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Abstract

The image segmentation task becomes complex due to spatially distributed noise and vague boundary structure between
the regions. For handling the vagueness present in images, fuzzy set theory-based clustering is popular for segmentation.
Recently, the picture fuzzy set theoretic clustering methods have been investigated for image segmentation in literature. Few
works based on picture fuzzy clustering have been reported to handle the vagueness and noise present in the image during
segmentation. In literature, most research work uses smoothing for handling noise in the segmentation, which results in
the loss of fine structure of images. Moreover, the non-linearity present in the data is also not addressed well, resulting in
the loss of crucial features. In this research work, we have presented a picture fuzzy set-based clustering method termed as
kernel fuzzy clustering based on picture fuzzy sets and KL divergence measure (KFPKL) to address the problem of noise,
vagueness, and non-linear structure present in images. The picture fuzzy set can handle the vagueness present in data. We
have included a KL divergence measure-based term in the proposed optimization problem to dampen the effect of noise in
the segmentation process. To capture the non-linear structure present in images, the kernel distance measure is used in the
proposed optimization problem. The experiments have been carried out on several synthetic image datasets and two publicly
available brain MRI datasets. The comparison with the state-of-the-art methods shows that the proposed approach provides
better segmentation performance in terms of average segmentation accuracy and Dice score.

Keywords Picture fuzzy sets - Picture fuzzy clustering - Kernel distance measures - Image segmentation -
Magnetic resonance imaging - KL divergence

1 Introduction Among these, MRIs are usually considered the safest and
most efficient as they provide high-contrast images with

Medical imaging devices are considered a handy tool for =~ a multi-dimensional view. Unlike other modalities, they

medical practitioners. These devices delineate the internal
organs, which aids in the faster diagnosis of medical
disorders. Some of the commonly used medical imaging
modalities are X-ray scan, Computed Tomography (CT)
scan, Medical Resonance Imaging (MRI), Endoscopy,
Positron Emission Tomography (PET), and Ultrasound.
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do not involve harmful ionizing radiations during image
acquisition. Due to these advantages, MRI modality is
preferred in investigating delicate body parts like soft brain
tissues consisting of White Matter (WM), Gray Matter
(Gray Matter), and Cerebrospinal Fluid (CSF).

With a large amount of MR data produced daily, faster
and more accurate analysis of this data is desired, which
requires skilled radiologists. However, the manual analysis
of these images by radiologists is time-consuming, and
further, the varying knowledge level of radiologists makes
the analysis of these images inconsistent. Also, the MR
images are often corrupted by additive noise, intensity
non-uniformity (INU), and partial volume effect, making
manual segmentation challenging. Hence, all these factors
create a requirement for automated algorithms to support
radiologists in providing quicker and more efficient analysis
of these images. Several approaches for automated medical

@ Springer
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image segmentation have been introduced in the literature,
which can be broadly categorized into Region Growing [49],
Threshold-based method [8], level set methods [2, 40, 61],
Deep Neural Networks [9, 25, 46], Markov Random Fields,
[24, 69, 73] Atlas Guided Approaches [47], Bayesian
Approaches, graph cut [14], and Clustering techniques
[4,5, 15,26, 30, 32, 35, 43-45, 63]. Among these, clustering
techniques are found to be the most effective due to a
good trade-off they offer between the time complexity and
segmentation quality which a major drawback of most of
the other approaches.

Clustering is a well-known unsupervised learning tech-
nique used to group unlabeled data based on certain
similarity measures. Some common clustering approaches
are Centroid-based, Density-based, Distribution-based, and
Hierarchical clustering [31]. Centroid-based clustering
algorithms are the easiest to implement, and are found to be
efficient for a variety of applications including data mining
[6], image segmentation [11], document classification [34],
data compression [42], bio-informatics [33], etc. Centroid-
based clustering is further classified into Hard C-Means
(HCM) and Fuzzy C-Means (FCM). In HCM, data points
are given a membership value of either O or 1 to a given clus-
ter resulting in the crisp membership matrix (1 if it belongs
to a cluster, otherwise 0) [41]. However, in real-world appli-
cations, where a data point can fit in more than one cluster,
HCM allocates datapoint to only one cluster. FCM, on the
other hand, resolves this issue by using fuzzy set theory,
where the membership matrix is soft. Thus, membership
values could be any real value in between 0 and 1. The mem-
bership value of each data point corresponding to a cluster
is inversely proportional to its distance to the prototype of
that cluster [7].

In MRI images, voxels at boundaries may belong to
more than one tissue; thus, a given voxel generally carries
the information of different tissue classes. In the presence
of imaging artifacts such as noise and intensity non-
uniformity, the image quality deteriorates, inducing the
non-linearity and uncertainty in MRI images. This makes
the intensity distribution of MR images complex, against
which most of the Fuzzy set theory based methods discussed
in the literature are not robust. To overcome this, several
clustering methods based on advanced fuzzy sets, such
as intuitionistic fuzzy sets (IFS) and picture fuzzy sets
(PES), have been proposed in literature. These advanced
fuzzy sets-based clustering methods carry the additional
information that can model the non-linearity and uncertainty
associated with MR images. However, existing methods
based on advanced fuzzy sets have certain limitations,
such as optimal parameter selection, over smoothing while
handling the noise, and computational overhead. This leads
to minimal preservation of shapes and structures and thus

@ Springer

make them less robust to imaging artifacts. Details of these
segmentation methods are discussed in Section 2.

Recently, picture fuzzy set theory based clustering
techniques have been investigated due to the better
representational capability of PFS compared to the FS
and IFS. Motivated by this, we formulate an optimization
problem for clustering using a picture fuzzy set theoretic
framework that solves the problem of noise, uncertainty,
and non-linearity in the MRI image. In this work, we
have proposed kernel fuzzy clustering using the picture
fuzzy set theoretic approach via KL divergence measure,
referred to as KFPKL. We utilize the Gaussian kernel
distance measure to compute the distance measure in higher
dimensional feature space. Due to the transformation of data
points in higher dimensional feature space, the Gaussian
kernel can solve the problem of inherent non-linearity
in data without increasing the computational complexity.
We also incorporate the KL divergence measure in the
proposed optimization problem, which gives a better trade-
off between robustness to noise and shape preservation.

In summary, the main contributions of this paper are as
follows:

— The optimization problem for clustering is formulated
using picture fuzzy set theoretic framework for han-
dling the noise and non-linearity.

— Picture fuzzy set theory based clustering method
is developed which increases the representational
capability of clusters for better decision making.

— The proposed clustering approach aims at diminishing
the effect of the noise in the segmentation process using
Kullback-Leibler (KL) based divergence measure.

— To handle the non-linear structures, the kernel distance
measures are utilized.

— The proposed clustering approach is robust to noise and
non-linear structure present in image for segmentation
task.

The rest part of this paper is organized as follows. Related
works are discussed in Section 2. Section 3 describes the
preliminaries. The proposed method is described in the
Section 4. The experimental results on various synthetic
and real data along with statistical analysis are presented in
Section 5. Finally, Section 6 includes the conclusion.

2 Related works

A wide range of medical image segmentation methods
has been discussed in the literature. These approaches can
be broadly categorized into Region Growing method [49],
Threshold-based method [8], level set method [2, 40, 61],
Deep Neural Networks [9, 25, 46], Markov Random Fields,



A noise robust KFPKL for MRl image segmentation

[24, 69, 73] Atlas Guided Approaches [47], Bayesian
Approaches, graph cut [14], and Clustering techniques
[4,5, 15, 26, 30, 32, 35, 43-45, 63].

Region growing is a region-based segmentation tech-
nique that integrates the neighboring pixels to form a seg-
mented region based on the initial seed location and the
similarity measure. In other words, region-growing segmen-
tation is a process of integrating pixels into larger groups
based on predefined seed pixels with some expanding cri-
teria and exit conditions. Due to the iterative procedure
over the pixels in the spatial domain, the region grow-
ing based segmentation methods often suffer from high
time and space complexity. Another way of segmentation
is threshold-based method which divides the images into
several clusters, based on some threshold values calcu-
lated in advance using the pixel intensity histogram. Several
threshold-based segmentation methods have been proposed
in the literature [8]. A salient feature of threshold-based
segmentation is that with the help of the threshold values,
one can determine the optimal number of clusters, mak-
ing the segmentation more precise. However, these methods
do not consider the spatial information of pixels, making
them vulnerable to additive noise. Also, their performance
largely depends on the threshold values, making them prone
to failure in case of any error in threshold calculation.

Level set-based segmentation is another vital approach
for image segmentation, where the images are represented
as contours given by the intersection of the surface with the
plane. The segmented region in the image is obtained with
the help of a numerical solution for processing topological
changes of contours which updates the surface with forces
derived from the image [57]. A major drawback of
level set-based segmentation approaches is their high time
complexity. Deep learning-based segmentation frameworks
have gained much attention in recent years as they
promise high accuracy. Various segmentation architectures
like DeepLabv3, EfficientNet, TransUnet, MedT, Swin-
Unet have shown state-of-the-art performance on several
benchmark tasks. However, these methods rely on labeled
training images and high-end computing resources. Further,
training deep learning models takes plenty of time, which
makes them expensive for image segmentation tasks.

In contrast to the aforementioned segmentation
approaches, the clustering-based methods provide a good
trade-off between the time complexity and segmentation
performance. As discussed in the introduction (Section 1),
fuzzy set theory based clustering methods are found to
be the most effective, particularly for the segmentation of
medical images. Since the performance of the FCM cluster-
ing for image segmentation task deteriorates in the presence
of noise, therefore several improvements over the conven-
tional FCM method have been proposed to suppress the

noise in segmentation process [1, 10, 13, 52]. Ahmad et al.
[1] proposed an improved FCM algorithm termed FCM_S
that captures the neighbors’ pixel deviation from centroids
to dampen the noise via a spatial regularization term. One
major drawback of FCM_S is calculation of regularization
term in each iteration, making it highly inefficient in terms
of time-complexity. Chen et al. addressed this shortcoming
of FCM_S with pre-computed mean and median image in
the spatial regularization (termed as FCM_S1 and FCM_S2,
respectively) [13]. In this way, FCM_S1 and FCM_S2 sig-
nificantly reduced the computation time, however these
were not much robust due to the involvement of spatial
parameters and over-smoothing of images that loses fine
image details. Further, Szilgayi et al. [52] presented the
Enhanced FCM (EnFCM) that uses the histogram levels
instead of pixel intensity values in the objective function.
This avoids the repeated calculation for the same intensity
pixel levels and thus, makes the segmentation very faster.
Subsequently, Cai et al. [10], extended the EnFCM to a
Fast and generalized FCM method (FGFCM). FGFCM
incorporated neighborhood-dependent adaptive weights,
which resulted in improved performance and better results
than EnFCM. Similarly, Guo et al. [62] proposed a noise-
detecting Fuzzy C means (NDFCM) to handle the problem
of the in-homogeneous noise distribution in the MR images.
NDFCM efficiently suppresses the noise and is able to
preserve the sharp image details. It contains fewer input
parameters and have a relatively low time complexity com-
pared to the FGFCM. Another research work [74], proposed
a kernel generalized fuzzy c-means clustering with spatial
information termed KGFCM for image segmentation.

Most of the methods discussed above depend on specific
input parameters, which are required to be fine-tuned for
optimal performance. Also, these methods utilize smoothing
to handle the noise during the segmentation process, which
ultimately loses the image’s fine details. To address these
issues, Krindis et al. [35] proposed a fuzzy local information
clustering method (FLICM), which uses the deviation of the
neighboring pixel from the centroid’s intensity, weighted by
a fuzzy factor and spatial distance of neighbors. FLICM is
parameter-free, and its segmentation performance on noisy
images is also satisfactory. However, this method is highly
complex since the local information is calculated in each
iteration. Further, the loss function converges during step-
wise optimization, but the objective loss does not minimize,
making the optimization unstable. Motivated by FLICM,
Gong et al. [22] proposed its variant termed as KWFLICM
that replaced the Euclidean distance with kernel metric and
introduced a trade-off weighted fuzzy factor to use the
neighbor information adaptively. Although the KWFLICM
performs better than the FLICM, it inherits the unstable
optimization problem from FLICM. Zhao et al. [70]

@ Springer
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proposed another variant, namely a Neighborhood Weighted
FCM algorithm (NWFCM), which uses a neighbor-
weighted distance instead of Euclidean distance measure.
NWFCM is more robust to noise and faster than FLICM
and KWFLICM. Modified versions of the KWFLICM have
been reported to improve the noise resistance. Wu et al. [67]
proposed an extended KWFLICM algorithm, namely fuzzy
local information c-means clustering algorithm utilizing
total Bregman divergence driven by polynomial kernel
function (TKWFLICM). Another work by Wu et al. [64]
introduced a novel noise distance measure that combines
entropy-like kernel divergence and normalized variance
(NEKWFLICM), which improved the weighting term of the
local information in KWFLICM by making it kernel fuzzy
weighted.

Recently Lei et al. [39] proposed a fast and robust fuzzy
c-means algorithm (FRFCM) utilizing the reconstruction
operation as a pre-processing step to suppress the noise.
To avoid the heavy-computational distance calculation
between the neighbor pixels and centroids for neighborhood
information constraints, FRFCM instead leveraged the
membership filtering as a post-processing step. With no
regularization term in the objective function, FRFCM
significantly reduced the time complexity for segmentation
in presence of various noises. FRFCM, however is brittle
to the high-intensity noise and fails to preserve the
sharp edges and shapes when encountered with high-noise
samples. Zhang et al. [72] proposed DSFCM_N, which
modeled the deviation between the original pixel values and
measured noisy pixels value as residual. They considered
the residual term as sparse and thus introduced it with /;
norm constraint in the objective function. Like FRFCM,
DSFCM_N also did not show reliable performance when
tested with higher noise samples. Similarly, Wang et al.
proposed Weighted Residual Fuzzy C-means (WRFCM),
which used weighted /-norm fidelity to make the residual
estimation more reliable and obtained better results than
the previous works [58]. With the same motivation, a few
other recent works like SRFCM [60], and LRFCM [59]
also utilized the residual modeling. SRFCM employed a
three-step iterative optimization algorithm constructed by
the Lagrangian multiplier method, hard-threshold operator,
and normalization operator. It further used morphological
reconstruction operation to suppress the noise and a
tight wavelet approximated feature space to filter the
images. Like SRFCM, LRFCM also uses morphological
reconstruction and wavelet transformation with Residual
noise modeling using /o norm constraint.

In many real-world applications, the measurement of
data is imprecise. The fuzzy-based clustering method can
not handle the impreciseness of data as the obtained
fuzzy partition matrix is proportional to the distance
between the inaccurate data and the cluster centroid. Hence,

@ Springer

this imprecision in data acquisition creates uncertainty in
defining the membership value while the fuzzy clustering
process. To deal with uncertainty in defining membership
value, Atanassov proposed intuitionistic fuzzy set theory
[3] which increases the representational capability of the
real data. Integrating the intuitionistic fuzzy set in the
clustering process exploits the non-membership degree
and membership degree, leading to more precise, efficient
handling of noise and quicker convergence in contrast to
the traditional FCM [27]. In literature, many research works
advocated IFS theory based clustering as it can handle
the ambiguity while determining the membership values
[12,36-38, 56, 68, 71].

Xu et al. [68] suggested a fuzzy clustering of data
represented in terms of IFS, which utilizes intuitionistic
Euclidean distance measure [53]. Chaira [12] introduced
the concept of IFS theory to address the problem of
uncertainty in defining the membership value, also termed
as hesitation degree in the conventional FCM algorithm.
Also, it increases the significant data points in a given
cluster through the entropy term defined for IFS. Dubey
et al. [20] tried to solve the issues of pixel intensity
variations using IFS representation of pixel intensity values.
The performance of the IFS theory-based clustering method
for the segmentation of the MRI images process deteriorates
in the presence of noise. It is observed that the neighboring
pixels of a given pixel in an image are similar, which leads
to the idea of considering local spatial information to handle
noisy pixels in the image segmentation problem.

Huang et al. [26] focused on the automatic opti-
mal parameter selection and introduced neighborhood
information-based IFCM algorithm with genetic algorithm
(NIFCMGA). The method showed robust performance
against noise and outlier in medical image segmentation but
took considerable computation time as it utilizes genetic
algorithm. Verma et al. [56] proposed a parameter-free
method to handle noise and outlier in the medical data
termed as improved IFCM (IIFCM). ITFCM used both local
spatial and grey level information together for MRI segmen-
tation. The method was found to be efficient on noisy data,
but it is a considerably time-consuming method. Further,
Kumar et al. [37] introduced a membership-dependent flex-
ible neighborhood constraint to the IFCM method and pro-
posed IFCM with spatial neighborhood information (IFCM-
SNI). The spatial neighborhood information term preserved
the fine image details and can deal with high-intensity var-
ious noises. Their model gives better results on noisy MRI
images than the counter ones.

It is observed that when the data is complex, the IFS
representation of real-world information corrupts. Thus,
the IFS set-theoretic approach for clustering becomes
inefficient to the need for uneven illumination and
complex image segmentation problem [65]. To improve
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the representation of data, Cuong et al. [18] extended the
Intuitionistic Fuzzy Sets to Picture Fuzzy Set(PFS) by
further detailing the degree of hesitancy to degree of refusal
and neutrality. Motivated by the fact that PFS is a more
generalized version of IFS theory, Son et al. [51] suggested a
picture fuzzy c- means (PFCM) clustering method based on
PFS theory. Thong et al. [54] suggested another variant of
fuzzy clustering of PFS (FC-PFS) that treated the degree of
neutrality and refusal identically. However, this assumption
of FC-PFS does not appears reasonable, and the same
reflects in its performance. Wu et al. [66] improved the
robustness of the PFCM algorithm by incorporating the
spatial context into the segmentation algorithm (referred to
as IPFCM). Further, Wu et al. [65] modified the IPFCM
method termed as AIPFCM method by introducing the
adaptive weights in the optimization problem of the IPFCM
method to enhance the segmentation performance. [65]
also proposed a robust adaptive entropy weighted picture

Table 1 Summary of related methods

fuzzy clustering with spatial information (APFCMS), which
handles the noise in the image segmentation process. In
most of the methods, the spatial neighborhood information
term could not efficiently handle the problem of noise
due to the involvement of image smoothing directly or
indirectly in the segmentation problem. The smoothing
operation during the segmentation process overlooks the
delicate image structures and edges in an image. Also, the
major issue with most of the existing image segmentation
methods are non-linear structures present in the image and
optimal spatial regularization parameter value selection.
Table 1 summarizes the advantages and disadvantages of all
the related methods.

The research problems discussed above motivate us to
present an effort to solve the problems in related works
with the help of proposed kernel fuzzy clustering using
the picture fuzzy set theoretic approach via KL divergence
measure to handle the noise and non-linearity present in the

Method Advantage Disadvantage

FCM.S [13] Proposed a Fuzzy Clustering framework with neigh- Not able to preserve fine details, dependency on spatial
bor’s information to tackle noise parameter for good performance

FLICM [35] Proposed a parameter-free algorithm for robust seg- Optimization was not found to be stable and was not
mentation converging

EnFCM [52] Used histogram levels instead of spatial images Dependent on spatial parameters and fine details not
for clustering, which significantly reduced time preserved
complexity

FGFCM [10] Improved EnFCM by giving the adaptive weights to Dependent on two input parameter and the performance

KWFLICM [22]

NDFCM [23]

IPFCM [65]

KGFCM [74]

APFCMS [65]

IFCMSNI [37]

IIFCM [56]

FRFCM [39]

DSFECMN [72]

WRFCM [58]

the neighbor pixel in the window on the basis of spatial
and grayscale distance

Improved FLICM by using Kernel Distance and Fuzzy
weighted tradeoff

Proposed a parameter auto-tuning algorithm to tackle
noise intensity inhomogeneity in the image

Extended FCM_S to the Picture Fuzzy Sets Framework
with a symmetric picture fuzzy regularizing term

Added a membership Constraint for faster conver-
gence and used kernel metric

Improved IPFCM by adding adaptive weights to
Neighborhood information optimized with algorithm
and making the membership value neighborhood
weighted in the cost function

Proposed a novel Spatial Neighborhood Information
term in IFS clustering

Used IFS Clustering with neighborhood information
dependent on the spatial and grayscale distance of
neighbor pixels

Used Morphological Reconstruction as pre-processing
and membership filtering as post-processing step
Considered the deviation due to noise to be sparse as
found in real-life scenarios and used 11 norm constraint
Improved DSFCMN by using 12 norm fidelity
constraint and introducing weight term for residuals

gain was not significant

Optimization was not found to be stable and was not
converging, and was time inefficient

Sensitive to the input parameters, also dependent upon
three parameter which need to be finetuned

Lacks adequate robustness to noise and outliers and was
dependent on spatial parameter alpha

Not robust to different type of noises

Fine details not preserved and over smoothing of images

Not robust to the high strength of noise

High time complexity due to the intensive internal
operation

Not stable and difficult to obtain a tradeoff between noise
robustness and over smoothing

Performance drops when used for high-level noise
images
Performance drops when used for high-level noise
images
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image refereed as KFPKL. The proposed KFPKL method
is a PFS theory-based clustering method that incorporates
the Gaussian kernel distance measure. It helps to cluster
the data points robustly as the distance calculation is done
in a higher dimensional space using the kernel trick. Due
to the transformation of data points in higher dimensional
feature space, the kernel trick can solve the problem
of inherent non-linearity in data without increasing the
computational complexity. Further, to check the efficacy of
the proposed KFPKL method, experiments are performed
on various real and synthetic datasets. The performance of
the proposed method is compared quantitatively in terms of
average segmentation accuracy (ASA) and Dice score (DS)
with well-known existing methods such as FCM_S [13],
FLICM [35], EnFCM [52], FGFCM [10], KWFLICM [22],
NDFCM (23], IPFCM [65], KGFCM [74], APFCMS [65],
IFCMSNI [37], IFCM [56], FRFCM [39], DSFCMN [72]
and WRFCM [58].

3 Preliminaries and notations

The description of notations used in this work and related
definitions are presented here in this section.

Definition 1 Fuzzy set: A Fuzzy set is a set in which each
member element will have the fractional membership via
a membership function w4 : X — [0, 1] which gives the
degree of belongingness [69]. If A is a fuzzy set defined
over a set X, it can be represented as:

A={(x,pnalx)) :x € X} ey

Definition 2 Picture fuzzy set (PFS): A Picture fuzzy set B,
is an extension of fuzzy set over X which is represented as
[18]:

B = {(x, up(x),np(x),yp(x)) : x € X and 0
< up(x) +npx)+ypx) < 1} (2)

where up : X — [0,1],np : X — [0,1], B : X —
[0, 1] are positive membership value, neutral and negative
membership functions of an element x in the set B.

The refusal degree £p(x) of an element x in the set B
is represented as £p(x) = 1 — (up(x) + np(x) + yp(x)).
In case £p(x) = 0, the PFS B reduces to IFS B and when
ng(x) = 0; £g(x) = O then the PFS B is reduced to FS B
for all x in B.

3.1 Kernel methods
Kernel-based machine learning techniques have proved to

be efficient for several classification and feature extraction
techniques such as Support Vector Machines (SVM) [17, 55],
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Kernel Principal Component Analysis (KPCA) [50] and
Kernel Fisher Discriminant (KFD) [48]. Generally, feature
vectors associated with real data are not linearly separable,
and further learning non-linear boundaries for classification
is challenging. According to Cover’s theorem [16], the
transformation of data points from original low dimensional
space to high dimensional space can be beneficial as data
points are linearly separable in higher dimensional space.
But, at the same time, the computational complexity for
learning the classifier for high dimensional data is high as
it involves a non-linear mapping ¢ from the original space
to higher dimensional space. The problem of computational
complexity can be address using a kernel function K (x;, x;)
which satisfies Mercer’s condition [29] given as:

K(xi,xj) = o) p(x)) A3)

where x; represents data in original space, ¢ (x;) denotes
the data in higher dimensional space. From (3), it is clear
that the kernel function facilitates the ease of calculating the
required metric without the transformation of data in higher
dimension space. The use of kernels has a wide application
in many areas as they map data onto a high-dimensional
feature space to enhance the representation capability of
linear machine learning model. The linear kernel function,
polynomial kernel function of degree p, sigmoid kernel
function, and the Gaussian radial basis function (RBF) are a
few important kernel functions that are presented as

K(xi,xj) = ijxi
T p
K(xi,xj) = (1 +x; xi)

K (x;, xj) = tanh (a (ijxi) + ,3)
. llx; — x5
K(xi, xj) = exp Ty

respectively. Let elements x; and X; mapped to higher dimen-
sional space through a non-linear transform ¢ then Euclidean
distance in kernel space can be derived as follows:

lpxi) — pxHI* = llp(xi) — pxNIT N (xi) — p(x)

lpex) — ¢xNI* = px) P x) + b (x))" D (x;)

— 2¢(xi)¢(x;)
and according to (3) the above equation can be written as:
¢ (x) =P xNI* = K (xi, X0 +K (X, X)) —2K (i, X;) (4)
In case of Gaussian RBF kernel, this can be written as:
¢ (xi) — ¢ x> = 2(1 — K (xi, X)) Q)

Similarly, the Euclidean distance for other kernel space
can be calculated by replacing the corresponding kernel
function in (4).
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3.2 Picture fuzzy clustering

Son [51] proposed picture fuzzy clustering by modifying
the conventional fuzzy c-mean to incorporate the advantage
of the PFS theory. This increases the interpretability of the
clustering and increases the representational capabilities.
Let X represent the set of N data points to be clustered in
¢ groups, then the optimization problem of picture fuzzy
clustering can be given as [51]:

. ¢ N Mij "
min J(U,V : X) = Ziilzﬁl [ —— [Ix;
- - —&;

1 —mij
—vil® (©6)
with the following constraints
0 < wij, nij, 55 <1
O<mpij+nj+& <11<i<cl<j<N
c

Z Mij

— My 1<j<N
= 1 —nij —&;j

c E X

Z(mﬁ%):l, 1<j<N

i=1

Where x;, v;, and m represent the j'* datapoint, i'"
cluster centroid and degree of fuzziness, respectively. The
membership degree, neutrality degree and refusal degree
corresponding to j* data point to i* cluster are denoted by
wij, nij and &;;, respectively. These notations have similar
meanings throughout the manuscript. The optimization
problem (6) can be solved using the Lagrange method of
undetermined multipliers, and the solution can be given as:

2
Ix; = vill =T
wij = 0 —mij —&ij) — B )
D ok= IXj — v ||m=1
g—l
nij =1—&;+ RSLY < )
¢ ij (11X =vill ) mHl
Zk=1 j (HX,‘*VHI)
. m
2 ()
v = J Nij gl] (9)

ZI_V Mij m
J=1\1-nij—&;

1
&ij =1 — (ij +nij) — (1 — (uij +mij)*)e 10)
Using the above solution an alternating optimization

algorithm can be designed and segmentation results can be
obtained.

3.3 Fuzzy clustering on picture fuzzy sets (FC_PFS)
Thong et al. [54] proposed the variant of picture fuzzy

clustering termed FC_PFS. In the FC_PFS method, the
optimization problem consists of either the refusal degree

or the neutral degree. This condition results in improved
performance of PFS as the other two degrees are
also updated throughout the optimization. The actual
membership value in the PFS framework is represented as
wij (2 —&;j). Let X represents the set of N data points to be
clustered in ¢ groups, then the optimization problem of the
FC_PFS method can be given as [54]:

min J(U,V:X) = Y Z;V:l(ﬂij(z — &))" I1x;

c N
—vil> 4+ mijlognij+&;j) (11)
i=1 j=1
with the following constraints
0 < wij, mij, &ij <1
O<pij+nj+é&<11<i<cl<j=<N

C
Z#ij(z—éij)= I,1<j<N

i=1

¢ &
Z(nﬁi):l, 1<j<N
c
i=1
The optimization problem (11) can be solved using
Lagrange method of undetermined multipliers and the

solution can be given as:

S B 2 ] )
T ED Yk — el
o exp(—&;j) <1 _ D=1 5kj> ;3
= S exp(—&xy) . (13)
v Y (i 2 — E))x; "

Z;V=1(Mij(2 = &))"

iy = 1= (uij + i) — (1= Guij + ™) (15)
Using the above solution an alternating optimization
algorithm can be designed and segmentation results can be
obtained.

4 Proposed kernel fuzzy clustering based
on picture fuzzy sets and KL divergence
measure method

As discussed earlier, the presence of non-linear structures
and the noise in the image make the task of image
segmentation challenging. Many fuzzy set-theoretic based
methods in the literature address noise and non-linearity
for image segmentation tasks. It has been observed that the
segmentation performance mainly depends on the proper
selection of regularization parameter values for noisy image
segmentation problems. In this work, we have presented
a picture fuzzy set theoretic clustering method for image
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segmentation in the presence of the above mentioned
problems. Motivated by the picture fuzzy set theory-based
clustering method [54], we have formulated an optimization
problem (16) termed as kernel fuzzy clustering for picture
fuzzy set using the Kullback Liebler divergence measure
(KFPKL). The optimization problem consists of three
terms aiming to overcome the drawback of the existing
method. The first term utilizes the kernel distance measure
to handle the problem of non-Euclidean structures or
non-linear structures. Further, the second term aims to
diminish the noise effect in the segmentation process using
Kullback-Leibler (KL) based divergence measure with a
regularization parameter y. This term incorporates the
neighborhood information to correctly assign the pixel
cluster label and introduce the fuzziness in the model.
The proposed optimization takes advantage of PFS over
FS and IFS. To preserve the consistency of the PFS
based optimization problem with the FS and IFS, the true
membership is denoted by w;;(2 — &;;). The third term
>, Zyzl (mij(log nij + &j)) tries to reduce the entropy
information corresponding to PFS set for obtaining good
cluster points. In this way, the optimization problem helps
the algorithm reduce the neutrality degree »;; and refusal
degree &;; of an element to become a cluster member.

Further, the constraint ) ;_ 1(7;1] + E”) =

c
at least one out of the neutrality degree n;; and refusal
degree §&;; always exist in the model and the constraint
Do i (2—&;;) = 1 indicates the sum of true membership
values to different cluster is always 1. The optimization
problem of the proposed KFPKL can be given as follows:

1 ensures

min S (U, V:X) = D% (i 2= &) 9 x)) — ¢ (v

i=1 j=1
N
ij(2—&;j)
+yZZ iy 2= ) tog LG5
i=1 j= L
c N
+ZZ nij (lognij + &) (16)

i=1 j=

Where 7;; = ﬁ 2 ken; (Wik(2 — &)
Subject to the constraints

0<M1/ Nij» Ez]_
O<pij+mnj+é& <11<i<cl<j=<N

c
D o mijQ—&)=1,1<j<N
i=1
- 3
Z(n,,+#’>=1, 1<j<N
i=1
The mapping utilized for the transformation of samples
to higher dimensional space is represented by ¢. The
optimization problem (16) for the Gaussian radial basis
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function (RBF) kernel function using (5) can be rewritten
as:

c N
Z Z (nij@—&p) A

min J¢ (U, V: X) = - K(xj,v)
i=1 j=1
c N
ij2—&j)
3 (i@ — ) log V12— E0)
i=1 j=1 ij
c N
+ ) (mijognij + &) a7

i=1 j=1

Where 7;; = ﬁj\ D ken; (1ik(2 — &ix))
Subject to the constraints

0 < wij, mij, &ij <1
O<pij+mnj+é&<11<i<cl<j=<N

C
D wij@—g)=1,1<j<N
i=1

¢ &
Z(nij+§>=1, l<j<N
i=1

Where the

K(xj,v;) =exp (M) and the regularization param-

kernel distance measure is denoted by

eter is denoted by y. v; Vi = 1,2,...,c and x; Vj =
1,2,..., N represent the centroids of clusters and data
points respectively. After solving the optimization problem
(17), the membership value w;;, cluster center v;, neutrality
degree n;; and refusal degree &;; using Lagrange’s method
of the undetermined multiplier can respectively be obtained
as:
o exp (- 0=K)

His e 1=k (2 —=&;j)
> ) exp (—T’) !
=1

Z?;l (1ij (2 — &) K (X}, Vi)X; (19
vV, =

S0 (i 2= &)) K(xj.v)

exp (—&i)) &
nij = (1 -2 TJ) (20)
1; exp (—&;j) I=1

(18)

ij =1—(uij +mij) — (1 = (uij + 771']')0‘)é 2y

Outline of the iterative procedure for finding the solution
of the proposed method is given below.

Figure 1 shows a demonstrative example of image
segmentation using the proposed approach. The left part of
the Fig. 1 shows the clean image, whereas the right part
depicts the same image with noise. Image contains four
regions i.e., 0, 1, 2 and 3. For demonstration, three windows
of size 5 x 5 from both clean and noisy image are selected
with intensities values shown at the bottom of image. It can
be observed that the final assignment made by the proposed
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Fig.1 Demonstrative example

Require: Set values for the number of clusters ¢, the
value of regularization parameter y, the value of fuzzy
negation parameter « and the error €.

1: Initialize the membership v? = {vi(o)}cxl using the
conventional FCM

2 k<1

3: repeat

: Update the membership matrix U ®) = {/L;;-()}CX N
l1<i<cand1 < j < N using (18)

5: Update the ;;, 1 <i < cand1 < j < N using
(20)

6: Update the §;;,1 <i <cand1 < j < N using (21)

7: Compute the centers v;k), 1 <i < cusing (19)

8: k<—k+1

9: umtil ||UCHD — g @] 4 |jn@HD — 0| 4 (gD —
£ < e

10: return the centers of clusters v;, the membership

degrees (;;, neutrality degree n;; and refusal degree §&;;.

Algorithm 1 Proposed KFPKL algorithm.

o o o ww

173 | 163 |200 | 218 | 166 6589 |80 85 | 8% 202 181 136 229 204
174 196 (229 208 © 93 | 74 107|208 62 170 209 228 138 142
186 254 285 © 20 41 192 239/ 162|178 255 135 188 79 15§
155217 (13 | 0 | 26 216 251 [175 219 182 197 103 158 138 161
24 |24 |26 |61 |15 1931239 |195 1126 | 209 168 150 165 131 142

o o0 o0 v e
o 0o o o o
ww o oo
W w w oo
W w w oo
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approach to different regions for each of the noise windows
(depicted with three different colors) is consistent with the
ground truth (see the bottom part of Fig. 1).

4.1 Sensitivity analysis on parameter

The proposed KFPKL method requires Yager’s negation
parameter «, regularization parameter y, and kernel metric
parameter o as input. The method requires parameter «’s
value to be in the range [0, 1]. Figure 2 shows variation in
ASA for five BrainWeb MR images with noise levels 0, 3,
5,7, and 9 on varying the value of regularization parameter
y. It can be noted from Fig. 2 that the performance of the
proposed KFPKL method is better when the regularization
parameter y values are in the range [0, 0.5]. On this reduced
range of search space, grid search is used to find the optimal
values with step size 0.1.

The selection of the optimal value of parameter o
corresponding to the Gaussian RBF kernel function is
also crucial to the performance of the proposed KFPKL
method. Similar to the sensitivity analysis of y, we perform
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Fig.2 Variation in performance
in terms of ASA on several MRI
images with noise on different
values of y

Fig.3 Variation in performance
in terms of ASA on several MRI
images with noise on different
values of «

Fig.4 Flow diagram for
evaluating the clustering
approach
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sensitivity analysis for parameter o by running the KFPKL
algorithm for different values of ¢ in the range [100-200]
with step size 10. Figure 3 shows the ASA accuracy for
different values of sigma on the five BrainWeb images.
From Fig. 3, it could be observed that our proposed KFPKL
method is not sensitive to the kernel parameter o, and thus,
we use the value of sigma to be 150 in all our experiments.

The salient features of the proposed KFPKL method are
as follows:

— The proposed method is utilizing the picture fuzzy set
theory that handle the higher level of uncertainty that
can not be handled with FS and IFS.

— The proposed method is efficient in performing the
image segmentation in presence of noise and non-
linearity.

— KL divergence based similarity measure is used to
dampen the noise.

— The proposed method is less sensitive to the values of
parameters involve for image segmentation process.

— The proposed method utilized the kernel distance
measure which can handle the non-linear structures
present in data.

5 Experimental setup and results

In order to validate the efficacy of the proposed KFPKL
method, we have performed experiments on one synthetic
dataset and two openly accessible datasets. Aim of the
experiment is to show the effectiveness of the proposed
KFPKL clustering approach for image segmentation task
for different kind of images including natural and medical
images. Experiments are designed to check the efficacy of
the proposed method in comparison to other related methods
such as FCMS,FGFCM, EnFCM, KWFLICM, FLICM,
NDFCM, KGFCM, IPFCM, APFCMS, IIFCM, IFCMSNI,
FRFCM, DSFCMN and WRFCM. For the comparison
purpose, both quantitative and qualitative results are
obtained on several images. The quantitative performance
metrics such as average segmentation accuracy (ASA) and
Dice score (DS) [13, 40, 52] can be calculated as:

C
|X; NY;]
AsA=Y i i 22)
3
2|X; NY;]
ps =i T (23)
| Xi| + |Yil

Where the number of clusters is represented by c, X;
denotes the pixels corresponding to the i’ class in the
manually segmented ground truth image. Y; represents
the pixels assigned to the i’" class by the segmentation
algorithm. The cardinality of X; is represented by |X;|.
ASA depicts the overall segmentation performance of

a given method and lies in the range [0, 1]. On the
other hand, DS indicates the region-wise segmentation
performance, which lies in the range [0, 1]. The higher
value of both ASA and DS corresponding to the given
method shows the superior performance of that method.
Also, computation time analysis is performed to show the
superiority of the proposed KFPKL method over other
related methods. Further, statistical test is conducted to

Table 2 List of parameter values associated with each methods

Method Input Optimal parameter
parameters selection

FCM_S [13] P, p:2

a: 0.2 —3(step size 0.2)
FLICM [35] m m:?2
EnFCM [52] P, p:2

a:0.2 —3(step size 0.2)
FGFCM [10] m, Ag, Ag, m:?2

As, 0.2 —5(step size 0.2)
Ag,: 0.2 —5(step size 0.2)

KWFLICM [22] m m:?2
NDFCM [23] m, g, Ag, hg m:2
As 1 0.2 — 5(step size 0.2)
Ag 1 0.2 —5(step size 0.2)
Aq 1 0.2 — 10(step size 0.5)
IPFCM [65] m, o, o m:2
ay : 0.2 — 3(step size 0.2)
a:0.5—009(step size 0.1)
KGFCM [74] m,a, B m:2
a:0.99
B2 —5(step size 0.2)
APFCMS [65] m, A, a1, p,q m:2
A 106
a1 : 0.5 —0.9(step size 0.1)
p:3
q:6
IFCMSNI [37] m,«, B m:?2
a:0.2 —6(step size 0.2)
B:0.5—009(step size 0.1)
IIFCM [56] m, A m:?2
A :0.5—009(step size 0.1)
FRFCM [39] m m:?2
DSFCMN [72] m, A m:?2
A:(02—1)x0o(step size 0.2)
WRFCM [58] m, B, n m:?2
B :(0.01 —0.1) xo(step size 0.01)
n : 0.0001
KFPKL m,y,o m:?2
y : 0.1 — I(step size 0.1)
a :0.5-0.9 (step size 0.1)
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Fig.5 Qualitative results
obtained on synthetic gray image
corrupted with Gaussian noise
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(a) Original synthetic image and Gaussian noise corrupted synthetic image.
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(b) Ground Truth.

(¢) FCM_S Method.

(d) EnFCM Method.

(e) FGFCM Method.

(f) FLICM Method.

(g) KGFCM Method.

(h) NDFCM Method.
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Fig.5 (continued)

(i) IPFCM Method.

(j) APFCMS Method.

o oo

(k) IFCMSNI Method.

o oo

(1) IIFCM Method.

(n) DSFCMN Method.

‘: ‘ !

(o) WRFCM Method.

4] ol
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(p) KFPKL Method.
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Table 3 Details of datasets

utilized in the study Dataset Source Size Instances Noise

Brain Web http://www.brainweb 181 x 217 x 181 9 RN (5%, 7%, 9%)
.bic.mni.mcgill
.ca/brainweb

IBSR https://www.nitrc.org 256 x 256 x 63 5 RN (5%)
/projects/ibsr

Synthetic Image Synthesized 420 x 456 6 GN (5%, 10%, 15%)

RN (5%, 10% 15%)
Natural Images Publicly available 300 x 246 2 SP (5%)
(Coin corrupted GN (5%)

with noise)

validate the effectiveness of the proposed approach for
image segmentation task.

Figure 4 shows the flow diagram for evaluating
the qualitative and quantitative segmentation using the
clustering approach. First of all, we acquire the image,
followed by pre-processing, which for MR images consists
of skull stripping and tissue extraction, if required.
After this, the pre-processed image is passed to the
clustering algorithm which produces fuzzy partition matrix
corresponding to the image. Further, we get the crisp labels
by defuzzifying the fuzzy partition matrix which are used to
obtain the quantitative results. To get the qualitative results,
we can obtained the segmented image for different tissues
regions using the fuzzy partition matrix.

Table 2 shows the list of the associated parameter
corresponding to related methods along with the proposed
method. We obtain the optimized parameter value for
different techniques using the grid search and use the
average segmentation accuracy as the metric for final
parameter selection. We also report each parameter’s step

Table 4 Average segmentation accuracy for synthetic image dataset
corrupted by Gaussian noise

Methods\Images GN_005 GN_010 GN._015
FCM_S 99.31 98.09 95.45
FLICM 99.11 98.96 98.86
EnFCM 98.37 98.09 97.56
FGFCM 98.93 98.74 98.00
KWFLICM 99.97 99.90 99.72
NDFCM 98.92 98.69 97.90
IPFCM 98.33 97.60 96.17
KGFCM 95.46 98.07 97.50
APFCM_S 98.12 98.05 97.67
IFCMSNI 99.94 96.19 84.04
IIFCM 99.66 96.45 91.11
FRFCM 98.83 98.66 98.13
DSFCMN 98.36 95.76 94.45
WRFCM 99.13 98.36 97.89
KFPKL 99.99 99.96 99.93

@ Springer

size and range in Table 2. Please note that the symbols
mentioned in Table 2 are consistent according to the details
given in the corresponding research work.

5.1 Datasets

The performance of the proposed method is being validated
and compared with other related methods using a synthetic
gray image and two publicly available MRI datasets. The
synthetic gray image has four regions with intensities
4,76, 148 and 201 (See Fig. 5(a)). For experiment purpose,
this gray image is adulterated with Gaussian noise and
Rician noise.

BrainWeb dataset consisting of simulated MRI brain
volumes is utilized. This dataset is obtained from the
Montreal Neurological Institute of McGill University’s,
McConnell Brain Imaging Center! [15]. We have used
T1-weighted brain volume data which are simulated with
different intensity non-uniformity (0%, 20% and 40%) and
noise (1%, 3%, 5%, 7% and 9%) of resolution 1 x 1 x 1lmm
with 181 x 217 x 181 dimension.

Internet Brain Segmentation Repository (IBSR) is the
second brain MRI dataset being used for validation purpose.
It is also an openly accessible dataset acquired from the
Internet Brain Segmentation Repository (IBSR)? with given
ground truth or manually segmented images. Scull striping
for all the MRI images is done using the brain extraction
tool.? Table 3 shows the detailed description of the different
datasets being used for validation of the proposed approach
for image segmentation problem.

IBrainWeb [online], available: http://www.brainweb.bic.mni.mcgill.
ca/brainweb.

