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Abstract

Havoc, brutality, economic breakdown, and vulnerability are the terms that can be rightly
associated with COVID-19, for the kind of impact it is having on the whole world for
the last two years. COVID-19 came as a nightmare and it is still not over yet, changing
its form factor with each mutation. Moreover, each unpredictable mutation causes more
severeness. In the present article, we outline a decision support algorithm using General-
ized Trapezoidal Intuitionistic Fuzzy Numbers (GTrIFNs) to deal with various facets of
COVID-19 problems. Intuitionistic fuzzy sets (IFSs) and their continuous counterparts,
viz., the intuitionistic fuzzy numbers (IFNs), have the flexibility and effectiveness to han-
dle the uncertainty and fuzziness associated with real-world problems. Although a meticu-
lous amount of research works can be found in the literature, a wide majority of them are
based mainly on normalized IFNs rather than the more generalized approach, and most
of them had several limitations. Therefore, we have made a sincere attempt to devise a
novel Similarity Measure (SM) which considers the evaluation of two prominent features
of GTrIFNs, which are their expected values and variances. Then, to establish the superi-
ority of our approach we present a comparative analysis of our method with several other
established similarity methods considering ten different profiles of GTrIFNs. The proposed
SM is then validated for feasibility and applicability, by elaborating a Fuzzy Multicriteria
Group Decision Making (FMCGDM) algorithm and it is supportedby a suitable illustrative
example. Finally, the proposed SM approach is applied to tackle some significant concerns
due to COVID-19. For instance, problems like the selection of best medicine for COVID-
19 infected patients; proper healthcare waste disposal technique; and topmost government
intervention measures to prevent the COVID-19 spread, are some of the burning issues
which are handled with our newly proposed SM approach.
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Graphical abstract

Goal:MCDM framework to handle diverse COVID-19 related scenarios using a novel SM based
on GTrIFNs
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Abbreviations
COVID-19 Corona Virus December-2019

FDA Food and Drug Administration

FMCGDM  Fuzzy Multicriteria Decision Making

FS Fuzzy Set

GTrIFN Generalized Trapezoidal Intuitionistic Fuzzy Number
IFN Intuitionistic Fuzzy Number

IFS Intuitionistic Fuzzy Set

ISHWM Indian Society of Hospital Waste Management
MCDM Multicriteria Decision Making

MERS Middle East Respiratory Syndrome

PPE Personal Protective Equipment

SARS Severe Acute Respiratory Syndrome
SEIR Susceptible-Exposed-Infected-Recovered
SM Similarity Measure

TIFN Triangular Intuitionistic Fuzzy Number
TrIFN Trapezoidal Intuitionistic Fuzzy Number
WHO World Health Organization

1 Introduction

The Boolean or traditional logic which takes the value 1 (true) or O (false) is not always
applicable in real-life problems, where the information available at hand is uncertain or
imprecise. To cope up with such uncertain and vague situations, a particular class of sets
proposed by Zadeh (Zadeh 1965) known as fuzzy sets (FSs) is considered suitable. In FS
theory, each and every element belonging to the set is specified by a membership value in
the range [0,1]. However, to deal with more complicated and uncertainty-led scenarios, it
was found that, merely the concept of FSs is not enough and hence few extensions of these
sets were proposed. One such major development was the advent of IFSs by Atanassov
(Atanassov 1986). Due to the presence of non-membership degree function in IFSs which
is absent in FSs, it is intuitive that IFSs have an upper hand over FSs by being more effec-
tive in dealing with uncertainty-based practical applications. Moreover, IFSs are capable
of imitating the available data or information more accurately and realistically. IFSs can
also maintain the imprecise contents of information and they can facilitate approximate
reasoning behavior. Although the descriptive capability of IFSs is higher than that of the
traditional FS theory due to their additional presence of non-membership and hesitancy
functions, however, they have fairly higher computational complexity over FSs.

In Multicriteria Decision Making (MCDM) problems, generally, several conflicting
criteria are simultaneously considered before we finally obtain a ranking order for the
available set of alternatives. MCDM is considered a research hotspot for researchers and
it has also become one of the vibrant areas under the domain of decision theory. Simi-
larly, FMCGDM problems are scenarios, where a group of decision-makers is appointed
to assess the available set of alternatives with respect to certain governing criteria. While
dealing with numerous real-world situations, decision-maker may be unable to provide

@ Springer



3546 P. Dutta, G. Borah

deterministic values for the alternatives but are instead able to provide fuzzy numbers. FS
theory can model this kind of uncertainty, which occurs in MCDM problems. The pioneers
in proposing the fuzzy decision-making model were Bellman and Zadeh (1970). Follow-
ing them, a handful number of studies have been accomplished on fuzzy MCDM (Hwang
and Yoon 1981; Chen and Hwang 1992; Xu 2004, 2007; Wang and Parkan 2005; Wu and
Chen 2007), which has given birth to several efficient methodologies till date. Chen (2009)
developed a methodology using the technique for order preference by similarity to ideal
solution (TOPSIS) for dealing with fuzzy multicriteria group decision-making (MCGDM)
problems, by extending a very well-known classical MCDM approach. Ye (2009) handled
intuitionistic fuzzy cross entropy-based MCDM problems, where IFSs represent the char-
acteristics of alternatives and the criteria weights are indicated by fuzzy values. Further-
more, Xu (2010) presented a deviation-based approach, considering the score function and
the accuracy function, to solve FMCGDM problems, where the information is an intui-
tionistic fuzzy one. Ye (Ye 2010) devised an entropy weight-based correlation coefficient
for solving fuzzy decision-making problems under an intuitionistic fuzzy environment. Li
(2011) proposed new extension principles considering interval-IFSs and also defined a few
algebraic operators. Farhadinia and Ban (2013) devised some novel SMs for both general-
ized intuitionistic and generalized interval-valued fuzzy numbers by extending the exist-
ing SMs on generalized fuzzy numbers. Wang and Zhang (2009) devised a method based
on aggregation operators for solving MCDM problems, considering trapezoidal intuition-
istic fuzzy numbers (TrIFNs). Zhang and Liu (2010) considered triangular intuitionistic
fuzzy information and applied them in decision-making problems by devising a method to
aggregate them. Wang et al. (2013) developed triangular intuitionistic fuzzy operators and
applied them in the fault analysis of systems.

The SM concept is undoubtedly a significant one in human cognition-induced thought
processes. As humans are natural decision-makers, therefore in a variety of decision mak-
ing instances, may it be in psychology, ecology, case-based reasoning, or information
retrieval, the importance of SMs cannot be ignored. SMs developed particularly for dealing
with IFSs, form an integral part of numerous decision making instances. The determination
of the similarity coefficient between IFSs is considered crucial in IFS theory since it acts as
a measure of distinction between those sets. The development of new and efficient similar-
ity methodologies has always been an area of significant interest and there have been some
remarkable developments under the framework of SMs for IFSs, attracting the research
community globally. In this context, several papers have been devoted to evaluating the SM
between GTrIFNs, some of which have been mentioned here. For instance, Chen and Chen
(2009) proposed a few SMs for interval-valued fuzzy numbers and they carried out a risk
analysis based on their proposed measures. Consequently, Wei and Chen (Wei and Chen
2009) proposed a novel similarity method for fuzzy risk analysis as well. Chen (2011)
proposed some quadratic operator-based SMs for the fuzzy recommendation process and
obtained some fascinating conclusions from them. Farhadinia (2012) on the other hand,
utilized the concept of geometric distance and perimeter, in devising an SM for generalized
fuzzy numbers. Also, Ye (2012a) proposed a cosine vector SM for trapezoidal intuitionistic
fuzzy numbers and applied it to a group decision making problem. Further, Ye (2012b)
also proposed two distance-based SMs for intuitionistic trapezoidal fuzzy numbers. One
such SM is based on the Hamming distance, while the other is based on the Euclidean
distance. Later, Tang et al. (2017) proposed a dice similarity for generalized IFNs with
applications to group decision making problems. Thereafter, Yue et al. (2019) devised an
SM for triangular intuitionistic fuzzy numbers (TIFNs) to facilitate Smart Environmental
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Protection. Their SM considered evaluation of the area and the perimeter of such IFNs.
Dinagar and Helena (2019) also proposed a centroid-based SM for GTrIFNs.

At present, the havoc and the outrage created as a result of the novel COVID-19 virus
are miserable in almost all countries of the world. Even the developed counties with the
best medical facilities are struggling their way through this unprecedented situation. The
majority of the countries are still absolutely clueless and they are directing their people
to quarantine themselves to cutoff any probable chances of getting infected with the virus
(Ren et al. 2020). Consequently, the researchers of these countries are engaging themselves
to devise suitable models to predict any probable spike in the number of active cases;
recovery rate of the patients; transmission rate of the virus; etc. The outcome of those sur-
veys has greatly assisted the healthcare workers and the medical staff to be prepared for
the worst scenarios that may probably arise due to the virus, and hence take necessary pre-
cautionary measures. Castillo and Melin (2020) proposed a time series model using fuzzy
hybrid approaches to predict the number of confirmed cases and the deaths of patients in
the respective countries of the world. Castillo and Melin (2021a) also developed a hybrid
model where the fractal dimension and the fuzzy logic concepts are composed to predict
the unusual trends that could take place in the COVID-19 time series data of the coun-
tries. Thereafter, Sun and Wang (2020) showed that ordinary differential equations could
be helpful to devise a model that can collect the COVID-19 data from a specific location
within a definite time interval. An effective hybrid model was also developed by Melin
et al. (2020a), that could predict the future trends of the virus and simultaneously, alert
the frontline workers about any probable uncanny situation beforehand. Chen et al. (2020)
study the dynamics of SARS-CoV-2 like a protease structure. Fan et al. (2020) analyzed
how the spring festival transportation in China had influenced the further spread of the
novel coronavirus epidemic. Grifoni et al. (2020) established that an approach based on
sequence homology and bioinformatics is fairly capable of predicting the candidate targets
showing immune response against SARS-CoV-2. He (2020) pointed out some alternative
measures that could help control the COVID-19 outbreak apart from the contact tracing
and quarantine measures that are being implemented. In Huang et al. (2020), the predic-
tion and distribution (spatial-temporal) of the COVID-19 scenario in China was presented.
Similarly, Ibrahim et al. (2020) obtained significant results to predict the binding site for
COVID-19 spike-host cell receptor GRP78. Ivanov (2020) discussed how the global supply
chains are heavily impacted due to the COVID-19 (SARS-CoV-2) outbreak. The authors
in Liu et al. (2020) try to understand the factors behind the unreported cases of Wuhan,
China, and they also explain the importance of appropriate public health intervention strat-
egies to control the pandemic. In Ton et al. (2020), the authors perform a deep docking
of 1.3 billion compounds to identify the prime inhibitors of the main protease of SARS-
CoV-2. Das et al. (2021) presented a comparative study of several intervention strategies
and developed a Susceptible-Exposed-Infected-Recovered (SEIR) model for the analysis
of outputs obtained. Nabi et al. (2021) suggested certain optimal control measures in their
work and also projected the fractional dynamics of COVID-19. Likewise, Castillo and
Melin (2021b) introduced a novel fuzzy fractal approach to control the COVID-19 pan-
demic.The authors in Mishra et al. (2021), utilized the hesitant FSs to develop a suitable
framework that can predict the best medicine for treating the COVID-19 patients showing
mild symptoms. Majumder et al. (2020) identified the COVID-19 infected population with
the help of a decision making strategy under a fuzzy rough set-theoretic environment. In
Si et al. (2021), the authors have proposed a picture fuzzy set-based decision strategy and
applied it to identify the set of best medicines for COVID-19 which are available in the
Indian market. Certain important aspects associated with the coronavirus such as staying
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away from the virus, dominating the virus, and ensuring complete protection against the
virus are time-consuming projects (Ghosh et al. 2020). Therefore, at best the scientists and
the researchers can do is to facilitate an immediate medical service to the coronavirus-
affected patients, so that maximum lives could be saved.

1.1 Motivation of our work

Most of the real-life phenomena that take place naturally are based upon some imprecise
nature of information or data. Often human beings use vague linguistic expressions to
convey their message to other individuals. Thus, uncertainty is an inseparable element of
human beings as well as nature. In this regard, the use of fuzzy set theory or fuzzy logic
helps us to deal with such types of complex and ambiguous situations. The main advantage
of fuzzy logic is that it has some rigid set of rules with the help of which we can manage
the uncertainty in an efficient manner. With fuzzy logic, we can develop models which are
capable of arriving at a final decision by smoothly handling the uncertainty arising during
the process.

Likewise, for expressing the degree of similarity that exists between objects around
us, we use an important tool in the form of SM. Various functions measure the degree
of similarity between objects or sets and are applied in the field of ecology, psychology,
information retrieval, numerical taxonomy, citation analysis, and physical anthropology.
The degree of similarity or dissimilarity between objects among the various extensions of
FSs has gathered remarkable attention and it has become an area of significant interest in
fuzzy mathematics. In this regard, several term-term vector SMs like the Jaccard SM, Dice
SM, and Cosine SM (Jaccard 1901; Dice 1945; Salton and McGill 1987; Kima and Choi
1999) and their robust extensions are widely in practice. However, these SMs have a major
disadvantage in that they are considered discrete and which results in the loss of data or
information. In other words, during the process of information integration, the continuous
sets always tend to preserve the integrity of the information, while the discrete sets tend to
lose some of that information partially. Hence, the importance and merits of the continuous
sets are higher than the discrete ones in the broader research community. Noteworthy is
that, in the literature, we can find numerous examples of discrete or non-continuous IFS-
based SMs, but only a handful of SMs exists based on continuous TrIFNs (Nehi 2010) or
GTrIFNs.

Some of notable existing SMs are by Chen and Chen (2009), Wei and Chen (2009),
Chen (2011), Farhadinia (2012), Ye (2012a), (2012b), Tang et al. (2017), Yue et al. (2019),
Dinagar and Helena (2019). But most of these measures have a “blind spot”, as in some
particular situations, they are unable to yield proper classification results or make justifi-
able distinctions. For instance, suppose we consider two GTrIFNs and let the components
of one fuzzy number representing its respective membership function are greater than
the other fuzzy number, with heights being the same for both, then the approach by Wei
and Chen (2009) and Farhadinia (2012), produces absurd results. Even for exactly simi-
lar GTrIFNs, the approaches by Ye (2012a), Tang et al. (2017), and Dinagar and Helena
(2019), fail to obtain unit similarity value which depicts a major structural setback. Also,
whenever the height of the fuzzy numbers depicting the non-membership functions of both
GTrIFNSs is unity (1) and accordingly if the height of the fuzzy number depicting the mem-
bership function is zero (0), then Chen’s (2011) approach fails to be applied. In addition,
there are several other drawbacks of these existing similarity methods and for a detailed
explanation of the same, please refer to Sect. 4, where some other conflicting scenarios are
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discussed. Furthermore, some real-life applications of these measures are not found. The
drawbacks of these existing approaches greatly motivate us to construct a novel SM for
GTrIFNSs that could possibly overcome those discrepancies.

Further, several novel research ideas which have not been attempted earlier, inspire us to
conduct this study. Some of which are listed below:

e Defining an SM for GTrIFNs by incorporating their expected values and variances has
not been studied before.

e The use of a-cut technique to deduce the mathematical form for expected value & vari-
ance is a novel attempt in this article, whereasthe earlier researchers had explored the
possibilistic theory concepts only.

e Defining group decision making algorithms with GTrIFNs-based SM has not been
investigated earlier.

e Moreover, none of the earlier researchers had attempted to study GTrIFNs in problems
of COVID-19 medicine selection, healthcare waste disposal technique, and selection of
government intervention strategy.

Towards the latter part of the article, it is established that the obtained decision results
with our proposed method are at par with analytical output and human intuition.

1.2 Problem statement

Discrete or non-continuous IFS-based similarity measures are very commonly found in
the literature, while their continuous counterparts are not found in abundance because
to deal with the continuous fuzzy numbers one must be prepared for the computational
complexity associated with them while performing the arithmetic operations. In this
context, although a small number of continuous IFS-based SMs exist, yet most of these
existing measures fail under some specific situations and often lead to overestimation
or underestimation of similarity results. This inconsistent nature of the existing SMs
encourages us to propose an efficient, rational, and novel SM. Our proposed meas-
ure considers two prominent/deterministic features of any fuzzy number, which are
“expected value” and “variance” of GTrIFNs. Our article explores the a-cut technique
in evaluating their corresponding expressions which is an entirely new venture and has
not been attempted earlier by researchers for GTrIFNs. Although, possibility theory-
based concepts for expected value/mean, variance, standard deviation, etc., are widely
in practice, as an alternative approach, our a-cut method for evaluation stands out from
the rest and hence the novelty of this article. We then incorporate the expected val-
ues, variances, heights, and respective membership & non-membership components of
GTrIFNs, into devising an SM and thus establish certain desirable properties of its
own. Once we have proved the standard and acceptance of our newly constructed meas-
ure, we then illustrate an FMCGDM procedure. To validate the applicability of our
measure we present a numerical example of “Optimum Investment by an Investment
Company”. Furthermore, the broader objective which is being served by our proposed
measure is its application to various complex scenarios as a result of the COVID-19
pandemic that calls for efficient decision making. One such issue is the selection of
medicines for COVID-19 infected patients. At the time of writing this paper, only a
miniature number of medicines are being approved for usage to coronavirus-infected
patients. Thus, with the help of information available at hand and the knowledge
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gathered from the concerned experts in the field, we undertake our study considering
only those medicines which are acceptable and comparatively better than the others.
Then, it is established that our proposed SM approach is capable of determining the
appropriate medicines for COVID-19 when the preference information for medicines
and their symptoms are expressed with the help of GTrIFNs.However, the selection of
medicines is not an easy task. With the intake of different types of medicines, different
people might react to it differently, so far as the side effects and the effectiveness of the
medicines are concerned. Moreover, there have been cases reported of patients show-
ing some unfamiliar symptoms due to the medicines. Therefore, our paper proposes
a GTrIFN-based approach to fill up this research gap and hence, determine the most
suitable drug that can be recommended to COVID-19 affected patients. The intention
is to save maximum lives as possible and hopefully, slow down the devastating nature
of this pandemic.

