Whey paneer used for power generation is treated with different 
microorganisms in a two compartment cell without any mediators in the microbial fuel cell.  

The microorganisms utilized carbonate especially the lactose present in the Whey for generation of bioelectricity. 
The microbial fuel cell has no intermediary process and hence efficient bioelectricity is produced by this process. 
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Significant amount of MFC s can be stacked together for increasing the output level. So basically, the said idea can 
contribute to the energy demand crisis by adopting cleaner method and at the same time it can also help to achieve 
proper waste management industrially and can use the byproducts of the process for various other applications. 

The characteristics of Paneer Whey is shown in below table 

 TABLE 1: Paneer Whey characteristics 

Characteristics Value 
pH 5.5 

Total amount of carbohydrate(g/ml) 32.9 

Total amount of Protein (g/ml) 6.9 

COD (mg/l) 52000 

 

Paneer whey is rich in organic contents and it suits as a fuel for the MFC. Due to its high COD value, we can’t 
directly discharge into the nature. The microorganisms make use of the organic contents in the whey substrate and 
breaks it down to liberate electrons as well as lower the COD value considerably to a safe limit that’s fine to be used 
for agricultural purposes 

The chemical reaction is  

 Reaction in anode 
                        C6H12O6 +H2O        12CO2 + 24e- +24 H+ 
 
                       Reaction in Cathode 
                       O2+4e- + 4H+           2H2O 
 
For construction of MFC, In the experiment two glass bottle of 500ml capacity is used for two chamber MFC. 
Instead of Proton exchange membrane, agar salt bridge is used here. When two electrodes are immersed in MFC, the 
salt bridge provides electronic contact between solutions in two bottles. [3] Carbon is used as electrode. The 
electrode has dimension 12cm x 1.5cm. Single stranded 0.8mm copper wire is used for connecting cell to external 
circuit. 

The agar solution is prepared by heating 2 to 5% agar with 1M KCl. The solution is poured to a glass tube of 
internal diameter 12mm. The glass tube has to be kept in 1M KCl solution. Distilled water is used for filling cathode 
compartment and 500ml whey in inoculum is used for filling anode compartment. It is continuously aerated using 
aquarium aerator. [1]. The MFC was run using Klebsiella pneumonae. 

Klebsiella pneumonae colony was inoculated into conical flask of 100ml. which contains nutrient broth. Under 
aerobic condition incubated the flask for 24hours at 370C. Then 50ml of above was added to 450ml of treated whey. 
It is then charged in anodic chamber of cell. Distilled water of 500ml is filled in cathode chamber. Immersed the salt 
bridge and electrode. The cell is kept for 24 hours to stabilize. [2].  

We also used saccharomyces (yeast) as our lacto actor in the MFC instead of Klebsiella pneumonae. The process 
involved where similar to that when we used Klebsiella pneumonae but for yeast, the output was much lower than 
the other. 

For bucket design, bucket Design, the process is same and the only difference is in the design structure. Here the cell 
is designed with a capacity to process for 5 litres total. Incidentally, we have developed a new design with 4 
cylindrical chambers and the microbial fuel cells were planned to be charged with the required quantity of paneer 
whey. We took 3.6 litres of paneer whey and distributed it in 4 chambers and added 400 ml of klebsiella inoculum 
(100ml in each chamber).  

Our earlier study provided data that klebseilla organism is better suited to this study as it comes under coliform 
group of organisms. Other strains like E-coli, Geobacter, saccharomyces, shewanella are also suitable for power 
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generation. [3, 4] Data available on power generation of these organisms were also closel
current organism was selected based on the ease of availability under the pilot study process.

Materials and Methods 

The cathode chamber is filled with 5 litre
chamber connected through 4 agar salt bridges serially. Four carbon electrodes each were connected with 0.6 mm 
copper wire was placed inside anode and cathode chambers.

Aeration was done cathode chamber with the help of two aerator pumps in the experiment. 
bridge was immersed in the whey in the anode chamber and the other end in distilled water solution in the cathode 
chamber. The 4 anode chambers were filled with 900ml of whey inoculated with 100 ml of the Klebsiella culture, 
thus 3.6 litres of whey and 400 litres of inoculum were evenly d

 
Figure 1. Bucket model 
 

Figure 2. Single PVC anode chamber

] Data available on power generation of these organisms were also closely monitored and the 
current organism was selected based on the ease of availability under the pilot study process. 

The cathode chamber is filled with 5 litres of distilled water and the 4 anode chambers are placed inside the cathode 
hamber connected through 4 agar salt bridges serially. Four carbon electrodes each were connected with 0.6 mm 

copper wire was placed inside anode and cathode chambers. 

Aeration was done cathode chamber with the help of two aerator pumps in the experiment. The one side of agar salt 
bridge was immersed in the whey in the anode chamber and the other end in distilled water solution in the cathode 
chamber. The 4 anode chambers were filled with 900ml of whey inoculated with 100 ml of the Klebsiella culture, 

3.6 litres of whey and 400 litres of inoculum were evenly distributed in the 4 chambers. [6] 

 

 
Figure 2. Single PVC anode chamber 

y monitored and the 

of distilled water and the 4 anode chambers are placed inside the cathode 
hamber connected through 4 agar salt bridges serially. Four carbon electrodes each were connected with 0.6 mm 

The one side of agar salt 
bridge was immersed in the whey in the anode chamber and the other end in distilled water solution in the cathode 
chamber. The 4 anode chambers were filled with 900ml of whey inoculated with 100 ml of the Klebsiella culture, 
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Materials Used are 15 litrebucket, 3.6 Litre whey
Cap, 4 Agar salt bridge, 8 carbon electrodes

In Box Design, four individual cells 
mechanical protection to the cells. 

This design we further modified as a box type model. The anode chambers in this study was poly propylene bottles 
filled with the same quantity of whey and inoculum as done above and fitted with lids provided with openings to 
introduce agar salt bridge and copper wire fitted to the carbon electrode. 

All the precautions of making the chamber air tight and the salt bridge end immersed in whey were taken care of. 
The cathode chambers were also made up of poly propylene and filled with distilled water frequentl
two aerator pumps as before. The bottles were placed serially inside a box to make the design compact.

                   Figure 4. Box model 

 
Materials used are 3.6 Litre whey, Litre inoculum
electrodes, Aerator 
 
In Piezoelectric Tile, when a mechanical stress is applied across a piezoelectric crystal an emf is obtained and the 
electricity so produced is termed as Piezo Electricity. As walking is a daily activity of human, 
used for power generation. In normal case the footstep taken by human per day is 3000 to 5000. While walking 
energy is lost or converted in the form of vibration, sound etc. This transfer of energy depends on weight of the 
person and the force with which he walks. The en
the help of Piezo-electric crystal. [7, 8].

3.6 Litre whey, 0.4 Litre inoculum, 4 Litre distilled water, 
8 carbon electrodes, Aerator.  

our individual cells are connected in series which is occupied in the box which provide the 

This design we further modified as a box type model. The anode chambers in this study was poly propylene bottles 
filled with the same quantity of whey and inoculum as done above and fitted with lids provided with openings to 

copper wire fitted to the carbon electrode.  

All the precautions of making the chamber air tight and the salt bridge end immersed in whey were taken care of. 
The cathode chambers were also made up of poly propylene and filled with distilled water frequentl
two aerator pumps as before. The bottles were placed serially inside a box to make the design compact.

 

Litre inoculum, Eight 1Litre glass bottle, Four Agar salt bridge

hen a mechanical stress is applied across a piezoelectric crystal an emf is obtained and the 
electricity so produced is termed as Piezo Electricity. As walking is a daily activity of human, 
used for power generation. In normal case the footstep taken by human per day is 3000 to 5000. While walking 
energy is lost or converted in the form of vibration, sound etc. This transfer of energy depends on weight of the 

he force with which he walks. The energy from footstep can be utilized for producing electricity with 
]. 

 

, 4 PVC pipe, 8 PVC 

connected in series which is occupied in the box which provide the 

This design we further modified as a box type model. The anode chambers in this study was poly propylene bottles 
filled with the same quantity of whey and inoculum as done above and fitted with lids provided with openings to 

All the precautions of making the chamber air tight and the salt bridge end immersed in whey were taken care of. 
The cathode chambers were also made up of poly propylene and filled with distilled water frequently aerated using 
two aerator pumps as before. The bottles were placed serially inside a box to make the design compact. 

bridge, Eight carbon 

hen a mechanical stress is applied across a piezoelectric crystal an emf is obtained and the 
electricity so produced is termed as Piezo Electricity. As walking is a daily activity of human, the footsteps can be 
used for power generation. In normal case the footstep taken by human per day is 3000 to 5000. While walking 
energy is lost or converted in the form of vibration, sound etc. This transfer of energy depends on weight of the 

ed for producing electricity with 
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Figure 6. Energy generation from piezoelectric crystal

The prototype tile consists of 20 Piezo sensors

Area of single tile = 1 Square feet

Diameter of the Piezo sensor = 27 mm

Piezo sensors that can be  

installed in a single tile       = 5*4 = 20 units

Length of rubber mat = 90 cm 

Breadth of rubber mat = 30 cm

Number of tiles per step = 3 tiles

Total units of sensors required = 3*20 = 60 units

About 800 steps are required to get 1volt from the battery. [13]

We need a 12V battery 

Total number of steps = 12*800 = 9600 steps (minimum)

If the mat is placed in a busy area, assuming 1 footstep per second,

Time taken for 9600 steps = 9600/60 = 160 minutes (approx.)

                 TABLE 4: Components used for the prototype

 

Sl. 
No 

Components Specification

1 Piezo sensors 5V/µ

2 Diodes 

3 
Bridge 

rectifiers 
3NIX W10G

4 Capacitor 

 

Figure 6. Energy generation from piezoelectric crystal 

The prototype tile consists of 20 Piezo sensors 

of single tile = 1 Square feet 

Diameter of the Piezo sensor = 27 mm 

installed in a single tile       = 5*4 = 20 units 

 

Breadth of rubber mat = 30 cm 

Number of tiles per step = 3 tiles 

sensors required = 3*20 = 60 units 

About 800 steps are required to get 1volt from the battery. [13] 

Total number of steps = 12*800 = 9600 steps (minimum) 

If the mat is placed in a busy area, assuming 1 footstep per second, 

for 9600 steps = 9600/60 = 160 minutes (approx.) 

TABLE 4: Components used for the prototype 

Specification 
Quantity 

(no.) 

5V/µε, 1A p-p 20 

IN4007 20 

3NIX W10G 20 

25V, 22µF 1 
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Figure 7. Piezo tile circuit 

Piezoelectric tile makes use of piezoelectric sensors/ transducers. The piezoelectric sensors convert 
vibrational energy i.e. the mechanical energy from the footsteps into electricity. Here a top plate
provided, which has springs that help to concentrate the pressure on the Piezo module surface. The output 
of Piezo module is unregulated dc. To make it regulated, rectification circuit using diodes and bridge 
rectifier is provided. The bridge rectifier
prevent reverse charging of capacitor. The energy is stored and maintained steady using a capacitor.

Figure 8. Hardware setup 

 

Results and Discussions  

It is observed that series connection provided maximum open circuit potential. Readings from 0 hour to 24 hours for 
4 days were taken and the output data is mentioned here under. The voltage V at the start of the experiment was 
found to be 0.34 volts & at the end after 4th day it was 0.69 volt

TABLE 2: Readings obtained at the end of the day

Day 

1 

2 

3 

4 
 

Piezoelectric tile makes use of piezoelectric sensors/ transducers. The piezoelectric sensors convert 
vibrational energy i.e. the mechanical energy from the footsteps into electricity. Here a top plate
provided, which has springs that help to concentrate the pressure on the Piezo module surface. The output 
of Piezo module is unregulated dc. To make it regulated, rectification circuit using diodes and bridge 
rectifier is provided. The bridge rectifier will convert variable dc to fixed dc. The blocking diode will 
prevent reverse charging of capacitor. The energy is stored and maintained steady using a capacitor.

 

provided maximum open circuit potential. Readings from 0 hour to 24 hours for 
4 days were taken and the output data is mentioned here under. The voltage V at the start of the experiment was 
found to be 0.34 volts & at the end after 4th day it was 0.69 volt. 

TABLE 2: Readings obtained at the end of the day 

After 24 Hours 

Voltage 
(V) 

Current 
(µA) 

Power 
(µW)

0.61 354 251.94

0.71 504 357.84

0.7 323 226.1

0.69 87 60.03

Piezoelectric tile makes use of piezoelectric sensors/ transducers. The piezoelectric sensors convert 
vibrational energy i.e. the mechanical energy from the footsteps into electricity. Here a top plate is 
provided, which has springs that help to concentrate the pressure on the Piezo module surface. The output 
of Piezo module is unregulated dc. To make it regulated, rectification circuit using diodes and bridge 

will convert variable dc to fixed dc. The blocking diode will 
prevent reverse charging of capacitor. The energy is stored and maintained steady using a capacitor. 

provided maximum open circuit potential. Readings from 0 hour to 24 hours for 
4 days were taken and the output data is mentioned here under. The voltage V at the start of the experiment was 

Power 
(µW) 

251.94 

357.84 

226.1 

60.03 
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Figure 3. Voltage versus current graph 

The result obtained from box type model is shown in table 3 and figure 3. 

                 TABLE 3: Readings at the end of each day

 

 

 

 

 

 

                        Figure 5. Voltage verses current 

 

Day 
After 24  Hours

Voltage (V) 
Current 

1 0.67 
2 0.79 

3 0.8 

4 0.71 

 

 

The result obtained from box type model is shown in table 3 and figure 3.  

TABLE 3: Readings at the end of each day 

 

Figure 5. Voltage verses current  

After 24  Hours 

Current 
(µA) 

Power 
(µW) 

317 212.39 
627 495.33 

657 525.6 

213 151.23 
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The maximum voltage we obtained with the prototype tile was 12.42V and minimum around 2V, considering the 
fact that average weight of persons to be 50kg.

              Figure 9. Display value 

The energy is generated from the organic substrates by the help of bacterial action. The conversion 
the fuel cell and the whey acts as the fuel for generating bio
large-scale conversion of bio-waste to useful power

The pressure energy is harvested using the piezoelectric transducers. Using this technique, a significant amount of 
energy is being converted. The technique can be actively used for harn
new version of the prototype so that the pressure energy created by the vehicles can be actively be converted to 
electricity. 

Conclusion 

It is evident that electrical energy can be tapped from the industrial effl
this study. More power can be generated by modifying the design so that surface area increases and also electrodes 
in the fuel cell. 

The output can be improved by selection of suitable microbes and electrodes. The
should be more for maximum output from
microbes and electrodes. The system has to be scaled up using latest technology. Agitation effect, pH value, 
conductivity, surface area of electrodes are the significant factors considered for efficient power generation.  

This method of power generation is suitable for rural and remote area also. Electricity can be generated until anode 
gets corroded. Maximum power is obtained during the first half of reaction as anode is more active to donate 
electron in due course the anode losses its ability and gets corroded. At the end of the operating hours the production 
of electricity is reduced slightly. Development in better bio electrode can solve this issue. More study is required in 
this case  

Developing countries are nowadays depending more and more onto renewable sources. One of the most popular 
method is using piezoelectric material to harvest energy from vibration source.

The test conducted or the experimental setup is economical and technically feasible. This process can be 
low power generation. A better energy management scheme helps to utilize energy produced from Whey for the 
illumination and working of equipment which requires less power. By using battery
stored for future use.  

The maximum voltage we obtained with the prototype tile was 12.42V and minimum around 2V, considering the 
fact that average weight of persons to be 50kg. 

 

The energy is generated from the organic substrates by the help of bacterial action. The conversion 
the fuel cell and the whey acts as the fuel for generating bio-electricity. The concept can be used ind

waste to useful power 

The pressure energy is harvested using the piezoelectric transducers. Using this technique, a significant amount of 
energy is being converted. The technique can be actively used for harnessing energy from the road by installing a 
new version of the prototype so that the pressure energy created by the vehicles can be actively be converted to 

It is evident that electrical energy can be tapped from the industrial effluents based on the experiment conducted in 
this study. More power can be generated by modifying the design so that surface area increases and also electrodes 

The output can be improved by selection of suitable microbes and electrodes. The adhesion capacity of microbe 
should be more for maximum output from cell. Environmental aspects have to be considered while selecting 
microbes and electrodes. The system has to be scaled up using latest technology. Agitation effect, pH value, 

, surface area of electrodes are the significant factors considered for efficient power generation.  

This method of power generation is suitable for rural and remote area also. Electricity can be generated until anode 
gets corroded. Maximum power is obtained during the first half of reaction as anode is more active to donate 

de losses its ability and gets corroded. At the end of the operating hours the production 
of electricity is reduced slightly. Development in better bio electrode can solve this issue. More study is required in 

epending more and more onto renewable sources. One of the most popular 
method is using piezoelectric material to harvest energy from vibration source. 

The test conducted or the experimental setup is economical and technically feasible. This process can be 
low power generation. A better energy management scheme helps to utilize energy produced from Whey for the 
illumination and working of equipment which requires less power. By using battery, the energy from Piezo can be 

The maximum voltage we obtained with the prototype tile was 12.42V and minimum around 2V, considering the 

The energy is generated from the organic substrates by the help of bacterial action. The conversion was done using 
electricity. The concept can be used industrially for the 

The pressure energy is harvested using the piezoelectric transducers. Using this technique, a significant amount of 
essing energy from the road by installing a 

new version of the prototype so that the pressure energy created by the vehicles can be actively be converted to 

uents based on the experiment conducted in 
this study. More power can be generated by modifying the design so that surface area increases and also electrodes 

adhesion capacity of microbe 
to be considered while selecting 

microbes and electrodes. The system has to be scaled up using latest technology. Agitation effect, pH value, 
, surface area of electrodes are the significant factors considered for efficient power generation.   

This method of power generation is suitable for rural and remote area also. Electricity can be generated until anode 
gets corroded. Maximum power is obtained during the first half of reaction as anode is more active to donate 

de losses its ability and gets corroded. At the end of the operating hours the production 
of electricity is reduced slightly. Development in better bio electrode can solve this issue. More study is required in 

epending more and more onto renewable sources. One of the most popular 

The test conducted or the experimental setup is economical and technically feasible. This process can be used for 
low power generation. A better energy management scheme helps to utilize energy produced from Whey for the 

he energy from Piezo can be 
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Small or mini low power charging stations can be installed by using the power generated from Whey and Piezo 
crystal in the form of tile as we can utilize the power of footsteps continuously. This method is highly suitable for 
densely populated areas as people keeps on moving. The generated energy can be utilized for street lights, mini 
power charging booths etc. In future the concept of Piezo electricity generation can be applied to thread mill, 
commercial buildings, railways and all walk ways. 
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Abstract: In this study citric fruit lemon was used for generation of electricity. The lemon fruit can be used 
as such or in crushed form. In order to achieve higher voltages, we connected more number of fruits in 
series. For higher magnitude of current we have to connect lemon in parallel and for increased voltage and 
current we have to connect lemon in series parallel combination. Here we used citrus fruits, wires and 
electrodes for performing the experiment. The out is connected to LED to check the output. Output voltage 
is measured in various conditions using Multimeter. The various conditions under study are raw lemon, 
ripe lemon, aged lemon. The assumption was due to ageing the magnitude of voltage and current decreases. 
It is found that raw and ripe lemon gives better output voltage compared to aged lemon. More the age of 
the lemon lesser is the magnitude of voltage.  This method can be used not only for power generation using 
citric fruit lemon but also after power generation it can be used as natural manure. More over this method 
does not cause any pollution or global warming. As the magnitude of the current and voltage is small the 
output can be used for working of devices which operates in low voltage and current thereby reducing the 
usage of pollution causing batteries.  

  
Keywords: Bioelectricity, Lemon fruit, Ageing effect, Voltage magnitude.  

  

I. INTRODUCTION  
    Voltage is referred as the potential difference between two points and current as the flow of electrons[5]. Electricity is 
produced due to electrochemical reaction. The chemicals present in citrus fruit act as electrolyte. The acid present in fruit 
is similar to acid in the cell. In a battery or wet cell there is negative and positive electrode with an electrolyte. The juice 
of citric fruit act as electrolyte as it is acidic in nature. Higher the acidity higher is the voltage. Size of fruit also affects 
generation of current as the citric acid inside the fruit is more for larger fruit [2].  

    The value of pH of different fruits are different. More the acidic lesser will be the pH Fruit which is more acidic is best 
suited for power generation. Lemon, orange, grapes etc. are the commonly available fruits. Lemon is having twice the 
citric acid compared to grapes and five times compared to orange. The pH value of citric juice in Lemon is 2 to 3, grape 
is 3.38 and orange is 4.35. So Lemon is best suited for the study as it is more acidic which is required for power generation 
to act as a cell electrolyte.   

    Citrus fruit lemon is the third highly grown fruit crop in India, South East Asia and China. During the early raw and 
overaged stage of lemon the accumulation of juice and water content will be less. Also acidity of lemon will be less 
during early raw stage of lemon, increases as the lemon ripe and decreases as it gets overaged [3]. For the lemon to act 
as a cell electrolyte the acidity should be more with sufficient juice for easy movement of ions. The used lemon or 
biowaste is ecofriendly and can be converted to natural manure [6].  
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      For current to flow we have to connect two electrodes to the fruit so that it comes in contact with the citric 

juice. For good electrical conductivity the juice of lemon plays a vital role. The two electrodes should be 
opposite to each other and should not touch each other. Using connecting wires and LED lamps we can 

complete the circuit and check the flow of electric current from glowing lamp. Glowing lamp indicates generation of 
electric current. To measure the magnitude of voltage and current connect Multimeter across the lamp [4].   
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    It is safer to use Copper and Zinc or Copper and galvanized iron as electrode for better power generation. Also it is 
readily available and cost efficient compared to other electrodes. More over in most of the experimental setup and study 
conducted it was found that Copper and galvanized iron or Zinc is best suitable [1].   

    In the study we have assumed ripe lemon gives higher voltage, as lemon gets over aged the voltage developed decreases 
and to get higher voltage lemon has to be connected in series. For conducting the experiment Copper and galvanized iron 
was used as electrode and the three stages of nearly same size lemon was used namely raw lemon, fresh ripe lemon, 
slightly over aged lemon, moderately over aged lemon and highly over aged lemon. The temperature and distance 
between the electrodes was kept constant.  

  

II. MATERIALS AND METHODS  
2.1 Materials   

    Lemon, copper electrode, galvanized iron electrode, connecting wires, knife, Multimeter, LED bulb and alligator clips 
were used for conducting the experiment.  

  
2.2 Methods  

    For the experimental procedure we selected three types of lemon of nearly same size. The lemon selected were raw, 
ripe and over aged ones. Three overaged lemon of different age was used keeping the size nearly same. The selected 
citric fruit lemon was cleaned and pressed slightly so that juice gets loosen for efficient ion movement. The lemon used 
was cut for inserting electrode. Special care was taken to keep distance between electrodes to avoid short circuit. The 
electrodes were kept opposite to each other and LED/ multi meter is connected using connecting wire and alligator clips. 
As the circuit was complete and closed one current started flowing showing voltage in the multimeter. The experiment 
was repeated for three stages of lemon namely unripe, ripe and over ripe. For testing current in over ripe three over ripe 
stages were considered namely less over ripe, moderately over ripe and highly over ripe. As the study conducted was on 
different stages of lemon we kept the size of fruit, electrode, temperature of experimental setup and distance between the 
electrodes as constant or same (Figure 1).  
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III. RESULT AND DISCUSSIONS  
    The experiment setup and measurement is shown in figure 1.In the figure the value of voltage obtained for ripe lemon 
measured using multi meter was shown. The same procedure was used for measuring voltage of all stages of lemon. 
Voltages for various stages of lemon was measured using the experiment setup and the result is shown in              table 
1.   
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Table 1: Experimental result  
Case  Number of Lemon  Stages of Lemon  Average voltage developed (Volt)  

1  1  Raw  0.973  

2  1  Ripe  0.999  

3  1  Slightly overaged  0.724  

4  1  Moderately  overaged  0.644  

5  1  Highly overaged  0.599  

6  2  Raw lemon in series  1.65  

7  2  Ripe lemon in series  1.67  
    For all cases the electrode, size of the lemon and distance between the electrodes was kept as constant. In order to 
understand the effect of life of lemon on voltage developed the percentage change in voltage developed for all the cases 
considering ripe lemon as standard as it gave maximum voltage when connected alone.   

    The voltage developed and percentage change in voltage with respect to single ripe lemon is shown in figure 2. In 
figure 2, series 1 and 2 represents percentage change in voltage w.r.t voltage developed in ripe lemon. The histogram 1 
to 6 represents values of voltage and percentage voltage change due to raw lemon, slightly overaged, moderately  

Figure 1:   E 
  

xperimental setup and measurement   of voltage   
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    It is clearly seen that more voltage is obtained if we connect lemon in series and its magnitude is 1.67V which is more 
than single ripe lemon and percentage increase is 67.17%. When two raw lemons were connected in series the voltage 
obtained was 1.65Vwhich is more than single ripe lemon and percentage increase in voltage is 65.17%. For single raw 
lemon the voltage is 0.973V which is less than single ripe lemon and the percentage change is -2.6%. Slightly overaged, 
moderately overaged and highly overaged lemon gave 0.724V, 0.644V and 0.599V respectively which is less than single 
raw and ripe lemon. The percentage change in voltage of slightly overaged, moderately overaged and highly overaged 
lemon are -27.53, -35.54 and -40.04%. As age of lemon increased the developed voltage decreased.    

  

IV. CONCLUSION  
    Lemon was selected for the study as it was more acidic citric fruit compared to other readily available citric fruits. 
Throughout the study the parameters kept constant were size of the lemon, electrode, distance between electrode and 
temperature of experimental setup. It was found that fresh ripe lemon gives higher voltage compared to raw and overaged 
lemon. The voltage developed in raw lemon was more compared with overaged lemon. From the analysis of  
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voltage developed in slightly overaged, moderately overaged and highly overaged lemon it was found that as age 
increases the voltage developed decreases. So we can conclude that during early raw stage of lemon and overaged stage 
the accumulation of juice and acidity of lemon is less. This decrease adversely affects in flow of current and value of 
voltage when lemon act as cell electrolyte. For better current and hence voltage lemon should be more acidic and it was 
more acidic in fresh ripe stage. In order to get higher voltages, we connected more number of lemon in series. Maximum 
voltage was obtained when fresh ripe lemon was connected compared to other stages of lemon. The main advantage of 
lemon as a cell compared to low voltage battery, it was environmental friendly and does not produce greenhouse gas or 
causes pollution. The used lemon was a good source for bio-waste.  
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Abstract:  Though our nation has advanced in various sectors like industries, defenses, IT etc. we still have conventional way of 
problem solving or occupations still prevalent. Drainage cleaning is one of them. The drainages are, in major places cleaned by 
human beings. In this project we aim to minimize the manual labour in drainages, by implementing some electronic components. 
Various components like flowmeter, temperature sensor, level sensors are placed on the surface to detect various level of parameters. 
‘Smart drainage monitoring and control system’ uses an ARDUINO microcontroller to receive inputs from drainage through various 

sensors to produce appropriate output and monitoring. This project is to help whoever goes into the pipe feel a bit safer and have 
little less hazards to deal with. 
 
 
Index Terms - Arduino, Microcontroller, Sensor, Drainage 

I. INTRODUCTION 

II. Smart drainage monitoring and control system using Arduino is proposed to overcome real time problems. Nowadays the sewage 
problems from industries is increased. The proper disposal of the wastage and effective planning is the main goal of any industry [1]. 
This proposed system controls the level of drainage using ARDUINO and other sensors like level sensor, temperature sensor, 
flowmeter and gas sensors. A buzzer is used for notifying the officials and taking necessary actions. ARDUINO empowers users to 
help communicate between the electronic components and the user commands. Through wires these components are connected to 
Aurdino microcontroller. The programmable part that dictates the performance is called Integrated Development Environment-IDE.   

                 There are some situations of direct human interaction in the cleaning. The difficulties in the work environment has 
been reduced by this system. From a remote location the supervisor can access the system using a password protected computer. In 
recent years the flooding problem also causes the drainage systems to overflow. When there is a blockage of drainage system water 
overflow occurs. This water consists of waste material that are non-biodegradable causes climate change and flooding [2]. The gases 
produced due to waste in drainage are harmful which cause serious problem if humans inhaled this in large amount [3]. If there is a 
block it is not easy to find exact location. We cannot receive early alerts of blockage [4]. Manual monitoring is inadequate. It needs 
many persons who completely report with less precision.[5] 
 II .MATERIALS USED 

 
1. ARDUINO:  

It is a single integrated chip which can accomplish the logical functions. These functions can perform using processor core, 
memory, and programmable input/ output peripherals. 
 
 
 

2. GAS SENSOR :  
Here a MQ2 sensor is used for detecting the smoke and various gases inside the pipe. MQ2 is able to detect H2, LPG, CH4, CO, Alcohol, 
Smoke or Propane. The sensor contains a resistive coil inside the net surface and the gases exposed changes the resistance, thus sensing 
the gas. Its sensitivity can be changed by turning the potentiometer. 

 

3. NODEMCU ESP 8266 : 
 To transmit the data from the Arduino ESP8266 is a Wi-Fi module is used. It is a chipset which is used widely for IoT uses. A firmware 
that runs on the chip based on the ESP -12 module is included. 
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4. WATER LEVEL SENSOR:  
Water level indicator passes information to a control panel which indicates the level of water. The overflow of water can cause troubles. 
This water level indicator aids in detecting the level of drainage. The sensor has vented strain gauge on its surface. The difference in the 
pressure is measured by the gauge and the suitable sensing is performed. 

5. SOLENOID VALVE 
The solenoid valve is an equipment used by the principle of Electromagnetism. The main function of this is to control the fluid flow. It 
can regulate the direction, velocity and the rate of flow of the medium. 

 
6. TEMPERATURE SENSOR: 

 A temperature sensor can measure the temperature and transduce the temperature to electrical signal.  For demonstration purposes, 
LM35 sensor is employed. Based on the temperature around it the output voltage varies. The main merit is no external calibration is 
required. 
 

7. FLOW METER :  
To check the velocity of the water flow ,the flow meter is used It is also employed to find the blockage in the pipe using the velocity of 
the flow. It contains a turbine which rotates based the velocity of the water. This is converted to electrical signal. 
 

8. EXHAUSTER :  
An exhauster is placed to vent out the gases inside the pipe. This also helps in reducing the temperature inside it. The exhauster is worked 
with the help of a solenoidal valve. 
 

9. THINKSPEAK :  
Think Speak is a free cloud software. The data from the sensors are uploaded to the cloud using the NodeMCU module. Using a cloud, 
the specific cloud can be accessed. The data are uploaded and displayed graphically. 
 

 
 

III.    METHODOLOGY 
Wireless Sensor Network is a monitoring generation that consists of sensors which reach and combine the use of a Wi- Fi community 
machine. Every node consists the statistics processing (microcontroller, e.g.: ARDUINO), memory, NRF transmitter/Receiver, 
power deliver machine and employed a number of sensors. To overcome the existing technologies disadvantages we develop a 24 
hour monitoring system for drainage. Use of water level sensor we can sense the water level in the drainage and if come at a 
dangerous level the system will automatically indicates the maintain centre. And also we create additional water pumping system 
it uses the filtered drainage water for pumping, it will automatically on and pump the water forcefully to the blocked area. They so 
if it works, the block will automatically remove, and the water level is automatically fallen, (if the water level rise is based on block 
by any waste substance).ARDUINO is the main unit in this system. To monitor and take inputs from various sensors the Arduino 
processor is programmed. From these values, based on preloaded program specifying the benchmark, the chipset will take the 
decision and act accordingly. The Arduino communicates with the Node MCU and transmits the data to the Think Speak cloud. It 
is updated in regular intervals and the changes c an be seen as a graph with parameter on Y-axis and time on The X-axis  
 

 
                                                            Figure 1. Maintenance side Block diagram 
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Figure 2. Drainage side Block diagram 

 

The system is assembled as such and the various parts are functioned and monitored individually. Similar conditions are created 
for the sensors to perform. The Arduino microcontroller is connected to the sensors and the data from the transducers are accepted. 
The program is written with the actions expected from the system. It is loaded to Arduino using an OTG cable. The Wi-Fi module 
is programmed appropriately to perform. The flow and the level of the water inside the drainage increases when the drain is 
blocked from the waste materials. Level sensor can provide an idea for the user about the space left inside the pipe and help in 
planning future needs. If the velocity of the water is too low, a buzzer is activated along with an LED. The rise in temperature is 
expected in a confined pipe containing toxic gases with very limited illumination. So it is necessary to keep track on that parameter. 
If somebody have to be inside the drainage for cleaning purposes, the long exposure to various dangerous gases inside thecan 
make him/her a lifelong patient.  

 
 

 
 

 
                                               Figure 3. Schematic Diagram 
 

The gas sensor is placed for detecting the toxic gases inside and if it exceeds a safe limit, it is informed and at the same time the 
exhauster is excited helping in reducing the temperature and the gas content. The gas sensors detect the decay gases and toxic 
gases filling inside drainage system. They give alert signals as LED indications and buzzer indications. As the water level sensors 
detect its maximum limit, a water cleaning pump is activated. All the actions are taken place through a wireless communication 
which is done by NodeMCU WiFi microcontroller. For proper power distribution a number of electronic components are added. 
The main advantages are design is simple. Cost is less. If required data can be available to public. Some of demerits are not very 
much reliable .Updation of clouds take more time. Non real time updation find some times difficult. 
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                                                                     Figure 4. Circuit Diagram 
 
 
IV.    WORKING 

 
 

 

 

Figure 5. Implemented project 

This project is mainly employs with an Arduino chip. It is a microcontroller based device. Here it senses mainly 5 values. These 
values are from the flowmeter, temperature sensor(LM35), gas sensor(MQ2)and 2 level sensors. Here the Arduino accepts the data 
from these sensors and send it to a cloud called thing speak with the help of a node MCU module (ESP8266 Wi-Fi-module). It helps 
to the inter communication of the thingspeak cloud with the API key provided by the channel in the thing speak cloud. There are 
some programming codes given to the Arduino for the proper working. 

1.  Water Level: There are 2 level sensors placed at top and bottom of the pipe. When the water level is between the individual 
limits of water level sensors, the system is in normal condition. If the water level goes below the limit set in lower level 
sensor or higher the limit of top level sensor, the buzzer is powered 

 
2. Temperature: 

Here, we introduce a source of heat to the sensor. When the temperature increases, the LM35 sensor senses the values and 
the Arduino port reports the said values. When it exceeds the limit, it is made notified and the exhauster starts to work. 

3. Velocity of flow: 
The employed flowmeter has a turbine based sensor. The speed of the turbine determines the outputted electrical signal. 
When the flowrate is reduced below a certain set limit, the buzzer is activated to notify the people of concern. 

4. Gas and smoke: 
MQ2 gas sensor is placed in front of the smoke or the gas. The resistance of the coil inside the sensor changes upon the 
contact with this smoke. This change is the output of the MQ2. As usual, if the value increases beyond the determined 
limit the buzzer is activated and the exhauster is worked.   
  

 
 
 
 
 
 
 
 
 
 

Water pump 

Control 

unit 

Control 
station 
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        V.     RESULTS 
 
 

    
                      Figure 5. Output Results 

 
          In order to make system smart different types of sensors are used. The system developed to monitor the level of water, flow 
of water ,gases and level of temperature. If the gas exceeds the limit value MQ2 sensor detects it ,the buzzer works and the values 
are indicated on screen. Excess gases are removed automatically by operating the exhaust valve. If the temperature exceeds the 
limit value LM35 sensor detects it and operates the buzzer by alarming it.Then the indicated value is  shown on the screen. Using 
exhaust valve excess temperature is removed. The level of drainage can be detected by the water level sensor and this level is shown 
on the screen. When there is blockage the overflow of water occurs. Through the cloud exhaust fan is employed. 
            
     VI.     CONCLUSION 
IoT projects based on Arduino are of low cost and easily manageable. This project can be treated as a stepping stone towards a 
hardware project that can perform in critical states. The prototype working model performs comparing real time data and taking 
actions. The inputs to the Arduino chip from sensors dictate the actions of the system. The monitoring of these data helps the 
concerned to be aware about various changes in the parameters. For monitoring and troubleshooting purpose a smart drainage 
system was implemented. 
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Abstract: Torque ripples in BLDC motor can be eliminated to a great extend by implementing sinusoidal commutation.The paper 
presents a Low-cost Sinusoidal Commutation drive for BLDC motor  actuator for 3rd stage of the PSLV. The method  implemented 
as part of paper uses Linear Hall Sensors to sense the magnetic field intensity and thereby use this information to generate the gating 
signals .The technique of implementation proposed in [1] is used to drive the BLDC motor in this paper. This method has the 
advantage of being simple and implementation flexibility . Also the use of Linear Hall Sensors in driving sinusoidally commutated 
BLDC motors is proposed in [2] . This work uses the information from the Linear Hall Sensors to get the information about the 
rotor position in conjugation with  proposed technique in [2] to drive the sinusoidally commutated BLDC motor  actuator system . 
The simulation of mentioned work is realized in MATLAB SIMULINK .The implementation of proposed method is done using 
analog control circuits. 
 
Key words : BLDC,SIMULINK , PWM, EPROM . 
 

I. INTRODUCTION 

 
In Sinusoidal commutation BLDC motor controllers drive the 3 phase motor winding’s with 3 phase currents that 

vary sinusoidally & smoothly as the rotor rotates eliminating torque ripples, commutation spikes present if trapezoidal commutation 
is employed. Exact information about rotor position is essential to maintain accurate sinusoidal modulation of stator currents as the 
rotor rotates. The ordinary hall effect sensors provides just a rough measurement of rotor position and  are ineffective. High 
resolution sensors like absolute encoder & resolver can be used instead for extracting exact position information of the rotor. Three 
phase currents through the winding’s can be made sinusoidal by means of PWM inverter . Since above mentioned sensors are really 
expensive in order to minimize the cost a sinusoidal drive system for BLDC motor has been proposed in this paper which utilizes 
Low Cost Linear Hall Effect sensor IC as rotor position sensor. 

 
II. BLOCKDIAGRAM 

 
 
The overall block diagram of proposed sinusoidal commutation technique is shown in Fig 2.1. A set of 3 linear 

hall effect sensors( kept 120 degrees apart) are used for position detection of rotor.The system consists of linear hall effect sensor 
IC’s ,triangular wave generator ,pwm pulse generation circuit, pwm inverter, comparators for region selection as well as pwm pulse 
generation, driver circuit , potentiometric arrangement , PI compensator , amplifier + notch filter and current limiter 
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Fig 2.1 Block Diagram 
 
2.1 PWM PULSE GENERATION LOGIC 

 
A new pwm pulse generation logic is proposed for 3 phase voltage generation inverter used for driving the three 

phase BLDC motor.  On  analyzing the ideal three phase waveform in Fig 2.2 ,we  can infer that the pattern of waveform in the 
region (0-60 )º repeats itself in the (120-180) º as well as (240-300) º. Similarly,the wave form in (60-120) º repeats itself in (180-
240) º and (300-360)º. Therefore by modulating the switches in the three phase inverter accordingly we can generate the ideal three 
phase output voltage waveform which is then injected to the BLDC motor stator windings. 

 
               In regions (0-60)º,(120-180)ºand (240-300)º voltage waveform in  Fig 2.2. has identical pattern ,2 phase voltages are 

higher in magnitude than 3rd phase voltage. The following modulation technique can hence be used :- 
 

• The MOSFET’s, Tin (i=a,b,c) &(n indicates negative power rail) for phase having lesser voltage is always made to remain 
ON, and the respective Tip (i=a,b,c) &(p indicates positive power rail) for the phase always remain OFF. 

• The MOSFET’s Tin (i=a,b,c) &(n indicates negative power rail) and Tip (i=a,b,c) &(p indicates positive power rail) for 
the remaining 2 phases are triggered in complementary pattern. 

 
While in regions (60-120)º,(180-240)ºand (300-360)º again the voltage waveforms in Fig 2.2 has identical pattern ,2  
phase voltages are lesser in magnitude than 3rd phase voltage.The following modulation technique can be used :- 
 

• The MOSFET’s, Tip(i=a,b,c)&(p indicates positive power rail) for phase with  larger voltage is always made to remain 
ON and the respective Tin(i=a,b,c) &(n indicates negative power rail) for that phase is always made to remain OFF. 

• The switches Tip(i=a,b,c)&(p indicates positive power rail) and Tin (i=a,b,c) &(n indicates negative power rail) for the 
remaining two phases are driven complementary pattern.  

 
 

 

http://www.ijcrt.org/


www.ijcrt.org                                                                       © 2021 IJCRT | Volume 9, Issue 4 April 2021 | ISSN: 2320-2882 

IJCRT2104360 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org 2783 
 

VbnVan Vcn

1 2 3 4 5 6

0° 60° 120° 180° 240° 300° 360°

 
 

Fig 2.2 Ideal three phase waveform 
 
Also by mutually comparing the outputs from each of the 3 linear hall effect sensors ,information about region of rotor 

can also be acquired. 
For example : in the region (0-60) º the by mutually comparing the three linear hall sensor outputs,the outputs of each 

comparators will be as given below :-    
VAph>VBph =1 ,  
  VBph>VCph=0,  
& VCph>VAph=1 .  
 
So the binary output data  from the three comparators ‘101’ will correspond to the  REGION 1 (0-60) º. 
Similarly we can find out for other regions. A truth table can be formulated for each region from (0-360)º as shown in Fig 2.4 
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Fig 2.3 EPROM connection diagram 
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RE
G
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S COMPARATOR  O/P PWM SIGNALS OUTPUTS

A5 A4 A3 A2 A1 A0 D5 D4 D3 D2 D1 Do

Cab Cbc Cca Aph Bph Cph Ahigh Alow Bhigh Blow Chigh Clow
RE

G
IO

N
 1

  (
0-

60
 ) 

D
EG

1 0 1 0 X 0 0 1 0 1 0 1

1 0 1 0 X 1 0 1 0 1 1 0

1 0 1 1 X 0 1 0 0 1 0 1

1 0 1 1 X 1 1 0 0 1 1 0

RE
G

IO
N

 2
  (

60
-1

20
) D

EG 1 0 0 X 0 0 1 0 0 1 0 1

1 0 0 X 0 1 1 0 0 1 1 0

1 0 0 X 1 0 1 0 1 0 0 1

1 0 0 X 1 1 1 0 1 0 1 0

RE
G
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N

 3
  (

12
0-

18
0)

 D
EG 1 1 0 0 0 X 0 1 0 1 0 1

1 1 0 0 1 X 0 1 1 0 0 1

1 1 0 1 0 X 1 0 0 1 0 1

1 1 0 1 1 X 1 0 1 0 0 1

                                      
* x:-stands for don’t cares can be 0 or 1 & doesn’t affect output. 

Fig 2.4 Truth table for pulse generation. 
 
 
2.2 TRIANGULAR WAVE GENERATION CIRCUIT 
 

A triangular waveform can be generated by integrating a square wave. Frequency of both the waveforms should be same. The 
triangular wave generator is a of a two level comparator in series with an integrator. Output square wave of the comparator is applied 
to the negative input terminal of the integrator producing a triangular wave. Through voltage divider arrangement R2-R3 triangular 
wave is fed back as input to the comparator .The frequency of oscillation is given by 
 fo=R3/(4*R4*C*R2). 

 
The frequency of the triangular wave is determined by resistor R4 and capacitor C and the amplitude is determined 

by R2 R3 . To avoid saturation problem at low frequencies resistor R6 is connected across capacitor C . 

 
 

Fig 2.5 Triangular wave generator 
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2.3 EPROM  
                   A EPROM NMC2764 which is UV erasable can be used to store the PWM logic as indicated in Fig 2.3. There are six 
inputs to the EPROM which are the three inputs to select region  and another three inputs which will be the PWM signals for each 
phase generated by the comparator . The outputs from the EPROM will be a set of 6 gating signals to the corresponding MOSFET’s 
in the inverter circuit. 
 

2.4 GATEDRIVER AND INVERTER   STAGE 
       The commutation logic circuitry also has associated circuit for generating the dead band to avoid cross conduction in any half 
bridge of the associated power amplifier. The commutation logic circuit has six outputs, which are the gate signals to the MOSFETs 
in the power amplifier stage. In order to isolate the power amplifier stage from the signal side an optical isolation is provided. The 
outputs of the optical isolator are fed to the gate driver chip, which provides the actual gate drive signals for the half bridge. The 
gate drive chip uses the bootstrap technology and generates the gate drive signals for the MOSFETs on the upper half of the bridge. 
The outputs from the gate driver chip are fed to the gates of the MOSFETs in the power amplifier. 
 

2.5 OUTER POSITION LOOP 
                    The outer position loop consists of a potentiometric arrangement ( main + mirror ), feed back processor element , PI 
compensator , amplifier + notch filter , current limiter circuit and step down arrangement. The potentiometric arrangement (main + 
mirror ) is used to convert the linear movement of  the  BLDC motor actuator in to a voltage level  which can be used for closed 
loop control .  This signal is then fed to a feed back processor element .  

The feedback signal is the average of two potentiometer outputs. The error between the command input and the 
feedback signal is amplified and is compensated by a Proportional Integral (PI) compensator. The output from the compensator is 
further amplified and a lag filter and a notch filter filters the output from the amplifier. This filtered output serves as the reference 
input for the inner loop, which is the closed loop for controlling the current flow. The feedback signal to the current loop is the 
voltage signal obtained from the current sense circuitry. 
3.0 SIMULATION in matlab SIMULINK 
            The simulation of the proposed PWM pulse generation logic as well as the proposed BLDC motor drive system using low 
cost linear hall effect sensor has been done with the help of MATLAB SIMULINK 7.2 . 
 
3.1 PWM PULSE GENERATION LOGIC   

The three inputs to the comparators from the linear hall sensors were given using three sine wave generators as 
shown in the Fig 3.1 . The EPROM was simulated using a user defined block written using matlab m-file . The output pulses 
obtained were as shown in Fig 3.2 

 

Fig 3.1 PWM generation logic simulation circuit 
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Fig 3.2 Simulated output  pulses from pwm generation logic 
 
 

 
3.2 SIMULINK MODEL OF PROPOSED SCHEME AND RESULTS 

A BLDC motors have 3 phase stator windings , a permanent magnet (PM) rotor. Fig.3.3 shows a transient equivalent 
circuit of the BLDCM. The common “y or star” connected stationary stator windings , a balanced 3 three phase system and an  air 
gap which is uniform are assumed here while simulating & modeling . Also while designing the model mutual inductances of 3 
stator windings are neglected as they are very small in comparison with self inductance's of respective phases. 
 

 
Fig.3.3  Equivalent circuit of BLDCM 

 
From above equivalent circuit model , the 3 phase stator voltage equations  of the BLDC Motor is written as given 

below :- 
Stator phase voltages are given by , 

Van=iaRa+L(dia/dt)+Eb1 
Vbn=ibRb+L(dib/dt)+Eb2 
Vcn=icRc+L(dic/dt)+Eb3  

 
From which  Te=P/Wr         

 
From the dynamic equation for rotation of the motor, 

Te=J(dWm/dt)+BWm+TL  
But Wr=Wm*(P/2) 
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Back EMFs as in a trapezoidally wound BLDC motor is considered and can be written as  

𝐸𝑏1 =

{
 
 
 
 
 
 

 
 
 
 
 
 


 6/

mE
                               0 < 𝛳 < 6/

mE                             6/ < 𝛳 ≤ 5 6/
−𝐸𝑚

6/
                   5 6/ < θ ≤ 7 6/

−𝐸𝑚,                     7 6/ < 𝜃 ≤ 11 6/
𝐸𝑚

6/
                    11 6/ < 𝜃 ≤ 2𝜋 

 

 

𝐸𝑏2 =

{
 
 
 
 
 

 
 
 
 
 mE ,                                 0 < 𝛳 < 3 6/

𝐸𝑚

6/
               3 6/ < 𝛳 ≤ 5 6/

mE                 5 6/ < θ ≤ 9 6/
−𝐸𝑚

6/
             9 6/ < 𝜃 ≤ 11 6/

mE                   11 6/ < 𝜃 ≤ 2𝜋 

 

 

𝐸𝑏3 =

{
 
 
 
 
 

 
 
 
 
 mE                               0 < 𝛳 < 6/

−𝐸𝑚

6/
(𝜃 − 2𝜋/6)            6/ < 𝛳 ≤ 3 6/

− mE                             3 6/ < θ ≤ 7 6/

𝐸𝑚

6/
(𝜃 − 8𝜋/6)             7 6/ < 𝜃 ≤ 9 6/

mE                             9 6/ < 𝜃 ≤ 2𝜋 

 

 

Where  
mE   

 is the maximum magnitude back emf written as, 

mE   
=  rek 

  
Where  ek  is the back emf constant.From which the stator Phase currents can be found as, 

ia(s)=(Van-Ea)*1/(R+SL), 
 ib(s)=(Vbn-Eb)*1/(R+SL),          
 ic(s)=(Vcn-Ec)*1/(R+SL), 
Total power developed is given by, 
P=Ea*ia+Eb*ib+Ec*ic =Wr*Te 
 
 

ie Te=(2/p)*J*(dWr/dt)+(2/p)B*Wr+TL 
Te-TL-(2/p)B*Wr=(2/p)*J*(dWr/dt) 
we know, 
 d(θ)/dt=Wr  
So rotor displacement is  
θ =(1/S )* Wr  
 
 
Motor Specifications Used 
 
55V, 37A , 3 PHASE ,1.5KW 
No: of poles ,P=10, 
Motor  torque constant ,Kt=0.037 Kg f.m/A, 
Resistance per phase, R=0.5 ohms, 
Inductance per phase, L = 9e-3 H, 
Moment of . inertia,  J= 0.2156 Kgm^2 
Friction constant ,B=0.200 N/rad/s 
Back emf constant , Kb=0.600v/rad/sec 
Load torque, TL=0.2 Newton. 
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Fig 3.4 Complete simulation circuit 
 

 
Fig 3.5 BLDC motor simulink model used 

 
As the BLDC motor used is having trapezoidally wound stator windings, the motor model used for simulation was 

designed to have trapezoidal back EMFs. But even then    since sinusoidal commutation technique is being employed  the stator 
phase currents should be as sinusoidal as possible which is the requirement of sinusoidal commutation . 

The waveform results from MATLAB SIMULINK showing the variation of important parameters of motor which are  rotor 
speed Wr ,output torque Te , rotor angle ANG , stator phase  currents with respect to time in graph are as given below :-  
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Fig. 3.6  Simulation results for stator phase current waveforms ( ia,ib,ic v/s time ) 

 
Fig. 3.7  Simulated   results for waveforms  torque, rotor  speed and rotor   position   (Te ,Wr , ANG v/s time ) 

 
From the simulated output waveform the stator phase currents are found to be sinusoidal and not trapezoidal current 

waveforms (or 6 pulse commutation waveforms) as sinusoidal commutation is being used here. Also its obvious that the ripple 
torque Te.  Also it can be seen that the anglular position  Ang varies from 0 to 6.28  radians (0 to 2π)  corresponding to 0º to 360 º. 
On reaching 6.28 its being reset to 0 in BLDC model content is greatly reduced in the developed  
 

 
IV. SUMMARY 
        The conventional simple trapezoidal commutation (6 pulse commutation )is inadequate to provide smooth & precise control  
of BLDC motor. In trapezoidal  commutation system having a position resolution of 60 deg with hall sensors ,the  magnetic fields 
will continue to vary with lead angle between 60 deg and 120 deg. Thus , the available torque in trapezoidal commutation is only 
87 percent. Trapezoidal commutation also causes audible “click” and makes the motor difficult to control with precision at low 

speeds. The precise measurement of the rotor position is required by control logic to generate PWM signals for inverter stage and 
continuously vary current signals to fully optimize the conversion of current in to ripple free shaft torque . Here   a sinusoidal drive 
system using Low Cost Hall Effect Sensor ICs in conjugation with an improved PWM pulse generation logic  has been suggested 
and was simulated using MATLAB SIMULINK. The simulation test results indicates that the system performance improves when 
the sinusoidal drive is employed. 
 
V.CONCLUSIONS 
        Based on the suggested method and simulation results, the following conclusions are arrived at  

 It is found that sinusoidal commutation drive proposed utilizing linear hall effect sensor ensures big reduction in static 
torque ripple content generated by motor (for the user torque command ) which vary based upon the shafts position when 
compared to trapezoidal commutation. 

The proposed PWM pulse generation logic proposed provided gating pulses to the Mosfets  in the inverter bridge  so as to produce 
reliable  three phase sinusoidal output voltages to drive the BLDC motor drive system . 
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ABSTRACT The design and performance analysis of an open-ended three-phase induction motor, driven
by an Infinite Level Inverter (ILI) with its speed control using scalar and direct vector control techniques
are presented in this paper. The ILI belongs to an Active-Front-End (AFE) Reduced-Device-Count (RDC)
Multi-level Inverter (MLI) topology. The fundamental structure of this inverter topology is a dc-to-dc buck
converter followed by an H-bridge. This topology performs a high-quality power conversion without any
shoot-through issues and reverse recovery problems. The performance of the proposed topology is validated
using a resistive load. The THD of output voltage waveform obtained is 1.2%. Moreover, this topology
has exhibited a high degree of dc-source voltage utilization. ILI considerably reduces the switching and
conduction losses, since only one switch per phase is operated at high frequency, and other switches are
operated at power frequency. The overall efficiency of the inverter is 98%. The speed control performance
of the ILI topology using three-phase open-ended induction motor has been further validated through scalar
and direct vector control techniques. Results obtained from simulation studies are verified experimentally.

INDEX TERMS Active-front-end, multi-level inverters, reduced-device-count, scalar and direct vector
control, three-phase infinite level inverter.

AFE Active Front End
CHB Cascaded H- Bridge
ESR Equivalent Series Resistance
FOC Field Oriented Control
FC Flying Capacitor
GaN Gallium Nitride
IGBT Insulated Gate Bipolar Transistor
ILI Infinite Level Inverter
M Modulation Index
MIC Module Integrated Converter
MLI Multi-Level Inverter
MMC Modular Multilevel Converter
NPC Neutral Point Clamped
PWM Pulse Width Modulation
qCHB-FLBI Quasi Cascaded H- Bridge Five Level

Boost Inverter
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qZSI Quasi Z- Source Inverters
RDC Reduced Device Count
RSA Reduced Switch Asymmetrical
RSM Reduced Switch Modified
RSS Reduced Switch Symmetric
Si Silicon
SiC Silicon Carbide
SM Sub Modules
SPWM Sinusoidal Pulse Width Modulation
SVPWM Space Vector Pulse Width Modulation
THD Total Harmonic Distortion
WBG Wide Band Gap
ZVS Zero Voltage Switching
C Filter Capacitance
D Diode
fc Carrier Frequency
fm Modulating Frequency
fs Fundamental Frequency
fsw Switching Frequency
I∗as, I

∗
bs, I
∗
cs Stator Phase Current References
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ic Current through the Capacitor
ICripple Capacitor Ripple Current
ICpeak Peak Current through the Capacitor
iD Current through the Diode
I∗
F
, I∗

T
Flux And Torque Producing
Components of Current

IDrating Current Carrying Capacity of Switch
iL Current through the Inductor
ILavg Average Inductor Current
ILpeak Peak Current through the Inductor
ILripple Inductor Ripple Current
Im Maximum Current
iph Phase Current
Irr Reverse Recovery Current
Is Stator Current
I∗s Phasor Reference Current
iSW Current through the Switch
ISWrating Current Carrying Capacity of Switch
L Inductance
PD Switching Power Dissipation
Qc1, Qc2, Qc3 High Frequency Operating Switches
Q1, Q2, Q3, Q4 Power Frequency Operating Switches
RL Load Resistance
Te Actual Torque
T ∗e Reference Torque
T
OFF

Turn OFF Time
TON Turn ON Time
trr Reverse Recovery Time
Ts Sampling Time
Vc Voltage across the Capacitor
Vco Average Output Voltage across

Buck Capacitors.
Vce_sat Collector Emitter Voltage at Saturation
VCmax Maximum Voltage across the

Capacitor
VCripple Capacitor Voltage Ripple
V
D

Voltage across the Diode
VDstress Voltage Stress across the Diode
Vf Forward Voltage of Diode
V
GS

Gate Source Voltage
Vi Input DC- Source Voltage.
V
L

Voltage across the Inductor
Vm Maximum Voltage
Vo Sinusoidal Output Voltage
Voa ,V0b ,Voc Output Phase Voltages
Vph Phase Voltage
Vs Standing Voltage across the Switch
VSW Voltage across the Switch
VSWstress Switching Voltage Stress
δ Sinusoidal Varying Modulation Index
ω Angular Frequency
1I

L
Linear Current Change through
Inductor

ωr Actual Speed
ω∗r Reference Speed

λ∗ Reference Rotor Flux Linkage
λr Flux Linkage
θT Torque Angle
L Laplace transform

I. INTRODUCTION
Nowadays dc-to-ac inverters are playing a crucial role
in power electronic areas such as electric drives, electric
vehicles/hybrid electric vehicles, uninterruptable power sup-
plies, HVDC power transmission, renewable energy integra-
tion, Flexible AC Transmission Systems (FACTS) and static
VAR compensators. Based on the development and the nature
of output voltage waveform, the inverters are broadly classi-
fied as two-level or square wave inverters, quasi-square wave
inverters, two-level PWM inverters and multilevel inverters
(MLI). The major problems associated with conventional or
two-level inverters include the requirement of semiconduc-
tor devices of higher power ratings. To obtain the required
voltage/current capacity, many devices need to be connected
in series/parallel strings. As a result, these inverters generate
low power quality output waveforms along with more con-
duction loss. Hence to overcome the aforementioned draw-
backs, MLI can be chosen as a better alternative [1].

During the past three decades, MLIs [2]–[7] attracted wide
attention both in the scientific as well as in industrial fields,
because of its improved power conversion capabilities such
as better power quality, control and efficiency as compared to
all other conventional inverters. The basic concept of MLI
is to generate a higher number of voltage levels with less
distortion. The power conversion is performed by various
dc low voltage levels along with several low rated power
semiconductor switches. Each level is defined as the por-
tion of voltage waveform where the magnitude of voltage
remains constant for a defined duration which leads to the
generation of a staircase voltage waveform. If the number
of voltage levels increases, then the power quality of the
output voltage waveform also increases. In modern industrial
applications, demand for MLIs have increased due to its
viable technology to implement controlled speed drive and
to maintain power quality in high-power applications. The
basic fundamental topologies ofMLIs are classified into three
categories; they are i. Cascaded H-Bridge (CHB) [2], [8], [9],
ii. Neutral Point Clamped (NPC) or Diode Clamped [10] and
iii. Flying capacitor (FC) [11]. They are popularly known
as classical topologies. Out of these fundamental topologies,
first two are required to have a single dc source, while the
third one requires multiple dc-sources. But, to realize those
topologies, more numbers of semiconductor devices and pas-
sive components are required. Hence the system becomes
bulky and complex. One of the most desirable properties of
the multilevel structure is modular structure or modularity.
Among the aforementioned topologies, the CHB due to its
modularity exhibits higher output voltage, power level and
reliability. Practically, NPC and FC topologies are feasible
up to 5-levels only, beyond this limit, their structure and
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control implementation become more complex and also the
device count for different ratings increases a lot. On the other
hand, for higher levels, CHB is the best solution, since its
devices are of the same power rating. However, the control
implementation is more complex due to the requirement of
coordination among too many power semiconductor devices
and the increased number of dc-sources required for gener-
ating a higher number of levels [9]. Apart from the classical
topologies, several novel application-oriented MLI topolog-
ical developments have been reported in various literatures.
They are basically derived from classical topologies or their
hybrids. However, none of the new generation topological
developments can be claimed to be absolutely advantageous.
Most of them are designed for specific applications.

In general, the application-oriented topologies have been
focussed on increasing number of output voltage levels
and power quality, with reduced number of switching
devices, passive component counts and cost. Some of the
application-oriented approaches are discussed in [12]–[19].
Another significant development in MLIs is fault-tolerant
topology. Chen et al. [20] has proposed a fault-tolerant topol-
ogy to obtain uncompromised multilevel voltage waveform
in the event of partial failure(s) in the power circuit. Such
topologies maintain the output voltage waveform utilizing
control signal modification along with redundancy offered
by multi switching states. Another important contribution
in MLI topologies was introduced by Glinka [21] presented
a new single DC source-based multilevel topology, known
as ‘Modular Multilevel Converter (MMC)’. The salient fea-
tures of this MMC are its modularity and scalability. This
topology is simpler than CHB inverter. It could conceptually
meet any voltage level requirements with reduced harmonic
issues, lower converter components ratings, and also with
improved efficiency. The proposed topologies have caught
the attention for medium/high-power energy conversion
systems, industrial applications including FACTS, HVDC
transmission systems, medium-voltage variable-speed drives
and medium/high voltage dc-to-dc converter applications.
Suman Debnath et al. [22] presented a review article regard-
ing MMC. It is highlighted with a general overview on the
basics of operation, control challenges, state-of-the-art con-
trol strategies and application challenges. Majority of MLIs
are originated by arranging different configurations of Sub
Modules (SM), which are able to connect to each other, that
can create conventional and modern MLIs. Vijeh et al. [23]
presented a general review of MLIs based on main
submodules.

In the last couple of decades, the researchers are tak-
ing efforts and are being directed to reduce the device
count (RDC) in MLI topologies. The reduction of semicon-
ductor switches and passive components inMLIs can improve
the efficiency and reliability of the system as well as the over-
all loss, cost, size and complexity. A large number of different
novel RDC-MLI topologies have been reported in different
literatures [24]–[34]. The aforementioned topologies have
their own merits and demerits from application requirements.

Bana et al. [35] presented a comprehensive review on some
recently developed RDC-MLI topologies, which are more
suitable in different applications such as machine drives,
renewable energy systems and FACTs. These topologies can
be used in grid-tied as well as in standalone applications.
The RDC-MLI topologies are broadly classified into three
types. They are reduced switch symmetric H-bridge type
MLI (RSS-MLI) [36], [37] and reduced switch asymmetrical
H-bridge typeMLI (RSA-MLI) [38]. The general structure of
the configurations mentioned above is an RDC-MLI coupled
with an H-bridge, whereas reduced switch modified MLI
(RSM-MLI) [39]–[41] topologies are without H-bridge.

In recent years, a number of novel topologies have been
noticed in various literatures. The general structure of such
existing topologies are Active Front End (AFE)-RDC-MLI
topology. These existing MLI topologies varies depending
on the dc-to-dc converter used. Those topologies consist of
an AFE converter (dc-to-dc converter) followed by a syn-
chronized H-bridge. The main role of the AFE converter is
generation of voltage levels, and that of H-bridge topology
is polarity generation (inverter). Different AFE- RDC-MLI
topologies are discussed in various literatures [42]–[53].

This paper presents the design and performance analysis
of a three-phase AFE-RDC-MLI topology for open-ended
three-phase induction motor drive application. In this pro-
posed topology dc-to-dc buck converter is used for generating
different voltage levels, which is operating at high switching
frequency. The generation of output voltage levels depends
upon the switching frequency of the AFE converter. If the
switching frequency is increased, then the number of output
voltage levels also increases. Due to the higher number of
voltage levels, the output voltage waveform becomes smooth
sinusoidal. If the switching frequency of the AFE converter
is increased to almost infinity, the levels generated in the
output voltage waveform becomes infinite. Hence, the power
quality of the output voltage waveform is enhanced. There-
fore, the proposed topology is called as an infinite level
inverter (ILI) topology. The performance of the proposed
topology has been validated with a resistive load as well as
with an open-ended three-phase induction machine. Results
obtained from the simulation studies are verified experi-
mentally. The taxonomy of MLIs are briefly discussed in
TABLE-1. The proposed MLI topology has several
advantages.

1) Only one switch per phase operates at high frequency.
2) H-bridge inverter circuit operates at power frequency.
3) This topology is free from shoot through menace

because of the presence of inductors between the volt-
age source and inverters.

4) The output filtering capacitors in AFE converters can
be an electrolytic capacitor which is smaller and less
expensive as compared to ac capacitors.

5) This topology is suitable for implementing sophisti-
cated algorithms.

6) The advance control strategies developed by the
researchers related to dc-to-dc converter can be directly
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TABLE 1. Taxonomy of multilevel inverters.
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TABLE 1. (Continued.) Taxonomy of multilevel inverters.
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TABLE 1. (Continued.) Taxonomy of multilevel inverters.
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TABLE 1. (Continued.) Taxonomy of multilevel inverters.
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TABLE 1. (Continued.) Taxonomy of multilevel inverters.
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TABLE 1. (Continued.) Taxonomy of multilevel inverters.
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TABLE 1. (Continued.) Taxonomy of multilevel inverters.

applied to the system. Since the AFE converter operates
at high switching frequency ranges, it is more flexible
to control.

7) The system exhibits high dynamic performance.
Hence, the output voltage remains dynamically
unchanged when subjected to large disturbances in
supply voltage or load currents.

8) The dc-to-dc converter based topology is highly
compatible for implementing closed-loop control
system.

The main outcomes of this article are as follows.

• Design, analysis and performance of a three-phase infi-
nite level inverter-driven induction motor is performed.
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• This topology has been tested with a resistive load and
found to possess very good quality voltage and current
waveforms in terms of THD.

• The dc-voltage requirement for generating a fixed
ac-voltage output ismuch less than that required by other
similar topologies, which is validated by SPWMcontrol.

• The third harmonic injection modulation scheme has
also been performed using this inverter and found that
the dc-source utilization can be improved further.

• The efficiency of the inverter has also been found to
be better since only one switch per phase is operated
at a high frequency. All the switches in conventional
inverters are operated at high frequency.

• Scalar and vector control of induction motor has also
been performed using this topology. It has been found
that both the controls exhibits better dynamic perfor-
mance with this topology. Moreover, the ILI has been
found to impart better performance to an induction
motor drive.

• In conventional inverter circuits, the voltage applied
across the terminals of the motor would be of abso-
lute discrete values like Vdc, −Vdc, Vdc/2, −Vdc/2, etc.
Hence, the instantaneous error voltage between the
applied voltage and the desired sinusoidal voltage would
be large. This error voltage manifests as torque ripples
in the motor, deteriorating the performance of the motor.

• In the buck converter-based topology presented in this
paper, the applied voltage is near to sinusoid and hence
the error in the applied voltage is almost negligible.
This results in negligible torque pulsations in the motor,
thereby obtaining better performance from the motor.
Open ended windings are used so that all the three buck
converters can be connected to the same voltage source.

Now-a-days power, electronic industries and their applica-
tion fields are changing from traditional silicon (Si) power
semiconductor devices to potentially superior and high fre-
quency operable counterpart, i.e., Wide Band Gap (WBG)
devices, like Silicon Carbide (SiC) and Gallium Nitride
(GaN) [54]. With the advent of WBG materials, standard
Si technology is being replaced by high-frequency switches.
If the Si semiconductor devices used in ILI topology are
replacedwithWBGdevices, then there will bemore improve-
ment in efficiency and performance. Thereby, the system
becomes more compact and operable at high frequency
ranges.

This paper is organized as follows. In section II, a brief
description of the basic structure of the proposed three-phase
infinite level inverter topology is discussed. Principle of
operation of ILI is discussed in section III. In section IV,
modes of operations. In section V, the mathematical model
of the proposed topology is discussed. In section VI, design
of ILI. Criteria for selection of components are discussed
in section VII. The efficiency calculation is discussed in
section VIII. In section IX, the third harmonic injection
method is discussed. In section X, scalar and vector control
of ILI fed induction motor are presented. Simulation results

are presented in section XI. In Section XII, the comparison of
ILI with conventional H-bridge inverters and AFE-RDC-MLI
topologies are presented. In section XIII, discusses about the
experimental setup and results. Finally, section XIV, con-
cludes the paper and XV, provides with future scope.

II. THREE-PHASE INFINITE LEVEL INVERTER TOPOLOGY
The basic structure of infinite level inverter is a buck con-
verter followed by an H-bridge. The proposed topology has
the sole objective of reducing the count of passive elements
and power semiconductor components without any loss of
power quality in power conversion. Meanwhile, it reduces the
switching and conduction losses, size and control complexity
of the circuit. Three individual ILI circuits are combined to
obtain a three-phase ILI topology which is shown in Fig. 1.
The proposed topology consists of one high-frequency oper-
ated switch for every buck circuit and four low-frequency
operated switches for every H-bridge; hence, one inductor
and one capacitor per phase. This topology has a high degree
of dc-source voltage utilization and low voltage stress across
the switches as compared to traditional two-level and other
similar inverter topologies. Other attributes of this circuit are
the absence of shoot-through issue, less reverse recovery loss
and body diode conduction loss in semiconductor switches.

FIGURE 1. Three phase Infinite Level Inverter topology. Basic structure of
the proposed topology is a buck converter (AFE converter) followed by an
H-bridge. This topology consists of one high-frequency operated switch
for every buck circuit and four low-frequency operated switches for every
H-bridge; hence, one inductor and one capacitor per phase.

III. PRINCIPLE OF OPERATION
In an MLI each level is defined as the portion of voltage
waveform where the magnitude of voltage remains constant
for a defined duration. In the ILI, the voltage varies at every
instant, and there is no time span where the voltage remains
constant. If the time span in which the voltage remains con-
stant tends to zero, the voltage waveform becomes a pure
sine wave. The AFE converter generates a fully rectified
infinite level voltage waveform by varying the duty cycle of
the buck circuit in a fully rectified sinusoidal manner. The
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quality of output voltage depends on the switching frequency
of the AFE converter. Fig. 2 shows the SPWM control logic
of ILI. The number of voltage levels developed across the
buck capacitor is given by

VLevel =
fc
fm

(1)

FIGURE 2. SPWM control logic of ILI. (a) High-frequency switching pulses
of AFE converter (b) Power frequency switching patterns of polarity
generation-part (H-bridge inverter).

where, ‘f ′c is the carrier frequency and ‘f ′m is the modulating
signal. The duty cycle of the AFE converter is denoted by ‘δ′

which varies in a rectified sinusoidal fashion.

δ = M |sin(ωt)| (2)

where, ‘M ′ is the modulation index. The output voltage of the
buck converter is given by,

Vco = δVi (3)

The fully rectified sinusoidal output voltage across ‘C ′1 is
given by,

Vco1 = ViM |sin(ωt)| (4)

where, ω = 2π f and ‘V ′i is the input dc-source voltage. The
rectified sine wave is unfolded by the H-bridge circuit to get
a sinusoidal voltage across the load (7). The switching pulses
for the H-bridge are synchronised with the modulating signal
of the AFE converter. Therefore, the output voltage becomes

+ViM |sin(ωt)| 0 6 ωt 6 π (5)

−ViM |sin(ωt)| π 6 ωt 6 2π (6)

Vo = ViMsin(ωt) 0 6 ωt 6 2π (7)

The inversion process occurs at the natural zero-crossing
point of the output voltage, resulting in zero voltage switch-
ing (ZVS) and hence reduces the switching power loss.
In a three-phase ILI, the duty ratios of dc-to-dc converter
switches are displaced by 120◦. The three-phase voltage
generation across the buck converters are fully rectified sine
waveforms (8), (9), (10).

Vco1 = ViM |sin(ωt)| 0 6 ωt 6 2π (8)

Vco2 = ViM |sin(ωt − 120)| 0 6 ωt 6 2π (9)

Vco3 = ViM |sin(ωt + 120)| 0 6 ωt 6 2π (10)

These rectified voltage waveforms are unfolded into the
sinusoidal waveforms by appropriate switching of H-bridge.

Voa = ViMsin(ωt) 0 6 ωt 6 2π (11)

Vob = ViMsin(ωt − 120) 0 6 ωt 6 2π (12)

Voc = ViMsin(ωt + 120) 0 6 ωt 6 2π (13)

IV. MODES OF OPERATION
There are four modes of operation for this inverter. They
are discussed with the help of Fig. 3 Mode-1: During the
period δT , the switch Qc1 is turned ON, and the induc-
tor current starts rising. The diode is reverse biased. The
output capacitor is charged exponentially. Mode-2: Dur-
ing the period (1− δ)T , switch Qc1 is turned OFF, and
the parallel diode starts conducting. The current through
the inductor falls, and it freewheels through the diode.
In modes 1&2, Q1 and Q4 are conducting, so that a posi-
tive voltage is obtained across the load. Hence it generates
the output voltage as +ViM |sin(ωt)| across the load side.
Mode-3: is same as mode-1, except for the fact that Q2 and
Q3 are switched ON. Mode-4: is same as mode-2, except for
the fact that Q2 and Q3 are switched ON. Hence it generates
the output voltage as−ViM |sin(ωt)| across the load side. The
output voltage developed across the inverter load terminal is
Vo = ViMsin(ωt); 0 6 ωt 6 2π.
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FIGURE 3. Mode of operations. (a) Mode-1, (b) Mode-2, (c) Mode-3,
(d) Mode-4.

V. MATHEMATICAL MODEL OF ILI
The ILI is a buck–H bridge cascade. The buck converter
is represented using the conventional transfer function of a
dc-to-dc converter. The input to the transfer function is a
rectified sine wave, acting as its variable duty cycle. The
output for this transfer function is a rectified voltage, which
would be available from the buck converter provided with
such a duty cycle. This rectified voltage is unfolded with
an H-bridge. This process is represented using a switch,
which passes the input as such to the output when the input
is positive and passes the negative of the input when the
input is negative. This is equivalent to inversion process.
The main part of the proposed converter is a dc-to-dc buck
converter is shown in Fig.5. Here the buck converter plant is
modelled to attain a simplified and linearized system around
the equilibrium point using feedback control technique. The
dynamic averaged equations of buck converter are Inductor
current,

diL
dt
=
−VCO
L
+
Vid
L

(14)

Capacitor voltage,

dVco
dt
=
iL
C
−
Vco
RC

(15)

FIGURE 4. (a) AFE converter switching characteristics wave forms and
(b) Waveforms of voltage and current of (i) Inductor and
(ii) High-frequency switch.

On applying these equations into single input single output
system model, the standard variables are used.

dx1
dt
=
−1
L
x2 +

Vi
L
U

dx2
dt
=

1
C
x1 −

1
RC

x2

 (16)

where, system input ′U ′, system output ′y′, and system
state ′X ′. On rewriting the system equations in terms of the
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FIGURE 5. DC-to-dc buck converter topology.

standard variables, the inductor current,iL = x1 , capacitor
voltage,VCO = x2 and duty ratio is the input ′u′ and Output,
y = VCO = x2 . Thereby the dynamic averaged equations
can be rewritten with the new variables. Hence the state
equations are (16). This equations satisfies linearity. By using
sinusoidal PWM switching technique, the input dc-source
voltage (Vi) is transformed into a fully rectified sinusoidal
voltage waveform. Its frequency is same as the reference
signal. In case of the proposed topology, the duty cycle is in
a rectified sinusoidal fashion. Hence, the transfer function of
input is

U (s) =
1

s2 + 1
(17)

To obtain the transfer function, from the state equation
apply Laplace transform

CY
(
S +

1
RC

)
= X1

SCY
(
S + 1

RC

)
=
−1
LC

Y +
Vi
CL

U

 (18)

On rearranging the equation,

Y
(
S2 +

1
RC

S +
1
LC

)
=

Vi
CL

U (19)

The transfer function of the buck converter is given by the
equation.

Y (s)
U (s)

=

Vi
/
LC

S2 + 1
RC S +

1
LC

(20)

The rectified sinusoidal output voltage across buck capac-
itor is inverted using an H-bridge inverter. The converter
output transfer function is mathematically expressed as

y(s) =
Vi
/
LC

S2 + 1
RC S +

1
LC

L (|sinωt|) (21)

For mathematical modelling, the following parameters are
used. The design values are taken as L = 9.7mH ,C =
0.23µF,RL = 50�. The numerator and denominator coef-
ficients of the transfer function are Vi/LC = 1519 × 108

ands2 + 8.7 × 104s + 4.5 × 108 respectively. Mathematical
model of ILI and its output response are shown in Fig. 6.

FIGURE 6. i) Mathematical model of proposed converter, (ii) Simulated
output waveforms (a) reference signal, (b) rectified sinusoidal output
voltage waveform generated by means of dc-to-dc buck converter
transfer function, (c) sinusoidal output voltage waveform obtained from
the inverter.

VI. DESIGN OF ILI
A. INDUCTOR (L)
In the ILI, the design of inductors plays a crucial role. The
inductors are placed in the high-frequency operating part
of the circuit, and it is fabricated using E65 ferrite core.
When the switch ‘Qc1’ is turned ON for time period ’δT ’,
the voltage across the inductor (VL) is given by the difference
between supply voltage and the output voltage.

VL = L
diL
dt

(22)

The linear change in current (1IL) through the inductor is,

1IL =
Vi − Vo

L
δT (23)

Fig. 4(a) shows the voltage and current waveforms of
the inductor and Fig. 4(b) shows those wave forms across
the high frequency switch. The peak current through the
inductor considered is ILavg +

1IL
2 . When the high fre-

quency switch Qc1 is turned OFF, the freewheeling diode
conducts during (1 − δ)T period and voltage of -Vo appears
across the inductor. Hence, voltage stress across the switch
during this period is equal to Vi. The inductor current is
controlled by two voltages which are appearing at both
ends of the inductor (L). One is a high-frequency PWM
pulsating voltage appearing across the diode (D) and the
other is the voltage across the capacitor (C), which is
fully rectified sinusoidal voltage waveform of 10 kHz. Out-
put voltage is a pure sinusoid super imposed with ripple.
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The average duty ratio is taken to be 50%. The rms value
of the fundamental component of inductor current ripple
(ILripple) can be calculated as

4
√
2π

[
Vi
2

]
= (2π fsL)ILripple (24)

The duty cycle is getting varied continuously from 0 to
δmax in every half cycle of sinusoidal output wave. Depend-
ing upon the modulation index, δmax will also vary. Hence,
50% duty cycle is taken as an average operating point.
The maximum permitted amount of ripple is 5%. Therefore,
ILripple ≤ 5%I where I is rms value of the load current. The
inductor value can be calculated as

L >
( 4
√
2π

)(Vi2 )

(2π fs)ILripple
(25)

B. CAPACITOR (C)
The ripple in the load current is considered as negligible.
Hence, the ripple current through the capacitor (ICripple) is
equal to the ripple current of the inductor current. So, the rip-
ple voltage of the capacitor is

VCripple =
ICripple
Cω

(26)

where VCripple ≤ 5%Vo and in turn,

C ≥
ICripple

2π fs(VCripple)
(27)

In order to ensure that output waveform is unaffected by
the resonance caused by L and C, their values must be chosen
such that

LC ≤ (
1

2π10fs
)2 (28)

VII. SELECTION OF ILI COMPONENTS
A. SWITCHES
ILI has two different topological stages. (i) AFE Converter
operating in power frequency and (ii) H-Bridge operating at
high switching frequency.

Stage-I: In AFE converters, the high-frequency switches
and diodes (D) are subjected to the same voltage. The voltage
stress experienced across these devices is the same as the
source voltage (Vi). During the turn OFF period (1 − δ)T ,
the voltage stress across the high-frequency switch becomes
equal to Vi, at the same time D is turned ON. During δT
period, high frequency switches are turned ON and D is
turnedOFF. The diodes act as an open switch. Hence, the volt-
age stress across diode is Vi. In order to ensure safe operation
of the switches, their ratings are taken to be higher than ‘Vi’.

Stage-II: After every half cycle a couple of switches are
switched ON, while the other switches are switched OFF.
The effective voltage stress across the H-bridge switches is
equal to the load voltage (Vo). Hence their voltage ratings
must be higher than Vo. Current passes through the switches
only when it is turned ON. The maximum current flowing

through the switches is equal to the peak current through the
inductor (ILpeak ).

ISWrating = ILpeak (29)

Voltage stress (VSWstress) experienced across the high fre-
quency switches, during the turn OFF period is

VSWstress = Vi (30)

B. DIODE
Current passes through the diode only when the high fre-
quency operated switch is turned OFF. Its rating is chosen
as

IDrating = ILpeak (31)

When the diode becomes reverse biased the voltage stress
exerted across it is equal to ′V ′i .

VDstress = Vi (32)

C. OUTPUT CAPACITOR
The maximum voltage (VCmax), applied across the capacitor
is equal toVi. The capacitor carries only the ripple component
of current. Hence,

ICpeak = 1IL (33)

VIII. EFFICIENCY
Efficiency of any power electronic circuit is determined by
the losses taking place in switches as well as in passive com-
ponents. Losses in switching devices include switching losses
and conduction losses. Switching loss depends on switching
frequency and conduction loss depends on the load current.
Since only one switch per phase is operated in high frequency,
switching loss in this topology will be less. Moreover, total
number of switches in this topology is much less than that in
any other multilevel circuit, making conduction losses much
lesser in this topology.

The simplifiedmathematical expression for the conduction
and switching losses of IGBT switch in AFE converter is
based on equation (34)

PD = Vce_sat Im +
1
2
[(TON

Vs
2
Im
2
)+ (TOFF

Vs
2
Im
2
)]fsw (34)

where PD is the switching power dissipation, Im is the collec-
tor current passing through the switch, Vce_sat is the on-state
drop, fsw is the switching frequency, TON is the turn-on
period, TOFF is the turn-off period and Vs is the standing volt-
age of the switch. In case of diodes, the forward conduction
and switching losses are considered. Meanwhile, the inductor
and capacitor loss of the AFE converter is calculated by
equation (35). ESR is also considered for the calculation of
capacitor loss.{(
Vf Im

)
+ [VDIrr trr fsw]

}
+

{(
ILpeak +

Iripple
2

)
RL

}
+ {0.1ILESR} (35)
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where ′V ′D is the voltage across the diode. In polarity gen-
eration part, the H-bridge inverter switches are operating in
soft-switching manner at fundamental frequency. The con-
duction and switching losses of H-bridge inverter comes to(
Vce−sat Im

)
Nsw

+
1
2

[(
TON

Vs
2
Im
2

)
+

(
TOFF

Vs
2
Im
2

)]
fLNsw (36)

The calculated value of switching losses per phase for both
high frequency operating switch and H-bridge switches are
1.26W and 0.025W respectively. In theoretical loss calcula-
tion, the efficiency of the inverter is found to be 98%.

IX. THIRD HARMONIC INJECTION METHOD
The SPWM control technique used in conventional VSI, can
obtain sinusoidal output voltage, with less harmonic distor-
tion, however the maximum obtained output fundamental
amplitude, is only 78.54 %. while, M = 1 (Line voltage =
0.6123ViM ). To expand the output fundamental amplitude
beyond from this limit, the ‘M>1’ have to be taken more than
one. To improve the dc-bus voltage utilization of the inverter,
without entering the over modulation, the third harmonics
injection logic can be used. The third harmonics injection in
the leg voltage references leads to an increas in the linear
modulation range of three-phase VSI, by reducing the peak
of the leg reference voltages and hence the modulation index
can be pushed beyond the value of one without entering over
modulation. By injecting the third harmonics with amplitude
of one sixth of the fundamental harmonics, the maximum of
the fundamental can be increased by 15.47% as compared
to the SPWM control scheme (Line voltage = 1.4142ViM)
The same concept is applied to the proposed topology, con-
sequently the linear modulation range is extended. Hence,
this increases themaximum fundamental output voltage with-
out moving into the over modulation region. Moreover the
third harmonic component does not affect the output phase
voltages. Fig. 7 shows the logic for implementing the third
harmonic injection PWM. It helps to improve the dc-bus
voltage utilization of ILI aswell as the fundamental amplitude
of output line-to-line voltage by 15.47%. Thereby, effectively
improve the dc-bus voltage utilization. The duty ratio of
an ILI is

δref = |dsin(ωt)| (37)

A third harmonic component of k sin(3ωt) is superim-
posed with the sinusoidally varying duty cycle. The optimum
point obtained is at d = 2/

√
3 and k=1/6 without any

over modulation, Hence the reference signal is modified as
equation (38)

δref = |d sinωt + k sin(3ωt)| (38)

The instantaneous value of the output voltage across the
converter capacitance is

Vco_fund =
∣∣1.1547Vmsin(ωt)∣∣+ ∣∣ 16Vmsin(3ωt)∣∣ (39)

FIGURE 7. Third harmonics injection PWM control implementation logic.

The output line voltage across the load is

Vo_fund = 1.1547Vmsin(ωt) (40)

Themagnitude of three-phase output voltage becomes (41),
(42), and (43).

Vo1_fund = 1.1547Vmsin(ωt); 0 6 ωt 6 2π (41)
Vo2_fund = 1.1547Vmsin(ωt − 120); 0 6 ωt 6 2π (42)
Vo3_fund = 1.1547Vmsin(ωt + 120); 0 6 ωt 6 2π (43)

X. SCALAR AND VECTOR CONTROL OF ILI FED
INDUCTION MOTOR
This section discusses about the speed control of open-ended
three-phase induction motor using different control schemes,
such as scalar (V/f ) and direct vector control. Using the
proposed ILI topology, the induction motor speed can be
controlled with high dynamic performance.

A. SCALAR (V/F) CONTROL METHOD
The V/f control technique is an attractive method to control
the induction machine speed because of its simplicity and
user-friendly nature. Block diagram of scalar control imple-
mentation logic is shown in Fig. 8. Here, the air-gap flux of
the induction machine can be controlled at desired value by
proportionally varying stator voltages and frequency. Con-
sequently, the machine retains its torque/ampere capacity at
any speed. Meanwhile, the machine speed can be accurately
maintained at any desired value under steady-state condition.
However, at low-speed range, the torque capability is limited
because of the voltage drop across the stator winding resis-
tance, which is dominant.

FIGURE 8. Scalar control of ILI fed induction motor implementation logic.

B. DIRECT VECTOR CONTROL METHOD
The block diagram of the direct vector control system is
shown in Fig. 9. Here the field angle is calculated using
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FIGURE 9. Direct vector control of ILI fed induction motor.

the terminal voltages and currents. The actual speed ωr is
compared with reference speed ω∗r the error is amplified and
limited to generate the required reference torque T ∗e . The
rotor flux linkage λ∗ is kept at 1pu. Beyond 1pu, it is varied
as a function of speed. This is to ensure that the rotor speed
extends beyond the base speed by weakening the rotor flux
linkages. The torque and flux references are compared to
the actual torque Te and flux linkage λr , calculated from the
measured voltages and currents. The errors are amplified and
limited to generate the required flux and torque producing
components of current I∗F and I∗T . Phasor addition of these
components yields the phasor reference current I∗s and torque
angle (θt ) can be calculated from (52). The sum of torque
angle and field angle gives the position of the stator current
phasor Is. Together with I∗s , this generates the stator phase
current references Ias∗, Ibs∗, Ics∗.
The PWM control scheme is implemented using phase

current control loops. The following equations represent the
stator phase based calculation of various quantities.

Vds = (Rs + Ls ∗ p) Ids +
(
Lm∗p

)
Idr (44)

Vqs = (Rs + Ls ∗ p) Iqs + (Lm∗p) Iqr (45)

Idr =
1
Lm

{∫
(Vds − RsIds) dt − LsIds

}
(46)

Iqr =
1
Lm

{∫ (
Vqs − RsIqs

)
dt − LsIqs

}
(47)

λdr = Lr Iqr + LmIqs (48)

λqr = Lr Idr + LmIds (49)

Flux,

λr =

√
λ2dr + λ

2
qr (50)

Flux position,

θf = tan−1
λqr

λdr
(51)

θT = tan−1
I∗T
I∗F

(52)

Stator current phase angle θ = θF + θT Torque equation,

Te =
3
2
P
2
Lm
(
Iqs∗ Idr − Ids∗ Iqr

)
(53)

Reference current is calculated as

I∗s =

√(
I∗ds
)2
+

(
I∗qs
)2

(54)

Three phase reference currents are

I∗as = I∗s sin(θ )
I∗bs = I∗s sin(θ + 120)
I∗cs = I∗s sin(θ − 120)

 (55)

XI. SIMULATION RESULTS OF ILI
A. SPWM CONTROL
The proposed inverter topology and its control are realized
using MATLAB/Simulink environment. A three-phase bal-
anced resistive load of 50� is taken for the simulation anal-
ysis. A switching frequency of 10 kHz is used for sine PWM
pulse generation. Fig.10-13 shows the simulated waveforms
of ILI, using resistive load. The power quality of the output
voltage can be improved by increasing the AFE converter
operating frequency. It significantly reduces the THD, which
is less than the permissible limit as per IEEE-519 standards.
The FFT analysis is shown in Fig. 14. This scheme requires
only a 338V dc-source for obtaining 415V ac 50 Hz line-
to-line output voltage.

FIGURE 10. Simulated waveforms of ILI. (a) High frequency, (b,c) Low
frequency switching pulses.

B. THIRD HARMONIC INJECTION PWM CONTROL
The dc-source voltage utilization of the proposed inverter has
been again validated using third harmonics injection PWM
method. It requires only 293V dc-source voltage, in order
to obtain 415V ac, 50Hz line-to-line output voltage. The
simulated waveform of the third harmonic injection scheme
is shown in Fig. 15. The proposed inverter is compared to
a traditional two-level inverter topology. For a similar output
voltage, a SPWM control scheme requires 654V dc-source
voltage and an ordinary third harmonic injection scheme
requires 564V dc-source. Fig.16 shows the comparison of
dc-source voltage utilization between ILI and traditional
inverter. The proposed topology has very high dc-source volt-
age utilization, compared to the traditional two-level inverter.

C. PERFORMANCE EVALUATION OF ILI TOPOLOGY USING
THREE PHASE INDUCTION MOTOR
1) SPEED CONTROL USING SCALAR (V/F) CONTROL
METHOD
The variable speed control performance of the proposed
topology is validated using a three-phase induction motor.
The speed control logic is implemented using constant V/f
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FIGURE 11. Simulated waveforms of ILI using resistive load. Voltage and
current wave forms across the AFE converter components. (a,b) High
frequency switch, (c,d) diode,(e,f) inductor, (g,h) capacitor,(i,j) voltage
across low frequency operating switches.

scheme. The dynamic responses of the simulated output volt-
age waveforms using the V/f control are shown in Fig. 17.
To verify the rotor start-up performance, the motor runs from
standstill condition to a pre-defined speed of 300rad/s by
applying 415V, 50Hz source voltage. Thereby, the rotor speed
is attained and critically stabilized at that pre-defined speed
with in a fraction of second.

2) SPEED CONTROL USING DIRECT VECTOR CONTROL
METHOD
Direct vector control operation was simulated as per the block
diagram mentioned in Fig.9. Reference speed was increased
as well as decreased. The dynamic response of output voltage
waveforms as well as the voltage across the buck capacitor is
given in Fig. 18 for acceleration as well as deceleration.

XII. COMPARISON OF ILI WITH CONVENTIONAL
H-BRIDGE INVERTERS AND AFE-RDC-MLI TOPOLOGIES
TABLE-2 compares the active components, passive compo-
nents and THD of the 2-level H-bridge, 3-level H- bridge,

FIGURE 12. Simulated waveforms of ILI using resistive load. (a) Voltage
waveform across the buck capacitor. (b) Voltage, (c) current waveforms
across the load resistance.

FIGURE 13. Simulated waveforms of ILI using resistive load.
(a) Three-phase output voltage waveforms across the buck capacitor,
(b) Three-phase output voltage wave form across the load resistance.

FIGURE 14. FFT analysis of output voltage waveform of the ILI.

5-level cascaded H-bridge MLI with the proposed ILI.
Fig. 19 shows the simulation results of the output voltage
wave forms of conventional and proposed inverter topolo-
gies. TABLE-4 shows the comparative analysis of different
AFE-RDC-MLI (single phase circuit) topologies with pro-
posed inverter. In comparison with conventional topologies,
the proposed topology uses one high frequency operated
switch and four power frequency operating switches per
phase, thereby reduces the switching loss of the proposed
inverter. Moreover, AFE converter circuit is a part of the pro-
posed inverter that can generate non-finite number of voltage
levels, which can improve the THD of the output voltage.

XIII. EXPERIMENTAL SETUP AND RESULTS
The hardware setup for both scalar and vector control
implementation using ILI topology is shown in Fig. 20.
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TABLE 2. Comparison between the proposed ILI and the conventional H-bridge inverters, (∗ Output voltage levels depends on switching frequency).

FIGURE 15. Simulated waveforms of (a) third harmonic injection PWM
control implementation logic, (b) phase voltage waveform of the ILI using
resistive load.

FIGURE 16. Comparison of dc-source voltage utilization of ILI with
traditional bridge inverter.

TABLE-3 shows the parameters of ILI used for
the experiment. For hardware tuning nearest available com-
ponent values have been selected. Experiment was conducted
on ILI topology under loads such as resistive and open-ended
induction motor. Speed control of induction motor was car-
ried out under constant V/f condition as well as under direct
vector control method.

A. PERFORMANCE EVALUATION OF ILI TOPOLOGY USING
SPWM CONTROL
Initially the performance of ILI topology was experimen-
tally verified for a resistive load. NI PCIe-6351 card is
used for data acquisition and control signal generation under

FIGURE 17. The dynamic responses of the simulated output voltage
waveforms using V/f control. (a) Voltage waveform across the buck
capacitor, (b) Line-to-line voltage across the load.

FIGURE 18. The dynamic responses of the simulated output voltage
waveforms using direct vector control. (a,c) Voltage waveform across the
buck capacitor, (b,d) Line-to-line voltage across the load.

TABLE 3. Parameters used for ILI.

MATLAB Real-TimeWindows environment. SPWM control
is implemented using this setup. The voltage level of the
pulses generated by the PCI card is only 3.3V. In order to
make this voltage sufficient enough to drive an IGBT, a volt-
age level shifter card is used as a buffer circuit. SEMIKRON
IGBT modules- SKM50GB12T4 and MUR 860G ultrafast
power diodes had been used for the hardware realization.
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FIGURE 19. The simulated output voltage waveforms using resistive load
(a) conventional 2-level H-bridge inverter, (b) 3-level H-bridge inverter,
(c) 5-level cascaded H-bridge MLI, (d) Proposed topology.

Fully rectified sinusoidal output voltage is generated across
the buck capacitor. This is then converted into sinusoidal volt-
age waveform using the H-bridge. The load voltage and cur-
rent were measured using sensors LA 55-P and LV-25-1000,
respectively. Fig. 21 shows the voltage and current waveforms
of the AFE converter components. Fig. 22 shows the experi-
mental results of ILI using resistive load and Fig. 23 shows the
THDof ILI output voltagewaveform using FLUK434 energy
analyser, and it is found to be 1.2%. The peak value of the
pole voltage in a conventional inverter is Vdc/2. In case of ILI,
the presence of the buck convertermakes the peak value of per
phase voltage equal to Vdc itself. In this case, this results in
the reduction of dc-source requirement. The inherent filtering
present with the buck converter makes the voltage a smoothly
varying one, which results in the THD reduction.

FIGURE 20. Experimental setup of an ILI to control an open-ended
three-phase induction motor implemented using scalar
and vector control logic.

B. PERFORMANCE EVALUATION OF ILI TOPOLOGY USING
THIRD HARMONIC INJECTED PWM CONTROL
In order to increase the output voltage further without resort-
ing to over modulation, harmonic injection control is used.
Since triplen harmonic waves are in phase with all the three
phase voltages, they cancel out at the line to line voltages.
This property makes it possible to have a modulation index
higher than one, without any over modulation of the mod-
ulating signal with respect to the carrier wave. DC-source
voltage utilization of the proposed inverter is experimen-
tally validated using third harmonic injection PWM method,
which is almost similar to SVPWM technique. Fig. 24 shows
the experimental voltage waveforms under this condition.
The main advantage of third harmonic injection PWM is
that, the fundamental amplitude of output line-to-line volt-
age increases by 15.4%, thereby effectively improving the
dc-source voltage utilisation of the proposed MLI topol-
ogy. The test results prove that, while it requires 338V
dc-source voltage supply for developing 415V output voltage
under SPWM control, third harmonic injected PWM control
requires only 293V for maintaining the same voltage level.

C. PERFORMANCE EVALUATION OF ILI TOPOLOGY USING
OPEN-ENDED THREE PHASE INDUCTION MOTOR
1) SPEED CONTROL USING V/F CONTROL METHOD
In case of conventional inverters, switching signals for
V/f control are generated by comparing the modulation sig-
nal with a carrier wave. The two switches in the same leg
are operated in a complimentary manner. In case of ILI,
the modulation signal is rectified and compared with the
carrier signal for generating switching signals for a buck
converter. The practical testing of proposed ILI is carried
out using a three-phase open-ended induction machine with
NI-data accusation card prototyping system. Fig. 25 shows
the block diagram of real-time implementation. The actual
rotor speed of the induction motor is measured using elec-
tronic tacho-generator (analog output of 10V-dc at 1500 rpm),
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FIGURE 21. Hardware experimental results of ILI using resistive load.
Voltage and current performance wave forms across the AFE Converter
components (a) inductor, (b) diode, (c) capacitor, (d) voltage across low
frequency operating switch, (e) voltage across high frequency operating
switch, (f) Voltage and current waveform through Q1 and Q4.

FIGURE 22. Hardware experimental results of three-phase ILI using
resistive load. (a) H-bridge switching pulses and single-phase ILI output
voltage waveform, (b, c) High and Low frequency switching pulses,
(d) voltage waveforms across buck capacitors, (e) output voltage
waveforms across the load terminals, (f) current
waveforms.

98454 VOLUME 9, 2021



A. Hareesh, B. Jayanand: Scalar and Vector Controlled ILI Topology Fed Open-Ended Three-Phase Induction Motor

FIGURE 23. Hardware experimental result; THD of output voltage
waveform of the ILI.

FIGURE 24. Hardware experimental results of ILI under resistive load,
obtained by third harmonic injection PWM method. (a) Phase voltage
waveform. (b) Line-to-line voltage waveform.

FIGURE 25. Real-time implementation block diagram.

and the corresponding dc-voltage value is fed into the com-
puter through NI-PCIe-6351 Card. The capability of ILI for

FIGURE 26. Experimental results of dynamic speed responses obtained
from V/f control. (a) Increase of rotor speed from initial condition to
pre-defined speed range 0 rad/s - 50 rad/s in 0.34s and then shifted to
100rad/s in 0.24s. (b) Rotor speed shifted from 0 rad/s to 100 rad/s
in 0.36s and stepped-down speed transitions of varying rotor speed from
100 rad/s to 50 rad/s in 0.20s.

TABLE 5. Experimental data.

running the inductionmachine under variable speed condition
using V/f control scheme was experimentally verified. 10 kHz
carrier signal was used for SPWM signal generation. In order
to verify the rotor start-up performance, the motor was made
to run from standstill condition to different pre-defined speed
ranges. Fig. 26. (a) and (b) shows the MATLAB plot of speed
responses of the induction motor. Rotor speed increased from
0 to 50 rad/s in 0.34s. It was further increased to 100 rad/s
in 0.24s and got reduced to 50 rad/s in 0.2s.

2) SPEED CONTROL USING DIRECT VECTOR CONTROL
METHOD
The induction motor speed can be more accurately con-
trolled using the direct vector control logic. This scheme was
implemented using the MATLAB/Simulink environment
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TABLE 6. Comparison of simulation and experimental results.

with the same ILI hardware setup. The reference current
components Id and Iq obtained from flux and torque errors
respectively are converted to reference phase voltages after
subjecting them through axes transformations. These refer-
ence voltages form themodulation signals in the conventional

method. Here, these modulation signals are rectified and
given as switching pulses to the buck converter. This rectified
buck voltage is inverted using the H-bridge. Fig. 27 shows the
dynamic speed responses obtained from the tacho-generator
output of ILI fed inductionmotor. In order to validate the rotor
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FIGURE 27. Experimental results of dynamic speed responses obtained
from direct vector control. Increase of rotor speed from initial condition
to a pre-defined speed of 0 rad/s to 50 rad/s in 0.24s, then shifted to
100rad/s in 0.12s finally stepped-down to 50 rad/s in 0.11s.

FIGURE 28. Experimental results of dynamic speed responses obtained
from direct vector control. Increase of rotor speed from initial condition
to a pre-defined speed of 0 rad/s to 75 rad/s in 0.25s, then shifted to
135 rad/s in 0.12s finally stepped-down to 75 rad/s in 0.12s.

start-up performance and acceleration, the motor was made
to start from standstill condition to a pre-defined reference
speed value of 50 rad/s. The rotor quickly attained the refer-
ence speed and critically stabilized in 0.24s. Again, the rotor
was accelerated by changing the reference speed value to
100 rad/s. The rotor attained this speed in 0.12s. To test
the retardation capability, reference speed was changed to
50 rad/s and the motor attained this speed in 0.11s. The
step-up and step-down speed transition experiments were also
conducted at various speed ranges starting from standstill
condition to 75 rad/s in 0.25s, 135 rad/s in 0.12s and retarded
back to 75 rad/s in 0.12s, as shown in Fig. 28. The transient
and steady-state closed-loop performance of the inverter sys-
tem over a wide range of speed is observed. Fig. 29.(a) shows
the dynamic response of the phase current and voltage wave-
forms during retardation and Fig. 29.(b) shows the dynamic
response of the phase current and voltage waveforms during
acceleration. Here, the sensor conversion scales are 1:1 and
1:222 for current and voltage measurements, respectively.
To validate the dynamic response and quality of power con-
version of the ILI, the rotor speed is critically changed from
130 rad/s to 95 rad/s. It was repeated in reverse direction too.

FIGURE 29. (a, b) The dynamic response of ILI fed induction motor
obtained from direct vector control. (i) Phase current and (ii) phase
voltage across motor winding. The rotor speed shifted from 130 rad/s to
95 rad/s by changing the phase voltage and frequency from 210V, 45Hz to
150V, 30Hz at 3.3s. and the vice versa. (Current and voltage sensor
conversion scale is 1:1 and 1:222 respectively).

In TABLE-5 illustrate the experimental data of dynamic
speed response and settling time of three-phase open-ended
induction motor using ILI topology.

In comparison to scalar control technique the direct vector
control exhibits an improved performance in settling time for
speed responses. The experimental results prove that the qual-
ity of voltage and current waveforms remain constant before
and after the speed transitions.Comparison of simulation
and experimental results are summarised and presented in
the TABLE- 6.

XIV. CONCLUSION
Design and analysis of the performance of an infinite level
inverter driven induction motor have been discussed in this
paper. ILI has been found to impart better performance to an
induction motor drive. The ILI which belongs to an AFE-
RDC-MLI topology has been tested with a resistive load
and found to possess very good quality voltage and current
waveforms in terms of THD. While conventional inverter
topologies contain tens of percentage of THD, the topology
mentioned in this paper contains a THD as low as 1.2%.
Moreover, the dc- voltage requirement for generating a fixed
ac-voltage output has been found to be much less than that
required by other similar topologies, making the dc-source
utilization better with this topology. While it is required to
have a dc-voltage requirement of 677V in a conventional
inverter working in sine PWM mode, the requirement of
dc-voltage in the new inverter is only 338V.

Use of third harmonic injection modulation scheme has
also been performed using this inverter and found that the
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dc-source utilization can be improved further. Efficiency of
inverter has also been found to be better, since only one switch
per phase is operated at high frequency. All the switches
in conventional inverters are operated at high frequency.
Scalar and vector control of induction motor have also been
performed using this topology. It has been found that the
dynamic performance is better with this topology. This has
been validated by accelerating and decelerating the machine
with different reference speeds. Since the harmonic content
in current has been very less, torque pulsations experienced
by the motor would be negligible. Requirement of de-rating
associated with induction motors fed by conventional invert-
ers is not present in this case. Since there is no shoot-through
menace, the chances of the inverter getting damaged is less,
which results in better life and reliability of the drive system.

XV. FUTURE SCOPE
Silicon based power electronic devices are getting replaced
with Wide Band Gap (WBG) devices. WBG devices are
capable of switching at frequencies in the range of several
megahertz. ILI can be a perfect fit for WBG devices, since
the output voltage waveform can approach a pure sinusoidal
status at these switching frequency levels. The performance
of the drive system with advanced control schemes can also
be studied.

APPENDIX
A. DESIGN OF INDUCTOR (L)
The rms value of the fundamental component of current
ripple (ILripple) is obtained from,

4
√
2π

[
Vi
2

]
= (2π fsL)ILripple (56)

where, Vi is the input voltage, ILripple is the inductor cur-
rent ripple, fs is the switching frequency. The maximum
permitted amount of ripple is considered as 5%. Therefore,
(ILripple ≤ 5%I ), Where, ‘I ′ is the rms value of load current.
Hence, the value of desirable inductor (L) is

L >
( 4
√
2π

)(Vi2 )

2π fs(0.05I )
(57)

B. DESIGN OF CAPACITOR (C)
For designing the value of capacitor, assume the value of
ripple in the load current as very small and hence, can be
negligible. Here, the ripple current of the capacitor (ICripple)
is equal to the ripple current of the inductor current (ILripple).
The maximum permitted amount of the ripple voltage of the
capacitor is considered as 5%. Therefore, VCripple ≤ 5%Vo.

VCripple =
ICripple
2π fsC

≤ 0.05Vo (58)

On rearranging the above equation, the value of the capac-
itor (C) is

C ≥
ICripple

2π fs(0.05Vo)
(59)
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Abstract: The major area of concern in the advancement of intelligent vehicles is to improve the safety 

of driving system. This paper comes up with a new way of using visual system for driving assistance by 

replacing convex mirror with wireless camera and sensors.  The new system uses vehicle-to-vehicle OAS 

which contains both transmitter and receiver systems. It will assist the driver to avoid accidents during 

overtaking. This is a driver support system which helps you maintain the correct speed and safe distance 

from other vehicles. .It helps in reduction of accidents and provides safe journey on all weather 

conditions. 

 

Keywords: Advanced Driver Assistance System, vehicle-to-Vehicle Communication, Zenarch Tech 

 

I. INTRODUCTION 

   Due to exponential growth in the number of vehicles, road safety is a compelling issue nowadays. Advanced Driver 

Assistance System (ADAS) concept in the practical realization of transportation system. It helps to improve the 

awareness of driver about surroundings and decrease accidents, the proposed system uses low cost cameras as sensors 

which decreases market price of driving assistance system. 

   More than 200,000 people lost their life in road accident every year in India. When compared with developed 

countries, 400 mortalities occur in a day. The main reason for these traffic accidents are careless driving at turnings and 

dangerous over takings at curves. Government has set up convex mirrors which are fitted at curve points and T sections. 

But these mirrors are not so effective, mainly due to weather conditions, moist etc. Its effectiveness also depends on a 

person’s distant viewing ability for all these problems, our team found out a solution that causes a drastic change in 

reducing traffic accidents and to enable safe journey on every weather condition 

   A road crash occur when a vehicle hit with another vehicle , human, animals or static hindrance such as seedling , 

post or structure . Traffic crash results in mortality, property impair. It affects economy of both society and the person 

involved .According to 2013 global survey, there were 125 million traffic mortalities with grievous injuries and 

breathing with conflicting health impacts. Traffic injuries are evaluated to be the ninth noted threat of life of all age 

group, worldwide, and are to be forecasted to be seventh leading as it is evident in the statistics majority of the demise 

from road accidents occur while overtaking. Therefore, by this project we aim to ensure safety during overtaking and 

thereby reducing the accidents caused due to careless driving. Overtaking assistance using V2V TECHNIQUE is a 

wirelessly transmitting visual technology that sends video information to the display connected in the vehicle 

wirelessly. The video can be recorded like a black box method used in many applications so that it can be used for 

future purposes. An adaptive system can be developed so that people can overtake safely without any trouble on 

turnings and hair pins. The system makes use of Raspberry pi module to ensure safe ride. 

 

II. MATERIALS REQUIRED 

 Raspberry pi 3b+ 

 180-degree pi camera 
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 Display unit 

 Pole 

 

III. SYSTEM DESCRIPTION 

3.1 Raspberry PI 3b+ 

   This board has an improved network specification when compared to older pi versions. The processor speed has 

increased from 1.2 GHz to 1.4 GHz. It has new dual band wireless LAN chip of 2.4 and 5 GHz with embedded antenna. 