2IBSR [online], available: http://www.cma.mgh.harvard.edu/ibsr/

3Brain Extraction Tool (BET) [online], available: http://www.fmrib.
ox.ac.uk/fsl/


http://www.brainweb
https://www.nitrc.org
http://www.brainweb.bic.mni.mcgill.ca/brainweb
http://www.brainweb.bic.mni.mcgill.ca/brainweb
http://www.cma.mgh.harvard.edu/ibsr/
http://www.fmrib.ox.ac.uk/fsl/
http://www.fmrib.ox.ac.uk/fsl/
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Table 5 Dice Score for synthetic image dataset corrupted by Gaussian noise

GN_015

GN_010

GN_005

Methods/Images

Region 2 Region 3 Region 4 Region 1 Region 2 Region 3 Region 4 Region 1 Region 2 Region 3 Region 4

Region 1

0.9751
0.9952
0.9845
0.9886
0.9981
0.9877
0.9737
0.9841
0.9856
0.8759
0.9452
0.9868
0.9709
0.9864
0.9995

0.8053
0.9867
0.9181
0.9355
0.9901
0.9317
0.8721
0.9158
0.9222
0.5919
0.7274
0.9314
0.8508
0.9286
0.9974

0.9446
0.9548
0.9795
0.9747
0.9991
0.9748
0.9798
0.9791
0.9781
0.9417
0.9063
0.9933
0.9005
0.9839
0.9998

0.9824
0.9832
0.9872
0.9856
0.9989
0.9856
0.9867
0.9871
0.9872
0.9834
0.9618
0.9962
0.9376
0.9889

0.9884
0.9942
0.9883
0.9938
0.9988
0.9934
0.9841
0.9882
0.9883
0.9709
0.9772
0.9905
0.9812
0.9895
0.9996

0.9291
0.9569
0.9361
0.9621
0.9966
0.9601
0.9184
0.9335
0.9351
0.8650
0.8755
0.9499
0.8849
0.9445
0.9982

0.9831
0.9863
0.9813
0.9769
0.9997
0.9768
0.9846
0.9815
0.9793
0.9981
0.9734
0.9958
0.9166
0.9873
0.9999

0.9869
0.9994
0.9882
0.9875
0.9994
0.9875
0.9889
0.9884
0.9878
0.9995
0.9874
0.9977
0.9401
0.9902

0.9968
0.9959
0.9896
0.9953
0.9997
0.9952
0.9891
0.9892
0.9890
0.9995
0.9977
0.9915
0.9921
0.9961
0.9998

0.9824
0.9921
0.9448
0.9695
0.9989
0.9691
0.9423
0.9403
0.9381
0.9973
0.9868
0.955

0.9869
0.9668
0.9869
0.9762
0.9999
0.9762
0.9896
0.9801
0.9788
0.9999
0.9987
0.9984
0.9673
0.9823

0.9875
0.9831
0.9901
0.9878
0.9998
0.9878
0.9918
0.9882
0.9880

FCM_S
FLICM
EnFCM

FGFCM

KWFLICM
NDFCM
IPFCM

KGFCM

APFCM_S
IFCMSNI
IIFCM

1.0000
0.9994
0.9989
0.9781
0.9883

FRFCM

0.9573
0.9751
0.9993

DSFCMN
WRFCM
KFPKL

1.0000

1.0000

1.0000

1.0000

Table 6 Average segmentation accuracy for synthetic image dataset
corrupted by Rician noise

Methods\Images RN_05 RN_10 RN_IS
FCM_S 100.00 99.99 99.53
FLICM 100.00 99.80 99.07
EnFCM 100.00 99.45 98.75
FGFCM 98.99 98.97 98.96
KWFLICM 100.00 100.00 99.98
NDFCM 98.99 98.97 98.96
IPFCM 99.80 99.61 98.74
KGFCM 100.00 99.93 99.24
APFCM_S 100.00 98.16 98.14
IFCMSNI 100.00 100.00 100.00
IIFCM 100.00 100.00 99.93
FRFCM 99.00 98.95 98.89
DSFCMN 99.00 98.13 97.81
WRFCM 99.17 99.16 99.15
KFPKL 100.00 100.00 100.00

5.2 Results on synthetic dataset

We demonstrate the robustness of the proposed method
in handling different types of noise with varying intensity
levels. We have conducted the experiments on synthetic
image data with added Gaussian white noise (standard
deviations of 5, 10 and 15) and Rician noise (standard
deviations of 5, 10 and 15). The results measuring average
segmentation accuracy and Dice score for these images are
shown in Tables 4, 5, 6 and 7. The experimental results show
that the proposed KFPKL method performs better than any
of the mentioned methods in suppressing Gaussian white
noise and Rician noise. The performance of all of the other
mentioned methods degrade significantly with increase in
noise level but the performance of proposed KFPKL method
remained consistent and wasn’t affected much by it.

The IFCMSNI method also performed well while seg-
menting the images corrupted Rician noise. The qualitative
segmentation results obtained using the proposed KFPKL
method and the other related methods corresponding to syn-
thetic gray image corrupted with Gaussian white noise with
standard deviation 5 are shown in Fig. 5. The proposed
KFPKL method have performed better in comparison to the
existing state of the art methods as shown in Fig. 5. The
proposed approach suppresses the noise without losing fine
details of image in the segmentation process. The similar
observation can be noted from Fig. 6 for the synthetic image
corrupted with Rician noise with standard deviation 5.

5.3 Qualitative results on coin image

This section presents the analysis on qualitative results
obtained for the natural images corrupted with salt and

@ Springer



I. Khatri et al.

Table 7 Dice Score for synthetic image dataset corrupted by Rician noise

18]

RN_10 RN_15
Region 3 Region 4 Region 1 Region 2 Region 3 Region 4 Region 1 Region 2 Region 3 Region 4

Region 2

RN._5
Region 1

Methods\Images

Springer

0.9994
0.9961
0.9912
0.9955
0.9998
0.9954
0.9914
0.9948
0.9891
0.9999
0.9994
0.9918
0.9889
0.9821
0.9999

0.9915
0.9733
0.9539
0.9701
0.9994
0.9699
0.9550
0.9722
0.9384
0.9996
0.9972
0.9569
0.9403
0.9764
0.9998

0.9803
0.9796
0.9952
0.9773
0.9999
0.9773
0.9937
0.9961
0.9793

0.9875
0.9877
0.9961
0.9878
0.9999
0.9878
0.9945
0.9970
0.9879
1.0000
0.9998
0.9988
0.9722
0.9964
1.0000

0.9999
0.9993
0.9961
0.9955
0.9999
0.9955
0.9971
0.9994
0.9893
0.9999
0.9999
0.9921
0.9887
0.9818
0.9999

0.9997
0.9947
0.9791
0.9712
0.9998
0.9711

0.9998
0.9945
0.9987
0.9764

0.9998
0.9967
0.9988
0.9879
1.0000
0.9879
0.9993
0.9999
0.9880
1.0000
1.0000
0.9997
0.9808
0.9965
1.0000

1.0000
1.0000
1.0000
0.9956

1.0000
1.0000
1.0000
0.9721

1.0000
1.0000
1.0000
0.9762

1.0000
1.0000
1.0000
0.9881

FCM_S
FLICM
EnFCM

FGFCM

1.0000
0.9764
0.9992
0.9999
0.9789

1.0000
0.9956
0.9985

1.0000
0.9721
0.9920

1.0000
0.9762
0.9999

1.0000
0.9881
0.9999

KWFLICM
NDFCM
IPFCM

0.9846
0.9971
0.9393
0.9999
0.9999
0.9588
0.9480
0.9768
0.9999

1.0000
1.0000
1.0000
1.0000
0.9924
0.9951
0.9811

1.0000
1.0000
1.0000
1.0000
0.9604
0.9713
0.9771

1.0000
1.0000
1.0000
1.0000
1.0000
0.9824
0.9880

1.0000
1.0000
1.0000
1.0000
1.0000
0.9871
0.9967

KGFCM

APFCM_S
IFCMSNI
IIFCM

1.0000
0.9997
0.9989
0.9620
0.9881

1.0000
1.0000
0.9999
0.9758
0.9880

FRFCM

DSFCMN
WRFCM
KFPKL

1.0000

1.0000

1.0000 1.0000 1.0000

1.0000

pepper noise and Gaussian noise. Figures 7 and 8 show the
segmentation results of the coin’s image, corrupted with salt
& paper noise of intensity of 5% and the Gaussian white
noise with standard deviation 5, respectively. The results
of KFPKL are more robust and precise in comparison to
other related methods. KWFLICM, FLICM, FRFCM, and
WRFCM also perform well in suppressing Gaussian and
salt & pepper noise, as shown in Figs. 7 and 8. It can
be observed that IFCMSNI, EnFCM, FCM_S, KGFCM,
NDFCM, IPFCM, FGFCM, DSFCMN, and APFCM_S
cannot suppress these noise efficiently in natural images.
We observe that most of the mentioned methods do
not entirely recognize the noise, the proposed KFPKL
method reduces the noise’s impact and obtains the correct
segmentation result.

5.4 Results on simulated MRI dataset

The experimental results obtained on simulated MRI
BrainWeb dataset for different performance measures are
summarized in Tables 8, 9, 10, and 11. From these tables,
it can be point out that the proposed KFPKL method gives
best results in terms of ASA and DS in almost all the cases.
Though in some cases the average segmentation accuracy
and Dice scores of IFCMSNI, KGFCM, IIFCM and EnFCM
are comparable to the proposed method but when observed
on the whole dataset, the proposed method surely have an
upper hand over other related methods. The comparison of
DS for the proposed KFPKL method with existing methods
corresponding to segmentation of WM, GM and CSF in MR
images of the brain are listed in the Tables 9, 10 and 11
respectively. In case of GM, KFPKL performs better in 5 out
of 9 scenarios. FLICM, IIFCM and IFCMSNI also performs
better in one of the cases although the results are closed
to KFPKL. In case of WM, the proposed KFPKL performs
better in 6 out of 9 scenarios whereas the performance of all
of the other methods were below the proposed method. For
CSF, it could be observed that the KFPKL, KGFCM, IIFCM
and IFCMSNI performed well and showed very similar
performance. From the above observation and discussion on
ASA and DS result metrics, it can be concluded that the
performance of the proposed KFPKL method is superior on
this dataset.

Figures 9, 10 and 11 show the variation in performance,
in terms of ASA corresponding to all the methods
considered in this work for 0%, 20% and 40% intensity non-
uniformity, respectively. For a fixed INU level, we consider
six different noise levels 0, 1, 3, 5, 7 and 9, and observe
that KFPKL is effective in handling the noise. The ASA
of all the methods decrease with increase in noise levels
for a given intensity non-uniformity, but the performance
of the KFPKL does not degrade much when compared to
other related methods. We further show qualitative results
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Fig.6 Qualitative results
obtained on synthetic gray image
corrupted with Rician noise

T
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a) Original synthetic i 1mage and Rician noise corrupted synthetic image.

(d) EnFCM Method.

(g) KGFCM Method.
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(h) NDFCM Method.

(b) Ground Truth.

(c) FCM_S Method.

(e) FGFCM Method.

(f) FLICM Method.
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Fig.6 (continued)
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(j) APFCMS Method.
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(k) IFCMSNI Method.
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(1) IFCM Method.
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(p) KFPKL Method.
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(a) Original Coins (b) Noisy
Image Image

. .

() FGFCM (f) FLICM (g) KWFLICM (h) KGFCM

Coins

(i) NDFCM (J) IPFCM (k) APFCM.S (1) IFCMSNI
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( )IIFCM ( )FRFCM (o) DSFCMN (p) WRFCM

(q) KFPKL

Fig. 7 Qualitative results obtained on coin image corrupted with SP noise
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(a) Original Coins (b) Noisy Coins (c) FCM_S (d )EnFCM
Image Image

o ®
0@0.

(e) FGFCM (f) FLICM (g) KWFLICM (h) KGFCM

(i) NDFCM (j) IPFCM (k) APFCM_S (1) IFCMSNI

o O
.g?..o o. .‘oﬁ o

. ) A’v. i v‘ ) B '

(m) IIFCM (n) FRFCM (o) DSFCMN (p) WRFCM

(q) KFPKL

Fig.8 Qualitative results obtained on coin image corrupted with Gaussian noise
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Table 8 Average segmentation accuracy for BrainWeb dataset

Methods\Images Noise level 5 Noise level 7 Noise level 9

INU 0 INU 20 INU 40 INU 0 INU 20 INU 40 INU 0 INU 20 INU 40
FCM_S 0.9478 0.9312 0.9093 0.9387 0.9347 0.9030 0.9321 0.9196 0.8957
FLICM 0.9359 0.9284 0.9089 0.9387 0.9321 0.9036 0.9321 0.9197 0.8942
EnFCM 0.9504 0.9459 0.9267 0.9393 0.9332 0.9134 0.9267 0.9207 0.9017
FGFCM 0.9232 0.9160 0.8952 0.9177 09113 0.8933 0.9073 0.9068 0.8879
KWFLICM 0.9366 0.9289 0.9067 0.9283 0.9217 0.8979 0.9220 0.9123 0.8973
NDFCM 0.9228 0.9158 0.8944 0.9165 0.9099 0.8887 0.9070 0.9053 0.8824
IPFCM 0.9508 0.9481 0.9278 0.9395 0.9327 0.9127 0.9288 0.9226 0.9034
KGFCM 0.9559 0.9516 0.9306 0.9417 0.9355 0.9144 0.9302 0.9242 0.9041
APFCMS 0.9301 0.9243 0.9065 0.9255 0.9198 0.9007 0.9181 0.9165 0.8961
IFCMSNI 0.9511 0.9493 0.9345 0.9406 0.9389 0.9229 0.9347 0.9282 0.9096
IIFCM 0.9541 0.9513 0.9392 0.9397 0.9397 0.9243 0.9239 0.9241 0.9105
FRFCM 0.9201 09112 0.8953 0.9134 0.9024 0.8841 0.9027 0.8960 0.8730
DSFCMN 0.9329 0.9272 0.9072 0.9318 0.9240 0.9079 0.9202 0.9148 0.8926
WRFCM 0.9387 0.9313 0.9127 0.9335 0.9264 0.9032 0.9232 0.9175 0.8959
KFPKL 0.9559 0.9552 0.9377 0.9436 0.9394 0.9215 0.9334 0.9284 09118

obtained for different methods along with the proposed
KFPKL corresponding to the MR image (with noise level
= 9% ) on an axial slice 90 shown in Fig. 12. The ground
truth for the MR image corresponding to WM, GM, and
CSF is also shown in Fig. 12 (b). It can be pointed out
that the qualitative segmentation results obtained using the
proposed method are robust to noise to a greater extent when
compared to other related works.

Table 9 Dice score for WM BrainWeb dataset

5.5 Results on real MRI dataset

The experimental results obtained on real MRI dataset
(corrupted by rician noise with standard deviation 5) are
summarized in Tables 12, 13 and 14. From these tables, it is
evident that the proposed KFPKL method is proficient for
brain MR image segmentation task. Average segmentation
accuracy of the proposed KFPKL method is the best in

Methods\Images Noise level 5 Noise level 7 Noise level 9

INU 0 INU 20 INU 40 INU 0 INU 20 INU 40 INU 0 INU 20 INU 40
FCM_S 0.9636 0.9511 0.9251 0.9563 0.9512 0.9175 0.9511 0.9383 0.9123
FLICM 0.9576 0.9509 0.9325 0.9568 0.9502 0.9199 0.9511 0.9395 0.9104
EnFCM 0.9649 0.9607 0.9429 0.9573 0.9521 0.9338 0.9482 0.9427 0.9242
FGFCM 0.9528 0.9475 0.9291 0.9471 0.9418 0.9258 0.9398 0.9397 0.9215
KWFLICM 0.9664 0.9591 0.9361 0.9595 0.9531 0.9288 0.9534 0.9474 0.9297
NDFCM 0.9529 0.9476 0.9291 0.9475 0.9419 0.9234 0.9413 0.9395 0.9189
IPFCM 0.9651 0.9621 0.9435 0.9574 0.9529 0.9339 0.9516 0.9465 0.9266
KGFCM 0.9693 0.9651 0.9463 0.9591 0.9546 0.9432 0.9525 0.9474 0.9269
APFCMS 0.9552 0.9509 0.9361 0.9377 0.9328 0.9216 0.8996 0.9016 0.8919
IFCMSNI 0.9632 0.9565 0.9491 0.9683 0.9688 0.9624 0.9496 0.9419 0.9313
IIFCM 0.9701 0.9674 0.9569 0.9603 0.9574 0.9435 0.9478 0.9465 0.9338
FRFCM 0.9569 0.9489 0.9333 0.9518 0.9424 0.9242 0.9435 0.9366 0.916
DSFCMN 0.9572 0.9532 0.9339 0.9557 0.9496 0.9318 0.9489 0.9463 0.9218
WRFCM 0.9613 0.9552 0.9395 0.9575 0.9522 0.9311 0.9511 0.9472 0.9273
KFPKL 0.9703 0.9681 0.9532 0.9629 0.9604 0.9439 0.9587 0.9513 0.9337
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Table 10 Dice score for GM BrainWeb dataset

Methods\Images Noise level 5 Noise level 7 Noise level 9

INU O INU 20 INU 40 INU O INU 20 INU 40 INU O INU 20 INU 40
FCM_S 0.9039 0.8855 0.8902 0.8952 0.9011 0.8981 0.8903 0.8873 0.8858
FLICM 0.8772 0.8742 0.8668 0.8917 0.8903 0.8856 0.8902 0.8817 0.8861
EnFCM 0.9317 0.9262 0.9018 0.9076 0.9022 0.8927 0.8946 0.8916 0.8861
FGFCM 0.8537 0.8485 0.8389 0.8546 0.8506 0.8419 0.8426 0.8424 0.8393
KWFLICM 0.8853 0.8832 0.8769 0.8791 0.8774 0.8715 0.8725 0.8645 0.8704
NDFCM 0.8526 0.8473 0.8368 0.8502 0.8447 0.8304 0.8364 0.8362 0.8254
IPFCM 0.9321 0.9291 0.9031 0.9091 0.8964 0.8915 0.8853 0.8815 0.8771
KGFCM 0.9382 0.9335 0.9069 0.9212 0.9134 0.8861 0.9067 0.8989 0.8731
APFCMS 0.8704 0.8655 0.8551 0.8838 0.8765 0.8626 0.8183 0.8276 0.8125
IFCMSNI 0.9285 0.9162 0.9006 0.9417 0.9424 0.9307 0.9103 0.8973 0.8748
IIFCM 0.936 0.9331 0.917 0.9169 0.9171 0.8983 0.894 0.8956 0.8777
FRFCM 0.8931 0.8826 0.8636 0.8857 0.8718 0.8496 0.8702 0.8643 0.8367
DSFCMN 09116 0.9052 0.8796 0.9128 0.8999 0.8795 0.8961 0.8908 0.857
WRFCM 0.9191 0.9096 0.8872 0.9127 0.9043 0.8744 0.8989 0.8934 0.865
KFPKL 0.9389 0.9385 0.9161 0.9318 0.9212 0.8974 0.9267 0.9043 0.8818
comparison to other related methods. The proposed KFPKL. 5.6 Time complexity

method achieves the best Dice score in comparison to the
related methods while segmenting GM in the real MRI
images of brain. In case of WM, though the proposed
KFPKL method do not perform the best in some of the
cases like 00124, 007_08 and 002_04 but the results were
certainly comparable to the best performing method. When
compared over the all dataset, the proposed KFPKL method
has outperformed.

Table 11 Dice score for CSF BrainWeb dataset

To show the computational efficacy of the proposed KFPKL
method in comparison to other related methods, we have
obtained the average segmentation time corresponding to
image with size N. Let ¢ be the number of segments
produced and I be the iterations required. Further, w
represents the size of filtering window, N; represents the
number of neighboring data points and L represents the

Methods\Images Noise level 5 Noise level 7 Noise level 9

INU 0 INU 20 INU 40 INU 0 INU 20 INU 40 INU 0 INU 20 INU 40
FCM_S 0.9301 0.9108 0.8839 0.8952 0.9011 0.8981 0.8903 0.8873 0.8858
FLICM 0.9152 0.9061 0.8822 0.9185 0.9105 0.8771 0.9096 0.8959 0.8654
EnFCM 0.9424 0.9403 0.9312 0.9173 0.9102 0.8851 0.9007 0.8934 0.8694
FGFCM 0.8992 0.8903 0.8649 0.8901 0.8823 0.8597 0.8756 0.8766 0.8511
KWFLICM 0.9277 0.9181 0.8912 0.9188 0.9103 0.8819 09114 0.9003 0.8797
NDFCM 0.8991 0.8906 0.8646 0.8895 0.8817 0.8551 0.8776 0.8773 0.8478
IPFCM 0.9488 0.9518 0.9413 0.9177 0.9102 0.8844 0.9041 0.8965 0.8719
KGFCM 0.9531 0.9534 0.9417 0.9264 0.9321 0.9253 0.8903 0.8861 0.8864
APFCMS 0.9069 0.9004 0.8781 0.9186 0.9191 0.9098 0.8588 0.8874 0.8829
IFCMSNI 0.9529 0.9383 0.9220 0.9640 0.9638 0.9533 0.9459 0.9219 0.9236
IIFCM 0.9444 0.9439 0.9369 0.928 0.9378 0.9289 0.9179 0.9213 0.9168
FRFCM 0.8373 0.8325 0.8286 0.8312 0.8254 0.8204 0.8267 0.8242 0.811
DSFCMN 0.8773 0.8728 0.8676 0.8785 0.8726 0.862 0.8648 0.856 0.3712
WRFCM 0.8822 0.8782 0.866 0.8795 0.8719 0.8609 0.8669 0.8612 0.8515
KFPKL 0.9515 0.9557 0.9442 0.9237 0.9311 0.9247 0.9137 0.9163 0.9164
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Fig.9 Variation in performance in terms of ASA on images with 0% INU

pixel intensity levels in the image. The algorithmic time
complexity and the computation time of all the methods for
the BrainWeb image of size 181 x 217 are presented in
Table 15. The average computation time corresponding to
all the methods have been obtained in the same environment
for fair comparison. It can be observed from the Table 15
that some of the methods having similar asymptotic time
complexity but taking different average computation time
(in sec.) for segmentation task. It can be pointed out the

0.98

o
©
~N

methods for which the average computation time are less
are conversing faster in comparison to the rival methods i.e.,
taking less number of iteration to get the final segmentation
result.

5.7 Statistical test

To further evaluate the performance of the proposed
KFPKL method, we conduct statistical tests for the different

®FCM_S
m FLICM
§ 0.9 = EnFCM
3 ® FGFCM
<095 5 KWFLICM
-% = NDFCM
fg 0.94 u IPFCM
g,  KGFCM
“ 0,93 = APFCMS
3 = IFCMSNI
2 - ® lIFCM
® FRFCM
= DSFCMN
0.91 # WRFCM
| I I KFPKL
0.90 I

Noise level 0 Noise level 1 Noise level 3

Noise level 5 Noise level 7 Noise level 9

Noise Level with INU 20

Fig. 10 Variation in performance in terms of ASA on images with 20% INU
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Fig. 11 Variation in performance in terms of ASA on images with 40% INU

methods on Brainweb and IBSR dataset. We use Friedman
test, a two way parameter free statistical test used to
find out if there is any considerable difference between
the methods on the basis of observed results. It has two
hypotheses i.e. the null-hypothesis (Hp) and alternative
hypothesis (H1) respectively. If there is no major difference
in the performance of the proposed method and other
related methods then null-hypothesis is satisfied and if the
performance gap is larger than the alternative hypothesis
is satisfied. Formally (Hp) and (H;) for a performance
measure M can be presented as:

Table 12 Average segmentation accuracy for IBSR dataset

Ho : (trcmM.s = WFLICM = WEnFCM = LFGFCM = LKWFLICM
= UNDFCM = HIPFCM = UKGFCM = WAPFCM_.S = LIFCMSNI

= WIIFCM = [A\FRFCM = ILDSFCMN = ILWRFCM = ILKFPKL
(24)
Hy : ipcm.s # WFLICM 7 MEnFCM 7 WFGFCM 7 IKWFLICM

# IUNDFCM 7 WIPFCM 7 WKGFCM 7 WAPFCM_S 7 WIFCMSNI

F WIIFCM 7 LFRFCM 7 WDSFCMN 7 WWRFCM 7 WKFPKL
(25)

We particularly use the average segmentation accuracy
obtained from the different methods to rank them. In

Table 13 Dice score for WM IBSR dataset

Methods\Cases 10023 191.03 00124 00708 002_04 Methods\Cases 10023 191.03 00124 00708 002_04
FCM_S 0.6605 0.6793 0.6876  0.5694  0.4926 FCM_S 0.7804  0.7419 0.7874  0.6347  0.5216
FLICM 0.6248 0.6714 0.6834  0.5386  0.5083 FLICM 0.7847  0.7638  0.7932  0.6608  0.5199
EnFCM 0.6497  0.6513 0.6799 0.5493  0.4502 EnFCM 0.7896  0.7652  0.7976  0.6776  0.4911
FGFCM 0.6786  0.6642  0.6890 0.5454  0.4659 FGFCM 0.7876  0.7607  0.7906  0.6751  0.5034
KWFLICM 0.6944  0.6785 0.6892  0.5608  0.4448 KWFLICM 0.7876  0.7543  0.7914  0.6745  0.4758
NDFCM 0.7044  0.6728 0.6944  0.5608  0.4970 NDFCM 0.7861  0.7546  0.7987  0.6829  0.5149
IPFCM 0.6386  0.6464  0.6744 0.5421 0.4331 IPFCM 0.7895  0.7669  0.7968  0.6785  0.4842
KGFCM 0.6343  0.5801 0.6876  0.5288  0.4272 KGFCM 0.7906  0.7681  0.7957  0.6795  0.4496
APFCM_S 0.6517 0.6599 0.6838 0.5718  0.5177 APFCM_S 0.7861  0.7538  0.7948  0.6896  0.4470
IFCMSNI 0.6801  0.6633  0.6907 0.5719  0.5177 IFCMSNI 0.7849  0.7504  0.7954  0.6891  0.5987
IIFCM 0.6574 0.6738 0.6894  0.5815 0.4241 IIFCM 0.7905  0.7540  0.7905 0.6816  0.4243
FRFCM 0.6605 0.6355 0.6813  0.5427  0.4586 FRFCM 0.7612  0.7622  0.7811  0.6734  0.4975
DSFCMN 0.6834 0.6586 0.6894 0.6151 0.4971 DSFCMN 0.7839  0.6863 0.7501  0.6722  0.4362
WRFCM 0.6355 0.6541 0.6714  0.5454  0.4873 WRFCM 0.7644  0.7471  0.7915  0.6749  0.4913
KFPKL 0.7297  0.6871  0.7042  0.5846  0.5198 KFPKL 0.7954 0.7878  0.7491  0.6795  0.4421
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Table 14 Dice Score for GM IBSR dataset

Methods\Cases 10023 191.03 00124 00708 002_04
FCM_S 0.6937 0.7231  0.7258  0.5719  0.5522
FLICM 0.6403  0.6781 0.7135  0.5421  0.5922
EnFCM 0.6591  0.6521 0.7051  0.5435  0.5379
FGFCM 0.6927 0.6647 0.7147  0.5295  0.5451
KWFLICM 0.7081  0.6791  0.6939  0.5405  0.5342
NDFCM 0.7201  0.6736  0.7198  0.5431  0.5817
IPFCM 0.6467  0.6469  0.6991  0.5305 0.5154
KGFCM 0.5817 05711  0.7112  0.5082  0.5487
APFCM_S 0.6610 0.6602 0.7070  0.5549  0.4916
IFCMSNI 0.6877 0.6629  0.7124  0.5555  0.5221
IIFCM 0.6760  0.6810 0.7180  0.5768  0.5214
FRFCM 0.6689 0.6392 0.7134  0.5393  0.5251
DSFCMN 0.7017  0.6391  0.7389  0.6198  0.5166
WRFCM 0.6433  0.6567 0.6911  0.5201  0.5916
KFPKL 0.7441  0.7218 0.7373  0.5781  0.6124

Friedman test, the average rank R; of " method for a given
N number of images is obtained as:

1 &
R,:Nzrl! (26)

i=1

whererij e{l,2,...,k}(1 <i < N,1 <j <k)isrank
value for i"" image and j" method. The average Friedman
ranking is obtained by using the ASA on 9 BrainWeb brain
images (noise level 5, 7 and 9; INU 0, 20 and 40) and 5
real brain images for the different segmentation methods
and is shown in Table 16 [19, 21]. The segmentation method
with the lowest numerical value of rank is considered to
be superior among all the methods being compared. From
Table 16, it can be inferred that the Friedman ranking for
the proposed KFPKL method is the least; hence, it performs
better in comparison to other methods in terms of ASA.
We have used the statistical hypothesis test proposed by
Iman and Davenport for further investigation. Iman and
Davenport [28] defined the statistic Frp as:

(N — Dx2

F 27
Nk —1)— x2 @7)

Fip =
which is distributed according to F-distribution with k — 1
and (k — 1)(N — 1) degrees of freedom where XIZ, is the

2 _ k(k+1)2
Friedman’s statistic defined as k(k +1) [Z R; ]

In our experiments k = 15 and N = 14. The p- values
obtained by Iman and Davenport statistic are 2.92E-19
corresponding to the performance measures ASA, which
advocates the rejection of null hypothesis Hy as there
is a significant difference among different segmentation
methods at the significance level of 0.05.

However, these p-values obtained are not suitable for
comparison with the control method. Although the obtained
p-values conclude the rejection of null hypothesis Hy, but
are not appropriate for comparison with the control method.
Hence adjusted p-values [19] are required to compare
with the control method on the statistical ground. Adjusted
p-values provide the correct correlation by considering
the error accumulated with respect to a control method,
the proposed KFPKL method (lowest rank for ASA). To
calculate the adjusted p-values, some post-hoc procedures
need to be defined, and one of the commonly used
procedures is the Holm procedure. The adjusted p-values
obtained from the post-hoc procedure are shown in Table 17.
It can be observed that the performance of the proposed
KFPKL method is significantly different from the other
related methods in terms of ASA except for the IFCMSNI
and IIFCM algorithms.

Based on the statistical test observation, further, the
comparison of qualitative performance of the top 5 methods
is presented in Fig. 13 corresponding to a sample image of
BrainWeb MRI image corrupted with noise level 9. It can
be observed that the qualitative segmentation result obtained
using the proposed KFPKL method is far better than the
other 4 top methods. The statistical test also verifies the
same.

6 Conclusion

In this research, we presented a picture fuzzy set-
based clustering to address the noise, vagueness, and
non-linear structure in an image termed Kernel Fuzzy
clustering for Picture fuzzy set using the Kullback Liebler
divergence measure (KFPKL). To handle the vagueness
associated with the data, KFPKL utilizes the picture
fuzzy sets that improve clustering results by increasing
the representational capability. The Gaussian kernel is
utilized to deal with the non-linear structure present in
data. Due to the transformation of data points in higher
dimensional feature space, the kernel trick can solve the
problem of inherent non-linearity present in data without
increasing the computational complexity. The Kullback-
Leibler (KL) divergence between the actual membership
and the average neighborhood membership information
in the PFS framework helps dampen the effect of noise
in the segmentation process. The experiments are carried
out on several synthetic image datasets and two publicly
available brain MRI datasets. The comparison with the
state-of-the-art method shows that the proposed KFPKL
method provides better segmentation performance in terms
is average segmentation accuracy and Dice score. Further,
a statistical test is also conducted to show a significant
difference in the performance of the proposed KFPKL and
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Fig. 12 Qualitative results on
Brain Web MRI image

(f) FLICM Method.
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Fig.12  (continued)

(1) IIFCM Method.
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(p) KFPKL Method.

Fig. 12  (continued)
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Table 15 Comparison of

asymptotic time complexity Methods Time Complexity ~ Time (in Sec.) ~ Methods Time Complexity =~ Time (in Sec.)

and computation time
FCM_S O(Nw + INc) 1.7 APFCMS O(INc) 4.5
FLICM O(INcN;) 6.5 IFCMSNI O(Nw + INc) 5.8
EnFCM O(ILc) 0.7 IIFCM O(Nw + INc) 9.6
FGFCM O(Nw + ILc) 3.1 FRFCM O(Nw + ILc) 0.9
KWFLICM  O(Nw +INcN;) 13.6 DSECMN  O(INcN,) 117
NDFCM O(Nw + ILc) 4.3 WRFCM O(NcN;) 6.9
IPFCM O(INc) 10.0 KFPKL O(INc) 54
KGFCM O(INc) 11.7

Table 16 Average Friedman

ranking of algorithms Algorithm Ranking Algorithm Ranking
KFPKL 1.46 KWFLICM 8.82
IFCMSNI 3.39 FLICM 8.86
IIFCM 4.46 WRFCM 9.54
KGFCM 6.86 APFCMS 9.82
FCM_S 7.00 NDFCM 10.68
EnFCM 7.86 FGFCM 11.25
IPFCM 8.14 FRFCM 13.46
DSFCMN 8.39

Table 17 Adjusted p-value

(Friedman) Algorithm unadjusted$p$ $p_Holm$ Algorithm unadjusted$p$ $p_Holm$
FRFCM 1.25E-12 1.76E-11 DSFCMN 4.15E-05 2.90E-04
FGFCM 7.07E-09 9.19E-08 IPFCM 7.78E-05 4.67E-04
NDFCM 5.00E-08 6.00E-07 EnFCM 1.56E-04 7.78E-04
APFCMS 7.65E-07 8.41E-06 FCM_S 0.001 0.004
WRFCM 1.80E-06 1.80E-05 KGFCM 0.001 0.004
FLICM 1.22E-05 1.10E-04 IIFCM 0.076 0.152
KWFLICM 1.35E-05 1.10E-04 IFCMSNI 0.254 0.254
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(g) KFPKL Method.

Fig. 13 Comparison of qualitative result obtained from top five
methods based on the statistical test for BrainWeb MRI image

corrupted with noise

@ Springer

state-of-the-art methods. Although the proposed method’s
performance is effective compared to other related methods,
there are some issues that need further attention. The
first issue is related to the selection of parameters crucial
for getting accurate segmentation results. It will be
an interesting future direction to develop methods that
adaptively select the parameters. Also, another extension
of fuzzy sets for developing a clustering method for image
segmentation can be investigated in the future. Another open
issue related to the clustering problem is to develop methods
that automatically select the numbers of clusters.
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Abstract

A lot of work is being done to get the final product out of immature products. These activities are carried out with the help of
various machines. Mining is one of the most important industries. These operations are usually performed on two types of
drilling machines, namely the Bench Drilling Machine and the other is a Hand Drill Machine. A bench piercing machine can be
used for heavy tasks but to perform many tasks fails. It requires a lot of spinning machines to do the same. In the case of a
hand drill, a great deal of effort from man is needed, and the machine survives. This world-class drilling rig is a combination of
both a hand drill and a bench drill, which is designed to get the best results with reduced effort and time as well. This machine
provides additional flexibility to travel in any direction due to its contact and construction. This machine can work on all sides
provided by the operator. There are various connections and joints made in their construction that bring more flexibility to
operation. A straight column is designed in such a way that it can rotate in a circular motion. The arm provides angular
movement up and down and the latter provides precise stability and holds the engine and other joints to perform the function.

Introduction

The drilling machine is one of the most common and is one of the most common and useful machines employed in industry for
producing, forming and finishing holes in a work piece. The unit essentially consists of:

1. The spindle which turns the tool (called drill) which can be advanced in the work piece either automatically or by hand
2. A work table which holds the workpiece rigidly in position.

Working principle: The Rotating edge of the drill exerts a large force on the work piece and the holes generated. The removal
is by shearing and extrusion.

History : About 35,000 BCE, Homo sapiens discovered the benefits of the use of rotating tools. This would involve a sharp
sickle twisted between the hands of a person to pierce a hole in something. This led to the piercing of the hand, a smooth stick
that was sometimes attached to a sandbar, rubbed between the hands. This was used by many ancient civilizations around the
world including Mayors. The earliest known artifacts, such as bone, ivory, shells, and anecdotes have been found, dating to the
Upper Paleolithic period. Bow drill (strap-drill) is a first-of-its-kind machine drill, as it converts back and forth motion into a
rotating motion, and can be traced back about 10,000 years ago. It was found that tying a rope to a stick, and then connecting
the ends of the rope to the end of the rod (bow), allows the wearer to pierce quickly and effectively. Mainly used to create fires,
bow-drills were also used in ancient wooden, stone, and dental works. Archaeologists have unearthed Neolithic tombs in
Mehrah, Pakistan since the time of the Harappa, about 7,500-9,000 years ago, consisting of 9 adult teeth with 11 teeth already
bound. There are hieroglyphs depicting Egyptian carpenters and bead makers in Thebes tomb using archery tools. The earliest
evidence of such tools used in Egypt dates back to about 2500 BCE The use of bow-drills was widespread in Europe, Africa,
Asia, and North America, in ancient times, and it is still used today. Over the years a small variety of bow and string piercings
have been developed for the use of boring materials by means of building materials or fires.

PROBLEM DEFINITION

As we know, a drilling operation is a heart of many industries as well as it is also an important machine in domestic use. But if
you want to have more number of holes on a same work piece, you have to use multi spindle drilling machine having a
combination with radial drilling machine which become more costly and expensive. So it cannot be affordable for all. It also
requires varying the positions of the work piece then it also affects the accuracy of the operation. If we are going to use a hand
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drill machine: i.e. portable drilling machine, then we can obtain the flexibility in the operations but the stability during the
operation and the working conditions there is a possibility of reducing the accuracy of the operation and the weight of the
machine also affects the performance.

For such kinds of machines, the weight and vibrations also have to be considered. In portable drilling machines it is not easily
possible to achieve same accuracyand efficiency of operation every time

Construction
The fig symbolizes the various parts of a universal digging machine.
This worldwide drilling machine consists of the following components:

1. Base Frame
2. Straight Arm
3.Robot Arm

4. Bearing

5. Links

6. Motor

7. Drill Chuck

8. Drill Tool

9. Battery

10. Connecting Cables
11. Switch.

Basic Framework A basic framework is nothing but a member used for the foundation and provides appropriate support for
the meeting.

Vertical Arm: attached to a frame by means of a bearing. It rotates its axis to give direction to the other assembly to cover the
working part of the circuit.

Robot Arm: connected with the help of a flexible join on a straight arm. This connects the car handle to the straight arm.
Provides angular movement up and down the operation.

Bearing: provides support for a straight arm and allows it to rotate freely with its straight axis. Attached to the base frame

Linkage : this is used to connect or attach various parts of the system. These are flexible and can provide slide movement
between links. These are used to make rotating pears.

Motor: is a feature that provides rotational movement on the chuck or tool handle to detect the output of the machine. Here we
have used a 12V dc engine in this machine. Fig-8: Motor & Chuck

Drill Chuck: nothing but a tool handle. Hold the tool in the jaws. Attached to the motor to get the rotation movement and
move it to the cutting tool.

Piercing tool: also known as drill bit. We will use bits that are limited in size but that are mostly used on this machine in this
paper. We will use a bit of diameter 6mm, 7mm, 8mm & 10mm.

Battery: it is used to drive the motor to obtain desired output. Here we are going to use a rechargeable battery of 12V
capacity.
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Electric wires: wires are used to connect the battery to the motor.

Switch: it is used to control the ON-OFF action of the motor. When switch is at on position, the motor gets started & when
switch is at OFF position motor get stopped

PRINCIPLE / VISION

This universal drilling rig simply works on the principle of converting electricity from a battery to a useful machine by
rotating the chuck or spindle to gain cutting using the tool. It also refers to a sliding search engine that allows free rotation of
links. This results in a higher degree of freedom for the machine or the arms of the robot. This will result in a higher operating
capacity of the machine.

links 04 end-
\ By effector
92 -
&
e
91(\4 tool
frame
Z base
T frame
» U

Fig - Universal Piercing Concept
Working

.As seen in fig. provide smooth pears for each member. This sliding palette offers more accessibility and a higher level of
freedom. These members are brought together with the help of imprisoned members. As relaxation and strengthening of
communication can easily happen. As the switch is operated by the operator and is NOT ON, it then connects the engine to the
battery via power cords. As soon as the engine starts, it rotates the chuck or spindle mounted on the motor outlet. The chuck is
used to hold the tool through the jaws. As the chuck or spindle starts, it leads to rotation of the tool. This tool rotation is also
used to find the cut of a piece of work. Before starting the machine, it is necessary to make a decision and mark the size of the
cut and the depth of the holes that should be drilled. Then position the machine so that you can cover the top points with their
width. After determining the location where the foundation will be connected for the drill, the operator must start the engine.
The operator must then provide directions to the marks. After completing tasks the operator should shut down the engine and
slow down the engine. In this way the universal machine works with the least possible effort from the operator.

Advantage

Lightweight ,Portable, Easy to carry., Few efforts required.
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CONCLUSION

This universal drilling machine provides better operational stability with respect to the portable drilling rig. It seems to be
more profitable than conventional drilling rigs. This is a lightweight and portable too. So it provides better control during
operation. The joints are made so that they can rotate everywhere and work better, so they work as we expected. It reduces
the human effort required for mining operations and reduces the total energy consumption required to perform the same
tasks. It also requires less space and is easier to manage.
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The demand for single ended static random access memory is growing, driven by the decreasing technology node and
increasing processing load. This mandates the need for a single ended sense amplifier to be used along with the
memory. Consequently, a single ended latch based sense amplifier is proposed in this paper for high-speed, low power
application. The sense amplifier is designed at 32 nm technology node and its functioning is analyzed at 1 V supply
voltage, while the environment temperature is maintained at 27 °C. It is analyzed for its delay, temperature tolerance,
variability tolerance, and area occupancy. The delay requirement of 0.2 ns for the proposed scheme is significantly
lower in comparison to its other counter parts. While, its false read time is 0.3ps. In terms of power consumption, the
proposed sensing topology is marginally higher than SPSS, but its leakage power is 1.4 times less than SPSS. The major
advantage of the proposed SA is its reduced area footprint of 7.65 pmz, which is 1.78 times better the best pre-existing
topology in terms of area.

CCS CONCEPTS: Hardware ~Integrated circuits ~Semiconductor memory ~Static memory

Additional Keywords and Phrases: Single ended Sensing, Sense Amplifier, Low Variability, Temperature resilient, and Low
Power Circuit

1 INTRODUCTION

The increasing demand for battery powered system-on-chip (SoC) applications has forced designers to
lower the power requirement for a circuit. Especially, with the growing market for implantable bio-
medical devices, the need to reduce power consumption has taken the center stage. Conventionally, for a
SoC the major chuck of total power consumption is consumed by cache memory and its peripheral
circuitry [Zhai et al. 2018]. The most orthodox method to lower power consumption and improve battery
life for a SoC application is to lower its operational supply voltage (Vpp) [Rawat and Mittal 2022]. But, with
the increasing processing load, cache memories tend to occupy more area and consume major portion of
total power consumption thereby, limiting its performance. Whereas, designing a high density cache
memory operational at lower Vpp, is limited by the following reasons. Firstly, designing a high density
memory requires minimally sized transistors, which are highly vulnerable to process variations [Kim et al.
2011]. Secondly, as the Vpp decreases the current through transistor becomes exponentially dependent on
threshold voltage (V7). Thereby, increasing the circuits’ vulnerability to process variation [Rawat and
Mittal 2021, Patel et al 2021]. Additionally, as cache memory is a large array based on static random access
memory (SRAM) bit cell, it is unable to average out random variation effect due to multi-stage circuit
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design [Jeong et al 2015]. Consequently, at lower technology node SRAM is directly exposed to the ill
effects of random variation caused by device mismatch.

Conventionally, an SRAM bit cell is differential in nature, and its corresponding SA is also differential.
This differential SA uses two bitlines to perform the sensing operation. This SA circuit is solely responsible
for detection of a small differential signal on the bitline to yield a full swing signal at the output. The
differential 6T SRAM cell was the de-facto for cache memory implementation. But, its performance was
tremendously impacted by the decreasing technology node and lowering Vpp. Additionally, the inherent
conflict between the read and write operation for the 6T cell resulted in an even drastic impact on its
performance. Consequently, it can be inferred that achieving high stability for read and write operation
simultaneously, along with high yield at low Vpp is difficult. To overcome the mentioned limitations and
achieve the highlighted targets, various modified SRAM cell topologies were reported in literature [Sharma
et al 2018, Cho et al 2020, Surana and Mekie 2019, Kumar and Ubhi 2019]. One mechanism adopted to
improve the read and write stability simultaneously, is to isolate the read and write ports [Rawat and Mittal
2022]. But, this may result in increased area footprint for the cell. Another alternative is to decoupled the
read and write port for the cell. This is achieved with the help of additional transistors introduced within the
cell topology [Aly, and Bayoumi 2007]. A common feature amongst the decoupled cell and dual port cell
topologies is the utility of single bitline for read operation. The single ended read port for the cell enables
improving its read stability, results in better yield, while keeping the cell area in check. Therefore, SRAM bit
cells with single ended read operation are gaining popularity as they demonstrate improved performance at
lower values of Vpp. A cache memory designed using single ended read port mandates designing a single
ended sensing scheme. The functioning of the single ended SA is dependent on a single bit line. One of the
most common sensing scheme for single ended cell is large-signal signal ended inverter [Fan et al 2012].
For a single ended SA the sensing margin is defined as the voltage difference between the LBL voltage
levels and inverter trip voltage [Fan et al 2012].

In this paper, different pre-existing SA architectures are extensively studied to identify their weakness.
Based on the learnings, a single ended voltage mode SA is designed for low bitline input, faster sensing,
low power consumption, and greater reliability. The paper is organized into five sections, including this
introduction section. In section II the different SA designs and their flaws are discussed. The proposed
single-ended dynamic SA architecture is elaborated upon in section III. The performance of different SA
topologies are compared and analyzed in section IV. In section V the findings of the brief are summarized.

2 PRE-EXISTING SINGLE ENDED SENSE AMPLIFIER TOPOLOGIES

Conventionally for single ended topologies, domino sensing scheme is a preferred choice [Chang et al.
2008, Ohbayashi et al. 2007, Warnock et al. 2012], but its performance deteriorates as the number of cells
per bitline increases [Jeong et al. 2015]. Whereas, the pseudo differential sensing scheme is operational
even when large number of bit cells are integrated on a single bitline [Chang et al. 2014]. But, its
performance is limited by variability in reference voltage generation and strobe signal variations. The
aforementioned problems can be resolved using techniques reported by researcher in [Qazi et al. 2011,
Verma and Chandrakasan 2009]. But, these SA topologies increase the power consumption tremendously
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and also cause unintentional couple between bitline and input of SA, thereby severely limiting the
performance for the topology.