Another issue of healthcare waste disposal becomes a major concern in a country
like India where it is already struggling to manage such a large population of 1.3 bil-
lion people. COVID-19 has further increased the number of infectious wastes being
produced each day, which may include- used needles, personal protective equipment(s)
(PPEs), gloves, chemicals, etc. Hence, we discuss a case study in one of the COVID-19
hotspot state of India: Maharashtra. The reason for selecting such a state is that more
the number of infections per day would imply more production of healthcare wastes
so that we can demonstrate how our measure can be helpful in selecting the best tech-
nique for disposing of such hazardous wastes.

While the third and final issue which we shall discuss in our article is the deploy-
ment of an efficient government strategy to help minimize the transmission rate of the
disease and also which is acceptable to the citizens of our country India. We have
observed in other countries of the world too that timely implementation of appropriate
COVID safety measures has slowed the virus spread, while on the other hand, some
countries have paid the price by losing the lives of people for showing the slightest of
carelessness. Thus, it is a vital issue, and we show how we can apply our proposed SM
approach to determine the topmost efficient and acceptable government intervention
strategy thereby preventing the mass transmission of the virus. In addition, we also
obtain the priority ordering of the available intervention measures so that when one of
them fails, the other can be applied (in decreasing order of preference).

1.3 Objectives of our work
The main objectives of this study are listed down below:

e to construct an efficient, feasible, and rational SM for GTrIFNs that can overcome the lim-
itations of most of the existing SM methods

e to evaluate the “expected value” and “variance” expressions for GTrIFNs, using the a-cut
technique
to elaborate an FMCGDM procedure with the help of the newly proposed SM for GTrIFNs
to effectively select the best medicine available in the market for ensuring the maximum
protection against the COVID-19 virus
to select the best healthcare waste disposal strategy in one of the Indian states
to determine the most effective and robust intervention strategy that should be adopted by
the Indian government to control the pandemic.
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1.4 Organization of the paper

The rest of the paper is structured as follows. In Sect. 2, we discuss a few definitions related to
fuzzy sets, GTrIFNs and SMs. Section 3, discusses the technique of evaluating the expected
value and the variance for GTrIFNs, and then we explain our newly proposed SMin detail.
Moreover, we prove certain desirable properties that are satisfied by our measure. In Sect. 4,
we present a comparative analysis of our present approach with several other existing
approaches, considering ten different profiles of fuzzy numbers (GTrIFNs). The superior abil-
ity of our present approach over the others is clearly visible in this section. In Sect. 5, we elab-
orate an FMCGDM procedure based on our designed SM. Moreover, we present a practical
real-life scenario, where our proposed method finds its application. In Sect. 6, our proposed
method is being applied threefold- first in COVID-19 medicine selection, second in evaluating
the best healthcare waste disposal technique in an Indian state, and third in determining the
most suitable government intervention strategy to reduce the rate of virus spread, in the Indian
context. And lastly, we come up with the key points and concluding remarks in Sect. 7.

2 Preliminaries

Some basic concepts and essential backdrops which will be necessitated in the follow-up are
presented below.

Definition 1 (Fuzzy Set) (Zadeh 1965).

Let us consider A to be the universe of discourse and let { be a fuzzy subset on A, then its
membership function He 't A — [0, 1], assigns a real number in the interval [0, 1], say ﬂg(x) to
each x € ¢.

Definition 2 : (Height) (Zadeh 1965).

Height of a FS is the highest membership grade that can be attained by any arbitrary ele-
ment in the set. The denotation for height is /(¢), where

h =
(9] sup He (X) (D)

Definition 3 (Support) (Zadeh 1965).
Support of a fuzzy subset ¢ in the universe of discourse A, is itself the crisp subset of A

consisting of all elements having non zero membership grades in ¢.
That is, sup

Q) ={xeA:pu(x)>0} )

Definition 4 (Intuitionistic Fuzzy Set (IFS)) (Atanassov 1986).

An IFS ¢ in A is defined by Atanassov (1986) as,

@ Springer



3552 P. Dutta, G. Borah

A= {{(x, u (), v () ) Ix € A}, where p (x) : A — [0, 1]and v, (x) : A — [0, 1], with
the condition that, 0 < u.(x) + v,(x) < 1. Here,u,(x) and v,(x) are the membership and
non-membership grades for the element x in the set {.

Moreover, for each IFS ¢ in Az, (x) is known as the Atanassov’s intuitionistic index of
the element x in the set A, and is defined as

me ()= 1= pe(x) = ve (), x €A (3)

It is also referred to as the hesitancy degree of x to A. Clearly, 0 < 7, (x) < 1,x € A.
But, IFSs are discrete sets. Hence, Grzegrorzewski (2003) introduced an IFN with a motive
to extend the discrete concept of IFSs to a continuous one.

Definition 5 (Intuitionistic Fuzzy Number (IFN)) (Grzegrorzewski 2003).

Let ¢ be an IFN in the real domain of numbers (R), having its membership and non-
membership mappings defined as,

0,x < 44, l,x <n,
Pe(x), A S x < 4y, re(x),m < x <y,
yg(x) = I, A, £x < A, ,vg(x) =4 0, <x<13, “4)
qe (), A3 S x < Ay, 50,13 S x <y,
0,x > Ay Lx > ny.

where 0< yc(x) + vg(x) <1 and Ay Ags Azy Ags 115 s M3,y € R such that,
m<ASm<A<i3<n <Ay <n, and four functions p;,q., s, @ R —[0,1],
are known as the sides of a fuzzy number. Out of them, the functions p, and g, are non-
decreasing continuous functions and the functions r, and s, are non-increasing continuous
functions.

Definition 6 (Trapezoidal Intuitionistic Fuzzy Number (TrIFN)) (Nehi 2010).
A TrIFN ¢ with parameters #; < A; <, < Ay, < A3 <3 < A4 < s denoted as.

¢ ={ (41,43, 43, 44), (1y, 12,13, n4) ), in the set of real numbers R.
Here, the membership and non-membership functions have the form

0,x < 4y, Lx<mn,
;—1;,/11§x<,12, :_':,n1§x<n2,
27N 172
) =4 1, /1% <x< 44, , Ve(x) = 0;71% <x<n, 5)
X—Ay —3 , <x< ,
/13—/14”13 Sx <Ay N4=13 T = 4
0,x > Ay. Lx > ny.

When 7, = nthence 4, = ;) in a TrIFN ¢, the TrIFN becomes triangular intuitionistic
fuzzy number, which is considered as a special case of the TrIFN.

Definition 7 (Generalized Trapezoidal Intuitionistic Fuzzy Numbers (GTrIFN)) (Ye
2012a).

The membership and non-membership function of GTrIFN,
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o= <([/11, /12533,)»4]2‘4’1)7 ([711»'12,773,’14];”)2)), where n < A] <n < Az < A3 <n < /14 <n
and 0 < wy,w, < lis givenby

O,xxjxll, Wa, X <y,
wlﬁ,21$x</12, wzx_"z,n1$x<n2,
2~ n—m
Hy(x) = Wi, Ay £x < As, , V() =4 0, nzxs x <13, (6)
wlﬁ,,@ <x< A, WaaZms 3 S X<y,
0,x > 4y. Wy, X 2 Hy.

Here, o is called a GTrIFN and w;,w, are the heights of the membership and non-
membership function respectively. If w; = 1, w, = 1, then GTrIFN ¢ is a normal TrIFN. If
Ay = Ayand wy,w, < 1, then o is a generalized TIFN, otherwise normal TIFN.

A GTrIFN, 4 = (([2,4, 6, 8];0.5), ([1, 3.5, 6.5,9];0.5)) is illustrated in Fig. 1.

Definition 8 (a-level or a-cut or cut worthy set) (Dutta et al. 2011).

For any given a FS { in A, and any real number « € [0, 1], we define the a-cut of {, *¢ as
the crisp subset,

“ = {x EA L p(x)> (x} 7

Say, for example, { be a FScharacterized by its membership function,

L p<x<gq
He(x) =4 4%
—,r<x<s

S=r
Finding the a-cut of {, demands setting both left and right reference functions of ¢ to
a €[0,1].
Thus, a = g anda = E
Now, we express x in terms of « as,
x=(g—p)a+pand x =5 — (s — r)a, giving the a-cut of { to be,
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‘C=g-pa+p,s—(s—na]

Definition 9 (Similarity Measure) (Liu 1992).

A real function Dy : R X R — [0, 1], satisfying the following properties, is called a SM,
P-1:0 < Dg(¢1.6) < L.

P-2: Dy(£),8,) = Dg(85, 61

P-3: Dg((,.8,) =1 o ¢ =, where {,{, € R.

3 The proposed novel SM approach

Before we begin our discussion about our proposed SM approach for GTrIFNs, we initially
illustrate the procedure for calculating the expected value and variance of GTrIFNs. We
then explain our newly constructed SM and establish some desirable properties. The fol-
lowing sequel begins the discussion in this regard.

3.1 Expected value of a GTrIFN

The concept of expected value in statistical terms refers to the midpoint or center of the
distribution of any random variable. In other words, it is the average value of the variable
which can be anticipated in quite a longterm. Expected values enable decision-makers in
the selection of suitable scenarios, which are likely to give optimum benefit and as such,
they can be evaluated for both continuous and discrete fuzzy numbers. It is to be noted
that, one may also refer to the expected value as the mean value or expectation or the first
moment.

Consequently, the expected value of a GTrIFN, o = (([4, 42, A3, 44:w11), ([11, 12, 13, 1g3w51) )
characterized by the membership and non-membership function defined as,

0,x < i wz,x < >
wl/l LA Sx< Ay, W2m <x <1,
(X)) =19 wy, Az < x < Az, , V() =9 O, m, < x <13, is determined using
Wl/l <x</14, Wzﬂ4 L1y S x <1y,
0,x > /14 Wy, X > Ny

the a-cut method and the following theorem vividly explains this concept.
Theorem 1: Let o = (([ Ay, 4, A3, Ag;w, 1), ([, 12, 113, 143w, 1) ) be a GTHIFN, and.
m<A<n<i<Ah<ni <y and 0<w,,w, <1, whose expected value is
evaluated as

1
E(G)=Z[Wl(ﬂl+’12+’13+/14)+W2(n1+’72+’73+’14)] ®)
Proof: We first calculate the a-cut of the GTrIFN o.
So, we have
a=w = /12— w1 A4 (For membership function).
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>x= ,11 + i{a(/lz —,1 Djand= x= A, + i{a(,13 -

—13

(For non- membershlp function).

a = W2
> Xx= ’12 {a(’h ’72)} and= x =13 + {a(”l4 ’73)}
A+ WL{a()Q - Al)}, Ay + ;{a(/13 - /14)}](Membership)

Therefore, “o = | 1 .
m+ {a('h — ;72)}, 7+ o {a(n3 — ;14)}] (Non — membership)

It is concept-wise clear that,a-cut of a fuzzy set/number always produces an interval.
Say for an interval of the type [p, g], its expected/mean value is given to be %.Similar
intuition works here too. Thus,

/ [,11 + L{a(/12 - Al)}]da+/ [,14 + L{o:(/l3 - /h)}]da
Expected valueof 6, E(6) | " 0 "

Wy

+/ [’72 + L{oz(n1 - nz)}]da+/ [n3 + L{a(m - 113)}]da
0 2 0 2

1 | a? " 1 | a? "
’11‘1 + E{?(ﬁz - Al)}:lo + I:ﬁ4a + MTI{?(A?, - 14)}]0

1 [ a? " 1 [ a? "
e g { S, e i Fm

W W
Awy + 7( —A)+ w + 3 (A — 4y

0

1

2 Wy Wy
+mw, + 7(’71 —m) +mw, + 7(’74 - 1)

Wi (240 + Ay = Ay + 244 + A3 — Ay)
2
W2(2’12 +m =+ 2+, - ’73)
2

B | —

= E(o) = 1 [wl(/ll A+ Ay + Ay) +wy(n +my + 03 +1y)]

Hence, the proof.

3.2 Variance of a GTrIFN

Variance is often regarded as a deterministic parameter of fuzzy numbers, and in statistical
terms, it gives us an idea about the variability measure which exists in a dataset. Variance
is an indicator of positive and negative; or useful and unnecessary fluctuations of the fuzzy
numbers, from their standard expected value. The variance value is always non-negative.
Accordingly, the square root of the variance value gives the standard deviation of fuzzy
numbers, which is however exempted in this study. Depending upon the trend followed by
variance values for a particular dataset, the decision-makers can modify their requirements
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to yield the maximum benefit. The direction of deviation among variables in a dataset is
not a matter of concern in determining the final variance results.

Clearly the variance of any set A € R, is defined as V(4) = E(A?) — [E(A)]Z.

Thus, even in case of a continuous fuzzy number ¢, we have, V(¢) = E(c?) — [E(c)]*

The mathematical expression for it using GTrIFNs is illustrated by the following
theorem.

Theorem 2: Let o = { ([, Ay, A3, A4Jswy ), ([11, 712, 13, n4];w5 ) ) be a GTrIFN, where.

<A< A<A3<n <A <10 <w,w, <1 and whose expected value is
given by.

= E(o) = }‘[wl (/11 + 4+ A+ /14) + w, (111 +ny+ny+ m)], then its variance has the
form

1
V(o) = 8[Wl(/ﬁ F A A+ A+ Ay Ay + AsAy) +wo(nf + 03 + 15 + 1y +mny + n3ny) |

1
_E[Wl(il + 12 + 23 + 14) + Wz("]] +’12 +’73 +7]4)]2.

)
Proof: The proof is given in (Appendix A).

3.3 Proposed approach

Having established the importance and the mathematical forms for the expected value
and variance of GTrIFNs with the help of the a- cut technique, we are now in a firm posi-
tion to explain the idea behind constructing our novel SM. Firstly, we select GTrIFNs in
our study because they are capable of representing the uncertain information in a suit-
able manner, and the height parameters present in both the membership and the non-
membership functions of GTrIFNs, help in reflecting the confidence degree of judg-
ments made by the decision-makers. Precisely speaking, GTrIFNs can better handle the
fuzziness, cognitive restrictions of the decision-makers, and the criticality of practical
decision making problems. Secondly, we encounter several existing approaches in the
past, where the researchers have utilized the possibility or credibility theory to devise the
mathematical forms for expected value, variance, covariance, standard deviation, etc., of
fuzzy numbers. But one cannot find applications of the more traditional, fuzzy theoretic
a- cut technique to explore such parameters, which might surely bring more comprehen-
sive implications. Therefore, as an alternative approach, we utilize the a- cut method in
evaluating the mathematical expressions for the expected value and variance of GTrIFNs.

At present, no such established work explores this direction of GTrIFNs, hence it
reflects the novel venture of this article. Generally, for any interval whenever we discuss
its expected value or mean, we then mean about its mid-point. Further, the a- cut always
produces an interval irrespective of the type of the fuzzy number. As a combination of
both these ideas, if we first evaluate the a- cut of a GTrIFN which produces an interval,
and then if we calculate its corresponding mid-point, we get the required expected value
for the GTrIFN considered. Similarly, we explore the form for the variance of GTrIFNs,
and the detailed derivations are already discussed in the previous sequel. Broadly, this
sums up the idea behind the formulation process of our proposed SM expression. Thus,
our newly constructed SM has the following definition.

Let us consider,A = (([ﬂ“, Aoy Arszs Agliwy ), ([/121, Ay Az, Ay liws) > and.
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n= <([7]1|a’1]2’ N3, ’1]4]2"1), ([7’]21,7]22, N3 '124];\/2)) are two non-zero GTrIFNs,
where.

Ay S Ay S Ay S A S A13 S g3 S Ay £ Agg, 0 S wy,wy < land.

My Sy Sty S Sz Sz Sy Sy, 0 < v, v, <L

Then, the SM between 4 and # is proposed as,

4 4 2
2 LZ Aty + 2 Aoptay, + 2 Wiy + E(DE(n) + V() V(n)
=1 p=1 i=1

Sripn(A. 1) = 7 1 n 1 2 2
AT, XA Xy, X W+ L VIHER + Em? + V(A + V()

p=1 p=1 p=1 p=1 i=1 i=1
(10)
where,/lip, r]ip(i =1,2;p=1,2,3,4), w,,w,- membership and non-membership heights

of GTrFN A,v,, v,- membership and non-membership heights of GTrFN #,E(A)- expected
value of GTrFN A4,E(n)- expected value of GTrEN #,V(A)- variance of GTrFN A,V (y)- vari-
ance of GTrFN 7.

To prove it as a SM, it must satisfy the following properties:

P-1:0 < Spypy(4,m) < 1.

P-2: Spien (4. 1) = Spipn (. A).

P-3: Spypy(Am) =1 A=n.

Proof: (P-1) Clearly by definition, Syyzy(4,7) > 0.

4 4 2

Now, 2 [Z Alprllp + z /121,7721, + Z wy; + E(ME®@m) + V(ﬁ)V(’?)]
p=1 p=1 i=1
4 4 2 2

4 4
S Y AL DA, M D, Y W Y VIHE(AY + E()? + V(A + V(n)
p=1 p=1 p=1 p=1 i=1 i=1

=0 < Sypv(4,m < L
(P-2) Here,

4 4 2
2 [21 Aty + 21 Aophap + Z‘i w; + E(DE®) + V(/l)V(rl)]
p= p= i=

St (A1) = 4 4 4 4 2 2

> 2 +p§ A3+ 21 "12P+p§ m,+ L wi+ [_ VAE(D + EM? + V(D)* + V(n)?

1p
p=1 F p= i=1 =1

4 4 2
2 lZ} Mphip + Zl Haphap + Z; viw; + E(E(4) + V(n)V(/l)]
p= p= i=

4 4 4 4 2 2
21 11121,+ 21 ngp + 21 /ﬁp + 21 ,1§P+ Y v+ 21 wX+En)? + E(A)” + V()* + V(A1)
p= p= r= p= i=

i=1

= Sen(n, 4)

(P-3) For A=n, we have A,=mn,w;,=v,EQX)=E®m),V()=V(@), then
clearly,Sypy(4, 1) = 1.
Conversely, let Syypy(4, 1) = 1, then
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2
Z Aty + Z Aoty + Z wyv; + EQDE@m) + V(A)V(n)

r=1 pr=1

4 2 2

4 4 4
=X A+ 28, Z + Z My, + Y Wi+ D VIHEY + E(n) + V(A + V(n)?
p=1 p=1 p=1

p=1 i=1 i=1

4 4 2
= 3 (A=) + X (o = 1)) "+ 2, (Wi = v)" + (B = En))’ + (V(A) = V) =0
p=1 p=1 i=1

=> /l,p =My W = vi, EQ)) =E(m),V(A) =V(y), for i=1,2;p=1,2,3,4, otherwise
Srrn(4,m) # 1, which is a contradiction.

