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Abstract

In today’s world, the demand for sustainable third-party reverse logistics providers (S3PRLPs) becomes an increasingly
considerable issue for industries seeking improved customer service, cost reduction and sustainability perspectives. How-
ever, the assessment and selection of right S3PRLP is a complex uncertain decision-making problem due to involvement of
numerous conflicting attributes, imprecise human mind and lack of information. Recently, Fermatean fuzzy set (FFS) has
been recognized as one of the suitable tools to tackle the uncertain and inaccurate information. In this paper, we introduce a
hybrid methodology based on CRITIC and EDAS methods with Fermatean fuzzy sets (FFSs) to solve the S3PRLP selection
problem in which the attributes and decision makers’ weights are completely unknown. In this framework, CRITIC approach
is applied to calculate the attribute weight and EDAS method is used to evaluate the priority order of S3PRLP options. To do
this, a new improved generalized score function (IGSF) is developed with its elegant properties. Also, a formula is discussed
to calculate the decision makers’ weights based on the developed IGSF. Next, developed framework is applied to assess a
case study of S3PRLP selection problem with Fermatean fuzzy information, which elucidates the usefulness and practical-
ity of the proposed method. Finally, comparative study is implemented to show the strength of introduced framework with
extant approaches. The outcomes of the work confirm that the introduced approach is more feasible and well-consistent with
the other extant approaches.
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FF-WPM Fermatean fuzzy-WPM

FFNs Fermatean fuzzy numbers

HFSs Hesitant fuzzy sets

HCWD Health-care waste disposal

IFSs Intuitionistic fuzzy sets

IGSF Improved generalized score function

IT2FSs Interval type-2 fuzzy sets

MCDM Multi-criteria decision-making

MOORA Multi-Objective optimization on the
basis of ratio analysis

IVPHFSs Interval-valued pythagorean hesitant
fuzzy sets

MOORA-G Gray Multi-objective optimization
by ratio analysis

MULTIMOORA Multi-objective optimization on the
basis of ratio analysis plus full multi-
plicative form

NDA Negative distance from average

NBD Non-belongingness degree

PDA Positive distance from average

PFSs Pythagorean fuzzy sets

PULTSs Probabilistic uncertain linguistic
term sets

RL Reverse logistics

SCM Supply chain management

SWARA Step-wise weight assessment ratio
analysis

S3PRLP Sustainable third-party reverse logis-
tics provider

TOPSIS Technique for order of preference by
similarity to ideal solution

VIKOR VlseKriterijumska Optimizcija [
Kaompromisno Resenje

WASPAS Weighted aggregated sum product
assessment

WPM Weighted product model

1 Introduction

During these times, good quality product, satisfaction of
customers’ requirements and existence in competitive mar-
ketplaces are elementary needs for any business. Indeed,
these requirements have become business principles,
prominent corporations to pursuit for different facets that
influence the purchasing options of users. Subsequently,
reverse logistics (RL) has become main feature for con-
tributing to the desirable outcomes of several enterprises.
RL comprises the actions related with the collection and
succeeding retrieval of used products (Fattahi and Govin-
dan 2017). The emerging implication of RL has supervised
numerous enterprises to design and reconstruct proce-
dures as a part of their sustainable development initiatives
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(Govindan et al. 2015; Banihashemi et al. 2019). Through
RL, products are displaced from their final terminus to a
new position, where their worth is considered and they
are managed to the manufacturing line again or appropri-
ately disposed (Tavana et al. 2016; Kannan et al. 2017).
Furthermore, eco-conscious customers incline to give
extra on eco-friendly products, increasing the revenue of
those businesses that utilize RL to achieve with the needs
of such consumers (Mavi et al. 2017; Zarbakhshnia et al.
2018).

RL management is one of the important issues in the
SCM, which mostly emphases on backward flow of prod-
ucts and raw materials from users to suppliers (Mavi et al.
2017). Growing environmental responsiveness and pro-
spective economic growth have determined ever more
corporations to outsource their logistics operations to
S3PRLPs (Mavi et al. 2017; Zarbakhshnia et al. 2018;
Li et al. 2018). In order to achieve the objectives of cost
savings and environmental sustainability, it is significant
for the firms to select the best S3PRLPs option. In recent
times, the assessment of 3PRLPs selection process has
received great attentions from the researchers. Numerous
scholarly articles have been presented for selecting the best
3PRLP alternative in the literature, however, more stud-
ies are required to manage the prioritizations of different
expertise, different environments and knowledge levels on
reverse logistics with the consideration of social, environ-
mental and economic dimensions simultaneously. Because
of increasing complexity and several constraints, it is not
always possible to explore the priorities more proficiently
and accurately in the best 3PRLPs selection.

The FSs doctrine (Zadeh 1965) has successfully been
employed in diverse 3PRLPs selection problem and proved
its powerful ability to tackle with imprecise and uncer-
tain information. As an extension of FSs, the theory of
FFSs (Senapati and Yager 2019a) has been proven as one
of the powerful platforms to deal with the imprecise and
uncertain information. The key characteristic of FFS is
the cube addition of BD and NBD is less than or equal to
1. Thus, the FFSs theory is more superior tool than FSs,
IFSs and PFSs. Based on its unique advantage, the paper
focuses under the environment of FFSs for the assessment
of S3PRLP selection. Inspired by the above studies and
literature, we introduce Fermatean fuzzy-CRITIC-EDAS
framework for assessing the S3PRLPs selection. Thus, this
is the first study which proposes a hybrid framework under
FFSs. The main contributions of the work are discussed
as follows:

1. A New improved generalized score function (IGSF) is
proposed for FFNs with their elegant properties.

2. An FF-CRITIC-EDAS framework is introduced to han-
dle the MCDM problemon FFSs.
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3. To determine the practicality and effectiveness of the
introduced framework, a case study of S3PRLP selection
is taken with FFNs.

4. A Comparative discussion is made with the extant mod-
els to validate of the developed framework.

The rest of paper is arranged as follows: Sect. 2 depicts
a comprehensive review related to present study. Section 3
shows the basic notions on FFSs and proposes a new IGSF
with its elegant properties. Section 4 introduces novel Fer-
matean fuzzy-CRITIC-EDAS approach to elucidate the
MCDM problems. Section 5 deliberates a case study of
S3PRLP selection and also discusses a comparative discus-
sion with the extant models. Section 6 spectacles the conclu-
sions and scope for future study.

2 Related works

In the current section, we present literature survey related
to the present study.

2.1 3PRLP Selection

Various criteria are involved in the evaluation of 3PRLPs
selection process, consequently, this selection process can be
observed as a MCDM problem. Existing studies on 3PRLP
selection problem confirm the emergent interest of scholars
and manufacturers. Over the last few years, copious MCDM
models have been established in the setting of 3PRLP
assessment problem. Realistic reverse logistics outsourcing
assessments are commonly prepared under imprecise and
vague environment due to multiple indicators, like as partial
ignorance, imprecise estimation, partial or inaccessible deci-
sion information (Saen 2010; Azadi and Saen 2011). Conse-
quently, crisp values are usually inappropriate to model such
type of practical decision conditions.