The differential SA circuit is solely responsible for detection of a small differential signal on the bitline,
to yield a full swing signal at the output [Lai and Huang, 2008]. The performance of an SA is highly critical
for an SRAM as it determines the minimum operating point, operational frequency, and power
consumption for an SRAM based memory [Zhang et al. 2000]. Conventionally, the most important
performance metric for an SA includes - sensing delay, minimum differential input voltage, and power
consumption during the read operation [Houle 2007]. But, with the increasing popularity of single ended
configuration of SRAM bit cell, it has become primal to investigate and design single ended SA for ease of
integration. Another dimension of challenge for SA designers is to bridge the widening conflict between
delay and power performance [Yang and Kim 2005, Shin et al. 2005], caused by the decreasing technology
node and increasing demand for integration density. Another major concern in the nanometer domain is
process variation; it severely effects the SA reliability [Dounavi et al. 2019]. It has been reported in
literature by different researchers that aging in SA may result in speed degradation [Agbo et al. 2017], and
off set voltage related concerns [Kraak et al. 2017, Kaark et al. 2017]. Amongst the popular conventional
SA topologies, the voltage latch based SA offers a three times better offset tolerance. Thus, making it a
better topology for the same area footprint [Patel and Sachdev 2018]. Different sensing schemes that have
been reported to perform the read sensing operation for a single ended SRAM bit cell are as follows

2.1 Domino Sensing Scheme

Typically, a domino logic based circuit is composed of a static gate inserted between consecutive dynamic
stages, which may be utilized for single ended bit-line sensing. A block diagram representation for domino
based sensing scheme used for single ended read operation is depicted in Fig. 1(a). The local read bit-line
(LBL) acts as the input to the domino logic. For a single-ended SRAM bit cell, the LBL selectively
discharges (either for ‘1’ or ‘0’) turning ON the M2 transistor, and consequently charging node Z; which in
turn is connected via an inverter to PMOS transistor M6. As Z is high, the M6 transistor is ON thereby
charging the global bit-line (GBL). Thereby, completing the read sensing operation for the memory
topology. In Fig. 1(a), one GBL is shared between two different sub banks, thus node Z may be changed by
either of the two LBLs.
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Fig. 1 Block diagram representation for (a) domino logic based sensing, and (b) modified sensing scheme

The extreme poor performance of dynamic PMOS is attributed to its high dependence on the bit line
capacitance. If large number of cells are connected in the same column, the bit line capacitance increases
drastically. This results in an extremely high delay, as the transition time from ‘1’ to ‘0’ is very high. Thus,
making dynamic PMOS sensing scheme not a suitable alternative for large memories. This sensing scheme
is simple and effective, only for memories with smaller bitline capacitance. As the size of the memory
array increases, the performance for the domino sensing scheme deteriorates. The performance of the
sensing scheme is dependent on the time consumed by the topology to detect the data stored in the cell. A
large voltage swing is required on LBL, to charge node Z. If the bit-line capacitance is very high, the
discharge time for the scheme increases, resulting in inferior performance and higher power consumption
[Qazi et al. 2011]. This technique is best suited for smaller sub-banks. To improve the performance of the
domino sensing scheme the block diagram for domino sensing scheme may be modified to replace the first
PMOS transistor M2 with a dedicated sensing topology. The block diagram for the same is depicted in Fig.
1 (b). Two different pre-existing sensing topologies that may be utilized as the first stage for the modified
domino sensing scheme are as follows.

2.2 AC Coupled Sensing Scheme

One of the topologies that has been reported for sensing scheme in Fig. 1(b) is AC coupled sensing scheme
(ACSS), reported by [Qazi et al 2011]. The detailed circuit diagram for ACSS is depicted in Fig. 2(a). It is
composed of a coupling capacitor, an inverter with a foot switch (M2), a PMOS transistor (M1) for
equalization, and an output transistor M3. Additionally, an NMOS transistor (M4) is used to form the
feedback jconnection between the GBL signal and the inverter input node X. The utility of the M2
transistor is that it enables the sensing scheme, only when a particular sub-bank is selected.
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Fig. 2 Schematic diagram for (a) ACSS, and (b) SPSS topologies

The sensing operation for the ACSS topology is a two-step process — pre-charge and evaluation. During
the pre-charge phase the enable signal ¢ is set high. Thus, the /¢ = ‘0’ and the PMOS transistor M1
connects the input node (X) and output node (Y). Consequently, the voltage values at node X and Y are
equalized. This equalization of the X and Y node biases the tri-gate inverter at the trip voltage; as its Vin
and Vout are equal. Additionally, during the pre-charge phase the Z node is discharged to ground. Once
the pre-charge step for sensing is completed the evaluation phase begins; the ¢ signal is set low. During
this phase the data stored in the memory cell to be read is being sensed. During the read operation for an
SRAM cell, the pre-charged LBL value is lowered due to read discharge current. This lowering of voltage
level on LBL gets coupled with the X node; which was initially biased at the trip voltage (during the pre-
charge phase). Consequently, a small decline in node X voltage, translates to a rapid rise in the voltage
level at node Y; the voltage gain for an inverter is extremely high at the trip voltage [Rabaey et al 2002].
Lowering of value at node X also, turns ON the M3 PMOS transistor. Thus, the Y node is connected to the
Z node via transistor M3 (which is in conducting state). The output waveform for the ACSS topology is
depicted in Fig. 3(a).

As the ACSS topology utilizes the high gain of the inverter near the trip point. It is able to perform
robustly even with a fairly smaller input swing, resulting in high sensing performance. It is also robust in
terms of variability performance, as the bias condition tracks the trip point variation in the inverter. But,
with the aforementioned merits there are limitations that have ill impacts on the performance of the ACSS.
Firstly, biasing the inverter at the trip point results in a short circuit condition between the Vpp and the
ground terminal. Thereby increasing its static power consumption. Second, for optimal functioning a large
capacitor is required by the circuit which increases the area footprint for the circuit significantly [Chang et
al. 2007].

2.3 Switching PMOS Sensing Scheme

Another circuit topology that was reported to be used as a replacement for the first stage dynamic PMOS
SA in domino sensing scheme is the switching PMOS sensing scheme (SPSS). This scheme was reported by
Jeong et al. 2016, the schematic diagram for the SPSS topology is depicted in Fig. 2(b). The circuit
comprises of a pull up PMOS transistor (M1) and a pull down NMOS transistor (M3). Two additional PMOS
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transistors connected in pass transistor configuration are added to the inverter; one between M1 and M3
and the other is connected between the drain of M1 and the input signal LBL.

«Sense'd’ » « Sense*1’ < Sense'0’ < Sense'1'-

WJM

Time Time

(@ (b)
Fig. 3. Output waveform corresponding to (a) ACSS and (b) SPSS topologies [Jeong et al. 2015]

During the pre-charge phase (¢ = ‘1’), the M4 transistor is turned ON resulting in the M1 transistor in
the diode connected topology. This results in LBL being pre-charged to Vpp-Viz. In the evaluation phase (¢
= ‘0’), the M4 transistor is turned OFF, and the M2 transistor is turned ON. This completes the inverter
circuit, with LBL as the input and the Z node as the output. For sensing ‘0’ the discharge on LBL turns on
transistor M4. The pre-charge level for LBL is Vpp-Vry, only a small swing of LBL turns ON transistor M4,
resulting in better performance. The output waveform corresponding to the SPSS topology is depicted in
Fig. 3(b). The major limitation of the SPSS topology is its utility of large number of PMOS transistors in the
circuits. The current capacity for a PMOS is lower in comparison to an equally sized NMOS transistor
[Rabaey et al 2002]. Therefore, due to the dominance of PMOS transistors in the SPSS topology, its

performance in terms of current carrying capacity, delay and area footprint suffer.
3 PROPOSED SENSE AMPLIFIER

3.1 Structure and Functioning of the proposed SA

In this paper a switching NMOS sensing scheme (SNSS) is proposed. This SNSS topology is designed as a
modifications of the reported pre-existing sensing schemes explained in the previous section. This
topology will be added as the sensing scheme in Fig. 1(b), which is a modification of domino sensing
scheme, with the first dynamic stage replaced. The detailed structure for the proposed SNSS is depicted in
Fig. 4(a). The circuit topology for SNSS consists of a pull up PMOS transistor (M1) and a pull down NMOS
transistor (M3). Two NMOS transistors (M2 and M4) are added to the inverter topology between transistor
M1 and M3. The utility of M2 is that, it is controlled by an additional control signal /¢, which is activated

only when a particular sub bank is selected.
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Fig. 4 Schematic diagram for (a) proposed sense amplifier design, equivalent-circuit configuration during (b) pre-charge
phase, and (c) evaluation phase.

During the pre-charge phase (¢ = ‘1’), the LBL is charged to due to the pre-charge circuit in Fig. 1(b).
This circuit eliminates the short circuit current condition between Vpp and ground, which gets created in
the ACSS circuit. Whereas, in the evaluation phase (¢ = ‘0°), the M1-M3 inverter is in conducting state; its
input being the bitline voltage and the output is sensed at node Z. The equivalent circuit topology during
the pre-charge and evaluation phase is depicted in Fig. 4 (b) and (c) respectively. The output waveform
corresponding to the functioning of the proposed SNSS topology is ‘depicted in Fig. 5. The circuit is
simulated for 1 V supply voltage and 27 °C environment temperature.

The performance of the proposed SNSS is tolerant to variations as the pre-charge voltage levels of LBL
works in conjunction with the NMOS transistor (M2). The obtained output waveform for SNSS is depicted
in Fig. 5(a). It can be inferred from the output waveform that SNSS performs the read sensing operation
when ‘0’ is stored in the SRAM cell. During the sense ‘0’ operation, the read wordline is exerted and the
bitline pre-charged voltage level is lowered due to read discharge current. During this phase the ¢ signal is
high and the sensing inverter topology is biased at the trip voltage (explained in the previous section).
Once the read wordline is exerted, and the bit line has discharge the ¢ signal is set low. Then the effective
circuit for SNSS is depicted in Fig: 4(c). Now, when the previously pre-charged LBL experiences a decline
in voltage level it is sufficient to turn ON transistor M1. As a consequence, the sensing performance for the
proposed SA is increased. Whereas, if ‘1’ is stored in the cell, no read discharge current is occurs. Thereby,
no output is recorded by SNSS. The same may also be inferred from Fig. 5(a).

A small bit-line discharge can turn ON transistor M1, resulting in rise in the output level voltage.
Thereby, improving its' performance in comparison to the domino sensing scheme. Whereas, in
comparison to SPSS, the proposed SNSS topology uses NMOS for switching, which improves its
operational speed; NMOS device is faster in comparison to an equally sized PMOS transistor. Additionally,
the SPSS topology is designed with stacked PMOS configuration for the pull up network, but this makes it
highly skewed. Consequently, the PMOS width needs to be fairly large, so as to ensure fast operation. This
also causes high levels of energy consumption for SPSS due to parasitic capacitance [Wong et al. 2015].
The local bit line (LBL) is the common bit line shared by a column; it acts as the input to the proposed
sensing scheme. When the data stored in the memory cell to be read is ‘0, the discharge current flows
through the read port of the cell and the LBL is discharged to ‘0’. This LBL is the input of the proposed
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sensing scheme, thus for LBL = ‘0’ it charges Z to ‘1’, provided ¢ = ‘0’. The Z node in turn, drives the
inverter M6 labelled in Fig. 1(b) to yield the full swing output as the global bit line (GBL). The GBL is
important, as it is final output for the sensing scheme. The LBLs are common amongst a memory column,
but the GBL is unique for the entire cache. Therefore, the number of LBLs in cache memory is dependent
on the array size and configuration, but there is only one GBL per cache memory.

SRAM bit cells are arranged in rows and columns to form the storage core for the cache memory. At the
bottom of each column, the bit line is connected to the input of the SA. Thus, when a read operation is to
be performance for a given cell, its respective column SA is enabled. For the proposed SNSS the same is
applicable, one sensing scheme block is common for a given column. The proposed SA performs sensing
operation only when the data stored in the bit cell is ‘0’. Whereas, if the data stored in the bit cell is ‘1’, no
discharge current is registered. So, when a cell in a column has to perform read operation, the enable
signal (¢) is set low. Additionally, the ¢ signal has to be operated with slight delay with respect to read
wordline signal; this is done to ensure that the LBL has attained its desired value after the discharge
current has passed through the circuit. Once the LBL value is set, then the ¢ signal for SA of that column is
set to ‘0’. When the read operation is completed the ¢ signal is restored to ‘1" and the SA is turned OFF.
Thereby, lowering the power consumption for the proposed sense amplifier:

3.2 Delay Analysis for the proposed SA

The proposed SA is designed for single ended SRAM cell, which results in read discharge current for state
‘0’. Therefore, LBL is low only when the selected cell have state ‘0’ stored; for state ‘1°, no discharge event
is registered. During the LBL discharge operation, the time required to raise the output node to 90% of Vpp
after assertion of the read word line for the SRAM cell is defined as the sensing delay [Na et al. 2013]. The
performance of the proposed SNSS topology at the different process corners is compared in Fig. 5(b). The
proposed SNSS topology has the most inferior performance at the SS corner. This is because the
performance of both the PMOS and NMOS transistor deteriorates at the SS corner. While, the best
performance is observed at the FF corner due to the uplifted performance of the PMOS and NMOS
transistors. The performance of the proposed SNSS topology at the TT corner is 0.2 ns, which is improved
in comparison to the pre-existing topologies (explained in subsequent section).
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Fig. 5 (a) Output waveform corresponding to the proposed SNSS topology, and (b) Delay timing for the proposed sense
amplifier topology at different process corner for Vpp =1V

3.3 Process Voltage and Temperature Tolerance of the proposed SA

In this sub-section the performance of the proposed SNSS is evaluated against process, voltage, and
temperature variation. The analysis is performed to validate the reliability of the proposed technique when
subjected to variations due to internal and external factors. For process variation analysis, statistical
methods are employed to identify the impact of variation in transistor Vry, caused due to process
variations. Monte Carlo simulations are carried out for 10,000 data point, varying transistor Viy in 60
range around the mean Vg value. The output waveform obtained for SNSS using Monte Carlo simulation
is depicted in Fig. 6 (a). It can be inferred from the Monte Carlo simulation output for SNSS that process
variation result in a minor variation in the performance of the bit cell and the reliability of the waveform is
maintained. It is also observed that as the variation in the value of Vg increases, the slope gradient of the
transient analysis curve decreases. Thereby, resulting in a very insignificant increase in time required to
attain the maximum output level for the SA. The same may also be inferred from Fig. 6 (a).

In any digital circuit, the voltage available to the circuit may vary within defined range; each discrete
level is defined for a voltage range and not for a fixed value. Thus, when designing a digital circuit it is
essential to ensure that it performs reliably when the operational Vpp for the circuit is varied slightly. The
impact of voltage variation (+10% of the operational Vpp) on the output waveform of the proposed SNSS
topology is depicted in Fig 6(b). It can be inferred from Fig. 6(b) that the output waveform for SNSS, does
observe a deviation in its performance. But, the range of variation in its performance is within a
manageable limit and will not have any drastic impact on the overall performance of the cache memory.
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The proposed sensing amplifier topology is designed at 32 nm node; in nanometer vicinity the
reliability of a circuit is of primal concern. A circuit design is expected to demonstrate resilience to
temperature variation. A system may register variation in temperature due to internal and external factors.
Correspondingly, the performance of the proposed SNSS is evaluated for temperature variation from -10
°C to 110 °C. A section of the transient waveform for the SNSS is depicted in Fig. 6(c). It can be observed
from Fig. 6(c), the output waveform for SNSS does register a shift in its performance. But the variation in
performance of the SNSS is within manageable bounds and will not have a drastic impact on the overall
performance of the circuit.
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Fig. 6 Variation in the output waveform for the proposed SA for sensing 0 for (a) process variation, (b) Voltage variation
between 0.9 to 1.1V, (c) temperature variation from -10°C to 110 °C, and (d) temperature variation from 0°C to 70 °C

It was identified that the worst case output voltage for the proposed SNSS topology is ~0.75V the same
can be inferred from Fig. 5(a). While, the impact of process, voltage, and temperature variation on
performance of the proposed SNSS topology is depicted in Fig. 6 (a), (b), and (c) respectively. The
maximum variation in output waveform of SNSS topology due to process variation is ~0.1V as can be
inferred from Fig. 6(a). While, voltage variation results in altering the output waveform by ~0.05V (as
depicted in Fig. 6(b)). The maximum variation of ~0.25V in performance of SNSS topology is caused by
temperature variation, but here the maximum output voltage obtained is ~0.9V. Therefore, the minimum
voltage that the output waveform may register is ~0.66V, which is within reliable voltage limits. Also, the
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temperature range taken into consideration is -10°C to 110°C. This is an extremely wide range for
evaluation of analysis, whereas most commercial electronic devices in 0°C to 70°C. Thus, when the cell was
evaluated for this range, the variation in the performance of SNSS is considerably reduced. The same
maybe inferred from Fig. 6(d). It can be inferred from Fig. 6(d) that the maximum variation in caused due
to temperature variation is ~0.07V. Thus, the proposed SA topology; SNSS may be deemed resilient to
process, voltage, and temperature variations.

4 COMPARISON

For validation of the proposed single ended sense amplifier topology depicted in Fig. 4(a), it is designed
using 32 nm technology node and is simulated for 1 V of Vpp. The models used for designing the circuit
topology is based on the Predictive Technology Model.

4.1 Sensing Performance

The most essential aspect for an SA topology is its timing requirement. During the read operation for
single ended SRAM bit cell, the time required for flipping the output of the SA after the ¢ signal has been
set is referred to as the read time (Ts) for the single ended SA topology [Jeong et al 2015]. The proposed
cell improves upon the delay performance of the existing SA is by using more NMOS transistor and aptly
sizing them to have sufficiently large drive current while maintaining its area occupancy.

The sensing performance for the different SA topologies (explained in section 2) along with the
proposed SA are graphically compared in Fig. 7(a). The sensing performance for each SA is determined at
each process corner to analyze the impact of global variation on the performance of the topology. The
simulations are performed at 1V supply voltage. For all the SAs, the best performance is observed at FF
corner, owing to the better performance for both NMOS and PMOS. The dynamic PMOS based SA
topology has the most inferior performance in comparison to others. The proposed SNSS has improved
performance in comparison to the other topologies. In comparison to the dynamic PMOS, ACSS, and SPSS,
the SNSS has improved performance by 5.25, 0.5, and 0.25 times respectively. The best performing pre-
existing SA topology in terms of delay is SPSS with delay of 0.4 ns. Whereas, the proposed SNSS topology
registers a delay of 0.2ns. Thus, the proposed SA topology may be deemed to have improved delay
performance in terms of delay parameter.

The read operation for a single ended SRAM bit cell can be divided into stages. Firstly, the read
wordline signal is asserted. Then, if the data content of the cell is ‘0’, a read discharge current is registered,
and the voltage at LBL is lowered from ‘1’. Otherwise, no discharge current is registered and LBL
maintains its pre-charge value. Then, after a certain amount of time the ¢ signal is set low to enable the
sensing scheme. If the LBL at this instance is ‘0’, the designated cell is determined to have ‘0’ stored in it.
Otherwise, ‘1’ is stored in the cell. Ideally, when ‘1’ is stored in the cell, no current should flow in the
circuit. But, OFF current due to state ‘1’ stored in cell may cause an unintentional discharge of LBL. The
time required for this unintentional discharge to falsely flip the output of the SA is referred to as false read
time. Ideally, for reliable sensing operation, the value obtained for false read time should be significantly
larger than the sensing delay for the topology. The false read time values obtained for the different sensing
schemes are graphically compared in Fig. 7(b). It may be observed from Fig. 7(b) that at TT corner, the
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dynamic PMOS SA topology has the highest false read time at 0.48 ps. While, the performance of the
proposed SNSS topologies is 0.3 ps. The performance of ACSS and SPSS is inferiors amongst the four SA
topologies, as their false read time is lower in comparison to the other SA topologies.
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Fig. 7 Comparison of (a) delay timings at different process corners, (b) false read time at all process corners, (c) delay
for varying Vpp, (d) power consumption corresponding to four data cases — 00, 01, 10, and 11, (e) average power

consumption, and (f) leakage power consumption for all the SA topologies.
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The SNSS topology has superior sensing performance even when evaluated for different Vpp values; the
same can also be inferred from Fig. 7(c). The performance of all the SA topologies at different Vpp values is
compared in Fig. 7(c). The highest delay is utilized by the dynamic PMOS topology. While, the remaining
single ended SA techniques have comparable performance. But, amongst the ACSS, SPSS, and SNSS
topology the least delay requirement for output generation is registered by SNSS.

The performance of the proposed SNSS topology is comparable against performance of SPSS and ACSS
pre-existing topologies. Amongst pre-existing sensing scheme, the SPSS topology has the least delay
performance. The SNSS topology improves upon the delay performance of the SPSS topology. This is
achieved by replacing the stacking PMOS transistor (M2) in SPSS topology by an NMOS transistor (M2) in
the SNSS topology. The major objective of changing the nature of M2 transistor is to achieve the faster
operation using a smaller sized transistor; an NMOS has faster operation than an equally sized PMOS.
Additionally, the SPSS topology has two PMOS transistors M1 and M2 stacked one over another. This
configuration increases the delay of the circuit, while poorly impacting the area footprint for the SA (more
number of PMOS implies larger n-wells in the layout). Thus, for the proposed SA, only one PMOS
transistor; M1 is used and its sizing is also optimized to reduce area while achieving better delay
performance.

4.2 Power Consumption

Power consumed by a single ended sensing scheme is dependent on the current requirement for the sensed
state and the previous state. For instance, power is consumed during the pre-discharging of the current
state only if ‘0’ was sensed during the previous time cycle. Similarly, for the current time, period power is
consumed only when the state being sensed is ‘0’, for sensing ‘1’ no power is consumed by the circuit.
Therefore, in keeping with the condition of the present state (‘0’ or ‘1’) and the previous state (‘1’ or 0’),
four distant cases can be identified for power consumption calculation. Thus, for each SA topology power
calculations are done corresponding to 00, 01, 10, and 11 cases. The two bit data pattern denotes the data
state sensed by a given SA topology during the previous time cycle and the current time cycle.
Consequently, “10” data state implies that the SA topology sensed data ‘1’ during the previous time cycle
and during the current time cycle it is sensing state ‘0’. The power consumption values obtained for the
different SA topologies for the four different data cases are graphically compared in Fig. 7(d). Most power
consumption for any of the single ended topology discussed in the paper is reported for “00” bit sequence.
This is because for it two consecutive sensing operations. Whereas, the least power consumption for all
topologies is observed for data sequence “11”, as no sensing operation is performed (the single ended
sensing topology only sense ‘0’ state).

Additional to the power consumption for four different data cases, average power consumption for each
SA topology is-also calculated. The average power consumption for each SA is presented in Fig. 7(e). The
average power consumption for the ACSS topology is the highest amongst others. Its average power
consumption is 34.27, 43.06, and 40.72 % greater than dynamic PMOS, SPSS, and SNSS respectively. The
higher power consumption of the ACSS is an implication of biasing the first-stage inverter to an
intermediate voltage during pre-charge mode, resulting in a short circuit current to flow through the
circuit. Whereas, the SPSS and SNSS topologies are able to evade this problem with the help of a switching
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PMOS and NMOS transistor respectively. Therefore the average power consumption for the two
topologies are drastically lower than the ACSS topology.

When the read operation is not being performed, the SA is disabled using signal ¢. During this disabled
stated the power consumption by the SA topology is referred to as its leakage power consumption. It is
calculated as the product of leakage current in the circuit and Vpp. The leakage power consumption values
obtained for the different SA topologies are graphically compared in Fig. 7(f). The leakage power is highest
for the dynamic PMOS topology and it is 2.5 times the value for the SNSS topology. Amongst the pre-
existing SA topologies the best performance is demonstrated by SPSS topology; its leakage power
consumption is 5.6 nW. The performance of the SPSS topology is 1.4 times more than the SNSS topology.
The predominant use of largely sized PMOS in its design is the culprit for the same; larger PMOS are
necessary for higher drive current and smaller delay of the circuit.

4.3 Area

The different single ended SA topologies explained in section 2 and the proposed SNSS use a static inverter
to drive a dynamic PMOS to eventually develop the correct value on GBL. The difference lies in which
sensing technique is used. Consequently, the area footprint for the sensing scheme is also dependent on
the SA topology employed. Layout for each sensing scheme is designed for area estimation of each SA. The
area for the domino sensing with a dynamic PMOS SA is 5.314 pm’. The area for the ACSS, SPSS, and
SNSS topologies are 16.3, 9.43, and 7.65 pmz respectively. The area for the ACSS, SPSS, and SNSS is multi-
fold larger than the dynamic PMOS SA, this is because the transistor count for each is fairly larger. The
performance improvement of the proposed SNSS outweighs its larger area over head in comparison to the
dynamic PMOS sensing scheme.

Also, the area footprint of ACSS and SPSS is 8.65, and 1.78 times larger than the area requirement of the
proposed SNSS technique. The SPSS technique has larger area as for the same performance larger PMOS
are required in comparison to an NMOS transistor. Therefore, increasing the area footprint for SPSS. Also,
more the number of PMOS transistor greater number of n-well are to be created in the layout design,
which also increase the area footprint for the cell. Whereas, for the ACSS technique the large area is
caused by the use of a large coupling capacitor and additional static inverter (which increases its transistor
count) used within its circuit topology for sensing operation. Thus, the area footprint for the ACSS is
largest amongst all the single ended SA techniques discussed in this paper.

5 CONCLUSION

In this paper a single ended switching NMOS based sense amplifier topology is proposed. The sense
amplifier relies on the same transistor for its pre-charge and sensing operation. The performance of the
proposed sensing topology is compared with pre-existing dynamic PMOS, ACSS, and SPSS topologies. The
performance of the proposed sense amplifier is improved in comparison to the dynamic PMOS in terms of
delay and power. The delay requirement of 0.2 ns for the proposed scheme is significantly lower in
comparison to its other counter parts. Whereas, in terms of power also the proposed sensing topology
performance reliably. The low power consumption of the proposed SA is because of its ability to evade
short circuit condition. Additionally, the leakage power for SNSS is also found to be least amongst the
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different SA topologies at 4 nW. The additional advantage the proposed SA has its lower area footprint of
7.65um”. The SPSS circuit relied on multiple PMOS transistors in its circuit, which required a large n-well
to be created. Thereby, increasing the area of the SPSS topology. On the contrary, the proposed SNSS relies
on a single PMOS for its design, thereby reducing its area footprint, and increasing its integration density
and economic feasibility.
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Abstract.

A series of four A,B corroles (where A = para-nitrophenyl, and B = 2,3.4,5,6-pentafluorophenyl,

2,6-difluoro, 2,6-dichloro and 2,6- dibromophenyl group) have been synthesized and characterized. These
four corroles were tested for the sensing ability towards Hg>" ion. The LOD for these corroles are comparable
to reported sensors for Hg*" ions. All these our A,B corroles exhibit different fluorescence quenching due to
the electronic effect of the phenyl group at Cyq position, which has a different halogen atom at 2,6 position of

the phenyl ring.

Keywords. A,B corrole; Hg2+ ion; Sensor; LOD.

1. Introduction

Chemosensors (fluorescent molecular probes) have
many applications in various fields, such as environ-
mental science,' medicine,” aeronautics,” national
security.® Signal transduction in the chemosensor
could be constructed by the physical or chemical
process for the recognition of an analyte.” Also, light
emission is used to detect the analyte at the single
molecule.® A classical chemosensor could be designed
by a fluorophore, a receptor, and a spacer for analytical
sensing.” A good Chemosensor must have photosta-
bility, high affinity, and selectivity towards the ana-
lyte.® In this respect, chemosensors developed for the
analytes, such as metal ions, which were synthesized
to contain polyamines and oxygen or sulphur donor
atoms.” In recent years, chemosensors have been
employed to detect and quantify pollutant metal ions
in clinical toxicology, waste management, and envi-
ronmental chemistry.'’

In this direction, corroles were explored as
chemosensors because of their significant photophys-
ical and chemical properties.'"'* Corroles are trian-
ionic, tetrapyrrolic molecules that stabilize the metal
jons in lower and higher oxidation states.'> One of the
most important features of corrole, it emits and
absorbs the light in the visible region with high fluo-
rescent quantum yield and good photostability.'*'

*For correspondence

Due to their photostability, corroles are used as pho-
tocatalysts for endergonic reactions.'® Corroles exhibit
phenomena such as phosphorescence,'’?° fluores-
cence,”'??  photosensitizer,'”***>  energy  relax-
ation,”®” and generation of singlet oxygen.'**® Inner
nitrogen atoms of corrole behave as donor atoms to
recognize the metal atom in lower and higher oxida-
tion state.'*'>*° Metal atoms have a significant role in
environmental and biological fields.””'>” Very few
reports are available in the literature about the corrole
used as a metal ion sensor.”®*

Corrole have similar properties as porphyrin and is
also used as the sensing material. Plaschke and co-
workers 1995 demonstrated the use of 5,10,15,20-te-
tra(p-sulfonatophenyl) porphyrin-doped sol-gel films
for fluorimetric determination of mercury ions.***
Later, Chan and co-workers developed the mercury
ion-selective optical sensor using 5,10,15,20-te-
traphenylporphyrin.**® The porphyrin dimer-based
optical fiber chemical sensor for mercury ions*° was
also shown by Zhang and co-workers. In the same
year, 20006, the free base corrole in a PVC matrix-
based fluorescent chemical sensor for Hg>* ion®® was
also developed. In addition, the selective detection of
Hg”" ion using cationic triazatetrabenzcorrole by
nucleic acid-induced aggregation® was shown by
Zhou and co-workers. Bandyopadhyay’s group
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synthesized the A,B corroles and was demonstrated as
fluorescence signaling system for sensing Hg*" ion.*’
Santos and co-workers reported the 5,10,15-
tris(pentafluorophenyl)corrole as Hg?' ion sensor,
which was observed by the naked eye through a
change of color from purple to blue in acetonitrile and
from green to yellow in toluene.*’ Hg?' metal ion
binds with the free nitrogen atoms in the inner of the
corrole due to ICT (intramolecular charge transfer)
transitions as compared to other metal ions and is
responsible for chelation enhancement of quenching
(CHEQ) in the emission intensity.*> Our group already
explored the A,B corroles as fluoride ion sensor.*” In
this article, we have synthesized the four A,B corroles
with different phenyl group containing halogen atoms
at Cy9 meso position of the corrole, 10-(2,3,4,5,6-
pentaflurophenyl)-5, 15-bis(4-nitrophenyl)corrole (1),
10-(2, 6-Diflurophenyle)-5, 15-bis(4-nitrophenyl)cor-
role (2), 10-(2,6-dichlorophenyl)-5, 15-bis(4-nitro-
phenyl)corrole (3), and10-(2,6-dibromophenyl)-5,
15-bis(4-nitrophenyl)corrole (4) (Scheme 1). Corrole
1, 2 have already been reported in our recent publi-
cation,*®® and corrole 3, 4 newly synthesized and
characterized by UV- visible spectroscopy, NMR
spectroscopy, and mass spectroscopy. These corroles
behave as sensors towards Hg* " in the order 4 >3 > 1
> 2. Also, it is obvious to evaluate the halogen atom
effect on the sensing ability of A,B Bis p-nitro corrole
towards Hg*" ion.

J. Chem. Sci. (2022)134:124

2. Experimental

1-4, A,B corroles, were purified by column chro-
matography using silica gel as an adsorbent. UV-vis-
ible spectra were collected at room temperature from
UV-1800 Shimadzu spectrophotometer. The fluores-
cence spectra of corroles were recorded from HOR-
IBA spectrophotometer under excitation wavelength
440 nm. Slits were set to 1.5 mm for the entrance,

2 mm for exit. Quantum yield of 1-4 corrole was
measured by the experimental in triplet and calcula-
tions have done using a reference of meso-te-
traphenylporphyrin (®= 0.13).**" For fluorescence
quenching experiments, dry toluene solution was used
for A,B corrole and methanol solution for Hg*" ion.

2.1 Syntheses

2.1a Synthesis of 5-(4-nitophenyl)dipyrromethane:
Preparation of 5-(4-nitophenyl)dipyrromethane from
pyrrole and 4-nitrobenzaldehyde according to reported
in literature.”®

2.1b General method for the synthesis of 1-4, A,B
corroles: All A,B corroles were synthesized as
reported methods in the literature.***** 1 equiva-
lent of 5-(4-nitophenyl)dipyrromethane and 0.5
equivalent of respective aldehyde were dissolved in
100 mL methanol, and 5 mL of 36% HCl,, was

(4)

Scheme 1. A,B corroles used as sensor towards Hg>" ion.
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added to this solution. The solution was kept for
stirring for up to 2 h at room temperature. The
resultant reaction mixture was extracted by chloro-
form (CHCls), washed twice with distilled water,
and dried over anhydrous sodium sulphate (Na,;SO,).
Filtered off the reaction mixture and diluted with
chloroform. 1.5 equivalent of p-chloranil was added
into the diluted reaction mixture and stirred over-
night at room temperature. TLC was used to monitor
the completion of the reaction. Then the reaction
mixture was collected, and evaporated to dryness.
The pure corrole was obtained using silica gel in
column chromatography.

2.1c  5,15-Bis(4-nitropheyl)-10-(pentafluorophenyl)
A,B corrole (1): The green color solution was obtained
by using column chromatography with 6:4; hexane:
dichloromethane as eluent. UV-vis in toulene A, (&/
M em™) 442(6797), 598(2303). Rest analytical data
of 1 corrole reported in our previous article.**”

2.1d  5,15-Bis(4-nitropheyl)-10-(2,6-difluorophenyl)
AsB corrole (2): The green color solution was obtained
by column chromatography with 1:1; hexane:
dichloromethane as eluent. UV-vis in toulene A, (¢/
M em™) 442(5272), 598(1505). Rest analytical data
of 2 corrole reported in our published article.**?

2.1e  5,15-Bis(4-nitropheyl)-10-(2,6-dichlorophenyl)
A,B corrole (3): The green color solution was obtained
by column chromatography with 3:7; hexane:
dichloromethane as eluent. UV-vis in toluene Aax (€/
M em™) 429(9090), 598(2404). "H NMR (400 MHz,
CDCl3) 6 9.08 (d, J = 4.2 Hz, 2H), 8.91 (d, J = 4.7 Hz,
2H), 8.74 (d, J = 8.7 Hz, 4H), 8.64 (d, J = 2.3 Hz, 2H),
8.59 (d, J=8.7 Hz, 4H), 8.49 (d, J = 4.7 Hz, 2H), 7.85
(d, J =8.7 Hz, 2H), 7.77-7.72 (m,1H) (Figure S1, SI).
HRMS: Calcd for C37H22C12N604 m/z found
684.1074, m/z theo 684.1080 (Figure S3, SI).

2.1f  5,15-Bis(4-nitropheyl)-10-(2,6-dibromophenyl)
A,B corrole (4): The intense green color solution was
obtained by column chromatography with 1:9; Hex-
ane: dichloromethane as eluent. UV-vis in toluene
Amax (/M7 cm™) 430(47731), 596(14070). '"H NMR
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Figure 1. UV-visible spectra of 1-4 A,B corroles in

toluene (9.9 uM).

(400 MHz, CDCl5) 6 9.07 (d, 2H), 8.91 (d, 2H), 8.74
(d, 4H), 8.63 (d, 2H), 8.60 (d, 4H), 8.48 (d, 2H), 8.07
(d, 2H), 7.58 (t, 1H) (Figure S2, SI). HRMS: Calcd for
C37H,,Br,NgO,4 m/z found [M+1] 772.9992, m/z theo
771.9912 (Figure S4, SI).

3. Results and Discussion

Corrole 1 and 2 have already been reported in our
previous article.*® Corrole 3 and 4 were synthesized
with previous synthetic protocols.*”** The corrole 1
differ from corrole 2 by the number of fluorine atoms
at the phenyl ring at Cyq position of corrole. Corrole 2,
3, 4 differ by the halogen atom at both ortho positions
of phenyl ring, as shown in Scheme 1. Free base
corroles were characterized by different spectroscopic
techniques and explained in the experimental sec-
tion. A,B corroles, 1-4, have different electron density
due to the electronic effect of halogen atoms. The
electronic effect exerted by the halogen atom were
examined for the sensing ability of A,B corrole
towards Hg”" ion.

Photophysical characterizations of corroles 1-4 were
observed in the toluene at room temperature are shown

Table 1. Photophysical data of 1-4 A,B corroles in toluene at room temperature.

Probe Ama/nm (e/M' cm™) Aem (nM) Stoke’s shift (cm™) FWHM QY%
1 442(6797), 598(2303) 672 7743 46.06 0.10
2 442(5272), 598(1505) 680 7919 45.34 0.11
3 429(9090), 598(2404) 686 8733 52.97 0.12
4 430(47731), 596(14070) 687 8700 50.85 0.13
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Figure 2. Emission spectra of 1-4 A,B corroles in toluene
at 440 nm excitation.

in Table 1. B bands were observed at 428-444 nm, and
Q bands appeared at 594-598 nm in the toluene solu-
tion (Figure 1). The transition of non-bonding electron
n—>0'*, n—m is one of the reasons for absorbance in

J. Chem. Sci. (2022)134:124

UV-visible spectra of corrole. It is predicted that
halogen atoms have non-bonding electrons with the
ease of availability of non-bonding electron decreasing
as Br > Cl > F.° Corrole 4 has the highest molar
absorption coefficient due to the availability of non-
bonding electrons of Br atom that is higher than that
from the Cl and F atoms. Corrole 3 has a higher molar
absorption coefficient compared to corrole 1 and cor-
role 2 due to the availability of non-bonding electrons
of CI atom higher than F atoms. Corrole 1 has a higher
molar absorption coefficient than corrole 2 because
corrole 1 have higher non-bonding electrons of five F
atoms compared to two F atoms of corrole 2, respec-
tively. So we observed molar absorption coefficient of
corroles 4 >3 > 1> 2 at 428- 444 nm and 594-598 nm.
Also, in general, a bathochromic shift occurred by
increasing the dielectric constant of the solution. But
according to previous literature, in the case of bis(ni-
tro)substituted corroles, the opposite trend* were
recorded. Due to this behaviour of these corroles,
bis(nitro)substituted corroles, have unique property

(d)

Figure 3. Fluorescence response of 1-4 of 9.9 x 10 M to various cations (3.3 x 107" M) in toluene represented as a—d,

respectively.
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Figure 4. Change in UV-visible spectrum during the addition of methanolic solution of Hg(II) acetate (0 to 100 puL) in a
toluene solution of 1-4 A;B corroles in the aerobic condition represented as a, b, ¢, d respectively.

compare to other substituted corroles i.e. without nitro
group. The steady state fluorescence emission spectra
of 1-4 A,B corroles were recorded in toluene. We
observed strong emission bands within the range of
673-687 nm (Figure 2). We have calculated Stoke’s
shift with the help of emission spectra of 1-4 A,B
corroles. The Stoke’s shift was calculated and found
within the range 230-257 nm. This may be because of
a change in the electronic nature of the excited state as
compared to the ground state.

Further, quantum yield of 1-4 A,B corroles were
also calculated by employing the Eq. (1). In which,
tetraphenylporphyrin was used as a reference material.

_ Ig AR ng)’
Qs = Ol <a) s <A—S> s (a)

Where, QY and QY are the quantum yields of the
sample and reference (Quantum yield of meso-te-
traphenylporphyrin = 0.13). Is and [z are the inte-
grated area under the PL spectrum of sample and

(1)

reference (meso-tetraphenylporphyrin). Az and Ag are
the absorbance, i and 7 are the refractive indexes of
the solvents of reference (meso-tetraphenylporphyrin)
and sample, respectively. The quantum yield of cor-
role 3 and 4 was higher than the reported 5,15-
bis(nitrophenyl) A,B corroles due to stronger charge
transfer, 4049531

5,15-bis(nitrophenyl) A,B corroles also detect other
metal ions but shows higher sensing ability with Hg**
ion even at lower concentration (i.e., <1O"6—10'9M).40
The fluorescence quenching of A,B corroles towards
Hg”" ion with the change in halogen atom at phenyl
ring at Cy( position was also examined. For fluores-
cence study, we have chosen toluene as a solvent for
corroles and methanol for analyte.*” The photostability
of corroles, 1-4, and remarkable solubility in toluene
made it a better choice for fluorescence study.

The fluorescence response of 1-4 were determined
for different cations in order to check the specific
sensing of 1-4 by carrying out fluorescence titration.
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Figure 5. The decay in fluorescence emission intensity during the titration of methanolic solution of Hg(II) acetate
(3.3x% 107 M) in a toluene solution of 1-4 A,B corroles (9.9 x 10° M) respectively under the excitation at A=440 nm in

aerobic condition.

The results obtained from fluorescence titration are
shown in Figure 3, which clearly indicates that
quenching of fluorescence intensity is lesser influenced
by these cations relative to that of Hg>" ion. The
corroles, 1-4 show peculiar selectivity and high
affinity for Hg*" ion.

When a solution of Hg*" ion prepared in methanol
is added to the toluene solution of A,B corroles, a
hypsochromic shift of ICT transition occurs. The
hypsochromic shift occurs due to the binding of Hg**
ion through lone pair of the inner nitrogen atom of
corrole. Hg*" ion serves as a quencher through the
spin-orbital coupling effect.””

The binding of Hg*" ion with 1-4 A,B corroles
were also easily observed by the color change of the
toluene solution of corroles through the naked eye as
well as under UV lamp. The green color of 1-4 A,B
corroles changed into yellowish brown color during
the addition of Hg*" ion. In UV-lamp, without Hg*"
ion A,B corroles are highly fluorescent pink color, and

after addition of Hg”" ion it transforms into colourless
solution with no florescent. Also, the molar absorption
coefficient of 1-4 A,B corroles continuously decreases
with increasing the concentration of Hg*" jon and
shown in Figure 4.

In addition, when we recorded fluorescence spectra
of a titration between different concentrations of
methanol solution of Hg>" ion into toluene solution of
1-4 corroles, quenching of fluorescence emission
intensity continuously decreased, as shown Figure 5.
This is due to the non-radiative relaxation path from an
excited state to ground state, which signifies the
absence of an emission band and represents the new
fluorophore formation of Hg(II)-corrole. Excessive
addition of Hg®" ion, the saturation point was
observed. It is evident that all the 1-4 A,B corrole
have different saturation points because of the number
of halogen atoms and different halogen atom present
on phenyl ring at C;q position of corrole. The satura-
tion point of 1, 2, 3, 4 corrole are 99 uM, 132 uM,
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Figure 6. The Stern—Volmer plot of compounds 1-4 A,B corroles respectively with positive deviation during increasing
the concentration of a methanolic solution of Hg(I) acetate inset the value of linearity constant (Rz).

Table 2. Comparison of the LOD with other reported sensors.

S. No. LOD towards Hg*" Used conc. of Hg*" for sensing Reference
1. - 12 x 107 to 1.0 x 10* M [38]

2. - 0to 60 x10° M [39]

3. - 249 x10° M [40]

4. 0.02 (ppm) 104-10° M [41]

5. 2.64-38.61 (uUM) 3.3x107 M this work
Table 3. Comparison of 1-4 probes for Hg*"sensing

Probe Ksy M~ 1) LoD (uM) Linearity range (LM) R?
1 0.39%10° 21.93 6.6 - 69.3 0.97
2 0.81x10° 38.61 9.9-759 0.98
3 0.49x10° 8.72 8.25 - 56.1 0.97
4 0.40x10° 2.64 9.9 - 44.55 0.99
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50 uM, 33 pM, respectively (Figure 4a, 4b, 4c, 4d).
Corrole 4 showed the highest quenching ability
towards Hg?" corroles. The quenching order of A,B
corroles was 4>3>1>2 under identical conditions. It is
well shown in Figure 4, the order of quenching
through the increasing concentration of Hg*" ion used
for titration.

In general static interaction or dynamic interaction,
or both are responsible for quenching the PL intensity
in the presence of quencher.”® But in this case of A,B
corrole static as well as dynamic interactions are
responsible for quenching in the presence of Hg>*
ion.* Further investigation by the well-known Stern-
Volmer relation (Eq.2) was examined. The S-V plot
for the quenching of PL intensity of A,B corrole in the
presence of various concentrations of Hg®" ijon
(Figure 5).

IT(’ =1 + Kgv [Hg*'] (2)

Where I, represents the initial PL intensity without
Hg”" ion and I represent the final PL intensity in the
presence of quencher (Hg>" ion), [Hg?*] signifies the
molar concentration of methanol solution of Hg*" ion
added into toluene solution of A,B corrole and Kgy
represent the PL quenching constant [M™']. We
observed linear relation with positive deviation
between (I,/I)-1 and molar concentration of Hg2+ion
in the S-V plot for a particular range of concentrations
(Figure 6), which is similar to earlier reported in the
literature for quenching by metal ions.”

