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a b s t r a c t 

Digital supply chains (DSCs) are collaborative digital systems designed to quickly and efficiently move informa- 
tion, products, and services through global supply chains. The physical flow of products in traditional supply 
chains is replaced by the digital flow of information in DSCs. This digitalization has changed the conventional 
supplier selection processes. We propose an integrated and comprehensive fuzzy multicriteria model for supplier 
selection in DSCs. The proposed model integrates the fuzzy best-worst method (BWM) with the fuzzy multi- 
objective optimization based on ratio analysis plus full multiplicative form (MULTIMOORA), fuzzy complex pro- 
portional assessment of alternatives (COPRAS), and fuzzy technique for order preference by similarity to ideal 
solution (TOPSIS). The fuzzy BWM approach is used to measure the importance weights of the digital criteria. The 
fuzzy MULTIMOORA, fuzzy COPRAS, and fuzzy TOPSIS methods are used as prioritization methods to rank the 
suppliers. The maximize agreement heuristic (MAH) is used to aggregate the supplier rankings obtained from the 
prioritization methods into a consensus ranking. We present a real-world case study in a manufacturing company 
to demonstrate the applicability of the proposed method. 
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. Introduction 

Manufacturing companies are facing many challenges, including sat-
sfying global competitiveness requirements, compensating for the po-
ential lack of adaptability, and designing efficient go-to-market strate-
ies due to the rapid technological and digital advances in supply chains
SCs) [124] . These challenges are compounded by dynamic customer
emands and a wide variety of external frictions. Therefore, more flexi-
ility and agility are needed to accelerate order processing and improve
raceability and transparency of order tracking systems [142] . In this
ense, emerging new technologies and digitalization are already gener-
ting important changes in SCs in terms of transparency, security, and
eliability. ( [34 , 142] a; Wang et al., 2019). 

A digital supply chain (DSC) delivers products from origin to des-
ination by electronic means [61] . It combines digital tools, strategies,
nd methods to support communication among employees, customers,
nd suppliers [134 , 172] . DSCs have many benefits, such as, for instance,
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he cost-effectiveness of services and the development of value-creating
ctivities useful to many actors in the ecosystem, including the com-
anies and their employees, customers, and suppliers [105] . The key
ole played by suppliers in improving the performance of DSC com-
anies and maintaining their strategic competitiveness is undeniable.
hus, supplier evaluation can be considered one of the most important
ecision-making activities faced by a company. 

The assessment and selection of suppliers are performed by a team
f decision-makers (DMs) who deliver evaluations/judgments based on
heir expertise and personal experience. In doing so, DMs usually con-
ider contradictory criteria [72] . As a consequence, they may make the
rong decisions and perform an inappropriate selection of suppliers. In

his sense, Multiple Criteria Decision-Making (MCDM) techniques can
e applied to help to obtain reasonably good solutions. 

Given that DSCs represent a competitive advantage for organizations
nd selecting the most suitable suppliers has a significant effect on the
erformance of DSCs, the questions to address are the following. 
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• How can the suppliers in a DSC be evaluated and the best one se-
lected? 

• How can we define an MCDM model able to provide a practical and
efficient solution? What are the MCDM techniques that allow for
ranking the suppliers in a DSC through a methodical but easy-to-
implement procedure? 

• What are the evaluation criteria to use for supplier selection in DSC?
• How can the uncertainty inherent to the DMs’ evaluations be inter-

preted and formally incorporated in a ranking procedure? 

To best address these questions, the proposed model integrates the
uzzy Best-Worst Method (BWM) with the fuzzy Multi-Objective Opti-
ization based on Ratio Analysis plus full multiplicative form (MUL-
IMOORA), the fuzzy COmplex PRoportional ASsessment (COPRAS)
ethod, and the fuzzy Technique for Order Preference by Similarity

o Ideal Solution (TOPSIS). The Maximize Agreement Heuristic (MAH)
25] is applied to integrate the supplier rankings obtained by the differ-
nt methods in a final consensus ranking. 

All the MCDM chosen to create the integrated model are well-
ounded and widely used approaches to assess alternatives. COPRAS,
ULTIMOORA, and TOPSIS have been effectively used in integrated

rameworks and within both crisp and fuzzy environments to analyze
 large number of real-life case studies. They all share the same initial
tep of creating a fuzzy decision matrix, but from the definition of the
eighted normalized decision matrix, they involve different compari-

on rules and reference points. The variety of technical tools employed
hrough these ranking methods allows an integrated setting to yield ro-
ust and sound results. 

As for the MAH method, the agreement maximizing strategy behind
his method makes it one of the most valid consensus ranking methods.
he simplicity, flexibility, and general performance of MAH add to the
easons for preferring it to other consensus ranking methods in many
ractical implementations [185] . 

Overall, the main contributions of this research can be summarized
s follows. 

• It proposes a systematic and efficient approach to the supplier selec-
tion problem in a DSC. 

• It develops an integrated and comprehensive fuzzy multicriteria
model to evaluate and select the alternatives allowing for direct com-
parisons between approaches and more robust results. 

• It uses triangular fuzzy numbers (TFNs) to account for the ambiguity
and uncertainty deriving from the vagueness and imprecision asso-
ciated with DMs’ subjective evaluations. 

• It includes a real-world case study whose results show the applica-
bility of the integrated fuzzy-based methodology. 

• The proposed approach can be realistically implemented to rank sup-
pliers in a DSC setting but also naturally adapted to solve other real-
life selection problems characterized by ambiguous and uncertain
data. 

The remainder of the paper is organized as follows. In Section 2 , we
rovide a review of the recent literature on MCDM, DSCs, and supplier
valuation and selection. The supplier evaluation criteria used in the
roposed model are extracted from the literature review. In Section 3 ,
e introduce the proposed integrated framework. In Section 4 , we
resent a case study to demonstrate the applicability of the proposed
ramework. A sensitivity analysis is included to validate the results
btained. Managerial implications are outlined in Section 5 , while in
ection 6 we present our conclusions and some future research direc-
ions. 

. Literature review 

The following subsections provide a review of the recent works pub-
ished on MCDM and fuzzy MCDM, BWM, MULTIMOORA, and fuzzy
ULTIMOORA, COPRAS, and fuzzy COPRAS, TOPSIS and fuzzy TOP-

IS, SC and DSC, supplier selection, and fuzzy supplier selection models.
150 
.1. MCDM and fuzzy MCDM 

Multi-criteria decision-making (MCDM) can be defined as a formal
nd structured decision-making approach for solving intricate problems
ith contradictory criteria [132] . MCDM provides a systematic method-
logy that helps DMs to rank alternatives [125] and make decisions also
hen subject to very complex conditions [69 , 219] . More precisely, the
ptimal alternative is selected after analyzing a set of alternatives on
ultiple, often conflicting, criteria [91 , 147] . 

Several MCDM techniques have been applied to supplier selection
ver the last two decades: Analytical Hierarchy Process (AHP) [200] ;
nalytic Network Process (ANP) [83] ; VIKOR (Jun [217 , 222] ); Tech-
ique for Order Preference by Similarity to Ideal Solution (TOPSIS) [16] ;
imulation–optimization [46 , 47] ; particle swarm optimization [108] ;
ecision Making Trial and Evaluation Laboratory (DEMATEL) [45 , 84] ;
limination and Choice Translating Reality (ELECTRE) [210] ; Pref-
rence Ranking Organization Method (PROMETHEE) [22 , 63] ; Simple
dditive Weighting (SAW) [196] ; Additive Ratio Assessment (ARAS)
nd SAW [36] ; Stepwise Weight Assessment Ratio Analysis (SWARA)
11 , 79] ; Weighted Aggregated Sum Product Assessment (WASPAS)
126] ; Complex Proportional Assessment (COPRAS) [150] ; Best-Worst
ethod (BWM) [148] , MULTIMOORA [214] . 

DMs’ knowledge and time are limited, and their opinions are often
ffected by vague and/or uncertain judgments. Due to this fact, MCDM
odels have been expanded using a fuzzy set theory (R. L. J. W. H.

219] ). Nowadays, fuzzy sets [211] are considered the most effective
ool to formalize and solve MCDM problems [188] , where it is necessary
o account for fuzzy decisions and fuzzy environments. 

Popular fuzzy techniques for MCDM that have been used over the last
wo decades to formalize and solve supplier selection problems include
uzzy AHP [39] , fuzzy ANP [194] , fuzzy COPRAS [60] , fuzzy DEMATEL
41] , fuzzy goal programming [106] , fuzzy MULTIMOORA [170] , fuzzy
WARA [129 , 164] , fuzzy TOPSIS [95] , fuzzy VIKOR [160] , and fuzzy
ASPAS [9 , 102] . 

.1.1. A review of BWM 

The BWM is an effective MCDM for assigning importance weights to
valuation criteria through pairwise comparisons between (1) the best
lternative and all other alternatives; and (2) the worst alternative and
ll other alternatives [8 , 27 , 55 , 89] . BWM has been used in combination
ith a variety of MCDM approaches to suggest solution patterns to di-
erse assessment problems. Bahrami et al. [18] used BWM for weighting
riteria and sub-criteria and combined it with the ARAS method, Kumar
t al. [107] used BWM in combination with the VIKOR method, Gupta
68] used BWM and Fuzzy TOPSIS to assess the performance of organi-
ations, Rezaei et al. [149] used BWM and SERVQUAL for an analysis
f the perceived service quality of a baggage handling system, Gupta
nd Barua [70] identified barriers to green innovation for SMEs and
sed BWM together with fuzzy TOPSIS, Ijadi Maghsoodi et al. [90] used
WM and Combinative Distance-Based Assessment (CODAS) for a hy-
rid approach for site selection, Tavana et al. [187] proposed a new
ierarchical fuzzy BWM and used it for sustainable supplier evaluation
nd selection. 

.1.2. A review of MULTIMOORA and fuzzy MULTIMOORA 

The MOORA and MULTIMOORA methods were proposed by Brauers
nd Zavadskas in 2006 and in 2010, respectively ( [29] ; 2010). MOORA
as been used to solve a wide range of management-related optimation
roblems characterized by the presence of conflicting objectives, such
s, for example, product design and production process structuring prob-
ems [6 , 38 , 59] . 

MULTIMOORA consists of three main phases, with MOORA being
ne of them. Indeed, MULTIMOORA includes a ratio system (RS) ap-
roach (i.e., MOORA method), a reference point (RP) approach, and
 Full Multiplicative Form (FMF) approach (Ceballos et al., 2016;
49 , 73] a; [74] ). 
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MULTIMOORA is more effective than MOORA, and it is considered
ne of the most robust multi-objective optimization tools [30 , 43] since
t satisfies all the six conditions of robustness through the integration of
hree or more methods. 

A comprehensive review of the MULTIMOORA method is presented
y Hafezalkotob et al. [74] . However, we would like to mention a few of
he recent applications of this technique. MULTIMOORA has been used
o rank supplier performance evaluation [97 , 114 , 171 , 186] to evaluate
isk [54 , 116 , 197 , 221] , to evaluate and select product designs [168] ,
o approach material selection problems ( [73] a; [214] ), to optimize the
hoice of agricultural machines and tools [77] , to optimally decide min-
ng methods [111] , to evaluate science and technology projects [195] ,
o choose logistics partners [17] , to rank recycling modes of electric
ehicle power batteries [48] , to identify prioritization of failure modes
42] . 

The fuzzy version of the MULTIMOORA method was first proposed
y Brauers et al. [28] . Since then, several researchers have been express-
ng their interest in the study of applications and extensions of fuzzy
ULTIMOORA [20 , 21 , 64 , 75 , 169] . 

The most recent applications of fuzzy MULTIMOORA in the litera-
ure include personnel selection [20] , risk evaluation [54] , site selection
113 , 145] . 

.1.3. A review of COPRAS and fuzzy COPRAS 

COPRAS is a multiple attribute decision-making method developed
y Zavadskas et al. [215] . This method calculates the solution by con-
idering the best solution ratio. It exploits the proportionate and di-
ect association between the importance-efficiency measures of previ-
usly checked versions and a system of criteria and weights according
o which the values of the alternatives are estimated. [202] . 

In recent research papers, the COPRAS method has been applied
o relative performance measurement problems [44] , supplier selection
roblems [101] , rapid prototyping system selection [123] , alternative
valuation problems [146] , COVID-19 regional safety assessment [81] . 

The fuzzy variant of the COPRAS approach was developed by Zavad-
kas and Antucheviciene [213] , whose work opened the way to a wide
ealm of research opportunities. Just to mention a few examples, the
uzzy COPRAS method has been used to carry out risk analyses of crit-
cal infrastructures [201] , to green supplier selection [119] , to select
he best maintenance strategy [56] , to solve supplier selection prob-
ems [135] , to provide performance measures in total productive main-
enance [191] , to rank renewable energy sources [10] . 