> A=y

Hence, S;;py(4, 1) is an SM.

Remark 1: Since,0 < Sppy(4, 1) < 1, 50 Sypy(4, 1) = 0, means complete dissimilarity
between A and . Whereas,S7;-y(4, %) = 1, means complete/total similarity between A and
7. Maximum Sy (4, #) value means maximum similarity between A and .

Here are some of the desirable properties that are being satisfied by our newly devel-
oped measure.

Property 3.3.1 For any three non-zero GTrIFNs
A= <([/111’ A12s A1z /114];Wu)’ ([/121’ A2 Ap3s /124]?W12) >

n= < ([’7113 M12-M13» ’714]§W,71 ), ([’7217 M225 1235 '724]§W,,2) >, and
o= ([‘711"712»‘713’ 0'14]§W01)’ ([‘721’ 022,023, ‘724];W52)>s if ACnCo, then

Sripn (A1) 2 Spypy (A, 0) and Spypy(n, 0) > Sppn(4, 0).

Proof: We are given the condition that, A C n C o and we are required to prove that,
Stien(A, 1) = Spypn(4, 0) and Spypy(n, 6) 2 Sgypy(4, 0) an

From the given condition we get, A, < ny, < 0y, Ay, < My, < 0, (for p=1,2,3,4), and
Wil S Wy S WopWin S Wyp < Wep.

To establish our claim, we take help of a well-known result which is given below.

Resuls: If

a+c > b+d

> > i, s
AT D A+C ™ B+D

provided a, b, c,d, A, B, C, D are real positive numbers

(12)

N =

Now, the GTrIFNs being non-zero and the given information implies.

2
Aip 20,0y, =1y, >0,andn,,6,, - (4,,)" = 0.

Clearly, (0'1[, - 7711,) (7111,0'1[, - (ﬁlp)z > O>Alp >0
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= Azfp(’/’lp - O-lp) + }'lp”lpo-lp(o-lp - nlp) 20

2 2 2 2
= dp (8, + 0, ) 2 Ao, (4, + 113,

/llprllp > ﬁlpalp

> , (forp=1,2,3,4)
2 2 2 2
Alp + i, /llp + o,

. Aoptayp Ap0y,
By similar argument we also have, =22 > 2222 (forp = 1,2,3,4).

Ay, T Agt0s,”
For any real numbers a, b, we know that a> + b> > 2ab = % > ﬁ
So, we have,
l > j’lprl]p j’lpo-lp an l AZp’hp /121)621) (13)
=0 2 =0 2 =0 2 =2 2
2 A+, A, top 2 A, my, Ay, +oy,
Similarly, we can obtain the other inequalities as follows,
1 WaiWn WiWeoi
- > >
=2 2 =2 2 (14)
2 Wi TWao Wi T W,
1, _BOEm  _EWE@) )
27 EW+Em)?® T EW)* +E(0)
L, VOVl VOV 6
27V +Vm)? T V(A + V(o)
Combining Egs. (13)—(16) and the result as mentioned above, we obtain
4 4
2 Z j’lprllp + 2 l2pr]2p + W/llwrll + Wl2wn2 + E(/I)E(I’]) + V(/{)V(i’])
p=1 p=1
4 4 4 4 =
El AL+ ,,21 A, + pgl 'hz,,+p§1 W, + W W+ W+ WHE) + Em? + V(A + V(n)?
4 4
2[”21 A1p0, + 21 AopOop + Wi Woy +Wiw,y + E(A)E(0) + V(/I)V(U)]
- =
4 4 4 4
YA+ XA, X on+ Y or +wh +wh +wh + W +E() + E(0)? + V(A + V(o)
p=1 p=1 p=1 p=1

= S, 1) = Spypy(4, 0)

Likewise, the other inequality, Syypy (1, 6) = Sypy(4, 0) can be proved. Hence the proof.
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Property 3.3.2 For any two GTrIFNs A= (([A}, 412, A1z Agliway)s ([Aa1: Aos A3y g Tiwz) )
and.

n= ( ([771 1> M2 Mi3s MaliWy ), (['721 s 1225 M35 1124];w,,2) >, our proposed measure satisfies.

Strn(Asn) = Spn(AU R, A0 7).

Proof: For the given GTrIFNs, we evaluate the mathematical forms for AUn and Ann
as follows,

A= ([max (4,1, 7y, ). max (A, 1y, ), max (A3, 153), max (A, m4)]; max (w,”,wnl)),>
([min (121, ;121), min (122, r]zz), min (223,1723), min (/124,;124)]; min (W/lz’ an))

an

Ao = ([rnin (A”,n“ ),rnin (/llz,nlz),min (/113,11]3),min (/1,4, r]14)];min (w“, Wi )), >
([max (Ayy, 1, ), max (Ayy, 7y ), max (Ayz,1,3), max (Ayy, 1154)1: max (wp, w,,))
(18)

Without loss of generality, we set max (/11,;”71,;) = Ajp» Max (/lzp,'lzp) = Ay
max (wu,w,’i) =w,,forp=1,2,3,4 and i=1,2.
Therefore,

4 4 2
2 [Z Aiphlyp + > Aoy + > Wiy + EQAUMEGAN )+ V(AunV(An 11):|
’ p=1 i=1

p=1

Sppn(AUn, Ann) = " " 1 1 >

2
Zl A+ 2] A3, + ZI m,+ 21 5, + Zl wl + Z] WZAEQU N’ + EGOn? + VAU’ +V(Ann)?
= = p= = i= i=

4 4 2
2 {Z Aiptip + 2 Aoyt + 2 Wy + E(DEM) + V(/I)V('I)]
p=1 p=l i=i

4 4 2 2

T4 4
Zl AL+ Zl A, + Zl i+ Zl 5, + Zl w2+ 21 W2AE)? + E()? + V() + V(n)?
= p= = = i= i=

= Spen(4,1)
Hence, the proof.

Property 3.3.3 For any two GTrIFNs A= (([A}, A2, A1z Agliway)s ([Aa1: Aos A3y g Tiwz) )
and.

n = (([11: M2 M3 Madiwy1 )s (215 Mazs 23 Mg W, ) ), our proposed measure satisfies
the following property.

Strn(A A7) = Spypy(n, AU ).

Proof: With similar consideration as in property 3.3.2, we set max (’11p7’71p) = Ayps
max (A’Zp’r]Zp) = 4y, Max (W,u’Wm') =wy, forp=1,2,3,4 and i=1,2.

Then we obtain,
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4 4 2
2 [Z Aty + 2 ity + 2 wWywy + EQDEGA N7 + V(HV(AN 11)]
p=1 p=1 i=1

Snen(A, AN 1) = 4 4 4 2 2
B+ X8, +Xm Y m,+ Xwi+ Y wfﬂ.+E(l)2 +EGANn? + VAP +V(Ann)?
p=1 p=1 i=1 i=1

1 p=1

T -

4 4 2
2 [Z Aiphip + X Aoyl + 2 wywy; + E(QDE() + V(}»)V(ﬂ)]
p=1 p=1 =1

T4 4 4 4 2 2
YA, T+ X+ X, X+ D wAED) + E@? + VY + Vn)?
p=1 p=1 p=1 i=1 i=1

p=1

4 4 2
2 [ Y Miphip + 2 Mapap + 2 Wwy; + E(E(A) + V(ﬂ)V(/l)]
p=1 p=1 i=1

4 4 4 4 2 2
X+ X, + XA+ XA, Dwit X owh+ B + EQ) + V? + V(A
p=1 p=1 p=1 p=1 i=1 i=1

4 4 2
2 [ Y Mphip + X tophay + X wyiws + EMEQA U ) + V) V(AU VI)]
p=1 p=1 i=1

4 4 4 4 2 2
Yy, Xm, XA+ YA, T whA Tow + Em)? + E(LU n* + Vi)? + V(aun)
p=1 i=1 i=1

= Spen(n, AUN)

Property 3.3.4 For GTrIFNs A = (([A11, A1ps Ayzs Aiway ) ([, Aggs Az, Aggliwy, ) ) and.
n= < ([r/1 15 M2 M3 MaliWi ), ([’721 > Mo, M3 1124];w,,2) >, our proposed measure satisfies.

Stpn(A, AU n) = Spypy(m, A0 ).

Proof: The approach of the proof is similar to property 3.3.3 and so it is not illustrated
here.

Property 3.3.5 For any three non-zero GTrIFNs Ay, and o (with the notations as defined
earlier), if A € n C o, then we have Sppy(A, ) < min (Syy (A, 1), Sey (1, 0)).

Proof: We have already obtained that, A C n C o implies Syypn(A, 1) 2 Syypn(4, 0) and.

SupnM, 0) = Sppn(4, 0). Since, Spypn (4, 0) is less than or equal to either of Syypy(4, 1)
and Sy (1, 0). Therefore, it is intuitive that,

Spipn(4,0) < min (STIFN(/L s Stien (1, 6))

Hence the proof.
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Fig.2 3D surface of proposed measure for a = 2

Non-linear variation of Sty
STIFN

06F

04} 0

! : L L Variation of
2 4 6 8 10

Fig.3 2D plot of proposed measure for a = 2

3.4 Boundedness and non-linearity of our proposed measure

We consider two GTrIFNs 4 and # in such a manner that we can obtain the variation of

our proposed similarity function Syyzy with all permissible values of A and 5. Next, we

also portray the non-linear variation of our measure with different values of #, for a par-

ticular value of A(say, 0.5). The heights of both the GTrIFNs are given some particular

values because otherwise the figures cannot be generated for varying values of 4 and #.
Let us consider A and 7 to be as follows,

A={(([A—-2a,A—a,A+a, A+ 2al;0.7),([4 - 3a, A — 2a, A + 2a, A + 3a];0.3))
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Fig.4 3D surface of proposed measure for a = 5

Non-linear variation of Sqey
STIFN
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Fig.5 2D plot of proposed measure for a = 5

08

06

06

=)
)

and, n={(n —4a,n —2a,n + 2a,n + 4al;0.5), ((n — 5a,n — 3a,n + 3a,n + 5a];0.5)),
where ‘a’ is any positive real number. The GTrIFNs are considered in such a way so that
by changing the value of a, we can generate the corresponding 3-D and 2-D representation
of our proposed similarity function as shown in Figs. 2, 3,4, 5, 6,7, 8, 9, 10, 11 below.
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10

0.6
04
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0
Fig.6 3D surface of proposed measure for a = 10
Non-linear variation of Stey
STIFN
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Fig.7 2D plot of proposed measure for a = 10

It is evident from the figures plotted above that our proposed similarity function is
bounded between the values of 0 and 1. Moreover, the nonlinearity of the proposed
measure is apparent in all the figures.

3.5 Propositions

Some suitable propositions that can be derived from our newly proposed SM are pre-
sented below.
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SneniAN!

Fig.8 3D surface of proposed measure for a = 50
Proposition 3.5.1 If A = (([Ay1, 412, 413, Agli1), ([Aay, Ags Agzs Aggli1) ) and.

Non-linear variation of Sty
STIFN

0561
0851

054

0831

052} > 4

L L Vaiation of
051 2 4 6 8 10

Fig.9 2D plot of proposed measure for a = 50

n= < ([7’]11, M12-M13» ’714]?1), ([’121a M5 1235 ’724];1) > be two normal TrIFNs, then
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Fig. 10 3D surface of proposed measure for a = 100

Nan-linear variation of Syey
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Fig. 11 2D plot of proposed measure for a = 100

4 4
21 2 Aty + X Ayt + 2+ E(DE(m) + V() V()
p=1 p=1

Stien(4, 1) =

I

4

™M=

4

2 2 2

AW+ZA%+;mﬁ-
P

M3, + 4+EGA) + En? + VAP + Vn)?
1 p=1 !

19

P P=
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Proof: From our proposed SM expression in Eq. (10), for the given normal TrIFNs we
have,

i +4 +4 +4 +
P [( 11 12112 13M3 14114 >+ 1.1+ 1.1 + EQYE®) + VDOV()
Agitar + Aty + Aoz + Agatiy

Snrw(Am) = 2 2 2 2 2,2 o0 2
( (A7) + A5y + Ay + 45,) + () + oy + iy + 7, )+

= Lo >+l+1+l+1+E(/1)2+E(r1)2+V(/1)2+V(r1)2
(4, + 2, + A3y + 43,) + (3, + 113, + 13y + 3,

4 4
2 [Z] Aiptp + Zl Agptay + 2+ E(DE(n) + V(A)V(V/)]
r= p=

4 4 4 4
2] A, + 21 A, + Zl o+ Zl 15, +4+E(A) + Em)? + V(A + V(p?
= = = =

Hence, the proof.
Proposition 3.5.2 If A = ( ([, A5, A131:1), ([Aa1s Azas Ag3)1) ) and.
n= (([1711, M2 1113];1), ([n21, 925 ;123];1) > be two normal TIFNs, then
4(“””+2M””+AW“+)+2+auam+vuww)

Aoty + 2255100 + Axztins
2 2 2 2 2 2
< A 4240, + A5, + 5, + 245, + A5+

Spien (4, 1) =

2

+4 4+ EA)? +Em)? + V(A + V(n)?
'7121 + 2’7122 + ’7123 + '751 + 2'752 +1y >

(20)
Proof: From our proposed SM expression in Eq. (10), for the given normal TIFNs we

have,

A +4 +4 +4 +
b [( 1M 1212 12112 13M3 ) F 1.1+ L1+ EAE@ + V(/I)V(n)]
Agitar + At + Aty + Ax3tins

Snurw(Am) = 2 2 2 2 2 2 0 2
( (A7) + A5y + Ay + 455) + (1, + 1y + 3y + 03+

Yoo Voo >+1+1+1+1+E(/1)2+E(n)2+vu)2+v<n)2
(43, + 43, + 43, +A55) + (n3, + 3, 0, +03)

2 [< Ay + 240 + Aznzt

> + 2+ E(A)E(n) + V(A)V(r[):|
A1 + 2Ap0M0; + Ap3tins

- 2 2 2 2 2 2
< B2, 4 B+ A 4200 + At

. >one 2B H A EW + B + V(D + V()?
My o+ 2007, + g+, o+ 20, +

Hence, the proof.

Proposition 3.5.3 Suppose 4= {([0,0,0,0];w,), ([0,0,0,0];w,) ) and
n= ( ([0, 0,0,0];v, ), ([O, 0,0, 0];v2) ) be two GTrlFNs with heights
w, (membership), w,(non — membership)&v,(membership) v,(non — membership) respec-
tively. Then,

2(w1vl + wzvz)

Sen(A, 1) = 2n

2 2 2 2
w1+w2+v1+v2

Proof: For the above GTrIFNs A and n, the values of their expected values and vari-
ances are identically zero which is clear from the expressions presented in subsection 3.1
and 3.2, respectively.
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Therefore, we have E(A) = 0= E(n); V(1) = 0= V(y). Hence, from our proposed SM
expression in Eq. (10), we have,

0.0+ 0.0 + 0.0 + 0.0+
0.0+ 0.0+ 0.0 +0.0 +w, v+ w0, +0.0+0.0
Szien(4, 1) =
O+0+0+0) +O+0+0+0+ 5 oo
O+0+0+0)+0+0+0+0) ) TWiFViTW T +0+0+0+

2(w1 v, + w2v2)

T AW 2
Hence, the proof.
Proposition 3.5.4 If A = (([0,0,0,0];1), ([0, 0,0,0];1)) and.

n= (([n“, M2, M13» 1114];1), ([1121, Hoos Ma3» n24];1) > are two normal TrIFNs, then
4

Srpn(4,m) = )

M=

4
lnf,, +2 My, + 4+ Em)? + V(n)?
=

p:

Proof: For the given normal TrIFN A, we have E(4) = 0; V(4) = 0 as we have already
explained. Now, from our proposed SM expression in Eq. (10), for the given normal TIFNs
we have,

0.1y, + 01715 + 0115 + O.py 5+
o M TP TR T EAT ) 11 4 0.E(p) + 0.V(n)
0.1 + 0.9 + 0.5 + 0113

Spen(A, 1) = . . . 2
((0+0+0+O)+ (2 + 3y 4l + )+

O+0+0+0)+ (2, +nZ, +n% +13,)
20)
2 2 2 2
0+ )+
((”1; ’713 '713 '71;) >+4+E(r])2+V(;1)2
(n3, + 13, +n, + '723)
4

>+1+1+1+1+0+E(;7)2+0+V(11)2

4 4

XM, + X, + 4+ E)? + V(n)?
p=1 p=1

Hence, the proof.
Proposition 3.5.5 Suppose 4 = {([0,0,0,0];w,), ([0,0,0,0];w,) ) and.

n= <([O, 0,0, 0];w1), ([O, 0,0, 0];w2)> are two GTrlIFNs with same heights
w, (membership), wy(non — membership). Then,

Strn(4,m) =1 (23)

Proof: For the above GTrIFNs A and n, we have E(1) =0=E(); V(1) =0= V().
Hence, from our proposed SM expression in Eq. (10), we have,
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0.0+00+004+00+)
0.0+ 0.0+ 0.0 + 0.0 1w+ Wy +0.0+0.

0+0+0+0)+O0+0+0+0)+ 2 a2
((O+0+0+0)+(0+0+0+0) +wi+wi+w;+w; +0+0+0+0

2(w +w3)
W+ w3+ wl+w)
2(wi +w3)
" 2(wiwd)

=1

Sripn(A,m) =

Hence, the proof.