These specifications will be great to get seamless video transfer rates. The board is a 64bit type with 1 GB of ddr2 ram. 

It consists of thermal management systems and 4 2.0 usb ports for connectivity. Supported operating system are Linux 

and UNIX. 

 
3.2 PI Camera 

   The camera used is a 5-megapixel night vision enabled wide angle camera. It provides 180-degree wide angle view 

which will be perfect for our project. It is compatible with Raspberry pi 2, Raspberry pi 3B and 3B+. It is useful for real 

time photographing and video recording. This is a new version and can replace the infrared lamp or white fill light. The 

module connected to Raspberry P through a 15 Pin Ribbon Cable, to the dedicated 15-pin MIPI Camera Serial Interface 

(CSI). The CSI bus is adequate of exceedingly high data rates, and it solely carries pixel data to the BCM2835 

processor. 

 

3.3 Display Unit 

   Display used can be anything with a hotspot connectivity feature. The display can be a mobile phone, tablet etc. When 

the vehicle enters the hotspot region, the display automatically connects to the network and thus enabling the video 

signal from the camera fitted inside the pole to be fetched. 

 

3.4 Pole 

A stand with perfect casing (dustproof, hydrophobic material). 

 

IV. METHODOLOGY 

   Zenarch Technology helps the driving safe especially at turnings or hair pin curve The main components used are 

raspherry pi module, two camera and a display fitted inside the vehicle. The camera is always turned on, but the visuals 

of the camera are fed to the display only when the vehicle enters the hotspot region created by a pole structure The pole 

is fitted on the center of curvature of a road .The pole consists of two camera for normal curve and the number of 

cameras installed on the pole depends on the type of curve The cameras used here are 180 degree compatible for a wide 

and clear video. 

   The working of zenarch tech is quite simple. The pi board and the camera are connected and placed on a pole like 

structure. The pi board is installed with python program with open CV to fetch the video and transfer it wirelessly to a 

display which will be fitted in a vehicle. When the vehicle reaches the hotspot region that is provided by the pi board 

say 200-300m, the display will be connected to the hotspot. After it is connected the video from the camera is fed to the 

display until the vehicle leaves the hotspot region. From the video, the driver can see oncoming vehicles, animals 

crossing road and many more. This technology can replace the conventional convex mirrors used on hairpins, curves, 

blind spots etc.  

   Change in climate is a serious cause since it’s a foggy climate the mirrors are being masked up and thus efficiency of 

these mirrors is being reduced and also dust which is being deposited on them results in the inefficiency of them which 

end up them to be useless.  

   So, in such cases zenarch tech will be a great choice for the safety of drivers, pedestrians, animals crossing roads and 

much more. 

Following is the block diagram: of proposed system 
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5.1 Image Processed from a Single Camera

 

5.2 Image Processed from a Wide-Angle Camera

   ZENARCH TECH is surely a promising alternative for the currently used convex 

ensure safe driving while overtaking through steep curves in emergency situations. Future research is aimed at 

improving the sensors and cameras used and constructing more reliable and efficient Technology. In near future

technology will be improved by using most efficient and reliable sensors and cameras etc., thus wecould get rid of the 

convex mirrors which are traditionally used.
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V. RESULTS 

Single Camera 

 
Figure 5.1 

Angle Camera 

 
Figure 5.2 

 

VI. CONCLUSION 

ZENARCH TECH is surely a promising alternative for the currently used convex mirrors. And this technology would 

ensure safe driving while overtaking through steep curves in emergency situations. Future research is aimed at 

improving the sensors and cameras used and constructing more reliable and efficient Technology. In near future

technology will be improved by using most efficient and reliable sensors and cameras etc., thus wecould get rid of the 

convex mirrors which are traditionally used. 
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ABSTRACT 
 

Day by day the demand for hybrid and electric vehicles are 
increasing. It became necessary to develop an innovative and 
human friendly charging infrastructure for steady charging. 
Today charging of electric vehicle is done by. In future there 
will be autonomous car, the charging of the car should also be 
automated. This paper deals with robotic electric vehicle 
charging machine with digital payment. It explains the pros of 
automated charging system and its necessity in the coming 
future. The next part explains the systems which are in 
presently available in market. The last part deals with the 
proposed system and it future scope and modifications. 
 
Keywords: electric, vehicles, charging, Automatic, station 

 
I. INTRODUCTION 

 
Even though the number of electric vehicles is very less 
compared to IC engine vehicles, the charging process is time 
consuming and costly as man power is required.  Lot of money 
and effort is invested to develop an autonomous and customer 
friendly charging system. There are lot of advantages for 
contactless method of charging. Marketability of automated 
robotic charging system is being looked into, by the 
manufacturers. There are many issues like complex vehicle 
adaption, energy losses, environmental impacts on flora and 
fauna, electromagnetic radiations need to be solved. Driving 
long distances with short intervals of charging is necessary to 
make travelling in electric vehicle more enchanting and user-
friendly. In inductive system, high charging ability and low 
power transmission performance are not feasible. Fast 
charging or quick charging or DC quick charging is done with 
conductive process. Next option is battery switch stations, 
which replace the discharged battery with charged one.   Due 
to the difficulty in integration of grid to vehicle and also of 
high cost, battery switch option is not implemented.   

 
The Figure 1 highlights number of kilometers / hour loading 
capacity that the electric vehicle can cover based on the energy 
consumption and different loading methods [1, 2, 3]. The 
losses due to discharging and charging are not considered in 
the comparison. When comparing low and fast charging 
technologies, the charging time can be reduced significantly for fast 
charging system for the load up to 170 KW.  

 

  Figure 1: Charging Capacity by Charging Method 
 

The people face difficulty for charging their electric vehicle 
when the cable becomes unhandy, and hard. This happens 
when the diameter of cable size increases. The increase in 
cable occur when powerful direct current is used for charging 
[4]. The automated conductive charging process is attractive 
and customer friendly because of this possibility to load 
vehicles. New opportunities are offered Autonomous vehicles 
along with automatic charging systems provides new 
opportunities [5]. 

http://www.ijcrt.org/
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. PROPOSED SYSTEM 

 
The proposal is able to charge any electric car independent of 
socket position, brand type and model. Any type of 
modifications and complex vehicle adaptions are not required. 
With a single robot, it is possible to charge multiple vehicles. 
Here, we are using cheap and simple robot charging machine 
without camera system for locating the charging port and also 
well incorporated an autonomous digital payment system. 

 

A. MATERIALS 
 

 Servo motor:MG995 

 Node MCU:ESP8266 

 Battery charge protection for Li-ion:TP4056 

 Ultrasonic sensor module:Hc-Sr04 

 IR Sensor 

 3D Printed Robotic ARM 

 Relay:5V 10A 

 Toy Car: RC 

 DC Power Supply:7.5V,2A 
 
 

B. METHODOLOGY 

 
Electric / Hybrid Plug IN vehicle enters the charging station; 
Here we are using an RC Toy car as the vehicle. We also 
arranged a stopper on the floor, so that the vehicle tyre should 
park exactly by hitting on the stopper. This arrangement helps 
the robotic hand enough data to locate the charger port position. 

 
We have introduced a mobile application for our project. The 
charging station can be completely controlled by this mobile 
application. When the driver enters the charging station, it 
automatically detects the vehicle and the charging station can 
detect the type and model of vehicle. We have used ultrasonic 
sensor to measure the distance between the vehicle and the 
charging station. The app interface is very user friendly. It can 
be easily controlled by the driver. The icons can be arranged 
according to our needs also the driver can add their name to it.  
 
Here we are using blynk application for our project. We selected 
blynk because it is more comfortable, safe and user friendly, all 
the icons can be adjusted to our needs. Also we can add more 
features to it. The app interface consists of the vehicle details, 
time took for charging, rate and also the balance amount. It is 
same as recharge of a fast tag. During the charging time the 
driver can leave the car and after the completion of charging 
process he will receive a text message so that he can come and 
take this car. While charging the driver can move away from the 
car. There is a live tracking process which will be very useful for 
the drivers. The charging power and battery capacity decides the 
time required for charging the battery.  In short, the rate of time 
to charge depends upon the level of charging of the battery, this  
inturn depends on the charger of the car and the ability to handle 
voltage of the battery. 
 
There are different levels. Level 1 is the slowest speed charger, 
Level 2 is the medium speed charger ie, household 240V AC and 
Level 3 as the fastest level charger. The charging time of Level 3 
is very fast and requires only thirty minutes to charge 80% of 
battery. Industrial competition is very severe about the standard 
that should be widely adopted. The first generation usable 

battery capacity of electric vehicle is 20 kWh, for a range of 
160 km. The first company, Tesla introduced longer range 
mass production electric vehicles. They released the Model S 
with different battery capacities of forty kWh, sixty kWh and 
eighty five kWh. Plug-in hybrid vehicles have capacity of 
three kWh to twenty kWh, for a range of twenty to eighty 
kilometers. The gasoline engine produced the full range of a 
conventional vehicle. The basic charging process depends on 
the type of vehicle.  
  
 
From the domestic socket, rechargeable electric equipment 
and vehicle can be charged. If the EV is not charging the 
sensing mechanism or current mechanism disconnect EV 
from power in a charging station. Also in charging station 
number of electrical vehicles can charge at a time. Charging 
stations for electric vehicles does not require new 
infrastructure in developed countries. The charging station 
can offer the existing electrical grid. The home recharging is 
an optional, as most of the driving is short distances which 
does not require mid trip charging. Charging stations plays 
an important role where vehicle have the facility of on-street 
parking.  The present filling stations may also incorporate 
charging stations. Our charging method is very simple and 
can be used by anyone. It can also be easily accessible by 
anyone. The mobile app is the very useful process in the 
whole project. We can also provide other additional features 
to it. 
 

There is an indicator light in the charging station to show 
whether the charging station is free. We are using a IR 
sensor for this purpose. When the charging station is empty 
the indicator lights show green, when the vehicle enters the 
IR sensor transmitted light reflects back by hitting on the 
car body and it will be captured by the receiver and turns 
the indicator light red and the charging station becomes 
active for charging. 

 
The driver will pair their mobile with the charging station 
by login to the web application provided by the charging 
station and select the charging slot. Once they are paired 
the charging station gets the details of that car such as the 
car model, height of the charging port, the length and 
breadth wise distance from stopper pad to the charging port. 
We also use ultrasonic distance sensor to the get real time 
distances. 

http://www.ijcrt.org/
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Figure 2: Block Diagram charging station side 
 
Based on the above information robotic arm place the 
charging wire at the tip exactly to the charging port. We use a 
magnetic head charging port, so that the Plug IN of the arm 
will made more accurate. 
 

 
 
 
 
 
 
 
 
 
 
 
 

  Figure 3: Block diagram Driver Interface 
 

The driver will pair their mobile with the charging station by 
login to the web application provided by the charging station 
and select the charging slot .Once they are paired the charging 
station gets the details of that car such as the car model, 
height of the charging port, length and breadth wise distance 
from stopper pad to the charging port. We also use ultrasonic 
distance sensor to get real time distances. 

  
Based on the above information robotic arm will place the 
charging wire at the tip exactly to the charging port. We have 
used a magnetic head charging port, so that the Plug IN of the 
arm will be more accurate. 
 

After Plug IN the relay coil gets energized and current is passed 
for charging. Here we use TP4056 battery charge protection for 
Li-ion in the car for indicating the charging is taking place. 
Once the relay coil is energized the timer starts and stops until 
charging is finished or the driver stops the charging process by 
clicking stop button through the online web application. 

 
 

Once the timer stops, the relay will be de-energized and the 
robotic arm will be withdrawn to the initial position. Based 
on the charging time, Node MCU ESP8266 calculates the 
bill and send to the charging station server through the Wi-
Fi hotspot. This amount will be debited from the account of 
the driver provided by the charging station company. The 
above transaction details will be accessible to the driver by 
login to their web portal. The above proposed -system is 
shown in Figure 4. 

 

 
 

Figure 4: Proposed automated charging station in public 
areas 

 
 
III DISCUSSION AND OUTLOOK 

 
Automated system for charging electric vehicles 

nestle free, convenient charging without any human 
intervention.. When a car approaches and is parked in the 
charging bay, charging plug suitable for the particular 
vehicle is selected by the system detecting the type 
automatically and is plugged to the socket after opening 
any cap if its there. Once the vehicle is fully charged 
system removes the cable and the system is restored to the 
normal state as it was when the vehicle reached the 
charging bay.        
 . 

Even though the electric vehicles are using state of 
the art technologies, there are lot of difficulties involved. 
Since the charging plug socket needs standardization. The 
standardization also has limitations because each 
manufactures is improving upon the abilities of the vehicles 
in respect to the storage batteries capacity. So the charging 
speed / current is not standardized yet. There are different 
types of sockets depending on the model, brand country of 
origin. There is no standard for position of the socket for 
charging. Some hybrid vehicles come with charging 
sockets on sides and some electric vehicles come with 
sockets located in front or back side of the vehicle.  
 

The heights at which the sockets are installed are 
also way different in different brands of vehicles.  

There will be cap provided for protecting the sockets. 
Some are rubber screwed caps and some others have 
plastic flip open caps. So the automated system for 
conductive charging requires lot of customization to soot 
all types and makes of vehicles. The system demands 
complex devices to handle the plugs and cable 

http://www.ijcrt.org/
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management. In special cases of DC quick charging 
requirements heavy cables are involved as is the case with 
CCS tpye2 cable for charging weight about 1.7Kg/meter with 
abilities to charge upto 106.25kw. Diameter of the cables used 
is 28.2mm  

 

 

Figure 5: charging port for proposed system in Vehicles 
 
 

An overview of the proposed vehicles charging socket is 
presented in Figure 5 shows a typical parking station of 
vehicles appropriate socket for charging positioned correctly 
taking care of complex requirements of automated charging 
system including the resulting charging socket position. As  
mentioned, these varieties of systems and vehicle - specific 
requirements complicate an automation of the charging 
process enormously. 

 

V CONCLUSION 

 
Automated system for charging electric vehicles are 
challenging and emerging in the market. Since each new 
model comes  with out of the box technologies with higher 
power retaining capacities, charging systems need to attend to 
the complex requirements of all electric vehicles. Presently 
most of the automated charging systems are of prototype 
status. Concept of automated charging system presented with 
robot in charging bay takes care of all possible challenges and 
provides solution. Since future electric vehicles are expected to 
be designed for automated charging station and the number of 
electric vehicles increase the potential for automatic 
conductive charging stations are immense. Ease of charging is 
also going to be determinable in improving comfort of use of 
electric vehicles 
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Abstract
Purpose – This study aims to explore the factors influencing electrical accidents. Here, the authors aim to
understand andmodel the causes of electrical accidents at multiple levels.
Design/methodology/approach – In the study, the authors have tried to put causes of accidents in
the electricity distribution segment, in the framework of the Swiss Cheese model. Delphi kind of
expert survey was conducted to find the Cheese Slice (level) and the causes (holes) for electrical
accidents. Inputs from a hundred experts having more than five years of experience in electrical
utility companies have been used to find Cheese Slice and holes, to explain the occurrence of an
electrical accident.
Findings – Effective training for safe work practices, safe knowledge and closer supervision would go a
long way to plug the holes in the Cheese Slice in human factors. The difference in perception of managers,
supervisors and workers on the importance of various causes of electrical accidents are also presented and
discussed.
Research limitations/implications – This research is based on expert opinion and survey where
respondent perception is reported. Actual accident data has not been used here.
Practical implications – The holes or causes of accidents at different levels (Cheese Slice) have been
identified for plugging or removal for better safety.
Social implications – Electrical energy is widely used, and therefore, electrical safety is a social concern
and also improving it is a social need.
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Originality/value – The study contributes to electrical safety issues in the electrical utility sector.

Keywords Accidents, Electricity distribution, Perception differences, Swiss Cheese model
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1. Introduction
Accidents have been a major concern of the top management in hazardous industries.
Though in earlier days the causes of accidents were always attributed to the accident
zone or equipment involved, now accident are understood to be having deeper and
wider causes even covering practices in society and industry. Studies on electrical
accidents reported in the literature have mostly focused on causes in the proximity of
the accident and have not taken a wider view of the phenomena leading to the
accident.

In industrial situations, even the causes of the accident in the proximity of the site
and time were not in the control of the people there but were the result of decisions
taken at a different time by different persons at different places. This being the case
there is a need to model accidents and bring out causes at the organization level,
working environment and system level, workplace and human issues all in one model
showing their interrelationship. This approach will lead to an integrated holistic
approach for reducing accidents and improving safety specially related to electrical
accidents.

2. Review of literature
2.1 Accident modeling
An accident is an undesirable event and it results in either injury to a person or damage
to property. Accidents are a threat in any industry. According to various studies
conducted in the past it is clearly proven that the growth and survival of any industry
has a direct relation with safety. Safety in industry is a complex phenomenon. To
improve safety, we have to know the factors that cause accidents or hazards (Mullai and
Paulson, 2011; Sklet, 2016). Information about safety issues helps decision-makers in
improving safety standards through developing effective management strategies
(VinodKumar and Bhasi, 2007). Identifying, addressing and eliminating threats helps in
reducing the risk of accident (Thomas and Bhasi, 2011). Continuous improvement with
an efficient feedback mechanism helps in understanding and avoiding factors
influencing accident (Mallik, 2014).

The causes of serious injuries can be depicted in an Injury Pyramid (Heinrich, 1950).
There are two approaches to reducing accidents, first, as accidents are caused by chance
events (hazards), the probability of occurrence these chance events have to be minimized.
Second, the seriousness of the effect of the event chance (hazard) has to be minimized, say by
the use of personal protective equipment (PPE). Knowing the root cause of an accident will
help to reduce the rate of occurrence and formulate effective prevention strategies. Many
theories such as Heinrich domino theory, Ferrell’s human factor model, Petersen’s accident
incident model, System model and Swiss Cheese model (Burke et al., 2008; Khosravi et al.,
2014) may be used to depict, understand the factors involved in accidents and reduce them.

Heinrich’s (1950) in his theory explains accidents using dominos. The dominos fall over
one another and create a chain of events. It has a single chain reaction of incidence. Heinrich
explained various stages in accident causation (Census of Fatal Occupational Injuries, 2014;
Marshall and Singer, 2018; A Guide to Measuring Health and Safety Performance, 2001).
The first stage is the social environmental and ancestral one which encompasses things
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leading to undesirable traits of a person. Genetics or inherent behavior is the commonly used
term. The second stage is a fault in person or personal characteristics (Low et al., 2019;
Choudhry, 2014; Cooper, 2002; A Guide to Measuring Health and Safety Performance, 2001).
Ignorance, temper, etc., are some of the personal traits. The third stage is due to unsafe
conditions or unsafe acts which lead to specific incidents. This type of stage is identifiable
and nearer to accident proximity. The next stage is the accident itself. The last one is injury
or an unfortunate outcome of an accident. Organizations can have procedures to deal with
accidents and reduce injury or loss (Casey et al., 2017; Dedobbeleer and Beland, 1991;
Gludenmund, 2002).

Ferrell’s model is about the human factor which explains multiple causes and also
specifies about the causes (Chi et al., 2009; Cigularov, 2013; Huang et al., 2006). Ferrell
defines an accident as an error of an individual and defines the general cause of the accident,
namely, overloaded activity, incompatibility of activity and improper activity. Each general
cause has several specific causes. Improper activity may be, lack of knowledge or deliberate
risk taking. The next one called incompatibility is a little complex compared to improper
activity. It encompasses improper response to the situation and environmental
characteristics. The third class called overload is more complex and is related to the
emotional state of a person (Dedobbeleer and Beland, 1991; Kapp, 2021; Newaz et al., 2019). It
also includes unmotivated conditions, physical and educational background, situational
factors like drugs, job-related factors such as work pressure and other environmental factors
like noise or distraction.

Petersen’s incident accident model is a modification of Ferrell’s model. He has
included the concepts of ergonomics and decision errors. It also includes unconscious
desire, poor logical decision, system failure, poor policy, not detecting mistakes and
lack of training (Fang et al., 2015; Hayes et al., 1998; Mullen et al., 2017; Tsang et al.,
2017).

Based on the Domino theory adapted from Heinrich 1931, the major factors of accidents
are social, environmental, fault of the person, unsafe act or physical hazard, accident and
injury. The social environment can be due to undesirable characteristics such as greed and
stubborn, influenced by the environment. It is thought of as nature or inherent behavior. The
fault of a person includes temper, overconfidence, inconsideration, violent behavior, etc. It is
described as nurtured or acquired behavior. The unsafe act can be not wearing PPE,
improper earth, slippery, etc. Injury is the direct impact of an accident which can be burn,
fracture or even death.

Reason’s Swiss Cheese model is based on Heinrich’s Domino theory. Barriers are
depicted as slices of the Swiss Cheese while the hole in the Cheese represents latent failure
(Figure 1).

Active failure is directly linked with accidents and failing to stop can cause adverse
events. Active failure leads to immediate consequences while latent failure may take days or
months before contributing to the accident. Active failure can be easily identified. Every
layer is indicated by a Cheese Slice and problem or failure by holes of Cheese. The failure
can be active or latent. Active failure contributes directly to the accident while latent failure
may remain dormant for some period until they lead to a catastrophic accident. For any
accident to happen the holes have to be in a line. If circumstances favor and holes align then
accidents occur (Fang et al., 2015; Johnson, 2007; Melia et al., 2008; Siu et al., 2004). The
failure can be active or latent. Active failure contributes directly to the accident while latent
failure may remain dormant for some period until they lead to a catastrophic accident,
through a domino effect. In the presentation, in the Swiss Cheese model, for any accident to
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happen the holes have to be in a line. If circumstances favor and holes align then accidents
occur (Gillen et al., 2002; Guo et al., 2016; Rundmo, 2000; Sawacha et al., 1999; Sklet, 2016).

2.2 Comparison of safety models
The Fishbone diagram is one of the root cause analysis tools to understand the cause of
process failure. The Fishbone diagram categorizes the causes and is effective when used by
a single person. The diagram is drawn after multiple brainstorming discussions to prioritize
the relevant cause of the accident. However, in some cases, it may produce irrelevant
potential causes leading to confusion and waste of time. When the problem is complex the
diagram will be messy or jumbled. This method focuses on the opinion and not on evidence.
It focuses on process failure rather than human error.

The failure mode effect analysis (FMEA) method is used at the core competence level. It
is primarily used during the design phase to prevent the accident by considering the
severity of the accident. It is a lengthy, costly and time-consuming process with no inclusion
of human intervention. This analysis focus on design safety, hazard in product life cycle
operational issues rather than accident causation due to human error. In this analysis items
having acceptable risk is considered for ranking to find criticality of the accident.

In fault tree analysis we need an expert to identify the cause of potential failure. This
method is used to generate risk factors and is beneficial for a newer system. Here also less
focus is given for human error but it is an effective visual tool. It is lengthy and time-
consuming. Latent hazard is not addressed.

The Swiss Cheese model is more effective if human intervention is involved. This model
triggers a human error and its forthcoming. In the Swiss Cheese model, the different levels of
human error are taken into consideration, as it is a serious issue of every system. It is a
structured approach which helps managers in identifying the gap that addresses potential
human error. The catastrophic events are analyzed using the Swiss Cheese model to

Figure 1.
Reason’s Swiss
Cheese model
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understand and safeguard loss of life or environmental damage or financial loss. Examples
of such studies are the Space shuttle challenge and the Exxon Valdez oil spill. The space
shuttle challenge incident was due to human error and poor decision-making while the
Exxon Valdez oil spill incident was due to error in all levels of the organization and humans
in direct contact with the system. The Swiss Cheese model can track accident causation in
various levels of the organization without blaming individuals. It is the best model to
address risk related to human interaction systems. “We cannot change the human condition,
we can change the condition under which humanworks” (Reason, 2000).

2.3 Electrical accidents
Electricity being a widely used utility, accidents related to it are common and are a great
concern, both because of their higher frequency and also their serious and even fatal
outcomes. Electrical accidents mostly occur due to technical reasons or human factors or
environmental causes (Goldenhar et al., 2003; Mohamed, 2002; Chen et al., 2017). Many
advancements have taken place in technology to reduce accidents but Electrical accidents
still are at unacceptable high levels.

Electrical safety issues can be either an incident or an accident. Electrical-related
accidents are considered as an undesired events due to high electric current which results in
the injury of a person or damage to property (Hoffmann andMorgeson, 1999; Roslynn, 2012;
Zohar, 1980). Injury means any sort of discomfort or inconvenience to the body or any
psychological injury or death that occurs due to electric current. Electrically powered
equipment may pose a significant hazard to people if not maintained properly (Lingard et al.,
2010; Gith et al., 2014). The major hazards due to electricity are electric shock, fire and arc
flash. Electric shock is due to the body being in contact with an electric circuit or body
becomes a part of an electric circuit. The severity depends on the path through the body, the
magnitude of current, exposure time and type of skin (namely, wet or dry). Current can
easily pass through wet skin. In addition to shock hazards, the spark from electrical
equipment serves as inflammable or explosive vapor. Hazardous arc flash occurs due to
high energy regardless of voltage. This happens in switches, panel board, motor control,
metal clad of switchgear, transformer, motor starter, faulty equipment, etc. The explosion
due to the hazardous arc creates a pressure wave which can damage a person’s hearing, as
well as eyesight and can cause serious burns. The live part to which an employee is exposed
has to be de-energized before working on it. Working near an energized circuit can lead to
accidents based on the clearance and type of device or wire.

3. Objectives and methodology
This study aims to develop a multi-level model to explain electrical accidents. A review of
literature has been done to understand the different types of models used in the area of
accident models. FMEA (Wu et al.2021) is a popular model used for the analysis of machine/
system failures and to understand the consequences of such failures and to reduce such
failures. As our focus is man-related accidents where equipment failure might or might not
be involved this method has not been used by us. Another popular tool for studying causes
of failure or defects or even incidents is the Fishbone diagram (Varsha and Pandhare, 2015).
These causes are usually grouped into those based on man, method, material and
measurement. This is most suitable to depict operational causes of accidents, deeper
management and other organization-related causes get missed in this tool, and hence, we
have not used it here. Five whys (Serrat, 2017) is an iterative interrogative technique used to
explore the cause-and-effect relationships underlying a particular problem. The primary
goal of the technique is to determine the root cause of a defect or problem by repeating the
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question “Why?” Each answer forms the basis of the next question. This has been used by
us in a limited way to help experts reach the “Root Causes.” The Swiss Cheese model was
found to be one suiting the situation of an electrical accident in electrical utility company
considering the same, the following objectives were set for the work.

The objectives of this study were the following:
� To identify the different Cheese Slices and their relative positions for the model for

electrical accidents.
� To identify the vulnerabilities or holes in each of the Cheese Slices.
� To arrange the Cheese Slices with holes in a Cheese model.
� To find the relative importance of each Cheese Slice (Level) and the holes (causes) in

the above Cheese model for electrical accidents.
� To study the perception difference on the importance of different Cheese Slices and

the holes in them in the proposed Cheese model by experts, management,
supervisors and workmen.

To achieve the above objectives, the methodology with steps shown in Figure 2 was
followed. A survey of literature related to electrical accidents in distribution companies was
carried out to list the causes and their relationship with each other. The list of 18 causes,
thus prepared was given to a group of 15 experts, 3 each from teaching and research,
electrical safety consulting, electrical supply company, industrial users and railway
electrification division and they were requested to recommend to remove irrelevant causes
and to add causes that were missing. The experts were also requested to suggest the levels
into which these causes could be aggregated. The inputs from the first round with the
experts were put together and circulated to decide on levels till an agreement was obtained.
After three rounds of this Delphi-like rounds of consultations with the experts, a consensus
was obtained regarding the levels and the assignment of the causes to each level.

The levels and list of causes therein, thus obtained was used to frame a survey
questionnaire to get the response from workers, supervisors and their managers from
electrical utility providers and large industrial electricity users.

The questionnaire was distributed to 145 respondents, 114 questionnaires were filled and
returned to the researcher, of which only 100 numbers were found to be usable and were,
therefore, used for analysis. Inputs using the same questionnaire was also collected from 15
experts for final comparison.

4. Results and findings
As mentioned in the section above we have used a Delphi kind of expert survey to find the
Cheese Slice (level) and the causes (holes) for electrical accidents in each Cheese Slice. The
initial round of inputs from the experts yielded the following five Cheese Slices, namely,
human factor issues, workplace issue, working environment and system, work culture of the
organization and national standards. The initial set of 38 causes identified and given from
literature were reduced to 26 in the 3 rounds of review with the experts. By the time
consensus was reached, from the list of causes given, they combined 6 sets of causes,
removed 7 and added 4 new ones leaving 26 causes for the study. In the consensus, they also
decided to drop National Standards from the list of Cheese Slices for the model, the Cheese
model slices that resulted is shown in Figure 3.

The Cheese Slices represented (Table 1) and the 26 causes or holes in the 4 Cheese Slices
of the Cheese model proposed were used in the questionnaire for obtaining responses from
Managers, Supervisors and workers in the survey. The respondents were asked to score
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each cause on a 10-point scale with 1 for negligible importance in causing accidents and 10
for having very high importance in causing accidents based on their experience and
knowledge. The experts were also given the questionnaire and the scores given by them for
various causes were also taken.

The simple average score for each cause given by each group of respondents were
calculated. The results from the survey are presented below. The average score given by
each group for each cause is shown in Tables 2–4, each table being devoted to one Cheese
Slice-related causes from the Cheese model shown in Figure 2.

Figure 2.
Chart de picting the
steps followed in the
conduct of this study
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From Table 2 above showing the importance of causes in Cheese Slice related to “Human
factors” it can be seen that negligence, working on the metal ladder with less clearance,
emotion and stress are the most important ones with an importance score of 9. This is
followed by the causes, not using PPE, working too fast and alcohol consumption with
scores of importance ranging from 7.8 to 8.5. The other significant causes are removing the
wrong fuse or isolator, fatigue and sleepiness, health problems or lack of competence with
scores ranging from 7 to 7.5.

The importance score given bymanagers, supervisors and that given by workmen are all
in general agreement. However, the scores given bymid-level officers is on the higher side as
evidenced by the column average of 8.22 against 7.99 by workmen. The importance score
given by first supervisors (8.12) is lower but closer to that given by managers (8.22). The
importance scores given by the panel of experts for each cause is near to or slightly higher
than the highest score given by the other groups, the average score by the panel of experts
being 8.49 against 8.22 by managers. It can be understood from the above that the workmen
tend to give lower importance to the Human factors compared to supervisors and managers.
This perception of reduced risk by them could also lead to more accidents. This observation

Figure 3.
The Proposed Swiss
Cheese model of an
electrical accident in
the utility sector

Table 1.
Table of Swiss
Cheese and holes

Cheese Slice No. Slice name Holes or faults in Cheese Slice

1 Work culture of the
organization

No or poor supervision, working on a live wire, lack of good
system knowledge, inadequate information, poor maintenance,
poor control of work activity, poor documentation and reporting

2 Working environment
and systems

Electric fire or arching, flammable material, time of the day,
weather condition, non-isolation of system

3 Work place issues Unguarded live wires/less mechanical support, less clearance
between equipment or system, defective equipment/wear and
tear, improper earth procedure, back feeding

4 Human factors Not using PPE, negligence, removing wrong fuse or isolator,
fatigue and sleepiness, working too fast, working on the metal
ladder with less clearance, alcohol consumption, emotion and
stress, health problem or not competent
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is carried through more strongly in causes such as not using PPE, negligence and
consumption of alcohol which can be directly attributed to the person involved in the
accident, where the workmen have given these causes a much lower importance score. This
appears to be a natural tendency, as it is difficult for workmen to cast the responsibility of
accidents to themselves. The importance score also indicates the general agreement among
the four groups regarding the relative importance of the causes of the accidents though the
panel of experts consistently gives slightly higher scores (0.27 on average) to each cause.

A perusal of the causes shows that most of them can be controlled or limited by tight
supervision andwork-related behavior correction.

From Table 3 above showing the importance of causes in the Cheese Slice of “work-related
issues” it can be seen that defective equipment/wear and tear and improper earth procedure are
the twomost important causes of accidents with importance scores ranging from 7.9 to 8.1. The

Table 2.
Importance of causes

in Cheese Slice
related to “human

factors”

Sl.
No.

Holes in the Cheese Slice
(causes) related to
“Human Factors”

Importance score by
Managers (30
numbers)

Importance
score by f
Supervisors
(23 numbers)

Importance
score by
Workmen

(47 numbers)

Average score of
importance from

the survey
(100 numbers)

Importance score
by panel experts
(15 numbers)

1 Not using PPE 9 8.6 7.9 8.5 9
2 Negligence 9.3 9.1 8.6 9 9.4
3 Removing wrong Fuse or

isolator
6.8 7 7.2 7 7.5

4 Fatigue and sleepiness 7.4 7.6 7.5 7.5 8
5 Working too fast 8.1 8.2 8.3 8.2 8.2
6 Working on the metal

ladder with less clearance
9.4 8.8 8.8 9 9.4

7 Alcohol consumption 8.2 7.7 7.5 7.8 8.5
8 Emotion and stress 8.8 9 9.2 9 9.1
9 Health problem or not

competent
7.0 7.1 6.9 7 7.3

Column total 74 73.1 71.9 73 76.4
Column average 8.22 8.12 7.99 8.11 8.49

Table 3.
Importance of causes

in Cheese Slice
related to “work-
related issues”

Sl.
No.

Holes in the Cheese
Slice (causes) related to
“Work-related Issues”

Importance
score by
Managers

(30 numbers)

Importance
score by f
Supervisors
(23 numbers)

Importance
score by
Workmen

(47 numbers)

Average score of
importance from the

survey
(100 numbers)

Importance
score by

panel experts
(15 numbers)

1 Unguarded live wires/
less mechanical support

6.9 7.1 7.3 7.1 7.5

2 Less clearance between
equipment or system

7.4 7.6 7.8 7.6 7.9

3 Defective equipment/
wear and tear

7.7 8.1 8.4 8.1 8.6

4 Improper earth
procedure (system or
equipment earth)

8.2 7.7 7.7 7.9 8.5

5 Back feeding 7.1 7.2 7.5 7.3 7.8
Column total 37.3 37.7 38.7 38 40.3
Column average 7.46 7.54 7.74 7.6 8.06
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other three causes of lower importance are unguarded live wires/less mechanical support, less
clearance between equipment and back feeding with importance scores ranging from 7.9 to 8.1.
The importance score given by managers, supervisors and that given by workmen are all in
general agreement in this case also. However, the scores given by workmen are the highest
indicated by column total of 7.74 compared with 7.54 by supervisors and 7.46 by managers.
The importance scores given by the panel of experts for each cause is near to or slightly higher
than the highest score given by the other groups here also. The average score given by the
panel of experts is 8.06 against 7.74 by workmen which shows that the experts have on an
average given importance scores of 0.3 higher than workmen (maximum in subgroup). It can
be understood from the above that the workmen tend to give higher importance to work-related
issues compared to the supervisors and managers. There is the perception of reduced risk by
both supervisors and managers on causes related to “Work-related issues” which are more
under their control. This is again indicative of the tendency of reluctance to acknowledge the
seriousness of causes of accidents under their control.

A perusal of the accident causes under “Work-related issues” show that most of them
could be avoided through better adoption of safety standards and its strict implementation
for which managers and supervisors play a very important role.

From Table 4 above showing the importance of causes in Cheese Slice related to “Working
environment and systems” it can be seen that time of the day and weather conditions are the top
two important causes with importance scores of 9 and 8.7. This is followed by the non-isolation
of systems in the middle with importance scores of 7.6. Electric fire or arching and flammable
materials being the lower set of causes have importance scores of 6.8 and 6.5, respectively. The
importance score given by managers, supervisors and that given by workmen are all in more
general agreement here also. However, the scores given by workmen and managers are the
highest indicated by column total of 7.74 compared to 7.68 by supervisors. The importance
scores given by the panel of experts for each cause is about 0.4 higher. It can be understood from
the above that both workmen and managers tend to give similar higher scores for the causes
under “Working environment systems.” However, the first supervisors who are primarily
responsible for controlling or mitigating these effects tend to give less slightly less importance to
it andmaybe that is the reason that these causes remain important.

A perusal of the causes show that most of them could be avoided through better adoption
of safety standards and choice of time of work to avoid stormy weather and night or midday
work during summer.

From Table 5 above showing the importance of causes in Cheese Slice related to “Work
culture of the organization” it can be seen that poor documentation and reporting is the most

Table 4.
Importance of causes
in Cheese Slice
related to “working
environment and
systems”

Sl.
No.

Holes in the Cheese Slice
(causes) related to
“Working Environment
and Systems”

Importance
score by
Managers
(30 nos)

Importance
score by f
Supervisors
(23 nos)

Importance
score by
Workmen
(47 nos)

Average score of
importance from

the survey
(100 nos.)

Importance
score by panel

experts
(15 nos.)

1 Electric fire or arching 6.8 6.7 6.9 6.8 7.1
2 Flammable material 6.8 6.4 6.3 6.5 7
3 Time of the day 8.7 9.1 9.2 9 9.2
4 Weather condition (rain,

thunder, radiation, etc.)
8.3 8.9 8.9 8.7 9.2

5 Non-isolation of system 8.1 7.3 7.4 7.6 8.3
Column total 38.7 38.4 38.7 38.6 40.8
Column average 7.74 7.68 7.74 7.72 8.16
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important cause for accidents with an importance score of 9. This is followed by the causes
of working on a live wire and inadequate information at a slightly lower level of importance
with a score of 8.5. The four causes, poor control of work activity, no or poor supervision,
poor maintenance, lack of good system knowledge and standard operating procedure (SOP)
with importance score in the range of 8.1 to 8.3, form a set which is only marginally less
important than the previous one.

In this case, the importance score given bymanagers, supervisors andworkmen are all in
greatest agreement. However, the scores given by workmen and managers are the highest
indicated by column total of 8.39 compared to 8.36 by supervisors. The importance scores
given by a panel of experts for each cause is about 0.5 higher, which is the highest among
the four Cheese Slices. It can be understood from the above that both workmen and
managers tend to give similar higher scores for the causes under “Work culture of the
organization.” However, the supervisors who are primarily responsible for controlling or
mitigating these causes tend to give slightly less importance to it.

A perusal of the causes shows that most of them could be avoided through better
documentation, training, communication and supervision to change the work culture in the
organization.

A comparison among the Cheese Slice to understand the relative importance of each,
using average importance score shows, that the most important slice is the one related to
“Work culture of the organization” with an average importance score of 8.37, followed by
Cheese Slice “Human factors” with an average score of 8.11. The Cheese Slice “Working
environment and systems” with the score of 7.72 comes next closely followed by the Cheese
Slice “Work-related issues”with the score of 7.6.

The column totals can be used to understand the overall role of each slice in causing accidents as
they take care of the importance of causes and the number of causes in each slice. Examining the
column totals we find that the Cheese Slice “Human factors” to be the highest contributor to
accidents with the column total of 73 followed by the Cheese Slice “Work culture of organizations”
with a column total of 58.6. The Cheese Slices “Working environment and systems” and “Work-
related issues” with similar column totals of 38.6 and 38 come at the end. The column totals were
also used to understand the relative magnitude of contribution to accidents by each of the Cheese
Slices. It can be seen that the Cheese Slice “Human factors” contribute to nearly double what is
contributed by the Cheese Slice “Work-related issues” or “Working environment systems.” The

Table 5.
Importance of causes

in Cheese Slice
related to “work

culture of the
organization”

Sl.
No.

Holes in the Cheese Slice
(causes) related to “Work
Culture of the organization”

Importance
score by
Managers
(30 nos)

Importance
score by f
Supervisors
(23 nos)

Importance
score by
Workmen
(47 nos)

Average Score of
Importance from

the survey
(100 nos.)

Importance
score by

panel experts
(15 nos.)

1 No or poor Supervision 8.1 8.1 8.4 8.2 8.5
2 Working on live wire 8.8 8.5 8.2 8.5 9.1
3 Lack of good system

knowledge and SOP
8.6 7.9 7.5 8 8.5

4 Inadequate information 8.1 8.6 8.8 8.5 8.9
5 Poor maintenance 8.3 8.0 8.1 8.1 8.6
6 Poor control of work activity 8.0 8.4 8.5 8.3 8.8
7 Poor documentation and

reporting
8.8 9.0 9.2 9 9.4

Column total 58.7 58.5 58.7 58.6 61.8
Column average 8.39 8.36 8.39 8.37 8.83
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contribution of “Work culture of the organization” is almost 1.5 times that of Cheese Slice “Work-
related issues” or “Working environment and systems.”

Examination of the causes in the slice, also indicates how issues related to the work
culture of the organization such as “lack of system knowledge and SOP,” “poor
documentation” and “inadequate information” combined with “no or poor supervision” and
highly risky practices such as “working on the live wire” lead to the working environment
and system-related causes such as “electric fire,” flammable material, non-isolation of
systems’ which again go through the holes in the Cheese related to “work-related issues”
such as “unguarded live wires or less mechanical support,” “less clearance between
equipment or system,” improper earth procedure’ and “back feeding.” This, combined with
the holes in Cheese Slices related to “Human factors” such as “not using PPE,” “negligence,”
“working on a metal ladder,” etc. presents a line of cascading events that could easily lead to
electrical accidents.

5. Recommendations for increasing electrical safety
In the study, the workmen gave less importance to human factors compared to managers
and supervisors. Therefore, by giving necessary training and making them aware of safety
issues and its impact by storytelling method, their perception can be changed to reduce risk.
Necessary measures have to be taken to ensure that no one works in alcoholism or if having
a health problem and emotional stress or fatigue. Care should be taken to works with proper
PPE considering all safety measures without neglecting and carrying out work at the correct
pace maintaining proper clearance.

To reduce work-related issues, it is necessary to ensure that system and equipment earth to
be done and maintained as per standard. The defective or wear and tear equipment have to be
replaced in time before any accident occurs. Care should be taken to ensure that themechanical
support for doing work is having sufficient strength and live wire is properly guarded. Steps
have to be taken to ensure that there is no back feeding, the system is properly isolated before
starting work on faulty devices or in cable or wire. The clearance between equipment and
system specified in the standard has to be maintained without any compromise. Managers and
supervisors have to consider the work-related issues with due concern and strict
implementation based on safety standards has to be adopted to reduce accidents.

While working with the system, time of the day and weather or climatic conditions has to be
considered. For example, the chance of an accident for a personworkingwith an electrical system
at noon during summer is more. The system, as well as the environment, will be hot and the
person working with the system will be weary due to heat waves and any spark or inflammable
material or non-isolation can lead to accidents which may go beyond control. Necessary cool time
has to be given to theworker if the task is performed for long hours continuously.

Poor documentation and reporting system lead to poor analysis of potential hazards or
accidents which leads to poor control of future accidents. Managers should ensure that each
and every information has to be reported, documented properly as per standard, analyze and
take remedial measures to reduce future accidents thereby maintaining the industrial
standard. Managers should also ensure that the supervisor is carrying out supervision
properly, no one is working in the live wire without taking safety measures and each and
every worker has proper knowledge about the system. Information has to be efficiently
and effectively communicated. The work-related activity has to be properly controlled and
necessary maintenance has to be carried out on regular basis, as well as whenever it is
required to reduce mal operation.
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6. Conclusion and policy implications
The main aim of the study was to use the framework of the Cheese model for studying
electrical accidents in the electric utility sector. A survey of literature and multiple rounds of
discussion with experts helped in reducing the causes of electrical accidents collected from
literature to the ones relevant in the area of study. The survey of the three groups, managers,
supervisors and workmen for their perception of the importance of each of the causes of
electrical accidents provided useful insights into the working of the behavior of the system.
It was found that workmen tend to under-weigh the importance of “Human factors” which
are mostly related to them. The supervisors view most of the causes at slightly lower
importance levels than workmen and managers, though they are in a position to control and
mitigate the effects of most of these causes.

“Human factors” are seen to contribute maximum to electrical accidents followed by the
“work culture of the organization.” “work-related issues” and “working environment and
systems” have lower contributions to causing accidents. A look at the factors under
“working environment and systems” and “work-related issues” show that they closely
follow from the effects of the causes in the “work culture of the organization.” Therefore, we
recommend a two-pronged strategy, the first part addressing the “work culture of
organizations” and the second part addressing “human factors” for the effective reduction of
electrical accidents. Efforts to plug the holes in the Cheese “work culture in organizations”
will result in many holes in the Cheese “working environment and systems” and “work-
related issues” also getting plugged due to cascading effects of the measures taken to plug
the holes in “work culture of the organization.” Effective training for safe work practices,
safe knowledge and closer supervision would go a long way to plug the holes in the Cheese
Slice in “Human factors.” The results presented in the paper clearly indicate that the above
suggested actions will significantly reduce electrical accidents in the electrical utility
organizations studied. Many other electrical utility organizations will be able to identify
with the Cheese model for electrical accidents, the Cheese Slices and causes of accidents
depicted therein, though the importance scores that they may assign each of the causes
might differ slightly.

The work culture of the organization contributes more for electrical accidents compared
to the working environment and systems. So first the issues related to poor supervision,
working on a live wire, lack of good system knowledge, inadequate information, poor
maintenance, poor control of work activity, poor documentation and reporting have to be
analyzed in detail and management along with policymakers and managers have to
prepare an adequate action plan and implement the same to solve this issue. Second, the
issue associated with the working environment and system has to be taken care of. This
includes electric fire or arching, flammable material, time of the day, weather conditions
(rain, thunder, radiation, etc.) and non-isolation of the system. The true cause has to be
analyzed by the safety department. The issue has to be discussed with management,
managers and policymakers to take necessary action.

We believe that this framework will be useful for electrical utility companies to study and
reduce electrical accidents. Policymakers can use the information for designing and developing
operating standards to support industrial safety. The survey may be used for assessing and
evaluating non-financial policy. Policymakers can mitigate the risk and support safety
management to reduce accidents. Policy measures can be modified by focusing on the
information obtained from the present study. A clear policy focusing on safety-related issues
helps to benchmark guidelines for accident reduction thereby reducing social risk, enabling
health and improving quality of social life. This helps in mitigating the risk of accidents in the
future, building an improved safety protocol and strong safety culture.

Cause of
human

electrical
accidents



References
AGuide to Measuring Health and Safety Performance (2001),Hand book of HSE, December.
Burke, M.J., Chan Sarefin, S., Salvador, R., Smith, A. and Sarpy, S.A. (2008), “The role of national culture

and organizational climate in safety training effectiveness”, European Journal of Work and
Organizational Psychology, Vol. 17 No. 1, pp. 133-152.

Casey, Griffin, M.A., Flatau Harrison, H. and Nael, A. (2017), “Safety climate and culture integrating
psychological and system perspective”, Journal of Occupational Health Psychology, Vol. 22 No. 3,
pp. 341-351.

Census of Fatal Occupational Injuries (2014), “Bureau of Labour Statistics”.
Chen, Y., Mc Cabe, B. and Hyatt, D. (2017), “Impact of individual resilience and safety climate on safety

performance and psychological stress of construction workers: a case study of the Ontario
construction industry”, Journal of Safety Research, Vol. 61, pp. 167-176.

Chi, C.F., Yang, C.C. and Chen, Z.L. (2009), “In depth accident analysis of electrical fatalities in the
construction industry”, International Journal of Industrial Ergonomics, Vol. 39 No. 4,
pp. 635-644.

Choudhry, R.M. (2014), “Behaviour based safety in construction sites: a case study”, Accident Analysis
and Prevention, Vol. 70, pp. 14-23.

Cigularov, K.P., Lancaster, P.G., Chen, P.V., Gittleman, J. and Haile, E. (2013), “Measurement
equivalence of safety climate measure among hispanic and white Non-Hispanic construction
workers”, Safety Science, Vol. 54, pp. 58-68.

Cooper, D. (2002), “Safety culture: a model for understanding and quantifying a difficult concept”,
Professional Safety, Vol. 47 No. 6, pp. 30-36.

Dedobbeleer, N. and Beland, F. (1991), “A safety climate measure for construction sites”, Journal of
Safety Research, Vol. 22 No. 2, pp. 97-103.

Fang, D., Wu, C. and Wu, H. (2015), “Impact of supervisor on worker safety behaviour in construction
projects”, Journal of Management in Engineering, Vol. 31 No. 6, pp. 1-12.

Gillen, M., Baltz, D., Gassel, M., Kirsh, L. and Vaccaro, D. (2002), “Perceived safety climate, job demands
and co- worker support among union and non-union injured construction workers”, Journal of
Safety Research, Vol. 33 No. 1, pp. 33-51.

Gludenmund, F.W. (2002), “The nature of safety culture: a review of theory and research”, Safety
Science, Vol. 34, pp. 215-257.

Goldenhar, L.M., William, L.J. and Swanson, N.G. (2003), “Modelling relationship between job stressor
and injury and near-miss outcomes for construction labours”, Work and Stress, Vol. 17 No. 3,
pp. 218-240.

Guo, B., Yin, T. and Gonzalez, V. (2016), “Predicting safety behaviour in the construction industry,
development and test of an integratedmodel”, Safety Science, Vol. 84, pp. 1-11.

Hayes, B.E., Perander, J., Smecko, T. and Trask, J. (1998), “Measuring perception of work place safety:
development and validation of work place safety scale”, Journal of Safety Research, Vol. 29 No. 3,
pp. 145-161.

Heinrich, H.W. (1950), Industrial Accident Prevention, 3rd edition, McGrawHill, NewYork.

Hoffmann, D.A. and Morgeson, F.P. (1999), “Safety related behaviour as a social exchange: the role of
perceived organizational support and leader member exchange”, Journal of Applied Psychology,
Vol. 84 No. 2, p. 1999.

Huang, Y.H., Ho, M., Smith, G.S. and Chen, P.V. (2006), “Safety climate and self-reported injury:
assessing the mediating role of employee safety control”, Accident Analysis and Prevention,
Vol. 38 No. 3, pp. 425-433.

Johnson, S.E. (2007), “The predictive validity of safety climate”, Journal of Safety Research, Vol. 38
No. 5, pp. 511-521.

XJM



Kapp, E.A. (2021), “The influence of superior leadership practices and perceived group safety climate
on employee safety performance”, Safety Science, Vol. 50 No. 4, pp. 1119-1124.

Khosravi, Y., Asilian Mahabadi, H. and Hajizadeh, E. (2014), “Factors influencing unsafe behaviour and
accidents on construction sites: a review”, International Journal of Occupational Safety and
Ergonomics, Vol. 20 No. 1, pp. 111-125.

Lingard, H.C., Cooke, T. and Blisman, N. (2010), “Safety climate in condition of construction subcontracting:
amultilevel analysis”,ConstructionManagement and Economics, Vol. 28 No. 8, pp. 813-825.

Mallik, V.B. (2014), “Determinants of agile practices: a gini index approach”, Vilakshan, XIMB Journal
of Management, Vol. 11 No. 2, pp. 95-114.

Marshall, P. and Singer, M. (2018), “Heinrich’s pyramid and occupational safety: a statistical validation
methodology”, Safety Science, January, Vol. 101, pp. 180-189.

Melia, J.L., Mearns, K., Silva, S.A. and Lima, M.L. (2008), “Safety climate responses and the perceived
risk of accidents in the construction industry”, Safety Science, Vol. 46 No. 6, pp. 949-958.

Mohamed, S. (2002), “Safety climate in construction site environment”, Journal of Construction
Engineering andManagement, Vol. 128 No. 5, pp. 375-384.

Mullai, A. and Paulson, U. (2011), “A grounded theory model for analysis of marine accidents”,Accident
Analysis and Prevention, Vol. 43 No. 4, pp. 1590-1603.

Mullen, J., Kellowey, E.K. and Teed, M. (2017), “Employer safety obligations, transformational leadership
and their interactive effects on employee safety performance”, Safety Science, Vol. 91, pp. 405-412.

Newaz, M.T., Davis, P., Jefferies, M. and Pillay, M. (2019), “Using a psychological contract of safety to
predict safety climate on construction sites”, Journal of Safety Research, Vol. 68, pp. 9-19.

Reason, J. (2000), “Human error: models andmanagement”,BMJ, 18March, Vol. 320 No. 7237, pp. 768-770.

Roslynn, V.A. (2012), “Work Place Electrical Injury and Fatality Statistics, 2003-2010”, Electrical Safety
Foundation International EFSI

Rundmo, T. (2000), “Safety climate, attitude and risk perception in norsk hydro”, Safety Science, Vol. 34
Nos 1/3, pp. 47-59.

Sawacha, E., Naoum, S. and Fong, D. (1999), “Factors affecting safety performance on construction
sites”, International Journal of Project Management, Vol. 17 No. 5, pp. 309-315.

Serrat, O. (2017), “The five whys technique”, Knowledge Solutions, Springer, Singapore, doi: 10.1007/
978-981-10-0983-9_32.

Siu, O., Philip, D.R. and Leung, T. (2004), “Safety climate and safety performance among construction
workers in Hong Kong: the role of psychological strains as mediators”, Accident Analysis and
Prevention, Vol. 36 No. 3, pp. 359-366.

Sklet, S. (2016), “Safety barriers: definition, classification and performance”, Journal of Loss Prevention
in the Process Industries, Vol. 19 No. 5, pp. 494-506.

Thomas, S. and Bhasi, M. (2011), “A structural model for software project risk management”,
Vilakshan: The XIMB Journal of Management, Vol. 7 No. 3.

Tsang, Y.T., Fung, Tam, V.W. and Sing, Y. (2017), “Development of accident modelling in Hong Kong
construction industry”, International Journal of ConstructionManagement, Vol. 17No. 2, pp. 124-133.

Varsha, W. and Pandhare, S. (2015), “A review on fishbone diagram”.

Vinodkumar, M.N. and Bhasi, M. (2007), “Measuring critical factors in safety management – a survey
based approach”,Vilakshan (XIMB Journal of Management), Vol. 4 No. 2, pp. 95-108.

Wu, Z., Liu, W. and Nie, W. (2021), “Literature review and prospect of the development and application
of FMEA in manufacturing industry”, The International Journal of Advanced Manufacturing
Technology, Vol. 112 Nos 5/6, pp. 1409-1436.

Zohar, D. (1980), “Safety climate in industrial organizations: theoretical and applied implications”,
Journal of Applied Psychology, Vol. 65 No. 1, pp. 96-102.

Cause of
human

electrical
accidents

http://dx.doi.org/10.1007/978-981-10-0983-9_32
http://dx.doi.org/10.1007/978-981-10-0983-9_32


Further reading
Banuskam, L., Low Siu, S., Man, A., Hoi, S.C. and Saad, A.K. (2019), “Construction worker risk taking

behaviour model with individual and organizational factors”, International Journal of Environmental
Research and Public Health, Vol. 16, pp. 1335-1345, doi: 10.3390/ijerph16081335.

Flin, R., Mearns, K., O’ Conoor, P. and Bryden, R. (2000), “Measuring safety climate: identifying the
common features”, Safety Science, Vol. 34 Nos 1/3, pp. 177-192.

Heinrich, H.W., Peterson, D. and Roos, N. (1980), Incidental Accident Prevention, McGraw-Hill.

Hon, C.K.H., Hinze, J. and Chan, P.C. (2014), “Safety climate and injury occurrence of repair,
maintenance, minor alteration and addition works”, Facilities, Vol. 32 Nos 5/6, pp. 188-207.

HSE (1997), Safety Measurement Tool, HSE Books
Meduri, Y., S. and Rao, D. (2020), “Humanitarian efficiency and role of relief workers: testing a

competency based approach”, International Journal of Service Science, Management
Engineering and Technology, Vol. 11 No. 4.

Zwetsloot, G., Drupsteen, L. and de Vroome, E.M.M. (2014), “Safety, reliability and worker satisfaction
during organizational change”, Journal of Loss Prevention in the Process Industries, Vol. 27, pp. 1-7.

Corresponding author
Beena Puthillath can be contacted at: beena.ajit1998@gmail.com

For instructions on how to order reprints of this article, please visit our website:
www.emeraldgrouppublishing.com/licensing/reprints.htm
Or contact us for further details: permissions@emeraldinsight.com

XJM

http://dx.doi.org/10.3390/ijerph16081335
mailto:beena.ajit1998@gmail.com


IJARSCT   ISSN (Online) 2581-9429 

     

 

          International Journal of Advanced Research in Science, Communication and Technology (IJARSCT) 

 

 Volume 10, Issue 1, October 2021 

 
 

Copyright to IJARSCT       DOI: 10.48175/IJARSCT-2055                                300 

 www.ijarsct.co.in  

     Impact Factor: 5.731 

Generation of Electricity from Waste Heat 
Deepa S1, Mohammad Rizan2, Amaldev M Lal3, Tritin Thomas4, Fathima Hussain5 

Associate Professor, Department of Electronics and Electrical Engineering1 

Students, Department of Electronics and Electrical Engineering2,3,4,5 

SCMS School of Engineering and Technology (of KTU), Ernakulam, Kerala, India 

 

Abstract: Thermo electric generation converts heat energy into electrical energy . Power generated 

from TEG depends on the temperature difference between hot and cold surface . To improve the 

efficiency of TEG, MPPT algorithm with boost converter is used . Maximum power is obtained in the 

system when the output resistance of the system matches with the input resistance of TEG. By modelling 

the power variations generated from TEG system in series and parallel were minimized . The proposed 

system consists of TEG with boost converter having P& O MPPT . This paper presents simulation model 

of TEG module using MATLAB and is successful in generating a stable output. 

 

Keywords: TEG, MPPT, MATLAB 

 

I. INTRODUCTION 

   Heat energy from waste heat source is directly converted into electrical energy in a thermoelectric generator .Seebeck 

affect is the basic principle behind the thermo electric generation [1]. By using series and parallel combination of the 

TEGs , power generation can be increased.[2]. 

   The principal advantages of TEG are that they  do not have any  moving part and they do not produce  greenhouse 

gases. Low efficiency is the major drawback of TEG.[3].Waste heat energy from different sources can be tapped and 

converted into useful energy. By using TEG system, energy efficiency of automobiles can be improved.[4] 

   This proposed work uses converters that perform both maximum power point tracking (MPPT) and power 

regulation.. Impedance matching is obtained by making internal resistance of TEG equal to the load resistance [ 6] 

.MPPT algorithms are used  to maximize the power generation in the systems. The algorithms used for MPPT process 

in these converters  is Perturb and observation (P&O) algorithm [8-9]. 

   From the data sheet provided by the manufacturer maximum power, current, and voltage of TEG for impedance 

matching are known. They ensure hot and cold surface temperatures that can be reached by TEGs. Seebeck coefficient 

indicated in the data sheet is one of the most important criteria. Simulation of TEG is done using temperature difference 

and Seebeck coefficient which in turn  give the power value taken from the TEG. 

 

II. TEG 

   A TE is formed by combining  p and n type semiconductors. The TEs are connected in series with each other to 

increase the voltage. TEGs are made up by connecting the TEs in parallel with the help of ceramic plates in order to 

raise thermal conductivity. When a temperature difference between the ceramic plates is generated, heat transfer from 

the hot surface to the cold surface becomes possible. The heat transfer leads to electron flow from the n-type to the p-

type semiconductors[1]. Thus, a voltage generated is as follows: 

 VOC = α.∆T   (1)       

where VOC is the open circuit voltage (V) of the TEG, α is the Seebeck coefficient (V/K), and ∆T is the temperature 

difference (K). The temperature difference is between the hot, Th , and the cold surfaces, Tc , (∆T = Th−Tc ) 

 

III. TEG MODELLING WITH MATLAB 

3.1 TEG Array 

TEG properties: Specifications of TEG are given by the manufacturer. 

Hot surface temperature, Th 250◦C 
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Cold surface temperature,

Open circuit voltage,

Short circuit current,

Load matching resistance,

Load matching output voltage

Load matching output current

Load matching output power

Seebeck coefficient

   Modelling of a TEG modelled and simulated through MATLAB/Simulink is shown as a temperature

controlled voltage source in Fig1.In the modelling, the TEG output power was obtained by Seebeck

hot/cold  side temperatures. 

   Increasing the power generated from TEGs is carried out by series and parallel connection of the TEGs. The 

modelling of TEGs connected in series and parallel is depicted in Figure1. The number of connected modules in the 

TEG modelling was 2 in series. In order to increase the generated power, a separate model consisting of 2 TEGs was 

added to the series connected model in parallel

power.  

 

3.2 Proposed Model 

   Increasing the power generated from TEGs is carried out by series and parallel connection of the TEGs.A boost 

converter with P&O MPPT was included in the designed model

charging is done through bidirectional boost converter.
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Cold surface temperature, Tc 20◦C 

Open circuit voltage, VOC 4±0.4 

Short circuit current, ISC 5.8±0.6 

Load matching resistance, Rin=RL 0.7Ω 

matching output voltage 2.0±0.2 

Load matching output current 2.9±0.3 

Load matching output power, Rin=RL 5.8 W 

Seebeck coefficient 185μV/K 

Modelling of a TEG modelled and simulated through MATLAB/Simulink is shown as a temperature

.In the modelling, the TEG output power was obtained by Seebeck

Increasing the power generated from TEGs is carried out by series and parallel connection of the TEGs. The 

nnected in series and parallel is depicted in Figure1. The number of connected modules in the 

TEG modelling was 2 in series. In order to increase the generated power, a separate model consisting of 2 TEGs was 

added to the series connected model in parallel. The number of  modules used can be increased 

 
Figure 1: TEG array 

Increasing the power generated from TEGs is carried out by series and parallel connection of the TEGs.A boost 

O MPPT was included in the designed modelling. Load is connected when the switch is ON. Battery 

charging is done through bidirectional boost converter. 

 
Figure 2: Proposed Simulation Model 
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Modelling of a TEG modelled and simulated through MATLAB/Simulink is shown as a temperature-dependent 

.In the modelling, the TEG output power was obtained by Seebeck coefficient and 

Increasing the power generated from TEGs is carried out by series and parallel connection of the TEGs. The 

nnected in series and parallel is depicted in Figure1. The number of connected modules in the 

TEG modelling was 2 in series. In order to increase the generated power, a separate model consisting of 2 TEGs was 

used can be increased in order to increase the 

Increasing the power generated from TEGs is carried out by series and parallel connection of the TEGs.A boost 

. Load is connected when the switch is ON. Battery 
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3.3 MPPT 

   Maximum power point tracking (MPPT) is an algorithm implemented to continuously adjust the impedance seen by 

the TEG array to keep the system operating at, or close to, the peak power point of the. MPPT algorithms are 

implemented to maximize the power generated by the systems. The algorithms control the voltage to ensure that the 

system operates at “maximum power point” (or peak voltage) on the power voltage curve[10]. 

   For determining the value of MPPT, the current and voltage indicators from the TEG Arrays were connected to the 

input of the MPPT. The MPPT uses P&O algorithmto find the Maximum power point by varying the voltage. 

 

3.4 Output Graphs 

   The TEG Arrays are operating in MPPT mode so the output voltage from the TEG Arrays varies to provide 

maximum power. The output voltage from the TEG Arrays is depended on the temperature difference across the TEG 

Arrays. 

 
Figure 3: Output Voltage of TEG Array 

 
Figure 4: Output current 

 
Figure 5: Output Voltage of Battery 
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Figure 6: Output Current of Battery 

 
Figure 7: SOC 

   As shown in Fig. 6 the output current from the battery is -0.65A till 1sec mark, which shows that the battery is 

charging. Since the battery is charging even when the switch is ON (Load is connected), the load can be increased to 

higher wattage than 30W. 

   After the 1sec mark the switch is turned OFF (Load is disconnected), which results in the charging current increasing 

from 0.65A to 3A. From Fig. 7 it is evident that the resulting increase in the charging current causes the SOC to 

increase faster. 

 
Figure 8: Output Voltage of TEG Converter 

   Since the converter is working in MPPT mode the output current from the converters varies to provide maximum 

power. 

 
Figure 9: Output Current of TEG Converter 
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Figure 10: Output Voltage of Load 

 
Figure 11: Output Current of Load 

   From Fig. 10 it is evident that the proposed model is successful at generating a stable 12V output, and capable of 

running a 30W to 40W load. The direction of current flow with variation in load can be witnessed while the model 

works. 

 

IV. CONCLUSION 

   The modeling of TEGs using MATLAB was presented depending on the Seebeck coefficient and temperature values 

specified by the TEG manufacturers. The model was simulated in such a way that the number of TEGs connected in 

series and parallel can be determined and could be entered. Increasing the number of TEGs increases the output power. 

The load connection with the P&O MPPT boost converter model was carried out to emphasize the importance of 

impedance matching between the load and TEG internal resistance. 

   The use of TEG system in automobiles can capture waste heat energy from exhaust and convert it to useful electrical 

energy. It can be used to power the appliances within the automobile and energy can be stored. This system can thus be 

used to increase the efficiency of vehicle. 
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Abstract. In this study,Co-20Al-GNSA metal matrix composites  were produced using 
mechanical alloying process .  The Co-20Al-GNSA composites were mixed using a high-
energy ball mill at a constant speed of 350 rpm for 2hours. The composite powders were then 
characterized for their morphological study using Scanning Electron Microscope. The 
composite powders are then compressed and sintered at 500MPa and 700oC respectively. The 
density and compressive strength of the composite materials shows decrement values whereas 
the wear resistance of the composite materials has increased considerably. The mechanism of 
wear was identified as abrasive wear. The electrochemical corrosion test also reveals that the 
Co-20Al-10GNSA composites have better corrosion resistance. The weight-loss corrosion test 
also shows that the composites with 10GNSA content have better corrosion resistance.   

Keywords: Wear, Corrosion, Powder Metallurgy, Microhardness. 

1.  Introduction 
The exploitation of hybrid composites for the potential replacement of conventional metals has been 
drastically increased in severalapplications such asautomobile industries, commercial industrial 
applications, and also in aerospace industries where enhanced mechanical, wear and corrosion 
resistance properties are expected. Hence it was the main objective of the researchers to develop 
materials with lesser density with better tribological and corrosion performance[1–3]. 
 In the process of developing a composite material, it is very important to select the matrix 
materials and reinforcements with the good wet ability to improve the bonding of the composite 
materials. Another important factor is the selection of the fabrication method and its working 
parameters as per the matrix and reinforcement materials.Now a day the production economy is one of 
the important factors due to the economic thoughtfulnessof the industries[4–7]. They prefer low-cost 
composites, to reduce the production cost due to the raw materials. The Co is a material with very 
good mechanical and corrosion resistance property whereas it is very costly. So it is necessary to tailor 
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the mechanical properties using low-cost reinforcements such as Al and GNSA. The most generally 
used reinforcements are SiC, Al2O3, and TiO2.The ceramic particles Al2O3 and TiO2 donot have good 
wetting characteristics[8–10]. Thereby to improve the wettability the Ground Nut Shell Ash (GNSA) 
is utilized as secondary reinforcement. 
 The uniform dispersion of reinforcement was another area thathas to be addressed while 
selecting a fabrication process. There are many methods such as stir casting to produce composite 
materials whereas achieving uniform dispersion is not possible due to cluster formation. But it is 
possible to produce composite materials with a uniform dispersion of reinforcements using the powder 
metallurgy process. Another reason for choosing powder metallurgy was their cost-effectiveness and 
their reliability for the production of high melting point materials[5,8,11,12].  
 In this study,a range of combinations of Co-20Al-GNSA hybridcomposites was formed via 
the powder metallurgy process. The hybrid composites were then made-up into 10mm cylindrical 
pellets using a die setup made up of high-speed steel die. The muffle furnace was utilized to harden 
the compacted green pellets usinga sintering operation. The microhardness, density, and compressive 
strength of the composite materials were studied and reported. Thepin on disc apparatus and 
electrochemical workstation were utilized to study the wear and corrosion resistance 
propertiesrespectively. Thus the main purpose of this effort is to develop hybrid composite materials 
with better mechanical, improved wear, and corrosion resistance properties that can be employed in 
automobile, industrial,and aerospaceapplications. 
 

2.  Materials and Methods 
The chemicals used in this work are of research-grade (99.5% purity).The composite powders are 
synthesized using a high-energy ball mill that comprises tungsten carbide balls. The ball milling 
process was carried out for a duration of 2hours at a speed of 350 rpm in the existence of toluene as a 
process control agent to acquire homogenous hybrid composites . The homogenously unified 
composite powders are then packed down using a uniaxial hydraulic press at 500 Mpa and sintered at 
700oC to produce a 10 mm cylindrical pellet. The composite materials are characterized using SEM to 
find out the morphology of the composite materials.The microhardness of the Co-20Al-GNSA hybrid 
composites was carried out at 0.5 kg load using Vickers hardness equipment and standard deviation 
values are considered and reported. The density of the Co-20Al-GNSA hybrid composites was 
calculated based on the Archimedes principle.The 10 mm diameter composite pellets are compressed 
using the universal testing machine (UTM) at a uniform and gradual speed rate of 3mm min-

1[8,13,14]. The wear analysis was carried out at constant load, constant speed, and sliding distance of 
10N, 1.5 m/s, and 1000m respectively. The electrochemical corrosion analysis was carried out using a 
bio-logic electrochemical workstation. The workstain consists of three electrodes, the platinum 
counter electrode, Al/AgCl reference electrode and composite pellets as working electrode. The scan 
was carried out at 5mV/s. The composite pellets are immersed in 3% NaCl solution for 1 hour so as to 
stabilize the open circuit potential.The weight-loss corrosion analysis was carried out with various 
corrosive media such as 0.1N HCl, 0.1N H2SO4 and 3% NaCl solution. The composite pellets are 
immersed in the corrosive media for 24 hours. The composite specimens are weighed before and after 
the test and the weight loss is calculated.[13,15]. 

 

3. Results and Discussion 
3.1 Density and Microhardness. 
The SEM image of The Co-20Al-5GNSA hybrid composites is shown in Figure.1.  The SEM image is 
taken in secondary electron mode. It is observed that there is uniform dispersion of Co, Al, and GNSA 
particles in hybrid composite material. Figure.2 exhibits the microhardness and density graphs of Co-
20Al-GNSA The density of the Co-20Al-GNSA hybrid composites increases slightly with the addition 
of GNSA particles. The density of Co-20Al-2.5GNSA composite was 5.2 g/cm3 which increase 
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slightly to 5 g/cm3 for Co-20Al-5GNSA hybrid composites. The further addition of GNSA 
reinforcements resulted in a decrease in the density of the Co-20Al-10GNSA hybrid composites (5 
g/cm3). The microhardness of the Co-20Al-GNSA hybrid composite increases linearly up to 5% 
GNSA reinforcement further addition of GNSA particles has resulted in a slight reduction in the 
microhardness of the composite material.  
 

 
 

Figure.1 SEM image of Co-20Al-5GNSA hybrid composite 
 

 
Figure.2 Microhardness and Density of Co-20Al-GNSA hybrid composites 
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3.2 Compressive Strength 
The Compressive strength of Co-20Al-5GNSA hybrid composites is 112 MPa which is better 
compared to Co-20Al-2.5GNSA (110 MPa) and Co-20Al-10GNSA (108 MPa) hybrid composites. 
The compressive strength increased gradually with GNSA addition till it reaches 5% GNSA, whereas 
further addition of GNSA does not influence the compressive strength of the hybrid composites. 
Figure.3 represents the compressive strength of the Co-20Al-GNSA hybrid composites. 
 
 

 
 

Figure.3 Compressive Strength of Co-20Al-GNSA hybrid composites 
 
3.3 Wear and COF Analysis 
The wear analysis results of Co-20Al-GNSA hybrid composites are represented in Figure.4. The wear 
test was carried out at a constant load of 10N, constant sliding speed of 1.5 m/s, and constant sliding 
distance of 1000m. The wear loss of the Co-20Al-10GNSA hybrid composites exhibited better wear 
resistance and COF values compared to that of other specimens. The Co-20Al-2.5GNSA has produced 
a COF value of 0.9 whereas the COF value of Co-20Al-10GNSA is 0.6. Hence it can be confirmed 
that the addition of GNSA particles has a good influence in increasing the wear resistance of the 
hybrid composite materials. Figure.5 represents the SEM image of Co-20Al-10GNSA hybrid 
composites after the wear test. From the pattern of wear track, it is evident that the major wear 
mechanism is abrasive wear. 
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Figure. 4 Wear loss and COF of Co-20Al-GNSA hybrid composites 
 
 
 
 

 
 

Figure .5 SEM image of Co-20Al-10GNSA hybrid composite after wear test 
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3.4 Corrosion Analysis 
Figure .6 shows the weight-loss corrosion graphs of Co-20Al-GNSA hybrid composites at various 
Corrosive media such as 3% NaCl, 0.1N HCl, and 0.1N H2SO4. From the graph, it can be concluded 
that the weight loss of the composites decreases with the increase in GNSA content. The weight loss 
of the Co-20Al-10GNSA hybrid composite is better compared to other combinations in all kinds of 
corrosive media. The weight loss was maximum for 0.1 N H2SO4 for all samples compared to other 
corrosive media. The weight loss was minimum in 3% NaCl solution.The electrochemical corrosion 
analysis was carried out using three-electrode systems using the composite pellets as the working 
electrode. The potentiodynamic polarization results shows that the Co-20Al-10GNSA hybrid 
composites have exhibited better Ecorr  ( -0.442 V) and icorr values ( 1.5 mA/cm2) compared to that of 
Co-20Al-5GNSA ( -0.448V& 1.7 mA/cm2) and Co-20Al-2.5 GNSA ( -0.453V & 1.9 mA/cm2). It is 
evident that the Ecorr values are shifted to more positive side and the icorr values decreases with the 
increase in GNSA content which confirms the increase in corrosion resistance. 

 
 

 
 

Figure.6 Weight loss corrosion results of Co-20Al-GNSA hybrid composites 
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4.Conclusions 
The Co-20Al-GNSA hybrid composites were amalgamated by employing a high-energy ball mill. 

 The Microhardness and density of the Co-20Al-5GNSA hybrid composites have improved 
compared to other samples. 

 The compressive strength of the Co-20Al-5GNSA hybridcomposite was 112 MPa and 
superior compared to other combinations. 

 The wear analysis authenticates that Co-20Al-10GNSA hybrid composites exhibited better 
wear resistance and coefficient of friction. 

 The potentiometric polarization analysis shows that the Co-20Al-10GNSA hybrid composites 
have enhanced corrosion resistance due to the existence of GNSA particles. 

 The weight-loss corrosion analysis also proves that the Co-20Al-10GNSA hybrid composites 
have better corrosion resistance. 

From the conclusion of this study, it can be accomplished that the Co-20Al-10GNSA hybrid 
composites have experienced a slight decrease in density, microhardness,and compressive strength but 
exhibits better wear and corrosion resistance. Hence it can be concluded that Co-20Al-10GNSA 
hybrid composites have better tribological and corrosion resistance with decent mechanical properties 
which may be considered for potential industrial applications. 
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Abstract

Crafting ecological materials from green resources is posing a significant

challenge for the researchers and scientists around the globe and has resulted

in the development of nanocellulose materials, which has paved the way for

enriching the basic knowledge and many opportunities on developing bio-

based materials. This has augmented the utilization of carbohydrate-based

organic materials and successfully replacing conventional nonrenewable mate-

rials. Cellulose nanomaterials (CNMs) belonging to the newer emerging field

of nanomaterials are finding increasing interest among the investigators owing

to their environmentally sustainable characteristics like biodegradability, bio-

compatibility, and potential availability in abundance at a cheaper price. The

present review article intends to provide a detailed insight about the advance-

ments and various challenges postured in the field of cellulose nanocrystals

(CNCs) and cellulose nanofibers (CNFs). The article further discusses about

different cellulose fiber extraction sources and their methods, purification pro-

cesses employed, various sample preparation and drying techniques used for

CNCs and CNFs. The article also outlines the various characterization

methods practiced for scrutinizing CNCs and CNFs when used in polymer

matrix composites. Finally, the benefits of using the CNMs in several potential

applications such as paper, oil and gas industries, food packaging and struc-

tural sectors, conductive ink and water purification areas, medical and printed

electronic fields are highlighted in this extensively reviewed article.
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1 | INTRODUCTION

The latest global environmental problems have made the
entire universe to look for more clean, sustainable, and
eco-friendly materials. These demands have provoked the
investigators and scientists to develop eco-friendly green
materials from various sources like nonpetroleum-based
substances, biodegradable cellulosic fibers from plants, and
recyclable cellulosic-based waste materials.[1] The indus-
tries have also now stepped forward toward utilizing the
bio-eco-based materials in their various applications.[2,3]

In this regard, cellulose is found to be the most abun-
dant bio-based green polymer and is also considered as the
most influential green material for the entire human race.[4]

Figure 1(A),(B) represents the general structure of a ligno-
cellulosic natural fiber and its microstructure which is com-
posed of five main components such as a crystalline nature
of α-cellulose, amorphous (hemicellulose), aromatic (lignin),

pectin, and wax.[6] The primary wall of the fibers is located
at the boundary of the secondary walls and three secondary
walls at the interior, which is located around the center of
the lumen.[7] The primary wall possesses a disordered
nature of α-cellulose crystalline whereas the secondary wall
possesses a α-crystalline cellulose in helically wounded form
along the fiber direction.[8] In all the plant-based fibers the
basic chemical structure of α-crystalline cellulose is unique
with different degrees of polymerization, however, the
geometry of cells varies with the type of celluloses, nature,
cultivation, and age of the plant.[9] The α-cellulose crystal-
line fibrils, which contains 80% of crystalline regions is
formed by the several hundreds of β (1–4) linked D-glucose
units in the linear chain.[10] The hemicellulose is made up
of smaller branched carbohydrates, which are composed of
different monosaccharides and are firmly attached to cellu-
lose microfibrils most probably by a hydrogen bond.[11] The
lignin is a noncrystalline aromatic polymer with a methoxyl

FIGURE 1
(A) Nomenclature of the natural

fiber. (B) Microstructural image

of natural fiber (reproduced with

permission from Elsevier, license

number: 4860771060964[5]).

CNCs, cellulose nanocrystals;

CNFs, cellulose nanofibers

[Color figure can be viewed at

wileyonlinelibrary.com]
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and a hydroxyl group. The lignin helps in stiffening the cell
walls and protecting the α-crystalline cellulose from physical
and chemical harms.[12]

In recent years, ageless cellulose-based materials in nano
form have replaced their counterparts, that is, synthetic
nanofillers and are utilized in various structural application
fields such as aerospace and automotive, food, paper, textiles,
cosmetic, painting, packaging, printed electronics, and phar-
maceuticals, and so on. When compared to carbon nanotubes
(CNTs) (costs around 12,400 US dollar/100 g) and other
synthetic nanofillers such as ceramic nanoparticles, silica
particles, and layered silicates the cellulose nanomaterials
(CNMs) are less expensive (costs about 25 US dollar/
kg)[13] making them quite popular in the utilization of
above applications. Besides being cheaper, the CNM has
other benefits like low-production cost, high sustainability
and biodegradability, high strength and modulus, better
interfacial area, high-aspect ratio, and low density.[14]

The classification of nanocellulose can be made into the
two main categories, which are cellulose nanocrystals (CNCs)
and cellulose nanofibers (CNFs). The classification of
nanocellulose was made based on their nature, dimensions,
extraction methods, and functions. The characteristics of the
CNMs are highly dependent on the cellulosic sources and the
processing conditions. Though the chemical characteristics of
the acid hydrolyzed CNCs and mechanically extracted CNFs
are similar, their physical characteristics are different.[15]

Because the CNCs are usually derived from the cellulose fibers
through the chemical acid hydrolysis process whereas the
CNFs are extracted from the fibers by a mechanical process.

Nowadays, the usage of bio-eco nanocellulose material
in research areas has generated a high demand for their raw
materials and nanocellulose production techniques. It is get-
ting essential for the researchers to be familiar with the
preparation methods to introduce the CNMs for the novel
applications.[16] Developing new applications with CNMs
has various potential positive impact such as reducing the
global warming, limiting the usage of nonrenewable prod-
ucts, greenhouse gasses, remodification of waste cellulosic
materials, helps is diminishing the risks involved in solid
waste management, and creating employment opportunities
for the farmers by cultivating the raw materials. Given the
positive impacts on the environment, which in turn will aid
in solving the ongoing ecological problems with the usage
of these CNMs. The present review article elaborates on
documenting various progress made in the field of these
CNCs and CNFs, in terms of their pretreatment techniques,
preparation techniques, processing methods, and characteri-
zation techniques for making their quantitative as well as
qualitative analysis. The article also focuses on exploring
some of the important advanced application fields of CNMs
and intends to be good literature material for the
researchers working in the field of CNMs.

2 | EXTRACTION OF
LIGNOCELLULOSIC FIBERS FROM
PLANT AND CELLULOSIC WASTE
RESOURCES

The various parts of the plants such as leaves (sansevieria
and sisal), stem (elephant grass, bamboo, and banana),
fruit bunches (palm), fruits (coir), seeds (cotton) are pro-
viding a rich presence of natural fibers.[17] The dew and
water retting process are the most common methods uti-
lized in the extraction of these natural fibers from the
sources of the plants. However, the above-mentioned ret-
ting processes generally take a long duration of about
14–28 days mainly because of the consumption of more
time of degradation of lignin, hemicellulose, and pectin
from the fibers. So, in order to overcome this issue, the
mechanical retting (decorticator and hammering mill)
process is now widely used. In this process, high strength
with uniform fiber is acquired without damaging the
fibers as compared to the dew or water retting process
and it also avoids the usage of excess amount of water
resources.[18,19] Under the running tap water, the
extracted fibers (dew/water/mechanical retting) were
thoroughly washed and dried under sunlight for about
2 days. The different types of plant fibers and the extrac-
tion process of the fibers are shown in Figure 2(A),(C).

Hydra pulping process is used for producing a slurry
form of cellulosic fibers from the waste recyclable cellu-
losic fibrous materials (WRCFMs) (tetra pack, disposable
cup, newsprint paper, office, paper). In the process,
chopped WRCFMs are loaded into the pulp disintegrator
with water to the waste fibrous recyclable materials in a
ratio of 1500:15 (g:g). The pulping process takes place at
the room of 30�C and the main shaft speed of 1200 rpm
for 20 min. After the hydra pulping process, the acquired
homogenous unbleached cellulose pulp was filtered
through a square wire mesh of 1 × 1 cm. The isolated
fibrous pulp (untreated) was dried at 120�C in the oven
for 180 min. The dried isolated fibrous pulp (untreated)
may be subjected to further purification processes.[1] The
different types of waste cellulosic biomass materials and
hydra pulping processes used for different cellulosic
fibers are depicted in Figure 2(B),(C).

3 | PRETREATING RAW
MATERIAL FOR ENERGY
REDUCTION

Isolation of CNCs and extraction of CNFs are initially
required for various chemical pretreatment process to
remove the contents of amorphous lignin and hemicellu-
lose and wax either completely or partially from the

1590 NAGARAJAN ET AL.



lignocellulosic fibers.[20] The lower yield, high-reaction
time, and temperature are the major shortcoming during
the isolation of CNCs from lignocellulosic natural fibers
while using the acid hydrolysis process. Similarly, a high-
energy consumption and processing time are needed for
the extraction of CNFs from the fibers using a mechani-
cal process. In order to overcome this shortcoming, first,
the macro fibers are converted into a purified form of
micro cellulose by a standard chemical treatment process.
Various chemical methods for purifying the lignocellu-
losic fibers with their merits and limitations have been
discussed in this section.

3.1 | Dewaxing process

The outer layer of the natural fibers have a mild amount
of waxy material and the dewaxing process helps in get-
ting rid of this waxy material from the lignocellulosic
fibers. The wax removal process was carried out using

the Soxhlet apparatus at 70�C. In this process, the
chopped raw fibers are refluxed with C2H5OH–C7H8 in
the ratio of 1:2 for 240 min.[21]

3.2 | Bleaching or acetylation process

The bleaching process is essentially carried out to further
purify the dewaxed fibers. Different authors have
approached the dewaxed fibers in different ways because
every plant fibers contain cellulose, hemicellulose, lignin,
and wax contents in different proportions.[22–30] Also, the
factors such as weather, soil behavior, plant history, and
fiber source are the important considerations in the
bleaching process. Sodium chlorite (NaClO2), and hydro-
gen peroxide (H2O2) are the more commonly employed
oxidizing bleaching agent for bleaching cellulosic bio-
mass resources.

Among the various types of chemical treatment, the
acidified-chlorination treatment is the most commonly

FIGURE 2 (A) Different sources of raw fibers. (B) Extracted fibers from cellulosic waste. (C) Extraction process [Color figure can be

viewed at wileyonlinelibrary.com]
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used treatment for removing the lignin content in the
α-cellulose fibrils. The delignification process has been
performed with 0.7–2 wt% of sodium chlorite in buffer
solution. This sodium chlorite buffer solution is prepared
by adding acidic acid (CH3COOH) drop by drop and
maintained at the pH level of 4–4.5.[21,31] The bleaching
was performed at a temperature of 100�C for 2 h.[32] Dur-
ing the bleaching process, the chlorine dioxide (ClO2) is
released from the NaClO2, reacts with the lignin, and
forms lignin chloride in the presence of acidic buffer. The
reacted lignin chloride loses its ability to bind with
α-cellulose content and get precipitated.

Hydrogen peroxide is one of the chlorine-free, eco-
friendly, strong oxidizing bleaching treatment process to
remove the lignin content from the lignocellulosic
fibers.[33] In this process, H2O2 combined with NaOH
and sodium silicate provides maximum bleaching effi-
ciency to the natural fibers. In this process, the extracted
fibers were immersed in a solution containing 5% H2O2

(vol/vol) for 60 min. The pH level of 11 was maintained
using the sodium hydroxide (NaOH) with a concentra-
tion of 0.5 M. During the bleaching process, the entire
setup was kept in a water bath at a temperature of 80�C.
Finally, the fibers were thoroughly washed using the dis-
tilled water and then dried in an oven at 60�C for
48 h.[34] During the alkalization with the hydrogen perox-
ide process, it breaks the linkage formed between the lig-
nin and hemicellulose, which leads to the effective
removal of the lignin from the fiber. The bleaching pro-
cess can be repeated multiple times to ensure the maxi-
mum removal of the binding components. The bleached
fibers show better morphologies with higher crystallinity

and thermal stability than raw natural fibers.[1] The dis-
advantage of hydrogen peroxide treatment is its expen-
sive nature, but hydrogen peroxide can be partially
substituted by a chlorine-based bleaching process.[35] Dif-
ferent types of the bleaching process and their parameters
for the purification of various natural fibers are presented
in Table 1.

3.3 | Alkali treatment

In this step, the delignified fibers/bio cellulosic materials
are treated with 1–5 wt% NaOH at the temperature in the
range of 30–70�C for 1–4 h. The reaction time of the
alkali solution with the fiber and temperature may
depend on the concentration of NaOH solution.[42] The
alkali treatment removes the water-soluble hemicellulose
content from the fibers, which leads to defibrillating the
external cellulose microfibrils and depolymerizing the
native cellulose structure.[43,44] Different types of alkali
treatment for the purification process of various natural
fibers are presented in Table 2.

4 | PREPARATION METHODS
OF CNCS

The CNCs are extracted from the pretreated fibers by
using acid hydrolysis methods. The pretreated fibers were
applied with controlled strong acid hydrolysis, which
causes the dissolution of residual amorphous and aro-
matic domains and in turn resulting in the longitudinal

TABLE 1 Different types of a bleaching process for the purification of natural fibers

Sl.
No Fiber Chemical treatment

Temperature
(�C)

Time
(min) Reference

1 Coir Sodium chlorite, glacial acetic acid 60–70 60 [36]

2 Kenaf 2% NaClO2 and 3% acetic acid 70 180 [37]

3 Kenaf 1.5% NaOH and 1% H2O2 70 90

4 Kenaf 1.25% NaClO2 and 3% acetic acid 70 90

5 Rice husk 1.7 wt% NaClO2 in acidic acid buffer 100–130 240 [38]

6 H. sabdariffa Solution of NaOH, CH3COOH, and
NaOCl

25 60 [39]

7 Wood Acidified aqueous NaClO2 75 60 [40]

8 Sharan alovera cactus 0.7 wt% NaClO2 with acidic solution 100 120 [21]

9 Cocos nucifera var aurantiaca
peduncle

0.7 wt% NaClO2 with acidic solution 100 120 [15]

10 Waste disposal cup 0.7 wt% NaClO2 with acidic acid buffer 100 120 [1]

11 Ramie 5 (wt/vol) % sodium chlorite with acidic
solution

70 120 [41]
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cutting of microfibrils. In the strong acid hydrolysis pro-
cess, the hydronium ions are penetrated the aromatic
and amorphous regions of the cellulosic chain which cau-
ses the hydrolytic cleavage of glycosidic bonds and yield-
ing the individual cellulose crystallites after sonication
treatment as shown in Figure 3. The ensuing
nanoparticles in the form of an aqueous suspension are
commonly called CNCs or cellulose nano whiskers
(CNWs). The strengths and weaknesses of the different
mineral, organic, solid, and mixed acids hydrolysis

methods for the isolation of CNCs have been discussed in
this section.

4.1 | Sulfuric acid hydrolysis

In retrospect, the first successful preparation of
sulfonated cellulose nanocrystals (SCNCs) from the bio-
mass cellulosic materials in the year 1947 through the
sulfuric acid hydrolysis process was deliberated by

TABLE 2 Alkali treatment for purification of various natural fibers

Sl.
No Fiber

Concentration
of NaOH

Temperature
(�C)

Time
(min) Equipment Reference

1 Coir 2 wt% NaOH solution 80 120 Mechanical
starrier

[36]

2 Kenaf 4 wt% NaOH solution 80 120 Mechanical
starrier

[45]

3 Kenaf NaOH-AQ (Anthra
Quinone)

160 45 Digester [37]

4 Kenaf 12% NaOH, 0.15% AQ 120 45 Digester [46]

5 Rice husk 4 wt% NaOH solution 120 60 Reflux [38]

6 H. sabdariffa 2 wt% NaOH solution 120 60 – [39]

7 Soy hull, Wheat straw 17.5% NaOH solution
(wt/wt)

Ambient
temperature

120 – [40]

8 Sharan alovera cactus 17.5 wt% NaOH
solution

30 60 – [21]

9 Cocos nucifera var aurantiaca
peduncle

17.5 wt% NaOH
solution

30 60 – [15]

10 Waste disposal cup 17.5 wt% NaOH
solution

30 60 – [1]

11 Ramie 18 (wt/vol) % NaOH
solution

170 120 Digester [41]

FIGURE 3 Systematic diagram of CNCs. CNCs, cellulose nanocrystals [Color figure can be viewed at wileyonlinelibrary.com]
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Nickerson and Habrle.[47] The concentration (wt%) of the
sulfuric acid is the most significant parameter to be con-
sidered for processing the SCNCs. When the acid concen-
tration is less than 63–64 wt% there is a possibility of
producing high-amorphous region with low-crystalline
particles during incomplete acid hydrolysis during which
fewer amounts of amorphous and aromatic polymers
would be dissolved (K J Nagarajan et al.,[48]). The yield-
ing of SCNCs is more when the acid concentration ranges
between 63 and 64 wt% and the temperature range
between 45 and 60�C for 30–120 min.[49–51] When the
acid concentration increases more than 64 wt% of the
possible occurrence of swelling and partial degradation of
crystalline regions takes place.[52] The sulfuric acid
hydrolysis process dissolved the disordered parts present
in cellulosic fibrils. However, the α-cellulosic crystalline
portions in the cellulosic fibrils are chemically unaffected
to the sulfuric acid and remain whole. As a result, the
cellulose fibrils are transversely cleaved, yielding a rod-
like CNC (width: 2.3–60 nm; length: 100–500 nm) with a
relatively high crystallinity[48,53] and excellent mechani-
cal properties (high-specific strength and modulus). The
hydroxyl groups present on the surface of CNC are ran-
domly replaced by sulfate ester. Finally, the hydrolysis
reaction forms a negatively charged SCNCs, which
provides to a more stable colloidal suspension. However,
the SCNCs have relatively low-thermal stability due to
the presence of sulfate group on the surface.[1] Further,
the neutralization of SCNCs with NaOH helps in
regaining or improving the thermal stability of CNCs
obtained through sulfuric acid hydrolysis.[45,54,55]

4.2 | Hydrochloric acid hydrolysis

Hydrochloric (HCl) acid hydrolysis is one of the most
classical mild mineral acid methods for the preparation
of CNCs. In this acid hydrolysis, the optimum reaction
time (2–4 h) and temperature (60–105�C) are much
higher than that of the hydrolysis process using sulfuric
acid. The yielding of CNCs becomes more efficient if the
acid concentration is maintained in the range of
2.5–6.0 N.[55,56] The HCl acid hydrolysis produces a high
α-cellulose crystalline indexed with rod-like structured
CNCs of diameter and length in the range of 10–12 nm
and 285–304 nm respectively.[57] Due to the deficiency of
negative charges on the surface of the isolated CNCs, eas-
ily it gets aggregated in solvents or polymers. Thus, it
forms a strong intra and intermolecular hydrogen bond-
ing interaction due to the presence of large quality of sur-
face hydroxyl groups. But, the thermal stability of CNCs
obtained from HCl hydrolysis is higher than that of

H2SO4 hydrolysis.[58] In addition, the CNCs prepared by
HCl acid hydrolysis form a stable oil/water interfaces, so-
called Pickering emulsions, whereas the SCNCs do not
show this interfacial behavior.[59,60]

4.3 | Phosphoric acid hydrolysis

The mild phosphoric acid (mineral acid) hydrolysis is
widely used to produce the CNCs from the resources of
biomass. In this acid hydrolysis, the production of CNCs
from the fibers becomes more efficient with 70–75 wt% of
phosphoric acid concentration, while the reaction tem-
perature will be in the range of 100–1200C and hydrolysis
time will be around 80–120 min respectively.[61] The iso-
lated CNCs have many advantages over the sulfuric acid
and HCl acid hydrolyzed CNCs, including high-thermal
stability, flame-retardant and are used in bone scaffolding
applications to encourage the growth of new bone. The
isolated CNCs have the appearance of rod-like structure
with the diameter in the range of 15–32 nm and length in
the range of 238–475 nm.[62] During the acid hydrolysis,
phosphate groups will be charged on α-cellulosic nano-
crystal surfaces, while the extracted CNCs will have a
small zeta potential (−9.8 mV to −17.3 mV) indicating
their low-colloidal stability behavior.[63,64]

4.4 | Organic acid hydrolysis

Recently, organic acids were used for the production of
CNCs from the pretreated fibers. The formic acid, maleic
acid, citric acid, and oxalic acid were used instead of min-
eral acid during the isolation process of CNCs. Du and
co-workers reported that the CNCs are isolated through
FeCl3-catalyzed organic-based formic acid hydrolysis. In
this, the FeCl3 acts as a catalyst, and the CNCs could be
more easily produced because of an enhanced hydrolysis
efficiency.[65] Initially, the eucalyptus pulp and a pre-
determined amount of FeCl3 were added into 90 ml of
formic acid (88 wt%) in a spherical flask. The prepared
solution is magnetically stirred at 400 rpm for 6 h by
placing the flask in an oil bath at a temperature of 95�C.
During the formic acid hydrolysis, the cellulose fibers
were swelled and broken down into individual CNC par-
ticles. After the stirring, the flask at 95�C was cooled
down to the ambient temperature using the running tap
water. After post-processing, the obtained CNCs
exhibited a high-crystalline index, thermal stability along
the individual nanocrystals of narrow dimensions. After
the acid hydrolysis, formic acid was recovered using a
vacuum rotary evaporation process with a recovery rate
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of 88.90 ± 0.2%. The remaining FeCl3 present in the solid
residue can be recovered in the form of Fe(OH)3 through
the precipitation reaction with ammonium hydroxide,
which can be used as a pigment, water clarifying agent,
and catalyst. Also, the secondary product generated in
the form of ammonium chloride could be used as a
fertilizer.

Chen and co-workers used 50 wt%-toluenesulfonic
acid as a strong organic acid for the rapid isolation of
CNCs. They achieved nearly a complete dissolution of
noncellulosic materials from the eucalyptus pulp at
100�C under the reaction time of 45 min and ambient
pressure. During the acid hydrolysis, the acid penetrates
into α-cellulosic microfibril bundles, reaches the amor-
phous region, and dissolves it, then it leads to the isola-
tion of CNCs along a longitudinal direction of the
fibrils.[66]

Seta and co-workers used a highly concentrated mal-
eic acid to hydrolyze the ball-milled bamboo pulp. The
maleic acid hydrolysis of bamboo pulp fibers was con-
ducted using the maleic acid concentration of 75 wt%
with a liquid solution to pulp weight ratio of 100:1 at
110�C for 3 h under constant stirring condition. The
resultant CNCs have good thermal stability (291�C) and a
rod-like structure (length: 105.6–223.8 nm) with a short
hydrolysis time. On the other hand, the yield of CNCs in
this process (24%) is lower when compared to the formic
acid hydrolysis.[67]

Chen and co-workers proposed a simple environmen-
tally benign procedure using 70 wt% of oxalic acid for the
isolation of CNCs from the bleached eucalyptus pulp.
The acid hydrolysis was carried out at a temperature of
100�C for 45 min. The CNCs, which are produced by
using the oxalic acid hydrolysis process, had considerably
higher thermal stability than those of the mineral acids
such as HCl, phosphoric, and sulfuric acids under stan-
dard hydrolysis conditions. The isolated CNCs have good
colloidal stability and minimal interaction with water.
Thus improves the beneficial properties of water removal
and improving the moisture barrier properties. The ther-
mal stability of an isolated CNCs is improved because of
weak interaction with water.[66]

Nagarajan and co-workers proposed the isolation of
bio eco-based CNCs from recycled disposal paper cups by
citric acid hydrolysis. During the acid hydrolysis, the acid
concentration, reaction temperature, and time are the
most significant factors to be considered for producing
CNCs. The isolation of CNCs becomes more efficient
when the acid concentration is between 60 and 80 wt% at
a reaction temperature of 100�C under 240 min of hydro-
lysis time.[1,68] The results of acid hydrolysis show that
there is a visibility of rod-like structured CNCs in the

range of 13.7 ± 0.6 nm (width) and 480.5 ± 30 nm
(length), the thermal stability (3080C) and final thermal
degradation temperature (3500C) of the CNCs (76 wt%) is
higher than that of a mineral acid hydrolyzed.[1]

The organic acid hydrolysis methods are more eco-
friendly when compared to classic mineral acid hydroly-
sis. Because the organic acids can be recycled and the
equipment used for the processing has lesser corrosion
with those organic acids. Therefore, it is strongly
supporting and making the realization of the industriali-
zation of CNCs by using organic acid hydrolysis in recent
trends.

4.5 | Mixed acid hydrolysis

The major drawback of the sulfuric acid hydrolysis
method is the presence of sulfated groups, which results
in lower thermal stability in this type of hydrolysis
method. To avoid this, mild mineral acids such as HCl
acid and phosphoric acid have been widely studied to
extract the CNCs. The research attitude among the
researchers toward developing the mixed reaction sys-
tems has been applied to prepare the CNCs through a
one-step procedure.[69]

Cheng and co-workers developed a mixed H2SO4

(8 M)/HNO3 (2 M) acid hydrolysis to prepare the CNCs
within 30 min. In this mixed acid hydrolysis, initially, an
8 M of H2SO4 is mixed with 2 M of HNO3 at a tempera-
ture of 90�C. Then 1 mg of microcrystalline cellulose
(MCC) is added into the solution and stirred vigorously
for 30 min. Finally, the acid reaction was stopped by
adding a cold deionized water.[70]

Xie and co-workers reported the one-step hydrother-
mal procedure to extract the CNCs by applying H2SO4

and oxalic acid in a mass ratio of 5 g (H2SO4): 25 g (oxalic
acid): 15.66 g (H2O). The mixed acid solution was kept in
the oil bath at the temperature of 80�C and stirred with
an agitator blade rotating at 300 rpm. Then 1 mg of
bleached eucalyptus kraft pulp was added into the mix-
ture and is vigorously stirred for 120–300 min. Finally,
the obtained CNCs were found to have outstanding dis-
persibility in water, high-aspect ratio, and good thermal
stability. Most importantly, the concentration of the sul-
furic acid in mixed acid hydrolysis was decreased signifi-
cantly from 64 to 5 wt%.[71]

Cheng and co-workers reported a one-step mixed acid
hydrolysis procedure to extract CNCs by applying HCl
and nitric acid (HNO3) in a volume ratio of (7:3 vol) at
1100C for 180 min. In the case of the mixed acid hydroly-
sis using HCl and HNO3, the primary hydroxyl group of
cellulose got replaced with carboxyl groups and thus
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achieved within a short oxidation time (180 min).
Besides, a high yield and dispersion stability along with a
narrower size of CNCs could be observed.[72]

4.6 | Solid acid hydrolysis

The production of mineral acid-based CNCs has some
disadvantages such as environment pollution, risk of
handling, equipment corrosion, cellulose material degra-
dation, and lower thermal stability. Concerning the
above, producing the CNCs through solid acid hydrolysis
has been formulated. It is a novel method with some
advantages such as eco-friendly, easy to handle, and recy-
clable, noncorrosive nature, minimal waste, and easily
separable from reaction products.[73] However, the
method to prepare CNCs using solid acid hydrolysis is
currently in the phase of laboratory research.

Tang and co-workers reported that the cation
exchange resin (NKC-9) was mixed with distilled water
in the mass ratio of 1:12 under the ultra-sonic bath with
a reaction temperature of 50�C for 180 min under vigor-
ous stirring at 300 rpm. The reaction mixture was then
filtered through a plastic screen of mesh size 80 and the
resin was then rinsed with running distilled water until
the CNCs were completely detached. The extracted CNCs
had high yield, good physical and chemical characteristic
and was utilized for industrial purpose. However, there
existed a limited contact between the solid acid and cellu-
lose, a significant increase in the acid hydrolysis time and
lead to a decrease in reaction efficiency.[74]

Liu and co-workers proposed the phosphotungstic
acid (H3PW12O40) catalyzed-hydrolysis for bleached hard-
wood pulp. The hydrolysis was carried out with 75 wt%
concentrated phosphotungstic acid at 90�C for 30 h. The
results show that the isolated CNCs have good thermal
stability with a good aspect ratio. After the reaction pro-
cess, the phosphotungstic acid was also easily recovered
and reused several times.[75] While comparing the classi-
cal mineral acid hydrolysis technique, phosphotungstic
acid hydrolysis has low-reaction efficiency, so it is a
highly time-consuming process. To overcome this draw-
back, phosphotungstic acid hydrolysis was conducted
along with a mechanical activation process. Here, the
activation of a cellulose pulp was performed within the
ball mill equipped with two 90 ml agate jars. Each jar
was loaded 20 agate balls of 6 mm diameter. In this
hydrolysis process of 0.5 g of cellulose pulp in the 10 g of
a phosphotungstic acid solution with a concentration of
12.5 wt% was loaded into the jar. The milling of the mix-
ture was performed for 1.5–2.5 h. After the completion of
milling, the slurry form of the sample was then intro-
duced into a round-bottomed flask equipped with a

condenser and kept at 90�C in an oil bath for 4.5–5.5 h.
In this mechanochemical activation process, a high yield
of CNCs was produced (88.4%), with a reduced reaction
time drastically reduced from 30 to 8 h.[76]

The isolated CNCs bear a wide range of properties
such as excellent stability, vast surface area, attractive
mechanical properties (higher specific strength and
modulus), and good optical properties. By comparison,
the CNCs exhibit a high crystallinity, which is around
54–88% with several hundred nanometers in length and
several nanometers to a few tens of nanometers in diam-
eter.[15] A comparative study of some of the characteris-
tics for different acid hydrolyzed CNCs is shown in
Table 3.

5 | PREPARATION METHODS
OF CNFS

The CNFs are usually derived from the pretreated natural
fibers through a mechanical process. In this process, a
higher shear force is generated which leads to an extrac-
tion of CNFs along the longitudinal direction from the
pretreated fibers as shown in Figure 4. However, this pro-
duction process is usually associated with a high-energy
consumption, which causes the fiber delamination. The
chemical pretreatment process helps in reducing energy
consumption upto 98%.[15] The strengths and weaknesses
of the most common mechanical methods for the extrac-
tion of CNFs have been elaborately discussed in this
section.