.1.4. A review of TOPSIS and fuzzy TOPSIS 

The TOPSIS technique was initially introduced by Hwang and Yoon
86] . This method is mainly used for ranking alternatives ( [161] ; Madjid
181] ) and provides a convenient approach to untangle MCDM prob-
ems since the proposed solutions are extracted from a reduced set of
ariables [78] . TOPSIS is built on the fundamental concepts of positive
deal solutions (PIS) and negative ideal solutions (NIS) and requires the
est alternative to be the one situated both at the smallest distance from
he PIS and at the greatest distance from the NIS [103 , 109] . 

Through the years, TOPSIS has been applied to solve a large variety
f problems, often combined or integrated with other MCDM techniques.
ome recent applications include the selection of computer-integrated
anufacturing technologies [87] , risk assessment in FMEA [7] , supplier

election [26] , ranking potential links in multiplex networks [19] . 
The fuzzy TOPSIS technique was initially used by Chen [40] to ana-

yze MCDM scenarios where it is necessary to address the indetermi-
acy characterizing DMs’ judgments and assessments ( [156] ; Madjid
183] ). It was immediately shown to outperform the traditional TOP-
IS approach when considering MCDM problems whose variables and
olutions are affected by uncertainties intrinsic to DMs’ assessments
 [165 , 166] ; Madjid [184] ). 

The recent literature on MCDM witnesses the vast range of applica-
ion of fuzzy TOPSIS to real-life selection problems, such as service se-
151 
ection [117] , virtual enterprise partner selection [207] , risk assessment
50] , business competition analysis [190] , robot selection and rapid pro-
otyping process selection [193] , selection of warehouse locations [15] ,
ssessment of renewable energy goals [167] . 

.2. Supply chains and digitalization 

The concept of SC is known to researchers and managers since the
arly 1980s. An SC can be defined as “a network of organizations ” in-
erlinked, both upwards and downwards, through a series of activities
nd procedures that provide final users with finished products and ac-
ive services [82 , 127 , 137] . The activities of an SC comprise the move-
ent of natural and raw materials from suppliers to manufacturers,

heir transformation into finished products, and their delivery to cus-
omers [24 , 31 , 144] . An SC involves retailers, manufacturers, and sup-
liers, working together to obtain customer satisfaction. More gener-
lly, the different parties involved in an SC are interested in the move-
ent of materials, money, and information/data across the supply chain

141 , 152] . 
Digitalization is a process integrating the cloud, real-time connec-

ivity, and advanced analytics. This process is increasingly impacting
everal private and public dimensions of the socio-economical context.
t is changing the structure of value chains and the dynamics of firm be-
avior, influencing investments and saving plans, affecting productivity
nd consumption, altering the way employment and work are perceived,
onditioning individuals’ skills and competition rules, redesigning busi-
ess models and how business is conducted, guiding growth and indus-
ry [139] . Last but not least, digitalization is increasingly affecting SCs.

Introducing digitalization in SCs means using digital data and tech-
ologies in all the activities of an SC with consequent continuous incor-
oration of progressive changes in the managerial practices of all the
ompanies [155] . DSCs allow to enhance processes, boost functions and
ctivities, improve production, promote flexibility, increase revenue,
nd create new business opportunities [92] . Technology and digital pro-
esses support the interconnection among people. This yields more and
ore transparent information flows, which are immediately available to

he organizations, their suppliers, and their potential customers [155] .
igital technology favors the introduction of smart factories and pro-
uction, as well as the expansion of logistics networks [92] . 

Traditional SCs are linear and focus on the movement of products
hrough silos. Indeed, in a traditional SC, the suppliers provide raw
aterials to the producers, the producers ship finished products to the
istributors, the distributors pass on selected amounts of the products
o the retailers who ultimately sell the products to the customers (see
igure 1 ). In contrast, in a DSC, digitalization brings down the silos while
he entire SC becomes an integrated system visible to all the players, in-
luding the suppliers, producers, distributors, retailers, and customers
see Figure 2 ). 

.3. Supplier selection and fuzzy supplier selection models 

Suppliers constitute one of the essential components of an SC since
hey provide all the necessary materials and services throughout the
ntire manufacturing process [205] . Manufacturing companies use sup-
lier selection procedures to select suitable suppliers. The selection pro-
ess requires the employment of a significant amount of human and
nancial resources, some of which may be wasted, leading to increased

actories’ costs. To avoid cost increases, it is then fundamental to use
ppropriate methods for selecting and evaluating suppliers [37] . In this
ense, decision-making techniques provide an extensive and reliable
ealm of opportunities, allowing supplier selection problems to be ap-
roached in many different ways. 

A large variety of models has been proposed over the last five years.
ost of them are hybrid fuzzy models with the capability of consider-

ng uncertainties. Tables 1 and 2 show only some of the most recent
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Fig. 1. Traditional supply chain. 

Table 1 

Recent supplier selection models. 

Techniques Methods Type Authors 

MCDM AHP and Delphi Combined model [23] 
AHP-Entropy-TOPSIS Combined model [57] 
AHP- ER Combined model [143] 
SWARA, QFD, and WASPAS Combined model [206] 
ELECTRE Single model [52] 
FMEA Single model [110] 
COPRAS, DEMATEL and QFD Combined model [205] 
AHP and VIKOR Combined model [121] 
PROMETHEE Single model [1] 
ANP-TOPSIS Combined model [99] 
TOPSIS Single model [174] 
Rough DEMATEL and FVIKOR Combined model [218] 
DEMATEL, FMEA, and EDAS Combined model [203] 
AHP-ARAS-MCGP Combined model [58] 
TOPSIS Single model [136] 
AHP and QFD Combined model [204] 

Mathematical Programming (MP) Goal programming Single model [93] 
Data Envelopment Analysis Single model [122] 
Linear programming Single model [66] 

Artificial Intelligence (AI) techniques Genetic Algorithm Single model [163] 
Bayesian Networks Single model [51] 
Rough Set Theory Single model [85] 
Neural Networks Single model [157] 
Colony Algorithm Single model [120] 
Clustering Algorithm Single model [220] 

Table 2 

Recent fuzzy supplier selection models 

Techniques Methods Type Authors 

Fuzzy MCDM Fuzzy TOPSIS, Goal programming Combined model [88] 
FVIKOR Single model [208] 
FVIKOR Single model [151] 
FMLMCDM, FTOPSIS, and 
FMOORA 

Combined model [128] 

FAHP, ARASF, and MSGP Combined model [112] 
IT2 FSs-based TODIM Combined model [153] 
BWM and fuzzy TOPSIS Combined model [69] 
Fuzzy set, TODIM, PROMETHEE, 
Fuzzy-TOPSIS, Fuzzy-VIKOR 

Combined model [154] 

Fuzzy AHP and Fuzzy MOORA Combined model [14] 
BWM, Fuzzy TOPSIS, and FMOLP Combined model [118] 
Fuzzy AHP-TOPSIS Combined model [94] 
Fuzzy MOORA and FMEA Combined model [13] 
Fuzzy MADM, TBL, QFD, and 
Fuzzy VIKOR 

Combined model [115] 

ANN, FAHP, and FTOPSIS Combined model [209] 
AHP Sort II, Interval type-2 fuzzy 
sets 

Combined model [199] 

Fuzzy VIKOR Single model [198] 
Rough-fuzzy DEMATEL-TOPSIS Combined model [41] 
Spherical fuzzy AHP Single model [158] 
Fuzzy SWARA and Fuzzy ARAS Combined model [192] 

Fuzzy Mathematical 
Programming (MP) 

Fuzzy multi-objective 
optimization 
Fuzzy goal programming 

Combined model [131] 

Fuzzy Linear programming Single model [4] 
Fuzzy Data Envelopment Analysis Single model [53] 

Fuzzy Artificial Intelligence (AI) 
techniques 

Fuzzy Neural Networks Single model [96 , 133] 
Clustering Method ( type-2 fuzzy 
set ) 

Single model [80] 

152 

https://www.sciencedirect.com/science/article/pii/S1568494615006018
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Fig. 2. Digital supply chain. 
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odels (since 2015) that have been proposed to support supplier selec-
ion and fuzzy supplier selection, respectively. The models have been
rouped into three categories in both tables: MCDM methods, mathe-
atical programming (MP) formulations, and artificial intelligence (AI)

echniques. 

.4. Supplier selection in DSC 

Being able to assemble an efficient and competitive chain relies on
he implementation of an appropriate supplier evaluation and selec-
ion method [57 , 176] . In particular, the increasing employment of out-
ourcing activities has strengthened companies’ dependence on suppli-
rs putting in the spotlight the need for reliable supplier selection pro-
edures. 

Supplier evaluation and selection procedures usually contemplate
iverse objectives ( [65] b), with suppliers having a significant impact
n supply chain profitability [216] . In a DSC, all partners, including
he suppliers, need to use technologies and innovations, that is, to be
igital. As shown in Figure 2 , digital suppliers play an essential role in
SC [5 , 139] . 

. Methodology 

.1. Proposed method 

We propose an integrated method for performing supplier evaluation
nd selection in DSCs, with the final ranking being achieved by employ-
ng fuzzy BWM, fuzzy MULTIMOORA, fuzzy COPRAS, and fuzzy TOP-
IS through a four-step procedure. First, several selection criteria are
eviewed, and the key ones for supplier selection within a DSC environ-
ent are identified (Phase 1). Second, experts’ opinions are collected,

nd the importance weights of the criteria are calculated by fuzzy BWM
Phase 2). Third, fuzzy MULTIMOORA, fuzzy COPRAS, and fuzzy TOP-
IS are used in three distinct and parallel phases (Phase 3, Phase 4,
nd Phase 5, respectively) to rank the suppliers. Fourth, the rankings
btained by applying fuzzy MULTIMOORA, fuzzy COPRAS, and fuzzy
OPSIS are integrated with MAH [25] to achieve a consensus ranking
Phase 6). A sensitivity analysis can be performed to validate the rank-
ngs obtained and further endorse the choice of employing MAH as a
onsensus ranking method. 

Through all the phases of the proposed method (Phases 1 to 6), we
ake the following key assumptions regarding the experts’ evaluations.
153 
• All the experts’ evaluations are affected by ambiguity and uncer-
tainty that derive from the vagueness and imprecision inherent to
any subjective evaluation process. 

• All the experts’ evaluations are formalized using TFNs. That is, all the
pairwise comparisons and weights involved in the different phases
are initially expressed in terms of TFNs. 

• All the experts are confident in their evaluations and there are no
external conditions creating further uncertainty. That is, there is no
need to use more complex fuzzy tools such as intuitionistic, neutro-
sophic, and type-2 fuzzy numbers/sets. 

Fig. 3 provides a schematic representation of the proposed four-step
rocedure. Next, we describe the fuzzy BWM, fuzzy MULTIMOORA,
uzzy COPRAS, and fuzzy TOPSIS methods used in this study. 

.2. Fuzzy BWM 

BWM was proposed by Rezaei [148] and is used to assign the weights
f the criteria in a flexible manner [18 , 62 , 175] . In particular, this
ethod compensates for shortcomings such as inconsistency [162] . In

ontrast with other approaches such as AHP and ANP [2] allows it
ecreases the number of pairwise comparisons to be performed. The
eights of the criteria are assigned based on preference comparisons
f the best criterion over all the other criteria and of all the criteria
n the worst criterion. Preferences are evaluated on a scale between
 and 9 [138] . Moreover, secondary comparisons are not considered,
hich makes this approach more efficient and easy to use when assign-

ng weights in an MCDM problem [104 , 162] . 
The fuzzy BWM method was proposed by Guo and Zhao [67] to ac-

ount for the ambiguity and uncertainty intrinsic to human judgments.
ndeed, fuzzy BWM enables DMs to incorporate linguistic judgments into
he decision-making process (Ashkan [76] ). The steps of fuzzy BWM are
escribed below [67] : 

Step 1. Fix the set of criteria: { 𝐶 1 , 𝐶 2 , ..., 𝐶 𝑛 } 
Step 2. Decide the best (most important) criterion, B, and the worst

least important) criterion, W, by an expert or an expert team. 
Step 3. Perform the fuzzy preference comparisons for the best crite-

ion, B. The fuzzy preferences of B over all the criteria are expressed in
inguistic terms corresponding to a fuzzy preference scale. See Table 3 .
he fuzzy best-to-others vector is as follow: 

̃
 𝐵 = 

(
�̃� 𝐵1 , ̃𝑎 𝐵2 , ..., ̃𝑎 𝐵𝑛 

)
(1) 

here 
∼
𝑎 
𝐵𝑗 

denotes the fuzzy preference of B over 𝐶 𝑗 ( 𝑗 = 1 , 2 , ..., 𝑛 ). Note

hat 
∼
𝑎 
𝐵𝐵 

= ( 1 , 1 , 1 ) . 
Step 4. Perform the fuzzy preference comparisons for the worst cri-

erion, W. The fuzzy preferences of all criteria over W are expressed in
inguistic terms corresponding to a fuzzy preference scale. See Table 3 .
he fuzzy others-to-worst vector is as follows: 