FS theory and their extensions have widely been
employed to cope with uncertain and vague information
occurred in realistic MCDM applications. Senthil et al.
(2014) suggested a combined model with AHP and TOP-
SIS approaches for evaluating an ideal reverse logistics
contractor. In a further study by Tajik et al. (2014), a deci-
sion-making framework was introduced for choosing most
suitable 3PRLP alternative by taking all three aspects of
sustainability on FSs. Later, Uygun et al. (2015) planned and
selected an outsourcing provider for a telecommunications
business by employing DEMATEL and ANP approaches.
Tavana et al. (2016) suggested a conceptual analytic network
model to thoroughly tackle the complex behavior of inter-
actions among the 3PRLPs assessment factors. Mavi et al.
(2017) presented SWARA method for weighting the assess-
ment criteria of 3PRLP in the plastics industry and further,

ranked the sustainable 3PRLP alternatives through MOORA
model within FSs context. Tavana et al. (2018) suggested
a combined method with the integration of ANP and grey
superiority and inferiority methods on IFSs for the assess-
ment of 3PRLPs selection process. Li et al. (2018) used a
combined cumulative prospect doctrine with hybrid-infor-
mation MCDM methodology for the evaluation of 3PRLPs
from sustainability perspectives. Zarbakhshnia et al. (2018)
weighted the assessment criteria through fuzzy SWARA
method and ranked the sustainable 3PRLPs by employing
COPRAS method under fuzzy environment. Liu et al. (2019)
suggested the BWM to research the selection of 3PRLPs
on IVPHFSs. Bai and Sarkis (2019) pioneered multi-stage,
multi-method, and multi-metric decision-making tool based
on TOPSIS, VIKOR and neighborhood rough set for the
evaluation of 3PRLP selection decision. Recently, Zarbakh-
shnia et al. (2020) established a framework with the AHP
and MOORA-G models for the assessment of 3PRLPs under
FSs. Zhang and Su (2020) introduced the heterogeneous
linguistic model with dominance degree to assess the best
S3PRLP for a car manufacture industry.

2.2 Fermatean fuzzy sets

The theory of FSs has broadly been received great attention
from the researchers for dealing with uncertain and impre-
cise information. In 1986, Atanassov (1986) presented the
idea of IFS, which is termed as belongingness degree (BD),
non-belongingness degree (NBD), and holds the condition
that the addition of BD and NBD is less than or equal to 1.
As an extension of IFSs, Yager (2014) initiated the notion of
PFSs. The PFSs are more powerful tool than IFSs for han-
dling the uncertain, vague and imprecise information arisen
in the realistic problems. Recently, numerous researchers
have explored the different concepts by considering the theo-
retical and practical aspects of PFSs. For instance, Rani et al.
(2019) proposed the VIKOR approach-based on entropy and
discrimination measures to handle the renewable energy
resources assessment in India. Rani et al. (2020a) developed
COPRAS method to select the pharmacological therapies
for type-2 diabetes disease. Rani et al. (2020b) assessed
and selected the healthcare waste treatment options using
SWARA and ARAS methods.

However, in numerous practical concerns, a group of
DMs may give the BD to which an alternative satisfies the
attribute is 0.8 and the NBD to which an alternative dissatis-
fies the attribute is 0.7. Here, we observe that 0.8 + 0.7 > 1
and 0.8% +0.72 > 1, as a result, the IFS and PFS are inca-
pable to tackle this concern. To handle such information,
Senapati and Yager (2019a) gave the doctrine of Fermatean
fuzzy set (FFS), which is termed as the BD and NBD and
the constraint that the cube sum of BD and NBD is less
than or equal to 1. Consequently, the FFS can efficiently
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solve the aforementioned concern. Also, FFSs can solve the
MCDM problems with more effective way and handle the
complex uncertain information. For example, Senapati and
Yager (2019a) pioneered the doctrine of FFSs and proposed
various basic concepts for solving decision-making problem.
Senapati and Yager (2019b) discussed numerous aggregation
operators with their elegant properties for FFSs and used
WPM to solve the MCDM problems (Senapati and Yager
2019c). Garg et al. (2020) studied several Fermatean fuzzy
aggregation operators and presented their application in
COVID-19 facility selection. Aydemir and Gunduz (2020)
proposed Dombi operators and their properties for FFSs.
Recently, there is no study related to the S3PRLP assessment
on FFSs context.

2.3 CRITIC method

In the MCDM process, various criteria weighting meth-
ods have been developed in the literature (Suh et al. 2019;
Mishra et al. 2020a; Rani et al. 2020c). The criteria weight
computation procedures are classified as objective weight
and subjective weight (Peng 2019). The CRITIC approach
(Diakoulaki et al. 1995) is one of the weighting models to
estimate the objective weights of the attributes using the
standard deviation and the correlation coefficient to quan-
tify the value of each attribute and computes the attribute
weights of MCDM procedure. Recently, several fusion mod-
els have been introduced by applying CRITIC with various
other MCDM methods (Yalcin and Unlu 2018; Adali and
Tus 2019). For example, Ghorabaee et al. (2017) discussed
a hybrid model with CRITIC and WASPAS methods to solve
the 3PRLPs with IT2FSs. Ghorabaee et al. (2018) presented
a combined MCDM model with the CRITIC, EDAS and
SWARA procedures. Peng et al. (2020) gave a CRITIC-
CoCoSo method for 5G industry assessment on PFSs. Wei
et al. (2020) initiated a hybrid model with GRA and CRITIC
methods to assess and choose the suitable site for EVCSs
under PULTSs environment. Peng and Huang (2020) dis-
cussed a hybrid model with CRITIC and CoCoSo methods
for financial risk assessment problem. Liang (2020) gave a
hybrid method with CRITIC and EDAS models under IFSs
to solve the MCDM procedures.

2.4 EDAS method

The objective of MCDM procedure is to select the best
option from a set of options under a set of various attrib-
utes. Currently, numerous MCDM approaches namely
COPRAS (Kumari and Mishra 2020; Mishra et al. 2020a),
CODAS (He et al. 2019; Zhou et al. 2020), ELECTRE (Fei
et al. 2019; Mishra et al. 2020b), MULTIMOORA (Tian
et al. 2017; Wu et al. 2020), TOPSIS (Aydemir and Gunduz
2020; Dammak et al. 2020), TODIM (Zindani et al. 2020,
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Mishra et al. 2020c), VIKOR (Rani et al. 2019; Krishanku-
mar et al. 2020), WASPAS (Ghorabaee et al. 2017; Mishra
and Rani 2018) and others have been discussed to solve the
MCDM problems on different uncertain environments. Each
MCDM procedure has been developed with different advan-
tages and disadvantages, though, the scholars usually select
an approach which is based on the nature and intricacy of
the problem.