5.1 | High-pressure homogenization

The high-pressure homogenization has high efficiency
with simplicity and is free from the organic solvents.[79]

In this process, pretreated cellulose pulp is diluted with
distilled water and then injected through the micron
gap in the middle of the impacting and homogenizing
valve under high pressure (69–207 MPa) and high veloc-
ity at room temperature.[80] During this stage, a shear-
ing action was induced and helps to produce a
nanocellulose fibrillation from the cellulose pulp. The
homogenizing process was then cooled subsequently to
prevent overheating. High yield of CNFs with uniform
physical properties (crystalline size and strength) are
added advantages of this process when employed for
mass production in industries.[81] However, this process
consumes more energy and time due to a greater num-
ber of passes, which are essential in producing the
CNFs. For 30 passes of high-pressure homogenization,
the energy demand is estimated to be 7.5 kWh/g.[82]
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The other main drawback of this process is that a block-
age, which results in cleaning the equipment under
undesired condition.[83]

Kawee and co-workers produced the CNFs by using a
high-pressure homogenization with three different

pressure conditions, that is, 68, 138, and 207 MPa for
30 constant cycles. The bacterial cellulose was used as
input material for this process. While increasing the pres-
sure from 68 to 207 MPa, the particle size of the CNFs is
reduced from 387.88 ± 32.21 nm to 324.05 ± 5.35 nm.[82]

TABLE 3 Comparative study of some of the characteristics of different acid hydrolyzed CNCs [Color table can be viewed at

wileyonlinelibrary.com]

(Continues)
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5.2 | Micro fluidization

Micro fluidization is one of the conventional mechanical
methods for producing CNFs from the pretreated cellu-
lose pulp/fibers. Before the micro fluidization process,
the pretreated cellulose pulp/fibers are diluted in a pre-
determined amount of distilled water. Then the slurry is
pumped with high pressure by using an intensifier pump.
Afterward, the slurry is passed through two different fine
orifices, which smash the fiber pulp together at the center
of the microfluidizer.[84] During this stage, the combined
shear and impact forces together defibrillate the fibers.
These forces created from the channel walls, colliding
streams, high-frequency vibration, turbulence, pressure
drop, and cavitation fields which leads in breaking the
intermolecular hydrogen bonds of the cellulose[85] and
simultaneously reduce the size of fiber to form
CNFs.[86,87] Interestingly, multiple cycles (more than
two) of micro fluidization or pressure above 124 MPa
increase the average particle size of NCF due to the drop-
let coalescence.[85] The microfluidizer process produces a
fine and narrow distribution of particle size with high-

crystallinity index (CrI) compared to high-pressure
homogenizer.[84,85] However, this technique is unsuitable
for mass production in industrial sectors.[88]

5.3 | Ball milling

Ball milling produces a nanoscale material under the col-
lision between the balls and friction and between the ball
and the drum wall moved under rotation. This process is
widely used due to its simple operation at room tempera-
ture and atmospheric pressure with less equipment cost.
It easily produces CNFs with a large surface area along
with a smaller size in width.[15] However, the ball size,
the number of balls, and mass ratio (ball: cellulose mate-
rial) affects the physical characteristic of an extracted
CNFs. The ball to cellulose mass ratio and ball diameter
are the more significant parameters that need to be con-
sidered for producing the CNFs. Zhang and co-workers
have recommended the ball diameter to be in the range
of 0.4–0.6 mm for the effective yield of CNFs through the
ball milling process. The authors have inferred that, if

TABLE 3 (Continued)

Abbreviations: AFM, atomic force electron microscopy, CNCs, cellulose nanocrystals.
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the zirconia ball is less than 0.3 mm, it yields less CNFs.
Likewise, if the diameter is higher than 0.6 mm, it dam-
ages the CNFs, due to high-kinetic energy produces dur-
ing rotation.[89] Another important parameter for
producing CNFs is the mass ratio of ball to cellulose. The
ratio between 60:1 and 80:1 provides optimum yielding of
CNFs in a web-like structure.[89]

5.4 | Grinding

The grinding process is simple, low-energy consumed and
eco-friendly mechanical approach method. It is suitable for
the mass production of CNFs, which is extracted from the
plant fibers and is suitable for industrial applications.[90] In
this process, a 1 wt% of pretreated cellulose fiber was
diluted into water and then a slurry form of the suspension
was directly feed in between the grinding stones of a shear
grinder at 1500 rpm. The defibrillation of fibers was contin-
ued for several passes with the same consistency until the
gel-like nanocellulose slurry is formed.[91,92] The wet grind-
ing process produced a uniformed width (around 15 nm)
of CNFs.[91] However, the extracted CNFs by a grinding
process exhibits a low crystallinity and mechanical strength
arising due to a strong mechanical force and destroys the
cellulose crystalline regions.[93,94]

5.5 | Cryocrushing

The cryocrushing technique is the subclass mechanical
treatment method for producing the CNFs from the bio-
mass resources. Before the process, the fibers are
pretreated by a chemical process, which helps to remove
the noncellulosic regions from the fibers.[95] Afterward,
the fibers are subjected to the cryocrushing process. In
this process, the pretreated fibers were subjected to a fro-
zen state by using liquid nitrogen, and then high-
shearing forces were applied to the fibers. Under this
mechanical impact, the ice crystal applies pressure on the
cell walls of the pretreated cellulose, which leads to
breakdown along the longitudinal axis in the form of
CNFs.[80,96] In this process, the extracted CNFs have a
width in the range of 5–80 nm and a length of about sev-
eral thousand nm.[97] Due to the incompetency of yield-
ing the fine CNFs, this technique is rarely used for a
commercial purpose.[26,98]

5.6 | Steam explosion

The steam explosion process is the hydrothermal
mechanical process used for producing the CNFs from

various natural biomass materials. In general, the steam
exploration process starts with high-pressure steaming of
the raw ingredient followed by the rapid decompres-
sion.[99] In this process, the high pressure is infiltrated
into the lignocellulosic material and a shearing force is
generated due to a sudden release of pressure, which
helps in hydrolyze the glycosidic bond and hydrogen
bonds to produces CNFs.[100]

Generally, the steam explosion process is deliberated
in three stages. In the first stage, the chopped fiber is
treated with a NaOH solution (5 wt%) in an autoclave with
a pressure of 137 Pa for 90 min at a temperature of 180�C.
The pressure of the autoclave was then released suddenly
and the fibers were then removed from it. The fibers were
next washed in water until it reached a neutralized pH
value. The steam-exploded fibers were then bleached by
using a mixture of acetic acid and NaOH (78.8 and 27 g
respectively) and a mixture of 1:3 sodium hypochlorite
solutions for 90 min. Repeated bleaching was performed
nearly six times until the filtrate becomes white in color.
After the bleaching process, the obtained fibers were sub-
jected to mild oxalic acid (5%) hydrolysis under 139 Pa of
autoclave pressure for 20 min. Then the pressure was
immediately released, and the process was repeated six
times. Finally, the fibers were filtered, washed, dissemi-
nated in the demineralized water, and homogenized under
continuous stirring for 6 h, and the resultant suspension
turned into CNF aqueous suspension. The final product
was washed with distilled water by consecutive centrifuga-
tions until it gets neutralized.[101] The steam explosion pro-
cess reduces the capital investment costs and results in
lower environmental impact.[102,103] However, the
obtained CNFs are generally nonuniform in nature and it
also needs continuous stirring process.[104]

5.7 | Sonication process

The ultrasonic treatment might become an effective
mechanical approach for large-scale production of CNFs
from the pretreated fibers.[105] The high-intensity ultra-
sound waves produce acoustic cavitation causes the for-
mation and implosive collapse of bubbles in liquids. This
acoustic cavitation produces 10–100 kJ mol−1 of energy,
which has the capability to break down the hydrogen
bonds between the amorphous substance and CNFs. The
formed microbubbles are collapsed, interacted with one
another, and collides on the cellulose surface, thus causes
erosion and separation of the surface. The resulting sepa-
ration causes the fibrillation and formation of CNFs.[106]

However, nowadays the CNCs are extracted from the
pretreated fibers by acid hydrolysis assisted with
ultrasonication. During ultrasonic treatment, the assisted
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acid hydrolysis with short duration and acid molecules
gets quickly diffused into the amorphous regions of the
cellulose aggregates.[107] As a result, a high yield of
CNCs with a short length and narrow dimension distri-
bution was achieved when compared to virgin acid
hydrolysis.[41,108]

The extracted CNFs exhibit both crystalline and
amorphous phases. The CNFs from the sonication pro-
cess possess a larger surface area with a web-like struc-
ture kind of network, thus making them more attractive
reinforcing material for polymer composites than the
CNCs.[15] The size range of the extracted CNFs is 3–5 nm
in diameter and 500–1000 nm in length. A comparative
study of some characteristics of different mechanically
extracted CNFs is indicated in Table 4, which would be
helpful for the engineers and scientists to develop eco-
friendly CNMs depending on their required properties.

6 | POST-PROCESSING OF CNMS

The post-treatment process is needed to produce a high
yield and it removes an excess amount of acids present in
the CNMs during acid hydrolysis. Some of the post-
processing methods implemented to purify the CNMs are
discussed in this section.

6.1 | Centrifugation process

In the centrifugation process, centrifugal force is applied
to separate the particles from the solution and purify the
CNMs suspension from excess acid present in it. It was
then discharged by repeatedly transferring the acidic
supernatant with several cycles of centrifugation until it
reaches pH neutrality.[111–114] The process is carried out
with a speed of 8000–10,000 rpm for 10–20 min. The

supernatant is removed from the precipitate and is rep-
laced by new deionized water and centrifuged until it
becomes a colloidal suspension. The series of centrifuga-
tion of supernatant could be stopped when it is turned
into turbid. This change is an indication that the CNMs
are starting to migrate to the layer of supernatant.[112,115]

The centrifugation process is also applied for the purifica-
tion of CNFs.[1]

6.2 | Dialysis process

The dialysis process is one of the purification processes,
which is used to remove the excess amount of acids pre-
sent in the CNCs during the acid hydrolysis process. The
centrifuged turbid suspension was dialyzed against
deionized water, distilled water, and the ultra-pure water
with the help of dialysis tubing. The dialysis tube with
cellulose membrane has a molecular cut-off of 14,000
supplied by Sigma–Aldrich, St. Louis was used for attain-
ing the neutrality of pH 6–7 for 2–3 days (K. J. et al.,
2020[1]; Lu and Hsieh, 2012; Oun and Rhim, 2015;
Prathapan et al., 2016[116–118]). However, this process is
not recommended for the mechanically extracted CNFs.

6.3 | Sonication process

Sonication is a high-energy mechanical process in which
the sound energy is used to develop hydrodynamic force
which agitates and isolate the CNFs.[119] After stabilizing
the pH, the nanocellulose suspension (CNCs/CNFs) are
subjected to a sonication process for about 10–15 min
with an amplitude of 65–70% to break down the
unfractionated α-cellulose into nanoscales. The suspen-
sion is always kept in an ice bath at 18�C to avoid over-
heating during the sonication process.

FIGURE 4 Systematic

diagram of CNFs. CNFs,

cellulose nanofibers [Color

figure can be viewed at

wileyonlinelibrary.com]
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TABLE 4 Comparative study of some characteristics of different mechanically extracted CNFs [Color table can be viewed at

wileyonlinelibrary.com]
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7 | DRYING AND STORAGE OF
CNCS AND CNFS

After the isolation of CNCs using the chemical method or
CNFs using the mechanical method, the final products
are mostly held in an aqueous medium. It is required to
dewater the pulp suspension to obtain the dried and
nanostructured cellulose. The dehydration mechanism
becomes very complicated in the extraction of
nanocellulose with nanoscale dimensions. Various drying
methods to dehydrate the CNCs/CNFs have been dis-
cussed in this section.

7.1 | Evaporation of solvent method

The conventional drying or solvent evaporation drying
method is done by evaporation of the solvent (aqueous
medium) from the nanocellulose usually at the tempera-
ture slightly higher than the boiling point of the solvent.
The efficiency of drying primarily depends on the param-
eters such as temperature, airflow rate, and exposed sur-
face area. It forms an agglomerated nanocellulose in the
evaporation of the solvent method. There is also a loss in
the nanoscale dimensions, due to the presence of the
hydroxyl group on the surface of the CNMs attracts
themselves. A model SEM image of air-dried CNCs is
shown in Figure 5(A). The yield solid nanocellulose is
difficult to be redispersed.[121] In the conventional drying
process (300 min with 1300C temperature), the micros-
copy image shows there is an observation of a tear and
agglomeration regions in the nanocellulose structure.

7.2 | Drying by lyophilization

Lyophilization or freeze-drying process is one of the mod-
ern and simple techniques used for eliminating the liq-
uid/solvent from the nanocellulose without disturbing
the volume and structure of the nanocellulose. In this
method, initially, the nanocellulose suspension will be
freeze as an ice crystal and then the ice crystals are
processed under a sublimation condition. At this stage,
the ice crystals are directly converted into the form of a
gaseous state (without liquid stage) under the triple point
(water) condition in the temperature range from −20 to
−50�C. The major advantage of this process is that the
aggregation of the cellulose particles is diminished and it
will not affect the nanocellulose structure, which leads to
effective dispersion so that the dried nanocellulose is well
dispersed in the polymer matrix.[122–124] A model SEM
image of freeze-dried CNCs is shown in Figure 5(B).

7.3 | Drying method using supercritical
state of fluids

When the fluid is raised above its critical pressure and the
temperature level is called a supercritical state. In this
supercritical extraction process, initially, the nanocellulose
suspension is kept in a high-pressure container. Then a
supercritical fluid substitutes into the solvent of
nanocellulose suspension. Above the critical point, the
evaporation form of supercritical fluid is carried out by
keeping the solvent in the gaseous state without condens-
ing, by balancing the chemical reactions and without

TABLE 4 (Continued)

Abbreviations: AFM, atomic force electron microscopy, CNFs, cellulose nanofibers.
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changing the crystalline structure of the nanocellulose.[125]

Finally, the dried nanocellulose is left in the container.
Carbon dioxide (CO2) is one of the commonly used fluids
in supercritical extraction due to able critical pressure
(72.9 atm), temperature (31.30C), low risk of side reactions,
nontoxic, and a low cost.[126] However, the equipment cost
is very high when compared to the evaporation method of
the solvent. A model SEM image of a supercritical-dried
CNCs is shown in Figure 5(C).

7.4 | Spray drying

It is the common method, which is used to dry the sample in
the mass production industries. In this method, initially, the
cellulose suspension is divided into fine droplets with a high-
velocity nozzle. Then the fine droplet particles are nebulized
into a drying tower containing the source of hot air. In this
method, by the way of evaporation of solvent, the solid CNM
particles are produced.[127] This technique produces a fine
dry nanocellulose powder, in a short duration under the sus-
pension contact with the heat source.[128] However, it may
vary in dimension and form a particulate cluster. A model
SEM image of spray-dried CNCs is shown in Figure 5(D).
Table 5 provides the exclusive information of the various
processing methods of CNMs from raw cellulosic fibers.

7.5 | Storage of CNMs

The nanocellulose suspension form is stored in a refriger-
ator below −4�C whereas the dried form of nanomaterial
is stored in low humidity and temperature conditions. A
small number of antimicrobial agents such as sodium
azide or a few drops of chloroform or toluene are added
to the nanocellulose materials to avoid microbial growth.
If the sulfated CNCs suspension is placed in a refrigerator
over a long period, there will be a reduction in the sulfate
half-ester groups, surface charge, and the colloidal stabil-
ity of the suspensions.[129] Moreover while storing, the
dry state CNCs/CNFs maintained by keeping it under
vacuum condition or in a desiccator inclosing the anhy-
drous calcium chloride (CaCl2).

[130]

8 | REDISPERSING
NANOCELLULOSE

8.1 | Redispersing CNCs

A predetermined wt% of dried CNCs are added into the
water. The CNCs suspension is treated by sonication
(mechanical) process to loosen the aggregated gel. The
probe-type sonicator is used for effectively redispersing

FIGURE 5 Drying methods

of CNCs (A) evaporation

method, (B) freeze drying,

(C) supercritical drying,

(D) spray drying (reproduced

with permission from Elsevier,

license number:

4856570288194)[120]). CNCs,

cellulose nanocrystals

NAGARAJAN ET AL. 1603



T
A
B
L
E

5
V
ar
io
us

pr
oc
es
si
n
g
m
et
h
od

s
of

C
N
M
s
fr
om

ra
w

ce
llu

lo
si
c
fi
be
rs

Sl
.

N
o

P
ro
ce
ss

n
am

e
P
ro
ce
ss

d
es
cr
ip
ti
on

A
d
va

n
ta
ge

s
D
is
ad

va
n
ta
ge

s
R
ef
er
en

ce

1
T
h
e
ex
tr
ac
ti
on

pr
oc
es
s
of

n
at
ur
al

lig
n
oc
el
lu
lo
si
c
fi
be
rs

fr
om

bi
or
es
ou

rc
es

[1
8,
19
]

D
ew

re
tt
in
g
pr
oc
es
s

C
ol
le
ct
ed

fi
br
ou

s
m
at
er
ia
ls
(p
la
n
t

le
af
's/
st
ea
m
s)
ar
e
ch

op
pe
d
in

sm
al
ls
iz
es

an
d
th
en

it
is
ke
pt

u
n
de
r
th
e
su
n
lig

h
t,
ba
ct
er
ia
,a
n
d

at
m
os
ph

er
ic
ai
r
to

re
m
ov
e
th
e

ad
h
es
iv
e
su
bs
ta
n
ce

an
d
ce
llu

la
r

ti
ss
ue

s
su
rr
ou

n
di
n
gs

th
e
fi
be
rs

L
ow

-p
ro
du

ct
io
n
co
st
;c
om

m
on

in
ar
ea
s
w
it
h
w
ar
m

w
ea
th
er

an
d

pr
ov
id
e
h
ea
vy

n
ig
h
t
de
w
w
it
h
a

lim
it
ed

w
at
er

re
so
ur
ce

(d
es
er
t

ar
ea
s)

D
ar
k
an

d
po

or
-q
ua

lit
y
fi
be
rs

ar
e

pr
od

uc
ed

du
e
to

th
e

co
n
ta
m
in
at
io
n
of

fu
n
gi

an
d
so
il;

pr
od

uc
ti
on

ti
m
e-
bo

un
d
is
m
or
e

W
at
er

re
tt
in
g
pr
oc
es
s

C
ol
le
ct
ed

fi
br
ou

s
m
at
er
ia
ls
ar
e
to

be
im

m
er
se
d
in

th
e
w
at
er

re
so
u
rc
es

(b
on

d,
sl
ow

st
re
am

,
ri
ve
r,
ta
n
k,

co
n
ta
in
er
,e
tc
.)
.

D
ur
in
g
th
e
im

m
er
si
on

pe
ri
od

of
3–
4
w
ee
ks
,t
h
e
w
at
er

sl
ow

ly
so
ft
en

s
th
e
ou

te
r
sk
in

an
d

pe
n
et
ra
te
s
in
to

th
e
st
al
k
an

d
co
n
se
qu

en
tl
y,
it
br
ea
ks

th
e
ou

te
r

la
ye
r
of

th
e
fi
be
rs

L
ow

-p
ro
du

ct
io
n
co
st
;q

ua
lit
y
of

th
e
fi
be
rs

is
be
tt
er

th
an

a
de
w

re
tt
in
g
pr
oc
es
s

L
ow

qu
al
it
y
an

d
lo
w

st
re
n
gt
h
of

fi
be
rs

ar
e
pr
od

uc
ed
;t
im

e
du

ra
ti
on

is
m
or
e
(n
ea
rl
y

10
–1
4
w
ee
ks
);
n
ot

su
it
ab
le

fo
r

m
as
s
pr
od

uc
ti
on

;a
h
ug

e
qu

an
ti
ty

of
w
at
er

is
n
ee
de
d

M
ec
h
an

ic
al

re
tt
in
g

pr
oc
es
s

In
th
is
m
et
h
od

,a
ft
er

th
e
re
m
ov
al

of
ou

te
r
la
ye
rs
,t
h
e
fi
br
ou

s
m
at
er
ia
ls
(l
ea
ve
s,
st
em

s,
fr
ui
t

sh
el
l)
ar
e
co
n
ti
n
uo

u
sl
y
fe
d
in
to

th
e
ro
ta
ti
n
g
ro
lle

rs
.W

h
ic
h
h
el
ps

to
br
ea
k
th
e
bo

n
di
n
g
re
gi
on

s
in
-

be
tw

ee
n
th
e
fi
be
rs

U
n
if
or
m

h
ig
h
st
re
n
gt
h
an

d
h
ig
h
-

qu
al
it
y
fi
be
rs

ar
e
ob

ta
in
ed
.

Su
it
ab
le

fo
r
m
as
s
pr
od

uc
ti
on

of
fi
be
rs

w
it
h
a
sh
or
t
du

ra
ti
on

of
ti
m
e

H
ig
h
-p
ro
du

ct
io
n
co
st
;e
le
ct
ri
ca
l

en
er
gy

co
n
su
m
pt
io
n
is
m
or
e

w
h
en

co
m
pa

re
d
to

ot
h
er

m
et
h
od

s

H
yd

ra
pu

lp
in
g
pr
oc
es
s

H
yd

ra
pu

lp
in
g
pr
oc
es
s
is
us
ed

fo
r

pr
od

uc
in
g
th
e
sl
ur
ry

fo
rm

of
ce
ll
ul
os
ic
fi
be
rs

fr
om

th
e
w
as
te

fi
br
ou

s
re
cy
cl
ab
le

m
at
er
ia
ls

(t
et
ra

pa
ck
,d

is
po

sa
bl
e
cu
p,

n
ew

sp
ri
n
t
pa

pe
r,
of
fi
ce

pa
pe
r)
.

T
h
e
w
as
te
d
re
cy
cl
ab
le

fi
be
rs

ar
e

ch
op

pe
d
an

d
lo
ad

ed
in
to

th
e

pu
lp

di
si
n
te
gr
at
or

w
it
h
w
at
er

to
w
as
te
d
re
cy
cl
ab
le
fi
be
rs

in
th
e

ra
ti
o
of

15
00
:1
5
(g
:g
)
at

a
sp
ee
d

of
12
00

rp
m

fo
r
20

m
in

at
a

ro
om

te
m
pe
ra
tu
re

of
30

0 C

L
ow

-c
os
t
m
et
h
od

;s
ui
ta
bl
e
fo
r
a

h
ug

e
qu

an
ti
ty

of
fi
be
rs

to
be

ex
tr
ac
te
d
fr
om

th
e
w
as
te

fi
br
ou

s
re
cy
cl
ab
le
m
at
er
ia
ls

–
[1
]

1604 NAGARAJAN ET AL.



T
A
B
L
E

5
(C
on

ti
n
ue

d)

Sl
.

N
o

P
ro
ce
ss

n
am

e
P
ro
ce
ss

d
es
cr
ip
ti
on

A
d
va

n
ta
ge

s
D
is
ad

va
n
ta
ge

s
R
ef
er
en

ce

2
Pu

ri
fi
ca
ti
on

fo
r
ce
llu

lo
si
c
fi
be
rs

fr
om

li
gn

oc
el
lu
lo
si
c
fi
be
rs

W
ax

re
m
ov
al

pr
oc
es
s

E
xt
ra
ct
ed

lig
n
oc
el
lu
lo
si
c
fi
be
rs

ar
e

tr
ea
te
d
w
it
h
et
h
an

ol
+
to
lu
en

e
(1
:2
,v
ol
/v
ol
)
at

70
� C

fo
r
4
h

T
h
is
tr
ea
tm

en
t
pr
oc
es
s
h
el
ps

in
re
m
ov
in
g
th
e
oi
la

n
d
w
ax

co
n
te
n
t
fr
om

th
e
su
rf
ac
e
of

th
e

fi
be
rs

–
[2
1]

L
ig
n
in

re
m
ov
al

pr
oc
es
s

A
ci
di
fi
ed
-c
h
lo
ri
n
at
io
n
tr
ea
tm

en
t:

T
h
e
de
w
ax
ed

fi
be
rs

ar
e
tr
ea
te
d

w
it
h
0.
7
w
t%

N
aC

lO
2
at

10
0�
C

fo
r
12
0
m
in

in
an

ac
id
ic

so
lu
ti
on

.

T
h
is
tr
ea
tm

en
t
h
el
ps

to
re
m
ov
e

th
e
bi
n
di
n
g
n
at
ur
e
be
tw

ee
n
th
e

α-
ce
llu

lo
se

an
d
th
e
lig

n
in

(a
ro
m
at
ic
po

ly
m
er
)
co
n
te
n
t

C
h
lo
ri
n
e-
ba
se
d
tr
ea
tm

en
t
pr
oc
es
s

cr
ea
te
s
h
ea
lt
h
is
su
es

an
d

en
vi
ro
n
m
en

t
po

llu
ti
on

s

[2
2–
30
][
21
,3
1]
[3
2]
[3
4]
[3
5]

A
lk
al
iz
at
io
n
–h

yd
ro
ge
n
pe
ro
xi
de

tr
ea
tm

en
t:

T
h
e
ex
tr
ac
te
d
fi
be
r
w
as

su
bm

er
ge
d
in

H
2O

2
(5
%

vo
l/
vo
l)
so
lu
ti
on

fo
r
60

m
in

at
80

� C
.N

aO
H

w
it
h
a

co
n
ce
n
tr
at
io
n
of

0.
5
M

is
us
ed

to
m
ai
n
ta
in

th
e
pH

va
lu
e
of

th
e
so
lu
ti
on

at
11

T
h
e
al
ka

liz
at
io
n
w
it
h
h
yd

ro
ge
n

pe
ro
xi
de

pr
oc
es
s,
br
ea
k
th
e

bo
n
di
n
g
of

lig
n
in

w
it
h
w
h
ic
h

le
ad

s
to

re
m
ov
in
g
th
e
lig

n
in

fr
om

th
e
fi
be
rs

ef
fe
ct
iv
el
y;

th
is

pr
oc
es
s
is
ch

lo
ri
n
e-
fr
ee
,e
co
-

fr
ie
n
dl
y,
th
e
st
ro
n
g
ox
id
iz
in
g

bl
ea
ch

in
g
tr
ea
tm

en
t
pr
oc
es
s

H
ig
h
-c
os
t
ch

em
ic
al

tr
ea
tm

en
t

pr
oc
es
s
w
h
en

co
m
pa

re
d
to

an
ac
id
if
ie
d-
ch

lo
ri
n
at
io
n
tr
ea
tm

en
t.

H
em

ic
el
lu
lo
se

re
m
ov
al

pr
oc
es
s

T
h
e
de
lig

n
if
ie
d
fi
be
rs

ar
e
tr
ea
te
d

w
it
h
17
.5

w
t%

so
di
u
m

h
yd

ro
xi
de

so
lu
ti
on

at
an

am
bi
en

t
te
m
pe
ra
tu
re

of
30

� C
fo
r
1
h

T
h
e
M
er
ce
ri
za
ti
on

is
an

ef
fe
ct
iv
e

tr
ea
tm

en
t
to

el
im

in
at
e
th
e

w
at
er
-s
ol
ub

le
h
em

ic
el
lu
lo
se

co
n
te
n
t
fr
om

th
e
fi
be
rs

an
d
al
so

h
el
ps

to
re
m
ov
e
th
e
re
m
ai
n
in
g

lig
n
in

co
n
te
n
t
fr
om

th
e
fi
be
rs

–
[4
3]

3.
Pr
ep
ar
at
io
n
of

C
N
C
s
th
ro
ug

h
a
ch

em
ic
al

pr
oc
es
s

3.
1

M
in
er
al

ac
id

h
yd

ro
ly
si
s

3.
1.
1

Su
lf
ur
ic
ac
id

h
yd

ro
ly
si
s

T
h
e
op

ti
m
um

yi
el
di
n
g
of

C
N
C
s
is

ac
h
ie
ve
d
w
it
h
Su

lf
ur
ic
ac
id

co
n
ce
n
tr
at
io
n
of

63
–6
4
w
t%

in
th
e
te
m
pe
ra
tu
re

ra
n
ge

of
45
–6
0�
C
fo
r
30
–1
20

m
in

Is
ol
at
ed

C
N
C
s
h
as

go
od

co
llo

id
al

st
ab
ili
ty
,w

it
h
a
ro
d-
lik

e
st
ru
ct
ur
e
of

n
ar
ro
w

di
m
en

si
on

ar
e
ob

ta
in
ed
.A

h
ug

e
qu

an
ti
ty

of
w
at
er

is
re
qu

ir
ed

du
ri
n
g
th
e

pu
ri
fi
ca
ti
on

pr
oc
es
s;
H

2S
O
4
is

ri
sk
y
to

h
an

dl
e,
eq
ui
pm

en
t

co
rr
os
io
n

T
h
e
pr
es
en

ce
of

su
lf
at
e
gr
ou

ps
on

th
e
is
ol
at
ed

C
N
C
s
ca
us
es

lo
w
-

th
er
m
al

st
ab
ili
ty

[4
8]
[4
9–
51
][
52
][
48
,5
3]
co
m
po

si
te
s[
1]

(C
on

ti
n
ue

s)

NAGARAJAN ET AL. 1605



T
A
B
L
E

5
(C
on

ti
n
ue

d)

Sl
.

N
o

P
ro
ce
ss

n
am

e
P
ro
ce
ss

d
es
cr
ip
ti
on

A
d
va

n
ta
ge

s
D
is
ad

va
n
ta
ge

s
R
ef
er
en

ce

3.
1.
2

H
yd

ro
ch

lo
ri
c
ac
id

h
yd

ro
ly
si
s

T
h
e
yi
el
di
n
g
of

C
N
C
s
is
m
or
e

de
pe
n
de
n
t
on

th
e
se
le
ct
io
n
of

an
ac
id

co
n
ce
n
tr
at
io
n
in

th
e
ra
n
ge

of
2.
5–
6.
0
N

al
on

g
w
it
h
th
e

re
ac
ti
on

te
m
pe
ra
tu
re

of
60
–1
05

� C
fo
r
2–
4
h

T
h
e
th
er
m
al

st
ab
ili
ty

of
C
N
C
s
is

h
ig
h
er

th
an

th
at

by
H

2S
O
4

h
yd

ro
ly
si
s.
In

ad
di
ti
on

,t
h
e

C
N
C
s
w
h
ic
h
ar
e
pr
ep
ar
ed

by
H
C
la

ci
d
h
yd

ro
ly
si
s
fo
rm

st
ab
le

oi
l/
w
at
er

in
te
rf
ac
es
,s
o-
ca
lle

d
Pi
ck
er
in
g
em

ul
si
on

s
n
at
ur
e,

w
h
er
ea
s
th
e
su
lf
at
ed

C
N
C
s
do

n
ot

sh
ow

th
is
in
te
rf
ac
ia
l

be
h
av
io
r

T
h
e
is
ol
at
ed

C
N
C
s
by

h
yd

ro
ch

lo
ri
c

ac
id

ar
e
ea
si
ly

ag
gr
eg
at
ed

in
so
lv
en

ts
or

po
ly
m
er
s;
re
ac
ti
on

te
m
pe
ra
tu
re

an
d
ti
m
e
ar
e
to
o

m
uc
h
w
h
en

co
m
pa

re
d
to

su
lf
ur
ic
ac
id

h
yd

ro
ly
si
s

[5
5,
56
][
57
][
58
][
59
,6
0]

3.
1.
3

Ph
os
ph

or
ic
ac
id

h
yd

ro
ly
si
s

In
th
is
ac
id

h
yd

ro
ly
si
s,
th
e

pr
od

u
ct
io
n
of

C
N
C
s
fr
om

th
e

pr
et
re
at
ed

fi
be
rs

be
co
m
es

m
or
e

ef
fi
ci
en

t
w
it
h
70
%
to

75
w
t%

ph
os
ph

or
ic
ac
id

co
n
ce
n
tr
at
io
n
,

10
0–
12
00
C
re
ac
ti
on

te
m
pe
ra
tu
re
,

an
d
a
h
yd

ro
ly
si
s
ti
m
e
of

80
–1
20

m
in

re
sp
ec
ti
ve
ly

Is
ol
at
ed

C
N
C
s
h
as

h
ig
h
-t
h
er
m
al

st
ab
ili
ty
,g
oo

d
fl
am

e-
re
ta
rd
an

t
pr
op

er
ti
es

an
d
it
is
us
ed

fo
r
bo

n
e

sc
af
fo
ld
in
g
ap

pl
ic
at
io
n
s
to

en
co
ur
ag
e
th
e
gr
ow

th
of

a
n
ew

bo
n
e

L
ow

-c
ol
lo
id
al

st
ab
ili
ty

w
h
en

co
m
pa

re
d
to

C
N
C
s
w
h
ic
h
ar
e

ob
ta
in
ed

fr
om

su
lf
ur
ic
ac
id

h
yd

ro
ly
si
s

[6
1]
[6
2]
[6
3,
64
]

3.
2

O
rg
an

ic
ac
id

h
yd

ro
ly
si
s

3.
2.
1

F
or
m
ic
ac
id

h
yd

ro
ly
si
s

T
h
e
eu

ca
ly
pt
us

pu
lp

+
F
eC

l 3
(0
.0
05
–0
.0
25

M
)
w
er
e
ad

de
d
in

to
90

m
lo

f
88

w
t%

fo
rm

ic
ac
id

in
a
fl
as
k.

T
h
e
fl
as
k
w
as

pl
ac
ed

in
an

oi
lb

at
h
at

95
� C

an
d
is

st
ir
re
d
fo
r
6
h
at

40
0
rp
m

T
h
e
ob

ta
in
ed

C
N
C
s
ex
h
ib
it
a
h
ig
h
-

cr
ys
ta
lli
n
e
in
de
x,
th
er
m
al

st
ab
ili
ty

al
on

g
w
it
h
an

in
di
vi
du

al
n
an

oc
ry
st
al

of
n
ar
ro
w

di
m
en

si
on

s;
re
us
ag
e
of

ac
id

is
po

ss
ib
le

H
yd

ro
ly
si
s
ti
m
e,
re
ac
ti
on

te
m
pe
ra
tu
re

an
d
ac
id

co
n
ce
n
tr
at
io
n
du

ra
ti
on

ar
e

m
uc
h
m
or
e
w
h
en

co
m
pa

re
d
to

th
e
m
in
er
al

ac
id

h
yd

ro
ly
si
s

[6
5]
[6
6]
[6
7]
[6
6]
[1
]

3.
2.
2

M
al
ei
c
ac
id

h
yd

ro
ly
si
s

T
h
e
75
%
M
al
ei
c
ac
id

+
ba
m
bo

o
pu

lp
fi
be
rs

in
th
e
ra
ti
o
of

10
0:
1

m
ix
ed

in
co
n
st
an

t
st
ir
ri
n
g
at

11
0�
C
fo
r
3
h

T
h
e
re
su
lt
an

t
C
N
C
s
sh
ow

s
go
od

th
er
m
al

st
ab
ili
ty

(2
91

� C
)
an

d
a

de
si
ra
bl
e
ro
d-
lik

e
st
ru
ct
ur
e

(l
en

gt
h
:1

05
.6
–2
23
.8

n
m
)
w
it
h
a

sh
or
t
h
yd

ro
ly
si
s
ti
m
e

T
h
e
yi
el
d
of

C
N
C
s
(2
4%

)
is
lo
w
er

w
h
en

co
m
pa

re
d
to

th
e
fo
rm

ic
ac
id

h
yd

ro
ly
si
s

3.
2.
3

O
xa
lic

ac
id

h
yd

ro
ly
si
s

T
h
e
70

w
t%

of
ox
al
ic
ac
id

at
a

te
m
pe
ra
tu
re

of
10
0�
C
fo
r
45

m
in

w
as

u
se
d
fo
r
h
yd

ro
ly
si
s

M
in
im

al
re
ac
ti
on

ti
m
e
lik

e
as

su
lf
ur
ic
ac
id

h
yd

ro
ly
si
s;
T
h
e

C
N
C
s
w
it
h
h
ig
h
er

th
er
m
al

an
d

co
llo

id
al

st
ab
ili
ty

th
an

th
os
e

pr
od

uc
ed

by
us
in
g
m
in
er
al

ac
id
s

un
de
r
st
an

da
rd

h
yd

ro
ly
si
s

co
n
di
ti
on

s;
in

ad
di
ti
on

,t
h
e

C
N
C
s
h
av
e
m
in
im

al
in
te
ra
ct
io
n
s

H
ig
h
-r
ea
ct
io
n
te
m
pe
ra
tu
re

(1
00

0 C
)

is
n
ee
de
d

1606 NAGARAJAN ET AL.



T
A
B
L
E

5
(C
on

ti
n
ue

d)

Sl
.

N
o

P
ro
ce
ss

n
am

e
P
ro
ce
ss

d
es
cr
ip
ti
on

A
d
va

n
ta
ge

s
D
is
ad

va
n
ta
ge

s
R
ef
er
en

ce

w
it
h
w
at
er
.T

h
is
ca
n
be

be
n
ef
ic
ia
lf
or

m
an

y
ap

pl
ic
at
io
n
s

su
ch

as
fa
ci
lit
at
in
g
w
at
er

re
m
ov
al

an
d
im

pr
ov
in
g

m
oi
st
ur
e
ba
rr
ie
r
pr
op

er
ti
es

3.
2.
4

C
it
ri
c
ac
id

h
yd

ro
ly
si
s

T
h
e
is
ol
at
io
n
of

C
N
C
s
is
op

ti
m
um

w
it
h
60

w
t%

an
d
80

w
t%

co
n
ce
n
tr
at
io
n
of

ac
id

at
a

re
ac
ti
on

te
m
pe
ra
tu
re

of
10
0�
C

w
it
h
24
0
m
in

h
yd

ro
ly
si
s
ti
m
e

T
h
e
re
su
lt
s
of

ac
id

h
yd

ro
ly
si
s
sh
ow

th
at

th
er
e
is
a
vi
si
bi
lit
y
of

ro
d-

lik
e
st
ru
ct
ur
ed

C
N
C
s
w
it
h
go
od

th
er
m
al

an
d
co
llo

id
al

st
ab
ili
ty
;

re
us
ag
e
of

ac
id

is
po

ss
ib
le

M
od

er
at
e
ac
id

re
ac
ti
on

ti
m
e

(2
40

m
in
)
an

d
h
ig
h
-r
ea
ct
io
n

te
m
pe
ra
tu
re

(1
00

0 C
)
is
n
ee
de
d

3.
3

M
ix
ed

ac
id

h
yd

ro
ly
si
s

3.
3.
1

Su
lf
u
ri
c
ac
id

+
n
it
ri
c
ac
id

h
yd

ro
ly
si
s

Su
lf
ur
ic
ac
id

(8
M
)/
n
it
ri
c
(2

M
)

ac
id

h
yd

ro
ly
si
s
is
to

pr
ep
ar
e
th
e

C
N
C
s
w
it
h
in

30
m
in

at
a

re
ac
ti
on

te
m
pe
ra
tu
re

of
90

� C

T
h
e
ob

ta
in
ed

C
N
C
s
h
as

ex
ce
lle

n
t

di
sp
er
si
bi
lit
y
in

w
at
er
,h

ig
h
-

as
pe
ct

ra
ti
o
al
on

g
w
it
h
go
od

th
er
m
al

st
ab
ili
ty

–
[6
9]
[7
0]
[7
1]
[7
2]

3.
3.
2

Su
lf
ur
ic
ac
id

+
ox
al
ic

ac
id

h
yd

ro
ly
si
s

Su
lf
u
ri
c
ac
id

an
d
ox
al
ic
ac
id

in
a

m
as
s
ra
ti
o
of

5
g(
H

2S
O
4)
:2

5
g

(o
xa
li
c
ac
id
):
15
.6
6
g
(H

2O
))
.T

h
e

te
m
pe
ra
tu
re

of
th
e
re
ac
ti
on

is
80

� C
in

an
oi
lb

at
h
by

st
ir
ri
n
g

w
it
h
an

ag
it
at
or

bl
ad

e
at

30
0
rp
m

T
h
e
ob

ta
in
ed

C
N
C
s
h
av
e
ex
ce
lle

n
t

di
sp
er
si
bi
lit
y
in

w
at
er
,h

ig
h
-

as
pe
ct

ra
ti
o
al
on

g
w
it
h
go
od

th
er
m
al

st
ab
ili
ty
;t
h
e

co
n
ce
n
tr
at
io
n
of

H
2S
O
4
in

th
is

sy
st
em

w
as

de
cr
ea
se
d

si
gn

if
ic
an

tl
y
fr
om

64
w
t%

to
5
w
t%

–

3.
3.
3

H
yd

ro
ch

lo
ri
c
ac
id

+
n
it
ri
c
ac
id

h
yd

ro
ly
si
s

In
th
is
m
ix
ed

ac
id

h
yd

ro
ly
si
s,
th
e

C
N
C
s
ar
e
ex
tr
ac
te
d
by

ap
pl
yi
n
g

H
C
la

n
d
n
it
ri
c
ac
id

(H
N
O
3)
in

th
e
vo
lu
m
e
ra
ti
o
of

(7
:3

vo
l)
at

11
00
C
fo
r
18
0
m
in

B
y
us
in
g
th
e
m
ix
ed

ac
id

h
yd

ro
ly
si
s,
th
e
h
yd

ro
xy
lg

ro
up

on
th
e
ce
llu

lo
se

is
re
pl
ac
ed

w
it
h

a
ca
rb
ox
yl

gr
ou

p
in

a
sh
or
te
r

du
ra
ti
on

(1
80

m
in
);
w
it
h
th
is

su
rf
ac
e
m
od

if
ic
at
io
n
,h

ig
h
yi
el
d

an
d
di
sp
er
si
on

st
ab
ili
ty

of
C
N
C
s

co
ul
d
be

ac
h
ie
ve
d

–

3.
4

So
li
d
ac
id

h
yd

ro
ly
si
s

3.
4.
1

Ph
os
ph

ot
un

gs
ti
c
ac
id

h
yd

ro
ly
si
s

T
h
e
ac
id

h
yd

ro
ly
si
s
w
as

ca
rr
ie
d

ou
t
w
it
h
75

w
t%

ph
os
ph

ot
un

gs
ti
c
ac
id

at
90

0 C
fo
r

30
h

T
h
e
re
su
lt
s
sh
ow

th
at

th
e
is
ol
at
ed

C
N
C
s
h
av
e
go
od

th
er
m
al

st
ab
ili
ty

w
it
h
go
od

as
pe
ct

ra
ti
o;

re
us
ag
e
of

ac
id

is
po

ss
ib
le

C
om

pa
re
d
w
it
h
th
e
cl
as
si
ca
l

m
in
er
al

ac
id

h
yd

ro
ly
si
s
m
et
h
od

,
ph

os
ph

ot
un

gs
ti
c
ac
id

h
yd

ro
ly
si
s

h
as

lo
w
-r
ea
ct
io
n
ef
fi
ci
en

cy
an

d
a

ti
m
e-
co
n
su
m
in
g
pr
oc
es
s

[7
3]
[7
4]
[7
5]
[7
6]

(C
on

ti
n
ue

s)

NAGARAJAN ET AL. 1607



T
A
B
L
E

5
(C
on

ti
n
ue

d)

Sl
.

N
o

P
ro
ce
ss

n
am

e
P
ro
ce
ss

d
es
cr
ip
ti
on

A
d
va

n
ta
ge

s
D
is
ad

va
n
ta
ge

s
R
ef
er
en

ce

3.
4.
2

E
xc
h
an

ge
re
si
n
(N

K
C
-9
)

h
yd

ro
ly
si
s

T
h
e
ca
ti
on

ex
ch

an
ge

re
si
n
(N

K
C
-

9)
is
st
ir
re
d
w
it
h
di
st
ill
ed

w
at
er

in
th
e
m
as
s
ra
ti
o
of

1:
12

un
de
r

th
e
ul
tr
as
on

ic
ba
th

at
a
re
ac
ti
on

te
m
pe
ra
tu
re

of
50

0 C
fo
r
18
0
m
in

un
de
r
vi
go
ro
us

st
ir
ri
n
g

(3
00

rp
m
)

T
h
e
ex
tr
ac
te
d
C
N
C
s
h
as

h
ig
h

yi
el
d;

it
ex
h
ib
it
s
go
od

ph
ys
ic
al

an
d
ch

em
ic
al

ch
ar
ac
te
ri
st
ic
an

d
it
is
su
it
ab
le
fo
r
in
du

st
ri
al

ap
pl
ic
at
io
n
s

Po
or

h
yd

ro
ly
si
s
ef
fi
ci
en

cy
an

d
re
ac
ti
on

ti
m
e
is
to
o
m
or
e
w
h
en

co
m
pa

re
d
to

th
e
m
in
er
al

an
d

or
ga
n
ic
ac
id

h
yd

ro
ly
si
s

4.
Pr
ep
ar
at
io
n
of

C
N
F
s
th
ro
u
gh

a
m
ec
h
an

ic
al

pr
oc
es
s

4.
1

H
ig
h
-p
re
ss
u
re

h
om

og
en

iz
at
io
n

Pr
et
re
at
ed

ce
ll
ul
os
e
pu

lp
is
di
lu
te
d

w
it
h
di
st
ill
ed

w
at
er

an
d
th
en

pa
ss
ed

th
ro
ug

h
a
m
ic
ro
n
ga
p

be
tw

ee
n
an

im
pa

ct
in
g
an

d
th
e

h
om

og
en

iz
in
g
va
lv
e
un

de
r
h
ig
h

pr
es
su
re

(6
9–
20
7
M
Pa

)
w
it
h

h
ig
h
ve
lo
ci
ty

at
ro
om

te
m
pe
ra
tu
re

Ph
ys
ic
al

pr
op

er
ti
es

ar
e
un

if
or
m

(c
ry
st
al
lin

e
si
ze
,s
tr
en

gt
h
);

su
it
ab
le
fo
r
m
as
s
pr
od

uc
ti
on

in
du

st
ri
es

M
or
e
en

er
gy

co
n
su
m
pt
io
n
n
ee
de
d

du
e
to

h
ug

e
n
um

be
r
of

pa
ss

n
ee
de
d

[7
9]
[8
2]
[8
0]
[8
1]
[8
2]

4.
2

M
ic
ro

fl
ui
di
za
ti
on

T
h
e
pr
et
re
at
ed

ce
llu

lo
se

pu
lp

sl
u
rr
y
is
pu

m
pe
d
w
it
h
h
ig
h

pr
es
su
re

by
us
in
g
an

in
te
n
si
fi
er

pu
m
p.

A
ft
er
w
ar
d,

th
e
sl
ur
ry

is
pa

ss
ed

th
ro
ug

h
tw

o
di
ff
er
en

t
fi
n
e
or
if
ic
es

an
d
sm

as
h
es

th
em

to
ge
th
er

in
th
e
ce
n
te
r
of

th
e

m
ic
ro
fl
ui
di
ze
r.
D
u
ri
n
g
th
is
st
ag
e

sh
ea
r
an

d
im

pa
ct
,f
or
ce
s

de
fi
br
ill
at
e
th
e
fi
be
rs

T
h
e
pr
oc
es
s
pr
od

uc
es

a
fi
n
e
an

d
n
ar
ro
w
di
st
ri
bu

ti
on

of
pa

rt
ic
le

si
ze

w
it
h
h
ig
h
-c
ry
st
al
lin

it
y
in
de
x

co
m
pa

re
d
to

h
ig
h
-p
re
ss
ur
e

h
om

og
en

iz
er

T
h
is
te
ch

n
iq
ue

is
un

su
it
ab
le

fo
r

m
as
s
pr
od

uc
ti
on

in
an

in
du

st
ri
al

se
ct
or

[8
4]
[8
5]
[8
6,
87
][
85
] .[

88
]
(L
ie
t
al
.,
20
14
;

M
ah

di
Ja
fa
ri
et

al
.,
20
06
)

4.
3

B
al
lm

il
lin

g
M
at
er
ia
lu

n
de
r
th
e
co
lli
si
on

be
tw

ee
n
th
e
ba
ll
s
an

d
fr
ic
ti
on

an
d
be
tw

ee
n
th
e
ba
ll
an

d
th
e

dr
um

is
re
du

ce
d
to

th
e

n
an

os
ca
le

It
ea
si
ly

pr
od

uc
es

C
N
F
s
w
it
h
a

h
ig
h
-s
ur
fa
ce

ar
ea
.T

h
e
op

er
at
io
n

co
st
an

d
eq
ui
pm

en
t
co
st
is
le
ss

T
h
e
ba
ll
si
ze

an
d
m
at
er
ia
l;
a

n
um

be
r
of

ba
lls

an
d
m
as
s
ra
ti
o

(b
al
l:
ce
llu

lo
se

m
at
er
ia
l)
;p

ro
ce
ss

ti
m
e
an

d
sp
ee
d
w
h
ic
h
af
fe
ct
s
th
e

ph
ys
ic
al

ch
ar
ac
te
ri
st
ic
of

an
ex
tr
ac
te
d
C
N
F
s

[1
5]
[8
9]

4.
4

G
ri
n
di
n
g

In
th
is
pr
oc
es
s,
1
w
t%

of
pr
et
re
at
ed

ce
ll
ul
os
e
fi
be
r
is
di
lu
te
d
in
to

w
at
er

an
d
th
en

a
sl
u
rr
y
fo
rm

of
th
e
su
sp
en

si
on

w
as

di
re
ct
ly

fe
d

in
be
tw

ee
n
th
e
gr
in
di
n
g
st
on

es
of

th
e
h
ig
h
-s
h
ea
r
gr
in
de
r
at

L
ow

-e
n
er
gy

co
n
su
m
pt
io
n
;i
t

pr
od

uc
es

un
if
or
m

di
m
en

si
on

s;
ec
o-
fr
ie
n
dl
y
m
ec
h
an

ic
al

ap
pr
oa
ch

an
d
is
su
it
ab
le

fo
r

m
as
s
pr
od

uc
ti
on

of
C
N
F
s

Po
or

ph
ys
ic
al

pr
op

er
ti
es

(l
ow

cr
ys
ta
lli
n
it
y
an

d
m
ec
h
an

ic
al

st
re
n
gt
h
)
of

an
is
ol
at
ed

C
N
F
s

be
ca
us
e
of

a
st
ro
n
g
m
ec
h
an

ic
al

fo
rc
e
is
ap

pl
ie
d
du

ri
n
g
th
e

gr
in
di
n
g
pr
oc
es
s

[9
0]
[9
1,
92
][
91
][
93
,9
4]

1608 NAGARAJAN ET AL.



T
A
B
L
E

5
(C
on

ti
n
ue

d)

Sl
.

N
o

P
ro
ce
ss

n
am

e
P
ro
ce
ss

d
es
cr
ip
ti
on

A
d
va

n
ta
ge

s
D
is
ad

va
n
ta
ge

s
R
ef
er
en

ce

15
00

rp
m
.T

h
e
de
fi
br
ill
at
io
n
of

fi
be
rs

w
as

co
n
ti
n
u
ed

fo
r
se
ve
ra
l

pa
ss
es

w
it
h
th
e
sa
m
e

co
n
si
st
en

cy
un

ti
lt
h
e
ge
l-
lik

e
n
an

oc
el
lu
lo
se

sl
u
rr
y
is
fo
rm

ed

4.
5

C
ry
oc
ru
sh
in
g

In
th
is
pr
oc
es
s,
th
e
pr
et
re
at
ed

fi
be
rs

ar
e
su
bj
ec
te
d
to

fr
oz
en

u
si
n
g
li
qu

id
n
it
ro
ge
n
an

d
th
en

h
ig
h
-s
h
ea
r
fo
rc
es

ar
e
ap

pl
ie
d
to

th
e
fi
be
rs
.D

u
ri
n
g
th
is
im

pa
ct
,

th
e
pr
es
su
re

is
ge
n
er
at
ed

on
th
e

ce
ll
w
al
ls
of

pr
et
re
at
ed

ce
llu

lo
se

du
e
to

th
e
ic
e
cr
ys
ta
lw

h
ic
h

le
ad

s
to

br
ea
ki
n
g
th
em

al
on

g
th
e

lo
n
gi
tu
di
n
al

ax
is
in
fo
rm

of
C
N
F
s

T
h
e
ex
tr
ac
te
d
C
N
F
s
h
av
e
a
w
id
th

in
th
e
ra
n
ge

of
5–
80

n
m

an
d

le
n
gt
h
of

se
ve
ra
lt
h
ou

sa
n
d
n
m

E
qu

ip
m
en

t
co
st
is
h
ig
h
;t
h
e

in
ca
pa

bi
lit
y
of

pr
od

uc
in
g
a
fi
n
e

fi
be
r,
it
is
ra
re
ly

us
ed

fo
r
th
e

pr
od

uc
ti
on

of
C
N
F
s

co
m
m
er
ci
al
ly

[9
5]
[8
0,
96
][
26
,9
8]
[9
7]

4.
6

St
ea
m

ex
pl
os
io
n

T
h
e
h
ig
h
pr
es
su
re

is
in
fi
lt
ra
te
d

in
to

th
e
lig

n
oc
el
lu
lo
si
c
m
at
er
ia
l

an
d
a
sh
ea
ri
n
g
fo
rc
e
is
ge
n
er
at
ed

du
e
to

a
su
dd

en
re
le
as
e
of

pr
es
su
re
,w

h
ic
h
h
el
ps

in
h
yd

ro
ly
ze

th
e
gl
yc
os
id
ic
bo

n
d

an
d
h
yd

ro
ge
n
bo

n
ds

to
pr
od

uc
es

C
N
F
s

T
h
e
pr
et
re
at
m
en

t
pr
oc
es
s
is
n
ot

re
qu

ir
ed
;r
ed
uc
es

th
e
us
ag
e
of

ch
em

ic
al
s,
ca
pi
ta
li
n
ve
st
m
en

t
co
st
,a
n
d
a
lo
w
er

en
vi
ro
n
m
en

ta
l

im
pa

ct

C
N
F
s
is
ge
n
er
al
ly

n
on

un
if
or
m

in
n
at
ur
e
an

d
it
al
so

n
ee
ds

a
co
n
ti
n
uo

us
st
ir
ri
n
g
pr
oc
es
s

[1
00
][
10
1]
[1
02
,1
03
][
10
4]

4.
7

So
n
ic
at
io
n
pr
oc
es
s

T
h
e
h
ig
h
-i
n
te
n
si
ty

ul
tr
as
ou

n
d

w
av
es

pr
od

uc
e
ac
ou

st
ic

ca
vi
ta
ti
on

en
er
gy

of
10
–1
00

kJ
m
ol

−
1 .
T
h
is
en

er
gy

h
as

th
e
ca
pa

bi
li
ty

to
br
ea
k
do

w
n

th
e
h
yd

ro
ge
n
bo

n
ds

be
tw

ee
n
th
e

am
or
ph

ou
s
su
bs
ta
n
ce

an
d
C
N
F
s

A
ci
d
h
yd

ro
ly
si
s
as
si
st
ed

w
it
h

ul
tr
as
on

ic
at
io
n
is
su
it
ab
le

fo
r

m
as
s
pr
od

uc
ti
on

an
d
it
pr
od

uc
es

h
ig
h
yi
el
d
w
it
h
a
n
ar
ro
w

di
m
en

si
on

of
C
N
C
s

H
ig
h
en

er
gy

is
co
n
su
m
ed

in
th
is

pr
oc
es
s;
a
pr
op

er
co
ol
in
g
sy
st
em

is
n
ee
de
d

[1
06
][
10
5]
[1
07
][
41
,1
08
]

5.
Pu

ri
fi
ca
ti
on

pr
oc
es
s
of

C
N
M
s

5.
1

C
en

tr
if
ug

at
io
n
pr
oc
es
s

A
pp

li
ed

to
se
pa

ra
te

th
e
pa

rt
ic
le
s

fr
om

th
e
so
lu
ti
on

an
d
pu

ri
fy

th
e

C
N
M
s
su
sp
en

si
on

fr
om

ex
ce
ss

ac
id

pr
es
en

t
in

it
.T

h
e
re
pe
at
ed

pr
oc
es
s
is
ca
rr
ie
d
ou

t
w
it
h
a

sp
ee
d
of

80
00
–1
0,
00
0
rp
m

fo
r

L
es
s
ti
m
e
co
n
su
m
pt
io
n
pr
oc
es
s

(c
yc
le
ti
m
e
is
10
–1
5
m
in
)

H
ig
h
-p
ow

er
co
n
su
m
pt
io
n
is

n
ee
de
d

[1
12
,1
15
][
1]

(C
on

ti
n
ue

s)

NAGARAJAN ET AL. 1609



T
A
B
L
E

5
(C
on

ti
n
ue

d)

Sl
.

N
o

P
ro
ce
ss

n
am

e
P
ro
ce
ss

d
es
cr
ip
ti
on

A
d
va

n
ta
ge

s
D
is
ad

va
n
ta
ge

s
R
ef
er
en

ce

ea
ch

10
–2
0
m
in

un
ti
lp

H
n
eu

tr
al
it
y

5.
2

D
ia
ly
si
s
pr
oc
es
s

T
h
e
ce
n
tr
if
ug

ed
tu
rb
id

su
sp
en

si
on

w
as

di
al
yz
ed

ag
ai
n
st
di
st
ill
ed

w
at
er
,d

ei
on

iz
ed

w
at
er

an
d

u
lt
ra
-p
u
re

w
at
er

by
u
si
n
g
a

di
al
ys
is
tu
bi
n
g
un

ti
li
t
re
ac
h
es

th
e
n
eu

tr
al

pH

T
h
is
pr
oc
es
s
is
m
os
t
su
it
ab
le

fo
r

ch
em

ic
al
ly

is
ol
at
ed

C
N
M
s

T
h
e
ti
m
e-
co
n
su
m
in
g
pr
oc
es
s
ta
ke
s

n
ea
rl
y
5–
8
da

ys
(K

.J
.e
t
al
.,
20
20
;L

u
an

d
H
si
eh

,
20
12
;O

un
an

d
R
h
im

,2
01
5;

Pr
at
h
ap

-a
n
et

al
.,
20
16
).
[1
,1
16
–1
18
]

6
D
is
pe
rs
io
n
/r
ed
is
pe
rs
io
n
of

C
N
M
s

6.
1

So
n
ic
at
io
n
pr
oc
es
s

N
an

oc
el
lu
lo
se

su
sp
en

si
on

(C
N
C
s/

C
N
F
s)
ar
e
su
bj
ec
te
d
to

th
e

so
n
ic
at
io
n
pr
oc
es
s
fo
r
10
–1
5
m
in

w
it
h
an

am
pl
it
ud

e
of

65
–7
0%

T
h
is
pr
oc
es
s
br
ea
ks

do
w
n
th
e

un
fr
ac
ti
on

at
ed

α-
ce
llu

lo
se

to
n
an

os
ca
le
s

H
ig
h
-e
le
ct
ri
ca
lp

ow
er

is
co
n
su
m
ed

du
e
to

h
ig
h
en

er
gy

an
d
h
ea
t
ar
e

de
ve
lo
pe
d

[1
19
]

7.
D
ry
in
g
pr
oc
es
s
of

C
M
F
s

7.
1

E
va
po

ra
ti
on

of
so
lv
en

t
m
et
h
od

E
va
po

ra
ti
on

of
so
lv
en

t
(a
qu

eo
us

m
ed
iu
m
)
fr
om

th
e
n
an

oc
el
lu
lo
se

at
h
ig
h
te
m
pe
ra
tu
re

(a
bo

ve
th
e

bo
il
in
g
te
m
pe
ra
tu
re

of
th
e

so
lv
en

t)

L
ow

-c
os
t
m
et
h
od

F
or
m

an
ag
gl
om

er
at
ed

n
an

oc
el
lu
lo
se

an
d
lo
ss

of
n
an

os
ca
le

di
m
en

si
on

s,
du

e
to

an
at
tr
ac
ti
on

am
on

g
th
e
ce
llu

lo
se

fi
be
rs

an
d
re
di
sp
er
si
on

of
C
N
M
s

is
di
ff
ic
ul
t

[1
21
]

7.
2

L
yo
ph

ili
za
ti
on

In
th
is
pr
oc
es
s,
fr
ee
ze

th
e

n
an

oc
el
lu
lo
se

su
sp
en

si
on

in
th
e

fo
rm

of
ic
e
cr
ys
ta
ls
an

d
th
en

th
e

ic
e
cr
ys
ta
ls
ar
e
pr
oc
es
se
d
un

de
r

su
bl
im

at
io
n
co
n
di
ti
on

.A
t
th
is

st
ag
e,
th
e
ic
e
cr
ys
ta
ls
ar
e
di
re
ct
ly

co
n
ve
rt
ed

in
th
e
fo
rm

of
a

ga
se
ou

s
st
at
e
(w

it
h
ou

t
liq

ui
d

st
ag
e)

u
n
de
r
th
e
tr
ip
le

po
in
t

(w
at
er
)
co
n
di
ti
on

in
a

te
m
pe
ra
tu
re

ra
n
ge

fr
om

−
20

to
−
50

� C

R
ed
uc
e
th
e
ce
llu

lo
se

pa
rt
ic
le

ag
gr
eg
at
io
n
;n

ot
de
st
ro
y
th
e

n
an

oc
el
lu
lo
se

st
ru
ct
ur
e

E
qu

ip
m
en

t
co
st
is
h
ig
h
w
h
en

co
m
pa

re
d
to

th
e
ev
ap

or
at
io
n
of

so
lv
en

t
m
et
h
od

[1
22
–1
24
]

7.
3

Su
pe
rc
ri
ti
ca
lp

ro
ce
ss

In
th
is
pr
oc
es
s,
in
it
ia
lly

,t
h
e
C
N
M
s

su
sp
en

si
on

is
ke
pt

in
a
h
ig
h
-

pr
es
su
re

co
n
ta
in
er
.T

h
en

a
su
pe
rc
ri
ti
ca
lf
lu
id

su
bs
ti
tu
te
s

in
to

th
e
so
lv
en

t
of

th
e
C
N
M
s

W
it
h
ou

t
ch

an
ge
s
in

th
e
cr
ys
ta
lli
n
e

in
de
x
an

d
n
an

oc
el
lu
lo
se

st
ru
ct
ur
e
is
ac
h
ie
ve
d

T
h
e
eq
ui
pm

en
t
co
st
is
ve
ry

h
ig
h

w
h
en

co
m
pa

re
d
to

th
e

ev
ap

or
at
io
n
of

so
lv
en

t
m
et
h
od

[1
25
]

1610 NAGARAJAN ET AL.



the CNCs in the water when compared to a bath type
sonicator. However, above 2 wt% of CNCs to be
redispersed in water is very difficult to be redispersed
followed by the sonication process. If higher wt% of
CNCs suspension is required, they can be carefully con-
centrated. The CNCs in 1 wt% increments can allow in
achieving the good dispersion in steps up to 6 wt% into
the suspension. The spray-dried CNCs are redispersed
easier than the freeze-dried CNCs into water. The soni-
cation process was carried out by using an ice water
bath for the reduction of evaporation in the suspension
and maintained the temperature of the suspension is
below 6�C. In sonication around 10–20 kJ of energy
was spent per gram of CNC to redisperse into
water.[131]

8.2 | Redispersing CNFs

Uniformly redispersed CNF suspensions are essential for
the preparation of CNF-based polymer composite films
and nano papers, which are normally made from dilute
0.2 wt% suspensions.[132] The redispersion of CNFs is
very complicated due to a reaggregation of individual cel-
lulose fibrils and/or aggregation of bundled cellulose
fibrils. The freeze-drying method is not recommended for
drying the CNFs in a post-processing stage due to the
complexity arises during the redispersing stage.[133]

Homogenizers or blending can be used to facilitate a
redispersion of dried CNFs (1 wt%) and this is generally
followed by a sonication process (probe type) with 70%
output for a total of 10 min to create a colloidal CNFs
suspension.

8.3 | Redispersing nanocellulose in
polymer materials

Saba and co-workers prepared the CNFs epoxy suspen-
sion by using a mechanical stirrer run at high speed for
20 min at ambient temperature. The TEM analysis con-
firmed that well dispersed of CNFs of nano dimensions
could be withheld of uniformly throughout the epoxy
matrix.[92] The following challenging task during the
redispersion of CNMs was noticed:

• The residual moisture and surface charge groups of
CNCs/CNFs play a significant role in the red-
ispersibility and stability of the suspension.[120]

• Dried acid hydrolyzed leads to provide significant
hydrogen and Van der Waals bonding characteristics
for CNCs so that the material will not redisperse even
with an intense sonication.[121,134]T
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• The presence of moisture content in CNM, the primary
hydrogen bonding is created between water and the
hydroxyl group of the cellulose, while dehydration it
creates strong cellulose–cellulose hydrogen bonding,
thus leads to the poor redispersion CNMs.

9 | CHARACTERIZATION
TECHNIQUES OF CNMS

The main structural characteristics such as the dispersion
quality, purity, surface charge density, crystalline struc-
ture, rheological behavior, thermal stability, dimensions,
shape, aspect ratio, specific surface area should be deter-
mined before it is suited for specific applications. This
section outlines the various characterization techniques
used for evaluating CNMs and the same has been shown
in Figure 6.

9.1 | Dispersion quality of the CNMs

Improper dispersion of CNMs creates an agglomeration
leading to degradation in the mechanical properties of
bio-based polymer composite materials. Therefore, the
determination of dispersion quality is an essential factor
for the characterization of CNMs. Various dispersion
quality techniques of the CNMs have been discussed in
this section.

9.1.1 | Dynamic light scattering

The hydrodynamic diameter of a nanocellulose suspen-
sion is recorded through a dynamic light scattering (DLS)
method of microtrac and nanotrac wave. The diffusion
coefficient of the nanocellulose materials is measured by
using the light scattering characteristics applied by the
DLS device.[120,135,136] The obtained coefficient is used to
calculate the hydrodynamic diameter (Hd) of the cellu-
lose materials by using the Stokes-Einstein Equation.
One of the assumptions considered during the CNCs
measurements is that the nanoparticles have a single
with a constant diffusion rate. However, the CNCs have a
high-aspect ratio, rod, or web-like structure in which the
diffusion coefficient differs for parallel and perpendicular
for the particle axis. The standard DLS method cannot
provide the accurate particle length or cross-section of
the CNCs. On this occasion, the hydrodynamic “apparent
particle size” technique is used for measuring the particle
size of the CNCs. Generally, the most reliable DLS values
can easily be obtained from the fully dispersed CNCs sus-
pensions with mild wt% range of 0.025–0.05 wt%.[134] In

this method to evaluate the dispersion quality sample
preparation, state of aggregation, equipment, and proto-
col are considered.

DLS method is not suitable for measuring the hydro-
dynamic radius of the CNFs materials because of the flex-
ibility and very high-aspect ratio of the particles.

However, this DLS method is used only for assessing
the colloidal stability due to the aggregation of CNCs in
an aqueous media while varying the pH and ionic
strength.[134,137–139] As inferred, the researchers are
encouraged to utilize it as a relative measure. A sample
image of the hydrodynamic diameter of CNCs is depicted
in Figure 7(A).

9.1.2 | Zeta potential

The colloidal stability of the nanocellulose materials sus-
pension is due to the effect of an electrostatic repulsion
happening in the presence of charged chemical groups
on the surface of the particles. The electrophoretic mobil-
ity (mm/s) of the particles is measured by using the elec-
trophoretic mobility analyzer and then computed the
zeta potential using an inbuilt software algorithm based
on Helmholtz–Smoluchowski Equation.[21] Electropho-
retic mobility is an accurate process to quantify the
behavior of nanocellulose. The following assumptions are
accounted for during the zeta potential measurements
and are conventionally utilized to access the relative
changes in the colloidal stability of nanocellulose suspen-
sions. The negative electrostatic layer on the CNCs and
the spreading medium is due to the presence of negative
charge developed with surface groups such as sulfate and
carboxyl groups. If the zeta potential of CNMs ranges
from −15 to 15 mV, there is a possibility of the agglomer-
ation of CNM will occur. Here there is no enough charge
on the CNMs to repulse each other. If the zeta potential
is lesser than 30 mV and greater than −30 mV, then the
CNMs' suspension is more stable.[132] A sample image of
the zeta potential graph of CNCs is illustrated in Figure 7
(B). The HCl acid hydrolyzed CNCs are not accounted for
this Zeta potential measurement because the neutralized
charges are present on the surface of the particles. Gener-
ally, 0.25 wt% CNCs diluted suspensions or 0.05 wt%
CNFs diluted suspensions are needed for measuring the
zeta potential values accurately.[144] Some salt is added
into the nanocellulose suspensions to obtain an accurate
zeta potential value during the experiment. The salt helps
to provide a finite double layer thickness around the
nanocellulose materials. The zeta potential value is
affected by the parameters such as temperature,
salt, impurities, and pH value of the cellulose
nanosuspensions.[145]
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9.1.3 | Turbidity

Turbidity is the cloudiness of CNCs suspensions due to
light scattering. Large particles are scattered lighter
whereas light particles are scattered less light due to less
absorbance of the light rays. The turbidity test is useful to
measure the agglomeration (cloudiness) of the particles
and the width of the nanocellulose materials. The mea-
sured turbidity value (NTU) is higher and more aggregated
cellulose particles are present in the suspensions.[146] The
measurement was carried out by using UV-V spectrometer
or Turbiscant equipment and is used for measuring the
transmittance of the nanocellulose materials (0.25–3
0.0 wt%) at 500 nm wavelength. In the well dispersed
CNCs (0.25–0.3 wt%) suspensions, the transmittance is
between the range of 82–85%.

9.1.4 | Shear birefringence

Birefringence experiment is used to measure the disper-
sion quality (optical/anisotropic property) of CNMs

suspensions. A 2 wt% of CNCs loaded suspensions (well
stirred) are used in the experiment. Flat capillary tubes or
vials with an inner diameter of 10 mm are used for equili-
brating the CNCs suspensions and the images are polar-
ized using an optical microscope. The optical effects can
be measured by the changes in the cross-polarization of
lights passing through the suspensions. In CNCs suspen-
sion, the nanocrystals have a strong propensity to align
along with a vector director due to their individual rigid
rod-like structured nanocrystals.[56,117] This parallel
alignment of the individual nanocrystals produces a mac-
roscopic birefringence that can be directly observed
through a crossed polarizer. The first observation of the
birefringent nature of CNCs was made by Marchessault
and his co-workers.[147] The parallel alignment is dis-
appeared when the CNCs are aggregated. When more
nanoparticles are well dispersed in the suspension, they
create a visible form of bright polychromatic domains. A
sample image of the polychromatic birefringence pattern
of CNCs is envied in Figure 7(C). When there is a poor
dispersion due to agglomeration or few particles are pre-
sent in the suspension, they create a visible form of

FIGURE 6 Outline diagram of the characterization techniques for CNMs [Color figure can be viewed at wileyonlinelibrary.com]
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monochromatic domains. In this case, no birefringence is
observed.

In general, this characterization technique is very use-
ful to know about the dispersion quality of the CNMs from
the various cellulosic sources, which helps in the field such
as paper coating, 3D-printing, electronic printing, food sta-
bilization, and biopolymer composites applications.

9.2 | Surface charge density for CNMs

The CNMs have small surface charge density that provides
enough electrostatic repulsion between the nanoparticles,
which leads to providing colloidal stability to the aqueous
suspension. The surface charge density also affects the
other properties of the CNMs such as the birefringence,
physical/chemical interactions, thermal stability, and rhe-
ological behavior (Araki et al., 1998; Hoeng, Denneulin,
Neuman, & Bras, 2015[56,148]). Therefore, finding the sur-
face charges density is vital for the characterization of the

CNMs. The surface charge of the CNCs occurs due to sul-
fate half ester (sulfuric acid hydrolysis) or phosphate half
esters (phosphoric acid hydrolysis) or carboxyl groups
(organic acids hydrolysis) attached to the cellulose carbon
through oxygen. In the mechanical extraction of CNFs,
the surface charge density is developed due to the presence
of residual carboxylic acid.

After the purification processing of the CNCs suspen-
sion, it is considered for measuring the accurate charge
density. Two different types of conductometric titration
processes are used for measuring the surface charge den-
sity of the acid hydrolyzed CNCs, which depends on the
present nature of the acid on the CNCs surfaces.

9.2.1 | Titrating strong acid
hydrolyzed CNCs

10 ml of 1 wt% of acid hydrolyzed CNCs suspension is
diluted into 198 ml of distilled water and then the diluted

FIGURE 7 (A) Model DLS curve of CNCs (from Imperata brasiliensis grass) (reproduced with permission from Elsevier, license

number: 4856540377074).[140] (B) Model zeta potential of CNCs (from waste disposal cups) (Reproduced with permission from Elsevier,

License Number: 4856520926877).[1] (C) Model shear birefringence of CNCs (Reproduced with permission from Elsevier, License Number:

(4856560164511).[141] (D) Model strong acid hydrolysis conductometric curve of CNCs permission from Elsevier, License Number:

(4856560508139).[142] (E) Model weak acid hydrolysis conductometric curve of CNCs (Reproduced with permission from Elsevier, License

Number: (4856561089771).[143] CNCs, cellulose nanocrystals [Color figure can be viewed at wileyonlinelibrary.com]
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suspension is vigorously stirred until the suspensions are
dispersed uniformly. Afterward, the suspension is soni-
cated for a few minutes. The 2 ml of the NaCl (100 mM)
is added into the sonicated suspension under constant
stirring for increasing the conductivity of the suspension
to a measurable range. 100 ml of titrated liquid is pre-
pared with 10 mM NaOH is added into distilled water
under constant stirring. The titrated liquid is loaded into
the burette. Before the start of the titration process, the
initial conductance value of the suspension is noted. For
each addition of 100 μl NaOH, allow the conductivity to
stabilize for 45–60 s and the conductance value is noted.
During the addition of NaOH into the suspension, the
conductance value is decreased until the neutralization
condition where there is a replacement of high mobility
(H+) ions by slow-moving (Na+) ions. After reaching the
neutralization condition, further addition of NaOH
increases the conductance value due to the presence of
fast moving (OH−) ions in the suspension. The least con-
ductance value of the CNCs is recorded at the neutraliza-
tion point. At this point, the wt% of strong (sulfuric) acid
present in the CNCs is calculated.[149] A sample image of
the titrating strong acid hydrolyzed nanocrystals are pres-
ented in Figure 7(D). The wt% of sulfur (e− nm−2) is
converted into surface charge density by knowing the
mean width of the nanocrystals. The above-mentioned
standard procedure was developed by Canadian Stan-
dards Association (CSA Z5100-17).[150]

The Sulfur content (sulfur content) of the CNCs is cal-
culated by using the Equation (1):

wt%of sulfur content=
CNaOH ×VNaOH ×Mw

msup ×Csup
× 100, ð1Þ

where msup and Csup are the mass and concentration
(mass %) of the CNC suspension and Mw (S) is the atomic
mass of sulfur. Average % S values are reported with stan-
dard errors calculated for n = 3–5, at 95% confidence.

9.2.2 | Titrating weak acid
hydrolyzed CNCs

The weak acid/mixed acid hydrolysis is generally suited
for an organic acid hydrolyzed CNCs. In this method,
10 ml of sonicated weak acid hydrolyzed CNCs (1 wt%)
suspension are added into 100 mM HCl acid and then
diluted to 200 ml using distilled water. The prepared
NaOH (10 mM) solution is loaded into the burette. Before
the start of the titration process, the initial conductance
value of the suspension is noted. Following each addition
of 100 microliters, NaOH is added into the suspension,
the conductance value is decreased till the neutralization

point of the strong acid. After the neutralization point,
the weak acid (organic acid) comes to play. NaOH is
added continuously, the conductance value of the solu-
tion is increased slightly due to the formation of sodium
acetate (CH3COONa) (salt). After the neutralization of
weak acid, the continuous adding of sodium hydroxide
will again increase the conductance value due to the
improved presence and fast moving of OH− ions in the
suspension. If we connect all the points, the strong and
weak acid titration curve is formed. The first neutraliza-
tion point indicates the reaction is between the HCl and
NaOH and the second neutralization point indicates the
reaction is between the weak acid and NaOH. A sample
image of the titrating weak acid hydrolyzed CNCs are
shown in Figure 7(E). The molar volume of NaOH added
between these intersection points is equivalent to the
molar surface charge of the CNCs. The weight percent of
weak (organic) acid present in the suspensions is calcu-
lated from the neutralization point. The weight percent-
age of a weak acid (e– nm-2) is converted into surface
charge density by knowing the mean width of the nano-
crystals. The above-mentioned standard procedure was
developed by Canadian Standards Association (CSA
Z5100-17).[150]

The carboxyl content of the samples is calculated by
using Equation (2).[151]

For carboxyl content =
CNaOH

m
×VNaOH, ð2Þ

where CNaOH is the concentration of NaOH (mol/l)
solution, VNaOH is the volume of NaOH solution and m is
the mass of dried nanocellulose (g).

9.2.3 | Polyelectrolyte process

It is a classical technique for finding the surface charges
present in the CNFs. In this method, the surface charge
is calculated by using the adsorption of Polyelectrolyte
(PE) until it reaches the isoelectric point of the CNFs.
The surface charge present in the CNFs is directly pro-
portional to the adsorption of a known amount of
PE. This method is very difficult to find the surface
charge density of the CNFs because the PE is not
adsorbed in between the web-like bridging regions and it
is a time-consuming process.[152–154]

9.2.4 | Conductometric titration of CNFs

Conductometric titration of CNFs is very difficult due to
the high-aspect ratio, high-pH values, and gel-like form.
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Conductometric titration provides the surface charge
density of the CNFs accurately[153] when compared to the
PE titration process. This process is just an inverse of a
strong acid hydrolysis process of CNCs. Initially,
300–500 mg of CNFs are diluted into 493 ml of distilled
water. Then, 2 ml of NaOH solution was added into the
suspensions and stirred constantly to control the viscosity
of the suspension. 1 mM of Ca with 5 ml of 10 mM NaCl
is added to the suspension to a measurable range of con-
ductivity. The prepared HCl solution is poured into the
burette. For each addition of HCl (100 microliters) into
the suspension, the conductance value is decreased till it
reaches the neutralization point of a weak acid, and after-
ward, it is increased slightly. After the complete neutrali-
zation of strong acid, the continuous addition of sodium
hydroxide causes the increase in conductance value due
to the increased presence and fast moving of OH− ion in
the suspension. The strong and weak acid titration curves
are formed by connecting all the points. The first neutral-
ization point indicates that the reaction is between the
weak acid and HCl, and the second neutralization point
indicates that the reaction is between the strong acid and
HCl. The obtained titration curve is similar but just oppo-
site to the weak acid titration curve of CNCs. The weight
percent of weak (organic) acid present in the suspensions
is calculated from the neutralization point. The weight
percentage of a weak acid (e– nm-2) is converted into sur-
face charge density by knowing the mean width of
the CNFs.

In general, this characterization technique is very use-
ful in predicting the behavior of the surface charge pre-
sent in the CNMs that helps to electronic printing, food
stabilization, and biopolymer composites applications.

9.3 | Elemental analysis

Elemental analysis (EA) is the quickest and very useful
method to verify the presence of different elements in the
CNMs. This method helps in the validation and quantifi-
cation of chemical modifications occurring in the CNMs
as well as measures the purity of known or unknown
compounds present in them. Various EA methods have
been discussed in this section.

9.3.1 | CHN analysis

The CHN analyzer is used to measure the weight per-
centage of carbon, hydrogen, nitrogen, and sulfur present
in the CNMs based on the principle of the durnas
method. Few milligrams of CNMs samples are needed to
conduct this test. After initial combustion, the impurities

(other than carbon, sulfur, nitrogen, and hydrogen) pre-
sent in the CNMs are converted into a combustion prod-
uct and absorbed by a variety of absorbents. The
necessary combustion products (CO2, H2O, NOx, and Sox)
are swept out from the combustion chamber using inert
gas. The combustion products with the inert gas made to
flow on the pure copper surface. Because, the copper
removes excess unreacted oxygen during the combustion,
reduces the NOx in the nitrogen, and converts any CO
present in the gas into CO2.

[155,156] Finally, the detection
of gasses and quantification is carried out by partial sepa-
ration by frontal chromatography or series of separate
infrared thermal conductivity detection of individual
combustion gas compounds. This method is very helpful
to quantify the sulfur content present in the sulfuric acid
hydrolyzed CNCs. However, to characterize the differ-
ences in carbon, nitrogen, and hydrogen content before
and after the chemical modification of CNMs is very
difficult.

9.3.2 | Secondary-ion mass spectrometry

Secondary-ion mass spectrometry (SIMS) is used to per-
form elemental composition analysis by sputtering the
surface of the CNMs. In this method, a focused primary
ion beam on the surface CNM surface ejects the second-
ary ions, which are collected and analyzed. The mass
spectrometers are used to determine the mass ratios of
these collected secondary ions by which the elemental,
isotopic, or molecular composition of the CNF's surface
up to the depth of 1–2 nm is found.[157] The SIMS is one
of the qualitative (highly surface sensitive) analysis
methods, which is used to verify the presence of
functionalized chemical groups on the surface before and
after the chemical modifications of the CNMs. However,
it is not easy to quantify when the element exists on the
surface before and after chemical modification.

9.3.3 | X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is one of the
quantitative spectroscopic technique which measures the
elemental composition of the CNMs in terms of parts per
thousand range, empirical formula, chemical state, and
electronic state of the elements. The XPS is particularly
useful for determining relative changes before and after
the chemical modifications of noncarbon elements on the
surface of a CNMs.[144] During the XPS analysis, the
CNMs' surface is irradiated by X-rays, and photoelectrons
are emitted. The energy of the photoelectrons is mea-
sured, which is typically lesser than 2000 eV. The energy
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of these photoelectrons is determined by the atomic num-
ber of the emitted element and is sensitive to changes in
the number of electrons in the valence band, so that sur-
face chemical state information is obtained.[158] XPS
requires ultra-high-vacuum conditions, although the cur-
rent area of development is ambient-pressure XPS, in
which the samples are analyzed at a pressure of a few
tens of millibar. A sample image of the XPS spectra of
CNCs is shown in Figure 8(A).

9.3.4 | Energy-dispersive X-ray
spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is one of the
most widely used element analysis technique, used for
measuring the chemical compositions of different
elements (qualitative) present in the CNMs and estimate
their relative abundance by their intensity of the
corresponding peaks (quantitative). This quantitative
measurement is very useful to characterize the chemical
composition (wt%) present in the metal nanoparticle–
nanocellulose hybrid composites, S, N-doped graphene-
modified nanocellulose, and on polypyrene–nanocellulose
composites.[162–164] However, the EDX method cannot
characterize a very small number of atoms and light ele-
ments present in the CNMs surface. Generally, this
method is used for measuring the chemical composition
such as carbon, oxygen, and sulfur present in the fiber sur-
face after the isolation of CNMs. A sample image of the
EDX spectra of CNCs is presented in Figure 8(B).

9.4 | Solid-state properties of CNMs

The solid-state analysis is used for identifying the basic
molecular structure of the CNMs. Various solid-state
equipment used for analyzing the CNMs has been dis-
cussed in this section.

9.4.1 | Solid-state nuclear magnetic
resonance

Nuclear magnetic resonance (NMR) method is one of the
simple solid-state techniques used for measuring the crystal-
line index of the samples by observing the local magnetic
fields around the atomic nuclei. In this analysis, the dry
CNMs (50–60 mg) samples are placed in a nuclear magnetic
field and the NMR produces power full radio waves that
make the excitation of the nuclei sample and cause NMR.
The resonance frequency and amplitude are detected with a

sensitive radio receiver. The intramolecular magnetic field
around an atom in a molecular structure changes the reso-
nance frequency, thus giving access to the details of the elec-
tronic structure of the molecule and its functional
groups.[165] Most of the chemical shifts of native cellulose
have been dispensed with the aid of the 2D-NMR experi-
ment. Due to an occurrence of signal overlap in NMR spec-
tra, only C1, C4, and C6 signals have been well resolved,
whereas the C2, C3, and C5 signals are indistinguishable.
Table 6 illustrates the different chemical shifts and their
assignments of the CNMs. The crystalline index of the
CNMs samples is calculated from the area under the crystal-
line contribution for C4 carbons (chemical shifts:
88–89 ppm) in NMR spectra to total C4 contribution (from
Table 4), in a region where both the signals are well-
separated regions as shown in Figure 8(C). The cellulose CrI
of the samples was calculated by using Equation (3).[166]

CrI =
A around 89 ppmð Þ
A Total C4ð Þ

X 100: ð3Þ

However, the calculated crystalline index is less than
the crystalline index obtained from the X-ray diffracto-
metric (XRD) analysis.

9.4.2 | X-ray diffractometric analysis
of CNMs

XRD is a solid-state technique that can provide quanti-
tative and qualitative chemical structural behavior of
CNMs. The XRD spectra of the CNMS are recorded by
using a Cu–K α radiation at the wavelength of
0.154 nm and diffraction angle in the range of 10–80�

with a scanning rate of 0.8
�
per minute at room temper-

ature (25�C). In XRD spectra, the position of the dif-
fraction peak is around 2θ = 15.3�, 16.4�, 22.5�, and
34.2� with a corresponding crystallographic plane (1 1
0), (1 1 0), (2 0 0), and (0 4 0) which indicates the dif-
fraction characteristic structure of cellulose I.[75] From
the obtained XRD spectra, the CrI was calculated by
using the peak height method and deconvolution
methods. Nearly 70–85% of researchers have used Segal
peak height method to calculate the CrI of the natural
fibers and isolated CNCs due to its ease of use while
compared to other methods (deconvolution and amor-
phous subtraction, etc.).

The CrI of the CNM can be calculated by using Equa-
tion (4) (peak height method):

CrI =
I200−Iam

I200
× 100, ð4Þ
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where, I200 indicates the intensity of the peak with
maximum height (2, 0, 0) that indicates cellulose I
crystalline fraction and Iam indicates the intensity of
the peak with a minimum height that gives an amor-
phous fraction.

However, the use of Segal peak height method is not
suitable for assessing the crystalline and amorphous con-
tent in the cellulose sample due to the following reasons:

1. Under the estimation for amorphous contribution, it
uses the intensities resulting in the estimation of
CrI.[167,168]

2. In this method only, the highest crystalline peak (0 0
2) is considered in the cellulose crystalline calculation.
This is not considering the contribution from the addi-
tional cellulosic crystalline peaks at different planes
(1 1 0), (1 1 0), and (004), and gives more
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peduncle) (Reproduced with

permission from Elsevier,

License Number:
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from Elsevier, License Number:

4856550715884).[159] (D) Model
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permission from Elsevier,

License Number:

4856520926877).[1] (E) Model

Raman spectra of CNCs
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from Elsevier, License Number:
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consideration on the contribution from one alignment
of the cellulose crystal lattice.[167,168]

For these reasons, the Segal peak height method is an
approximation method and is good in use while compar-
ing the relative differences among the samples. However,
it should not be used as a technique for quantifying the
amount of crystalline and amorphous content in a partic-
ular sample. In the latest trend, to overcome this draw-
back, the peak deconvolution method is used for
calculating the cellulose crystalline and Crs for cellulosic
materials by researchers.[169] A sample image of the XRD
spectra of isolation of CNCs and the extraction of CNFs
from the initial stage is illustrated in Figure 8(D).

The α-cellulose crystallinity index (CrID) of the CNMs
is determined using deconvolution Equation (5)

CrID =
Acr

Acr +Aam
X 100, ð5Þ

where Acr indicates the sum of the integrated area of the
cellulose crystalline peaks and Aam indicates the amor-
phous integrated area.

The crystalline size (CrSD) of the samples for the crys-
tallographic plane (2, 0, 0) is calculated by using
Equation (6)

CrSD =
Kλ

βcosθ
, ð6Þ

where β is the X-ray wavelength (0.154 nm), K is the
Scherrer constant (0.84), β is the peak's the full width at
half-maximum and θ is the Bragg angle.

9.4.3 | Raman spectrography

Raman spectrography is one of the solid-state analysis for
measuring the crystalline index of the CNMs. The major
advantages of this method are that the samples of both
the wet and dry form are analyzed by using a 1064 nm
wavelength FT-Raman instrument.[166] In recent years,
the Raman 380 method is much used to assess the crys-
tallinity of CNMs. In this method, initially, the dry form
of CNCs/CNFs is converted into a pellet form as a speci-
men in the device. In the wet form of CNCs/CMFs sus-
pension (5 wt%) with calcium are added into 5 cm long
of vial tube for the spectrum analysis. The peak intensity
of the spectra was analyzed through the baseline fit
method by an OPUS software program. The crystalline
index of the CNMs is estimated by using the following
Equation.[166] A sample image of the Raman spectra of
CNCs is shown in Figure 8(E). The cellulose CrI of the
samples was determined using Equation (7) (Agarwal
et al. 2010).

X380−Raman MultiRamð Þ=
I380
I1096

−0:0286
� �

0:0065
, ð7Þ

where I380 and I1096 are peak intensity at a wavelength of
380 and 1096 cm−1 in Raman spectra.

9.5 | Characterization technique of
surface modification

FT-IR and NMR techniques are nondestructive analysis,
which provides quantitative and qualitative information
during the surface modification in each stage. Various
characterization techniques to study the surface modifi-
cation of CNMs are discussed in this section.

9.5.1 | FTIR spectroscopy

In FTIR spectroscopy, the CNMs are irradiated with
infrared light. It measures the absorbance or transmit-
tance against the wavenumber (cm−1) based on the infra-
red light absorption, transmission, and/or reflection over
the sample. The resulting FTIR spectra provide informa-
tion on molecular stretched vibrations, which helps to

TABLE 6 Chemical shifts and their assignment of the CNMs

Carbon Assignment
Chemical
shifts (ppm)

C1 Cellulose Iα 105.7; 103.9

Cellulose Iβ 105

Cellulose II 107.0; 104.7

C4 Cellulose Iα 89.4; 88.7

Cellulose Iβ 88.7; 87.9

Accessible disordered
(amorphous) cellulose (thin
contribution)

84.2; 83.2

Inaccessible disordered
(amorphous) cellulose
(large contribution)

83.4

Hemicellulose 81.7

C2, 3, 5 Cellulose Iα 65.3

Cellulose Iβ 65.5;64.8

Cellulose II 62.9;62.2

Disordered cellulose 61.5
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identify the chemical and physical properties of functional
groups present in the sample. This FTIR spectroscopy pro-
vides a high-signal rate and high signal to noise ratio, which
could be the advantage for this technique.[170]

Before the analysis, 1.2 mg of powdered samples
were mixed with 200 mg of spectroscopic grade KBr
matrix. Afterward, the presence of free functional
groups in the samples was determined with a scanning
rate of 32/min at a resolution of 2 cm−1 within the
region of 400–4000 cm−1 at ambient temperature and
pressure conditions.[15] Some of the data are interpreted
from an analysis sample are presented in Figure 8(F).
Table 7 provides information on CNMs compositions,
its corresponding functional group, and their mode of
vibrations, and also its wave numbers.

9.5.2 | NMR techniques

NMR is one of the popular surface characterization
techniques used to qualify the surface modification
behavior of CNMs based on the comparison of the
intensity of the peaks and the formation of the peak
due to chemical modifications. The preparation of
CNMs samples for NMR is already discussed in the
previous Section 9.4.1.

9.6 | Rheological properties of CNMs

The rheological measurements are frequently used to
characterize the CNMs as well as to monitor their behav-
ior during the preparation and processing stage. The rhe-
ological behavior of CNMs suspensions is significantly

influenced by the physicochemical properties of the
nanocellulose.[171] Various rheological measurement
methods for CNMs have been discussed in this section.

Mohtaschemi and co-workers studied the rheological
behavior of the CNFs suspension through bucket nave
viscometer. Initially, the prepared CNFs (1.0 wt%) sus-
pension was discharged into a glass cell of 200 ml with
6 cm in diameter. The clearance between the spindle end
and the cell bottom is maintained as large as the spindle
diameter during the measurement of the CNFs suspen-
sion. The measurement protocol is predefined software
Weg in the computer, which is connected to the viscome-
ter. The torque and the rate of rotation were recorded all
the way through the experiments. During the dynamic
flow cure measurements, their behaviors were recorded
by varying the spindle rotation rate in eight-step intervals
of 5 min duration. The dynamic flow curve measure-
ments of the CNFs suspension were repeated five times
by including the pre-shear protocol.[172] The shear stress
inside a concentric cylinder rheometer is given by
Equation (8)

σ=
M

2πhR2 , ð8Þ

where M refers to the torque applied, h is the height of
the rotating cylinder and R is the radial position.

Kumar and his co-workers studied the rheological
properties of the CNFs suspension with a parallel plate
geometry and it is carried out by using a Paar Physica
MCR300 rheometer (plate of 50 mm dia and 1 mm gap).
The viscosity of the CNFs suspension at high-shear rates
was obtained from the slot die by gravimetrically measur-
ing the outflow with a known value of feeding pressures.

TABLE 7 Peak position and assignments of chemical groups in the raw fiber, CMFs, and CNFs

Chemical constitutions of CNMs Functional groups Mode of vibration

Peak position (wave number [cm−1])

Raw fiber CMFs CNFs

Cellulose OH stretching 3390 3390 3390

CH stretching 2900 2900 2900

OH bending 1460 1460 1460

C H 890 890 890

Hemi-cellulose C O stretching 1250 – –

C O stretching 1710 – –

Lignin C O stretching 1500 – –

C OH stretching 1031 – –

Wax C C stretching 2340 – –

Polysaccharides C O C stretching 1100 1100 1100

Abbreviations: CNFs, cellulose nanofibers; CNMs, cellulose nanomaterials.
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The apparent viscosity is calculated based on the well-
known slot flow equations by introducing the appropriate
corrections for the entrance effects.[173]

González-Labrada and Gray measured the viscosity of
the CNCs by using a rolling-ball viscometer (AMVn, Anton
Paar) placed in a stainless-steel ball rolls (1.5 mm dia) under
gravity down a thermostat glass capillary (1.6 mm dia). Less
than 1 ml of CNCs suspension is required to fill the capillary
before the measurement. The instrument measures the time
‘t’ in which the ball takes to travel in between two preset
marks.[174] The dynamic viscosity of a sample is calculated
according to the following Equation (9)[174]

η=K1t ρ0−ρsð Þ, ð9Þ

where η represents the dynamic viscosity of the analyzed
sample; K1 is the calibration constant specific for each
capillary; while ρ0 and ρs are the densities of the ball and
the sample, respectively. The constant K1 is obtained by
calibration with a standard of known viscosity of
degassed Millipore water, at the same working tempera-
ture that the samples were analyzed (293 K).

In general, CNMs' suspension has better viscosity in
nature and it is very useful for structural, medical,
printed electronic, painting, and food preparation sectors
to know about the rheological flow characteristics that
help to select the appropriate material for developing the
products for suitable applications.

9.7 | Thermal performance of the CNMs

The thermal performance of the CNMs is quantified by
using a thermogravimetric analyzer. The ther-
mogravimetric analysis is carried out to predict the rate of
change of weight with respect to temperature (�C) under
the nitrogen (flow rate is between 20 ml/min and 60 ml/
min) environment.[15] Initially, the dried CNMs are placed
in an aluminum crucible present in the analyzer. The tem-
perature increased at the rate of 20�C/min from the ambi-
ent temperature to 600�C. A model thermogravimetric and
differential thermogravimetric analysis curve of an isolated
CNCs from tetra-pak is shown in Figure 8(G),(H). Gener-
ally, the initial degradation occurred at around 100�C due
to the evaporation of moisture, which is present in the
CNMS. The final degradation happened in between the
temperature range of 250–350�C. This variation in the final
degradation temperature happens due to the extraction
process of CNMs from the cellulosic resources. The isolated
CNCs have less thermal stability when compared to the
raw fibers. It may occur due to a larger surface exposed to
more heat (nano dimensions) and the acid groups, which
are present in the CNCs.[48] However, the mechanically

extracted CNFs have higher degradation temperature and
thermal stability when compared to an acid hydrolyzed
CNCs.[15] In general, CNMs are thermally good insulators
and it is much beneficial to structural engineers to recog-
nize their thermal performance, which helps in selecting
the suitable material for the development of the structural
products specifically in thermal filed applications.

9.8 | Morphology of CNMs

Morphological analysis is essential to determine the
dimension of the nanoparticles as well as to study the
structural behavior of the materials. It helps to detect
the physical nature of the materials. Various techniques
are used for the morphological analysis of CNMs and
have been deliberated in this section.

9.8.1 | Scanning electron microscope

Scanning electron microscope (SEM)/field SEM is a non-
contact surface image capturing technique for qualitative
(shape and structure) and quantitative (size) measure-
ment of CNMs. In this technique, initially, a 10 μl drop of
the diluted CNMs (1–2 wt%) suspension was transferred
onto a slide of size 10 x 10 mm and dried under the table
lamp for 3 h. The dried CNMs were sputtered for plati-
num coating. The operating voltage of 10–20 kV was
maintained during the capturing of the SEM image.[175]

9.8.2 | Challenges of EM imaging
of CNMs

The image captured by using SEM/ FESEM for CNMs is
very difficult due to the formation of cluster CNMs and
the image contrast between the individual nanocrystals is
not clear and though to measure the morphology of the
CNCs due to the presence of interactions between the
particles. FESEM study displaying the wider and larger
widths size range of CNMs comparing to the CNMs illus-
trated by transmission electron microscope (TEM) and
atomic force electron microscopy (AFM) study.[175] An
FE-SEM sample image of the CNCs, which is derived
from roselle MCC, is shown in Figure 9(A).

9.8.3 | Transmission electron
microscope

The TEM is a qualitative and quantitative method that
integrates a transmission mode into the SEM technique
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for capturing the surface of the CNMs. In this method, the
morphology of the individual nanocrystals dimensions
and aspect ratio are easily measured. Magnified image
contrast is obtained and is almost five times more than
that of SEM.[175] Therefore, the dimensions and the mor-
phology of CNMs can be studied using TEM. Figure 9(B)
illustrated the TEM image of CNCs consist of toothpick or
whisker shaped structure with or without overlap.

9.8.4 | Preparation of samples

The preparation of CNMs samples is a very challenging
task. The CNCs (0.01 mg/ml) were dispersed in distilled
water and are sonicated for 10–15 min. The CNMs suspen-
sion was then applied to the TEM grid by microdroplet
form through a transfer pipette. The droplet suspension
was left for 1 min before applying the drop of the staining
agent. The applied stain was left to set 15–30 s, which is
allowed an appropriate amount of stain is to be deposited.
An excess amount of stain was removed by pouring a micro
drop (dunk method) of distilled water on the grid or wipe
the excess amount of stain using a tissue paper (wick
method). Finally, the grid was left to dry for 12–24 h.[176]

Finally, the geometrical dimensions such as the width,
diameter, length of 100 samples of CNMs, which is
obtained from the TEM image, were measured analyzed for
dimensional mean/average by using the Image-J software.

9.8.5 | Challenges of TEM imaging
of CNMs

The TEM is a two-dimensional (x and y distance) method
for measuring the width, length, and aspect ratio of the
CNMs but comes with major challenges such as sample

preparation factors regarding the dispersibility and the con-
trast.[177] The other major drawback of the CNMs is its
low-electron density and nonconductive atoms, which
makes them invisible and does not enhance the contrast
and resolution. The dispersion of CNMs is arising due to
the adhesion forces occurring between the nanoparticles
and CNCs, which are held together along the longitudinal
axis due to intramolecular and intermolecular hydrogen
bonds.[2,177] The sonication methods, the concentration of
CNMs suspension, and controlled values of pH (3–4) of the
suspensions are the important parameters to avoid the
agglomeration of CNMs. If the concentration of well-
sonicated CNMs suspensions is less than 0.01 mg/ ml then
the CNCs -CNCs interaction will be minimal that would be
enough to locate the particles and avoid multilayer deposi-
tion.[178,179] Contrast is another important parameter that
is considered during the TEM image capturing. The con-
trast of the TEM image is majorly affected by the surface
density of the CNMs. The lower magnifications produce
higher contrast images, but it is not accurately measuring
the width and length of the individual crystalline for CNCs
and CNFs. Reducing the operating voltage of TEM
(80–120 kV), there will be a slight increase in contrast, but
the resolution of the image would be affected. To overcome
this effect, stain agents such as a positively charged
(Uranyl acetate) and negatively charged (iodine, ammo-
nium molybdate, vanadium-based commercial stain, and
NanoVan) are used for increasing the contrast of the TEM
image during the capturing of image.[180] Among the vari-
ous staining agents, a positively charged uranyl acetate is
most widely used as a staining agent for CNMs in TEM
image processing. Unfortunately, it is more expensive,
toxic, and radioactive in nature, which introduces the
restrictions for utilization.[181] However, the negatively
charged staining agent has been used successfully in the
literature,[176] but as they are oppositely charged in distilled

FIGURE 9 (A) FESEM, (B) TEM, (C) AFM image of CNCs (from Roselle fiber) (reproduced with permission from Elsevier, license

number: 4858281450113).[175] AFM, atomic force electron microscopy, CNCs, cellulose nanocrystals [Color figure can be viewed at

wileyonlinelibrary.com]
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water compared with the positively charged uranyl acetate,
so they are not as efficient in staining the CNCs, but it is
more accessible. Improper staining process may create the
agglomeration of the CNCs, crystalline deposits, and mea-
surement inaccuracy during the image analysis.

9.8.6 | Atomic force electron microscopy

Atomic force electron microscopy (AFM) technique
emphasizes the physical interaction with samples during
image capturing. The AFM technique substantially differ-
ent from the TEM measurement (X and Y direction)
because it contains information in three spatial coordi-
nate dimensions (X, Y, and Z direction) and delivers high
contrast images. The height dimension in the Z special
coordinate is characteristically used to determine the
width of the CNMs, while the Z coordinate data from
AFM has considerably low-noise levels and higher reso-
lution than the lateral dimensions (X and Y direction). In
the case of TEM image capturing, lateral magnification is
an important factor in optimizing resolution, however in
AFM high-lateral magnification is not required, since
dimensional data is measured exclusively along the z-
axis. The capital and maintenance cost of the AFM equip-
ment is cheaper than the TEM and SEM equipment.[182]

9.8.7 | Sample preparation for AFM

The 2 wt% of CNM sonicated suspension was diluted in
distilled water and the diluted suspension is spin-coated
on a mica substrate. Before that, the 0.01 wt% of 200 μl, a
positively charged poly L-lysine (PLL) solution is coated
on the top surface of the mica substrate and dried under
the nitrogen stream. Finally, the prepared CNMs suspen-
sions are pipetted onto the center of a freshly prepared
PLL-mica substrate under vacuum onto a spin coater.
The spin coating was performed immediately using a
static mode at 4000 rpm for 25 s, with an acceleration
rate of 2000 rpm/s.[183] AFM with nanoscope software
analysis was conducted to obtain the average width size
of CNCs.[175] AFM sample image of the CNCs, which is
derived from roselle MCC is presented in Figure 9(C).

10 | POTENTIAL APPLICATION
OF CNMS

10.1 | Paper industries

In recent years, CNMs are used as reinforcement mate-
rials in paper manufacturing industries. It has a superior

(2–5 times higher than) mechanical properties
improved printing quality, and enhances the paper
surfaces when compared to the common papers which
are manufactured from the conventional refining
processes.[184,185] Due to its biodegradable, recyclable,
cost-efficient, optical, and lightweight properties. The
transparent NC paper has got more attention in the field
of modern electronics applications (examples include
paper-based generators, computers, mobile phones, touch
sensors, solar cells).[184,185]

10.2 | Structural industries

Nowadays, the researchers and scientists are focused on
the manufacturing of CNFs reinforced thermosetting
polymer composites and investigate their mechanical and
thermal properties. Based on the results, the composite is
suited for many structural applications such as
manufacturing stairs, building, automobile industry, and
the load-bearing wall.[15] Paper sheets also have been
designed and manufactured from the recycled cardboard
boxes with soy oil-based resin and nanocellulose
fiber yielding good results similar to the composite
structure.[186]

10.3 | Food packaging industry

Papers, nonrecyclable plastics, and metals are the most
common materials used in food packaging. However, to
date, almost one-third of the world uses the
nondegradable plastics for packaging applications. The
entire universe faces a major problem because the nonre-
cyclable plastics which cannot be decomposed will be
dumped into the earth causing environmental problems.
In the latest trend, CNMs reinforced biodegradable poly-
mer (PVA, starch, agar, and chitosan) films are used in
food packaging applications by replacing synthetic
plastics.[187–189] In general, biodegradable polymer films
have low-water barrier resistance, which is limiting their
applications, especially for food packaging purposes. The
usage of CNMs as a reinforcing material in biopolymer
films can be suggested to control the microbial surface
contamination of foods. Furthermore, the incorporation
of CNMs in food packaging materials also helps in the
reduction of food wastage as it preserves the freshness of
packaged food because of an enhanced water barrier
properties.[189] Recently, it has been reported in the liter-
ature, a nanocellulose reinforced polylactic acid film was
developed for food packaging application composed with
a nano clay which resulted in a significant improvement
in water as well as oxygen barrier properties.[190]

NAGARAJAN ET AL. 1623



10.4 | Conductive ink

In the recent years, CNMs are used along with carbon
particles (fullerenes, graphene, nanotubes, carbon black,
and graphite) and metallic nanoparticles (copper, gold,
and silver) for manufacturing the conductive ink. The
CNMs acts as a binding, dispersing, strengthening, and
stabilizing agent in conductive ink. CNMs are a promis-
ing bio-based material in the synthesis of conductive par-
ticles because of the following reasons.

i. CNMs can act as a capping agent while metallic par-
ticle synthesis

ii. CNM can be a bio template for the synthesis of tubu-
lar conductive particles using nanocellulose with a
high-aspect ratio.[191]

10.5 | Printed electronics

The CNMs are used as a substrate for designing recycla-
ble, flexible, and transparent devices in the field of
printed electronics. In the earlier works of literature, the
polyaniline nanocellulose composite films were studied
for various applications in the electronic fields such as a
paper-based flexible electrode, sensors, conducting adhe-
sives, and electronic devices.[192–194] In general, the CNFs
are used as substrate material rather than CNCs in this
field owing to their exclusive properties such as a high-
aspect ratio and flexibility. Many studies have confirmed
that the CNF films (cellulose nano paper) have improved
softness and low porosity compared the traditional
paper.[195] The cellulose nano paper has higher electrical
conductivities when compared with the classical plastic
substrates with the inkjet silver tracks.

10.6 | Oil and gas field application

Currently, the CNMs are used as drilling fluid in the oil
industry. It is utilized as an additive to control the fluid
loss and viscosifying agent. Because of the high-thermal
stability of CNFs, it works more efficiently at high tem-
perature when it is used as a drilling fluid when com-
pared to xanthan gum in the field of oil and gas
industry.[196] During the drilling operation, the SCNCs
doped bentonite mud enhances the fluid loss and rheo-
logical performance than the bentonite mud with a micro
fibrillated cellulose.[197]

In the drilling operation, the important stage is
cementing the drilled section in the borehole. Cementing
helps to support the casing and prevent the migration of
fluid and gas by sealing the well properly.[198] Based on

the improved durability, rheology, and degree of hydra-
tion, shear thinning, and yield stress properties of CNFs
it is recommended as a suitable candidate with improved
sustainability for the cementing process. CNF reinforced
with oil well cement exhibits a significant role in reduc-
ing the porosity. Consequently, the mechanical properties
of an interfacial transition zone can be enhanced when it
is used as a reinforcement.[199]

10.7 | Medical field

The CNCs offer numerous advantages in a pharmaceuti-
cal excipient that helps in the extended or controlled or
sustained release of the drugs. The various hydrogel and
composites used in the bio-implants the CNMs are used
as reinforcements. It can be used as a cell scaffold or
in vitro tissue reconstruction including skins replace-
ments for burnings and wound dressing, blood vessel
growth, gum and bone reconstruction, cardiac valve, and
blood stent. In the latest trend, CNFs incorporated bio-
ink is a suitable hydrogel for 3D bioprinting of living soft
tissue with cells (tissues and organs) due to their out-
standing shear thinning properties with the fast cross-
linking ability of alginate hydrogel.[200]

10.8 | Wastewater treatment

In textile production, there are many ionic dyes or dis-
perse dyes which are present in the wastewater. The
removal of dye is an important factor for wastewater tur-
bidity. Nowadays, an isolated CNCs are used as a floccu-
lent and adsorbents in the wastewater treatment process.
Yu and co-workers reported that the isolated carboxyl
CNCs removes the turbidity (99.5%) from the kaolin sus-
pension as well as an excellent dye absorbent capability
(93% dye removal) when used with methyl blue solution.
Based on the results, the isolated carboxyl CNCs are com-
mercially utilized as a possible replacement for synthetic
acrylic flocculent in the wastewater management as well
as an effective dye absorbent in the textile water manage-
ment systems.[201]

11 | CONCLUSION

Nowadays, the academicians, researchers, and scientists
are mainly focused on developing bio-eco-based
nanomaterials to preserve the earth from harmful effects.
In this regard, nanocellulose is found to be an ageless
and powerful source obtained from various lignocellu-
losic fibers, recyclable cellulosic-based material, and can
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be used as reinforcing material in various structural,
printed electronics, paper, and food packaging sectors.
This review article is devoted to generating a robust
understanding of the basic knowledge and features of
nanocellulose materials in terms of CNCs and CNFs. The
main conclusions drawn from the present review article
are as follows:

• The raw lignocellulosic fibers possess strong aggrega-
tion of noncellulosic materials like hemicellulose, lig-
nin, and wax materials making them vulnerable to be
used as reinforcements in various applications. The
biomass chemical pretreatment is an essential step to
remove all the noncellulosic materials with high yield
and would essentially result in a better physical struc-
ture of nanocellulose.

• The usage of mineral acid hydrolysis for the isolation
of CNCs has several drawbacks such as low-thermal
stability of CNCs, equipment corrosion, enormous
water usage for neutralization, and environmental in
compactness. To overcome this drawback, the
researchers now focused on organic acid hydrolysis
and mixed acid hydrolysis along with a partial amount
of mineral acids. Among all the acid hydrolysis,
organic acid hydrolyzed CNCs provide high-thermal
stability, better colloidal stability, reusage of acids, and
less equipment corrosion.

• The CNFs are extracted generally using mechanical
processing techniques where ball milling is found to be
an easy, economical, and effective way for producing a
huge quantity of CNFs from the pretreated fibers. It
was noted that the ball milling extracted CNFs have a
web-like structure with flexible, better reinforcement
for bio-based thermosetting polymer composites and
printed electronics applications.

• The present need for bio green materials has made the
investigators around the globe to pay their attention to
nanocellulosic materials and their utilization in many
diverse commercial applications. To make their effec-
tive utilization and know them better, it is important
to get the insight of their surface and morphological
behavior. In this context, the present article highlights
the important characterization techniques employed
for understanding the microstructural behavior of
CNMs and this article would provide a basic source for
the budding researcher working in the field of CNMs.

• The exploration of bio-based materials for sustainable
applications is very limited. Scientists, researchers, and
academicians should have a strong wide vision to
develop the eco-bio-based nanocellulose composites
that will have no hazardous influence on the environ-
ment and ecosystem. The article explores the use of
CNMs in various bio-based products and also gives

perspective future use of CNMs in developing eco-
friendly products.

• Overall, the present review article will give a substantial
understanding and comprehensive information about the
processing techniques of nanocellulose, considered as a
robust database for sustainable growth toward producing
the best nano-based composites material.

• Currently, the various governments and industries
around the globe are investing a lot of funds for devel-
oping applications on nano-based polymer materials
through scientists and researchers for enhancing its
efficiency and convert to an eco-friendly environment.