̃
 𝑊 

= 

(
�̃� 1 𝑊 

, ̃𝑎 2 𝑊 

, ..., ̃𝑎 𝑛𝑊 

)
(2) 

here �̃� 𝑗𝑊 

denotes the fuzzy preference of 𝐶 𝑗 ( 𝑗 = 1 , 2 , ..., 𝑛 ) over W. Note

hat 
∼
𝑎 

𝑊 𝑊 

= ( 1 , 1 , 1 ) . 
Step 5. Find the optimal fuzzy weight vector ( ̄𝑤 1 , �̄� 2 , ..., �̄� 𝑛 ) . 
Given the fuzzy preferences 

∼
𝑎 
𝐵𝑗 

and 
∼
𝑎 

𝑗𝑊 

, with 𝑗 = 1 , 2 , ..., 𝑛 , the opti-

al weights are those minimizing the maximum between the abso-
ute differences |�̄� 𝐵 ∕ �̄� 𝑗 

− �̃� 𝐵𝑗 | and |�̄� 𝑗 ∕ �̄� 𝑊 

− �̃� 𝑗𝑊 

|. Interpreting all the

eights as TFNs, we let �̄� 𝑗 = ( 𝑙 𝑤 
𝑗 
, 𝑚 

𝑤 
𝑗 
, 𝑢 𝑤 

𝑗 
) , �̄� 𝐵 = ( 𝑙 𝑤 

𝐵 
, 𝑚 

𝑤 
𝐵 
, 𝑢 𝑤 

𝐵 
) and �̄� 𝑊 

=
 𝑙 𝑤 
𝑊 

, 𝑚 

𝑤 
𝑊 

, 𝑢 𝑤 
𝑊 

) represent the fuzzy weight of 𝐶 𝑗 , B and W, respectively.
hus, assuming that the weights sum up to one and the non-negativity
onstraints are satisfied, the fuzzy BWM model can be formulated as
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Fig. 3. Schematic diagram of the proposed 
methodology.. 

Table 3 

Linguistic variables. 

Linguistic variables for the fuzzy BWM 

[67] 
Linguistic variables for the fuzzy MULTIMOORA, 
fuzzy COPRAS, and fuzzy TOPSIS 
[12] 

Linguistic variables Fuzzy Scale Linguistic variables Fuzzy Scale 
Equally importance (EI) (1,1,1) Very low (VL) (0,0,0.2) 
Weakly importance (WI) (2/3,1,3/2) Low (L) (0,0.2,0.4) 
Fairly importance (FI) (3/2,2,5/2) Medium (M) (0.2,0.4,0.6) 
Very importance (VI) (5/2,3,7/2) High (H) (0.4,0.6,0.8) 
Absolutely importance (AI) (7/2,4,9/2) Very High (VH) (0.6,0.8,1) 

f

m

𝑠

𝑗

𝑙

𝑙

m
𝑠|||||||
𝑗

𝑙

𝑙

ollows [67] : 

in max 
𝑗 

{ ||||�̄� 𝐵 ∕ �̄� 𝑗 
− �̃� 𝐵𝑗 

||||, |||�̄� 𝑗 ∕ �̄� 𝑊 

− �̃� 𝑗𝑊 

|||
} 

.𝑡 ∶ 
𝑛 ∑
=1 

𝑅 

(
�̄� 𝑗 

)
= 1 , 

 

𝑤 
𝑗 
≤ 𝑚 

𝑤 
𝑗 
≤ 𝑢 𝑤 

𝑗 
, ∀𝑗 = 1 , ..., 𝑛 

 

𝑤 
𝑗 
≥ 0 , ∀𝑗 = 1 , ..., 𝑛 

(3) 
154 
Model (3) can be re-written as follows: 

in ̃𝜉
.𝑡 ∶ 
�̄� 𝐵 ∕ �̄� 𝑗 

− �̃� 𝐵𝑗 

|||| ≤ 𝜉, ∀𝑗 = 1 , ..., 𝑛 
�̄� 𝑗 ∕ �̄� 𝑊 

− �̃� 𝑗𝑊 

||| ≤ 𝜉, ∀𝑗 = 1 , ..., 𝑛 
𝑛 ∑
=1 

𝑅 

(
�̄� 𝑗 

)
= 1 , 

 

𝑤 
𝑗 
≤ 𝑚 

𝑤 
𝑗 
≤ 𝑢 𝑤 

𝑗 
, ∀𝑗 = 1 , ..., 𝑛 

 

𝑤 
𝑗 
≥ 0 , ∀𝑗 = 1 , ..., 𝑛 

(4) 
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Table 4 

Consistency index values for pairwise comparisons in fuzzy BWM. 

Linguistic terms Equally important (EI) Weakly important (WI) Fairly important (FI) Very important (VI) Absolutely important (AI) 

�̃� 𝐵𝑊 (1, 1, 1) (2/3, 1, 3/2) (3/2, 2, 5/2) (5/2, 3, 7/2) (7/2, 4, 9/2) 
CI 3.00 3.80 5.29 6.69 8.04 

w  

(

m
𝑠||||||||||
𝑗

𝑙

𝑙

𝑅  

I  

r
 

a  

E
 

m  

r  

t  

t

a  

𝑤
 

i(
 

w  

r

𝜉  

 

c  

s  

t  

q  

s  

C  

E

𝜉  

 

s

3

 

(  

t

3

 

r  

f  

[
 

{
 

m

𝑋  

𝑋  

w

𝑥  

𝑥  

𝑥  

w

𝑋  

w

𝑥  

𝑥  

𝑥  

T  

i  

m
 

t  

o  

b  

t

𝑦  

w  

m  

𝑗  

𝑗  

i
 

a  

a  

e

𝑦  
here 𝜉 = ( 𝑙 𝜉 , 𝑚 

𝜉 , 𝑢 𝜉) . By considering 𝑙 𝜉 ≤ 𝑚 

𝜉 ≤ 𝑢 𝜉and supposing ̃𝜉∗ =
 𝑘 ∗ , 𝑘 ∗ , 𝑘 ∗ ) , with 𝑘 ∗ ≤ 𝑙 𝜉 , the Model (4) is transformed as follows: 

in ̃𝜉
.𝑡 (
𝑙 𝑤 
𝐵 
,𝑚 𝑤 

𝐵 
,𝑢 𝑤 

𝐵 

)
(
𝑙 𝑤 
𝑗 
,𝑚 𝑤 

𝑗 
,𝑢 𝑤 

𝑗 

) − 

(
𝑙 𝐵𝑗 , 𝑚 𝐵𝑗 , 𝑢 𝐵𝑗 

)||||| ≤ ( 𝑘 ∗ , 𝑘 ∗ , 𝑘 ∗ ) (
𝑙 𝑤 
𝑗 
,𝑚 𝑤 

𝑗 
,𝑢 𝑤 

𝑗 

)
(
𝑙 𝑤 
𝑊 

,𝑚 𝑤 
𝑊 

,𝑢 𝑤 
𝑊 

) − 

(
𝑙 𝑗𝑊 

, 𝑚 𝑗𝑊 

, 𝑢 𝑗𝑊 

) ||||| ≤ ( 𝑘 ∗ , 𝑘 ∗ , 𝑘 ∗ ) 
𝑛 ∑
=1 

𝑅 

(
�̄� 𝑗 

)
= 1 , 

 

𝑤 
𝑗 
≤ 𝑚 

𝑤 
𝑗 
≤ 𝑢 𝑤 

𝑗 
, ∀𝑗 = 1 , ..., 𝑛 

 

𝑤 
𝑗 
≥ 0 , ∀𝑗 = 1 , ..., 𝑛 

(5) 

 

(
�̄� 𝑗 

)
= 

𝑙 𝑤 
𝑗 
+ 4 𝑚 

𝑤 
𝑗 
+ 𝑢 𝑤 

𝑗 

6 
(6)

n Models (3), (4) and (5), 𝑅 ( ̄𝑤 𝑗 ) stands for the graded mean integration
epresentation (GMIR) of the fuzzy weight �̄� 𝑗 , that is: 

The solution to Model (5) provides the optimal fuzzy weights that
re, in turn, transformed into crisp weights using the GMIR formula in
q. (6) . 

Finally, the consistency ratio (CR) relative to the fuzzy comparisons
ust be calculated. By letting the fuzzy preferences of Eqs. (1) and (2) be

epresented by TFNs, a fuzzy pairwise comparison vector is fully consis-
ent provided that �̃� 𝐵𝑗 × �̃� 𝑗𝑊 

= �̃� 𝐵𝑊 

. If �̃� 𝐵𝑗 × �̃� 𝑗𝑊 

≠ �̃� 𝐵𝑊 

, then inconsis-
ency occurs and attains its maximum value 𝜉 when both �̃� 𝐵𝑗 and �̃� 𝑗𝑊 

re equal to �̃� 𝐵𝑊 

. Thus, based on the equality relation �̄� 𝐵 ∕ �̄� 𝑗 
× �̄� 𝑗 ∕ �̄� 𝑊 

=
̄
 𝐵 ∕ �̄� 𝑊 

, in the case of occurrence of the greatest inequality, the follow-

ng Eq. (7) can be formulated [67] : 

�̃� 𝐵𝑊 

− 𝜉
)
×
(
�̃� 𝐵𝑊 

− 𝜉
)
= 

(
�̃� 𝐵𝑊 

+ 𝜉
)

(7)

here 𝜉 = ( 𝑙 𝜉 , 𝑚 

𝜉 , 𝑢 𝜉) and �̃� 𝐵𝑊 

= ( 𝑙 𝐵𝑊 

, 𝑚 𝐵𝑊 

, 𝑢 𝐵𝑊 

) . Eq. (7) can also be
ewritten as follows: 

̃2 − 

(
1 + 2 ̃𝑎 𝐵𝑊 

)
𝜉 + 

(
�̃� 2 
𝐵𝑊 

− �̃� 𝐵𝑊 

)
= 0 (8)

For �̃� 𝐵𝑊 

= ( 𝑙 𝐵𝑊 

, 𝑚 𝐵𝑊 

, 𝑢 𝐵𝑊 

) the maximum fuzzy value cannot ex-
eed 9/2. That is, 𝑢 𝐵𝑊 

can be used as the upper bound of an incon-
istency index calculation. Furthermore, a crisp value 𝜉 can be chosen
o represent 𝜉. Hence, the CR can be calculated for fuzzy BWM as the
uotient 𝐶𝑅 = 𝜉 ∗ ∕ 𝐶𝐼 where 𝜉∗ is the optimal value of 𝜉 obtained by
olving the nonlinear constrained optimization problem in Eq. (5) , and
I is the consistency index, which is computed by solving the following
q. (9) with 𝑢 𝐵𝑊 

= 1 , 3∕2 , 5∕2 , 7∕2 𝑎𝑛𝑑 9∕2 . 
2 − 

(
1 + 2 𝑢 𝐵𝑊 

)
𝜉 + 

(
𝑢 2 − 𝑢 𝐵𝑊 

)
= 0 (9)

The CI values associated with the possible values taken by �̃� 𝐵𝑊 

are
hown in Table 4 . For further details, the reader may refer to [67] . 

.3. Fuzzy MULTIMOORA 

MULTIMOORA consists of three phases: the ratio system approach
i.e., MOORA method), the reference point approach, and the full mul-
iplicative form approach. 

.3.1. Fuzzy ratio system method (Fuzzy MOORA) 

The fuzzy variant of MOORA applied in this study follows the fuzzy
atio method of Akkaya et al. [6] . Thus, for its implementation, we will
155 
ollow a series of steps that are similar to those outlined by Akkaya et al.
6] , Gupta et al. [71] , and Karande and Chakraborty [98] . 

Step 0. Fix the set of alternatives { 𝛼1 , ..., 𝛼𝑚 } and the set of criteria
 𝐶 1 , 𝐶 2 , ..., 𝐶 𝑛 } . 

Step 1. Construct the fuzzy decision matrix. The elements of this
atrix are TFNs. 

 = 

[
�̃� 𝑖𝑗 

]
𝑖 =1 ,...,𝑚 
𝑗=1 ,...,𝑛 

= 

[(
𝑥 𝑙 𝑖𝑗 , 𝑥 

𝑚 
𝑖𝑗 , 𝑥 

𝑢 
𝑖𝑗 

)]
𝑖 =1 ,...,𝑚 
𝑗=1 ,...,𝑛 

(10)

Step 2. Normalize the fuzzy decision matrix. 