From the Stern—Volmer plot, the calculated Kgv
(10° MY for 1, 2, 3, 4 A,B corroles are 0.39, 0.81,
0.49, 0.40, respectively. The limit of detection (LoD)
of 1-4 corroles was found 21.93 puM, 38.61 uM,
8.72 UM, 2.64 uM, respectively, using formula 3c/K,
which is comparable to other reported sensors in the
literature for Hg>" ions and tabulated in Table 2.
Where c represent the standard deviation and K rep-
resents the slope of the Stern—Volmer plot. The linear
detection ranges for 1, 2, 3, and 4 are 6.6 x 10° to
69.3 x 10° M, 9.9 x 10° to 75.9 x 10° M, 8.25 x
10° t0 56.1 x 10° M and 9.9 x 10 to 44.55 x 10
M, respectively. The linearity constant (R?) values for
1-4 A,B corrole are 0.97, 0.98, 0.97, 0.99, respec-
tively. The values of Kgy, LoD, linearity range, and R*
are tabulated in Table 3. We observed that the order of
LoD for 1-4 A,B corroles towards Hg*" ion is 4 > 3 >
1>2.

Fluorescence titration was carried out for corroles,
1-4, with the addition of Hg®" ion. The significant
quenching of fluorescence intensity of corroles was

J. Chem. Sci. (2022)134:124

observed, and quenching is more appreciable in the
presence of a higher concentration of Hg*" ion. The
S-V plot (Figure 5) signifies the dynamic and static
interactions through (I,/I)-1 and the concentration of
Hg”?* ion. The formation of long-lived charge-sepa-
rated states in nonpolar solvents also quenches the
fluorescence in corrole-fullerene.’® This is the reason
that in the presence of Hg®" ion, electronic spectral
changes occurred in A,B corrole. The order of sensing
depends on the electron-donating property of the
halogen atom, which is present at C;y position of
corrole. The increasing order of electron-donating
efficiency of halogen atom is F < Cl < Br.”” It is clear
from the above discussion that the sensing efficiency
of A,B corrole depends upon the behaviour of halogen
atom.

4. Conclusions

The synthesized the A,B corroles (1-4) were explored
as Hg?" ion sensor with different sensing efficiency.
Quenching of the fluorescence emission intensity with
the addition concentration of Hg®" ion was studied.
The sensing order of 1-4 corrole towards Hg”" ion is
4>3>1>2, which demonstrates the electronic effect of
halogen atoms present on the phenyl ring of Cig
position of corrole. The sensing order is proved by
the value of LoD as well as the amount of Hg>" used
for fluorescence titration. We also conclude that
increase in the halogen atom on phenyl group will
increase the sensing efficiency of substituted 5,15-
bis(nitrophenyl) free base corrole as in case of 1
corrole and 2 corrole. But in the case of 2, 3, 4,
halogen atom fluorine (F), chlorine (Cl), bromine (Br)
are present at 2,6 position of phenyl ring, respectively
at C;o position of corrole. We observed sensing
efficiency of 4 higher than 3 corrole and sensing
efficiency of 3 corrole higher than not only for 2
corrole but also higher than 1 towards Hg>" ion. This
may be due to the electron-donating property of
halogen atom. To increase the sensing efficiency of
5,15-bis(nitrophenyl) A,B corrole towards Hg2+ ion,
we need to increase the electron donating atom on the
corrole. Though a majority of Hg>" ion-containing
pollutants are in the aqueous phase, sensors have been
developed using different matrices. But corrole is
completely dissolved in toluene and mercury acetate
in methanol. The solvent toluene and methanol have
previously been used for this quenching study. The
water-soluble corrole-based sensor is the current
interest of our lab.
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Supplementary Information (SI)

All spectral data ("H NMR, HRMS) of the new compounds
are available at http://www.ias.ac.in/chemsci.
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Abstract

Social isolation and loneliness contribute to the development of depression and anxiety. Comorbidity of
mental health issues in hospitalized patients increases the length of stay in hospital by up to 109% and
costs the healthcare sector billions of dollars each year. This study aims to understand the potential
suitability of embodied conversational agents (ECAs) to reduce feelings of social isolation and loneliness
among hospital patients. To facilitate this, a video prototype of an ECA was developed for use in single-
occupant hospital rooms. The ECA was designed to act as an intelligent assistant, a rehabilitation guide,
and a conversational partner. A co-design workshop involving five healthcare professionals was
conducted. The thematic analysis of the workshop transcripts identified some major themes including
improving health literacy, reducing the time burden on healthcare professionals, preventing secondary
mental health issues, and supporting higher acceptance of digital technologies by elderly patients.
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1 Introduction

Pressures on resources in acute hospitals mean that the focus of attention is the primary illness or
condition for which the patient has been admitted, and secondary concerns such as prevention of mental
health deterioration may have less priority to be dealt with. Volunteer support workers offer some
support but can be limited by the nature of the patient’s condition and volunteer availability. Hospital
staff generally do not have time to sit with patients and provide companionship, and therefore, there is
often no emotional outlet for patients in long-term hospitalisation (Siddiqui et al. 2018). This affects not
only the patients but also the staff and the healthcare sector with longer lengths of stay, increased
admissions, and the higher level of care needed by socially isolated patients costing the USA Medicare
system an extra $6.7USD Billion per year (Shaw et al. 2017). Recently, the COVID-19 pandemic has
further compounded social isolation for inpatients due to greatly reduced visitation (Vlake et al. 2021).

Recent studies have analysed potential applications of conversational agent (CA) technology for patients
with mental illnesses such as depression, anxiety (Fitzpatrick et al. 2017), and PTSD (Vlake et al. 2021).
None of this research has explored the application of CA technology in a preventative capacity for people
currently in hospital due to other medical problems. Therefore, the current study focuses on
understanding the suitability of using a CA in hospital rooms to minimise the effects of social isolation
experienced by the long stay patients.

1.1 The Effects of Hospitalisation on Patients’ Mental Health

Walker et al. (2018) conducted a systematic review to analyse the prevalence of depression in general
hospital patients and found that the prevalence of depression was between 5% and 34%, with an average
of 12. They concluded that screening for depression should therefore occur in all hospitalised patients.
(Purssell et al. 2020) in their systematic review found a higher correlation between anxiety (1.28 times
higher) and depression (1.45 times higher) in isolated patients compared to non-isolated patients. The
findings of these two reviews suggest that social isolation may be a primary contributory factor in mental
health decline in hospitalised patients.

Purssell et al. (2020) observed that infectious patients have higher rates of depression and anxiety due
to their separation from others. The COVID-19 pandemic has provided an unprecedented amount of
data available for analysis due to the high rates of patients requiring isolated hospitalisation and a high
degree of post-discharge care. Vlake et al. (2021) found that even three months after discharge, patients
were still experiencing decreased mental state, with 13% having probable PTSD, 20% having probable
anxiety and 24% having probable depression. While this data is useful in identifying the potential impact
of isolated hospitalisation, there exists possible confounding influences on the results, such as social
stigma and worry for the safety of close contacts. It is therefore not feasible to only rely on data collected
during the COVID-19 pandemic as the healthcare environment differs significantly from pre- and post-
COVID-19.

The main cause of mental illness in the older population is existential loneliness and isolation.
Sundstrém et al. (2019) examined the cause of existential loneliness in older people in residential care,
palliative care, hospital care and in-home care. They concluded that creating relationships with people
in care needs to be an important part of a healthcare professional’s role and can mitigate some of the
impacts of existential loneliness and decrease the length of stay for the patients. The problem with this
conclusion is that it assigns all the responsibility to a healthcare professional who often does not have
time to create meaningful relationships with patients, as their primary role is to care for the physical
needs of all people in their care.

It has been seen by an early pilot study by Schubert et al. (1992) that the length of stay (LOS) in the
hospital increased with higher Geriatric Depression Scale (GDS) scores. This study concluded that
depression could delay medical recovery from physical illness and complicate discharge planning.
Siddiqui et al. (2018) critically analysed the effect mental illness has on the LOS of patients in hospitals
and found that comorbidity of mental illness unfavourably affected the LOS of hospital patients by up to
109%. This not only leads to higher healthcare spending (Shaw et al. 2017) but also increases the risk of
mental health degradation. Similar to Sundstrom et al. (2019), the solutions proposed by the authors to
combat the problem rely solely on already-existing systems, such as upskilling healthcare teams and
improving LOS reporting, which have proven unhelpful in the past due to high pressures already placed
on healthcare staff.

1.2 Conversational Agents used as Mental Health Support

Laranjo et al. (2018) reviewed 17 studies that focused on using unconstrained natural language input
CAs for healthcare. They found that the most common conditions were related to mental health, and
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CAs have the capability to support health across many application areas. (Laranjo et al. 2018) also found
some evidence that using CAs reduced depression symptoms in the users and increased awareness of
symptoms and triggers. Fitzpatrick et al. (2017) conducted a randomized controlled trial (RCT)
delivering cognitive behavioural therapy (CBT) using a CA to young adults with depression and anxiety
symptoms. In this study, the control group only received self-help information from an eBook about
depression (Fitzpatrick et al. 2017). The group using the CA experienced significant improvement in
their depression symptoms, whereas the control group did not. The authors concluded that CAs could
be a “feasible, engaging and effective way to deliver CBT” (Fitzpatrick et al. 2017). These findings are
supported by (Gaffney et al. 2019), who reported promising data that CAs can aid in the treatment of
mental health problems. Contrary to Fitzpatrick et al. (2017), Gaffney et al. (2019) concluded that
current study methods in this area are not robust enough to demonstrate the efficacy and efficiency of
CAs. Gaffney recommends further research to demonstrate equivalence to other treatment methods to
increase the validity.

To develop a CA for mental health treatment and recovery, it is important to analyse why patients find
CA technology helpful. For a CA to appropriately respond to mental health disclosure statements, it may
be necessary for these systems to have the ability to display sympathy and empathy towards the user.
Liu and Sundar (2018) analysed and compared people’s reactions to different kinds of empathic
expressions by CAs. They found that users (including those initially sceptical) preferred empathetic and
sympathetic responses from an interactive CA over reading text lacking in emotion. These findings
support the proposal that a CA with empathetic capabilities could be accepted by hospital patients who
are typically older and maybe initially sceptical of CA technology.

In the literature, majority of studies examining the effects of CAs focus on the young adult population.
Fitzpatrick’s RCT included people aged 18—28 years. Similarly, the studies discussed in the systematic
reviews by Laranjo et al. (2018) and Gaffney et al. (2019) and the experiments run by Liu and Sundar
(2018) did not report outcomes specific to older people. Bennion et al. (2020) evaluated the usability,
acceptability, and effectiveness of CAs to facilitate problem-solving in older adults receiving mental
health treatment. Their findings suggest that older adults have a high adherence rate to CA technology,
with only 12% of participants discontinuing use during the trial. While this study involved small numbers
and no control group, and while no consideration was given to the influence of natural recovery, the high
adherence and the high problem-resolution rates observed provide good support for the potential use of
CAs by elderly patients and people experiencing long-term hospitalisation.

In a study by Ring et al. (2015), a virtual companion was installed for a week in the homes of 14 elderly
people to offer them ongoing social assistance via sympathetic feedback. The results from their study
showed significant reductions in loneliness based on self-reported mood. Jegundo et al. (2020) also
expressed that embodied conversational agents offer a viable method of delivering support care to senior
citizens.

1.3 Conversational Personality and Embodiment of CAs

To improve the acceptability of CA technology, recent research has focused on the impact of human-like
characteristics such as personality, tone of voice and visual avatars. Face-to-face interactions allow ECAs
to develop an intimate, harmonious relationship with the user that fosters bonding (ter Stal et al. 2020a).

Wolters et al. (2016) found that CAs should be able to change the tone of voice and interaction methods
based on the patient's cognitive ability. These new features typify the Embodied Conversational Agent
(ECA), a CA with added human-like features such as avatars and gestures. Several prior research
supports the adoption of animations of the agent's embodiment, showing that animations favourably
impact users' perceptions of the agent and interaction time (ter Stal et al. 2020a).

Valtolina and Hu (2021) created and tested the validity and acceptability of using a customised CA called
"Charlie" as a companion for elderly people experiencing social isolation and loneliness in their homes.
The study findings show very high acceptability among the elderly users who viewed Charlie as a polite,
intelligent, reliable, and helpful companion, and there was a notable decrease in the loneliness
experienced by the user. These results provide a basis for future research into companion-type ECAs to
mitigate feelings of isolation and loneliness.

Philip et al. (2017) studied using ECAs in patients with major depressive disorders. The participants
were all patients at a sleep clinic. They found that ECAs effectively communicate empathy without
judgement, which gains the patients' trust and leads to self-disclosure of sensitive information. Ho et al.
(2018) showed that CAs could inspire self-disclosure at a similar if not higher rate than humans.
Ermolina and Tiberius (2021) found during their Delphi study that current commercial Voice Controlled
Personal Assistants (VIPAs) with human-like characteristics are not technologically developed enough
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to act as healthcare assistants safely. They did, however, conclude that with further development, VIPA
technology can be an effective tool to support staff and patients, especially elderly patients, in a
healthcare environment.

1.4 Summary

Increased length of hospital stay can be linked to comorbidity of mental illness (Schubert et al. 1992),
which further prolongs recovery. Current strategies for mitigating this effect, such as staff training and
reporting, have proven unsuccessful. A more effective and cost-efficient approach is required to address
the precursors of mental illness (such as social isolation). Current literature shows supporting evidence
for including CAs in mental health treatment, tracking and recovery. Older adults may gain the same, if
not more, benefits as younger people from using CAs in a health context (Bennion et al. 2020; Crabb et
al. 2012). Older adults have a high adherence rate to CA technology and gain similar emotional,
psychological, and relational benefits to younger people. Broadly, some improvement in emotional
distress has been demonstrated through CAs.

Although Bickmore et al. (2018) and Kocaballi et al. (2020) warn of the dangers of commercially
available technologies in a mental health context, there is emerging evidence that newer ECA
technologies can effectively support people in a companionship role (Valtolina and Hu 2021; Wolters et
al. 2016) and prevent the development of more serious mental illness.

The rest of this article is organized as follows: The method of the co-design workshop is discussed in
section 2. Section 3 provides insights into the results of the workshop. The discussion, including
findings, limitations, and future work, has been presented in section 4. Finally, section 5 concludes the
study.

2 Method

The study employed a co-design workshop method with healthcare professionals, using a video
prototype of an ECA demonstrating some key features. The workshop included a demonstration of the
video prototype, construction of a mind map, imagination, and discussion of potential solutions.
Thematic analysis was performed to analyse the workshop transcripts. The video prototype was built
with an online video production tool called Animaker. Using a video prototype allowed for the
demonstration of the functionality of the ECA while eliminating the complexity of developing a fully
functional prototype. The following subsections will present each phase in detail.

2.1 Prototype Design

The prototype included four design features: Embodiment, Proactivity, Personalisation and
Rehabilitation. In addition, there were some safety considerations.

2.1.1 Embodiment

The CA was designed to be an ECA (Embodied Conversational Agent), which incorporates human-like
characteristics in the form of an avatar - named "Jackie". Since no guidelines exist for the appropriate
appearances of ECAs (ter Stal et al. 2020b), we selected Jackie and her appearance as generic as possible.
By providing the avatar with a human-like resemblance, the interface of our agent feels more connected
than a physical device.

Jackie displays emotions through facial expressions and tone of voice. She has a full range of facial
expressions, four of which are displayed in Figure 1. She can alter her tone of voice when discussing
different subjects to create a human-like interaction. Jackie can also perform basic movements and
actions such as waving, sitting, running, and jumping and exercises such as squats and bicep curls. The
name "Jackie" was chosen for the sole reason that people tend to trust names that are easy to pronounce
and familiar (Newman et al. 2014).

2.1.2 Proactivity

Jackie can “listen” to the sounds in the room and initiate a conversation with the patient if there is no
sign of visitors or if the patient is asleep. She begins light conversations with patients with conversation
starters.
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Figure 1: Jackie’s facial expression: a) Resting, b) Happy, ¢) Confused and d) Sad

2.1.3 Personalisation

Jackie can be programmed with personal information about the patient's life, such as the names of family
members and friends, their careers, and significant life events. These can be manually input into the
system during admission or at an appropriate time when Jackie is being introduced to the patient. Jackie
can be programmed with basic information about the patient's condition, if applicable, to aid in health
literacy. For example, if a patient has a knee replacement, Jackie can provide the patient with pre-
approved generic information about the procedure, the recovery, and the expected outcomes.

2.1.4 Rehabilitation

As some rehabilitation exercises can be done without a healthcare professional's aid, Jackie can motivate
and guide the patient through pre-programmed rehabilitation exercises approved by their healthcare
staff. She can remind the patient that it is time to do their activities, encourages them through every
step, and gathers information about their pain and mobility to be sent to their healthcare professional.

2.2 Sample Conversation

Three short sample conversations were created for the video prototype, and one introduction video
would be played for patients when introduced to Jackie. These conversation helps generate further
discussion. The three conversations made were:

1. A short casual conversation about a recent visit from a family member, which demonstrates
Jackie’s ability to remember information told to her regarding specific family members and when
they were planning to visit,

2. An instructional conversation that took the patient through their rehabilitation exercises, and

3. A more profound conversation where the patient self-discloses their worries about going home
and being isolated. This highlighted how Jackie could encourage patients to talk about emotional
topics they may be too embarrassed to initiate with a healthcare staff member.

2.3 Co-design workshop and Survey

A co-design workshop with five healthcare professionals with many years (10-39) of clinical experience
from a range of disciplines was conducted to evaluate and envision the design elements of Jackie. Table
1 shows the workshop participants’ details. The participants were recruited through personal and
professional connections. Eligibility criteria included 5+ years working in a professional healthcare
setting and experience caring for patients in long-term hospitalisation. All participants were sent an
information sheet about the project and the proposed solution. A short survey was sent out with
questions relating to their current job, relevant work experience in healthcare, experience with
witnessing social isolation in healthcare settings and initial reactions and reservations to the proposed
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ECA solution. The answers to these questions informed other discussion topics in the co-design
workshop.

Participant (P) Healthcare role g;::igrf;fe:;penence (years of

P1 Occupational Therapist Rehabilitation, cardiology, and
orthopaedics (35)

P2 Speech Pathologist Neurology, aged care, and
rehabilitation (22)

P3 Registered Nurse Neurology, palliative care, aged
care (10)

P4 General Practitioner Nursing home and aged care home
visits (39)

P5 Registered Nurse Rehabilitation, Drug  health
recovery (20)

Table 1. Co-design workshop participants

The co-design workshop was held online through video chat and a collaborative brainstorming tool
called Mind Meister. The first mind map aimed to gather information about current social isolation
experiences and mitigation strategies that healthcare facilities may have. The workshop then moved into
solution ideation, where participants individually provided feedback on the proposed solution and
offered solutions to problems identified in the first section. This stage also focused on any negative
impacts the ECA may have on patients and any considerations to ensure patient safety. Then, the
participants were shown the video prototype and were asked to discuss its features. The workshop was
audio recorded. Following the co-design workshop, the audio recording was transcribed and analysed.
Thematic analysis (Braun and Clarke 2006) was used to generate sub-themes and themes.

3 Results

Responses to survey questions from the five workshop participants were analysed, along with responses
extracted through workshop participation. Inductive coding of themes identified 15 codes from the raw
data (survey responses and workshop quotes). The analysis generated three main and 15 sub-themes
(Table 2).

3.1 Current healthcare environment

The participants’ comments indicated that current isolation mitigation strategies used in hospitals have
limited effectiveness. Language barriers, limited visiting hours, busy staff and insufficient volunteer
resources were all identified as barriers to success. P3 noted that patients often wander the ward looking
for social interaction: "Visiting hours can be very limiting. So overnight, people can become very
isolated. We often have cases of people wandering the hallways trying to talk to people ... and there’s
Jjust no facilities available through a night shift to help someone who ...just feels very alone.” In contrast,
P1 noted that some patients will avoid talking to healthcare staff and volunteers: “Often patients don’t
want to be “a bother” — so they don’t talk, and they don’t even talk to the people who are there to listen
and help.” Some participants explained that the only current mitigation strategies are visitors,
volunteers, and socialisation between patients. P1 highlighted that visitors are not an option for all
patients: ‘[Tt is] hard for rural patients or those without visitors.” P3 described that socialisation
between patients is often not possible: “High doses of medications can make it difficult for patients to
mobilise or concentrate.” Furthermore, P4 stated that none of the mitigation strategies is possible if the
patient must be physically isolated: “[ Physical] Isolation [may be necessary] for medical reasons, e.g.,
infectious disease, immunosuppressed”. Finally, P4 brought up that current admission procedures do
not measure a patient’s level of loneliness or potential for social isolation: “[social isolation] is not
systematically assessed.”

3.2 The ECAs’ potential impact on patients, staff, and the healthcare system

The participants’ comments suggest that a companion tool such as Jackie has the potential to be
integrated into some healthcare settings. Although some comments refer to the demonstrated features
of ECA including proactivity, personalisation, and rehabilitation, the participants’ focus remained
mostly on the overall role of such an interactive technology as a new actor.
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Current healthcare The ECASs’ potential Safety and privacy
environment impact on patients, staff, |factors to address
and the healthcare before implementation
system

Medical staff time (1) Medical staff time (1) Medical staff time (1)

Shared rooms (2) Shared rooms (2) Shared rooms (2)

Issues current patients [Features of ECA/Things it |Safety concerns of ECA (13)

experience (3) could do (9)

Current methods to solve |[Health areas of most help |Data Privacy (14)

issues (4) (10)

Systematic assessment of |Technology (11) Challenges (15)

isolation (5)

Visitors (6) COVID-19 (12)

Language (7) Language (7)

Shared patient areas (8)

Table 2. Thematic analysis theme groups

During a discussion about when a patient may instigate a conversation with Jackie, P1 noted that
patients often have questions about their condition that they may not ask the healthcare staff: “..
patients don’t always ask questions when they are told something about their condition — but they may
have questions that they want to ask later — and they don’t know who/when to ask."

Improving physical health was deemed an important factor in shortening the length of stay for people
in hospital. P3 noted that this technology could be a positive encouragement and aid rehabilitation for
patients: “Thinking about stroke rehab, there’s definitely a place for something like this that’s set up by
the physio, encourages people, reminds them, tracks their progress.” P1 added that this technology
could also improve patients’ health literacy: “and it will all build health literacy which I just think is a
huge potential for this.” P3 stated that people of all ages can learn to use new technology if they are
provided with help and support while they are learning: “My experience working with people in neuro
and aged care settings is that people of all ages can learn to use technology with the right supports.”

During the workshop, it was found that the acceptability of new technology is high among patients and
staff. During a conversation about current technology, P2 stated, “Allied Health already use iPads.” To
which P3 replied, “And older people love their iPads.” Followed by P2 adding, “They just think they’re
the coolest thing ever.” These quotes show an optimistic view of such technologies’ potential to positively
impact patients, staff, and the health system, by providing as-needed companionship, supporting
rehabilitation, and reducing the burden on busy staff.

4 Discussion

Our participants’ comments were overall positive about the suitability of ECAs for the patients, staff, and
healthcare system. This aligns with data found in the current literature, which shows that, with the
introduction of additional safety measures, CAs could help improve the physical and mental health of
patients in the hospital, decrease their length of stay, free up nursing staff time, and reduce healthcare
spending (Bennion et al. 2020; Fitzpatrick et al. 2017; Gaffney et al. 2019; Shaw et al. 2017; Siddiqui et
al. 2018; Vaidyam et al. 2021). Current research suggests that commercial CA technology is not yet safe
enough for use in situations where the patient expresses mental health issues or crisis statements
(Bickmore et al. 2018; Ermolina and Tiberius 2021; Kocaballi et al. 2020); however, some recent CAs
appear to be providing a much safer and more improved experience for the users (Bennion et al. 2020;
Gaffney et al. 2019; Philip et al. 2017).

The main aim of hospitalisation (in general medical wards) is to focus on the patient’s physical health
and get them physically well enough to go home. Mental health tends to be a consideration only once
symptoms have emerged. Nurses and other healthcare professionals have limited capacity to meet the
companionship needs that could mitigate social isolation and subsequent mental health deterioration.
Our literature review and the outcomes of the co-design workshop suggest that psychosocial assessment
is not considered at the time of general hospital admission. Nor is there a systematic process for
measuring patients' level of social isolation throughout their hospital stay. During the co-design
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workshop, the participants were asked to identify measures currently being used to prevent and/or
mitigate social isolation and loneliness. Even though healthcare staff is aware that social isolation is a
problem, almost nothing is being done to address it.

The purpose of this study was to explore an ECA solution across the "normal” healthcare environment
(i.e., pre- and post-COVID-19 pandemic); however, data collected during the pandemic has proven
useful in demonstrating the importance of providing alternative companionship methods to isolated
patients, with the mental health of patients coming out of hospital after being treated for COVID-19
dangerously low (Vlake et al. 2021). As it was observed by a healthcare professional that patients are
reluctant to talk to those who are there to listen and assist, the proactivity feature of the agent can aid in
encouraging interaction. In the case of infectious diseases where physical isolation is a must, using a
virtual agent can be advantageous.

The participant's feedback on our video prototype is aligned with the outcomes reported by (Valtolina
and Hu 2021), (Bennion et al. 2020) and (Wolters et al. 2016) that ECA technology can support people
in an emotional capacity and relieve feelings of isolation and loneliness. Therefore, using ECAs in actual
hospital settings may prove useful to provide companionship, aid recovery, and shorten the length of
stay. However, larger-scale interventions with fully functional ECAs should be conducted to evaluate the
efficacy and subjective user experience.

Although none of the co-design workshop participants has experience in hospital or healthcare sector
financial management, they agreed that the ECA could shorten the length of stay for hospital patients by
targeting social isolation, which would positively impact health sector expenditure. There was also group
consensus that the additional features of the ECA, such as education, reminders, and encouragement to
perform rehabilitation exercises, could improve health literacy, increase mood and motivation to recover
and consequently decrease the length of stay in the hospital.

An important topic of discussion during the co-design workshop was the point at which a medical
professional must take over the conversation between the ECA and the patient. Healthcare staff has
limited time to interact with patients, so the initial aim was to have the ECA responsible for all mental
health conversations, as literature shows that the use of CAs for mental health tracking and recovery can
have positive outcomes (Fitzpatrick et al. 2017; Gaffney et al. 2019; Laranjo et al. 2018). Despite this,
the participants of the co-design workshop were wary of the technology handling safety-critical
conversation topics. To reduce the uncertainty, there was an agreement amongst the participants
regarding the disclosure of safety-critical statements; the ECA can notify staff, and a mental health
professional can take over. This may help staff identify patients who potentially require additional
support.

All the participants in the co-design workshop had questions regarding whether the ECA is safe to use
for the patient's physical and mental health. These are the same questions asked in the observational
study conducted by Bickmore et al. (2018), which found that commonly available multi-purpose CAs
cannot yet be relied on for actionable medical advice. Once the safety and security risks of the technology
were discussed in the workshop, the ECAs’ potential role switched from a "therapist" providing advice
to a hospital companion providing friendship and motivation, with a focus on decreasing social isolation
and preventing mental health decline, aligned with the research conducted by Valtolina and Hu (2021),
and Wolters et al. (2016).

4.1 Limitations

This study has some limitations. First, the prototype used in the workshop was a video prototype.
Although it demonstrated a high-fidelity prototype in action, it did not provide the participants with the
first-person experience of using a fully working product. Second, our co-design workshop only included
healthcare professionals. Another workshop with patients with prior long-term hospital stay experience
and other types of healthcare professionals would complement our study. Third, all the participants were
from a similar age group (40 to 60 years old). Therefore, it is possible that this limited variation in
technological proficiency and understanding.

4.2 Future work

This study was a proof-of-concept study, obtaining a preliminary understanding of the potential
suitability of using ECAs during hospitalisation. Future research can focus on developing a fully working
ECA with unconstrained natural language input capabilities for increased accessibility and usability. The
ECA should undergo rigorous risk analysis and safety testing before the interventions and should be
monitored throughout to ensure the ECA does not give responses that could worsen the physical or
mental condition of the patient. To ensure the implementation of the ECA does not hinder the healthcare
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staff’s ability to provide the necessary care to their patients, future development should ensure that the
ECA can be set up easily and the patient’s data can be input without posing an imposition to the staff.

While not explored in this study, an opportunity for future development is integrating this technology
with Wi-Fi-enabled medical equipment to aid patients’ physical health. Voice-activated ECAs could
provide an accessibility solution for patients with limited mobility and hand function. This has the
potential to create hospital rooms that cater to a much more comprehensive range of conditions and
disabilities.

5 Conclusion

The evidence shows that long-term hospital stays can lead to feelings of social isolation and loneliness,
significantly contributing to depression and anxiety. Mental health issues such as these have negatively
impacted people's physical well-being. Prior studies have investigated if CAs can be helpful for people
already experiencing mental illness; however, there has been limited research into the potential
application of CAs in a preventative capacity, especially among long-stay patients. Current mitigation
methods have limited ineffectiveness, and an additional focus on preventive measures is needed. Our
workshop study suggests that ECAs can be helpful technological solutions during hospitalisation.
However, privacy and safety remain major concerns similar to other CA applications in healthcare.
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Abstract

A group of algorithms for estimating the current intensity (CI) of tropical
cyclones (TCs), which use infrared and microwave sensor-based images
as the input of the algorithm because it is more skilled than each algo-
rithm separately, are used to create a technique to estimate the TC
intensity which is known as SATCON . In the current study, an effort
was undertaken to assess how well the SATCON approach performed for
estimating TC intensity throughout the west pacific basin from year 2017
to 2021. To do this, 26 TCs over the west pacific basin were analysed
using the SATCON-based technique, and the estimates were compared
to the best track predictions provided by the Regional Specialized Meteo-
rological Centre (RSMC), Tokyo. The maximum sustained surface winds
(Vmax) and estimated central pressures (ECP) for various “T” num-
bers and types of storm throughout the entire year as well as during
the pre-monsoon (March-July) and post-monsoon (July-February) sea-
sons have been compared. When compared to weaker and very strong
TCs, the ability of the SATCON algorithm to estimate intensity is deter-
mined to be rather excellent for mid-range TCs. We demonstrate that
SATCON is more effective in the post-monsoon across the west pacific
basin than in the pre-monsoon by comparing the algorithm results.

Keywords: SATCON algorithm, West pacific basin, Estimated intensity,
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1 Introduction

Tropical cyclone (TC) observation by meteorological satellites has largely
reduced the challenge of detection. A constellation of geostationary (GEO) and
polar-orbiting platforms regularly scans the tropics, and sensors with better
spatial and spectrum sampling are used. Numerous types of multispectral pho-
tography can be used to qualitatively track and record the location, genesis,
occurrence, and dissipation of TCs. Estimating the present TC intensity from
space-based platforms is a little more complicated. It is possible to perform
subjective analysis of TC cloud patterns using infrared (IR) images employing
trained analysts and empirically supported guidelines. In order to analyse the
CI and anchor TC intensity catalogues (or “best tracks”) in the absence of in
situ intensity observations, operational TC centres have depended extensively
on the time-tested Dvorak technique [1, 2] for many years. As demonstrated
by crowdsourcing techniques, even inexperienced analysts can fairly accurately
estimate the CI [3]. The inherent subjectivity in the interpretation of the
images and restrictions on the capacity to detect structured convective struc-
ture beneath the normally massive and dense TC cirrus canopy, however, pose
difficulties to IR-based cloud pattern recognition techniques [4, 5]. Techniques
that make use of cloud-penetrating microwave (MW) sensors [6-9] can be
helpful in this area, but they also have drawbacks.

Obtaining accurate CI estimations is crucial for various reasons: The oper-
ational TC forecast process begins with the CI; it is one of the key input
variables required to initialise both dynamical and statistical TC forecast
models; and it is crucial for understanding TC climatologies and trends to
have precise best-track intensities [10]. Forecasters (or best-track analysts) fre-
quently struggle with the issue of competing satellite-based CI estimations with
significant spread/uncertainty. Taken as a solution, a common conservative
strategy is to average the estimations (simple consensus). A “smarter” con-
sensus procedure, depending on the situational performance of each consensus
attribute, is preferred since it further minimises the CI estimate uncertainty.

Multiple satellite fitted sensor respond data based observation techniques
are combined into an ensemble model known as SATCON created by Cooper-
ative Institute for Meteorological Satellite Studies (CIMSS). Below are basic
explanations of SATCON’s methodology.

Each attribute has situational strengths and weaknesses, which are repre-
sented by their separate intensity estimation error distributions, from which
the individual attribute weights utilised in the SATCON process of finding a
CI are created. Therefore, each attribute’s performance behaviour can be cat-
egorised into situational bins. For example, using the IR images of the scene
type, the ADT technique [11] estimates the intensity of TC. When the eye
scene is clear, it provides the best estimation; nevertheless, if it is not clear,
the estimation is poor or the outcome may be compromised. To best weight all
of the available intensity estimates into a single, superior consensus estimate,
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SATCON uses this situational information. The two TC intensity measure-
ments, MSLP and MSW, each have distinct performance traits, leading to
various SATCON weighting algorithms for each metric.

Sharing information between sensors is another aspect of the SATCON pro-
cess. Each SATCON attribute contains distinctive parametric data that the
other coinciding attribute might use to evaluate the situational bins and con-
ceivably modify the intensity estimates.For example, when an eye is observable
in the IR, then ADT generates estimations of TC eye size [12].

The Automated Tropical Cyclone Forecasting system (ATCF; [13]) can
be utilised by operational TC centres to provide additional sources of input
to the SATCON process. These sources can include storm motion and the
environmental pressure used in the pressure > wind member. For storms
that significantly differ from an average TC motion of roughly 11 kts
(1kts =~ 0.51ms™'), the methodology from [14] can be used to make minor
modifications to the final predicted MSW values.

In the current work, the authors made an effort to evaluate the SAT-
CON algorithm’s performance in estimating TCs intensity throughout the west
pacific basin by contrasting it with the parameters supplied by RSMC Tokya.
Section 2 describes the data and technique used based on the statistics of 2017-
2021. Section 3 discusses the findings, while section 4 enumerates the study’s
conclusions.

2 Data and Methodology

We verified the “SATCON” output data by comparing it to the data provided
by RSMC, Tokya of TC intensity for all TCs between 2017 and 2021 over
the West Pacific (particularly taking into account these storms that affect
Japan). The SATCON algorithm’s data collects from UW-CIMSS (http://
tropic.ssec.wisc.edu/misc/satcon) and RSMC provided data collects from the
RSMC, Tokyo (jma.go.jp/jma/jma-eng/jma-center/rsme-hp-pub-eg/RSMC_
HP.htm), to determine the optimal track parameters for TCs. The number of
TC cases included in the study is listed in Table 1 [15-19]. 26 TCs are therefore
investigated in the current study.

Multiple satellite fitted sensor respond data based observation techniques
are combined into an ensemble model known as SATCON. Which is the
studies of Geostationary-based Advanced Dvorak Technique and the Pas-
sive Microwave signal based advance sounding and imaging unit designed by
the CIMSS. It provides a consensus intensity estimatation of T'Cs across all
the basins. It makes use of a statistically determined weighting system that
maximises (minimises) to be evaluated consensus intensity for a variety of
TC structures (weaknesses). The intensity computation is built from a series
of formulae dependent on the number of attribute available, and the SAT-
CON weights are proportional to the RMSE attribute values for the selected
scenarios.

The three-part equation for SATCON [10] is


(http://tropic.ssec.wisc.edu/misc/satcon)
(http://tropic.ssec.wisc.edu/misc/satcon)
(jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/RSMC_HP.htm)
(jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/RSMC_HP.htm)
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Table 1: In this study, following TCs were considered over the West Pacific

Basin
SI. No.  Cyclone Name Season Date Maximum Wind
Speed (knots)

2021
1 Surigae Pre-Monsoon 12-30 Apr. 120 kts
2 IN-FA Pre-Monsoon 15-30 Jul. 85 kts
3 Chanthu Post-Monsoon 05-20 Sept. 115 kts
4 Rai Post-Monsoon 11-21 Dec. 105 kts

2020
1 Vongfone Pre-Monsoon 08-18 May 85 kts
2 Maysak Post-Monsoon 27 Aug. - 07 Sept. 95 kts
3 Haishen Post-Monsoon 30 Aug. - 10 Sept. 105 kts
4 Goni Post-Monsoon 26 Oct. - 06 Nov. 115 kts
5 Molave Post-Monsoon 22-29 Oct. 90 kts

2019
1 Nari Pre-Monsoon 24-28 Jul. 35 kts
2 Danas Pre-Monsoon 14-23 Jul. 45 kts
3 Lekima Post-Monsoon 02-15 Aug. 105 kts
4 Wutip Post-Monsoon 08 Feb. - 02 Mar. 105 kts
5 Hagibis Post-Monsoon 04-14 Oct. 105 kts
6 Halong Post-Monsoon 01-10 Nov. 115 kts

2018
1 Jelawat Pre-Monsoon 24 Mar. - 01 Apr. 105 kts
2 Prapiroon Pre-Monsoon 28 Jun. - 05 Jul. 65 kts
3 Maria Pre-Monsoon 03-13 Jul. 105 kts
4 Shanshan Post-Monsoon 02-11 Aug. 70 kts
5 Trami Post-Monsoon 20 Sept. - 03 Oct. 105 kts
6 Kong-Rey Post-Monsoon 28 Sept. - 07 Oct. 115 kts

2017
1 Noru Pre-Monsoon 19 July-12 Aug. 95 kts
2 Talim Post-Monsoon 08-22 Sept. 95 kts
3 Sanvu Post-Monsoon 26 Aug. - 06 Sept. 80 kts
4 Lan Post-Monsoon 15-23 Oct. 100 kts
5 Hato Post-Monsoon 19-24 Aug. 75 kts

SATCON — WiWo(Wy + Wa)Ez + Wi W3 (Wi + W) Ea + WoW3 (W3 + W) Ey

W1W2(W1 + WQ) + W1W3(W1 + Ws) + W3W2(W3 + Wz)

where F,, is the attribute n’s intensity estimations and W, is the attribute n’s
weight (RMSE). The weights of attributes 1, 2, and 3 are Wi, Ws, and Wi,
and the intensity estimations of attributes 1, 2, and 3 are E;, Es, and Ej3.
The situational RMSE values for each of the attributes used to calculate
the intensity estimate are known as attribute weights. The SATCON weighting
structure’s composition is intended to give more weight to a situational depen-
dent attribute with the highest efficiency (among the available attributes). For
instance, the equation above shows how higher RMSEs (weights) of E; and Es
are added to E3. Thus adding greater weight to the specific estimation E3, if



Monu yadav and Lazminarayan Das 5

F3 is the best-performing attribute in a given context. For those more uncer-
tain estimates, less weight (relatively smaller RMSEs) is to be alloted (E; and
E,) [10].

One of the finest methods for forecasting the TC intensity over the Atlantic
and North Indian Oceans is the SATCON.

To evaluate the accuracy of the intensity forecasting and the effectiveness
of the CIMSS-SATCON algorithm, 26 TCs are used to validate the method
(table 1). Comparison of RSMC, Tokyo (jma.go.jp/jma/jma-eng/jma-center/
rsme-hp-pub-eg/RSMC_HP.htm) provided intensity estimation data with
SATCON intensity estimates.

Between the estimation of ECP and Vmax based on RSMC, Tokya provided
data, and SATCON calculation, various variables, which are root mean square
difference (RMSD), actual mean difference (bias), and mean absolute difference
(MAD), are determined. These variables are estimated for the various stages of
a TC’s ”T” number, as specified in the RSMC, Tokyo-provided intensity data,
inside each three-hourly observation that is at 00, 03, 06, 09, 12, 15, and 21
UTC throughout the whole time period of a TC. The mean MAD, RMSD, and
bias of intensity estimations across the West Pacific basin are estimated for
various “T” numbers during the different seasons as well as for the entire year
based on all TCs taken into account. The student’s t-test is used to determine
whether there are any significant differences between the mean values over the
West Pacific basin during the pre- and post-monsoon seasons.

When compared to the information provided by RSMC, Tokyo, the capa-
bility of SATCON has also been evaluated for various stages of TCs. Table 2
displays the various TC stages used in RSMC, Tokyo.

Stage Maximum Sustained Wind (knots; kts)
Tropical Storm 34-48 kts
Severe Tropical Storm 48-64 kts
Typhoon 64-85 kts
Very Strong Typhoon 85-105 kts
Violent Typhoon 105-130 kts

Table 2: Different stage of TCs with maximum sustained wind used in RSMC,
Tokya

3 Results and discussion

3.1 Over the period of entire year, the capability of the
“SATCON” algorithm over Japan (West Pacific)

3.1.1 Capability of the SATCON algorithm for various “T”
number stages

Table 3 compares the capaability of SATCON TC MSW and MSLP calculation
to intensity estimation data provided by RSMC for T'Cs across the west Pacific


(jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/RSMC_HP.htm)
(jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/RSMC_HP.htm)
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basin during 2017-2021. The bais progressively declines as the “T” number
rises, but it gradually rises after T5.5, being roughly 16-10 knots (kts) for T2.0-
T2.5, approximately 6-4 kts for T3.0-T5.0, and about 2 kts for T5.5. Due to
the small sample size, the results for T6.0-T7.0 bais increasing with increasing
in T number from roughly 8 to 21 kts may not be indicative. According to the
student’s t-test for the “I” numbers T2.0-T5.5 and T6.0-T7.0, the difference
is significant with a 99% level of confidence.

After the T3.5, the MAD is approximately 10-14 kts, and the MAD is
approximately 12-16 kts for T2.0-T.3.0 . Due to the small sample size, the
higher MAD value in the T6.5 range could not be indicative. The MAD values
for T5.0 and above across the west Pacific (7-10 kts) are consistent with [10, 20]
observations.

As a consequence, the intensity is estimated to be overestimated (negative
bias) by approximately 2 hPa for T7.0, approximately 2-5 hpa for T2.0-T3.5
and approximately 5-7 hPa for more than T3.5. For the range of T2.0-T6.5, the
underestimate is statistically significant at a 99% level of confidence. For T2.0-
T2.5, the MAD is approximately 5 hPa, and for T3.0-T7.0, it is approximately
5-10 hPa. For T2.0-T3.0, the RMSD is about 6-7 hPa, and for T3.5-T7.0, it is
approximately 8-11 hPa.

3.1.2 Results of the SATCON technique for the various TC
categories

The SATCON method and the intensity estimation data provided from the
RSMC, Tokyo were used to analyse the average characteristics of tropical
storms to violent typhoons over the west pacific basin between the year 2017-
2021 in terms of the MSW (knots) and MSLP (hPa). It demonstrates that
as TC goes to a higher category, the bias steadily reduces, being around 10-
8 knots for a tropical storm to a severe tropical storm and 8-4 knots for a
severe tropical storm to very strong typhoon,and violent typhoon. Due to the
small sample size, the bias value for the violent typhoon category, 12.21 kts,
may not be indicative (table 4). Accordingly, the bias is reduced for stronger
TCs, with the exception of violent typhoons, which is consistent with [10, 20]
findings. Although the MAD is for typhoons, severe typhoons, and tropical
storms, approximately 9-12 kts, and approximately 7-11 kts for very strong
and violent typhoons (figure 1). For all TC categories, the overestimation is
statistically significant at a 99% level of confidence.

The MAD value for typhoons and intense typhoons (8-10 kts) is consistent
with [10, 20]’s prior findings. A slight increase in MAD values of intensity over
the west pacific basin is recorded for tropical storm, severe tropical storm and
very strong typhoon compared with [10, 20] conclusion. For tropical storms,
severe tropical storms, typhoons, and very strong typhoons, the RMSD val-
ues over the west Pacific are approximately 11-14, and for violent typhoons,
they are less than 10 kts. The Violent typhoon RMSD estimates across the
west pacific (<10 kts) are consistent with [10, 20] earlier observations. How-
ever, compared to [10, 20] findings, the RMSD values over the west pacific for
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Fig. 1: Compared the intensity estimation by SATCON and RSMC provided
data for all TCs(stahe wise) over the west pacific basin during the year 2017-
2021. B stands for RSMC provided data, S stands for SATCON algorithm
data, ViTY stands for Violent Typhoon, VSTY for Very Strong Typhoon, TY
for Typhoon, STS for Severe Tropical Storm, and TS for Tropical Storm

the tropical storm, severe tropical storm, typhoon and very strong typhoon
category are marginally greater (11-14 kts).

As a result, the intensity is understated (negative bais) in terms of MSLP
by about -3 hPa for violent typhoons and 1-6 hPa for all other types of storms.
For tropical storms, the MAD is roughly 6 hPa, and for all other storm types,
it is between 7-9 hPa. All storm types have RMSD values between 7 and 11
hPa.