The EDAS method (Ghorabaee et al. 2015) is an original
and efficient tool to solve the MCDM problem with conflict-
ing attributes. It utilizes the AVS for prioritizing the options
and describes the discrimination between the options and the
AVS according to the measures PDA and NDA (Ghorabaee
et al. 2016). Kahraman et al. (2017) used EDAS method for
assessing solid waste disposal location on IFSs. Gundogdu
et al. (2018) extended the EDAS model for assessing and
choosing the suitable hospital under HFSs environment.
Mi and Liao (2019) discussed a combined framework with
BWM and EDAS method with HFSs to assess insurance
projects. Zhang et al. (2019) extended the EDAS approach
to select the best green supplier. Han and Wei (2020) gave
multivalued neutrosophic EDAS model for dealing with the
MCDM problems. Mishra et al. (2020d) discussed para-
metric discrimination measure-based EDAS framework
for assessing the HCWD method on IFSs. In this study, we
develop a combined framework with CRITIC and EDAS
approaches for FFSs.

3 A new Fermatean fuzzy score function

This section introduces a new score function for Fermatean
Fuzzy Numbers (FFNs) which avoids the shortcoming of
existing score function (Senapati & Yager, 2019a,b). Here,
the first subsection presents the concept, score and accuracy
functions, and operational laws of FFSs. Based on this con-
cept, an improved score function for FFNs is developed in
the next subsection.

3.1 Prerequisites

Definition 3.1. Let A be a limited universe of discourse. In
2019, Senapati and Yager (2019a) firstly presented the con-
cept of FFS, which is mathematically expressed as.

T = { (i (br(@y), nT(ti))>‘ti € A}’

wherein b, : A — [0, 1] represent the belongingness
degree (BD) of an element f; € A in FFS and
ny @ A — [0, 1] signify the non-belongingness degree
(NBD) of an element #; € A in FFS. For every ¢; € A, it
satisfies the condition 0 < (bT(ti))3 + (nT(tl-))3 < 1.The
indeterminacy degree of FFS is expressed by
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TL'T( ) \/l - b3( ) n3T(tl-), Vt; € A.For simplicity,

Senapati and Yager (2019a) called (b.(t,), ny(t,)) as a Fer-
matean fuzzy number (FFN), given by 4 = (b » ,1) where
by, n; € [0, 1],7,= {1 = b3 —nland 0 < b5 + n) < 1.
Definition 3.2. Let A = (bz’ n,) be a FEN. Then, the score
and accuracy functions of A are defined as follows (Senapati
and Yager 2019a, b):

0,0 = (b;)° = () and S, (A) = (b,)’ + (n,)’, where
~1 < @, < land0 < §,(A) < 1.

Thus, to rank two FFNs 4, = (b, , n; )and A, = (b, , n, ),
we have the following comparative scheme (Senapati and
Yager 2019a, b):

(1) Ifg, ( ) > g (/12), then 4, is larger than 4,, denoted
by 4, > 4,;

(i) If g, ( ) ( 2), then

(iii) if 3, (4,) > a( »), then 4, is larger than 4,, denoted
by 4, > 4,;

(iv) ifS,(4;) < S,(4,),then A, is smaller than 4,, denoted
by A, < 4,;

) if §,(4;) = S.(4,), then 4, is identical with 4,,
denoted by 4, = 4,.

Definition 3.3. Assume that A = (b,, n,), 4, = (bzl.’ ”,1,)
and 4, = (b b ,12) are three FFNs. Now, the operational
laws are summarized as follows:

D) A = (n, b,);
2) AyNnA = (mm{b/1 . by, } max{n1 NS
3) A U4, = (max {bi‘, b, }, mm{n,ll, nlj),
H d @ dy = (6] + 03 - b

5 A ® Ay = (b0, {/vi + vi - vi] viz);

3 _ 3
3 b/‘w biz ", . n, 7,
b, >b,,n;, <min{ n, , ——
1= ' n c A A Ay A
6) 4,04 = —b, M b

©,1),
7 14 = <{/1 - (1-83)", (ni)l>, 1> 0;
8) A = T<(b,l)', /1 (1- nj)’>, 1> 0.

3.2 Improved generalized score function (IGSF)
for FFN

otherwise;

This section develops an IGSF for any FFN 4, = (b], n]),
and is presented as

@l (4) = 81+ (n +n)(1- 51— ). 0

Here, v, , v, > 0 signifies the performance of the pro-
posed IGSF and y; + ¥, = 1. In addition, y; and y, provide
the weighted average of the indeterminacy degree between
the BD and NBD.

Theorem 3.1: Fora FFN 4; = (b], nj) the IGSF g7 (.) satis-
fies the following:

pL. (0, 1)) = 0and 7((1,0)) = 1.
p2. An IGSF @, ( ) is increasing monotonically w. r.
t.b;and is decreasmg monotonically w. r. 1. n;.

Proof pl. When 4; = (0, 1) or 4, = (1, 0), then according to
Eq. (1), the IGSF@J (A )attalns the least value ‘0’ or utmost
value ‘1', respectively. It follows that 0 < g*(4;) < 1.

p2. To prove this part, differentiate Eq. (1) partlally W.I.t.
bj, then we have

YD i+ 1 ) (111 )

=35 (n+n) 20

In the similar way, the first partial derivative of Eq. (1)
w.r.t. n; is presented as follows:

@ (&)

on, —3b;n]2 (yl + yz) <0.

Thus, the theorem is proved.

Remark 3.7 When we comparing any two FFNs

= (0.5, 0.5) and 4, = (0.4, 0.4), we can observe that
the score function given by Definition 3.2 (Senapati and
Yager 2019a, b) is unable to distinguish the difference
between the given FFNs because g, (4,) = ,(4,) = 0,
whilst the developed IGSF (1) can successfully deal with
this example and therefore, we have g*(4,) = 0.2188 and
@7 (4,) = 0.1198.Hence, 4, > 4,.This verifies the validity
of the proposed score function over the existing one.

Here, Fig. 1 presents the value of score function go*(4;)
w.r.ty,r,>0, v +y,=1and at (bj, nj) = (0.8, 0.7).
The color of each pair (yl , yz) on the simplex demonstrates
the score value of the fixed Fermatean fuzzy numbers. As the
value of y, and y, become larger, the value of g ( )becomes
better. Similarly, Fig. 2 presents the value of score function
@' (A;)wrt.bjand n;aty, =y, = 0.5. The color of each pair
(bj , nj) on the simplex presents the deviation on score func-
tion of the fixed Fermatean fuzzy numbers. As the value of b,
become larger, the value of g (/lj) becomes superior.
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Alternatively, the effects of diverse values of y, and y,
on the preference order of the FFNs has been examined
and their equivalent score values are summarized in Fig. 1
and Fig. 2. From the Figs. 1 and 2, it has been concluded
that with the increase of y; from O to 1 (or simultaneously
decreasing the value of y, from 1 to 0) the relative score of
the FFNs increases. Also, from Remark 3.1, relative score
of the FFNs increases but the overall ranking of the FFNs
remain unaltered. Thus, based on these different parameter
values, system analysis or decision maker may possess the
power to alter the ranks of the FFNs.