 

∗ = 

[
�̃� ∗ 𝑖𝑗 

]
𝑖 =1 ,...,𝑚 
𝑗=1 ,...,𝑛 

= 

[
( 𝑥 𝑙∗ 𝑖𝑗 , 𝑥 

𝑚 ∗ 
𝑖𝑗 , 𝑥 

𝑢 ∗ 
𝑖𝑗 ) 

]
𝑖 =1 ,...,𝑚 
𝑗=1 ,...,𝑛 

(11)

here 

 

𝑙∗ 
𝑖𝑗 = 𝑥 𝑙 𝑖𝑗 ∕ 

√ ∑𝑚 

𝑖 =1 
‖‖‖�̃� 𝑖𝑗 ‖‖‖, 𝑗 = 1 , ..., 𝑛 (12)

 

𝑚 ∗ 
𝑖𝑗 = 𝑥 𝑚 𝑖𝑗 ∕ 

√ ∑𝑚 

𝑖 =1 
‖‖‖�̃� 𝑖𝑗 ‖‖‖, 𝑗 = 1 , ..., 𝑛 (13)

 

𝑢 ∗ 
𝑖𝑗 = 𝑥 𝑢 𝑖𝑗 ∕ 

√ ∑𝑚 

𝑖 =1 
‖‖‖�̃� 𝑖𝑗 ‖‖‖, 𝑗 = 1 , ..., 𝑛 (14)

here ‖�̃� 𝑖𝑗 ‖ = ( 𝑥 𝑙 
𝑖𝑗 
) 2 + ( 𝑥 𝑚 

𝑖𝑗 
) 2 + ( 𝑥 𝑢 

𝑖𝑗 
) 2 . 

Step 3. Construct the weighted normalized fuzzy decision matrix. 

 

∗∗ = 

[
�̃� ∗∗ 𝑖𝑗 

]
𝑖 =1 ,...,𝑚 
𝑗=1 ,...,𝑛 

= 

[(
𝑥 𝑙∗∗ 𝑖𝑗 , 𝑥 

𝑚 ∗∗ 
𝑖𝑗 , 𝑥 𝑢 ∗∗ 𝑖𝑗 

)]
i=1 ,..., m 
𝑗=1 ,...,𝑛 

(15)

here 

 

𝑙∗∗ 
𝑖𝑗 = 𝑤 𝑗 𝑥 

𝑙∗ 
𝑖𝑗 , 𝑗 = 1 , ..., 𝑛, (16)

 

𝑚 ∗∗ 
𝑖𝑗 = 𝑤 𝑗 𝑥 

𝑚 ∗ 
𝑖𝑗 , 𝑗 = 1 , ..., 𝑛 (17)

 

𝑢 ∗∗ 
𝑖𝑗 = 𝑤 𝑗 𝑥 

𝑢 ∗ 
𝑖𝑗 , 𝑗 = 1 , ..., 𝑛 (18)

he weights 𝑤 𝑗 , 𝑗 = 1 , ..., 𝑛 , used to weight the elements of the normal-
zed fuzzy decision matrix, are those obtained solving the fuzzy BWM
odel (see Model (5)). 

Step 4. Compute the normalized performance value of each alterna-
ive. This is done by subtracting the performance value of an alternative
n the total of cost criteria from the performance value on the total of
enefit criteria. Thus, the normalized performance value of an alterna-
ive is computed as follows: 

 𝑖 = 

𝛽∑
𝑗=1 

�̃� ∗∗ 𝑖𝑗 − 

𝑛 ∑
𝑗= 𝛽+1 

�̃� 𝑖𝑗 (19)

here �̃� ∗∗ 
𝑖𝑗 

is the 𝑖𝑗-th element of the weighted normalized fuzzy decision

atrix 𝑋 

∗∗ , 
𝛽∑

𝑗=1 
�̃� ∗∗ 
𝑖𝑗 

is the performance value on the benefit criteria (for

 = 1 , ..., 𝛽), 
𝑛 ∑

𝑗= 𝛽+1 
�̃� ∗∗ 
𝑖𝑗 

is the performance value on the cost criteria (for

 = 𝛽 + 1 , ..., 𝑛 ), 𝛽 is the maximum number of benefit criteria, and ( 𝑛 − 𝛽)
s the minimum number of cost criteria. 

Given the benefit criteria, we can compute the overall ratings of an
lternative with respect to the extreme and middle values of the tri-
ngular membership functions characterizing the benefit related fuzzy
valuations �̃� ∗∗ 

𝑖𝑗 
. That is: 

 

+ 𝑙 
𝑖 

= 

𝛽∑
𝑗=1 

�̃� 𝑙∗∗ 𝑖𝑗 (20)
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+ 𝑚 
𝑖 

= 

𝛽∑
𝑗=1 

�̃� 𝑚 ∗∗ 𝑖𝑗 (21)

 

+ 𝑢 
𝑖 

= 

𝛽∑
𝑗=1 

�̃� 𝑢 ∗∗ 𝑖𝑗 (22)

Similarly, the overall ratings of an alternative with respect to the
xtreme and middle values characterizing the cost related fuzzy evalu-
tions �̃� ∗∗ 

𝑖𝑗 
are calculated as follows: 

 

− 𝑙 
𝑖 = 

𝑛 ∑
𝑗= 𝛽+1 

�̃� 𝑙 
∗∗ 
𝑖𝑗 (23)

 

− 𝑚 
𝑖 = 

𝑛 ∑
𝑗= 𝛽+1 

�̃� 𝑚 
∗∗ 

𝑖𝑗 (24)

 

− 𝑢 
𝑖 = 

𝑛 ∑
𝑗= 𝛽+1 

�̃� 𝑢 
∗∗ 

𝑖𝑗 (25)

Thus, the normalized performance value 𝑦 𝑖 of the 𝑖 -th alternative is
iven by the following TFN: 

 𝑖 = ( 𝑦 𝑙 𝑖 , 𝑦 
𝑚 
𝑖 , 𝑦 

𝑢 
𝑖 ) (26)

here 

𝑦 𝑙 
𝑖 
= 𝑦 + 𝑙 

𝑖 
− 𝑦 − 𝑙 

𝑖 
, 𝑦 𝑚 

𝑖 
= 𝑦 + 𝑚 

𝑖 
− 𝑦 − 𝑚 

𝑖 
, 𝑦 𝑢 

𝑖 
= 𝑦 + 𝑢 

𝑖 
− 𝑦 − 𝑢 

𝑖 
. (27)

Step 5. Compute the overall performance index of each alternative.
his is done by de-fuzzifying the values of the overall ratings of each al-
ernative for the cost and benefit criteria using the vertex method. Thus,
he overall performance index 𝑌 𝑖 of the 𝑖 -th alternative is computed as
ollows: 

 𝑖 = 

√ 

1 
3 

[(
𝑦 𝑙 
𝑖 

)2 + 

(
𝑦 𝑚 
𝑖 

)2 + 

(
𝑦 𝑢 
𝑖 

)2 ]
(28)

Step 6. Rank the alternatives. The alternatives are ranked from the
est to the worst, depending on the value of their overall performance
ndices. The most preferred alternative is the one with the highest over-
ll performance index. 

.3.2. Fuzzy reference point method 

The fuzzy reference point approach uses the normalized fuzzy deci-
ion matrix 𝑋 

∗ = [ ̃𝑥 ∗ 
𝑖𝑗 
] 𝑖 =1 ,...,𝑚 
𝑗=1 ,...,𝑛 

of Eq. (11) . The 𝑖𝑗-th element of this matrix,

 𝑥 𝑙∗ 
𝑖𝑗 
, 𝑥 𝑚 ∗ 

𝑖𝑗 
, 𝑥 𝑢 ∗ 

𝑖𝑗 
) , is regarded as the normalized performance value of the

 -th alternative on the 𝑗-th criterion. A reference point 𝑟 𝑗 needs to be
dentified that will account for both the benefit and the cost criteria in
 realistic and non-subjective manner. Following Adal ı & I şı k [3] and
kkaya et al. [6] , this reference point can be defined by a min-max for-
ulation as in Eq. (29) . 

 

 

 

 

 

𝑟 + 
𝑗 
= 

(
max 

𝑖 
𝑥 𝑖𝑗 

𝑙∗ , max 
𝑖 

𝑥 𝑖𝑗 
𝑚 ∗ , max 

𝑖 
𝑥 𝑖𝑗 

𝑢 ∗ 
)
, 𝑗 = 1 , ..., 𝛽( 𝑓𝑜𝑟 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎 𝑡𝑜 𝑏𝑒 max 𝑖𝑚

𝑟 − 
𝑗 
= 

(
min 

𝑖 
𝑥 𝑖𝑗 

𝑙∗ , min 
𝑖 

𝑥 𝑖𝑗 
𝑚 ∗ , min 

𝑖 
𝑥 𝑖𝑗 

𝑢 ∗ 
)
, 𝑗 = 1 + 𝛽, ..., 𝑛 ( 𝑓𝑜𝑟 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎 𝑡𝑜 𝑏𝑒 min

(29) 

Given the reference point above and taking into account the weights
f the criteria, ( 𝑤 𝑗 , 𝑗 = 1 , ..., 𝑛 ) , we can compute the overall rating 𝑠 𝑖 of
he 𝑖 -th alternative as follows: 

 𝑖 = max 
𝑗 

𝑤 𝑗 ×
[
𝑟 𝑗 − �̃� ∗ 𝑖𝑗 

]
(30)

As in Section 3.3.1 , the overall rating 𝑠 𝑖 can be interpreted as a TFN,
hat is: 

 𝑖 = ( 𝑠 𝑙 , 𝑠 𝑚 , 𝑠 𝑢 ) (31)
𝑖 𝑖 𝑖 
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𝑑) 

here: 

 

𝑙 
𝑖 = 

⎧ ⎪ ⎨ ⎪ ⎩ 
max 

𝑗 
𝑤 𝑗 ×

||||[max 
𝑖 

𝑥 𝑖𝑗 
𝑙∗ 
]
− 𝑥 𝑙∗ 

𝑖𝑗 

||||, i 𝑓 𝑗 ≤ 𝛽

max 
𝑗 

𝑤 𝑗 ×
||||[min 

𝑖 
𝑥 𝑖𝑗 

𝑙∗ 
]
− 𝑥 𝑙∗ 

𝑖𝑗 

||||, i 𝑓 𝑗 > 𝛽
(32)

 

𝑚 
𝑖 = 

⎧ ⎪ ⎨ ⎪ ⎩ 
max 

𝑗 
𝑤 𝑗 ×

||||[max 
𝑖 

𝑥 𝑖𝑗 
𝑚 ∗ 
]
− 𝑥 𝑚 ∗ 

𝑖𝑗 

||||, i 𝑓 𝑗 ≤ 𝛽

max 
𝑗 

𝑤 𝑗 ×
||||[min 

𝑖 
𝑥 𝑖𝑗 

𝑚 ∗ 
]
− 𝑥 𝑚 ∗ 

𝑖𝑗 

||||, i 𝑓 𝑗 > 𝛽
(33)

 

𝑢 
𝑖 = 

⎧ ⎪ ⎨ ⎪ ⎩ 
max 

𝑗 
𝑤 𝑗 ×

||||[max 
𝑖 

𝑥 𝑖𝑗 
𝑢 ∗ 
]
− 𝑥 𝑢 ∗ 

𝑖𝑗 

||||, i 𝑓 𝑗 ≤ 𝛽

max 
𝑗 

𝑤 𝑗 ×
||||[min 

𝑖 
𝑥 𝑖𝑗 

𝑢 ∗ 
]
− 𝑥 𝑢 ∗ 

𝑖𝑗 

||||, i 𝑓 𝑗 > 𝛽
(34)

Finally, the alternatives are ranked according to their normalized
erformances subject to defuzzification as defined in Eq. (35) [3] . The
est alternative is the one deviating the less from the reference points.

𝑁 𝑃 𝑖 
(
𝑠 𝑖 
)
= 

(
𝑠 𝑢 
𝑖 
− 𝑠 𝑙 

𝑖 

)
+ 

(
𝑠 𝑚 
𝑖 
− 𝑠 𝑙 

𝑖 

)
3 

+ 𝑠 𝑙 𝑖 (35)

.3.3. Fuzzy full multiplicative form 

The Full Multiplicative Form was suggested by Miller and Starr
130] . This method simultaneously maximizes and minimizes a purely
ultiplicative utility function. 

The utility function is characterized by non-linearity, non-additivity,
nd the absence of attribute weights [3] and is defined by the ratio of the
roduct of the weighted normalized ratings of the alternatives on benefit
riteria to that of the weighted normalized ratings of the alternatives on
ost criteria [74] . Thus, we have the following fuzzy formulation for the
tility value of the 𝑖 -th alternative: 

̃
 𝑖 = 

Φ̃𝑖 

Ψ̃𝑖 

(36) 

here 

̃
𝑖 = 

(
Φ𝑖 1 , Φ𝑖 2 , Φ𝑖 3 

)
= 

∏𝛽

𝑗=1 
( 𝑥 ∗ 𝑖𝑗 ) 

𝑤 𝑗 (37)

̃
𝑖 = 

(
Ψ𝑖 1 , Ψ𝑖 2 , Ψ𝑖 3 

)
= 

∏𝑛 

𝑗= 𝛽+1 

(
𝑥 ∗ 𝑖𝑗 

)𝑤 𝑗 (38)

̃
𝑖 and Ψ̃𝑖 represent the products of the objectives of the i-th alternative

o be maximized and minimized, respectively. The indices 𝛽 and 𝑛 −
denote the number of these objectives (structural indicators) in the
aximization and minimization cases, respectively. 