The SATCON algorithm shows the overestimation of the intensity of TCs
during the begining stage of formation and up to T2.5, it may be seen from
this. But after that, it is discovered that its performance is fairly good in mea-
suring the intensity of stronger TCs (more than Severe Tropical storm). In the
SATCON method, creates a single estimate from several TC intensity esti-
mations derived from objective intensity algorithms. The major component of
the SATCON model, ADT 9.0, feeds continuous inputs into the model every
30 minutes, whilst the microwave sounder satellite feeds irregular intensity
inputs into the model, which are then extrapolated to hourly estimations. The
final SATCON estimate is produced by combining these interpolated estimates
with ADT estimates. An objective method evolved from the original Dvorak
Technique is used by the ADT to calculate intensity. Up to T2.5 in the first
development phase, the cloud organisation pattern is not clearly specified. At
this time, the Dvorak Technique is unable to comprehend the intricate details
of cloud patterns. Because of this, both the ADT 9.0 technique and SATCON
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overstate the intensity estimations based on the methodology’s pre-defined
fixed cloud pattern, primarily the central dense overcast (CDO) and eye pat-
tern, regardless of whether it is a curved band or shear pattern. It goes without
saying that the shear pattern TCs have a maximum strength of T3.0 and that
majority of the TCs over the west pacific originate from shear patterns under
the influence of monsoon circulation. As a result, when the intensity is T2.0 or
higher, the ADT 9.0 version and SATCON are utilised globally. Additionally,
the SATCON algorithm is reasonable good for T'3.0 and more because for TCs
whose intensity is more than T3.0, they show clear cloud pattern i.e. either eye
pattern or CDO. In addition, SATCON used the new ADT 9.0 methodology,
which integrates infrared sensor, short-wave infrared imaging sensor, visible
imaging sensor, and microwave images to find phenomena that the original
Dvorak Technique was unable to find, such as secondary eye-wall formation,
double eyewall structure, the centre in the presence of cirrus canopy, coiling of
convective clouds (in the presence of cirrus) around the centre, and eye-wall
replacement cycle [21].

Given the foregoing, forecasters can utilize the SATCON technique to
estimate intensity in the case of stronger TCs (T3.0 or more). As cloud orga-
nization patterns are not clearly defined in the beginning stage, and the
automated approach of ADT (a attribute of SATCON) selects pre-established
patterns, overestimating of the intensity results, it is not suitable to cyclo-
genesis and the begining phase of TC formation. Forecasters can, however,
accurately estimate T'C intensities based on SATCON data by using the bias,
RMSD, and MAD calculated in this study.

3.2 Capability of SATCON algorithm in various seasons

3.2.1 The pre-monsoon season’s capabilities of the SATCON
algorithm

SATCON TC MSW (kts) and MSLP (hPa) estimates’ capability in compari-
son to RSMC Tokyo intensity estimate data for TCs developed over the west
Pacific during the pre-monsoon are shown in tables 5 and 6. With the excep-
tion of very strong typhoons, the bias value stays high during all phases of
TCs at roughly 11-18 kts. A very strong typhoon has a bias value of less than
1 kts (figure 2). The smaller sample size may be the cause of the very strong
typhoon’s unrepresentative value. According to the student’s t-test for all types
of TCs, the difference is significant at a 99% level of confidence.

For tropical storms, severe tropical storms, and typhoons, the MAD is
approximately 12-19 kts, and for very strong typhoons, it is approximately 4
kts. The RMSD ranges between 13 and 19 kts for tropical storms, severe trop-
ical storms, and typhoons, and between 4 and 5 kts for very strong typhoons.
This runs counter to [10, 20] past findings.The average SATCON intensity,
in turn, overestimates the MSW in the pre-monsoon season by around 11
kts and underestimates the average MSLP estimations by nearly 7 hPa, as
demonstrated in Table 5.
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Pre—Monsoon TCs (2017-2021)

MSW-KNOTS
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Fig. 2: Compared the intensity estimation by SATCON and RSMC provided
data for pre-monsoon season. B stands for RSMC provided data, S stands for
SATCON algorithm data, VSTY for Very Strong Typhoon, TY for Typhoon,
STS for Severe Tropical Storm, and TS for Tropical Storm

3.2.2 The post-monsoon season’s capabilities of the
SATCON algorithm

Tables 5 and 6 show the capability of SATCON’s algorithm of TCs MSW (kts)
and MSLP (hPa) estimations compared to RSMC, Tokya provided data of
intensity estimates for TCs developed across the west Pacific during the year
2017-2021’s post-monsoon. When the strength rises, the bias steadily decreases
between 2 and 7 knots for tropical storms, severe typhoons, typhoons, and
between 11 to 13 knots for extremely strong and violent typhoons (figure
3). The student’s t-test for all forms of TC indicates that the difference is
significant at a 99% level of confidence. The bias value for the typhoon stage
is consistent with [10, 20] past research.

The MAD for a tropical storm is approximately 11 knots, for TC categories
such as a severe tropical storm, typhoon, very strong typhoon, and for violent
typhoon, it is between 8 and 10 knots. The results of [10, 20] are supported
by the MAD values throughout the west Pacific for severe tropical storms,
typhoons, very strong typhoons, and violent typhoon stage (8-10 kts). How-
ever, compared to [10, 20] findings, the MAD values for the tropical storm stage
are a little bit higher (11 kts). For all storm types, the RMSD across the west
Pacific is approximately 10-14 kts. This runs counter to [10, 20] earlier research
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Post-Monsoon TCs (2017-2021)
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Fig. 3: Compared the intensity estimation by SATCON and RSMC provided
data for post-monsoon season. B stands for RSMC provided data, S stands for
SATCON algorithm data, ViTY stands for Violent Typhoon, VSTY for Very
Strong Typhoon, TY for Typhoon, STS for Severe Tropical Storm, and TS for
Tropical Storm

conclusions. Table 5 demonstrates that the average SATCON intensity under-
estimates the average MSLP estimates by around 5 hPa while overestimating
the average MSW during the post-monsoon season by nearly 9 kts.

4 Conclusion

The key takeaways from the results and discussions above are listed below.

Tropical storm, severe tropical storm, typhoon, very strong typhoon, and
violent typhoon types of TCs were examing in terms of intensity (‘T” number)
estimates across the west pacific basin from 2017 to 2021 using data from
RSMC, Tokyo and the SATCON algorithm. As TCs progress through the
initial phase of development, the range of overestimation of SATCON intensity
estimation decreases. The result for T6.0-T7.0 may not be representative due
to the sample size.

When we compared the SATCON algorithm’s output with the data pro-
vided by the RSMC, we found that during the pre-monsoon, the SATCON
algorithm overestimated tropical storms by about 13 kts, severe tropical storms
by about 17 kts, and typhoons by about 19 kts. During the post-monsoon, the
SATCON algorithm overestimated tropical storm by about 11 kts, and severe
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Best Best Mean
Category Season Track Track SATCON SATCON  BIAS Absolute  RMSD
of TC interval ~MSW interval MSW(B) (A-B) difference
(A)
Violent Pre-Mon - - - - - - -
Typhoon  Post-Mon  105-130  128.57 120-144 139.73 -11.16 8.68 13.34
Very Pre-Mon 80-110 126.03 90-120 125.30 0.73 4.26 4.92
strong Post-Mon  85-105 102.08 112-132 114.57 -12.49 9.52 14.19
Typhoon
Typhoon  Pre-Mon 64-85 73.58 79-100 90.77 -17.19 18.44 18.24
Post-Mon 65-90 72.12 72-98 74.46 -2.34 8.24 10.18
Severe Pre-Mon 48-64 56.25 69-81 72.87 -16.62 16.54 17.08
Tropical  Post-Mon 44-63 56.66 57-87 61.36 -4.69 9.24 12.47
Storm
Tropical Pre-Mon 34-48 42.01 16-70 54.11 -12.1 12.19 13.48
Storm Post-Mon 30-50 42.62 39-74 50.19 -6.92 10.58 12.84

Table 6: Compared the SATCON and RSMC, Tokya provided data for TCs
(stage wise) over the west pacific basin as pre-monsoon and post-monsoon
during the year 2017-2021

tropical storm, typhoon, very strong typhoon and violent typhoon by about
9kts.

We demonstrate that SATCON is more effective in the post-monsoon across
the west pacific basin than in the pre-monsoon by comparing the algorithm
results.
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Abstract

Recent works on fake news detection have shown the ef-
ficacy of using emotions as a feature for improved perfor-
mance. However, the cross-domain impact of emotion-guided
features for fake news detection still remains an open prob-
lem. In this work, we propose an emotion-guided, domain-
adaptive, multi-task approach for cross-domain fake news
detection, proving the efficacy of emotion-guided models in
cross-domain settings for various datasets.

Introduction

Over the years, our reliance on social media as an informa-
tion source has increased, leading to an exponential increase
in the spread of fake news. To counter this, researchers have
proposed various approaches for fake news detection (FND).
Models trained on one domain often perform poorly on
datasets from other domains due to the domain shift (Fig-
ure 1(1)). Some works show the efficacy of domain adapta-
tion for cross-domain FND by extracting domain-invariant
features (Figure 1(2)) for classification (Zhang et al. 2020).
However, adapting domains does not ensure that features
in different classes align correctly across domains, which
sometimes has a negative impact on performance. Some
works have shown a correlation between fake news and their
intrinsic emotions (Guo et al. 2019; Choudhry, Khatri, and
Jain 2022) (Figure 1(3)), having successfully used it for fake
news detection. However, these works are restricted to in-
domain settings and don’t consider cross-domain evalua-
tion. We propose the use of emotion-guided multi-task mod-
els for improved cross-domain fake news detection, experi-
mentally proving its efficacy, and present an emotion-guided
domain adaptive approach for improved cross-domain fake
news detection by leveraging better feature alignment across
domains due to the use of emotion labels (Figure 1(4)).

Proposed Methodology
Datasets, Emotion Annotation & Preprocessing

We use the FakeNewsAMT & Celeb (Pérez-Rosas et al.
2018), Politifact!, and Gossipcop” datasets. We annotate
them with the core emotions from Ekman’s (Ekman 1992)

“These authors contributed equally.
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Figure 1: (1) Cross-domain texts not aligned. (2) Domain
adaptation for improved alignment. (3) Emotion-guided
classification. (4) Emotion-guided domain adaptation.

(6 emotions: Joy, Surprise, Anger, Sadness, Disgust, Fear)
and Plutchik’s (Plutchik 1982) (8 emotions: Joy, Surprise,
Trust, Anger, Anticipation, Sadness, Disgust, Fear) emotion
theories. We use the Unison model (Colneric and Demsar
2018) for annotating the datasets with emotion tags. During
preprocessing, we convert text to lower case, remove punc-
tuation, and decontract verb forms (eg. “I’d” to “I would”).

Emotion-guided Domain-adaptive Framework

We propose the cumulative use of domain adaptation and
emotion-guided feature extraction for cross-domain fake
news detection. Our approach aims to improve the feature
alignment between different domains using adversarial do-
main adaptation by leveraging the correlation between the
emotion and the veracity of a text (as shown in Figure 1(4)).
Figure 2 shows our proposed framework. We use an LSTM-
based multi-task learning (MTL) feature extractor which

"https://www.politifact.com/
*https://www.gossipcop.com/
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Figure 2: Graphical representation of our emotion-guided domain-adaptive framework for cross-domain fake news detection.

is trained by the cumulative losses from fake news classi-
fier, emotion classifier, and discriminator (aids in learning
domain-invariant features). LSTM can be replaced with bet-
ter feature extractors. We use it specifically for easier com-
parison to non-adapted emotion-guided and non-adapted
single-task models. The domain classifier acts as the dis-
criminator. Fake news classification loss, emotion classifi-
cation loss, adversarial loss, and total loss are defined as:

Lo = pin 7, 1) m
_ . ns Q n J
Lemo = ;ﬁzl Zi:l Les + Zj:l L) @)
s p ns i n J
Ladv = Ig;n(rr;)c(zmzl Las + 2 50y L) 3
Lrotar = (1—a=B)*LpNp + & * (Lady) + B * (Lemo) 4)

where ns and n; are number of samples in source and
target sets; 0q, 0y, 0., and 0 are parameters for discrim-
inator, fake news classifier, emotion classifier, and LSTM
feature extractor; Lg, and Ly, are binary crossentropy loss
for source and target classification; L.z and L.; are crossen-
tropy loss for emotion classification; L is binary crossen-
tropy loss for Fake News Classifier; a and /3 are weight pa-
rameters in Lr,:q;. We optimized « and S for each setting.

Experimental Results & Discussion

Each model used for evaluation was optimized on an in-
domain validation set. Table 1 illustrates our results proving
the efficacy of using emotion-guided models in non-adapted
cross-domain settings. Table 2 compares non-adaptive mod-
els, domain adaptive models, and our emotion-guided do-
main adaptive models in various settings. MTL (E) and MTL
(P) refer to emotion-guided multi-task frameworks using
Ekman’s and Plutchik’s emotions respectively. STL refers to
single-task framework. DA refers to domain-adaptive frame-
work with a discriminator. Non-DA refers to a non-adapted
model. Some findings observed are:

Emotions-guided non-adaptive multi-task models out-
perform their single-task counterparts in cross-domain
settings, as seen in Table 1, indicating improved extraction
of features that are applicable across different datasets.

Emotion-guided domain-adaptive models improve
performance in cross-domain settings. Table 2 shows the
advantage of emotion-guided adversarial domain-adaptive

Source | Target Accuracy Accuracy Accuracy
Non-DA STL | Non-DA MTL(E) | Non-DA MTL(P)

FAMT | Celeb 0.420 0.520 0.530

Celeb | FAMT 0.432 0.471 0.476

Table 1: Cross-domain evaluation of non-adaptive models on
FakeNewsAMT (FAMT) & Celeb datasets. Emotion-guided
models (MTL (E) and MTL (P)) outperform their corre-
sponding STL models in cross-domain settings.

Accuracy | Accuracy | Accuracy | Accuracy
Source | Target | Non-DA DA DA DA
STL STL MTL(E) | MTL(P)
FAMT | Celeb 0.420 0.560 0.540 0.600
Celeb | FAMT 0.432 0.395 0.501 0.551
Politi | Gossip 0.527 0.585 0.698 0.671
Celeb | Gossip 0.488 0.525 0.555 0.587
FAMT | Gossip 0.451 0.790 0.805 0.795
FAMT | Politi 0.363 0.621 0.704 0.621

Table 2: Cross-domain evaluation of non-adaptive, adaptive
and emotion-guided adaptive models on various datasets.

models over their non-adaptive counterparts. This shows the
scope for improved feature extraction even after adversarial
adaptation, and emotion-guided models act as a solution.
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Abstract

For the purpose of lowering hazardous emissions and enhancing performance of diesel engine, waste cooking oil biodiesel
has emerged as a feasible and promising biofuel. In this research paper, 300 and 400 ppm doses of tert-butylhydroquinone
(TBHQ) and diphenylamine (DPA) antioxidants were added to waste cooking oil biodiesel of 20% volume to evaluate per-
formance and emission parameters in unmodified diesel engine. An artificial neural network model was developed to predict
brake thermal efficiency (BTE), brake specific energy consumption (BSEC), nitrogen oxide emission (NOXx), carbon monox-
ide emission (CO), hydrocarbon emission (HC), and smoke opacity by considering load, blends, and type of antioxidant in
different doses as input. Prediction and validation were carried out using the findings of the experiments. The quasi-Newton
method algorithm was used to predict data that best fits with linear regression analysis. The result showed at full load, BTE
and BSEC have R? values of 0.985 and 0.995, respectively. The recommended ANN model's accuracy and performance
were acceptable. At full load, the brake thermal efficiency increased, and brake specific energy consumption was reduced
for fuel blend with antioxidant in respect of without antioxidant blend. NOx emission was reduced by 2.32, 5.24, 7.35, and
12.44% for 300-doses DPA blend, 300-doses TBHQ blend, 400 doses TBHQ blend, and 400 doses DPA antioxidant blend,
respectively, compared to without antioxidant blend. The adoption of ANN to predict performance and emission can speed
up and lower the running cost of understanding output behavior.
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Introduction

Increasing energy demand, as well as the environmental
harm caused by pollutant emissions from fossil-fuel com-
bustion, has prompted researchers to look for alternative
fuels to replace traditional petroleum fuels. However, the
combustion of diesel engines produces a lot of NOx and
smoke, which affects the health of humans. Therefore,
biodiesel is considered an alternative fuel, as it is renew-
able and can be used in unmodified diesel engines along
with reduced harmful emissions such as carbon monox-
ide, hydrocarbon compared to fossil fuel. (Pali et al. 2015;
Dueso et al. 2018; Uguz et al. 2019). Waste cooking oil
(WCO) is considered as one of the potential feedstock
for the production of biodiesel (Chhetri et al. 2008; Sid-
harth and Kumar 2020). The utilization of waste cooking
oil helps to reduce the problem of used oil disposal and
reduces raw material costs. Therefore, waste cooking oil
gained worldwide interest for converting it into biodiesel
(Zareh et al. 2017; Nagarajan and Narayanasamy 2021).
Conversion of waste cooking oil into biodiesel reduces
the cost of processing waste treatment including waste
cooking oil and reduces environmental contamination.

* @ Springer

Converting waste cooking oil into biodiesel also helps to
alleviate the energy issue (Sonthalia and Kumar 2021).
Biodiesel, fatty acid methyl esters (FAME) contains sat-
urated and unsaturated fatty acid. Unsaturated fatty acids
present in FAME are susceptible to autoxidation. Autoxi-
dation deteriorates the quality of biodiesel; if the quality
of biodiesel deteriorates due to fuel autoxidation, it may
be unsuitable for use as a fuel in an engine. Autoxidation
of biodiesel may cause oil blockage, filtration difficulties,
engine corrosion, and engine performance instability (Fu
et al. 2016; Bharti and Singh 2020). Antioxidants have
been suggested by several studies as a way to increase the
biodiesel oxidation stability. Antioxidants terminate a pro-
cess of oxidation by scavenging free radicals. Most of the
commonly used synthetic antioxidants are TBHQ, BHT,
BHA, PY, and PG having phenolic compounds (Liu et al.
2019; Yadav et al. 2022). Biodiesel from waste cooking
oil was used with TBHQ, PY, and BHT, antioxidants to
evaluate oxidation stability by FTIR and DSC techniques.
TBHQ was more effective compared to BHT and PY anti-
oxidants (Uguz et al. 2019). TBHQ, BHA, GA, MT, PG,
OG, PA VC, AP, D-TBHQ antioxidants were tested with
rubber seed biodiesel at different temperatures. BHA and
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TBHQ show better results than others at room temperature
(Ni et al. 2020).

Despite several advantages, biodiesel has few drawbacks
when utilized in diesel engines. Higher alcohol consump-
tion and lower oil yield during the production process are a
few of them and NOx emission during combustion of fuel
(Pikula et al. 2020). In comparison with diesel, NOx emis-
sions rise when biodiesel is blended at a higher proportion.
The utilization of waste cooking oil biodiesel increases
NOx emission, shown in previous studies (Abed et al.
2018). Performance and emission of N-phenyl-1, titanium
oxide (Ti02), and 4-phenylenediamine (NPPD) antioxi-
dant nanoparticles were evaluated for palm biodiesel. Both
antioxidants can mitigate NOx compared to a diesel with
optimum performance. Antioxidants with biodiesel reduce
NOx by terminating free radicals, decomposing peroxides,
and preventing free radical chain reactions (Reddy and Wani
2021). PPDA, AT, and LA antioxidants (150 mg concentra-
tion), when mixed in 20% blend of Annona biodiesel (A20),
effectively reduce NOx emission by 24.7, 22, and 23.8%
compared to A20 biodiesel with additive (Rajendran 2020).

The performance and emission analysis of biodiesel
treated with antioxidants has been the focus of several stud-
ies. However, these tests are costlier and require a huge
amount of time. As a solution, the application of computer
software gives the same level of efficiency with less number
of tests. Artificial neural network (ANN) is getting attention
to predict engine performance and emission by minimizing
the number of experiments (Uslu and Celik 2018). Hosseini
et al. (2020 studied the ANN model to evaluate engine per-
formance, emission, and vibration levels by utilizing alu-
mina as an additive, 30, 60, 90 ppm, 5%, and 10% biodiesel
blend in diesel. Selected input parameters were fuel density,
fuel blend, engine speed, lower heating value, intake mani-
fold pressure, fuel viscosity, consumption of fuel, exhaust
gas temperature, relative humidity, oil temperature, and
ambient air pressure for targeted output parameters power
output, torque, UHC, CO,, CO, NO, RMS, and engine vibra-
tions. Performance and emission of the proposed model were
found satisfactory with an R-Value nearby 0.999 for train-
ing, validation, and testing. Kumar et al. (2020) develops
ANN model to predict performance and emission of a ter-
nary blend, diesel-palm biodiesel-decanol additive. Selected
output was BTE, NOx, CO, BSFC, HC, CO,, EGT, igni-
tion delay period, and smoke opacity. Results show R-value
greater than 0.99 for all ANN predicted output.

Considering available literature, waste cooking oil bio-
diesel fits waste to fuel production, which eliminates dis-
posal issues of waste cooking oil, prevents land and water
pollution. Utilization of waste cooking oil biodiesel helps
to enhance performance of the engine and reduces emission
(Chen et al. 2020; Chaudhary 2022). However, compared to
the one using petro-diesel, NOx emission will be somewhat

enhanced. Increased NOx emission significantly controlled
by oxidizing peroxides, removing free radicals, and stopping
the chain reaction of free radicals. The antioxidants added
to biodiesel demonstrated a more notable reduction in NOx
emissions (Reddy and Wani 2021). In this, present study,
an aromatic antioxidant (DPA)-treated biodiesel fuel blend
was used to analyze performance and emission of the engine.
Most commonly used synthetic antioxidants (TBHQ)-treated
biodiesel fuel blend was used for comparison of analysis.
Traditional methods for analyzing performance and emis-
sion behavior of engine are costly and very time consuming.
Therefore, researchers are looking toward to find out alterna-
tive ways to analyze it by cheaper and faster methods. An
artificial technique like ANN was found best-fitted technique
to analyze performance and emission of the engine by devel-
oping models (Ayd et al. 2020). The aim of this research
work was to find aromatic antioxidant impact on biodiesel
in terms of performance and emission, specially NOx emis-
sion reduction and to create an ANN model for estimating
performance and emission analysis in relation with input
load, blend percentage, and antioxidants. The present study
shows an ANN model application by utilizing data from
experiments and prediction of performance and emission.
This model is applicable to analyze output parameters under
different conditions.

This research work was initiated in 2021 at CASRAE
(Centre for Advanced Studies and Research in Automobile
Engineering), Department of mechanical engineering, Delhi
technological university, Delhi, India, and this research
paper was finalized in 2022.

Materials and methods

Waste cooking oil was obtained from a nearby canteen. All
other chemicals were obtained from a local supplier with
analytical grade of 99 percent purity. In this section, the
production of biodiesel, antioxidant treatment of biodiesel,
and blend preparation are explained. BTE, BSEC, EGT,
NOx, HC, CO, and opacity were evaluated for different test
fuel blends for unmodified diesel engine. Prediction and
validated of performance and emission parameters are per-
formed by ANN approach.

Production and preparation of antioxidant-treated
biodiesel

The first stage of biodiesel production is to measure free
fatty acid (FFA) concentration of the oil. After that, either
the esterification (FFA is greater than 2 wt%) or direct
transesterification process (FFA is less than 2 wt%) takes
place (Tomar and Kumar 2020). The ASTM-D644 standard
is used to calculate FFA. Oil is titrated using N/10 KOH

* @ Springer



International Journal of Environmental Science and Technology

solution to the mixture of phenolphthalein and isopropyl
alcohols. The FFA concentration of waste cooking oil was
measured less than 2%. Biodiesel can be produced only by
one-step transesterification with an alkaline catalyst. In order
to transesterify the oil, methanol (20% weight-to-weight)
and KOH pellets (1% weight-to-weight) were combined. Oil
is transesterified in the presence of a base as a catalyst in the
last phase of production. As crude glycerol is heavier than
water, it sinks to the bottom and is subsequently filtered out.
As a result, a clean biodiesel layer was produced by wash-
ing the leftover residue (methyl ester) in hot water (around
38 °C) until. Figure 1 represents the flow chart for produc-
tion process of biodiesel. A similar approach was used by
Sidharth and Kumar (2020). Figure 2 shows a physical rep-
resentation of biodiesel production at different stages.

Titrate N/10 Solution

——

Preparation of test blend

Antioxidants additives, tert-butylhydroquinone (TBHQ),
and diphenylamine (DPA) were purchased from local ven-
dor. TBHQ has 97% assay, 166.22 g/mol molecular weight,
127-129 °C, white to light tan color, fully soluble, phe-
nolic type and DPA has 98% assay, 166.23 g/mol molecu-
lar weight, 51-55 °C, white to light yellow color, fully
soluble, aromatic type. For experimental testing, five test
fuel blends were prepared, named 80D20B, B20(300DPA),
B20(400DPA), B20(300TBHQ), and B20(400TBHQ).
Representation of the fuel blend is given in Table 1. Mix-
ing of antioxidants in neat waste cooking oil biodiesel was
carried out in an ultrasonicator at a frequency of 40 kHz
for 45 min.

~ R
Acid Number = ( 56.1*

‘Waste
Cooking 0.1* volume of NaOH) f 12 Acid |
Oil / (wt of Oil Sample) . Number

e | —+{ Transesterification@60°C )
0.5% W/W of NaOH

l

e .. [

\—

=
i | Gravity Separation

Filtration

Fig. 1 Flow chart for production process of biodiesel

Fig.2 Photographic representa-
tion of methyl ester and glycerol
separation, water washing, and
biodiesel
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Table 1 Representation of test fuel blends

S.no  Test fuel blends Representation

1 80D20B 80% diesel 20% biodiesel in volume
percentage

2 B20(300DPA) 80% diesel 20% (300 ppm of DPA in
biodiesel)

3 B20(400DPA) 80% diesel 20% (400 ppm of DPA in
biodiesel)

4 B20(300TBHQ)  80% diesel 20% (300 ppm of TBHQ in
biodiesel)

5 B20(400TBHQ)  80% Diesel 20% (400 ppm of TBHQ in
biodiesel)

Table 2 Engine test rig specifications

Parameter Specifications

Type Single cylinder,
4-stroke, direct
injection type

Model DAFS, Kirloskar

Rated power 3.5 KW

Rated speed 1500 rpm

Length of stroke and diameter of bore 110X 95 mm

Injector type Six holed solenoid

Cooling Air-cooled

Compression ratio 17.5:1

Lubrication type Forced feed

Injection timing and pressure fuel 23° and 200 bar
before top dead
center

Experiment setup

The engine testing was performed on Kirloskar's unmodi-
fied diesel engine. Engine having 4-stroke, direct injec-
tion, single-cylinder working with constant rpm (1500)
and 3.5KW rated power output, detailed specifications
are given in Table 2. A schematic layout of diesel engine
configuration for experimental trial is shown in Fig. 3.
On the electric loading unit, a voltmeter, an ammeter,
and rpm indicator were used to measure current, voltage,
and speed of the output shaft of the engine. A computer
unit and data acquisition system attached to the engine
test setup. A data acquisition system was used to meas-
ure, control, and monitor the mass flow rates of fuel,
temperature, and engine load at varying load conditions.
An electric bulb setup was used to apply engine loading.
Exhaust gas temperature of the engine was controlled by
attaching a thermocouple at the exhaust. An AVL gas
analyzer (AVL-1000) and AVL-480 smoke meter were
used to measure exhaust gas emissions and smoke opac-
ity coming out from engine combustion. The load applied

to the engine was varied by 20% of 100% load through
electric loading at 1500 rpm. Volumetric mass flow rate
of fuel was measured using a burette and stopwatch. The
performance of a baseline diesel was assessed first, and
then other diesel biodiesel blends were tested and com-
pared. All test was performed in ambient conditions.

ANN application and data prediction approach

Nowadays researchers show their keen interest to use ANN
in the automobile sector (Ayd et al. 2020). An ANN relates
the inputs and outputs of a system, and it has been success-
fully applied to map nonlinear input and output correlations
in a variety of fields. An ANN network has a layer of input
nodes, a layer of output nodes, and one or more layers of
hidden nodes connecting them. All three layers are having
a specific number of small individuals, called neurons. The
neurons transfer their signal of communication to other neu-
rons via a communication link that is associated with spe-
cific weight (Uslu and Celik 2018). In this machine learning,
ANN approach uses two major steps: 1. training step (set of
data provided with weight and bias) and 2. prediction step
(training of neural network according to input data provided)
(Barnawal and Kumar 2021). A detailed process of ANN
approach is given through the flow chart in Fig. 3.

ANN model structure

In this research paper, prediction of performance and emis-
sion of waste cooking biodiesel blend have been done using
ANN. Data set used as input in ANN model were taken from
engine trial at different loads. Engine load, blend percentage,
dose of antioxidants were used as input to the model. Evalu-
ated parameters were BSEC, BTE, NOx, EGT, HC, CO,
and opacity. The architecture diagram of ANN is shown in
Fig. 4. In this ANN model, 70% of data were used for train-
ing purposes, 15% of data for testing purposes, and 15% of
data were utilized as specific samples. In ANN modeling,
for training and optimization of data, the “quasi-Newton
method” was used.

Data prediction and validation by ANN

Linear regression analysis is found to be standard method
to test the loss of the model between scaled output of the
neural network to their corresponding targets. This analysis
gives three parameters to individual output variables. These
three parameters were y-intercept, slop, and correlation coef-
ficient between scaled output and target. Slop and y-intercept
refer to as a and b. For best fit, slop approaches one and
y-intercept approaches zero and correlation approaches (R%)
one. For a perfect fit, the slop between output and targeted
value should be one and the y-intercept is zero shows there
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Fig.3 Schematic diagram of diesel engine setup for experimental trial
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Import data for training
Select input and Target variables

Select Number of Training Instances

Design ANN & Define Optimization
Algorithm

Set Parameters
Initialize network & simulate data

Select the Best Desngn
Test the tralned network
with new data

Highest R ?

Fig.5 Flow chart of artificial neural network

is no gap between output and target. When scaled output and
targeted out are perfectly correlated, correlation coefficient
will be one. Flow chart of ANN is represented in Fig. 5.

Results and discussion

Physico-chemical properties and characterization
of biodiesel

The physicochemical qualities of the fuel are heavily
dependent on the engine's performance, combustion,
and emission characteristics. Biodiesel and biodiesel
with antioxidant blends having different fuel character-
istics such as viscosity, density, and calorific values are
shown in given Table 3. Properties of diesel fuel were
found in range as per ASTM methods, but biodiesel had
shown higher viscosity in range. 20% blending of die-
sel in biodiesel gave possible range of viscosity within
ASTM range. Slight increases in viscosity of biodiesel
was found by adding antioxidant in 20% blended fuel. All
tested physicochemical properties of antioxidant-treated
biodiesel blends were found within range as per ASTM
standard. The chemical composition of waste cooking oil
biodiesel (WCB) was investigated using GC-MS. Fatty
acid methyl esters can be separated, identified, quantified,
and analyzed using GC. At varying retention periods, dis-
tinct fatty acid methyl esters were identified. It was shown
that a higher unsaturated fatty acid content leads to infe-
rior oxidative stability and a low cetane number.

The gas chromatography/mass spectroscopy was per-
formed using GC-MS machine, shown in Fig. 6. By using
this machine, fatty acid methyl ester of waste cooking oil
biodiesel was attained. The composition of all acids is rep-
resented in Table 4. Major compounds were to be 67.72%
palmitic acid (9,12-octadecadienoic acid, methyl) ester and
22.10% linoleic acid (hexadecanoic acid, methyl ester). Total
unsaturated and saturated fatty acids of WCB were 68.45
and 31.55, respectively. The quantity and group of methyl
ester present in biodiesel determine the sustainability, and
suitability of fuel.

Experimental performance and data
prediction by ANN

Variation of brake specific energy consumption

Braking specific fuel consumption is the amount of fuel used
by the engine per unit of production of brake power, which
is represented in kg/kWh. BSFC depends on various fuel
properties like viscosity, calorific value, density. Figure 7
depicts the variation of brake specific energy consumption
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Table 3 Physicochemical properties of diesel, biodiesel, and test fuel blends

Fuel proper- Diesel WCB 80D20B 80D20(WCB+300 80D20(WCB+400 80D20(WCB+300 80D20(WCB+400 Measuring

ties DPA) DPA) TBHQ) TBHQ) Apparatus

Kinematic 255 534 3.12344 3.13271 3.15721 3.14582 3.15124 Visco bath,
viscos- petrotest
ity (cSt)

@40°C

Density 834.4 882.3 8482 849.5 849.6 849.6 849.7 Anton par,
@15 °C (g/ DMA 4500
m’)

Lower heat- 42.871 38.92 41.8392 41.7164 41.6437 41.7812 41.6534 Oxygen bomb
ing value calorimeter
(MJ/Kg) parr

Oxidation 1.74 Rancimat
stability

3
5
L
g
g
&
g 8 o
1L =3 3 TIC*1.00
g 1 sz |
T T T 1 ’
10.0 20.0 50.0

Fig.6 GC-MS chromatograms of WCB
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Table 4 Unsaturated and saturated fatty acid composition of WCB

Peak R.Time Area% Compound name Chemical formula  Molecular Molecular structure Type
weight

1 11.663 0.41 Methyl tetradecanoate C15H3002 242 S OO Saturated

2 16.232 0.35  Methyl palmitoleate C17H3202 268 }_/J_/_ﬁ_\_L Saturated

3 17.004 22.10  PALMITIC ACID METHYL ESTER C17H3402 270 SAAAAAANY S Saturated

4 18.616 0.35 9-Heptadecenoic acid C18H3402 282 e~ A Saturated

5 19.230 0.48 Margaric acid methyl ester C18H3602 284 YIS Saturated

6 21.179 67.72 Methyl octadeca-9,12-dienoate C19H3402 294 R R A AL AR A Unsaturated

7 21.842 3.72 Stearic acid, methyl ester C19H3802 298 Py rya Y Saturated

8 22.253 0.03 METHYL HEXADECATRIENOATE C17H2802 264 SAAAAAAANY Unsaturated

9 22.981 0.07 Methyl trans-9,trans-11-octadecadienoate ~ C19H3402 294 IS Unsaturated

10 24.962 0.04  Linoleoyl chloride C18H31CIO 298 Unsaturated

11 25.165 0.09 Methyl octadeca-9,12-dienoate C19H3402 294 e~ Unsaturated

12 25.306 0.50 11-Eicosenoic acid, methyl ester, (Z)- C21H4002 324 )_/J_/_/-/_\—\ Unsaturated

292

13 25.905 1.17  ARACHIDIC ACID METHYL ESTER C21H4202 326 Saturated

14 27.931 0.10 Methyl heneicosanoate C22H4402 340 Saturated

15 29.902 1.63 Behenic acid methyl ester C23H4602 354 Saturated

16 31.782 0.22 Methyl tricosanoate C24H4802 368 Saturated

17 33.605 0.74  Methyl lignocerate C25H5002 382 Saturated

18 35.356 0.07  Methyl pentacosanoate C26H5202 396 Saturated

19 37.059 0.07  Methyl hexacosanoate C27H5402 410 Saturated

20 43.302 0.11 Clionasterol C29H500 414 Saturated
68.45 Unsaturated
31.55 Saturated

(BSEC) with brake mean effective pressure (BMEP) for
different ppm antioxidant-treated fuel blends (B20 + anti-
oxidant ppm) compared with diesel. It has been observed
from the graph that BSEC decreases as BMEP increases.
BSEC for diesel was lower compared to all other tested
blends due to lower density, higher calorific value, higher
volatility, and lower viscosity of fuel (Saravanan et al. 2019).
80D20B blend depicts higher BSEC due to higher viscosity,
higher density, and lower calorific value. In comparison with
80D20B, B20(300DPA), B20(300TBHQ), B20(400TBHQ),
B20(400DPA), and D100 exhibit 1.6, 3.2, 8.9, and 11.67%

lower BSEC. Because of the friction reduction characteristic
of amine in antioxidants, all antioxidant-treated biodiesel
blends exhibit a considerable reduction in BSEC. Similar
results were shown in previous studies (Senthur Prabu et al.
2017; Reddy and Wani 2021). Figure 8 illustrates ANN
simulation of research findings and software interpretation.
According to the interpretation of ANN, R? values were
found 0.995 for BSEC.
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Fig.7 Variation of BSEC (MJ/ = 80D20B

kWh) and BMEP (bar)
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Fig.8 Predicted BSEC (MJ/kWh) vs. real BSEC (MJ/kWh)

Variation of brake thermal efficiency

Brake power output to the energy supplied as mass of fuel
and calorific value is known as brake thermal efficiency
(BTE). Figure 9 depicts the variation of BTE with BMEP
due to lean air—fuel mixture improving combustion (Raman

= 80D20B
= B20(400DPA)

Fig.9 Variation of BTE (%)

and BMEP (bar)
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and Kumar 2020). D100 has higher BTE; on other hand,
80D20B has lower BTE on all loads. Lower BTE of 80D20B
is due to combined effect of low calorific fuel, higher vis-
cosity, and shorter ignition delay period (Senthur Prabu
et al. 2017). In comparison with 80D20B, B20(300DPA),
B20(300TBHQ), B20(400 TBHQ), B20(400DPA), and
D100, BTE increase by 1.6, 3.1, 5.5, 9.7, and 13.38%. All
antioxidant-treated biodiesel blends show a remarkable
increase in BTE due to a decrease in BSEC and higher
power output. Similar trends are in line with previous studies
carried out by Nagappan et al. (2021). Figure 10 illustrates
ANN simulation of research findings and software interpre-
tation. According to the interpretation of ANN, R? values
were found 0.985 for BTE.

Variation of NOx emission

A greater combustion temperature, a longer combustion
period, and a high oxygen content in the fuel are the main
contributors to nitrogen oxide (NOx) formation. Figure 11
depicts variation between NOx (%) emission with BMEP
(bar). D100 shows the minimum emission among all other

= B20(300DPA)
= B20(400TBHQ)

B20(300TBHQ)
= D100
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Fig. 10 Predicted BTE (%) vs. real BTE (%)

fuel blends. 80D20B shows higher NOx due to higher
oxygen content, 12% higher than diesel, reduction in igni-
tion delay period, and higher temperature of combustion
(Nagappan et al. 2021). In comparison with 80D20B, NOx
levels decreased by 2.32, 5.24, 7.35, 12.44, and 16.15%
in B20(300DPA), B20(300TBHQ), B20(400TBHQ),
B20(400DPA), and D100. All antioxidant-treated fuel
blends show lower NOx than 80D20B due to concentration
reduction of free radicals, quenching of free radicals, and
scavenging of free radical behavior of antioxidants (Jeya-
kumar and Narayanasamy 2020). Figure 12 illustrates ANN
simulation of research findings and software interpretation.
According to the interpretation of ANN, R? values were
found 0.988 for NOx.

Variation of hydrocarbon carbon emission
The hydrocarbon formation is greatly affected by the fuel

characteristics and fuel spray characteristics in a diesel

Fig. 11 Variation of NOx (ppm) = D100

and BMEP (bar)

B20(300TBHQ)
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engine. Figure 13 shows the variation of HC emission
(ppm) with BMEP (bar). D100 shows higher emissions
than all other fuel blends. 80D20B shows lower HC emis-
sions due to rich oxygen content of biodiesel and cetane
number leading to complete combustion (Adam et al. 2018).
In comparison with D100, B20(400DPA), B20(400TBHQ),
B20(300TBHQ), B20(300DPA), and 80D80WCB show 1.9,
5.8,9.8, 13.72, and 17.6% reduction in HC. Figure 14 illus-
trates ANN simulation of research findings and software
interpretation. According to the interpretation of ANN, R?
values were found 0.946 for HC.

Variation of CO emission

The main reason for CO emissions formation is incom-
plete combustion, which is caused by inadequate air and
low flame temperature. Figure 15 depicts the variation
of CO emission for all test fuel blends, biodiesel blends
and biodiesel blends with antioxidant. The increased
value of CO specific emissions was obtained for pure
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Fig. 12 Predicted NOx (ppm) vs. real NOx (ppm)
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Fig. 13 Variation of HC (ppm) = D100 = B20(400DPA) = B20(400TBHQ)
and BMEP (bar) B20(300TBHQ) = B20(300DPA) = 80D20B
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Fig. 14 Predicted HC (ppm) vs. real HC (ppm)

diesel. Utilization of biodiesel blend shows lower emis-
sions than D100 due to higher oxygen availability in
the fuel blend (Dueso et al. 2018). In comparison with

Fig. 15 Variation of CO (%)
and BMEP (bar)
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D100, the HC levels of B20(400DPA), B20(400TBHQ),
B20(300TBHQ), B20(300DPA), and 80DSOWCB are
reduced by 5.45, 11.27, 15, 18.8, and 22.18%, respec-
tively. The rise in CO emissions caused by antioxidant
blends is mostly due to the antioxidant's ability to pre-
vent CO from being converted to CO, (Adam et al.
2018). Figure 16 illustrates ANN simulation of research
findings and software interpretation. According to the
interpretation of ANN, R? values were found 0.945 for
CoO.

Variation of Smoke opacity

Figure 17 depicts variation in smoke opacity vs BMEP for
all tested fuel blends. The smoke emission for D100 is higher
due to presence of increasing aromatic content and ignition
delay (Tomar and Kumar 2020). Biodiesel fuel blend with-
out antioxidants shows lower emission due to rich oxygen
content leads to better combustion and reduction in smoke

= B20(400DPA)
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Fig. 16 Predicted CO (%) vs. real CO (%)

emission. All antioxidant biodiesel blends have lower emis-
sions than diesel. In comparison with D100, B20(400DPA),
B20(400TBHQ), B20(300TBHQ), B20(400DPA), and
80D8OWCB exhibit 3.32, 8.64, 14.06, 16.87, and 20.46%
lower HC. Figure 18 illustrates ANN simulation of research
findings and software interpretation. According to the inter-
pretation of ANN, R? values were found 0.983 for smoke
opacity.

Variation of EGT

Figure 19 depicts variation between EGT (ppm) emission
with BMEP (bar). It has been observed from the graph con-
ventional diesel has lower EGT than all other fuel blends at
all loading conditions. On the other hand, 80D20B shows

Fig. 17 Variation of smoke
opacity (%) and BMEP (bar)
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Fig. 18 Predicted smoke opacity (%) vs. real smoke opacity (%)

highest EGT emission, this reduction is due to minimum
ignition delay period and rich oxygen content present
in biodiesel (Nagappan et al. 2021). In comparison with
80D20B, EGT were reduced by 3.39, 5.3, 8.25, 11, and
12.5% in B20(300DPA), B20(300TBHQ), B20(400TBHQ),
80D20(WCB + 00DPA), and D100.All antioxidant-treated
fuel blends show lower EGT than 80D20B due to concen-
tration reduction of free radicals, quenching of free radi-
cals, and scavenging of free radical behavior of antioxidants
(Jeyakumar and Narayanasamy 2020). Figure 20 illustrates
ANN simulation of research findings and software interpre-
tation. According to the interpretation of ANN, R? values
were found 0.979 for EGT.

B20(400TBHQ) * 20(300TBHQ) = B20(300DPA) = 80D20B

BMEP (Bar)
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Fig. 19 Variation of EGT (ppm)
and BMEP (Bar)
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Conclusion

In the present research work, two distinct antioxidants were
tested to enhance the viability of waste cooking oil bio-
diesel. WCB physicochemical properties were tested as per
ASTMDG6751. GC-MS test were also conducted, showing
higher unsaturation compounds present in WCB. An ANN
modeling was performed to estimate correlation between
observed and experimented data. The following observa-
tions were drawn:

e Antioxidant-treated biodiesel blends show increasing
BTE and decreeing BSEC at all loads. At peak load, BTE
increased by 13.38% and BSEC decreased by 11.67% for
400 ppm DPA antioxidant fuel blend compared to with-
out antioxidant. ANN results also approach each other.

¥ @ Springer
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NOx emissions were lowest for 400 ppm antioxidant fuel
blend, i.e., 16.15% reduction compared to without anti-
oxidant. Other emissions slightly increase compared to
biodiesel fuel blend without antioxidants but were found
to be lower than diesel.

DPA is a promising antioxidant addition, and it may be
combined with WCB of 20% (v/v) blend to significantly
reduce NOx emissions.

Regression R-value for performance and emission using
ANN was 0.985, 0.995, 0.979, 0.988, 0.946, 0.945, and
0.983 for BTE, BSEC, NOx, EGT, HC, CO, and smoke,
respectively. As an outcome, the current study found
that ANN is a useful tool for predicting performance and
emission of internal combustion engines.

Acknowledgements This research shows that out of several avail-
able antioxidants aromatic antioxidant, DPA found effective to reduce
NOx emission in comparison with synthetic antioxidants. Artificial
neural network approach was found significant to use for prediction
of performance and emission of engine analysis. The future scope of
this research study includes application of artificial neural network
approach for performance and emission parameters.
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included in this published article.
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Assessment of water surface profile in nonprismatic compound channels using machine
learning techniques

Vijay Kaushik* and Munendra Kumar

Department of Civil Engineering, Delhi Technological University, Delhi, 110042, India.
*Corresponding author. E-mail: vijaykaushik_2k20phdce01@dtu.ac.in

ABSTRACT

Accurate prediction of water surface profile in an open channel is the key to solving numerous critical engineering problems. The goal of the
current research is to predict the water surface profile of a compound channel with converging floodplains using machine learning
approaches, including Gene Expression Programming (GEP), Artificial Neural Networks (ANN), and Support Vector Machines (SVM), in
terms of both geometric and flow variables, as past studies were more focused on geometric variables. A novel equation was also proposed
using gene expression programming to predict the water surface profile. In order to evaluate the performance and efficacy of these models,
statistical indices are used to validate the produced models for the experimental analysis. The findings demonstrate that the suggested ANN
model accurately predicted the water surface profile, with coefficient of determination (R2) of 0.999, root mean square error (RMSE) of 0.003,
and mean absolute percentage error (MAPE) of 0.107%, respectively, when compared to GEP, SVM, and previously developed methods. The
study confirms the application of machine learning approaches in the field of river hydraulics, and forecasting water surface profile of non-
prismatic compound channels using a proposed novel equation by gene expression programming made this study unique.