Remark  2: In  particular, if  A={(0,0,0,0];1),([0,0,0,0];1)) and
n ={((0,0,0,0];1),([0,0,0,0];1)), then clearly, Sz;-y(4,7) = L

Proposition 3.5.6 For two GIrIFNs A={((1,1,1,1:1),((1,1,1,1];1))

and
n = (([0, 0,0, 0];0), ([0, 0,0, 01;0)), the following equalities hold:
(i) Sppn(4,m) =0
(1)  Sppn(4,4) =0 and Sppy(n,n°) =0
(i)  Szypn(4n) = Sppn (45, 5°)
Proof: Given that, A= (L 1,1, 15D, (1, 1, 1, 11;1)) and

n = (([0,0,0,0];0), ([0, 0,0,01;0)).S0, we have their respective complements as,
¢ =([0,0,0,0];0), ([0,0,0,01;0)) and n° = {([1, 1, 1, 1};1), ((1, L, 1, 1]; 1)).

(i) We can observe that,

ANy = {([min (1,0), min (1, 0), min (1, 0), min (1, 0)]; min (1, 0)),
(Imin (1,0), min (1,0), min (1, 0), min (1, 0)]; min (1, 0)))
=¢
Clearly, Spypy(4,1) = 0.

(1) Spypn(4, 49 = Spyen (1, 1,1,11:1), (11, 1, 1, 11; 1)), {([0,0,0,0];0), ([0,0,0,0];0))) = 0
Similarly, we can prove that,Sry-y(n,5n°) = 0.
Soen (A1) = Spen((10,0,0, 000, ([0, 0,0,00;0)) . (([1, 1, 1, 11:1), ([1, 1, 1, 11;1)))

(iii) = Sypy((([1, L L 1ED, (1, 1, 1, 1:D) , ([0, 0,0, 01:0), ([0, 0,0, 01:0)})

= Sppn(4,1)
Proposition 3.5.7 For two GTrIFNs of the form i={((-a,—a,—a,—al;l),([-a, —a,—a, —al;1))
and.

. . . _ 2a*—6a*+1
n = {([a,a,a,al;1),([a,a,a,al;1)) and a € R, we obtain Sppy(4,1) = e

Proof: For the given GTrIFNs, we obtain E(1) = —2a, E(y) =2a, V(1) = —24%,
V() = —2a%
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S A _ 2[-8a’+2-4a’+4a*] _ 2[-12a°+2+4a*] _ 4 —6a*+1424* _ 2a*—6a’+1
rien (A 1) = 21842 2i8at 2 A 4 2162 +1
8a2+8a?+4+8a’+8a 24a’+4+48a 4 6a’+14+2a 2a*+6a>+1

Proposition 3.5.8 For two GTrIFNs of the form A = {([0, 0,0, 0];w), ([0, 0, 0, 0];w)) and.

1= ([, 1,1, 1Tw), ([1, 1, 1, 1;w)), we obtain Sy (A, n) = ——

dwt—dw2+3w2 42"

Proof: For the given GTrIFNs, we obtain E(41) =0, E®n) =2w, V(1) =0,
V() = 2w — 4w?. Then,

2[0 +2w? + 0+ 0] 4nw? w?
Sppn (A1) = 5 = 5 = 5
0+ 8+ 4w? +4w? + (2w — 4n?) 8+ 8w? + 4(w —2w?) 2422 + (w—2w?)
24 2w? + w? 4+ 4wt — 4n3
w2

4wt —4w3 4+ 3w? +2

Proposition 3.5.9 For two GTrIFNs of the form A = << [%, %, %, ];w), ([%, %, %, %] ;w>>

and.

11 1 1], 11 1 1], .
n= <<[—§,—§,—5,—§],w>, ([—5,—5,—5,—5],w>>, then from our SM we obtain.
(w—2w2)2+4w2—8
(w=2w2) 121248’

Proof: For the given GTrIFNs, we obtain E(A)
Vi =% — w2

2 2 w 2 w 2 2 w=2uw? w=2w?
2[—2+2w -w +<5—W)<5—W>] 2[—2+w +<T><T>]

Sripn(4, 1) = = 2
4+4w2+2wz+<m—w2)2+<z—wz)2 4+6WZ+M+M
2 2 4 4

Spen(A, 1) =

w, E() =-w, V() =3 —w,

2[—8 +4w? + (w— 2w2)2]

16 + 24w? + 2(w — 2w?)?
(W - 2W2)2 +4w? -8
T w—2w?) 4 12u? + 8

Hence the proof.

4 Comparative analysis

In this section, we present a comparative analysis of our present proposed approach with the
existing SM approaches considering ten different profiles of GTrIFNs, to reveal the efficiency
of our approach over the others. Now, in the literature, we come across few SM approaches on
GTrIFNs which are listed down below.

Here, we have presented the existing formulas according to our definitions of GTrIFNs
for enhanced understanding, i.e., let A = (([/111, Alas Arzs Apalswy ) ([/121, Axas Aoz, /124];w2)>
and.
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n= (([1111,7112,1113,1114];1/1), (['721#722,’7237’724];"2» are two non-zero
GTrIFNs,where, Ay < A <Ay <A1 S A3 <Ay <A1 <24, 0 < w,wy, < land.
My Sy S S0 SMi3 Sy Sy Sy, 0 S vy, <1

4.1 SM approach (Chen and Chen 2009)

Chen and Chen in 2009, defined the SM between two GTrIFNs A and # as,

Sccu(dn) = <1 - i i (’1217 - ’72p)> x (1 - % i ‘(’12p - Alp) - (”ZP _”lp)|)

4.2 SM approach (Wei and Chen 2009)

Wei and Chen presented their version of SM as,

4 4
_ 1 _ _ [min (P(4).P(n))+min (w;.v;)]
Sweldn) = <1 4 <p§1 |ﬂlp ’71p)+ p§1 ‘/121’ ’721’|)) X max (PP +mas (w,y)] ’

where,

PG =\ (211 = ) + 2+ (s = A1) 92+ (g = 2)? + 2 + ) (i = Ay + 92
+ (/113 - /112) + (/114 - 111) + (}‘23 - /122) + (124 - 321)

P(n) = \/(’711 - ’712)2 + V% + \/(’713 - ’114)2 + V% + \/(’721 - ’722)2 + V%

+ ('723 - ’724)2 + V% + (’713 - ’712) + ('714 - '711) + (’723 - 7122) + (’724 - '721)

4.3 SMapproach (Chen 2011)

Similarly, Chen in 2011 defined the SM to be,
4 ax (wr,Vv:
Scr(A,m) = %(1 - ‘[i 2 (A —nzl,)z) x Aoman(ans) o (1 + (1 - \/s:(/l,n)) x (1= |w, _V]|)), where,

=1 1—min (wz,vz)

~ 1 2
s(A,m) = Z((}‘ll — Ay —my + ’121)7 + (A=A —ma + '722)2 + (Ao = Az =13 + '113)2 + (g = Ay =g + '714)2)

4.4 (SM approach (Farhadinia 2012)

According to Farhadinia, the SM has the following definition,
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4 4
_ 1 _ _ [min (P, (4),P,(m)-+min (w;.v;)]
SFB(/L n = (1 4 <p§1 |/11P n1P|+p§1 |A'2P nzl”)) x [max (P,(A).P,(m))+max (w;.v;)] i

where,

Piy=e [\/(x,,-A12)3+wf+\/(A,J-aM)hwfﬂ/(az,-Azz)l+w§+\/(423-xy)z+wg+(m-4,2)+(A,4-1,,)+(123-422)+(424_32,)]

P =ec [\/("ll_”12)2+V%+\/(’7H_"N)Z‘H’%*‘\/(”U_'lzz)2‘“’%‘*‘\/('lz"‘_’714)z"‘";‘*'('ln_ﬂlz)*(’lm_’?l\)*('Izw"?zz)‘*('lza‘ﬂzl)]

4.5 Cosine SM-based approach (Ye 2012a)

Ye in 2012 defined the cosine SM between two GTrIFNs A and 7 as,

v?
i
i=1

4 4 2
2 ilpnlp + Z lZpr]2p + 2 WiV
p=1 p=1 i=1
Syc(4,m) =
4 4 2 4 4 2
2 2 2 2 2
XA, 2 Ay, Xwiy [ Do, X, +
p=1 p=1 i=1 p=1 p=1

4.6 Distance-Based SM Approach (Ye 2012b)

Ye in 2012, also defined the Hamming and Euclidean distance-based SMs between two
GTrIFNs 4 and #, which are given below,

4 4 2
Syn(Aum) = 1 - %(Z 2 = | + 2 [y = | + X I, —vi|)
p=1 P i=1

=1

hd 2
Z ()”Zp - '72p) +
p=1 i

I
=
|
=
e
v

4
2
and, Syp(A,n) =1 — é( Y (A —m,) +
p=1
4.7 SM approach (Tang etal. 2017)

Tang et al., presented their version of SM as,

4 4 2
2( Z lllpnlp + Z /12p’12p + 2 Wivi>
p=1 p=1 i=1

Sr(4,n) =
4 4 2 4 4 2

(Z/lfp+Zﬂ%p+2wf)+(2nfp+2n§p+ v?)
p=1 p=1 i=1 p=1 p=1 1

i=
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4.8 SM approach (Yue et al. 2019)

Yue et al., defined the SM between two GTrIFNs A and # as,

Soy1 (Am+Soy2(4.n)

Sor(4,n) = > , where,

’ ’

min (Ar(A ),Ar(r] ))

_ o tdin oo this-mathiammal
4

’ '

min (Per(/l ), Per(n )) + min (w,,vl)

Soy(n) =2
ori(An) max (Ar(4'),Ar(n'))

min (Ar(ﬂ” ),Ar(q”))

4

max (Per(A'), Per(n')) + max (wy,v,)

Sora(d,m) =2
or2(4,1m) max (Ar(A"),Ar(q"))

1 / 1
5(1114—1”)w1;Ar(11 ) = 5

” 1 " 1
Mg = Mpy )Vis A = 5 A2 = Ao )Wo s AT ) = S\ Mg — M2y )V2
(ma = Ar(4") = 2 (g = s Ar(n') = 2o =)

Per(4) =\ (3 = 202+ (g = s ) + w25 Per(n') =\ (1 = ) + 92+ (1 = miz)” + 02

Per(i”) = \/(/122 - /121)2 +wl+ \/(124 - /123)2 +wl Per(n”) = \/(;122 - ;121)2 +vi+ \/(1124 - '123)2 +v?

4.9 SM approach (Dinagar and Helena 2019)

Dinagar and Helena presented their version of SM between two GTrIFNs A and 7 as

follows,

Spr(An) = [I1 = (R(A) — Ra)[1 [1 = [min (w,,v,) - max (w2,vz)|] x

v, .s(n’ )+v2.S(r]” )

where, R(1) = M, R(n) =

min (5(4 ).5(s')) + min (") ("))

max (S(A'),S(r")) +max (S(2"),S(n"))

, and
W1+W2 V1+V2
o (2 TA T A 20\ (TW N oy [ 21+ Thgy + Thgs + 220, \ [ 11+ Tw,

SO)'( 18 )(F)’S(“‘< 13 )( 18 )
Table 1 Profiles of GTrIFNs
Ser. No  Profiles A n
1 Profile 1  (([4,6,8,9];0.3),([3,5,8,9];0.4)) {(3,5,7,9];0.3),([2,4,7,9];0.4))
2 Profile2  (([4,6,6,8];0.2),([3,5,7,91;0.6)) (([4,6,6,81;0.2), (3,5, 7,91;0.6))
3 Profile 3  (([4,6,6,8];0.3),([3,5,7,9];0.5)) (([3,4,5,71;0.5), (12,4, 6, 8];0.2))
4 Profile4  (([4,6,8,9]:0.1),([3,5,8,10];0.6)) (([5,9,9,11];0.4), (3,7, 11, 13];0.3))
5 Profile 5 (([2,4,6,8];0),([1,3,6,8];1)) (([4,6,8,9];1),([3,5,8,9]:0))
6 Profile 6  (([2,4,6,7];1),([1,3,6,8];0)) (([4,6,7,9];0), ([3,5,7,9];1))
7 Profile 7 (([4,5,5,71;0),([4,5,6,7];1)) (([3,4,4,6];0), ([3,4,5,6];1))
8 Profile 8  (([2,3,4,5];0.1),([1.5,2.5,4.5,5.5];0.8)) {([2.5,3.5,4.5,5.5];0.2),([1, 2, 5, 6];0.6))
9 Profile 9  (([2,4,6,71;0.1),([1,3,6,7];0.9)) ((12,4,6,71;0.9), (1,3, 6,8];0.1))
10 Profile 10 (([2,4,6,7];0.1),([1, 3, 6,8];0.9)) {([4,6,7,9];0.1),([3,5,7,9]1;0.9))
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"N 20T AT+ 2mg N Ty "N 2+ Ty + T3+ 200, 1147v,
S(”)_< 18 18 ) S(”)_ 18 18 )

4.10 Inferences from the analysis

We now consider ten different profiles of GTrIFNs, which are shown in Tables 1 and 2
presents the SMs which are evaluated for the corresponding profiles of fuzzy numbers.
The graphical representations for the considered profiles are depicted in Figs 16-25 (See
Appendix B).

The highlights of the present SM approach with other approaches are listed as under,

e With (Chen and Chen 2009) approach:

As evident from Table 2, the SM for profile 2 should be one since two identical
GTrIFNs are considered. Consequently, the unit similarity value is obtained with both
Chen & Chen’s approach and our proposed SM approach, which is logical. For pro-
files 1, 3, 5, 6, and 7, Chen & Chen’s approach found total dissimilarity between the
pairs of GTrIFNs which were considered. However, by observing the profiles it is clear
that a considerable amount of similarity should exist for them rather than being com-
pletely dissimilar. In this context, our present approach obtained the similarity values as
0.9842, 0.9766, 0.9395, 0.9575, and 0.9804 respectively for the above-mentioned pro-
files. Further, Chen & Chen’s approach obtained a negative similarity value (for profile
4), an extremely low similarity value (for profile 9), and an exceedingly high similarity
value (for profile 10), which indicated a major setback of the approach. On the other
hand, our approach obtained logical similarity values of 0.9475 (for profile 4), 0.9906
(for profile 9), and 0.9562 (for profile 10), respectively.

e  With (Wei and Chen 2009) approach:

With Wei and Chen’s approach, negative and unacceptable values of similarity are
obtained for a bunch of profiles, which are- 1, 3, 4, 5, 6, 7, and 10. The said method
also evaluated O (zero) as similarity value for profile 8, which is illogical as we can
notice from Table 1, that pairs of GTrIFNs considered in profile 8 are almost similar.
Only for profiles 2 and 9, Wei & Chen’s approach is capable of obtaining acceptable
similarity values. On the other hand, from Table 1, the superiority of our newly con-
structed approach is tangible.

e  With (Chen 2011) approach:

With characteristics almost similar to the (Chen and Chen 2009) approach, Chen’s
(2011) approach determined the similarity value as O (zero) for profiles 1, 3, 5, and 6.
Also, for profiles 4 and 10, the method obtained negative similarity values; for profile
7, it could not be applied; and for profile 9, it obtained a sufficiently low value of simi-
larity. In short, there are several instances where the inefficacy of Chen’s approach is
demonstrated. Therefore, our present approach without these limitations outperforms
this scenario as well.

e With (Farhadinia 2012) approach:

With the approach by Farhadinia, the only instance when a legitimate value of simi-
larity is obtained is for profile 2, where two identical GTrIFNs are considered and it
evaluated the similarity value as 1 (one). Other than that, for the rest of the profiles,
the evaluated values of similarity with Farhadinia’s approach are totally absurd. For
profiles 1, 3, 4,5, 6,7, 8, 9, and 10, it evaluated the similarity values as -0.98, -1.14,
-0.0010, -0.0547, -0.2548, -1, 0, 0, and -0.3037, respectively. Whereas with our pro-
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posed SM approach, the corresponding values of similarity are 0.9842, 0.9766, 0.9475,
0.9395, 0.9575, 0.9804, 0.9830, 0.9906, and 0.9562.
e  With (Ye 2012a) cosine similarity-based approach:

With Ye’s cosine similarity-based approach, quite logical values of similarity are
obtained for the majority of the profiles considered. However, there still exists a sig-
nificant setback to this approach. We know that, for any newly developed SM, it should
obtain unit similarity value for two identical quantities/objects considered and which is
a fundamental property that it should satisfy. However, Ye’s approach did not obtain a
unit similarity value for profile 2, where two identical GTrIFNs are considered, rather it
calculated the similarity value to be 0.9988 which is close to 1 (one), but not exactly 1.
Hence, our proposed approach holds an upper hand in this case as well.

e With (Ye 2012b) Hamming distance-based SM approach:

With Ye’s Hamming distance-based similarity approach, no noticeable discrepancy
is observed in the evaluated similarity values for profiles 1, 3, 7, 8, and 9. However, it
fails in obtaining positive and logical values of similarity for profiles 4, 5, 6, and 10,
which is evident from Table 2. On the contrary, our present approach calculates the
respective similarity values as 0.9475 (profile 4), 0.9395 (profile 5), 0.9575 (profile 6),
and 0.9562 (profile 10), which are in tone with common human intuition.

e With (Ye 2012b) Euclidean distance-based SM approach:

With traits almost similar to Ye’s Hamming distance-based SM, even in this case
too, negative values of similarity are obtained for profiles 4, 5, 6, and 10. Hereby, from
Table 2, one can notice the efficacy of our proposed approach in obtaining rational sim-
ilarity values. Moreover, Ye’s Euclidean distance-based approachevaluated the similar-
ity value as 0.0369 for profile 3, which is significantly low. But we can observe the
resemblance between the pairs of GTrIFNs considered in profile 3, and as such, our
proposed approach is once again successful in proving its proficiency.

e With (Tang et al. 2017) approach:

Almost similar to Ye’s cosine similarity-based approach, with Tang et al.’s approach
as well, we do not obtain the similarity value as 1 (one) for profile 2, which is counter-
intuitive as we have already explained. However, the similarity values obtained for the
remaining profiles are reasonable.

e  With (Yue et al. 2019) approach:

Yue et al.’s approach is the only existing approach encountered so far, where no
such unavoidable discrepancy is observed in the values of similarity which are deter-
mined for the profiles. Here, the obtained similarity values could have been more
distinctive, but they are more or less acceptable. However, in this case, the compu-
tational time involved in calculating the results of similarity is very high due to the
complexity of the expressions involved in their SM. Whereas, our approach involved
considerably less amount of time.

e With (Dinagar and Helena 2019) approach:

Dinagar and Helena SM approach also failed on many occasions. For instance, the
measure obtained a similarity result of 0.6000 for profile 2, which is illogical as it
should have been 1 (one). For profiles 5, 6, and 7, it obtained the similarity value as
0 (zero), meaning a total dissimilarity between the GTrIFNs considered in those pro-
files. But it is again not true, since, from Table 1, we can see that the fuzzy numbers
considered in those profiles must have some positive similarity value. However, our
presented approach overcomes those flaws and obtains more logical and more legiti-
mate values of similarity for each of the profiles considered.
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Therefore, our proposed approach outperforms all the existing SM methods on a
number of occasions, thus proving its efficacy, feasibility, and rationality. Hence, our
newly constructed approach is worthy of due consideration.