Note that due to the form of the utility, multiplying the normalized
atings by the weights of the corresponding criteria does not affect the
esults. This is the reason for considering the weights as exponents in
he utility equation [74] . 

The alternatives are ranked from the most to the least important. This
anking is based on the 𝐵𝑁𝑃 values associated with the utility values
f the alternatives and calculated as in Eq. (35) . Higher positions in
he ranking are occupied by alternatives corresponding to higher 𝐵𝑁𝑃 

alues. Note that the overall utility ( ̃𝑈 𝑖 ) of the i-th alternative is a fuzzy
umber. Thus, the fuzzy products Φ̃𝑖 and Ψ̃𝑖 [6] need to be defuzzified
efore computing the 𝐵𝑁 𝑃 𝑖 values. 

.3.4. Final ranking (dominance theory) 

After applying the three methods illustrated above and obtaining
hree separate rankings for the same set of alternatives, an aggrega-
ion method is usually implemented to integrate the three rankings in a
nique consensus ranking. 

The aggregation method commonly used to complete the MULTI-
OORA method is based on dominance theory [74] . Dominance theory
ssumes all the methods involved to be equally important and creates
 final ranking through absolute dominance, general dominance in two
f the three methods, and transitiveness principles [30] . 
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Dominance theory actually represents the original approach to rank-
ng aggregation in MULTIMOORA (see [30] ). However, in this paper, it
ill be used in an extended form, that is, also considering the rankings
roduced by fuzzy COPRAS and fuzzy TOPSIS (see Section 3.6 ). 

.4. Fuzzy COPRAS 

In this section, we describe the steps relative to the ranking process
f fuzzy COPRAS. We follow the approach of Zarbakhshnia et al. [212] .

Step 0. Fix the set of alternatives { 𝛼1 , ..., 𝛼𝑚 } and the set of criteria
 𝐶 1 , 𝐶 2 , ..., 𝐶 𝑛 } . 

Step 1. Construct the fuzzy decision matrix. Use Eq. (10) for the ma-
rix and Table 3 for the correspondence between linguistic terms and
uzzy membership functions [12 , 212] . 

Step 2. Normalize the fuzzy decision matrix. This is done by redefin-
ng the elements of the fuzzy decision matrix, according to Eqs. (12) to
14) . 

Step 3. Construct the weighted normalized decision matrix. This is
one using Eq. (16) to (18) . 

Step 4. Compute the sums of the attribute values, whose larger values
re more preferable. 

̃
 𝑗 = 

𝑘 ∑
𝑖 =1 

�̃� ∗∗ 𝑖𝑗 (39)

Step 5. Compute the sums of the attribute values, whose smaller val-
es are more preferable. 

̃
 𝑗 = 

𝑚 ∑
𝑖 = 𝑘 +1 

�̃� ∗∗ 𝑖𝑗 (40)

Step 6. Compute the lower bound of �̃� 𝑗 , where 𝑗 = 1 , 2 , ..., 𝑛 . 
∼
𝑇 
in 
= min 

𝑗 

∼
𝑇 
𝑗 

(41)

Step 7. Compute the relative importance of each alternative. 

̃
 𝑗 = �̃� 𝑗 + 

�̃� min 
∑𝑛 

𝑗=1 �̃� 𝑗 

�̃� 𝑗 
∑𝑛 

𝑗=1 
�̃� min 
�̃� 𝑗 

; 𝑗 = 1 , 2 , ..., 𝑛 (42)

Step 8. Obtain crisp values for all the 
∼
𝑄 

𝑗 
fuzzy values. We can use the

efuzzification rule of Eq. (35) to defuzzify the elements �̃� ∗∗ 
𝑖𝑗 

, that is: 

 

∗∗ 
𝑖𝑗 = 

(
𝑥 𝑢 ∗∗ 
𝑖𝑗 

− 𝑥 𝑙∗∗ 
𝑖𝑗 

)
+ 

(
𝑥 𝑚 ∗∗ 
𝑖𝑗 

− 𝑥 𝑙∗∗ 
𝑖𝑗 

)
3 

+ 𝑥 𝑙∗∗ 𝑖𝑗 (43)

The non-fuzzy value of �̃� 𝑗 , denoted by 𝑄 𝑗 , will follow from the de-
uzzified form of Eq. (42) . 

Step 9. Compute the upper weight limit of the alternatives. 

 max = max 
𝑗 

𝑄 𝑗 (44)

Step 10. Calculate the utility value of each alternative in percentage
erms. 

 𝑗 = 

𝑄 𝑗 

𝑄 max 
× 100% ; 𝑗 = 1 , 2 , ..., 𝑛 (45)

here 𝑄 𝑗 is the non-fuzzy relative importance weight of the single al-
ernative obtained in Step 8 and 𝑄 max is the upper weight limit value
btained in Step 9. Using Eq. (45) , the alternatives are ranked from the
ighest to the lowest one according to the their utility values. 

.5. Fuzzy TOPSIS 

Regarding the fuzzy TOPSIS technique, this study follows Sun [173] .
he steps of this ranking method are described below. 

Step 0. Fix the set of alternatives { 𝛼1 , ..., 𝛼𝑚 } and the set of criteria
 𝐶 , 𝐶 , ..., 𝐶 } . 
1 2 𝑛 
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Step 1. Construct the fuzzy decision matrix. This matrix consists of
FNs as in Eq. (10) . 

 = 

[
�̃� 𝑖𝑗 

]
𝑖 =1 ,...,𝑚 
𝑗=1 ,...,𝑛 

= 

[(
𝑥 𝑙 𝑖𝑗 , 𝑥 

𝑚 
𝑖𝑗 , 𝑥 

𝑢 
𝑖𝑗 

)]
𝑖 =1 ,...,𝑚 
𝑗=1 ,...,𝑛 

(46)

Step 2. Normalize the fuzzy decision matrix. This is done by redefin-
ng the elements of the fuzzy decision matrix, according to Eqs. (48) and
49) below. 

 = 

[
𝑟 𝑖𝑗 

]
𝑖 =1 ,...,𝑚 
𝑗=1 ,...,𝑛 

(47)

here: 

̃ 𝑖𝑗 = 

( 

𝑥 𝑙 
𝑖𝑗 

𝑥 + 
𝑖𝑗 

, 
𝑥 𝑚 
𝑖𝑗 

𝑥 + 
𝑖𝑗 

, 
𝑥 𝑢 
𝑖𝑗 

𝑥 + 
𝑖𝑗 

) 

𝑎𝑛𝑑 𝑥 + 
𝑗 
= max 

𝑖 
𝑥 𝑢 𝑖𝑗 ( 𝑏𝑒𝑛𝑒𝑓𝑖𝑡 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎 ) (48)

̃ 𝑖𝑗 = 

( 

𝑥 − 
𝑗 

𝑥 𝑙 
𝑖𝑗 

, 
𝑥 − 
𝑗 

𝑥 𝑚 
𝑖𝑗 

, 
𝑥 − 
𝑗 

𝑥 𝑢 
𝑖𝑗 

) 

𝑎𝑛𝑑 𝑥 − 𝑗 = min 
𝑖 

𝑥 𝑙 𝑖𝑗 ( cos 𝑡 𝑐𝑟𝑖𝑡𝑒𝑟𝑖𝑎 ) (49)

Step 3. Construct the weighted normalized fuzzy decision matrix. 

 = 

[
𝜏𝑖𝑗 

]
i=1 ,..., m 
j=1 ,..., n 

, ̃𝜏𝑖𝑗 = 𝑟 𝑖𝑗 × �̃� 𝑗 (50)

Step 4. Calculate the fuzzy positive ideal solution and the fuzzy
egative ideal solution. The elements 𝜏𝑖𝑗 of the weighted normalized
uzzy decision matrix are positively normalized TFNs, whose member-
hip functions take values in a range between 0 and 1. Hence, the fuzzy
ositive and negative ideal solutions, represented by Λ+ (aspiration lev-
ls) and Λ− (worst levels), respectively, can be defined as follows: 

+ = 

(
𝜏+ 1 , ̃𝜏

+ 
2 , ..., ̃𝜏

+ 
𝑛 

)
(51) 

− = 

(
𝜏− 1 , ̃𝜏

− 
2 , ..., ̃𝜏

− 
𝑛 

)
(52) 

here, for 𝑗 = 1 , 2 , ..., 𝑛 , we have 𝜏+ 
𝑗 
= ( 1 , 1 , 1 ) and 𝜏− 

𝑗 
= ( 0 , 0 , 0 ) . 

Step 5. Calculate the distances 𝛿+ 
𝑖 

and 𝛿− 
𝑖 

of each weighted alter-
ative from the fuzzy positive ideal solution Λ+ and the fuzzy negative
deal solution Λ− . That is: 

+ 
𝑖 
= 

∑𝑛 

𝑗=1 
𝑑𝑖𝑠𝑡 

(
𝜏𝑖𝑗 , ̃𝜏

+ 
𝑗 

)
, 𝑖 = 1 , 2 , ..., 𝑚 (53)

− 
𝑖 = 

∑𝑛 

𝑗=1 
𝑑𝑖𝑠𝑡 

(
𝜏𝑖𝑗 , ̃𝜏

− 
𝑗 

)
, 𝑖 = 1 , 2 , ..., 𝑚 (54)

The quantities 𝑑𝑖𝑠𝑡 ( ̃𝜏𝑖𝑗 , ̃𝜏+ 𝑗 
) and 𝑑𝑖𝑠𝑡 ( ̃𝜏𝑖𝑗 , ̃𝜏− 𝑗 

) represent distances be-
ween TFNs calculated according to the following definition: for every
air of TFNs, 𝜏1 = ( 𝑡 𝑙 1 , 𝑡 

𝑚 
1 , 𝑡 

𝑢 
1 ) and 𝜏2 = ( 𝑡 𝑙 2 , 𝑡 

𝑚 
2 , 𝑡 

𝑢 
2 ) , we have: 

𝑖𝑠𝑡 
(
𝜏1 , ̃𝜏2 

)
= 

√ 

1 
3 

[(
𝑡 𝑙 1 − 𝑡 𝑙 2 

)2 + 

(
𝑡 𝑚 1 − 𝑡 𝑚 2 

)2 + 

(
𝑡 𝑢 1 − 𝑡 𝑢 2 

)2 ]
(55)

Step 6. Determine the values of the closeness coefficients. That is: 

𝑖 = 

𝛿− 
𝑖 

𝛿− 
𝑖 
+ 𝛿+ 

𝑖 

(56) 

.6. Consensus ranking with maximize agreement heuristic 

The term “consensus ” is mathematically vague and subject to a va-
iety of interpretations. Following Beck and Lin [25] , “consensus ” in a
ecision-making environment can be interpreted as the “maximization
f rater agreement. ” In order to achieve this goal, Beck and Lin [25] pro-
osed the maximize agreement heuristic (MAH) method, showing that
he final consensus ranking produced by this method not only is signif-
cantly congruent with the preferences expressed by each rater but also
ields the greatest number of agreements. 

An agreement is reached if the following happens: object i is ranked
bove object j by some rater and, at the same time, the object i is ranked
bove object j in the final consensus ranking. That is, an agreement is
eached if the ranking order of objects i and j by a single rater is the same
s the one in final consensus ranking. Clearly, a disagreement prevails
f this condition is not satisfied for objects i and j [25] . 
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MAH turned out to be an effective consensus ranking method and has
een applied to a wide range of multi-criteria decision-making problems
100 , 177–180 , 182] . In this study, we use the MAH method to aggregate
n a final consensus ranking the rankings obtained by five different meth-
ds, namely, the fuzzy ratio method, the fuzzy reference point method,
uzzy full multiplicative method, fuzzy COPRAS, and fuzzy TOPSIS. The
AH method comprises the following steps. 

Step 0. Fix the set of alternatives { 𝛼1 , ..., 𝛼𝑚 } and the set of the multi-
riteria methods { 𝑀 1 , ..., 𝑀 𝑘 } . The set of m alternatives is ranked by
ach method creating a set of k rankings. 

Step 1. Construct the agreement matrix. 

 = 

[
𝑎 𝑖𝑗 

]
𝑖,𝑗=1 ,...,𝑚 (57)

here the 𝑖𝑗-th element 𝑎 𝑖𝑗 represents the number of methods according
o which the 𝑖 -th alternative, 𝛼𝑖 , is to be preferred to the 𝑗-th alternative,

𝑗 . Clearly, the main diagonal consists of zero-entries. 
Step 2. Define the positive and negative preference vectors of each

lternative. 
For every alternative 𝛼𝑖 , we can consider the row vector 𝑝 𝑖 =

𝑎 𝑖 1 , 𝑎 𝑖 2 , ..., 𝑎 𝑖𝑚 ⟩ where each element represents the total number of times
he 𝑖 -th alternative, 𝛼𝑖 , is preferred to the 𝑗-th alternative, 𝛼𝑗 . This vector
s called the positive preference vector of alternative 𝛼𝑖 , and the sum of
ll its elements provides the total number of times that 𝛼𝑖 is preferred
o all the other alternatives. This sum is formally introduced below. 