It is concluded that explorations on nanotechnology
are growing tremendously and, in the future, it will be
potential reinforcing material for many sustainable and
commercial applications.
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Abstract. To improve the performance and effectiveness of cost, constructing lightweight structure is the
important factor for automobile, naval and aerospace industries. AA5052 and AA6101-T6 aluminium alloys are
widely applied in transport industries, due to their lightweight and high strength and hence, joining of these two
are unavoidable. Friction stir welding is an unconventional welding method, which is developed for constructing
lightweight structures. This work describes the detailed study of friction stir welded dissimilar AA5052 and
AA6101-T6 alloys. AA5052 and AA6101-T6 plates are welded with rotation rates of 765–1400 rpm and offset
distances at advancing side of 0–2mm. For this purpose, four levels of welding parameters based on Taguchi L16

orthogonal array are chosen. To determine the optimum combinational levels and identify the effect of above-
mentioned parameters on tensile and wear properties, Signal to Noise ratio and ANOVA respectively are used.
From the results, it is observed that the combination of 1mm offset distance at advancing side and 1400 rpm
rotating speed produces better tensile and wear properties, which is due to high heat generation, sufficient flow of
materials and balanced precipitation and strain hardening effects. On the other hand, the combination of 2mm
tool offset at advancing side and 765 rpm rotational rate exhibits poor properties, which is associated with low
heat input, defects formation, precipitate coarsening and lesser strain hardening effects.

Keywords: FSW / Taguchi / rotating speed / offset at advancing side / material flow

1 Introduction

Friction Stir Welding (FSW) is an environmental friendly
welding process, which is used to join aluminium and its
alloys, which are difficult to weld, by conventional fusion
welding techniques. This process also avoids the solidifica-
tion related problems such as hot cracking, embrittlement
and porosity. It does not require any filler material and
shielding gas for welding [1,2]. In FSW, specially designed,
hard and non-consumable rotating tool is plunged into the
edges of the plates to be joined and the rotating tool is
travelled along the joint line. The combination of rotation
and translation of the tool generates frictional heat,
deforms the base material plastically and promotes the
material flow across the joint [3]. It refines the grains at
weld nugget. Hence, FSW produces better mechanical
properties, when compared to fusion welds [4,5]. In which
quality of weld is decided by welding variables such as tool
design, rotational speed, translation speed, tool tilt angle
etc. [6,7].

Rodriguez et al. [8] examined the joining properties of
6061 to 7050 aluminium alloys and found that intermixing
of material and joint strength were improved with
increasing rotating speed. Jariyaboon et al. [9] determined
that grain size in the weld nugget of friction stir welded
AA2024-T351 was much influenced by rotational speed.
Sundaram et al. [10] stated that lower rotational speed
causes poor plastic deformation of materials, while joining
2024-T6 and 5083-H321 alloys. Shazly et al. [11] concluded
that low traversing speed causes more voids on the bottom
surface of weldments, which affects the quality of weld. On
the other hand, high traversing speed produces defect free
joints on AA5083 aluminium alloys. Sato et al. [12] found
that increment in rotational speed and decrement in
traversing speed result the higher process temperature as
well as grain growth in the weld nugget of AA1050 alloy.
Kumar et al. [13] and Heidarzadeh et al. [14] found that
lower axial force produces defects in the weld nugget and at
the same time higher axial force exhibits defect free weld
while joining aluminium alloys. Nejad et al. [15] examined
the effects of threaded and unthreaded tools on AA2024-T4
joints. They found that unthreaded tool exhibits uniform
structure and hardness. Elangovan et al. [16] reported that* e-mail: gurukasirajan@gmail.com
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while using polygon profiled tools, pulsating stirring action
as well as tensile properties can be increased with
increment in number of polygon sides in AA6061 alloy
joints. Ashok kumar et al. [3] also reported that hexagonal
pin profiled tool improves the flow behavior of materials
during joining, which gives better quality weld on AA6061-
T6 and A356 joints, when compared to square and
triangular pin profiled tools.

In 1990, a Japanese engineer Genichi Taguchi intro-
duced the Taguchi technique. This technique is a simple
and powerful technique, which can optimize the perfor-
mance characteristics within the combination of process
parameters. In Taguchi method, specially developed tables
called as orthogonal arrays are used to design the
experiments, which diminish the number of experiments.
This reduces time and cost [17]. Ashok kumar et al. [18]
adopted Taguchi technique with L9 orthogonal array to
determine the effects of welding parameters on AA6101-T6
and AA1350 aluminium alloys. They used ANOVA and
found that rotational speed of the tool is the highest
influencing variable on tensile strength, which is associated
with heat generation and transportation of materials.

Most of the previous investigations on the friction stir
welding of aluminium alloys were focused on optimizing the
basic welding parameters such as traversing speed, rotating
speed, axial load and tool geometry with respect to
properties and defect formations of joints. But, no
systematic investigation has been carried out so far to
study the effects of offset distances on dynamic recrystalli-
zation, material flow, and defect formation and no attempt
has been made to investigate the feasibility of joining
stronger non-heat treatable AA5052 alloy with heat
treatable AA6101-T6 alloy, which is difficult by fusion
welding techniques. Hence, this work is carried out to
analyze the weldability of AA5052 and AA6101-T6 alloys
with varying offset distance at advancing side of 0–2mm
and tool rotational speed of 765–1400 rpm. To evaluate the
quality of weld, tensile strength, wear rate and hardness
values were measured and microstructural studies were
carried out. For analyzing the impacts of each variable on
properties of weld, Taguchi L16 orthogonal array with
Signal to Noise ratio and ANOVA was employed.

2 Materials and methods

AA5052 and AA6101-T6 aluminium plates with 100mm
length x 50mm width� 6mm thickness were used for
fabricating weldments. Table 1 shows the chemical
compositions of AA5052 and AA6101-T6 alloys which
are given in Refs. [19,20] and Table 2 shows its mechanical
properties. During joining, different levels of tool rotation
rates (765 rpm, 980 rpm, 1190 rpm and 1400 rpm) and
different positions of tool (0mm, 0.5mm, 1mm and 2mm)
at advancing side with respect to the weld line were used
(Tab. 3). Tensile, hardness, wear and microstructural tests
were performed on each fabricated joints. Tensile strengths
were evaluated using five ton computerized universal
testing machine. Tensile specimens were cut as per ASTM
E8M-04 standard using Wire EDM. Microstructural
analyses were carried out with the help of Dewinter

metallurgical microscope. Hardness values were measured
using Wolpert microvickers hardness tester. Rotary drum
abrasion resistance tester was used for measuring the
weight loss. In which, wear rate was measured in terms of
weight loss.

3 Taguchi technique

Two important tools in Taguchi technique are orthogonal
array and S/N ratio. In this full factorial design, tool
rotational rate and offset distances at advancing side were
considered as controlled variables meanwhile average
tensile strength and weight loss were considered as output
factors. For all 16 trials, S/N ratios were calculated
(Tab. 4). The maximum S/N ratio value for tensile
strength and weight loss are observed at rotation rate of
1400 rpm and 1mm offset distance at advancing side.

Three stages in S/N ratio are larger is best, nominal is
best and smaller is best. Since maximum tensile strength
and minimum weight loss are desirable, larger the best and
smaller the best approaches were used respectively. The
expression for larger the best approach is:

S

N
¼ �10 log10

1

n

Xn

i¼1

1

y2i
: ð1Þ

The expression for smaller the best approach is:

S

N
¼ �10 log10

1

n

Xn

i¼1

y2i : ð2Þ

where, n is the number of replications and yi is observed
response value. S/N response table for tensile strength and
weight loss are presented in Tables 5 and 6. These tables

Table 1. Chemical compositions (wt.%).

Elements AA6101T-6 AA5052

Al 97.50 97.22
Si 0.60 0.15
Fe 0.35 0.20
Cu 0.10 0.02
Mn 0.10 0.02
Mg 0.90 2.30
Zn 0.10 0.01
Ti 0.10 0.01
Cr 0.10 0.10
Others 0.15 Nil

Table 2. Mechanical properties.

Base metals AA6101T-6 AA5052

Ultimate tensile strength (MPa) 136 149
Hardness (HV) 62 73
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show that offset distance at advancing side is the most
influencing parameter on tensile strength and weight loss.
While joining AA6101-T6 and AA1350 alloys, rotational
rate is the more influencing parameter on tensile strength
and weight loss, when compared to tool traversing speed
and tool tilt angle [18,21] and tool offset is the more
influencing factor, when compared to number of passes [19].

The main purpose of analysis of variance (ANOVA) is
to investigate the most significant welding parameter on
output factors. This analysis is carried out with 95%
confidence level. In addition to that, ANOVA is also used
to identify the percentage of influence of each parameter on

output factors. The percentage contribution (PCR) is
calculated by the following expression [22]:

PCR ¼ Sum of squared deviations SSdð Þ
Total sum of squared deviations SSTð Þ ; ð3Þ

SST ¼
Xni

i¼1

hi � hnð Þ2; ð4Þ

where, hi is the mean S/N ratio for the ith experiment, hn is
total mean S/N ratio and ni is number of experiments.

Table 3. Levels of welding parameters.

Welding parameters Unit Level 1 Level 2 Level 3 Level 4

A �Rotating speed (rpm) 765 980 1190 1400
B �Probe offset at advancing side (mm) 0.0 0.5 1.0 2.0

Table 4. Taguchi L16 orthogonal array.

Exp. No. A (rpm) B (mm) Ultimate tensile strength Weight loss
Result (MPa) S/N ratio (dB) Result (%) S/N ratio (dB)

1 765 0.0 55.3 34.8545 5.77 �15.2235
2 765 0.5 68.3 36.6884 5.50 �14.8073
3 765 1.0 73.6 37.3376 5.39 �14.6318
4 765 2.0 38.8 31.7766 6.47 �16.2181
5 980 0.0 62.7 35.9454 5.70 �15.1175
6 980 0.5 87.9 38.8798 5.20 �14.3201
7 980 1.0 96.6 39.6995 5.05 �14.0658
8 980 2.0 53.6 34.5833 5.93 �15.4611
9 1190 0.0 69.7 36.8647 5.41 �14.6639
10 1190 0.5 107.0 40.5877 4.97 �13.9271
11 1190 1.0 113.0 41.0616 4.71 �13.4604
12 1190 2.0 58.5 35.3431 5.74 �15.1782
13 1400 0.0 92.7 39.3416 5.22 �14.3534
14 1400 0.5 112.0 40.9844 4.61 �13.2740
15 1400 1.0 118.0 41.4376 4.33 �12.7298
16 1400 2.0 82.5 38.3291 5.39 �14.6318

Table 5. Response table for S/N ratios (larger is best) for
tensile strength.

Level Rotating
speed (rpm)

Tool offset in advancing
side (mm)

1 35.16 36.75
2 37.28 39.29
3 38.46 39.88
4 40.02 35.00
Delta 4.86 4.88
Rank 2 1

Table 6. Response table for S/N ratios (smaller is best)
for weight loss.

Level Rotating
speed (rpm)

Tool offset in advancing
side (mm)

1 �15.22 �14.84
2 �14.74 �14.08
3 �14.31 �13.72
4 �13.75 �15.37
Delta 1.47 1.65
Rank 2 1

G. Kasirajan et al.: Metall. Res. Technol. 117, 405 (2020) 3



Tables 7 and 8 show the results of ANOVA. All the R2

values are above 0.9. The higher values of R2 indicate that
the designed models are adequate and significant. Lower P
values of term B (< 0.05) reveal that offset distance at
advancing side is more significant factor on output factors.
For both output factors, F values are A<B, which denotes
that the term B is the more significant factor, when
compared to the term A. From these tables, offset distance
at advancing side influences more with 52.86% and 57.36%
on tensile strength and weight loss respectively, whereas
rotational rate influences lesser with 43.73% and 40.09% on
tensile strength and weight loss respectively. At the same
time, rotational rate influences more with 64.45% and
59.31% on tensile strength and weight loss respectively on
AA6101-T6 and AA1350 joints [18,21]. According to Ref.
[19], tool offset influences more with 96.72% and 99.45% on
tensile strength and weight loss respectively, when
compared to number of passes.

4 Results and discussions

4.1 Effects of rotational rate and offset distance at
advancing side on tensile properties

Tensile properties of the weldments are linearly related
with rotational rate of tool i.e. increment in rotational
speed improves the tensile properties of the joints (Fig. 1).
Rotational speed of the tool decides the amount of heat
generation and rate of mixing [23]. When the rotational
rate is very low, heat generated is very much insufficient
and the tool gets stuck between the base metals and it is
impossible to conduct the joining [24]. On the other hand,
at the very higher rotational rate, heat generated is very
much higher and larger defects appeared due to the
turbulence in material flow [16]. Hence, rotation rate of the
tool is chosen from 765 rpm to 1400 rpm. When the
rotational rate is at 1400 rpm, frictional heat generation is

high and sufficient, which causes sufficient plasticization.
This improves the flow properties of the materials (Fig. 2b)
and interdiffusion during stirring. Thus, enhanced fric-
tional heat and strong stirring action produces sufficient
reaction, strong bonding and no defects at weld nugget
(Fig. 3a). Kwon et al. [25] found that grain recrystallization
increases with increase in process temperature. Thus, the
higher degree of recrystallization produces finer grains at
weld nugget (Fig. 2a). Hence, superior tensile strengths are
observed at the rotational rate of 1400 rpm (Tab. 4). When
the rotational speeds are at 1190 rpm and 980 rpm, amount
of heat generation is insufficient which causes insufficient
plasticization and lack of stirring. This produces poor flow
properties of materials (Figs. 4b and 5b), insufficient
reaction and poor bonding at weld nugget (Figs. 4a and 5a),
which lowers the tensile strength of joints (Tab. 4). But,
when the rotational rate is at 765 rpm, frictional heat
generation and rate of stirring are very low. This causes
poor plasticization and flow of materials (Fig. 6b). As a

Table 7. ANOVA for tensile strength.

Factors DF SS MS F ratio P-value PCR [%]

A 3 3863 1287.7 3.11 0.067 43.73
B 3 4671 1566.8 4.49 0.025 52.86
Error 9 301 33.44 3.41
Total 15 8835

R2=0.966

DF: degree of freedom; SS: sum of squares; MS: mean of squares; PCR: percentage of contribution.

Table 8. ANOVA for weight loss.

Factors DF SS MS F ratio P-value PCR [%]

A 3 1.740 0.5800 2.68 0.094 40.09
B 3 2.489 0.8297 5.38 0.014 57.36
Error 9 0.111 0.0123 2.55
Total 15 4.340

R2=0.974

DF: degree of freedom; SS: sum of squares; MS: mean of squares; PCR: percentage of contribution.

Fig. 1. Main effects plot for tensile strength.
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result of which, lack of intermixing of materials and
continuous cracks are obtained and the lower degree of
recrystallization produces larger grains at weld nugget
(Fig. 6a). Hence, lowest tensile strengths are observed at
the rotational rate of 765 rpm (Tab. 4).

Previous investigation revealed that tool probe offset at
advancing side gives better mechanical properties. While it
is located at retreating side, heat input to harder material
at advancing side is not sufficient to plasticize it and hence,
tool scratches the larger pieces of harder material, which
are difficult to mix. Meanwhile, extensive plastic deforma-
tion of softer material at retreating side results in excessive
flow materials. Hence, very poor bonding is observed [19].
At the same time, tool probe offset at advancing side is
larger, retreating side is not connected with weld nugget
during welding [13]. Based on this, various levels of tool

probe offset at advancing side are chosen (Fig. 7). In which,
tensile properties are improved upto 1mm probe offset
after that poor tensile properties are observed (Fig. 1).
When the welding tool is plunged into joint line (zero
offset), contact area of tool shoulder with advancing and
retreating sides are equal and 50% of the tool probe is in
AA5052 plate and remaining 50% is in AA6101-T6 plate
(Fig. 7a). This generates same amount of frictional heat on
both aluminium plates. But, AA5052 alloy is the hardest of
both. Hence, plastic deformation of AA5052 and AA6101-
T6 alloys are different i.e. plastic deformation of AA5052
alloy is lowest. This insufficient plastic deformation makes
hard to flow of material from advancing side to retreating
side and softer AA6101-T6 alloy is extruded out during
stirring which results in poor interaction. This produces
volume defects (Fig. 8a and 8b) and weak bonding at weld
nugget, which causes poor tensile strengths, when the
probe offset is zero (Tab. 4) and all the fractures are
observed at weld nugget during tensile testing (Fig. 8c).

When the probe offset is 0.5mm and 1mm at advancing
side, 60 % and 70 % of the probe is in AA5052 plate
respectively (Fig. 7b and 7c). In both the cases, tool
shoulder as well as probe contact area with advancing side
are larger than retreating side. This increases frictional
heat generation and distribution to AA5052 alloy. The
different levels of heat input to AA5052 and AA6101-T6
alloys produce almost uniform plastic deformation on both
sides especially in probe offset of 1mm. This improves the
flow properties of materials during stirring, which results in
sufficient reaction and strong metallurgical bonding at
weld nugget (Fig. 3a). Hence, high tensile strengths are
observed especially in probe offset of 1mm (Tab. 4) and the
fractures are observed at Heat Affected Zone (HAZ) of
retreating side during tensile testing (Fig. 3b). This is due
to annealing effect [18], which coarsens the grains (Fig. 3c)
and softens the Heat Affected Zone (HAZ). Thus, the
combination of 1mm tool offset at advancing side and
1400 rpm rotational rate produce better tensile properties.

While the probe is moving with 2mm offset at
advancing side, almost 90% of the probe is in AA5052
plate and tool shoulder is shifted 2mm towards advancing
side (Fig. 7d). Therefore, more amount of frictional heat is
generated and distributed to AA5052 alloy, which results
in very low heat input to AA6101-T6 alloy. This affects

Fig. 2. Microstructural images of Exp. No. 15.

Fig. 3. Images of weldment of Exp. No. 15.
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breaking of material at retreating side and transportation
of material at weld nugget. Therefore, insufficient mixture,
tunnel defects and discontinuities are produced at weld
nugget (Fig. 9a). Hence, the propagation of discontinuities
result fractures at weld nugget of the joints during tensile
testing (Fig. 9b) and lower tensile strengths are observed,
when the probe offset is 2mm (Tab. 4). Hence, the
combination of 2mm tool offset at advancing side and
765 rpm rotational rate result in poor mechanical proper-
ties.

4.2 Effects of rotational rate and offset distance at
advancing side on wear properties

AA6101 is a heat treatable aluminium alloy and AA5052 is
a non-heat treatable aluminium alloy. Hence, hardness of
nugget zone relies on the combinational effects of
precipitation hardening and strain hardening. In precipi-
tation hardening process, hardness values are based on
coarsening, dissolution and reprecipitation of precipitates.
Previous researches suggested that whenever 6xxx series

Fig. 4. Microstructural images of Exp. No. 10.

Fig. 5. Microstructural images of Exp. No. 6.

Fig. 6. Microstructural images of Exp. No. 4.
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alloys involved, Mg2Si precipitates are formed [26,27].
Coarsening, dissolution and reappearance of Mg2Si
precipitates depend upon the heat input during welding.
In strain hardening process, severity of plastic deformation
decides the hardness profile [21]. Wear resistance of weld
nugget is directly proportional to hardness of weld nugget
i.e. higher hardness results lower weight loss [28,29]. Higher
wear resistance is observed at 1mm offset in advancing side
and rotational rate of 1400 rpm (Fig. 10). This is due to
rotational rate of 1400 rpm generates maximum frictional
heat and offset of 1mm provides sufficient heat to AA6101
alloy. This heat input enhances the amount of reappear-
ance of dissolved Mg2Si precipitates. Probe offset of 1mm
in advancing side with 1400 rpm produces enhanced strain
hardening of AA5052 alloy. Thus, the balanced effect of
precipitation and strain hardening increase the hardness at
nugget zone (Fig. 11), which resists the weight loss during
wear test. Thus, higher wear resistance is observed.

Lowest wear resistance is observed at 2mm offset in
advancing side and rotational rate of 765 rpm (Fig. 10).
This is due to rotational rate of 765 rpm generates
minimum frictional heat and offset of 2mm provides very
low heat input to AA6101 alloy. This heat input is just
enough to coarsen the Mg2Si precipitates in AA6101

(Fig. 6a). Lower rotational rate also reduces the strain
hardening of AA5052 alloy. As a result of this, lowest
hardness as well as highest weight loss at nugget zone is
observed. While the tool is travelling with zero and 0.5mm
offset at advancing side with 1400 rpm and 1190 rpm, heat
input to AA6101 alloy is high which causes over-ageing
[30,31] and hardness is fully based on strain hardening of
AA5052 alloy. Hence, reductions in wear resistance are
observed. At the same time, 765 rpm and 980 rpm of
rotational rate on zero and 0.5mm offset are just enough to
dissolute the precipitates on AA6101 side and reduce the
strain hardening effect on AA5052 side. As a result, lower
wear resistances are observed. On the other hand,
rotational rate of 1400 rpm and 1190 rpm at 2mm offset
provide high heat to AA5052 side, which increases the
cooling time. This increases the grain growth rate, which
produces coarsened grains (Fig. 6a). At the same time, heat
input to AA6101 alloy is low which is just enough to
coarsen the grains. As a result of these effects lower
hardness and lower wear resistance are observed. For the
same offset, rotational rate of 765 rpm and 980 rpm produce
strain hardening effect on AA5052 side and very low heat
input to AA6101 side coarsens the precipitates, which
minimizes the hardness (Fig. 11) as well as wear resistance.

Fig. 7. Schematic illustration of (a) zero offset, (b) 0.5mm offset at advancing side, (c) 1mm offset at advancing side and (d) 2mm
offset at advancing side.
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Fig. 8. Images of weldment of Exp. No. 13.

Fig. 9. Images of weldment of Exp. No. 16.

Fig. 10. Main effects plot for wear properties.

Fig. 11. Hardness profile across various zones.
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5 Conclusions

Friction stir welding of dissimilar AA5052 and AA6101-T6
aluminium alloys were studied. The following points were
concluded, based on the obtained results:
– the Taguchi L16 orthogonal designed experiments of
friction stir welding of dissimilar AA5052 and AA6101-
T6 aluminium plates were conducted successfully by
varying rotation rates and offset distances at advancing
side;

– most influencing welding parameter was determined
using signal to noise ratio and ANOVA. It was found that
the tool offset distance at advancing side played a vital
role with a contribution of 52.86% and 57.36% on tensile
strength and weight loss respectively;

– the maximum tensile strength was observed at the
rotational rate of 1400 rpm and tool offset distance at
advancing side of 1mm. This was due to both the plates
had experienced high heat input, sufficient plasticization
and dynamic recrystallization;

– the minimum tensile strength was observed at the
rotational rate of 765 rpm and tool offset distance at
advancing side of 2mm. This was due to both the plates
had experienced lowest heat input, poor flow properties
and dynamic recrystallization;

– the balanced effect of precipitation and strain hardening
exhibited maximum hardness at nugget zone, which
improved the wear resistance;

– in future, this work can be extended with changing the
amount of frictional heat generation using various
dimensions of tool shoulder diameter.
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a b s t r a c t

Cobalt-Chromium alloys are in high demand as a material for prosthetics and dental implants. Powder
metallurgy was used to create Co-5Cr-RHA (Rice Husk Ash) hybrid composites in this research. RHA is
made by heating rice husk in a furnace to 700 degrees Celsius. The surface morphology of the Co-5Cr-
RHA hybrid composites is analysed using a scanning electron microscope. Due to the RHA reinforcement,
the Micro hardness of the Co-5Cr-10RHA hybrid composite increased by 8% as compared to other sam-
ples. The density of the hybrid composites has decreased as a result of the addition of RNA. The compres-
sive strength of the Co-5Cr-10RHA (130 MPa) hybrid composites has increased by 4%. The addition of RNA
reinforcement has a positive effect on tribological behaviour, according to tribological studies. Because of
the oxides in the RHA, wear loss and COF have decreased significantly. The after-wear SEM analysis con-
firms that abrasive wear is the primary wear mechanism. The corrosion behaviour of the Co-5Cr-RHA
hybrid composites was investigated using the electrochemical workstation in the presence of a 3 percent
NaCl electrolytic solution. Of all specimens, Co-5Cr-10RHA hybrid composites have a stronger Ecorr value
of �0.812 V.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the International Conference on Sustainable materials,
Manufacturing and Renewable Technologies 2021.

1. Introduction

The need for materials with exceptional properties in the field
of bio implants, such as dental and orthopaedic implants, has
resulted in substantial research and development activities for
Cobalt matrix composites. As opposed to ceramic matrix compos-
ites, the advantage of using metals as matrix materials is their
superior mechanical and wear resistance [1–3]. Ceramic matrix
composites, on the other hand, are known for their high tempera-
ture stability and corrosion resistance. The reinforcement of natu-
ral ceramic particles such as fly-ash in metal matrix composites
enhanced various properties of the composites [4]. One of the most
important factors that define the mechanical properties of compos-
ite materials is the consistent spreading of reinforcements. Many
composite manufacturing techniques, such as welding, coating
processes such as HVOF, and physical vapour deposition, make it
difficult to achieve uniform reinforcement dispersion. The P/M

(powder metallurgy) method can easily achieve a uniform amalga-
mation of matrix and reinforcements [2,5–9].

Because of its remarkable mechanical properties (young’s
modulus = 210 GPa, hardness = 1040 MPa, density = 8.90 g/cm3),
cobalt is being considered for bio implants. They also have out-
standing temperature control. The above properties make them
ideal for biomedical alloys. Some materials suitable for biomedical
alloys, such as Nickel and Titanium, are allergic to humans As a
result, cobalt is being researched as a possible substitute for the
above materials in dental prosthetics and other bio implant appli-
cations [5,6,10].

Fuzeng Ren et al. evaluated the various tribo-corrosion proper-
ties of nano cobalt developed through a P/M (powder metallurgy)
process. The final results show that nano Cobalt’s mechanical prop-
erties have greatly improved [11]. The nano Cobalt’s corrosion
resistance has decreased, but it still has strong wear resistance.
CoCrMo hybrid composites intended for bio implants were investi-
gated by H. Stevenson et al. The wear tests were performed in
Human Synovial Fluid and Bolvine Calf Serum [12]. Yanjin Lu
et al used the laser melted method to create CoCrW alloy for dental
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use. The corrosion resistance of island formed alloys is higher than
that of in-line formed alloys, according to electrochemical corro-
sion tests [6].

Many researchers have studied the mechanical properties of
composites intended for use as a dental or orthopaedic implant
using a number of manufacturing methods, including stir casting
and thermal spraying. Co-based composites have superior mechan-
ical properties and wear resistance, as well as fair corrosion resis-
tance, but they are not biodegradable. Following a comprehensive
analysis of recent research papers, it was decided that there is
more space for research in biomaterials for bio-implants [13–18].

The main aim of this study is to improve the properties of Co-
Cr-RHA hybrid composites, such as microhardness, tribology, and
corrosion resistance. Mechanical and electrochemical corrosion
properties were investigated, as well as their behaviour in relation
to RHA reinforcement is explored.

2. Materials and methods

In this study three different compositions of composites such as
Co-5Cr-10RHA, Co-5Cr-5RHA and Co-5Cr-2.5 RHA were produced
and their mechanical and morphological characterization were dis-
cussed. All the materials used in this study are research grade with
purity 99.5% purchased from Metal Powder company Madurai.

2.1. Experimental procedure

The processing of Co-5Cr-RHA hybrid composites included the
following steps. In a high energy ball mill, the measured weight
percent of matrix and reinforcements were applied, and the milling
was performed for 2 h at a rotational speed of 300 rpm. The tung-
sten carbide balls were used to minimize particle size and achieve
uniform reinforcement dispersion in composites. The composite
pellets are then compressed using a universal testing system
(550 MPa) to make green pellets. The composite pellets are sin-
tered at 900 degrees Celsius to harden the green pellets. The pho-
tographic view of a cylindrical die is shown in Fig. 1.

2.2. Density of composite materials

The density of sintered composite pellets was assessed using
the Archimedes concept using weight of the pellets as per the
ASTM: B962-13 standard. The density measurements were taken
with five different specimens and the standard deviation value is
considered.

2.3. Micro hardness of composite pellets

The microhardness hardness test is used to examine the ability
of the Co-5Cr-RHA hybrid composites to resist permanent defor-
mation or indentation. The applied load and dwell time were both
kept constant at 1 Kgf and 20 s, respectively. Before the micro
hardness inspection, the composite pellets were polished with var-
ious grades of abrasive papers. Micro-hardness measurements are
taken at five different sites.

2.4. Compressive strength

Compressive loads are encountered in dental and biomedical
implants, necessitating research into the compressive behaviour
of Co-5Cr-RHA hybrid composites. The compressive strength of
Co-5Cr-RHA composite specimen after sintering was investigated
(UTM).

2.5. Wear analysis

DUCOM pin on disc apparatus is used to investigate the wear
and friction of Co-5Cr-RHA hybrid composites. The tribological
studies were carried out in compliance with ASTM G99-05 guide-
lines. The 8 mm diameter composite pellets were made to slip over
the EN 32 steel disc with an axis perpendicular to the rotating disc
as a mating surface. The schematic representation of the pin on
disc apparatus is shown in Fig. 2.

The weight of the composite pellets was measured before and
after the wear test using a digital weighing balance with
0.001 mg resolution. The wear test was performed with a 10 N
applied load, 1000 m sliding distance, and 1.5 m/s sliding speed,
respectively. Wear loss and coefficient of friction of Co-5Cr-RHA
hybrid composites pellets were measured in this analysis.

2.6. Electrochemical corrosion test

To investigate the electrochemical corrosion behavior of Co
based composites, electrochemical corrosion studies were carried
out. In this study (Biologic Sp-150 model), the Potentiometric
Polarization Analysis was used with a three-electrode system in a
3 percent NaCl solution.

Fig. 1. Photograph of Cylindrical Die made up of high speed steel. Fig. 2. Schematic representation of the pin on disc apparatus.
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3. Results and discussion

Fig. 3 give you an idea about FE-SEM pictures of the Co, Cr, RHA,
and Co-5Cr-10RHA hybrid composites. It is obvious from Fig. 3[D]
that the RHA in the composite is distributed uniformly. The RHA
particle reinforcement improved the micro hardness of the Co-
5Cr-RHA hybrid composites slightly. The improvement in micro-
hardness is due to the oxide particles such as SiO2 in the RHA par-

ticles. Co-5Cr–10RHA hybrid composites had a compressive
strength of 130 MPa which has improved to other combinations
due to the load bearing capacity of RHA reinforcements. The
mechanical properties (microhardness and compressive strength)
of Co-5Cr-RHA hybrid composites are given away in Fig. 4. Due
to the addition of less dense RHA reinforcement, the density of
the Co-5Cr –10RHA hybrid composites has produced the lowest

Fig. 3. (a) FE-SEM image of Co; (b) FE-SEM image of Cr; (c) FE-SEM image of RHA; (d) FE-SEM image of Co-5Cr-10RHA hybrid composite.

Fig. 4. The microhardness and compressive strength of Co-5Cr-RHA hybrid
composites. Fig. 5. Density of Co-5Cr-RHA hybrid composites.
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value (7 g/cm3). The density of Co-5Cr–10RHA hybrid composites,
on the other hand, was 7.5 g/cm3, as shown in Fig. 5. The wear
study’s results are shown in Fig. 6. The accumulation of RHA pow-
der has shrunken the loss of materials due to wear sustained by the

hybrid composites, as predicted. COF values have also decreased
sharply. The improvement in wear resistance is due to the oxides
present in the RHA reinforcements and also due to the oxide outer
layers formed at the surface of the specimen which is also known
as tribo-oxide layers. The SEM picture of the Co-5Cr-10RHA hybrid
composites after wear testing is shown in Fig. 7. There is sliding
marks which created a plough like impression which represents
abrasive wear, according to the SEM report. An electrochemical
potentiodynamic polarisation test was used to determine the cor-
rosion efficiency of the Co-5Cr-RHA hybrid composites. The elec-
trolyte used in this analysis was a 3 percent NaCl solution. The
corrosion current (ICorr) and corrosion potential (Ecorr) of the Co-
5Cr-10RHA hybrid composites were discovered to be about
2.8 mA/cm2 and �0.812 V, respectively, which is superior to other
hybrid composite combinations Co-5Cr-2.5 RHA hybrid composites
were found to have a voltage of corrosion (Ecorr) of �0.842 V and a
intensity of corrosion (Icorr) of 3.5 mA/cm2. Effect of RHA rein-
forcement was responsible for the increase in corrosion resistance
(Fig. 8).

4. Conclusions

Powder metallurgy was used to create the Co-5Cr-RHA hybrid
composites.

As compared to Co-5Cr-2.5RHA hybrid composites (190 HV),
the micro hardness of the Co-5Cr-10RHA hybrid composites (205
HV) has improved which is attributed to the RHA particles.

Co-5Cr-10RHA hybrid composites have a higher compression
strength (130 MPa) than Co-5Cr-2.5RHA hybrid composites
(125 MPa) due the uniform binding of reinforcement with the Co
matrix and Cr.

With the addition of RHA reinforcement, the density of Co-5Cr-
10RHA (7 g/cm3) has decreased, which is due to the volume
replacement of metal matrix.

The Co-5Cr-10RHA have increased wear resistance, as shown by
wear and COF values.

The Tafel test shows that the Co-5Cr-10RHA hybrid composites
have better corrosion resistance.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Fig. 6. (a) Wear loss and (b) Coefficient of Friction (COF) of Co-5Cr-RHA hybrid
composites.

Fig. 7. Worn out Surface SEM image of Co-5Cr-10RHA hybrid composites.

Fig. 8. Tafel Plot of Co-5Cr-RHA hybrid composite materials.
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Intermediate Sr2Co1.5Fe0.5O6−δ Tetragonal Structure between
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ABSTRACT: The generation of hydrogen in an environmentally
benign way is highly essential to meet future energy demands.
However, in the process of splitting water electrochemically, sluggish
kinetics of the oxygen evolution reaction (OER) curtails its
applicability, as it drags energy input. Herein, we synthesized Sr−
Co−Fe−O oxides to optimize their OER activity by varying the Co/Fe
ratio. Among them, Sr2Co1.5Fe0.5O6−δ exhibited the best OER catalytic
activity in the series, with an overpotential of 318 mV at 10 mA cm−2

and Tafel slope of 44.8 mV dec−1. High-resolution neutron powder
diffraction analysis identified an intermediate structure between the
perovskite and brownmillerite, with alternating layers of disorderly
orientated oxygen-deficient tetrahedra and fully stoichiometric
octahedra. The unique stacking of tetrahedral and octahedral units
facilitates desired interactions between the electrode surface and electrolyte. Theoretical calculations revealed that increased
covalency of Co 3d and O 2p in Sr2Co1.5Fe0.5O6−δ oxide is another primary contributor to its augmented water oxidation ability. As a
model for developing catalysts with such an intermediate structure, the synergetic effect of oxygen vacancy and hybridization
between Co 3d and O 2p assured the Sr2Co1.5Fe0.5O6−δ oxide as a better catalyst for its enhanced OER activity.

KEYWORDS: catalyst, crystal structure, oxide, oxygen evolution, perovskite, water splitting

■ INTRODUCTION

Development of sustainable ways for energy production is of
prime importance, as the depletion of fossil fuels due to
overwhelming industrialization and urbanization is increasing
exponentially.1 As an alternate, hydrogen, called as “future
fuel”, can be made via electrochemical water splitting, which is
one of the most promising methods.2 The produced hydrogen
and oxygen from water are actual feeds for fuel cells.3 In
addition, considering metal−air batteries with oxygen reduc-
tion reaction (ORR) and oxygen evolution reaction (OER)
counterparts, OER shows important manifold applications.4,5

In the case of OER under alkaline conditions, the intercalation
of OH− ions and O2 molecules released from the electrode
surface forms several intrinsic kinetic barriers, and each of
them adds up to the additional overpotentials.6 When it is an
acid and neutral solution, breaking of H2O molecules still
requires surplus energy. To influence the OER at ease,
numerous electrocatalysts are investigated to mitigate anodic
overpotentials; among them, noble metal-based catalysts, such
as IrO2 and RuO2, delivered superior performance under
corrosive acidic conditions.6 However, the scarcity and cost
associated with these noble metal catalysts limit their broad-

scale applications in generating hydrogen for continuous
industrial production.7

To replace scarce metals, 3d transition metal-based catalysts
such as Co, Ni, and Fe with their favorable electronic
configurations could deliver promising OER activities and
they are earth-abundant too.8−10 Several perovskites and their
derivatives appeared as promising materials for water
electrolysis,11 lithium−air batteries,12 fuel cells,13 and photo-
voltaic applications.14 In these materials, the structural oxygen
stoichiometry plays a pivotal role in diverse applications.15,16

The properties of ABO3 perovskites can be tuned by
methodically selecting A and B metal cations with desired
atomic or ionic radii. Partial replacing or doping of any one of
these A, B, and O sites drastically improves their ability in a
specific application because of associated changes in their
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respective physical, chemical, and electronic properties.17 The
perovskites with Co, Ni, and Fe on the B site are intensively
studied as electrocatalysts for OER and ORR applications.18

However, the OER activities of perovskites are still limited, and
hence, the study in the stoichiometry aspect on the B site and
related oxygen is highly recommended to boost them for real-
scale applications. Among these B-site metal cations, Co-based
perovskite catalysts gained much interest in the research
community due to their superior OER activity when Co is
coordinated with oxygen atoms octahedrally.
For example, the OER activity of LaCoO3 was enhanced by

introducing Fe substitution,19 which influenced the covalency
of Co 3d and O 2p. In another report, different magnitudes of
LaCoO3 nanoparticles were analyzed for their OER activity,
and the one with ∼80 nm size displayed better OER activity
among others.11 The high catalytic activity of ∼80 nm LaCoO3
particles was attributed to the intermediate spin state of cobalt.
In another work, La0.5Sr0.5CoO3 nanotubes were synthesized
via the electrospinning method and employed as a bi-
functional catalyst for both OER and ORR in Li−O2, and
here, the presence of high surface areas of nanotubes and
oxygen vacancies created by Sr doping produced superior OER
kinetics.20 Between SrCoO3−δ

21 and CaCoO3−δ,
21 both

catalysts formed cubic crystal structures with the same cobalt
species having an intermediate spin state; however, CaCoO3−δ
showed better OER activity due to the presence of oxygen
vacancies. The effect of the crystal structure was pronounced in
another work. Among electrochemically synthesized ZnCo2O4
and Co3O4, the former one exhibited grander OER perform-
ance due to octahedral Co units in the crystal lattice.22

Recently, brownmillerite-structured Ca2FeCoO5 was studied as
a highly efficient OER catalyst, and its catalytic activity is
attributed to the interplay between Co/Fe in orthorhombic
unit cells.23−26 Density functional theory (DFT) calculations
suggest that enhancement of charge transfer between Co/Fe
3d and O 2p orbitals plays a significant role in improving OER
activity of Ca2FeCoO5 because of random distribution of Co
and Fe atoms.23 Lin et al. recently studied the calcination
temperature effect on OER activity of SrCo0.5Fe0.5O3−δ
perovskite.27 Further insights regarding the Fe substitution of
the Co site to tune the electronic properties for improving the
OER performance are not reported yet.
Herein, we for the first time elaborate the formulation of a

series of Sr−Co−Fe−O oxides by varying the Co/Fe ratio to
understand the effect of Fe substitution on OER activity, and
Sr2Co1.5Fe0.5O6−δ oxide was found to be an efficient OER
catalyst. High-resolution neutron powder diffraction (NPD)
analysis identified an intermediate structure between perov-
skite and brownmillerite, with oxygen-deficient tetrahedral
units sandwiched between octahedral units. While the OER of
this intermediate structure was not reported previously, the
unique stacking of tetrahedral and octahedral units facilitates
desired interactions between the electrode surface and
electrolyte. Theoretical calculations revealed that the increased
covalency of Co 3d and O 2p in Sr2Co1.5Fe0.5O6−δ oxide is
another main contributor to its augmented water oxidation
ability. The synergetic effect of oxygen vacancy and hybrid-
ization between Co 3d and O 2p assured the Sr2Co1.5Fe0.5O6−δ
oxide as a better catalyst for the enriched OER activity.

■ MATERIALS AND METHODS
Materials and Synthesis. Strontium nitrate, cobalt(II)

nitrate hexahydrate, iron(III) nitrate nonahydrate, KOH

pellets for electrolyte, and citric acid (CA) were purchased
from Sigma-Aldrich; ethylenediaminetetraacetic acid (EDTA)
and ammonia solution (28−30 vol %) were purchased from
VWR International. All chemicals were used without any
further purification. The series of Sr2Co2−xFexO6−δ oxides were
prepared by sol−gel Pechini process using EDTA and CA as
chelating agents and by adjusting pH 8−10.28 Initially, 0.02 M
strontium nitrate, the molar ratio of nitrate salts of Co and Fe
varies according to the ratio of oxides, and the nitrate salts
were dissolved in 75 mL of distilled water and stirred for 30
min on a hotplate at 80 °C. After 30 min, EDTA and CA were
added, and then, the pH of the solution was adjusted between
8 and 10 using ammonia solution and allowed to stir for
another 30 min. The water was slowly evaporated to form a
gel, and this gel was carbonized at 250 °C for 5 h. After
carbonization, black powders were collected and annealed at
1050 °C at a ramping rate of 5 °C min−1 for 12 h (Figure S1).

Characterizations. The X-ray diffraction (XRD) patterns
were recorded using a Rigaku MiniFlex 600 X-ray diffrac-
tometer with Cu Kα radiation. Transmission electron
microscopy (TEM) elemental analysis was conducted using a
FEI Talos F200X TEM/STEM instrument at 200 kV, and
high-resolution (HRTEM) imaging was conducted using an
Argonne chromatic aberration-corrected TEM (ACAT) FEI
Titan 80-300 ST at 200 kV, with a CEOS Cc/Cs corrector to
correct both spherical and chromatic aberrations. HRTEM
image and electron diffraction (ED) simulations were done
using the Tempas program. X-ray photoelectron spectroscopy
(XPS) was conducted using the Thermo Scientific ESCALAB
250Xi and Kratos AXIS-ULTRA DLD-600W. NPD was
conducted using BT-1 and BT-4 diffractometers at the NIST
Center for Neutron Research (NCNR). BT-1 was run using a
Cu(311) monochromator at λ = 1.5400 Å, and data were
collected in the 2θ range of 3−168° with a step size of 0.05°.
The BT-4 was run at 14.7 meV with the following collimations
in stream order 60′−40′−80′−100′. Pyrolytic graphite filters
were placed before and after the sample. The BET (Brunauer,
Emmett, and Teller) surface area measurements were carried
out using the Quantachrome SI. The oxygen contents were
determined using cerimetric titration.29 Initially, the concen-
tration of CeSO4 was calculated by standardizing using the
known concentration of Mohr’s salt. A total of ∼50 mg of
FeCl2·4H2O and ∼25 mg of samples were dissolved in
nitrogen gas-purged 3 M (mol/L) HCl solution and then
titrated against CeSO4 by adding one drop of ferroin as an
indicator, the end point being visually detected from the color
change from orange to green.

Electrochemical Measurements. Electrodes were fab-
ricated by coating samples with an approximate loading of 1
mg on carbon cloth using N-methyl pyrrolidine with 10%
polyvinylidene fluoride as a binder in 0.5 cm2 area. The surface
of carbon cloth was cleaned thoroughly with 30 vol % of
ethanol by ultrasonication before they were used as substrates
for the electrode. Linear sweep voltammogram (LSV) curves
were obtained at a scan rate of 2 mV s−1 after conducting five
cyclic voltammograms (CVs) at a scan rate of 100 mV s−1.
Tafel plots were obtained from LSVs, and electrochemical
impedance spectroscopy (EIS) was conducted in the range of
10 kHz to 1 Hz, with an amplitude of 5 mV at an applied
potential of 0.72 V versus Hg/HgO reference electrode. All
EIS data were fitted using a Randles circuit using the CHI
760E electrochemical workstation (CH Instrument, USA).
KOH electrolyte was prepared, and all electrochemical
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measurements were conducted using plastic vessels to avoid
leaching of glass. The same carbon cloth with large dimensions
was used as a counter electrode. All data were 100% IR (I
stands for current and R stands for resistance)-corrected and
shifted to the reversible hydrogen electrode (RHE) scale by
calibrating the Hg/HgO reference electrode using the formula
EvsRHE = EvsHg/HgO + E⌀Hg/HgO + 0.059 pH for OER in 1 M and
3 M (mol/L) KOH. Experiments were conducted on the CHI
760E instrument.
Computational Study. The QUANTUM-ESPRESSO

package was used for first-principles calculations through the
DFT method.30 The atomic DOSs for hexagonal SrCoO3−δ
and tetragonal Sr2Co1.75Fe0.25O6−δ and Sr2Co1.5Fe0.5O6−δ were
calculated using the 2 × 2 × 1 supercell. For SrCo0.5Fe0.5O3−δ
cubic perovskite, a 2 × 2 × 2 supercell was used. Integration
over the Brillouin zone was carried out using the Monkhorst−
Pack scheme with a 2 × 2 × 2 mesh of k-points for all phases.
The oxygen vacancy was created by deleting one O atom in the

supercell near the experimental input value from cerimetry
calculations.

■ RESULTS AND DISCUSSION
Structural Analysis. In the Sr2Co2−xFexO6−δ oxide series,

when x = 0, the XRD pattern reveals a hexagonal perovskite
SrCoO3−δ as the major phase, which is indexed with JCPDS
file no. 48-0875, with a space group of P63/mmc (no. 194) and
lattice parameters of a = 5.4941 Å and c = 4.2444 Å, and a
tetragonal structure as a minor impurity phase, which is
indexed with JCPDS file no. 44-1064, with a space group of
P4/m (no. 83) and lattice parameters of a = 5.846 Å and c =
7.290 Å (Figure S2). When x = 0.25, 0.5, and 0.75, three
oxides with Fe substitution on the Co site (Sr2Co1.75Fe0.25O6−δ,
Sr2Co1.5Fe0.5O6−δ, and Sr2Co1.25Fe0.75O6−δ) exhibit a tetragonal
structure with a space group of P4/mmm (no. 123),31 as
portrayed in Figure S3a, and a representative pattern from
Sr2Co1.5Fe0.5O6−δ is shown in Figure S3c. This tetragonal phase

Figure 1. (a) NPD pattern of Sr2Co1.5Fe0.5O6−δ oxide; (b) structural model of the intermediate tetragonal phase containing a sequence of
alternating octahedral (oh) and tetrahedral (th) layers, where only two randomly orientated tetrahedra are shown for clarity; (c) TEM image
showing 90°-twinning domains (insert is an ED pattern); (d) HRTEM image along [100] (insert is an FT pattern and a simulated image); (e)
simulated image (thickness t = 7.7 nm and defocus Δf = −100 nm) with overlayed atomic projection; and (f) simulated ED pattern (thickness t =
7.7 nm).

Table 1. NPD Refinement from Sr2Co1.5Fe0.5O6−δ at Room Temperature

Wyckoff site x y z Uiso (×100, Å
2) site occupation

Sr 2g 0.5 0.5 0.2591(3) 0.93(4) 1.0
Co/Fe 1 1a 0 0 0 0.4(1) 0.774(9)/0.226(9)
Co/Fe 2 4k −0.023(1) 0.023(1) 0.5 0.6(1) 0.181(2)/0.069(2)
O1 2f 0.5 0 0 2.0(2) 1.0
O2 2g 0 0 0.2422(4) 1.9(2) 1.0
O3 4m 0 0.543(2) 0.5 1.7(2) 0.348(4)
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is further refined using NPD below. However, when x = 1−2,
the SrCo0.5Fe0.5O3−δ, SrCo0.375Fe0.625O3−δ, SrCo0.25Fe0.75O3−δ,
SrCo0.125Fe0.875O3−δ, and SrFeO3−δ oxides exhibit a simple
cubic perovskite structure, with a space group of Pm3̅m,32 as
shown in Figure S3b, and a representative pattern from
SrCo0.125Fe0.875O3−δ is shown in Figure S3d. A small super-
lattice peak appears near 11.5° in the XRD pattern of the
tetragonal phase, while it is absent in the patterns of the cubic
phase (insets in Figure S3c,d).
The NPD pattern from Sr2Co1.5Fe0.5O6−δ oxide collected at

room temperature is shown in Figure 1a, and its refined
structural parameters are listed in Table 1, with satisfactory
weighted profile residal Rwp = 0.0620, profile residual Rp =
0.0485, and goodness of fit χ2 = 1.50. Rietveld refinement
reveals that Sr2Co1.5Fe0.5O6−δ oxide is tetragonal (space group
P4/mmm) with lattice parameters of a = 3.8605(1) Å and c =
7.7271(5) Å, which is an intermediate structure between cubic
perovskite and othorhombic brownmillerite. This intermediate
tetragonal phase contains a sequence of alternating octahedral
(oh) and tetrahedral (th) layers (...oh−th−oh−th...), as shown
in Figure 1b. The oh layer is composed of corner-shared
octahedra (Co/Fe)O6, which is a characteristic of the cubic
perovskite structure, and the th layer contains Co/Fe ions
surrounded by two apical O2− and two equatorial O2−, which
are statistically distributed over four O2− sites. The oxygen
occupancy is refined, and its stoichiometric composition is
expressed as Sr2Co1.5Fe0.5O5.392. The refined parameters of the
NPD pattern are in accordance with cerimetry (Table S1). All
Fe-substituted oxides exhibit oxygen deficiency (Table S1).

Figure S4a presents the NPD pattern of SrCo0.5Fe0.5O3−δ
oxide at room temperature, and it is fitted with a simple cubic
structure with the Pm3̅m space group. The corresponding
refined structural parameters are shown in Table S2, with
satisfactory fitting factors. The oxygen occupancy is refined,
and its stoichiometry is Sr(Co0.50Fe0.50)O2.77. In this structure,
the oxygen vacancies randomly distribute at any oxygen
positions, so that the overall cubic perovskite structure is
unchanged.
TEM observation shows that the synthesized samples are

composed of nanoparticles, with an average size of ∼80 nm.
The nanoparticles are sintered to form particles in ∼μm’s
during annealing at 1050 °C in the last step of the synthesis.
This annealing ensured that single phases were obtained. As
shown in Figure 1c, along the [100] orientation, 90°-twinning
domains in 20−30 nm are observed, as evidenced from double-
spacing lattice fringes. The domain without the double-spacing
fringes is [001]-oriented, which is also at 90° with the [100]
orientation. These twins may add further oxygen defect sites
compared with cubic perovskites without twins. An ED pattern
is inserted, showing 90° twins. A magnified HRTEM image is
shown in Figure 1d, where atomic layers are revealed. A
Fourier transform (FT) pattern is inserted, with the same
geometry of the ED pattern. With image simulation, the
cationic layers could be identified, as shown in Figure 1e (a
simulated image is also inserted in Figure 1d for comparison).
The simulated ED pattern in Figure 1f is consistent with the
observed ED pattern. Furthermore, STEM EDS mapping of
Sr2Co1.5Fe0.5O6−δ reveals the uniform distribution of Sr, Co,
Fe, and O elements all over the nanoparticles (Figure S5). The

Figure 2. (a) LSV plots; (b) Tafel slopes; and (c) Nyquist plots of SrCoO3−δ, Sr2Co1.75Fe0.25O6−δ, Sr2Co1.5Fe0.5O6−δ, and SrCo0.5Fe0.5O3−δ oxides.
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EDS spectrum, as shown in Figure S5f, confirms the presence
of Co and Fe in 3:1 ratio.
OER Study. The LSV plots of Sr−Co−Fe−O oxides are

displayed in Figure S6a, and some representative results are
shown in Figure 2a, indicating that Sr2Co1.5Fe0.5O6−δ oxide has
the lowest overpotential of 318 mV at 10 mA cm−2

, and the
second best is SrCo0.5Fe0.5O3−δ, showing an overpotential of
343 mV for electrochemical water oxidation.
Sr2Co1.5Fe0.5O6−δ also demonstrated superior OER kinetics

with the Tafel slope value of 44.8 mV dec−1 (Figures S6b and
2b). All Fe-substituted oxides exhibit low overpotentials and
enhanced OER kinetics, compared with undoped SrCoO3−δ
oxide. The Nyquist plots, fitted with Randle’s equivalent
circuit, are presented in Figures S6c and 2c. Sr2Co1.5Fe0.5O6−δ
and SrCo0.5Fe0.5O3−δ show low charge transfer (Rct) values,
compared with SrCo0.5Fe0.5O3−δ and Sr2Co1.75Fe0.25O6−δ,
which is also reflected in Tafel slope values. However,
surprisingly, oxides with higher Fe contents, such as
SrCo0.375Fe0.625O3−δ and SrCo0.125Fe0.875O3−δ, exhibit slightly
lower Rct values (Figure S6c and Table S3) than
Sr2Co1.5Fe0.5O6−δ, but they failed to compete due to lower
cobalt content in their compositions. We compared our
catalyst’s OER performance with that of other oxides reported
in the literature (Table S4). Our catalyst possesses comparable
or even superior properties to those in some of the previous
reports.
We conducted BET analysis to understand the synergetic

effect of the surface area and oxygen vacancies (Figure S7 and
Table S5). We estimated specific activity (Table S5) of all
samples by normalizing the current with the BET surface area
(JBET). After normalization, Sr2Co1.5Fe0.5O6−δ shows the
specific activity of 0.00327 mA cm−2 BET at 1.55 V, and the
activity is much higher than that of other Sr−Co−Fe−O
oxides (Table S5). Furthermore, we estimated the electro-
chemical surface area (ECSA) by calculating electrochemical
double-layer capacitance (EDLC) from CVs in the range of
0.1−0.2 V at different scan rates. It was found that
Sr2Co1.5Fe0.5O6−δ showed the highest EDLC value among all
oxides (Figures S8 and S9). The enhanced catalytic activity of
Sr2Co1.5Fe0.5O6−δ is attributed to its unusual structural
arrangement with the presence of oxygen vacancies, which
facilitate the maximum interaction between the catalyst and
electrolyte.33

To get more insights into the electrochemical activity, we
conducted XPS analysis. Figure 3 shows Co 2p and Fe 2p high-
resolution spectra of all oxides for comparison. Figure 3a
presents the Co 2p high-resolution spectra, and the magnified
range of 783−777 eV depicting the Co 2p3/2 region is shown
on the right side of Figure 3a.34 With the increase in Fe
content, Co 2p3/2 chemical line intensity decreases monotoni-
cally (Figure 3a). Fe 2p3/2 chemical line intensity increases
(Figure 3b), suggesting that Fe is doped on the Co site.35

Furthermore, it is found that cobalt chemical lines contain
Co4+ and Co3+ species. Figure S10 displays deconvoluted high-
resolution spectra of Co 2p3/2.

35 Similarly, Fe 2p3/2 chemical
lines also show a similar binding energy value (∼710 eV) for all
oxides, indicating that Fe is predominantly present in the 3+
oxidation state. As the x value increases, a smaller shift in Fe
2p3/2 chemical lines is observed toward higher binding energy,
suggesting that Fe4+ coexists with the Fe3+ species, which is
also observed from deconvoluted Fe 2p3/2 chemical lines in
high-resolution spectra (Figure S11).36

We observed a change in the ratio of Co3+/Co4+ and Fe3+/
Fe4+ with respect to the change in the Co/Fe ratio, as shown in
Figures S10 and S11. The reason for changes could be due to
charge disproportion between cobalt and iron centers in the B-
site.37−39 Among all the oxides, Sr2Co1.5Fe0.5O6−δ shows a high
relative intensity for Co4+ (Figure S10b) and Fe4+ (Figure.
S11d) species. The presence of a high number of Co4+ over
Co3+ improves the OER activity by enhancing the O 2p
character in the covalent mixing of the hybrid orbitals Co 3d
and O 2p.21 On the other hand, the presence of a greater
number of Fe4+ ions could augment the water oxidation ability
of the catalyst.40

The oxygen vacancies in Sr2Co1.5Fe0.5O6−δ are further
confirmed by deconvoluting the Sr 3d and O 1s high-
resolution spectra (Figure 4). The Sr 3d chemical line is
deconvoluted with lattice and surface doublets with an area
ratio of 1:1.5, and each is composed of 3d3/2 and 3d5/2 (Figure
4a). The doublet with higher binding energies indicates the
surface Sr species (SrO or Sr(OH)2), which are formed due to
surface termination of oxides.41−43 Another doublet with a
lower binding energy represents the lattice Sr. Figure 4b
presents the O 1s spectrum, which is fitted with three peaks:
one at a higher binding energy and two at lower binding
energies (<531 eV). The peak at the higher binding energy
consists of surface and adsorbed oxygen.44,45 The two peaks
presented at lower binding energies denote the lattice
oxygen.46,47 When the oxide surface is enriched with Sr by
forming SrO or Sr(OH)2, oxygen defects are formed, Sr + O

Figure 3. Comparative analysis of oxidation states in Sr−Co−Fe−O
oxides. (a) Co 2p high-resolution XPS spectra, with enlargement on
the right side showing the Co 2p3/2 chemical line. (b) Fe 2p high-
resolution XPS spectra, with enlargement on the right side showing
the Fe 2p3/2 chemical line.
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↔ SrO + VO
•• + V Sr

••, which is consistent with the oxygen

content estimation from cerimetry and NPD results.48 Here,
VO

•• stands for oxygen vacancy and V Sr
•• stands for strontium

vacancy. The presence of oxygen defects enhances the
molecular porosity of the oxide and improves the adsorption
ability of OER intermediates such as *O, *OH, and *OOH. In
addition, we also deconvoluted the Sr 3d and O 1s high-
resolution spectra to reveal the presence of oxygen vacancies
(Figure S12). The deconvoluted results suggest that all oxides

exhibit the oxygen defects. The increase in lattice oxygen with
the x value further confirms the presence of the Fe4+ species
(Figure S12).36

The OER process can proceed through two different
pathways, that is, lattice oxygen mechanism (LOM) or
adsorbate evolution mechanism (AEM).49 In the LOM
pathway, the lattice oxygen should be able to escape via
interacting with adsorbed oxygen (*O) by leaving deficiencies
in the lattice, acting as a new active site. In the AEM pathway,

Figure 4. Deconvoluted Sr 3d (a) and O 1s (b) XPS spectra of Sr2Co1.5Fe0.5O6−δ oxide.

Figure 5. PDOS of the Co 3d and O 2p for SrCoO3−δ (a), Sr2Co1.75Fe0.25O6−δ (b), and Sr2Co1.5Fe0.5O6−δ (c) oxides (dotted vertical line indicates
the Fermi level and arrows represent the spin-up and spin-down of spin projection); and (d) schematic illustration of the approach between OH−

and oxygen vacancies of Sr2Co1.5Fe0.5O6−δ oxide.
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the reactant (OH−) generates OER intermediates such as
*OH, *O, and *OOH at the anode surface by donating
electrons and evolves oxygen gas. Nevertheless, in both
pathways during the electrochemical process, intralattice
charge transfer occurs, which could result in local charge
redistribution.50 Energetically, the covalency of oxygen orbitals
and cation orbitals depends on their relative positions.
Electrons transfer from cations to oxygen during electro-
chemical reaction if the oxygen energy level is below the
energy level of cations, which restricts the escape of incoming
oxygen from the lattice and leads to the exclusion of lattice
oxygen. However, if the oxygen orbitals are above those of the
cation d-center, a reduction in charge of oxygen occurs via
electron transfer from oxygen to nearby cations. The reduced
oxygen quickly escapes from the lattice because of a high
degree of freedom. Hence, both energy levels of oxygen and
cations should be evaluated to estimate the OER mechanism
and covalency.51

DFT Calculation. Disproportionation of the B-site in
perovskite oxides40 or Fe into the lattice of perovskite oxides27

significantly improves the covalency of oxygen and cations.
Yagi et al. reported the improved OER activity of Fe4+-based
quadruple perovskite CaCu3Fe4O12 because of the formation
of a covalent bonding network due to incorporation of Cu2+

and Fe4+.40 Wang et al. synthesized SrCo0.5Fe0.5O3−δ cubic
perovskite at different calcinating temperatures (600, 800,
1000, and 1200 °C) and evaluated their OER performance.27

The perovskite prepared at 800 °C showed excellent OER
activity, and DFT studies reveal that improved covalency of O
2p and Co 3d is a key for high catalytic activity. However, a

change in the crystal structure of Sr-based perovskites by
varying the Co/Fe ratio at the B-site was not reported.
Here, we carried out the DFT calculations for SrCoO3−δ,

Sr2Co1.75Fe0.25O6−δ, Sr2Co1.5Fe0.5O6−δ, and SrCo0.5Fe0.5O3−δ
oxides to correlate the covalent mixing of Co 3d and O 2p
orbitals with their OER activity. The total density of states
(TDOS) is shown in Figure S13, and projected density of
states (PDOS) is shown in Figures 5a−c and S14. High orbital
mixing is observed in the TDOS of Sr2Co1.5Fe0.5O6−δ oxide at
the Fermi level (EF) cross-over compared with that of other
three compounds (Figure S13). The PDOS of Co 3d and
ligand O 2p of SrCoO3−δ oxide is depicted in Figure 5a, which
shows a negative overlap at EF, whereas the PDOS of Fe-doped
Sr2Co1.75Fe0.25O6−δ, Sr2Co1.5Fe0.5O6−δ, and SrCo0.5Fe0.5O3−δ
oxides displays Co(eg)−O(p)-enhanced intermixing at EF
cross-over (Figures 5b,c and S14). Sr2Co1.5Fe0.5O6−δ shows
superior intermixing compared to Sr2Co1.75Fe0.25O6−δ and
SrCo0.5Fe0.5O3−δ. The increased intermixing signifies the
stronger covalency of Co 3d and O 2p orbitals. This covalency
directly scales with the binding energy of oxygen,19 oxygen
vacancy formation energy,52,53 and the energy barrier
associated with electron transfer in OER.54 Therefore, the
superior covalency is one of the reasons for enhanced OER
activity of Sr2Co1.5Fe0.5O6−δ along with having the intermediate
tetragonal structure. Figure 5d depicts the role of oxygen
vacancy in the catalytic activity. Initially, the oxygen-deficient
sites facilitate facile kinetics for OH− to interact with the
(CoFe)O6 subunit, which makes the OER kinetics much
faster.21,55,56 The synergetic effect of oxygen vacancy and
covalency (Figure 5c) makes the Sr2Co1.5Fe0.5O6−δ perovskite a

Figure 6. (a) Stability test of Sr2Co1.5Fe0.5O6−δ oxide at 1.550 V vs RHE for 10 h; (b) LSV plots; (c) Tafel slopes; and (d) Nyquist plots before and
after stability test.
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better candidate for electrochemical water splitting,21 which
serves as a model for developing other catalysts with such a
unique intermediate structure.
Recently, Majee et al. synthesized a perovskite with the

stoichiometric formula La0.699Sr0.301Co0.702Fe0.298O3−δ by an-
nealing at 750, 975, and 1200 °C having a cubic crystal
structure. They observed that the LSCF oxide prepared at 975
°C temperature shows superior activity in electrochemical
water oxidation. Theoretical studies suggest that there is a
decrease in EF with an increase in annealing temperature and
LSCF-975 °C has an optimized desirable EF for the adsorption
and desorption of OER intermediates.57 Nakayama et al.
observed enhanced OER activity in the brownmillerite
structure of Ca2FeCoO5 specifically prepared at 1100 °C
than in the same sample prepared at lower temperatures
because of enrichment of cobalt in tetrahedral sites, which is
predicted theoretically.58 Chen et al. studied the change in
OER activity by creating cationic vacancies in perovskite
hydroxide SnCo0.9Fe0.1(OH)6 (SnCoFe) nanocubes. They
found that SnCoFe nanocubes treated for 10 min showed
enhanced OER activity compared to others. Theoretical
analysis suggests the formation of Sn vacancies that improve
the desorption ability of the O* intermediates.59 In our case,
the presence of oxygen vacancies in the intermediate tetragonal
structure results in tetrahedral pyramidal structure that
optimizes the EF, which in turn helps in facilitating facile
adsorption and desorption of OER intermediates during the
OER process.
Long-Term Stability. Furthermore, the stability of

Sr2Co1.5Fe0.5O6−δ oxide is examined at 1.550 V versus RHE
for 10 h (Figure 6a). It shows good stability over time and
slight deterioration of activity with a 16 mV increase in
overpotential (Figure 6b). The Tafel slopes and Nyquist plots
before and after the stability test are in accordance with the
LSV curves (Figure 6c,d). The decreased activity of
Sr2Co1.5Fe0.5O6−δ oxide could be attributed to the formation
of low-conductive amorphous Co3O4 from octahedral Co units
on the surface because of leaching of Sr under extreme OER
conditions.60

The Sr leaching was confirmed using the XPS analysis
(Figures 7 and Figure. S15) along with STEM EDS mapping
(Figure S16). The XPS chemical line of Sr 3d after the stability
test displays a considerable decrease in its intensity, unlike Co
2p, Fe 2p, and O 1s chemical lines (Figures 7b and S15). The
XPS spectrum of Co 2p shows a slight shift in its binding
energy (∼0.5 eV) toward higher binding energy, which could

be attributed to structural transformation on the catalyst
surface during the OER stability test. This facile way of
fabricating the OER catalyst with optimum oxygen vacancies
paves an attractive way to explore other oxides for superior
OER catalytic activity.
In addition, we have compared the activity of our catalyst

with that of commercial IrO2 (Figure S17). It was found that
our catalyst Sr2Co1.5Fe0.5O6−δ showed comparatively better
OER activity with an overpotential of 318 mV, while
commercial IrO2 showed 331 mV @ 10 mA cm−2; our catalyst
had enhanced stability with a loss of ∼15% activity, while
commercial IrO2 had a loss of ∼30% activity in 10 h.
From the abovementioned observations, it is possible to

synthesize compounds with such an intermediate structure in
other systems with lattice oxygen defects for interacting with
OER intermediates, achieving high-rate OER and high-scale
stability in an alkaline environment for further studies in
various applications.

■ CONCLUSIONS

A series of Sr−Co−Fe−O oxides have been synthesized and
evaluated for OER. We have identified Sr2Co1.5Fe0.5O6−δ with
an intermediate structure between cubic perovskite and
brownmillerite with layered oxygen deficiency, as a promising
catalyst for enhanced OER activities, with the lowest
overpotential of 318 mV at 10 mA cm−2 and with a Tafel
slope value of 44.8 mV dec−1. The superior activity of
Sr2Co1.5Fe0.5O6−δ is attributed to its layered oxygen-deficient
structure and increased covalency of Co 3d and O 2p. This
unique structure with layered oxygen deficiency and increased
covalency provides a model for designing advanced OER
catalysts with improved hydrogen production performance for
less energy input.
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Figure 7. (a) Sr 3d chemical lines and (b) Co 2p chemical lines of Sr2Co1.5Fe0.5O6−δ before and after stability test.
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a b s t r a c t

CaF2 is a promising luminescent host material for a wide range of applications, due to its high trans-
parency, non-hygroscopy, low refractive index, low density, low backscattering efficiency, and abundance
in nature. This paper reports the photoluminescence (PL) and cathodoluminescence (CL) characteristics
of rare-earth-doped CaF2 nanoparticles and their composite monoliths with epoxy with visible emis-
sions. The CaF2 nanoparticles of ca. 36, 108 and 305 nmwere prepared by a facile solution-mixing process
and subsequent hydrothermal treatment. As the particle size decreases, the luminescence intensity in-
creases for single-doped particles, while oppositely decreases for codoped particles because of energy
transfer. Further, Eu2þ- and Tb3þ-codoped CaF2 nanoparticles exhibit red emission, providing an efficient
path for red emission through an energy transfer by Tb3þ bridging without direct Eu3þ doping. The
effects of size and concentration are found to be pronounced in CL than PL, as the charge transfer be-
tween Eu2þ and Eu3þ reduces the concentration quenching in CL. The luminescence emission charac-
teristics of epoxy/CaF2 monoliths are different from those of particles due to the interactions with the
epoxy molecules, and thus the energy transfer is hindered in PL while not in CL, enabling them for high-
energy irradiation applications.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The optical properties of fluoride nanocrystals are fascinating
when they are doped with rare-earth (RE) ions. The luminescence
of fluoride nanostructures is extensively investigated for applica-
tions in catalysis, photonics, sensing, etc. CaF2 is one of the major
fluorides that are abundant in nature, well known by the mineral
name ‘fluorite’ which is biocompatible. CaF2 exhibit a large
bandgap ~12 eV [1], with transparency in a wide spectral range in
addition to their low refractive index, and low phonon energy [2,3],
making them an ideal candidate for lenses, spectroscopic windows
[4], color displays, waveguides lasers [5], biomedical imaging [6],
cell labeling [7], drug delivery [8], photodynamic therapy [9], etc.
When doped with the RE elements, the photoluminescent (PL)

emission from CaF2 is highly efficient, and the emission is tem-
perature dependent [10].

CaF2 doped with Eu2þ is a scintillation material with strong
emission suitable for the detection of X-rays [11e13] and neutrons
[13,14]. CaF2:Eu2þ is also ideal for beta radiation detection because
of its low backscattering efficiency, which is, in turn, due to its low
molecular weight [15]. The emission from Eu2þ ions significantly
depends on the symmetry of the lattice site, and any modification
on symmetry by incorporating the dopants, such as Y3þ or other
divalent cations in the lattice, changes the luminescence of the Eu2þ

ions [16e18]. Eu2þ is a potential sensitizer for codoped phosphors,
as codoping of Eu2þ with other luminescent ions results in intense
characteristic emission from the luminescent ions through the
energy transfer from Eu2þ to the activator ions [19,20]. Successive
energy transfers have been observed when Eu2þ ions are codoped
with other luminescence ions, and one of these ions acts as a bridge
for the energy transfer process [21]. For instance, glass doped with
Eu2þeTb3þ-Eu3þ ions exhibits tunable emissions depending on the
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percentage of the dopants, where Tb3þ ions act as the bridge for the
energy transfer between Eu2þ and Eu3þ ions [22,23]. It is well
known that doping trivalent lanthanide ions in alkalieearth (AE)
fluorides (CaF2, SrF2, BaF2, etc.) occupy the AE2þ (AE ¼ Ca, Sr, Ba,
etc.) site and are accompanied by interstitial F� ions as charge
compensators, giving rise to multiple luminescent centers in the
host lattice [24e26].

At the nanoscale regime, a drastic change in the luminescent
behavior could occur in inorganic materials, compared to their bulk
counterparts. The optical properties of inorganic materials can be
significantly modified by controlling their shape, size, and con-
centration. Generally, the application of nanostructured phosphors
is limited due to their structural instability and degradation in
luminescence intensity. Luminescent quantum dots [27e29] and
nanoparticles [30e32] are successfully embedded in a wide range
of highly transparent thermoplastics and thermoset polymer
matrices to stabilize the quantum dots or nanoparticles, and
thereby ensuring their maximum emissions. Poly(vinyl alcohol)
[33], polyethylene oxide [29], polystyrene [31], polycarbonate [34],
polymethylmethacrylate [35], polydimethylsiloxane [36], etc., are
promising thermoplastic matrices, and epoxies [37e39] and sili-
cone [27] are commonly used thermosets. Embedding the nano-
particles in the polymer matrices can manipulate the emission
characteristics of the luminescent particles, which is an important
strategy to achieve flexible light emission.

CaF2 nanoparticles are used as potential reinforcements in
polymer nanocomposites to serve different purposes. The com-
posites of CaF2:Er3þ and CaF2:Er3þ, Yb3þ nanoparticles embedded
in perfluoropolymers, e.g. Nafion, exhibit emission in the infrared
regionwhen excited by a 980 nm laser source [40,41]. Additionally,
CaF2 nanoparticles are used as a fluorine releasing agent in nano-
composites for dentistry [42], and the presence of CaF2 in semi-
crystalline polymers accelerates the crystallization rate [43].
Although the luminescence of CaF2:Er3þ and CaF2:Er3þ, Yb3þ

nanoparticles embedded in perfluoropolymer matrix was reported
in the literature [40,41], the luminescent properties of the
CaF2:Eu2þ, CaF2:Tb3þ, and CaF2:Tb3þ-Eu3þ nanoparticle embedded
in a commonly available epoxy matrix were not reported.

Overall, a systematic study is needed on the effects of particle
size and concentration of RE ions on the luminescence of CaF2
nanoparticles and the corresponding polymer composites. In the
present study, CaF2 nanoparticles with different sizes doped with
luminescent RE ions are prepared and embedded in an epoxy
matrix. Our study shows that the luminescence intensity depends
on both the particle size and the type of doponts. Mixed Eu2þ/Eu3þ

emissions are observed from Eu2þ- and Tb3þ-doped samples,
showing a dependence on their concentration. The luminescence of
epoxy/CaF2 composite monoliths is also studied, and the CL emis-
sion characteristics reveal their potential use in high-energy radi-
ation applications.

2. Materials and methods

CaCl2 and NaF were used to synthesize CaF2 nanoparticles, and
chlorides of RE elements (EuCl2, EuCl3 and TbCl3) were used for

doping. These chemicals were purchased from Sigma Aldrich, and
they were used as received without any further treatment. CaF2
nanoparticles of ca. 36, 108, and 305 nmwere synthesized by direct
mixing of 25 ml of CaCl2 and 25 ml of NaF solutions with different
concentrations in distilled water, and the subsequent heating as per
Table 1. NaF was used as the fluorine source to avoid the oxidation
of Eu2þ to Eu3þ, and such oxidation is observed when HF or NH4F is
used as a fluorine source.

For the synthesis of RE3þ-doped CaF2 nanoparticles, the chlo-
rides of rare earth were subsequently replaced with CaCl2, and the
same procedure was followed. E.g., to prepare 10 mol.% Tb-doped
36 nm CaF2 particles, a 25 ml solution constituting 0.9 M CaCl2
and 0.1 M TbCl3 was mixed with 25 ml of 2.0 M NaF solution at
70 �C for 30 min. After the above synthesis processes, nanoparticles
were washed several times with deionized water and ethanol and
then dried at 60 �C for 12 h. In each size (36 nm,108 nm or 305 nm),
the CaF2 nanoparticles were either singly doped with 5, 10, 15 or
20 mol.% RE (RE ¼ Eu2þ, Tb3þ or Eu3þ), or codoped with 5 mol.%
Eu2þ and 5 mol.% Tb3þ.

The CaF2 nanoparticles and composites were coated with a
carbon thin film and analyzed using JEOL field-emission
JXA�8530F electron probe microanalyzer (EPMA), which was
equipped with an X-ray energy dispersive spectrometer (EDS) for
chemical compositional analysis, and an xCLent IV Advanced B
Hyperspectral CL detector for the CL analysis. The nanoparticles for
transmission electron microscopy (TEM) were dispersed in pure
ethanol solutions by sonicating for 30 min and then dispersed on
carbon film-supported grids. The grids were observed in an FEI
Talos F200X TEM/STEM instrument at 200 kV. The EDS mapping
was done in the STEM mode using a high-angle annular dark-field
(HAADF) imaging detector. Rigaku MiniFlex 600 X-ray diffractom-
eter was used to obtain X-ray diffraction (XRD) patterns of the
nanoparticles in a scan range of 10e90� and at a scan speed 0.075
deg min�1, and the Rietveld refinement was done using Rigaku
PDXL2 program. The PL spectra of the nanoparticles and compos-
ites were recorded in the solid state using Shimadzu RF�5301 PC
spectrofluorophotometer at room temperature. X-ray photoelec-
tron spectroscopy (XPS) characterization was performed using
Thermo Scientific ESCALAB 250Xi at room temperature, and the
deconvoluted spectra were obtained using Origin Lab 2020.

To make the epoxy/CaF2 composite monoliths, the respective
wt. % of the CaF2 nanoparticles were dispersed in the Epotek® 305
part A epoxy by sonication for 15 min. Afterward, the epoxy/CaF2
mixture was mixed well with the hardener (Epotek® 305 part B) in
an epoxy/hardener ratio of 100/28, and then poured into a circular
mold with 25.4 mm diameter and cured at 60 �C for 1 h.

3. Results and discussions

3.1. Structure and morphology

The SEM images of as-synthesized pure CaF2 nanoparticles of
different sizes are shown in Fig. 1(a�c), with an average particle
size of 36.0 ± 7.9 nm, 107.9 ± 21.0 nm, and 304.8 ± 55.4 nm in
diameter, which are named as 36 nm,108 nm, and 305 nm samples,

Table 1
Synthesis conditions for the CaF2 nanoparticles of different sizes in diameter.

Size of the CaF2
particles

Concentration of reactants Reaction conditions

CaCl2 NaF

36 nm 1.0 M 2.0 M Mixed together at 70 �C for 30 min.
108 nm 0.2 M 0.4 M Mixed at 70 �C for 10 min, and then heated at 120 �C for 2 h in a Teflon-lined

autoclave, followed with cooling in the oven to room temperature.
305 nm 0.2 M 0.4 M Mixed at 70 �C for 10 min, and then heated at 120 �C for 12 h in a Teflon-lined

autoclave, followed with cooling in the oven to room temperature.
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respectively. The histograms for 30 measurements of the diameters
of CaF2 particles of different sizes are shown in Fig. S1. Even though
the nanoparticles are not in a well-defined shape, these nano-
particles are overall uniform in size. The EDS spectrum of CaF2 is
shown in Fig. S2, confirming the accurate composition of the
nanoparticles. The TEM images of the representative 36 nm CaF2
nanoparticles are shown in Fig. 2. One can notice that the diameter
of the nanoparticles is falling in the range of 20e50 nm. A magni-
fied high-resolution TEM (HRTEM) image and a selected-area
electron diffraction (SAED) pattern are shown in Fig. 2b & c,
respectively. The lattice fringes of HRTEM image and SAED pattern
are consistent with the CaF2 crystal structure.

The XRD pattern of the pure CaF2 nanoparticles (Fig. 3) is
indexed to the cubic CaF2 (JCPDS data file No. 15e0736), which falls
under the space group Fm3m. For every Ca2þ ion in CaF2, the co-
ordination towards fluorine is eight (Fig. S3). The XRD patterns
from the pure and doped CaF2 nanoparticles show the same peaks,
indicating the occupancy of the trivalent dopants in the lattice site
of Ca2þ. The doped samples exhibit a slightly higher (200) peak as
compared to the undoped samples, which may be related to their
different structural factors, as well as the inclusion of Naþ in the
lattice to compensate the charge by trivalent dopants. It is worth
noting that, as the size is reduced from 305 nm to 36 nm, the XRD
peaks become broader beside a slight shift to a lower angle due to
the nanosize effect, as shown in Fig. S4. The peak shift is remarkable
in doped nanoparticles due to the large size of the RE ions [44]. The
ionic radii of RE3þ ions differ from that of Ca2þ ions; therefore, a
slight change in the lattice parameter and the unit cell volume is
expected, and the same is observed during the Rietveld refinement,
which is presented in Fig. S5 and Table S1.

The photographs of the circular epoxy/CaF2 composite disks are
shown in Fig. 4. The transparency of the samples is retained up to
20% CaF2 loading, irrespective of the particle size. At 30% CaF2
loading, the composite monoliths become translucent. The

representative SEM images of the composite cross-sections are
shown in Fig. S6. The surfaces of the composites are smooth, and
there is no significant evidence of nanoparticle agglomeration in
the matrix, revealing the successful blending of CaF2 nanoparticles
and the epoxy matrix. Additionally, the FTIR spectra (Fig. 5) of the
composites are compared to that of pure epoxy. The peak at
1100 cm�1 in the FTIR spectra corresponding CeO stretching [45] is
shifted to a higher wavenumber, as shown in the inset. This shift
indicates that the energy required (E ¼ hcl�1) for the vibration of
CeO functional groups of epoxy is increased in the presence of CaF2,
hence interaction between epoxy and CaF2 is evident in the
composite.

Fig. 1. SEM images of representative CaF2 nanoparticles (a) ~36 nm, (b) ~108 nm, and (c) ~305 nm. Two magnified images are shown in the inset in (a) and (b).

Fig. 2. TEM images of the representative ca. 36 nm CaF2 nanoparticles. (a) Low magnification; (b) high magnification; and (c) SAED pattern.

Fig. 3. Representative XRD patterns of pure and RE3þ-doped nanoparticles.
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3.2. Photoluminescence of nanoparticles

The photoluminescent excitation (PLE) and emission spectra of
36 nm pure CaF2 nanoparticles are shown in Fig. S7. The emission
band is observed near 420 nm, under an excitation of 250 nm. As
the size of the particles is increased, a reduction in the intensity of
the emission spectra is observed, as shown in Fig. S7b. The emission
centers in CaF2 crystals can be introduced by heating or by irradi-
ation with ionizing radiation such as g-rays, X-rays, electron beam,
etc. [46e48]. These emission centers are F centers and their ag-
gregates (M and R centers), along with self-trapped holes (Vk cen-
ters) and self-trapped excitons [47]. F center is a fluorine vacancy
with an electron trapped in it, which is surrounded by four nearest-
neighbor calcium atoms and six second-nearest neighbor fluorine
atoms [49]. M center is a pair of nearest F centers residing along
<100> or <110> directions, and three nearest F centers comprise
the R center [47]. These color centers can act as a type of trap for
electrons and holes that otherwise take part in the radiative
relaxation in unirradiated samples [48]. Even though the samples
in the present study are unirradiated, the origin of such color
centers or similar defects are present in CaF2 nanoparticles, as
evident by the multiple peaks in the PL spectra in Fig. S7b.

Apparently, such multiple PL peaks are not observed in the case of
large single crystals [48], and thus, one may conclude that the color
centers are more substantial in nanostructured crystals. Nonethe-
less, the major defects in pure CaF2 crystals are anti-Frenkel defects
involving equal concentrations of negative interstitials and va-
cancies [50]. As a result, the PL emission from nanostructured CaF2
could be due to the presence of fluorine vacancies and interstitials
in the lattice, which is common in alkali halides. The fluorine in-
terstitials are more likely to form on the surface than the bulk of
CaF2 [51]; because the enthalpy formation of these defects at the
surface is smaller than the volume of the particles [52,53]. As a
result, the PL spectra exhibit a series of peaks corresponding to the
multitude of defects present in the system [54]. Therefore, the
reduction in PL intensity with the size is attributed to the lower
number of defects present on particle surfaces as the size increases.
Moreover, the absorption of light is dominant in the case of parti-
cles smaller than the excitation wavelength of the incident light.
However, in the case of larger particles, in which the excitation
wavelength is closer to the crystallize size, the scattering dominates
over the absorption [55,56], causing reduced emission intensity.

Fig. 6a shows the PLE and PL spectra of 36 nm CaF2:5Eu2þ

nanoparticle phosphors at room temperature. The blue emission
observed from these phosphors has the maximum intensity at
430 nm when excited by a 333 nm source. The absorption and
emission band of Eu2þ in CaF2 is due to the 4f 7/4f 65d electronic
transition, in a good agreement with the previous reports [57,58].
The PLE and PL spectra of 36 nm CaF2:5 Tb3þ (5 mol.%, similar
notation hereinafter) is shown in Fig. 6b. One can observe the
intense green emission, with the peak maximum at 544 nm, a
characteristic peak toTb3þ ions in the PL spectrum, when excited by
250 nm. The peaks in the PL spectrum corresponding to the tran-
sitions 5D4/

7F6 at 488 nm, 5D4/
7F5 at 544 nm, 5D4/

7F4 at
581 nm, and 5D4/

7F3 at 620 nm, respectively [19]. The respective
PLE spectrum monitored at 544 nm emissions, exhibit several
bands at 225e400 nm relates to the 4f 8/4f 75d1 transition of Tb3þ

ion [59]. In the spectrum of Eu3þ-doped CaF2 nanoparticles, as
shown in Fig. 6c, the emission is in the region 570e720 nm, which
is originated from the excited state 5D0 to the ground states 7Fj
(j ¼ 0e4) [60]. The major emissions at 596 nm (5D0/

7F1) is
associated with a magnetic dipole transition, which happens when
Eu3þ is situated at a site coinciding with a center of symmetry; and

the other emission of 614 nm (5D0/
7F2) is associated with an

electronic dipole transition, which occurs when Eu3þ is situated at a
site that lacks the inversion symmetry. Since the intensity of the
596 nm peak is greater than the 614 nm peak, one can confirm that
the Eu3þ ions are mainly occupied in the site with a center of
symmetry, i.e., the site of Ca2þ ions with cubic point symmetry in

CaF2. The ratio between (5D0/
7F2) and (5D0/

7F1) transition in-
tensities is a measure of distortion around the Eu3þ ions [61e63].

The PLE and PL spectra of 36 nm CaF2 nanoparticles codoped
with Eu2þ and Tb3þ are shown in Fig. 6d. Interestingly, the sample is
only doped with Eu2þ and Tb3þ, while the PL emission bands of
these nanoparticles constitute both the characteristic emissions
from Tb3þ and Eu3þ ions. It is assumed that the presence of Eu3þ

ions in Eu2þ-doped phosphors is inevitably present, due to the
better stability of Eu3þ ions compared to Eu2þ ions. In the presence
of Tb3þ ions, Tb3þ ions act as an energy transfer bridge between
Eu2þ and Eu3þ ions. The representative mechanism of energy
transfer is shown in Fig. S8. When the particles are excited by the
absorption band of CaF2, i.e., 250 nm, it is observed that the
emission fromCaF2 itself acts as the sensitizer for the Tb3þ and Eu3þ

ions, and the energy from the CaF2 host simultaneously excite Tb3þ

and Eu3þ ions with close intensities (the upper plot in Fig. 6d). Note
that the RE ions could also be excited directly. While at 356 nm, the

Fig. 4. Photographs showing the transparency of epoxy/CaF2 monoliths. (a) 10 wt%
loading of CaF2 particles with different sizes; and (b) 36 nm CaF2 particles loaded at
different wt.%.

Fig. 5. Comparison of FTIR spectra of the CaF2/epoxy monolith and pure epoxy.
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Eu2þ ions are excited, which transfer their majority of energy to
Eu3þ through Tb3þ, resulting in reduced Eu2þ and Tb3þ but
enhanced Eu3þ emissions (the lower plot in Fig. 6d). Therefore, the
energy transfer in the Eu2þ/Tb3þ-codoped CaF2 nanoparticles pro-
vides an efficient path for Eu3þ red emission, which is otherwise
only observed in the case of Eu2þ/Tb3þ/Eu3þ-codoped phosphors.
The abnormal emission characteristic of these nanoparticles is due
to the plausible energy transfer between the dopant ions through
two different models. When the excitation source is 250 nm, the
energy transfer takes place through a branchedmodel, inwhich the
excited Tb3þ ion releases a part of energy through cross-relaxation
with another Tb3þ ion in the ground state, and the remaining part
of the energy is transferred to Eu3þ ions; as a result, emissions from
both Tb3þ and Eu3þ ions, are observed. When the excitation source
is 356 nm, the energy transfer takes place through a cascademodel,
in which the energy is transferred to Eu3þ ions though a chain of
Tb3þ ions and the resulting emission is mainly from Eu3þ ions
[64,65]. It should be mentioned that the coexistence of Eu3þ and
Eu2þ is often observed in other systems, such as through a reduc-
tion of Eu3þ to Eu2þ in the oxides that are prepared at high tem-
perature [66e70], or when exposed to ionizing radiation [71].

Since the Eu3þ ions are more stable than Eu2þ ions, a small
portion of Eu2þ ions is possibly converted to Eu3þ during the syn-
thesis, as fluorine is highly electronegative, and Eu2þ ions are
vulnerable to the oxidizing atmosphere. The proposed governing
reactions corresponding to the formation of Eu3þ in the CaF2 host
are presented in Eq. (1)&2. It is worth mentioning that Eu2þ-doped
CaF2 nanoparticles synthesized using hydrofluoric acid as the
fluorinating source exhibit the PL emission originating only from
Eu3þ ions.

NaFþH2O/NaOHþ HF (1)

2EuCl2 þ6HF/2EuF3 þ 4HClþH2 (2)

As the simultaneous existence of Eu2þ and Eu3þ ions in
europium-doped phosphors is ubiquitous, the energy transfer
process through Tb3þ ions can be successfully employed for color
tuning of the emission [65]. The present study shows that the
emission from CaF2 can be tuned by the appropriate selection of the
dopants from blue, green, red, and white light emission, as shown
in the CEI diagram of the RE doped CaF2 nanoparticles in Fig. S9 and
Table S2.

The PL spectra of 36 nm CaF2 particles with different levels of
doping are shown in Fig. 7. On comparing the different levels of
Eu2þ doping in CaF2 nanoparticles (Fig. 7a), one can observe that
the characteristic emission is decreasing with the increase in the
dopant level, due to the concentration quenching effect of the ac-
tivators. During such a process, the activator ions relax non-
radiatively, which become more prominent as the distance be-
tween the activator ions in the host is reduced. Interestingly, as
Eu2þ doping in CaF2 is increased to 10 mol.%, the emission from
Eu3þ ions has appeared. It is assumed that at this doping concen-
tration, the Eu3þ concentration is high enough to exhibit its char-
acteristic emission. Moreover, the emission intensities are
drastically reduced at 15 and 20 mol.% doping of Eu2þ. The con-
centration quenching is not very remarkable in Tb3þ (Fig. 7b) or
Eu3þ-doped nanoparticles (Fig. 7c), compared to Eu2þ doping. The
5 mol.% Tb3þ-doped and 10 mol.% Eu3þ-doped nanoparticles
exhibit the highest emissions.

On comparing the PL emission from the nanoparticles of
different sizes, the single-doped 36 nm CaF2 particles are showing
higher luminescence intensity over other sizes, irrespective of the
dopants, as shown in Fig. 8a, b. The intensity of 36 nm sample over
305 nm sample is 101.3% higher in Fig. 8a and 113.1% higher in
Fig. 8b, respectively. As discussed in the previous section, the ab-
sorption is dominating over scattering in smaller nanoparticles,
besides more luminescence ions on the surface of the nanoparticles
as the size decreases [72]. In general, it is expected that the pop-
ulation of RE ions on the surface increases than the volume of the

Fig. 6. Comparison of PL and PLE spectra of (a) CaF2:5Eu2þ, (b) CaF2:5 Tb3þ, (c) CaF2:10Eu3þ and (d) CaF2:5Eu2þ-Tb3þ, for samples with a particle size of 36 nm.
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particles as the size decreases, thus creating more luminescent
centers on the surface of the smaller particles due to the size effect
[73]. However, in case of codoping with Eu2þ and Tb3þ, due to the
energy transfer process, the energy is transferred from Eu2þ to Tb3þ

and then to Eu3þ ions, so the ions of Tb3þ and Eu3þ in the volume
could also be excited, in addition to those on the surface (Fig. 8c).
Therefore, the intensity of the large particles is even higher than the
smaller particles. The schematic representation of emission from
singly and codoped nanoparticles are shown in Fig. S10a-c. Addi-
tionally, the elemental maps of CaF2 nanoparticles doped with Eu2þ

ions are compared in Fig. S11. The maps reveal that the nano-
particles are distinguishable in the maps of Ca and F, but indistin-
guishable in the case of Eu map. By superimposing Eu map over Ca
and F maps, it is found that more Eu intensities near the outer re-
gion of the nanoparticles (Fig. S11e and f), indicating the occupancy
of the doped RE ions mainly near the outer areas of the nano-
particles. This observation is consistent with the size effect on the
emission; in the smaller particles, the surface area is elevated with
more RE ions near the surface. In the present study, CaF2 nano-
particles of 36 nm size exhibit the highest luminescent emission
with the single RE dopants.

The size effect on the luminescence has been extensively stud-
ied for different phosphor systems. Interestingly, the intensity of
luminescence from RE-doped CaF2 nanoparticles is increased by
annealing at high temperature [74e76]. Zhyshkovych et al. [74] and
Hong and Kawano [75] reported an increase in the luminescence
intensity in CaF2:Eu2þ nanoparticles as the particle size increases.
Zhyshkovych et al. observed an increase in the Eu2þ emission in-
tensity in their annealed samples under a VUV as an excitation
source, 60 eV, under such ionizing irradiation Eu2þ might be
oxidized to Eu3þ. In the case of such a conversion, the blue emission
from Eu2þ disappears; and more importantly, the Eu2þ ions in the
smaller particles are more susceptible to such transformation.
However, the Eu3þ emission was not reported. Hong and Kawano
[75] used high-temperature annealing to increase the particle size.
In both the above cases, it is believed that the Eu2þ 4 Eu3þ con-
version plays a significant role in determining the emission
intensity.

Annealing the nanoparticles at a high temperature increases the
particle size; however, the enhancement of emission intensities
upon annealing is a synergic effect of the improvement in crystal-
linity and the reduction in non-radiative traps. It should be noticed
that the charge imbalance between the Ca2þ lattice site and RE3þ

dopants can result in the formation of charge compensating defects
that, in turn, act as non-radiative traps. Furthermore, the deterio-
rating effect of charge compensating defects/traps on the lumi-
nescence can overcome by the addition of charge balancing ions
(Naþ, Kþ and Liþ) and thereby enhance the emission from the
nanoparticles [77,78], which is analogous to the ordering of ions
upon annealing. Amid such charge-balanced nanostructured
phosphors, one can expect an intense luminescent emission from
smaller particles than the large counterparts. In the present study,
the Naþ from the reactant NaF acts as a charge compensator, which
significantly reduces the formation of charge compensating defects
or color centers, which otherwise acts as non-radiative traps. As a
result, the smaller RE doped CaF2 nanoparticles exhibit an intense
emission than their large equivalents.

In general, the Eu2þ ions occupy the lattice site of Ca2þ substi-
tutionally with a cubic symmetry surrounded by eight F� ions [79],
and the site symmetry remains cubic, as shown in Fig. S3. However,
the introduction of Eu3þ ions in the Ca2þ site reduces the local site
symmetry from cubic to tetragonal and trigonal symmetries [80]. In
the present study, we used NaF as the fluorinating agent; therefore,
Naþ can act as a charge compensator [81], which is evident in the
XPS survey spectra of the nanoparticle (Fig. S12). The presence of
charge compensating Naþ ions occupying the Ca site in RE3þ-doped
CaF2 improves the RE3þ site symmetry [82]. In the PLE spectra of
Eu3þ-doped CaF2 nanoparticles recorded for 596 nm emission, the
absorption near 464 nm consists of several small components
(Fig. S13), and such a fact is an indication of several Eu3þ sites
present in the nanoparticles with different site symmetries, such as
C3v and C4v, and one may recognize the difference in site symmetry
by considering the asymmetry ratio (the ratio of emission in-
tensities at 596 nm and 614 nm). Since the distribution and the
symmetry of RE3þ sites in CaF2 are size-dependent, the asymmetry
ratio of emission from Eu3þ ions slightly increases with size [67].

Fig. 7. PL spectra of (a) Eu2þ, (b) Tb3þ, and (c) Eu3þ doped at different levels of 36 nm CaF2 particles.

Fig. 8. Effect of particle size on the PL spectra of (a) 5 mol.% Eu2þ, (b) 5 mol.% Tb3þ, and (c) 5 mol.% Eu2þ and 5 mol.% Tb3þ codoped CaF2 nanoparticles. Note the smaller paarticles
exhibit higher intensity in single-doped samples (a, b) but oppositely in codoped samples (c) with energy transfer.
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Generally, the distribution of the defects is on the surface of the
nanoparticles so as the RE3þ ions [83,84]; therefore, one can expect
higher intense emission from smaller particles.

3.3. Cathodoluminescence of nanoparticles

Fig. 9 shows the CL spectra of 36 nm CaF2 nanoparticles, loaded
with different levels of dopants obtained under 15 kV and 100 nA
electron beam. Similar to the PL spectra, the CL spectra exhibit
characteristic emission from the RE dopants. In the case of Eu2þ-
doped CaF2 nanoparticles (Fig. 9a), it is interesting to note that the
characteristic Eu3þ emission is more significant than the Eu2þ blue
emission as observed in the PL spectra, due to the ionization of Eu2þ

to Eu3þ by the high-energy electron beam or its induced X-rays. In
the CL spectra of CaF2 doped with Tb3þ ions (Fig. 9b), the emission
is characteristic to the Tb3þ ions; however, the intensity of emission
is drastically reduced with the increase in dopant concentration. It
is known that CL emission is predominantly excited by secondary
electrons with low energies. The high concentration causes con-
centration quenching, and the quenching of CL emission is domi-
nant than PL emission in the single-doped CaF2 particles.

On analyzing the Eu3þ-doped CaF2 nanoparticles, as shown in
Fig. 9c, the emission is dominant from Eu3þ ions, as expected, but
there is a broad peak arising from Eu2þ ions in the blue region. The
reduction of Eu3þ to Eu2þ is caused by electron beam irradiation.
Theoretically, as Eu3þ ions are doped in the lattice of Ca2þ, two
different kinds of defects are formed to achieve the charge
compensation [84]. The defects that are formed in the lattice can be
expressed by the following reactions:

3Ca2þ 42Eu3þ þ V2þ
Ca (3)

3Ca2þ 42Eu3þ þ 2F� (4)

The former one corresponds to cation vacancies, and the latter
one is fluorine interstitials. As two Eu3þ ions are substituted, one
cation vacancy is formed with two negative charges, which is a
potential electron donor. During the electron beam irradiation,
Eu3þ ions can capture electrons and reduce themselves to Eu2þ in
the irradiated local area, producing Eu2þ emission from the Eu3þ-
doped CaF2 particles. Comparing Fig. 9a and c with 9b, it is evident
that the presence of charge transfer between Eu2þ and Eu3þ re-
duces the concentration quenching (Fig. 9a and c), while the
absence of charge transfer shows strong concentration quenching
in CL (Fig. 9b).

The CL emission from the single-doped CaF2 particles decreases
with the increase in size, as shown in the representative CL spectra
in Fig. 10a. In the case of smaller particles, more number of particles
can be penetrated by the electrons as compared with the larger
particles. In CL, the inbound electrons generate secondary elec-
trons, and these secondary electrons transfer the energy to the RE
ions to excite them to emit characteristic emissions. Since these

secondary electrons can only penetrate the particle surface because
of their low energy, the particles with smaller size and large surface
areas would show higher emission intensity over the large parti-
cles. However, in the PL mode, the excitation waves can enter the
particles, so the CL shows a significantly enhanced size effect over
PL, as shown in Fig. 10a. Even in the case of codoped sample with
energy transfer, the size effect is observed while the effect is greatly
reduced (Fig. 10b).

3.4. Luminescence properties of the epoxy/CaF2 composite
monoliths

The PL spectra of monoliths of epoxy/CaF2 nanoparticles doped
with various RE ions are shown in Fig. 11. In the case of monoliths
containing Eu2þ-doped CaF2 nanoparticles, the anticipated broad
blue PL emission is observed (Fig. 11a), whereas the emission from
the Tb3þ-doped epoxy is characterized by the broad blue emission
and the characteristic emission from the Tb3þ ions (Fig. 11b). On
comparing the emission from monoliths containing pure CaF2
nanoparticles, the emission from the epoxy is negligible, as shown
in Fig. S14, but a broad blue emission is observed from the pure CaF2
nanoparticles loaded monolith. The broad blue emissions from the
monoliths containing epoxy/CaF2:5 Tb3þ and CaF2-5Eu2þ:5 Tb3þ is
therefore assigned to that of CaF2. Interestingly, the epoxy loaded
with Eu2þ-doped CaF2 nanoparticles only shows a single blue
emission (Fig. 11a), which could be due to the overlapping of the
emissions of CaF2 and Eu2þ ions. In the latter spectra, it is presumed
that the energy transfer observed in the PL emission of the nano-
particles is interrupted when the particles are loaded to the epoxy
matrix. The weak-luminescent epoxy polymer chains could absorb
the energy from the excited ions non-radiatively, as shown in
Fig. S15. The Epotek® 305 epoxy is a bisphenol-A based epoxy with
a broad absorption in the UV range and weak emission in the UV-
blue region. In the case of RE-doped nanoparticles, the dopants
are more at the surface of the nanoparticle compared to the vol-
ume, and the ions on the surface may be largely influenced by the
polymer chains in the epoxy. Hence, the epoxy molecules play a
significant role in determining the emission from the monoliths by
blocking the energy transfer. In Fig. 11b, the broad emission in the
blue band indicates that the energy is largely absorbed by epoxy
molecules to excite CaF2, while partially transferred to the Tb3þ

ions. A similar case is found with the codoped sample, as shown in
Fig. 11c, where both Tb3þ and Eu3þ emissions are low, and the
energy transfer from Eu2þ/Tb3þ/Eu3þ is significantly reduced.

The CL of epoxy/CaF2 composites is shown in Fig. 12. It is
interesting to note that the broad blue emission in PL disappears in
CL, indicating that high energy irradiation provides sufficient en-
ergy to overcome the interactions with epoxy molecules that
hinder the energy transfer. The CL emission reaches its maximum
when the particle loading is 10 wt% of the epoxy (Fig. 12a). As filler
loading is increased, the nanoparticles are placed close to each
other, so as the luminescent ions, creating an atmosphere for

Fig. 9. CL spectra of (a) Eu2þ-, (b) Tb3þ-, and (c) Eu3þ-doped 36 nm CaF2 particles.
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concentration quenching [38]. From the previous observations, it is
obvious that the CL emission from the monolith decrease with the
increase in the particle size, and the same holds true in the case of
monoliths with CaF2:5 Tb3þ and CaF2:5Eu2þe5Tb3þ nanoparticles
of different sizes, as shown in Fig. 12b and Fig. S16, respectively. The
CL confirms that with the high-energy irradiation, desired charac-
teristic emissions from the RE ions are achieved, enabling the
composites for high-energy radiation applications.

3.5. XPS analysis

To confirm the above postulations made on the PL and CL
emission characteristics of RE-doped CaF2 nanoparticles, we per-
formed XPS analysis on representative CaF2-5Eu2þ-5Tb3þ nano-
particles. The deconvoluted XPS spectra of four elements in the
nanoparticles are shown in Fig. 13(a�d). The deconvoluted core-

level spectrum of Ca 2p (Fig. 13a) shows that there are two lattice
sites of Ca present in the nanoparticles.We assume that the binding
energy (BE) peaks can be assigned to the Ca ions on the surface and
volume of the particles. The deconvoluted BE peak of Ca2þ ions in
the volume of the nanoparticles (CaVolume) exactly matches with
the previous reports [85], while the deconvoluted BE peak at the
higher energy corresponds to the Ca2þ on the surface of the
nanoparticles (CaSurface). Near the nanoparticle’s surface, as the
coordination number is slightly different to accommodate the
broken bonds on the surface, the different chemical potential is
induced. Similarly, the fluorine peak is also deconvoluted to two
states, corresponding to the ions in the lattice and interstitial
fluorine. In the deconvoluted spectrum, the interstitial fluorine has
a higher BE than the one in the lattice, as reported previously [86].

On analyzing the XPS spectrum of Eu ions, as shown in Fig. 13c,
the deconvolution reveals two contributions arising from a higher

Fig. 10. CL spectra of (a) 5 mol.% Eu2þ-doped and (b) 5 mol.% Eu2þ and 5 mol.% Tb3þ codoped CaF2 nanoparticles with different sizes.

Fig. 11. Effect of particle size on PL spectra of epoxy/CaF2:RE3þ composite monoliths (a) CaF2:Eu2þ, (b) CaF2:Tb3þ, and (c) CaF2:5Eu2þe5Tb3þ.

Fig. 12. Effect of (a) filler loading and (b) the particle size on CL emission from epoxy/CaF2:5 Tb3þ composite monoliths recorded under 5 kV, 50 nA electron beam.
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Eu2þ peak and a lower Eu3þ peak, although the sample is only
doped with Eu2þ and Tb3þ. The BE peaks observed in the Tb 3d
spectra, as shown in Fig. 13d, is assigned to 3d3/2 and 3d5/2 levels of
Tb3þ ions, and no other valence state of Tb is found.

4. Conclusions

In summary, we have synthesized CaF2 nanoparticles with var-
ied sizes and concentrations, and clarified the size and concentra-
tion dependence in photoluminescence and cathodoluminescence
emissions. All the RE dopants, such as Eu2þ, Tb3þ, and Eu3þ ions in
CaF2 host, exhibit their characteristic emissions. The intensity of
emission is increased as the size decreases due to the size effect for
single-doped particles, while the size showed an opposite effect in
codoped samples because of energy transfer. Mixed Eu2þ/Eu3þ

emissions are observed, although samples are doped with Eu2þ or
Eu3þ only. With Eu2þ and Tb3þ ions codoping, a strong red emission
is observed, which indicates bridging of Tb3þ ions for the energy
transfer from Eu2þ to Eu3þ ions. Such energy transfer is successfully
used to tune the emission color, which enhances the emission of
large particles reducing the size effect. The effects of size and
concentration are found to be pronounced in CL than PL. A charge
transfer between Eu2þ and Eu3þ is observed, and the presence of
such a charge transfer between Eu2þ and Eu3þ reduces the con-
centration quenching, while the absence of charge transfer shows
strong concentration quenching in CL. The PL emission from the
monoliths has a major contribution from the CaF2 host, due to the
interaction of polymeric chains of the epoxy in the energy transfer.
Such interaction hinders the energy transfer from the host to the
dopants in the PL process, while not in the CL because the high
energy electron beam can excite the individual ions. From the
present study, we confirm that embedding luminescent particles
into the epoxy matrix is a promising strategy to expand the ap-
plications for high-energy radiation detection.
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Dopant site-dependent luminescence from
rare-earth doped dibarium octafluorohafnate
Ba2HfF8 nanocubes for radiation detection†

Vineet Kumar,a Gibin George, a Jacob I. Hayes,a Yulin Lin,b Burak Guzelturk,c

Jianguo Wen b and Zhiping Luo *a

Development of new host materials containing heavy elements for radiation detection is highly

desirable. In this work, dibarium octafluorohafnate, Ba2HfF8, doped with rare-earth ions, was synthesized

as cube-shaped nanocrystals via a facile hydrothermal method. The host lattice contains two Ba2+

crystallographic sites, and dopants on these sites exhibit site-dependent photoluminescence (PL),

cathodoluminescence (CL) and X-ray excited radioluminescence (RL) characteristics. Single doping

contents were optimized as 25 mol% Tb3+ and 5 mol% Eu3+. In Ba2HfF8:Tb
3+–Eu3+ codoped nano-

crystals, preferrable occupation of Eu3+ and Tb3+ at two different Ba2+ sites in the host lattice was

observed. The nanocubes exhibited enhanced emissions over micron sized particles. In PL, the presence

of Tb3+ ions significantly enhanced the emission intensity of Eu3+ ions due to energy transfer from the

Tb3+ to Eu3+ ions, while under high-energy irradiation in CL or RL, Tb3+ emission was intensified. X-ray

induced RL with afterglow in seconds was observed. It was found that the codoped sample showed

higher sensitivity than the singly doped sample, indicating that codoping is an effective strategy to

develop a scintillator with this host structure for high-energy radiation detection.

Introduction

Inorganic fluorides are commonly used as host lattices for
luminescent rare-earth (RE) ions for applications in solid-state
lasing,1 scintillation,2 temperature sensing,3 optical sensing,4

etc. The key requirements of a host lattice for optical applica-
tions include low phonon energy and high chemical and
temperature stability. Fluorides are suitable for RE doping
due to their wide energy bandgap and therefore high optical
transparency in the visible and ultraviolet regions.5,6 In com-
parison with oxide-based systems, fluorides possess very low
lattice vibrational energies; as a result, the quenching of the
excited states of RE ions is minimal.7,8 Tb3+ and Eu3+ ions have
been used for various optical applications. In particular, the
emission from Eu3+ ions is used as a spectroscopic probe for
identifying the local structure,9,10 host–dopant energy transfer

dynamics,11,12 point group symmetry,13 etc. The luminescence
of Eu3+ is very sensitive to the local symmetry of its lattice site
and affected by the selection rules. The emission magnitudes,
induced by magnetic dipole (MD) transitions (5D0 - 7F1) and
electric dipole (ED) transitions (5D0 - 7F2), reveal different
crystallographic Eu3+ sites in the host lattice with distinct
site symmetry. Additionally, Tb3+ is an intense green-emitting
activator and acts as a sensitizer for codopants such as Eu3+ and
Sm3+ ions. Site-dependent Eu3+ and Eb3+ luminescence will be
addressed in this work.