4 Novel Fermatean fuzzy-based decision
making method

Ghorabaee et al. (2015) originated the notion of EDAS
method as an effective tool for solving MCDM prob-
lems with conflicting criteria. In this method, the optimal
solution is estimated based on the distance from average

Fig.1 IGSF go* (4;) w.r.t.
parameters y; , y,, at
(b, n;) =(0.8,0.7).

n

Generalized Improved Score Function

Fig.2 The function g (/lj)
w.r.t. parameters bj , 1y, at
n=r=205

Generalized Improved Score Function
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solution. Therefore, there is no need to estimate the ideal
and anti-ideal solutions. This is the key benefit of the EDAS
approach. As FFS is one of the new ways to deal with the
uncertainty of real-life applications. So, in this section, we
combine the CRITIC and EDAS approaches with FFSs for
solving complicated decision-making problems and named
as Fermatean fuzzy CRITIC-EDAS (FF-CRITIC-EDAS)
(see Fig. 3).

Step 1. Problem description

Consider that {Kl, K, .., Kp} be a set of options and
{Nl, N,, ..., Nq} be a criterion set. Let us suppose that a
group of decision makers (DMs) {01, 0,, .., Or} presents
their judgments on each option K; concerning a criterion N,
in terms of FFNs. Assume that
M, = (ﬁ;’”) G=1,2,..p.j=1,2, ...g) be the Fer-

matean fuzzy decision matrix (FF-DM) offered by the k"
DM, in which ﬂl,(jk) signifies the evaluation information of an

option K; w.r.t. criterion N, in the form of FFNs.
Step 2. Determination of DMs’ weights
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In order to compute the significance degrees of DMs,

first of all, consider the significance degrees of the DMs in Here, y; 2 0 and z v =1

term of FFNs. Now, suppose W = (bk, nk) be the importance Step 3. Aggregate the individual opinions of DMs

rating of k™ DM expressed by an authority in terms of FFN, In the MCDM problem, it is important to merge all the
then the formula for the computation of kX DM’s weight is  individuals’ opinions of DMs into a collective opinion to
presented as follows: form the aggregated Fermatean fuzzy decision matrix

D1+ (v, +7)(1 =0 —n?
W= — [ (1 2)( k k)] ,k=1,2,-.-,r,7/1+J’2=1971’Y2>0- )

IE (B[1+ (n +12) (1 =5 =m)])

Goal: Evaluation of S3PRLP
Selection Q
=£ B

= PR 4

U m i Reverse

U Logistics

Literature Review of the !
>

Assessment of Sustainable Third-
Party Reserve Logistic Provider Decision Experts Knowledge

I I

Construct Aggregated FF-Decision Matrix and Calculate the Expert’s Weights

Decision matrix for DEs with Compute the aggregated
each alternative over criteria FF-decision matrix

\

Apply FF-CRITIC Method to Evaluate the Criteria Weights

Compute DEs’
weights

Assessment ratings in terms
of FFNs for each expert

Estimate the standard
deviation O

\l,_‘

| Calculate the correlation coefficient
=0 Z .~ 1( 7 t) between criteria pairs 7,

[1]:

Compute the score = _ ( ) N Calculate the - ( ,5”) R
pxq Y pxq

function matrix - standard FF-matrix

Compute the objective Calculate the quantity of information

weight of each criterion

\

Fermatean Fuzzy Evaluation Based on Distance from Average Solution (FF-EDAS) Method

Calculate the average solution matrix (¢),) Compute PDA and NDA

according to all criteria matrices from average matrix
v
Calculate the appraisal Calculate the weighted sum of PDA and NDA
score for all alternative and its normalize values for all alternatives
C,i=1(1)m z", 29, N and N i=1(1)m

Y

Select the Optimal S3PRLP Alternatives (ps ((C,))

Fig.3 Proposed decision making method
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(A-FFDM). To facilitate this, FF-weighted averaging opera-

tor (FFWAO) is employed on FF-DM and let Z = (Zij)qu’

i=1,2,..,pj=12, .., q) bethe A-FFDM, where
d 3\ L Vi
i k k
. ;!—! <1 - (bl.j> ) /!-! <nu> : 3)

Step 4. Evaluate the criteria weight by employing CRITIC
technique

Firstly, consider that X = )T be the

weight of the criterion set with @; € [0, 1]and Z w; =L
j=1

Now, the computation procedure of CRITIC method is pre-

sented in the following steps:

Step 4.1. Evaluate the score matrix Z = (K‘ii>pxq,

1» ey
(w w,

wherein

K = b3[1+ " +y2)(1 —b3—nl/>] )

Step 4.2. Switch the score matrix E into a standard Fer-
matean fuzzy matrix & = (&)

pxq

Ki— K-

v J .

kF— k7’ JENy
D R )
u K;'—Kl-j

kF— k7’ J €Ny

J J

where k- = min k; and Kj+ = max k.
. - i

l
Step 4.3. Estimate the criteria standard deviations with
the use of following formula:

Q)

where k; = U/p

Step 4.4. Calculate the correlation between criteria with
the use of following formula:

Jt — E ] . E ] ~ 2' (7)
i;(’fz‘j‘ j) i; (’fz’r—’fz)

Step 4.5. Evaluate the quantity of information of each
criterion by using

y=0; 3 (1-r;). ®)

t=1
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The better the ¢ is, the more information an attribute
contains, consequently the weight of evaluation attribute is
superior than that of other attributes.

Step 4.6. Calculate the weight of each criterion as follows:

b;

$o ©)
j=1

w; =

Step 5. Assess the average solution (AVS) associated to
the criteria
Oi=[£]1Xq @zu, i=12 ..p,j=12 ..9. (10

Step 6. Estimate the positive distance and the negative
distance from average solution matrix according as the ben-
efit and cost criteria

If Nj and N, are the set of benefit and cost criteria, respec-
tively, then the positive distance from average (PDA) and
the negative distancefrom average (NDA) are computed as

below:

Appa = [y],, ., and Aoy = |13, (1n
such that
0, z;0@¢
M’ ifjeN,
.= @;k (Ei) and
v max (0, EiG)Zij) .
— T ifjEN,
;) 12)
max (0, g; @zi]»)
—— T ifjeN,
el el
v max (0, z; O ;)
—— 9 Y ifjeN,,
;)

wherein h; and y; describe the positive and the negative
distances of assessment degrees of i option from the AVS
on jth criterion, respectively, and g7 (e ( ,) shows the score
value of AVS.

Step 7. Compute the weighted sum of PDA (ZE” > and

weighted sum of NDA (ZP) for all options by using the

following formulae:

AR @ @; hy, (13)

27 = @1y (14)

Step 8. For all options, determine the normalize values of
ZEH and Zl(._), given as
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)
N
i max. [@*(ZH—))] ’ (15)
z
N =1- ’ .
i ma, [@j(zg_)ﬂ (16)

Here, the terms ‘g7 (ZEJ’))’ and ‘@j(ZP)’ denote the
score values of weighted sum of PDA and NDA,
respectively.

Step 9. Evaluate the appraisal score for all options, given
as

C.

=3(NPeND). i=12, . (17

Step 10. Based on the score values g (C;) of appraisal
scores C; (i = 1, 2, ..., p), determine the ranking of the alter-
natives. As a result, the alternative with the highest appraisal
score is the most appropriate choice among the others.

Step 11. End.