 𝑖 = 

𝑚 ∑
𝑗=1 

𝑎 𝑖𝑗 , 𝑖 = 1 , 2 , 3 , ..., 𝑚. (58)

Similarly, for every alternative 𝛼𝑖 , we can consider the column vector
⃗ 𝑖 = ⟨𝑎 1 𝑖 , 𝑎 2 𝑖 , ..., 𝑎 𝑚𝑖 ⟩𝑇 where each element represents the total number of
imes the 𝑖 -th alternative, 𝛼𝑖 , is not preferred to the 𝑗-th alternative, 𝛼𝑗 .
his vector is called the negative preference vector of alternative 𝛼𝑖 ,
nd the sum of all its elements provides the total number of times that

𝑖 is not preferred to all the other alternatives. This sum is formalized
s follows. 

 𝑖 = 

𝑚 ∑
𝑗=1 

𝑎 𝑗𝑖 , 𝑖 = 1 , 2 , 3 , ..., 𝑚. (59)

Step 3. Compute all the differences |𝑃 𝑖 − 𝑁 𝑖 |, where 𝑖 = 1 , 2 , 3 , ..., 𝑚 ,
nd place an alternative in the final consensus ranking. 

The final ranking is constructed through subsequent stages. At each
tage, the absolute difference |𝑃 𝑖 − 𝑁 𝑖 | can be interpreted as an objective
unction whose maximum value max 

𝑖 
|𝑃 𝑖 − 𝑁 𝑖 |corresponds to the alter-

ative that should be entered in the final ranking. Whether or not this
lternative is ranked at this stage depends on the criterion highlighted
elow. 

Fix an alternative 𝛼𝑖 . Suppose that the negative preference vector 𝑛 𝑖 
f alternative 𝛼𝑖 has one or more zero-entries. Then, 𝛼𝑖 has not been
anked below any of the alternatives corresponding to the zero-entries
n any of the rankings provided by each method. Therefore, 𝛼𝑖 has no
egative impact on the objective function, and it can be entered in the
ext available position at the top of the final consensus ranking. 

Suppose now that the positive preference vector 𝑝 𝑖 of 𝛼𝑖 has one or
ore zero-entries. Then, alternative 𝛼𝑖 has not been ranked above any

f the alternatives corresponding to the zero-entries. Therefore, 𝛼𝑖 has
o positive impact on the objective function and should be placed at the
ottom of the final consensus ranking. 

Finally, if there are no zero-entries in either the positive or nega-
ive preference vectors of 𝛼𝑖 , then two cases must be considered: (a) if
 𝑃 𝑖 − 𝑁 𝑖 ) is positive, 𝛼𝑖 should be placed at the top of the final consen-
us ranking since its position in the ranking must account for the highest
ositive impact on the objective function; (b) if ( 𝑃 𝑖 − 𝑁 𝑖 ) is negative, 𝛼𝑖 

hould be placed at the next available position at the bottom of the
anking since its position in the ranking represents the lowest negative
mpact on the objective function. 

Thus, we can formulate the following ranking criterion. 
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Step 3.0. Compute max 
𝑖 

|𝑃 𝑖 − 𝑁 𝑖 | and let 𝛼∗ 
𝑖 

be the corresponding al-

ernative. 
Step 3.1. Check for zero-entries (other than those on the main diag-

nal) in either the positive or negative preference vectors. 

1. If zero-entries occur in the positive preference vector of 𝛼∗ 
𝑖 
, then

enter 𝛼∗ 
𝑖 

in the next available position at the bottom of the consensus
ranking. 

2. If zero-entries occur in the negative preference vector of 𝛼∗ 
𝑖 
, then

enter 𝛼∗ 
𝑖 

in the next available position at the top of the consensus
ranking. 

3. If no zero-entry occurs, go to Step 3.2. 

Step 3.2. Examine the difference 𝑃 ∗ 
𝑖 
− 𝑁 

∗ 
𝑖 

corresponding to 𝛼∗ 
𝑖 

1. If 𝑃 ∗ 
𝑖 
− 𝑁 

∗ 
𝑖 
> 0 , enter 𝛼∗ 

𝑖 
in the next available position at the top of

the consensus ranking. 
2. If 𝑃 ∗ 

𝑖 
− 𝑁 

∗ 
𝑖 
< 0 , enter 𝛼∗ 

𝑖 
in the next available position at the bottom

of the consensus ranking. 
3. In case of a tie where more than one alternative is a candidate for

the final consensus ranking, the tie is broken arbitrarily. 

Step 3.3. Delete the column and row representing the negative and
ositive preference vectors of 𝛼∗ 

𝑖 
from the agreement matrix A, and go

o Step 4. 
Step 4. Set 𝑚 = 𝑚 − 1 
Step 5. If 𝑚 > 1 , return to Step 2. If 𝑚 = 1 , enter the last alternative

n the next available position on the top of the ranking and stop. 
It is worth mentioning that the MAH procedure is used to solve both

omplete and incomplete ranking problems. In a complete ranking prob-
em, all methods ordinally or cardinally rank all the alternatives. On the
ther hand, in an incomplete ranking problem, each method manages
anking only a subset of alternatives [25] . 

. Case study 

The model proposed in this study was developed for a medium-sized
anufacturing company in northern Pennsylvania. We invited six man-

gers, including a purchasing manager, a supply chain manager, two
roduction managers, and two industrial engineers to participate in the
esign, development, and implementation of the model. We provided
he six managers with the selection criteria identified through a com-
rehensive literature review (see Table 5 ) and the linguistic terms/fuzzy
reference conversion table (see Table 3 ). The mangers provided us with
he fuzzy preference comparisons for the best and worst criteria as well
s all fuzzy decision matrices resulting from aggregating the experts’
stimates. Here is the process we followed in details: 

.1. Phase 1: deciding the selection criteria 

The present research has built on the rigorous literature review con-
ucted by Büyüközkan & Göçer [34] to explore the digital dimensions
nd determine the principal evaluation criteria. We identified twelve
riteria for supplier selection in the DSC. These criteria are outlined in
able 5 and were used in the case study. 

.2. Phase 2: fuzzy BWM results 

We used expert opinions to apply fuzzy BWM and compute the
eights of the selection criteria. As already mentioned above, we identi-
ed twelve criteria ( Table 5 ) for the supplier selection problem (Step 1).
he ‘agility and flexibility’ (C6) and ‘adopting advanced analytics’ (C2)
ere considered, respectively, the best and the worst criterion based on

he experts’ opinions (Step 2). The fuzzy preference comparisons were
erformed (Steps 3 and 4). The linguistic terms used by the DMs to as-
ign fuzzy preferences of the best criterion over all the criteria are listed
n Table 6 . 
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Table 5 

Criteria for DSC supplier selection. 

Criteria Description 

Real-Time Visibility (C1) Dynamic, secure, and interactive visibility across the entire SC will facilitate the management of DSC [35] . 
Adopting Advanced Analytics (C2) Advanced data analysis improves the decision-making process of an SC, allowing for a better understanding of 

known problems and to solve previously unsolvable or unknown problems. [35] . 
Technical Capability (C3) To have technical capability means to be able to use technology for developing a product or providing a service. 

The use of technology by suppliers increases the competitive advantage of companies [32 , 33] . 
Continuous collaboration (C4) Capabilities are harmonized within and beyond physical boundaries to increase collaboration among all the actors 

involved in the SC [35] . 
Alignment of the supplier (C5) Aligning the interest of all the firms in the SC with one’s own firm to create incentives for improving performance 

and developing trust (alignment) [35] . 
Agility and Flexibility (C6) Lack of required flexible and agile SCM [35] . 
Lack of tools and technologies (C7) Lack of tools and technologies makes problems in a DSC environment. DSC requires new tools and technologies 

that take into account the digitalization environment, such as the abundance of BD generated from ST and IoT. In 
addition, it affects maintenance, quality, inventory management, production planning, and procurement [35] . 

Lack of planning (C8) Lack of proper demand planning and guidelines [35] . 
Lack of information sharing (C9) DSC allows for an easier share of information on sale forecasts and production data. Companies’ reluctance on 

information sharing is an important criterion in SS [35] . 
Lack of knowledge (C10) Deficiency of SCM training and skills [35] . 
Lack of Digital Collaboration (C11) Capabilities are harmonized within and beyond physical boundaries to increase collaboration among the actors 

involved in the DSC. A deficient collaboration with external associates and insufficient input from internal 
functions greatly affect supplier selection processes [35] . 

Lack of Technology Integration (C12) Suppliers need to use their technological skills for learning and problem-solving in a DSC environment. [35] . 

Table 6 

The linguistic terms for fuzzy preferences of the best criterion over all the criteria. 

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 

VI AI FI FI VI Best Criterion FI VI VI VI FI VI 

Table 7 

The linguistic terms for fuzzy preferences of all the criteria over the worst criterion. 

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 

FI Worst Criterion VI VI FI AI VI FI FI FI VI FI 
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The fuzzy Best-to-Others vector was obtained according to
able 3 and Eq. (1) as follows (Step 3): 

̃
 𝐵 = 

[
(5∕2 , 3 , 7∕2) , ( 7∕2 , 4 , 9∕2 ) , …( 3∕2 , 2 , 5∕2 ) , (5∕2 , 3 , 7∕2) 

]
The fuzzy preference comparisons for the worst criterion were also

erformed. The linguistic terms used by the DMs for the fuzzy prefer-
nces of all the criteria over the worst criterion are listed in Table 7 . 

Hence, the fuzzy Others-to-Worst vector was obtained according to
able 3 and Eq. (2) as follows (Step 4): 

̃
 𝑊 

= 

[
(3∕2 , 2 , 5∕2) , ( 5∕2 , 3 , 7∕2 ) , …( 5∕2 , 3 , 7∕2 ) , (3∕2 , 2 , 5∕2) 

]
A nonlinear constrained optimization problem was built using Model

5) (Step 5) to obtain the optimal fuzzy weights of the criteria. The non-
inear constrained optimization problem resulting from implementing
he above concrete vectors is presented in Appendix A. The optimal
uzzy weights are listed below: 

̃
 

∗ 
1 = ( 0 . 050022 , 0 . 063556 , 0 . 083345 ) ; �̃� 

∗ 
2 = ( 0 . 039828 , 0 . 039879 , 0 . 044635 ) ; 𝑤

̃
 

∗ 
4 = ( 0 . 093403 , 0 . 103464 , 0 . 012317 ) ; �̃� 

∗ 
5 = ( 0 . 050013 , 0 . 063556 , 0 . 083345 ) ; 𝑤

̃
 

∗ 
7 = ( 0 . 093403 , 0 . 103464 , 0 . 123173 ) ; �̃� 

∗ 
8 = ( 0 . 050022 , 0 . 063556 , 0 . 083345 ) ; 𝑤

̃
 

∗ 
10 = ( 0 . 050022 , 0 . 063556 , 0 . 083345 ) ; �̃� 

∗ 
11 = ( 0 . 093403 , 0 . 10965 , 0 . 123173 ) ; 

Using the GMIR formula in Eq. (6) , we calculated the crisp weights
f the twelve criteria. The crisp weights are reported below: 

 

∗ 
1 = 0 . 062918; 𝑤 

∗ 
2 = 0 . 039624; 𝑤 

∗ 
3 = 0 . 102339; 𝑤 

∗ 
4 = 0 . 102339; 𝑤 

∗ 
5 = 0 . 0629

 

∗ 
7 = 0 . 102339; 𝑤 

∗ 
8 = 0 . 062918; 𝑤 

∗ 
9 = 0 . 062918; 𝑤 

∗ 
10 = 0 . 062918; 𝑤 

∗ 
11 = 0 . 10

Finally, the CR value obtained for the fuzzy comparisons
erformed by the experts according to the fuzzy BWM was
R = 0.474054/8.04 = 0.05896, corresponding to 𝜉∗ = 0.474054 and
I = (Absolutely importance (AI)) = 8.04. Since the value obtained for
R is close to zero, we can assert that the implemented model has high
onsistency. 
159 
( 0 . 093403 , 0 . 103464 , 0 . 123173 ) 
( 0 . 174407 , 0 . 174628 , 0 . 195454 ) 
( 0 . 050022 , 0 . 063556 , 0 . 083345 ) 
 ( 0 . 050022 , 0 . 063556 , 0 . 083345 ) 

 

∗ 
6 = 0 . 173512; 
 𝑤 

∗ 
12 = 0 . 062918 . 