Heavy elements with a high atomic number Z in a scintilla-
tor can absorb high-energy ionizing radiation.14,15 Previously,
numerous inorganic fluoride hosts doped with RE ions, such as
BaF2,

2 BaLuF5,
16 and LiBaF3,

17 have been investigated owing to
their characteristic luminescence behaviour for scintillation
applications. Tb3+ doped BaLuF5 nanocrystals were synthesized
by Cao et al.16 for X-ray imaging. The reported decay time for
Tb3+ emission was 2.88–4.02 ms, whereas Pr3+ doped BaY2F8
prepared by Andrade et al.18 exhibited a short decay time
around 70 ns associated with the 4f15d1 - 4f2 transition of
the Pr3+ ions. RE doped scintillators use dipole allowed
transitions between the 4fn and 4fn�15d1 states for a fast
scintillation decay time.19 However, the f–f transitions, which
are forbidden by the parity selection rule, are characterized by a
long lifetime.20 RE doped phosphors also exhibit a long-lasting
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luminescence activity, which is known as afterglow or persistent
luminescence. Yamamoto et al.21 found that the prolonged
emission lifetime in blue-emitting CaAl2O4:Eu

2+,Nd3+ and green
emitting SrAl2O4:Eu

2+,Dy3+ phosphors is likely governed by the
slow liberation of trapped charge carriers. Similarly, Liu et al.20

reported a complex CaZnGe2O6 oxide material that exhibits
afterglow up to 5 min under UV excitation, which resulted from
the recombination of electrons and holes trapped in the matrix
exciting the Tb3+ after the source is off.

Dibarium octafluorohafnate, Ba2HfF8 (BHF), with a density
of 6.05 g cm�3,22 is a potential scintillator host containing
heavy metal elements to absorb the radiation energy. RE doped
BHF can down-convert high-energy radiation to the UV or
visible region. To date, only one study of BHF luminescence
has been carried out by Li et al., in which the photoluminescence
(PL) properties of the BHF:Mn4+ fluoride phosphor for red light
emitting diodes were examined.23 Nevertheless, the doping of
RE3+ along with CL and RL in this host material for radiation
detection remains unexplored. In this research, BHF nano-
particles doped with Tb3+ and Eu3+ were synthesized, and their
PL, CL, and RL properties were studied and optimized. Dopant
site-dependent luminescence was found with this unique host
structure. Strong steady-state emission upon X-ray excitation
confirmed BHF as a brilliant scintillator, with afterglow for a
few seconds.

Experimental
Sample preparation

The starting materials used were BaCl2, TbCl3, EuCl3, HfO2,
hydrofluoric acid (HF, 40 vol%), and cetyltrimethylammonium
bromide (CTAB). In a typical synthesis procedure, CTAB (1.0 g)
was dissolved in 40 mL of deionized water, followed by stirring
for 1 h at ambient temperature. A 2.0 mL solution of 1.0 M
BaCl2 dissolved in deionized water was added dropwise into the
CTAB solution under vigorous stirring, followed by the addition
of 1.0 mL of 1.0 MHf4+ in 20 vol% HF solution. The mixture was
kept at room temperature and stirred for another 30 min before
being sealed in a Teflon-lined autoclave and aged statically at
160 1C under autogenous pressure for 12 h. The obtained
product was separated and washed with water and ethanol
repeatedly to remove any surfactants, and then dried at 100 1C
for 3 h. The Tb3+ and Eu3+ doped BHF samples were prepared
using the same procedure, except that the respective molar
percentages of TbCl3 and EuCl3 were added to replace BaCl2.
RE3+ was doped into the Ba2+ site, expressed as Ba2�x�y

HfF8:Tbx–Euy, where x and y are the fractions of Tb3+ and
Eu3+ ions, respectively. The synthesis method was slightly
modified to prepare micron sized particles for comparison:
no CTAB surfactant was used for the growth of micron sized
particles, and the other conditions were the same as those in
the nanoparticle synthesis. In this paper, all samples were
prepared as nanoparticles using this hydrothermal method
with CTAB, unless specifically indicated as micron sized parti-
cles without the use of CTAB.

Characterization

X-ray diffraction (XRD) was performed using a Rigaku MiniFlex
600 X-ray diffractometer in the range of 101–801 at an interval of
0.0251 and a scanning speed of 0.0751 min�1. Structure refine-
ment of XRD data was performed using the PDXL integrated
X-ray powder diffraction software. The samples were charac-
terized using a JEOL JXA-8530F field-emission electron probe
microanalyzer (EPMA), equipped with an X-ray energy-
dispersive spectrometer (EDS) for chemical compositional
analysis and an xCLent IV Advanced B Hyperspectral CL detector
for CL analysis. The imaging was done in the SEM mode using
the EPMA at 15 kV and 20 nA, while different voltages (5–30 kV)
were used to examine the electron beam power in the CL
measurement. Samples for transmission electron microscopy
(TEM) were prepared in pure ethanol solutions, which were
sonicated for 1 min and then dispersed on carbon-film sup-
ported grids. The grids were observed using an FEI Talos F200X
TEM/STEM instrument at 200 kV. The scanning TEM (STEM)
imaging was done in the STEMmode using a high-angle annular
dark-field (HAADF) imaging detector, and the elemental maps of
the selected elements were collected using the X-ray EDS signals.
The PL spectra of the powder samples were recorded using a
Shimadzu RF-5301PC spectrofluorophotometer at room tem-
perature. X-ray induced radioluminescence (RL) was measured
using time-resolved X-ray induced optical luminescence setup
at Beamline 11-ID-D in Advanced Photon Source, ANL, with an
X-ray energy of 11.5 keV.

Results and discussion
Phase identification and morphology

The powder XRD patterns of pristine and RE3+ doped samples
are shown in Fig. 1. Ba2HfF8 is isostructural to the orthorhombic
Ba2ZrF8 (JCPD 089-0863), with the Pnma (No. 62) space group.24

All reflections are indexed to the pure orthorhombic phase and
no impurity phase is observed even for the doped samples,
indicating that the RE dopants occupy the BHF lattice. The
charge difference between the trivalent RE3+ ions and the
divalent Ba2+ lattice site is possibly compensated through inter-
stitial fluoride ions, defect aggregation (cluster formation),25

Fig. 1 (a) XRD patterns of Ba2�xHfF8:Tbx samples; (b) demonstration of
peak shift with an increase in Tb3+ concentration, x.
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Hf vacancies,26 or even partial occupation on both Ba and Hf
sites as observed in other systems.27 The influence of Tb3+

incorporation on the structure of BHF can be observed by
examining the peak shift in the XRD pattern (Fig. 1b). With
the increasing Tb3+ dopant concentration on the Ba2+ site, the
most intense peak corresponding to the (211) plane at 2y =
25.241 shifts toward the higher angle side. The radii of Ba2+ and
Tb3+ are 1.47 and 1.09 Å, respectively, when compared in an
environment with a coordination number (CN) of nine. Hence,
upon the substitution of Ba2+ with Tb3+ ions, the unit cell
shrinks, leading to a shift of the XRD peaks toward a higher
angle.28 The diffraction intensity changes of some peaks are due
to changes in structural factors caused by the incorporation of
RE ions. The structure of Ba2ZrF8 was selected as the starting
model for Rietveld refinement (Fig. S1a, ESI†).24 A good fit
between the experimental and refined data was obtained, and
the refined structural parameters are listed in Table S1 (ESI†).
From the Rietveld refinement of Ba2HfF8, the lattice constants
are determined as a = 9.798 Å, b = 5.636 Å and c = 11.920 Å. The
changes in lattice parameters with the RE doping are listed in
Table S2 (ESI†). With an increase in the concentration of Tb3+

ions from x = 0.0 to x = 0.5, the lattice volume contracts
monotonically. The crystal structure of BHF is presented in
Fig. S1b (ESI†), and the coordination polyhedra of barium and
hafnium are shown in Fig. S1c–e (ESI†). In the lattice of BHF,
Ba2+ has two different coordination sites, namely Ba1 and Ba2,
surrounded by twelve and ten fluorine ions, respectively (Fig. S1c
and d, ESI†).

SEM imaging results reveal that, with the use of CTAB, the
samples synthesized using the hydrothermal method exhibit
cube-shaped nanoparticles, as shown in Fig. 2(a–d), for various
concentrations of Tb3+ ions, with the average size measured as
509 � 50 nm. However, there are some smaller particles. The
EDS analysis confirmed the stoichiometric presence of the
elements Ba, Hf, and F in the sample (Fig. 2e). However,
without the use of CTAB in the synthesis, larger particles that
are 1–2 mm in size with irregular shapes are obtained, as shown
in Fig. S3 (ESI†).

The TEM image of the Tb3+–Eu3+ codoped sample is shown
in Fig. 3a, confirming the nanocube shape. The selected-area
electron diffraction (SAED) pattern of a cube is shown in
Fig. 3b, indicating the single-crystal nature that is indexed to
the orthorhombic structure. From the high-resolution TEM
(HRTEM) image in Fig. 3c, it is observed that the cube edge
is along the (010) plane, so probably the cubes are grown along
the three orthogonal planes. TEM-HAADF imaging is further
used to characterize the elemental maps of the BHF:Tb3+–Eu3+

sample. Fig. 4a shows the HAADF STEM image, showing the
nanocubes. The elemental maps of Ba, Hf, F, Tb and Eu are
shown in Fig. 4b–f, respectively, exhibiting the uniform dis-
tribution of these elements over the BHF nanocubes.

Photoluminescence studies of Tb3+ and Eu3+

Steady-state normalized PL excitation (PLE) and PL spectra of
BHF:Tb3+ and BHF:Eu3+ are presented in Fig. 5. The major
bands of both samples are labelled with the corresponding

transitions. The UV-visible PLE spectrum of Ba1.5HfF8:Tb0.5
corresponding to Tb3+ emission (5D4 -

7F5) at 545 nm is shown
in Fig. 5a. In the PLE spectrum, the sharp absorption lines
represent the f–f transitions of Tb3+ from the 7F6 ground state to
the different excited states of Tb3+. Fig. 5a also shows the
emission spectrum of Ba1.5HfF8:Tb0.5 under 350 nm excitation.
The emission spectrum consists of f–f transitions within the 4f8

configuration of Tb3+, which are 5D4 -
7F6 (485 nm), 5D4 -

7F5
(545 nm), 5D4 - 7F4 (585 nm), and 5D4 - 7F3 (620 nm)
transitions. The strongest one is located at 545 nm corres-
ponding to the 5D4 - 7F5 transition of Tb3+. Fig. 5b shows
the UV-visible PLE spectrum of Ba1.9HfF8:Eu0.1 with the Eu3+

emission at 595 nm and the corresponding PL spectrum. The
several sharp peaks observed represent the f–f transitions of Eu3+

from the 7FJ ground state to different excited states of Eu3+. For
instance, the strongest transition line at 394 nm is associated
with the 7F0 - 5L6 transition. The emission curve in Fig. 5b is
due to the direct excitation of Eu3+ ions at 394 nm.

The emission from Eu3+ ions is highly sensitive to the
coordination environment of Eu3+ ions in the crystal structure.
As shown in Fig. 5b, the PL spectrum of Ba1.9HfF8:Eu0.1 consists
of two major peaks: one at 595 nm due to the 5D0 - 7F1 MD

Fig. 2 (a–d) SEM images of Ba2�xHfF8:Tbx samples (x = 0.0, 0.1 0.3, & 0.5,
respectively); (e) EDS spectrum of the as-synthesized BHF nanocubes.
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transition and the other at 615 nm due to the 5D0 - 7F2 ED
transition. There is no large difference in their intensities. The
MD transition is remarkable when Eu3+ is situated at a site that
coincides with a center of symmetry, and the ED transition is
remarkable when Eu3+ is situated at a site that lacks inversion
symmetry.29 As shown in Fig. S1 (ESI†), the Ba1 site is coordi-
nated by twelve fluorine atoms with different Ba–F bond dis-
tances, while Ba2 is coordinated by ten fluorine atoms with
slightly different Ba–F bond distances. The coordination poly-
gon of Ba1 is a cuboctahedron with Oh point symmetry, as
shown in Fig. S1c (ESI†), whereas Ba2 is an axially bisected
bicapped hexagonal prism with symmetry lower than Oh point
symmetry, as shown in Fig. S1d (ESI†). In BHF, Eu3+ ions that
occupy the Ba1 site with a center of symmetry exhibit 595 nm
emission, and the Eu3+ ions at the Ba2 site that lacks inversion

symmetry exhibit 615 nm emission. Therefore, in the Eu3+

singly doped sample, Eu3+ ions randomly occupy Ba1 and Ba2
sites, as there is no large difference in the intensities of these
two peaks. The 5D0 -

7F1 transition exhibits splitting of the 7F1
level, which directly reflects the crystal-field splitting of the 7F1
level. In a cubic crystal-field, the 7F1 level is not split, while, at
lower symmetry such as orthorhombic in BHF, the total
removal of crystal field degeneracies results in splitting in the
sublevels of 7F1.

30

Fig. 6a and b show the concentration-dependent PL spectra
of Ba2�xHfF8:Tbx (x = 0.1 to 0.6) and Ba2�yHfF8:Euy (y = 0.005 to
0.20), respectively. It is observed that the luminescence inten-
sities of Tb3+ and Eu3+ are enhanced with an increase in their
concentrations up to x = 0.50 and y = 0.10, respectively, and
then decrease with x or y, due to concentration quenching.
Concentration quenching is a well-known phenomenon in
luminescent materials31 because of the energy transfer between
identical Eu3+–Eu3+ and Tb3+–Tb3+ ions. Consequently, the
optimum dopant concentration is x = 0.50 (25 mol%) for Tb3+

and y = 0.10 (5 mol%) for Eu3+.

Tb3+ to Eu3+ energy transfer

The Tb3+ to Eu3+ energy transfer in the BHF lattice is investi-
gated in the present study. The overlap of the PLE band of Eu3+

and the PL band of Tb3+ in the spectral region of 300–500 nm
(Fig. 7) suggests that the Tb3+ ions may act as good sensitizers
for Eu3+ emission. In the excitation spectra recorded at 595 nm
of Eu3+ emission and 545 nm of Tb3+ emission of BHF:Tb3+–
Eu3+ nanocrystals (Fig. 7a), PLE bands are dominated by Tb3+

absorption bands except a new peak designated as the Eu3+

excitation peak, i.e. 394 nm (7F0 - 5L6). Fig. 7b presents the
emission spectra of Ba1.485HfF8:Tb0.50–Eu0.015 under excitation
at different wavelengths. Upon 394 nm excitation (5L6 of Eu

3+),
only Eu3+ exhibits emissions, and the emission peak positions
are similar to those of singly doped Ba2HfF8:Eu

3+ shown in
Fig. 5b, whereas, under 350 nm excitation (5DJ of Tb

3+), emis-
sions from both Eu3+ and Tb3+ can be detected. There were no
excitation peaks corresponding to Eu3+ ions at 350 nm (not
shown here), confirming that Tb3+ can partially transfer excita-
tion energy to Eu3+ via its excitation of the 4f state. It was
observed that the intensity of Eu3+ emission under 394 nm
excitation is lower than that under 350 nm excitation, which is
correlated with the respective excitation spectra. This observa-
tion indicates that direct excitation into the 5L6 energy level of
Eu3+ in this host is not efficient, while Tb3+ acts as a sensitizer
for efficient Eu3+ emission through Tb3+ - Eu3+ energy trans-
fer. Interestingly, the codoping of Tb3+ ions influences the
occupation of Eu3+ at the Ba2+ lattice site of BHF. As compared
to the PL of BHF:Eu3+ nanocrystals (Fig. 6b), the emission at
615 nm (5D0 -

7F2) is much reduced compared to the emission
at 595 nm (5D0 - 7F1) with the codoping of Tb3+ ions in the
host lattice.32 This observation implies that the Eu3+ ions
preferentially occupy a more symmetric Ba1 site (CN = 12),
and Tb3+ ions occupy the relatively compact Ba2 (CN = 10) site,
due to the smaller ionic radius of Tb3+ than that of the Eu3+

ions.32 As a result, the Eu3+ emission at 595 nm is more

Fig. 3 (a) TEM image, (b) SAED pattern, and (c) HRTEM image showing the
cube edge along the (010) plane of the orthorhombic structure.

Fig. 4 (a) TEM-HAADF images and (b–f) the corresponding elemental
maps by EDS analysis of BHF:Tb3+–Eu3+ nanocubes.
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significant than that at 615 nm emission in Tb3+–Eu3+ codoped
nanocrystals.

Fig. 8 shows the emission spectra of Ba1.5�yHfF8:Tb0.50–Euy
upon excitation using a 350 nm source. With an increase in the
Eu3+ concentration (y), the emission intensity of Eu3+ increases,

whereas that of the Tb3+ ions rapidly decreases, further indicat-
ing the energy transfer from Tb3+ to Eu3+. The absolute

Fig. 5 Normalized excitation and emission spectra of (a) Ba1.5HfF8:Tb0.5 and (b) Ba1.9HfF8:Eu0.1.

Fig. 6 Emission spectra of (a) Ba2�xHfF8:Tbx (lex = 350 nm) and (b)
Ba2�yHfF8:Euy (lex = 394 nm). The insets show the variation in intensity
of 545 nm and 595 nm peaks.

Fig. 7 Excitation (a) and emission (b) spectra of Ba1.485HfF8:Tb0.50–
Eu0.015.

Fig. 8 Normalized emission spectra at various Eu3+ concentrations in
Ba1.5�yHfF8:Tb0.50–Euy under 350 nm excitation.
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emission colors have changed continuously due to different
ratios between the green band emission from Tb3+ ions and the
orange-red emission from Eu3+ ions. At an Eu3+ concentration
of y = 0.020, the total emission intensity is slightly lower than
that at y = 0.015, and thus the optimized emission intensity is
observed around y = 0.015. Fig. S4 (ESI†) shows the Commis-
sion Internationale de L’Eclairage (CIE) coordinates of the
above series of samples. From Fig. S4 and Table S3 (ESI†),
one can observe that the absolute emission is insignificant at
Eu3+ concentrations above y = 0.002. In the codoped Ba1.5�y

HfF8:Tb0.50–Euy nanocrystals, as mentioned previously, the
5D0 -

7F2 (615 nm) transition is weaker in comparison to the
5D0 - 7F1 (595 nm) transition, and an orange luminescence
color is observed.33

The PL emissions of nanocubes and microparticles with the
same composition as that of Ba1.485HfF8:Tb0.50–Eu0.015 are
compared, as shown in Fig. 9. Although the emission band
features are the same, the emission from nanocubes is much
intensified compared to that from micron sized particles due to
their increased surface area with more active dopants on the
surfaces.6

Cathodoluminescence

The CL properties of BHF:Tb3+, BHF:Eu3+, and BHF:Tb3+–Eu3+

luminescent nanocrystals are examined, as shown in Fig. 10a.
For comparison, the PL emission spectra of the corresponding
samples are also shown in Fig. 10a. It is observed that the CL
spectrum of singly doped Tb3+ ions is similar to the PL
spectrum, except for two new blue-emitting peaks at 415 nm
and 437 nm, which are attributed to 5D3 -

7F5 and
5D3 -

7F4
transitions, respectively. The probable reason is the presence of
high energy charged particles exciting the blue band of the Tb3+

ions efficiently. For the Eu3+ singly doped sample, the 615 nm
emission (5D0 - 7F2) in the CL spectrum is more intensified
than the 595 nm emission (5D0 - 7F1), when compared to its
PL spectrum. The difference between the PL and CL emission
bands may be related to the different excitation mechanisms of

the CL and PL processes.34 Under electron beam irradiation,
apart from the direct excitation of the dopant ions, charge
transfer and host lattice assisted excitation occur.35–37 In the
BHF lattice, Ba1 is surrounded by twelve F� ions while Ba2 by
ten F� ions, and thus the Ba2 site is probably more accessible to
electrons for excitation, causing enhanced 615 nm emission
from Eu3+ at the Ba2 site. In the Tb3+–Eu3+ codoped sample, the
CL emission spectrum shows strong Tb3+ emission (545 nm)
besides the Eu3+ emitting lines, in contrast to the PL emission,
where Tb3+ emission is weak due to the efficient Tb3+ to Eu3+

energy transfer. During the high-energy excitation, there are
sufficient secondary electrons generated by the high-energy
source enable the highest intensity of Tb3+ ions embedded in
the lattice. Since the content of Tb3+ is much higher than that
of Eu3+, not all the portion of the Tb3+ ions energy be transfer to
the Eu3+ ions.38 Hence the Tb3+ emission is not quenched in the
presence of the Eu3+ ions under CL excitation. This feature can
be potentially used to distinguish between high energy radia-
tion and UV rays. The chromaticity coordinates are calculated
from the spectra of the BHF:Tb3+–Eu3+ sample. Under electron
beam excitation, the chromaticity coordinates are determined
to be x = 0.3759 and y = 0.4316, which are in the green zone
(Fig. S5, ESI†). In contrast, under UV excitation, the chromati-
city coordinates are determined to be x = 0.5350 and y = 0.4036,
which are in the orange zone. Therefore, the BHF:Tb3+–Eu3+

based phosphor may serve as a potential candidate to distin-
guish UV light from ionizing radiation.

The effects of source electron energy on the emission
intensities of BHF:Tb3+, BHF:Eu3+, and BHF:Tb3+–Eu3+ were
evaluated by varying the voltage from 5 to 30 kV. The integral
intensities of the major emission peaks with varying voltage are
plotted in Fig. 10b and Fig. S5 (ESI†). The depth of penetration
of the incident electrons is proportional to the accelerating
voltage.33 With an increase in accelerating voltage, more
secondary electrons are produced by the incident electrons,
resulting in more RE3+ ions being excited with higher CL
intensities. No saturation voltage occurred in the experimental
observation range. On comparing the Tb3+ singly doped and
Tb3+–Eu3+ codoped samples with the same Tb3+ content, it is
observed that the Tb3+–Eu3+ codoped sample is more sensitive
to the electron beam power showing higher intensities at
higher radiation energies, possibly due to the fact that Eu3+

occupies the Ba1 site yielding more Tb3+ at the Ba2 site, which
favors the emission excited by secondary electrons.

Radioluminescence

Under X-ray excitation, the samples exhibit excellent RL emis-
sions, as shown in Fig. 11a, from the selected BHF:Tb and
BHF:Tb–Eu nanocubes. As discussed in the previous CL section,
the fundamental luminescence mechanisms by UV and high-
energy radiation are different. For X-ray excited RL, in contrast to
the direct optical excitation wherein an electron within an
activator is directly excited from the 4fn - 4fn�15d1 levels, the
X-ray excitation process is mainly defined as follows: the sec-
ondary electrons are first generated in the host lattice by
absorbing the X-ray energy, which subsequently directly or

Fig. 9 Comparison of the PL emission of the nanocubes and micro-
particles with the composition Ba1.485HfF8:Tb0.50–Eu0.015.
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indirectly excite the luminescent centers in the host.39 The
characteristic emission bands of Tb3+ and Eu3+, as observed in

Fig. 11a, are clearly consistent with the emissions from RE3+

ions.40

Fig. 11b shows the time-resolved RL spectra of BHF:Tb–Eu.
The emission spectra were recorded in time gates of 0–7 s after
the excitation X-ray shot, at a time interval of 500 ms, but only
plotted at intervals of 1 s in the figure. The spectra show the
afterglow phenomenon in the visible region. The emission
intensity decreased two-fold in the first second and change
slowly afterward from 2 to 7 s. This indicates the presence of at
least two decay components: one is in seconds and the other is
comparatively faster in ms. Preeti et al.41 have reported the
luminescence decay of Tb3+ ions in NaYF4 with an average
lifetime of B4 ms. Similarly, Chen et al. have reported the
543 nm (5D4 - 7F5) emission of the Tb3+ ions under X-ray
excitation in the ms range (2.7–3.3 ms) for Na5Gd9F32.

42 The
afterglow emission could be due to the capture of electrons by
energy traps when excited by X-rays.43,44 This material with
X-ray afterglow characteristics could be used for potential
future applications in high-energy radiation detection.

Conclusions

A facile hydrothermal method was used to prepare cube-shaped
Ba2HfF8 nanocrystals, and the PL, CL and RL properties of
singly and binary RE-doped Ba2HfF8 were studied in detail. The
single doping was optimized to be 25 mol% for Tb3+ and
5 mol% for Eu3+. The host lattice contains two Ba2+ sites: Ba1
and Ba2, surrounded by twelve and ten fluorine ions, respec-
tively. The luminescence characteristics were found to be
dependent on the dopant site of this host structure. In the
singly doped samples, RE ions randomly occupy the Ba2+ sites,
while in the Tb3+–Eu3+ codoped samples PL emissions suggest
the preferrable occupation of Eu3+ on Ba1 and of Tb3+ on Ba2.
Tb3+ acts as a sensitizer for Eu3+ ions, resulting in enhanced
emission from Eu3+ ions under UV excitation. The nanocubes
with a smaller size exhibited stronger emission compared to
the micron sized particles. However, in the CL and RL spectra

Fig. 10 (a) CL (colored) and PL (single line) spectra of singly doped Ba1.5HfF8:Tb0.50 and Ba1.9HfF8:Eu0.1 and codoped Ba1.485HfF8:Tb0.50–Eu0.015;
(b) integral emission intensity as a function of electron beam energy in the range of 5–30 kV.

Fig. 11 (a) Normalized RL emission spectra of Ba1.5HfF8:Tb0.50 and
Ba1.485HfF8:Tb0.50–Eu0.015 under X-ray excitation; (b) afterglow spectra
of Ba1.485HfF8:Tb0.50–Eu0.015 recorded at a slow time-gate (s). The inset
shows the time-resolved RL at longer times of the same sample.
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under high energy irradiation, the Tb3+ emission becomes
intensified, causing the chromaticity shift from the UV-excited
orange zone to the green zone. The X-ray excitation induced
excellent emissions and afterglow was observed. The codoped
sample was found to be more sensitive than the singly doped
sample in the higher energy radiation range, indicating that
codoping is an effective strategy to develop a scintillator with this
host structure for high-energy radiation detection.
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1039 – Morphological and Compositional Characterization of Electrochemically 
Active Perovskite Oxides for Sensing Biological Molecules† 
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Lanthanum based perovskite oxides with the general formula LaBO3 (B=Co, Ni, Fe, Mn) are promising 
electroactive materials, and have been extensively reported as electrodes for supercapacitors, fuel cells, 
batteries, water splitting, gas sensing, etc., due to the unique characteristics caused by the presence of 
transition metal at the B-site. [1-5] The electrochemical characteristics of the perovskite structured 
materials can be improved by inducing the oxygen vacancies and combining different transition metals, 
resulting a general formula A1-xA′xB1-yB′yO3 (A = La, Pr, Gd, etc.; A′= Sr, Ba, Ca, etc.; B=B′=Co, Ni, 

Fe, Mn).[6] Additionally, architecting the size of these materials to the nanoscale domain can increase 
the electrochemical performance tremendously. Therefore, in the present work, we fabricated La1-

xSrxB1-yB'yO3 (B'=B''=Co, Ni, Mn) nanofibers through a sol-gel assisted electrospinning process. The 
morphological and compositional features of the representative nanofibers were evaluated using an 
electron microprobe and the sensitivity towards glucose, a common biomolecule, was tested by cyclic 
voltammetry. La1-xSrxNi1-y-zMnyCozO3 (B = B'= B''=Co, Ni, Mn) nanofibers were fabricated in three 
steps: (1) preparation of electrospinnable solution containing the stoichiometric quantities of metal salts 
and gel-forming medium; (2) fabrication of precursor composite fibers by electrospinning process; and 
finally (3) calcining the precursor composite fibers above the degradation temperature of the volatile 
components. The electrospinnable precursor solution was prepared by dissolving 0.07 M of 
stoichiometric quantities of the metal nitrates in a 20 mL 50/50 ethanol/N,N-dimethylformamide solvent 
mixture. Then 2.0 g of polyvinylpyrrolidone (PVP) (molecular weight ~1,200,000 g/mol) was added to 
the above solution and stirred vigorously for 12 h to ensure uniform mixing. The electrospinning was 
conducted at atmospheric conditions with an applied voltage of 15 kV, a flow rate of 300 mL/h, and a 
spinneret to collector distance of 17 cm. The xerogel fibers obtained through the electrospinning process 
were subsequently calcined at 700 °C in air for 5 h at a ramp of 2 °C/min to get the resulting perovskite 
nanofibers. Samples were coated with carbon and analyzed in a JEOL field-emission JXA-8530F 
EPMA, which was equipped with an SDD X-ray energy-dispersive spectrometer (EDS) and five 
wavelength-dispersive spectrometers (WDSs). The nanofibers was covalently immobilized on a carbon 
paper electrode surface to be used as a working electrode to detect glucose with cyclic voltammetry in 
the range of 0.2 - 0.7 Volt (v.s. Ag/AgCl) (CH Instruments Model 440 potentiostat, 3-Electrodes 
systems: Nanofiber-modified carbon electrode as working, platinum wire as counter, and Ag/AgCl, KCl 
(1M) as reference electrode). Fig. 1a shows the SEM images of representative La1-xSrxNi1-y-zMnyCozO3 
nanofibers after calcination. A high aspect ratio of the nanofibers with an average size of < 150 nm was 
observed. The EDS analysis, as shown in Fig. 1b confirmed that the composition of the obtained fibers 
has significant peaks arising from the respective La, Sr, Co, Ni, Mn, and O elements. WDS analysis was 
also performed to confirm the elemental composition using different crystals, which was shown in Fig. 
2. The sensitivity toward glucose was evaluated by comparing the anodic peak current of the cyclic 
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voltammograms for the representative La1-xSrxNi1-y-zMnyCozO3 nanofibers, which exhibited a 
sensitivity of 786 mA/M.  
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Figure 1. Fig. 1 (a) SEM; (b) EDS spectrum of representative electrospun La1-xSrxNi1-y-zMnyCozO3 
perovskite nanofibers. 

 
Figure 2. Figure 2. WDS spectra of three crystals of representative electrospun La1-xSrxNi1-y-
zMnyCozO3 perovskite nanofibers. 
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Comparison of Cathodoluminescent Emission from Scheelite and Wolframite 
Structured Electrospun Tungstate Nanofibers 
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Tungstate with the general formula AWO4 is promising optical material with a characteristic blue-green 

emission under UV irradiation, originating from ligands [1]. The A-site in AWO4 compositions are 
occupied by divalent metal ions such as Ba, Ca, Sr, Zn, Mg, etc. Based on the ionic size of A-site cations, 
AWO4 materials adopt two different crystal structures, and they are called as scheelites and wolframites, 

respectively. The scheelite structure is composed of a three-dimensional framework of vertex sharing AO8 

polyhedra and BO4 tetrahedra [2] resulting in a tetragonal symmetry, as shown in Fig. 1(a). Scheelites are 

formed when elements occupy the A-site with a large ionic radius, especially alkaline earth metals (Ca2+, 

Ba2+, Sr2+, etc.). The wolframites adopt a monoclinic crystal structure composed of AO6 and WO6 
octahedra as shown in Fig. 1(b), and the wolframite structures are formed when the A-site is occupied by 
smaller ions, mainly transition metals (Co2+, Fe2+, Mn2+, Ni2+, Zn2+, etc.) [3]. In this work, representative 

scheelite and wolframite AWO4 (A = Sr and Mg) nanofibers doped with RE3+ ions are fabricated using 
sol-gel assisted electrospinning technique. The cathodoluminescent (CL) emission from these nanofibers 
is compared to understand the effect of structure and the RE3+ dopants on the CL emission. The nanofibers 
are fabricated through a sol-gel assisted electrospinning process [4]. The process involves two steps; in 
the first step, the precursor composite nanofibers are fabricated using an electrospinning process, and later, 
the fibers are calcined at a high temperature. The electrospinnable precursor solution for the fabrication 
AWO4 nanofibers is prepared by dissolving 0.07 M ammonium metatungstate and 0.07 M metal acetate 

salt in a 20 mL 20/40/40 mixture of H2O/ethanol/N,N-dimethylformamide solvent solution. Then 2.0 g of 
polyvinylpyrrolidone (PVP) (molecular weight ~1,200,000 g/mol) was added to the above solution and 
stirred vigorously for 12 h to ensure uniform mixing. The electrospinning was conducted at atmospheric 
conditions with an applied voltage of 18 kV, a flow rate of 300 mL/h, and a spinneret to collector distance 
of 17 cm. The xerogel fibers obtained through the electrospinning process were subsequently calcined at 
700 °C in air for 5 h at a ramp of 2 °C/min to obtain the tungstate nanofibers. Samples were coated with 
carbon and analyzed in a JEOL field-emission JXA-8530F EPMA, which was equipped with an SDD X-
ray energy-dispersive spectrometer (EDS) and xCLent cathodoluminescence (CL) spectrometer. Fig. 1 (c, 
d) shows SEM images of AWO4 nanofibers after calcination. One can observe the high aspect ratio of the 
nanofibers with an average size of < 150 nm. The EDS analysis, as shown in Fig. 1(e, f) confirms that the 
composition of the obtained fibers has significant peaks arising from the respective A, W, and O elements. 
On comparing the CL emission from the nanowires in Fig. 2(a, b), the scheelite structured nanofibers 
exhibit emission characteristics to the RE3+ ions. However, the emission from the wolframite nanofibers 

is from their lattice. The RE3+ dopant ions are not occupying the expected A-site in the lattice of 

wolframite nanofibers due to the large mismatch of the A-site and RE3+ ionic sizes. The strong emission 
of CL enables these materials for high-energy radiation detection [5, 6]. 
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Figure 1. (a) and (b) Crystal structure, (c) and (d) SEM images, and (e) and (f) EDS spectra of scheelite 
and wolframite structured nanofibers. 

 
Figure 2. Cathodoluminescence spectra of (a) scheelite structured and (b) wolframite structured 
nanofibers. 
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a  b  s  t  r a  c t

Failure mode  effects  and criticality analysis  (FMECA)  is widely  used,  by  developing a Risk Priority Number
(RPN), to identify  the  failure  modes and  to  prioritize them. But this  has  been  extensively  criticized due
to several  drawbacks  in  the  literature.  This  issue  can be  solved  partly by  using Fuzzy  FMECA  (FFMECA)
although Fuzzy logic  itself  has  been  criticized of  having  a direct bearing  on subjectivity.  This  paper makes
use  of Dempster-Shafer  Theory  (DST)  of evidence-a  proper  mathematical  framework  to deal  with  the
epistemic  uncertainty  often  affecting  the  input evaluations  of risk parameters.  DST based  FMECA  is capa-
ble  of providing an  appropriate,  precise  and fault-free, failure  mode  prioritization.  Belief  and  Plausibility
distributions  are  used to  synthesize  the  obtainable  information  and  to make  them  useful for  the  purpose.
The  results obtained  from  DST-FMECA  is  compared  to  the  results  drawn  from the  FFMECA  applications
(already conducted  in the liquefied  natural  gas  (LNG)  storage  facility)  to validate FFMECA  and vice versa.
The comparative  results  presented  in this  paper  establish  the  capabilities of both the  approaches, espe-
cially in a complex  system  like the  LNG storage  and  similar facilities where  even a  minor  failure  may  lead
to catastrophic  effects.

© 2020  Institution  of Chemical  Engineers. Published by  Elsevier  B.V.  All rights  reserved.

1. Introduction

Failure Mode and Effect Analysis (FMEA) is a well-organized
method for the analysis of a process/system to identify the pos-
sible failure modes, their causes and effects on the performance of
the system (International Electrotechnical Commission, 2006). It is
usually carried out by  a  multi-disciplinary team of specialists with
the aim of supporting the risk manager in  the identification of fail-
ure mode and to pay attention in order to improve the performance
of the entire system/process. While considering the criticality of the
failure modes, FMEA is  termed as Failure Mode Effect and Criticality
Analysis (FMECA).

FMECA is conducted in two sections (i) recognize the vari-
ous failure modes and its impacts through FMEA (ii) categorize
the failure mode by the severity and its probability of occurrence
(Bowles and Peláez, 1995). Three main parameters are used while
performing an FMEA. They are occurrence (O) which is the prob-
ability of accident occurrence, severity (S) which addresses severe

∗ Corresponding author.
E-mail address: manojkalathil1513@gmail.com (M.J. Kalathil).

implications due to failure modes and non-detection (D) which is
responsible for the likelihood of failures not detected before they
occur (Cameron et al., 2017). The product of  the three features men-
tioned above (i.e. O ×  S  × D) is  known as risk priority number (RPN)
which provides the degree of a  risk.

Many researchers have pointed out the limitations of the tra-
ditional RPN and in  most of the FMEA evaluation, the comparative
significance of O, S and D is not considered (Wang et al., 2009; Chin
et al., 2009). Liu et al. (2013) discovered that distinct combinations
of O, S  and D could generate precisely the same RPN value, but
their hidden consequences of risk could be quite distinct from one
another. Liu et al. (2013) also outlined that the mathematical for-
mula for calculating RPN is questionable and debatable. However,
there can be multiple failure modes and their risks and effects may
be varying in  intensity.

To ignore subjectivity from expert judgment is hard. While one
expert considers it as of high quality, another may  conceive it as
doubtful. Furthermore, two experts may  approve that the assess-
ment is  of adequate quality, the same experts may continue to rank
it considerably dissimilar on the basis of the degree of their under-
standing of what is meant by ‘acceptable’. Therefore, a  little care has
to be taken over the case when so many experts give different risk

https://doi.org/10.1016/j.psep.2020.03.042
0957-5820/© 2020 Institution of Chemical Engineers. Published by  Elsevier B.V. All rights reserved.
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evaluations to  one failure mode, some of them may  be imprecise
and uncertain. In such cases the traditional RPN may  not  be proved
an adequate tool for a  risk evaluation. When there is  uncertainty
about information, precise evaluations of O, S  and D, are not possi-
ble. Uncertainty is an integral part of the risk assessment process,
and they are of two types, namely the aleatory uncertainty and the
epistemic uncertainty (Ferson and Ginzburg, 1996). The epistemic
uncertainty arises from the insufficient knowledge about the sys-
tem; whereas, the aleatory uncertainty arises from the randomness
in the behaviour of the system under study. In process industries
like liquefied natural gas (LNG) terminal, complexities are very high
and any unforeseen failure in  the process will, no doubt, affect the
entire system and the nearby environment as well. In such cases
the Risk Priority Number (RPN) has been widely used to determine
the risk priority order of the failure modes.

Recent studies show that Dempster-Shafer Theory (DST) of evi-
dence and Evidential Reasoning (ER) can be combined to enhance
the performance of conventional FMEA/FMECA. The probability
theory is a  strong mathematical tool that deals with the aleatory
uncertainty whereas the variability is best represented by probabil-
ity distribution function Dutta (2015). However, probability theory
cannot represent the epistemic uncertainty that may  affect the risk
parameters. The DST of evidence commonly represents epistemic
uncertainty rather than the probabilistic approach especially when
the information is subjective. Full and fair information about the
system or  the process is  not  a  mandatory in the evidence theory.
It  is not at all necessary to go for further assumptions even if the
available knowledge is sparse or inadequate. DST of evidence has
been used to quantify the imprecision and vagueness in  reliability
and failure analysis. It  can be used when the information is either
vague or  subjective, e.g. an expert’s opinion which is  the advantage
of DST over the probability theory (Curcurù et al., 2012). A  result ori-
ented and strategic methodology in the risk modelling approaches
that would provide earlier warnings are very helpful in  preventing
and controlling or at least mitigating very dangerous events. This is
very evident and is  a living example in the Bhopal gas disaster that
occurred due to a  combination of dangerous and faulty designs and
defective operations (Yang et al. (2015a).

This paper refers to the DST based FMECA, performed in an
LNG storage facility located in South India, with the objective of
the prioritization of failure modes. Further, the obtained results
are compared to  the results of FFMECA which had already been
conducted by  Renjith et al. (2018).

2. Literature review

Ambiguity is  an unavoidable part of any risk assessment process
when it is being carried out using models, and model is a function
of constraints stained with uncertainties. The identification of haz-
ards termed as ’safety brain storming’ is done using the question
’what can go wrong? ’. The process safety measurements which is
termed as ’risk’ is described by a combination of two questions,
’how bad an accident would be? ‘and ’how often could it happen?
‘(Khan et al., 2015). Often there may  be very rare events that might
cause unpredictably fatal casualties. Risk analysis of such events is
a very difficult job due to  the lack of pertinent data to  serve as a
basis for probabilistic risk evaluation (Yang et al., 2015b). Casual-
ties in complex engineering systems need not  be often due to linear
interactions of several accident prone factors. Traditional accident
models usually use a  sequential approach of fault and event trees to
foresee cause-consequence relationship, and they are  often unable
to visualize real interactions that have limited expectancy of acci-
dents (Adedigba et al., 2016). In offshore Oil and Gas industry
processing equipment face grave risks in  harsh and incongruous
environment. If the reliability of the machinery is  impaired it may

become hazardous both to the personnel and to the equipment as
well (Deyab et al., 2018).

FMECA quantifies the risk by using RPN, which have several
shortcomings as discussed earlier. To overcome the limitations
of FMECA, several models were developed and analysed. Based
on the literature studies Liu et al. (2013) classified the methods
used to overcome the limitations of the conventional RPN in to
five groups (i.e. Mathematical Programming (MP), Multi-Criteria
Decision Making (MCDM) methods, Hybrid methods, Artificial
Intelligence (AI), and others).

The identification of the hazards in process and probable sit-
uation is subjected to  failure. Even though the method is  labor
intensive, Fuzzy FMCA enhances the efficiency of hazard identi-
fication and scenario definition. Fuzzy set theory was  originally
presented by Zadeh (1965),  but later together with Bellman and
Zadeh (1970),  it was further expanded to  a  general framework for
decision making. Though fuzzy logic is  mainly used for the quantifi-
cation of the ambiguities in the interpretations (Mays et al., 1997).
Fuzzy logic facilitates an effortless execution of control methodolo-
gies used by human administrators (Yen and Langari, 1999). Khan
and Abbasi (1999),  applied Fuzzy Set Theory into the Fault Tree
Analysis (FTA) in order to  get rid of the ambiguity in the prob-
abilistic hazard assessment. Using fuzzy logic is very effective in
modelling ambiguity and subjectivity involved in  the assessment
of certain variables, and also in connecting quantitative data with
qualitative information (Gentile et al., 2003). Ferdous et al. (2009)
came forward suggesting the implementation of  Fuzzy weighed
index and cut sets importance measure insensitivity analysis in  the
system design modifications and probabilistic risk analysis. The
Fuzzy Fault Tree (FFT) risk analysis has extensive applications in
offshore oil and gas industry. It is mainly used to  formulate an
overall preventive and mitigating method (Ferdous et al., 2009;
Lavasani et al., 2011). A group of experts interpreted the probabil-
ity of occurrence of the failure components linguistically and these
were converted into numerical values using fuzzy logic (Renjith
et al., 2010). Yang et al. (2011a) puts forth a  mixed strategy to  pri-
oritize the environmental issues in  offshore oil and gas operations
by combining Fuzzy Inference System (FIS) and Fuzzy Analytic Hier-
archy Process (FAHP). One of the chief merits of fuzzy logic method
is its capabilities to deal with inexact and insufficient data and at
the same time to  avoid looking for numerical values. It  can take in
linguistic variables as inputs and provide with a conclusion, which
may  be a  well-defined linguistic variable (Petrović  et al., 2014).

Fuzzy logic may  be convenient, when the uncertainties are
caused by lack of information (Urbina and Aoyama, 2017; Hong
et al., 2016; Zhang et al., 2017). It  can also be applied well for the
presentation of subjective, linguistic and vague data and informa-
tion efficaciously (Chang et al., 2018). George et al., 2019 used Fuzzy
logic in  FMECA studies to prioritize RPN values connected with
probable failures of unloading facility of LNG terminal.

Evidence theory plays a  vital role in  the tackling of the uncer-
tainties especially when varying degrees of engineering expertise
is required in the decision making process (Yang and Kim, 2006).
Instead of the expertise of a  single specialist, the expertise of  a
team of specialists can give absolutely dependable information con-
ducive to a  perfect data analysis (Ayyub, 2001). It  is  quite useful for
a  multi-valued judgment on the inputs for risk calculation and has
been widely used in  the reliability field. The elicited values of O,
S and D by the professionals that are in the interval or crisp form
are expected to  be credible and reliable (Ayyub and Klir, 2006).
To treat the incomplete or inconsistent data in reliability studies,
Simon et al. (2007) used the DST of evidence and Bayesian network
tools. This method can be  used to extract a  considerable amount
of information from the available data. Bae et al. (2004) proposed
the cost-interval based effective algorithm to improve the com-
putational cost and made use of DST of evidence in the structural
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engineering design based on uncertainty quantification analysis.
Limbourg et al. (2007) used the applicability of DST of evidence that
combines probabilistic uncertainty and interval-based modelling
on a  Fault Tree analysis from the automotive area.

In failure mode prioritization, based on different vagueness
such as intervals, ignorance or incomplete assessment, the rela-
tive importance of the risk factors is  considered for the assessment
of failure mode priority Chin et al. (2009).  DST is made suitable
to gather different experts’ opinions and to prioritize the failure
modes, and the random theory is used to obtain the mean value of
RPNs to  compare the failure modes.

To accommodate the imprecise or vague input data Popescu
et al. (2010) used the DST of evidence theory and it defines the
vagueness of the hypothesis by  using the belief interval. Curcurù
et al. (2012) uses evidence theory to gather the different evaluations
of risk by considering multiple experts’ opinion that is  assumed
to be crisp and independent of one another. Su  et al. (2012) sug-
gests a  better and improved way to  develop Basis Belief Assignment
(BBA) for risk evaluations. Talavera et al. (2013) puts forward a still
better and novel method of uncertainty quantification and propa-
gation using DST, caused by  using Automatic Identification System
(AIS) data. Accurate assessments of Severity (S), Occurrence (O)
and Non-detection (D), are not accessible, when there is vague-
ness of information and the RPN cannot be used to measure the
effectiveness in corrective actions taken. Thus, by applying the
Dempster-Shafer theory in FMECA, the risk prioritization can be
done much more accurately (Certa et al., 2017).

Fuzzy sets and theory of evidence have proved to be very effec-
tive and results oriented in  handling and interpreting uncertainties
in expert judgment in the risk analysis (Cheng, 2000; Sentz and
Ferson, 2002; Wilcox and Ayyub, 2003; Bae et al., 2004; Agarwal
et al., 2004; Ayyub and Klir, 2006). Ferdous et al. (2009) discussed
how to  deal with an uncertainty that goes with the event lead-
ing to the end of the event. A fuzzy based approach was used to
tackle the imprecisions and subjectivity, and the theory of evidence
was applied to  treat unpredictable, imperfect and conflicting infor-
mation. To overcome the inadequacies of the conventional RPN
method, we use the DST of evidence to make the FMECA analysis
faultless.

3. Materials and methods

The primary objective of this work is  the prioritization of fail-
ure modes by  using DST based FMECA and to  make a comparative
study with Fuzzy based FMECA. In earlier days, though Fuzzy logic
has been criticized of having a strong bearing to subjective results,
recent research has made it a popular technique due to its capabil-
ity of hazard identification and for eliciting efficient information in
complex uncertain environment helping risk assessment process.
Fuzzy logic is  based on the probability hypothesis in the conversion
of crisp input to  fuzzy input which has to be  treated by referring
to the state of fuzzy rule base formed by  experts. The characteriza-
tion of occurrence, severity and non-detection relationship and the
associated risk are developed by  if-then rule base and experts’ opin-
ion Renjith et al. (2018).  Crisp rating of O, S and D, are fuzzified and
appropriately used in the if-then rule  base. Based on the truth-value
of the rules in  their grounds Fuzzy conclusion set was  derived. The
weighted mean of the maximum procedure as the ranking value of
the risk priority was used to de- fuzzify the fuzzy conclusion.

DST of evidence was first introduced by Dempster (1967) and
later Shafer (1976),  developed it as a  mathematical theory of evi-
dence for finding epistemic uncertainty. The risk priority number
(RPN) is  calculated for each failure mode considering all the avail-
able combinations, and thereby a  multiple-value characterization
is obtained for the RPN value of that failure mode. The risks are

Fig. 1. Belief and Plausibility relationship.

ranked based on the RPN values. The DST of  evidence uses the Belief
and Plausibility distributions for failure modes’ prioritization. Once
these distributions are  used, failure modes having the same RPN can
be prioritized based on  their belief value as the plausibility value
is set as a constant. The bigger belief value is, the more critical will
be the failure mode. This additional prioritization step will make it
possible to  make a proper judgment among the failure modes that
are ranked critically the same. The occurrence, severity and non-
detection are  obtained from the professionals as in the traditional
method, and the additional requirement is  the Basic Probability
Assessment (BPA). The specialist provides the BPA in such a way
that the complete accessible evidence (i.e. 1) is  assigned to  one or
two ratings Yang et al. (2011b).  The proposed method is to for-
mulate the findings and to  calculate the response function as the
multiplication of the parameters O, S and D, maintaining the epis-
temic approach until the attainment of the result which is  explained
in the Section (3.1).

3.1. Basic notations and procedure for the proposed DST of
Evidence

In DST, the set ˛  = { ˛1,˛2 . . ..  . .. . . ˛n, },  is defined as the mutu-
ally exclusive and exhaustive propositions and is  called the frame
of discernment (FOD), and its power set P (   ̨ ), of all possible

Subsets of ‘’  consists of 2n(˛) elements. The three basic measures
involved in this theory are Basic Probability Assessment (BPA),
Belief measure (Bel) and Plausibility measure (Pl).

Basic Probability Assessment (BPA): It  is  a function m ( Pi (˛)) from
the power set P (˛) to  [0,1] and this shows the quantity of knowl-
edge associated with each element of P (˛). Each subset Pi (˛) of  P
(˛) with m ( Pi (˛))>0 is  called focal element of P(˛).

The basic assumptions of BPA, m (Pi (˛)): P (˛) → [0,1] are

m (∅) = 0 (1)

and∑
Pi (˛)⊆P(˛)

m (Pi (˛)) =  1 (2)

Belief Measure (Bel): It  is calculated by adding all the BPA’s of
Pk (˛) ⊆ Pi (˛) and it shows how much the knowledge supports each
Pi (˛).

BelPi (˛) =
∑

Ø /= Pk (˛)⊆Pi (˛)

m (Pk (˛)) (3)

Plausibility Measure (Pl): It  is  calculated by adding all the BPA’s
of Pk (˛) ⊆ Pi (˛), where Pk (˛) is taken in  such a way  that Pk (˛)
∩Pi (˛) /= ∅

Pl (Pi (˛)) =
∑

Pk (˛)∩Pi (˛) /=  ∅
m (Pk (˛)) (4)

The relationship between Belief and plausibility measures are

Pl (Pi (˛)) = [1 − Bel ( ¯Pi (˛) )] (5)

Where ¯Pi (˛) is  the component of Pi (˛). The Fig. 1 shows the rela-
tionship between Bel (Pi (˛)) and Pl (Pi (˛)).
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(Courtesy: Bae et al., 2003).
Dempster combination rule: The DST provides several combina-

tion rules to  combine knowledge from independent and various
sources of data and the Dempster’s rule is the first one defined
within the framework of the theory of evidence. The combined BPA
on Pi (˛) can be calculated using the following equations, with the
assumption that the sources of information are independent.

[m1 ⊕ m2 ] Pi (˛) =

⎧⎨
⎩

(m1 ∩ m2) Pi (˛)
1 −  k12

if  Pi (˛) /= ∅

0 if  Pi (˛) = ∅
(6)

Where,
m1 and m2 be two mass functions of Pi (˛) on P (˛),

k12 = (m1 ∩ m2) (∅) (7)

k12 is the amount of conflict, the parameter (1 −  k12 ) gives the
assurance to hold the assumption (2).

(m1 ∩ m2) (Pi (˛)) =
∑

Pk1
(˛)∩Pk2

(˛)=P
i
(˛)

m1
(

Pk1 (˛)
)

m2
(

Pk2 (˛)
)

(8)

3.2. Steps involved in DST – FMECA approach

This approach mainly involves three main steps,

1 Elicitation of information
2 Propagation of information
3 Prioritization of failure modes

3.2.1. Elicitation of information
Due to epistemic uncertainty the experts feel it hard to rate

O, S and D parameters in crisp values while applying FMECA in
real-life situations. In such situations, the specialists prefer to
express their knowledge in interval valued rating, allowing them
to better express their knowledge and perception. From this real-
ization for each failure mode, the risk parameters O, S, D  are
elicited in a  crisp or interval valued form by a  team of ‘N’ experts.
The input information on the risk parameters is  elicited from
experts in a  linguistic ten-point scale using the International Stan-
dard (International Electrotechnical Commission, 2006). The BPA
assigned to the response of ith expert with reference to  rth risk fac-
tor (with r =  O, S, D) of failure mode f, i.e mi,r,f (P1 (˛ ))  is calculated

as 1⁄N, where P1 (˛ ) ⊆ p(˛). From this it is clear that the total quan-
tity of knowledge i.e. 1,  refer to eq. (2),  on the rth risk factor of the
failure mode ‘f’ is distributed equally among each of ‘N’ experts
(Selonen, 2015; Baraldi et al., 2013).

3.2.2. Propagation of information
Having completed the information elicitation step each risk fac-

tor ‘r’ of the failure modes ‘f’ under consideration is categorized by
N crisp or interval-values. By multiplying the parameters O, S and
D, all the possible combinations ‘z’ (with z =  1,  2,. . .,  Z), related to
the judgments made by  the experts on the risk parameters of the
failure mode ‘f’, are calculated. There are  N3 possible combinations
for each failure mode ‘f’ and the related R.P.N is represented by
RPNf,z . The measure, m (RPNf,z) corresponding to the failure mode
‘f’ is calculated by  taking Cartesian product of the values assigned
by the experts in  the combination ‘z’.

3.2.3. Prioritization of failure modes
In this phase our aim is to  rank the failure mode according to

their priority. For this, compare the RPN with the generic thresh-
old value RPN∗

f of the failure mode ‘f’ by considering the event

E =
{

RPNf > RPN∗
f

}
.  Then calculate the evidence that supports the

event E because the greater value of RPN infers greater criticality. To
calculate this BelE and PlE for all the possible N3, RPN’s are plotted.

3.3. Belief and plausibility distributions

For  plotting the distributions initially arrange the upper and the
lower bounds of the interval- valued RPNf,z in their ascending order.
If any value is crisp, consider it as an interval value by  assigning the
same as upper and lower bounds. Belief of the event E is given by

Bel(E)  = Bel
(

RPNf > RPN*
f

)
= 1 − Pl  (RPNf < RPN*

f ) (9)

Plausibility of the event E is given by

Pl(E)  = Pl
(

RPNf > RPN*
f

)
= 1 − Bel (RPNf < RPN*

f ) (10)

To obtain higher RPNf the threshold value of RPN∗
f is  to be  calcu-

lated. For this assume a credibility mass m and draw a  line y  = m,
the intersection of this line with Pl(E)  gives the RPN∗

f of each failure
mode ‘f’ and arrange them in  the descending order to  rank the fail-
ure modes according to  their criticality. After the completion of the
above procedure, if more than one failure mode continues with the
same ranking, take the point of intersection of  the line X =  RPN∗

f
with the belief curve and arrange in  the descending order of the
failure mode based on the belief value obtained. The criticality of
the failure mode depends on the belief value.

3.3.1. The following steps shows the procedure of failure mode
prioritization (Certa et al., 2017)

Step1: ∀f, Consider the Pl(RPNf > RPN*
f )

Step2: Set the credibility mass m and draw the line y = m that
intersect Pl(RPNf > RPN∗

f )
Step3: Read on the x  axis the corresponding RPN∗

f
Step4: Decreasingly order the RPN∗

f obtained ∀f
Step5: If failure modes equally ranked, then
Step5.1: Let fi be the ith set of equally ranked failure modes, with

i = 1 . . ..  . .N
Step5.2: Set i = 1
Step5.3: ∀f  of fi ,  draw the line X = RPN*

f that intersects the

Bel(RPNf > RPN*
f )

Step5.4: Read the corresponding value of Bel(RPNf > RPN∗
f )

Step5.5: Decreasingly order the Bel(RPNf > RPN*
f )  obtained

for∀f  of fi
Step5.6: Update the ranking
Step5.7: if i equals to N
Step5.7.1: End
Step5.8: Otherwise, set i= i +  1,  go to Step5.3
Step6: Otherwise, End.

4. Operations at LNG terminal

The process flow diagram of LNG terminal is shown in Fig. 2. The
LNG from the carrier ship is  transferred to the storage tank by  means
of unloading arms. To transfer LNG from the ships special kinds
of pipes are  used since it is of very low temperature (-160◦c). At
the unloading dock, the tanker is secured, and the LNG is unloaded
using three arms. The LNG is  stored in  liquid state in  a double walled
insulated cryogenic tank which is specially designed for low tem-
perature. To prevent LNG boil-off, it is  stored in  insulated double
walled tanks, whose outer layer is made from pre-stressed rein-
forced concrete or steel. Even after providing the finest insulation
using steel and concrete, minor heat leakages cause evaporation
losses. Appropriated compressor and re-condensing unit is pro-
vided to collect the leakage gases and feed it back to the storage
unit.

(Courtesy: Renjith et al., 2018).
These activities can be  split into four stages:
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Fig. 2. LNG terminal process flow diagram.

1 Receiving and Unloading of LNG from ships
2  Storing of LNG
3 Compression/condensation and re-gasification
4 Transmission

Initially the LNG is transferred to the storage tank. Additionally,
circulation pipeline is there from jetty head to  Boil of Gas (BOG)
re-condenser. Two storage tanks are provided with top and bot-
tom filling options to unload according to the density of the cargo
received from the ship. To cool down the unloading line between
jetty and tanks when the terminal is in  holding mode, send out-
pumps are required. BOG is directed through the pipeline from the
storage tanks and then mixed into the boil-off gas header. The LNG
in the tank pumps from the storage tank directs it to the high pres-
sure (HP) send- out pumps and from there to  the vaporizers. The
flow is directed to the high pressure (HP) pumps that come from the
re-condenser and finally from the (HP) pumps the flow is  directed
to the shell and tube (STV) vaporizers. Before being transported
to the gas pipeline it is  sent to the ultrasonic metering station.
Vaporization of LNG cools down the fluid, which exchanges energy
with glycol water solution in the STV. This glycol water solution
is used to chill down the various units such as nitrogen package,
heat exchangers etc. Heat is recovered by  the cogeneration heat
exchangers connected in the flue gas duct from the gas turbine gen-
erator. Safety of the storage tanks is ensured by  providing a  safety
relief valve to  relieve the excess gas. The flare system is provided
to tackle any blow down from LNG tanks, vaporizers including,
relief from the re-condenser and compressors etc. The flare sys-
tem is  arranged to  obtain any release from compressor and the
re-condenser, as well as any blow from vaporizers, LNG tanks, etc.
The release from fuel gas system, the relief from BOG compressors,
the blow down from LNG tank and vaporizers can be connected to
flare header.

Table 1
Occurrence ‘O’, ranking criteria of a failure mode in FMECA.

Occurrence ’O’ Frequency Rank

Almost certain 1:2 10
Very  high 1:10 9
High  1:20 8
Moderately high 1:100 7
Moderate 1:200 6
Low  1:1000 5
Very  low 1:2000 4
Remote 1:10000 3
Very  remote 1:20000 2
unlikely <1:20000 1

4.1. Case study: application to the LNG storage system

DST-FMECA was carried out in the storage unit (P& ID diagram
Renjith et al., 2018) of LNG terminal to  address problems in priori-
tizing critical failures that have the same RPN values. A  total of 75
failure modes have been identified and from these 23 failure modes
with RPN >  40 have been taken into consideration. The storage sys-
tem was  split into five sections for the analysis, which are listed
below.

(a)Transfer pipelines (LT).
(b) Hot gas pipelines (ST)
(c)Boil-off vapors pipelines (BO)
(d)Extraction pipelines (LE)
(e) Recirculation pipelines (RI)
In the LNG tanks, cryogenic barrel pumps (B) are mounted and

before starting, its suction port is  to  be filled with liquid, and
cooling is  provided to avoid thermal stress. LT-pipe lines trans-
fer LNG to the storage tank. There is  a  chance of  evaporation and
roll over due to improper mixing during LNG unloading procedure
which can be  overcome by providing inner and outer recircula-
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Fig. 3. (a). Belief and Plausibility curves of failure mode -‘2′ .b). Belief and Plausibility curves of failure mode –‘22′ .(c).Belief and Plausibility curves of failure mode – ‘23′ .
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Table  2
Severity ‘S’, ranking criteria of a failure mode in FMECA.

Severity Level Severity of effect Rank

Serious The highest severity ranking of an  unwarned failure mode is  dangerous. It can cause system failure, injury and property
damage.

10

Very extreme Component / system failure with extremely dangerous impacts. Consequence is  hazardous, occurring with warning. Potential
safety, environmental or health problems.

9

Extreme The System is unworkable with loss of key function. Failure can  result in harmful outcomes and/or nonfulfillment of the
government regulations or standards

8

Major Component/system performance severely affected but the operation of the system can  be continued. Failure does not involve
noncompliance with the laws and norms of government.

7

Significant The system performance is below the mark. Some security measures are not going to  work. A system failure causes property
damage and injury

6

Moderate Reduced performance with gradual performance degradation and the maintenance is needed. 5
Low  The effect on  system performance is  very low. A failure is  not  sufficiently severe to  cause injury, damage to  property or harm

to  the scheme, but may  result in unplanned maintenance or repair.
4

Minor System performance and satisfaction with minor effect. Non-vital mistakes are noted most of the time 3
Very minor The effect on  system/component performance is  negligible. 2
None  No discernible effect on safety, environment and health. 1

Table 3
Non - Detection ‘D’, ranking criteria of a  failure mode in FMECA.

Rank Probability of
Failure
Non-detection (%)

Detection level Criteria

10 90−100 Almost impossible The control system will not and/or cannot identify a  possible cause and subsequent failure mode.
9  85−95 Very remote The potential for failure mode detection is very remote / mechanism and subsequent failure mode.
8  75−85 Remote Remote possibility that a  prospective failure mode / task error will be identified by  the design mechanism or

the defect will remain unnoticed until an inspection or test is  performed.
7  55−65 Very low The control system is  very unlikely to identify a  possible cause and the subsequent failure mode.
6  45−55 Low The potential for failure mode detection is low / mechanism and the following failure mode.
5  35−45 Moderately The control system has moderate chance of detecting a possible cause and subsequent failure mode.
4  25−35 Moderately high The control system is  moderately likely to identify a possible cause and subsequent failure mode.
3  15−25 High The control system is  highly likely to  identify a  possible cause and the subsequent failure mode.
2  5−15 Very high The potential for failure mode detection is very high and is  almost always preceded by a warning.
1  0−5 Almost certain The potential cause and the subsequent failure mode are certainly detected by  the control system.

Table 4
Expert judgments on risk parameter Severity.

Sl. No Failure mode Occurrence
Severity

Non-Detection
EXP-1 EXP-2 EXP-3

1 I8a, I9a, I8b, I9b check valve leakage during recirculation [44] [7 7] [7 8] [8 8] [33]
2  I8a check valve fails to open during recirculation [44] [9 9] [7 9] [7 8] [44]
3  Pump failure during normal operation [8 8] [6 9] [7 7] [6 7] [5 5]
4  I6b check valve fails to open during recirculation [44] [6 6] [46] [5 7] [44]
5  I1a-I5a check valve fails to open during normal operation [44] [5 5] [45] [45] [44]
6  I1b-I5b check valve fails to  open during normal operation [44] [5 8] [6 7] [6 7] [44]
7  I1a-I5a check valve fails to open during recirculation [44] [13] [12] [12] [44]
8  VPICa, VPICb valve fails to  open during recirculation [44] [34] [44] [33] [44]
9  VPICa, VPICb valve Leakage [33] [7 8] [8 8] [7 8] [33]
10  LAHa, LAHb high level alarm gives no  signal [44] [7 8] [7 8] [6 8] [44]
11  Lala, Lalb low level alarm gives no signal [44] [7 8] [6 7] [5 7] [44]
12  XA1a,XA1b roll over alarm gives no  signal [44] [8 10] [8 9] [9 9] [44]
13  Ic check valve of high-level alarm fails to open during recirculation [44] [8 9] [8 9] [7 9] [44]
14  Ic check valve of low-level alarm fails to open during recirculation [44] [46] [45] [45] [44]
15  Ic check valve leakage [44] [6 7] [6 8] [5 7] [33]
16  VFICa, VFICb valve Leakage [44] [6 7] [6 8] [5 7] [33]
17  VFICa, VFICb valve fails to open [44] [34] [44] [33] [44]
18  I10a, I10b check valve Leakage [44] [7 8] [7 8] [7 8] [33]
19  VPC valve Leakage [44] [6 7] [6 8] [6 8] [33]
20  VPC valve fails to  Open [44] [34] [44] [33] [44]
21  I1c, I2c check valve Leakage [44] [7 9] [8 8] [6 8] [44]
22  PSV1a, PSV1b delay in operation [33] [9 10] [10 10] [8 10] [5 5]
23  PSVa, PSVb delay in operation [33] [9 10] [10 10] [8 10] [5 5]

tion in  storage tanks. In the storage tank there are numerous safety
systems and alarms to reduce safety issues such as roll-over and
evaporation. Alarms such as LAHa and LAHb (Low and High level
measurement), LALa and LALb (level alarms), XAIa and XAIb (Roll
over alarms) and for measuring the values of the pressure PICa and
PICb (pressure transducers), are located on the dome roof, which

allow the valves (VPICa and VPICb) of the hot pipeline subsystem
(ST) to open. Measuring devices such as DICa and DICb (density)
and TIla and TIlb (temperature) are provided for safety precau-
tions. For external recirculation involving both the storage tanks LT
transport pipelines are used. The BOG inflow into the storage tanks
are reduced by extracting a  small amount of send-out LNG and by
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Table 5
Possible combinations among O, S, D judgments and the ranking based on  Plausibility curves of each failure mode.

Sl. No Failure mode Occurrence Severity Non-Detection RPN RPN* f Ranking

3
Pump failure during normal
operation

[8 8] [6 9] [5 5] [240 360]
280 1[8  8] [7 7] [5 5] [280 280]

[8 8] [6 7] [5 5] [240 280]

22 PSV1a, PSV1b delay in operation
[33] [9 10] [5 5] [135 150]

150 2[33] [9 10] [5 5] [135 150]
[33] [8 10] [5 5] [135 150]

23 PSVa, PSVb delay in operation
[33] [9 10] [5 5] [135 150]

150 2[33] [10 10] [5 5] [150 150]
[33] [8 10] [5 5] [120 150]

12
XA1a, XA1b roll over  alarm gives
no signal

[44] [8 10] [44] [128 160]
144 3[44] [8 9] [[44] [128 144]

[44] [9 9] [44] [144 144]

13
Ic  check valve of high-level alarm
fails to  open during recirculation

[44] [8 8] [44] [128 128]
144 3[44] [6 7] [44] [96  112]]

[44] [5 7] [44] [80 112]

2
I8a check valve fails to open during
recirculation

[44] [9 9] [44] [144 144]
128 4[[44] [7 9] [44] [112 144]

[44] [7 8] [44] [112 128]

21 I1c,  I2c check valve Leakage
[44] [7 9] [44] [112 144]

128 4[44] [8 8] [44] [128 128]
[44] [6 8] [44] [96  128]

10
LAHa,  LAHb high level alarm gives
no  signal

[44] [7 8] [44] [112 128]
112 5[44] [6 7] [44] [96  112]

[44] [5 7] [44] [80 112]

11
LAla, LAlb low level alarm gives no
signal

[44] [5 8] [44] [80 128]
112 5[44] [6 7] [44] [96  112]

[44] [6 7] [44] [96  112]

6
I1b-I5b  check valve fails to open
during normal operation

[44] [6 6] [44] [96  96]
96  6[44] [46] [44] [64  96]

[44] [5 7] [44] [80 112]

4
I6b  check valve fails to  open during
recirculation

[44] [46] [44] [64  96]
96  6[44] [46] [44] [64  96]

[44] [5 6] [44] [80 96]

18 I10a, I10b check valve Leakage
[44] [6 7] [33] [72  84]

84 7[44] [6 8] [33] [72  96]
[44] [8 8] [33] [96  96]

19 VPC  valve Leakage
[44] [6 7] [33] [72  84]

84 7[44] [6 8] [33] [72  96]
[44] [5 7] [33] [60 84]

1
I8a,  I9a, I8b, I9b  check valve
leakage during recirculation

[44] [6 6] [33] [72  72]
72 8[44] [6 6] [33] [72  72]

[44] [5 7] [33] [60 84]

16 VFICa, VFICb valve Leakage
[44] [5 6] [33] [60 72]

72 8[44] [5 7] [33] [60 84]
[44] [5 6] [33] [60 72]

15 Ic  check valve leakage
[44] [5 5] [33] [60 60]

60 9[44] [5 6] [33] [60 72]
[44] [5 5] [33] [60 60]

5
I1a-I5a check valve fails to open
during normal operation

[44] [5 6] [44] [80 96]
64 10[44] [44] [44] [64  64]

[44] [44] [44] [64  64]

14
Ic  check valve of low-level alarm
fails to  open during recirculation

[44] [34] [44] [48  64]
64  10[44] [34] [44] [48  64]

[44] [34] [44] [48  64]

9 VPICa,  VPICb valve Leakage
[33] [5 7] [33] [45  63]

63 11[33] [5 7] [33] [45  63]
[33] [5 7] [33] [45  63]

17 VFICa,  VFICb valve fails to  open
[44] [34] [44] [48  69]

48 12[44] [44] [44] [69  69]
[44] [33] [44] [48  48]

20 VPC  valve fails to Open
[44] [34] [44] [48  69]

48 12[44] [44] [44] [69  69]
[44] [33] [44] [48  48]

7
I1a-I5a check valve fails to open
during recirculation

[44] [13] [44] [16  48]
32  13[44] [12] [44] [16  32]

[44] [12] [44] [16  32]

8
VPICa,  VPICb valve fails to open
during recirculation

[44] [34] [44] [48  69]
48 12[44] [44] [44] [69  69]

[44] [33] [44] [48  48]

keeping the unloading lines at cryogenic conditions (i.e.−160oc).
The BOG compressor pipelines of the fuel gas distribution arrange-
ment (ST-Hot gas) enable the LNG flow rapidly into the storage
tank to increase the pressure to the working level. Using pressure

transducer (PICa and PICb), mounted on the dome roof, this safety
system operates independently for each storage tank. These pres-
sure transducers enable the pipeline subsystem ST’s valves (VPICa
and VPICb) to be  opened. Then the LNG is  shifted from the tem-
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Table  6
Final ranking based on Belief curves.

Sl. No Failure mode RPN* f Bel [RPN >  RPN* f]  Pl[RPN > RPN* f] Final Ranking

1 I8a, I9a, I8b, I9b check valve leakage during recirculation 72 0.33 0.9 14
2  I8a check valve fails to open during recirculation 128 0.33 0.9 6
3  Pump failure during normal operation 280 – – 1
4  I6b check valve fails to open during recirculation 96 0 0.9 11
5  I1a-I5a check valve fails to open during normal operation 64 0.33 0.9 17
6  I1b-I5b check valve fails to  open during normal operation 96 0.33 0.9 10
7  I1a-I5a check valve fails to open during recirculation 32 – – 21
8  VPICa, VPICb valve fails to  open during recirculation 48 0.33 0.9 20
9  VPICa, VPICb valve Leakage 63 – – 19
10  LAHa, LAHb high level alarm gives no  signal 112 0.33 0.9 8
11  Lala, Lalb low level alarm gives no signal 112 0 0.9 9
12  XA1a,XA1b roll over alarm gives no signal 144 0.33 0.9 4
13  Ic check valve of high-level alarm fails to open during recirculation 144 0 0.9 5
14  Ic check valve of low-level alarm fails to open during recirculation 64 0 0.9 18
15  Ic check valve leakage 60 – – 16
16  VFICa, VFICb valve Leakage 72 0 0.9 15
17  VFICa, VFICb valve fails to open 48 0.33 0.9 20
18  I10a, I10b check valve Leakage 84 0.33 0.9 12
19  VPC valve Leakage 84 0 0.9 13
20  VPC valve fails to  Open 48 0.33 0.9 20
21  I1c, I2c  check valve Leakage 128 0 0.9 7
22  PSV1a, PSV1b delay in operation 150 0 0.9 3
23  PSVa, PSVb delay in operation 150 0.33 0.9 2

Table 7
Comparative analysis of the prioritization of failure modes with RPN, F-RPN and RPN∗

f .

Sl. No Failure mode RPN Priority F-RPN Priority RPN∗
f Priority

1 I8a, I9a, I8b, I9b  check valve leakage during recirculation 84  7 83.4 14 72 14
2  I8a check valve fails to  open during recirculation 112 5 115.1 6 128 6
3  Pump failure during normal operation 280 1 283.2 1 280 1
4  I6b  check valve fails to open during recirculation 80 8 89.3 11 96 11
5  I1a-I5a check valve fails to  open during normal operation 64  9 82.5 17 64 17
6  I1b-I5b check valve fails to open during normal operation 96  6 95.6 10 96 10
7  I1a-I5a check valve fails to  open during recirculation 64  9 62.5 21 32 21
8  VPICa, VPICb valve fails to open during recirculation 64  9 74.9 20 48 20
9  VPICa, VPICb valve Leakage 63  10 77.6 19 63 19
10  LAHa, LAHb high level alarm gives no signal 112 5 112.9 8 112 8
11  Lala, Lalb low level alarm gives no  signal 112 5 112.6 9 112 9
12  XA1a,XA1b roll over alarm gives no signal 128 3 128.3 4 144 4
13  Ic  check valve of high-level alarm fails to open during recirculation 112 5 119.3 5 144 5
14  Ic  check valve of low-level alarm fails to  open during recirculation 80 8 79.3 18 64 18
15  Ic  check valve leakage 84  7 83.1 16 60 16
16  VFICa, VFICb valve Leakage 84  7 83.2 15 72 15
17  VFICa, VFICb valve fails to  open 64  9 74.9 20 48 20
18  I10a, I10b check valve Leakage 84  7 84.1 12 84 12
19  VPC valve Leakage 84  7 83.9 13 84 13
20  VPC valve fails to open 64  9 74.9 20 48 20
21  I1c, I2c check valve Leakage 112 5 113.4 7 128 7
22  PSV1a, PSV1b delay in operation 120 4 199 3 150 3
23  PSVa, PSVb delay in operation 135 2 214 2 150 2

porary storage to the subsequent process through the extraction
pipelines (LE) and finally, it is  directed to  the transmission lines.

As a part of failure mode analysis, the specialists, primarily secu-
rity analysts, safety officers and design professionals with thorough
knowledge of the LNG plant and process, have outlined the risk fac-
tors O, S, and D by using the linguistic expressions through expert
elicitation. For the parts installed in  each subsystem, the special-
ist team collected FMECA job sheets. Based on the criticality of the
failure impact and its likelihood of occurrence using RPN, the team
ranks each failure. Tables 1,  2 and 3, a  ten-point scale (International
Electrotechnical Commission, 2006) is used to measure the crisp
input data of severity (S), occurrence (O)  and non-detection (D).

(Courtesy: Giardina and Morale, 2015).
(Courtesy: Giardina and Morale, 2015).
(Courtesy: Giardina and Morale, 2015).
Table 4 shows the various experts’ assessments on the risk con-

straints connected to each failure mode. Since there are 3 experts
involved in  the assessment of severity for each failure mode, the

total of three combinations are  obtained for each failure mode.
The BPA associated with each failure mode is 1⁄3.  Table 5 shows
all combinations of each failure modes.

4.2. Ranking of Failure Modes Based on Plausibility Curves

The Plausibility curves are generated for each failure modes by
setting m =  0.9 as credibility mass. Conventionally, the confidence
level or credibility level is  set as 95 %  to coincide with the 5% con-
vention of statistical significance. But  depending upon the nature
of the study we can set the credibility mass as 90 %  (wider) or 99 %
(narrower). Based on literatures and opinions from the statisticians
m is set as 90 % in this study. The initial value of RPN∗

f is attained
from the intersection between Pl(RPNf > RPN∗

f ) and the line y =  m,
i.e. through the point (0, 0.9) parallel to the ‘X’ axis. RPN∗

f for all
other recognized failure modes are then calculated. The ranking of
failure modes has been done on the basis of obtained RPN∗

f values.
Now decreasingly order them to rank the failure modes from the
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most critical to the least critical one. From Table 5,  it can be observed
that the failure mode 3,  the “Pump failure during normal operation,”
results to  be the most critical failure mode with rank ‘1′,  and it is
also found that different failure modes are  having the same RPN∗

f
values and hence the same ranks. Furthermore, the Belief curves
are used in the presence of similarly ranked failure modes to  better
discriminate criticality of the failure modes that are explained in
Section 4.2.

4.3. Final ranking of failure modes based on belief curves

It is very difficult to recognize and evaluate the critically of the
failure modes if they have the same RPN∗

f .  For the failure modes
with identical RPN∗

f values, draw a line parallel to y-axis through
the point X = RPN∗

f .  The point of intersection of this line with the
belief curve gives the value of minimum credibility i.e. the belief
of the event (RPNf > RPN∗

f ). For  example, consider the two equally
ranked failure modes 22 and 23 having the same RPN∗

f = 150. Both
have the same rank i.e. ‘2′.  The Fig. 3a,  b and c show belief and
plausibility curves of the failure modes 2,  22 and 23 (output from
R- programming). To differentiate the criticality, draw the line
x = 150. Then we get Bel(RPN23 > 150) =  0.33 is greater than that of
Bel(RPN22 > 150) = 0.  From this it is  clear that the failure mode 23
is more critical than failure mode 22. So, failure mode 23 is  ranked
as ‘2′ and 22 as ‘3′. The final ranking was obtained by applying the
above procedure for the remaining equally ranked failure modes.
Table 6  shows the final ranking.

5. Results and discussions

The comparative analysis of all the failure modes, conventional
RPN, F-RPN and DST based RPN∗

f are shown in  the Table 7.  The values
of RPN and F-RPN are  taken from the study conducted by  Renjith
et  al. (2018).  The prioritization of failure modes is  difficult if they
have the same RPN value. For example, failure modes 10 and 11
are having the same RPN and RPN∗

f i.e. ‘112′.  Whereas deviations
are observed in F-RPN i.e. failure mode 10, F-RPN =  ‘112.9′ and fail-

ure mode 11,  F-RPN =  ‘112.6′,  (Fig. 4). In the case of RPN∗
f better

prioritization of the failure mode ranking in order to  overcome the
short comings addressed in the conventional method is carried out
by using belief and plausibility curves which is explained in  the
section (4.2) with examples (failure modes ‘22′ and ‘23′) and both
the methods show similar rank in failure mode prioritization. From
the Fig. 4 it is observed that, compared to  RPN∗

f the values of F-RPN
are different in all the failure modes and it is almost accurate to
0.1 decimals, which makes the prioritization (ranking) much eas-
ier. The ranking by both the methods are statically correlated with a
positive Spearman correlation. It is  the first time that DST is  applied
in LNG terminal operations for the prioritization of failure modes
in such a complex environment where even a  minor failure may
lead to  catastrophic effects.

It is  identified that the failure mode (3) Pump failure during
normal operation- marked rank1, (23) Pressure safety valves (PSVa,
PSVb) delay in operation – marked rank 2,  (22) Pressure safety valves
(PSV1a, PSV1b) delay in operation – marked rank 3, (9) Roll over
alarms (XA1a, XA1b)- marked rank 4 and (13) Ic Check valve of high-
level alarm fails to open during re-circulation- marked rank 5 are the
most critical components of the storage facility. Hence, while apply-
ing precautionary and remedial measures, the LNG sector should
focus more attention on these areas in the storage unit and these
should be checked frequently to guarantee secure operation.

6. Conclusions

This work has been executed in an LNG storage facility with
the objective to estimate DST based RPN (an effective mathemat-
ical frame work to resolve epistemic ambiguity that often affects
the expert opinions on risk factors O, S and D) to  overcome the
drawbacks of conventional FMECA that depends on RPN. Fuzzy
FMECA had been already conducted in the same area by Renjith
et al. (2018).  Since Fuzzy logic is criticized for its subjectivity, a
comparative analysis of the DST- FMECA with Fuzzy FMECA is  also
done in this work to  validate FFMECA and vice versa and they are
having the following advantages:

Fig. 4.  Comparative analysis of F-RPN and RPN∗
f .
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• DST-based FMECA method enables experts to express both crisp
and interval-valued decisions on risk factors O, S and D  that bet-
ter represents their actual knowledge and interpretations of the
context under study.

• Failure modes can be properly prioritized and appropriately dif-
ferentiated from one another.

• This offers a meticulously arranged strategy to integrate experi-
ence and expertise knowledge for the use in  the FMECA

• The application of proper linguistic terminology in  the study
helps the technical experts to communicate their conclusions
more precisely and thereby enhance the use of FMECA

• It can be used for systems where there is the lack of precise and
reliable safety information.

• Conveniently propagates the ambiguity of input data which
maintain the epistemic approach until the final result is achieved.

When there are lack of specific problem definitions/boundaries
and the assessment procedure involves more than one personnel,
DST FMECA and Fuzzy FMECA are appropriate and advantageous
due to  the fact that both the methods improve the effectiveness
of hazard identification and scenario definition and can be used as
an effective tool for prioritizing critical failures of components in
complex systems and critical installations.
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a b s t r a c t

Wear and corrosion exist as one of the main important factor of energy and material losses in mechanical
and chemical process. This work is about the methods to evaluate the wear and corrosion resistant prop-
erties of the mild steel like EN-8, EN-9 and EN-24 by calculating its corrosion rate. All materials have to be
analyzed for its wear properties since higher wear can lead to a machine failure. The Pin on Disc appara-
tus is used for the analysis. Every oil-washed system- engines, hydraulics, transmissions, and final drives-
produces wear metals in everyday operation. If wear accelerates, the concentration of wear metal parti-
cles increases, signaling a problem. Wear Analysis allows us to find problems before they result in major
repairs or machine failure. Prediction of the material behaviour at the increasing load is necessary for a
safe working of the machines. The ferrous materials are hardfaced using Tungsten Inert Gas welding pro-
cess. The wear analysis of ferrous welded materials is carriedout. The various forms of mild steel selected
are selected are EN 8, EN 9, EN 24. The materials are hardfaced using TIG (Tungsten Inert Gas) welding
process and filler material used is same for all the materials. The materials are cut into specific dimen-
sions using Wire cut EDM process. These specimens are tested for its wear properties, microhardness
etc. Pin on Disc apparatus is used for wear analysis and Vicker’s microhardness tester is used for micro-
hardness. Similarly a corroded component results in reduced life. Corrosion results in unexpected failures
of critical components. Corrosion testing is a very time-consuming process; especially in the case of out-
door atmospheric tests. Such long timescales involved in such tests prevent the opportunity for proper
materials selection. The vey commonly used corrosion tests are measurements of the weight loss or
thickness loss. This test can be simply done in laboratory in limited period of time and thereby it’s pos-
sible to predict the corrosion rate of the materials. By comparing wear and corrosion rates of hardfaced
and non hardfaced surface its possible to conclude that the hardfacing improves both the wear and cor-
rosion resistant property of these materials.
.

� 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Second International
Conference on Recent Advances in Materials and Manufacturing 2020.

1. Introduction

The word steel is used for many different alloys of iron. These
alloys differ both in the way they are made and in the extent of
the materials added to the iron. All steels, though, contain minute
amounts of carbon and manganese. In other words, it can be said
that steel is a crystalline alloy of iron, carbon and several other ele-
ments, which hardens above its critical temperature. A study on
the wear properties of different grades of steel is done. The selected
grades of steels are EN 8, EN 9, and MS. These grades of steels are
widely used in manufacturing of different components like struc-

tural beams, car bodies, kitchen appliances, and cans. The materials
are welded using hardfacing technique to learn the properties of
the material. The welding method used is Tungsten Inert Gas weld-
ing technique or the Gas Tungsten Arc Welding. Corrosion is one
amongst the life-limiting factor of a component. Unexpected corro-
sion failure can happen any time to any critical component at the
worst possible instant. Corrosion testing is a very time-
consuming process; particularly in the case of outside atmospheric
tests. Unfortunately, the higher timescales involved in such tests
prevent the chance for proper materials selection. In real life situ-
ations, the component might already be half way of their lifecycle

https://doi.org/10.1016/j.matpr.2020.11.592
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when identified with corrosion. A proper accelerated testing for
corrosion has to be done before choosing the material for any com-
ponent. Accelerated testing instead of limiting to the design stage
of a system’s lifecycle, can also be used to provide support at the
time of identification of corrosion. At certain times, the emergence
of sudden corrosion problems requires quick answers. Preventing
corrosion in critical components, to extend its service life and
ensure reliability, is of paramount importance. A clear-cut test data
within a short span of time is required to prevent the corrosion and
predict the characteristics of the material.

Hardfacing is a type of metal working process where a harder or
tougher material is welded over to a base metal. The welding of the
tougher material to the base material, usually is in the form of spe-
cialized electrodes for arc welding or filler rod for oxy-
acetylene and TIG welding. Hardfacing with the help of arc
welding is a kind of surfacing operation to extend the operation
time of critical industrial components, especially on new compo-
nents, or during maintenance program.

Hardfacing is a low cost method of depositing wear and corro-
sion resistant surfaces usually by welding on metal components to
extend service life. It is primarily used to restore worn parts to
usable condition, but hardfacing is also applied to new components
before being placed into service to get a long service life thereby
reducing the cost of maintenance.

Welding material selection depends upon three major factors:

1. Base Metal — Primarily affects the choice of build-up materials.
a. Manganese steel is used for components subject to high

impact loading. Rebuild to size using manganese steel weld
deposits.

b. Carbon and alloy steel components are rebuilt to size using
low alloy steel weld deposits.

2. Type of Wear — The primary consideration in selecting the final
hardfacing layers is the type of wear to be encountered in
service.

3. Corrosion — Chemical attack.

TIG welding is the currently used method for hardfacing the
metal surface. The majority of the of researchers concentrates their
work on reducing the wear rate of material by improving the wear
resistance by addition of alloy elements in the base material [1]. As
we know that the wear is surface phenomena it only occurs on a
surface of the material, surface modification is the most common
and economical way to improve the wear resistance of a material
[1]. Hardfacing is a metalworking process where harder material
applied to the base material with the help of different welding pro-
cesses like Arc welding, TIG welding and plasma Arc welding pro-
cesses. This process is called Hardfacing because the deposited
surfaces are harder than the base metal usually [2]. Hardfacing is
generally used to improve the surface property of the material.
An alloy is homogeneously deposited onto the surface of a soft
material by welding, to increase hardness and wear resistance
without significant loss in ductility and toughness of the substrate
[3]. The hard-facing alloy is applied to the material to achieve high
wear resistance and better properties [4]. Mild steel is the most
commonly used steel. It is the combination of carbon, manganese,
phosphorus, Sulphur, and silicon. It is low carbon steel; Mild steel
is very much suitable as structural steel Mild steel is widely used in
bolted, riveted or welded construction of bridges, building it is also
used in forming tanks, bearing plate, fixture, sprockets, cams,
gears, base plates, forging, brackets, automotive and agricultural
equipment, machinery parts. Augustin Gualco, [4] perform hard-
facing with help of FCAW on iron-based alloy and conclude that
2-layer welding gives higher wear resistance. G.R.C Pradeep [5]
perform hardfacing with 3 different welding processes Tig, Arc
and Gas welding and conclude that the Arc and Gas welding sam-

ples yielded better welding property. Harvinder Singh [1] perform
hardfacing process with 3 different electrode Hardalloy400, Hard
alloy-III and Hard alloy-V and conclude that Hard-alloy V gives bet-
ter hardness compare to another electrode. Z. Horvat, [6] used
SMAW and Induction welding for hardfacing and conclude that
theWeight loss due to erosion was lower on both the ploughshares
as compared to standard shares. John J. Coronado, [7] used SMAW
and FCAW and found that FCAW gives higher Abrasion wear resis-
tance rate than the SMAW. PatrickW. Leech, [8] used the high alloy
(SHS9290) & tungsten carbide–Ni-based matrix composite with
SMAW welding and found that the SHS9290 alloy has lower wear
rate than the WC– Ni-based MMC in the dry sand rubber wheel
tests and pin-on– flat tests using garnet abrasive. Amardeep Singh
Kang, [9] performed MMAW process on spring steel (EN-45A) with
3HCr, 8HCr 10HCr, 18HCr electrode and found the wear rate of
hard-faced material was lower 18Hcr hardfacing electrode gives
higher hardness and maximum wear resistance. Hülya Durmus_,
[10] used arc welding on St37 for Hardfacing processes with Fe-
Cr-C-B, Fe- Cr-C contains electrode and found out that the wear
resistance is not only correlated with hardness but also affected
by the morphology of microstructural constituents. S. Sitthipong,
[11] used MAG, FCAW SMAW, welding on Propeller Shaft AISI with
X111T5- K4, ER110S-G and E11018-GH4R, electrode and conclude
that the grain structure of weld metal by FCAW was finer and
harder than the other welding also at the weld zone structure
are fine then the

HAZ Vickers test FCAW Produced higher hardness value than
other welding Resistance of abrasive wear is higher in FCAWWeld-
ing. M. Kirchgaßner, [12] used the GMAW process with the help of
Fe-Cr- C-Nb hardfacing alloy and found out Fe-Cr-C-Nb alloys pro-
vide good wear behaviour under all test. G.P. Rajeev, [13] used AISI
H13 die steel with CMT welding and Stellite 21 alloy for hardfacing
and found that Stellite coated H13 Plate could be subjected to
quenching and tempering heat treatment to restore the properties
of the welding layer without defects. In present work, the arc weld-
ing process is used to perform hardfacing processes on ASTM A-36
Mild Steel. In this study, two different hardfacing electrode Zed
alloy 550, and Nikko steel Hv-600 are used to prepare different
samples. With the help of Pin on Disk wear testing machine wear
rate of different samples was investigated, also microhardness
and microstructure of the samples are investigated
simultaneously.

2. Experimental details

2.1. Material selection

The materials selected are EN 8, EN 9, and EN24, whose chem-
ical composition is already discussed. These materials are chosen
because of the immense applications of these materials in various
engineering application and less amount of study which is done in
this field. The properties of these materials also make it special and
durable. These materials fall under the category of mild steel. All of
the above materials have carbon in the range of 0.4%. The amount
of carbon in these materials makes it corrosive and thus the mate-
rials are prone to corrosion to a large extent. A study is also made
to analyse the properties regarding the hardness of the material.
The property of the material is found unaltered after hardfacing
the material with the TIG welding filler wire. The filler wire used
here is ER70S2. This is usually used for the welding of mild steel.

2.1.1. En 8
EN8 is an unalloyed medium carbon steel with good tensile

strength. It is normally supplied in cold drawn or as rolled. Tensile
properties can vary but are usually between 500 and 800 N/mm2.
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EN8 is available from stock in bar and can be cut to our require-
ments. Table 1 shows the various Composition of EN 8.

2.1.2. En9
EN9 is an unalloyed medium carbon steel. It is supplied at the

hardness obtained after hot rolling or cold drawing, with hardness
normally within the range of 180 to 230HB. EN9 is available from
stock in bar and can be cut to your requirements. Also EN9 can be
found in plate form and its flame cut to required sizes and nor-
malised. Table 2 shows the main Composition of EN 9

2.1.3. En 24
EN24 is a high quality, high tensile, alloy steel. Usually supplied

readily machine able in ‘T’ condition, it combines high tensile
strength, shock resistance, good ductility and resistance to wear.
MS is available from stock in round bar, flat bar and plate Table 3.
shows the various Composition of EN 24

2.2. Selection of electrode

ER 70S-2.
ER 70S-2 is a copper coated GTAW rod containing Al, Ti and Zr

as strong deoxidents in addition to Mn and Si and is often referred
to as triple deoxidised. This has advantages when rimming or
semi-killed mild steels are welded or where joint preparations
are rusty or contaminated. Fig. 1 show the ER 70S-2 filler rod. ER
70S-2 is primarily used for single pass welding. Table 4 shows
the Composition of ER 70S-2.

2.3. Welding details and parameters

The welding process used here is Tungsten inert Gas welding
process also known as Gas Tungsten Inert Gas welding process.

The same filler material ER 70S-2 is taken for the entire speci-
men. The specimen size is 12 X 50 X 50 mm. The hardfacing is to
be done on the 12 X 50 mm face. The welding speed doesn’t affect
the material much as the required are of welding is small. So the
speed is not taken into consideration. The material after hardfacing
is grinded to get a smooth surface using manual grinding opera-
tion. Each specimen has 3 samples making it a total of 9 samples.
3 for EN 8, 3 for EN9 and 3 for EN 24 specimen.

For Corrosion testing, the hardfaced surface was cut for
25 mm X 10 mm X 10 mm using wire cut EDM and it was
employed for the test. A hole was drilled near the upper edge of
the specimen in order to hook it on to the glass rod for immersion.
The Specimen are polished with emery sheet, degreased and
washed with distilled water. The specimens are stored in desicca-
tors in the absence of moisture before their use for the
investigation.

The welding parameter variation with respect to the specimen
are shown in Table 5, 6 and 7.

2.4. Sample preparation and testing

In this Experiment Mainly Three Test was conducted after
applying the hard-facing layer,

A. Wear Analysis:
1. Micro hardness test.
2. Wear test Pin on Disk (POD).
3. Microstructure Examination.

B. Corrosion analysis:
1. Weight loss method.

3. Result and discussion

3.1. Wear analysis

The first testing method deals with wear analysis. Many types
of wear analysis testing are done.

3.1.1. Microhardness testing
The welded specimen was tested for its microhardness prior to

wear analysis. Due to the carbon content in the specimen the spec-
imen is expected to exhibit a high hardness value. The test for
microhardness is carried out in a Vicker’s Microhardness testing
apparatus. The arithmetic mean value of the diameter is automat-
ically measured and displayed. The test is carried out for a load of
1000gms. Tables 8-10 shows Microhardness test results for EN 8,
EN9 and EN 24 respectively.

3.1.2. Wear test Pin on Disk (POD)
The wear analysis was done for a time period of 10 min for each

specimen and the respective wear of the material was noted with
respect to the time. The test was carried out at 200 rpmwith a load
of 74 N. The mass loss of the material if noted as test proceeds. The
track diameter of the disc is 100 mm.

Table 1
Composition of EN 8.

COMPOSITION

C. Si. Mn. S. P.

0.40% 0.25% 0.80% 0.015% 0.015%

Table 2
Composition of EN 9.

COMPOSITION

C. Si. Mn. S. P.

0.50% 0.25% 0.70% 0.05% 0.05%

Table 3
Composition of EN 24.

COMPOSITION

C. Si. Mn. Cu

0.19% 0.6% 1.65% 0.6%

Fig. 1. ER 70S-2 filler rod.

Table 4
Composition of ER 70S-2.

Material Composition

C 0.05
Si 0.5
Mn 1.2
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The observation for the respective specimen is as shown below:
Tables 11-13 shows Wear analysis on EN9, EN8 and EN24
respectively. Fig. 2, Fig. 3, Fig. 4 shows the Variation of wear with
rest to time for EN8, EN9 and EN 24 respectively.

Wear analysis shows that EN 9 is having maximum wear. The
wear is least for EN24.

Table 5
Welding Parameters for EN 8 specimen.

PARAMETER TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4 TRIAL 5

VOLTAGE (volts) 15 15 15 15 15
CURRENT (amperes) 100 105 110 115 120
GAS FOW RATE(lps) 6 6.5 8 7.5 6.3
GAS Argon + Helium Argon + Helium Argon + Helium Argon + Helium Argon + Helium
FILLER MATERIAL ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2
ELECTRODE Thoriated Tungsten

(2.4 mm dia)
Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Table 6
Welding parameters for EN 9.

PARAMETER TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4 TRIAL 5

VOLTAGE (volts) 15 15 15 15 15
CURRENT (amperes) 125 115 110 100 120
GAS FOW RATE(lps) 6.2 8.5 8 9 7.2
GAS Argon + Helium Argon + Helium Argon + Helium Argon + Helium Argon + Helium
FILLER MATERIAL ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2
ELECTRODE Thoriated Tungsten

(2.4 mm dia)
Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Table 7
Welding parameters for EN 24.

PARAMETER TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4 TRIAL 5

VOLTAGE (volts) 15 15 15 15 15
CURRENT (amperes) 103 110 115 120 125
GAS FOW RATE(lps) 7.3 8.1 8 6 9
GAS Argon + Helium Argon + Helium Argon + Helium Argon + Helium Argon + Helium
FILLER MATERIAL ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2
ELECTRODE Thoriated Tungsten

(2.4 mm dia)
Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Table 8
Microhardness test results for EN 8.

SI
NO

LOAD (F)
kgf

MEAN DIAMETER (d)
mm

VICKERS

HARDNESSHV ¼ 2Fsin136=2
d2

1 1 0.0799 290

Table 9
Microhardness test results for EN 9.

SI
NO

LOAD (F)
kgf

MEAN DIAMETER (d)
mm

VICKERS HARDNESS

HV ¼ 2Fsin136=2
d2

1 1 0.08123 281

Table 10
Microhardness test results for EN 24.

SI NO LOAD (F) MEAN DIAMETER
(d)

VICKERS HARDNESS

HV ¼ 2Fsin136=2
d2

1 1 0.080 285

Table 11
Wear analysis on EN9.

SI
NO

TIME
(sec)

WEAR
(mm)

FRICTION FORCE
(N)

COEFFICIENT OF
FRICTION

1 0 0.38 3.45 0.53
2 60 102.34 41.98 0.53
3 120 142.34 34.89 0.54
4 180 245.34 34.76 0.53
5 240 250.56 35.09 0.54
6 300 293.55 36.13 0.54
7 360 323.36 37.03 0.56
8 420 405.11 37.86 0.55
9 480 540.22 40.87 0.55
10 540 670.21 38.97 0.56
11 600 700.74 45.67 0.56

Table 12
Wear analysis on EN8.

SI
NO

TIME
(sec)

WEAR
(mm)

FRICTION FORCE
(N)

COEFFICIENT OF
FRICTION

1 0 �14.67 2.08 0.63
2 60 10.78 36.57 0.62
3 120 41.39 40.03 0.63
4 180 265.32 38.11 0.63
5 240 440.95 45.98 0.64
6 300 367.9 43.67 0.64
7 360 541.88 40.49 0.66
8 420 513.53 41.5 0.65
9 480 540.22 42.76 0.62
10 540 532.82 42.34 0.63
11 600 645.45 40.08 0.63
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3.1.3. Hardness test
Fig. 5 shows the Variation of hardness with respect to the mate-

rial. The hardness of EN24 is found to be higher than EN8 and EN9.
The microhardness test results prove this. It is expected to have
less wear when the hardness is more. The wear analysis suggests

the same. MS has the least wear when compared to the other spec-
imens. The comparison of wear behaviour of the 3 materials is as
shown in figure below. The results say that the wear of the three
materials selected are increasing with respect to the time. As time
increases the wear of the material keep on increasing. The incre-
ment is almost linear as shown in the figure. Fig. 6 shows the Com-
parison of wear for EN 8, EN 9, EN 24.

The comparison of frictional coefficient of the specimens
selected is shown below. The variation of frictional coefficient is
seen to be almost constant for the materials. MS is found to have
the highest frictional coefficient. Fig. 7 shows the Comparison of
frictional coefficients for the materials.

3.1.4. Microsturcture analysis
The microstructure of the specimens is studied respectively on

the hardfaced area, parent material and the worn area. The image
is captured using an image analysis system. The analysis is done
using the Quantiment image analysis software.

Table 13
Wear analysis of EN24.

SI
NO

TIME
(sec)

WEAR
(mm)

FRICTION FORCE
(N)

COEFFICIENT OF
FRICTION

1 0 0 1.3 0.61
2 60 98.12 42.97 0.64
3 120 100.34 43.52 0.64
4 180 110.71 42.19 0.63
5 240 111.04 43.98 0.66
6 300 133.25 45.1 0.68
7 360 259.45 44.97 0.59
8 420 298.22 44.68 0.61
9 480 244.83 43.44 0.63
10 540 353.83 44.51 0.65
11 600 400.89 43.83 0.76

Fig. 2. Variation of wear with rest to time for EN8.

Fig. 3. Variation of wear with respect to time for EN9.

0
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100
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200
250
300
350
400
450

0 200 400 600 800

MS

Linear (MS)

Fig. 4. Variation of wear with respect to time for EN24.

Fig. 5. Variation of hardness with respect to the material.

Fig. 6. Comparison of wear for EN 8, EN 9, MS.

Fig. 7. Comparison of frictional coefficients for the materials..
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The images obtained are shown in Fig. 8, Fig. 9, Fig. 10, Fig. 11,
Fig. 12, Fig. 13, Fig. 14, Fig. 15, Fig. 16.

The observations from the microstructure analysis are tabu-
lated in Table 14. EN 24 worn surface is having the higher percent-
age of porosity. The percentage porosity of EN 24 worn surface is
91.11% and the volume fraction is 0.29.

3.2. Corrosion analysis

Sulphuric acid is used directly or indirectly in all industries and
is a vital commodity in our national economy. The widespread use
of this acid places it in an important position with regard to costs
and destruction of corrosion. In some cases, corrosion increases

Fig. 8. Microstructure of the base EN8.

Fig. 9. Microstructure of base EN 9.

Fig. 10. Microstructure of base EN 24.

Fig. 11. Microstructure of worn surface of EN 8

Fig. 12. Microstructure of worn surface of EN 9.

Fig. 13. Microstructure of worn surface of EN 24.
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with concentration of the acid and in others it decreases. For these
reasons, it is important to have a good picture of corrosion by sul-
phuric acid. Therefore the present experiment was carried out by
using 1 N sulphuric acid of commercial grade. The 1 N sulphuric
acid solution was prepared by mixing 28 ml of commercial grade
sulphuric acid in 1000 ml of distilled water.

3.2.1. Corrosion rate expressions
Metals and nonmetals will be compared on the basis of their

corrosion resistance. To make such comparisons meaningful, the
rate of attack for each material must be expressed quantitatively.
Corrosion rates have been expressed in a variety of ways in the lit-
erature; such as percent weight loss, milligrams per square cen-
timeter per day and grams per square cm per hour. These do not
express corrosion resistance in terms of penetration. From an engi-
neering viewpoint, the rate of penetration or the thinning of a
structural piece can be used to predict the life of a given
component.

The expression mil per year (mpy) is the most desirable way of
expressing corrosion rates. This expression readily calculated from
the weight loss of the metal specimen during the corrosion test by
the formula given below:

mpy ¼ 534W=DAT ð1Þ
Where,W =Weight loss, mgD = Density of specimen, g/cubic
cmA = Area of specimen Sq. cmT = Exposure Time, hr

Thus corrosion rate calculation involves whole numbers, which
are easily handled.

The corrosion analysis test using weight loss method is carried
out according to the ASTM standards. Table 15 shows the Corrosion
Rate of different materials.

By comparing the corrosion rates of the three metals before and
after the hardfacing using TIG welding. The following results are
obtained and it is plotted as graphs below in Fig. 17.

From the above graph it is clear that the two meals (EN-9 and
MS) in its original condition has similar corrosion rate and among
this EN-8 shows more corrosion rate.

Next part is to compare the corrosion rates of parent and the
hardfaced metal. The effect of hardfacing on these three metal
shows an improvement in the corrosion resistant properties. The
three comparison graphs are shown below in Fig. 18, Fig. 19 and
Fig. 20 Fig. 21.

After comparing with its parent material, it need to going to
compare the three welded materials and following result are
obtained.

4. Conclusion

Steel being an important constituent in industrial applications
has to be studied for its durability and worthiness. This study gives

Fig. 14. Microstructure of welded area of EN 8.

Fig. 15. Microstructure of welded area of EN 9.

Fig. 16. Microstructure of welded area of EN 24.

Table 14
Observations from microstructure analysis.

s MATERIAL GRAIN
SIZE

PERCENTAGE
POROSITY

VOLUME
FRACTION

1 EN 8 base metal 5.71 78.06 0.22
2 EN 9 base metal 8.23 0.52 0.29
3 EN 24 base metal 9.08 56.82 0.23
4 EN 8 welded area 8.7 55.98 0.25
5 EN 9 welded area 8.52 45.41 0.24
6 EN 24 welded area 9.06 57.16 0.23
7 EN 8 worn surface 6.95 0.37 0.36
8 EN 9 worn surface 9.79 0.38 0.36
9 EN 24 worn surface 4.92 91.11 0.29

Table 15
Corrosion Rate.

Material 1 h (mpy) 3 h (mpy)

EN-8 108.436 195.787
EN-9 105.945 194.081
MS 192.533 287.695
EN-8 (Weld) 87.484 129.768
EN-9 (Weld) 87.20 141.256
MS (Weld) 169.428 244.708
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an idea regarding the durability of the materials. The properties of
the materials are studied. The material due to its wide range of
applications plays a vital role in modern day industry so the study
suggests a better option among the three selected materials. Fur-
ther studies on the properties can give a clear idea about the
selection.

- The wear properties of ferrous welded materials like EN 8, EN 9,
and EN 24 are studied.

- It is found the EN24 has the least wear when compared to EN 8
and EN 9.

- The microhardness of EN24 is higher than EN 8 and EN 9 thus
making it wear resistant than EN 8 and EN 9

- The coefficient of friction in dry sliding condition is found to be
constant throughout the experiment.

- The hardfaced material has much more corrosion resistant
capability than the parent material.

- Hardness of three materials various accordingly with the chem-
ical composition.
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Abstract: 

In this work a ternary Al-Fe-SiC metal matrix composites were reinforced using Zr particles 

through powder metallurgy process. The Al matrix and the reinforcements were mixed in 

high energy ball mill at a speed of 250 rpm over a period of 5h so as to develop a 

homogenously dispersed composite material. The composite powders are then pressed at 

500MPa using hydraulic press. The compressed composite green compacts are then sintered 

at 500o C for 2 h and allowed to cool under furnace atmosphere. The densities, micro 

hardness and compressive strength of Al-Fe-SiC-Zr composites were investigated and 

reported. The composite materials were characterized using SEM, EDS and XRD. The 

density of Al-10Fe-10SiC-10Zr hybrid composites was found to be around 3.44 g/cm3. The 

Zr particles have influenced the micro hardness of the composite materials. The micro 

hardness of the Al-10Fe-10SiC-10Zr hybrid composites was found to be better compared to 

Al-10Fe and Al-10Fe-10SiC hybrid composites. The compressive strength of the Al-10Fe-

10SiC-10Zr hybrid composites was around 205 MPa which is 44% higher than the Al-10Fe 

composite material. The porosity of the hybrid composites has reduced when compared to 

that of Al-10Fe and Al-10Fe-10SiC hybrid composites. The wear studies reveal that Al-10Fe-

10SiC-10Zr bear out better wear resistance. The predominant wear mechanism was identified 

as adhesive wear followed by plastic deformation. This improved wear resistance was due to 

the formation of oxides layers such Al2O3, Fe2O3 and also due to the presence of AlFe3 and 

Al3Zr4 intermetallics. 

 

Keywords: Powder Metallurgy, Wear, Microhardness, FE-SEM, XRD. 
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1. Introduction 

The utilization of hybrid composite materials as a replacement of conventional materials 

has increased drastically in many areas such as aerospace industries, automobile industries 

and also in various industrial applications where better mechanical, wear and corrosion 

characteristics are needed[1–7]. Therefore the main objectives of the development of hybrid 

composites are to develop materials with low density and better strength along with superior 

wear and corrosion resistance[8–10]. 

In the development of composite materials it is important to select the matrix materials, 

reinforcements, percentage of reinforcement and finally the method and production 

parameters as per the requirements. Now a day due to the economic considerations the 

industries are opting for low cost materials, in order to overcome high production cost. The 

most widely used matrix used reinforcements are Al2O3, TiO2, SiC and graphite [11–19]. 

T.Sathish Kumar et al investigated the wear behavior of AA6082 alloy reinforced with Y2O3 

and graphite particles. The studies revealed that the hybrid composites have micro hardness 

which is 40% higher than that of base alloy[20].   T.Sathish kumar et al also studied the effect 

of heat trearment on tribological properties of Al-7Si-ZrSiO4 hybrid composites 

manufactured using stir casting processs. The results revealed that the wear resistance of the 

hybrid composites is much superior to that of base alloy[21].  