5 FMCGDM based on the proposed approach

In this section, we provide a method for handling FMCGDM problems. Thus, the nov-
elty and applicability of the newly proposed SM approach are illustrated in detail in this
section.

The process of selecting the best alternative or calculating a preference ordering of
alternatives, amongst a set of alternatives governed by some set of predefined multic-
riteria, is referred to as MCDM. Generally, two kinds of criteria(s) are considered in
an MCDM problem, one is theb enefit/profit criteria which are to be maximized and
the other is the cost criteria, which is to be minimized. Cost criteria(s) also can be con-
verted into profit ones (Zizovic et al. (Zizovic and DamljanovicN 2017)). Now a solu-
tion that minimizes all the cost criteria and maximizes all the profit criteria is called an
idealone(Xu & Yang (Xu and Yang 2001)).

Now, let A = {Al,Az, ...,Ap} be a set of alternatives and let C = {Cl, Gy, ..., Cq} be a
set of predefined criteria(s) respectively. Let k experts are invited to make the judgment
and we consider the criteria(s) to be of equal weightage. Let us assume that the experts
give the values of the alternatives in the form of a judgment matrix, Jyi = [d,»j(k)]pxq,
using GTrIFNs as,

dij(k) = < ([aijl k), aijz(k)’ aij3(k)> aij4(k)];wij(k)) > ([bij] k), bijz(k)s bijs(k)’ bij4(k)]§vij(k)) > s
where.

Qi bjj € R(m =1,2,3,4);0 < byy S ayy < by < ayp < ayy < bys < agy <byy < 150
<wyk),v;(k) < 1.

The values of the entries in the judgment matrix indicate the degree that an alterna-
tive A, satisfies the criterion C; or not. Thus, the procedure for selecting the best suitable
alternative or preference ordering of alternatives is presented as follows.

Step-1: Now, we construct the normalized judgment matrix, Jl-j = [tii]qu’ based on
the values given by the experts as follows-

k k k k k
2 ap(s) Xap(s) Xap(s) X ap(s) | X wys)
s=1 s=1 s=1 s=1 s=1
t = , , , : ,
Yy < k k k k k

k

k k k k
gbijl(s) gbiﬂ(s) Z:lbl-ﬁ(s) Z:lbl-ﬂ(s) 2 V(9 >

Ls=1

kK7 k7 k7 Kk Tk

Thus, we can elicit the decision matrix, D = (il osqs which is represented by GTrIFNs.

Step-2: For determining the best suitable alternative, SM is to be evaluated between the
available alternatives with an ideal alternative.But, in the real world, although it is hard to
realize an ideal alternative, we construct it in order to provide a useful theoretical base for
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Table 3 Judgment matrix, J; = [d;]2x3

A, (10.3,0.5,0.5,0.71;0.2),
(10.2,0.4,0.6,0.81:0.6)
(10.2,0.3,0.4,0.61:0.4),
(10.1,0.3,0.5,0.71;0.3)

([0.3,0.5,0.6, 08]01)>

(10.2,0.4,0.6,0.81;0.2),
(10.1,0.3,0.6,0.91:0.5)
(10.2,0.4,0.6,0.81:0.3),
(10.1,0.3,0.6,0.81:0.6)
(10.2,0.3,0.3,0.51;0.1),
(10.2,0.3,0.4,0.51;0.9)

[0.3,0.5,0.7,0.8]:0.2),
(10.2,0.4,0.7,0.91:0.3)

)
)
)
)
({0.3,0.5,0.7, 08]04)>
)
)
)

(10.25,0.35,0.45,0.551;0.2),
(10.1,0.2,0.5, 0.61:0.6) >
(10.2,0.3,0.4,0.51:0.4),
(10.15,0.25,0.45, 055]03)>
(10.3,0.5,0.6,0.81:0.6),
(10.2,0.4,0.7, 09]04)>
((0.6,0.7,0.7,0.91:0.1),
(10.6,0.7,0.8, 09]09)>
(10.5,0.6,0.6,0.81:0.3),
(10.5,0.6,0.7, 08]07)>
(10.4,0.5,0.6,0.71;0.4),
(10.35,0.45,0.65, O75]06)>

<
<
<
(i
<
(
<([035 045,0.55, 065109>>
<
(
<
<
<

W

[0.2,0.4,0.6,0.9];0.6)

&

[0.4,0.5,0.5,0.71:0.2),
(10.4,0.5,0.6,0.71:0.7)
(10.3,0.4,0.4,0.61;0.4),
(10.3,0.4,0.5, 06]03)>
(10.2,0.3,0.4,0.51;0.5),
(10.15,0.25,0.45, 055]05)> (10.4,0.5,0.6,0.71:0.1)

( <
( <
( <
( (
< <
< <
Ay 1 <([03050507]0)> <([05070810]09)
< <
( (
g <
( <
< <

(3]

([0.2,0.4,0.7,0.8];0.6)
([0.4,0.5,0.5,0.7];0.7),

([0.2,0.4,0.6,0.8];1) ([0.4,0.6,0.8,1.0];0.1)
([0.2,0.3,0.4,0.6];1), ([0.3,0.5,0.7,0.8];0.1),
([01030507]0)> ([0.2,0.4,0.7,0.9];0.7)
([0.3,0.4,0.5,0.6];0.4), ([0.5,0.7,0.9, 1.0];0),
([0.25,0.35,0.55, 065]04)> ([0.4,0.6,0.9,1.0]; 1)>
([0.5,0.7,0.9, 1.0];0.6),

([0.4,0.6,1.0, 10]06)>
([0.35,0.45,0.55, 065]01)>

([0.2,0.3,0.6,0.7];0.1)
([0.3,0.5,0.7,0.8];0.8),
([0.2,0.4,0.7, 08]02)>

[\

([0.3,0.5,0.7,0.8];0.6),
([0.2,0.4,0.7,0.9];0.4)

([0.7,0.9,0.9, 09]01)>

>
£

([0.6,0.8,0.9,1.0];1),
([0.5,0.7,0.9, 1.0];0)

(10.6,0.8,1.0, 1.01; 1)>

(10.6,0.8, 1.0, 1.01:0.3)
(10.7,0.9,0.9,0.91;0.6),
(10.6,0.8, 1.0, 1.01;0.1)
(10.5,0.7,0.9, 1.01:0.3),
((0.4,0.6,0.9, 1.01;0.3)

([0.2,0.3,0.6,0.7];0.8)
([0.3,0.5,0.6,0.9];0.9),
([0.2,0.4,0.6, 10]01)>

([0.5,0.7, 1.0, 1.0];0)
([0.4,0.6,0.8,0.9];1),
([0.2,0.5,0.8,0.9];0)

evaluating the alternatives. Therefore, we define an ideal GTrIFN for a profit criterion as,
A* =(([1,1,1,1];1),([0,0,0,01;0)) and for a cost criterion, we assume the ideal alternative
to be as, A* = (([0,0,0,0];0), ([1, 1, 1, 1];1)).

Step-3: Then, consequently we obtain the SMexpression between the set of alternatives
A; and the ideal alternative, A* using the following technique.

. X 2ay) + agy + ags + agy + wy + EA))]

Smrn(A;, A7) = E,
' SR+ d +dd +ak

J=1 1]1 ii2 ii2 1]3 2 2 2 2

+6+ wy v+ EA)*+V@A)

2 2 2 2
blj1 + bu2 + sz3 + by4

b 2[bj + by + bys + b,

*2

2 2 2
= < az, +ag, +an, +as+

i vy + EA)]

b: + b+ b2, + b

) +6+ws + v+ E(A)? + V(A
ijl ij2 ij3 ij4

(24)
where, x € X (set of profit criteria(s), say); y € Y (set of cost criteria(s), say).
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The above formula helps evaluate the SM for each alternative(s) based on all criteria.
These similarity values help to determine the best alternative among the set of alternatives
and also helps us simultaneously obtain the preference ordering of alternatives. SM values
between every alternative and the ideal alternative determine the best suitable alternative
and finally, we obtain a preference ordering of alternatives.

5.1 Numerical illustration

Here, in this section, we demonstrate a realistic scenario, to show the application of our
proposed SM approach in an FMCGDM problem of alternatives.

5.1.1 Optimum investment by an investment company

There is a panel with four possible alternatives to invest the money (adapted from, Herrera
and Herrera-Viedma 2000): (1) A, is a car company; (2) A, is a food company; (3) A;is a
computer company; (4) A, is a television company. The investment company must decide
according to the following three criteria: (1) C, is the social benefit; (2) C, is the economic
benefit; (3) C; is the environmental impact, where C, and C, are the benefit criteria and C;
is the cost criterion. The four possible alternatives are to be evaluated under the above three
criteria by corresponding to the judgment matrix as shown in Table 3.

Step-1: Suppose we invite k experts (say, k = 3) to make the judgment. The values of
the experts in the form of GTrIFNs are presented in Table 3. Then the preference val-
ues of an alternative A,(i = 1,2,3,4) on a criterion C;(j = 1,2, 3) are normalized by the
method discussed in the previous section and the normalized judgment matrix is shown
by Table 4.

Table 5 Ranking order comparisons obtained with the existing similarity methods and the proposed
approach

Existing similarity Similarity measure value between Ranking order Best alternative
methods alternatives

(A,A%)  (Ay,A%) (A3,A%) (A4, AY)

S¢cxChen and Chen —0.0012 0.0036 —0.0006 0.0037 A,>A,>A;>A4, A,
(2009)
SycWei and Chen (2009)  —0.0007 0.0036 —0.0008 0.0108 A, >A, >A, >A; A,
SeChen (2011) 00147 00363 00278 00590 A, >A,>A,>A, A,
SpgFarhadinia (2012) —0.0011 00015 —0.0007 —0.0013 A,>A;>A, >A, A,
Sy Ye (2012a) 05318 05660 05398 05813 A, >A,>A,>A, A,
Sy Ye (2012b) 05605 0.5969 05603  0.6153 A, >A,>A, >A; A,
SyeYe (2012b) 04851  0.5328 04804 04961 A, >A,>A, >A; A,
S, Tang et al. (2017) 04909  0.5424 05227 05785 A, >A,>A,>A, A,
SoyYue etal. (2019) 00952 0.1882 0.1319 02344 A,>A,>A; > A, A,

SprDinagar and Helena 0.0236  0.0688 0.0661 0.0524 A, >A;>A,>A A,
(2019)

Spen(Proposed) 05670  0.6806 0.6360 07168 A, >A,>A,>A, A,

@ Springer



Multicriteria group decision making via generalized trapezoidal... 3581

Similarity result comparison for various investment choices
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Fig. 12 Ranking comparisons of various investment alternatives under different methods

Step-2: The ideal alternative is adopted here as,

For profit criterion, A* = (([1, 1, 1, 1];1), ([0, 0, 0, 0];0)).

For cost criterion, A* = {([0, 0, 0,01;0), ([1, 1, 1, 1];1)).

Step-3: We evaluate, Syyzy(A;,A¥), using Eq. (7), and we obtain

Spupn (A A%) = 0.5670, Sppn(Ags A¥) = 0.6806, Sy (As, A*) = 0.6360, Spyn(Ag. A*) = 0.7168

As SM of the alternative A, with A* is obtained to be maximum, so we can declare A, as
the best suitable alternative and correspondingly, the required preference ordering is.

Ay >A,>A; > A

Therefore, the maximum profitable choice that can be made by the Investment Company
is to invest the money in the Television Company (A,).

5.1.2 Comparative study

The SM values for each alternative with the ideal alternative obtained with each of the
existing measures are demonstrated in Table 5. When we observe the ranking order with
each of these methods we find that the result for the best alternative is the same (i.e.,
A,) for most of the methods- S--5z(Chen and Chen 2009;Sy,-Wei and Chen 2009;S
Chen 2011;Sy-Ye 2012a;Sy,, Ye 2012b;S;Tang et al. 2017;5,, Yue et al. 2019) and our
proposed method. However, the approaches by- Spz(Farhadinia 2012);Sy, Ye 2012b and
SpyDinagar and Helena 2019), evaluated the best alternative as A,(Food Company).

For better visualization, a graphical representation of the ranking order comparisons
of various alternatives is shown in Fig. 12 below.
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6 Burning issues resulting from COVID-19 pandemic era

This section is dedicated to validating the veracity and legitimacy of our proposed SM in
efficiently handling the various facets of complex COVID-19 problems. In Sect. 6.1we dis-
cuss the problem of COVID-19 medicine selection, Sect. 6.2 undertakes a real-case study
from an Indian state (Maharashtra) and deals with the problem of proper healthcare waste
disposal measures therein, Sect. 6.3 discusses the most effective government intervention
strategy against COVID-19 in the Indian context, and in Sect. 6.4 we present a formal anal-
ysis of our results and its managerial implications.

6.1 COVID-19 medicine selection

In these prevailing times of the COVID-19 pandemic, health care officials, medical prac-
titioners, and other frontline workers are facing a huge dilemma regarding which medi-
cine is suited best for the treatment of COVID-19 infected patients since there is no such
trustworthy and accurate available information with them.From the onset of this pandemic
and until now, unfortunately only a few medicines are given authorization/license for usage
to coronavirus-positive patients. COVID-19 which first broke out in Wuhan city of China
towards the latter part of the year 2019, usually belongs to a larger family of viruses (coro-
naviruses), which targets humans as well as some other animals. The spreading and infec-
tious ability of this virus is exceptionally high like that of MERS (Middle East Respiratory
Syndrome) and SARS (Severe Acute Respiratory Syndrome) virus. Generally, there are
two main modes of transmission of the virus, which are, through air transmissions of small
droplets and by physical contact with the infected person. With the kind of impact this
virus is having on the entire human population of the world, the World Health Organiza-
tion (WHO) declared it as a pandemic on March 11, 2020 (Clinical Management Protocol
2020).

Respiratory complications like shortness of breath due to the filling of the lung sacs
with mucus; are often experienced by the COVID-19 active patients. Moreover, they
also experience some other symptoms like sore throat, loss of smell (anosmia), loss of
taste (agues), cough, nausea, chills, fever, etc. However, some specific symptoms like
loss of appetite, fatigue, myalgia, decreased neural response, and reduced mobility is
more common in the older group of active patients. Depending upon the symptoms
manifested by the coronavirus-affected patients, they are classified into three categories,
viz., mild cases, moderate or intermediate cases, and severe or critical cases. Now, since
specific treatments are not at hand and firm medical evidence is unavailable, we can
only rely upon certain therapies for the treatment of active patients. And as such, few
drugs are available in the market that serves this purpose.

The Food and Drug Administration (FDA) has primarily approved some medicines
such as Hydroxychloroquine (M,), Remdesivir (M,), Tocilizumab (M), and Convales-
cent Plasma (M,), for the treatment of coronavirus positive patients only under emer-
gency situations. The FDA has strongly emphasized that the past history of the patient,
and whether undergoing an immune-suppressed condition or not, will be the key factors
that will determine the administration of the drug’s dosage to the patient. Clinical stud-
ies have found that Hydroxychloroquine (M,) has some significant advantages and low-
ers down the intensity of coronavirus symptoms. But, some cases of side-effects due to
the medicine were also reported in human trials which were conducted. Remdesivir (M,)
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can be recommended for usage in patients showing very mild symptoms of the virus and
the oxygen supply in them is gradually increasing. Likewise, Tocilizumab (M3) is pre-
scribed to patients who are constantly under ventilation and the virus inside their body
is inducing some moderate symptoms. While the therapy Convalescent Plasma (M,)
is given to patients who are under the use of steroids, the virus shows some moder-
ate to severe symptoms, and the demand for oxygen in such patients goes higher with
each passing day. These drugs are governed by certain performance evaluation factors
or criteria, which are Ease Breathing (C,), Coolify (C,), Antiviral activity (Cs), and Side
effects (C,). These evaluation factors corresponding to each of the drugs are expressed
in the form of GTrIFNs. It is to be noted that, criteria C,, C,, and C;, may be regarded as
benefit criteria, while C, is the cost criterion for our present scenario.

The preference information for each of the medicines, with respect to each of the per-
formance evaluation factors or criteria, are presented in the judgment matrix as shown
in Table 6. There are four such criteria in total, for each of the four medicines available
and they are expressed with the help of GTrIFNs.

Step-1: In the present scenario, we have k experts (where, kK = 4) to make the judg-
ment. The information provided by the experts in the form of GTrIFNs is visible in
Table 6. These health experts take help of the limited available evidence at present and
the past history of those medicines in dealing with such a family of viruses; in providing
as much accurate data as they can. Having already illustrated the normalization proce-
dure, the preference values of each medicine M;(i = 1, 2, 3, 4) with respect to every crite-
rion C;(j = 1,2,3,4) are normalized accordingly and the normalized judgment matrix is
shown in Table 7.

Step-2: The ideal medicine which is constructed for the sake of evaluation is considered
as,

[1,1,1,1];1),([0,0,0,0]1;0)), for profit criterion.

M* = ((
M* ={([0,0,0,01;0), ([1, 1,1, 1];1)), for cost criterion.