5 Case study: S3PRLP selection problem

In this section, we present an illustrative example of Indian
electronics manufacturing firm to reveal the effectiveness
and potentiality of the proposed FF-CRITIC-EDAS meth-
odology. The considered manufacturing firm is situated in
Gurugram, India and at present, this firm has five S3PRLP
options (K|, K,, K5, K, Ks), correspondingly. In order to
process the present decision-making problem, we form a
group of three skilled decision makers (O, O,, O5). The
given S3PRLP options are evaluated on the basis of follow-
ing 13 attributes/criteria: Cost of pollution control (V,), Cost
of green product and eco-design (&V,), Green warehousing
(N3), Green R & D and innovation (V,), Environmental man-
agement system (Ns), Costs (N,), Flexibility (V;), Quality
(Ng), Technology capability (NVy), Health and safety practices
(Nyp), Social responsibility (N,;), Education Infrastructure
(N,,) and Employment Practices (N,3). The preferred criteria
in this study are taken from different resources. The descrip-
tions of these attributes are shown in Table 1. In this study,
the criteria N,, N, and Ny are of cost type and remaining
others are of benefit type.

The implementation procedures of FF-CRITIC-EDAS
method for the evaluation of S3PRLPs are as given below:

Step 1. Let us assume that the importance ratings of DMs’
judgements are given in the form of FFNs which as {(0.80,
0.50, 0.7133), (0.85, 0.45, 0.6655), (0.75, 0.55, 0.7440) }. Now,
the FF-DM is constructed in Table 2.

Steps 2-3: As the weights ofthe DMs’ as expressed by
the experts are conveyed in the form of FFNs. Next, with the
use of Eq. (2), the DMs’ weights are obtained in the follow-
ing crisp form: {¥, = 0.3341, ¥, = 0.3807, ¥ = 0.2852}.
Further, the evaluation opinions provided by three DMs are
aggregated with the use of Eq. (3) and then required A-FFDM
are presented in Table 3.

Step 4. In the step, the criteria weights are determined by
CRITIC approach, which as

Step 4.1. First, with the use of Eq. (4) and Table 3, the score
values of A-FFDM are evaluated.

Step 4.2. Convert the score matrix Z = (KU)pxq into the

standard FF-matrix 2 = (Kij)p g by employing the Eq. (5).

Steps 4.3—4.6. With the use of Egs. (6)—(8), the standard
deviation, correlation coefficient and quantity of informa-
tion of each factor are computed and presented in Table 4. By
employing Eq. (9), the criteria weights (w;) are estimated and
then shown in Table 4.

Steps 5-9. By employing Eq. (10) and Table 3, the AVS
matrix is computed and shown in Table 3. With the use of
formulae (11)-(17), the PDA and NDA based on types of cri-
teria, weighted sum of PDA and NDA for all alternatives, the
normalize values of weighted sum of PDA and NDA and the
appraisal score (Q‘) for all options are estimated and presented
in Tables 5, 6, respectively.

Step 10. On the basis of score function g*(C;) of
appraisal score (Ci), the option Kj; is the most optimal
choice and the ranking order of the S3PRLP alternatives is
K; > K, > K5 > K| > K,.

5.1 Comparative analysis

In this section, a comparison with Fermatean Fuzzy-TOP-
SIS (Senapati & Yager, 2019a) and Fermatean Fuzzy-WPM
(Senapati & Yager, 2019b) is presented to verify the robust-
ness of the proposed methodology.

5.1.1 Fermatean fuzzy-TOPSIS (Senapati and Yager 2019a)
method

The Fermatean Fuzzy-TOPSIS method involves the follow-
ing calculation procedures:

Steps 1-4. Same as FF-CRITIC-EDAS framework.

Step 5. In the present case study, N,, N, and Ny are cost
criteria and rest all are benefit criteria, therefore, there is a
need to normalize the A-FFDM.

Step 6. Estimate the Fermatean fuzzy positive and nega-
tive ideal solutions, presented as x™= {(0.578,0.688), (0.441,
0.722), (0.548, 0.477),(0.701, 0.563), (0.681, 0.556), (0.533,
0.777), (0.707, 0.635), (0.705, 0.556), (0.685, 0.588), (0.685,
0.554), (0.710, 0.604),(0.755, 0.638), (0.724, 0.581)} and
x~=1{(0.437, 0.753), (0.616, 0.712), (0.693, 0.544),(0.619,
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Table 1 Descriptions of the criteria for S3PRLP assessment

Aspects Criteria

References

Nature

Environmental Cost of pollution control (V,)

Meade and Sarkis (2002), Yayla et al. (2015), Roy et al. (2019),

Non-beneficial

Zarbakhshnia et al. (2018), Zhang and Su (2020)

Cost of green product and eco-design (N,) Saen (2010), Mavi et al. (2017), Tavana et al. (2018), Li et al.

Green warehousing (V)

Green R & D and innovation (N,)

Non-beneficial

(2018),

Li et al. (2012), Tavana et al. (2016), Zhang and Xu (2020), Beneficial
Zarbakhshnia et al. (2020)

Bai and Sarkis (2010), Mavi et al. (2017), Li et al. (2018), Tavana  Beneficial
et al. (2018)

Amindoust et al. (2012), Kannan et al. (2015), Sen et al. (2017), Beneficial

Environmental management system (Ns)

Roy et al. (2019)

Economic Costs (Ng) Saen (2009), Liou et al. (2011), Azadi et al. (2015), Sen et al. Non-beneficial
(2017), Zarbakhshnia et al. (2020)
Flexibility (V) Saen (2010), Liou et al. (2011), Govindan et al. (2012), Zarbakhsh- Beneficial
nia et al. (2018), Zhang and Xu (2020)
Quality (Nyg) Saen (2009, 2010), Mavi et al. (2017), Li et al. (2018), Tavana Beneficial
et al. (2018)
Technology capability (Ny) Kuo et al. (2010), Saen (2010), Tavana et al. (2016), Zarbakhshnia Beneficial
et al. (2018), Zhang and Xu (2020)
Social Health and safety practices (V) Saen (2010), Govindan et al. (2009, 2012), Diabat et al. (2014), Beneficial

Mavi et al. (2017),

Social responsibility (N;,)

Kuo et al. (2010), Biiyiikozkan and Cif¢i (2011), Jung et al. (2017), Beneficial

Roy et al. (2019)

Education infrastructure (N,,)

Employment practices (NV,3)

Saen (2009), Liu and Wang (2009), Kannan et al. (2017), Zhang Beneficial
and Xu (2020), Zarbakhshnia et al. (2020)
Boukherroub et al. (2017), Jung (2017), Tavana et al. (2018), Beneficial

Zarbakhshnia et al. (2018)

0.530), (0.641, 0.547), (0.615, 0.764), (0.671, 0.654), (0.658,
0.538), (0.631, 0.564), (0.664, 0.672), (0.657, 0.610), (0.701,
0.655), (0.625, 0.714)}, respectively.

Now, find out the distances between the alternatives K;
and the Fermatean fuzzy positive and negative ideal solu-
tions over the attribute N;.