 The other important factor to be considered is the wettability of Al matrix when 

fabricated using powder metallurgy process. The ceramic reinforcements such as Al2O3 and 

TiO2 does not easily wetted as a result of surface oxides on Al matrix. In order to improve the 

wettability of the Al based composites other reinforcements such as Fe, SiC, and Zr are added 

[22–27]. The addition of these reinforcements increases the mechanical properties as well as 

tribological and corrosion resistance properties of the composite material. 

Another major area of concern is the uniform dispersion of reinforcements with the 

matrix materials. Even though there are various methods for fabricating Al based composites 

such as stir casting method, the major disadvantage was the lack of homogenous dispersion 

of the reinforcements as the result of agglomeration and cluster formation. The powder 

metallurgy is one among those methods by which uniform dispersion of reinforcements can 

be achieved. Moreover the powder metallurgy has been proven to be one of the cost efficient 

and most reliable methods for fabrication of high melting point materials[5,6,8,][26,27]. 

There are many literatures based on light weight reinforcements so as to improve the 

mechanical properties of Al based composite materials; however there are very few studies 
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based on high density hybrid reinforcements so as to improve the mechanical wear and 

corrosion characteristics of Al based composite materials.   

Novelty of this work is to study the effect of Zr reinforcement on the Al-10Fe-10SiC 

hybrid composites. It obvious, that the addition of ceramic particles Such as SiC will improve 

the mechanical properties and wear resistant properties of the composites. But there will be 

some negative effects in terms of increase in porosity and thereby making the composites 

more brittle in nature compared to the base material. The addition of Zr as reinforcement 

might improve the ductile nature of the composites by reducing the porosity since Zr particles 

have a density of 6.49 g/cm3. Further the Zr particles exhibit good mechanical hardness and 

better wear resistant properties even at high temperatures.  

In this work various proportions of Al-Fe-SiC-Zr hybrid nanocomposites were produced 

using powder metallurgy process. The hybrid composites are then fabricated into 8mm 

cylindrical pellets using high speed steel die. The compacted green pellets are then sintered 

using muffle furnace. The sintered composite pellets are subjected to mechanical 

characterizations such as density, microhardness and compressive strength. The wear 

resistance properties were studied using pin on disc apparatus. Thus the main objective of this 

work is to develop hybrid nanocomposite materials with superior mechanical and tribological 

properties that can be utilized in automobile, aerospace and other industrial applications. 

 

2. Materials and Method 

2.1 Materials 

The pure aluminum was used as the base material and the Fe, SiC and Zr are used 

as reinforcements in weight percentage. All the materials used in this research work 

are of research grade and of purity level 99.5% respectively. The Fig.1 shows the 

Scanning Electron Microscope images of Pure Al, Fe, SiC and Zr. The micrographs 

were taken in Secondary electron mode operated at 10 kV. The morphology of pure 

Al resembles a flake like structure with an average particle size of 50 µm. The Fe 

powders were elliptical in nature with a particle size of 20 µm. The SiC and Zr 

powders were crystalline in nature and their particle size was found to be around 5 µm 

and 3 µm respectively.  
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Fig.1 Scanning Electron Microscope (SEM-SE) images of Al, Fe, SiC and Zr 

 

 

 

2.2 Production of hybrid composite materials 

The table.1 shows the various proportions of Al-10Fe-10SiC-Zr hybrid 

nanocomposites. The selected proportions of matrix and reinforcements are then 

fed into a high energy ball mill consisting of tungsten carbide balls. The ball 

milling process was carried out for 5h at a speed of 250 rpm under the presence of 

toluene as a process control agent so as to obtain homogenous and reaction free 

hybrid composite materials. The homogenously mixed composite powders are 

then compacted using uniaxial hydraulic press at 500 Mpa so as to develop an 8 

mm cylindrical green pellet. The green pellets are then sintered at a temperature of 

500oC for 2 h and cooled under furnace atmosphere.  

 

2.3 Microhardness and Density 

The microhardness of the Al-10Fe-10SiC-Zr hybrid composites was carried 

out using Vickers hardness equipment at a uniform load of 1 kg. The dwell time 

for the entire process was maintained at 20s. The results of the experiments 
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represent an average of 10 measurements and the standard deviation values were 

reported. The density of the composite specimens after sintering process was 

measured using Archimedes principle and the relative density and porosity of the 

composite materials were calculated by the relations. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 1 − 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦      (1) 

 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦−𝐴𝑐𝑡𝑢𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
 × 100      (2) 

 

2.4 Compressive Strength 

The universal testing machine UTM was utilized to study the compressive 

strength of Al-10Fe-10SiC-Zr composite materials. The 8 mm diameter composite 

pellets are compressed at a uniform and gradual speed rate of 5mm min-1. 

2.5 Microstructural Characterization 

The Scanning Electron Microscope (SEM) was used to explore the 

microstructures of the Al-10Fe-10SiC-Zr composite materials. The topographical 

characterization was carried out using Atomic Force Microscope (AFM).  The 

XRD analysis was used to explore the chemical compositions present in the 

hybrid composites. The EDS analysis was used to confirm the presence of various 

elements in the hybrid composites. 

2.6 Wear analysis 

The Al-10Fe-10SiC-Zr hybrid composite pellets of 8 mm diameter and 30 mm 

long were used as test specimen. The DUCOM make pin on disc apparatus was used 

to perform wear test as per the ASTM-G99 standard. The wear analysis was carried 

out for various conditions say applied load, sliding distance and sliding speed. The 

tests were performed for five different trials for each specimen and the average values 

are tabulated. The composite wear specimens were weighed before and after the 

experiments using electronic weighing scale [30,31].  

 

3. Results and Discussion 

3.1 Characterization 

The Fig. 2 shows the high resolution Fe-SEM of Al-10Fe-10SiC-Zr hybrid 

composites of varying Zr content at the magnification of 10,000× at an operating 

voltage of 10 kV. From the figure it can be understood that the reinforcements are 

uniformly dispersed into the Al matrix as the result of 5h milling time. It can be 
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observed that the average particle size of Al powder was also reduced considerably 

due to ball milling process. The Fig.3 represents the EDS mapping of Al-10Fe-10SiC-

10Zr hybrid composite powders. From the spectra it can be confirmed that the 

composite materials has the presence of Al, Fe, SiC and Zr content. Moreover there is 

also formation of AlFe3, Al3Zr4 intermetallics and AlFe3C compound and ZrO2 which 

can be inferred from the EDS mapping. The AFM image of Al-10Fe- 10SiC- 10Zr 

hybrid composite is shown in Fig.4. From the image it can be understood that the 

there is uniform dispersion of reinforcements with the Al matrix and also it can be 

noted that there is formation of surface oxides due to the ball milling process. The X-

ray diffraction spectra of Al-10Fe-10SiC-5Zr and Al-10Fe-10SiC-10Zr hybrid 

composites are shown in Fig.5. The XRD analysis were carried out using Xpert-3 

diffractometer (45kV, 30mA) with Cu anode (λ= 0.15406 nm). The XRD spectra 

exhibit the characteristic peaks of Al, Fe, SiC and Zr which confirms the uniform 

dispersion of reinforcements in Al matrix. The peaks at 2θ = 39.5o, 44.25o, 65o, 77.25o 

and 82.3o confirm the presence of Al in composite materials as per the JCPDS No: 34-

0529, 06-0696. The characteristic low intensity 2θ peaks at 37.5o and 82.3o 

corresponds to SiC which authenticates its presence in the composite materials 

(JCPDS No: 42-1172). The peeks at 2θ = 44.25o, 65o and 82.3o also prove the 

presence of Fe particles in the composite materials (JCPDS No: 45-1203). The 2θ 

peaks at 77.25o, 14.5o, 35.87o, 60.14o are the characteristics peaks of Zr (JCPDS No: 

41-0814). The formation of AlFe3, Al3Zr4 intermetallics and AlFe3C compound were 

observed from the XRD analysis (JCPDS No: 45-1203, 41-0814). 
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Fig.2 High Resolution Field Emission Scanning Electron Microscope (FE-SEM) 

image of Al-10Fe- 10SiC- 10Zr hybrid composites. 
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Fig.3 Field Emission Scanning Electron Microscope (FE-SEM) mapping of of Al-

10Fe- 10SiC- 10Zr hybrid composites. 
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Fig.4 AFM image of Al-10Fe- 10SiC- 10Zr hybrid composites 

 
Fig.5 XRD Spectra of Al-10Fe-10SiC- Zr hybrid composites 

 
3.2 Density and Micro hardness 

 
The density, Relative density, porosity and microhardness of the Al-10Fe-

10SiC- Zr hybrid composites are represented in Table.1. The relationship between 

density and porosity of Al-10Fe, Al-10Fe-10SiC and Al-10Fe-10SiC- Zr hybrid 

composites are shown in Fig. 6. The density of the Al-Fe-SiC ternary composites 

has improved with the addition of Zr reinforcements. The density of the Al-10Fe 

composites was found to be 2.98 g/cm3 whereas; the density of the Al-10Fe-

10SiC-10Zr hybrid composites has increased to 3.44 g/cm3. The porosity of the 

composite materials decreased with increase in Zr addition. The Al-10Fe-10SiC-

10Zr hybrid composites have better density and porosity compared to other 
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combinations. The reason behind this decrease in porosity is due the high density 

Zr reinforcements and also due the compaction pressure.It was also found that 

theoretical density of the composites was higher than the actual density of all 

compositions. The relative density percentage of the Al-10Fe-10SiC-10Zr 

composites was 94.25% and has increased 1.8 % when compared with Al-10Fe 

composites. The microhardness of the Al-10Fe-10SiC-Zr hybrid composites has 

increased slightly with the increases in Zr addition. The improvement in 

microhardness was also due to the reduction in porosity of the composite pellets 

and also due to the formation of AlFe3, Al3Zr4 intermetallics.  

 

 Table.1 Density and Microhardness of Al-10Fe-10SiC- Zr hybrid composites 

S.No Composition Composition 
Notation 

Actual 
Density 
(g/cm3) 

Theoretical 
Density 
(g/cm3) 

Relative 
 
Density 
(%) 

Porosity 
(%) 

Micro 
hardness 
(HV) 

1 Al-10Fe C1 2.98 3.22 92.55 7.45 101 
2 Al-10Fe-

10SiC 
C2 3.05 3.27 93.27 6.73 118 

3 Al-10Fe-
10SiC-2.5Zr 

C3 3.14 3.36 93.45 6.55 120 

4 Al-10Fe-
10SiC-5Zr 

C4 3.23 3.46 93.36 6.64 132 

5 Al-10Fe-
10SiC-10Zr 

C5 3.44 3.65 94.25 5.75 135 

 
 

 
Fig.6 Porosity Vs Actual Density of Al-10Fe-10SiC- Zr hybrid composites 
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3.3 Compressive Strength 

 
The compressive strength of various Al-10Fe-10SiC- Zr hybrid composites is 

shown in Fig.7. The Compressive strength of the Al-10Fe-10SiC-Zr hybrid 

composites shows betterment with the increase in load bearing Zr 

reinforcement[32]. The other major reason for the improvement in compressive 

strength was due to formation of hard AlFe3 intermettalics and oxides as the result 

of sintering operation. The presence of SiC particles in the composite materials 

also played a major role in the improvement of compressive strength. 

 

 

 

 

Fig.7 Microhardness Vs Compressive Strength of Al-10Fe-10SiC-Zr hybrid 

composites 

3.4 Wear Analysis 

The primary concern for any light weight material is long service life and less 

replacement period, thereby reducing the total expenditure incurred. Hence it is 

desirable to develop a material which has very less wear loss under sliding wear 

conditions. The effect of Zr reinforcement on the wear loss of Al-10Fe-10SiC ternary 

composites is shown in Fig.8. From the Fig. 8 (a) it can be understood that the 

increase in applied load has resulted in increased wear loss irrespective of Zr 

reinforcement. This phenomenon was due to the increased contact surface between 
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the specimen and rotating disc. Fig.8 (b) reveals that the wear loss of the composite 

materials increases as the distance of sliding increases. The increase in sliding 

distance increases the contact period of the composite materials with the mating 

surface thereby increasing the temperature at the interface. The increase in surface 

temperature further results in softening of materials and the deformation of materials 

takes place. From the Fig.8 (c) it is clear that the increase in temperature at the 

interface due to the increase in Sliding speed has resulted in softening of the 

composite pellet there by increasing the rate of wear loss. It can be also noted that the 

wear losss of Al-10Fe and Al-10Fe-10SiC hybrid composites are higher than the Al-

10Fe-10SiC-10Zr hybrid composites under all sliding wear conditions.The 

Coefficient of friction analysis of various Al-10Fe-10SiC-Zr hybrid composites is 

shown in Fig.9. The addition of Zr reinforcements has resulted in reducing the COF 

values Al-10Fe-10SiC ternary composites. The coefficient of friction of Al-10Fe-

10SiC-10Zr composites has improved compared to that of Al-10Fe-10SiC-5Zr, Al-

10Fe-10SiC-2.5Zr hybrid composites as well as Al-10Fe and Al-10Fe-10Sic 

composite materials. This improvement in wear and friction characteristics of the-

10Fe-10SiC ternary composites was due to the formation of AlFe3 and Al3Zr4 

intermetallics which improved the density and surface hardness of the composite 

materials. The other major reason was the formation of AlFe3C compound which 

increases the hardness and self lubricating property of the composite materials. 

Further there is also formation of ZrO2, Al2O3 and Fe2O3 tribo layers which also 

played a vital role in improving the sliding wear properties of Al-10Fe-10SiC-Zr 

nanocomposites. The Fig. 10 exhibits the high resolution FESEM image and EDAX 

spectra of Al-10Fe-10SiC-10Zr hybrid composites worn out surface after wear 

analysis. From the FESEM it is evident that the main wear mechanism was adhesive 

wear with micro cracking which leads to plastic deformation. Figure 10 (B) represents 

the EDAX spectra of Al-10Fe-10SiC-10Zr hybrid composites after wear test, which 

confirms the presence of Al, Fe, SiC and Zr along with the presence of oxides such as 

ZrO2, Al2O3 and Fe2O3 at contact surface. Figure 10 (C&D) shows the SEM images of 

worn out surfaces of Al-10Fe composites and Al-10Fe-10SiC hybrid composites after 

wear test. From the spectra’s it can be confirmed that the Al-10Fe composites has 

experienced abrasive wear along with delamination. Whereas the Al-10Fe-10SiC 

hybrid composites experiences abrasive wear followed by adhesive wear which leads 

to plastic deformation. 
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Fig.8 Wear loss of Al-10Fe-10SiC-Zr hybrid composites  
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Fig.9 Coefficient of Friction (COF) of Al-10Fe-10SiC-Zr hybrid composites 
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Fig.10. [A] FESEM image of Al-10Fe-10SiC-10Zr worn out Sample, [B] EDAX Spectra of 
Al-10Fe-10SiC-10Zr worn out Sample [C] SEM image of Al-10Fe worn out sample [D] SEM 

image of Al-10Fe-10SiC worn out Sample. 
 

4. Conclusions 

The Al-10Fe-10SiC-Zr hybridcomposites were produced through mechanical alloying 

process. The mechanical, tribological and corrosion resistance properties of the composites 

were studied at different conditions. 

• The density of the Al-10Fe-10SiC-10Zr hybrid composites has improved to 3.44 

g/cm3 from 3.14 g/cm3 for Al-10Fe-10SiC-2.5Zr hybrid composites. 

• The Microhardness of the Al-10Fe-10SiC-10Zr (135 HV) hybrid composites is better 

to that of Al-10Fe-10SiC-2.5Zr (120 HV) hybrid composites due to the formation of 

AlFe3C compound. 

• The porosity of the Al-10Fe-10SiC-10Zr (5.75%) hybrid composites has reduced 

compared to that of Al-10Fe-10SiC-2.5Zr (6.55%) hybrid composites. 

• The compressive strength of the the Al-10Fe-10SiC-10Zr hybrid composites has 

found to be better compared to other combinations. 

• The wear resistance and coefficient of friction of the Al-10Fe-10SiC-10Zr hybrid 

composites has improved significantly compared to other combinations due to the 

formation of Al3Zr4, AlFe3 intermetallics. 

• From the findings of this study, it can be concluded that the Al-10Fe-10SiC-10Zr 

hybrid composites has better mechanical and tribological properties. 
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a  b  s  t  r a  c t

Failure mode  effects  and criticality analysis  (FMECA)  is widely  used,  by  developing a Risk Priority Number
(RPN), to identify  the  failure  modes and  to  prioritize them. But this  has  been  extensively  criticized due
to several  drawbacks  in  the  literature.  This  issue  can be  solved  partly by  using Fuzzy  FMECA  (FFMECA)
although Fuzzy logic  itself  has  been  criticized of  having  a direct bearing  on subjectivity.  This  paper makes
use  of Dempster-Shafer  Theory  (DST)  of evidence-a  proper  mathematical  framework  to deal  with  the
epistemic  uncertainty  often  affecting  the  input evaluations  of risk parameters.  DST based  FMECA  is capa-
ble  of providing an  appropriate,  precise  and fault-free, failure  mode  prioritization.  Belief  and  Plausibility
distributions  are  used to  synthesize  the  obtainable  information  and  to make  them  useful for  the  purpose.
The  results obtained  from  DST-FMECA  is  compared  to  the  results  drawn  from the  FFMECA  applications
(already conducted  in the liquefied  natural  gas  (LNG)  storage  facility)  to validate FFMECA  and vice versa.
The comparative  results  presented  in this  paper  establish  the  capabilities of both the  approaches, espe-
cially in a complex  system  like the  LNG storage  and  similar facilities where  even a  minor  failure  may  lead
to catastrophic  effects.

© 2020  Institution  of Chemical  Engineers. Published by  Elsevier  B.V.  All rights  reserved.

1. Introduction

Failure Mode and Effect Analysis (FMEA) is a well-organized
method for the analysis of a process/system to identify the pos-
sible failure modes, their causes and effects on the performance of
the system (International Electrotechnical Commission, 2006). It is
usually carried out by  a  multi-disciplinary team of specialists with
the aim of supporting the risk manager in  the identification of fail-
ure mode and to pay attention in order to improve the performance
of the entire system/process. While considering the criticality of the
failure modes, FMEA is  termed as Failure Mode Effect and Criticality
Analysis (FMECA).

FMECA is conducted in two sections (i) recognize the vari-
ous failure modes and its impacts through FMEA (ii) categorize
the failure mode by the severity and its probability of occurrence
(Bowles and Peláez, 1995). Three main parameters are used while
performing an FMEA. They are occurrence (O) which is the prob-
ability of accident occurrence, severity (S) which addresses severe

∗ Corresponding author.
E-mail address: manojkalathil1513@gmail.com (M.J. Kalathil).

implications due to failure modes and non-detection (D) which is
responsible for the likelihood of failures not detected before they
occur (Cameron et al., 2017). The product of  the three features men-
tioned above (i.e. O ×  S  × D) is  known as risk priority number (RPN)
which provides the degree of a  risk.

Many researchers have pointed out the limitations of the tra-
ditional RPN and in  most of the FMEA evaluation, the comparative
significance of O, S and D is not considered (Wang et al., 2009; Chin
et al., 2009). Liu et al. (2013) discovered that distinct combinations
of O, S  and D could generate precisely the same RPN value, but
their hidden consequences of risk could be quite distinct from one
another. Liu et al. (2013) also outlined that the mathematical for-
mula for calculating RPN is questionable and debatable. However,
there can be multiple failure modes and their risks and effects may
be varying in  intensity.

To ignore subjectivity from expert judgment is hard. While one
expert considers it as of high quality, another may  conceive it as
doubtful. Furthermore, two experts may  approve that the assess-
ment is  of adequate quality, the same experts may continue to rank
it considerably dissimilar on the basis of the degree of their under-
standing of what is meant by ‘acceptable’. Therefore, a  little care has
to be taken over the case when so many experts give different risk
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evaluations to  one failure mode, some of them may  be imprecise
and uncertain. In such cases the traditional RPN may  not  be proved
an adequate tool for a  risk evaluation. When there is  uncertainty
about information, precise evaluations of O, S  and D, are not possi-
ble. Uncertainty is an integral part of the risk assessment process,
and they are of two types, namely the aleatory uncertainty and the
epistemic uncertainty (Ferson and Ginzburg, 1996). The epistemic
uncertainty arises from the insufficient knowledge about the sys-
tem; whereas, the aleatory uncertainty arises from the randomness
in the behaviour of the system under study. In process industries
like liquefied natural gas (LNG) terminal, complexities are very high
and any unforeseen failure in  the process will, no doubt, affect the
entire system and the nearby environment as well. In such cases
the Risk Priority Number (RPN) has been widely used to determine
the risk priority order of the failure modes.

Recent studies show that Dempster-Shafer Theory (DST) of evi-
dence and Evidential Reasoning (ER) can be combined to enhance
the performance of conventional FMEA/FMECA. The probability
theory is a  strong mathematical tool that deals with the aleatory
uncertainty whereas the variability is best represented by probabil-
ity distribution function Dutta (2015). However, probability theory
cannot represent the epistemic uncertainty that may  affect the risk
parameters. The DST of evidence commonly represents epistemic
uncertainty rather than the probabilistic approach especially when
the information is subjective. Full and fair information about the
system or  the process is  not  a  mandatory in the evidence theory.
It  is not at all necessary to go for further assumptions even if the
available knowledge is sparse or inadequate. DST of evidence has
been used to quantify the imprecision and vagueness in  reliability
and failure analysis. It  can be used when the information is either
vague or  subjective, e.g. an expert’s opinion which is  the advantage
of DST over the probability theory (Curcurù et al., 2012). A  result ori-
ented and strategic methodology in the risk modelling approaches
that would provide earlier warnings are very helpful in  preventing
and controlling or at least mitigating very dangerous events. This is
very evident and is  a living example in the Bhopal gas disaster that
occurred due to a  combination of dangerous and faulty designs and
defective operations (Yang et al. (2015a).

This paper refers to the DST based FMECA, performed in an
LNG storage facility located in South India, with the objective of
the prioritization of failure modes. Further, the obtained results
are compared to  the results of FFMECA which had already been
conducted by  Renjith et al. (2018).

2. Literature review

Ambiguity is  an unavoidable part of any risk assessment process
when it is being carried out using models, and model is a function
of constraints stained with uncertainties. The identification of haz-
ards termed as ’safety brain storming’ is done using the question
’what can go wrong? ’. The process safety measurements which is
termed as ’risk’ is described by a combination of two questions,
’how bad an accident would be? ‘and ’how often could it happen?
‘(Khan et al., 2015). Often there may  be very rare events that might
cause unpredictably fatal casualties. Risk analysis of such events is
a very difficult job due to  the lack of pertinent data to  serve as a
basis for probabilistic risk evaluation (Yang et al., 2015b). Casual-
ties in complex engineering systems need not  be often due to linear
interactions of several accident prone factors. Traditional accident
models usually use a  sequential approach of fault and event trees to
foresee cause-consequence relationship, and they are  often unable
to visualize real interactions that have limited expectancy of acci-
dents (Adedigba et al., 2016). In offshore Oil and Gas industry
processing equipment face grave risks in  harsh and incongruous
environment. If the reliability of the machinery is  impaired it may

become hazardous both to the personnel and to the equipment as
well (Deyab et al., 2018).

FMECA quantifies the risk by using RPN, which have several
shortcomings as discussed earlier. To overcome the limitations
of FMECA, several models were developed and analysed. Based
on the literature studies Liu et al. (2013) classified the methods
used to overcome the limitations of the conventional RPN in to
five groups (i.e. Mathematical Programming (MP), Multi-Criteria
Decision Making (MCDM) methods, Hybrid methods, Artificial
Intelligence (AI), and others).

The identification of the hazards in process and probable sit-
uation is subjected to  failure. Even though the method is  labor
intensive, Fuzzy FMCA enhances the efficiency of hazard identi-
fication and scenario definition. Fuzzy set theory was  originally
presented by Zadeh (1965),  but later together with Bellman and
Zadeh (1970),  it was further expanded to  a  general framework for
decision making. Though fuzzy logic is  mainly used for the quantifi-
cation of the ambiguities in the interpretations (Mays et al., 1997).
Fuzzy logic facilitates an effortless execution of control methodolo-
gies used by human administrators (Yen and Langari, 1999). Khan
and Abbasi (1999),  applied Fuzzy Set Theory into the Fault Tree
Analysis (FTA) in order to  get rid of the ambiguity in the prob-
abilistic hazard assessment. Using fuzzy logic is very effective in
modelling ambiguity and subjectivity involved in  the assessment
of certain variables, and also in connecting quantitative data with
qualitative information (Gentile et al., 2003). Ferdous et al. (2009)
came forward suggesting the implementation of  Fuzzy weighed
index and cut sets importance measure insensitivity analysis in  the
system design modifications and probabilistic risk analysis. The
Fuzzy Fault Tree (FFT) risk analysis has extensive applications in
offshore oil and gas industry. It is mainly used to  formulate an
overall preventive and mitigating method (Ferdous et al., 2009;
Lavasani et al., 2011). A group of experts interpreted the probabil-
ity of occurrence of the failure components linguistically and these
were converted into numerical values using fuzzy logic (Renjith
et al., 2010). Yang et al. (2011a) puts forth a  mixed strategy to  pri-
oritize the environmental issues in  offshore oil and gas operations
by combining Fuzzy Inference System (FIS) and Fuzzy Analytic Hier-
archy Process (FAHP). One of the chief merits of fuzzy logic method
is its capabilities to deal with inexact and insufficient data and at
the same time to  avoid looking for numerical values. It  can take in
linguistic variables as inputs and provide with a conclusion, which
may  be a  well-defined linguistic variable (Petrović  et al., 2014).

Fuzzy logic may  be convenient, when the uncertainties are
caused by lack of information (Urbina and Aoyama, 2017; Hong
et al., 2016; Zhang et al., 2017). It  can also be applied well for the
presentation of subjective, linguistic and vague data and informa-
tion efficaciously (Chang et al., 2018). George et al., 2019 used Fuzzy
logic in  FMECA studies to prioritize RPN values connected with
probable failures of unloading facility of LNG terminal.

Evidence theory plays a  vital role in  the tackling of the uncer-
tainties especially when varying degrees of engineering expertise
is required in the decision making process (Yang and Kim, 2006).
Instead of the expertise of a  single specialist, the expertise of  a
team of specialists can give absolutely dependable information con-
ducive to a  perfect data analysis (Ayyub, 2001). It  is  quite useful for
a  multi-valued judgment on the inputs for risk calculation and has
been widely used in  the reliability field. The elicited values of O,
S and D by the professionals that are in the interval or crisp form
are expected to  be credible and reliable (Ayyub and Klir, 2006).
To treat the incomplete or inconsistent data in reliability studies,
Simon et al. (2007) used the DST of evidence and Bayesian network
tools. This method can be  used to extract a  considerable amount
of information from the available data. Bae et al. (2004) proposed
the cost-interval based effective algorithm to improve the com-
putational cost and made use of DST of evidence in the structural
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engineering design based on uncertainty quantification analysis.
Limbourg et al. (2007) used the applicability of DST of evidence that
combines probabilistic uncertainty and interval-based modelling
on a  Fault Tree analysis from the automotive area.

In failure mode prioritization, based on different vagueness
such as intervals, ignorance or incomplete assessment, the rela-
tive importance of the risk factors is  considered for the assessment
of failure mode priority Chin et al. (2009).  DST is made suitable
to gather different experts’ opinions and to prioritize the failure
modes, and the random theory is used to obtain the mean value of
RPNs to  compare the failure modes.

To accommodate the imprecise or vague input data Popescu
et al. (2010) used the DST of evidence theory and it defines the
vagueness of the hypothesis by  using the belief interval. Curcurù
et al. (2012) uses evidence theory to gather the different evaluations
of risk by considering multiple experts’ opinion that is  assumed
to be crisp and independent of one another. Su  et al. (2012) sug-
gests a  better and improved way to  develop Basis Belief Assignment
(BBA) for risk evaluations. Talavera et al. (2013) puts forward a still
better and novel method of uncertainty quantification and propa-
gation using DST, caused by  using Automatic Identification System
(AIS) data. Accurate assessments of Severity (S), Occurrence (O)
and Non-detection (D), are not accessible, when there is vague-
ness of information and the RPN cannot be used to measure the
effectiveness in corrective actions taken. Thus, by applying the
Dempster-Shafer theory in FMECA, the risk prioritization can be
done much more accurately (Certa et al., 2017).

Fuzzy sets and theory of evidence have proved to be very effec-
tive and results oriented in  handling and interpreting uncertainties
in expert judgment in the risk analysis (Cheng, 2000; Sentz and
Ferson, 2002; Wilcox and Ayyub, 2003; Bae et al., 2004; Agarwal
et al., 2004; Ayyub and Klir, 2006). Ferdous et al. (2009) discussed
how to  deal with an uncertainty that goes with the event lead-
ing to the end of the event. A fuzzy based approach was used to
tackle the imprecisions and subjectivity, and the theory of evidence
was applied to  treat unpredictable, imperfect and conflicting infor-
mation. To overcome the inadequacies of the conventional RPN
method, we use the DST of evidence to make the FMECA analysis
faultless.

3. Materials and methods

The primary objective of this work is  the prioritization of fail-
ure modes by  using DST based FMECA and to  make a comparative
study with Fuzzy based FMECA. In earlier days, though Fuzzy logic
has been criticized of having a strong bearing to subjective results,
recent research has made it a popular technique due to its capabil-
ity of hazard identification and for eliciting efficient information in
complex uncertain environment helping risk assessment process.
Fuzzy logic is  based on the probability hypothesis in the conversion
of crisp input to  fuzzy input which has to be  treated by referring
to the state of fuzzy rule base formed by  experts. The characteriza-
tion of occurrence, severity and non-detection relationship and the
associated risk are developed by  if-then rule base and experts’ opin-
ion Renjith et al. (2018).  Crisp rating of O, S and D, are fuzzified and
appropriately used in the if-then rule  base. Based on the truth-value
of the rules in  their grounds Fuzzy conclusion set was  derived. The
weighted mean of the maximum procedure as the ranking value of
the risk priority was used to de- fuzzify the fuzzy conclusion.

DST of evidence was first introduced by Dempster (1967) and
later Shafer (1976),  developed it as a  mathematical theory of evi-
dence for finding epistemic uncertainty. The risk priority number
(RPN) is  calculated for each failure mode considering all the avail-
able combinations, and thereby a  multiple-value characterization
is obtained for the RPN value of that failure mode. The risks are

Fig. 1. Belief and Plausibility relationship.

ranked based on the RPN values. The DST of  evidence uses the Belief
and Plausibility distributions for failure modes’ prioritization. Once
these distributions are  used, failure modes having the same RPN can
be prioritized based on  their belief value as the plausibility value
is set as a constant. The bigger belief value is, the more critical will
be the failure mode. This additional prioritization step will make it
possible to  make a proper judgment among the failure modes that
are ranked critically the same. The occurrence, severity and non-
detection are  obtained from the professionals as in the traditional
method, and the additional requirement is  the Basic Probability
Assessment (BPA). The specialist provides the BPA in such a way
that the complete accessible evidence (i.e. 1) is  assigned to  one or
two ratings Yang et al. (2011b).  The proposed method is to for-
mulate the findings and to  calculate the response function as the
multiplication of the parameters O, S and D, maintaining the epis-
temic approach until the attainment of the result which is  explained
in the Section (3.1).

3.1. Basic notations and procedure for the proposed DST of
Evidence

In DST, the set ˛  = { ˛1,˛2 . . ..  . .. . . ˛n, },  is defined as the mutu-
ally exclusive and exhaustive propositions and is  called the frame
of discernment (FOD), and its power set P (   ̨ ), of all possible

Subsets of ‘’  consists of 2n(˛) elements. The three basic measures
involved in this theory are Basic Probability Assessment (BPA),
Belief measure (Bel) and Plausibility measure (Pl).

Basic Probability Assessment (BPA): It  is  a function m ( Pi (˛)) from
the power set P (˛) to  [0,1] and this shows the quantity of knowl-
edge associated with each element of P (˛). Each subset Pi (˛) of  P
(˛) with m ( Pi (˛))>0 is  called focal element of P(˛).

The basic assumptions of BPA, m (Pi (˛)): P (˛) → [0,1] are

m (∅) = 0 (1)

and∑
Pi (˛)⊆P(˛)

m (Pi (˛)) =  1 (2)

Belief Measure (Bel): It  is calculated by adding all the BPA’s of
Pk (˛) ⊆ Pi (˛) and it shows how much the knowledge supports each
Pi (˛).

BelPi (˛) =
∑

Ø /= Pk (˛)⊆Pi (˛)

m (Pk (˛)) (3)

Plausibility Measure (Pl): It  is  calculated by adding all the BPA’s
of Pk (˛) ⊆ Pi (˛), where Pk (˛) is taken in  such a way  that Pk (˛)
∩Pi (˛) /= ∅

Pl (Pi (˛)) =
∑

Pk (˛)∩Pi (˛) /=  ∅
m (Pk (˛)) (4)

The relationship between Belief and plausibility measures are

Pl (Pi (˛)) = [1 − Bel ( ¯Pi (˛) )] (5)

Where ¯Pi (˛) is  the component of Pi (˛). The Fig. 1 shows the rela-
tionship between Bel (Pi (˛)) and Pl (Pi (˛)).
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(Courtesy: Bae et al., 2003).
Dempster combination rule: The DST provides several combina-

tion rules to  combine knowledge from independent and various
sources of data and the Dempster’s rule is the first one defined
within the framework of the theory of evidence. The combined BPA
on Pi (˛) can be calculated using the following equations, with the
assumption that the sources of information are independent.

[m1 ⊕ m2 ] Pi (˛) =

⎧⎨
⎩

(m1 ∩ m2) Pi (˛)
1 −  k12

if  Pi (˛) /= ∅

0 if  Pi (˛) = ∅
(6)

Where,
m1 and m2 be two mass functions of Pi (˛) on P (˛),

k12 = (m1 ∩ m2) (∅) (7)

k12 is the amount of conflict, the parameter (1 −  k12 ) gives the
assurance to hold the assumption (2).

(m1 ∩ m2) (Pi (˛)) =
∑

Pk1
(˛)∩Pk2

(˛)=P
i
(˛)

m1
(

Pk1 (˛)
)

m2
(

Pk2 (˛)
)

(8)

3.2. Steps involved in DST – FMECA approach

This approach mainly involves three main steps,

1 Elicitation of information
2 Propagation of information
3 Prioritization of failure modes

3.2.1. Elicitation of information
Due to epistemic uncertainty the experts feel it hard to rate

O, S and D parameters in crisp values while applying FMECA in
real-life situations. In such situations, the specialists prefer to
express their knowledge in interval valued rating, allowing them
to better express their knowledge and perception. From this real-
ization for each failure mode, the risk parameters O, S, D  are
elicited in a  crisp or interval valued form by a  team of ‘N’ experts.
The input information on the risk parameters is  elicited from
experts in a  linguistic ten-point scale using the International Stan-
dard (International Electrotechnical Commission, 2006). The BPA
assigned to the response of ith expert with reference to  rth risk fac-
tor (with r =  O, S, D) of failure mode f, i.e mi,r,f (P1 (˛ ))  is calculated

as 1⁄N, where P1 (˛ ) ⊆ p(˛). From this it is clear that the total quan-
tity of knowledge i.e. 1,  refer to eq. (2),  on the rth risk factor of the
failure mode ‘f’ is distributed equally among each of ‘N’ experts
(Selonen, 2015; Baraldi et al., 2013).

3.2.2. Propagation of information
Having completed the information elicitation step each risk fac-

tor ‘r’ of the failure modes ‘f’ under consideration is categorized by
N crisp or interval-values. By multiplying the parameters O, S and
D, all the possible combinations ‘z’ (with z =  1,  2,. . .,  Z), related to
the judgments made by  the experts on the risk parameters of the
failure mode ‘f’, are calculated. There are  N3 possible combinations
for each failure mode ‘f’ and the related R.P.N is represented by
RPNf,z . The measure, m (RPNf,z) corresponding to the failure mode
‘f’ is calculated by  taking Cartesian product of the values assigned
by the experts in  the combination ‘z’.

3.2.3. Prioritization of failure modes
In this phase our aim is to  rank the failure mode according to

their priority. For this, compare the RPN with the generic thresh-
old value RPN∗

f of the failure mode ‘f’ by considering the event

E =
{

RPNf > RPN∗
f

}
.  Then calculate the evidence that supports the

event E because the greater value of RPN infers greater criticality. To
calculate this BelE and PlE for all the possible N3, RPN’s are plotted.

3.3. Belief and plausibility distributions

For  plotting the distributions initially arrange the upper and the
lower bounds of the interval- valued RPNf,z in their ascending order.
If any value is crisp, consider it as an interval value by  assigning the
same as upper and lower bounds. Belief of the event E is given by

Bel(E)  = Bel
(

RPNf > RPN*
f

)
= 1 − Pl  (RPNf < RPN*

f ) (9)

Plausibility of the event E is given by

Pl(E)  = Pl
(

RPNf > RPN*
f

)
= 1 − Bel (RPNf < RPN*

f ) (10)

To obtain higher RPNf the threshold value of RPN∗
f is  to be  calcu-

lated. For this assume a credibility mass m and draw a  line y  = m,
the intersection of this line with Pl(E)  gives the RPN∗

f of each failure
mode ‘f’ and arrange them in  the descending order to  rank the fail-
ure modes according to  their criticality. After the completion of the
above procedure, if more than one failure mode continues with the
same ranking, take the point of intersection of  the line X =  RPN∗

f
with the belief curve and arrange in  the descending order of the
failure mode based on the belief value obtained. The criticality of
the failure mode depends on the belief value.

3.3.1. The following steps shows the procedure of failure mode
prioritization (Certa et al., 2017)

Step1: ∀f, Consider the Pl(RPNf > RPN*
f )

Step2: Set the credibility mass m and draw the line y = m that
intersect Pl(RPNf > RPN∗

f )
Step3: Read on the x  axis the corresponding RPN∗

f
Step4: Decreasingly order the RPN∗

f obtained ∀f
Step5: If failure modes equally ranked, then
Step5.1: Let fi be the ith set of equally ranked failure modes, with

i = 1 . . ..  . .N
Step5.2: Set i = 1
Step5.3: ∀f  of fi ,  draw the line X = RPN*

f that intersects the

Bel(RPNf > RPN*
f )

Step5.4: Read the corresponding value of Bel(RPNf > RPN∗
f )

Step5.5: Decreasingly order the Bel(RPNf > RPN*
f )  obtained

for∀f  of fi
Step5.6: Update the ranking
Step5.7: if i equals to N
Step5.7.1: End
Step5.8: Otherwise, set i= i +  1,  go to Step5.3
Step6: Otherwise, End.

4. Operations at LNG terminal

The process flow diagram of LNG terminal is shown in Fig. 2. The
LNG from the carrier ship is  transferred to the storage tank by  means
of unloading arms. To transfer LNG from the ships special kinds
of pipes are  used since it is of very low temperature (-160◦c). At
the unloading dock, the tanker is secured, and the LNG is unloaded
using three arms. The LNG is  stored in  liquid state in  a double walled
insulated cryogenic tank which is specially designed for low tem-
perature. To prevent LNG boil-off, it is  stored in  insulated double
walled tanks, whose outer layer is made from pre-stressed rein-
forced concrete or steel. Even after providing the finest insulation
using steel and concrete, minor heat leakages cause evaporation
losses. Appropriated compressor and re-condensing unit is pro-
vided to collect the leakage gases and feed it back to the storage
unit.

(Courtesy: Renjith et al., 2018).
These activities can be  split into four stages:
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Fig. 2. LNG terminal process flow diagram.

1 Receiving and Unloading of LNG from ships
2  Storing of LNG
3 Compression/condensation and re-gasification
4 Transmission

Initially the LNG is transferred to the storage tank. Additionally,
circulation pipeline is there from jetty head to  Boil of Gas (BOG)
re-condenser. Two storage tanks are provided with top and bot-
tom filling options to unload according to the density of the cargo
received from the ship. To cool down the unloading line between
jetty and tanks when the terminal is in  holding mode, send out-
pumps are required. BOG is directed through the pipeline from the
storage tanks and then mixed into the boil-off gas header. The LNG
in the tank pumps from the storage tank directs it to the high pres-
sure (HP) send- out pumps and from there to  the vaporizers. The
flow is directed to the high pressure (HP) pumps that come from the
re-condenser and finally from the (HP) pumps the flow is  directed
to the shell and tube (STV) vaporizers. Before being transported
to the gas pipeline it is  sent to the ultrasonic metering station.
Vaporization of LNG cools down the fluid, which exchanges energy
with glycol water solution in the STV. This glycol water solution
is used to chill down the various units such as nitrogen package,
heat exchangers etc. Heat is recovered by  the cogeneration heat
exchangers connected in the flue gas duct from the gas turbine gen-
erator. Safety of the storage tanks is ensured by  providing a  safety
relief valve to  relieve the excess gas. The flare system is provided
to tackle any blow down from LNG tanks, vaporizers including,
relief from the re-condenser and compressors etc. The flare sys-
tem is  arranged to  obtain any release from compressor and the
re-condenser, as well as any blow from vaporizers, LNG tanks, etc.
The release from fuel gas system, the relief from BOG compressors,
the blow down from LNG tank and vaporizers can be connected to
flare header.

Table 1
Occurrence ‘O’, ranking criteria of a failure mode in FMECA.

Occurrence ’O’ Frequency Rank

Almost certain 1:2 10
Very  high 1:10 9
High  1:20 8
Moderately high 1:100 7
Moderate 1:200 6
Low  1:1000 5
Very  low 1:2000 4
Remote 1:10000 3
Very  remote 1:20000 2
unlikely <1:20000 1

4.1. Case study: application to the LNG storage system

DST-FMECA was carried out in the storage unit (P& ID diagram
Renjith et al., 2018) of LNG terminal to  address problems in priori-
tizing critical failures that have the same RPN values. A  total of 75
failure modes have been identified and from these 23 failure modes
with RPN >  40 have been taken into consideration. The storage sys-
tem was  split into five sections for the analysis, which are listed
below.

(a)Transfer pipelines (LT).
(b) Hot gas pipelines (ST)
(c)Boil-off vapors pipelines (BO)
(d)Extraction pipelines (LE)
(e) Recirculation pipelines (RI)
In the LNG tanks, cryogenic barrel pumps (B) are mounted and

before starting, its suction port is  to  be filled with liquid, and
cooling is  provided to avoid thermal stress. LT-pipe lines trans-
fer LNG to the storage tank. There is  a  chance of  evaporation and
roll over due to improper mixing during LNG unloading procedure
which can be  overcome by providing inner and outer recircula-
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Fig. 3. (a). Belief and Plausibility curves of failure mode -‘2′ .b). Belief and Plausibility curves of failure mode –‘22′ .(c).Belief and Plausibility curves of failure mode – ‘23′ .
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Table  2
Severity ‘S’, ranking criteria of a failure mode in FMECA.

Severity Level Severity of effect Rank

Serious The highest severity ranking of an  unwarned failure mode is  dangerous. It can cause system failure, injury and property
damage.

10

Very extreme Component / system failure with extremely dangerous impacts. Consequence is  hazardous, occurring with warning. Potential
safety, environmental or health problems.

9

Extreme The System is unworkable with loss of key function. Failure can  result in harmful outcomes and/or nonfulfillment of the
government regulations or standards

8

Major Component/system performance severely affected but the operation of the system can  be continued. Failure does not involve
noncompliance with the laws and norms of government.

7

Significant The system performance is below the mark. Some security measures are not going to  work. A system failure causes property
damage and injury

6

Moderate Reduced performance with gradual performance degradation and the maintenance is needed. 5
Low  The effect on  system performance is  very low. A failure is  not  sufficiently severe to  cause injury, damage to  property or harm

to  the scheme, but may  result in unplanned maintenance or repair.
4

Minor System performance and satisfaction with minor effect. Non-vital mistakes are noted most of the time 3
Very minor The effect on  system/component performance is  negligible. 2
None  No discernible effect on safety, environment and health. 1

Table 3
Non - Detection ‘D’, ranking criteria of a  failure mode in FMECA.

Rank Probability of
Failure
Non-detection (%)

Detection level Criteria

10 90−100 Almost impossible The control system will not and/or cannot identify a  possible cause and subsequent failure mode.
9  85−95 Very remote The potential for failure mode detection is very remote / mechanism and subsequent failure mode.
8  75−85 Remote Remote possibility that a  prospective failure mode / task error will be identified by  the design mechanism or

the defect will remain unnoticed until an inspection or test is  performed.
7  55−65 Very low The control system is  very unlikely to identify a  possible cause and the subsequent failure mode.
6  45−55 Low The potential for failure mode detection is low / mechanism and the following failure mode.
5  35−45 Moderately The control system has moderate chance of detecting a possible cause and subsequent failure mode.
4  25−35 Moderately high The control system is  moderately likely to identify a possible cause and subsequent failure mode.
3  15−25 High The control system is  highly likely to  identify a  possible cause and the subsequent failure mode.
2  5−15 Very high The potential for failure mode detection is very high and is  almost always preceded by a warning.
1  0−5 Almost certain The potential cause and the subsequent failure mode are certainly detected by  the control system.

Table 4
Expert judgments on risk parameter Severity.

Sl. No Failure mode Occurrence
Severity

Non-Detection
EXP-1 EXP-2 EXP-3

1 I8a, I9a, I8b, I9b check valve leakage during recirculation [44] [7 7] [7 8] [8 8] [33]
2  I8a check valve fails to open during recirculation [44] [9 9] [7 9] [7 8] [44]
3  Pump failure during normal operation [8 8] [6 9] [7 7] [6 7] [5 5]
4  I6b check valve fails to open during recirculation [44] [6 6] [46] [5 7] [44]
5  I1a-I5a check valve fails to open during normal operation [44] [5 5] [45] [45] [44]
6  I1b-I5b check valve fails to  open during normal operation [44] [5 8] [6 7] [6 7] [44]
7  I1a-I5a check valve fails to open during recirculation [44] [13] [12] [12] [44]
8  VPICa, VPICb valve fails to  open during recirculation [44] [34] [44] [33] [44]
9  VPICa, VPICb valve Leakage [33] [7 8] [8 8] [7 8] [33]
10  LAHa, LAHb high level alarm gives no  signal [44] [7 8] [7 8] [6 8] [44]
11  Lala, Lalb low level alarm gives no signal [44] [7 8] [6 7] [5 7] [44]
12  XA1a,XA1b roll over alarm gives no  signal [44] [8 10] [8 9] [9 9] [44]
13  Ic check valve of high-level alarm fails to open during recirculation [44] [8 9] [8 9] [7 9] [44]
14  Ic check valve of low-level alarm fails to open during recirculation [44] [46] [45] [45] [44]
15  Ic check valve leakage [44] [6 7] [6 8] [5 7] [33]
16  VFICa, VFICb valve Leakage [44] [6 7] [6 8] [5 7] [33]
17  VFICa, VFICb valve fails to open [44] [34] [44] [33] [44]
18  I10a, I10b check valve Leakage [44] [7 8] [7 8] [7 8] [33]
19  VPC valve Leakage [44] [6 7] [6 8] [6 8] [33]
20  VPC valve fails to  Open [44] [34] [44] [33] [44]
21  I1c, I2c check valve Leakage [44] [7 9] [8 8] [6 8] [44]
22  PSV1a, PSV1b delay in operation [33] [9 10] [10 10] [8 10] [5 5]
23  PSVa, PSVb delay in operation [33] [9 10] [10 10] [8 10] [5 5]

tion in  storage tanks. In the storage tank there are numerous safety
systems and alarms to reduce safety issues such as roll-over and
evaporation. Alarms such as LAHa and LAHb (Low and High level
measurement), LALa and LALb (level alarms), XAIa and XAIb (Roll
over alarms) and for measuring the values of the pressure PICa and
PICb (pressure transducers), are located on the dome roof, which

allow the valves (VPICa and VPICb) of the hot pipeline subsystem
(ST) to open. Measuring devices such as DICa and DICb (density)
and TIla and TIlb (temperature) are provided for safety precau-
tions. For external recirculation involving both the storage tanks LT
transport pipelines are used. The BOG inflow into the storage tanks
are reduced by extracting a  small amount of send-out LNG and by
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Table 5
Possible combinations among O, S, D judgments and the ranking based on  Plausibility curves of each failure mode.

Sl. No Failure mode Occurrence Severity Non-Detection RPN RPN* f Ranking

3
Pump failure during normal
operation

[8 8] [6 9] [5 5] [240 360]
280 1[8  8] [7 7] [5 5] [280 280]

[8 8] [6 7] [5 5] [240 280]

22 PSV1a, PSV1b delay in operation
[33] [9 10] [5 5] [135 150]

150 2[33] [9 10] [5 5] [135 150]
[33] [8 10] [5 5] [135 150]

23 PSVa, PSVb delay in operation
[33] [9 10] [5 5] [135 150]

150 2[33] [10 10] [5 5] [150 150]
[33] [8 10] [5 5] [120 150]

12
XA1a, XA1b roll over  alarm gives
no signal

[44] [8 10] [44] [128 160]
144 3[44] [8 9] [[44] [128 144]

[44] [9 9] [44] [144 144]

13
Ic  check valve of high-level alarm
fails to  open during recirculation

[44] [8 8] [44] [128 128]
144 3[44] [6 7] [44] [96  112]]

[44] [5 7] [44] [80 112]

2
I8a check valve fails to open during
recirculation

[44] [9 9] [44] [144 144]
128 4[[44] [7 9] [44] [112 144]

[44] [7 8] [44] [112 128]

21 I1c,  I2c check valve Leakage
[44] [7 9] [44] [112 144]

128 4[44] [8 8] [44] [128 128]
[44] [6 8] [44] [96  128]

10
LAHa,  LAHb high level alarm gives
no  signal

[44] [7 8] [44] [112 128]
112 5[44] [6 7] [44] [96  112]

[44] [5 7] [44] [80 112]

11
LAla, LAlb low level alarm gives no
signal

[44] [5 8] [44] [80 128]
112 5[44] [6 7] [44] [96  112]

[44] [6 7] [44] [96  112]

6
I1b-I5b  check valve fails to open
during normal operation

[44] [6 6] [44] [96  96]
96  6[44] [46] [44] [64  96]

[44] [5 7] [44] [80 112]

4
I6b  check valve fails to  open during
recirculation

[44] [46] [44] [64  96]
96  6[44] [46] [44] [64  96]

[44] [5 6] [44] [80 96]

18 I10a, I10b check valve Leakage
[44] [6 7] [33] [72  84]

84 7[44] [6 8] [33] [72  96]
[44] [8 8] [33] [96  96]

19 VPC  valve Leakage
[44] [6 7] [33] [72  84]

84 7[44] [6 8] [33] [72  96]
[44] [5 7] [33] [60 84]

1
I8a,  I9a, I8b, I9b  check valve
leakage during recirculation

[44] [6 6] [33] [72  72]
72 8[44] [6 6] [33] [72  72]

[44] [5 7] [33] [60 84]

16 VFICa, VFICb valve Leakage
[44] [5 6] [33] [60 72]

72 8[44] [5 7] [33] [60 84]
[44] [5 6] [33] [60 72]

15 Ic  check valve leakage
[44] [5 5] [33] [60 60]

60 9[44] [5 6] [33] [60 72]
[44] [5 5] [33] [60 60]

5
I1a-I5a check valve fails to open
during normal operation

[44] [5 6] [44] [80 96]
64 10[44] [44] [44] [64  64]

[44] [44] [44] [64  64]

14
Ic  check valve of low-level alarm
fails to  open during recirculation

[44] [34] [44] [48  64]
64  10[44] [34] [44] [48  64]

[44] [34] [44] [48  64]

9 VPICa,  VPICb valve Leakage
[33] [5 7] [33] [45  63]

63 11[33] [5 7] [33] [45  63]
[33] [5 7] [33] [45  63]

17 VFICa,  VFICb valve fails to  open
[44] [34] [44] [48  69]

48 12[44] [44] [44] [69  69]
[44] [33] [44] [48  48]

20 VPC  valve fails to Open
[44] [34] [44] [48  69]

48 12[44] [44] [44] [69  69]
[44] [33] [44] [48  48]

7
I1a-I5a check valve fails to open
during recirculation

[44] [13] [44] [16  48]
32  13[44] [12] [44] [16  32]

[44] [12] [44] [16  32]

8
VPICa,  VPICb valve fails to open
during recirculation

[44] [34] [44] [48  69]
48 12[44] [44] [44] [69  69]

[44] [33] [44] [48  48]

keeping the unloading lines at cryogenic conditions (i.e.−160oc).
The BOG compressor pipelines of the fuel gas distribution arrange-
ment (ST-Hot gas) enable the LNG flow rapidly into the storage
tank to increase the pressure to the working level. Using pressure

transducer (PICa and PICb), mounted on the dome roof, this safety
system operates independently for each storage tank. These pres-
sure transducers enable the pipeline subsystem ST’s valves (VPICa
and VPICb) to be  opened. Then the LNG is  shifted from the tem-
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Table  6
Final ranking based on Belief curves.

Sl. No Failure mode RPN* f Bel [RPN >  RPN* f]  Pl[RPN > RPN* f] Final Ranking

1 I8a, I9a, I8b, I9b check valve leakage during recirculation 72 0.33 0.9 14
2  I8a check valve fails to open during recirculation 128 0.33 0.9 6
3  Pump failure during normal operation 280 – – 1
4  I6b check valve fails to open during recirculation 96 0 0.9 11
5  I1a-I5a check valve fails to open during normal operation 64 0.33 0.9 17
6  I1b-I5b check valve fails to  open during normal operation 96 0.33 0.9 10
7  I1a-I5a check valve fails to open during recirculation 32 – – 21
8  VPICa, VPICb valve fails to  open during recirculation 48 0.33 0.9 20
9  VPICa, VPICb valve Leakage 63 – – 19
10  LAHa, LAHb high level alarm gives no  signal 112 0.33 0.9 8
11  Lala, Lalb low level alarm gives no signal 112 0 0.9 9
12  XA1a,XA1b roll over alarm gives no signal 144 0.33 0.9 4
13  Ic check valve of high-level alarm fails to open during recirculation 144 0 0.9 5
14  Ic check valve of low-level alarm fails to open during recirculation 64 0 0.9 18
15  Ic check valve leakage 60 – – 16
16  VFICa, VFICb valve Leakage 72 0 0.9 15
17  VFICa, VFICb valve fails to open 48 0.33 0.9 20
18  I10a, I10b check valve Leakage 84 0.33 0.9 12
19  VPC valve Leakage 84 0 0.9 13
20  VPC valve fails to  Open 48 0.33 0.9 20
21  I1c, I2c  check valve Leakage 128 0 0.9 7
22  PSV1a, PSV1b delay in operation 150 0 0.9 3
23  PSVa, PSVb delay in operation 150 0.33 0.9 2

Table 7
Comparative analysis of the prioritization of failure modes with RPN, F-RPN and RPN∗

f .

Sl. No Failure mode RPN Priority F-RPN Priority RPN∗
f Priority

1 I8a, I9a, I8b, I9b  check valve leakage during recirculation 84  7 83.4 14 72 14
2  I8a check valve fails to  open during recirculation 112 5 115.1 6 128 6
3  Pump failure during normal operation 280 1 283.2 1 280 1
4  I6b  check valve fails to open during recirculation 80 8 89.3 11 96 11
5  I1a-I5a check valve fails to  open during normal operation 64  9 82.5 17 64 17
6  I1b-I5b check valve fails to open during normal operation 96  6 95.6 10 96 10
7  I1a-I5a check valve fails to  open during recirculation 64  9 62.5 21 32 21
8  VPICa, VPICb valve fails to open during recirculation 64  9 74.9 20 48 20
9  VPICa, VPICb valve Leakage 63  10 77.6 19 63 19
10  LAHa, LAHb high level alarm gives no signal 112 5 112.9 8 112 8
11  Lala, Lalb low level alarm gives no  signal 112 5 112.6 9 112 9
12  XA1a,XA1b roll over alarm gives no signal 128 3 128.3 4 144 4
13  Ic  check valve of high-level alarm fails to open during recirculation 112 5 119.3 5 144 5
14  Ic  check valve of low-level alarm fails to  open during recirculation 80 8 79.3 18 64 18
15  Ic  check valve leakage 84  7 83.1 16 60 16
16  VFICa, VFICb valve Leakage 84  7 83.2 15 72 15
17  VFICa, VFICb valve fails to  open 64  9 74.9 20 48 20
18  I10a, I10b check valve Leakage 84  7 84.1 12 84 12
19  VPC valve Leakage 84  7 83.9 13 84 13
20  VPC valve fails to open 64  9 74.9 20 48 20
21  I1c, I2c check valve Leakage 112 5 113.4 7 128 7
22  PSV1a, PSV1b delay in operation 120 4 199 3 150 3
23  PSVa, PSVb delay in operation 135 2 214 2 150 2

porary storage to the subsequent process through the extraction
pipelines (LE) and finally, it is  directed to  the transmission lines.

As a part of failure mode analysis, the specialists, primarily secu-
rity analysts, safety officers and design professionals with thorough
knowledge of the LNG plant and process, have outlined the risk fac-
tors O, S, and D by using the linguistic expressions through expert
elicitation. For the parts installed in  each subsystem, the special-
ist team collected FMECA job sheets. Based on the criticality of the
failure impact and its likelihood of occurrence using RPN, the team
ranks each failure. Tables 1,  2 and 3, a  ten-point scale (International
Electrotechnical Commission, 2006) is used to measure the crisp
input data of severity (S), occurrence (O)  and non-detection (D).

(Courtesy: Giardina and Morale, 2015).
(Courtesy: Giardina and Morale, 2015).
(Courtesy: Giardina and Morale, 2015).
Table 4 shows the various experts’ assessments on the risk con-

straints connected to each failure mode. Since there are 3 experts
involved in  the assessment of severity for each failure mode, the

total of three combinations are  obtained for each failure mode.
The BPA associated with each failure mode is 1⁄3.  Table 5 shows
all combinations of each failure modes.

4.2. Ranking of Failure Modes Based on Plausibility Curves

The Plausibility curves are generated for each failure modes by
setting m =  0.9 as credibility mass. Conventionally, the confidence
level or credibility level is  set as 95 %  to coincide with the 5% con-
vention of statistical significance. But  depending upon the nature
of the study we can set the credibility mass as 90 %  (wider) or 99 %
(narrower). Based on literatures and opinions from the statisticians
m is set as 90 % in this study. The initial value of RPN∗

f is attained
from the intersection between Pl(RPNf > RPN∗

f ) and the line y =  m,
i.e. through the point (0, 0.9) parallel to the ‘X’ axis. RPN∗

f for all
other recognized failure modes are then calculated. The ranking of
failure modes has been done on the basis of obtained RPN∗

f values.
Now decreasingly order them to rank the failure modes from the
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most critical to the least critical one. From Table 5,  it can be observed
that the failure mode 3,  the “Pump failure during normal operation,”
results to  be the most critical failure mode with rank ‘1′,  and it is
also found that different failure modes are  having the same RPN∗

f
values and hence the same ranks. Furthermore, the Belief curves
are used in the presence of similarly ranked failure modes to  better
discriminate criticality of the failure modes that are explained in
Section 4.2.

4.3. Final ranking of failure modes based on belief curves

It is very difficult to recognize and evaluate the critically of the
failure modes if they have the same RPN∗

f .  For the failure modes
with identical RPN∗

f values, draw a line parallel to y-axis through
the point X = RPN∗

f .  The point of intersection of this line with the
belief curve gives the value of minimum credibility i.e. the belief
of the event (RPNf > RPN∗

f ). For  example, consider the two equally
ranked failure modes 22 and 23 having the same RPN∗

f = 150. Both
have the same rank i.e. ‘2′.  The Fig. 3a,  b and c show belief and
plausibility curves of the failure modes 2,  22 and 23 (output from
R- programming). To differentiate the criticality, draw the line
x = 150. Then we get Bel(RPN23 > 150) =  0.33 is greater than that of
Bel(RPN22 > 150) = 0.  From this it is  clear that the failure mode 23
is more critical than failure mode 22. So, failure mode 23 is  ranked
as ‘2′ and 22 as ‘3′. The final ranking was obtained by applying the
above procedure for the remaining equally ranked failure modes.
Table 6  shows the final ranking.

5. Results and discussions

The comparative analysis of all the failure modes, conventional
RPN, F-RPN and DST based RPN∗

f are shown in  the Table 7.  The values
of RPN and F-RPN are  taken from the study conducted by  Renjith
et  al. (2018).  The prioritization of failure modes is  difficult if they
have the same RPN value. For example, failure modes 10 and 11
are having the same RPN and RPN∗

f i.e. ‘112′.  Whereas deviations
are observed in F-RPN i.e. failure mode 10, F-RPN =  ‘112.9′ and fail-

ure mode 11,  F-RPN =  ‘112.6′,  (Fig. 4). In the case of RPN∗
f better

prioritization of the failure mode ranking in order to  overcome the
short comings addressed in the conventional method is carried out
by using belief and plausibility curves which is explained in  the
section (4.2) with examples (failure modes ‘22′ and ‘23′) and both
the methods show similar rank in failure mode prioritization. From
the Fig. 4 it is observed that, compared to  RPN∗

f the values of F-RPN
are different in all the failure modes and it is almost accurate to
0.1 decimals, which makes the prioritization (ranking) much eas-
ier. The ranking by both the methods are statically correlated with a
positive Spearman correlation. It is  the first time that DST is  applied
in LNG terminal operations for the prioritization of failure modes
in such a complex environment where even a  minor failure may
lead to  catastrophic effects.

It is  identified that the failure mode (3) Pump failure during
normal operation- marked rank1, (23) Pressure safety valves (PSVa,
PSVb) delay in operation – marked rank 2,  (22) Pressure safety valves
(PSV1a, PSV1b) delay in operation – marked rank 3, (9) Roll over
alarms (XA1a, XA1b)- marked rank 4 and (13) Ic Check valve of high-
level alarm fails to open during re-circulation- marked rank 5 are the
most critical components of the storage facility. Hence, while apply-
ing precautionary and remedial measures, the LNG sector should
focus more attention on these areas in the storage unit and these
should be checked frequently to guarantee secure operation.

6. Conclusions

This work has been executed in an LNG storage facility with
the objective to estimate DST based RPN (an effective mathemat-
ical frame work to resolve epistemic ambiguity that often affects
the expert opinions on risk factors O, S and D) to  overcome the
drawbacks of conventional FMECA that depends on RPN. Fuzzy
FMECA had been already conducted in the same area by Renjith
et al. (2018).  Since Fuzzy logic is criticized for its subjectivity, a
comparative analysis of the DST- FMECA with Fuzzy FMECA is  also
done in this work to  validate FFMECA and vice versa and they are
having the following advantages:

Fig. 4.  Comparative analysis of F-RPN and RPN∗
f .
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• DST-based FMECA method enables experts to express both crisp
and interval-valued decisions on risk factors O, S and D  that bet-
ter represents their actual knowledge and interpretations of the
context under study.

• Failure modes can be properly prioritized and appropriately dif-
ferentiated from one another.

• This offers a meticulously arranged strategy to integrate experi-
ence and expertise knowledge for the use in  the FMECA

• The application of proper linguistic terminology in  the study
helps the technical experts to communicate their conclusions
more precisely and thereby enhance the use of FMECA

• It can be used for systems where there is the lack of precise and
reliable safety information.

• Conveniently propagates the ambiguity of input data which
maintain the epistemic approach until the final result is achieved.

When there are lack of specific problem definitions/boundaries
and the assessment procedure involves more than one personnel,
DST FMECA and Fuzzy FMECA are appropriate and advantageous
due to  the fact that both the methods improve the effectiveness
of hazard identification and scenario definition and can be used as
an effective tool for prioritizing critical failures of components in
complex systems and critical installations.
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In-Line and Cross-Flow Response 
Interactions during Vortex Induced 
Vibration of Marine Risers

ABSTRACT

The paper presents a simplified method for understanding the interaction between in-line and cross-flow responses using 
computational fluid dynamics simulations. Interaction between the responses in the in-line and cross-flow directions in 
vortex induced vibrations of cylindrical risers in the marine environment is still not fully understood. The trends of variation of 
hydrodynamic and structural parameters as well as pattern of shedding have been determined numerically to understand 
the effect of the in-line degree of freedom as well on the riser response and hydrodynamic force coefficients and the results 
show that a single degree of freedom riser is more susceptible to lock in vibration. 
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1. INTRODUCTION

Drilling riser is a pipe laid vertically from 
the oil well at the ocean bed to the 
offshore drilling platform. It conveys the 
drilling fluid and mud to and from the 
drill site Marine drilling risers are used 
especially with floating rigs which are 
less stable and in particular cases 
where disconnection of the platform 
from the seafloor may be required quite 
often.  shows various layouts of Figure 1
marine r isers depending on the 
c o n s t r u c t i o n a l  s p e c i fi c a t i o n  o f 
platforms.  shows different Figure 2

Figure 1 Constructional variation of 
drilling depth [1]offshore platforms with 

Figure 2 Cross section of 
a typical flexible riser[1]
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layers used in the construction of a 
flexible riser. 

The marine risers, which are classified 
as , and when encountering bluff bodies
fluid flow, alternate vortices are shed in 
the wake of the structure due to 
boundary layer separat ion .  This 
alternate vortex shedding happens at       
a discrete frequency depending upon 
the flow Reynolds Number ( ). When Re
the vortex shedding frequency matches 
with the natural frequency of the riser 
structure, i t  resonates with high 
amplitude of oscillation. These  large 
amplitude vibrations, that occurs during 
"lock-in" of risers are catastrophic and 
needs to be arrested for the safety of 
crew working on the floating platforms 
and also for extending operational life of 
the risers. Vortex induced vibration (VIV) 
of marine risers poses all the challenges 
in the deployment and operation of 
marine risers. 

There have been lot of research in the 
recent past  to understand their 
behaviour under various sub-sea flow 
conditions. But most of the studies have 
concentrated on understanding the 
wake characteristics and estimating 
hydrodynamic loading and response of 
either stationary cylinder or cylinder 
with a single degree of freedom 
(1DOF)[2]. 

Few results have been reported for 
study of hydrodynamic response of 
cylinder with two degrees of freedom 
(2DOF) in both in-line (IL) and cross-flow 
(CF) directions. IL vibrations have 
significant impact on the shedding 
pattern and also on the amplitude of CF 
vibrations [3]. 

The first of its kind discussions were 
reported in the case of flow around 
cylinder with 2DOF [4]. They established 
the effect of reduced velocity ( ) on the Ur

effect of forced and free 2DOF response 
[4]. The effect of IL response on CF 
response depends on the ratio of 
natura l f requencies in  both the 
directions   

 
During lock in, if the natural frequency in 
the IL direction is twice that in the CF 
direction, resonance occurs in both 
directions leading to premature failure 
of the riser [5]. Also it has been observed 
that IL response amplitude is a function 
of and stability parameter, whereas Ur 

the CF response amplitude is a function 
of  and flow velocity [6] . Wake U r

characteristics, hydrodynamic force 
c o e ffi c i e n t s  a n d  re s p o n s e  va r y 
significantly when both IL and CF 
vibrations occur simultaneously. Hence 
there is a need for prediction of 
response that hold good for the 
combined IL and CF vibration.

2. PROBLEM DESCRIPTION

In the present paper a riser model with 
outer diameter 0.076 m has been 
numerically analysed using two 
dimensional (2D) computational fluid 
dynamics (CFD). Specifications of the 
riser and the flow condition in listed in 
Table 1. The incoming flow velocity is 
fixed as 0.5 m/s to maintain the flow 
regime uniform at Re = 3.8 x 10  which 4

corresponds to the ocean condition 
encountered by a real marine riser used 
for petroleum extraction in offshore 
industries [7]. In this paper an effort has 
been made to study the effect of IL 
vibration on the amplitude of CF 
v ibrat ion and also on the wake 
characteristics.

2.1. Mathematical Model

The riser has been modelled as a 2D 

cylinder with 2DOF in the CF and IL 

directions. The equations of motion for 

the riser can be represented as Eq. (1) 

and (2)

 
Where  is the displacement in CF Y
direction and  is the displacement in X

the IL direction. The excitation forces are 
lift force, F  (t) and drag force F  (t).L D.  The 
excitation forces are periodic in nature 
due the alternate shedding of vortices, 
which causes the riser to oscillate in CF 
as well as IL directions. The riser is 
observed to oscillate with frequency 
equal to frequency of vortex shedding 
( ) fv  in the CF direction and at double the 
frequency in the IL direction during lock 
in. Lock in can be defined as the 
resonance condition during which the 
vortex shedding frequency lock on to 
the natural frequency of the riser in the 
c r o s s  fl ow d i re c t i o n .  A  s i m p l e 
representation of the mathematical 
model of riser with 2DOF is represented 
in . Figure 3

The r iser is  model led with zero 

structural damping in the CF and IL 

directions.  and are st iffness k kx y  

coefficients in the IL and CF directions 

respectively. In the present study = . k kx y

For such a specific case the natural 

frequencies in both directions will be 

same and hence  = 1   ŋb

2.2. Fluid Domain Extends

Figure 4 (a) shows the computational 

domain for the CFD simulation of VIV of 

an elastically mounted cylinder with 

2DOF. The origin of the Cartesian 

coordinate system is located at the 

centre of the cylinder. The length of the 

Marine drilling risers are used especially 
with floating rigs which are less stable and 
in particular cases where disconnection of the 
platform from the sea floor may be 
required quite often Table 1 Riser model specifications and 

flow characteristics

Figure 3 Representation of mathematical 
model of riser with 2DOF
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domain is 40  with the cylinder located at 10  away from the inlet D D

boundary. The cross flow width of the domain is 20  with the centre of the D

cylinder at the middle. 

Detailed views of the mesh around the cylinder along with the 
computational domain after meshing have been shown in Figure 4 (b) and 
(c) respectively. There are 307 nodes around the circumference of the 
cylinder and the minimum element size near the rigid wall boundary has 
been computed from boundary layer theory to be 0.0001  [8]. D

The non-dimensional element size represented as , next to the cylinder y+
surface is found to be less than unity. For cylinder wall a no slip boundary 
condition has been applied assuming the surface to be smooth. Inlet 
boundary has been treated as velocity-inlet with inflow velocity, = 0.5 V 
m/s. Outlet boundary has been treated as pressure outlet, the gradients of 
fluid velocity are set to zero and the pressure with zero reference pressure. 
On the two transverse boundaries, symmetry boundary condition has 
been applied. Grid independency study has been carried out for the 
present grid in the previous work done by the authors [9].

2.3. Flow Model

Numerically this problem has been treated as a case of two-way fluid 
structure interactions (2way FSI). Modeling and meshing has been 
performed in ANSYS ICEM CFD and solving using ANSYS FLUENT. Flow 
around the cylinder is modeled using the transient, incompressible 
Reynolds Averaged Navier-Stokes equation (RANSE) based solver with k – 
ω SST as the turbulence model. RANSE solver does the virtual averaging 
of velocities over an interval of time and hence for a specific interval, the 
velocity vector appears to be constant in a RANSE solver. In the present 
work an optimised fine grid is used   to compensate for this drawback of 
the solver enabling it to capture the physics of  Von-Karman Street eddies.

The governing equations are discretised using finite difference method. 
Non iterative time advancement (NITA) scheme with fractional time 
stepping method (FSM) has been chosen for pressure-velocity coupling of 
the grid. A least-squares- cell (LSC) based scheme has been used for 
gradient in spatial discretisation and a second order upwind scheme as 
convective scheme.

2.4. Structural Model

An elastically mounted cylinder can be mathematically represented by 
Eq. (1) and (2). These equations of motion are solved using a six degrees of 
freedom solver (6DOF), an integral part of the main solver by defining the 
cylinder as an object with 2DOF in transverse direction. A user defined 
function (UDF) compiled in C programming language has been hooked to 
the cylinder dynamic boundary conditions. The governing equations for 
the motion of the centre of gravity of the cylinder in the CF and IL directions 
are solved in the inertial coordinate system. Velocity in the CF and IL 
directions are obtained by performing integration on Eq. (3) and (4).

 
Where and , are accelerations in the IL and CF direction respectively,  Ẍ m
is the mass of the cylinder and , resultant fluid force acting on the cylinder F
in the respective direction. Position of the centre of gravity of the cylinder 
(CG) is updated after solving the equations of motion of a spring mass 
system represented by Eq. (1) and (2). Mass of the cylinder is given in the 
UDF as in Eq. (5) and (6). 

 

Where is the added mass and  is the m ma b

mass of the cylinder. Added mass coefficient 
C  for the aspect ratio of the present model is A

found to be equal to 1.0 [10].

Analysis has been performed assigning the 
cylinder 2DOF with  =  so that the natural k kx y

frequencies of the cylinder in both directions 
remain equal. The results are compared with 
the case when the cylinder has only 1DOF in 
the CF direction. Amplitudes of CF response 
are compared with existing results [9] and 
also the shedding patterns in both cases 
have been analysed.

3. RESULTS AND DISCUSSIONS

From the numerical analysis of cylinder with 
2DOF it  has been observed that the 
hydrodynamic force coefficient in the CF 
direction,  shows an increase of 17.4% than CL

that for 1DOF case. This result is comparable 
with the findings of previous research in the 
field which shows an increase in the lift 
coefficient value by permitting an extra 
degree of freedom [11]. 

Figure 4 (a) Computational domain 
(b) computational mesh 

(c) mesh around the cylinder

(3)

(4)

(5)

(6)



It can be concluded that a cylinder with 
1DOF is more prone to lock in vibration 
compared to that with 2DOF
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RMS value of is constant for both cases with a very small decrease of CD 

4% with 2DOF case. oscillates about zero with almost equal CL 

frequencies for both the cases. But the frequency of oscillation of  is CD

lesser by 7.2% for 2DOF case. The values of important hydrodynamic 
and structural parameters of both cases are shown in .Table 2

The non-dimensional amplitude in the CF direction obtained with 
2DOF is 11.3% more than that with 1DOF.  is approximately 0.2. Time X/D
histories of major parameters obtained from the 1DOF analysis are 
shown  in  and that for 2DOF in .  Figures 5(a) – (d) Figures 6(a) – (d)
Frequency of oscillation of the cylinder in the CF direction obtained 
from 1DOF case is found to be more closer to the theoretical value of 
vortex shedding frequency obtained from the normal value of  = 0.2 St
( =1.3). For the 2DOF case, the frequency of oscillation deviates from fv

the vortex shedding frequency.

For 2DOF case, the frequency of oscillation of  and the oscillation CL

frequency of cylinder in the CF direction remains same. In 1DOF case, 
CL oscillation frequency remains same as that in the 2DOF case, but the 
cylinder vibration frequency in the CF shifts towards the natural 
frequency of cylinder in CF direction.

In the present analysis, the natural frequency in both directions are 
specifically fixed to be equal to the theoretical value of vortex shedding 
frequency. Hence the phenomenon can be looked upon as the lock-in 
of vortex shedding frequency on to the natural frequency of the 
cylinder. It can be concluded that a cylinder with 1DOF is more prone to 
lock in vibration compared to that with 2DOF. 

This observation can be related to the shifting of the vortex shedding 
pattern from two singles (2S) to two pairs (2P) mode when motion in IL 
direction is arrested. The shedding patterns for 1DOF and 2DOF cases 
are shown in  and  respectively.  obtained also Figure 5(a) Figure 6(a) St
is with the range of normal value for cylinders during lock in. Even 
though the values of  for both cases are almost same, the oscillating CD

frequency varies significantly. 

The trajectory of oscillation of cylinder in 2DOF case is represented in 
Figure 7. A clear eight figure trajectory is observed which is typical for 
VIV of cylinders [11]. Also it has been observed that the motion the IL 
direction lags behind that in CF direction by a phase angle 30°. The 
represented trajectory in  corresponds to 30° phase lag [12]. Figure 7

4. CONCLUSIONS

Accounting for an additional degree of freedom seems to have 
significant effect on the magnitude of lift coefficient but the frequency 
of oscillation of  remains constant for both the cases. is C CL D 

independent of the degree of freedom of the cylinder but the 
frequency of oscillation varies significantly. Oscillation amplitude of 
the cylinder in the CF direction is more in 2DOF case which can be 
related to the increase in .CL

It has been clearly observed that with 1DOF, the cylinder is more 
susceptible to lock in vibration since the vortex shedding frequency 
locks on to the natural frequency of the cylinder in the CF direction. But 
with 2DOF, no such shifting of frequency is observed. Shedding pattern 
shifts from 2S during 2DOF motion to 2P when motion in IL direction is 
arrested. An eight figure trajectory typical for VIV is obtained from the 

Table 2 Hydrodynamic and structural parameter

off cylinder with 1DOF and 2DOF

Figure 5 Pressure contours and Time histories of various 

hydrodynamic and structural parameters (a) Vortex 

shedding pattern behind cylinder with 1DOF showing 

2P mode (b) CL of cylinder with 1DOF (c) CD of cylinder 

with 1DOF (d) Motion history of cylinder with 1DOF

(a)

(b)

(c)

(d)
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2D simulation. Hence the efficacy of 2D CFD as a tool to predict 
response of cylinder with 2DOF under VIV is accomplished. The 
observations made above are definitely strong inputs in the design 
deployment and operation of marine risers.
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Abstract. Co-based composites are extensively utilized in the field of prosthesis and dental 
implants. Hybrid composites made using Powder metallurgy process, Co-10Cr-GNSA were 
studied. The surface morphology of the hybrid composites were studied using Scanning 
Electron Microscope. The elemental analysis was carried out using X-Ray Diffraction 
technique. The hybrid composites were analyzed for its various mechanical properties like 
microhardness, compressive strength, and density. Value of micro hardness of the composite 
materials showed slight improvement with addition of GNSA reinforcement. The value of 
density of the hybrid composites was found to be decreasing linearly with the addition of 
GNSA. Compressive strength of the materials showed a reasonable increment. Wear analysis 
to study the tribological characterization of the hybrid composites were done with the help of a 
pin on disc wear testing machine. The wear and COF studies show that with a rise in GNSA 
content, wear resistance increases because of the presence of oxides of GNSA particles. From 
the worn out surfaces of the hybrid composite it is concluded that the deformation of the 
composites takes places initially due to abrasive wear followed by plastic deformation. An 
electrochemical workstation was used to understand the corrosion characteristics of the hybrid 
composites in the presence of 3% NaClelectrolyticsolution.Co-5Cr-5GNSA hybrid composites 
exhibit better electrochemical corrosion resistance compared to other specimens. 

Keywords: Powder metallurgy, Wear, Corrosion, GNSA 

1. Introduction 
Now a days more and more people suffer from osteoarthritis disorder, which makes them experience 
severe pain and discomfort. Recent survey suggests that there are nearly 50 million cases worldwide 
who are suffering from osteoarthritis disorder and in need of joint replacement surgery [1]. Co-Cr-Mo 
alloy is the extensively used artificial prosthetic material considering its higher value of wear, 
hardness and corrosion resistance. Even though Co-Cr-Mo alloys are excellent prosthetic material, still 
there are certain disadvantages such as wear of implants in the hip joints and problems related to bio 
compatibility since Mo is not a bio degradable material[2–5]. Therefore it is the need of the hour to 
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produce a composite with much better wear and corrosion resistance which is also bio degradable and 
compatible to human body. 
 The ground Nut Shell Ash (GNSA) which is primarily a biological waste and is available in 
abundance all over the world. Moreover the GNSA particles have presence of MgSiO3 and AlSiO3 in 
high concentration .Hence it can be used to replace the hazardous Mo reinforcements[6]. 
 There are many conventional methods to produce wear resistance artificial prosthetic implants 
such as plasma spraying, physical vapor deposition, electro deposition and chemical vapour 
deposition. Since these manufacturing processes includes more complex steps and requires costly 
equipments, the cost of the implants is high. The powder metallurgy technique has its own advantages 
which include uniform dispersion, low processing cost and ability to manufacture high melting point 
materials. Hence the powder metallurgy process possesses great potential for producing Co-Cr based 
hybrid composite materials with highly desirable mechanical properties along with wear and corrosion 
resistance[7–13]. 
 This work aims to develop a Co-Cr-GNSA hybrid composite material with better wear, 
corrosion resistance and mechanical properties. In this study, four different compositions based on 
weight percent is formulated as follows Co-10Cr, Co-10Cr-2.5GNSA, Co-10Cr- 3.5 GNSA and Co-
10Cr-5GNSA. The composite powders are mechanically milled and compacted and sintered in order 
to develop specimens of 8mm cylindrical pellets. The hybrid composites are then studied in order to 
explore their morphological properties using SEM. The mechanical behavior along with tribological 
and corrosion resistance behavior were studied and their mechanisms were reported.  

2. Materials and Method 
The materials CoCr (99.5% purity) which is used in this study were purchased from Mepco Ltd Tamil 
Nadu, India. The ground nut shell ash (GNSA) powder used in this work is prepared using heat 
treatment method which is discussed in our pervious paper [6]. Mechanical ball milling process was 
used for alloying the Co-Cr- GNSA hybrid composites. The process was carried out for two hours and 
was then compacted into 8 mm diameter pellet which is cylindrical in shape. The value of compaction 
pressure was set to 750 MPa consistently. After this, the soft green compacts were hardened by forcing 
them to sintering process at 1000oC for 2h.The morphology of the hybrid composites were studied 
using a Field Emission Scanning Electron Microscope (FE-SEM).ASTM: B962-13 standards were 
used to calculate the density of the Co-Cr- GNSA hybrid composites. The ASTM E384 standards were 
used to study the micro hardness of the hybrid composite pellets at a uniform load and dwell time of 1 
kgf and 10 seconds respectively. Compressive strength of the hybrid composites were studied at a scan 
rate of 5 mm/min, with the help of a Universal Testing Machine (UTM). ASTM G99-05 standards 
were used to study the wear and friction behavior of the composites. EN 32 steel of hardness 65 HRC 
was used for the analysis. The specimens were cleaned using acetone solution before and after the 
wear test. The wear analysis of the composites was done at various sliding conditions such as the load, 
sliding distance and sliding speed. The electrochemical corrosion tests were simulated on a three 
electrode workstation using 3% NaCl solution as electrolyte[14–16]. 

3. Results and Discussion 
3.1 Field Emission Scanning Electron Microscope Analysis 
FE-SEM images of Co-10Cr- 3.5 GNSA & Co-10Cr-5GNSA hybrid Composites respectively are 
shown in Figure 1. There is a homogenous mixture of GNSA Particles with Co and Cr particles. The 
wettability of the GNSA particles was the major factor in achieving uniform amalgamation. It can be 
noted that due the milling operation the size of Cr particles have reduced to around 500 nm in size and 
are bonded strongly with Co matrix. 
 
3.2 Microhardness  
The microhardness test was done using a Vickers Micro Hardness Testing Machine with the test being 
conducted at five different points. Figure 2 shows the variation in the average value of microhardness 
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of the composites at different configurations based on its composition, i.e. Co-10Cr, Co-10Cr-
2.5GNSA, Co-10Cr- 3.5 GNSA and Co-10Cr-5GNSA. The microhardness of the composites varied 
from 320 HV to 340 HV. The hardness of Co-10Cr was found to be 320 HV and the introduction of 
GNSA resulted in an increase in the microhardness. The maximum microhardness was found to be in 
Co-10Cr-5GNSA composite with a value of 340 HV. The uniform amalgamation of GNSA particles 
was the major reason for this improvement in microhardness. 

3.3 Compressive Strength and Density 
With the addition of the GNSA reinforcement the density of the Co-10Cr –GNSA hybrid composites 
were found to be decreasing. The value of density for Co-10Cr composites was recognized as 8.1 
g/cm3 whereas the density of the Co-10Cr-5GNSA hybrid composites were around 7.65 g/cm3 as 
shown in Figure.3. This reduction in density was attributed by the relatively soft nature of the GNSA 
particles. With the addition of GNSA particles, the compressive strength of the hybrid composite 
materials showed slight increase in its value.  Figure.3 helps us understand the compressive strength of 
different combinations of Co-10Cr-GNSA hybrid composites. The compressive strength of Co-10Cr 
composite was established to be in the region of 380 MPa. The compressive strength has slightly 
increased to 401 MPa for the Co-10Cr- 5 GNSA hybrid composites which is due the presence of 
AlSiO3 particles in the GNSA ash content. 
 

 

Figure 1.FESEM images of Co-10Cr- 3.5 GNSA & Co-10Cr-5GNSA hybrid Composite. 

 

Figure 2.Graphical Representation of Co-
10Cr-GNSA hybrid composites. 

Figure 3.Comparison of Density and 
Compressive Strength of the Co-10Cr-GNSA 

hybrid composites.
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3.4 Wear and COF Analysis 
The loss of material due to wear of the Co-10Cr-GNSA hybrid composites is shown in Figure 4. The 
variation of wear loss of Co-10Cr-GNSA hybrid composites is depicted as graphical plots. The Figure 
4 (A) indicates the wear analysis data of the Co-10Cr-GNSA hybrid composites at different loads 
(10N,15Nand 20N). The sliding speed (1.5 m/s) and sliding distance (1000 m) were kept constant. The 
Co-10Cr-5GNSA hybrid composites have witnessed very minimal wear loss at all loading conditions. 
The wear loss of Co-10Cr-GNSA hybrid composites at various sliding distance and speed is shown in 
Figure 4 (B&C) respectively. The wear loss has experienced similar trend.With the increase in GNSA 
concentration in the matrix there is definite resistance to wear and thereby the wear loss is very 
minimal for the Co-10Cr-5GNSA hybrid composites. The variation in coefficient of friction at 
different loads, sliding distance and sliding speed for Co-10Cr-GNSA hybrid composites is depicted in 
Figure5(A,B&C). It was observed that with an increase in load, the COF of the hybrid composites 
increased. Whereas, it reduced with an increase in sliding speed. Overall the Co-10Cr-5GNSA hybrid 
composites displayed better COF value. This improvement in Wear and friction characteristics is may 
be attributed to the presence of AlSiO3compounds in the composite material and also due to the tribo 
oxide surface layer formation on the surface of the composite specimen.The worn out surface analysis 
of the Co-10Cr-GNSA hybrid composites after wear analysis is represented in Figure 6. From the 
worn our surface analysis it can be concluded that there is plastic deformation experienced in hybrid 
composites which is preceded by abrasive wear. 

 

Figure 4.Wear Loss plot of Co-10Cr-GNSA hybrid composites. 
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Figure 5.COF plot of Co-10Cr-GNSA hybrid composites. 
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 Figure 6.Worn out Surface analysis of Co-10Cr-GNSA hybrid composites. 

3.5 Electrochemical Corrosion Analysis. 
The corrosion analyses of the Co-10Cr-GNSA hybrid composites were done using an electrochemical 
work station with three electrodes. The electrolyte which was used in this study is 3% NaCl solution. 
The polarization curves are obtained by using tafel extrapolation methods as shown in Figure.7. The 
test results exhibit that the corrosion potential value, Ecorr and the corrosion current value, ICorr of 
Co-10Cr-5GNSA hybrid composites was found to be better compared to other combinations of hybrid 
composites. The Ecorr value of Co-10Cr-5GNSA hybrid composites   was found to be -0.419 V and 
Icorr value was around -0.12 mA/cm2.  The corrosion performance of Co-10Cr-3.5 GNSA was also 
similar to that of Co-10Cr-5GNSA hybrid composites. The Co-10Cr composite shows lesser corrosion 
resistance than the hybrid composites as shown in Table.1. 

Table 1.Tafel plot fallouts of Co-10Cr-GNSA  hybrid composites. 

S.No Specimen Ecorr (V) Icorr (mA/cm2) 

1 Co-10Cr -0.442±0.051 0.5±0.020 

2 Co-10Cr-2.5 GNSA -0.437± 0.044 0.4±0.011 

3 Co-10Cr-3.5GNSA -0.420±0.021 -0.1±0.003 

4 Co-10Cr-5GNSA -0.419±0.0191 -0.1±0.002 

 

 Figure 7.Potentiodynamic polarization plot of Co-10Cr-GNSA hybrid composites 
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4. Conclusions 
The Co-10Cr-GNSA hybrid composites were studied and their r mechanical, Wear and corrosion 
mechanisms were reported.  

 The addition of GNSA reinforcement resulted in an increment in the Microhardness of the Co-
10Cr-5GNSA hybrid composites (340 HV) compared to Co-10Cr composites.  

  The compression strength of the Co-10Cr-5GNSA hybrid composites (401 MPa) has 
improved considerably than the Co-10Cr composites. 

 The value of density of the Co-10Cr-5GNSA hybrid composites showed a considerable 
decrement due to the addition of less dense GNSA reinforcement. 

 The Co-10Cr-5GNSA hybrid composites exhibited a higher resistance to wear. 
 Corrosion resistance of Co-10Cr-5GNSA hybrid composites was found to be better than the 

Co-10Cr composites from the electrochemical corrosion analysis.  
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a b s t r a c t

The dispersion and distribution characteristics of the reinforcements are the key reasons that influence
the mechanical properties of the nanocomposites. In this paper, the dispersion and distribution analysis
of nanofillers in a representative polymer is performed and the results are correlated to the crystalline
and mechanical properties of the nanocomposite. The nanocomposite used in the present study is
Elvaloy�4924 (EVACO)/halloysite nanotubes (HNTs) composite. The dispersion of halloysite nanotubes
in the EVACO matrix is recorded as aluminum elemental maps obtained from energy dispersive spec-
troscopy (EDS). The dispersion and distribution of fillers in the composite are quantified using an image
processing technique and it is correlated to the crystalline and tensile properties of the composites. The
better dispersion and distribution of HNTs at 1wt.% filler loading resulted in a remarkable improvement
in the crystallinity of the composite, which is measured by X-ray diffraction (XRD) and differential scan-
ning calorimetry (DSC). The tensile strength was highest for composites loaded with 1 wt.% filler, and the
strength decayed as the loading was further increased. Agglomeration of halloysite nanotubes and
polymer-filler debonding was the major reason behind the reduction in tensile strength with filler load-
ing, as observed in the scanning electron micrographs of the fractured surfaces.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the International Conference on Sustainable materials,
Manufacturing and Renewable Technologies 2021.

1. Introduction

The addition of nanomaterials in polymer matrices is exten-
sively used for refining the thermal, mechanical, flame resistance,
and electrical characteristics of polymers. The improvement in
these properties depends on the nature of the nanofiller used
and their interaction with the respective polymer matrix. The nat-
urally existing nanomaterials which are abundant, low cost, and
non-toxic are used in the bulk production of polymer nanocompos-
ites (PNCs) [1–3]. Clay and its minerals are the most commonly
used nanofillers in PNCs because of their large availability, good
interaction with the matrix, and ability to exfoliate into two-
dimensional nanostructured layers [4].

The specific surface area of the filler and the interaction at the
interface of the matrix and the filler have a vital role in improving
the properties of the composite. In nanocomposites, the interaction
between the polymer and the nanofiller is better than their micro-
sized counterparts due to the large surface area of the nanoparti-
cles [5]. The high surface area and associated high surface energy
of the nanomaterials reduce the number of nanoparticles required
to achieve a significant improvement in the properties of the com-
posite [6]. As compared with the microsized particles, the quantity
of nanoparticles required is only 1/100th to achieve the same prop-
erties in the composite [7]. The interaction of the fillers and poly-
mer matrix in a polymer composite is a function of the surface area
of the nanoparticles, and the nanoparticles have a large surface
area as compared to the microsized counterparts of the same
weight.

In polymer matrices, the addition of nanofillers exhibits a
simultaneous enhancement in several properties of the matrix.
Carbon nanotubes, for example, can simultaneously enhance
polymer matrices’ crystallization [8], tensile properties [9],
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conductivity [10,11], and UV stability [12]. Similarly, besides
mechanical properties, clay and layered hydroxides can improve
the flame retardancy [13] and barrier properties [14,15] of the
polymers. The properties exerted by a certain nanofiller are unique
for a polymer matrix composite that cannot be replicated by
another polymer/nanofiller combination.

EVACO is a semi-crystalline polymer and the presence of HNTs
can improve the crystallinity of EVACO as the same is observed in
many other semi-crystalline polymer matrices. The presence of
carbonyl groups in the backbone of EVACO increases the polarity
and thereby its affinity for metallic surfaces [16]. Halloysite is a
halogen and phosphorous free flame retardant and the water mole-
cules present between the SiO4 and AlO6 layers [17] will dilute the
free radicals or the reactive species at the flame front to enter the
flame as the combustion begins. Halloysite nanotubes have also
found applications, in controlled drug release [18] and protective
agents [19], fillers [20–23], emulsifiers [24], adsorbents for pollu-
tants [17], etc.

The characteristics of the polymers depend on their chain dy-
namic [25] and the motions of the chains are also influenced by
nanofillers. The nucleating ability of the nanofillers, at low filler
loading, improves the crystallinity of polymer matrices [21,26].
The solution cast EVACO/HNT composites were extensively studied
using different characterization techniques. In this work, the effect
of the position of HNTs on the crystalline and mechanical proper-
ties of EVACO matrix is studied by image processing of elemental
mapped electron micrographs. The tensile properties and crys-
tallinity of the composites are affected by the dispersion and distri-
bution of HNTs. The presence of HNTs in the EVACO matrix
improved the flame retardancy of the composite.

2. Materials and methods

The materials for the present study were Elvaloy�4924
(EVACO), HNTs, and dichloromethane (DCM), which are purchased
from Du Pont India., Sigma Aldrich, India, (product ID: 685445) and
Central Drug House (P) Ltd, India, respectively. To prepare the com-
posites, a known quantity of EVACO was dissolved by constant stir-
ring (at a speed of ~700 rpm) into a fixed quantity of DCM using a
magnetic stirrer in a closed beaker. A known quantity of HNTs was
well dispersed in a small part of DCM by stirring and subsequent
ultrasonication for 30 min. The above solution of HNTs in DCM
was combined with the former EVACO solution by stirring fol-
lowed by ultrasound treatment. The mixture was then poured onto
glass petri dishes to create the respective composite films and are
allowed to dry at room temperature and then in a vacuum oven at
50 �C for 6 h. Composites films with HNT loadings 1, 3, 5, 7, and
10 wt.%, respectively were prepared.

Energy-dispersive X-ray spectroscopy (EDS) (Link ISIS-300,
Oxford Instruments, UK) was used to map the aluminum in the
composite, each aluminum dot corresponds to HNTs, and Image–
J software [27] to analyse the maps. X-ray diffraction patterns
(JEOL, DX-GE-2P, Japan) of the composite sheets were analyzed
using CuKa radiation to determine the crystallinity of nanocom-
posites. The percentage of crystallinity (Xc) was estimated by
deconvoluting the XRD patterns to amorphous and crystalline con-
tributions, and the extend of crystallinity was estimated by the
ratio [28].

Xc ¼ Ic
Ia þ Ie

ð1Þ

where Ia and Ic represent the integrated intensities of the amor-
phous and crystalline regions in EVACO, respectively.

Fourier transforms infrared (FTIR) spectra (Jasco FTIR 4200,
Japan) of the EVACO and the representative composite were

recorded in ATR mode in a wavenumber range of 650–
4000 cm�1. Thermogravimetric measurements (TGA Q5000, TA
instruments, USA) were performed under nitrogen atmosphere
for the samples under a nitrogen flow of 25 mL min�1 and at a con-
stant heating rate of 10 �Cmin�1. Differential scanning calorimetric
measurements (DSC) (Mettler Toledo DSC, USA) were carried out in
a nitrogen atmosphere between 0 and 150 �C at a heating rate of
10 �C min�1. The extend of crystallinity of EVACO and the compos-
ites were determined from the area under the endothermic curve,
using the equation [29]:

Xc ¼ DHf

Wi � DHf100�
� 100 ð2Þ

where Wi = weight fraction of the polymer, Xc = crystallinity (%),
DHf = enthalpy of melting of completely crystalline EVACO (J/g),
DHf100% = enthalpy of crystallization of a 100% crystalline sample
of EVA = 68 Jg�1 [30].

The tensile measurements (Hounsfield Universal Testing
Machine, H25KS, Hounsfield, UK) at ambient conditions were made
for three dumb-bell samples, prepared according to ASTM D 412-B.
The fractured surfaces were analyzed using a scanning electron
microscope (SEM) (JSM-6380LA, JEOL, Japan). The specimens were
sputtered with gold (JEOL JFC 1600) in an auto fine coater before
imaging.

3. Results and discussion

3.1. Dispersion and distribution of HNTs in EVACO

To find the dispersion of HNTs, each dot in the aluminum ele-
mental map was considered as an HNT and a sparse sampling tech-
nique was employed. The aluminum elemental map of a
representative composite is shown in Fig. 1. In sparse sampling,
the elemental maps were divided into 20 equal sections and the
numbers of particles in each section were counted. The average
number of particles per unit area was calculated and the respective
standard deviation was estimated for each composite. A large stan-
dard deviation shows a poor dispersion and the standard deviation
was calculated using the following equation [31]:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

X
i

NAi � N
�
A

� �2
s

ð4Þ

Fig. 1. Representative Aluminium elemental map of the composite with 1 wt.% HNT
loading.
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where NAi represents the counts of inclusions per unit area in the ith

location, N
�
A is the number of particles in the unit area and r is the

standard deviation.
The sparsely sampled elemental maps of the synthesized com-

posites are shown in Fig. 2. The average number of particles per
unit area, standard deviation, and the expected number of particles
are presented in Table 1. From Table 1, it is clear that the standard
deviation in the number of particles in each section of the compos-
ite is increased with filler loading. The increase in standard devia-
tion is due to the agglomeration of the particle that in turn made a
significant difference in the average number of particles which was
supposed to be increasing akin to the expected number of particles.
The expected number of particles was calculated by multiplying
the average number of particles in a composite with 1 wt.% filler
loading with the higher filler loadings. At 1 wt.% filler loading,
HNTs were dispersed uniformly.

To understand the distribution of the particle, the distance
between each particle and its nearest neighbor (NND) was calcu-
lated using an ImageJ plug-in [32] from the aluminum elemental
maps. Fig. 3 shows the distribution of nearest neighbor distances
for a representative composite. The nearest neighbor distance com-
pares the position of a particular nanotube with respect to the
other nanotubes in the composite. For uniform distribution, the
nearest neighbor distribution should be narrow and it was esti-
mated by calculating the FWHM of the Gaussian fit of the distribu-
tion and it is presented in Table 2.

The ratio of the average actual neighbor distance (RK) to the
average expected nearest neighbor distance (EK) [33] of the parti-
cles in the composites is another means of optimizing the NND.
Higher the RK/EK ratio, the better the distribution. RK and EK are
estimated using the following equation.

Rk ¼
Pn

t di

n
andEk ¼ 0:5ffiffi

n
A

p ð5Þ

where A is the area under study, di is the distance between the ith

particle and its imminent particle, and n is the number of particles.
In EVACO/HNT composites, the NND of 1 wt.% HNT loading has

a wider distribution than that of a 3 wt.% HNT loaded composite.
Since 1 wt.% HNT loaded composite has less number of HNTs in
it. For filler loadings above 3 wt.%, NND has a broad distribution,
which is due to the presence of agglomerates. RK/EK ratio is also

Fig. 2. Sparse sampled aluminum maps of HNT loaded composites, (a) 1 wt.%, (b), 3 wt.% (C), 5 wt.% (d) 7 wt.% and (e) 10 wt.%.

Table 1
Sparse sampling.

Filler
loading
(wt.%)

The average number
of particles unit area

Standard deviation in
the number of
particles

Expected
number of
particles.

1 85 8 85
3 98 9 255
5 99 14 425
7 89 18 595
10 80 24 850

Fig. 3. Nearest neighbor distribution of 1 wt.% HNT filled nanocomposite.

Table 2
Nearest neighbor distance.

HNT loading (wt.%) FWHM of NND RK/EK

1 0.88 1.365
3 0.74 1.344
5 0.79 1.331
7 0.88 1.292
10 0.94 1.237
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decreasing with the filler loading since the agglomerates can
impact the uniform dispersion and distribution of the fillers in
the polymer matrix.

The radial distribution function also specifies the distribution of
the nanotubes in the composites. It is a measure of the number
density of the particles along the radial direction with respect to
a reference particle [34].

The uniformity in the radial distribution of HNTs is reduced as
the weight percent of the nanofiller is increased (Fig. 4). The
straight radial map shows a uniform distribution, whereas the
rough map stands for the non-uniform distribution of HNTs. The
indistinguishable boundary of the HNTs in the TEM image (Fig. 5)
of the selected composite reveals the interaction between the filler
and the matrix. The crystallization of the polymer around HNTs
tells the nucleating ability of the HNTs. The major vibrational peaks
corresponding to the functional groups of pristine EVACO is
obtained through FTIR analysis and it is presented in Table 3.

3.2. The crystallinity of EVACO/HNT composite

The influence of HNTs on the crystallinity of EVACO was evalu-
ated by DSC and XRD analysis. The percentage crystallinity
obtained from XRD and DSC analysis is presented in Table 4. The
broad melting peak between 20 and 100 �C in Fig. 6 is due to the
uneven random crystals in the semi-crystalline EVACO. The addi-
tion of small quantities of HNTs i.e., 1 wt.% and 3 wt.% improves

the crystallinity in the composite remarkably. The uniform disper-
sion and distribution of HNTs can be attributed to this increment. If
the filling of the filler is increased above 3 wt.%, the nanotubes may
arrest the spherulitic growth front, which originates from the
nucleation source, thereby reducing the growth of crystalline
regions and ultimately a reduction in the crystallinity. Additionally,
a large number of tubes in the matrix can decrease the movement
of polymer chains, which can otherwise undergo crystallization in
the absence of halloysite nanotubes. The large agglomerates can
also adversely affect the crystallinity of the composite with high
halloysite nanotube loading .

The XRD results also show the increase in crystallinity for filler
loadings of 1 wt.% and 3 wt.% and decrease thereafter. The discrep-
ancy in percentage crystallinity from the study of DSC and XRD is
due to the eventual errors that can arise during XRD pattern decon-
volution and baseline line correction in DSC curves. [35]. It can be
concluded that the dipole–dipole attraction between the nanofiller
and the matrix at low nanofiller loading, especially when they are
in the solution, can bring the polymer chains close together and
align them in an order to favor crystallization.

Table 3
FTIR spectra peak positions.

Peak position (cm�1) Assignment

3418 AOH stretching
2919 and 2850 Symmetric and asymmetric CH2 stretching
1736 C@O stretching
1467 and 1375 CH scissoring and symmetric deformation
1231 Twisting and wagging of CH
1019 CAOH stretching
721 Rocking vibration of CH

Fig. 4. Radial distribution of HNTs in EVACO/HNT composites.

Fig. 5. TEM micrograph of EVACO/CNT composite with 1 wt.% HNT loading.

Table 4
Percentage crystallinity of EVACO and EVACO/HNT composites.

Filler loading (wt.%) % crystallinity from DSC % crystallinity from XRD

0 46.84 26.59
1 50.33 28.96
3 51.77 30.21
5 46.44 25.75
7 42.13 24.71
10 41.88 18.71

Fig. 6. DSC first heating curves of pristine EVACO and representative composites.
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3.3. Mechanical properties

The pristine and composite samples of EVACO exhibited ductile
fracture, as it can be identified by the continuous crack propaga-
tion trajectories on the fractured surfaces (Fig. 7). Due to the good
dispersion and distribution of halloysite nanotubes, the highest
tensile strength is observed for the nanocomposite with 1 wt.%
percent filler loading (Table 5). In the composite with 3 wt.% hal-
loysite nanotube loading, an overall increase in crystallinity is
found, but the dispersion as well as the distribution of the hal-
loysite nanotubes is inferior to 1 wt.% HNT loading. The resulting
non-uniform distribution of stress ultimately leads to a small
decrease in the ultimate tensile strength. At high filler loading,
>3 wt.%, the cluster of halloysite nanotubes and the debonding of
these agglomerations from the polymer leads to premature failure,
as observed in SEM micrographs of the fracture surface in Fig. 7,
and the lessening in the ultimate tensile strength.

4. Conclusions

It is summarised that the dispersion and distribution of the filler
play a key role in controlling the crystallizability and mechanical
characteristics of the Elvaloy�4924 (EVACO)/halloysite nanotube
nanocomposites. The image processing of SEM-elemental maps
revealed that 1 wt.% HNT loading shows a good dispersion and dis-
tribution of the fillers in the matrix. The reduction in mechanical
and crystalline characteristics of the composites are in good agree-
ment with dispersion and the uniform spreading of halloysite nan-
otubes in an array. For 1 wt.% HNT loading, the composite exhibits
the best mechanical characteristics and crystallinity. The halloysite
nanotubes influence the crystallinity of EVACO at low filler weight
fractions, thus discloses the halloysite nanotube’s potential as a
nucleating agent.
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Microscopic Characterization of Eco-friendly Lokta Paper 
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Lokta paper is a handmade paper indigenous to Nepal. The paper is made from inner fibrous bark of Lokta 
bushes; evergreen shrubs that grow in Himalayan forests ranging from 1600 to 4000 m. Because of its 
durability and resistance to bugs and moulds, the paper in its original or modified from is being used in official 
documents, calligraphy, holy books, packaging materials, and even to make paper bills [1]. The paper is 
fabricated in local levels following the traditional eco‒friendly method of fiber processing. Firstly, outer scaly 

bark from raw fiber is manually removed and cut to small pieces and soaked in cold water for 5−6 hours. The 

biomass is boiled in water for around 5−10 hours and then washed with ash or alkali solution. The softened 

fiber biomass is beaten to make pulp and then dispersed to make slurry. The slurry is poured in a wooden mesh 
frame or paper moulds over a water tank. The frame is then drained and air dried to get paper sheet. Depending 
on the demand, the paper can be colored using natural dyes obtained from different plants and or patterned for 
artistic purposes. A systematic characterization of lokta paper sheet from material perspective, which helps to 
explain it novel properties, is missing in literature. In this work, we studied fiber organization, morphology 
and elemental distribution in lokta paper sheet with the help of scanning electron microscope (SEM) coupled 
to an electron probe micro analyzer (EPMA). For SEM imaging the paper sample was sputter coated with 
carbon and imaged in a JEOL field‒emission JXA−8530F EPMA equipped with an SDD X-ray energy-
dispersive spectrometer (EDS). Finally, we also did atomic force microscopy (AFM) imaging in tapping mode 
to explore surface roughness and structural details in the sample at nanoscopic level. AFM was performed at 
ambient condition in tapping mode. Finally, the X‒ray diffraction (XRD) data were collected at Braggs' angle 
2θ ranging from 5 to 40° by a X-ray diffractometer. The Cu Kα line (λ=1.540A°) was used as X‒ray source. 
The SEM micrographs of lokta paper imaged at different magnification is shown are figure 1A-D. The 
micrographs show that in the paper the cellulosic fibers are randomly oriented so as to form densely packed 
interwoven networks (Figure 1 and B). It is known that strength of paper sheet is largely determined by strength 
of individual fiber and degree of cross linking within the individual fibers. The presence of long 
interconnecting fibers having no or low curl could provide durability and strength to the paper sheet.  With 
further zooming individual fiber surface can be imaged (Figure 1C and D). We found fiber diameter in the 
range of 10−14 micrometer. In most of the fibers, individual micro‒fibrils that run straight along the length of 

fiber are clearly visible (yellow dotted regions in Figure C and D). In some fibers gummy material is found 
attached on the surface (white dotted region in Figure 1C. The micro‒fibrils are visible due to removal of 

gummy materials such as lignin and hemicellulose from the fiber surface during processing. We found micro‒

fibril diameter and spacing in the range of 100−350 nm and 100−500 nm, respectively. The almost parallel 

arrangement of micro‒fibril could provide excellent strength to individual fiber and to the paper sheet. The 

observation of micro-fibrils is also reported in fiber processed form other plant types and biomass [2, 3]. In a 
cellulose fiber amorphous and crystalline phases are known to exist in different proportions but these phases 
are not visible in SEM images. However, we observed the contribution from two cellulose forms in the XRD 
data (Figure 1E). The peak at 2ϴ values of ~16o and 22o originate from the crystalline planes (101) and (002), 
respectively. A broad background underlying the crystalline peaks originates form the amorphous regions [4]. 
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We also did the EPMA analysis in the micro‒regions labeled + in Figure 1A. We found C and O as the major 
elements along with other minor elements Ca, Fe, and Cl heterogeneously distributed in the paper. The 
elements C and O come from the cellulosic biomass, Ca could come from unwashed alkali or impurities in 
water, and Fe and Cl could come from water impurities. Figure 2 shows the AFM phase and topographic 
images of lokta paper. It is interesting to see the crystalline or quasi‒crystalline regions on the surface (white 

boxes in figure 2A). These regions could be lignin and or other foreign materials precipitated on the fiber 
surface. The distinct stripes having cross section of ~200−300 nm indicate the micro‒fibril on the fiber. We 

see the roughness at the level of ~±100 nm (figure 2B) which roughly corresponds to the height form top of a 
micro‒fibril to the cleft adjacent to it. The measurement of force‒distance curve that can provide the 

information on the elastic modulus in the different regions on individual fiber (fiber strength) could be subject 
of further study [5]. 
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Figure 1. (A) SEM micrograph of the Lokta paper sheet measured at magnification of 40x, (B)   300x, (C) and 
(D) 5000x. Scale bar in A, B, C and D is 400, 50, 5, 5 μm, respectively. 