Table 8 Ranking order comparisons for the COVID-19 medicines

Existing similarity Similarity measure value between Ranking order Best medicine
methods medicines

M, M*) (My,M*) (M;5,M*) (M,,M*)

S¢cyChen and Chen ~0.0005  0.0010 0.0019 —0.0007 M;>M,>M, >M, M,
(2009)

SycWei and Chen 0.0008 —0.0015 0.0040 0.0062 M,>M,;>M, >M, M,
(2009)

SeChen (2011) 0.0414 00442 00489 00354 M,>M,>M, >M, M,

SpgFarhadinia (2012)  0.0002  —0.0023 0.0009 0.0046 M, >M,>M, >M, M,

Sy Ye (2012a) 05742 05627 05845 05558 My >M, >M,>M, M,

Sy Ye (2012b) 05848  0.5837 05908 05914 M, >M,>M, >M, M,

Sy Ye (2012b) 05218 05161 05277 05094 My >M, >M, >M, M,

S, Tang et al. (2017) 05641 05398 05769 05208 My >M, >M,>M, M,
SoyYue etal. (2019) 0.1835  0.1693 0.1974 0.1704 My >M, > M, >M, M,

SpyDinagar and Helena  0.0914 0.0935 0.1067  0.0967 M3 >M,>M,>M, M,
(2019)

Syyn(Proposed) 07011  0.6743 07181 0.6538 My>M, > M, >M, M,
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For the present scenario, the criteria C, (Ease Breathing), C, (Coolify)
&C; (Antiviral Activity) are the benefit criteria and C, (Side Effect) is the cost criterion.

Step-3: Finally, we evaluate the SM of each medicine with the ideal medicine, that is
Srpn(M;, M*), and we obtain the results with our approach as,

Sy My, M*) = 07011, Spypn(My, M*) = 0.6743, Sy (My, M*) = 0.7181, Spyn (M, M*) = 0.6538

Here, the similarity results suggest that the SM of the medicine M; with M* is the high-
est, and therefore we can conclude that M; as the best medicine available in the market
that can be recommended to COVID-19 infected patients. Moreover, the ordering for the
medicines is obtained as,

My>M,>M,> M,

Therefore, the medicine Tocilizumab (M;) will prove to be the most effective one than
the others, during treatment of the virus-infected patients. With the usage of the medi-
cine Tocilizumab (M,), the patient recovers sooner than the other medicines if adminis-
tered at the same time. Thus, it reflects the proficiency and effectiveness of the medicine
Tocilizumab.

6.1.1 Comparative study

Here, Table 8 presents the SM values for each medicine with the ideal medicine obtained
with each of the existing measures. For most of the existing methods- S:¢;(Chen and
Chen 2009; S Chen 2011; Sy-Ye 2012a; Sy, Ye 2012b; S;Tang et al. 2017; SQYYue et al.
2019; SpyDinagar and Helena 2019),and our proposed method, interestingly we observe
that the result for the best medicine is the same (i.e., M5 (Tocilizumab)).However, certain
approaches which for instance- Sy,~(Wei and Chen 2009; SgzFarhadinia 2012, and Sy Ye
2012b), predicted that the best medicine should be M, (Convalescent Plasma).Although

Similarity values under different methods for the set of medicines

M4 — = STIEN
] m SDH
—— . —_—
g M3 F ST
3 1 SYE
< —
ﬁ . m SYH
M2 |
mSYC
— m SFB
L ]
M1 P m SCH
SWC
-0.1 0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 m SCCH

Similarity Values

Fig. 13 Efficacy of different medicines under different similarity methods

@ Springer



3588 P. Dutta, G. Borah

a difference in the ranking order is attained with our proposed approach and some of the
existing approaches, it is noteworthy that most of these approaches had certain drawbacks
which were demonstrated very clearly in Sect. 4. Moreover, the final result for the best
medicine obtained with our approach is identical with several other existing measures
which indicate that our approach is more trustworthy, more efficient, more intuitive, and
more logical.

The graphical illustration for the similarity results of various medicine alternatives is
presented in Fig. 13 below.

6.2 Best strategy for healthcare waste disposal: a case study in Maharashtra, India

In a developing nation like India, the selection of an efficient strategy for the disposal
of healthcare wastes is quite a tedious job. And as such the municipal authorities have
run out of resources for disposing of the ever-increasing production of hazardous wastes
each day since COVID-19 has hit the country. Although there exist certain waste dis-
posal measures, the selection of an optimum one amongst them requires evaluation
of different performance indices or criteria. The COVID-19 pandemic has worsened
the already inefficient healthcare waste disposal strategies because managing such an
enormous quantity of wastes that are being produced at the end of each day is fairly
challenging. During this COVID era, the needles and syringes administered to COVID
infected patients, dressings/bandages with bloodstains, personal protective equipment(s)
(PPEs) worn by healthcare experts, dead bodies of patients, and other hazardous materi-
als form a major portion of such wastes. Moreover, certain harmful chemicals, radioac-
tive substances, and medical devices are also found that pose a serious threat to the
soil and the grazing animals if they are to intake it. Thus, a proper waste management
scheme is of utmost importance, particularly during these tough times of the pandemic.
Because if such wastes are left untouched and are not properly disposed of, then this
might further accelerate the rate of COVID-19 spread. In absence of proper preventive
measures, the people with the responsibility of saving others’ lives will themselves be
at the risk of getting infected with the virus. Therefore, for the betterment of humankind
and to avoid environmental pollution, all healthcare wastes should be accumulated and
disposed of at a distant location/abandoned land.

India is a country where improper waste disposal measures are often in practice.
Huge dumps of wastes can be seen blocking the passage of underground drainage sys-
tems and at the river banks, which become breeding ground for insects causing deadly
diseases in humans. Being the second-most populous country in the world, the govern-
ment of India needs to take this matter seriously by investing money and human labor so
that the wastes produced each day are being disposed of during the same day itself or on
a weekly basis. According to the data obtained by the Indian Society of Hospital Waste
Management (ISHWM), it is estimated that at least 1-2 kg of waste is being generated
for each bed in a hospital during a span of 24 h; while the amount in a practitioner’s
clinic is 600 g per bed (Manupati et al. 2021). The WHO in 2020 issued a few guide-
lines on how to treat COVID-19 wastes in an efficient manner (World Health Organiza-
tion 2020). Some of them are:

e Wastes should be separated at the source depending upon their nature

e Irresistible trash cans should be used for dumping COVID-19 wastes having different
colored liners

@ Springer
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e COVID-19 wastes should be treated like other infectious healthcare waste and they
should be collected at the end of each day and then be transported safely in puncture-
proof and leakproof bins

e The place for storing COVID-19 wastes should be sanitized and properly maintained
with good hygiene

e The waste disposal techniques should be tested and validated at regular intervals.

In our case, we consider a case study from Maharashtra, one of the most badly affected
Indian states due to COVID-19. Maharashtra can be considered as one of the major busi-
ness and industrial hubs of India, with an average population of almost 112 million. Most
of the country’s export—import business takes place from the ports located at Maharashtra
via the Arabian sea to the other parts of the world. But this financial advantage and the easy
access to people from all parts of the world, paved the gateway for a transmissible virus
like COVID-19 to seep into the state. Soon the virus started infecting people of the state
and with each passing day, the number of cases increased exponentially. The state govern-
ment and the medical facilities were not prepared for such an uncanny situation which left
them in a state of shock. Maharashtra reported 6,611,078 COVID infected cases (highest
in India) out of which 6,450,585 people were cured and almost 140,216 people died of the
virus. (Source: https://www.covid19india.org, as accessed on December 21, 2021).

More infections increased the demand for more protective equipment and more produc-
tion of healthcare waste each day. In India, before the COVID-19 era had started, people
were already struggling to get rid of the healthcare wastes in an efficient manner and since
the pandemic has started, the problem got even worse. Therefore, addressing this issue is
the current need of the hour and accordingly, we consider 6 (six) different healthcare waste
disposal techniques in our study. Those are H,: Microwave, H,: Landfill,H;: Incinera-
tion,H,: Plasma pyrolysis,Hs: Integrated steam sterilization system,H: Chemical disinfec-
tion system. Now, to determine the best disposal strategy among them, we would require
certain criteria or attributes based on which the healthcare waste disposal alternatives shall
be ranked in order of preference. We consider 5 (five) such criteria in our study viz.,

e Cy(Operational safety): This measure takes into account the risk factors and the precau-
tionary measures required for the functioning of a waste disposal alternative.

o Cy(Annual operating cost): The operation of certain healthcare waste disposal tech-
niques comes with a maintenance cost. This measure estimates the cost annually.

o Cy(Reliability): This measure assesses how will a disposal technique perform in the
long run or in other words, its durability.

o Cy(Treatment efficiency): The long-term suitability and capability to eradicate the waste
at minimum cost and maximum efficiency are measured by this criterion.

o Cy(Toxic emissions and health effects): The risk factors associated with a particular
healthcare waste disposal alternative, for instance, the harmful emissions affecting the
environment and also the health complications to humans in the vicinity of the opera-
tion are measured by this criterion.

Also, to arrive at an accurate decision we consider the difference of opinions of 3(three)
experts in the field comprising a waste management field expert, a doctor, and an environ-
mentalist. The group decision algorithm is discussed step-wise as follows:

Step-1: The three experts provide their preference values for set of the alterna-
tives H,(i = 1,2,3,4,5,6) with respect to each of the criteria Cj(i =1,2,3,4,5) which is

@ Springer
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presented in Table 9. The decision matrix being generated is further normalized to obtain a
normalized judgment matrix as shown in Table 10.

Step-2: For our present case study, criteria C,(Operational safety), Cy(Reliability), and
Cy(Treatment efficiency) are profit-type, whereas Cy(Annual operating cost) and Cs(Toxic
emissions and health effects) are cost-type criteria. It is noteworthy that no healthcare
waste disposal strategy is completely full-proof and flawless. Every such strategy has its
own pros and cons. But in order to achieve our desired goal of ranking the available set
of disposal techniques in our country, we construct the form for an ideal disposal strategy
(H*) depending upon the nature of the criteria. Thus, we have.

H* =(([1,1, 1, 1];1), ([0, 0,0, 0];0)), for profit criterion.

H* ={(([0,0,0,01;0), ([1, 1, 1, 1];1)),for cost criterion.

Step-3: We then obtain our proposed similarity measure results evaluated for various
healthcare waste disposal alternatives as,

Spen(Hy H) = 0.5990, Syypy (Hy HY) = 0.4869, Sy (Hy, HY) = 0.6853,
Spen(Hy HY) = 0.5938, S,y (Hs, H) = 0.6659, Sy (He, H*) = 0.5733

Thus, we obtain the highest value of similarity for H;(Incineration) which makes it the
most desirable technique for disposing the infectious waste. Consequently, ranking order
for the set of alternatives is obtained as,

Hi(Incineration) > Hy(Integrated steam sterilization system)> H (Microwave) > H,
(Plasma pyrolysis) > H(Chemical disinfection system) > H,(Landfill)

The main advantage of the Incineration (H;) technique is that it can get rid of the patho-
gens and completely destroy the harmful waste organics. Moreover, its treatment capacity
is higher than most of the remaining methods and it requires very little space for operation.

SIMILARITY RESULTS FOR VARIOUS WASTE DISPOSALTECHNIQUES
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Fig. 14 Comparison of similarity outputs obtained under different similarity methods
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6.2.1 Comparative study

The SM outcomes obtained for different healthcare waste disposal alternatives are shown
in Table 11 below. It is observed that all the existing SM methods along with our proposed
method determine the technique of Incineration (H,) as the most preferable one. However,
certain anomalies were observed with some of the existing approaches, for instance Sy
(Chen and Chen 2009) method could not distinguish between the alternatives H,, H,, and
Hg; Scy (Chen 2011) methodcould not distinguish between the alternatives Hs and H,;Sgp
[22]method could not distinguish between the alternatives H, and H. However, our pro-
posed measure is free from such discrepancies and it is capable of arriving at a final deci-
sion systematically.

A pictorial representation showing the best waste disposal technique under different SM
methods is presented in Fig. 14 below.

6.3 Government intervention strategies for fighting against COVID-19: a case study
of India

The determination of an effective governmental strategy is of prime importance in this
COVID-19 era considering how big of a threat this virus has become to the whole world.
The medical workers, researchers, and scientists are doing their part to possibly eradicate
the virus, and simultaneously it is the duty of the state/central governments to adopt cer-
tain measures to help minimize the spread of the virus. Such measures may be in the form
of certain intervention strategies or guidelines that the people must strictly adhere to, for
their own well-being. However, such measures involve considering various criteria and
operating with vague or uncertain nature of information, which suggests that suitable gov-
ernmental intervention can be considered as an MCDM scenario. Moreover, the medical
organizations and governments track the effectiveness of any intervention strategy in a par-
ticular country and measure its mass acceptance before implementing it in their own coun-
tries respectively. While formulating such strategies, the government addresses the more
severe issues first and then the less severe ones, and so on. COVID-19 outbreak has greatly
affected the mental health of people and it has jeopardized the financial condition of coun-
tries from all around the globe.

Here, we undertake a case study in the Indian context. Initially, when COVID-19
affected some of the Indian states and the cases were small in number, the people of India
followed the guidelines as issued by WHO, which were physical/social distancing, good
hygiene, and wearing of face-masks. But, by the time this message was conveyed to each
and every part of the country, people already started getting infected with the virus. In a
country with the second-largest population, it becomes very susceptible to a contagious
virus-like COVID-19 to maximize its spread. Therefore, some solid interventions should
be implemented to slow down the virus from infecting more and more individuals of the
population. At present, India ranks second in the world with respect to the number of
COVID-19 infected cases. More precisely, India records nearly 34 million (34,752,164)
COVID cases in the country since this pandemic has first started (Source: https://www.
worldometers.info/coronavirus/ as accessed on December 22, 2021).

In our present case study, we outline 8 (eight) such government intervention strategies
or alternatives, which are.
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e G/(Curfew): In India, when curfew was first imposed very strictly nationwide, the
COVID-19 cases per day showed a steep decline. But, at later stages of the pandemic,
due to lack of proper management, unavailability of an adequate number of resources
for living, and unpreparedness for such a catastrophic pandemic, the curfew rules got
relaxed and the COVID-19 infected graphs showed exponential increase again.

o Gy(External border restrictions): Indian government practiced this strategy at the initial
stages of the pandemic when there was limited available information about the virus.
This technique was fairly effective in countries where it was being implemented at the
earliest. Once the virus has already been mitigated, then this measure loses its signifi-
cance.

e Gs(Social distancing): This strategy is among the most important ones whose objec-
tive is to reduce the interaction with people as much as we can because we are unsure
who might act as a carrier of this virus. In this way, we reduce the chances of getting
infected with the virus.

o G,(Quarantining patients and those suspected of infection): Quarantining or self-iso-
lation is one of the preventive measures practiced by people at the early stages of the
pandemic. In absence of proper medicinal treatment or due to lack of vaccines, quaran-
tining showed positive results in slowing the virus transmission to a certain extent.

o Gs(Closure of schools): Schools and other educational institutions in India were imme-
diately closed when the government sensed the potential danger of the small children
and the youth of the country getting infected with the virus and transmitting the same
to their parents. This measure was also effective to a certain extent.

o Gy(Vaccinations): Recently with the advent of vaccines curing the virus, the entire
human population saw this as a blessing. But, in order to be able to administer the
vaccine doses to the whole population would further require a considerable amount of
time. Moreover, the shortage of vaccines and urgent importing of vaccine raw materi-
als posed further concerns. However, the Indian government has been fairly active in
ensuring that every individual gets access to at least one dose of the vaccine, which is
still better than being deprived of it. Recently, India has remotely started production of
some foreign vaccines at certain reputed virology institutes of the country as well.

e  Gy(Restriction of mass gatherings): As directed by WHO, the Indian government
imposed a certain set of guidelines regarding the permissible number of people allowed
to gather at a particular place. This restriction helped to decline the transmission rate of
the virus.

o Gg(Internal border restrictions): This strategy is effective in preventing the infected
symptomatic and infected asymptomatic patients from traveling and transmitting it onto
the non-infected population of the country.

To test the effectiveness and applicability of our intervention strategy alternatives, a set
of 4 (four) criteria(s) are chosen viz., C;: Ease of implementation, C,: Total cost,Cy: Effec-
tiveness to prevent COVID-19 spread,C,: High acceptability to citizens. We also consider
3(three) decision makers for smoothly conducting the study by arriving at a final decision.
We proceed step-wise as follows.

Step-1: We construct the decision matrix for the intervention strategy alternatives
G;(i=1,2,3,4,5,6,7,8) with respect to the set of criteria C,-(i =1,2,3,4) and it is pre-
sented in Table 12. The entries of the decision (judgment) matrix are then normalized
to get rid of any physical dimensions and the normalized judgment matrix is obtained in
Table 13 below.
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Step-2: The ideal solution or the ideal intervention strategy (G*) depending upon the
criteria-type takes the following form,

G* ={(([1,1,1,1];1),([0, 0,0, 0];0)), for profit criterion.

G* ={(([0,0,0,0];0), ([1, 1, 1, 1];1)), for cost criterion.

From the criteria(s) we have considered, we can say that criteria C\(Ease of implementa-
tion), Cy(Effectiveness to prevent COVID-19 spread), and C,(High acceptability to citizens)
are profit-type, whereas C,(Total cost) is a cost-type criterion.

Step-3: Finally, our proposed measure evaluates the SM results for various intervention
strategy alternatives as

Sirn(Gy, G*) = 0.6540, Spypn(Ga, G*) = 0.6501, Spyan(Gs, G*) = 0.6638, Spyay(Gy, G*) = 0.6754,
Spirn(Gs, G*) = 0.5873, Spypn(Gg, G*) = 0.6772, Spyan(Gy, G*) = 0.6107, Spyn(Gg, G*) = 0.6275,

Thus, our proposed measure determines Gy(Vaccinations) as the most preferable and
suitable solid intervention strategy that can be implemented on a large scale. Consequently,
the preference ranking order (decreasing) for the available set of alternatives is obtained as,

G¢(Vaccinations) > G, (Quarantining patients and those suspected of infection) > G,
(Social distancing) > G, (Curfew) > G, (External border restrictions) > G (Internal bor-
der restrictions) > G, (Restriction of mass gatherings) >G5 (Closure of schools)

The more the people get vaccinated, the more lives could be saved. Vaccination drives
to the remote areas and spreading general awareness among people about the importance
of vaccines would be really helpful in this regard.

6.3.1 Comparative study
Table 14 presents a clear comparison of the SM results obtained for variousgovernment

intervention strategy alternatives. Although, all of the similarity methods under studyob-
tain the optimal intervention strategy as ‘Vaccination (Gy)’, yet certain irregularities are

Similarity results comparison for different government strategies under different

methods
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Fig. 15 Optimal intervention strategy evaluated under different methods
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observed with some of those methods. For instance,Sq~y[10]lmethod fails to distinguish
between the pairs of alternatives {G, and G;},{G, and G, }, {Gg, G5, and Gs}; Sy, -Wei and
Chen 2009) method could not distinguish between the pairs of alternatives {G; and G,},
{Gg, G5, and Gs};Sp5[22]method could not distinguish between the alternatives G, and Gg.
Thus, the usefulness and versatility of our proposed measure are demonstrated once again.