Step 7. The relative closeness to the Fermatean fuzzy
positive ideal solution is determined by utilizing

Y;r = dis(zij, x+) =

h
w_,-J;[(w,_»,.f-(h;f)ﬁ(<n,.,»>3-<n,+>3)2+(<n..,»>3-<n;>3)z] and

Step 8: The preference order of S3PRLP options are
K, > K5 > K5 > K, > K,, thus, the option K| is the best
S3PRLP.

5.1.2 Fermatean fuzzy-WPM (Senapati and Yager 2019b)
method

Steps 1-5. Same as FF-CRITIC-EDAS approach.
Step 6. Based on Weighted Product Model (WPM), the
total relative significance of option K; is calculated using

§(K;))=® w;z;, i=1,2,..,p. Thus, we have
2 Pt

6(K;)=1{(0.654, 0.594), (0.660, 0.630), (0.690, 0.605),
(0.677, 0.609), (0.672, 0.598).

Therefore, the obtained values are R(K1)=0.589,
R(K,)=0.343, R(K3)=0.499, R(K,)=0.472, R(K5)=0.480.

@ Springer

Step 7. The score values of relative importance
degree of options are calculated as g7 (6(1{1)) = 0.422,,
@ (8(K,)) = 0421, %! (6(K3)) = 0476,
@ (6(K,)) = 0454 and g7’ (6(Ks)) = 0.450. The
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Table 2 Fermatean fuzzy
decision matrix for S3PRLPs
assessment

Table3 A-FFDM and AVS
matrix for S3PRLP assessment

K, K, K Ky K
N, 0,:(050,070)  0,:040,075)  0,:(0.60,0.65  0,:(0.50,0.75)  O;: (0.55,0.70)
0,:(0.40,070) 0, (045,075 0, (0.60,070) 0, (0.55,070) Oy (0.50,0.70)
04 (052,075  04:(048,0.76) 05 (055,072) Oy (0.52,0.76)  Oy: (0.54,0.75)
N,  0,;:(048,070)  0,:(0.60,072) O (0.65,068) 0 (0.550.75 O (0.60,0.65)
0y (045,072) 0, (050,0.78) 0, (0.60,0.72)  0,:(0.50,0.70)  Oy: (0.60,0.72)
0;:(0.40,075)  05:(055,075 04 (0.62,074) 0y (0.55075) Oy (0.58,0.70)
N, 0,:(060,040)  0,:(070,050) O (0.74,0.67)  0;:(0.70,069)  0;:(0.70,0.64)
0,:(0.55,0.50) 0y (0.72,0.58)  0,:(0.65,070) 0, (0.72,0.65)  Oy: (0.64,0.57)
0y (0.50,0.55) Oy (0.68,0.55) Oy (0.69,058) Oy (0.68,0.60)  Oy: (0.72,0.65)
N, 0,:(060,050) 0,067,055  0,:(0.72,0.50)  0,:(0.64,0.60)  O,: (0.64,0.51)
0,:(0.65, 0.55) 0,:(0.62, 0.58) 0,: (0.65, 0.58) 0,:(0.73, 0.55) 0,:(0.69, 0.65)
04 (0.63,0.58) 03 (0.68,0.52) 05 (0.68,055) Oy (0.75,054) Oy (0.71,0.54)
Ns  0;:(070,063)  0,:(0.60,058) 0 (0.73,0.56)  0,:(0.70,0.65)  O: (0.66,0.54)
0y:(0.65,059) 0y (0.69,0.54) 0, (0.68,0.62)  0,: (0.66,0.56)  Oy: (0.68,0.56)
05:(0.64,0.52) 05:(0.65, 0.52) 05:(0.67, 0.60) 05: (0.68, 0.60) 05:(0.73,0.57)
Ny 0,:(0.58,0.75) 0,:(0.50, 0.68) 0,:(0.51,0.77) 0,:(0.65,0.78) 0,:(0.58,0.76)
0,:(0.53,078) 0y (0.65,0.72)  0,:(052,076) 0, (0.63,0.76)  O,: (0.55,0.72)
0y (0.57,0.79) Oy (0.64.0.75) 0y (0.59,081) Oy (0.58,0.75)  Oy: (0.60, 0.74)
N, 0,:(068,062)  0,:(0.74,068  0,:(0.74,061)  0,:(0.67,0.55)  Oy: (0.64,0.57)
0,:(0.67,0.68)  0,:(0.71,0.63)  0,:(0.71,0.64) 0, (0.68,0.57) 0y (0.71,0.54)
04 (0.69,0.66) 0y (0.69,0.62) 05 (0.69,0.66) Oy (0.64,0.61)  Oy: (0.63,0.56)
Ny 0,:(0.69,053)  0,:(0.69,054)  0:(0.69,051) 0 (0.67,0.54) Oy (0.67,0.58)
0y:(0.71,048) 0, (0.71,062) 0, (0.73,0.59) 0, (0.69,0.52)  Oy: (0.71,0.56)
05 (0.67,0.56)  05:(0.73,0.50) 03 (0.72,0.57) 0y (0.63,0.56) Oy (0.73,0.54)
No  0;:(068,057)  0;:(0.67,0.59  0:(0.68,0.55  0,:(0.69,0.59)  0y:(0.65,0.54)
0,:(0.71,058) 0y (0.63,056) Oy (0.64,050) Oy (0.63,0.56) O (0.63,0.58)
05:(0.69, 0.62) 05:(0.61, 0.54) 05:(0.69, 0.54) 05:(0.61, 0.52) 05:(0.68, 0.59)
Ny 0,071,057  0,:(0.63,067)  0,:(0.73,0.69)  0,:(0.71,0.67)  Oy: (0.72,0.62)
0,:(0.69,0.53) 0y (0.71,0.69) 0, (0.67,0.64) O, (0.68,0.63)  Oy: (0.70,0.63)
04 (0.68,0.57) 03 (0.67,0.65) Oy (0.68,053) Oy (0.64,054) Oy (0.68,0.61)
Ny 0 (070,063) 0 (0.68,061)  0:(0.75,063)  0,:(0.65,058  0:(0.71,0.66)
0,:(072,0.67) 05 (073,0.68) 0y (0.69,057)  0,:(0.71,0.68) O (0.68,0.53)
04 (0.67,0.53)  03:(0.69,0.63) 05 (0.71,0.62) Oy (0.62,056)  Oy: (0.71,0.51)
Ny 0;:(071,066) 0, (0.78,061) 0 (0.69,052) Oy (0.74,0.66) Oy (0.72,0.61)
0, (0.70,0.67) 0y (0.77,0.64) 0y (0.70,0.57) 0 (0.78,0.61) 0y (0.73, 0.60)
04 (0.72,063) 05 (0.70,0.69) Oy (0.73,0.68) O (0.77,0.65)  Oy: (0.70, 0.62)
Ny 0,:(0.69,063)  0p:(0.60,071)  0p:(0.76,061) 0 (0.69,0.64) Oy (0.77,0.62)
0,:(0.74, 0.67) 0,:(0.63,0.72) 0,:(0.71, 0.63) 0,:(0.68, 0.63) 0,:(0.68, 0.55)
04 (0.68,0.65)  03:(0.67,0.71) 05 (0.66,0.61) Oy (0.67,0.65)  Oy: (0.74,0.58)
K, K, K Ky K Qi
N, (0470,0.714) (0.437,0.753) (0.578,0.688) (0.517,0.733) (0.523,0.714) (0.475,0.516)
N, (0.441,0.722) (0.546,0.751) (0.616,0.712) (0.526,0.731) (0.586, 0.690) (0.551, 0.721)
N;  (0.548,0.477) (0.693,0.544) (0.688,0.654) (0.693,0.648) (0.679,0.615) (0.667,0.583)
N, (0.619,0.530) (0.648,0.552) (0.677,0.544) (0.701,0.563) (0.672,0.569) (0.665, 0.551)
N5 (0.657,0.582) (0.641,0.547) (0.687,0.594) (0.672,0.600) (0.681,0.556) (0.668,0.575)
Ng  (0.553,0.773)  (0.597,0.715)  (0.533,0.777) (0.615,0.764) (0.568,0.739) (0.575,0.753)
N,  (0.671,0.654) (0.707,0.643) (0.707,0.635) (0.656,0.574) (0.656, 0.556) (0.681, 0.611)
Ng  (0.683,0.518) (0.701,0.557) (0.705,0.556) (0.658,0.538) (0.695,0.561) (0.689, 0.546)
Ny  (0.685,0.588) (0.631,0.564) (0.661,0.528) (0.639,0.542) (0.644,0.569) (0.653,0.558)
Ny (0.685,0.554) (0.664,0.672) (0.687,0.622) (0.672,0.615) (0.693,0.621) (0.680, 0.616)
Ny (0.690,0.614)  (0.693,0.642) (0.710,0.604) (0.657,0.610) (0.691, 0.564) (0.689, 0.606)
Ny, (0.701, 0.655) (0.747,0.643) (0.697,0.581) (0.755,0.638) (0.709, 0.609) (0.723, 0.625)
N3 (0.697,0.651) (0.625,0.714) (0.708,0.618) (0.672,0.639) (0.724,0.581) (0.688, 0.639)
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Table 4 The standard FF-matrix