 
Figure 2. (A) Phase and (B) topographic AFM images of a small regions with a cellulose fiber. 
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Abstract

In this work, composites of poly(ethylene-co-vinyl acetate-co-carbon monoxide)

(EVACO)/surface-modified multiwalled carbon nanotubes (m-MWCNTs)

were prepared using a solution casting technique. Acid treatment was

employed for the surface modification of MWCNTs to improve the compati-

bility between polar EVACO and MWCNTs. The influences of m-MWCNTs

on the crystalline, mechanical, thermal, and electrical properties of EVACO

at very low filler loading were systematically evaluated. The presence of m-

MWCNTs in the EVACO matrix influenced the crystallinity, and the respec-

tive changes were determined and quantified using dynamic scanning calo-

rimetry and X-ray diffraction. The mechanical properties of the composites

were improved remarkably by the addition of a minute quantity (0.05, 0.1,

0.15, 0.2, and 0.25 wt%) of m-MWCNTs. Additionally, m-MWCNTs in the

EVACO matrix improved the thermal stability and electrical properties of

EVACO. However, the filler loading is below the threshold loading of the

fillers, and there was no drastic improvement in the electrical conductivity of

the composite.
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1 | INTRODUCTION

Polymer nanocomposites are used in a variety of applica-
tions starting from common household to biomedical
transplants and space missions. Inorganic nanofillers are
the most commonly used fillers in polymer matrices, sev-
eral unique properties of these fillers can never be reached
by organic materials. In many instances, nanofillers exhibit
some unique and exceptional properties several orders in
magnitude than polymers, and polymers have certain
unique properties that cannot be matched by any other
materials. In polymer nanocomposites, the properties of

the polymers and nanofillers are compromised and they
exhibit superior properties as compared to the virgin poly-
mers in many aspects due to the synergistic action of the
nanofiller and the polymer matrix. Due to the high surface
area of the nanofillers, a small quantity of the filler is suffi-
cient to make a significant impact on the properties of the
polymer matrix alone.

The different nanosized allotropes of carbon as fillers
in polymer matrix composites have attracted extensive
interest owing to their lightweight, strength, conductiv-
ity, and so on. The allotropes of carbon that are com-
monly used as fillers in polymer composites are carbon
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nanotubes (CNTs),[1–6] graphite,[7–10] graphene,[11–13]

fullerene,[14–16] carbon black,[17–20] and so on, and the
resulting nanocomposites can be potentially used in a
myriad of applications. In general, the addition of any
aforementioned carbon allotropes above the percola-
tion threshold enhances the conductivity of the polymer
composites tremendously. The application of carbon
nanomaterials as nanofillers in composites is limited
to not only polymers but also ceramics[21–23] and
metals.[24–26] With the introduction of nanofillers in
polymer composites, the conventional applications of
polymers are widened.

Among the abovementioned carbon-based nanofillers,
CNTs, both single and multi-walled, have their own iden-
tity starting from their morphology and structure to the
properties. The tensile strength of the CNT-filled compos-
ites is expected to be higher than the other carbon
allotrope-filled composites since CNTs with a high aspect
ratio have more entanglements as compared with the
latter,[27] CNTs also exhibit a tensile modulus higher than
stainless steel.[28] The ability of SWCNTs/MWCNTs as
nucleating agents to improve the crystallinity in several
semi-crystalline polymer matrices has been proven,[29–33]

this increase in crystallinity will also contribute to the
enhancement in tensile strength in polymer composites.
Similar to carbon black-filled polymers for exterior applica-
tions, CNT-filled polymer composites are also resistant to
weathering.[34]

The interfacial bonding of filler and matrix is impor-
tant in dictating the properties of any polymer composite.
Good interfacial interaction is possible by either modify-
ing the filler or matrix of the composite, and the addition
of a compatibilizer is an alternative solution. Modifying
the polymer is stringent and requires a lot of effort
starting from the selection of reagents to the modification
of the reaction vessels. Modifying the filler is easier than
the modification of polymer and it is a must if there is a
large difference in the polarity of the polymer and the
filler. The addition of a compatibilizer can have a detri-
mental effect on the properties of the composite, espe-
cially when conducting fillers like CNTs are used, which
is capable of improving the electrical properties on the
matrix. The filler modification is important irrespective
of the composite fabrication routes, such as in situ poly-
merization, melt blending, solution casting, and so
on. Surface modification of CNTs is essential before it is
mixed with the organic matrices since pristine CNTs exist
as bundles due to their inertness.[35] These bundles can
lead to anomalous properties of the composites, for
instance, stress concentration due to these bundles can
lead to early failure of the composite under loading.

Poly(ethylene-co-vinyl acetate-co-carbon monoxide
(EVACO) is developed to improve the polarity of poly

(ethylene-co-vinyl acetate) (EVA). Polarity in EVA is dif-
ficult to enhance just by increasing the vinyl acetate con-
tent since excess vinyl acetate can adversely affect the
properties of the polymer.[36] The addition of carbon
monoxide to the backbone of EVA increases the polarity
of the polymer, thereby improving its adhesion to polar
surfaces[37]; therefore, it is also used as an adhesion
booster in coatings. EVACO is semicrystalline and the
polyethylene phase imparts crystallization in it.

In this study, EVACO/modified-MWCNTs (m-
MWCNTs) composite was prepared through solution
casting. Industrial processing of EVACO is mainly in the
form of solutions and the method used here is akin to
the bulk processing of EVACO. The modification of
MWCNTs with polar functional groups by reduction can
improve the miscibility of MWCNTs in the polar EVACO
matrix. The mechanical properties, electrical conductiv-
ity, and crystallizability of EVACO can be improved by
the addition of m-MWCNTs in small quantities. The
overall improvement in the properties of the composite is
attributed to the good interaction of m-MWCNTs with
EVACO.

The applications of EVACO are promising as a non-
migrating plasticizer in polyvinyl chloride for medical
applications and as an adhesion promoter in paints and
coating. EVACO can form very thin uniform layers on
metallic surfaces due to its high polar nature. Additionally,
unlike several other polymers, EVACO exhibits unique
properties such as low-temperature impact strength and
resistance to environmental degradation. Therefore, by
forming EVACO/m-MWCNT nanocomposites, one can
achieve better performance in terms of strength and
weather resistance in the respective applications.

2 | MATERIALS AND METHODS

EVACO (Elvaloy® 4924) provided by Du Pont, USA,
MWCNTs (product ID: 677248, purity: >90%,) with 5–15
walls (outer diameter 10–15 nm, inner diameter 2–6 nm,
and length 0.1–10 μm and) obtained from Sigma Aldrich
Inc., USA, and dichloromethane (DCM) of purity >99%
procured from Central Drug House Pvt. Ltd., New Delhi,
India, were used for the preparation of composite. Potas-
sium dichromate obtained from Sulab, Baroda, India,
and sulfuric acid purchased from Nice chemicals, Cochin,
India, was used for the surface modification of MWCNTs.

To modify MWCNTs, 50 mg of MWCNTs was added
to 10 N sulfuric acid in which 0.2 g of potassium dichro-
mate was dissolved.[38] The mixture was ultrasonicated
for 1 h and heated for 30 min at 80�C in a constant tem-
perature bath. The mixture was washed repeatedly in dis-
tilled water until the pH was neutral. The m-MWCNTs
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were centrifuged and dried in a vacuum oven at 100�C. The
pristine MWCNTs and m-MWCNTs were dispersed in
water by sonication of half an hour and the photographs
taken after 7 days are shown in Figure 1. The m-MWCNTs
were dispersed well in water even after 1 week, whereas the
pristine MWCNTs were settled after 2 h.

The EVACO/m-MWCNT composite was prepared by
solution casting a mixture of EVACO and m-MWCNTs in
DCM. This mixture was prepared by dissolving 4 g of
EVACO in 75 ml of DCM by continuous stirring at room
temperature followed by the addition of m-MWCNT dis-
persion in DCM, in which known quantities of m-
MWCNTs were taken. The mixture was then stirred and
then ultrasonicated (100 W) for 1 h and poured into a
glass Petri dish to cast the sample films, the cast film was
dried in a vacuum oven at 50�C for 6 h before further
studies. Composite films with 0.05, 0.1, 0.15, 0.2, and
0.25 wt% loading of m-MWCNTs were prepared along
with a control EVACO film.

The Raman spectra (inVia, Renishaw, UK) of pristine
and modified MWCNTs were collected to understand the
effect of acid treatment on CNTs. The scanning electron
microscope (SEM) (JSM-6380LA, JEOL, Japan) was used
to study the fractured surfaces after the tensile test. The
samples were sputtered with gold (JEOL JFC 1600 auto
fine coater, JEOL, USA) to make them conductive. A
transmission electron microscope (TEM, CM12 PHILIPS,
Netherlands) was also used to image the MWCNTs before
and after modification, the TEM images of the represen-
tative composite sample were also taken. The MWCNTs
for TEM imaging are prepared by sonicating the
MWCNTs for 30 min in ethanol and then depositing
them on 200 mesh carbon-coated Cu TEM grids. X-ray
diffraction (XRD) patterns (DX-GE-2P, JEOL, Japan) of
the EVACO and EVACO/m-MWCNT composites were
recorded under CuKα radiation in a 2θ range of 5–50�.

The degree of crystallinity (Xc) for the samples was calcu-
lated by deconvoluting the XRD pattern to separate the
amorphous and crystalline contributions to the pattern
and the degree of crystallinity was calculated from the ratio
of the integrated area of all crystalline peaks to the total
integrated area under the X-ray diffractogram.[39] The
degree of crystallinity (Xc) was measured by the following
equation:

Xc ¼ Ic
Iaþ Ic

, ð1Þ

where Ia and Ic are the integrated intensities
corresponding to the amorphous and crystalline phases,
respectively. Interplanar distances (d) of the crystallites
in the composites are obtained by the following
equations:

d¼ λ

2sinθ
, ð2Þ

where λ is the wavelength of the X-rays (CuKα =

1.5418 Å) and θ is the Bragg angle.
Fourier transform infrared (FTIR) spectra (Jasco FTIR

4200, Japan) of the pristine MWCNTs, m-MWCNTs, pris-
tine EVACO, and representative nanocomposites were
recorded in attenuated total reflection mode in a
wavenumber range of 650–4000 cm�1 at an average of
32 scans with a resolution of 0.5 cm�1. In the case
of MWCNTs and m-MWCNTs, 128 scans are averaged
and the resulting spectra were smoothened using a
Savitzky–Golay smoothing algorithm. Thermogravimetric
measurements were performed for EVACO and EVACO/
m-MWCNT composites under a nitrogen atmosphere
flowing at a rate of 100 ml min�1 (Q600 V8.3, TA Instru-
ments). A constant heating rate of 10�C min�1 was
maintained and the weight losses versus temperature cur-
ves were recorded over a temperature range of 25–700�C.

Differential scanning calorimetric (DSC) measure-
ments were carried out by using about 5 mg of the sam-
ples in air-tight aluminum pans in a DSC analyzer
(Q1000 V9.9, TA Instruments), under a nitrogen atmo-
sphere with a flow rate of 50 ml min�1 from �50 to
150�C at a heating rate of 10�C min�1.

The % crystallinity of EVACO was determined from
the area under the endothermic peak by using the follow-
ing equation[40];

Xc ¼ ΔHf

W i�ΔHf100%
�100, ð3Þ

where Xc is the crystallinity (%); ΔHf is the apparent
melting enthalpy of crystallinity of EVACO (J/g); ΔHf100%

FIGURE 1 Photographs of unmodified and modified

multiwalled carbon nanotubes dispersed in water after 7 days

[Color figure can be viewed at wileyonlinelibrary.com]
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is the extrapolated value of the enthalpy of crystallization
of a 100% crystalline sample of EVA having a value of
68 J g�1[41]; Wi is the weight fraction of EVACO in the
composite.

The tensile testing was performed in a universal testing
machine (H25KS, Hounsfield, UK), at room temperature
as per American Society for Testing Materials (ASTM) stan-
dard D 638-10 at a strain rate of 50 mm min�1. The tensile
test specimens were punched out by using an ASTM D
412-06a die. The reported values of mechanical parameters
are the averages of three values. Maximum deviations in
the results of tensile strength, yield strength, M100, and
elongation at break were ±5%. The electrical direct current
(DC) conductivity measurements were carried out on films
of 2 cm � 2 cm samples by using a two-probe method with
a digital multimeter (MECO, 81K) under ambient condi-
tions following ASTM D257.

3 | RESULTS AND DISCUSSION

3.1 | Raman analysis

The Raman spectra (Figure 2) of the MWCNTs clearly
show the intense D-band at 1354 cm�1 (transverse or
out-of-plane vibration of graphene walls) and G-band at
1591 cm�1 (longitudinal vibration of graphene or disor-
der of carbon) of typical MWCNTs.[42] The G-band was
split into two modes, G1 at �1595 cm�1 and G2 at
1619 cm�1, in the deconvoluted image as in the inset of
Figure 2. The G2-band of the modified MWCNTs is evi-
dent in Figure 2, and it refers to the number of walls in
MWCNTs (reduction in ordered arrangement),[43,44] as
the number of walls decreases its intensity will increase.
In this case, an increase in the intensity of the peak in m-
MWCNTs is may be due to the exfoliation of outer layers
of the MWCNTs or due to the removal of amorphous car-
bon from the nanotubes during the acid treatment. A
slight reduction in the intensity of the peaks after modifi-
cation is attributed to the direct electron charge transfer
from the functional groups attached to the surface of the
MWCNTs through oxygen.[45,46] The ratio of the intensity
of D-band and G-band (ID/IG) gives the number of defects
present in the nanotubes, and as the number of
defects increases, the D/G ratio also increases. In this
study, the ratio is increased from 1.26 to 1.32 after the
functionalization of MWCNTs.

3.2 | TEM analysis

The TEM micrographs of the MWCNTs, m-MWCNTs,
and EVACO/m-MWCNT composites are shown in

Figure 3. The average aspect ratio of MWCNTs is �60,
which is calculated from the respective TEM images. In
the case of unmodified MWCNTs (Figure 3A), the
MWCNTs were with well-defined walls and circular ends
and the diameters were less as compared with acid-
treated m-MWCNTs. During the acid treatment, the sur-
face and the ends of the MWCNTs were damaged, as
clear in Figure 3B. The increase in the diameter of m-
MWCNTs can be attributed to the increase in the wall
thickness of the nanotubes since the acid treatment can
intercalate the functional groups between the layers of
the walls. The outer layers of the MWCNTs were severely
damaged during the treatment, as in the inset in
Figure 3B, which can improve the interfacial adhesion
between EVACO and m-MWCNTs. This damage in the
outer walls of MWCNTs after modification resulted in
the appearance of G20 peak in the Raman spectra, which
correspond to the number of graphene layers constituting
the wall. In the TEM micrograph of EVACO/m-MWCNT
composite, the walls of the MWCNTs are indistinguish-
able from the matrix, especially at several damaged
regions of the m-MWCNTs, which reveals a good interfa-
cial adhesion between MWCNTs and EVACO.

3.3 | FTIR analysis

The FTIR spectra of pristine MWCNT, modified MWCNT,
EVACO, and representative EVACO/m-MWCNT compos-
ites are shown in Figure 4. In the spectra of pristine
MWCNTs, the several peaks at the fingerprint region are
attributed to the hexagonal carbon. As the MWCNTs are
modified, several strong peaks have appeared in the spectra
and the intensity of the peaks corresponding to the hexago-
nal carbon has reduced. The broad peak at 3245 cm�1 is

FIGURE 2 Raman spectra of pristine multiwalled carbon

nanotube (MWCNT) and modified MWCNT [Color figure can be

viewed at wileyonlinelibrary.com]
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attributed to the overtone of ─OH and C═O stretching.
The peaks 2925 and 2855 cm�1 are assigned to the sym-
metric and asymmetric stretching of ─CH groups formed
on the MWCNT surface after modification. The peaks at
1448 cm�1 and 1127 cm�1 are assigned to ─OH defor-
mation and C─O stretching of the carboxylic group,
respectively. Thus, it is concluded that the MWCNT
surface is attached with ─OH and ─COOH groups after
modification.[47]

In the spectra of EVACO and EVACO/m-MWCNT
composite, the characteristic peak at 3380 cm�1 is assigned
to OH stretching. The peaks at 2925 and 2855 cm�1 are
due to symmetric and asymmetric stretching of ─CH,
respectively. The peak at 1709 cm�1 is due to the C═O
stretching and 1464 and 1372 cm�1 are due to ─CH scissor-
ing and ─CH deformation respectively. The peaks at
1242 cm�1 correspond to C─O stretching and 1019 cm�1 is
due to C─OH stretching. The peak at 721 cm�1 is assigned
to the rocking vibration of ─CH.[48]

In comparison with the FTIR spectrum of pristine
EVACO, EVACO/m-MWCNT composite spectrum has

FIGURE 3 Transmission

electron microscopy

micrographs of (A) unmodified

MWCNTs, (B) m-MWCNTs, and

(C) EVACO/m-MWCNT

composite with 0.1% m-MWCNT

loading. EVACO, poly(ethylene

vinyl acetate-co-carbon

monoxide); m-MWCNT,

modified-multiwalled carbon

nanotube
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[Color figure can be viewed at wileyonlinelibrary.com]
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several peaks, which are originated from the pristine
EVACO, but some peaks are modified in connection with
the interaction of EVACO with modified MWCNTs. The
intensification of the peak at 3380 cm�1, which corre-
sponds to ─OH stretching, is due to the formation of a
hydrogen bond between ─OH and ─COOH groups on
the m-MWCNTs and C═O groups of EVACO or vice
versa. During the formation of the hydrogen bond, the
donor hydrogen atom from ─OH forms a bond with a
lone pair of electrons in C═O, which has two lone pairs
of electrons.[49] Therefore, as the OH vibrates, this lone
pair also vibrates, which will contribute to more change
in the dipole moment and thus an increased intensity of
─OH stretching.[50] Similarly, this induced dipole
moment changed the intensity of the peak at 1709 cm�1.
The numerous peaks corresponding to the hexagonal
structure of MWCNTs also appear in the composite,
which made a downward shift in the spectra of EVACO/
m-MWCNT in the fingerprint region. This reveals that
a good interaction exists between the EVACO and
m-MWCNTs.

3.4 | Thermogravimetric analysis

Thermogravimetric analysis results of EVACO and
EVACO/m-MWCNT composites are shown in Figure 5.
All the samples exhibit two steps in their degradation pro-
cess. The first step between 300 and 400�C in the degrada-
tion process is the elimination of acetic acid by ester
pyrolysis (deacetylation) during which the free acetate radi-
cal combines with the β-hydrogen to form acetic acid and
this mechanism is akin to the degradation process of the
ethylene-vinyl-acetate copolymer, which has an immediate
analogy to EVACO. This process is followed by the degra-
dation of the backbone of the polymer chain between
400 and 500�C, which has a polyene structure since the
side group is eliminated during ester pyrolysis.[51]

The thermal degradation temperature is slightly
improved in EVACO/m-MWCNT composite as com-
pared with that of pristine EVACO. A filler loading as
low as 0.05 wt% also made a remarkable improvement
in the degradation temperature, and it indicates the
strong interfacial interaction of the m-MWCNTs with
EVACO. As the m-MWCNT loading is increased, the
thermal stability of the composites also increases. This
increase in the thermal properties may be attributed to
the four major reasons, one is the physical adsorption
of the polymer chains around the surface-modified
nanotube restricting their mobility, thus preventing the
sudden degradation of these polymer chains.[50] The
second is the enhanced adsorption of reactive prod-
ucts by the m-MWCNTs. The heterogeneous

adsorption of these organic molecules on the m-
MWCNTs is attributed to the high-energy adsorption
sites, such as defects, functional groups, and intersti-
tial space between the walls of m-MWCNTs.[52] This
adsorption process can be accelerated at high tem-
peratures. Moreover, the functional groups such as
─OH and ─COOH are capable of trapping the reac-
tive free radicals to form stable molecules.[53]

The third is the high-temperature stability and good
thermal conductivity of the MWCNTs. The high ther-
mal stability of MWCNTs increases the integrity of
char residue on the surface, which is formed at the ini-
tial stages of degradation, thus preventing the penetra-
tion of reactive molecules to the bulk of the composite.
The high thermal conductivity helps to distribute the
heat uniformly all over the composite.[53] The fourth
is due to the reactive scavenging by capillary
condensation,[54] in which active molecules can be
adsorbed to the lumen of the MWCNTs, thus neutraliz-
ing the overall degradation process in the presence of
MWCNTs.

3.5 | XRD analysis

The structural changes in the composite especially crystal-
linity are characterized by comparing X-ray diffractograms
of EVACO and EVACO/m-MWCNTs with different filler
loading as shown in Figure 6. The intense peak at
2θ = 20.83� is due to the (110) plane of polyethylene crys-
tallites, since the polyethylene segments impart crystallinity

FIGURE 5 Thermogravimetric analysis results of pristine

EVACO and EVACO/m-MWCNT (ECNT) composites. EVACO,

poly(ethylene vinyl acetate-co-carbon monoxide); m-MWCNT,

modified-multiwalled carbon nanotube [Color figure can be viewed

at wileyonlinelibrary.com]
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in EVACO.[55] The crystallinity of EVACO/m-MWCNT
composite increases as the filler content increases, as pres-
ented in Table 1. This increase in crystallinity is observed
up to a filler loading of 0.1%, thereafter it decreases.
Improvement in the crystallinity at these filler loading is
due to the ability of MWCNTs to attract the polymer chains
close to each other to form crystallites. But above certain
loading, that is, critical loading, these nanotubes may no
longer be able to bring the polymer chains together to form
crystallites, because, at high filler loading, the high-aspect-
ratio nanotube network can hinder the polymeric chain
movements. This will be severe as the filler loading is
higher since the nanotubes can destroy the coalition of

polymer chains at the spherulite front. Also, at these filler
loadings, the bundling of MWCNTs can reduce the possi-
bility of a polymer chain wrapping around the MWCNTs
to form the crystalline regions.

3.6 | DSC analysis

The DSC results of EVACO and EVACO/m-MWCNT
composites at different MWCNT loadings are shown in
Figure 7. The melting of pristine EVACO, as well as com-
posites, occurred in between 30 and 90�C. The melting
temperature of EVACO is determined by the segmental
mobility of the polyethylene phase, which constitutes the
crystalline phase in the terpolymer. As the filler loading
has increased, an increase in the crystallinity of the com-
posite over the pristine EVACO is observed. It is due to
the ability of modified CNTs to act as a nucleating agent
as reported earlier.[56,57] Nevertheless, the percentage
crystallinity is reduced remarkably and comparable to
that of pristine EVACO at a filler loading of 0.25 wt%.
The dilution of the crystallite growth front by the high-
aspect-ratio nanotubes and the arresting of free move-
ment of polymer chains by the networked MWCNTs are
expected at this filler loading, which may hinder crystalli-
zation of polymer chains that can otherwise undergo
crystallization if MWCNTs are absent. Therefore, the
modified MWCNTs favor the crystallization for a certain
critical filler loading and it decreases after that.

The first heating curves (Figure 7A) of EVACO and
EVACO/m-MWCNT composites have two major melting
peaks, which correspond to α and β crystallites, whereas
during cooling only one melting peak was observed. In

FIGURE 6 X-ray diffractograms of neat EVACO and EVACO/

m-MWCNT composites. EVACO, poly(ethylene vinyl acetate-co-

carbon monoxide); m-MWCNT, modified-multiwalled carbon

nanotube [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Crystalline properties of EVACO at different m-MWCNT loadings

Filler loading (%) Peak position (2θ) d spacing (Å) The area under the peaks Total area % crystallinity

0.0 20.8 4.34 1499 4715 41.5

22.8 3.98 461

0.05 21.6 4.18 1662 4802 43.2

23.4 3.88 410

0.1 21.2 4.26 1620 4190 46.3

23.1 3.92 321

0.15 21.5 4.20 1486 4378 43.8

23.5 3.86 433

0.2 21.2 4.26 2218 7258 42.6

23.2 3.92 877

0.25 20.7 4.36 1309 3961 39.9

22.7 3.98 272

Abbreviations: EVACO, poly(ethylene vinyl acetate-co-carbon monoxide); m-MWCNT, modified-multiwalled carbon nanotube.
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solution casting, the polymer chains in the solvent are
free to move and capable of aligning themselves to a most
thermodynamically favorable position before the solvent
is completely evaporated, apart from self-crystallization,
the presence of m-MWCNTs in the solution also drives
the polymer chains to arrange in a preferred order. Ulti-
mately this results in an increased crystallinity in the
composite. In melts, the restricted chain movements
allow the formation of one type of crystallite (β-crystal-
lite), and the intensity of this melting peak (Figure 7B) is
increased in the composite as compared with the pristine
EVACO. It is worth noting that there is a shift in melting
temperature of the composites to lower values. Therefore,
one can scrutinize that the presence of m-MWCNTs in
EVACO can impart additional crystallinity in EVACO.
Table 2 shows the percentage crystallinity from first
heating and second heating DSC curves, glass transition
temperature (Tg), and the melting temperature.

The glass transition temperatures (Tg) of the composites
are high as compared with the pristine EVACO. The pres-
ence of nanotubes in the composite lessens the suppleness
of the polymer chain movements and the wrapping of

polymer chains to the nanotubes increases the crystallinity
adjacent to the tube surfaces. Besides crystallinity, the inter-
ference of m-MWCNTs decreases the polymer chain move-
ments, this interference will be high for a composite with
good filler dispersion.[37] Therefore, a maximum Tg repre-
sents a composite with good filler dispersion.

3.7 | Tensile properties

The stress versus strain curves of neat EVACO and
EVACO/m-MWCNT composites are shown in Figure 8.
The addition of a small quantity of m-MWCNTs, which is
as low as 0.05% shows a large enhancement in the tensile
strength of the composite. There is a significant improve-
ment in the tensile strength of the other composites also.
The elongation at break is the highest for the composite
with a good tensile strength, which in turn has good crys-
tallinity as compared with neat EVACO, as observed in
DSC and XRD analysis. The number of crystalline block
segments in the composite is more than that is in neat
EVACO, since the crystallinity is increased in composite

FIGURE 7 DSC curves of neat EVACO and EVACO/m-MWCNT composite (A) heating and (B) cooling. DSC, Differential scanning

calorimetry; EVACO, poly(ethylene vinyl acetate-co-carbon monoxide); m-MWCNT, modified-multiwalled carbon nanotube [Color figure

can be viewed at wileyonlinelibrary.com]

TABLE 2 The crystallinity of EVACO/m-MWCNT with different m-MWCNT loading

Filler loading (wt%)

% crystallinity from the first heating % crystallinity from cooling

TgMelting temperature (�C) % crystallinity Melting temperature (�C) % crystallinity

0 51.88 28.2 53.13 18.1 �41.4

0.05 52.05 54.4 51.36 30.2 �40.5

0.1 51.81 51.5 51.31 29.7 �40.07

0.15 52.57 47.9 51.08 26.3 �40.1

0.2 51.32 43.9 50.65 25.1 �40.4

0.25 52.24 33.6 51.19 18.2 �41.3

Abbreviations: EVACO, poly(ethylene vinyl acetate-co-carbon monoxide); m-MWCNT, modified-multiwalled carbon nanotube.
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with filler loading. As the crystallinity increases, the ori-
entation of these segments and the respective tie chains
toward the applied force need more effort than the polymer
with less crystallinity,[58] which will increase the tensile
strength and more elongation at break in the composites.
The simultaneous reduction in the tensile strength with
filler loading may be attributed to the less crystallinity in
them and also the nodal points in the MWCNT network,
which can act as the stress concentrators.

The mechanical properties of the nanocomposite
depend on several parameters, they are filler dispersion,
crystallinity, filler–matrix interaction, processing methods,
and so on.[59] If the dispersion is poor, even though nan-
otubes are flexible, the bundled MWCNTs can act as rigid
stress concentrators due to their difference in elastic proper-
ties compared to the EVACO matrix. The stress concentra-
tion leads to the building up of stress around the particles
and ultimately results in the debonding of nanotubes at the

MWCNT–EVACO interface. It is true in the case of
nanocomposite with 0.25% filler loading, which has the
least tensile strength and elongation at break among
the composites. The aspect ratio of MWCNTs affects
the tensile properties of the EVACO/m-MWCNT com-
posites. On comparing the ultimate tensile strength
and toughness of EVACO/nano-alumina trihydrate[36]

and EVACO/halloysite nanotube[60] composites with
EVACO/m-MWCNT composite, one can observe that
EVACO/m-MWCNT composites exhibit superior mechani-
cal properties at very low MWCNT loading (Table 3).

3.8 | SEM fractography

The SEM micrographs of tensile fracture surfaces of neat
EVACO and EVACO/m-MWCNT composites are shown
in Figure 9. All the samples exhibit a typical ductile fail-
ure, which is revealed by the continuous crack propaga-
tion trajectories. The gradual transformation from ductile
to brittle nature is observed on the fracture surfaces. In the
composite samples, the stress whitened regions are less
intense because of the increase in the crystalline regions in
the composite. The tensile and yield strength of the com-
posites are enhanced through filler loading and the elastic
recovery zone of the composites is greater than the neat
polymer (Figure 8), therefore the composites are resistant
to stress whitening.[61] There are no traces of crazing at
the edges of the crack propagation trajectories, but fibrils
are present on the fractured surface since the stress in the
polymer matrix in the premises of MWCNTs is different
from that is away from MWCNTs, which will reduce the
sensitivity toward crazing and promote shear yielding,
leading to the formation of fibrils.

3.9 | Electrical conductivity

DC volume resistivities of the EVACO/MWCNT compos-
ites are shown in Figure 10. The resistivity of the

FIGURE 8 Stress versus strain curves of neat EVACO and

EVACO/m-MWCNT composites. EVACO, poly(ethylene vinyl

acetate-co-carbon monoxide); m-MWCNT, modified-multiwalled

carbon nanotube [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 3 Mechanical properties of virgin EVACO and the composites

wt% of
MWCNT

Ultimate tensile
strength (MPa)

Yield
strength (MPa)

Stress at 100%
elongation (MPa)

% elongation at
break

Toughness
(kN/m3)

0 17.2 3.8 4.14 1420 13.4

0.05 24.9 5.8 6.04 1607 22.8

0.1 22.5 5.2 5.45 1573 19.6

0.15 22.1 4.6 4.91 1568 18.6

0.2 21.8 4.8 4.82 1580 17.4

0.25 21.5 4.5 4.59 1573 18.0

Abbreviations: EVACO, poly(ethylene vinyl acetate-co-carbon monoxide); MWCNT, multiwalled carbon nanotube.
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composite was reduced as the filler content was
increased, but the reduction in the resistivity is not appre-
ciable as the conductivity of the MWCNTs is concerned.
The reduction in the resistivity is due to the presence of
conductive MWCNTs and its insignificance is due to the
fact the MWCNT loadings are far less than that of the
percolation threshold. Below the percolation threshold,
the MWCNTs are isolated from each other, and no con-
tinuous network of MWCNTs is intact for electron trans-
port. The improvement in electron transport properties
in the presence of MWCNTS is due to the shortening of

the resistive electron path, which is otherwise completely
resistive if EVACO alone is considered.

4 | CONCLUSION

In summary, the addition of modified MWCNTs was
an efficient way to improve the strength and crystalline
properties of EVACO. A minute quantity of MWCNTs
was sufficient enough to make a significant change in
the properties of EVACO. Good interaction between
m-MWCNTs and EVACO was observed in the FTIR
analysis. The thermal stability of the composites was
improved with the filler loading. The increase in crys-
tallinity by the addition of m-MWCNTs is observed in
the case of all the composites irrespective of the filler
loading. Composite with 0.05% loading of MWCNTs
exhibited the best crystallinity (30.5%), which in turn
resulted in the maximum tensile strength in these com-
posites. The pristine EVACO and its composites
exhibited ductile fracture and as the filler loading
increased the fracture was approaching brittle nature.
The percentage elongation at break for pristine
EVACO is 1420%, which is increased to 1607% by the
addition of 0.05 wt% of m-MWCNTs, with a subsequent
increase in the ultimate strength in 17.2–24.9 MPa. The
m-MWCNT loading in the composite was below the
percolation threshold; therefore, only a small reduction
(26–7 GΩ) in the resistivity was observed among the
composite, which may improve the antistatic proper-
ties of the composite.

FIGURE 9 The scanning electron microscopy micrographs of EVACO with different m-MWCNT loadings: (A) 0%, (B) 0.05%, (C) 0.1%,

(D) 0.15%, (E) 0.2%, and (F) 0.25%. EVACO, poly(ethylene vinyl acetate-co-carbon monoxide); m-MWCNT, modified-multiwalled carbon

nanotube

FIGURE 10 Electrical volume resistivity of the composites

[Color figure can be viewed at wileyonlinelibrary.com]
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Hexafluorometallates with the general formula ABF6 (A=Ba, Sr, Ca etc. and B = Si, Ge, Sn, Ti etc.) are 
widely studied as potential red-emitting phosphors by doping with Mn4+ transition metal ions [1-3]; 
however the cathodoluminescence from Mn4+ doped phosphors are poor. The class of materials 
mentioned above is also identified as potential host lattices for rare-earth (RE3+) dopants [4, 5]. In general, 
alkaline earth metal fluorides are well-known for their consistent luminescence from the dopant ions and 
they are promising candidates for inorganic scintillators, due to their high chemical stability and low lattice 
phonon energy [6, 7]. Materials with ABF6 arrangement crystallizes with rhombohedral symmetry with 
corner-sharing BF6 octahedra with a coordination number of 6 with fluorine atoms and the A-site ion at 
the body center is coordinated to 12 fluorine atoms, as shown in Fig. 1a. In this work, representative 
single-crystal ABF6 nanowires doped with Ce3+ and Tb3+ ions are synthesized using a reverse micelle 
solvothermal method and their cathodoluminescent (CL) emission properties are evaluated for radiation 
detection [8]. Nanowires were synthesized using a reverse-micelle solvothermal process using 
cyclohexane as the solvent. Cetyltrimethylammonium bromide (CTAB) and 1–pentanol were used as the 
surfactant and co-surfactant, respectively. In the typical synthetic procedure, two identical solutions of 25 
mL cyclohexane, 1 mL of 1-pentanol, and 2 g CTAB were prepared to form the solvent medium. 1.2 mL 
of a 1M solution of the corresponding tetravalent element in 20% HF was delivered dropwise to one of 
the two above solvent mixtures and 1.2 mL of 1M barium chloride (BaCl2) was delivered to the other 
under vigorous stirring at a speed of 700 rpm. For the preparation of RE3+ doped nanowires, the BaCl2 
precursor solution was added with varying percentages of CeCl2 and TbCl2, in order to produce the 
desired dopant percentages. After 30 min of stirring at 700 rpm, the two mixtures were mixed and stirred 
well for another 30 min at a rate of 900 rpm. The solution was then sealed in an autoclave reactor vessel 
lined with Teflon and heated at 120℃ for 12 h, after which the autoclave cooled naturally to room 
temperature. The resulting nanowires were separated from the solution and washed several times using 
water and ethanol and dried overnight at 80℃. Samples were coated with carbon and analyzed in a JEOL 
field-emission JXA-8530F EPMA, which was equipped with an SDD X-ray energy-dispersive 
spectrometer (EDS) and xCLent cathodoluminescence (CL) spectrometer. For TEM analysis, the 
nanowires are dispersed in pure ethanol solutions by sonication for 30 min and then dropped on 
carbon−film supported grids. The grids were observed in FEI Talos F200X TEM/STEM instrument at 200 

kV. Fig. 1b&c shows the morphology of the solvothermally synthesized nanowires obtained using SEM 
and TEM analysis, respectively. Both the above images reveal that the nanowires uniform with an average 
diameter of ~100 nm. The EDS spectra in Fig. 1d reveal the characteristic peaks originating from Ba, Sn 
and F elements of the synthesized ABF6 nanowires. In Fig. 2, the CL emission from the pure and rare-
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earth-doped ABF6 nanowires are compared. The RE3+ doping significantly affects the CL emission from 
the pure nanowires. The pure nanowires exhibit a brad CL emission spanning in the entire visible-
spectrum, whereas the RE3+ doped nanowires exhibit an emission characteristic to the energy bands of 
the RE3+ ions. The broad emission observed in the pure nanowires can be attributed to the 2p F-®5p 
Ba2+ cross-over transition of electrons [9, 10]. 

 
Figure 1. Figure 1. (a) Crystal structure; (b) SEM iamge; (c) TEM image; (d) EDS of synthesized ABF6 
nanowires. 

 
Figure 2. Figure 2. Comparison of CL spectra of pure and RE3+ doped representative ABF6 nanowires. 
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ABSTRACT

The present work reports a fast and efficient two-step hydrothermal route that

can deliver both WO3 nanoparticles and WS2 nanosheets. Prepared samples

were characterized using X-ray diffraction, Raman analysis, Fourier transform

infrared spectroscopy, and UV–Vis–NIR absorption. Scanning electron micro-

scopy analysis reveals that WS2 powder is composed of nanosheets having

layered structures. WO3 nanoparticles and WS2 nanosheets synthesized were

found to be efficient sonocatalyst and exhibited good removal efficiency (RE) in

the case of water containing methylene blue (MB), which is the most commonly

used dye in textile and wood industries. Under same catalyst dosage (1 g/L)

and MB concentration (10 mg/L), WO3 nanoparticles showed 61.2% of RE

within 90 min, whereas WS2 nanosheets showed a remarkable RE of 85.4%

within 30 min. Brunauer–Emmett–Teller surface area analysis and some quan-

titative explanations are furnished for better sonocatalytic performance of WS2
nanosheets compared to WO3 nanoparticles. It was also established that

sonolysis and adsorption, performing separately, do not have significant role in

dye degradation. Reusability of WS2 nanosheets is also checked for five con-

secutive runs and they showed excellent cavitation erosion resistance and hence

reproducibility that are very important to be established as a method for

industrial dye-contaminated wastewater treatment. Finally yet importantly,

capability of suggested sonocatalytic process for industrial-level wastewater

treatment was illustrated by calculating electric energy in kilowatt hours (kWh)

required to degrade 1 kg of MB (8.3 9 103 kWh/Kg). The lower value energy

consumption profile for present sonocatalytic process offers incredible future

prospects.
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1 Introduction

Tungsten-based nanostructures are promising mate-

rials that can be exploited for a variety of applica-

tions. Among them, WS2 comes under the category of

thin-layered transition metal dichalcogenides

(TMDs). The main advantage regarding WS2 is its

two-dimensional layered structure like graphene

meanwhile possessing superior electrical and optical

properties compared to graphene which mainly

attributes to its semiconducting nature and larger

interlayer spacing [1, 2]. All these aspects enable WS2
to clench great promise for a variety of applications in

biomedical field [3, 4], energy-storage devices like

lithium ion batteries and supercapacitors [5, 6], field

effect transistors [7], sensing devices [8], hydrogen

evolution reaction [9], and many others. Hydrother-

mal route is a proven efficient synthetic method for

WS2 [1, 3, 9]. Comparing to other nanomaterial syn-

thetic routes, hydrothermal methods are simpler and

the compositions of nanomaterials to be synthesized

can be well controlled by manipulating temperature,

reaction time, and by employing liquid phase or

multiphase chemical reactions [10]. Industrial

wastewater containing organic dye contaminants are

one of the crucial end product of rapid urbanization

and industrialization that threatens the balance of our

ecosystem [11–13]. Present scenario demands active

researches for simple, safe, and efficient methods to

get rid of the issues arising from dye contaminations.

One conventional method is biological remediation

that involves microbial or enzymatic degradation of

organic dyes. This method is eco-friendly and cost-

competitive but it is less efficient due to non-

biodegradable nature of most dyes [14]. Physico-

chemical methods like adsorption, reverse osmosis,

photolysis, ozonation, and coagulation-flocculation

have been used for removal of dye from wastewater.

But all these methods have the inherent drawbacks of

being economically unfeasible, unable to completely

remove the recalcitrant azo dyes, and generating

secondary pollution problems [15, 16].

Ultrasonic irradiation (sonolysis) is an attractive

method capable of degrading variety of recalcitrant

organic compounds present in wastewater. The

advantages of high power ultrasonic irradiation are

its operational simplicity, safety, cleanness, high

penetrability in water medium, high degradation

efficiency, and environmentally benign nature

[11–13]. Sonolysis involves the production of

oxidizing agents such as hydroxyl radicals (.OH)

from water that are capable of oxidizing organic

pollutants. The principle behind this process is

acoustic cavitation in a liquid medium which

involves nucleation, growth, and violent collapse of

microbubbles which generates local hot spots with

extremely high temperature and pressure. These

conditions lead to the dissociation of water molecules

and direct pyrolysis of volatile compounds [17, 18].

But sonolysis is time-consuming, energy demanding

and the complete degradation of azo dyes are diffi-

cult to achieve using ultrasound alone [12, 19]. These

factors hinder the wide applications of sonolysis for

practical treatment of wastewater.

Practical limitations of sonolysis above-mentioned

can be overcome by using an efficient heterogeneous

catalyst during sonolytic process. The role of hetero-

geneous catalyst in sonolysis can be explained using

three mechanisms, i.e., (a) Heterogeneous nucleation

mechanism: Solid particles offer favored sites at the

solid surface or phase boundary for the cavity bubble

nucleation, which is different from the homogeneous

nucleation in the bulk solution [17, 20]. This process

can bring significant improvement in dye degrada-

tion rate compared to sonolysis alone. (b) Photocat-

alytic mechanism: Light emitted in sonoluminescence

(SL) (as a result of ultrasonic cavitation in the solu-

tion) can excite the electrons in the catalyst from

valance band (VB) to conduction band (CB) there by

producing electron–hole pairs. Photocatalytic mech-

anism follows further, resulting in dye degradation

[17, 21]. (c) Thermal catalytic mechanism: High tem-

perature at local hot spots stimulates thermal excita-

tion in semiconductor leading to the generation of

electron–hole pairs capable of dye degradation

[17, 22].

The present work suggests a new hydrothermal

route to prepare pure, refined, and excellent crystal

quality WS2 nanosheets using hydrothermally pre-

pared WO3 nanoparticles, which takes less time

(26 h) compared to conventional hydrothermal

methods ([ 48 h) [1]. WS2 nanosheets were employed

as heterogeneous sonocatalyst for the degradation of

methylene blue (MB), which is the most commonly

used substance for dyeing cotton, wool, and silk [14].

WS2 nanosheets are of particular interest as sonocat-

alyst because of the following:(1) Unique two-di-

mensional morphology and high specific surface

area: Large phase boundaries in the solution can

promote heterogeneous nucleation mechanism; (2)

9358 J Mater Sci: Mater Electron (2021) 32:9357–9367



Favorable bandgap: As a result of SL, light having a

wide wavelength range (200–700 nm) and relatively

high intensity is produced, suitable for exciting

electrons of WS2 from VB to CB thereby promoting

photocatalytic mechanism for dye degradation; and

(3) Temperature produced in cavitation process can

help to excite electrons from VB to CB thereby pro-

ducing electron–hole pairs for thermal catalytic pro-

cess [22]. Till now, as far as the authors are aware,

only one report of Khataee et al. deals with the

application of WS2 nanosheets as sonocatalyst [12].

They studied sonocatalytic degradation of organic

dyes such as BV10, BO2, MB, AB92, BR46, DB71, and

their removal efficiencies in 150 min were 94.01%,

76.57%, 64.20%, 54.17%, 45.41%, and 27.27%, respec-

tively [12]. It was observed that removal efficiency

and reaction time taken for MB, which is a common

dye in industrial wastewater, seem to be unappeal-

ing. Here, our work focused on the degradation of

MB only, anticipating that, if it is possible to achieve

significant removal efficiency for MB using WS2
sonocatalyst, it will definitely work well in the case of

other organic dyes also.

2 Experimental

2.1 Materials

Tungsten hexachloride (WCl6, 99.0%), thiourea

[CS(NH2)2, 99.0%], and sublimed sulfur (S, 99.0%)

purchased from Alfa Aesar were used as raw mate-

rials for WO3 and WS2 synthesis. All reagents were

used as received without further purification.

2.2 Preparation of WO3 nanoparticles
and WS2 nanosheets

WO3 nanoparticles were synthesized as described in

our previous work [23]. In order to prepare WS2
nanosheets, 0.46 gm of WO3 powder (prepared as

mentioned above) and 1.28 gm of elemental sulfur

were dissolved in 35 mL deionized water with vig-

orous stirring for about 20 min to form a homoge-

neous mixture. Then the resulting mixture was

transferred into a 50 mL Teflon-lined stainless steel

autoclave and heated to 245 �C for 8 h. The precipi-

tate formed after the process was collected by cen-

trifuging followed by washing with distilled water

and ethanol. Finally, it was dried in an electric oven

to form WS2 in powdered form.

2.3 Characterization

X-ray diffraction patterns were recorded using

PANalytical X’pert PRO high-resolution X-ray

diffractometer (HRXRD) with CuKa (k = 1.5418 Å)

radiation. To study the quality of synthesized WS2
powder, Raman analysis was performed using Hor-

iba Jobin Yvon LabRam HR system. Optical absor-

bance spectra of the samples at normal incidence

were accomplished using JASCO V-570 model UV–

Vis–NIR spectrophotometer. Fourier transform

infrared (FTIR) spectra of the samples were recorded

with a Perkin Elmer FTIR spectrometer (spectrum

software version 10.6.0) in the range of

4000–500 cm-1. Structural features of the prepared

samples were analyzed using scanning electron

microscopy (SEM) on a JEOL, JSM-840 system. Sur-

face area and porosity analysis of the WS2 and WO3

samples were performed using a high-performance

gas and vapor adsorption instrument (BELSORP-

max, Bel Japan).

2.4 Sonocatalytic study

Sonocatalytic studies were performed by employing

an ultrasonic cleaner (Vibronics, 250 W, India). MB

dye was added to water maintaining a concentration

of 10 mg/L. This initial sample was named as MB-I.

WS2 powder sonocatalyst was incorporated to the

above solution by retaining a concentration of 1 g/L.

Sonocatalytic reaction time was varied as 10, 20, 30,

60, 90, and 180 min and the resultant solutions were

named as MB-10, MB-20, MB-30, MB-60, MB-90, and

MB-180, respectively. MB-SO represents solution that

is treated ultrasonically for 90 min without using

WS2 catalyst. To study the role of only adsorption in

the removal process, the suspension was stirred

magnetically for 90 min and absorption spectrum

was recorded (named as MB-WS2). In all trials, vol-

ume of MB-containing water solution (50 mL), MB

concentration (10 mg/L), concentration of added

sonocatalyst (1 g/L), pH of the solution (optimized as

4.5, data not given), and ultrasonic power (250 W)

were kept constant. The effect of catalyst dosage of

WS2 nanosheets on RE was studied by varying it

below and above 1 g/L keeping all other sonocat-

alytic parameters the same. The dependence of initial
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concentration of MB on RE in the present sonocat-

alytic process was also explored by varying it from 5

to 30 mg/L in steps of 5 mg/L.

3 Results and discussion

Figure 1 shows XRD pattern resulting from the

hydrothermal treatment of WO3 samples with sulfur.

All the diffraction peaks obtained can be indexed to

the hexagonal structure of WS2 (JCPDS card No.

00-08-0237) [12, 24]. Hydrothermal synthesis of pure

WS2 without the peaks corresponding to WO3 and

other intermediates is challenging [1]. It is worth

revealing here that the suggested excess sulfur

treatment of WO3 played a vital role to remove the

unnecessary phases from the sample as the sulfur-

deficient samples contain WO3 and other intermedi-

ate phases.

Sulfur-treated WO3 samples show Raman peaks at

420 cm-1 and 350 cm-1 (Fig. 2), which indicates A1g

and E1
2g modes of WS2 [1, 25]. The absence of other

peaks designates that the sample consists of pure

WS2 nanosheets. According to literatures, E1
2g mode

which involves the in-plane displacement of W and S

atoms softens with increasing the number of layers.

As a result, E1
2g mode decreases in frequency which

is attributed to the enhancement of the dielectric

screening of the long-range Coulomb interaction

between the effective charges [26]. A1g mode which

involves out-of-plane vibration mode of S atoms is

found to stiffen with increasing number of layers. In

contrast with E1
2g mode, A1g mode undergoes blue

shift which can be explained by the interlayer inter-

action of S atoms in the neighboring planes [27].

Thus, the frequency difference (Dx) between A1g

mode and E1
2g mode can furnish valuable informa-

tion about the layered nature of the WS2 nanosheets.

In the present work, Dx = 70 cm-1, which is the

characteristic of bulk WS2 nanosheets [1, 25–28]. The

ratio of the intensity of A1g mode to that of E1
2g mode

could also be used as an indicator of layer thickness

of WS2 nanosheets. In the present study, this ratio is

roughly 2, which also confirms that the sample con-

sists of bulk WS2 nanosheets [25].

Fig. 1 XRD pattern of WS2 sample

Fig. 2 Raman spectrum of WS2 sample

Fig. 3 FTIR response of WS2 sample
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Figure 3 shows FTIR spectrum of WS2 sample.

Bands at 3389 and 1631 cm-1 correspond to stretch-

ing vibration and deformation of hydroxyl group

[12]. Bands detected at 3125, 1399, and 679 cm-1 are

attributed to W–S stretching and bending vibrations

and those at 930 cm-1 ascribed to S–S bonds [12, 29].

It is evident from the figure that peaks corresponding

to WO3 and other intermediate substances are absent,

designating the excellent purity of WS2 powder.

Hence XRD, Raman, and FTIR analyses are in

agreement with each other, signifying the exceptional

refinement level of WS2 nanosheets obtained from the

proposed two-step hydrothermal process.

SEM analysis (Fig. 4a–c) shows that hydrothermal

sulfur treatment changes the nanoparticle like

morphology of WO3 to nanosheet like structure

having thickness less than 100 nm. This image can be

compared with SEM pictures reported in literature

[1, 24]. EDAX spectrum of the WS2 sample is shown

in Fig. 4c. The presence of elements W and S is evi-

dent from the spectrum. There is no oxygen peak

present in the spectrum ensuring that the sample is

free from oxide content, which is in good agreement

with XRD, Raman, and FTIR spectral results. Atomic

percentages of W and S in the sample are found to be

44.4% and 55.6%, respectively. Result of UV–vis–NIR

absorption experiment is shown in Fig. 5. Sample

shows excellent absorption in the range of

400–800 nm, enabling them to absorb radiations in a

Fig. 4 a-c SEM images at different points of WS2 powder. d EDAX spectrum of WS2 sample
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wide wavelength range resulting from sonolumines-

cence which can boost dye degradation.

3.1 Sonocatalytic degradation of MB

The variations of UV–vis–NIR spectra during the

degradation of MB under different conditions are

displayed in Fig. 6. MB concentrations during the

experiment were determined by taking the intensity

of main absorption peak at 660 nm. On sonocatalysis

using WS2, the absorbance of MB decreased consis-

tently in a time-dependent manner which indicates

its degradation. MB-I represents the absorption

spectrum of initial MB solution before sonocatalysis,

and from the graph, it is clear that after 30 min of

sonocatalytic process, concentration of the dye

decreases significantly. A significant RE of around

85.4% was obtained after 30 min (Fig. 8). On further

proceeding the sonocatalysis, there is no considerable

improvement in RE up to 90 min. After 180 min of

sonocatalysis using WS2, MB solution was seemed to

be decolourized completely (Fig. 7). The characteris-

tic peak at 660 nm disappeared showing the dis-

truction of the conjugate structure of MB [19]. Also, it

is to be noted that the MB solution treated ultrason-

ically without WS2 nanosheets (MB-SO) showed only

20% of RE even after sonicating for 90 min. Absorp-

tion spectrum of samples with WS2 nanosheets and

without ultrasonication (MB-WS2) was also recorded

to investigate the role of adsorption in RE. It was

observed that adsorption alone has no major role in

dye degradation and RE (* 10%) was not significant

in this case (Fig. 8).

It is clear from the observations that instead of

sonolysis alone, the synergistic effect of sonolysis and

catalysis contributes significantly for dye degrada-

tion. Due to the illumination of ultrasonic waves (at

frequencies above 16 kHz), acoustic cavitations (tiny

micro bubbles) are formed in the solution. Due to

rapid expansion during the compression/rarefaction

cycles, they finally reach a critical size. After that, the

violent collapse (implosion) of these microbubbles

produces local hot spots in the medium having

temperatures as high as 105 �C or 106 �C and pres-

sures up to about 1000 bar [30, 31]. These hot spots

are responsible for pyrolysis of water molecules to

produce reactive oxygen species (ROS) mainly

hydroxyl (.OH) radicals being capable of oxidizing

organic pollutants. On introducing WS2 catalyst in

sonolysis, heterogeneous nucleation mechanism

comes into play. Dyes are adsorbed to catalytic sur-

face during oscillation and the ROS on chemical

reactions oxidizes the dye. Desorption of the prod-

ucts from the catalyst surface followed by mass

transfer of the product from the catalyst surface to the

bulk solution occurs during the process [23]. The

phenomenon of sonoluminescence also plays a major

role for the sonocatalytic removal of organic dyes in

which free radicals produced as a result of ultrasonic

cavitation recombines to produce light in UV range.

WS2 nanosheets having significant absorption around

800 nm (Fig. 5) can easily absorb these UV radiation

and produces electron–hole pairs. A photocatalytic

mechanism can be followed further. Moreover, these

Fig. 5 UV–vis–NIR absorption spectrum of WS2

Fig. 6 The variation of UV–vis spectra during the degradation of

MB in different process
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electron–hole pairs can further produce ROS like
�OH, O2

2� and �OOH radicals. All these factors sig-

nificantly improve the removal efficiency of the dye

[12, 13, 17–19].

WO3 nanoparticles are also used as sonocatalyst in

the present study and RE was observed to be 61.2%

even after 90 min of sonocatalytic process (Fig. 8)

[23]. By examining quantitatively, a sonocatalytic

process is more efficient as the total numbers of col-

lapsed cavitation bubbles (N) are greater, which

effectively enhances hydroxyl radical generation and

sonoluminescence. The parameter ‘N’ mainly

depends on three factors: (1) number of bubbles col-

lapsed from homogeneous nucleation (Nho), (2)

number of bubbles collapsed from heterogeneous

nucleation (Nhe), and (3) number of bubbles coa-

lesced with particles as a result of collisions (Nco)

[32]. In order to study the sonocatalytic behavior of

WS2 nanosheets and WO3 nanoparticles, the volume

of MB solution taken was the same. So the extent of

homogeneous nucleation happening in the bulk of

the solution is assumed to be the same for both

nanosheets and nanoparticles. Hence, the factor (Nho)

is approximately same for both cases.

Heterogeneous nucleation mainly depends on

textural property of the sonocatalyst; in this context,

nitrogen adsorption–desorption isotherms can pro-

vide vital information regarding specific surface area,

pore size, pore volume, etc. N2 adsorption–desorp-

tion isotherm and Barrett–Joyner–Halenda (BJH)

pore size distribution curve for WS2 nanosheets and

WO3 nanoparticles at 77 K are shown in Figs. 9 and

10, respectively. Both WS2 nanosheets and WO3

nanoparticles show type IV isotherm, which is the

characteristic of a mesoporous material [12]. The

Brunauer–Emmett–Teller (BET) equation was

employed to estimate and compare the specific sur-

face areas of the samples. The specific surface area of

WS2 nanosheets is calculated to be 6.20 m2/g, which

is more than two times that of WO3 nanoparticles

(2.73 m2/g). Pore volume and mean pore diameter

for WS2 nanosheets (0.0081cm3/g and 5.81 nm) and

that of WO3 nanoparticles (0.0045 cm3/g and

Fig. 7 Photograph showing

the degradation of MB

solution at different times on

sonocatalysis using WS2
nanosheets

Fig. 8 Removal efficiency Vs time graph for different processes

Fig. 9 Nitrogen adsorption–desorption isotherm of the WS2
nanosheets. The BJH pore size distribution curve is shown as inset
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7.30 nm) were evaluated using BJH method. Due to

better values of specific surface area and pore vol-

ume, solid–liquid interface area increases tremen-

dously in the solution and this increases

heterogeneous nucleation for nanosheets-mediated

sonocatalysis compared to that of nanoparticles.

Effectively, the factor (Nhe) is better for WS2
nanosheets. Sonoluminescence also increases for WS2
sonocatalysis. Absorption of WS2 around 800 nm

enables it to absorb a wide range of energy produced

as result of sonoluminescence leading to electron–

hole pair production which facilitates dye degrada-

tion. For WO3 nanoparticles, Brownian motion is so

marked than WS2 nanosheets. This will increase the

number of collisions and hence the number of bub-

bles coalesced with particles (Nco). As a result of

bubble–particle coalescence, the bubble turns out to

be more stable and it is not so easy to collapse as a

free bubble [32]. The factor Nco reduces the total

number of collapsed cavitation bubbles (N) and

causes low sonocatalytic activity for WO3

nanoparticles.

3.2 Effect of WS2 catalyst dosage

The sonocatalytic degradation of MB in the presence

of variable concentrations of WS2 nanosheets is

shown in Fig. 11. Other operational parameters of

sonocatalytic process such as volume of MB-con-

taining water (50 mL), MB concentration (10 mg/L),

pH of the solution (4.5), ultrasonic power and

irradiation time (250 W, 30 min) were kept constant.

Initially, as the catalyst concentration increases, the

sonocatalytic activity increased upto 1 g/L. This is

due to the fact that the increase in amount of WS2
heterogeneous catalyst provided more active sites

that can promote heterogeneous nucleation which

effectively releases more active species that could

degrade organic dye [33, 34]. For higher catalyst

concentrations (i.e., above 1 g/L), there is no signifi-

cant improvement in sonocatalytic activity and hence

in RE. As the catalyst concentration increases,

aggregation of sonocatalytic particles follows and

reduces the active sites. At higher sonocatalyst con-

centrations, it will be more difficult for ultrasound

wave to interact with catalyst surfaces and resulting

in sound attenuation. Also, screening effect for flash

light emitted in sonoluminescence will be more sig-

nificant at higher catalyst dosage which will suppress

possible photocatalytic reactions. Moreover, higher

catalyst dosage leads to more collision of activated

moleculed with catalyst in ground state which will

have adverse effect on sonocatalytic efficiency

[33–35]. So, for above-mentioned operational param-

eters of present sonocatalytic process, 1 g/L catalyst

dosage of WS2 nanosheets is found to be optimum.

3.3 Effect of initial concentration of MB
on degradation efficiency of WS2

nanosheets

Concentration of MB in water is varied from 5 to

30 mg/L keeping all other operational parameters

Fig. 10 Nitrogen adsorption–desorption isotherm of the WO3

nanoparticles. The BJH pore size distribution curve is shown as

inset

Fig. 11 Effect of catalyst dosage on MB degradation
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the same (optimized as above). Figure 12 clearly

indicates that as initial MB concentration increases

RE goes on decreasing. On increasing initial MB

concentration, dye molecules that adsorbed on the

surface of catalyst increase. But the number of

available reactive species remains the same leading to

insufficient degradation of organic dye [36, 37]. The

variation in RE is very small when MB concentration

changes from 5 to 10 mg/L. For concentration values

above 10 mg/L, there is a drastic decrease in RE,

which designates that 10 mg/L is the highest value of

dye concentration that gives substantial RE.

Figure 13 shows the degradation MB using recy-

cled WS2 nanosheets for five consecutive runs under

optimum conditions. After each trial, WS2 nanosheets

were recovered, washed with distilled water, and

dried. The recycling tests clearly show that there is

not much decrease in the rate of degradation process

of MB even after WS2 nanosheets were repeatedly

used for 5 consecutive runs. The reusability rendered

by WS2 nanosheets were quite promising. Comparing

to microstructures, these nanostructures with the size

less than that of cavitation bubbles are highly cavi-

tation erosion resistant and easier to approach the

interfacial region which are the effective reaction

zone [13].

3.4 Assessment of electricity consumption
and industrial feasibility

The present study was conducted by utilizing a

simple ultrasonic cleaner (50 Hz, 250 W), usually

employed for cleaning purpose. So the sonocatalytic

process is less sophisticated and cost-effective, which

are the main advantages of dye degradation pro-

cesses. In order to check the feasibility of present WS2
sonocatalytic process to industrial-level wastewater

treatment, the idea of energy consumption evaluation

in the process is very important. Electric energy in

kilowatt hours (kWh) required to degrade 1 kg of MB

in water can be calculated as:

Ea ¼
E

C0 � Cð ÞV

where E is the energy consumed in each experi-

ment in kWh [18, 38]. V is the volume (dm3) of the

MB solution taken for the experiment. C0 and C are

initial and final concentrations (mg/dm3) of MB

solution. Calculated value of Ea for the present study

is 8.3 9 103 kWh/Kg, which is relatively a lower

value when compared with reported values [18].

4 Conclusion

Novel two-step hydrothermal method was employed

to overcome the challenges prevailing in the prepa-

ration of WS2 nanosheets having exceptional purity.

It was observed that the method is efficient, facile,
Fig. 12 Effect of initial concentration of MB on degradation

efficiency of WS2 nanosheets

Fig. 13 Effect of recycled WS2 nanosheets in the sonocatalytic

removal of MB

J Mater Sci: Mater Electron (2021) 32:9357–9367 9365



and faster (26 h) compared to usual hydrothermal

methods ([ 48 h) for the preparation of WS2
nanosheets. Noteworthy RE (85.4%) was obtained for

WS2 nanosheets within a period of 30 min sonocat-

alytic process in MB solution. RE value and time

taken to achieve this value are much better than the

already reported values (64.20%, 150 min). It has to

be mentioned specifically that the present study car-

ried out using a basic ultrasonic cleaner (250 W,

50 Hz) without any sophistication. WO3 nanoparti-

cles are also employed as sonocatalyst for MB

degradation in water and obtained a RE of 61.2%

which is less, compared to the RE of WS2 nanosheets.

Hence, it can be concluded that layered nature, high

specific surface area, and favorable bandgap of WS2
nanosheets compared to WO3 nanoparticles played

foremost role here for better sonocatalytic activity.

Noteworthy RE, faster sonocatalytic activity, lower

power consumption (8.3 9 103kWh/Kg), and

reusability furnished by WS2 nanosheets are opti-

mistic for industrial-level dye-contaminated water

treatment.
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Abstract 
This paper is an attempt to discuss about ecology and environmentalism in the selected poems of Nigerian poets Wole Soyinka, 
Tanure Ojaide and Niyi Osundare in a Post-colonial Eco critical review. In literature, ecocriticism is a mode of aesthetics that deals 
with the nature of relation between literature and the natural environment. Its adherents investigate human attitudes towards the 
world as reflected in writing about nature. It is a diverse genre known by many names, including green cultural studies, eco poetics 
and literary analysis of the environmental. The study seeks to explore selected poems in Nigerian literature from an Eco critical 
perspective. The relationship between man, the environment and nature is documented in literature. Eco-critical insights are 
studied in the poetry of Wole Soyinka, Tanure Ojaide and Niyi Osundare. Literature resides where creation exists, and where 
nature exists, life exists. Literature is an imperative tool for having a historical understanding of the relationship between man and 
also for determining the way man treats nature in future. In the 1990’s, ecocriticism gained significant prominence in the Western 

academia as a domain of literary research. This does not, however, indicate that the literature of earlier periods ignored 
ecologically conscious concerns. Similarly, ecological scepticism seeks to explain how nature is expresses in literature and how the 
meaning of nature and the relationship between man and nature have changed over time as they are perceived in literature. In 
recent decades, the natural environment has progressively become threatened by man’s activities. The chosen poems are full of 

varied environmental details. The poets responded to their plight in distinctive perspectives through their poetry. Extreme 
ecological issues such as global warming, increased pollution levels, recurrent coastal flooding, tsunami and cyclones, earthquakes 
and floods have culminated from the incessant cutting of trees for human use and deforestation, the use of weapons and arms, 
radioactive elements in nuclear power plants, industrial pollution and many more. Not only has this disruption to nature caused a 
catastrophic change in the atmospheric conditions around the world, but the ozone layer, our earth’s defensive shield, has also been 
destructive. And now there is a growing and crucial need to conserve our environment and make our earth a better place to live. In 
Nigerian Literature, the study provides a more detailed introduction to the Eco theory from its beginnings to the present. It will 
also address the relationship between nature and culture, the gradual progression of ecocriticism, and its related concepts. 
 
Keywords: ecocriticism, eco psychology, eco poetics, ecological issues 

Introduction 
Ecocriticism is literature is an analytical method that examines 
the importance of the relationship between literature and the 
natural environment. With several names, green cultural 
studies, eco poetics and environmental literary criticism, it is a 
diverse genre. Ecocriticism began to gain prominence in 
Western academia in the 1990s as a sphere of literary 
research. Ecological criticism seeks to analyse how nature is 
presented in literature and how, as seen in literature, both the 
interpretation of nature and the relationship between man and 
nature have grown over time. British colonial rulers formed a 
chain of command in many British colonies, such as Anglo-
Egyptian Sudan and Nigeria, in which colonial officials ruled 
over indigenous African leaders, who then governed the 
majority of the African indigenous population. Colonialism in 
Africa is primarily responsible for the continent’s lack of 

cultural, social, and political development. The so-called 
empirical scrutiny of agricultural practices imposed in 
northern Nigerian communities by successive British colonial 
era authorities is an example of a European influenced 
paradigm pursued by African elites. Irrigation, forest 

management, and extensive use of chemical fertilizers were 
emphasized by the colonial scientific scrutiny system. The 
system provided very little benefit for the region from 
economic development and disrupted the traditional farming 
practices that for centuries had sustained the local population. 
Researchers and academic investigators have largely 
overlooked the effects of postcolonial Nigeria’s economic 

growth. The colonization process resulted in the realignment 
of power, with European trading companies imposed by the 
colonial authority replacing the hitherto domestic Nigerian 
authority centers such as Opobo's Ja Ja, Oguta's Kalabari and 
Ibadan's Ijebu. 
“Ecocriticism speaks for the earth by rendering an account of 
the indebtedness of culture to nature while acknowledging the 
role of language in shaping the view of the world” 
(Campbell 5) 
Thus Ecocriticism begins from the conviction that the arts of 
creativity and the research there of will make a major 
contribution to the understanding of environmental issues and 
the various types of eco-degradation affecting planet Earth 
today. Global warming, which triggers rapid climate change 
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as a result of unequal human interactions with nature, is a real 
concern that marked the end of the twentieth and early twenty-
first centuries. Ecological issues are caused by climate change 
and have become an important concern for interdisciplinary / 
multidisciplinary studies. Under the concept of ecocriticism, 
multiple literature disciplines have embraced this style of 
work, centred on ecological issues. The ambivalent 
relationships between man and nature are old and either 
require or need to overcome and master human romantic 
devotion to nature. In the foreseeable future, climate change 
has arisen from these anthropocentric relationships. The 
reality of climate change is threatening every corner of the 
world. Yet he believes that lethal silence is a big impediment 
to resolving and mitigating climate change problems. Wangari 
Maathai is unveiling the true global warming issues that 
would have dramatic consequences on Africa. At the global 
stage, the query is answered as: 
“Africa is the continent that will hit hardest by the climate 

change. Unpredictable rains and floods, prolonged droughts, 
subsequent crop failures and rapid desertification, among 
other signs of global warming, have in fact already begun to 
change the face of Africa.” 
 (as cited by Toulmin, 2008, p. 1).  
In environmental concerns and philosophies, there are several 
expressions that share similar denominators in the objective of 
environmental conservation. For Graham Huggan and Helen 
Tiffan: 
“Postcolonial ecocriticism and Ecocriticism are hedged about 

with seemingly insurmountable problems. The two fields are 
notoriously difficult to define not least by their own 
practitioners…. Thus, internal divisions…e.g. the commitment 

to social and environmental justice or differences… and large 

scale distinctions based on the attractive view that 
postcolonial studies and eco/environmental studies offer 
mutual correctives to each other turn out to… be perilous” (3).  
Postcolonial ecocriticism, on the other hand, is a plurality of 
ecocriticism that discusses: “concerns with conquest, 

colonisation, racism, sexism along with its investments in 
theories of indigeneity and diaspora and the relations between 
native and invader, societies and cultures” (Huggan and Tiffan 

6) to explicate Eco critical modes of feminist ecocriticism, 
romantic ecocriticism and postcolonial Ecocriticism “need to 

be understood as particular ways of reading” (Huggan and 

Tiffan 13). Regardless of the numerous discourses on 
ecocriticism and postcolonial ecocriticism, this research 
indicates that postcolonial ecocriticism cannot be evaluated 
without delving into environmental problems, and 
ecocriticism or eco-environmental studies cannot be discussed 
without discussing postcolonial concerns alongside 
imperialism, a metaphor that examines ideologies of 
supremacy and socio-history. 
 It is in this regard that am going to analyse some ecological 
problems in Wole Soyinka's poem “Dedication for Moremi 
1963” with a post-colonial perspective. The concept of the 
poem is about the natural order of things, and also about 
bringing a child into the world. It begins with the 
consummation of the child, and then the birth of the child into 
the universe of this child, a miracle created by love. It's almost 
like a prayer to the Earth, and a dedication to the child. It 

speaks of our human life as a whole, and also of our journey 
back to earth. He makes use of many poetic devices in the 
poem, including metaphors and a lot of imagery. The line in 
which he says, "your tongue arch / to scorpion tail." is one 
instance that stands out as a good metaphor. A pretty 
metaphor compares a crying baby's tongue at birth to a 
scorpion tail when it flicks in terror when feeling threatened. It 
gives us this impression of the child being born with a 
venomous tongue, which later brings trouble to the parents- as 
well as presenting this picture of a baby's squirming tongue as 
it clears its lungs and wails in fear of being so unexpectedly 
brought into this world. There are plenty of imagery examples, 
including the moment where he says, "Earth's honeyed milk, 
wine of the only rib / Now roll your tongue into honey until 
your cheeks are / Swarming honeycombs — your world needs 
sweetening kids. Through this, we get this image of taste and 
touch and sight all in one, the very thought makes my mouth 
water. The poem is full of deep inner meanings that invoke a 
radiant feeling, make us wonder what it means, see these 
peculiar literal images that attack our senses, and give us the 
emotions that the poet wants us to experience. The tone of this 
poem is joy and wonder at the birth of a child, and all those 
involved can feel the spiritual journey. He relates this miracle 
of life to the earth, as a woman bears a child, and her fruits are 
brought forth by it. The sound is gentle and ties us to the earth, 
as if every part of this birth was nature, just like every part of 
any animal or plant birth. In many of his words, like baobab, 
roots, rain, plumb her deep for life, season, fruits, and 
embrace, he creates the earthy and joyful sound. They all give 
us the feeling of a warm earth coming together to bring this 
happy occasion to life. In the midst of the independence of 
Nigeria, Soyinka recalls the many events that took place 
throughout his life, such as the birth of his daughter and the 
opening of the first National Park in Nigeria. Soyinka writes 
through many frames that the poem can be read through, one 
being a nourishing tone for his daughter, as well as one that 
protects the earth and its resources. The earth can be seen as a 
symbol of the daughter and the daughter can be seen as a 
symbol of the earth. Poet gives an insight to his daughter 
regarding the endless parallels and metaphors about the world, 
and how it functions. He says, "my child- your tongue arch to 
scorpion tail, spit straight and return to danger's threats yet 
coo with the brown pigeon, tendril dew between your lips." 
This is the example of Soyinka asking his daughter to be as 
sharp and dangerous as a scorpion but also to be caring, gentle 
and kind as a pigeon. He clearly shows the paternal qualities 
he imparts to his daughter in a manner similar to the way he 
tells the people of Nigeria to protect their new park. He wraps 
up the poem with the idea that we too must let the world 
depend on us in the same way we rely so heavily on the sun. 
We have to give earth back in the way it gives us. Soyinka 
evokes the past not as a dead past, but as a living one whose 
positive or negative results catch the present and influence the 
future, not historical but archetypal any more. Either to 
condemn those suicidal attitudes or to laud the current 
resistant wilderness, he evokes pastoral imagery, recalls the 
less anthropocentric past as a less troubled model, and projects 
a green future as a common dream. As the only way to face 
fundamental and sustainable growth, Soyinka urges readers 
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and listeners to take on the soil. As an expression of 
inextricable human ties with it, this communion with one's 
land at every level includes mind-set, commitment, love, and 
respect for oneself and all of its inhabitants. As a result of 
technical and scientific developments, the African holistic 
world view that imperialists saw as "savage" has become the 
global solution to the danger that climate change presents 
today. It's not too religious to ask "who was wild and who was 
civilized" if the "savage" incriminated African world view has 
since become a "worldwide genius" response to the climate 
change problem. 
Tanure Ojaide is a significant Literary voice of Nigerian post-
war poetry, distinguished by his recourse to the orator of his 
birthplace. Ojaide takes oratory as a locus of an esthetic that is 
conscious of rural people's arts and politics, particularly in the 
face of a viperous, modernity-driven establishment. The focus 
of his poetry on orality implies its rootedness in nature. But 
the point that nature in Ojaide's poetry is not merely evoked as 
an esthetic technique, an embellishment of what many have 
regarded in his poetry as an overwhelming political theme, is 
much more crucial to this paper. Nature is also addressed as 
home (the natural world, biodiversity, flora and fauna), now a 
forgotten home in the face of modernity and global petrodollar 
capitalism. In the sense of postcolonial ecocriticism, I try to 
point out from a reading of his poetry that the nature 
(environment) of the Niger Delta area from which the poet 
comes from is a victim of exploitation and injustice caused by 
large-scale oil extraction in the region, just like the people 
living in it; and it is no longer the pristine home it used to be. 
Tanure Ojaide's fifteenth poetry book, "The Tale of the 
Harmattan" (2007), offers poetry readers and those familiar 
with his work a critical insight into the Niger Delta region's 
bleak socio-political and economic circumstances. The 
plurality of the poet's concerns are oil extraction and its 
negative environmental and human family effects. The poems 
differ in style and form; however, what makes the collection a 
publication of substance is the poet's ability to discuss 
contemporary problems with a spectator's eyes, and the 
sincerity of an empathically inspired one. This compilation 
illustrates the degradation of the biodiversity and climate of 
the Niger Delta as a result of the extraction of oil and the 
marginalization of the ethnic minority in whose territories the 
oil is mined. In one poetry collection divided into three parts 
with a glossary that familiarizes the reader with the landscape, 
politics, Urhobo mythology, and various historical and 
mythical figures of Nigeria, the prolific Nigerian scholar-poet 
Tanure Ojaide uses bold rhetoric and a variety of techniques 
to claim the person of the poet as an eyewitness to historical 
events, especially the destruction of the destruction of the 
Niger Delta’s ecosystem and environment as a result of oil 

exploitation and the marginalization of the ethnic minority 
people in whose land oil is exploited. He shows concern for 
the underprivileged and oppressed in society, whose fight for 
equality, fairness and justice he supports, in the course of this 
poetic story. Conscious of the postcolonial situation in 
Nigeria, his native nation, he condemns the rampant 
corruption that drains the country's enormous wealth. 
Affirming humanity, he condemns the perpetrators of 
genocide, as in the Darfur region of Sudan, in the strongest 

possible words. The fact that what happens in Nigeria's 
troubled oil-rich yet poor Niger Delta region affects the 
worldwide price of oil demonstrates the degree of local and 
global connectivity, what is now described as 'glocal.' The 
Harmattan Tale (2007) argues that his research on the 
indigenous peoples (especially women) of Nigeria's Niger 
Delta offers an important way to revise our understanding of 
postcolonial theory in order to step beyond the outdated notion 
of colonial nations to colonialist power as sitting in 
multinational corporations that transcend national origin. My 
research combines elements from environmental, political, 
and socio-cultural images to analyze how Ojaide's work 
exposes the relationship between environmental problems and 
government collusion with multinational corporations, while 
calling for a vision of environmental justice to be 
accomplished by the movement of the Delta people. Ojaide's 
definition of historic environmental destruction and 
devastating oil contamination caused by multinational oil 
firms in the Niger Delta region is part of an interdisciplinary 
and multi-theoretical view of neo-colonial literature. The 
dialogic development of a variety of discourses is part of his 
complex literary style; his work involves feminist discourse 
and eco-critical interpretation of environmental issues, as well 
as post-colonial discourse that has become a defining feature 
of contemporary African literature. Ojaide's earlier-generation 
poetry and establishes him in post-colonial African poetry as a 
significant voice. The poems in The Harmattan Tale share 
Ojaide's love for exploring ancient African folklore with 
readers. In these poems, Ojaide's concerns owe much of their 
connection to his sensibilities and affinities towards his 
homeland. He does not surrender his creative inclinations or 
call for a Marxist agenda for political sloganeering or writing 
poetry, as one can admit, unaware of the genius of his 
imaginary complexity. 
The fourth collection of poetry "The Eye of the Earth" by Niyi 
Ariyoosu Osundare (1986) [10], Nigerian ecology is celebrated 
in this work and focus is given to the common man where it 
portrays one of the fiercest indictments of the people and alien 
destructive powers of modern economic culture. The Eye of 
the Earth (1986) by Osundare is divided into three sections: 
back to earth, eyeful glances of rain songs and home call with 
eighteen poems. This study investigates ecological 
implications in such poems as “forest echoes”, “The Rocks 

Rose to meet me”, “harvest call”, “Let the earth‟s pain Be 

Soothed”, “First rain”, “Rain-coming”, “Rain drum”, “farmer-
born”, “They too Are the Earth”, “Ours to Plough, Not to 

Plunder” and “Our Earth Will Not Die”. The Eye of the Earth 

poetry is divided into poems of varying lengths that lament the 
harm to the Nigerian climate for economic reasons and 
technological development. The poet's memories and 
impressions are captured by a series of confessional and 
lyrical poetry The environmental views of Osundare are 
drawn precisely from the Yoruba world view of traditional 
values taken from African culture. He claims that nature 
promotes a coherent equilibrium between microscopic species, 
insects, plants and humans and calls for the protection of the 
environment in Nigeria from the destruction of modern 
civilizations. It takes a pictorial account of man-and-earth 
violence. In other words, in the quest for better leadership by 
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alternative order, Eye of the Earth (1986) is dedicated to 
reclaiming the earth that has been forced to prostrate by 
capitalist processes. The poetry of Osundare is based on a 
vigorous, sustained concern for one of the oldest producers in 
the world: the peasants, those who till the land, and their 
quasi-mythical links to the earth. His goal is to immerse the 
realities and multiple lineaments of Africa's 
underdevelopment and poet laments on the ecological collapse 
and future which threatens the Nigerian landscape showing 
the increasing level of environmental degradation by the 
world’s mining industries. The poet's concern for the pathetic 

condition of the Nigerian environment and the propensity of 
the Nigerian ruling class to safeguard and exploit land, power 
and income resources at the cost of ecological balance and the 
well-being of the oppressed people is self-evident in this 
volume of poetry. The poet is concerned with both fact and 
the relationship between the individual and his environment. 
Therefore, it is not surprising that the whole volume is 
dedicated to poems about man engaging with nature's physical 
aspects. Really, the opening poem 'Forest Echoes' is a 
harbinger of what's to come. The poet saunters into the Ubo 
Abusoro forest in the poem, from where he allows his sea of 
memory to flood unimpeded. The first thing that strikes the 
poet when he enters the forest is the destruction by timber 
traders of the land and the trees referred to as agbegilodo in 
the poem. From this position, the poet laments the fact that, as 
a consequence of exploitation, these economic trees were 
reduced to mere stumps. There is the palm-wine tree which is 
described as conqueror of rainless seasons/mother of nuts and 
kernels/bearer of wine and life. In ' Forest Echoes, ' Osundare 
portrays man, the ground, animals, plants (actually all of 
nature) interacting and celebrating at this period of universal 
productivity in one festive mood. It's set in the past but it's 
meant to reinforce our current understanding. The second 
poem in the collection ‘The Rocks Rose to Meet Me’ is an 

encounter with the rocks – another aspect of physical nature. 
Before the rock of Olosunta, the poet is standing and waiting 
like Christopher Okigbo at heavens gate. And the Olosunta 
rock began to address the poet in the following words: 
 

“You have been long, very long, and far 
 Unwearying wayfarer,  
Your feet wear the mud of distant waters  
Your hems gather the bur  
Of farthest forests;  
I can see the west most sun  
In the mirror of y our wandering eyes” 
(Osundare the Eye of the Earth, 13). 

 
In these lines, Osundare is doing some kind of homecoming. 
He is a renegade and is now trying to establish vital links with 
the past. As he put it: 
 

‘The Rocks Rose to Meet Me’ is a homecoming of a  
Kind, a journey back (and forth) into a receding past 
Which still has a right to live. The rocks celebrated in 
This section… occupy a central place in the cosmic  
Consciousness of Ikere people; they are worshipped  
and frequently appeased with rare gifts, thunderous  

Drumming and dancing 
 (Osundare the Eye of The Earth ‘Preface’ xiii). 

 
The truth is that Osundare honors the rocks of Olosunta in 
Ikere cosmology, since they are both an aspect of physical 
existence and have a supernatural dimension. It is mother 
earth and natural laws require that the resources of nature 
should be used to advance society. Osundare also revolves 
around the cosmology of Ikere individuals in 'Harvest Call'. 
The rocks that rose in the previous poem to meet the poet are 
also named guardians of the spirit of harvest in Ikere's 
worldview. Thus, in this portion of the collection, all the 
poems speak of crops, harvest and bounty. The assumption is 
that the earth is a source of development and growth. Fertile 
and generous, it is. It will create food and resources for the 
good of mankind. In fact, the earth means abundance and 
abundance. The Earth is seen as the centre of wealth and life. 
Yet the rain acts as an agent or regulator between man and 
Earth. In his poetry, Osundare explores and praises these two 
facets of nature through introspection and nostalgia. Osundare 
also makes the suggestion in his celebration of the theme of 
nature that the dispossession of the world by some powers in 
society is capable and can actually threaten the full life of man 
as a human being. 
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Abstract:  

“We realize the importance of our voice only when we are silenced” 

Remembering the quotes of Malala Yousafzai, I would like to travel through the 

memoirs of holocaust faced by the Jews during Hitler’s reign as marked in the writings of Anne 

Frank in her famous work “The Diary of a Young Girl”. It is indeed true that throughout the 

history, hundreds of thousands of individuals have undergone heart rending suffering and 

horrors beyond their worst dreams. Humans have, time and again exhibited extraordinary 

resilience in adapting to the situation. During these lock down days we do face a lot of 

discomfort and frustration to be confined into our own safe home. But just think about the 

thousands and millions who had gone on exile on fear of death and about the cruelties they had 

undergone. My attempt here is to pen down the agonies and resilience they had faced during 

these holocausts. Anne, a young Jewish girl is forced into hiding with her family and one other 

family in Nazi occupied Amsterdam. The inscriptions in the form of diary writing tells us about 

her feelings and experiences they had faced and also about her budding hopes to be free once 

again. Things began to change when the Nazis came to power. Their aim was to remove the 

Jews from German society even though they were less than 1% of the population. Nazi believed 

that Jews were the root of all the evils. Life was horrific for Jews and they began to flee from 

Germany. Nazis burned down the synagogues and Jewish owned shops and even burned their 

books. Jews were fleeing and tried to find shelter wherever they could. Nazis deported these 

people to forced labour camps, where they worked to produce supplies for the increasingly 

strained war economy. In most camps the prisoners were devoid of sufficient food, equipment, 

medicine and clothing. There was a complete disregard and their health was deteriorating day 

by day. As a result of these conditions, death rates in labour camps were extremely high.  
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Believing Holland was safe for Jews, Anne’s family moved to Amsterdam in 1933. 

‘The Diary of a Young Girl’ also known as ‘The Diary of Anne Frank’, a book of diary writings 

kept by Anne frank while she was hiding for two years in the secret annex, with her family 

during the Nazi occupation of the Netherlands. The family was apprehended in 1944 and Anne 

frank died of typhus in the Bergen-Belsen concentration camp in 1945. The diary was retrieved 

by Anne’s father Mr. Otto frank, the family’s only known survivor after the war. The writings 

were from 14th June 1942 to 1st August 1944. Her father gifted her a red checked diary on her 

13th birthday, June 12th 1942. It was not like a usual diary writing, she wrote as letters to her 

best friend that is, diary whom she addressed as kitty. In August 1944, they were caught from 

the secret annex and were deported to Nazi concentration camps. Anne died when she was just 

fifteen years old. These letters were not just the experiences of a thirteen-year-old young girl, 

it gives us an insight into the most terrific inhumane situation that mankind had ever undergone. 

The wordings which she breathed became eternal and true. 

“I want to go on living even after my death”   

Keywords: Holocaust, Concentration Camps, Resilience.  

 

“I want to bring out all kinds of things that lie buried deep in my heart”. 

           As rightly said by Anne Frank, this is exactly what her writings were. A mixture of 

agonies, frustration, happiness, fear, realisations, relations, her first love and more over an 

account of what happened in the outside world. These letters were not just the experiences of 

a thirteen-year-old young girl, it gives us an insight into the most terrific inhumane situation 

that mankind had ever undergone. An account for her journals do tell us about how much Jews 

had suffered and deprived from the rest of the society. The restrictions imposed on them were 

even more harsh. They must always wear a yellow star and had to be indoors by eight o’clock 

and cannot even sit in their own gardens after that hour. They were forbidden to visit theatres, 

cinema halls and any other places of entertainment. Not allowed to take part in public sports, 

swimming baths, tennis courts, hockey fields and other sports grounds. They cannot visit any 

Christians and were allowed only to go to Jewish schools, many more such restrictions. A brief 

account of these imposed restrictions is clearly mentioned in the initial pages of the diary: 

                “The rest of our family, however, felt the full impact of Hitler’s anti-Jewish laws, so 

life was filled with anxiety. After 1940 good times rapidly fled: first the war, then the 
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capitulation, followed by the arrival of the Germans, which is when the sufferings of us Jews 

really began. Anti-Jewish decrees followed each other in quick succession. Jews must wear a 

yellow star, Jews must hand in their bicycles, Jews are banned from trams and are forbidden to 

drive, Jews are only allowed to do their shopping between three and five o’clock and then only 

in shops which bear the placard “Jewish shop”. (pg. 20, 21) 

                Amidst her class mates and friends she was all alone. She never had a real friend and 

was always in quarrel with her mother. She doesn’t want to fit into the usual slot. Wished to 

have her own space and always voiced her own opinions. Father was her favourite and she used 

to say “I can understand my friends better than my own mother – too bad! (pg 53). She always 

longed for someone to be her best companion and to someone to whom she can express herself. 

And it is until when she received a diary as a birthday gift from father, she began to express all 

her emotions to her best friend “Kitty” – the diary. In her own words what the diary meant for 

her: 

              “In order to enhance in my mind’s eye the picture of the friend for whom I have waited 

so long, I don’t want to set down a series of bald facts in a diary like most people do, but I want 

this diary itself to be my friend, and I shall call my friend Kitty. No one will grasp what I am 

talking about if I begin my letters to Kitty just out of the blue, so, albeit unwillingly, I will start 

by sketching in brief the story of my life”. (pg 20) 

                On July 5th 1942, Anne’s elder sister Margot received an official summons to report 

to a Nazi work camp in Germany. On July 6th they went into hiding. They were later joined by 

Hermann Van Pels, Otto’s business partner including his wife Auguste and their teenage son 

Peter. They hid in the sealed off upper rooms of the annex of Otto’s company building in 

Amsterdam. The rooms they hid in were concealed behind a moveable book case, not easily 

noticeable. Mrs Van Pel’s dentist Fritz Pfeffe, joined them four months later. They remained 

hidden there for two years and one month. Anne rightly called it as their “Secret Annex”. They 

heard about the cruelties in camps and choose to be on exile than being caught. It is right what 

Otto Frank said before going into hiding, that “we don’t want our belongings to be seized in 

by the Germans, but we certainly don’t want to fall into their clutches ourselves. So we shall 

disappear of our own accord and not wait until they come and fetch us” (pg no. 31). All kinds 

of thoughts disturbed her as into where they are going to hide, “in a town or the country, in a 

house or a cottage, when, how, and where…?” (pg 33). It was quite natural to think of all such 

unique possibilities as all of a sudden when one is forced to go on exile. We cannot even 

312



Exploring the Narratives of Human Resilience in History and Highlighting their Significance in Present Times 
as in Anne Frank’s The Diary of a Young Girl 

www.the-criterion.com 

imagine of such a dreadful thing, all of a sudden to leave our belongings and to go somewhere 

we are not sure of, whether to live or to die. All of them wore two or three layers of dress and 

packed just enough to hold in a sachet and left their house with anxiety. On their way they 

received sympathetic looks from people and their face showed how sorry they were as they 

couldn’t help because the gaudy yellow star spoke more than needed. 

         “Our many Jewish friends are being taken away by the dozen. These people are treated 

by the Gestapo without a shred of decency, being loaded into cattle trucks and sent to 

Westerbork, the big Jewish camp the big Jewish camp in Drente. Westerbork sounds terrible: 

only one washing cubicle for a hundred people and not nearly enough lavatories. There is no 

separate accommodation. Men, women and children all sleep together. One hears of frightful 

immorality because of this; and a lot of the women, and even girls, who stay there any length 

of time are expecting babies.” (pg 63)    

             It is impossible for them to escape, most of the people in the camp are branded as 

inmates by their shaven heads and many also by their Jewish appearance. If it is as bad as this 

in Holland whatever will it be like in the distant and barbarous regions they are sent to? We 

can assume that most of them are murdered. The English radio speaks of their being gassed. 

Perhaps that is quickest way to die. We feel helpless and sympathetic for them. Anne wrote an 

incident which really wets our eyes: “Just recently for instance, a poor old crippled Jewess was 

sitting on her doorstep; she had been told to wait there by the Gestapo, who had gone to fetch 

a car to take her away. The poor old thing was terrified by the guns that were shooting at 

English planes overhead, and by the glaring beams of the searchlights. No one would dare to 

take her in and to undergo such a risk.” (pg 64). The Germans strike without the slightest mercy. 

Prominent citizens and innocent people are thrown into prison to await their fate. If the saboteur 

can’t be traced, the Gestapo simply put about five hostages against the wall. Announcements 

of their deaths appear in the papers frequently. These outrages are described as “fatal accidents” 

and countless people have gone to a terrible fate. Evening after evening the green and grey 

army lorries trundle past. The Germans ring at every front door to inquire if there are any Jews 

living in the house. No one has a chance of evading them unless one goes into hiding. Often, 

they go around with lists, and only ring when they know they can get a good haul. No one is 

spared not even the old people, babies, expectant mothers, the sick all join in the march towards 

death. Their nationality and even their very existence is being questioned. The fault is them is 

that they were born as Jews. 
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        “Nice people, the Germans! To think that I was once one of them too! No, Hitler took 

away our nationality long ago. In fact, Germans and Jews are the greatest enemies in the world” 

(pg 65) 

            It is only on the second day of arrival Anne started writing her diary. It was about how 

she felt on hiding and the peculiar place and its ambience. “Then I had a chance, for the first 

time since our arrival, to tell you all about it, and at the same time to realize myself what had 

actually happened to me and what was still going to happen” (pg 40). There was no variety in 

thoughts or nothing new to be done. They go round and round like a roundabout – from Jews 

to food and from food to politics. It isn’t an easy task to go on hiding with such alerts outside. 

Day and night more of those poor miserable people are being dragged off, with nothing but a 

rucksack and a little money. On the way they are deprived even of these possessions. Families 

are torn apart, the men, women and children all being separated. Children coming from school 

find that their parents have disappeared. Women return from shopping to find their homes shut 

up and their families gone. Every night hundreds of planes fly over Holland and go to German 

towns, where the earth is ploughed up by their bombs, and every hour hundreds and thousands 

of people are killed in Russia and Africa. No one is able to keep out of it, the whole globe is 

waging war and although it is going better for the Allies, the end is not yet in sight. And as for 

us, we are fortunate. Yes, we are luckier than millions of people. The children here run about 

in just a thin blouse and clogs, no coat, no hat, no stockings and no one helps them. Their 

tummies are empty, they chew an old carrot to stay the pangs, go from their cold homes out 

into the cold street and when they get to school, find themselves in an even colder classroom. 

Countless children stop the passers-by and beg for a piece of bread. There is nothing we can 

do but wait as calmly as we can till the misery comes to an end. Jews and Christians wit, the 

whole earth waits, and there are many who wait for death. It was not easy to go on hiding 

because of the terrific things happened outside, am account of what was happening outside: 

          “We had a short circuit last evening, and on top of that the guns kept banging away all 

the time. I still haven’t got over my fear of everything connected with shooting and planes, and 

I creep into Daddy’s bed nearly every night for comfort. I know it is very childish but you don’t 

know what it is like. The A.A. guns roar so loudly that you can’t hear yourself speak. Mrs. Van 

Daan, the fatalist, was nearly crying, and said in a very timid little voice, “Oh, it is so 

unpleasant! Oh, they are shooting so hard,” by which she really means am so frightened.” (pg 

100) 
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             Apart from that there were frequent banging outside that feared everyone and Anne 

gathered all her belongings together. She packed a suitcase with the most necessary things for 

an escape. But as her mother rightly said “Where will you escape to?” (pg114). They are Jews, 

can’t go anywhere. Even the nature, birds, animals are free to do as they like but not them. 

They are even degraded to that level. On exile they have only option to divert their mind books, 

reading and studying new things. “Ordinary people simply don’t know what books mean to us, 

shut up here, reading, learning and the radio are our amusements.” (pg 121). With the little 

ration they receive from fake cards they moved on. Celebrated birthday’s with whatever they 

find. One such poem written by Margot on Anne’s birthday tells us how their daily life and 

thoughts have been immersed in fear and agonies. 

 “The first shot sounds at dead of night 

Hush, look! A door creaks open wide, 

A little girl glides into sight, 

Clasping a pillow to her side” (pg 136) 

                    Not just that Anne used to swallow Valerian pills every day against worry and 

depression, but that doesn’t prevent her from being even more miserable the next day. She 

wrote “a good hearty laugh would help more than ten Valerian pills, but we have almost 

forgotten how to laugh. I feel afraid sometimes that from having to be so serious I will grow a 

long face and my mouth will droop at the corners”. (pg  150).  She wrote about the ambience 

there to be so oppressive and sleepy and as heavy as lead. They can’t hear a single bird singing 

outside and a deadly close silence hangs everywhere, catching hold of them as if it will drag 

them down deep into an underworld.  She used to wander from one room to another, downstairs 

and up again, feeling like a song bird whose wings have been clipped and who is hurling 

himself in utter darkness against the bars of his cage. She longed to “Go outside, laugh, and 

take a breath of fresh air, a voice cries within me, but I don’t even feel a response anymore; I 

go and lie on divan and sleep, to make the time pass more quickly and the stillness and the 

terrible fear, because there is no way of killing them”  (pg 155).  We could understand what 

she needs: 

              “When someone comes in from outside, with the wind in their clothes and the cold on 

their faces, then I could bury my head in the blankets to stop myself thinking: “When will we 

be granted the privilege of smelling fresh air?” And because I must not bury my head in the 
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blankets, but the thoughts will come. Believe me, if you have been shut up for a year and a 

half, it can get too much for you some days. In spite of all the justice and thankfulness you 

can’t crush your feelings. Crying, dancing, whistling, looking out into the world, feeling young, 

to know that am free – that is what I long for, still I must not show it, because I sometimes 

think is all eight of a us began to pity ourselves or went about with discontented faces where 

would it lead us? I couldn’t talk this to anyone but only van cry. Crying can bring such relief” 

(pg 168) 

                   There are a number of organisations such as “The Free Netherlanda” which forge 

identity cards, supply money to people “underground”, find hiding places for people, and work 

for young men in hiding and it is amazing how much noble, unselfish work these people are 

doing, risking their own lives to help and save others. Our helpers are a very good example. 

They have pulled us through up till-now and we hope they will bring us safely to dry land. 

Otherwise, they will have to share the same fate as the many others who are being searched 

for. Never had they heard one word of the burden which they certainly must be to them, never 

has one of them complained of all the trouble we give. They put on the brightest possible faces, 

bring flowers and presents for birthdays and bank holidays are always ready to help and do all 

they can. That is something we must never forget; although the Germans our helpers display 

heroism in their cheerfulness and affection “(pg 195).  Rauter, one of the German big shots, 

has made a speech. “All Jews must be out of the German occupied countries before July 1. 

Between April 1 and May 1 the province of Utrecht must be cleaned out (as if Jews are 

cockroaches). Between May 1 and June 1 the provinces of North and South Holland.”( pg 108). 

We cannot even imagine to face such a dreadful situation. On 29th march 1944, she heard a 

London radio broadcast made by the exiled Dutch minister for education, art and science Gerrit 

Bolkestein, calling for the preservation of  “ordinary documents – a diary, letters….simple 

everyday material” to create an archive for posterity as testimony to the suffering of civilians 

during the Nazi occupation. That is when she began to write more seriously that someone may 

read it.  In August 1944, they were discovered and deported to Nazi concentration camps and 

that is what she heard of her last. As she said she is living in many minds even after her death 

and too years and years apart. It is really relevant what she said, we also need to do that to keep 

our minds engaged during these lockdown days. 

                “I finally realized that I must do my school work to keep from being ignorant, to get 

on in life, to become a journalist, because that is what I want! I know I can write……but it 

remains to be seen whether I really have talent…..” 
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Abstract. A new framework of soft mathematical morphology on hypergraph spaces is studied. 
Application in image processing for filtering objects defined in hypergraph spaces  are illustrated 
using several soft morphological operators- openings, closings, granulometries and ASF acting (a) 
on the subset of vertex and hyperedge set of a hypergraph and (b) on the subhypergraphs of a 
hypergraph. Experimental results dealing with the extension of soft morphological operators to gray 
scale images are presented in this paper. The results obtained are promising and is a better substitute 
for the prevailing methods. 

1. Introduction and Related Works 
Mathematical morphology is an emerging area of image processing. In the area where image processing 
can be applied, mathematical morphology have provided solutions to different tasks. Soft mathematical 
morphology is another approach to mathematical morphology that was introduced by Koskinen et al. [1]. 
In this method, weighted order statistics are used instead of minima and maxima [3]. Soft morphological 
operators show better performance than primitive morphological operators as they are less sensitive to 
additive noise and to small variations in object shape [4]. Soft mathematical morphology have also been 
extended to fuzzy sets [3].  
      Morphological operators can be defined on graphs and hypergraphs. In this paper a new context is 
introduced that lengthens the perceptions of soft morphological filters into hypergraphs. This work is an 
extension of our preliminary work [2]. 

2. Preliminaries 

In this section, we see some important definitions and properties that will be needed in the sequel. 
 
2.1. Soft mathematical morphology using hypergraphs [2] 
Hypergraph [5], [6] is defined as a pair H= (H•, HX), where H• is a set of points called vertices and HX is a 
family of subsets of H• called hyperedges ie; HX = (ei), i ∈ I where I is a finite set of indices. The sets Ҥ •, 
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Ҥ� and  Ҥ are the subsets of H•, subsets of HX and subhypergraphs of H respectively. Here Ҥ� and 
Ҥ•are Boolean lattices. The set Ҥ of all sub hypergraphs of H forms a complete lattice [5], [6]. 
Morphological operators are defined on these lattices. In soft mathematical morphology, the structural 
element is divided into two subsets- the core and the soft boundary. In the development of the final output, 
weightage of core is more than the soft boundary.  Hence we subdivide the hyperedges (along with the 
vertices belonging to it) into core B1 and soft boundary B2. 

2.1.1. Definition 1 [2] 

The operators  �•, ∈• are defined from Ҥ� into Ҥ• and the operators ��, ∈� are defined from Ҥ• into Ҥ� 
as follows: For any �• ⊆ �• and and �� ⊆ ��, where ��= ei ∪ ei⃰ ; ei ∈ B1 and ei

⃰ ∈ B2, i∈ J such that J⊆I, 
 

�•: �� → �• is defined as �•(��) = �� ������� �� [⋃ {� ◊ �����, ����
∗ �; �� ∈ �� , ��

∗ ∈ �!}]�∈"   

 
∈�: �• → �� is defined as ∈� (�•) =  ��smallest of {� ◊ �#, �#

∗ , $ ∈ %| �(�#), �(�#
∗) ⊆ �•, �# ∈

�� , �#
∗ ∈ �! } 

 

∈•: �� → �• is defined as ∈• (��)= ���&������ ��[⋂ {� ◊ �(��) , �(��
∗); �� ∈ �� , ��

∗ ∈ �!}]�∉"  

 
��: �• → ��is defined as  ��(�•)= �� ������� �� {� ◊ �#, �#

∗, $ ∈ % | �(�#) ∩ �• ≠
∅  �/0 �(�#

∗) ∩ �• ≠ ∅; �# ∈ �� , �#
∗ ∈ �! }. 

 
       Here, k◊ x is read as x is repeated k times. Vertex soft dilation (�) and vertex soft erosion(Ԑ) that act 
on Ҥ•, also hyper edge soft erosion (ε), hyper edge soft dilation(∆)  that act on Ҥ� are defined as follows: 
The opertors � and ∈ that act on Ҥ• are defined by  �= �•○ �� and Ԑ = ∈•○ ∈� and the operators ∆ and ε 
that act on Ҥ� are defined by ∆= ��○ �• and ε =∈� ○ ∈•.Furthermore the operators [�, ∆] and [Ԑ,ε ] are 
defined as  

 [�, ∆](X)= (�(�•), ∆(��)) and [Ԑ,ε ](X)= (Ԑ(�•), 3 (��) for any X∈ Ҥ.  
These operators are called the soft dilation and soft erosion acting on the lattice (Ҥ, ⊆) 

3. Property  
(a) Operators ∈� and �� are dual of each other. Similar duality concept hold for ∈• and �•.  
(b)  (∈�, �•) and (∈•, ��) are adjunctions. 
(c) �• and ��are soft dilations. 
(d) ∈• and ∈�are soft erosions. 

Proof (a): This property is proved in [2]. 
         (b): Let �� ⊆∈� (4•). Then, 
   x ∈ �•(��) ⟹x ∈ �� ������� �� [⋃ {� ◊ �����, ����

∗ �}]�∈"    

        ⟹ x ∈  ����� , 6 ∈  ����
∗ � for some j∈ 7 

         ⟹ ∃ � ∈ �� such that x∈ �(�) 
         ⟹ � ∈ ∈� (4•)        {Since �� ⊆∈� (4•)} 
        ⟹ e ∈ �� smallest of {� ◊ �#, �#

∗ , $ ∈ %| �(�#), �(�#
∗) ⊆ 4• } 

         ⟹ �(�) ⊆  4• 
         ⟹ x ∈ 4•     {Since x∈ �(�)} 
 Thus, �•(��) ⊆ 4•. 

Conversely, if �•(��)⊆ 4•.  
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Then, e∈  �� ⟹ �(�) ⊆  �•(��) 
           ⟹ �(�) ⊆  4•   {Since �•(��)⊆ 4•} 
           ⟹ e ∈ ∈� (4•) 
 Therefore, �� ⊆∈� (4•). 
 Hence, (∈�, �•) is an adjunction. 
In a similar manner, (∈•, ��) is an adjunction can be proved using the information that operators ∈� and 
�� are dual of each other, also ∈• and �• are dual of each other and (∈�, �•) is an adjunction. Properties (c) 
and (d) follows directly using property (b). 
 
4. Soft morphological filters  
A morphological filter [5], [8] is an operator 9 acting on a lattice ʆ, which is increasing  and idempotent. If 
(9, :) is an adjunction [5], [8] then 9 is an erosion, : is a dilation. Also, :°9 is called an opening and 9°: 
is called a closing on ʆ. Opening and closing are two commonly used filters. 

4.1. Definition 2 
� Soft opening <� =δ ◦ Ԑ  and closing ⏀� = Ԑ  ◦ δ. 
� Soft half opening <�/!= �•◦∈� and half closing ⏀�/!= ∈•◦��.  

5. Soft flat morphological Operators on weighted hypergraphs 
In real phase, gray- scale soft morphological operations are difficult to work with. Threshold decomposition 
and stacking principle can be successfully applied on gray-scale soft morphological operations. This 
property allows the gray scale signals to be decomposed into binary signals and the results so obtained by 
processing are combined to obtain the desired gray-scale output [7]. By threshold decomposition, [8] the 
lattice of all subhypergraphs of H induces  a lattice Fun(�•)⊗Fun(�×) of pairs of functions weighting 
respectively the vertices and the hyperedges of H such that the simultaneous threshold of these two 
functions at any given level produces a subhypergraph of H and the properties for hypergraph operators on 
the lattices Ҥ•, Ҥ�,  or , Ҥ  also hold for operators on the lattices Fun(�•), Fun(�×) and Fun(�•) ⊗ 
Fun(�×). Thus we can define a set of soft operators which are stack analogues to the soft 
operators ∈�, �•,∈•  �/0 �� defined in [2]. 

5.1. Definition 3. 
Let A• ∈ Fun(�•) and let A� ∈ Fun(�×), we define 

�•(A�)(6) =  ��ℎ ������� �� 6∈�(�$),6∈�(�$
∗) C� ◊ A�(�$), A�(�$

∗)D�$ ∈ �1, �$
∗ ∈ �2, �1 ∪ �2 = ��G ∀6 ∈  �• 

 ∈� (A•)(�) = �� smallest of {� ◊ A•(6), A•(6)|6 ∈ �(�), � ∈ �� ∪ �!} 

∈• (A�)(6) =  ��ℎ�&������ �� 6∈�(�$),6∈�(�$
∗) C� ◊ A�(�$), A�(�$

∗)D�$ ∈ �1, �$
∗ ∈ �2, �1 ∪ �2 = ��G ∀ 6 ∈  �• 

��(A•)(�) = �� smallest of {� ◊ A•(6), A•(6)|6 ∈ �(�), � ∈ �� ∪ �!}. 
 
     By using soft flat morphology, it is possible to work with gray scale soft dilation, erosion, opening, 
closing, granulometries and Alternating Sequential Filters. 

6. Experimental Result 
To represent the hyperedges we use 4-uniform hypergraph illustrated in Figure 1. A hyperedge together 
with the 4 vertices belonging to it is taken as core, remaining vertices and hypereges are taken as soft 
boundary. Using this simple hypergraph structure, experimental result for k=1 and k=2 are tabulated. 
Dilated and eroded gray scale image results are obtained to get the soft flat morphological operators defined 
in the previous section. Composition of these operators generates alternating sequential filters(ASF) which 
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are capable of removing noise effectively from binary and gray scale images. Figure 2 represent the gray 
scale image taken for the experimental purpose. The noisy image obtained by adding 5% salt and pepper 
noise is shown in figure 3. PSNR of noised image with original image is 17.24. Figure 4 and figure 5 shows 
the noise removed images obtained by applying alternating sequential filters(ASF) <�◦⏀�and <�/!◦⏀�/! 
for k=1. The resultant PSNR of the noised removed images with the original image are respectively 40.53 
and 40.23. Similarly figure 6 and figure 7 shows the results obtained after applying <�◦⏀�and <�/!◦⏀�/! 
for k=2. In this case, the resultant PSNR of the noised removed images with the original image are 39.79 
and 41.82 respectively. Experiment results depicts that <�/!◦⏀�/! for k = 2 is giving better approximations 

than <�◦⏀� and  <�/!◦⏀�/!   for  k =1.  
 