Key words: geometric and flow parameters, machine learning techniques, nonprismatic compound channel, statistical analysis,
water surface profile

HIGHLIGHTS

® The present study predicted the water surface profile in nonprismatic compoundchannels with the help of various machine learning
approaches.

® The water surface profile is found to be affected by many nondimensional geometricand flow variables.

® The results suggest that the proposed ANN model have a high generalization capacity and do not show overtraining when applied to
non-prismatic rivers.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and
redistribution for non-commercial purposes with no derivatives, provided the original work is properly cited (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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NOTATION

The following symbols are used in this paper:

total width of compound channel,

width of the main channel;

height of the main channel,;

flow depth,;

width ratio (B/b);

relative flow depth [(H - h)/H];

aspect ratio (b/h);

converging angle;

relative distance (x/L);

converging length;

distance between two consecutive sections;
longitudinal bed slope;

energy slope;

discharge ratio (Q/Qy);

discharge at any depth;

bankfull discharge;

Froude number;

Reynolds number;

nondimensional water surface profile (H/h);
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INTRODUCTION

Increased human settlements, buildings, and activities along river floodplains have resulted in severe repercussions during
natural river floods due to the global population rise. River floods cause massive human casualties as well as economic
damage. Flood catastrophes account for a third of all-natural disaster damages worldwide; flooding accounts for half of all
fatalities, with trend analysis revealing that these percentages have dramatically grown (Berz 2000). Flood protection
needs to predict the conveyance capacity of natural streams precisely. When water running through a channel exceeds the
waterway’s capacity, it results in flooding. Consequently, the requirement for precise flow parameter prediction during
flood conditions to limit damage and save lives and property has piqued the interest of academics and engineers in recent
years. Various methodologies and procedures have been used to aid precise measurement and forecast of river discharge, vel-
ocity distribution, shear stress distribution, and water surface level during overbank flows. Compound channels are the most
common river feature during overbank flow. During the course of a river’s flow, the geometry of the floodplain changes,
resulting in a compound channel that is either converging or diverging. It is more challenging to replicate flow in a nonpris-
matic compound channel because more momentum is carried from the main channel to the floodplains. Sellin (1964), Myers
& Elsawy (1975), Knight et al. (2010), and Khatua ef al. (2012) have explored the flow models of straight and meandering
prismatic two-stage channels, but little is known about nonprismatic compound channels. A converging channel shape
causes the flow on floodplains to rise, while the flow on diverging floodplains is reduced (James & Brown 1977). Compound
channels with symmetrically declining floodplains were studied by Bousmar & Zech (2002), Bousmar et al. (2004), Rezaei
(2006), and Rezaei & Knight (2009) and found the extra loss of head and transfer of momentum from the main channel
to floodplains. Asymmetric geometry with a greater convergence rate was examined by Proust ef al. (2006). A greater conver-
gence angle (22°) results in increased mass transfer and head loss. Chlebek ef al. (2010) studied the flow behavior of skewed,
two-stage converging, and diverging channels. They observed increased head losses due to the mass and momentum transfer,
homogenization of the velocity on contracting floodplains, and increased velocity gradient on the expanding floodplains. Due
to changes in the flow force from one subsection to another between the main channel and floodplains, there are noticeable
variances in the flow distribution. In compound channels with nonprismatic floodplains, Rezaei & Knight (2011) investigated
depth-averaged velocity, local velocity distributions, and boundary shear stress distributions at various convergence angles.
The depth-averaged velocities show how contractions affect velocity distributions, specifically, an increase in velocity near
the main channel walls, most notably in the second half of the convergence reach, and for high relative depth, the effects
of the lateral flow that comes into the main channel. Yonesi ef al. (2013) investigate the impact of floodplains’ roughness
on overbank flow in compound channels with nonprismatic floodplains. The velocity gradient between the main channel
and the floodplain in the middle and end of the divergence stretch is lowered by raising the depth ratio or lowering the rough-
ness ratio. The gradient of velocity increased as the angle of divergence increased. The gradient of shear stress rises as the
surface roughness of the floodplain increases. Naik & Khatua (2016) developed a multivariate regression model to predict
the water surface profile for different compound channels with the nonprismatic floodplain using nondimensional geometric
factors. The constructed model has a high level of concordance with both the empirical evidence and the findings of other
scholars. In nonprismatic compound channels, the effect of flow parameters on the water surface profile and variation of flow
characteristics at higher flow rates has received much less attention. As a consequence, additional experiments are being car-
ried out at higher flow rates on nonprismatic compound channel with converging floodplains to simulate the water surface
profile.

It is complicated to evaluate the connections between the components that rely on other factors and those that are inde-
pendent by developing a water surface profile model using mathematical, analytical, or numerical methods. These models end
up being quite cumbersome and time-consuming as they progress. Not only is the amount of time spent conducting exper-
iments cut in half as a result, but also the amount of time spent doing labor-intensive computations is reduced. Due to the
increasing reliance on machine learning algorithms to estimate flow in compound channels, these channels are increasingly
calculated using support vector machines (SVM), gene expression programming (GEP), artificial neural networks (ANN),
fuzzy neural networks (ANFIS), and the M5 tree decision models (Seckin 2004; Unal ef al. 2010; Sahu et al. 2011; Zahiri
& Azamathulla 2014; Najafzadeh & Zahiri 2015; Parsaie ef al. 2017). The GEP’s capacity to generate mathematical corre-
lations distinguishes it from other soft computing approaches such as ANN and SVM (Cousin & Savic 1997; Drecourt 1999;
Savic et al. 1999; Whigham & Crapper 1999, 2001; Babovic & Keijzer 2002; Karimi et al. 2015). However, river engineering
using the GEP method has received far less attention (Harris ef al. 2003; Giustolisi 2004; Guven & Gunal 2008; Guven &
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Aytek 2009; Azamathulla ef al. 2013; Pradhan & Khatua 2017b). Parsaie et al. (2015) use the support vector machine (SVM)
technique to predict the discharge in the compound open channel. The analysis of the error indices demonstrate that the
SVM has the highest level of accuracy. Khuntia ef al. (2018) developed an artificial neural network (ANN) model for pre-
dicting boundary shear stress distribution in straight compound channels using the most influential parameters such as
width ratio, relative flow depth, aspect ratio, Reynolds number, and Froude number. Back-propagation neural network
(BPNN) models performed well over global ranges of independent parameter values. For the estimation of discharge in
diverging and converging compound channels, an equation has been created by Das ef al. (2019). This equation encourages
the usage of GEP. Mohanta & Patra (2021) have developed a model equation for calculating discharge in meandering com-
pound channels, validating the use of GEP over the classic channel division technique. For meandering compound
channels with relative roughness, Mohanta et al. (2021) used several Al methods, including multivariate adaptive regression
splines (MARS), a group method of data handling Neural Network (GMDH-NN), and gene-expression programming (GEP),
to develop model equations. Compared to GEP and MARS, the results show that the suggested GMDH-NN model accu-
rately predicted the values. In order to simulate the flow of the Hablehroud River in north-central Iran, Esmaeili-
Gisavandani ef al. (2021) studied five hydrological models, including the soil and water assessment tool (SWAT), identifi-
cation of unit hydrograph and component flows from rainfall, evapotranspiration, and streamflow (IHACRES),
Hydrologiska Byrns Vattenbalansavdelning (HBV), Australian water balance model (AWBM), It was discovered that the
calibration phase findings for SWAT, IHACRES, and HBV were good. Only the SWAT model, however, performed well
and outperformed the other models throughout the validation phase. The GEP combination approach may combine
model results from other, less accurate models to get a better indication of river flow. To forecast the snow depth (SD)
one day in advance at the North Fork Jocko snow telemetry (SNOTEL) station in the city of Missoula, Montana State
of the United States, Adib ef al. (2021a, 2021b) proposed a novel algorithm that combines various wavelet transform
(WT) approaches, including discrete wavelet transform (DWT), maximal overlap discrete wavelet transform (MODWT),
and multiresolution-based MODWT (MODWT-MRA). The findings validated wavelet-based models’ superiority over solo
ones. This shows that the innovative wavelet-based model is a method that merits further investigation for its potential
to deliver useful information across snow-covered areas. Adib et al. (2021a, 2021b) demonstrate the use of wavelet trans-
forms, such as discrete wavelet transform, maximum overlap discrete wavelet transforms (MODWT), multiresolution-
based MODWT (MODWT-MRA), and wavelet packet transform (WP), in combination with artificial intelligence (AI)-
based models, such as multi-layer perceptron’s, radial basis functions, adaptive neuro-fuzzy inference systems (ANFIS),
and gene expression programming, to retrieve snow depth (SD) from the national snow and ice data center. According
to the findings, the WP combined with ANFIS (WP-ANFIS) performed better than the other analyzed models in terms
of statistical analysis. Mohseni & Naseri (2022) used ANN and SVM to estimate the water surface profile in compound
channels with vegetated floodplains. According to the results, the SVM algorithm performed better than the ANN and
regression models. According to sensitivity analysis, the water surface profile depended mainly on relative discharge and
relative depth. Naik et al. (2022) proposed a novel equation using GEP to predict water surface profile in converging com-
pound channels using geometric variables.

In past studies, the water surface profile of compound channels with converging floodplains was predicted in terms of geo-
metric variables using the GEP technique only. Therefore, this research has been conducted to predict the water surface
profile of compound channels with converging floodplains in terms of both geometric and flow parameters using machine
learning techniques such as GEP, ANN, and SVM. Comparisons among these techniques and approaches from other
researchers are made with the help of statistical analysis to evaluate the effectiveness of the developed models for predicting
the water surface profile of nonprismatic compound channels.

MATERIALS AND METHODS

Data source

Numerous studies have investigated the shear force distribution, momentum transfer, and discharge methods of the flow in
nonprismatic compound channels. Rezaei (2006), Naik & Khatua (2016), and the author’s experimental data are used in the

current work. Table 1 provides information on the experimental channel dimensions of these compound channels with var-
ious geometric properties. Figure 1 describes the flow chart of the methodology applied in the current study.
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Table 1 | Details of experimental channel dimensions used in the present study

Total Main Main
Angle of cross- Channel  Channel  Channel  Converging
Type of Convergent  Longitudinal  sectional width ()  Width (b) Depth (h) Length (X)  Aspect

Verified Test Channel Channel 0) Slope (S) Geometry (m) (m) (m) (m) ratio (3)
Channel 1 Rezaei (2006) Converging 11.31° 0.002 Rectangular 1.2 0.398 0.05 2 7.96
Channel 2 Rezaei (2006) Converging 3.81° 0.002 Rectangular 1.2 0.398 0.05 6 7.96
Channel 3 Rezaei (2006) Converging 1.91° 0.002 Rectangular 1.2 0.398 0.05 6 7.96
Channel 1 Naik & Converging 5° 0.0011 Rectangular 0.9 0.5 0.1 2.28 5

Khatua (2016)
Channel 2 Naik & Converging 9° 0.0011 Rectangular 0.9 0.5 0.1 1.26 5

Khatua (2016)
Channel 3 Naik & Converging 12.38° 0.0011 Rectangular 0.9 0.5 0.1 0.84 5

Khatua (2016)
Present Channel Converging 4° 0.001 Rectangular 1.0 0.5 0.25 3.60 2

Experimental setup

The experiments were performed at the Hydraulics laboratory of the Department of Civil Engineering, Delhi Technological
University. All experiments were conducted in a masonry flume of 12 m long, 1.0 m wide, and 0.8 m deep. In this flume, a
compound cross section was constructed using brick masonry with a 0.5 m main channel wide and 0.25 m deep (Figure 2).
The geometric characteristics of a two-stage channel are described in Figure 2. The converging segment of the channel was
built with the help of brick masonry, having a converging angle of 6 = 4°. The compound channel has a prismatic section of
6 m long, a nonprismatic section of length of 3.6 m, and the rest is the downstream portion. The flume was run for six different
flow rates. For each discharge, various flow characteristics, such as stage-discharge relationship, water surface profile, velocity
distribution, shear stress distribution, etc., were measured in the prismatic section (PS) and various nonprismatic sections
(NPS), as shown in Figure 3. NPS1 and NPS5 are the sections at the start and end of the converging portion, whereas
NPS3 is the middle of the converging section. The NPS2 represents the middle section between NPS1 and NPS3. Similarly,
NPS4 represents the middle section between NPS3 and NPS5.

The subcritical flow regime was attained in several conditions of the two-stage channel with a longitudinal bed slope of
0.001. Based on data collected from in-bank and over-bank flows in the floodplains and main channel, Manning’s n value
was estimated. The system derives the water supply from an underground sump to an overhead tank in the experimental chan-
nel. The water from the channel is collected in a volumetric tank outfitted with a v-notch. This v-notch was calibrated to
measure the discharge from the experimental channel. After that, it makes the flow back to the sump located underneath.
Figure 3 represents the experimental setup and the types of equipment that were employed in the research. Figure 4 depicts
a plan view of the nonprismatic cross-sections of Rezaei (2006), Naik & Khatua (2016), and the current channel. At the down-
stream end of the flume, a tailgate was installed to control the water surface profile and impose a specific flow depth in the
flume portion. A point gauge with 0.1 mm precision was used to measure the water surface profile at a distance of 1.0 m and
0.3 m in the prismatic and nonprismatic portions, respectively. An Acoustic Doppler Velocimeter (ADV) was used to detect
the average velocity of the cross-section and three-dimensional velocity distributions along the wetted perimeter at 2.5 and
10 cm vertical and horizontal intervals, respectively, as shown in grid form in Figure 2. The data collected using the ADV
were filtered using the Horizon ADV software. The lateral distributions of boundary shear stress were also measured
using a Preston tube of 5 mm outer diameter at the same sections where the velocity distributions were tested. A digital man-
ometer was used to measure the pressure difference. After that, Patel’s (1965) calibration equations were used for calculating
the shear stress values.

Theoretical background

River engineers need to make an accurate forecast of the water surface profile in overbank flows in order to successfully build
drainage canals, flood defense systems, river training works, floodplain management, and other similar projects. It may be
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Figure 2 | Cross-section of a two-stage channel.

challenging to collect field data that is both sufficiently exact and comprehensive in natural rivers, especially when flood flow
conditions are variable. Experiments conducted in a laboratory are essential in order to improve one’s comprehension related
to the water surface profile of compound channels that include both prismatic and nonprismatic floodplains. For the purpose
of predicting the water surface profile of a converging compound channel, Naik & Khatua (2016) used multivariate analysis
to suggest the Equations (1)-(21), while Naik ef al. (2022) used the GEP technique to offer the Equation (22).

¥ = 1.06a%2? for lower aspect ratio channel 1 (
W = 1.16a%?? for lower aspect ratio channel 2 (
¥ =1.21a%%° for lower aspect ratio channel 3 (
¥ =0.07a+ 1.78 for higher aspect ratio channel 1 4)

(

(

(

¥ =0.05a¢+ 1.28 for higher aspect ratio channel 2 5)
¥ =0.13a¢+ 1.25 for higher aspect ratio channel 3 6)
¥ = -0.14X, + 1.22 for lower aspect ratio channel 1 7)
¥ = -0.15X, + 1.32 for lower aspect ratio channel 2 (8)
¥ = —-0.22X, + 1.37 for lower aspect ratio channel 3 )

¥ = —0.15X, +2.01 for higher aspect ratio channel 1 (
¥ = —-0.16X, + 1.45 for higher aspect ratio channel 2 (
¥ = —-0.21X, + 1.67 for higher aspect ratio channel 3 (
P =-122+227a%%2 +0.18X, for lower aspect ratio channel 1 (
¥ = -1.21+42.28a%?2 +0.19X, for lower aspect ratio channel 2 (14)
¥ = —-0.58 4 1.630%?° +0.18X, for lower aspect ratio channel 3 (
¥ =-0.66 + 0.29a + 0.12X, for higher aspect ratio channel 1 (
¥ =0.86+0.29a + 0.11X, for higher aspect ratio channel 2 (
(

¥ =0.86+ 0.29a + 0.12X, for higher aspect ratio channel 3 18)
. Actual ¥
v (6) = Eq (12) (19)
Actual ¥ 440176
Eq (12) ¢ 20
W = 001701 21 + 2.250°% + 0.18X,) (21)
v 3.72+ 6B+ SB 9.63 — @b 147555 — asS (22)

T [372-5-0.12a ' (5.73 + 0) x (3B + 25X,)
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Figure 3 | Experimental setup.

The water surface profile of the compound channel with different converging floodplains was attempted to be predicted.
The flow is found to be non-uniform in the nonprismatic section, contrary to be anticipated until it reaches the prismatic
zone. These channels have a uniformly smooth surface on their main channel and floodplains. Manning’s n values for all
of these smooth surfaces are found to be 0.013. The majority of influencing factors, including width ratio (a), relative
depth ratio (B), aspect ratio (5), converging angle (6), relative distance (X;), longitudinal slope (S,), energy slope (S.), discharge
ratio (Q,), Froude’s number (F,) and Reynold’s number (R.), are taken into consideration when estimating the water surface
profile of nonprismatic compound channels. A number of parameters are used to enable the model equation to be applied to
diverse compound channels.
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Figure 4 | Nonprismatic sections of (a) Rezaei (2006) (b) Naik & Khatua (2016) (c) Present channel.
The necessary dimensionless equation may be expressed as follows:
\P = F(a7 B’ 57 67 XT7 SO7 Se, er Fr, RE) (23)

GEP model

Ferreira first put up the idea for the GEP approach in 1999. Genetic Programming (GP) and Genetic Algorithms (GA) are
brought together in this approach. The plain and linear chromosomes are joined with structures of fixed length and branching
that vary in size and form (similar to the parse tree in Genetic programming). Phenotype and genotype may be distinguished
using this methodology due to the fact that all branch structures, despite their varying dimensions and configurations, are
recorded in linear chromosomes of a predetermined length. Gene-expression programming, often known as GEP, is a multi-
gene, one-of-a-kind coding language that permits the alteration of increasingly sophisticated equations by dividing them into
many sub-equations. Gene generations, fitness-based gene selection, and the introduction of genetic diversity via using one or
more genetic operators are also utilized in this process. The author develops an equation for the nondimensional water sur-
face profile parameter (%) of a non-prismatic compound channel by using a Gene-expression programming (GEP) technique
with the assistance of GeneXproTools 5.0 (2014). The development of models is decided upon according to the appropriate-
ness of the datasets used for training and testing. The selected models are recreated in GEP using one or more genetic
operators, such as mutation or recombination. Previous studies provide a concise conceptual outline of GEP in their descrip-
tions (Mallick et al. 2020). The relationship (Equation (23)) illustrates the water surface profile of nonprismatic compound
channels varies as a function of the geometric and hydraulic factors. In this study, the modeling procedure uses ¥ as the
target value and the ten independent factors (¢, 8, 6, 6, X;, So, Se, Qr, Fr, Re) as input variables discussed in Equation (23).
The structure of the model is built with the help of the four basic operators of arithmetic (+, —, x, /). In all, 396 data sets
are used, and they are dispersed at random over the two distinct stages of the modeling process. For the purpose of the present
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investigation, training makes use of 70% of the data, while testing makes use of the remaining 30%. In this investigation, the
root-mean-squared error (RMSE) served as the fitness function (E;), and the fitness (f;) was determined using Equation (24),
which defined the total sum of all errors relative to the goal value. The initial model was developed using only one gene and
two different head sizes as its starting point. The number of genes and heads was then gradually raised during each run, and
the results of the training and testing datasets were recorded after each iteration. There was not a significant improvement in
performance between the training data phase and the testing data phase for head lengths of more than twelve and more than
six genes.

As a consequence of this, twelve were selected as head length to be included in the GEP model, and six genes were assigned
to each chromosome. The addition served as the connecting function that was used to connect the genes. After 15,000 gen-
erations, the value of the fitness function and the coefficient of determination of the training and testing data had not changed,
which was suggestive of the fact that generational progress may have reached its conclusion. Table 2 summarizes the primary
characteristics that impact the success of GEP modeling and are used in the construction of a model for predicting the water
surface profile of compound channels with converging floodplains. Figure 5 represents the GEP model for the water surface
profile as an expression tree (ET). Within this representation, the input variables are denoted by dO to d9, and the constant
value for gene two is denoted by G2c0. In order to decode this expression tree, an algebraic equation (Equation (24)) was
developed that links the output variables to the input variables.

In terms of the analytical form, the GEP is modeled according to the following:

0.1256
T =[Q, — o F.S, — aS, + Q:S.S, — 8Q,Sy — aF;S,S, + adF,S, + Se—
r e -
S2 5 X, 32 @4
____e _
@ DS, +3.7298% + SR 966713 5.671]
ANN model

An artificial neural network (ANN) is a significant computing approach that is making rapid strides in development. An arti-
ficial neural network is the association between easily handled components known as neurons or nodes, which are arranged

Table 2 | The GEP model’s selection criteria and parameters

Description of Parameter

Parameter Setting

Function Set +,—, X,/
Number of Chromosomes 30

Head Size 12
Number of Genes 6

Gene Size 38
Linking Function Addition
Fitness Function RMSE
Program Size 80
Literals 37
Number of Generations 15,000
Constants per Gene 10

Data Type Floating-point
Mutation 0.00138
Inversion 0.00546
Gene recombination rate 0.00277
Insertion sequence (IS) transposition rate 0.00546
Root insertion sequence (RIS) transposition rate 0.00546
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Figure 5 | GEP Expression Tree.
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in a layered method. Figure 6 represents the architecture of an artificial neural network (ANN) which is a back-propagation
(BP) neural network model with a feedforward design with three layers, consisting of I input neurons, m hidden neurons, and
n output neurons. The data enters the network via the input layer. The hidden layer takes the data from the input layer, which
is responsible for all the data processing, and the output layer receives data that has been processed from the network. The
data from the output are sent to receptors on the outside. In an ANN, layers are connected to the resultant layers by means of
interconnections between layers. These interconnections are referred to as weights and weighted values, respectively. To
restrict the behavior of specified cost functions in an ANN, the weights of the interconnections are increased (Khuntia
et al. 2018).

In this study, an ANN method was used to predict the water surface profile of a compound channel with converging flood-
plains. For prediction purposes, a feedforward network is built on MATLAB using a backpropagation training technique.
Figure 7 depicts the simulation process that the ANN goes through when it is operating inside the network. The network
must first be trained before it can be used for any problem. During this phase, the weights and biases of each output
neuron are adjusted in accordance with the training procedure so that the goal output of each output neuron is constrained.
Training in ANNs is comprised of three different components: weights between neurons, which characterize the relative sig-
nificance of the sources of input, a sigmoid transfer function, which controls the stage of the output from a neuron and an
arrangement of learning laws, which depicts how the weights are changed throughout the training process. During training,
a nonlinear function, which is most often a sigmoid function, is used (Govindaraju 2000a).

F(a) = (25)

where a = sum of weighted input value plus bias. The result is sent to the subsequent layer of nodes to be processed. There are
four stages in feedforward back-propagation neural network (BPNN) approaches. These processes are as follows:

1. Sum the weighted input

Nod, =Y (Wiks) + € (26)

i=1

1
< Backpropagation of errors

x(z-1)

x(t—d)

y(z-1)

y(t—d)

Input Layers Hidden Layers Output Layer

Feedforward of information I\
L/

Figure 6 | ANN architecture.
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Figure 7 | Simulation process of ANN model.

where Nod, = sum for the zth hidden node, n = total number of input nodes, Wy, = connection weight between the xth
input and the zth hidden node, k, = normalized input at the xth input node, and €, = bias value at the zth hidden node.
2. Transform the weighted input

1
where Out, = output from the zth hidden node.
3. Sum the hidden node output
m
Nod, = > (W,,Out))+ €, (28)

=1

where Nody =sum of yth output node, m = total number of hidden nodes, W,, = connection weights between the zth
hidden node and the yth output node, and €, =bias value at the yth output node.
4. Transform the weighted sum

1

Out, = 1o Moty

(29)
where Out, = output at the yth output node.

In order to create the structure of the neural network, ten neurons were used for the input layers, ten neurons were used
for the hidden levels, and one neuron was used for the output layer. Figure 8 shows the neural network parameters like
gradient, mean, and validation checks of this system, along with the alterations that occur when the system is in the train-
ing stage. As the number of generations increases, the gradient and mean decreases, and the number of validation checks
increases, leading to convergence of the model. Figure 9 depicts the error monitored in the training, testing, and validation
phase; the error of training fell quickly at the beginning stage and then progressively slowed down after that. The network
reached convergence after 43 generations and shows the minimum value of the error.

SVM model

SVMs, or support vector machines, are a group of similar supervised learning algorithms that may be used for classification
and regression. A non-linear classifier offers superior accuracy in many different types of applications. First, in SVR, the input
x is mapped into an m-dimensional feature space using a fixed (nonlinear) mapping. Next, a linear model is formed in this
feature space utilizing the information obtained from the previous step (Parsaie ef al. 2015). The naive way of making a
non-linear classifier out of a linear classifier is to map our data from the input space X to a feature space F using a non-
linear function ¢ : x — f . In the space F the discriminate function is:

fo) = w'ox) + b (30)
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Figure 8 | Training parameters during ANN modeling.
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Figure 9 | Convergence curve for the training of BPNN.
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The linear model, denoted by the mathematical notation f (x, w), may be represented in the feature space as follows:

w = i a;Xi (31)
i=1
o, w) = 3 amin(@) + b 52)
=1
flx) = i ax]x+b (33)
i=1

In the feature space, F, this expression takes the form:

) = > anele) e) +b  0<a<C 54
i=1

K, ) = o) ol 55)

fx) = i aik(x, x;) + b (36)
i=1

Since SVM contains a large number of kernel functions, determining how to choose an effective kernel function is another
research challenge. On the other hand, there are other helpful kernel functions that may be used in general.

Linear kernel: k(x;, x;) = x,-Txi

Polynomial kernel: k(x;, x;) = (vl % +1)%, y>0
RBF kernel: k(x;, x;) = exp(—vy||lx; — %[|)>, y>0
Sigmoid kernel: k(x;, x;) = tanh(yx,-ij +71), y>0

where C, y, r, and d are kernel parameters. It is common that the SVM generalization performance (estimation accuracy) is
directly proportional to the quality of the settings for the meta-parameters C, y, and r, as well as the kernel parameters. The
complexity of the prediction (regression) model is controlled by the values chosen for C, y, and r. The issue of optimum par-
ameter selection is even more difficult because the complexity of the SVM model (and, therefore, its generalization
performance) is dependent on all three parameters. In order to carry out the classification, kernel functions are called
upon to modify the dimensionality of the input space. Data sets are used to develop the SVM model, which is comparable
to the development of other neural network models. To accomplish this goal, a total of 396 data sets about the water surface
profile of converging compound channels were used. In order to construct the SVM model, the acquired data is split into two
categories in MATLAB software: the training data and the testing data. Equation (23) demonstrates the primary factors that
affect the profile of the water’s surface.

Statistical measures

For further testing of the accuracy of the developed models by GEP, ANN, and SVM approach, various types of error analysis,
such as the coefficient of determination (R?), mean absolute error (MAE), mean absolute percentage error (MAPE), and root
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mean squared error (RMSE), are analyzed using the following equations (Naik ef al. 2022).

(a)

Stage (m)

(b)

Stage (m)

Figure 10 | Stage-discharge relationship for the nonprismatic compound channel (a) prismatic section (b) nonprismatic sections.
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MAPE (%) =

ZI'—‘

XN: ('p’ - al 100) (39)

i=1

RMSE =

where a and p are the actual and predicted values, respectively, a and p are the mean of actual and predicted values, respect-
ively, and N is the number of datasets.

RESULTS AND DISCUSSION

Figure 10 represents the stage-discharge relationship for prismatic and nonprismatic sections of the nonprismatic compound
channel with a converging angle of 6 =4°. The flow depth rises as the discharge increases. However, there is a minor fall in
increment beyond bankfull depth due to interaction and additional momentum transfer between the main channel and flood-
plains. Due to the convergence of channel geometry, flow depth reduces for the same discharge in the converging portion
from section 1 to section 5. Therefore, for in-bank and overbank flow in prismatic and nonprismatic parts, the best-fitted
trend lines are found to be a polynomial function with high R? values. Figures 11 depict the water surface profile of the non-
prismatic compound channel with the longitudinal distance for different relative flow depths. In the prismatic part of the
flume, the water surface profile stays the same, but in the converging portion of the flume, there is a decreasing water
level due to the flow acceleration (especially in the second half of the transition), and in the downstream part of the
flume, the flow is nearly uniform with some fluctuations. Figure 12 shows the variation of the nondimensional water surface
profile (¥) with nondimensional geometric and flow parameters such as width ratio, relative depth, aspect ratio, relative dis-
tance, energy slope, discharge ratio, Froude number, and Reynolds number for converging angle 6 = 4° and relative depths
ranging from f=0.10 to 0.60, respectively. The water surface profile increases as the width ratio increases due to a rise in
stage for a particular width ratio. For different converging angles, the shape of the water’s surface follows the same pattern
of change with respect to the width ratio. The water surface profile increases non-linearly as the relative flow depths rises.
Along the several parts of the nonprismatic compound channel, the water surface profile follows a pattern of variation
with an aspect ratio that decreases as it moves from section to section. As demonstrated in the figure, the relative distance
between two points causes the impact of relative distance on nondimensional water surface profiles to decrease as the relative
distance between the two points increases. This indicates that a converging transition rapidly increases the velocity head
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Figure 11 | Water surface profile for nonprismatic compound channel for different relative flow depths.
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while simultaneously lowering the potential head. The drop is quite precipitous at the more acute angles of convergence of
the floodplain. The water surface profile decreases as the energy slope increases due to the loss of energy along the flow
length. It increases linearly with the discharge ratio due to a rise in flow depth with the increase of flow rate. The same pattern
of variation is observed for all the relative depths; however, the decline is found to be steeper for higher converging angles due
to more flow resistance from the channel convergence. The water surface elevation decreases as the Froude number, and Rey-
nolds number increases with the same trend of variation for the different relative depths. The rise in velocity due to the
convergence of channel geometry leads to flow acceleration in the nonprismatic sections, causing the water surface profile
to decline.

The scatter plots comparing the predicted and observed ¥ values for each of the different ML techniques are shown in
Figure 13. The fact that the values are so near to the line indicating good agreement, is a strong indicator of the generated
GEP, ANN, and SVM models’ capacity to make accurate predictions. Among all the three models, ANN predicted values
are very close to the best-fitted line compared to GEP and SVM, having scatter values along the fitted line. Therefore, the
ANN model best agrees with the experimental data with high R? values. Figure 14 compares developed models for predicting
water surface profile with the previous methods developed by Naik ef al. (2022) and Naik & Khatua (2016). It has been
noticed that the constructed models are very close to the best-fitted line compared to previous methods and have a strong
potential for generalization. They do not exhibit any signs of the phenomenon of overtraining. The effectiveness of the
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GEP, ANN, and SVM models was judged based on a number of statistical parameters, including R%, MSE, RMSE, MAE, and
MAPE, which are shown in Table 3. From the table, it can observe that ANN (R? = 0.999 and RMSE = 0.003) gives the best
predicting results for the water surface profile of nonprismatic compound channels as compared to other models such as GEP
(R*>=0.998 and RMSE = 0.013 in training, R* = 0.996 and RMSE = 0.018 in testing), SVM (R?=0.990 and RMSE = 0.017)
and other previously developed methodologies. ANN model with MAPE of 0.107 proves to be the most suitable method
as compared to other methods in the prediction of water surface profile in nonprismatic compound channels. To reduce
the losses due to flood, understanding the flow mechanism in prismatic and nonprismatic (additional momentum transfer
should also account in flow modeling) reaches of the river is important in designing flood control and diversion structures.
The models developed in the study can have a practical application to nonprismatic rivers such as the River Main in Northern
Ireland, the Brahmaputra River in India, and other similar rivers. The findings of the study will be useful in the design of such
structures and thereby reducing economic as well as human losses.

CONCLUSIONS

This study demonstrates the application of machine learning strategies, specifically Artificial Neural Networks (ANN), Gene-
Expression Programming (GEP), and Support Vector Machine (SVM), to determine the water surface profile of a

Table 3 | Error analysis of predicted ¥ by various approaches

GEP Model Naik et al. Method (2022)
Naik and Khatua

Statistical parameters ANN Model SVM Model Training Testing Training Testing Method (2016)
R? 0.999 0.990 0.998 0.996 0.99 0.99 0.896

MSE 0.0001 0.0003 0.0002 0.0004 0.0008 0.0007 0.0019

RMSE 0.003 0.017 0.013 0.018 0.028 0.027 0.043

MAE 0.002 0.015 0.008 0.010 0.022 0.022 0.002

MAPE (%) 0.107 1.074 0.595 0.598 1.543 1.546 2.429
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nonprismatic compound with converging floodplains. The proposed models are developed based on 396 high-quality labora-
tory datasets with dimensionless geometric and flow parameters for nonprismatic compound channels with different
converging angles (6 = 1.91° to 12.38°) and relative depths (8= 0.10 to 0.60). The following are some of the findings and infer-
ences that may be drawn from this study:

The proposed model appears to be influenced by many parameters such as width ratio, relative flow depth, aspect ratio,
converging angle, relative distance, longitudinal slope, energy slope, discharge ratio, Froude number, and Reynolds
number. Flow depth rises as discharge increases up to bankfull depth, but beyond bankfull depth, a modest decrease in
depth is seen at all converging angles owing to interaction and momentum transfer between the main channel and flood-
plains. Due to the convergence of the channel geometry, the flow depth decreases with the length of the channel, and the
same tendency has been seen for greater relative depths and varied floodplain convergence angles. The nondimensional
water surface profile is found to be increasing with width ratio, relative depth, discharge ratio and shows a decreasing
trend with aspect ratio, energy slope, relative distance, Froude number, and Reynolds number. For all the converging
angles, the same trend of variation is observed for the water surface profile in nonprismatic compound channels. The link
between the nondimensional water surface profile and the nondimensional geometric and hydraulic variables of a converging
compound channel is examined. It is found that there is a nonlinear relationship between all of the parameters.

In contrast to previous methods, such as Naik & Khatua (2016) and Naik et al. (2022), the developed models show better
results in terms of R%, MAE, RMSE, and MAPE for various datasets. The findings demonstrated that, in accordance with the
assessment criteria, all techniques (ANN, GEP, and SVM) could reasonably predict the water surface profile in nonprismatic
compound channels. The ANN model showed better performance due to the highest R? (0.999), lowest RMSE (0.003), MAE
(0.002), and MAPE (0.107). However, a novel equation was developed using the GEP method for estimating the water surface
profile of nonprismatic compound channels, as the GEP method also showed good statistical performance. The model’s
restriction is that they can only be used to forecast the water surface profile of a compound channel with a converging flood-
plain with uniform roughness. Future studies must be focused on estimating the water surface profile of nonprismatic
compound channels with rough floodplains and new techniques.
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ARTICLE INFO ABSTRACT

Keywords: The present study is focussed on the detailed physical insight into the structural, thermal, and dynamical
Half Heusler compounds properties of 8-valence electron Half Heusler (HH) compounds LiCaX (X = As, Sb) using Density functional
DFT . theory. The thermal and dynamic stabilities of the compounds are assessed via ab-initio molecular dynamic
g;[rgmelecmcs simulations and phonon dispersion calculations, respectively. The Tran-Blaha modified Becke Johnson potential

is used to accurately predict the band gap of investigated compounds. It is found that they are indirect band gap
semiconductors with band gaps of 2.52 eV (LiCaAs) and 2.09 eV (LiCaSb). The transport parameters are obtained
for p-type and n-type doping at temperatures ranging from 300 K to 800 K by solving the Boltzmann Transport
equation. The deformation potential theory is employed to calculate the temperature dependent relaxation time
for both compounds. The results of the various thermoelectric parameters obtained using actual values of time-
dependent relaxation time are compared with that calculated under constant relaxation time approximation. The
maximum power factor is 10.95 x 10*! (4.99 x 10'}) Wm ™K~} for p-type (n-type) LiCaAs and 12.53 x 10*!
(5.30 x 10'Y) Wm 'K 257! for p-type (n-type) LiCaSb at optimized carrier concentration. The obtained low
lattice thermal conductivities for LiCaSb (0.66 Wm’lK’l) and LiCaAs (0.88 Wm’lK’l) are explicated it in terms
of different phonon modes. The Figure of Merit at 800 K for p-type (n-type) LiCaAs is as high as 0.90 (0.73) and
0.93 (0.84) for LiCaSb at optimum carrier concentration ~10%° cm 3 (~1019 cm’s), which has been experi-
mentally realized in other 8-valence electron Li-based HH compounds. The good thermoelectric performance of
p-type LiCaX in comparison to n-type suggests that p-type LiCaX alloys are viable candidates for high temperature
energy harvesting applications.

Lattice thermal conductivity

increase the power factor (PF i.e., S%0) through carrier concentration
optimization [8], and another is to suppress the kjuice by increasing

1. Introduction

Thermoelectric (TE) materials based solid-state electronic devices
convert waste heat into useable electrical energy. These materials have
been shown to hold great potential for clean and green energy har-
vesting [1-3] over other renewable energy resources such as wind,
geothermal, and solar which have their own constraints pertaining to
location and weather [4]. The efficiency of a TE material is given by a
dimensionless quantity known as the Figure of Merit (FOM), which is
defined by ZT = S%6T/k, + Kiatice; Where 6, S, Kiauice, and ke, respectively,
represents the electrical conductivity, Seebeck coefficient, lattice ther-
mal conductivity, and electronic thermal conductivity. An efficient TE
material should possess a high ZT value [5,6]. The tunning of S, ¢, and «,
to maximize the ZT is a tedious task as these parameters are mutually
dependent [7]. It is established that enhancement in ZT can be achieved
by tuning these parameters independently in two ways: one is to

* Corresponding author.

phonon scattering [9].

Most of the traditional TE materials are based upon lead chalco-
genides and bismuth tellurides. Although these materials possess high
ZT [10] but they are not eco-friendly. The plausible alternatives are Zintl
materials [11], skutterudites [12], and Half Heusler (HH) compounds
[13-15]. The HH compounds have attracted major scientific attention in
recent years owing to their excellent band structure tunability, as well as
high mechanical and thermal stability [16-18]. These compounds exist
in chemical composition XYZ (or, 1:1:1 ratio), where X and Y are tran-
sition metal elements, and Z is a p-block element. Numerous studies are
existing in the literature that shows enhancement in TE performance of
HH alloys realized through optimization of the carrier concentration via
doping [19], heavy element substitution [20,21], and strain [22].
Rausch et al. [20] have synthesized p-type HH alloy
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Tig.32r¢.35Hfp.35C0Sb1 _«Sny and attained a maximum ZT value of 0.8
(for x = 0.15) corresponding to an optimal carrier concentration of 1.4
x 102! em™3 thereby proving that the carrier concentration can be an
efficient way for improving TE properties. El-Khouly et al. [19] have
reported that Hf-Ti co-doping in FeVSb increased the ZT value by 20%
as compared to pristine compound at 873 K. Recently, Shen et al. [23]
and Serrano-Sanchez et al. [24] have demonstrated improved TE per-
formance of NbFeSb and NbCoSn, respectively, by doping with heavy
elements as it optimizes the PF and reduces the kjuuice by causing high
scattering of phonons.

Among the anticipated HH alloys, the Li-based 8-VEC HH com-
pounds exhibit good mechanical, dynamical stability, and transport
properties [15,25-28]. Few studies have been carried out in recent times
focussing on their TE properties [29-31]. Very recently, Xiong et al.
have achieved a significant enhancement in the figure of merit using
carrier concentration optimization in Li-based 8-VEC HH compounds at
673 K. They have concluded that this compound may be very promising
for TE energy harvesting if the thermal conductivity can be reduced
significantly [32]. This motivated us to look for a unique combination of
Li-based 8-VEC HH compounds with low thermal conductivity. This can
be achieved by using heavy p-block elements such as Antimony as it may
increase the phonon-phonon scattering rates and reduces the phonon
group velocities. We observed that all the reported studies on Li-based
8-VEC HH compounds lack a crucial thorough investigation of lattice
thermal conductivity. Moreover, as these Li-based compounds are not
experimentally synthesized yet, a clear guidance for the experimentalist
is missing in reported works, i.e., the thermal stability at higher tem-
peratures and phonon dynamics.

We used the density functional theory (DFT), and density functional
perturbation theory (DFPT) based methods to probe the electronic
structure and phonon dispersions of LiCaX (X = As, Sb) compounds. We
assessed the thermal stability at different temperatures using ab-initio
molecular dynamics simulations (AIMD), which suggests that these
compounds can be used for high temperature applications. We then
employed the semiclassical Boltzmann transport theory and Phono3py
code to calculate TE parameters at different temperatures for a given
carrier concentration. In order to predict the accurate ZT, a true value of
Klattice @and temperature dependent relaxation time are obtained. We
understood the role of acoustic and optical phonon modes in deter-
mining kjgice- This work shows that the ZT values of the LiCaAs, and
LiCaSb could be significantly enhanced with optimized carrier concen-
tration, which results in making these Li-based 8-VEC HH compounds
very promising candidates for high temperature TE applications.

2. Computational details

The structural properties of LiCaX were obtained using Density
functional theory (DFT) as implemented in the Vienna Ab-initio Simu-
lation Package (VASP) [33]. The Perdew-Burke-Ernzerhof generalized
gradient approximation (GGA) was used for the exchange-correlation
potential [34]. The projector augmented plane wave approach was
employed for electron-ion interactions [35]. The Brillouin zone (BZ) was
sampled using a Gamma-centred 11 x 11 x 11 k-point mesh, and a
plane-wave kinetic energy cut-off of 650 eV was used. Geometric
structure was fully optimized with a convergence threshold of 108 eV
for energy and —0.001 eV/A for the force. The ab-initio molecular dy-
namics (AIMD) simulation was employed, over a 2 x 2 x 2 supercell, to
check the high temperature stability of the proposed materials. These
calculations were carried out in a canonical ensemble (NVT) at tem-
peratures 400 and 800 K using a time step of 1 fs, which lasted for 5000
fs.

The electronic structure and transport properties were calculated
using the Full potential linearized augmented plane wave method
implemented in WIEN2K code [36]. The cut-off energy was set to —6 Ry
for the core and valence states, and the plane wave cut-off was decided
by RyrxKmax = 7. The Kohn-Sham equation was solved self-consistently
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with an energy convergence of 0.0001 Ry/cell. The Tran Blaha modified
Becke Johnson (TB-mBJ) potential was used for accurate prediction of
band gap and transport properties [37]. The TE parameters were esti-
mated via solving the Boltzmann Transport equation (BTE) under the
constant relaxation time approximation, which is implemented in the
BoltzTraP code [38]. In order to ensure precise TE properties, a dense
k-mesh of 34 x 34 x 34 was used for the BZ. The temperaure dependent
relaxation time was calculated using Deformation Potential theory to
obtain true ZT.

The Phonopy code [39] was used to obtain the second order har-
monic interatomic force constants (IFCs) and phonon structure via the
DFPT method [40] using a 2 x 2 x 2 supercell on an 8 x 8 x 8 k-mesh.
With the same supercell, the Phono3py code [41] was used to calculate
anharmonic third-order IFCs. Interactions up to the fifth-closest neigh-
bour were taken into consideration for the third-order IFCs. The Boltz-
mann transport equation was solved self consistently to obtain the
lattice thermal conductivity using a dense 20 x 20 x 20 g-mesh.

3. Results and discussion
3.1. Structural properties and thermal stability

The HH LiCaX crystallizes in the cubic structure having a space group
of F 43 m (no. 216), where Li atoms occupy positions 4b (1/2,1/2,1/2),
Ca atoms occupy positions 4a (0, 0, 0), and X (As and Sb) occupies 4c (1/
4, 1/4, 1/4). Thus, the crystal structure can be viewed as zinc blende
type structure (CaX)’, partially filled by Li" ions [42]. Thomas et al. have
conducted extensive ab-initio investigations for the crystal structures of a
variety of HHs and have observed the above-mentioned structure to be
the most favourable for I-1I-V HHs [43]. To further verify this, we have
carried out the total energy calculations of different possible configu-
rations (Type I, Type II, and Type III) whose Wyckoff positions are listed
in Table 1. The total energies obtained from the self-consistent calcu-
lations for these configurations for both the compounds are plotted as a
function of cell volume (Fig. 1) and curves are fitted in accordance with
the Birch-Murnaghan equation of states [44]. The results show that the
Type I configuration corresponds to the minimum energy and thus the
most stable for both HH compounds. The calculated lattice constants of
LiCaAs (6.67 10\) and LiCaSb (6.96 f\) are found to be in good agreement
with previous studies [31,45]. The computed volume, bulk modulus, its
pressure derivative, and ground state energy for both compounds are
presented in Table 2.