== (fcij)pxq, SD, quantity of Ki K Ks K, Ks % Y i
information and weight value N, 0.216 0.000 1.000 0.484 0.551 0.338 2.983 0.0569
for each factor N, 1.000 0.501 0.000 0.588 0.168 0.348 5.306 0.1013
N, 1.000 0.000 0214 0.172 0212 0.349 3.904 0.0745
N, 0.000 0.334 0.724 1.000 0.601 0.341 5.108 0.0975
Ns 0.271 0.000 0.973 0.543 1.000 0.390 3.563 0.0680
N, 0.771 0.060 1.000 0.000 0.488 0.390 3.157 0.0603
N, 0.000 0.945 1.000 0.062 0.132 0.455 5.744 0.1097
Ny 0.641 0.905 1.000 0.000 0.749 0.352 3.828 0.0731
N, 1.000 0.000 0.725 0.231 0.248 0.366 3375 0.0644
Ny 1.000 0.000 0.728 0.436 0.856 0.355 3.168 0.0605
N, 0.592 0.517 1.000 0.000 0.807 0.337 3.074 0.0587
Ny, 0.000 0.831 0.258 1.000 0.354 0.371 6.199 0.1183
Ny 0.647 0.000 0.796 0.476 1.000 0.339 2.972 0.0567
Table5 PDA and NDA X, 5, X, X, X
matrices for S3PRLP selection
N, Appy  (0.00,1.00) (0.00, 1.00) (0.454,0.872)  (0.00, 1.00) (0.396, 0.903)
Ayps (000, 1.00) (0.357,0.616)  (0.00, 1.00) (0.541,0.648)  (0.00, 1.00)
N,  Appy  (0.00,1.00) (0.284,0.837)  (0.00, 1.00) (0.485,0.939)  (0.00, 1.00)
Ayps (000, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.507, 0.864)
Ny Appy  (0.00,1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
Ayps (000, 1.00) (0.463,0.869)  (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
N, Appy  (0.00,1.00) (0.00, 1.00) (0.359,0.971)  (0.00, 1.00) (0.00, 1.00)
Ayps (000, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
N5 Appy  (0.00,1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.371,0.931)
Ayps  (0359,0.975)  (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
Ny Appy  (0.475,0.895)  (0.00, 1.00) (0.588,0.859)  (0.00, 1.00) (0.00, 1.00)
Ayps (000, 1.00) (0.443,0.841)  (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
N, Appy  (0.00,1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
Awps  (0.354,0.854)  (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
Ny Appy (000, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
Ayps  (0.00,1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
Ny Appy (000, 1.00) (0.00, 1.00) (0.319,0.885)  (0.00, 1.00) (0.00, 1.00)
Ayps  (0.00,1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.331,0.952)
No  Appy  (0277,0.806)  (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
Ayps  (0.00,1.00) (0.422,0.809) (0.0, 1.00) (0.00, 1.00) (0.00, 1.00)
Ny Appy (000, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.213, 0.864)
Ayps  (0.00,1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
Ny Appy (000, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
Ayps  (0.476,0.905)  (0.00, 1.00) (0.00, 1.00) (0.00, 1.00) (0.00, 1.00)
N Appy (000, 1.00) (0.00, 1.00) (0.437,0.934)  (0.00, 1.00) (0.524, 0.839)
NDA  (0.00, 1.00) (0.659,0.722) (0.0, 1.00) (0.00, 1.00) (0.00, 1.00)

preference order of options are as K; > K, > K5 > K| > K.
Hence, the alternative Kj is the best choice among the given
S3PRLPoptions.

Based on Fermatean fuzzy-TOPSIS method, the
preference ordering of the S3PRLP alternatives is
K, > K3 > K5 > K, > K,, and thus, the option K| is the
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best choice. Similarly, with the use of Fermatean fuzzy-
WPM, the final ranking of the S3PRLP alternatives is
K; > K, > K5 > K, > K, and thus, K; is the most desir-
able option. Figure 4 presents the graphical representation
of ranking of the options by different approaches. Conse-
quently, we can see that the desirable S3PRLP alternative,
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Table 6 Evaluation parameters

NE+> Nz('_) Ci fﬁz (C,) Rankings

S3PRLP z®) AR

of FF-CRITIC-EDAS approach i i

for S3PRLP selection K, (0.201,0.980) (0.278, 0.970)
K, (0.133,0.982) (0.339, 0.923)
K, (0312,0.969) (0.000, 1.000)
K, (0.230,0.994) (0.214, 0.976)
Ks (0.254,0.971) (0.254,0.982)

(0.606, 0.543) (0.277,0.490) (0.503,0.516) 0.221
(0.412,0.573) (0.166,0.825) (0.336,0.687) 0.062
(0.851,0.377) (1.000,0.000) (1.000,0.000) 1.000
(0.681,0.821) (0.422,0.417) (0.589,0.585) 0.326
(0.738,0.405) (0.328,0.325) (0.622,0.363) 0.411

W N = A

i.e., (K3) is same by using Fermatean fuzzy-WPM and intro-
duced approach, whereas the ranking result somewhat dif-
fer by Fermatean fuzzy-TOPSIS approach and the desirable
choice is K;. Also, by comparing with Tavana et al. (2018)
and Li et al. (2018) approaches, the final ranking order of
the S3PRLP alternatives is K3 > K5 > K, > K, > K, and
K; > K, > K5 > K, > K|, respectively, therefore, the most
appropriate choice is K; among all other S3PRLPs.