Here, we provide graphical illustration in Fig. 15, for better visualizing the final results
obtained for the most effective government intervention measure to control the pandemic
spread.

6.4 Results and its managerial implications

From the results obtained for the case studies which we have carried out, it can be asserted
that our proposed measure is capable of performing well and achieving logical outcomes
in diverse environments. Whereas the lacunas of the existing measures were exposed on a
number of occasions. For example, for the optimum investment problem, some of the exist-
ing measures obtained negative values of similarity which is absurd. Even for the COVID-
19 related case studies, similar type of outcomes are observed. For pairs of alternatives
where it is intuitive that there exists a certain value of similarity between them, in those
situations some of the existing methods found total a dissimilarity between them. Also,
for distinct and non-similar pairs of GTrIFNSs, several existing measures failed to distin-
guish between them. Some measures even overestimated and underestimated the values of
similarity between GTrIFNs under study. However, our proposed measure is free from such
discrepancies as mentioned above and it is far more efficient than the others. This suggests
the robustness, feasibility, and rationality of our newly defined SM. Thus, our proposed
SM may be utilized in a variety of decision scenarios considering the ability of GTrIFNs
to efficiently handle the ambiguous and vague nature of the information. In the literature,
although one can find a humongous amount of research works being carried out on IFSs or
normalized TrIFNs, there is a dearth of GTrIFN-based measures. Some of the works perti-
nent to this field of research are listed below in Table 15.

For the COVID-19 medicine selection problem, the best medicine alternative is Toci-
lizumab (M,), followed by Hydroxychloroquine (M,), Remdesivir (M,), and Convales-
cent Plasma (M,). Tocilizumab has better working efficiency and is free from notable side
effects, but if there occurs a shortage of this medicine, then Hydroxychloroquine can be
recommended. Similarly, Remdesivir and Convalescent Plasma therapy can be suggested
as per convenience.

In the case of the healthcare waste disposal problem, our proposed measure evaluated
Incineration (H,), Integrated steam sterilization system (Hs), and Microwave (H,) as the
top three waste disposal techniques. The Incineration technique however has some envi-
ronmental concerns when practiced over a long period of time. Because in India, people
are already experiencing the adverse effects of air pollution and further it should not be
worsened by incinerating or burning tons and tons of hazardous wastes. Therefore, certain
environment-friendly alternative procedures can be introduced.

For the final case study of solid governmental intervention strategy selection, our pro-
posed measure determined the top five alternatives in the Indian context, which are Vac-
cinations (G,), Quarantining patients and those suspected of infection (G,), Social dis-
tancing (G;), Curfew (G,), and External border restrictions (G,). Vaccinations that are
developed for a certain genomic sequence of the virus will surely help in fighting that par-
ticular variant, but it is cumbersome to predict that it will be effective against all mutated
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versions of the virus. Therefore, the fight against COVID-19 is not over yet and more
robust intervention strategies can be suggested in the future.

7 Conclusion

The role of SM is very vital in solving a wide variety of decision making scenarios and
it is one of the crucial concepts in human cognition-based thought processes. In our
article, we have devised a novel SM for GTrIFNs and it is then applied to a medicine
selection procedure, for the treatment of patients infected with the COVID-19 virus.
GTrIFNs have several advantages due to which they have been increasingly applied to
MCDM problems, some of which are- they are capable of representing the ill-known
quantities at ease, they can assess the available information more holistically, and they
also add several dimensions to the decision information at hand. Our proposed measure
very effortlessly incorporates the concepts of expected values, variances, and heights
of GTrIFNs into its expression. Also, it is capable of outperforming the deficiencies
exhibited by most of the existing approaches, which is validated through a meticulous
comparative study. The final results obtained with our proposed measure are intuitive,
logical, commonsensical, and rational. Moreover, a robust group decision making algo-
rithm presented together with a numerical illustrative example indicates the veracity
and applicability of our designed SM. Consequently, the effectiveness of our measure in
selecting the optimum medicine for COVID-19 treatment is worth noticing. Being able
to attempt a COVID-19 related scenario is in itself a daunting task to accomplish and
which brings in numerous challenges due to the lack of limited available evidence on
the virus causing this outbreak.Also, the outcome for the best suitable medicine coin-
cides with several other existing methods, which is vivid from the comparative study
presented. Therefore, the key results deduced in this article are affirmative to benefit the
health workers and other frontline workers in making the optimum choice for the speedy
recovery of patients laid down with the COVID-19 virus.Thus, it can be inferred that
our newly devised measure has enormous potentiality and strong inherent capability,
which enables it to be applied to a wide range of decision making instances. In addition,
our proposed measure is also effective in handling two more serious concerns resulting
from the pandemic era: first being the problem of a worthwhile waste disposal strategy
for eradicating the hazardous wastes produced each day and second is the determination
of solid intervention measures by the government for controlling the virus spread. Thus,
the proficiency of our newly constructed measure is even further justified.

The contributions and originality of our article can be pinned down to the following
points:

e Firstly, we defined the concept of “expected value” and “variance” for GTrIFNs and
deduced their mathematical forms. Both these quantities are trait-defining parameters
that describe the behavior of a fuzzy number/fuzzy set and how they would behave
over a certain period of time. Evaluating such crucial indices have become a topic of
significant concern among researchers. In the literature, several mathematicians have
determined the mathematical form for expected value, variance, standard deviation,
etc., with the help of possibility theoretic concepts. But, none of them utilized the a
-cut technique for evaluating the same. Hence, as a novel venture, we have added a new
direction by exploiting the more conventional a-cut procedure for evaluation.

@ Springer



3606 P. Dutta, G. Borah

Secondly, we have constructed a novel SM for GTrIFNs which involves the operations
between membership and non-membership components of GTrIFNs, their heights,
their expected values, and also their variances. We have shown that our similarity func-
tion satisfies all the basic properties and axioms of an SM. Thereafter, we illustrate
certain desirable properties of it. The main advantage of our SM expression is that it
is relatively simpler than most of the other methods, and it is also capable of yielding
precise and efficient outcomes.

Thirdly, we discussed a group decision making procedure based on our newly devel-
oped measure. Decision making in groups has always been a perplexing job since it
involves a difference of opinions among various decision makers, different levels of
expertise, a difference of perception, etc. Therefore, to accommodate the highs and
lows of opinions from decision makers and arriving at a final conclusion is much more
challenging and time taking. In this regard, our proposed measure can be fruitfully
applied in tackling such complex scenarios. For better visualization, a suitable numeri-
cal illustration of an investment company is contemplated.

Fourthly, we have shown how our proposed measure can also handle various COVID-
19 associated problems. In the first problem, we discuss the selection of the best medi-
cines for the treatment of COVID-19 infected patients. Initially, when the information
about the virus was very limited, there existed no such prescribed or specific treat-
ment to handle the virus. Healthcare officials resorted to certain therapies to minimize
the complications caused by the virus. Thus, our approach helped to select one such
optimal therapy or drug that can be recommended to COVID-19 active patients. Our
second problem discusses how in a developing country like India, the COVID-19 pan-
demic has expedited the number of hazardous wastes produced in a day. Those wastes
if not disposed of with the help of proper disposal techniques can cause major health
concerns. In this context, we demonstrate how our proposed measure can be used to
determine the optimum healthcare disposal technique so that chances of COVID-19
and other associated deadly diseases (resulting from waste disposals), may be further
minimized. Thirdly, we determine the best government intervention strategy that can
be adopted for the safety of the citizens in the Indian context. Such strategies have been
proven to be greatly effective in reducing the transmission rate of the virus.

Some key advantages of our article are:

One major advantage of our proposed method is that, although it is developed spe-
cifically for GTrIFNs, it is not only confined to them. We can deduce results for the
normalized fuzzy numbers, trapezoidal fuzzy numbers, triangular fuzzy numbers,
etc., from our proposed SM expression, as per our need. Moreover, certain other
higher extensions of the IFNs can be derived accordingly with the same proficiency
by following our detailed evaluation procedure.

Our evaluated mathematical forms for the “expected value” and “variance” of
GTrIFNs are simple, logical, and theoretically correct since the proposed defini-
tions do not conflict with the corresponding expressions obtained under the possibil-
ity theory environment. The calculative procedure might be different, but the final
result for the expressions must be the same, which is a fundamental property and
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our proposed measure satisfies that aspect comprehensively. This indicates that our
proposed measure is structurally stable and well formulated.

e Our proposed measure tends to overcome most of the deficiencies exhibited by the
existing measures, which is evident in several sections of the manuscript. Moreover,
our SM expression is easy to understand and is capable of producing rational out-
comes.

¢ Our proposed measure handles various issues related to COVID-19 very effectively
and at ease. The detailed evaluation procedure is logical and the ability to reach a
conclusion in such a daunting task surely indicates the legitimacy and reliability of
our proposed SM approach.

However, a few limitations of our work are:

e This article is deprived of the possibility theoretic concepts, and in the literature,
one can find articles in abundance, where possibilistic concepts bring interesting
implications. Moreover, there is a scope to establish a bridge between the “possibil-
ity theoretic” and “fuzzy set theoretic” concepts, so that we develop some hybrid
definitions from the best of two domains.

e Also, the normalization procedure deployed in this article, particularly in the group
decision making algorithm is more of a conventional one, and therefore, there is
room for improvement in the normalization technique as well.

In the future direction, we shall try to extend our proposed measure to interval-val-
ued IFNs to handle problems related to complex group decision making, medical diag-
nosis, risk analysis, pattern recognition, and image processing. We shall also evaluate
the forms for covariance and standard deviation of such fuzzy numbers. We shall seek
potential applications of our newly developed SM into reaching a consensus among the
experts involved in group decision making scenarios. Moreover, we shall think of some
bio-medical waste disposal techniques which will posea minimal threat to the environ-
ment. We shall also utilize different MCDM methods to introduce novel and robust
intervention strategies in near future. Furthermore, some recent relevant works related
to COVID-19 like forecasting with the help of time-series models like in Bocaletti et al.
(2020); Chakraborty and Ghosh (2020); Li and Feng (2020); Mandal et al. (2020);
Roosa et al. (2020), and studying the spatial and temporal patterns of COVID-19 in
various countries like in Melin et al. (2020b); Melin and Castillo (2021), can be consid-
ered. We also envision working with type-2 fuzzy logic that would provide better flex-
ibility to handle uncertainty in decision making problems like in Gonzalez et al. (2016);
Ontiveros et al. (2018).

Appendix A

Proof: We have already obtained the expression for expected value of GTrIFN, which is
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Appendix B

See Figs. 16, 17, 18, 19, 20, 21, 22, 23, 24, 25

@ Springer



Multicriteria group decision making via generalized trapezoidal...

3609

Membership Values
© © o o o o o o o
- N w S wn » ~ [or] o)

o

Fig. 16 Profile 1

Membership Values
© © ©o o o o o o o
- N w B [$)] ()] ~ [o2] ©

o

Fig. 17 Profile 2

2 “ 6 8 10
<([4,6,8,9];0.3),([3,5,8,9];0.4)>

2 - 6 8 10
<([4,6,6,8];0.2),([3,5,7,9];0.6)>

Membership Values
© o o o o o o o
N w S (] o] ~ o] ©

=
o

0

0

5
<([3,4,7,9];0.3),([2,4,7,9];,0.4)>

10

Membership Values
© o o o o o o o
N w BN w [e)] ~ 2] (o] -

o
a

0

2

4

6

8

10

<([4,6,6,8];0.2),([3,5,7,9];0.6)>

@ Springer



3610 P. Dutta, G. Borah

1F - ' 3 1 T
0.9} 1 0.9} 1
0.8 1 0.8 1

w071 1 »0.7f 1

o o

=) 2

T o6 1 So067 1

3 =3

5 05¢ 1 GO05¢ 1

go4r 1 go04r 1

D L3

= oaf { Zosf ]
0.2} 1 0.2} 1
0.1 1 0.1+ |

0 s 0 s s
2 4 6 8 10 2 4 6 8
<([4,6,6,81;0.3),([3,5,7,9];0.5)> <([3.,4,5,71;0.5),(12,4,6,8];0.2)>

Fig. 18 Profile 3

1F i 1F i
09} 1 09} 1
0.8} 1 0.8 1

» 0.7 1 & 07F E

(o5} o

=) 2

S 06 1 S067 1

= 2

G051 1 5057 |

[ [

o4 1 o4 1

= =
0.3 1 0.3+ ]
0.2t 1 0.2} |
0.1 . 0.1 J

0 0
2 4 6 8 10 2 4 6 8 10 12 14

<([4,6,8,9];0.1),([3,5,8,10];0.6)> <([5,9,9,11];0.4),([3,7,11,13];0.3)>

Fig. 19 Profile 4

@ Springer



Multicriteria group decision making via generalized trapezoidal...

3611

Membership Values
© © o o o o o o o
- N w B (6} [« ~ [e2] [(o]

o

Fig.20 Profile 5

Membership Values
© © o © © o o o o
- N w » [¢)] o0 ~ o] [le]

o

Fig.21 Profile 6

o

2 4 6 8
<([2,4,6,8];0),([1,3,6,8];1)>

0

2 4 6 8
<([2,4,6,7];1),([1,3,6,8],0)>

Membership Values

Membership Values

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

2 4 6 8 10
<([4.6.8.9];1).(13.5,8,91,0)>
2 4 6 8 10

<([4,6,7,9];0),([3,5,7,9];1)>

@ Springer



3612 P. Dutta, G. Borah

1F 3 1F 3
0.9} 1 0.9 1
081 1 0.8Ff J

w 0.7 1 & 0.7F _
(5} @
= 3
06 1 So06 1
=3 =
G057 1 057 1
@ L
go4ar 1 €04} 1
= =
03[ 4 03Ff ]
0.2} 1 0.2} 1
0.1F 1 0.1 1
0 0
3 4 5 6 7 8 2 3 4 5 6 7
<([4.5,5,71,0),([4.5.6,7];1)> <([3,4,4,6],0).(13.4.5,6];1)>
Fig.22 Profile 7

1F : 1F —
09 0.9 1
0.8 1 0.8 1

o 07 1 @& 0.7} 1
[} [l
= =
To6f 1 So6f 1
2 2
Zo5f 1 S o5} 1
@ 5]
€04y 1 goa4ar ]
L) D
=03 =03} 1
0.2f : 0.2 1
0.1 1 0.1r 1
0 . . 0
12 3 4 5 6 0 2 4 6

<([2,3,4,5];0.1),([1.5,2.5,4.5,5.5];0.8)> <([2.5,3.5,4.5,5.5];0.2),([1,2,5,6],0.6)>

Fig. 23 Profile 8

@ Springer



Multicriteria group decision making via generalized trapezoidal... 3613

b ] 1F ; i
0.9 1 0.9 1
0.8 1 0.8 1

0 071 1 @07} 1

o ()

3 2

§ 0.6 1 g 06F d

o o

£ 05¢ 1 05} 1

o @

o4} 1 204 1

= =
0371 1 0.3 1
021 1 0.2} 1
017 : 011 1

0 - : 0
0 2 4 6 8 0 2 4 6 8
<([2,4.,6,71;,0.1),([1,3,6,7];0.9)> <([2,4.6,71;0.9),((1,3,6,8];0.1)>

Fig. 24 Profile 9

1F : 1F 7
0.9 r 1 0.9 1
0.8r 1 0.8r 1
0.7 1 5 07F -
(3} (o)
= =
g 0.6 1 g 0.6 1
Qo 2
£05¢ 1 £o05¢f E
@ @
g04r 1 go4r ]
D D
= 03 = 0.3 1
0.2 1 0.2 1
0.1 0.1 ]
0 ‘ . 0 - .
0 2 4 6 8 2 4 6 8 10
<([2,4,6,7];0.1),([1,3,6,8];0.9)> <([4,6,7,9];0.1),([3,5,7,9];0.9)>

Fig. 25 Profile 10

Acknowledgements The authors would like to thank the anonymous reviewers for their valuable inputs and
insightful comments which helped to improve the paper significantly.

Author contributions Conceptualization, PD; methodology, PD, GB; formal analysis and investigation, PD,

GB; writing the manuscript, GB; revising the manuscript, PD Finally, both the authors have approved the
manuscript.

@ Springer



3614 P. Dutta, G. Borah

Funding This research did not receive any specific grant from funding agencies in the public, commercial,
or not-for-profit sectors.

Data availability No data were used to support the findings of the study performed.

Declarations

Conflict of interest Authors declare that they have no potential conflict of interest.

Ethical approval This article does not contain any studies with animals performed by any of the authors.