 
                    Figure 1 Four Uniform Hypergraph structure used to represent an image 

 
 
                                                    

PSNR of noised image with original image    :   17.24  

 

 

 

Figure 2. Original Image  Figure 3. Noised Image       

     ( Added Noise 5%)         
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Noise Removed Images using Alternating Sequential Filters 

For K =1 

 

 

 

Figure 4.      <�◦⏀� 

PSNR = 40.53 

 Figure 5.  <�/!◦⏀�/! 

PSNR = 40.23 
 
      
 

Noise Removed Images using Alternating Sequential Filters 

For K = 2 

 

 

 

Figure 6.      <�◦⏀� 

PSNR = 39.79 

 Figure 7.  <�/!◦⏀�/! 

PSNR = 41.82 
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7. Conclusion  
The aim of this work is to recognize the prospects of using soft morphological operators under the framework of 
hypergraph. In our study a four uniform hypergraph structure was taken. It was then separated into core and soft 
boundary. But, it’s a well-known fact that 3-unifrom hypergraph structure gives good result for binary, gray scale and 
colour image filtering applications [8]. So by the choice of different hypergraph structures along with the suitable 
choice of core and soft boundary, results of the above method can be improved for different and bigger values of k. 
The initial results are promising and future work is to be done in this regard using different hypergraph structures. 
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INTRODUCTION
On March 25th, Prime Minister of India Narendra Modi announced a 
nationwide lockdown, accounting for the safety precautions required 
to ght against the Coronavirus (SARS-CoV- 2). Ever since then, there 
has been an exponential surge in the number of infections reported per 
day. From April to September 2020, as the number of cases kept 
increasing, more people restricted themselves from going out to keep 
themselves safe and well. As of September 7th, 2020, India recorded 
41.13 Lakhs of conrmed infections, making her the second most 
affected country in the world after the USA. On July 15th, 2020, the 
phase-1 clinical trials for the rst indigenous Coronavirus Vaccine, 
Covaxin, developed by Hyderabad-based pharmaceutical company 
Bharat Biotech and the National Institute of Virology and Indian 
Council of Medical Research, starts across the country.

Fig: 1 (6)-Corona-Virus Pandemic India-Timeline.

Simultaneously, many researchers have been working on the impact of 
lockdown on atmospheric CO2 levels and electricity consumption per 
day. While e-collaborations positively impact the present climate and 
environment, it is denite that reduction will be short-lasting, 
attributing it to the close-down of transport, construction works, and 
industrial activities.

The Corona-Virus pandemic has an unparallel effect on our everyday 
life, which will continue until a minimum of the next three years. While 
research, vaccination, and protocol documentation procedures are 
currently ongoing, the impact of lockdown on the environment is also a 
widely inspected topic. A calculated set of restrictions imposed on the 
economy to reduce the spread of Severe Acute Respiratory Syndrome 
Coronavirus-2 (SARS- CoV-2) has an overall positive effect on the 
environment. The benecial impact includes reduced particulate 
matter levels in the atmosphere, decreased carbon dioxide (CO2) 
levels, reduced kerosene or related fuel use, and increased awareness 
about the importance of the 5Rs. A study conducted by analyzing the 
data and images collected from the Sentinel satellite-ESA revealed a 
45% decline in atmospheric NO2 levels in India(1). Air pollution takes 
the lives of almost 1.7 million per year. Besides global warming, Air 
pollution has fueled many recent disasters, namely the Kerala oods of 
2018-2019, the Assam oods 2019-2020, the Amazon Forest Fire, the 
Sydney forest res, Australia oods 2021, and it keeps going on. Air 
pollution symptoms include aggravated respiratory diseases like 
asthma and bronchitis, dry throat, wheezing, nausea, and headache. In 
India, the Northern parts are the most polluted areas, especially Delhi, 
mainly due to emissions from Vehicles, brick kilns, coal- based 
thermal power plants, and crop remnants(2). The total energy 
consumption (ameasure for the amount of electricity consumed) and 

the lights per area (a measure of the intensity of light in the area) are the 
proxy indicators for consumption level measurements (3). Ever since 
the nationwide lockdown, there is a decline in daily energy 
consumption. The ofcial power consumption data captured by 
POSOCO (Power System Operation Corporation) has recorded a 26% 
decline since the nationwide lockdown. The table below represents a 
section of the data released by POSOCO (4).

Table 1.1 (4)-POSOCO Data.

The data collected from the different sources suggests a pollution 
reduction, but the trend is inconsistent. Analyzing these trends and 
converting them into more consistent data is of the highest priority 
right now. COVID19 is posing as an opportunity to do the same. The 
paper has put together a review of the recent researches analyzing this 
impact.

Atmospheric Air Quality
Researching and identifying air quality index measures of a particular 
area requires humongous data on the primary sources in the area, 
optimal pollution levels, meteorology, demographics, geography, and 
computational capacity (7). PM-2.5 and PM-10 are the most 
dangerous types of pollutants released into the atmosphere. PM-2.5 is a 
type of particulate matter whose size is less than 2.5 micro-meter, 
which is small enough to enter our lungs and bloodstream. Numerous 
studies link PM-2.5 to various health risks compared to other 
pollutants.

Fig: 2 (7)-Composition of Particulate Matter.

The corona Virus pandemic is an unexpected part of our life. Following the lockdown procedures implemented by the 
Indian government, the atmospheric air quality and the power sector of India noticed decadent changes. However, the 

relaxation in lockdown brought situations almost back to normal. The paper focuses on analyzing these changes to review the current scenario 
according to the published studies. It focuses on electricity consumption, night light intensity, and variations in many pollutants like NO2 and PM. 
For ease, the main cities chosen for the research are the metropolitan cities of India. The data are from US-EPA, POSOCO, VIIR satelites and so on. 
The paper helps us understand if this variation is a boon or bain for the Indian economy.
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Table-2 (8)- Percentage Reduction In Emissions During The 
Lockdown Period 25/03/2020 To 15/04/2020 Compared To 24/03 To 
15/04, 2019.

Change In Pm-2.5 And Pm-10
The inevitable parameter in determining the air quality of a particular 
area concerning PM is identifying the optimal ambient concentration 
levels of the pollutant. Table 2 shows the percentage reduction in 
emissions during the lockdown period 25/03/2020 to 15/04/2020 
compared to 24/03 to 15/04, 2019. (Eregowda, n.d.)(8) tabulated the 
results by collecting data from Bengaluru, Chennai, Hyderabad, and 
Mumbai. Table-2 shows a 5.1, 45.7, 18.9, and 42% decrease in PM-2.5 
pollutant emission. (Ghosh, n.d.) (9) has tabulated the results by 
collecting data from the Indian Metropolitan cities NCR-Delhi, 
Mumbai, Chennai, and Kolkata. Figure 3 shows the results obtained by 
Ghosh, n.d. from the Landsat 8 OLI and TIRS- Derived Data and 
Mamdani Fuzzy Logic Modelling Approach to understand PM-10 
concentration Variation.

Fig: 3 (9)-Changing PM-10 concentration comparison between 2019, 
pre-lockdown 2020, and during lockdown 2020.

The PM-10 sources include motor vehicles and construction works. It 
is the causes numerous health risks, environmental harm, and reduced 
human comfort levels. While the concentration legends for Mumbai 
and Chennai are decreasing, Delhi and Kolkata show an increase in 
PM-10 concentration between pre-lockdown and during the lockdown 
(9). The variation may be due to the shutdown of industries and 

restricted human movement compared to other cities. Mr. P. Singh, in 
his research work, focused on the Air Quality Index and PM2.5 levels 
by collecting data from the cities with a branch of the US Embassy in 
India (10). The Embassies collect the data via US Environmental 
Protection Agency (EPA) through the Air-Now portal (11).

Fig: 4 (10)- The left panel shows the locations for the research work 
done by Mr. P. Singh. The right panel presents the Average PM2.5 and 
Air Quality Index (AQI) chart for the area.

Analyzing the data represented in g-1, it's clear that the PM2.5 and 
AQI at the areas of study as reduced noticeably during the lockdown 
period. The pollution levels at Mumbai, Hyderabad, and Chennai have 
decreased by 19.25%, 3.99%, and 5.40%, respectively. At the same 
time, Kolkata and Delhi show a considerable reduction of 34.52% and 
27.57%, respectively, in the pollutant levels. The northern parts of 
India, especially the Indo-Gangetic Plains (IGP), have higher levels of 
PM2.5 throughout the year. The factors includedemographic, 
geographic, seasonal activities, and meteorological parameters. The 
proximity to the sea for Chennai and Mumbai can cause air mass 
circulation from the sea surface, which is a possible explanation for the 
reduced pollution levels. The same is applicable for New Delhi and 
Kolkata.

Change In No2

NO  is one of the most common pollutants which is highly dependent 2

on the local sources. The dependency is due to its short residence time 
in the atmosphere. Ms. Eregowda stated in her paper that the NO2 
concentration levels at Bengaluru fell from 50 µg/m3 to 10 µg/m3 
throughout the lockdown period. The same follows for Chennai, 
Hyderabad, and Pune. Figure 5 presents the above data graphically.

Fig- 5 (8)- NO2 Level Graphs With % Difference Representation.

Mr. P. Singh considered the tropospheric NO2 measure by analyzing 
the data from the Ozone Monitoring Instrument (OMI). The Ozone 
Monitoring Instrument (OMI) is a section of NASA's A-Train Satelite 
that measures the levels of various atmospheric gas concentrations. 
Table-3 represents the box coordinates of the US-embassy locations 
chosen by Mr. Singh for the research.

Volume - 11 | Issue - 12 | December - 2021 |  . PRINT ISSN No 2249 - 555X | DOI : 10.36106/ijar

Pollutant Date Bengaluru Chennai Hyderabad Mumbai
NO2 24, Mar–15 

Apr,2019
67.1 47.6 39.7 6.8

BaU
25, Mar–15 
Apr,2020

57.7 28.7 30.1 27.9

PM2.5 24, Mar–15 
Apr,2019

45.1 45.7 18.9 42.0

BaU
25, Mar–15 
Apr,2020

45.2 28.7 12.3 39.9

SO2 24, Mar–15 
Apr,2019

1.7 8.2 9.4 3.4

BaU
25, Mar–15 
Apr,2020

10.7 33.0 -17.2 45.2

CO 24, Mar–15 
Apr,2019

23.2 39.6 24.6 -55.1

BaU
25, Mar–15 
Apr,2020

27.6 13.4 9.8 37.1
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Table-3 (10)- The Locations Of The Us-embassies And Their Box 
Coordinates From OMI.

Fig- 6- Tropospheric NO2 (spatial Variations)- a)10–21March 2019, 
(b)10–21 March 2020, (c)22–31 March 2019, and (d)22–31 March 
2020.

Fig-6 represents the results tabulated by Mr. P. Singh. An HYPSPLIT 
Model prepared by Mr. P. Singh shows that long-range air mass 
transportation affects the air quality at the ve selected locations. The 
westerly air mass transfer is what affects Kolkata, a city located in the 
eastern Indo-Gangetic Plain. The sources of NO2 in Mumbai, Delhi, 
and Kolkata are anthropogenic. While so, the release of NO2 in 
Chennai and Hyderabad is due to the burning of biomass. Hence the 
decline in NO2 levels during the lockdown is mainly due to the 
reduction in anthropogenic emissions.

Change In Land Surface Temperature(lst)
LST is an important factor for environmental health, as it depends on 
numerous physical and atmospheric parameters (9). Factors like cloud 
conditions, month, Land Use/Land Cover (LULC) patterns, and so on 
governs the results. The LST map for 2019, before lockdown 2020 and 
after lockdown 2020, is given in Figure-7. The transition period in 
India from winter to summer is from February to March. And the 
summer season is From March to May.

Fig- 7-(9) Changing variations in LST. The LST Map.

These variations in seasonal temperatures can show an increasing 
trend in the land surface temperature. From the map, it is clear that the 
temperature map during the pre-lockdown period is less compared to 
the others. Even though the maps show a similar trend in the four cities, 
the temperatures in Mumbai, Delhi, and Kolkata are around 48ºC to 
50ºC. Chennai records lower temperatures in the range of 42ºC to 
44ºC.

Electricity Consumption
India is the second most populated (1,391.99 Million) and the seventh-
largest country in the world(16). The lockdown has imposed several 
restrictions on many industrial and everyday goods and other service-
related activities. Between January and February of 2019 and 2020, the 
energy demand increased by 3% and 7%, respectively (17). But, during 
March 2020, the supply-demand reduced by 3%. Between March 24th 
and April 19th, the power supply decreased by 25%.

Fig- 8 st th (17)-% change in power supply between March 1  to April 19 .

It is necessary to understand the power consumption in different 
sectors of India to analyze the power demand variation in India. Fig-9 
presents the power consumption in consumer segments of India in 
2018-19. Since the government forced the industrial and commercial 
sectors to shut down during the lockdown, the decrease in demand is 
self-explained. Table- 4 shows the contribution of different sources to 
energy production in India.

Fig- 9 (17)- Power consumption in Customer segments of India 2018-
19.

Table-4 (17)- The contribution of different sources to energy 
thproduction in India from March 1st to April 19 , 2021.

Amid the lockdown, the power generation reduced by 25%, 
compensating for the decrease in demand (17). While considering 
electricity variations, night light intensity is also a contributing factor. 
Night light intensity provides information regarding energy 
consumption in areas with high spatial granularity. Electricity 
consumption and night light intensity are contributing factors for the 
analysis of national GDP (18).

For instance, the demonetization in India, 2016 was highly backed up 
by night light intensity analysis (19). Asmentioned, the impact of the 
nationwide lockdown on India remained even after the release of a few 
restrictions. The consumption levels were below 14%, and the average 
monthly uctuations remain 6% to 10% below the normal (18). Fig-10 
shows the trend in electricity consumption from 2013 to 2020.

Volume - 11 | Issue - 12 | December - 2021 |  . PRINT ISSN No 2249 - 555X | DOI : 10.36106/ijar

Location Latitude Longitude Box Coordinates
Delhi 28.59 77.18 W-76.68, S-28.07, E-77.68, N-

29.07
Kolkata 22.54 88.35 W-87.86, S-22.08, E-88.86, N-

23.08
Mumbai 19.06 72.86 W-72.42, S-18.55, E-73.42, N-

19.55
Hyderabad 17.44 78.47 W-77.78, S-17.01, E-78.78, N-

18.01
Chennai 13.05 80.25 W-79.76, S-12.56, E-80.76, N-

13.56
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Fig-10 (18) The trend in electricity consumption in India from 2013 to 
2020

C. M. Beyer extracted the nighttime light data from the VIIRS-DNB 
Cloud made available by the Earth Observation Group at the National 
Oceanic and Atmospheric Administration (NOAA). The data collected 
was from April 2013 to April 2020 (18). IIRS satellites have a 
resolution of 15-arc seconds. Fig-11 shows the changes in the night 
light time trends in India.

Fig-11 (18 )the Changes In The Night Light Time Trends In India.

Fig-12 (18)- The spatial variation and impact of COVID-19 across 
India.

Fig- 13-(18)- The changes in night light intensity across India during 
the lockdown.

CONCLUSION
The impact of lockdown on India is a huge game-changer. The 
decrease in pollutant levels and electricity consumption rates are 
posing as an opportunity and a threat at the same time. Through this 
paper, we have discussed the ndings achieved by the researchers for 
the betterment of our environment. India can rewrite its future to 
become a sustainable country. The documented results are proof 
highlighting our potentials.

As the COVID virus spread out, the government keeps extending the 
lockdown. The positive impact through this episode is huge. Since the 
energy consumption levels are proportional to household income, the 
reduced consumption can show the deteriorating levels of the 
economy. The Corona Virus pandemic will negatively impact all 
industries, including the power sector of India. But, so far, the impact is 
positive. Now we get to decide if it will remain the same or not.
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This paper compares the Afro American oppression of women in Toni Morrison’s The Bluest Eye and 

Indian dalit oppression of women in Arundhati Roy’s The God of small things. Both the novels use the 

themes of racism and oppression of women to underscore the effects of post-slavery. Oppression of the 

downtrodden is seen in every corner of the world. The literature of Afro American is similar to dalit 

literature as both are records of the tragedy of their respective histories .The different setting and era in each 

novel suggest that the oppression and inequality had changed very little even after years later. Dalit 

literature and African American literature makes the readers understand their respective society and gives 

the answers of the fundamental questions of life and dignity. The oppression of many women who consider 

them as marginalized is the outcome of socio economical and ideological factors. Because of their gender, 

women are not valued and not respected in the society all over the world. This tragedy is examined through 

the works of Toni Morrison’s The Bluest Eye and Arundhati Roy’s The God of Small Things. Given that the 

two societies are different in terms of place and time, it is understandable that there should be certain 

limitations and differences in their literatures. On the other hand, there are similarities too. Every society 

holds certain values and beliefs regarding women. Women are viewed as part of domestic as well as private 

and are dissociated from the public and social platforms. Culture is always superior to the nature as it is 
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build by human of particular society. Even though nature has given equal importance to men and women, 

the culture has created a dominant view of men over women. 

Key Words: Women Oppression, Discrimination, Post colonialism, Gender Equality 

 The Exclusion and Invisibility of Women; A Humanitarian Crisis 

There is a quoting in the Holy bible by St Mark, stating that the stones which the builders rejected 

became the cornerstone of the building, that was the Lord’s doing and it’s amazing in our eyes .The one 

who is oppressed, the rejected stone, due to the policies and systems that are developed on the needs of the 

elite will become the corner stone of the world. All are God’s creation and people should realize that even 

the most marginalized bear the image of God. Everybody has the right to live the life in its fullness. This 

paper compares the Afro American oppression of women in Toni Morrison’s The Bluest Eye and Indian 

dalit oppression of women in Arundhati Roy’s The God of small things. Both the novels use the themes of 

racism and oppression of women to underscore the effects of post-slavery. Oppression of the downtrodden 

is seen in every corner of the world. The literature of Afro American is similar to dalit literature as both are 

records of the tragedy of their respective histories .The different setting and era in each novel suggest that 

the oppression and inequality had changed very little even after years later. Dalit literature and African 

American literature makes the readers understand their respective society and gives the answers of the 

fundamental questions of life and dignity. The oppression of many women who consider them as 

marginalized is the outcome of socio economical and ideological factors. Because of their gender, women 

are not valued and not respected in the society all over the world. This tragedy is examined through the 

works of Toni Morrison’s The Bluest Eye and Arundhati Roy’s The God of Small Things. Given that the two 

societies are different in terms of place and time, it is understandable that there should be certain limitations 

and differences in their literatures. On the other hand, there are similarities too. Every society holds certain 

values and beliefs regarding women. Women are viewed as part of domestic as well as private and are 

dissociated from the public and social platforms. Culture is always superior to the nature as it is build by 

human of particular society. Even though nature has given equal importance to men and women, the culture 

has created a dominant view of men over women. The novels which are taken for the study is Arundati 

Roy’s The God of Small Things and Toni Morrison’s The Bluest Eye. Both the writers are the voice standing 

for the suppressed women. Toni Morrison is the first black woman to win the Nobel Prize for literature. She 
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wrote truths with elegance and grace at a time when the world still didn’t want to acknowledge black beauty 

and power. Her novels are known for their epic themes, vivid dialogue and richly detailed black characters. 

Her novels reflect the experience of the black community. The Bluest Eye is a novel which focuses on the 

experience of black women, the existence of the black women’s desperate bid for survival in a white man’s 

world. For Toni Morrison, the black artist has a responsibility to the black community, a quality of hunger 

and disturbance that never ends. Her novels bear witness to the reality of the black community and the 

reality of the blacks who survived under different circumstances. Morrison’s novel is the true voice of the 

blacks in its original power. Morrison leads her readers to an understanding of racism. Even after the 

abolition of slavery, the whites have still continued to treat black women under subjection in the matter of 

the concept of beauty arising self hatred among the black women. 

The Bluest Eye deals mainly with the predominant idea of beauty of whites upon the blacks. This 

novel shows the reader that the concept of beauty is socially constructed.  

“Here is the house. It is green and white. It has a red door. It is very pretty.”(Morrison 18) 

Mother, Father, Dick and Jane live in a pretty green house. The green symbolises that there is life 

and soul in the house. The red door symbolises the mystery in the story. White symbolises innocence and 

virginity. In the prologue the author focuses on Jane who wishes to play. Jane sees a cat, but the cat did not 

play with her. Jane’s mother laughs but does not play with her. Her father smiles, but does not play with her. 

At last a friend comes to play along with Jane. The prologue is repeated word for word, a second time 

without punctuation. The paragraph is repeated a third time without punctuation and spaces between the 

words, which transforms the narrative into a rambling and disorienting block of text. The shift from oriented 

text to the rambling text makes the reader feel that the situation of isolation among the black girl is getting 

intense and torturous. 

“Our house is old, cold and green. At night a kerosene lamp lights one large room. The others are 

braced in darkness peopled by roaches and mice.( Morrison 26) 

A nine year old Claudia serves Morrison as the narrator of the story who is confused but sensitive 

witness to Pecola’s tragedy. The central story is about eleven years old Pecola who is raped by her father 

and bears his child. The baby dies as it was premature and Pecola sinks into madness, with a notion that she 
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has been granted her wish to have blue eyes and believes that now she is the most beautiful in the eyes of 

White Americans. 

When we compare the novels The Bluest Eye by Toni Morrison and The God of Small Things by Arundhati 

Roy, both blacks and dalits have remained outside their culture excommunicated and exile. Afro Americans 

were brought directly from Africa to America to become slaves. Forced into slavery all that was left to the 

black man was his African soul. The blacks were vastly different from the white races. The black Americans 

are very concerned about the land of his origins. As the years went by legislatures abolished slavery and 

thereby the black gained freedom. But the inferiority was witnessed in every field they interacted. 

The dalit in India is in similar situation. They were excluded from the society. They have been 

stripped of their dignity and denied basic human rights. They were considered untouchables implying that 

anybody touching them would be polluted. They were denied access to roads, temples, schools, etc to avoid 

pollution of other castes. Arundhati Roy’s The God of Small Things is one such remarkable work which 

shows the sufferings and sorrows of the Dalits in a unique style. Booker Prize winner and activist-author 

Arundhati Roy is usually praised for her efforts in trying to represent the marginalised in her writing. All 

over the world every society has two categories of people, the higher level and the lower level. The people 

belonging to the higher level are at the top and they govern and exploit the people belonging to the lower 

level. Even though many political and economical changes have happened all over the world , the mindset 

of the people has not changed across the different cultures as well as the social discrimination against them 

even continue today .If the Dalit is the subjective of India‘s boycotted society, the African American is the 

self of Black America. One is abandoned and degraded by the White society and the other by Savarna 

society. One is brought and sold from their own home land and the other was called untouchable by birth.  

The women who belong to these outcastes are treated as marginalized. In both Dalit and Afro American 

society girls have a debased self image. Marginalised women discover themselves in both race and gender 

descrimination.The aim of this paper is to analyze the suppressed people’s state in Arundhati Roy’s The 

God of Small Things and Toni Morrison’s The Bluest Eye. In both novels, the women struggle to survive in 

the world they live in because of their womanhood. A cross cultural study of both dalit and the black shows 

the cruel enslavement of both these two groups. The cruel oppression based on caste and race is responsible 

for the deprivation of the lives of the blacks and dalits. 
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When we look into Toni Morrison’s The Bluest Eye, the blacks have to suffer a lot for their identity. 

“We know she is offering us something precious and that our pride must be arrested by refusing to 

accept.”(Morrison 25) 

The black characters in the novel consider themselves as inferior when they interact with whites. The story 

centres on the lives of two black families, the Mac Teers and the Breedloves. The story is based on the 

children Claudia, Freeda and Pecola, their happy and painful experiences in growing up. The girls often had 

a loving conversation about how cute Shirley Temple was. Shirley Temple had golden curls, pink cheeks 

and blue eyes .Everyone loved her. Pecola had black skin. She was so poor and ugly. 

“The Breedloves did not live in a storefront because they were having temporary difficulty adjusting to the 

cutbacks at the plant. They lived there because they were poor and black, and they stayed there because they 

believed they were ugly.”(Morrison 53) 

The blacks believed that their poverty was traditional and stultifying, it was not unique. But their ugliness 

they believed that was unique. No one can convince them that they were not relentlessly and aggressively 

ugly .In her eleven years , no one had ever noticed Pecola . Each night Pecola prayed for blue eyes. 

“Frieda brought her four graham crackers on a saucer and some milk in a blue and white Sherley Temple 

cup. She was long time with the milk, and gazed fondly at the Silhouette of Shirley Temple’s dimpled 

face.”(Morrison 35) 

The whole novel explores the psychological and sociological changes in the protagonist, Pecola. Claudia 

was younger than both Frieda and Pecola She had not yet arrived at the turning point in the development of 

psyche which would allow loving white dolls. During Christmas all exchanged gifts of big, special, blue 

eyed baby dolls.  

“I was physically revolted by and secretly frightened of those round moronic eyes, the pancake face and 

orange worm’s hair.” (Morrison 36) 

Pecola is the character who wants herself to look like the whites and wishes for the blue eyes. She believes 

that the symbol of white beauty is the blue eyes. She was having a wrong notion that only blue eyes would 

make her beautiful and believed that only blue eyes will help her in gaining her self-respect. As her eyes can 

never be altered into blue eyes in reality, her quest for blue eyes ends in madness. She cannot even look at a 
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white girl as she believes that whiteness is the only standard of beauty and satisfies her envy by destroying 

white dolls. 

“I fingered the face wondering at the single stroke eyebrows picked at the pearly teeth stuck like two piano 

keys between red bowline lips.  Traced the turned –up nose, poked the glarcy blue eyeballs, and twisted the 

yellow hair. I could not love it. But I could examine it to see what it was that all the world said was 

lovable.”(Morrison 37) 

“I destroyed white baby dolls.”(Morrison 38) 

The truly horrifying thing was the transference of the same impulses to little white girls. Black females 

possess hatred towards white women because of the set beauty concept by the society. The staring looks of 

the whites towards the blacks make them feel that they are ugly and unworthy. 

“I saw a pair of fascinated eyes in a dough- white face.” (Morrison 46) 

Toni Morrison shows that not all African Americans mindset are dominated by an oppressive 

culture. Some are very bold enough to survive in the midst of these oppressions. For example, the characters 

Claudia, the nine year old who is the narrator of the story is against the notion of the white standards of 

beauty. An independent and strong-minded nine-year-old, Claudia is a fighter and rebels against adults’ 

tyranny over children and against the black community’s idealization of white beauty standards. She has not 

yet learned the self-hatred that plagues her peers. She consciously deconstructs the ideology of the dominant 

society and understands the fact that a doll is a consumer item and tries to constrict Pecola by her 

destruction of white dolls. 

“Younger than both Frieda and Pecola , I had not yet arrived at the turning point in the development of my 

psyche which would allow me to love her.”(Morrison 35) 

In the novel Toni Morrison challenges the white standards of beauty and demonstrates that the concept of 

beauty is socially constructed. 

“Cholly, whose ugliness (the result of despair, dissipation and violence direct toward petty things and weak 

people) was behaviour, the rest of the family – Mrs.Breedlove, Sammy Breedlove and Pecola Breedlove 

wore their ugliness, put it on, so to speak, although it did not belong to them.”(Morrison 54) 
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The Breedlove family are blacks who can never be like whites.  Even though human beings look 

different, the soul is same. This realisation can bring some changes in the beauty concept. The whites looked 

at the blacks and wondered why they are so ugly. They observed them carefully to find the source of this 

ugliness which the blacks considered as staring. The realisation was that the ugliness came from conviction. 

They began to believe that some mysterious all knowing master had given each one a choke of ugliness to 

wear and they had each accepted it without question. In the novel we can see that ugliness is something 

which can never be altered or changed, it is inherited from a powerful master. 

“You are ugly people. And they took ugliness in their hands, threw it as a mantle over them, and went about 

the world with it.”(Morrison 55) 

The novel helps the readers to understand that the standard of beauty is created by oneself .If the 

blacks value their blackness; they can subvert the ideology put forward by the white society. The 

background of the novel is racism, sexism and classicism which signifies the traumatic condition under 

which African Americans lived in White America. The restrictions upon the blacks affected their lives 

especially the women. They were always marginalised. The reason for the backwardness black people is 

because of the self hatred persuaded by white domination. Many of them considered themselves as inferior 

to the white women which ended in self hatred. They trust in their own unworthiness which is interpreted 

into ugliness. They considered themselves as unworthy for the society.  

Throughout the novel, there are many incidents which show the feeling of separation and pain faced 

by Pecola Breedlove because of being black.  

“If those eyes of her’s were different, that is to say, beautiful, she herself would be different. Her teeth were 

good and at least her nose was not big and flat like some of those was thought so cute.”(Morrison 62) 

The novel shows several incidents which depicts the kind of world into which Pecola has been born. 

Pecola’s mother, who works as a house keeper in a white family, loves her employer’s children, ignoring 

her own daughter. No one expresses pity on her. Pecola is hurted not only because of her race but also 

because of her gender. Each night without fail she prayed for blue eyes. She has seen the hatred in the eyes 

of all white people. So she believed that the distaste must be for her blackness.  
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“A picture of little Mary Jane, for whom the candy is named. Smiling white face, blonde hair in gentle 

disarray, blue eyes looking at her out of a world of clean comfort. The eyes are petulant and mischievous. 

(Morrison 66) 

For the three girls to eat the candy was to eat Mary Jane. Throughout the novel, the author describes the 

mentally agonizing thoughts of these girls battling with the cultural standards of beauty that have been 

impaired upon them. 

When we read the novels The God of Small Things by Arundhati Roy and The Bluest Eye by Toni 

Morrison, a lot of similarities in the mental thoughts of the characters can be observed. Just like racism 

which is a prominent factor in dividing people in Western history, the caste system, a deep-rooted factor 

which is a shame for Indian culture, affects the socio-economic and socio-cultural systems of Indian society. 

Untouchables are the most exploited and unwanted ones.  Some scholars believe that the Aryans, a fair-

skinned race which invaded India had controlled and subjugated the dark-skinned aborigines placing them at 

the lower strata of society. Both the Dalits and the African Americans are distinctive groups that occupy a 

similar position in their respective societies- the bottom of the socio-economic hierarchy. In the famous 

essay, Can the Subaltern speak? By Gayathri Spivak, the writer suggests that the subaltern cannot have a 

history of his or her own and cannot have a voice if the subaltern is a female. She cannot be heard at all 

because she exists in absolute silence. 

“The subaltern as female is even more deeply in shadow.”(Spivak 28)  

 In The God of Small Things, small things referred in the title are the subaltern people who are 

considered as small worthless creatures by most of the upper caste people. In reality these small people are 

the big ones who can bring a change to the whole system created by the society. These are the voice that 

should be given their voice, the voice that should be heard against the unreasonable hate, revenge and 

violence. The characters in the novel have their unfulfilled desires and are punished and silenced by the 

system in various ways. The women in The God of Small things are mostly confronted with marital and 

family problems. Estha and Rahel’s mother Ammu married Babu; however Babu turns out to be an 

alcoholic and even urges her to sleep with his boss, Mr.Hollick. After this incident Ammu leaves him and 

returns with the twins Estha and Rahel. Although a divorced daughter is a disgrace to a traditional Indian 

society, a divorcee son is not. Chacko, Ammu’s brother, is also a divorced but he returned to take charge of 

http://www.ijcrt.org/


www.ijcrt.org                                                © 2021 IJCRT | Volume 9, Issue 9 September 2021 | ISSN: 2320-2882 

IJCRT2109308 International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org c842 
 

the family pickle business. The patriarchal privilege disproportionately over the other in the lives of the 

brother and sister. Ammu then falls into a love affair with Velutha, an untouchable.  

“Ammu travelled upwards through a dream in which a cheerful man with one arm held her close by 

the light of an oil lamp. He had no other arm with which to fight the shadows that flickered around him on 

the floor.”(Roy, 215)  

Ammu defies patriarchal domination, class and caste prejudice in public and pays with her life. 

Roy’s protagonists suffer from lack of parental love, disturbed infancy, broken homes. They are dissatisfied 

with their existence. They often choose to go out of the mainstream of life. This alienation generally 

manifests in immoral ties and activities. Alienation from their selves leads to a frantic search for their 

identity in the milieu through self-discovery and self-identification.  She is banished from home and society 

because of this secret relation and she dies in another place because of this abandonment. Her relationship 

with Velutha is considered to be a sin, as it is extra-marital and a crime as it is between the members of two 

different classes in the caste system. 

“If he held her, he couldn’t kiss her. If he kissed her, he couldn’t see her. If he saw her, he couldn’t feel 

her.” (Roy, 215) 

A related inferiority complex is evident in the interactions between untouchables and touchable in 

Ayemenem. Vellya Paapen is an example of an Untouchable so grateful to the touchable class. He is willing 

to kill his son, Velutha, when he discovers that Velutha has broken the most important rule of class 

segregation that there be no inter-caste sexual relations. A love-affair between Ammu and Velutha results in 

his brutal beating by a group of policemen. The beating takes place in front of the twins. This results in his 

death. 

“If they hurt Velutha more than they intended to, it was only because any kinship, any connection between 

themselves and him, any implication that if nothing else, at least biologically he was a fellow creature had 

been served long ago. They had no instrument to calibrate how much punishment he could take. No means 

of gauging how much or how permanently they had damaged him.”(Roy, 309) 
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 In part, this reflects how many untouchables have internalized caste segregation. Nearly all of the 

relationships in the novel are somehow coloured by cultural and class tension. Roy’s women characters in 

the novel are exploited. They are torn between their individuality and social obligations. Ammu sacrifices 

her life in her quest for identity. Estha is described as occupying very little space in the world. Ammu dies 

alone and sad, beaten by the world. Shadows gathered like bats in the steep hollows near her collarbone. 

Rahel never quite fits in, especially in such rigid confines as boarding schools. Velutha is the smallest of the 

small, as Ammu points out, calling her Ammukutty, ‘Little Ammu’, though she was so much less little than 

he was.  

“If he touched her, he couldn’t talk to her, if he loved her he couldn’t leave, if he spoke he couldn’t 

listen, if he fought he couldn’t win.”(Roy, 330) 

Ammu, on the other hand, defies the notion of the male-oriented society. She emerges as a rebel, 

voicing her suppressed voice. The capitalist society always treated women figures as commodity. They have 

no right over their body. Before marriage, they are under parental guidance and after marriage, under 

husband’s care. That’s why; we see that Ammu is denied of her college education whereas Chacko goes to 

Oxford.  Even Ammu has no right in her father’s property. Mammachi, Baby Kochamma all accepted the 

female role-model imposed on them by the society – docile, submissive, ungrudging, stoic resignation. In 

the novel, Velutha becomes the central and essential character and a sort of divinity in the eyes of the twins. 

Velutha is the children’s only father figure and a true friend. Mammachi, Baby Kochamma, the policemen, 

in their realms of power, see to it that Ammu, Velutha, Rahel and Estha who hold no power in the social 

hierarchies remain vulnerable and overruled. Ammu, Velutha and the Twins, who get together for mutual 

love and warmth and not for any material gains are crudely acted upon and destroyed. The children who are 

the small things in the novel go against the rule and make Velutha their God, The God of Small Things. 

 The caste and gender hierarchies in India are equally relevant to the race and class as seen in The 

Bluest Eye. In both the novels, the children become victims of the communal response of the oppressed. By 

employing child narrators, both Morrison and Arundhati Roy explore how children negotiate different 

binaries between the beauty concepts, between male and female privileges, between higher and lower 

economic classes’ and between upper and lower caste. The painful stories of Ammu and Pecola shows the 

authors concern for the silences that illustrates self destruction. International human rights law prohibits 
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discrimination on the basis of sex and includes guarantees for men and women to enjoy civil, cultural, 

economic, political and social rights equally. But still in many countries, women, unlike men, cannot dress 

as they like, drive, work at night, inherit property or give evidence in Court. A shift in attitude is the most 

important in bringing women to the public sphere. Educating the generation ahead from an early age could 

be a meaningful start.  
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Abstract. A new framework of soft mathematical morphology on hypergraph spaces is studied. 
Application in image processing for filtering objects defined in hypergraph spaces  are illustrated 
using several soft morphological operators- openings, closings, granulometries and ASF acting (a) 
on the subset of vertex and hyperedge set of a hypergraph and (b) on the subhypergraphs of a 
hypergraph. Experimental results dealing with the extension of soft morphological operators to gray 
scale images are presented in this paper. The results obtained are promising and is a better substitute 
for the prevailing methods. 

1. Introduction and Related Works 
Mathematical morphology is an emerging area of image processing. In the area where image processing 
can be applied, mathematical morphology have provided solutions to different tasks. Soft mathematical 
morphology is another approach to mathematical morphology that was introduced by Koskinen et al. [1]. 
In this method, weighted order statistics are used instead of minima and maxima [3]. Soft morphological 
operators show better performance than primitive morphological operators as they are less sensitive to 
additive noise and to small variations in object shape [4]. Soft mathematical morphology have also been 
extended to fuzzy sets [3].  
      Morphological operators can be defined on graphs and hypergraphs. In this paper a new context is 
introduced that lengthens the perceptions of soft morphological filters into hypergraphs. This work is an 
extension of our preliminary work [2]. 

2. Preliminaries 

In this section, we see some important definitions and properties that will be needed in the sequel. 
 
2.1. Soft mathematical morphology using hypergraphs [2] 
Hypergraph [5], [6] is defined as a pair H= (H•, HX), where H• is a set of points called vertices and HX is a 
family of subsets of H• called hyperedges ie; HX = (ei), i ∈ I where I is a finite set of indices. The sets Ҥ •, 
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Ҥ� and  Ҥ are the subsets of H•, subsets of HX and subhypergraphs of H respectively. Here Ҥ� and 
Ҥ•are Boolean lattices. The set Ҥ of all sub hypergraphs of H forms a complete lattice [5], [6]. 
Morphological operators are defined on these lattices. In soft mathematical morphology, the structural 
element is divided into two subsets- the core and the soft boundary. In the development of the final output, 
weightage of core is more than the soft boundary.  Hence we subdivide the hyperedges (along with the 
vertices belonging to it) into core B1 and soft boundary B2. 

2.1.1. Definition 1 [2] 

The operators  �•, ∈• are defined from Ҥ� into Ҥ• and the operators ��, ∈� are defined from Ҥ• into Ҥ� 
as follows: For any �• ⊆ �• and and �� ⊆ ��, where ��= ei ∪ ei⃰ ; ei ∈ B1 and ei

⃰ ∈ B2, i∈ J such that J⊆I, 
 

�•: �� → �• is defined as �•(��) = �� ������� �� [⋃ {� ◊ �����, ����
∗ �; �� ∈ �� , ��

∗ ∈ �!}]�∈"   

 
∈�: �• → �� is defined as ∈� (�•) =  ��smallest of {� ◊ �#, �#

∗ , $ ∈ %| �(�#), �(�#
∗) ⊆ �•, �# ∈

�� , �#
∗ ∈ �! } 

 

∈•: �� → �• is defined as ∈• (��)= ���&������ ��[⋂ {� ◊ �(��) , �(��
∗); �� ∈ �� , ��

∗ ∈ �!}]�∉"  

 
��: �• → ��is defined as  ��(�•)= �� ������� �� {� ◊ �#, �#

∗, $ ∈ % | �(�#) ∩ �• ≠
∅  �/0 �(�#

∗) ∩ �• ≠ ∅; �# ∈ �� , �#
∗ ∈ �! }. 

 
       Here, k◊ x is read as x is repeated k times. Vertex soft dilation (�) and vertex soft erosion(Ԑ) that act 
on Ҥ•, also hyper edge soft erosion (ε), hyper edge soft dilation(∆)  that act on Ҥ� are defined as follows: 
The opertors � and ∈ that act on Ҥ• are defined by  �= �•○ �� and Ԑ = ∈•○ ∈� and the operators ∆ and ε 
that act on Ҥ� are defined by ∆= ��○ �• and ε =∈� ○ ∈•.Furthermore the operators [�, ∆] and [Ԑ,ε ] are 
defined as  

 [�, ∆](X)= (�(�•), ∆(��)) and [Ԑ,ε ](X)= (Ԑ(�•), 3 (��) for any X∈ Ҥ.  
These operators are called the soft dilation and soft erosion acting on the lattice (Ҥ, ⊆) 

3. Property  
(a) Operators ∈� and �� are dual of each other. Similar duality concept hold for ∈• and �•.  
(b)  (∈�, �•) and (∈•, ��) are adjunctions. 
(c) �• and ��are soft dilations. 
(d) ∈• and ∈�are soft erosions. 

Proof (a): This property is proved in [2]. 
         (b): Let �� ⊆∈� (4•). Then, 
   x ∈ �•(��) ⟹x ∈ �� ������� �� [⋃ {� ◊ �����, ����

∗ �}]�∈"    

        ⟹ x ∈  ����� , 6 ∈  ����
∗ � for some j∈ 7 

         ⟹ ∃ � ∈ �� such that x∈ �(�) 
         ⟹ � ∈ ∈� (4•)        {Since �� ⊆∈� (4•)} 
        ⟹ e ∈ �� smallest of {� ◊ �#, �#

∗ , $ ∈ %| �(�#), �(�#
∗) ⊆ 4• } 

         ⟹ �(�) ⊆  4• 
         ⟹ x ∈ 4•     {Since x∈ �(�)} 
 Thus, �•(��) ⊆ 4•. 

Conversely, if �•(��)⊆ 4•.  
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Then, e∈  �� ⟹ �(�) ⊆  �•(��) 
           ⟹ �(�) ⊆  4•   {Since �•(��)⊆ 4•} 
           ⟹ e ∈ ∈� (4•) 
 Therefore, �� ⊆∈� (4•). 
 Hence, (∈�, �•) is an adjunction. 
In a similar manner, (∈•, ��) is an adjunction can be proved using the information that operators ∈� and 
�� are dual of each other, also ∈• and �• are dual of each other and (∈�, �•) is an adjunction. Properties (c) 
and (d) follows directly using property (b). 
 
4. Soft morphological filters  
A morphological filter [5], [8] is an operator 9 acting on a lattice ʆ, which is increasing  and idempotent. If 
(9, :) is an adjunction [5], [8] then 9 is an erosion, : is a dilation. Also, :°9 is called an opening and 9°: 
is called a closing on ʆ. Opening and closing are two commonly used filters. 

4.1. Definition 2 
� Soft opening <� =δ ◦ Ԑ  and closing ⏀� = Ԑ  ◦ δ. 
� Soft half opening <�/!= �•◦∈� and half closing ⏀�/!= ∈•◦��.  

5. Soft flat morphological Operators on weighted hypergraphs 
In real phase, gray- scale soft morphological operations are difficult to work with. Threshold decomposition 
and stacking principle can be successfully applied on gray-scale soft morphological operations. This 
property allows the gray scale signals to be decomposed into binary signals and the results so obtained by 
processing are combined to obtain the desired gray-scale output [7]. By threshold decomposition, [8] the 
lattice of all subhypergraphs of H induces  a lattice Fun(�•)⊗Fun(�×) of pairs of functions weighting 
respectively the vertices and the hyperedges of H such that the simultaneous threshold of these two 
functions at any given level produces a subhypergraph of H and the properties for hypergraph operators on 
the lattices Ҥ•, Ҥ�,  or , Ҥ  also hold for operators on the lattices Fun(�•), Fun(�×) and Fun(�•) ⊗ 
Fun(�×). Thus we can define a set of soft operators which are stack analogues to the soft 
operators ∈�, �•,∈•  �/0 �� defined in [2]. 

5.1. Definition 3. 
Let A• ∈ Fun(�•) and let A� ∈ Fun(�×), we define 

�•(A�)(6) =  ��ℎ ������� �� 6∈�(�$),6∈�(�$
∗) C� ◊ A�(�$), A�(�$

∗)D�$ ∈ �1, �$
∗ ∈ �2, �1 ∪ �2 = ��G ∀6 ∈  �• 

 ∈� (A•)(�) = �� smallest of {� ◊ A•(6), A•(6)|6 ∈ �(�), � ∈ �� ∪ �!} 

∈• (A�)(6) =  ��ℎ�&������ �� 6∈�(�$),6∈�(�$
∗) C� ◊ A�(�$), A�(�$

∗)D�$ ∈ �1, �$
∗ ∈ �2, �1 ∪ �2 = ��G ∀ 6 ∈  �• 

��(A•)(�) = �� smallest of {� ◊ A•(6), A•(6)|6 ∈ �(�), � ∈ �� ∪ �!}. 
 
     By using soft flat morphology, it is possible to work with gray scale soft dilation, erosion, opening, 
closing, granulometries and Alternating Sequential Filters. 

6. Experimental Result 
To represent the hyperedges we use 4-uniform hypergraph illustrated in Figure 1. A hyperedge together 
with the 4 vertices belonging to it is taken as core, remaining vertices and hypereges are taken as soft 
boundary. Using this simple hypergraph structure, experimental result for k=1 and k=2 are tabulated. 
Dilated and eroded gray scale image results are obtained to get the soft flat morphological operators defined 
in the previous section. Composition of these operators generates alternating sequential filters(ASF) which 
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are capable of removing noise effectively from binary and gray scale images. Figure 2 represent the gray 
scale image taken for the experimental purpose. The noisy image obtained by adding 5% salt and pepper 
noise is shown in figure 3. PSNR of noised image with original image is 17.24. Figure 4 and figure 5 shows 
the noise removed images obtained by applying alternating sequential filters(ASF) <�◦⏀�and <�/!◦⏀�/! 
for k=1. The resultant PSNR of the noised removed images with the original image are respectively 40.53 
and 40.23. Similarly figure 6 and figure 7 shows the results obtained after applying <�◦⏀�and <�/!◦⏀�/! 
for k=2. In this case, the resultant PSNR of the noised removed images with the original image are 39.79 
and 41.82 respectively. Experiment results depicts that <�/!◦⏀�/! for k = 2 is giving better approximations 

than <�◦⏀� and  <�/!◦⏀�/!   for  k =1.  
 

 
                    Figure 1 Four Uniform Hypergraph structure used to represent an image 

 
 
                                                    

PSNR of noised image with original image    :   17.24  

 

 

 

Figure 2. Original Image  Figure 3. Noised Image       

     ( Added Noise 5%)         
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Noise Removed Images using Alternating Sequential Filters 

For K =1 

 

 

 

Figure 4.      <�◦⏀� 

PSNR = 40.53 

 Figure 5.  <�/!◦⏀�/! 

PSNR = 40.23 
 
      
 

Noise Removed Images using Alternating Sequential Filters 

For K = 2 

 

 

 

Figure 6.      <�◦⏀� 

PSNR = 39.79 

 Figure 7.  <�/!◦⏀�/! 

PSNR = 41.82 
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7. Conclusion  
The aim of this work is to recognize the prospects of using soft morphological operators under the framework of 
hypergraph. In our study a four uniform hypergraph structure was taken. It was then separated into core and soft 
boundary. But, it’s a well-known fact that 3-unifrom hypergraph structure gives good result for binary, gray scale and 
colour image filtering applications [8]. So by the choice of different hypergraph structures along with the suitable 
choice of core and soft boundary, results of the above method can be improved for different and bigger values of k. 
The initial results are promising and future work is to be done in this regard using different hypergraph structures. 
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 Nature and environmentalism: Post-colonial eco critical rereading of selected Nigerian poems 
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Abstract 
This paper is an attempt to discuss about ecology and environmentalism in the selected poems of Nigerian poets Wole Soyinka, 
Tanure Ojaide and Niyi Osundare in a Post-colonial Eco critical review. In literature, ecocriticism is a mode of aesthetics that deals 
with the nature of relation between literature and the natural environment. Its adherents investigate human attitudes towards the 
world as reflected in writing about nature. It is a diverse genre known by many names, including green cultural studies, eco poetics 
and literary analysis of the environmental. The study seeks to explore selected poems in Nigerian literature from an Eco critical 
perspective. The relationship between man, the environment and nature is documented in literature. Eco-critical insights are 
studied in the poetry of Wole Soyinka, Tanure Ojaide and Niyi Osundare. Literature resides where creation exists, and where 
nature exists, life exists. Literature is an imperative tool for having a historical understanding of the relationship between man and 
also for determining the way man treats nature in future. In the 1990’s, ecocriticism gained significant prominence in the Western 

academia as a domain of literary research. This does not, however, indicate that the literature of earlier periods ignored 
ecologically conscious concerns. Similarly, ecological scepticism seeks to explain how nature is expresses in literature and how the 
meaning of nature and the relationship between man and nature have changed over time as they are perceived in literature. In 
recent decades, the natural environment has progressively become threatened by man’s activities. The chosen poems are full of 

varied environmental details. The poets responded to their plight in distinctive perspectives through their poetry. Extreme 
ecological issues such as global warming, increased pollution levels, recurrent coastal flooding, tsunami and cyclones, earthquakes 
and floods have culminated from the incessant cutting of trees for human use and deforestation, the use of weapons and arms, 
radioactive elements in nuclear power plants, industrial pollution and many more. Not only has this disruption to nature caused a 
catastrophic change in the atmospheric conditions around the world, but the ozone layer, our earth’s defensive shield, has also been 
destructive. And now there is a growing and crucial need to conserve our environment and make our earth a better place to live. In 
Nigerian Literature, the study provides a more detailed introduction to the Eco theory from its beginnings to the present. It will 
also address the relationship between nature and culture, the gradual progression of ecocriticism, and its related concepts. 
 
Keywords: ecocriticism, eco psychology, eco poetics, ecological issues 

Introduction 
Ecocriticism is literature is an analytical method that examines 
the importance of the relationship between literature and the 
natural environment. With several names, green cultural 
studies, eco poetics and environmental literary criticism, it is a 
diverse genre. Ecocriticism began to gain prominence in 
Western academia in the 1990s as a sphere of literary 
research. Ecological criticism seeks to analyse how nature is 
presented in literature and how, as seen in literature, both the 
interpretation of nature and the relationship between man and 
nature have grown over time. British colonial rulers formed a 
chain of command in many British colonies, such as Anglo-
Egyptian Sudan and Nigeria, in which colonial officials ruled 
over indigenous African leaders, who then governed the 
majority of the African indigenous population. Colonialism in 
Africa is primarily responsible for the continent’s lack of 

cultural, social, and political development. The so-called 
empirical scrutiny of agricultural practices imposed in 
northern Nigerian communities by successive British colonial 
era authorities is an example of a European influenced 
paradigm pursued by African elites. Irrigation, forest 

management, and extensive use of chemical fertilizers were 
emphasized by the colonial scientific scrutiny system. The 
system provided very little benefit for the region from 
economic development and disrupted the traditional farming 
practices that for centuries had sustained the local population. 
Researchers and academic investigators have largely 
overlooked the effects of postcolonial Nigeria’s economic 

growth. The colonization process resulted in the realignment 
of power, with European trading companies imposed by the 
colonial authority replacing the hitherto domestic Nigerian 
authority centers such as Opobo's Ja Ja, Oguta's Kalabari and 
Ibadan's Ijebu. 
“Ecocriticism speaks for the earth by rendering an account of 
the indebtedness of culture to nature while acknowledging the 
role of language in shaping the view of the world” 
(Campbell 5) 
Thus Ecocriticism begins from the conviction that the arts of 
creativity and the research there of will make a major 
contribution to the understanding of environmental issues and 
the various types of eco-degradation affecting planet Earth 
today. Global warming, which triggers rapid climate change 
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as a result of unequal human interactions with nature, is a real 
concern that marked the end of the twentieth and early twenty-
first centuries. Ecological issues are caused by climate change 
and have become an important concern for interdisciplinary / 
multidisciplinary studies. Under the concept of ecocriticism, 
multiple literature disciplines have embraced this style of 
work, centred on ecological issues. The ambivalent 
relationships between man and nature are old and either 
require or need to overcome and master human romantic 
devotion to nature. In the foreseeable future, climate change 
has arisen from these anthropocentric relationships. The 
reality of climate change is threatening every corner of the 
world. Yet he believes that lethal silence is a big impediment 
to resolving and mitigating climate change problems. Wangari 
Maathai is unveiling the true global warming issues that 
would have dramatic consequences on Africa. At the global 
stage, the query is answered as: 
“Africa is the continent that will hit hardest by the climate 

change. Unpredictable rains and floods, prolonged droughts, 
subsequent crop failures and rapid desertification, among 
other signs of global warming, have in fact already begun to 
change the face of Africa.” 
 (as cited by Toulmin, 2008, p. 1).  
In environmental concerns and philosophies, there are several 
expressions that share similar denominators in the objective of 
environmental conservation. For Graham Huggan and Helen 
Tiffan: 
“Postcolonial ecocriticism and Ecocriticism are hedged about 

with seemingly insurmountable problems. The two fields are 
notoriously difficult to define not least by their own 
practitioners…. Thus, internal divisions…e.g. the commitment 

to social and environmental justice or differences… and large 

scale distinctions based on the attractive view that 
postcolonial studies and eco/environmental studies offer 
mutual correctives to each other turn out to… be perilous” (3).  
Postcolonial ecocriticism, on the other hand, is a plurality of 
ecocriticism that discusses: “concerns with conquest, 

colonisation, racism, sexism along with its investments in 
theories of indigeneity and diaspora and the relations between 
native and invader, societies and cultures” (Huggan and Tiffan 

6) to explicate Eco critical modes of feminist ecocriticism, 
romantic ecocriticism and postcolonial Ecocriticism “need to 

be understood as particular ways of reading” (Huggan and 

Tiffan 13). Regardless of the numerous discourses on 
ecocriticism and postcolonial ecocriticism, this research 
indicates that postcolonial ecocriticism cannot be evaluated 
without delving into environmental problems, and 
ecocriticism or eco-environmental studies cannot be discussed 
without discussing postcolonial concerns alongside 
imperialism, a metaphor that examines ideologies of 
supremacy and socio-history. 
 It is in this regard that am going to analyse some ecological 
problems in Wole Soyinka's poem “Dedication for Moremi 
1963” with a post-colonial perspective. The concept of the 
poem is about the natural order of things, and also about 
bringing a child into the world. It begins with the 
consummation of the child, and then the birth of the child into 
the universe of this child, a miracle created by love. It's almost 
like a prayer to the Earth, and a dedication to the child. It 

speaks of our human life as a whole, and also of our journey 
back to earth. He makes use of many poetic devices in the 
poem, including metaphors and a lot of imagery. The line in 
which he says, "your tongue arch / to scorpion tail." is one 
instance that stands out as a good metaphor. A pretty 
metaphor compares a crying baby's tongue at birth to a 
scorpion tail when it flicks in terror when feeling threatened. It 
gives us this impression of the child being born with a 
venomous tongue, which later brings trouble to the parents- as 
well as presenting this picture of a baby's squirming tongue as 
it clears its lungs and wails in fear of being so unexpectedly 
brought into this world. There are plenty of imagery examples, 
including the moment where he says, "Earth's honeyed milk, 
wine of the only rib / Now roll your tongue into honey until 
your cheeks are / Swarming honeycombs — your world needs 
sweetening kids. Through this, we get this image of taste and 
touch and sight all in one, the very thought makes my mouth 
water. The poem is full of deep inner meanings that invoke a 
radiant feeling, make us wonder what it means, see these 
peculiar literal images that attack our senses, and give us the 
emotions that the poet wants us to experience. The tone of this 
poem is joy and wonder at the birth of a child, and all those 
involved can feel the spiritual journey. He relates this miracle 
of life to the earth, as a woman bears a child, and her fruits are 
brought forth by it. The sound is gentle and ties us to the earth, 
as if every part of this birth was nature, just like every part of 
any animal or plant birth. In many of his words, like baobab, 
roots, rain, plumb her deep for life, season, fruits, and 
embrace, he creates the earthy and joyful sound. They all give 
us the feeling of a warm earth coming together to bring this 
happy occasion to life. In the midst of the independence of 
Nigeria, Soyinka recalls the many events that took place 
throughout his life, such as the birth of his daughter and the 
opening of the first National Park in Nigeria. Soyinka writes 
through many frames that the poem can be read through, one 
being a nourishing tone for his daughter, as well as one that 
protects the earth and its resources. The earth can be seen as a 
symbol of the daughter and the daughter can be seen as a 
symbol of the earth. Poet gives an insight to his daughter 
regarding the endless parallels and metaphors about the world, 
and how it functions. He says, "my child- your tongue arch to 
scorpion tail, spit straight and return to danger's threats yet 
coo with the brown pigeon, tendril dew between your lips." 
This is the example of Soyinka asking his daughter to be as 
sharp and dangerous as a scorpion but also to be caring, gentle 
and kind as a pigeon. He clearly shows the paternal qualities 
he imparts to his daughter in a manner similar to the way he 
tells the people of Nigeria to protect their new park. He wraps 
up the poem with the idea that we too must let the world 
depend on us in the same way we rely so heavily on the sun. 
We have to give earth back in the way it gives us. Soyinka 
evokes the past not as a dead past, but as a living one whose 
positive or negative results catch the present and influence the 
future, not historical but archetypal any more. Either to 
condemn those suicidal attitudes or to laud the current 
resistant wilderness, he evokes pastoral imagery, recalls the 
less anthropocentric past as a less troubled model, and projects 
a green future as a common dream. As the only way to face 
fundamental and sustainable growth, Soyinka urges readers 
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and listeners to take on the soil. As an expression of 
inextricable human ties with it, this communion with one's 
land at every level includes mind-set, commitment, love, and 
respect for oneself and all of its inhabitants. As a result of 
technical and scientific developments, the African holistic 
world view that imperialists saw as "savage" has become the 
global solution to the danger that climate change presents 
today. It's not too religious to ask "who was wild and who was 
civilized" if the "savage" incriminated African world view has 
since become a "worldwide genius" response to the climate 
change problem. 
Tanure Ojaide is a significant Literary voice of Nigerian post-
war poetry, distinguished by his recourse to the orator of his 
birthplace. Ojaide takes oratory as a locus of an esthetic that is 
conscious of rural people's arts and politics, particularly in the 
face of a viperous, modernity-driven establishment. The focus 
of his poetry on orality implies its rootedness in nature. But 
the point that nature in Ojaide's poetry is not merely evoked as 
an esthetic technique, an embellishment of what many have 
regarded in his poetry as an overwhelming political theme, is 
much more crucial to this paper. Nature is also addressed as 
home (the natural world, biodiversity, flora and fauna), now a 
forgotten home in the face of modernity and global petrodollar 
capitalism. In the sense of postcolonial ecocriticism, I try to 
point out from a reading of his poetry that the nature 
(environment) of the Niger Delta area from which the poet 
comes from is a victim of exploitation and injustice caused by 
large-scale oil extraction in the region, just like the people 
living in it; and it is no longer the pristine home it used to be. 
Tanure Ojaide's fifteenth poetry book, "The Tale of the 
Harmattan" (2007), offers poetry readers and those familiar 
with his work a critical insight into the Niger Delta region's 
bleak socio-political and economic circumstances. The 
plurality of the poet's concerns are oil extraction and its 
negative environmental and human family effects. The poems 
differ in style and form; however, what makes the collection a 
publication of substance is the poet's ability to discuss 
contemporary problems with a spectator's eyes, and the 
sincerity of an empathically inspired one. This compilation 
illustrates the degradation of the biodiversity and climate of 
the Niger Delta as a result of the extraction of oil and the 
marginalization of the ethnic minority in whose territories the 
oil is mined. In one poetry collection divided into three parts 
with a glossary that familiarizes the reader with the landscape, 
politics, Urhobo mythology, and various historical and 
mythical figures of Nigeria, the prolific Nigerian scholar-poet 
Tanure Ojaide uses bold rhetoric and a variety of techniques 
to claim the person of the poet as an eyewitness to historical 
events, especially the destruction of the destruction of the 
Niger Delta’s ecosystem and environment as a result of oil 

exploitation and the marginalization of the ethnic minority 
people in whose land oil is exploited. He shows concern for 
the underprivileged and oppressed in society, whose fight for 
equality, fairness and justice he supports, in the course of this 
poetic story. Conscious of the postcolonial situation in 
Nigeria, his native nation, he condemns the rampant 
corruption that drains the country's enormous wealth. 
Affirming humanity, he condemns the perpetrators of 
genocide, as in the Darfur region of Sudan, in the strongest 

possible words. The fact that what happens in Nigeria's 
troubled oil-rich yet poor Niger Delta region affects the 
worldwide price of oil demonstrates the degree of local and 
global connectivity, what is now described as 'glocal.' The 
Harmattan Tale (2007) argues that his research on the 
indigenous peoples (especially women) of Nigeria's Niger 
Delta offers an important way to revise our understanding of 
postcolonial theory in order to step beyond the outdated notion 
of colonial nations to colonialist power as sitting in 
multinational corporations that transcend national origin. My 
research combines elements from environmental, political, 
and socio-cultural images to analyze how Ojaide's work 
exposes the relationship between environmental problems and 
government collusion with multinational corporations, while 
calling for a vision of environmental justice to be 
accomplished by the movement of the Delta people. Ojaide's 
definition of historic environmental destruction and 
devastating oil contamination caused by multinational oil 
firms in the Niger Delta region is part of an interdisciplinary 
and multi-theoretical view of neo-colonial literature. The 
dialogic development of a variety of discourses is part of his 
complex literary style; his work involves feminist discourse 
and eco-critical interpretation of environmental issues, as well 
as post-colonial discourse that has become a defining feature 
of contemporary African literature. Ojaide's earlier-generation 
poetry and establishes him in post-colonial African poetry as a 
significant voice. The poems in The Harmattan Tale share 
Ojaide's love for exploring ancient African folklore with 
readers. In these poems, Ojaide's concerns owe much of their 
connection to his sensibilities and affinities towards his 
homeland. He does not surrender his creative inclinations or 
call for a Marxist agenda for political sloganeering or writing 
poetry, as one can admit, unaware of the genius of his 
imaginary complexity. 
The fourth collection of poetry "The Eye of the Earth" by Niyi 
Ariyoosu Osundare (1986) [10], Nigerian ecology is celebrated 
in this work and focus is given to the common man where it 
portrays one of the fiercest indictments of the people and alien 
destructive powers of modern economic culture. The Eye of 
the Earth (1986) by Osundare is divided into three sections: 
back to earth, eyeful glances of rain songs and home call with 
eighteen poems. This study investigates ecological 
implications in such poems as “forest echoes”, “The Rocks 

Rose to meet me”, “harvest call”, “Let the earth‟s pain Be 

Soothed”, “First rain”, “Rain-coming”, “Rain drum”, “farmer-
born”, “They too Are the Earth”, “Ours to Plough, Not to 

Plunder” and “Our Earth Will Not Die”. The Eye of the Earth 

poetry is divided into poems of varying lengths that lament the 
harm to the Nigerian climate for economic reasons and 
technological development. The poet's memories and 
impressions are captured by a series of confessional and 
lyrical poetry The environmental views of Osundare are 
drawn precisely from the Yoruba world view of traditional 
values taken from African culture. He claims that nature 
promotes a coherent equilibrium between microscopic species, 
insects, plants and humans and calls for the protection of the 
environment in Nigeria from the destruction of modern 
civilizations. It takes a pictorial account of man-and-earth 
violence. In other words, in the quest for better leadership by 
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alternative order, Eye of the Earth (1986) is dedicated to 
reclaiming the earth that has been forced to prostrate by 
capitalist processes. The poetry of Osundare is based on a 
vigorous, sustained concern for one of the oldest producers in 
the world: the peasants, those who till the land, and their 
quasi-mythical links to the earth. His goal is to immerse the 
realities and multiple lineaments of Africa's 
underdevelopment and poet laments on the ecological collapse 
and future which threatens the Nigerian landscape showing 
the increasing level of environmental degradation by the 
world’s mining industries. The poet's concern for the pathetic 

condition of the Nigerian environment and the propensity of 
the Nigerian ruling class to safeguard and exploit land, power 
and income resources at the cost of ecological balance and the 
well-being of the oppressed people is self-evident in this 
volume of poetry. The poet is concerned with both fact and 
the relationship between the individual and his environment. 
Therefore, it is not surprising that the whole volume is 
dedicated to poems about man engaging with nature's physical 
aspects. Really, the opening poem 'Forest Echoes' is a 
harbinger of what's to come. The poet saunters into the Ubo 
Abusoro forest in the poem, from where he allows his sea of 
memory to flood unimpeded. The first thing that strikes the 
poet when he enters the forest is the destruction by timber 
traders of the land and the trees referred to as agbegilodo in 
the poem. From this position, the poet laments the fact that, as 
a consequence of exploitation, these economic trees were 
reduced to mere stumps. There is the palm-wine tree which is 
described as conqueror of rainless seasons/mother of nuts and 
kernels/bearer of wine and life. In ' Forest Echoes, ' Osundare 
portrays man, the ground, animals, plants (actually all of 
nature) interacting and celebrating at this period of universal 
productivity in one festive mood. It's set in the past but it's 
meant to reinforce our current understanding. The second 
poem in the collection ‘The Rocks Rose to Meet Me’ is an 

encounter with the rocks – another aspect of physical nature. 
Before the rock of Olosunta, the poet is standing and waiting 
like Christopher Okigbo at heavens gate. And the Olosunta 
rock began to address the poet in the following words: 
 

“You have been long, very long, and far 
 Unwearying wayfarer,  
Your feet wear the mud of distant waters  
Your hems gather the bur  
Of farthest forests;  
I can see the west most sun  
In the mirror of y our wandering eyes” 
(Osundare the Eye of the Earth, 13). 

 
In these lines, Osundare is doing some kind of homecoming. 
He is a renegade and is now trying to establish vital links with 
the past. As he put it: 
 

‘The Rocks Rose to Meet Me’ is a homecoming of a  
Kind, a journey back (and forth) into a receding past 
Which still has a right to live. The rocks celebrated in 
This section… occupy a central place in the cosmic  
Consciousness of Ikere people; they are worshipped  
and frequently appeased with rare gifts, thunderous  

Drumming and dancing 
 (Osundare the Eye of The Earth ‘Preface’ xiii). 

 
The truth is that Osundare honors the rocks of Olosunta in 
Ikere cosmology, since they are both an aspect of physical 
existence and have a supernatural dimension. It is mother 
earth and natural laws require that the resources of nature 
should be used to advance society. Osundare also revolves 
around the cosmology of Ikere individuals in 'Harvest Call'. 
The rocks that rose in the previous poem to meet the poet are 
also named guardians of the spirit of harvest in Ikere's 
worldview. Thus, in this portion of the collection, all the 
poems speak of crops, harvest and bounty. The assumption is 
that the earth is a source of development and growth. Fertile 
and generous, it is. It will create food and resources for the 
good of mankind. In fact, the earth means abundance and 
abundance. The Earth is seen as the centre of wealth and life. 
Yet the rain acts as an agent or regulator between man and 
Earth. In his poetry, Osundare explores and praises these two 
facets of nature through introspection and nostalgia. Osundare 
also makes the suggestion in his celebration of the theme of 
nature that the dispossession of the world by some powers in 
society is capable and can actually threaten the full life of man 
as a human being. 
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Abstract:  

“We realize the importance of our voice only when we are silenced” 

Remembering the quotes of Malala Yousafzai, I would like to travel through the 

memoirs of holocaust faced by the Jews during Hitler’s reign as marked in the writings of Anne 

Frank in her famous work “The Diary of a Young Girl”. It is indeed true that throughout the 

history, hundreds of thousands of individuals have undergone heart rending suffering and 

horrors beyond their worst dreams. Humans have, time and again exhibited extraordinary 

resilience in adapting to the situation. During these lock down days we do face a lot of 

discomfort and frustration to be confined into our own safe home. But just think about the 

thousands and millions who had gone on exile on fear of death and about the cruelties they had 

undergone. My attempt here is to pen down the agonies and resilience they had faced during 

these holocausts. Anne, a young Jewish girl is forced into hiding with her family and one other 

family in Nazi occupied Amsterdam. The inscriptions in the form of diary writing tells us about 

her feelings and experiences they had faced and also about her budding hopes to be free once 

again. Things began to change when the Nazis came to power. Their aim was to remove the 

Jews from German society even though they were less than 1% of the population. Nazi believed 

that Jews were the root of all the evils. Life was horrific for Jews and they began to flee from 

Germany. Nazis burned down the synagogues and Jewish owned shops and even burned their 

books. Jews were fleeing and tried to find shelter wherever they could. Nazis deported these 

people to forced labour camps, where they worked to produce supplies for the increasingly 

strained war economy. In most camps the prisoners were devoid of sufficient food, equipment, 

medicine and clothing. There was a complete disregard and their health was deteriorating day 

by day. As a result of these conditions, death rates in labour camps were extremely high.  
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Believing Holland was safe for Jews, Anne’s family moved to Amsterdam in 1933. 

‘The Diary of a Young Girl’ also known as ‘The Diary of Anne Frank’, a book of diary writings 

kept by Anne frank while she was hiding for two years in the secret annex, with her family 

during the Nazi occupation of the Netherlands. The family was apprehended in 1944 and Anne 

frank died of typhus in the Bergen-Belsen concentration camp in 1945. The diary was retrieved 

by Anne’s father Mr. Otto frank, the family’s only known survivor after the war. The writings 

were from 14th June 1942 to 1st August 1944. Her father gifted her a red checked diary on her 

13th birthday, June 12th 1942. It was not like a usual diary writing, she wrote as letters to her 

best friend that is, diary whom she addressed as kitty. In August 1944, they were caught from 

the secret annex and were deported to Nazi concentration camps. Anne died when she was just 

fifteen years old. These letters were not just the experiences of a thirteen-year-old young girl, 

it gives us an insight into the most terrific inhumane situation that mankind had ever undergone. 

The wordings which she breathed became eternal and true. 

“I want to go on living even after my death”   

Keywords: Holocaust, Concentration Camps, Resilience.  

 

“I want to bring out all kinds of things that lie buried deep in my heart”. 

           As rightly said by Anne Frank, this is exactly what her writings were. A mixture of 

agonies, frustration, happiness, fear, realisations, relations, her first love and more over an 

account of what happened in the outside world. These letters were not just the experiences of 

a thirteen-year-old young girl, it gives us an insight into the most terrific inhumane situation 

that mankind had ever undergone. An account for her journals do tell us about how much Jews 

had suffered and deprived from the rest of the society. The restrictions imposed on them were 

even more harsh. They must always wear a yellow star and had to be indoors by eight o’clock 

and cannot even sit in their own gardens after that hour. They were forbidden to visit theatres, 

cinema halls and any other places of entertainment. Not allowed to take part in public sports, 

swimming baths, tennis courts, hockey fields and other sports grounds. They cannot visit any 

Christians and were allowed only to go to Jewish schools, many more such restrictions. A brief 

account of these imposed restrictions is clearly mentioned in the initial pages of the diary: 

                “The rest of our family, however, felt the full impact of Hitler’s anti-Jewish laws, so 

life was filled with anxiety. After 1940 good times rapidly fled: first the war, then the 
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capitulation, followed by the arrival of the Germans, which is when the sufferings of us Jews 

really began. Anti-Jewish decrees followed each other in quick succession. Jews must wear a 

yellow star, Jews must hand in their bicycles, Jews are banned from trams and are forbidden to 

drive, Jews are only allowed to do their shopping between three and five o’clock and then only 

in shops which bear the placard “Jewish shop”. (pg. 20, 21) 

                Amidst her class mates and friends she was all alone. She never had a real friend and 

was always in quarrel with her mother. She doesn’t want to fit into the usual slot. Wished to 

have her own space and always voiced her own opinions. Father was her favourite and she used 

to say “I can understand my friends better than my own mother – too bad! (pg 53). She always 

longed for someone to be her best companion and to someone to whom she can express herself. 

And it is until when she received a diary as a birthday gift from father, she began to express all 

her emotions to her best friend “Kitty” – the diary. In her own words what the diary meant for 

her: 

              “In order to enhance in my mind’s eye the picture of the friend for whom I have waited 

so long, I don’t want to set down a series of bald facts in a diary like most people do, but I want 

this diary itself to be my friend, and I shall call my friend Kitty. No one will grasp what I am 

talking about if I begin my letters to Kitty just out of the blue, so, albeit unwillingly, I will start 

by sketching in brief the story of my life”. (pg 20) 

                On July 5th 1942, Anne’s elder sister Margot received an official summons to report 

to a Nazi work camp in Germany. On July 6th they went into hiding. They were later joined by 

Hermann Van Pels, Otto’s business partner including his wife Auguste and their teenage son 

Peter. They hid in the sealed off upper rooms of the annex of Otto’s company building in 

Amsterdam. The rooms they hid in were concealed behind a moveable book case, not easily 

noticeable. Mrs Van Pel’s dentist Fritz Pfeffe, joined them four months later. They remained 

hidden there for two years and one month. Anne rightly called it as their “Secret Annex”. They 

heard about the cruelties in camps and choose to be on exile than being caught. It is right what 

Otto Frank said before going into hiding, that “we don’t want our belongings to be seized in 

by the Germans, but we certainly don’t want to fall into their clutches ourselves. So we shall 

disappear of our own accord and not wait until they come and fetch us” (pg no. 31). All kinds 

of thoughts disturbed her as into where they are going to hide, “in a town or the country, in a 

house or a cottage, when, how, and where…?” (pg 33). It was quite natural to think of all such 

unique possibilities as all of a sudden when one is forced to go on exile. We cannot even 
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imagine of such a dreadful thing, all of a sudden to leave our belongings and to go somewhere 

we are not sure of, whether to live or to die. All of them wore two or three layers of dress and 

packed just enough to hold in a sachet and left their house with anxiety. On their way they 

received sympathetic looks from people and their face showed how sorry they were as they 

couldn’t help because the gaudy yellow star spoke more than needed. 

         “Our many Jewish friends are being taken away by the dozen. These people are treated 

by the Gestapo without a shred of decency, being loaded into cattle trucks and sent to 

Westerbork, the big Jewish camp the big Jewish camp in Drente. Westerbork sounds terrible: 

only one washing cubicle for a hundred people and not nearly enough lavatories. There is no 

separate accommodation. Men, women and children all sleep together. One hears of frightful 

immorality because of this; and a lot of the women, and even girls, who stay there any length 

of time are expecting babies.” (pg 63)    

             It is impossible for them to escape, most of the people in the camp are branded as 

inmates by their shaven heads and many also by their Jewish appearance. If it is as bad as this 

in Holland whatever will it be like in the distant and barbarous regions they are sent to? We 

can assume that most of them are murdered. The English radio speaks of their being gassed. 

Perhaps that is quickest way to die. We feel helpless and sympathetic for them. Anne wrote an 

incident which really wets our eyes: “Just recently for instance, a poor old crippled Jewess was 

sitting on her doorstep; she had been told to wait there by the Gestapo, who had gone to fetch 

a car to take her away. The poor old thing was terrified by the guns that were shooting at 

English planes overhead, and by the glaring beams of the searchlights. No one would dare to 

take her in and to undergo such a risk.” (pg 64). The Germans strike without the slightest mercy. 

Prominent citizens and innocent people are thrown into prison to await their fate. If the saboteur 

can’t be traced, the Gestapo simply put about five hostages against the wall. Announcements 

of their deaths appear in the papers frequently. These outrages are described as “fatal accidents” 

and countless people have gone to a terrible fate. Evening after evening the green and grey 

army lorries trundle past. The Germans ring at every front door to inquire if there are any Jews 

living in the house. No one has a chance of evading them unless one goes into hiding. Often, 

they go around with lists, and only ring when they know they can get a good haul. No one is 

spared not even the old people, babies, expectant mothers, the sick all join in the march towards 

death. Their nationality and even their very existence is being questioned. The fault is them is 

that they were born as Jews. 
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        “Nice people, the Germans! To think that I was once one of them too! No, Hitler took 

away our nationality long ago. In fact, Germans and Jews are the greatest enemies in the world” 

(pg 65) 

            It is only on the second day of arrival Anne started writing her diary. It was about how 

she felt on hiding and the peculiar place and its ambience. “Then I had a chance, for the first 

time since our arrival, to tell you all about it, and at the same time to realize myself what had 

actually happened to me and what was still going to happen” (pg 40). There was no variety in 

thoughts or nothing new to be done. They go round and round like a roundabout – from Jews 

to food and from food to politics. It isn’t an easy task to go on hiding with such alerts outside. 

Day and night more of those poor miserable people are being dragged off, with nothing but a 

rucksack and a little money. On the way they are deprived even of these possessions. Families 

are torn apart, the men, women and children all being separated. Children coming from school 

find that their parents have disappeared. Women return from shopping to find their homes shut 

up and their families gone. Every night hundreds of planes fly over Holland and go to German 

towns, where the earth is ploughed up by their bombs, and every hour hundreds and thousands 

of people are killed in Russia and Africa. No one is able to keep out of it, the whole globe is 

waging war and although it is going better for the Allies, the end is not yet in sight. And as for 

us, we are fortunate. Yes, we are luckier than millions of people. The children here run about 

in just a thin blouse and clogs, no coat, no hat, no stockings and no one helps them. Their 

tummies are empty, they chew an old carrot to stay the pangs, go from their cold homes out 

into the cold street and when they get to school, find themselves in an even colder classroom. 

Countless children stop the passers-by and beg for a piece of bread. There is nothing we can 

do but wait as calmly as we can till the misery comes to an end. Jews and Christians wit, the 

whole earth waits, and there are many who wait for death. It was not easy to go on hiding 

because of the terrific things happened outside, am account of what was happening outside: 

          “We had a short circuit last evening, and on top of that the guns kept banging away all 

the time. I still haven’t got over my fear of everything connected with shooting and planes, and 

I creep into Daddy’s bed nearly every night for comfort. I know it is very childish but you don’t 

know what it is like. The A.A. guns roar so loudly that you can’t hear yourself speak. Mrs. Van 

Daan, the fatalist, was nearly crying, and said in a very timid little voice, “Oh, it is so 

unpleasant! Oh, they are shooting so hard,” by which she really means am so frightened.” (pg 

100) 
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             Apart from that there were frequent banging outside that feared everyone and Anne 

gathered all her belongings together. She packed a suitcase with the most necessary things for 

an escape. But as her mother rightly said “Where will you escape to?” (pg114). They are Jews, 

can’t go anywhere. Even the nature, birds, animals are free to do as they like but not them. 

They are even degraded to that level. On exile they have only option to divert their mind books, 

reading and studying new things. “Ordinary people simply don’t know what books mean to us, 

shut up here, reading, learning and the radio are our amusements.” (pg 121). With the little 

ration they receive from fake cards they moved on. Celebrated birthday’s with whatever they 

find. One such poem written by Margot on Anne’s birthday tells us how their daily life and 

thoughts have been immersed in fear and agonies. 

 “The first shot sounds at dead of night 

Hush, look! A door creaks open wide, 

A little girl glides into sight, 

Clasping a pillow to her side” (pg 136) 

                    Not just that Anne used to swallow Valerian pills every day against worry and 

depression, but that doesn’t prevent her from being even more miserable the next day. She 

wrote “a good hearty laugh would help more than ten Valerian pills, but we have almost 

forgotten how to laugh. I feel afraid sometimes that from having to be so serious I will grow a 

long face and my mouth will droop at the corners”. (pg  150).  She wrote about the ambience 

there to be so oppressive and sleepy and as heavy as lead. They can’t hear a single bird singing 

outside and a deadly close silence hangs everywhere, catching hold of them as if it will drag 

them down deep into an underworld.  She used to wander from one room to another, downstairs 

and up again, feeling like a song bird whose wings have been clipped and who is hurling 

himself in utter darkness against the bars of his cage. She longed to “Go outside, laugh, and 

take a breath of fresh air, a voice cries within me, but I don’t even feel a response anymore; I 

go and lie on divan and sleep, to make the time pass more quickly and the stillness and the 

terrible fear, because there is no way of killing them”  (pg 155).  We could understand what 

she needs: 

              “When someone comes in from outside, with the wind in their clothes and the cold on 

their faces, then I could bury my head in the blankets to stop myself thinking: “When will we 

be granted the privilege of smelling fresh air?” And because I must not bury my head in the 
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blankets, but the thoughts will come. Believe me, if you have been shut up for a year and a 

half, it can get too much for you some days. In spite of all the justice and thankfulness you 

can’t crush your feelings. Crying, dancing, whistling, looking out into the world, feeling young, 

to know that am free – that is what I long for, still I must not show it, because I sometimes 

think is all eight of a us began to pity ourselves or went about with discontented faces where 

would it lead us? I couldn’t talk this to anyone but only van cry. Crying can bring such relief” 

(pg 168) 

                   There are a number of organisations such as “The Free Netherlanda” which forge 

identity cards, supply money to people “underground”, find hiding places for people, and work 

for young men in hiding and it is amazing how much noble, unselfish work these people are 

doing, risking their own lives to help and save others. Our helpers are a very good example. 

They have pulled us through up till-now and we hope they will bring us safely to dry land. 

Otherwise, they will have to share the same fate as the many others who are being searched 

for. Never had they heard one word of the burden which they certainly must be to them, never 

has one of them complained of all the trouble we give. They put on the brightest possible faces, 

bring flowers and presents for birthdays and bank holidays are always ready to help and do all 

they can. That is something we must never forget; although the Germans our helpers display 

heroism in their cheerfulness and affection “(pg 195).  Rauter, one of the German big shots, 

has made a speech. “All Jews must be out of the German occupied countries before July 1. 

Between April 1 and May 1 the province of Utrecht must be cleaned out (as if Jews are 

cockroaches). Between May 1 and June 1 the provinces of North and South Holland.”( pg 108). 

We cannot even imagine to face such a dreadful situation. On 29th march 1944, she heard a 

London radio broadcast made by the exiled Dutch minister for education, art and science Gerrit 

Bolkestein, calling for the preservation of  “ordinary documents – a diary, letters….simple 

everyday material” to create an archive for posterity as testimony to the suffering of civilians 

during the Nazi occupation. That is when she began to write more seriously that someone may 

read it.  In August 1944, they were discovered and deported to Nazi concentration camps and 

that is what she heard of her last. As she said she is living in many minds even after her death 

and too years and years apart. It is really relevant what she said, we also need to do that to keep 

our minds engaged during these lockdown days. 

                “I finally realized that I must do my school work to keep from being ignorant, to get 

on in life, to become a journalist, because that is what I want! I know I can write……but it 

remains to be seen whether I really have talent…..” 
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ABSTRACT

The present work reports a fast and efficient two-step hydrothermal route that

can deliver both WO3 nanoparticles and WS2 nanosheets. Prepared samples

were characterized using X-ray diffraction, Raman analysis, Fourier transform

infrared spectroscopy, and UV–Vis–NIR absorption. Scanning electron micro-

scopy analysis reveals that WS2 powder is composed of nanosheets having

layered structures. WO3 nanoparticles and WS2 nanosheets synthesized were

found to be efficient sonocatalyst and exhibited good removal efficiency (RE) in

the case of water containing methylene blue (MB), which is the most commonly

used dye in textile and wood industries. Under same catalyst dosage (1 g/L)

and MB concentration (10 mg/L), WO3 nanoparticles showed 61.2% of RE

within 90 min, whereas WS2 nanosheets showed a remarkable RE of 85.4%

within 30 min. Brunauer–Emmett–Teller surface area analysis and some quan-

titative explanations are furnished for better sonocatalytic performance of WS2
nanosheets compared to WO3 nanoparticles. It was also established that

sonolysis and adsorption, performing separately, do not have significant role in

dye degradation. Reusability of WS2 nanosheets is also checked for five con-

secutive runs and they showed excellent cavitation erosion resistance and hence

reproducibility that are very important to be established as a method for

industrial dye-contaminated wastewater treatment. Finally yet importantly,

capability of suggested sonocatalytic process for industrial-level wastewater

treatment was illustrated by calculating electric energy in kilowatt hours (kWh)

required to degrade 1 kg of MB (8.3 9 103 kWh/Kg). The lower value energy

consumption profile for present sonocatalytic process offers incredible future

prospects.
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1 Introduction

Tungsten-based nanostructures are promising mate-

rials that can be exploited for a variety of applica-

tions. Among them, WS2 comes under the category of

thin-layered transition metal dichalcogenides

(TMDs). The main advantage regarding WS2 is its

two-dimensional layered structure like graphene

meanwhile possessing superior electrical and optical

properties compared to graphene which mainly

attributes to its semiconducting nature and larger

interlayer spacing [1, 2]. All these aspects enable WS2
to clench great promise for a variety of applications in

biomedical field [3, 4], energy-storage devices like

lithium ion batteries and supercapacitors [5, 6], field

effect transistors [7], sensing devices [8], hydrogen

evolution reaction [9], and many others. Hydrother-

mal route is a proven efficient synthetic method for

WS2 [1, 3, 9]. Comparing to other nanomaterial syn-

thetic routes, hydrothermal methods are simpler and

the compositions of nanomaterials to be synthesized

can be well controlled by manipulating temperature,

reaction time, and by employing liquid phase or

multiphase chemical reactions [10]. Industrial

wastewater containing organic dye contaminants are

one of the crucial end product of rapid urbanization

and industrialization that threatens the balance of our

ecosystem [11–13]. Present scenario demands active

researches for simple, safe, and efficient methods to

get rid of the issues arising from dye contaminations.

One conventional method is biological remediation

that involves microbial or enzymatic degradation of

organic dyes. This method is eco-friendly and cost-

competitive but it is less efficient due to non-

biodegradable nature of most dyes [14]. Physico-

chemical methods like adsorption, reverse osmosis,

photolysis, ozonation, and coagulation-flocculation

have been used for removal of dye from wastewater.

But all these methods have the inherent drawbacks of

being economically unfeasible, unable to completely

remove the recalcitrant azo dyes, and generating

secondary pollution problems [15, 16].

Ultrasonic irradiation (sonolysis) is an attractive

method capable of degrading variety of recalcitrant

organic compounds present in wastewater. The

advantages of high power ultrasonic irradiation are

its operational simplicity, safety, cleanness, high

penetrability in water medium, high degradation

efficiency, and environmentally benign nature

[11–13]. Sonolysis involves the production of

oxidizing agents such as hydroxyl radicals (.OH)

from water that are capable of oxidizing organic

pollutants. The principle behind this process is

acoustic cavitation in a liquid medium which

involves nucleation, growth, and violent collapse of

microbubbles which generates local hot spots with

extremely high temperature and pressure. These

conditions lead to the dissociation of water molecules

and direct pyrolysis of volatile compounds [17, 18].

But sonolysis is time-consuming, energy demanding

and the complete degradation of azo dyes are diffi-

cult to achieve using ultrasound alone [12, 19]. These

factors hinder the wide applications of sonolysis for

practical treatment of wastewater.

Practical limitations of sonolysis above-mentioned

can be overcome by using an efficient heterogeneous

catalyst during sonolytic process. The role of hetero-

geneous catalyst in sonolysis can be explained using

three mechanisms, i.e., (a) Heterogeneous nucleation

mechanism: Solid particles offer favored sites at the

solid surface or phase boundary for the cavity bubble

nucleation, which is different from the homogeneous

nucleation in the bulk solution [17, 20]. This process

can bring significant improvement in dye degrada-

tion rate compared to sonolysis alone. (b) Photocat-

alytic mechanism: Light emitted in sonoluminescence

(SL) (as a result of ultrasonic cavitation in the solu-

tion) can excite the electrons in the catalyst from

valance band (VB) to conduction band (CB) there by

producing electron–hole pairs. Photocatalytic mech-

anism follows further, resulting in dye degradation

[17, 21]. (c) Thermal catalytic mechanism: High tem-

perature at local hot spots stimulates thermal excita-

tion in semiconductor leading to the generation of

electron–hole pairs capable of dye degradation

[17, 22].

The present work suggests a new hydrothermal

route to prepare pure, refined, and excellent crystal

quality WS2 nanosheets using hydrothermally pre-

pared WO3 nanoparticles, which takes less time

(26 h) compared to conventional hydrothermal

methods ([ 48 h) [1]. WS2 nanosheets were employed

as heterogeneous sonocatalyst for the degradation of

methylene blue (MB), which is the most commonly

used substance for dyeing cotton, wool, and silk [14].

WS2 nanosheets are of particular interest as sonocat-

alyst because of the following:(1) Unique two-di-

mensional morphology and high specific surface

area: Large phase boundaries in the solution can

promote heterogeneous nucleation mechanism; (2)
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Favorable bandgap: As a result of SL, light having a

wide wavelength range (200–700 nm) and relatively

high intensity is produced, suitable for exciting

electrons of WS2 from VB to CB thereby promoting

photocatalytic mechanism for dye degradation; and

(3) Temperature produced in cavitation process can

help to excite electrons from VB to CB thereby pro-

ducing electron–hole pairs for thermal catalytic pro-

cess [22]. Till now, as far as the authors are aware,

only one report of Khataee et al. deals with the

application of WS2 nanosheets as sonocatalyst [12].

They studied sonocatalytic degradation of organic

dyes such as BV10, BO2, MB, AB92, BR46, DB71, and

their removal efficiencies in 150 min were 94.01%,

76.57%, 64.20%, 54.17%, 45.41%, and 27.27%, respec-

tively [12]. It was observed that removal efficiency

and reaction time taken for MB, which is a common

dye in industrial wastewater, seem to be unappeal-

ing. Here, our work focused on the degradation of

MB only, anticipating that, if it is possible to achieve

significant removal efficiency for MB using WS2
sonocatalyst, it will definitely work well in the case of

other organic dyes also.

2 Experimental

2.1 Materials

Tungsten hexachloride (WCl6, 99.0%), thiourea

[CS(NH2)2, 99.0%], and sublimed sulfur (S, 99.0%)

purchased from Alfa Aesar were used as raw mate-

rials for WO3 and WS2 synthesis. All reagents were

used as received without further purification.

2.2 Preparation of WO3 nanoparticles
and WS2 nanosheets

WO3 nanoparticles were synthesized as described in

our previous work [23]. In order to prepare WS2
nanosheets, 0.46 gm of WO3 powder (prepared as

mentioned above) and 1.28 gm of elemental sulfur

were dissolved in 35 mL deionized water with vig-

orous stirring for about 20 min to form a homoge-

neous mixture. Then the resulting mixture was

transferred into a 50 mL Teflon-lined stainless steel

autoclave and heated to 245 �C for 8 h. The precipi-

tate formed after the process was collected by cen-

trifuging followed by washing with distilled water

and ethanol. Finally, it was dried in an electric oven

to form WS2 in powdered form.

2.3 Characterization

X-ray diffraction patterns were recorded using

PANalytical X’pert PRO high-resolution X-ray

diffractometer (HRXRD) with CuKa (k = 1.5418 Å)

radiation. To study the quality of synthesized WS2
powder, Raman analysis was performed using Hor-

iba Jobin Yvon LabRam HR system. Optical absor-

bance spectra of the samples at normal incidence

were accomplished using JASCO V-570 model UV–

Vis–NIR spectrophotometer. Fourier transform

infrared (FTIR) spectra of the samples were recorded

with a Perkin Elmer FTIR spectrometer (spectrum

software version 10.6.0) in the range of

4000–500 cm-1. Structural features of the prepared

samples were analyzed using scanning electron

microscopy (SEM) on a JEOL, JSM-840 system. Sur-

face area and porosity analysis of the WS2 and WO3

samples were performed using a high-performance

gas and vapor adsorption instrument (BELSORP-

max, Bel Japan).

2.4 Sonocatalytic study

Sonocatalytic studies were performed by employing

an ultrasonic cleaner (Vibronics, 250 W, India). MB

dye was added to water maintaining a concentration

of 10 mg/L. This initial sample was named as MB-I.

WS2 powder sonocatalyst was incorporated to the

above solution by retaining a concentration of 1 g/L.

Sonocatalytic reaction time was varied as 10, 20, 30,

60, 90, and 180 min and the resultant solutions were

named as MB-10, MB-20, MB-30, MB-60, MB-90, and

MB-180, respectively. MB-SO represents solution that

is treated ultrasonically for 90 min without using

WS2 catalyst. To study the role of only adsorption in

the removal process, the suspension was stirred

magnetically for 90 min and absorption spectrum

was recorded (named as MB-WS2). In all trials, vol-

ume of MB-containing water solution (50 mL), MB

concentration (10 mg/L), concentration of added

sonocatalyst (1 g/L), pH of the solution (optimized as

4.5, data not given), and ultrasonic power (250 W)

were kept constant. The effect of catalyst dosage of

WS2 nanosheets on RE was studied by varying it

below and above 1 g/L keeping all other sonocat-

alytic parameters the same. The dependence of initial
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concentration of MB on RE in the present sonocat-

alytic process was also explored by varying it from 5

to 30 mg/L in steps of 5 mg/L.

3 Results and discussion

Figure 1 shows XRD pattern resulting from the

hydrothermal treatment of WO3 samples with sulfur.

All the diffraction peaks obtained can be indexed to

the hexagonal structure of WS2 (JCPDS card No.

00-08-0237) [12, 24]. Hydrothermal synthesis of pure

WS2 without the peaks corresponding to WO3 and

other intermediates is challenging [1]. It is worth

revealing here that the suggested excess sulfur

treatment of WO3 played a vital role to remove the

unnecessary phases from the sample as the sulfur-

deficient samples contain WO3 and other intermedi-

ate phases.

Sulfur-treated WO3 samples show Raman peaks at

420 cm-1 and 350 cm-1 (Fig. 2), which indicates A1g

and E1
2g modes of WS2 [1, 25]. The absence of other

peaks designates that the sample consists of pure

WS2 nanosheets. According to literatures, E1
2g mode

which involves the in-plane displacement of W and S

atoms softens with increasing the number of layers.

As a result, E1
2g mode decreases in frequency which

is attributed to the enhancement of the dielectric

screening of the long-range Coulomb interaction

between the effective charges [26]. A1g mode which

involves out-of-plane vibration mode of S atoms is

found to stiffen with increasing number of layers. In

contrast with E1
2g mode, A1g mode undergoes blue

shift which can be explained by the interlayer inter-

action of S atoms in the neighboring planes [27].

Thus, the frequency difference (Dx) between A1g

mode and E1
2g mode can furnish valuable informa-

tion about the layered nature of the WS2 nanosheets.

In the present work, Dx = 70 cm-1, which is the

characteristic of bulk WS2 nanosheets [1, 25–28]. The

ratio of the intensity of A1g mode to that of E1
2g mode

could also be used as an indicator of layer thickness

of WS2 nanosheets. In the present study, this ratio is

roughly 2, which also confirms that the sample con-

sists of bulk WS2 nanosheets [25].

Fig. 1 XRD pattern of WS2 sample

Fig. 2 Raman spectrum of WS2 sample

Fig. 3 FTIR response of WS2 sample
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Figure 3 shows FTIR spectrum of WS2 sample.

Bands at 3389 and 1631 cm-1 correspond to stretch-

ing vibration and deformation of hydroxyl group

[12]. Bands detected at 3125, 1399, and 679 cm-1 are

attributed to W–S stretching and bending vibrations

and those at 930 cm-1 ascribed to S–S bonds [12, 29].

It is evident from the figure that peaks corresponding

to WO3 and other intermediate substances are absent,

designating the excellent purity of WS2 powder.

Hence XRD, Raman, and FTIR analyses are in

agreement with each other, signifying the exceptional

refinement level of WS2 nanosheets obtained from the

proposed two-step hydrothermal process.

SEM analysis (Fig. 4a–c) shows that hydrothermal

sulfur treatment changes the nanoparticle like

morphology of WO3 to nanosheet like structure

having thickness less than 100 nm. This image can be

compared with SEM pictures reported in literature

[1, 24]. EDAX spectrum of the WS2 sample is shown

in Fig. 4c. The presence of elements W and S is evi-

dent from the spectrum. There is no oxygen peak

present in the spectrum ensuring that the sample is

free from oxide content, which is in good agreement

with XRD, Raman, and FTIR spectral results. Atomic

percentages of W and S in the sample are found to be

44.4% and 55.6%, respectively. Result of UV–vis–NIR

absorption experiment is shown in Fig. 5. Sample

shows excellent absorption in the range of

400–800 nm, enabling them to absorb radiations in a

Fig. 4 a-c SEM images at different points of WS2 powder. d EDAX spectrum of WS2 sample
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wide wavelength range resulting from sonolumines-

cence which can boost dye degradation.

3.1 Sonocatalytic degradation of MB

The variations of UV–vis–NIR spectra during the

degradation of MB under different conditions are

displayed in Fig. 6. MB concentrations during the

experiment were determined by taking the intensity

of main absorption peak at 660 nm. On sonocatalysis

using WS2, the absorbance of MB decreased consis-

tently in a time-dependent manner which indicates

its degradation. MB-I represents the absorption

spectrum of initial MB solution before sonocatalysis,

and from the graph, it is clear that after 30 min of

sonocatalytic process, concentration of the dye

decreases significantly. A significant RE of around

85.4% was obtained after 30 min (Fig. 8). On further

proceeding the sonocatalysis, there is no considerable

improvement in RE up to 90 min. After 180 min of

sonocatalysis using WS2, MB solution was seemed to

be decolourized completely (Fig. 7). The characteris-

tic peak at 660 nm disappeared showing the dis-

truction of the conjugate structure of MB [19]. Also, it

is to be noted that the MB solution treated ultrason-

ically without WS2 nanosheets (MB-SO) showed only

20% of RE even after sonicating for 90 min. Absorp-

tion spectrum of samples with WS2 nanosheets and

without ultrasonication (MB-WS2) was also recorded

to investigate the role of adsorption in RE. It was

observed that adsorption alone has no major role in

dye degradation and RE (* 10%) was not significant

in this case (Fig. 8).

It is clear from the observations that instead of

sonolysis alone, the synergistic effect of sonolysis and

catalysis contributes significantly for dye degrada-

tion. Due to the illumination of ultrasonic waves (at

frequencies above 16 kHz), acoustic cavitations (tiny

micro bubbles) are formed in the solution. Due to

rapid expansion during the compression/rarefaction

cycles, they finally reach a critical size. After that, the

violent collapse (implosion) of these microbubbles

produces local hot spots in the medium having

temperatures as high as 105 �C or 106 �C and pres-

sures up to about 1000 bar [30, 31]. These hot spots

are responsible for pyrolysis of water molecules to

produce reactive oxygen species (ROS) mainly

hydroxyl (.OH) radicals being capable of oxidizing

organic pollutants. On introducing WS2 catalyst in

sonolysis, heterogeneous nucleation mechanism

comes into play. Dyes are adsorbed to catalytic sur-

face during oscillation and the ROS on chemical

reactions oxidizes the dye. Desorption of the prod-

ucts from the catalyst surface followed by mass

transfer of the product from the catalyst surface to the

bulk solution occurs during the process [23]. The

phenomenon of sonoluminescence also plays a major

role for the sonocatalytic removal of organic dyes in

which free radicals produced as a result of ultrasonic

cavitation recombines to produce light in UV range.

WS2 nanosheets having significant absorption around

800 nm (Fig. 5) can easily absorb these UV radiation

and produces electron–hole pairs. A photocatalytic

mechanism can be followed further. Moreover, these

Fig. 5 UV–vis–NIR absorption spectrum of WS2

Fig. 6 The variation of UV–vis spectra during the degradation of

MB in different process
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electron–hole pairs can further produce ROS like
�OH, O2

2� and �OOH radicals. All these factors sig-

nificantly improve the removal efficiency of the dye

[12, 13, 17–19].

WO3 nanoparticles are also used as sonocatalyst in

the present study and RE was observed to be 61.2%

even after 90 min of sonocatalytic process (Fig. 8)

[23]. By examining quantitatively, a sonocatalytic

process is more efficient as the total numbers of col-

lapsed cavitation bubbles (N) are greater, which

effectively enhances hydroxyl radical generation and

sonoluminescence. The parameter ‘N’ mainly

depends on three factors: (1) number of bubbles col-

lapsed from homogeneous nucleation (Nho), (2)

number of bubbles collapsed from heterogeneous

nucleation (Nhe), and (3) number of bubbles coa-

lesced with particles as a result of collisions (Nco)

[32]. In order to study the sonocatalytic behavior of

WS2 nanosheets and WO3 nanoparticles, the volume

of MB solution taken was the same. So the extent of

homogeneous nucleation happening in the bulk of

the solution is assumed to be the same for both

nanosheets and nanoparticles. Hence, the factor (Nho)

is approximately same for both cases.

Heterogeneous nucleation mainly depends on

textural property of the sonocatalyst; in this context,

nitrogen adsorption–desorption isotherms can pro-

vide vital information regarding specific surface area,

pore size, pore volume, etc. N2 adsorption–desorp-

tion isotherm and Barrett–Joyner–Halenda (BJH)

pore size distribution curve for WS2 nanosheets and

WO3 nanoparticles at 77 K are shown in Figs. 9 and

10, respectively. Both WS2 nanosheets and WO3

nanoparticles show type IV isotherm, which is the

characteristic of a mesoporous material [12]. The

Brunauer–Emmett–Teller (BET) equation was

employed to estimate and compare the specific sur-

face areas of the samples. The specific surface area of

WS2 nanosheets is calculated to be 6.20 m2/g, which

is more than two times that of WO3 nanoparticles

(2.73 m2/g). Pore volume and mean pore diameter

for WS2 nanosheets (0.0081cm3/g and 5.81 nm) and

that of WO3 nanoparticles (0.0045 cm3/g and

Fig. 7 Photograph showing

the degradation of MB

solution at different times on

sonocatalysis using WS2
nanosheets

Fig. 8 Removal efficiency Vs time graph for different processes

Fig. 9 Nitrogen adsorption–desorption isotherm of the WS2
nanosheets. The BJH pore size distribution curve is shown as inset
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7.30 nm) were evaluated using BJH method. Due to

better values of specific surface area and pore vol-

ume, solid–liquid interface area increases tremen-

dously in the solution and this increases

heterogeneous nucleation for nanosheets-mediated

sonocatalysis compared to that of nanoparticles.

Effectively, the factor (Nhe) is better for WS2
nanosheets. Sonoluminescence also increases for WS2
sonocatalysis. Absorption of WS2 around 800 nm

enables it to absorb a wide range of energy produced

as result of sonoluminescence leading to electron–

hole pair production which facilitates dye degrada-

tion. For WO3 nanoparticles, Brownian motion is so

marked than WS2 nanosheets. This will increase the

number of collisions and hence the number of bub-

bles coalesced with particles (Nco). As a result of

bubble–particle coalescence, the bubble turns out to

be more stable and it is not so easy to collapse as a

free bubble [32]. The factor Nco reduces the total

number of collapsed cavitation bubbles (N) and

causes low sonocatalytic activity for WO3

nanoparticles.

3.2 Effect of WS2 catalyst dosage

The sonocatalytic degradation of MB in the presence

of variable concentrations of WS2 nanosheets is

shown in Fig. 11. Other operational parameters of

sonocatalytic process such as volume of MB-con-

taining water (50 mL), MB concentration (10 mg/L),

pH of the solution (4.5), ultrasonic power and

irradiation time (250 W, 30 min) were kept constant.

Initially, as the catalyst concentration increases, the

sonocatalytic activity increased upto 1 g/L. This is

due to the fact that the increase in amount of WS2
heterogeneous catalyst provided more active sites

that can promote heterogeneous nucleation which

effectively releases more active species that could

degrade organic dye [33, 34]. For higher catalyst

concentrations (i.e., above 1 g/L), there is no signifi-

cant improvement in sonocatalytic activity and hence

in RE. As the catalyst concentration increases,

aggregation of sonocatalytic particles follows and

reduces the active sites. At higher sonocatalyst con-

centrations, it will be more difficult for ultrasound

wave to interact with catalyst surfaces and resulting

in sound attenuation. Also, screening effect for flash

light emitted in sonoluminescence will be more sig-

nificant at higher catalyst dosage which will suppress

possible photocatalytic reactions. Moreover, higher

catalyst dosage leads to more collision of activated

moleculed with catalyst in ground state which will

have adverse effect on sonocatalytic efficiency

[33–35]. So, for above-mentioned operational param-

eters of present sonocatalytic process, 1 g/L catalyst

dosage of WS2 nanosheets is found to be optimum.

3.3 Effect of initial concentration of MB
on degradation efficiency of WS2

nanosheets

Concentration of MB in water is varied from 5 to

30 mg/L keeping all other operational parameters

Fig. 10 Nitrogen adsorption–desorption isotherm of the WO3

nanoparticles. The BJH pore size distribution curve is shown as

inset

Fig. 11 Effect of catalyst dosage on MB degradation
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the same (optimized as above). Figure 12 clearly

indicates that as initial MB concentration increases

RE goes on decreasing. On increasing initial MB

concentration, dye molecules that adsorbed on the

surface of catalyst increase. But the number of

available reactive species remains the same leading to

insufficient degradation of organic dye [36, 37]. The

variation in RE is very small when MB concentration

changes from 5 to 10 mg/L. For concentration values

above 10 mg/L, there is a drastic decrease in RE,

which designates that 10 mg/L is the highest value of

dye concentration that gives substantial RE.

Figure 13 shows the degradation MB using recy-

cled WS2 nanosheets for five consecutive runs under

optimum conditions. After each trial, WS2 nanosheets

were recovered, washed with distilled water, and

dried. The recycling tests clearly show that there is

not much decrease in the rate of degradation process

of MB even after WS2 nanosheets were repeatedly

used for 5 consecutive runs. The reusability rendered

by WS2 nanosheets were quite promising. Comparing

to microstructures, these nanostructures with the size

less than that of cavitation bubbles are highly cavi-

tation erosion resistant and easier to approach the

interfacial region which are the effective reaction

zone [13].

3.4 Assessment of electricity consumption
and industrial feasibility

The present study was conducted by utilizing a

simple ultrasonic cleaner (50 Hz, 250 W), usually

employed for cleaning purpose. So the sonocatalytic

process is less sophisticated and cost-effective, which

are the main advantages of dye degradation pro-

cesses. In order to check the feasibility of present WS2
sonocatalytic process to industrial-level wastewater

treatment, the idea of energy consumption evaluation

in the process is very important. Electric energy in

kilowatt hours (kWh) required to degrade 1 kg of MB

in water can be calculated as:

Ea ¼
E

C0 � Cð ÞV

where E is the energy consumed in each experi-

ment in kWh [18, 38]. V is the volume (dm3) of the

MB solution taken for the experiment. C0 and C are

initial and final concentrations (mg/dm3) of MB

solution. Calculated value of Ea for the present study

is 8.3 9 103 kWh/Kg, which is relatively a lower

value when compared with reported values [18].

4 Conclusion

Novel two-step hydrothermal method was employed

to overcome the challenges prevailing in the prepa-

ration of WS2 nanosheets having exceptional purity.

It was observed that the method is efficient, facile,
Fig. 12 Effect of initial concentration of MB on degradation

efficiency of WS2 nanosheets

Fig. 13 Effect of recycled WS2 nanosheets in the sonocatalytic

removal of MB
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and faster (26 h) compared to usual hydrothermal

methods ([ 48 h) for the preparation of WS2
nanosheets. Noteworthy RE (85.4%) was obtained for

WS2 nanosheets within a period of 30 min sonocat-

alytic process in MB solution. RE value and time

taken to achieve this value are much better than the

already reported values (64.20%, 150 min). It has to

be mentioned specifically that the present study car-

ried out using a basic ultrasonic cleaner (250 W,

50 Hz) without any sophistication. WO3 nanoparti-

cles are also employed as sonocatalyst for MB

degradation in water and obtained a RE of 61.2%

which is less, compared to the RE of WS2 nanosheets.

Hence, it can be concluded that layered nature, high

specific surface area, and favorable bandgap of WS2
nanosheets compared to WO3 nanoparticles played

foremost role here for better sonocatalytic activity.

Noteworthy RE, faster sonocatalytic activity, lower

power consumption (8.3 9 103kWh/Kg), and

reusability furnished by WS2 nanosheets are opti-

mistic for industrial-level dye-contaminated water

treatment.
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