The introduced methodology discussed in this study
is found proficient for solving the MCDM problems with
conflicting criteria. The main advantages of the proposed
method are listed as below:

— To deal with the ambiguity in the MCDM problems, all
input variables are taken into account as uncertain issues
described by Fermatean fuzzy numbers. The indetermi-
nacy degree is considered necessary independently in the
whole method and the options are put in rank utilizing
trade-off values of all three parameters, unlike Tavana
et al. (2018) wherein the IFSs have been applied, and Li

Fig.4 The significance degrees
of alternatives over different
methods

—o—Proposed FF-CRITIC-EDAS method =~ —#—FF-TOPSIS method

et al. (2018) wherein the FSs have been used a particular
case of the FFSs.

In the proposed method, the optimal criteria weights are
evaluated using the CRITIC approach, which combines
the individual contrast intensity and conflict between cri-
teria, thus provides more accurate results, whereas the
criteria weights are randomly chosen in Fermatean fuzzy-
TOPSIS (Senapati and Yager 2019a) and Fermatean
fuzzy-WPM (Senapati and Yager 2019b), and Tavana
et al. (2018) applies ANP model to evaluate subjective
weights of the criteria and Li et al. (2018) utilizes PCA-
AHP model to compute the criteria weights.

As compared to the Fermatean fuzzy-TOPSIS (Senapati
and Yager 2019a) and fuzzy-TOPSIS (Tavana et al. 2018)
approaches, in which the “positive ideal solution” and
“negative ideal solution” are calculated by the experts as
per their own facts, whilst in EDAS method, Fermatean
fuzzy weighted averaging operator is employed for the
determination of AVS, which is simple and free from the
impact of human concerns. Furthermore, the subtraction
procedure and IGSF of Fermatean fuzzy numbers is used

FF-WPM method
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to estimate the “PDA” and the “NDA” of each alterna-
tive. It can fruitfully evade the selecting distance measure
which needs to add or reduce the number of objects of
FFSs and lead to the distortion of information.

— The developed FF-CRITIC-EDAS framework is not only
appropriate for evaluating the MCDM problems under
FFSs context, but can also successfully tackle with the
MCDM problems under fuzzy sets, intuitionistic fuzzy
sets and Pythagorean fuzzy sets contexts. The introduce
methodology has the benefits of easy computation pro-
cess and fast information processing.

Some limitations of the proposed method are as follows:

— In the proposed FF-CRITIC-EDAS method, all criteria
are assumed to be independent. In reality, there are inter-
relationships among the criteria.

— This method has limitation in order to deal with a large
number of criteria.

5.2 Discussions

The past period has witnessed ever-increasing issue about
the disposal of customer goods, since numerous of these
materials comprise both large quantities of waste and con-
siderable amounts of toxic heavy metals. Manufacturers have
faced intensifying pressure from both governments and envi-
ronmentally concentrated committee to ‘reduce’, ‘recycle’,
and ‘reuse’ their industrial waste. Presently, RL has been
considered as a main concern. The operative management of
RL is useful to environmental safety, and it can carry the evi-
dent economic benefits to organizations. Many corporations
do not hold sufficient resource or capability to accomplish
their RL activities, thus they have to select the S3PRLP to
those activities.

In this study, a novel FF-CRITIC-EDAS method was used
to choose the suitable S3PRLPs for Indian manufacturing
company located in Gurugram, India. A case study is taken
to display some important insights regarding assessment cri-
teria and prominent S3PRLP options. To do this, proposed
IGSF is applied to compute the DMs’ weights, CRITIC
model is used to assess the importance value of criteria and
proposed EDAS method is implemented to rank the S3PRLP
options. The obtained results by proposed method show that
the option Kj is the most appropriate provider for this case.
Moreover, the comparative discussion with extant models is
also presented to elucidate the rationality of the introduced
method. Thus, we found that K; is the most suitable choice
among a set of S3PRLPs. As a consequence, the proposed
model has significant information that can be utilized by
administrators in taking strategic or operational decisions
in S3PRLPs evaluation.

@ Springer

Without loss of generality, the proposed framework would
be correspondingly appropriate to other concerns and differ-
ent organizations. It can also be applied as a standard pro-
cedure for service providers in guiding their modifications
to the processes and strategic instructions, so that they can
well assistance with client and societal potentials. Simulta-
neously, administrations and governing bodies can employ
the introduced method to study the relationships among eco-
nomic, environmental, and social concerns, and utilize the
outcomes to influence and reassure stronger law and strategy
execution on the sustainability.

6 Conclusions

The assessment of S3PRLP has become one of impor-
tant decisions for the enterprises in the modern competi-
tive market. The objective of this study is to introduce a
MCDM methodology for assessing and selecting the optimal
S3PRLP option on FFSs. To do this, firstly novel IGSF has
been proposed to compare the options. Secondly, a hybrid
framework based on CRITIC and EDAS methods with FFSs
has been developed to solve the MCDM problems, wherein
the DMs and attribute weights are completely unknown. In
this framework, IGSF-based procedure has been proposed
to compute the DMs’ weights and the attribute weights have
been calculated by applying CRITIC approach. Further, a
case study of S3PRLP selection has been taken to elucidate
the practicality and effectiveness of the introduced frame-
work. For this, an evaluation index process for S3PRLPs has
been organized, which comprises three prime aspects. These
aspects are characterized into five, four and four criteria,
respectively, which are broadly deliberated according to the
existing literatures. The CRITIC approach determines the
weights of the considered criteria, which as Education infra-
structure (0.1183), Flexibility (0.1097), Cost of green prod-
uct and eco-design (0.1013), Green R & D and innovation
(0.0975), Green warehousing (0.0745), Quality (0.0731),
Environmental management system (0.0680), Technology
capability (0.0644), Health and safety practices (0.0605),
Costs (0.0603), Social responsibility (0.0587), Cost of pol-
lution control (0.0569) and Employment practices (0.0567).
Next, by employing the EDAS method, the priority order of
S3PRLPs is obtained as K3 > K, > K5 > K; > K,.Next,
comparison with extant models has been made to validate
the introduced framework. The outcomes verify that the
introduced model has good proficiency and strength than
the extant models. In addition, the introduced approach not
only offers the priority order of the S3PRLP options but
also illustrates the attributes performances in the S3PRLP
selection.

In future, we will work on diverse MCDM approaches
(namely, CoCoSo, WASPAS, MULTIMOORA or DNMA)
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to select the optimal S3PRLP under FFSs context. Also, we
will implement the introduced framework to the different
problems, namely, EVCS site evaluation, HCWD method
assessment, green supplier assessment, and other decision-
making problems.
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