The thermal stability is a crucial parameter for any material to be
used for TE applications. We have probed the thermal stability of LiCaX
by AIMD simulations using canonical ensemble at 400 K and 800 K, as
shown in Fig. 2. It is visible that the temperature fluctuations are very
trivial throughout the 5000 fs AIMD simulations at 400 K and 800 K.
These results indicate that the structures are thermally stable at ambient
as well as elevated temperatures.

We have also obtained the melting temperature (T;;) of LiCaX using
an empirical relation [46]: T,;, = 553 K+(5.91/GPa) C;; + 300 K. This
relation has also been used for other similar Li-based 8 VEC HH com-
pound [47]. We have used the elastic package, implemented in WIEN2K
software, to calculate the elastic constants for cubic systems in order to
obtain the value of C;;. The obtained results are presented in Table 3.
The value of the bulk modulus (B) has obtained by fitting the
Birch-Murnaghan equation of states [44].

Table 1
Possible Wyckoff positions of atoms for the LiCaX (X = As, Sb) HH compounds.
Type I Type II Type III
Li 4b 4c 4a
Ca 4a 4a 4b
X 4c 4b 4c
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Fig. 1. Calculated total energy (in Ry) versus volume (in a.u.®) for Type I, Type II, and Type III configurations of LiCaAs and LiCaSb.

Table 2
Calculated optimized volume (Vp), bulk modulus (B), pressure derivative (Bp),
and total energy (Ep) of both LiCaAs and LiCaSb compounds.

Vo (a.u.®) B (GPa) B, Eo (Ry)
LiCaAs 501.94 37.5093 3.5402 —5898.249798
LiCaSb 573.23 30.6543 3.5741 —14343.286715
(a) LiCaAs (b) LiCaSb
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Fig. 2. The AIMD simulations of temperature fluctuations versus time for (a)
LiCaAs and (b) LiCaSb at 400 K and 800 K.

Table 3
Calculated elastic constants C;j (GPa), Bulk modulus B (GPa) and melting tem-
perature Ty, (K).

Cn1 Ci2 Caa B Tm
LiCaAs 62.305 25.252 28.220 37.026 921.22
LiCaSb 53.730 18.346 24.996 30.137 870.54

3.2. Dynamical stability

To confirm the dynamical stability, we have calculated frequency-
dependent phonon band structure using DFPT as presented in Fig. 3.
The presence of all positive frequency phonon modes shows that the
structures under investigation are stable. In their primitive cell, there are
three atoms that give rise to nine different phonon modes, three of which

are acoustic (low frequency phonon modes) and six of which are optical
(high frequency phonon modes). The highest frequencies for LiCaAs and
LiCaSb are 10 THz and 8.5 THz, respectively. There is a band gap from
6.5 THz to 7.5 THz in LiCaAs, between 5.6 THz and 6.8 THz and slightly
from 3.3 THz to 4.0 THz in LiCaSb. It can be seen that in the entire
frequency range the dispersion of phonon modes shrinks with an in-
crease in atomic weight of the X atom. This suggests a reduction in
corresponding group velocity, which further leads to low lattice thermal
conductivity [48].

It can be seen from Fig. 4 that the optical phonon modes above the
band gap are predominantly contributed from the vibrations of Li atoms.
This characteristic is the same for both structures LiCaAs and LiCaSb.
The primary factor separating the phonon DOS of these two structures is
the vibrations of As and Sb atoms. Owing to the large atomic mass of Sb,
its vibrational frequencies mainly dominate up to 3 THz in LiCaSb. On
the other hand, in the case of LiCaAs, the vibrational frequencies
dominate up to 5 THz. Also, the minor contribution of Ca ions can be
seen in the low frequency modes; however, the mid frequency phonon
modes are largely contributed by the vibrations of Ca ions.

The Griineisen parameter (y) as a function of frequency is shown in
Fig. 5, its value is positive for all modes. It is a measure of anharmo-
nicity, therefore large y reflects the strong anharmonicity, thus the low
lattice thermal conductivity. The average value of y for LiCaAs and
LiCaSb is 1.28 and 1.20, respectively, smaller than that of other HH
alloys [48,49] but comparable to the promising TE material PbTe [50].

3.3. Electronic structure properties

Fig. 6 shows the energy band structure of LiCaAs and LiCaSb, which
is obtained using TB-mBJ potential. The conduction band (CB) minima
and the valence band (VB) maxima of both alloys are found at the X-
point and the I'-point in the BZ, respectively. Therefore, both are found
to be indirect band gap semiconductors. The band gaps of LiCaAs and
LiCaSb are calculated to be 1.82 (2.52) eV and 1.52 (2.09) eV using GGA
(TB-mBJ), respectively. The calculated value of the band gap for LiCaAs
is comparable to previous DFT calculations [31,45]. The band gap of
LiCaX decreases from As to Sb. Thus, a higher value of the Seebeck co-
efficient can be expected for LiCaAs. Also, the VB edges are flat indi-
cating strongly localized holes, on the contrary, the CB edges are
dispersed showing free electrons. Therefore, we foresee superior TE
performance for p-type compounds in comparison to the n-type ones.

The total and partial density of states (DOS) of LiCaX HH alloys are
depicted in Fig. 7. It is noticeable that the VB is primarily dominated by
X (i.e., As and Sb) atoms and the CB is majorly composed of Ca atoms for
LiCaX HH alloy. Li atoms give negligible contribution both in CB and VB.
It is also found that the DOS in the VB is higher than that in the CB. As a
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Fig. 3. The obtained phonon dispersion for (a) LiCaAs and (b) LiCaSb.
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Fig. 4. Calculated phonon density of states of LiCaAs and LiCaSb.

result, we anticipate superior TE performance in the p-type doping than
in the n-type counterpart.

4. Thermoelectric properties

The TE parameters S, ¢, and «, are calculated by the following re-
lations [38]:

o (T, € 1)
o, T Q/U,,ﬁ ( S de 3)
where Q is the reciprocal space volume, f is the Fermi distribution
function, e is the electron charge, ¢ is the carrier energy. g4(¢) is con-
ductivity tensor can be expressed as:

ZG” 1k

The transport properties are calculated as a function of temperature
and with varying carrier concentration (n) ranging from 1 x 10 em3
to 1 x 10?2 cm ™3, which is an optimum range for good TE performance
[6], with constant relaxation time for the HH alloys LiCaX (X = As and
Sb). Considering that these compounds are stable at higher tempera-
tures, thereby we calculated the transport properties up to 800 K.

Elk)

4

Uu/;

4.1. Seebeck coefficient

Fig. 8 depicts the S as a function of carrier concentration (1 x 10'°
em 3 to1 x 102 em™3) at temperatures ranging from 300 K to 800 K.
For degenerate semiconductors, it can be expressed as [51]:

812k .1
S = B *T(—
3eh? 3n>

o

(5)

The absolute value i.e., |S|, decreases with the increase in carrier con-
centration, which is consistent with the fact that S is inversely propor-
tional to n. The S of p-type LiCaAs and LiCaSb is significantly greater

Sup(u, T) = 1 / 6up(€)(e— 1) ( (T, 87.‘4)) de 1 than that for the n-type because of flat bands in the VB and dispersed
KA eTous(u, T) @ oe bands in CB (that leads to a higher effective mass of holes than that of
electrons). This indicates that the TE performance of the p-type LiCaX is

. 1 of(T,e,p R i *

Ky (1, T) = e / Gup(€) (€ ) ( A 2 )) de © better than that of the n type.. We calculat?d the effecglve ;nass (2m ) of
hole and electron carriers using the relation m* = #* /[0“E /0k?|. The
calculated value of m* of holes is 11.86 m,, and 5.55 m,, respectively, for

(a) LiCaAs (b) LiCaSb
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Fig. 5. Calculated Griineisen parameter for (a) LiCaAs and (b) LiCaSb.
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Fig. 6. Calculated electronic band structures of (a) LiCaAs and (b) LiCaSb along the high symmetry directions of the BZ as determined using the Tran-Blaha modified
Becke-Johnson potential. The Fermi energy is set to 0 eV.
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Fig. 8. Calculated Seebeck coefficient of (a) LiCaAs and (b) LiCaSb as a func-
tion of carrier concentration and for temperatures ranging from 300 K to 800 K.

LiCaAs, and LiCaSb, whereas the corresponding effective mass of elec-
tron is 0.63 m, and 0.54 m,, here m, is the mass of free electron. The
maximum obtained value of S for p-type LiCaAs, and LiCaSb, respec-
tively, are 727.31 pVK ! and 704.08 pVK ! at 800 K, whereas the cor-
responding S values for n-type are —501.54 pVK ! and -475.14 pVK ™},
respectively. The larger S is obtained for p-type variants, throughout the
studied carrier concentration range and temperature, of both com-
pounds, which might be because of the higher effective mass of holes
than electrons. The optimum carrier concentration for which maximum
|S| obtained is 1 x 10'® cm~3,

4.2. Electrical and electronic thermal conductivity

The magnitude of /7 increases with the carrier concentration for
both n-type and p-type nature of investigated compounds. Fig. 9 shows
that o/z increases sharply beyond carrier concentration ~1 x 10%! cm ™.
Also, it can be noted that electrical conductivity shows weak depen-
dence on temperature. The value of ¢/7 is higher in n-type than in p-type
due to parabolically dispersed CB edges.

The thermal conductivity includes both lattice and electronic
contribution; its electronic component is described by Wiedemann Franz
law [52] (x, = LoT where L is Lorentz number) that states that «. varies
linearly with the temperature and electrical conductivity. The obtained
electronic contribution to thermal conductivity, with respect to relaxa-
tion time i.e., /7 presented in Fig. 10, reveals that for the same carrier
concentration, the values for LiCaSb are greater than those for LiCaAs,
and the change in «./7 with n is similar to that of ¢/7.

4.3. Power factor

The optimization of the carrier concentration substantially improves
the PF of LiCaX HH compounds as given in Fig. 11. With the increase in
carrier concentration the value of PF first increases, reaches a maximum
value and then starts decreasing. We estimated that the optimum carrier
concentration for n-type compounds is relatively lower than p-type. For
LiCaAs, the optimal p-type and n-type PF/z values are around 10.95 x
10 Wm 'K 257! at carrier concentration of 5 x 102! cm~> and 4.99 x
10" Wm 'K 23571 at 9 x 10%° ecm 3, respectively, whereas corre-
sponding values for LiCaSb are 12.53 x 10! Wm 'K 2s7! at 4 x 10%!
em 2and5.30 x 101! Wm 'K 257! at 8 x 102 em 3. The comparison of
PF/r shows that p-type LiCaSb has a relatively higher value. Therefore,
one can expect better TE performance in case of p-type LiCaSb
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compound.

4.4. Lattice thermal conductivity

To understand the behaviour of xjqyice in LiCaAs and LiCaSb, it is
crucial to understand the phonon dynamics of both HH alloys. From
Fig. 3, it can be noticed that the LiCaSb has overall lower frequencies
than that of LiCaAs. Therefore, low kjquice is expected for LiCaSb. This
also reflects in its low value of lattice thermal conductivity than that of
LiCaAs. The calculated temperature dependent lattice contribution to
the thermal conductivity of these HH alloys is shown in Fig. 12 (a). The

room temperature ke values for LiCaSb, and LiCaAs are 1.42
wm K ! and 1.90 Wm’lK’l, respectively, but these values decrease
0.66 Wm ™ 'K~! and 0.88 Wm 'K ! at 800 K. These compounds have an
intrinsically low value of kjuuice than that of TaFeSb based (kjgice = 3.1
Wm 'K for Tag.g4Tip16FeSb and 2.3 Wm 'K ! for Tap.74Vo.1Ti0.16-
FeSb), which is amongst the high-performance TE material [53], and
Tio.sHfo.sNiSn with 3.2 Wm 'K~ ! [50] HH alloys. These obtained values
of kjgrice at room temperature are comparable to conventional promising
TE candidates like PbTe (2.2 Wm ™ 'K 1) [54] and BisTes (1.6 Wm K1)
[55]. The value of lattice thermal conductivity of LiCaSb is lower than
that of LiCaAs.
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Fig. 11. Calculated power factor of (a) LiCaAs and (b) LiCaSb as a function of carrier concentration and for temperatures ranging from 300 K to 800 K.
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Fig. 12. (a) The lattice thermal conductivity of LiCaAs and LiCaSb as a function of temperature (b) The cumulative lattice thermal conductivity as a function of

frequency in LiCaAs and LiCaSb at different temperatures 300 K and 800 K.

Further, we have calculated the cumulative thermal conductivity of
LiCaAs and LiCaSb at 300 K and 800 K as a function of frequency (Fig. 12
(b)). It increases rapidly in the low-frequency acoustic phonon modes
(1-4 THz), and this part of the phonons contributes more than 80% of
the lattice thermal conductivity. Therefore, the high frequency optical
phonon modes have a minor contribution (less than 20%) to the thermal
conductivity. The relative contribution of these phonon modes of both
the compounds to kjqice is presented in Table 4.

Table 4

Relative contributions of acoustic and optical phonon modes to the lattice
thermal conductivity (kiquice) at room temperature and 800 K for both com-
pounds LiCaAs and LiCaSb.

Temperature Kiattice Contribution of  Contribution of
(K) (Wm™!K™!)  acoustic modes  optical modes
(%) (%)
LiCaAs 300 1.90 80.26 19.73
800 0.88 81.03 18.96
LiCaSb 300 1.42 81.49 18.50
800 0.66 83.17 17.18

4.5. Figure of merit (ZT)

The dependence of transport parameters on the carrier concentration
and temperature suggests that a high Figure of Merit can be obtained by
tuning the carrier concentration and increasing the temperature. As
depicted in Fig. 13, the ZT is calculated as a function of carrier con-
centration and for temperature range 300 K-800 K in HH alloys LiCaAs
and LiCaSb by incorporating the PF and thermal conductivity. It is
observed that the room temperature ZT values are high for p-type LiCaAs
and LiCaSb than that of n-type. The calculated values of ZT for both p-
type and n-type compounds at 300 K and 800 K are listed in Table 5.

It can be seen that the ZT improved at higher temperatures at opti-
mized carrier concentrations (~10%! cm 3 for p-type carriers and ~10%°
em ™3 for n-type carriers for both the investigated compounds). The
similar values of carrier concentrations have been experimentally
observed in other Li-based 8 VEC HH compounds [32]. It is obvious that
as we move towards higher atomic weight element, the jqic. Suppressed
by 24% that results in augmentation of TE performance of LiCaSb.
However, the final ZT value of the two compounds is nearly identical
because of the large S value of LiCaAs compared to LiCaSb. The low
Klattice and high PF of LiCaX compounds result in high ZT value at higher
temperatures. This shows that these HH alloys are worthy candidates for
further experimental investigations. The TE properties of the p-type
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Fig. 13. Calculated ZT values of (a) LiCaAs and (b) LiCaSb as a function of carrier concentration within constant relaxation time approximation (i.e., 7 =1 x 10 g)
at different temperatures ranging from 300 K to 800 K.

Table 5

Figure of merit of LiCaAs and LiCaSb for both type of carriers at optimized

carrier concentration.

Table 6
The elastic modulus (Cy), deformation potential constant (Ejs), and relaxation
time (7) at 300 K, 600 K and 800 K of electrons and holes for LiCaAs and LiCaSb.

Figure of merit at optimized carrier concentration Carriers type LiCaAs LiCaSb
LiCaAs LiCaSb electron hole electron hole
300 K 800 K 300 K 800 K Cylev/R%) 0.070146 0.070146 0.063437 0.063437
- Ey(eV) 1.73353 0.20233 1.58507 0.20083
With constant © r ‘1)'411021 (1)'791021 3'461020 g'SZwQU t(s) 300K 256 x107  230x10°1 349 x 10  6.60 x 1013
ype cn:<’3 cn?’B me,g me,s 600K 9.06x10 814x10™ 123x1073 233x1013
800K 588x10* 529x107' 802x10'* 152x107"
n- 0.14 0.64 0.16 0.66 * * x x
type  1x10%° 1x10® 1x10® 9x10¥
_3 -3 -3 -3
cm cm cm cm . . . . .
With calculated > 0.84 0.90 0.89 0.93 The variation of ZT with the temperature at the optimum carrier
temperature type  4x10%° 4x10® 1x102° 1 x10% concentration using constant T approximation and temperature depen-
dependent © cm 3 cm 3 em™? em™? dent 7 of charge carriers is also shown in Fig. 15. It is found that the
n 0.58 0.73 0.62 0.84 optimum carrier concentration for p-type LiCaAs and LiCaSb offers
type  3x10"  4x10¥ 2x10Y 2x10"
3 3 3 3 better TE performance than the n-type counterparts.
cm cm cm cm

compounds are superior to those of n-type; therefore, hole doping seems
to be good for improving the TE performance of these compounds.
Further to determine the figure of merit accurately, the temperature
dependent 7 of the charge carriers, i.e., electrons and holes has evaluated
using the deformation potential theory developed by Bardeen and
Shockley [56], according to which 7 is given by the following:

L 2V2rCyh* ©)
3(ksTm*)"E}

where, Cj is the elastic modulus along f axis, m* is the effective mass of
charge carriers, kg is the Boltzmann’s constant and Ej is the deformation
potential constant along  axis. The m* values are written in text (section
4.1) and other parameters- Cg, Ej, and 7 of charge carriers i.e., electrons
and holes for both compounds at different temperatures are listed in
Table 6.

When the temperature dependent 7 is used the increase in FOM is
observed as shown in Fig. 14 in comparison to constant 7 =1 x 10 **s.
The calculated FOM values at optimized carrier concentration for both p-
type and n-type compounds at 300 K and 800 K are listed in Table 5.

5. Conclusion

We have used first-principles calculations in conjunction with semi-
classical Boltzmann approach, density functional perturbation tech-
nique and ab-initio molecular dynamics to explore electronic, transport,
phononic, and thermal properties of 8-VEC Li-based HH compounds
LiCaX (X = As, Sb). We have also calculated temperature dependent
relaxation time using deformation potential theory. We have presented a
comparative analysis of the Figure of Merit obtained using actual values
of temperature dependent relaxation time and that calculated under
constant relaxation time approximation. Our calculations have vali-
dated the high temperature stability and dynamical stability of these
compounds. We found that both LiCaAs and LiCaSb are indirect band
gap semiconductors having band gap, respectively, of 2.52 eV and 2.09
eV estimated using TB-mBJ potential. The value of the Seebeck coeffi-
cient is have been found to be higher in p-type LiCaX than that of n-type
due to flat VB edges. TE performance is slightly enhanced with an in-
crease in atomic weight of X atom owing to low kjgice and significant
power factor. The room temperature xjqice Values for LiCaSb and LiCaAs
have found to be 1.42 Wm ™K' and 1.90 Wm 'K}, respectively, but
these values have decreased to 0.66 Wm ™ 'K~! and 0.88 Wm ™K' at
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carriers for p-type and n-type LiCaAs and LiCaSb.

800 K. The remarkably low kjgice of 8-VEC HH compounds LiCaX (X =
As, Sb), which has been understood in terms of different phonon modes,
and optimization of carrier concentration resulted into an improved ZT
at higher temperature. The optimized carrier concentration (~10%°
em ™3 for p-type carriers and ~10'° em ™3 for n-type carriers) of the
investigated compounds have found to be comparable to experimentally
estimated value for other 8-VEC Li-based HH. Our calculations have
predicted that the p-type HH alloys LiCaX are promising TE materials.
We are optimistic that this work could leads to future experiment to
investigate the TE properties of proposed Li-based half-Heusler alloys.
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The capital structure study is extant and wide. It touches every sector of the economy with its extreme relevance. Its importance
cannot be restricted to empirical analysis and financial data study rather on knowing its significance an attempt has been made to
highlight its features, the areas covered the countries in which studies are undertaken, its relation with determinants and its evolution
from the year 2010 to 2021 in the form of review analysis. In short, this article showcases the review comprising bibliometric analysis

followed by selected papers systematic review on capital structure.
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Introduction

‘Capital structure decision is the explicit fusion of debt and
equity which an organization uses to back up its operating
and investment decisions.” (Kumar et al., 2017). It is con-
sidered to be a significant feature of the firm success. Firms
are found to become bankrupt due to their inadequate
capital structure. ‘The theory of capital structure has been
dominated by the search for optimal capital structure’
(Myers, 1998). The optimum capital is demanded to main-
tain the borrowing level to a certain extent which is possi-
ble through a trade-off between the cost of financial distress
and tax on borrowed money (Myers, 1993). The capital
structure theories include trade-off theory, pecking order
theory and market timing theory. There is no optimum
capital structure that exists in reality. Madan (2007) states
that capital structure is benefitted from the use of leverage
when there is sufficient profit in the company. Capital
structure is the result of cumulative outcomes which can
be achieved by monitoring the equity market (Baker &
Waurglar, 2002). In the absence of tax, the value of the firm
will not change with the moderate amount of debt but it
will decline when the debt usage is high and there exists an
optimum leverage ratio in context to capital structure in the
presence of tax (Robichek & Myers, 1966). Myers (1993)
says capital structure has the inverse relation between debt
usage and profitability. Deb and Banerjee (2018) found

'DSM, Delhi Technological University (DTU), New Delhi, Delhi, India

concerning to Indian firm following almost zero leverage
policy perform far better than the levered firms. Shivdasani
and Zenner (2005) hold an opinion that the choice of debt
equity is based on the credit rating of the company. He
found that high-rated company focuses on their financial
flexibility or the buyback of their shares while the low
rated prefers to strengthen their credit rating.

The study on the capital structure has its inception from
the year 1958 when the seminal study of Modigliani and
Miller on the capital structure was propounded. Later it
was observed as a prominent study conducted vividly in
developed economies and also catches pace in developing
economies. The study on the mentioned topic has various
dimensions in terms of theory, determinants impact and its
role on the firm value. The earlier researchers’ main focus
has been identified in the area of capital structure theories,
its determinants and country-specific factors. There has
been immense fragmentation identified while summarizing
the previous findings. This article aims to consolidate and
generate a comprehensive overview of the importance of
the topic of capital structure and map the areas already
touched. It further attempts to specifically shed light on a
systematic literature review in capital structure in various
horizons. There has been a surge in demonstrating the
determinants of capital structure and its impact on the debt
ratio, various capital structure theories are reviewed and
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related to capital structure financing. The necessity and
importance of capital structure have been identified and
presented in literatures for several years but despite its
coverage to every economic segment and influence on
every sector, its adversity has proved inevitable. This
article aims to link the existing dots on capital structure and
identify the research gap in this direction followed by a
suggestion for future research direction.

The study of capital structure is largely influenced by
the seminal work of Modigliani and Miller (1958) which
further resulted in various theories and discussions in the
last few decades. Table 1 here attempts to highlight the
progression of such studies on capital structure done so far
by eminent authors which have discovered several new
concepts and findings on this subject and created the
direction for future researchers to discover the gap still not
identified.

Previous Review of Literature on Capital
Structure

The capital structure is found to be influenced by different
phases of the business cycle due to upsurges and slumps in
the economy. Thus decisions related to financial decision-
making are always considered very crucial. Despite having
such importance, the review of literature on this topic is
scant. A few eminent work has been highlighted and
named hereunder which has fostered the capital structure
study globally.

Table I. Eminent Studies on Capital Structure.

(1) Harris and Raviv (1991);
(2) Lugi and Sorin (2009);
(3) Miglo (2010); and

(4) Igbal et al. (2012).

The inference derived from the above studies shows a
major focus being levied on theories and determinants
of capital structure but the idea to cover the study on capital
structure, its findings in terms of reputed journals, the
authors and organisations involved and to be precise
conducting a bibliometric study on this subject followed
with the systematic review of the literature with cluster
and citation analysis is the first of its kind conducted till
date to the best of authors knowledge. Thus it proclaims
the immense need for such study to be conducted on this
well accepted important subject which determines the gap
in this direction not by just citing theoretically but by
understanding its coverage through bibliometric study and
recognising the dearth in various areas which are needed
to be overcome and analysing the huge existing data on this
subject through cluster analysis which enables to identify
the future gap to be covered by the researchers.

Aim of the Study

The aim of the study is to highlight the below mentioned
questions which are derived from the review of past
research on capital structure.

Sr.no References Findings
| Modigliani and Miller (1958) It has a significant contribution in the area of capital structure with the origin of
‘Irrelevance theory’ which states that capital structure has no impact on firm value.
2 Modigliani and Miller (1963) It analysed the impact of tax shield on interest expense
3 Kraus and Litzenberger (1973)  The study introduced classical ‘Trade-off theory’. It covers the concept of tradeoff
between cost of financial distress and benefits derived from debt tax shield.
4 Stiglitz (1973) It developed the concept of pecking order. This study states that leverage ratio is the
unexpected resultant of profits and investments made by firm.
5 Jensen and Meckling (1976) Introduced ‘Agency cost theory’ and analysed the impact of debtholder-shareholder and
manager shareholder conflict on capital structure financing.
6 Miller (1977) Propounds the significance of personal and corporate tax in the financial decision
making.
7 Ross (1977) It developed the ‘Signaling theory’ of capital structure and promoted the debt issue as
positive indicator in the performance in capital structure financing
8 Bradley et al. (1984) Introduced the well-known ‘Static trade-off theory’
9 Kane et al. (1984) It introduced the Dynamic trade off theory which includes trade off theory along with
the impact of uncertainty, cost, taxes and tax benefits.
10 Myers and Majluf (1984) It propounded the ‘Pecking order theory’ and the major role of information asymmetry
towards choice between internal fund, debt and equity for capital structure financing.
I Fischer et al. (1989) It initiated the transaction cost concept and shown its impact on leverage in the capital
structure of the firm.
12 Harris and Raviv (1991) It initiated the concept of ‘Control driven theory’
13 Baker and Wurgler (2002) It predicts the long run impact of market value fluctuations on the capital structure.

It states that firm issue equity when market is overvalued and issue debt when

undervalued.

Source: The authors.
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RQ1: What are the ongoing publications and top studies
undertaken in the field of capital structure in
terms of time, journals, disciplines, authors,
affiliated countries and institutions, and method
of study adopted in the mentioned area?

What is the influential anatomy of capital structure
research? How has capital structure research
evolved over the years?

What are the prominent keynotes and which
are the popular studies conducted in the reputed
journals?

What are the break and avenues for future research
in the capital structure?

RQ2:

RQ3:

RQ4:

Research Design

The study conducted in this research is clearly described
and classified with the help of tables and figures with the
appropriate headings. It intends to cover the complete anal-
ysis framework of the research undertaken vividly shown
in Figure 2, along with a brief mention of the techniques
adopted for data search incorporating certain inclusion cri-
teria. It further elaborates capital structure study in 594
research papers in the form of progression of publication,
avenues of publication and recognition in terms of prolific
authors along with their institutions and countries, top dis-
ciplines and sample statistics. The keyword analysis is fol-
lowed by the content study conducted on the 58 research
papers under Table 7, then discussion and future research
avenues under Table 8 following conclusion of the study.

Methodologies for Research
Analysis

Knowledgebase Portal, Keywords and
Inclusion Criterion

The knowledgebase portal used for the review of literature
was from the reputed Web of Science (WOS) core collec-
tion by clarivate analytics. Although both Scopus and
WOS are the reputed databases used by the researchers in
their respective disciplines but the author in this study has
preferred the WOS database as Scopus carries a vast data-
base which creates the difficulty in evaluation of quality
journals and identification of eminent literature on the
topic while WOS covers research in top tier journals of
high recognition in the publication field with an impact
factor associated with it which limits the vast literature on
the subject to qualify in this database and it is considered
appropriate for bibliometric analysis (Korom, 2019). The
search was conducted in October 2021 to extract the rele-
vant papers related to the study undertaken covering the
period from 1 January 2000 to 1 January 2021. The search
conducted included Social Sciences Citation Index (SSCI)
publications from the WOS database for the period

2000-2021. The search criterion used ‘capital structure’ as
the keyword under the title search bar. The capital structure
search has been done on the title tab to retrieve data cover-
ing all the eminent papers which has word capital structure
included in its title. The study on the mentioned subject is
vast, after applying the filters in terms of WOS categories
considering SSCI publication and using the word capital
structure in double quotes to find the records that contain
the exact phrase and avoid records that contain all the
words randomly which may or may not be close together.
It provided 643 documents from the mentioned search cri-
terion. The records were further refined based on document
type which considered articles only and in the English lan-
guage. The refined search gave 594 results. The final data-
base used for the review after the removal of duplicates
was 594 articles. Further 58 articles were closely observed
to understand the pattern of capital structure studies. The
articles for close analysis were selected by reading their
abstracts and in case required the full paper was studied.
Figure 1 represents the flow of the study undertaken.

Analysis Method

The method employed in the present study is a bibliometric
technique followed by a structured review explaining the
pattern of methods, theories and constructs in the form
of tables and figures which intends to give researchers
insightful information from the content furnished on capital
structure (Paul & Criado, 2020). Thus to depict the concrete
findings of the research undertaken, a bibliometric study is
combined with further investigation of the selected research
papers content analysis. The VOS viewer software is being
adopted for the analysis as it maps the connectedness of
items and is a simple, well-explanatory software tool
for the construction and visualisation of bibliometric
networks. The VOS viewer is well-explanatory software in
the analysis and visualization of bibliometric networks
developed by Nees Jan Van Eck and Ludo Waltman of
Leiden University.

Findings

The progression of publications on capital structure is
shown in Figure 3. The graph shows there has been a
maximum in the year 2019 counted 75 followed by 67
records in 2020.

Avenues of Publication

The capital structure study is conducted in many other
affiliated institutions and other databases but when
restricted to the WOS core collection and in that further
attempt to identify the ABDC ranking and CAB rating
journals the list is reduced to very few. Table 2 lists the data
of the top 10 journals with A* and A ranking along with
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Documents retrieved fromweb of
Step 1 science (n=622)
Limiting the records to language I Excluded duplicates
Step 2 {n =5)
and document type
Screened documents based on Inclusions
Step 3 inclusion after reading of abstracts — {n=592)
and removing the duplicates Title Search “Capital structure”
Language English
l Document article
Bibliometric analysis
Step 4 {n=594)
Contents analysis of Additional content analysis of selective papers on
Step 5 clusters capital structure {(Understanding it'srelevance after
(n=39) reading its abstract)
{n=58)

Figure |. Prisma Diagram Showing Data Retrieval Process.

Source: The authors.
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| Bibliometric Analysis |

] ]

l

I Content Analysis ‘

I ]

Publication Progression (RQ1) Keynotes (RQ3) Popular & influential Studies Content Analysis of 58 selected GAP Analysis (Cluster
o T VOS e papers {RQ2) content analysis and
e Keyword ) Popular Publications (RQ3) Bibliometric Analysis of
e Journals Analysis ] Viewer data) (RQ4)
e Discipline WOS ® ABDCRanking ABDC
o Authors Database o CABRating &CAB
e Affiliated Data-
Institutions base
o Affiliated
Countries Influential Anatomy (RQ2)
Own e Citation VoS
o Method of study - Content Analysis  —]
Analysis Viewer

Figure 2. Analysis Framework.

Source: The authors.

CAB rating which reveals such information which is
about capital structure study. The 594 publications are
dispersed across 202 journals. Table 2 acknowledges the
most prominent journals publishing in the area of capital
structure. The top 10 journals have published 149 of the
total articles studied representing 73.76% of the total.
The Journal of financial economics includes the maximum

number of studies in the concerned area which totals
26 followed by the Journal of Banking and finance. The
capital structure study has a considerable space in every
sector of the economy and so its presence spread across
prominent journals. The journals rankings as per well-
appreciated body in the academic fraternity with the
name Australian Business Dean Council ranking A* and
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Number of Articles

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Figure 3. The Publication Progression of 594 Papers during the Period 2010-2021.
Source: Retrieved from WOS.
Table 2. Publication Avenues in Foremost Journals.
Journal ABDC Ranking ABS Rating Publishing House TP
Journal of Corporate Finance A* 3 Elsevier 35
Journal of Financial Economics A* 4 Elsevier 26
Journal of Banking Finance A* 3 Elsevier 19
Journal of Financial and Quantitative A¥ 4 Cambridge University Press 14
Analysis
Small Business Economics A 3 Springer Nature 13
Review of Financial Studies A* 4 Oxford University Press I
Review of Finance A* 3 Oxford University Press 9
Financial Management A 3 Wiley Online Library 7
Journal of Finance A* 4 Wiley Online Library 7
Applied Economics Letters B | Taylor and Francis 8

Source: The authors.

A ranking and further another reputed body showcasing
the rating of journals, named Chartered Association of
Business School (CABS) rating is represented in Table 2.

Profuse Authors with their Affiliated
Institutions and Countries

The data set analysed shows the spread of 1,221 authors
affiliated with 48 organisations across 75 countries. Table 3
showcases the contributions made in terms of a number of
publications. Serrasqueiro, records six publication followed
by Yang and Chipeta. The highest citations scored which
counts 136 by Dang, Viet following Di Pietro, Fillipo with
88 citations and Serrasquiero 85. The table also accommo-
dates the statistics related to top institutions to authors on the
mentioned subject. The National Bureau of Economic
Research is contributing the highest number of publications
which are 1,190 along with the highest citations, that is, 14.
The State University System of Florida with 11 publications
and 555 citations stands second in the list and third is the
University of Texas System with 10 publications and 549

citations. Thus, reflecting the lack of studies in developing
economies. Table 3 also covers the contributions made by
the countries affiliated with the authors of capital structure.
The USA has the highest number of publications which
record 185 and also reports the highest number of citations
5,920 then succeeding with People’s Republic of China with
105 publications and 1,537 citations and the third is England
with 60 publications and 907 citations. Thus the major
reason of the persistence problem of improper financing of
firms and inadequate capital structure design in the develop-
ing countries is the lack of attention in this regard. The coun-
tries like India do not chart in the list of under 10 thus
demanding a lot of attention and quality study on the con-
cerned subject.

The capital structure study though conducted majorly
in the field of business economics is not just confined
to it but is fragmented in other fields like environmental
sciences, engineering, operations research, international
relations, mathematics and many more. Figure 4 represents
the top four research areas in which the subject is majorly
investigated.
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Table 3. Profuse Authors with Affiliated Institutions and Countries Publishing on Capital Structure.
Top Authors Top Institutions Top Countries

Author TP TC Institution TP TC Country TP TC

Serrasqueiro, Zelia 6 85 National Bureau of Economic 14 1190 USA 185 5920
Research

Yang, Jinqiang 5 17 State University System of I 555 Peoples R China 105 1537
Florida

Chipeta, Chimwemwe 4 22 University of Texas System 10 549 England 60 907

Dang, Viet 4 136 Shanghai University of 9 80 Australia 33 727
Finance Economics

Di Pietro, Filippo 4 88 Cornell University 8 219 Taiwan 32 344

Nunes, Paulo Macas 4 35 Tsinghua University 8 39 Italy 28 435

Woang, Wei 4 39 University of California 8 445 Spain 28 254
System

Zhang, Hong 4 29 University of Manchester 8 166 Germany 26 695

Acedo-ramirez, Miguel A. 3 29 Hunan University 7 65 Canada 24 647

A. N. Bany-ariffin 3 29 Pennsylvania Commonwealth 7 139 France 18 168

System of Higher Education

Pcshe

Source: The authors.

551

Number of Articles in Various Subject Areas
Business Economics |
Environmental Sciences Ecology +I 18
Operations Research Management Science 14
Engineering 14
Mathematics r 12
International Relations JI 12
Science Technology Other Topics r 10
Mathematical Methods In Social Sciences J 10
Urban Studies 9
Sacial Sciences Other Topics { 9
6 100

200 300 400 500 600

Figure 4. Capital Structure Research in 594 Papers Distributed in Major Disciplines.

Source: The authors.

Sample Statistics

The study on capital structure is being carried on in several
domains. Based on the data studied the capital structure
study can be classified under three heads which are majorly
empirical, conceptual and theoretical. The empirical study
on capital structure is undertaken through observation or
experimentation. It is majorly substantiated numerically
in terms of numbers. It can be quantitative or qualitative.
The theoretical study on the subject is based on certain
predefined theories rather than experience or practice like

predicting or determining the behaviour of capital structure
financing theories while conceptual studies are found to be
dealing with original thoughts. In this research analysis
available information on a topic associating the financing
pattern with the theories or (theory) of capital structure is
represented under theoretical study. Figure 5 shows the
study percentages covered in the area of capital structure.
The 594 articles classification under three heads was done.
The maximum number of studies is empirical which marks
70%. Theoretical and conceptual represent the least space
in the study. It shows the dearth of conceptual study majorly
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Figure 5. Study Percentages.

Source: The authors.

Table 4. Major Keywords of Capital Structure based on the
Occurrence.

Keyword Occurrences
Capital structure 362
Leverage 61
Trade-off theory 37
Pecking order theory 31
Speed of adjustment 22
Corporate governance 20
g32 18
Panel data 18
Smes 16
China 15

Source: The authors.

in this direction and also the reason for the existence of the
capital structure problem which cannot be resolved just by
going through and analysing the predefined data sets of the
company and associating the increase or downfall of any
content in capital structure with the capital structure
theories rather a conceptual framework is highly demanded
to meet unpredictable scenarios which are always not
based on earlier patterns and statistics. The data in terms of
percentage reveals the dearth of study in various economies.
Thus the reason for a shortage of study could not be given
to the size of the economy rather there is a lot in terms of
money which is needed to be monitored and managed in
terms of capital structure study and this cannot be neglected.

Figure 6. Keyword Analysis using VOS Viewer.

Source: The authors.

Table 5. Articles Classified in Each Cluster based on Citation

Network Analysis.

Cluster | (Role of
External Financing
in Capital Structure
Dynamics)

Cluster 2
(Factors Affecting
Capital Structure
Decisions of a
Firm)

Cluster 3 (Capital
Structure
Determinants and
Firm Performance)

Bae et al. (2011)
Berk et al. (2010)
Bhamra et al. (2010)
Chang et al. (2014)

Chemmanur et al.
(2013)
Cho et al. (2014)

Fan et al. (2012)

Graham and Leary
(2011)

Graham et al.
(2015)
Hovakimian and

Li (2011)
Kieschnick and
Moussawi (2018)
Lemmon and
Zender (2010)
Oztekin and
Flannery (2012)
Oztekin (2015)
Welch (2011)
Zhang et al. (2015)

Ampenberger et al.

(2013)
Baghai et al. (2014)

Buettner et al.
(2012)

Céspedes et al.
(2010)
Detthamrong et al.
(2017)

Feld et al. (2013)

Jiraporn et al.
(2012)

Kayo and Kimura
(2011)

Kesternich and
Schnitzer (2010)
Margaritis and
Psillaki (2010)
Shivdasani and
Stefanescu (2010)
Le and Phan (2017)

Campello and
Giambona (2013)
Deangelo et al.
(2011)

Hackbarth and
Mauer (2012)
Klasa et al. (2018)

Matsa (2010)

Morellec

et al.(2012)
Rampini and
Viswanathan
(2013)

Rauh and Sufi
(2010)
Serfling (2016)

Uysal (2011)

Xu (2012)

Source: The authors.
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Keyword Analysis

The co-occurrence of author, keywords is analysed and is
mentioned in Table 4. The analysis is undertaken with a
minimum of five occurrences of the keyword. Out of the
1,234 keywords, 47 meet the threshold. For each of the 47
keywords, the total strength of the co-occurrence links with
the other keywords will be calculated. The 47 keywords with
the greatest total link strength are selected. The co-occurrence
of the keyword network is shown in Figure 6 with the help
of VOSviewer software. It is a software tool used for visuali-
zation of the network in the bibliometric studies.

Cluster Content Analysis on the
Basis of Citation Network

The Table 5 shows the division of three clusters with a
common theme representing them followed by a thorough
content analysis of each clusters.

Cluster | (Role of External Financing in
Capital Structure Dynamics)

Cluster 1 is the biggest among the three clusters compris-
ing 16 documents focusing on the various dimensions of
external financing about the firm’s capital structure requi-
rement. The institutional environment has a significant
impact on the capital structure of firms in both developing
and developed countries. The country’s legal and tax
system, the corruption level and the choice of capital sup-
pliers speak a lot about the variation in the leverage ratio.
It is further notified that countries having efficient legal
system promotes more debt usage majorly short term
while usage of higher long-term debt is related to bank-
ruptcy codes and deposit insurance. The countries have
higher debt usage where there is higher tax gain on its lev-
erage (Fan et al., 2012). The trend analysis from the year
1945 to 1975 in US corporations’ shows a drastic increase
in debt consumption. Such increase affected firms of all
sizes. It was stated that firm characteristics were not the
reason for this increase but a change in government bor-
rowing, macroeconomic uncertainty and financial sector
development were the significant partners of this hike in
debt usage by the US corporations (Graham et al., 2015).
On an investigation of the firm’s capital structure adjust-
ment across countries, it has been found that legal and
financial traditions have a prominent correlation with firm
adjustment speeds, while the institutional arrangement is
narrowly related with firm capital structure adjustment
speeds (Oztekin & Flannery, 2012). The enquiry of inter-
national determinants of capital structure from the sample
of firms from 37 countries reveals firm size, tangibility,
industry, leverage, profits and inflation as the reliable
determinants. On further examination, it has been found

that the quality of country’s institutions affects leverage
and the adjustment speed towards target leverage signifi-
cantly. It signifies that premium quality institutions pro-
motes smoother leverage adjustment while the places
where there are laws in favour of debt holders than stock-
holders their leverage is found to hold a higher position
(Oztekin, 2015). The study claiming its uniqueness in
capital structure and capital issuing literature generates two
distinct perspectives. It highlights certain problems in
capital structure research on the ambiguity of considering
non-financial liabilities as debt and not to be considered as
equity. It further quantifies that equity issuing activity
should not be related equivalently to the change in capital
structure procedure (Welch, 2011). The observation drawn
from the investigation of the stakeholder theory of capital
structure concerning to a firm’s relationship with its
employees reveals that firms that believes in employee
benefits are found to maintain low debt ratios. It has been
notified that the ability to follow a fair employee treatment
is an important financing factor (Bae et al., 2012). It is
stated that firms optimal capital structure is largely influ-
enced by the trade-off between human costs and the tax
benefits of debt by the analysis made on an optimal labour
contracts for a levered firm in perfect competitive capital
and labour markets. It is observed that employees are fixed
under this contract and resulting in increased bankruptcy
costs (Berk et al., 2010). The study conducted with review
of literatures from the year 2005 onwards documents three
dimensions of capital structure variations under cross-firm,
cross-industry and within firm specifically. The explanation
of such variation is supported by the trade-off and pecking
order theories of capital structure which highlights the
shortcomings empirically (Graham & Leary, 2011).

Cluster 2 (Factors Affecting Capital
Structure Decisions of a Firm)

This cluster is composed of 12 articles representing the
various determinants of capital structure and its relation
with the firm value. It gives the diversified literature on the
investigation of German family firms over the period
1995-20006, it was ascertained that German family firms
were found to have lower debt ratio than non-family firms
(Ampenberger et al., 2013). The driving force to conduct
such study was to know the impact of founding families
on the capital structure of their firms and the result reveals
the vital role of management in the creation of family
impact on capital structure. This cluster defines the
progression of studies on capital structure determinants.
It started with ownership structure in earlier 2010 and then
covered the impact of corporate governance, company
taxation, hierarchical determinants, impact of pensions and
the impact on firm value in the later years. It is reported
that the firms affected by the rating agencies have lower
debt spreads than the firms not affected with the same
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rating representing the conservative impact concerning to
debt usage in the firm (Baghai et al., 2014). The analysis
on the effectiveness of the limitation of tax deductibility
of interest expenses for corporations reveals that such
thin capitalization rules reduce the internal loans usage
for tax planning and promote higher debt consumption in
the capital structure of the multinational corporations of
foreign subsidiaries located in OECD countries (Buettner
et al.,, 2012). The analysis conducted in selected Latin
American countries on the capital structure determinants
reveals the similar debt levels to that of the US firms.
Although it is believed that Latin American firms
experience lower tax benefits and higher bankruptcy costs.
It explores the relation of ownership concentration with
firm’s capital structure. It reports a positive relation
between leverage and ownership concentration and also
with growth as it is believed that issue of equity exploits
the concentration of ownership and disturbs the control
rights. It is further found that larger firms with more
tangible assets are less profitable and more leveraged.
Hence apart from firm’s specific determinants of capital
structure, there are various other factors such as theoretical,
legal and technical which determine the capital structure
financing of the firm (Céspedes et al., 2010).

The attempt made to identify the implication of capital
structure of corporate pension plans benefits reveals that
leverage ratios for firms with pension plans report 35%
increase in the presence of pension assets and liabilities
into the capital structure and thus impacting tax shields
drastically. It presents a modest effect in lowering a firm’s
corporate tax rate. It stimulates the choice of capital
structure finance and fosters a less conservative approach
towards a choice of leverage (Shivdasani & Stefanescu,
2010). The study to investigate the effect of capital
structure on firm performance in Vietnam reveals negative
relation between debt ratios and firm performance.
It highlights that developing market like Vietnam has
less benefit from debt usage than the financial distress
cost. Such a market is found to be influenced by severe
information asymmetry generating an adverse role of debt
(Le & Phan, 2017).