.3. Phase 3: fuzzy MULTIMOORA 

We applied the proposed fuzzy MULTIMOORA method ( Section 3.3 )
o evaluate the alternatives. Ten alternatives, that is, ten suppliers, de-
oted by S1, S2, S3, ..., S10, were considered in the evaluation process.

We started with the fuzzy ratio approach. After normalizing the fuzzy
ecision matrix using Eqs. (12) to (14) , we constructed the weighted nor-
alized fuzzy decision matrix as in Eqs. (16) to (18) . For every supplier,
e computed the overall ratings of the criteria as in Eq. (19) . Hence,
qs. (20) to (22) were applied in the benefit criteria case to compute
he overall ratings of a supplier for the extreme and middle values of
he triangular membership functions. Similarly, Eqs. (23) to (25) were
pplied in the cost criteria case to compute the overall score of a sup-
lier for the extreme and middle values of the triangular membership
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Table 8 

Supplier ranking by the fuzzy ratio method. 

Supplier 𝑦 𝑖 = 
𝛽∑

𝑗=1 
�̃� ∗∗ 
𝑖𝑗 

− 
𝑛 ∑

𝑗= 𝛽+1 
�̃� 𝑖𝑗 𝑌 𝑖 Fuzzy ratio 

ranking 

Benefits Cost 

l m u l m u 

S1 0.1446 0.2871 0.4297 0.1457 0.2491 0.3524 0.0586 10 
S2 0.1963 0.3011 0.406 0.1184 0.2401 0.3619 0.1022 2 
S3 0.1192 0.2801 0.441 0.1836 0.2565 0.3294 0.0941 3 
S4 0.2186 0.3056 0.3926 0.1077 0.2378 0.368 0.1307 1 
S5 0.1901 0.3 0.4099 0.1491 0.2496 0.3502 0.0736 7 
S6 0.096 0.2263 0.4589 0.1289 0.2436 0.3583 0.069 9 
S7 0.1268 0.2815 0.4362 0.0847 0.2292 0.3736 0.0762 6 
S8 0.1087 0.2766 0.4446 0.1055 0.2085 0.3744 0.0793 5 
S9 0.2045 0.3029 0.4013 0.1663 0.2533 0.3404 0.0718 8 
S10 0.0379 0.2555 0.4731 0.0675 0.1973 0.39 0.0811 4 

Table 9 

Supplier ranking by the fuzzy reference point. 

Supplier 𝑠 𝑖 = max 
𝑗 

𝑤 𝑗 × |𝑟 𝑗 − ̃𝑥 ∗ 𝑖𝑗 | BNP i Fuzzy reference 
point ranking 

S1 0.0234 0.0351 0.0022 0.0202 3 
S2 0.0168 0.0336 0.006 0.0188 1 
S3 0.0434 0.0121 0.0108 0.0221 7 
S4 0.0234 0.0351 0.0022 0.0202 2 
S5 0.0267 0.0356 0 0.0208 4 
S6 0.0434 0.0579 0 0.0338 10 
S7 0.0736 0.0206 0 0.0314 8 
S8 0.0434 0.0121 0.0108 0.0221 6 
S9 0.0267 0.0356 0 0.0208 5 
S10 0.0736 0.0206 0 0.0314 9 
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unctions. We then used Eq. (28) to defuzzify the overall score of the
riteria. 

We obtained the ranking of suppliers presented in Table 8 . The sup-
liers are ranked in decreasing order of importance as follows: 

4 > 𝑆2 > 𝑆3 > 𝑆10 > 𝑆8 > 𝑆7 > 𝑆5 > 𝑆9 > 𝑆6 > 𝑆1 

hus, after applying the fuzzy ratio method, the best supplier turned out
o be Supplier 4. 

Next, we applied the fuzzy reference point method. The over-
ll performance values of the suppliers were computed according to
qs. (29) and (30) . Hence, Eq. (35) was used to calculate the fuzzy ref-
rence point ranking presented in Table 9 . The suppliers are ranked in
ecreasing order of importance as follows: 

2 > 𝑆1 > 𝑆4 > 𝑆9 > 𝑆5 > 𝑆3 > 𝑆8 > 𝑆10 > 𝑆7 > 𝑆6 

hus, after applying the fuzzy reference point method, the best supplier
urned out to be Supplier 2. 

Finally, we analyzed the supplier selection problem implementing
he fuzzy full multiplicative form presented in Eq. (36) . The overall util-
ty values relative to the single suppliers (i.e., �̃� 

′
𝑖 , with 𝑖 = 1 , ..., 10 ) are

resented in Table 10 . These values are the final defuzzified values of
he fuzzy overall utility and were obtained using the non-fuzzy values
f the products Φ̃𝑖 and Ψ̃𝑖 (where 𝑖 = 1 , ..., 10 ), also shown in Table 10 .
ccording to the full multiplicative form, the suppliers are ranked in
ecreasing order of importance as follows: 

8 > 𝑆10 > 𝑆4 > 𝑆2 > 𝑆7 > 𝑆5 > 𝑆9 > 𝑆1 > 𝑆3 > 𝑆6 

ith Supplier 8 ranked as the best supplier. 

.4. Phase 4: fuzzy COPRAS results 

The proposed fuzzy COPRAS approach Section 3.4 ) was imple-
ented to rank the suppliers. The weights assigned to the criteria in

his phase were those obtained by fuzzy BWM. First, as in the fuzzy
160 
ULTIMOORA phase, we used Eqs. (12) to ( (14) to normalize the fuzzy
ecision matrix and Eqs. (16) to (18) to obtain the weighted normalized
uzzy decision matrix. Eqs. (39) and (40) were used to calculate the sums
f the attribute values for the maximum and minimum values, respec-
ively. Next, we used Eq. (42) to calculate the relative importance of
ach alternative and Eq. (43) to defuzzify the obtained values. Finally,
q. (45) was used to calculate the utility value of each alternative. The
upplier ranking is presented in Table 11 . The suppliers are ranked in
ecreasing order of importance as follows: 

2 > 𝑆9 > 𝑆4 > 𝑆5 > 𝑆8 > 𝑆7 > 𝑆3 > 𝑆10 > 𝑆1 > 𝑆6 

ith Supplier 2 representing the most preferred supplier. 

.5. Phase 5: fuzzy TOPSIS results 

The proposed fuzzy TOPSIS approach Section 3.5 ) was implemented
o rank the suppliers. The weights assigned to the criteria in this phase
ere those obtained by fuzzy BWM. We determined the weighted nor-
alized fuzzy decision matrix ( Eqs. (16) to ( (18) ) and calculated the

alues of 𝛿+ 
𝑖 
, 𝛿− 

𝑖 
and 𝛾𝑖 using Eqs. (51) to (56) . All these values are dis-

layed in Table 12 . The suppliers are ranked on the basis of their close-
ess coefficients as follows: 

2 > 𝑆8 > 𝑆5 > 𝑆3 > 𝑆9 > 𝑆10 > 𝑆6 > 𝑆7 > 𝑆1 > 𝑆4 

ith Supplier 2 identified as the most preferred supplier. 

.6. Phase 6: consensus raking results 

We implemented the MAH method to aggregate the supplier rankings
btained by fuzzy MULTIMOORA, fuzzy COPRAS, and fuzzy TOPSIS and
reate a final consensus ranking. The MAH allows for evaluating the
lternative suppliers one at a time. Each alternative supplier is placed in
he final consensus ranking by building an agreement matrix that does
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Table 10 

Supplier ranking by the fuzzy full multiplicative form. 

Supplier Φ̃𝑖 Ψ̃𝑖 Non-fuzzy 
Φ̃𝑖 

Non-fuzzy 
Ψ̃𝑖 

�̃� 𝑖 = 
Φ̃𝑖 

Ψ̃𝑖 

Fuzzy full 
multiplicative 
form ranking 

S1 0 0.7055 0.8785 0.5903 0.7585 0.8885 0.528 0.7458 0.708 8 
S2 0.57 0.7252 0.8527 0 0.7448 0.8985 0.716 0.5477 1.3071 4 
S3 0 0.6957 0.8911 0.6594 0.7688 0.8617 0.5289 0.7633 0.6929 9 
S4 0.6087 0.7311 0.8376 0 0.7416 0.9055 0.7258 0.5491 1.3219 3 
S5 0.5603 0.7237 0.8572 0.5953 0.7592 0.8857 0.7138 0.7467 0.9558 6 
S6 0 0 0.9087 0 0.75 0.8946 0.3029 0.5482 0.5525 10 
S7 0 0.6974 0.8855 0 0.7283 0.9109 0.5276 0.5464 0.9657 5 
S8 0 0.6908 0.895 0 0 0.9115 0.5286 0.3038 1.7398 1 
S9 0.585 0.7276 0.8476 0.6285 0.7644 0.8746 0.7201 0.7559 0.9526 7 
S10 0 0.6622 0.9267 0 0 0.929 0.5296 0.3097 1.7103 2 

Table 11 

Supplier ranking by fuzzy COPRAS. 

Supplier �̃� 𝑗 �̃� 𝑗 �̃� 𝑗 Non-fuzzy 
�̃� 𝑗 

𝐾 𝑗 Fuzzy 
COPRAS 
ranking 

S1 0.0475 0.0821 0.1166 0.0505 0.0798 0.109 0.0758 0.1408 0.2081 0.1416 80.6536 9 
S2 0.068 0.1011 0.1341 0.0354 0.0634 0.0914 0.1084 0.175 0.2433 0.1755 100 1 
S3 0.042 0.0834 0.1247 0.0368 0.0641 0.0991 0.0808 0.1565 0.2254 0.1542 87.8476 7 
S4 0.0677 0.0939 0.1201 0.0526 0.0748 0.097 0.0948 0.1565 0.2229 0.1581 90.0588 3 
S5 0.0574 0.0878 0.1183 0.0423 0.0681 0.0939 0.0911 0.1566 0.2245 0.1574 89.6769 4 
S6 0.0352 0.067 0.1062 0.0451 0.0783 0.1114 0.0669 0.1269 0.1957 0.1298 73.9685 10 
S7 0.0439 0.0814 0.1189 0.032 0.0637 0.0954 0.0886 0.1549 0.2234 0.1556 88.6527 6 
S8 0.0418 0.0862 0.1306 0.0325 0.0649 0.1025 0.0858 0.1584 0.2279 0.1574 89.6607 5 
S9 0.0684 0.097 0.1256 0.0484 0.0726 0.0969 0.0979 0.1615 0.2285 0.1626 92.6414 2 
S10 0.0141 0.068 0.122 0.0187 0.0582 0.1039 0.0903 0.1486 0.218 0.1523 86.7617 8 

Table 12 

Supplier ranking by fuzzy TOPSIS. 

Supplier 𝛿+ 
𝑖 

𝛿− 
𝑖 

𝛾𝑖 = 
𝛿− 
𝑖 

𝛿− 
𝑖 
+ 𝛿+ 

𝑖 

Fuzzy 
TOPSIS 
ranking 

S1 11.249 0.805 0.0668 9 
S2 11.1229 0.9786 0.0809 1 
S3 11.2292 0.8982 0.0741 4 
S4 11.2406 0.784 0.0652 10 
S5 11.163 0.8962 0.0743 3 
S6 11.2595 0.8286 0.0685 7 
S7 11.2875 0.8171 0.0675 8 
S8 11.2059 0.9466 0.0779 2 
S9 11.1851 0.854 0.0709 5 
S10 11.3535 0.8453 0.0693 6 
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ot consider the alternative suppliers that have already been ranked.
he process stops when all the alternative suppliers are ranked [185] . 

To simplify the comparisons between two rankings, we constructed
 matrix whose rows display the position occupied by each supplier in
ach ranking. This matrix is given in Table 13 . 

Table 14 features all the agreement matrices used through the heuris-
ic process. Matrix 13.1 shows the number of times each supplier was
referred to all the other suppliers by each method. For example, five
ethods preferred Supplier 2 to Supplier 3, three methods preferred

upplier 2 to Supplier 4, and so on. The entries of this matrix were ob-
ained using the matrix of single method rankings provided in Table 13 .

The elements of each row of Matrix 14.1 were summed to get the
otal number of methods agreeing on each supplier ( 𝑃 𝑖 , 𝑖 = 1 , ..., 10 ) . Sim-
larly, the elements of each column were summed to get the total num-
er of methods disagreeing on each supplier ( 𝑁 𝑖 , 𝑖 = 1 , ..., 10 ) . Finally,
he differences ( 𝑃 𝑖 − 𝑁 𝑖 ) , 𝑖 = 1 , ..., 10 , were calculated. The highest value
hat was obtained for the absolute difference |𝑃 𝑖 − 𝑁 𝑖 |, 𝑖 = 1 , ..., 10 , is 37.