References

Atanassov K (1986) Intuitionistic fuzzy sets. Fuzzy Sets Syst 20:87-96

Bérbacioru IC (2016) Using MAPLE for ranking generalized trapezoidal intuitionistic fuzzy numbers. Ann
“Constantin Brancusi” University of Targu Jiu Eng Ser 2:34-38

Bellman R, Zadeh LR (1970) Decision making in a fuzzy environment. Manage Sci 17B(4):141-164

Boccaletti S, Ditto W, Mindlin G, Atangana A (2020) Modeling and forecasting of epidemic spreading: the
case of Covid-19 and beyond. Chaos Solitions Fractals 135:109794. https://doi.org/10.1016/j.chaos.
2020.109794

Castillo O, Melin P (2020) Forecasting of COVID-19 time series for countries in the world based on a
hybrid approach combining the fractal dimension and fuzzy logic. Chaos Solitons Fractals 140:110242.
https://doi.org/10.1016/j.chaos.2020.110242

Castillo O, Melin P (2021a) A novel method for a COVID-19 classification of countries based on an intel-
ligent fuzzy fractal approach. Healthcare 9:196. https://doi.org/10.3390/healthcare9020196

Castillo O, Melin P (2021b) A new fuzzy fractal control approach of non-linear dynamic systems: the case
of controlling the COVID-19 pandemics. Chaos Solitions Fractals 151:111250. https://doi.org/10.
1016/j.chaos.2020.111250

Chakraborty T, Ghosh I (2020) Real-time forecasts and risk assessment of novel coronavirus (COVID-19)
cases: a data-driven analysis. Chaos, Solitons Fractals 135:109850. https://doi.org/10.1016/j.chaos.
2020.109850

Chakraborty D, Jana DK, Roy TK (2015) Arithmetic operations on generalized intuitionistic fuzzy number
and its application to transportation problem. Opsearch 52(3):431-471

Chen CT (2009) Extensions of the TOPSIS for group decision-making under fuzzy environment. Fuzzy Sets
Syst 114:1-9

Chen SJ (2011) Measure of similarity between interval-valued fuzzy numbers for fuzzy recommendation
process based on quadratic operator. Expert Syst Appl 38:2386-2394

Chen SM, Chen JH (2009) Fuzzy risk analysis based on similarity measures between interval-valued fuzzy
numbers and interval-valued fuzzy number arithmetic operators. Expert Syst Appl 36:6309-6317

Chen SJ, Hwang CL (1992) Fuzzy multiple attribute decision making methods. In: Chen SJ, Hwang CL
(eds) Fuzzy multiple attribute decision making: lecture notes in economics and mathematical systems,
vol 375. Springer. Berlin, Heidelberg, pp 289-486

Chen YW, Yiu CPB, Wong KY (2020) Prediction of the SARS-CoV-2 (2019-nCoV) 3C-like protease
(3CLP™) structure: virtual screening reveals velpatasvir, ledipasvir, and other drug repurposing candi-
dates. F1000Research 9:129. https://doi.org/10.12688/f1000research.22457.2

Clinical Management Protocol (2020) COVID-19 Government of India Ministry of Health and Family Wel-
fare Directorate of General of Health Services. EMR Division

Das A, Dhar A, Goyal S, Kundu A, Pandey S (2021) COVID-19: Analytic results for a modified SEIR
model and comparison of different intervention strategies. Chaos, Solitons Fractals 144:110595.
https://doi.org/10.1016/j.chaos.2020.110595

Dice LR (1945) Measures of the amount of ecological association between species. Ecology 26:297-302

Dinagar DS, Helena EF (2019) Similarity measure on generalized trapezoidal intuitionistic fuzzy numbers
with centroid ranking. J Composition Theor 12(10):265-271

Dutta P, Boruah H, Ali T (2011) Fuzzy arithmetic with and without using -cut method: a comparative study.
Int. J. Latest Trends Comput 2(1):99-107

Fan C, Liu L, Guo W, Yang A, Ye C, Jilili M, Ren M, Xu P, Long H, Wang Y (2020) Prediction of epi-
demic spread of the 2019 novel coronavirus driven by spring festival transportation in China: a

@ Springer


https://doi.org/10.1016/j.chaos.2020.109794
https://doi.org/10.1016/j.chaos.2020.109794
https://doi.org/10.1016/j.chaos.2020.110242
https://doi.org/10.3390/healthcare9020196
https://doi.org/10.1016/j.chaos.2020.111250
https://doi.org/10.1016/j.chaos.2020.111250
https://doi.org/10.1016/j.chaos.2020.109850
https://doi.org/10.1016/j.chaos.2020.109850
https://doi.org/10.12688/f1000research.22457.2
https://doi.org/10.1016/j.chaos.2020.110595

Multicriteria group decision making via generalized trapezoidal... 3615

population-based study. Int J Environ Res Public Health 17:1679. https://doi.org/10.3390/ijerph1705
1679

Farhadinia B (2012) On the similarity measure of generalized fuzzy numbers based on geometric distance
and the perimeter concepts. In: Proceedings of the 12th Iranian Conference on Fuzzy Systems. Babol-
sar, Iran, pp: 1231-1234.

Farhadinia B, Ban AI (2013) Developing new similarity measures of generalized intuitionistic fuzzy num-
bers and generalized interval-valued fuzzy numbers from similarity measures of generalized fuzzy
numbers. Math Comput Model 57:812-825

Gani AN, Mohamed VN (2015) An algorithm for solving assignment problems with costs as generalized
trapezoidal intuitionistic fuzzy numbers. Int J Pure Appl Math 104(4):561-575

Garai T, Chakraborty D, Roy TK (2018) Possibility-necessity-credibility measures on generalized intuition-
istic fuzzy number and their applications to multi-product manufacturing system. Granular Computing
3(4):285-299

Ghosh P, Ghosh R, Chakraborty B (2020) COVID-19 in India: state-wise analysis and prediction. JMIR
Public Health Survey 6:20341. https://doi.org/10.1101/2020.04.24.20077792

Gonzalez CI, Melin P, Castro JR, Mendoza O, Castillo O (2016) An improved sobel edge detection method
based on generalized type-2 fuzzy logic. Soft Comput 20:773-784

Grifoni A, Sidney J, Zhang Y, Scheuermann RH, Peters B, Sette A (2020) A sequence homology and bio-
informatic approach can predict candidate targets for immune responses to SARS-CoV-2. Cell Host
Microbe 27:671-680.e2

Grzegrorzewski P (2003) The hamming distance between intuitionistic fuzzy sets. In: Proceedings of the
10th IFSA world congress. Istanbul, Turkey, pp: 35-38.

He Z (2020) What further should be done to control COVID-19 outbreaks in addition to cases isolation
and contact tracing measures? BMC Med 18:80-83

Herrera F, Herrera-Viedma E (2000) Linguistic decision analysis: steps for solving decision problems
under linguistic information. Fuzzy Sets Syst 115:67-82

Huang R, Liu M, Ding Y (2020) Spatial-temporal distribution of COVID-19 in China and its prediction:
a data-driven modeling analysis. J Infect Dev Countries 14:246-253

Hunwisai D, Kumam P, Kumam W (2019) A new method for optimal solution of intuitionistic fuzzy
transportation problems via generalized trapezoidal intuitionistic fuzzy numbers. Fuzzy Inform Eng
11(1):105-120

Hwang CL, Yoon K (1981) Multiple attribute decision making: methods and applications. Lecture Notes
Econ Math Syst 186:58-191. https://doi.org/10.1007/978-3-642-48318-9_3

Ibrahim IM, Abdelmalek DH, Elshahat ME, Elfiky AA (2020) COVID-19 spike-host cell receptor
GRP78 binding site prediction. J Infect 80:554-562

Ivanov D (2020) Predicting the impacts of epidemic outbreaks on global supply chains: a simulation-
based analysis on the coronavirus outbreak (COVID-19/SARS-CoV-2) case. Transp Res Part E
136:101922. https://doi.org/10.1016/j.tre.2020.101922

Jaccard P (1901) Distribution de la flore alpine dans le Bassin des Drouces et dans quelques regions
voisines. Bull de la Societe Vaudoise des Sciences Naturelles 37(140):241-272

Jamkhaneh EB (2016) A value and ambiguity-based ranking method of generalized intuitionistic fuzzy
numbers. Res Commun Math Math Sci 6(2):89-103

Kima MC, Choi KS (1999) A comparison of collocation-based similarity measures in query expansion.
Inform Process Manage 35:19-30

Li D (2011) Extension principles for interval-valued intuitionistic fuzzy sets and algebraic operations.
Fuzzy Optim Decis Making 10:45-58

Li Q, Feng W (2020) Trend and forecasting of the COVID-19 outbreak in China. J Infect 80:469—496

Liu X (1992) Entropy distance measure and similarity measure of fuzzy sets and their relations. Fuzzy
Sets Syst 52:305-318

Liu Z, Magal P, Seydi O, Webb G (2020) Understanding unreported cases in the COVID-19 epidemic
outbreak in Wuhan, China, and the importance of major public health interventions. Biology 9:50.
https://doi.org/10.3390/biology9030050

Majumder S, Kar S, Samanta E (2020) A fuzzy rough hybrid decision making technique for identifying
the infected population of COVID-19. Soft Comput. https://doi.org/10.1007/s00500-020-05451-0

Mandal M, Jana S, Nandi SK, Khatua S, Adak S, Kar TK (2020) A model based study on the dynam-
ics of COVID-19: prediction and control. Chaos, Solitons Fractals 136:109889. https://doi.org/10.
1016/j.chaos.2020.109889

Manupati VK, Ramkumar M, Baba V, Agarwal A (2021) Selection of the best healthcare waste disposal
techniques during and post COVID-19 pandemic era. J Clean Prod 281:12515. https://doi.org/10.
1016/j.jclepro.2020.125175

@ Springer


https://doi.org/10.3390/ijerph17051679
https://doi.org/10.3390/ijerph17051679
https://doi.org/10.1101/2020.04.24.20077792
https://doi.org/10.1007/978-3-642-48318-9_3
https://doi.org/10.1016/j.tre.2020.101922
https://doi.org/10.3390/biology9030050
https://doi.org/10.1007/s00500-020-05451-0
https://doi.org/10.1016/j.chaos.2020.109889
https://doi.org/10.1016/j.chaos.2020.109889
https://doi.org/10.1016/j.jclepro.2020.125175
https://doi.org/10.1016/j.jclepro.2020.125175

3616 P. Dutta, G. Borah

Melin P, Castillo O (2021) Spatial and temporal spread of the COVID-19 pandemic using self organ-
izing neural networks and a fuzzy fractal approach. Sustainability 13:8295. https://doi.org/10.3390/
sul3158295

Melin P, Monica JC, Sanchez D, Castillo O (2020a) Multiple ensemble neural network models with
fuzzy response aggregation for predicting COVID-19 time series: the case of Mexico. Healthcare
8:181. https://doi.org/10.3390/healthcare8020181

Melin P, Monica JC, Sanchez D, Castillo O (2020b) Analysis of spatial spread relationships of coro-
navirus (COVID-19) pandemic in the world using self organizing maps. Chaos, Solitons Fractals
138:109917. https://doi.org/10.1016/j.chaos.2020.109917

Mishra AR, Rani P, Krishankumar R, Ravichandran KS, Kar S (2021) An extended fuzzy decision-
making framework using hesitant fuzzy sets for the drug selection to treat the mild symptoms of
coronavirus disease 2019 (COVID-19). Appl Soft Comput 103:107155. https://doi.org/10.1016/j.
asoc.2021.107155

Mondal SP, Roy TK (2014) Non-linear arithmetic operation on generalized triangular intuitionistic fuzzy
numbers. Notes on Intuitionistic Fuzzy Sets 20(1):9-19

Nabi KN, Kumar P, Erturk VS (2021) Projections and fractional dynamics of COVID-19 with optimal con-
trol strategies. Chaos, Solitons Fractals 145:110689. https://doi.org/10.1016/j.chaos.2021.110689

Nehi HM (2010) A new ranking method for intuitionistic fuzzy numbers. Int J Fuzzy Syst 12(1):80-86

Ontiveros E, Melin P, Castillo O (2018) High order -planes integration: a new approach to computa-
tional cost reduction of general type-2 fuzzy systems. Eng Appl Artif Intell 74:186-197

Ren Z, Liao H, Lin Y (2020) Generalized Z-numbers with hesitant fuzzy linguistic information and its
application to medicine selection for the patients with mild symptoms of the COVID-19. Comput Ind
Eng 145:106517. https://doi.org/10.1016/j.cie.2020.106517

Roosa K, Lee Y, Luo R, Kirpich A, Rothenberg R, Hyman JM, Yan P, Chowell G (2020) Real-time forecasts
of the COVID-19 epidemic in China from February 5th to February 24th, 2020. Infect Dis Model
5:256-263

Salton G, McGill MJ (1987) Introduction to modern information retrieval. McGraw-Hill, New York

Si A, Das S, Kar S (2021) Picture fuzzy set-based decision-making approach using Dempster-Shafer theory
of evidence and grey relation analysis and its application in COVID-19 medicine selection. Soft Com-
put. https://doi.org/10.1007/s00500-021-05909-9

Sun CT, Wang Y (2020) Modeling COVID-19 epidemic in Heilongjiang province. Chaos, Solitons Fractals
138:109949. https://doi.org/10.1016/j.chaos.2020.109949

Tang Y, Wen LL, Wei GW (2017) Approaches to multiple attribute group decision making based on the
generalized Dice similarity measures with intuitionistic fuzzy information. Int J Knowl-Based Intel
Eng Syst 21:85-95

Ton AT, Gentile F, Hsing M, Ban F, Cherkasov A (2020) Rapid identification of potential inhibitors of
SARS-CoV-2 main protease by deep docking of 1.3 billion compounds. Mol Inform 39(8):1-7. https://
doi.org/10.1002/minf.202000028

Uthra G, Thangavelu K, Umamageswari RM (2017) An optimal solution for generalized trapezoidal intui-
tionistic fuzzy transportation problem. Adv Fuzzy Math 12(3):763-770

Wang YM, Parkan C (2005) Multiple attribute decision making based on fuzzy preference information on
alternatives: ranking and weighting. Fuzzy Sets Syst 153:331-346

Wang JQ, Zhang Z (2009) Aggregation operators on intuitionistic trapezoidal fuzzy number and its applica-
tion to multicriteria decision making problems. J Syst Eng Electron 20:321-326

Wang JQ, Nie RR, Zhang HY, Chen XH (2013) New operators on triangular intuitionistic fuzzy numbers
and their applications in system fault analysis. Inf Sci 251:79-95

Wei SH, Chen SM (2009) A new approach for fuzzy risk analysis based on similarity. Expert Syst Appl
36:589-598

World Health Organization (2020) Water, sanitation, hygiene and waste management for COVID-19: tech-
nical brief, 03 March 2020 (No. WHO/2019-NcoV/IPC_WASH/2020.1). World Health Organization

Wu ZB, Chen YH (2007) The maximizing deviation method for group multiple attribute decision making
under linguistic environment. Fuzzy Sets Syst 158:1608-1617

Xu ZS (2004) Uncertain multiple attribute decision making: methods and applications. Tsinghua University
Press, Beijing, pp 1-367

Xu ZS (2007) A method for multiple attribute decision making with incomplete weight information in lin-
guistic setting. Knowl Based Syst 20:719-725

Xu ZS (2010) A deviation-based approach to intuitionistic fuzzy multiple attribute group decision making.
Group Decis Negot 19:57-76

Xu L, Yang JB (2001) Introduction to multi-criteria decision making and the evidential reasoning approach.
Manchester School of Management, Manchester, pp 1-21

@ Springer


https://doi.org/10.3390/su13158295
https://doi.org/10.3390/su13158295
https://doi.org/10.3390/healthcare8020181
https://doi.org/10.1016/j.chaos.2020.109917
https://doi.org/10.1016/j.asoc.2021.107155
https://doi.org/10.1016/j.asoc.2021.107155
https://doi.org/10.1016/j.chaos.2021.110689
https://doi.org/10.1016/j.cie.2020.106517
https://doi.org/10.1007/s00500-021-05909-9
https://doi.org/10.1016/j.chaos.2020.109949
https://doi.org/10.1002/minf.202000028
https://doi.org/10.1002/minf.202000028

Multicriteria group decision making via generalized trapezoidal... 3617

Ye J (2009) Multicriteria fuzzy decision-making method based on the intuitionistic fuzzy cross entropy.
In: Proceedings of the international conference of intelligent human-machine systems and cybernetics.
Hangzhou, Zhejiang, 1: 59-61.

Ye J (2010) Fuzzy decision-making method based on the weighted correlation coefficient under intuitionis-
tic fuzzy environment. Eur J Oper Res 205:202-204

Ye J (2012a) Multicriteria group decision-making method using vector similarity measures for trapezoidal
intuitionistic fuzzy numbers. Group Decis Negot 21:519-530

Ye J (2012b) Multicriteria group decision-making method using distance-based similarity measure for intui-
tionistic trapezoidal fuzzy numbers. Int J Gen Syst 41:729-739

Yue Q, Zhang L, Yu B, Zhang LJ, Zhang J (2019) Two-sided matching for triangular intuitionistic fuzzy
numbers in smart environmental protection. IEEE Access 7:42426-42435. https://doi.org/10.1109/
ACCESS.2019.2906560

Zadeh LA (1965) Fuzzy sets. Inf Control 8(3):338-353

Zhang X, Liu P (2010) Method for aggregating triangular fuzzy intuitionistic information and its application
to decision making. Technol Econ Dev Econ 2:280-290

Zizovic MM, DamljanovicN ZMR (2017) Multi-criteria decision-making method for models with the domi-
nant criterion. Filomat 31(10):2981-2989

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under a publishing agreement with the

author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is
solely governed by the terms of such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1109/ACCESS.2019.2906560
https://doi.org/10.1109/ACCESS.2019.2906560

	Multicriteria group decision making via generalized trapezoidal intuitionistic fuzzy number-based novel similarity measure and its application to diverse COVID-19 scenarios
	Abstract
	Graphical abstract

	1 Introduction
	1.1 Motivation of our work
	1.2 Problem statement
	1.3 Objectives of our work
	1.4 Organization of the paper

	2 Preliminaries
	3 The proposed novel SM approach
	3.1 Expected value of a GTrIFN
	3.2 Variance of a GTrIFN
	3.3 Proposed approach
	3.4 Boundedness and non-linearity of our proposed measure
	3.5 Propositions

	4 Comparative analysis
	4.1 SM approach (Chen and Chen 2009)
	4.2 SM approach (Wei and Chen 2009)
	4.3 SM approach (Chen 2011)
	4.4 (SM approach (Farhadinia 2012)
	4.5 Cosine SM-based approach (Ye 2012a)
	4.6 Distance-Based SM Approach (Ye 2012b)
	4.7 SM approach (Tang et al. 2017)
	4.8 SM approach (Yue et al. 2019)
	4.9 SM approach (Dinagar and Helena 2019)
	4.10 Inferences from the analysis

	5 FMCGDM based on the proposed approach
	5.1 Numerical illustration
	5.1.1 Optimum investment by an investment company
	5.1.2 Comparative study


	6 Burning issues resulting from COVID-19 pandemic era
	6.1 COVID-19 medicine selection
	6.1.1 Comparative study

	6.2 Best strategy for healthcare waste disposal: a case study in Maharashtra, India
	6.2.1 Comparative study

	6.3 Government intervention strategies for fighting against COVID-19: a case study of India
	6.3.1 Comparative study

	6.4 Results and its managerial implications

	7 Conclusion
	Appendix A
	Appendix B
	Acknowledgements 
	References