Cluster 3 (Capital Structure Determinants
and Firm Performance)

This Cluster comprises 11 documents. The area of
discussion under this cluster is around the factors affecting
the capital structure decisions of a firm. On the review of
literature, it has been obtained that the examination of
firms’ adjustment towards the priority structure identified
as leverage, credit conditions and firm fundamentals
reveals financially unconstrained firms with lesser growth
opportunities prefer senior debt than constrained firms
with or without growth opportunities who prefer junior

debt (Hackbarth & Mauer, 2012). The firm with the
external finance constraint has the incentive to avail
cash flow demands of debt service to substantiate its
convincing position with workers (Matsa, 2010).
A dynamic trade-off model was developed to elaborate
the manager—shareholder conflicts in capital structure
choice. It reveals the manager’s behaviour towards owning
a fraction of the firm’s equity to capture free cash flow as
the private benefits and maintain control over financing
decisions. It further attempts to detangle the use of the low
leverage puzzle and explains leverage ratio dynamics with
the use of data on leverage choices (Morellec et al., 2012).
An investigation on the relationship between collateral
and capital structure was examined through a study of
a dynamic model of investment, capital structure, and
leasing and risk management depending on firms’ need to
collateralise promises through tangible assets. It shows that
financing and risk management both demand promises
to be paid with limited collateral while leasing demands
strong collateral, costly financing and allows greater
leverage. Thus it represents that more constrained firms
hedge less and lease more and the firms aiming for
productivity reduce the benefits of hedging low cash flows
and restrict firms not to hedge (Rampini & Viswanathan,
2013). An enquiry into the relatedness of the cost associated
with discharging workers affecting capital structure
decisions shows that firm’s debt ratio proportion reduces
in the presence of labour protection laws. It eventually
increases the degree of operating leverage, earnings
variability and employment becomes more rigid. This
proves to substantiate that higher firing costs eliminate the
financial leverage through increasing financial distress
costs (Serfling, 2016).

Citation, Co-citation and
Co-authorship

The Table 6 shows the citation analysis of authors, documents,
countries and organisation is an important parameter to
measure and identify the most popular author and document,
the country engaged on that particular subject and the organi-
sation associated with it by the count of citations it has. Here
the author named Oeztekin oezde has received a maximum
citation for his work on the mentioned subject. The document
which has the maximum citation is Fan et al. (2012) and the
country which is highly recognised and cited is the USA and
the organisation which has got highest number of citations is
NBER (National Bureau of Economic Research). This data
pronounces the quality consideration given in research of the
capital structure study by the respective organisation, coun-
tries and authors expressed through the citations analysis
which drives the attention of other countries and organisation
in this research area.
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Reviewed Papers

Table 7. Review of 58 Research Papers.

Study

Type of Paper

Context

Source

Tran, D. V.; Hassan, M. K;

Paltrinieri, A.; Nguyen, T. D.

Do, T. K Lai, T. N.; Tran,
T.T.C.

Im, H. J.; Kang, Y.; Shon, J.
Lim, S. C;; Macias, A. |.;
Moeller, T.

Dai, N.; Piccotti, L. R.
Ayotte, K.

Fenyves, Veronika; Peto,

Karoly; Szenderak, Janos;
Harangi-Rakos, Monika

Ghasemzadeh, Morteza;

Heydari, Mehdi; Mansourfar,

Gholamreza

Frank, Murray Z.; Shen, Tao

Lambrinoudakis, Costas;
Skiadopoulos, George;
Gkionis, Konstantinos

Harris, Christopher; Roark,

Scott

Doku, James Ntiamoah;
Kpekpena, Fred Agbenya;
Boateng, Prince Yeboah
Lemmon, Michael L;;
Zender, Jaime F.

Matemilola, B. T.; Bany-

Ariffin, A. N.; Azman-Saini,

W. N. W.; Nassir, Annuar
Md.

Alan, Yasin; Gaur, Vishal

Dragota, Ingrid-Mihaela;
Dragota, Victor; Curmei-

Semenescu, Andreea; Pele,

Daniel Traian
Wang, Xiaoqiao; Johnson,
Lewis; Wang, Jin

Kieschnick, Robert;
Moussawi, Rabih

Conceptual

Empirical

Empirical

Empirical
Empirical
Empirical

Conceptual

Empirical

Conceptual

Empirical

Empirical

Empirical

Conceptual

Theoretical

Empirical

Conceptual

Conceptual

Conceptual

Determinants of the bank capital structure are the
same as that of non-financial firms.

The foreign ownership proves to be positively
influencing the optimum capital structure formation of
a firm.

The study reports the impact of uncertainty
considerably higher than any other determinants of
leverage targets.

The poor collateralizability of goodwill results in less
debt financing.

The required return on equity is matched with the
target debt ratio.

Relation between capital structure and disagreement of
investor in asset valuation is discussed.

The study conducted in V4 countries: the Czech
Republic, Hungary, Poland and Slovakia in order to
analyse the capital structure of agricultural companies.
The strong influence has been reported by such sector
and its company size in context to capital structure.
The relation between earnings volatility and capital
structure is brought into light along with the impact of
financial distress as a moderating variable.

This article shows the financial actions of firms to
adjust leverage.

An aspect related to the financial flexibility is brought
into picture which suggests that the expectation of firm
specific investment shocks also affects firms leverage.
The level of debt in the capital structure is found to
be related with the operating cash flow. Firms having
higher cash flow volatility have interest and hence
increases firm value by utilizing the debt consumption
in the capital structure adequately..

The capital structure measured as capital to asset
ratio is found evident as a positive driver of bank
performance

The capital structure choice studied in the presence of
asymmetric information with respect to the standard
pecking order and trade off theories.

The top level managers (CEQO) experience proves
beneficial in the capital structure decision as it
optimizes the benefit of tax shield available on debt
interest and hence increases firm value by utilizing the
debt consumption in the capital structure adequately.
The application of asset based lending in the context
of capital structure decision in the banks is being
demonstrated.

The relation between the capital structure and religion
has been investigated to understand the influence of
different cultural values on the financial variables.

The firms located centrally have proper information
access and has lower leverage ratios than remotely
located ones.

It is found that the amount of debt usage depends on
the governance function. The more the concentration
of power in the hands of insider, lesser is the debt
usage as it ages.

Singapore Economic
Review

Finance Research
Letters

Journal of Corporate
Finance

Journal of Banking and
Finance
Financial Management

Journal of Legal Studies

Agricultural Economics
(zemedelska ekonomika)

Emerging Markets
Finance and Trade

Journal of Banking and
Finance
Journal of Banking and
Finance

Finance Research
Letters

African Development
Review (revue africaine
de developpement)
Journal of Financial and
Quantitative Analysis

Research in
International Business
and Finance

M&som-Manufacturing
& Service Operations
Management

Acta Oeconomica

Canadian Journal of
Administrative Sciences
(revue canadienne

des sciences de |
administration)

Journal of Corporate
Finance

(Table 7 continued)
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(Table 7 continued)

Study

Type of Paper

Context

Source

Woang, Huamao; Xu, Qing;
Yang, Jingiang

Yang, Shenggang; He,
Feiying; Zhu, Qi; Li, Shihao

Miglo, Anton

Oliveira, Mauro;
Kadapakkam, Palani-Rajan;
Beyhaghi, Mehdi

Abdulla, Yomna

Ardalan, Kavous

Tung Lam Dang; Thi Hong
Hanh Huynh; Manh Toan
Nguyen; Thi Minh Hue
Nguyen

Rastad, Mandi

Reinartz, Sebastian ;
Schmid, Thomas

Eun, Cheol S.; Wang,
Lingling

Tan, Yingxian; Yang,
Zhaojun

Li, Xuefeng

Faccio, Mara; Xu, Jin

Tchuigoua, Hubert
Tchakoute

Koksal, Bulent; Orman,
Cuneyt

Wong, Kit Pong

Danis, Andras; Rettl, Daniel
A.; Whited, Toni M.

Cvijanovic, Dragana

Empirical

Conceptual

Conceptual

Empirical

Empirical

Conceptual

Empirical

Empirical

Empirical

Conceptual

Conceptual

Empirical

Empirical

Empirical

Empirical

Empirical

Empirical

Empirical

The impact of neglecting the liquidity risk has been
reported which results in over leveraging, early
bankruptcy, and many more.

The company incorporating the corporate social
responsibility strategies has higher leverage levels
than the ones that do not. CSR bridged the gap of
information asymmetry between firms and creditors.
The influence of asymmetric information in terms of
timings of earnings on capital structure is discussed.

It accommodates the impact on the capital structure of
the supplier by increasing the level of leverage in order
to curb the negotiation from distressed customer’s
end.

It supports that a single theory is not sufficient and
cannot be dependent upon to explain the capital
structure behavior.

It focuses on the assumptions which make the capital
structure foundation relevant as it believes that
results of the numerical models are dependent on the
assumption laid and thus changes accordingly.

The studies points out the major role of analyst
characteristics and information transparency on capital
structure choices.

It has been observed that when the equity shares
crosses the conversion criterion for a convertible bond
then firm expects the decline in leverage in the future.
An analysis has been conducted of energy utilities on a
global sample. Production flexibility increases financial
leverage in the light of reduced expected cost of
financial distress and higher present value of tax shields.
International sourcing has negative influence on financial
leverage.

Impact of contingent convertible bonds on capital
structure is investigated.

The significant impact of determinant of capital
structure of Chinese firms reveals that leverage
increases with growth opportunity.

The corporate and personal income taxes are found to
be the significant determinants of the capital structure.
It states that apart from profitability the other variables
have the same impact in both profit microfinance
institutions and non-profit finance institutions.

The study conducted in a developing economy, Turkey
to understand the applicability of capital structure
theories in almost every sort of companies from
manufacturing to non-manufacturing from small to large
and from public traded to private firms.

The capital structure behaviour is examined from the
managers risk aversion or regret perspective.

It reports positive correlation between profitability
and leverage at the time of optimum level of leverage
in firm.

The impact of real estate prices on firm capital
structure is examined. It reveals that change in debt
structure with respect to collateral value appreciation.

European Journal of
Finance

Asia-pacific Journal
of Accounting and
Economics

North American Journal
of Economics and
Finance

Journal of Corporate
Finance

International Journal
of Islamic and Middle
Eastern Finance and
Management
Research in
International Business
and Finance

Applied Economics

Journal of Corporate
Finance

Review of Financial
Studies

Review of Finance

North American Journal
of Economics and
Finance

Journal of
Computational

and Theoretical
Nanoscience

Journal of Financial and
Quantitative Analysis
Journal of Financial
Services Research

Small Business
Economics

Finance Research
Letters

Journal of Financial
Economics

Review of Financial
Studies

(Table 7 continued)
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(Table 7 continued)

Study

Type of Paper

Context

Source

Dang, Viet Anh; Kim,
Minjoo; Shin, Yongcheol
Chod, Jiri; Zhou, Jianer

Robb, Alicia M.; Robinson,
David T.

Chemmanur, Thomas J.;
Cheng, Yingmei; Zhang,
Tianming

Chung, Y. Peter; Na, Hyun
Seung; Smith, Richard

Rampini, Adriano A
Viswanathan, S.

Harding, John P.; Liang,

Xiaozhong; Ross, Stephen L.

Bartoloni, Eleonora

Matemilola, B.; Bany-Ariffin,
A.; McGowan, Carl

Dudley, Evan.

Jiraporn, Pornsit;
Chintrakarn, Pandej; Liu,
Yixin

Paligorova, Teodora; Xu,
Zhaoxia

Rauh, Joshua D.; Sufi, Amir

Bortolotti, Bernardo;
Cambini, Carlo; Rondi,
Laura; Spiegel, Yossi

Pindado, Julio; de la Torre,
Chabela

Bertomeu, Jeremy; Beyer,
Anne; Dye, Ronald A.
Gao, Wenlian; Ng, Lilian;
Wang, Qinghai

Empirical

Empirical

Empirical

Empirical

Empirical

Empirical

Empirical

Empirical

Empirical

Empirical

Theoretical

Conceptual

Empirical

Empirical

Empirical

Conceptual

Conceptual

A negative impact has been reported of the global
finance crisis on the speed of leverage adjustment.

It determines the influence of resource flexibility

on capital structure shows that resource flexibility

is negatively related to the cost of borrowing and
positively related to debt.

The analysis of capital structure choices made in the
firm from the data set of Kaufman firm survey shows
the strong reliance on the external debt sources such
as bank finance and less on family funding sources.

It was found that leverage and a positive significant
impact on average employee pay and CEO
compensation.

Firms tend to increase leverage in the presence of
growth opportunities or when there is decline in equity
value. Acquisition of firms cannot be dependent on any
capital structure policy rather it is a result of financial
slack due to rapid growth created.

The collateral plays a vital role in capital structure
financing. Leasing collateralizes financing with greater
leverage and firms facing adverse cash flow shocks
prefers to sell and lease back assets.

Banks capital structure is analysed in the light of capital
requirements, deposit insurance and franchise value.
The method applied is Granger Causality framework.
The framework explains that firms leverage does not
result innovation output rather leverage is caused by
successful innovation and a firm operating profitability.
The study conducted on the capital structure research
in South Africa accommodates significant managerial
skills and ability as the unobserved firm specific capital
structure determinants.

It shows that firms move towards their target capital
structure in the course of investment as per the trade-
off theory.

It is found that companies having higher CEO
dominance has a negative impact of changes in capital
structure on firm performance.

The study explores pyramidal firms and their
motivation behind debt usage and the firm financing is
found to be influenced by the expropriation activities of
owners having control rights.

The firm’s production and assets used in it are the
important determinants of capital structure in the cross
section.

There is a significant role of control and regulation in
the firm’s financing decision. The privately controlled
firm’s debt usage is designed in a way which enables
efficient regulatory outcomes.

Capital structure is largely influenced by the managerial
ownership and ownership concentration.

A perspective that jointly determines capital structures
its voluntary disclosure policy and its cost of capital.
The study conducted in United States explains the
variation of capital structure due to location of
corporate headquarters. The results support the
significant role of local culture and executives social
interactions on corporate financial policies.

International Review of
Financial Analysis
Management Science

Review of Financial
Studies

Journal of Financial
Economics

Journal of Corporate
Finance

Journal of Financial
Economics

Journal of Financial
Services Research
Empirica

Managerial Finance

Journal of Corporate
Finance

Journal of Financial
Services Research

Journal of Corporate
Finance

Review of Finance

Journal of Economics
and Management
Strategy

International Review of
Finance

Accounting Review

Financial Management

(Table 7 continued)
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(Table 7 continued)

Study

Type of Paper

Context

Source

Application of theory in practice in terms of capital
structure choice to make informed decisions by

The ignorance of debt issues in capital structure
variation is brought into light.

The firm optimal capital structure determined on the
grounds of trade off between human costs and tax
benefits derived from debt usage.

The study undertaken on French manufacturing firms
enquires the relationship between capital structure,
ownership structure and firm performance.

It examines the investment and capital structure
financing decisions of a firm under management
shareholder conflicts caused due to asymmetric
information. It reveals such conflict increases
investment and decreases social welfare by debt

Stretcher, Robert; Johnson, Theoretical
Steve
managers.
Rauh, Joshua D.; Sufi, Amir Empirical
Berk, Jonathan B.; Stanton, Empirical
Richard; Zechner, Josef
Margaritis, Dimitris; Psillaki, Empirical
Maria
Shibata, Takashi; Nishihara, Empirical
Michi
financing.
Saito, Richard; Hiramoto, Empirical

Eduardo

It tests the Brazilian companies experiencing foreign
activities have different capital structure in contrast
to companies experiencing local activities. It examines
the relation between international activity and debt

Managerial Finance

Review of Financial
Studies
Journal of Finance

Journal of Banking and
Finance

Journal of Economic
Dynamics and Control

Academia Revista
Latinoamericana de
Administracion

financing.

Source: The authors.

Discussion and Gap Direction

The capital structure study undertaken provides tremendous
valuable information. It reveals the publication in terms of
numbers from the year 2010 to 2021. There have been
maximum studies in the year 2019 in comparison to the
earlier years. The position of increase and decrease in the
studies which can find a place in the reputed database is
being recorded. Then further the leading journals were
identified based on their ABDC ranking and ABS categories
to represent the importance of the subject. Later it was
decided to understand the expansion of the subject in various
disciplines. It was clear that business economics holds
the maximum study in its domain but at the same time
this could not be neglected that the capital structure
subject holds its place in other disciplines too which are
majorly environmental sciences, operations research and
engineering. The authors having the maximum publications
and citations, the top institutions and the countries having
maximum publications and citations, are recorded. After
that, the types of the study were ascertained which
revealed the information related to the maximum area of
empirical studies. It was then decided to understand the
various associated areas concerning capital structure, for
that keyword analysis was conducted which gave us an
appropriate picture of the diversification of capital structure
study in terms of leverage, a trade-off, pecking order theory,
corporate governance and many other important fields.
Finally, a regressive analysis of 58 research papers was done
after reading their abstracts to understand their uniqueness.

The citation analysis marks the contribution of eminent
authors and the documents. It identifies the most cited

study is from the USA and the organisation which is most
popular on this subject is NBER. Thus encouraging the
study in this direction in developing countries where
it is still uncovered. The cluster analysis conducted
brings various studies on the topic which were further
divided into three clusters. Cluster 1 highlights the various
relationships between maintaining low debt ratios and
employee benefits, macro-economic uncertainty in the
context of capital structure financing. The cluster
2 represents that ownership structure, rating agencies,
corporate governance and the impact of pension assets
and liabilities on the capital structure is considered
significant and cluster 3 discusses the various factors
affecting the capital structure decisions of a firm. It reveals
the role of debt, manager—shareholder conflicts in capital
structure choice. It highlights that the financing decision is
determined by the growth opportunities, collaterals, risk
management and laws prevailing.

All such information collectively speaks a lot about the
subject of capital structure. There is a dearth of studies
including the amalgamation of theory with some models.
There have been a great financial crisis impacting the
economy globally, the loss by them was neither negligible
nor can be buried. If we try to understand the pattern of
study over the years then we will notice a tremendous
increase in its importance from the year 2011 which shows
a decline in between and then again it shows a rapid
increase in 2019. This reveals the importance of the study
in recent years. The researchers are rigorously attempting
to showcase its necessity and thus striving for prolific
journals. The gap identified from this review highlights
the vast fragmentation on this topic. The focus is more on
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Table 8. Research Gap and Future Directions.

Research Gap Future Direction

To overcome the differences
between financing decision of
developed and developing countries
The studies from countries like South
America, Oceania and African region
to be added

The experimentation with model
creation with conceptual background
to be undertaken

Studies on comparison of cross-
country aspects to be conducted
Exploring impact of non-tested
capital structure determinants

Scant studies in
developing countries

Lack of multi country
studies

Lack of model based
study

Scant study on cross
country comparisons
Determining new
capital structure
determinants

Source: The authors.

substantiating findings with decades-old theories. The
theories are very explanatory, complete and specific but
the problem of capital structure financing in every
organisation and economy is existing and is still untouched
in developing economies. The developed countries have
taken maximum initiative towards the analysis of this
subject which is marked by the bibliometric study. This
study attempts to highlight the gap and future research
required in this direction.

Limitation

There are certain limitations that are to be addressed despite
following all the necessary bibliometric and systematic
literature review protocols. Firstly the study includes the
article which is only articles and excludes studies in a
language other than English thus acknowledging the
exclusion of some important literature from conference
proceedings, book chapters and in other languages.
Secondly, it has considered WOS database and no other
databases which limited its literature and data. Thus the
author urges future researchers to consider and develop
more elaborative studies and includes databases like
Scopus, IEEE and ACM in their data to enhance this
research by overcoming such limitations.

Conclusion

The crisis in the ignorance or mismanagement of capital
structure has given rise to vulnerable situations in the
industry. This study on capital structure is undertaken with
the aim to connect the existing literature to derive a
valuable output. The capital structure should be relooked
and methods should be framed in new frames. The capital
structure study should be designed in every area considering
its relevance and it is suggested that this should not be

completely empirical with the existing data set and neither
the conclusion should be derived by associating the
outcomes with the pre-defined capital structure theories.
There is a scarcity of methods which involve an
amalgamation of theory with model formation, and more
conceptual study is highly demanded to overcome the lack
of knowledge in terms of capital structure formation.
An understanding of appropriate capital structure financing
is needed globally. Hence, there should be some capital
structure studies that are to be undergone with some
predictions and concrete concepts to absorb the disaster
caused in the absence of capital structure study.
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Abstract—Image classification from a multi-class imbalanced
dataset is challenging because it is difficult to detect all the
minority classes present in the datasets. In this paper, the authors
have extended their recently introduced work on a novel deep
learning neural network for binary-class imbalanced datasets,
called VGGIN-Net, by applying it to classify different grades of
cervical cancer from a multi-class imbalanced dataset having a
small number of samples. The experimental results prove that the
proposed approach along with the data augmentation and rejec-
tion resampling is effective for multi-class imbalanced datasets.
As analyzed through extensive experiments on a benchmark
cervical screening dataset, the proposed approach in comparison
to the other state-of-the-art approaches is vividly proven to be a
more efficient method.

I. INTRODUCTION

Cervical cancer is one of the most common and deadly
types of cancer that occurs in females. The death count due to
this cancerous disease has increased tremendously worldwide,
especially in developing countries, in the past few decades
[1]. Screening for cancer is a very crucial aspect to cure it
at its early stages. For cervical cancer screening, the first
primary task is the detection of the cancer type which can
be any of three known types. Type 1 cervix does not require
screening but women having Type 2 and Type 3 cervix
require screening for further cancer detection. However,
manual screening and detection of the type of cervical cancer
is problematic, time-consuming and tedious due to the high
probability of occurrence of manual errors. So, an automated
screening approach can increase the efficiency of cancer
detection tasks.

Most biomedical datasets are imbalanced. There are several
approaches available to tackle the brutal consequences of not
considering the minority class while screening for cancer at
its early stages. Undersampling, oversampling, and a hybrid
of these two are the most common approaches available
in literature to address the issues that occur due to biased
datasets [2] [3] [4]. In the case of multi-class imbalanced
classification, it is equally important to detect all the minority
classes present in imbalanced datasets to increase the overall
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efficiency of the model.

Saini and Susan (2020) applied Deep convolutional
generative adversarial network (DCGAN) to tackle the class
imbalance effect in the BreakHis dataset, and also proposed
a modified VGG16 architecture [5]. In a subsequent work,
the authors proposed another approach for tackling imbalance
in multi-class settings using deep features extracted from
ResNet in combination with the non-linear Chi? SVM
classifier and Bag-of-Visual-Words (BOVW) approach [6].
They explored the effect of data augmentation on minority
classes and emphasized that the Inception-v3 model along
with weighted SVM showed improved performance in
comparison to other networks [7]. Matsuo et al. (2019)
established the superior performance of deep learning models
over the Cox proportional hazard regression model for
the survival prediction of women with cervical cancer.
They also discussed the improvement in the performance
of the deep learning models after adding more features as
compared to the Cox proportional hazard regression model [8].

In this paper, the authors have extended their recently
introduced work on a novel deep learning neural network for
binary-class imbalanced datasets, called VGGIN-Net [9], by
applying it to classify different grades of cervical cancer in a
multi-class imbalanced data scenario. The major contributions
of the paper are (1) Transfer learning of VGGIN-Net deep
neural architecture facilitates transfer of knowledge from a
large dataset to the smaller, multi-class imbalanced cervical
cancer dataset (2) data augmentation was applied successfully
which had an overall impact on the performance of the
deep learning network, along with a random undersampling
strategy, that also helps to avoid overfitting or underfitting
problems to a great extent. (3) Extensive set of experiments
were performed to demonstrate that the proposed approach
achieves better performance in terms of various evaluation
measures [10], such as accuracy (weighted average and micro-
average), precision, recall, F1 score, geometric mean, index
balanced accuracy, in comparison to the state-of-the-art deep

<IEEE

Authorized licensed use limited to: DELHI TECHNICAL UNIV. Downloaded on December 26,2022 at 04:38:16 UTC from IEEE Xplore. Restrictions apply.



TABLE I
DISTRIBUTION OF SAMPLES OF INTEL AND MOBILEODT CERVIGRAM

DATASET.
Type 1 Type 2 Type 3 Total
Train 249 781 450 1480
Additional Train 1189 3564 1976 6729
Test 87 265 160 512
Total 1525 4610 2586 8721
TABLE II

HYPERPARAMETER DESCRIPTION AND VALUES FOR TRAINING
VGGIN-NET NETWORK.

Hyperparameter Description
Learning rate

Hyperparameter Values
0.0001

Optimizer SGD with 0.9 momentum
Number of Epochs 300

Steps per Epoch 50

Batch Size 512

Image Size 299 x 224 using bilinear resizing

224 x 224 after random cropping
RandAugment with m=8, n=2
224 x 224 x 3

14 x 14 x 512

1x1 Conv2D - 64 filters

3x3 Conv2D - 128 filters

5x5 Conv2D - 32 filters

3x3 MaxPooling2D

Dropout 0.4

Naive Inception Block Output Size 14 x 14 x 736

ReLU (all Conv layers)
Softmax (final dense layer)

Data Augmentation
Network Input Size
Block4Pool Layer Output Size

Naive Inception Block Layers

Activation

learning architectures. Further, the entire paper is organized
as follows: in section II, we have given the literature review
of existing works done by various researchers using different
deep learning techniques, primarily, for classifying different
cervix types. In section IV, we have explained in detail the
proposed methodology. In section III, we have described the
dataset and necessary hyperparameters used in our experi-
ments. A comparative analysis of the proposed approach with
the various state-of-the-art approaches is presented in section
V, and section VI includes the future works and conclusion.

II. LITERATURE REVIEW

Various researchers are using machine learning and deep
learning in the biomedical domain [11] [12] [13] [14] [15].
Akter et al. (2021) used decision tree, random forest and
XGBoost machine learning models to predict cervical cancer
[16]. Kudva et al. (2020) used a shallow layer convolutional
neural network (CNN) formulated with convolutional, fully
connected layers, RELU, and pooling layers for the classi-
fication of cervical images into cancerous and non-cancerous
categories [17]. Park et al. in 2021 proved that the ResNet deep
learning model has shown an improvement in performance in
comparison to other machine learning models such as XGB,
SVM, and RF for the identification of cervical cancer [18].
Ghoneim et al. proposed a model based on CNN to extract the
deep features, and then deep features were passed to the Ex-
treme learning machine (ELM) for the classification of cervical
cancer [19]. Li et al. (2019) used the Inception-V3 network to
perform classification, and further applied fine-tuning, which

had an overall impact on the performance [20]. Yu et al.
(2020) analyzed and compared hand-crafted features and deep
learning methods on the multistate colposcopy image (MSCI)
dataset. They proposed a gated recurrent convolutional neural
network (C-GCNN) approach that includes time series along
with the combined multistate cervical images [21]. Tripathi
et al. in [22] proved that the ResNet-152 architecture gives
higher accuracy as compared to other deep learning methods
on the SIPAKMED Papsmear dataset. Guo et al. performed
a comparative analysis of various models:- RetinaNet, VGG,
and Inception; according to the analysis it was found that
RetinaNet outperformed the other models [23]. Adem used
softmax classification in [24] with a stacked autoencoder as
one of the deep learning methods to classify the datasets.
Various methods have been applied before to screen cervical
cancer and detect different cervix types from the cervigram
images as discussed, which briefly range from traditional
machine learning and convolutional deep neural networks
to various pre-trained deep neural networks along with the
hybrid integration of features of deep learning and machine
learning. The advantage of using pre-trained networks trained
on the large-scale ImageNet dataset is the overall reduction of
training time and adaptability to work well on small to medium
datasets because of the knowledge transfer from robust large-
scale ImageNet dataset.

III. EXPERIMENTAL SETTINGS

Intel and MobileODT had proposed the cervical cancer
screening dataset which was made publicly available on
Kaggle [31]. The dataset consists of image samples of
different cervix types as shown in Fig.2 which are grouped
according to different cervix types. As observed in the figure,
there are visual similarities between different types, rendering
the problem to be a challenging task. This cervigram dataset
consists of 3 classes (Type 1, Type 2 and Type 3). Type
1 refers to cervixes that are completely ectocervical, are
fully visible, and may have small or large components.
Type 2 cervixes have an endocervical component but are
still fully visible and may or may not have an ectocervical
component which may be small or large. In Type 3, there is an
endocervical component present that is not fully visible and
it may have an ectocervical component which can be small
or large. Table I illustrates the imbalanced class distribution
of image samples from the following classes: Type 1, Type 2
and Type 3; which is also depicted in Fig.3 as a histogram
of class populations. Images present were sourced from
the train, additional train, and test splits. We combined the
additional train directory with train and used it for training.
This dataset has a very limited set of sample images. Images
are artificially added on the fly at the mini-batch level in
our training pipeline through data augmentation. Also, since
the number of samples is less, training a CNN model from
scratch would not make the model learn enough to classify
into different types due to the limited set of sample images
present in the dataset. Hence, data augmentation on transfer
learned pre-trained models helps to make the model learn
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input | input:
InputLayer | output:

[(None, 224, 224, 3)]

[(None, 224, 224, 3)]

l

vgg_mean norm | input:

Normalization | output:

(None, 224, 224, 3) ‘ (None, 224, 224, 3) ‘

l

vgg16_features | input:
Functional

(None, 224, 224, 3)

output:

(None, 14, 14, 512)

\

\

input:

conv_1x1 | input: conv_3x3 | input: conv_5x5 | input: pool
= (None, 14, 14, 512) | (None, 14, 14, 64) = (None, 14, 14, 512) | (None, 14, 14, 128) = (None, 14, 14, 512) | (None, 14, 14, 32) (None, 14, 14, 512) | (None, 14, 14, 512)
Conv2D | output: Conv2D | output: Conv2D | output: MaxPooling2D | output:

/

/

concat input:

Concatenate | output:

[(None, 14, 14, 64), (None, 14, 14, 128), (None, 14, 14, 32), (None, 14, 14, 512)]

(None, 14, 14, 736)

l

batch_norm input:

BatchNormalization | output:

(None, 14, 14, 736) ’ (None, 14, 14, 736) ‘

flatten | input:

Flatten | output:

(None, 14, 14, 736)

(None, 144256)

l

dropout [ input:
(None, 144256) | (None, 144256)
Dropout | output:

]

predictions | input:
Dense | output:

(None, 144256)

(None, 3)

Fig. 1.

Fig. 2. Samples from Cervigram Dataset are grouped based on different
Cervix types.

features in a better way and generalize more suitably for the
classification task [32].

The VGGIN-Net architecture consisting of different layers in the network.

Distribution of Samples per Class

Fig. 3.
dataset.

Distribution of different classes (cervix types) from the cervigram

IV. METHODOLOGY

We have designed a novel approach to correctly classify
the cervix type from cervigram images for a multi-class
imbalanced dataset. We have extended our work [20],
VGGIN-Net for multi-class imbalanced datasets. Earlier we
applied the proposed VGGIN-Net model to the binary class
problem on a Breast cancer dataset [25]. The VGGIN-Net
network architecture as shown in Fig.1 is based on the
transfer learning approach, which is formed by freezing
and concatenating all the layers till the block4 pool layer
of the VGGI16 pre-trained model [26] along with the naive
Inception block module [27]. Further, we have added the
batch normalization [28], flatten, dropout, and dense layers
[29] in the proposed architecture and constructed the 24-layer
architecture by stacking the appropriate layers of VGGI16
layers with the naive Inception block and a few dense
layers. In the proposed model, we use regularization in
the form of dropout and data augmentation. We have used
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TABLE III
COMPARISON OF THE PROPOSED VGGIN-NET BASED APPROACH WITH OTHER STATE-OF-THE-ART PRE-TRAINED MODELS USING IMBALANCE
EVALUATION MEASURES.

Model Precision Recall F1 Score Index Balanced Accuracy Geometric Mean
Accuracy Type1 Type2 Type3 Avg Typel Type2 Type3 Avg Typel Type2 Type3 Avg Typel Type2 Type3 Avg Typel Type2 Type3 Avg
VGGI16 0.71 0.59 0.73 0.76 0.72 0.63 0.77 0.66 0.71 0.61 0.75 0.71 0.71 0.56 0.54 0.59 0.56 0.76 0.73 0.77 0.75
InceptionV3 0.71 0.64 0.75 0.68 0.71 0.67 0.72 0.71 0.71 0.65 0.74 0.7 0.71 0.6 0.54 0.59 0.56 0.78 0.73 0.78 0.75
ResNet50V2 0.73 0.65 0.75 0.74 0.73 0.59 0.8 0.69 0.73 0.62 0.77 0.72 0.73 0.53 0.57 0.6 0.58 0.74 0.75 0.79 0.76
Xception 0.59 0.39 0.74 0.61 0.64 0.62 0.48 0.77 0.59 0.48 0.58 0.68 0.6 0.49 0.38 0.6 0.47 0.7 0.63 0.77 0.69
InceptionResnetV2  0.63 0.48 0.72 0.63 0.65 0.66 0.58 0.71 0.63 0.55 0.65 0.67 0.64 0.55 0.44 0.57 0.5 0.75 0.67 0.76 0.71
DenseNet121 0.72 0.61 0.74 0.75 0.72 0.62 0.78 0.67 0.72 0.62 0.76 0.71 0.72 0.55 0.55 0.59 0.56 0.76 0.74 0.78 0.75
EfficientNet-B0 0.56 0.37 0.66 0.62 0.6 0.63 0.49 0.64 0.56 0.47 0.56 0.63 0.57 0.49 0.35 0.51 0.42 0.7 0.6 0.72 0.65
VGGIN-Net 0.75 0.74 0.76 0.73 0.75 0.66 0.8 0.7 0.75 0.7 0.78 0.72 0.74 0.61 0.58 0.61 0.59 0.79 0.76 0.79 0.77
TABLE IV
COMPARISON OF THE PROPOSED VGGIN-NET BASED APPROACH WITH OTHER STATE-OF-THE-ART PRE-TRAINED MODELS WITHOUT APPLYING
REJECTION RESAMPLING USING IMBALANCED EVALUATION MEASURES.
Model Precision Recall F1 Score Index Balanced Accuracy Geometric Mean
Accuracy Type 1 Type2 Type3 Avg Typel Type2 Type3 Avg Typel Type2 Type3 Avg Typel Type2 Type3 Avg Typel Type2 Type3 Avg
VGG16 0.71 0.65 0.74 0.72 0.71 0.68 0.77 0.64 0.71 0.66 0.75 0.68 0.71 0.61 0.55 0.56 0.56 0.79 0.74 0.75 0.75
InceptionV3 0.72 0.7 0.71 0.76 0.73 0.6 0.83 0.61 0.72 0.65 0.77 0.68 0.72 0.55 0.54 0.54 0.54 0.75 0.73 0.75 0.74
ResNet50V2 0.72 0.69 0.73 0.74 0.72 0.55 0.83 0.65 0.72 0.61 0.77 0.69 0.72 0.5 0.56 0.57 0.55 0.72 0.74 0.76 0.75
Xception 0.6 0.53 0.6 0.61 0.59 0.28 0.77 0.47 0.6 0.36 0.68 0.53 0.58 0.24 0.36 0.39 0.35 0.51 0.59 0.64 0.59
InceptionResnetV2  0.67 0.69 0.66 0.7 0.68 0.4 0.84 0.54 0.67 0.51 0.74 0.61 0.66 0.37 0.46 0.47 0.45 0.62 0.67 0.7 0.67
DenseNet121 0.74 0.76 0.72 0.8 0.75 0.59 0.87 0.62 0.74 0.66 0.79 0.7 0.74 0.54 0.57 0.56 0.56 0.75 0.74 0.76 0.75
EfficientNet-B0 0.66 0.57 0.65 0.69 0.65 0.33 0.82 0.57 0.66 0.42 0.73 0.63 0.64 0.3 0.45 0.49 0.44 0.56 0.66 0.71 0.66
VGGIN-Net 0.71 0.83 0.68 0.73 0.72 0.6 0.84 0.56 0.71 0.69 0.75 0.63 0.7 0.56 0.49 0.49 0.5 0.76 0.69 0.71 0.71
TABLE V
ABLATION EXPERIMENTS TO DETERMINE VERACITY OF THE PROPOSED VGGIN-NET BASED APPROACH.
Model Precision Recall F1 Score Index Balanced Accuracy Geometric Mean
Accuracy Typel Type2 Type3 Avg Typel Type2 Type3 Avg Typel Type2 Type3 Avg Typel Type2 Type3 Avg Typel Type2 Type3 Avg
Proposed Approach 0.75 0.74 0.76 0.73 0.75 0.66 0.8 0.7 0.75 0.7 0.78 0.72 0.74 0.61 0.58 0.61 0.59 0.79 0.76 0.79 0.77
Proposed Approach with multiple Inception blocks  0.75 0.76 0.76 0.72 0.75 0.67 0.8 0.72 0.75 0.71 0.78 0.72 0.75 0.62 0.59 0.62 0.6 0.8 0.76 0.79 0.78
Proposed Approach with Adam 0.72 0.67 0.73 0.73 0.72 0.71 0.78 0.62 0.72 0.69 0.76 0.67 0.72 0.65 0.65 0.54 0.56 0.81 0.74 0.75 0.75
Proposed Approach with SGDR 0.74 0.7 0.74 0.78 0.74 0.63 0.83 0.65 0.74 0.66 0.78 0.71 0.74 0.58 0.58 0.58 0.58 0.77 0.76 0.77 0.76
TABLE VI
EXPERIMENTS TO COMPARE THE PERFORMANCE OF DIFFERENT PRE-TRAINED NETWORKS WITH AND WITHOUT TRANSFER LEARNING.
Model Precision Recall F1 Score Index Balanced Accuracy Geometric Mean
Accuracy Typel Type2 Type3 Avg Typel Type2 Type3 Avg Typel Type2 Type3 Avg Typel Type2 Type3 Avg Typel Type2 Type3 Avg
VGG16 . 0.40 0.30 0.0 0.47 0.2 0.71 0.0 0.89 04 0.42 0.0 0.61 0.26 0.47 0.0 0.5 0.24 0.68 0.0 0.7 0.33
(w/o Transfer Learning)
InceptionV3 039 028 0.0 05 02 08 0.0 082 039 042 0.0 062 026 048 0.0 052 024 068 0.0 072 033
(w/o Transfer Learning)
ResNet50V2
. 0.38 0.29 0.0 0.46 0.19 0.74 0.0 0.83 0.38 0.41 0.0 0.59 0.26 0.47 0.0 0.48 0.23 0.68 0.0 0.68 0.33
(w/o Transfer Learning)
EfficientNet-BO 036 026 0.0 046 0.9 077 0.0 072 036 038 0.0 057 024 043 0.0 045 021 065 0.0 067 032
(w/o Transfer Learning)
VGGIN-Net 0.39 0.35 0.0 0.41 0.19 0.69 0.0 0.88 0.39 0.46 0.0 0.56 0.25 0.51 0.0 0.4 0.21 0.71 0.0 0.56 0.25
(w/o Transfer Learning)
VGG16 . 0.71 0.59 0.73 0.76 0.72 0.63 0.77 0.66 0.71 0.61 0.75 0.71 0.71 0.56 0.54 0.59 0.56 0.76 0.73 0.77 0.75
(w/ Transfer Learning)
InceptionV3 071 064 075 068 071 067 072 071 071 065 0.74 07 071 06 0.54 059 056 078 0.73 078 075
(w/ Transfer Learning)
ResNetSOV2 073 065 0.75 074 073 059 0.8 069 073 062 0.77 072 073 053 0.57 06 058 074 075 079 076
(w/ Transfer Learning)
EfficientNet- B0 056 037 066 062 06 063 049 064 056 047 0.56 063 057 049 035 051 042 07 0.6 072 065
(w/ Transfer Learning)
VIEEIRERES 0.75 0.74 0.76 0.73 0.75 0.66 0.8 0.7 0.75 0.7 0.78 0.72 0.74 0.61 0.58 0.61 0.59 0.79 0.76 0.79 0.77

(w/ Transfer Learning)

the RandAugment [30] approach for data augmentation for
our multi-class imbalanced task, which was found better
as opposed to random combinations of flip, rotate, shift,
and zoom which was used with this model on the binary
classification task of BreakHis [25].

The VGGIN-Net architecture for the current work is ob-
tained by freezing layers till the block 4 pool layer of the
VGG16 model (pre-trained on ImageNet dataset) at the lower
level and concatenating the layers of the naive Inception
module at the higher level which was initialized using Xavier
uniform distribution. Other layers such as the dense layer along
with batch normalization, flatten, and dropout layers were
also added to make the network suitable for the classification

task. Xavier distribution was used to draw randomly initialized
weights from a truncated normal distribution centred on zero
mean and with a standard deviation equal to the square root of
two divided by the sum of the number of input and output units
in the layer. The naive Inception block is composed of multiple
convolutional layers with 1x1, 5x5, and 3x3 filters (64, 128,
and 32 used as filters respectively) along with max pooling
layer outputs which are concatenated. Batch Normalization
normalizes data input values by standardizing them into a
zero mean, unit variance distribution at a batch level which
is also known to be very effective for tackling the vanishing
gradient problem. Apart from batch normalization, the flatten
layer added in the VGGIN-Net architecture concatenates all
the features into a dimension of size 144256 which is followed
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by Dropout regularization with a rate of 0.4. Dropout as a
regularization technique helps to avoid overfitting by randomly
dropping output values from a fraction of neurons during
training.

All our experiments were conducted on Google Cloud
TPU hardware [30], access to which was granted through
the TensorFlow Research Cloud program. Each of our deep
learning models was trained on the TPU v3-8 accelerator
with the help of 128 GB high bandwidth memory and the
TensorFlow Keras framework [33]. While training the models,
we have considered 50 steps per epoch, the number of epochs
as 300, and 512 as the batch size. Similar to the training
setting described in [34] we set the learning rate to 0.0001
and allowed the models to train using the SGD algorithm
with 0.9 as momentum. As a part of the data pipeline for
model training, the training images were resized to 299 * 224,
RandAugument [30] was applied with m=8 and n=2, and the
images were further randomly cropped into images of size
224 * 224. During testing and evaluation, images are centrally
cropped to 224 * 224 size. The exact set of hyperparameters is
tabulated in Table II and the source code for the experiments
is available in our GitHub repository. !

V. RESULTS AND DISCUSSION

We have performed the comparative analysis between var-
ious pre-trained networks along with our proposed approach
on the multi-class imbalanced dataset containing cervigram
images for the cervical cancer screening task. The models used
for comparison are pre-trained on the large-scale ImageNet
dataset, and further fine-tuned on the cervix dataset using sim-
ilar training settings as that of the VGGIN-Net model. Table
IIT illustrates an analysis between our proposed VGGIN-Net
model’® and other state-of-the-art CNN architectures such as
VGG16 [26], InceptionV3 [35], ResNet50 [36], ResNet50V2
[37], Xception [38], InceptionResNetV2 [39], DenseNetl121
[40] and EfficientNet-BO [41]. Performance metrics that are
popularly used with imbalanced datasets such as Precision,
Recall, F1 Score, Index Balanced Accuracy and Geometric
Mean are used to determine which approach can tackle im-
balance to a greater extent. Our analysis shows that among
all the models VGGIN-Net gives significant performance
improvement over other pre-trained models. Table IV, have
shown the comparison of our proposed VGGIN-Net based
approach with other state-of-the-art pre-trained models without
applying the rejection resampling technique. It was observed
that there is a significant drop in the results which proves that
the application of rejection resampling is important for the
given classification task. Further, we have conducted a study
to show the efficacy of different hyperparameters chosen in
our proposed approach, as shown in Table V. Additionally, we
have shown the efficacy of transfer learning in our proposed
approach by tabulating the results of different CNN models
trained from scratch as shown in Table VL

Uhttps://github.com/SainiManisha/cervical-cancer-screening
Zhttps://github.com/SainiManisha/vggin-net

VI. CONCLUSION

Cervical cancer screening from a multi-class imbalanced
dataset is a challenging task especially when the samples of
minority classes are few in number The situation is compli-
cated due to visual similarities that exist between the Type
1, Type 2 and Type 3 stages of cancer. We have proposed a
novel approach for cervical cancer screening using our recently
introduced model VGGIN-Net, along with data augmentation
and random crop and rejection resampling techniques to
combat the challenges faced by multi-class imbalanced classi-
fication tasks. We have done comparative analysis of various
pre-trained networks on the cervical cancer dataset based
on various evaluation metrics such as accuracy, precision,
recall, F1 score, geometric mean and index balanced accuracy.
The experimental results show that the proposed approach is
demonstrating better results as compared to the state-of-the-art
pre-trained models. In future work, we shall create different
deep learning architectures for multi-class imbalanced datasets
for object detection and segmentation by exploring the effect
and usage of focal loss to handle the class imbalance problem.
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