Matrix 14.1 shows zero-entries, other than those on the main diago-
al, in the columns of suppliers S2, S3, S5, S8, and S9 and in the rows
161 
f suppliers S1, S3, S5, S6, S7, and S9. Since, S2 and S6 correspond to
he max 

𝑖 
|𝑃 𝑖 − 𝑁 𝑖 | = 37 , the heuristic focused on these two suppliers and

laced S2 (whose negative preference vector has zero-entries) at the top
f the final ranking. S6 should have gone at the bottom of the ranking
ince its positive preference vector has zero-entries. At this point, S2 was
eleted, and a new matrix, Matrix 14.2, created. 

In this new matrix, there were no zero-entries in the columns nor
n the rows of the suppliers corresponding to the new highest positive
ifference 𝑃 𝑖 − 𝑁 𝑖 = +20 , namely, suppliers S4 and S8. Thus, suppliers
4 and S8 were placed at the top of the final consensus ranking after S2.
t this point, S4 and S8 were deleted, and a new matrix, Matrix 14.3,
reated. 

Reasoning as for Matrix 14.2, suppliers S2, S4, and S8 were followed
y suppliers S5, S9, S3, S10, S7, S1, and S6. 

The final consensus ranking obtained for the suppliers is the follow-
ng: 

2 > 𝑆4 > 𝑆8 > 𝑆5 > 𝑆9 > 𝑆3 > 𝑆10 > 𝑆7 > 𝑆1 > 𝑆6 

.7. Sensitivity analysis 

A sensitivity analysis (SA) is used to validate the ranking results ob-
ained in the case study and show the robustness of the proposed hybrid
odel against possible biases in experts’ evaluations. Following [68] , we
erformed a SA by allowing the criterion obtaining the highest weight
o vary from 0.1 to 0.9. Table 15 shows the changes in weight values of
ll the criteria when the weight of C6 varies. 

After determining the weights of criteria, the criteria were ranked
sing 9 different runs (see Table 15 ). The SA relative to the ranking of
he criteria is shown in Figure 4 . 

The next step was to apply fuzzy MULTIMOORA, fuzzy COPRAS, and
uzzy TOPSIS analyses with the changing weights for the criteria and
alculate the corresponding separated final rankings for the suppliers.
gain, there were performed 9 different runs. Then, we computed the
nal ranking by the consensus ranking method (MAH). The SA results
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Table 13 

Initial supplier rankings by the single methods. 

Method Suppliers 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

Fuzzy ratio method rankings ( Table 7 ) 10 2 3 1 7 9 6 5 8 4 
Fuzzy reference point rankings ( Table 8 ) 3 1 7 2 4 10 8 6 5 9 
Fuzzy full multiplicative rankings ( Table 9 ) 8 4 9 3 6 10 5 1 7 2 
Fuzzy COPRAS ranking ( Table 10 ) 9 1 7 3 4 10 6 5 2 8 
Fuzzy TOPSIS ranking ( Table 11 ) 9 1 4 10 3 7 8 2 5 6 

Fig. 4. Sensitivity analysis of the weights of 
the criteria. 

Fig. 5. Sensitivity analysis of the final supplier 
ranking by MAH. 
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or the ranking of the suppliers through 9 different runs are shown in
able 16 . 

Also, Figure 5 shows the SA results for the final ranking of the sup-
liers. Figures 4 and 5 clearly show that there is no much variation in
he final ranking of the criteria or the final ranking of the suppliers.
herefore, the integrated model can be confirmed to be free from any
ias and robust. 
162 
. Managerial implications 

From a managerial viewpoint, supplier selection is one of the most
mportant issues that managers and decision-makers must deal with.
his is particularly true within a DSC setting. The proposed inte-
rated fuzzy BWM, fuzzy MULTIMOORA, fuzzy COPRAS, and fuzzy
OPSIS approach allows managers and experts to perform coherent
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Table 14 

Final consensus ranking using MAH. 

Matrix 14.1 

Supplier S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 P i P i - N i 

S1 0 0 2 1 1 3 1 1 1 1 11 -23 
S2 5 0 5 3 5 5 5 4 5 4 41 37 Rank 1 
S3 3 0 0 1 1 5 3 1 2 4 20 -5 
S4 4 2 4 0 4 4 4 3 4 3 32 19 
S5 4 0 4 1 0 5 4 2 4 3 26 7 
S6 2 0 0 1 0 0 1 0 0 0 4 -37 
S7 4 0 2 1 1 4 0 0 2 2 16 -13 
S8 4 1 4 2 3 5 5 0 3 4 31 17 
S9 4 0 3 1 1 5 3 2 0 3 22 -1 
S10 4 1 1 2 2 5 3 1 2 0 21 -3 
N i 34 4 25 13 19 41 29 14 23 24 
Matrix 14.2 
Supplier S1 S3 S4 S5 S6 S7 S8 S9 S10 P i P i - N i 
S1 0 2 1 1 3 1 1 1 1 11 -18 
S3 3 0 1 1 5 3 1 2 4 20 0 
S4 4 4 0 4 4 4 3 4 3 30 20 Rank 2 
S5 4 4 1 0 5 4 2 4 3 26 12 
S6 2 0 1 0 0 1 0 0 0 4 -32 
S7 4 2 1 1 4 0 0 2 2 16 -8 
S8 4 4 2 3 5 5 0 3 4 30 20 Rank 3 
S9 4 3 1 1 5 3 2 0 3 22 4 
S10 4 1 2 2 5 3 1 2 0 20 0 
N i 29 20 10 14 36 24 10 18 20 
Matrix 14.3 
Supplier S1 S3 S5 S6 S7 S9 S10 P i P i - N i 
S1 0 2 1 3 1 1 1 9 -12 
S3 3 0 1 5 3 2 4 19 6 
S5 4 4 0 5 4 4 3 23 16 Rank 4 
S6 2 0 0 0 1 0 0 3 -24 
S7 4 2 1 4 0 2 2 15 0 
S9 4 3 1 5 3 0 3 19 8 
S10 4 1 2 5 3 2 0 17 4 
N i 21 12 7 27 15 11 13 
Matrix 14.4 
Supplier S1 S3 S6 S7 S9 S10 P i P i - N i 
S1 0 2 3 1 1 1 8 -9 
S3 3 0 5 3 2 4 17 9 
S6 2 0 0 1 0 0 3 -19 
S7 4 2 4 0 2 2 14 3 
S9 4 3 5 3 0 3 18 11 Rank 5 
S10 4 1 5 3 2 0 15 5 
N i 17 8 22 11 7 10 
Matrix 14.5 
Supplier S1 S3 S6 S7 S10 P i P i - N i 
S1 0 2 3 1 1 7 -6 
S3 3 0 5 3 4 15 10 Rank 6 
S6 2 0 0 1 0 3 -14 
S7 4 2 4 0 2 12 4 
S10 4 1 5 3 0 13 6 
N i 13 5 17 8 7 
Matrix 14.6 
Supplier S1 S6 S7 S10 P i P i - N i 
S1 0 3 1 1 5 -5 
S6 2 0 1 0 3 -9 
S7 4 4 0 2 10 5 
S10 4 5 3 0 12 9 Rank 7 
N i 10 12 5 3 
Matrix 14.7 
Supplier S1 S6 S7 P i P i - N i 
S1 0 3 1 4 -2 
S6 2 0 1 3 -4 
S7 4 4 0 8 6 Rank 8 
N i 6 7 2 
Matrix 14.8 
Supplier S1 S6 P i P i - N i 
S1 0 3 3 1 Rank 9 
S6 2 0 2 -1 Rank 10 
N i 2 3 
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Table 15 

Changes in weight values for all criteria after varying the weight of C6. 

Criterion Normalized Weight Run1(0.1) Run2(0.2) Run3(0.3) Run4(0.4) Run5(0.5) Run6(0.6) Run7(0.7) Run8(0.8) Run9(0.9) 

C6 0.1735 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
C3 0.1023 0.1114 0.0991 0.0867 0.0743 0.0619 0.0495 0.0371 0.0248 0.0124 
C4 0.1023 0.1114 0.0991 0.0867 0.0743 0.0619 0.0495 0.0371 0.0248 0.0124 
C7 0.1023 0.1114 0.0991 0.0867 0.0743 0.0619 0.0495 0.0371 0.0248 0.0124 
C11 0.1023 0.1114 0.0991 0.0867 0.0743 0.0619 0.0495 0.0371 0.0248 0.0124 
C1 0.0629 0.0685 0.0609 0.0533 0.0457 0.0381 0.0305 0.0228 0.0152 0.0076 
C5 0.0629 0.0685 0.0609 0.0533 0.0457 0.0381 0.0305 0.0228 0.0152 0.0076 
C8 0.0629 0.0685 0.0609 0.0533 0.0457 0.0381 0.0305 0.0228 0.0152 0.0076 
C9 0.0629 0.0685 0.0609 0.0533 0.0457 0.0381 0.0305 0.0228 0.0152 0.0076 
C10 0.0629 0.0685 0.0609 0.0533 0.0457 0.0381 0.0305 0.0228 0.0152 0.0076 
C12 0.0629 0.0685 0.0609 0.0533 0.0457 0.0381 0.0305 0.0228 0.0152 0.0076 
C2 0.0396 0.0431 0.0384 0.0336 0.0288 0.024 0.0192 0.0144 0.0096 0.0048 

Table 16 

Sensitivity analysis of MAH ranking results for suppliers. 

Supplier Normalized Run1(0.1) Run2(0.2) Run3(0.3) Run4(0.4) Run5(0.5) Run6(0.6) Run7(0.7) Run8(0.8) Run9(0.9) 

S1 9 9 9 8 8 9 8 10 9 7 
S2 1 1 1 1 1 1 2 1 1 1 
S3 7 6 6 7 6 6 6 6 6 6 
S4 2 2 2 2 2 2 1 2 2 3 
S5 4 3 4 5 5 5 5 5 5 4 
S6 10 10 10 10 10 7 8 8 8 9 
S7 8 5 8 9 8 10 8 9 9 10 
S8 3 4 2 3 4 4 4 4 4 5 
S9 5 8 5 4 3 3 3 3 3 2 
S10 6 6 6 6 7 8 7 7 6 7 
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ssessments and make sound decisions using an easy-to-implement
ethodology. 

The proposed framework has been used to analyze a case study in a
anufacturing company, but it can be naturally modified to be applied

o other case studies of companies with similar features and interest in
oosting their DSCs. 

A limitation of a study like the one being proposed is the ability
f the manager(s) to select a team of experts appropriately. The fuzzy
pproach proposed in this paper partially compensates for this short-
oming since it allows for incorporating the uncertainty and vagueness
f the experts’ judgments. Once the evaluation criteria have been de-
ned in a comprehensive manner, how much are the TFNs effective to
orrectly interpret uncertain and/or vague evaluations depends on the
xperience and expertise of the expert team. 

On the other hand, an operational advantage of the proposed
ethodology is its capability to rank multiple suppliers, a particularly

elevant feature when considering supplier selection problems in DSCs
ince working with and considering a large number of suppliers is a
ommon phenomenon in digital environments. 

From a more academic perspective, despite supplier selection being
ne of the main determinants of DSC success, the number of studies
nvolving MCDM combined approaches to this problem is still limited.
ecently, Torkayesh et al. [189] have used an integrated BWM-WASPAS
ethod to rank digital suppliers in an online retail shop in Iran, iden-

ifying “information sharing ” and “digital engagement ” as the impor-
ant criteria to select suppliers in a DSC. Özbek & Yildiz [140] have
sed an interval type-2 fuzzy TOPSIS approach, while Sharma & Joshi
159] have identified the factors influencing the selection of digital sup-
liers using an integrated SWARA-WASPAS method. In particular, the
ast study shows that sustainable practices and digital innovation are
mong the key characteristics that the industries are currently aiming
t for the development of their DSCs. Finally, Chen, et al. [41] have
roposed a novel rough-fuzzy DEMATEL-TOPSIS approach to sustain-
ble supplier selection in a smart supply chain. 

Considering these studies, managerial implications of the proposed
ethodology can also be outlined regarding sustainability issues. The

ncreasing interest of consumers and governmental policies in industries
164 
nd companies showing an eco-friendly behavior plays in favor of the
roposed research and the performed case study, opening the way to
everal applications to real-life situations. 

. Conclusion and future research directions 

In this study, we proposed an integrated and comprehensive fuzzy
ulticriteria model for supplier selection in DSCs. The proposed frame-
ork consisted of a six-phase procedure to integrate fuzzy BWM with

uzzy MULTIMOORA, fuzzy COPRAS, and fuzzy TOPSIS. The supplier
election criteria were identified in Phase 1, while their importance
eights are measured in Phase 2 by applying the fuzzy BWM method. In
hases 3 to 5, the suppliers were ranked using the fuzzy MULTIMOORA,
uzzy COPRAS, and fuzzy TOPSIS methods. Finally, in Phase 6, the sup-
lier rankings obtained in the previous phases were aggregated using
AH. We presented a real-life case study to demonstrate the applicabil-

ty of the proposed integrated procedure in a medium-sized enterprise. 
The DSC selection criteria used in this study are extrapolated from a

igorous literature review. This is an advantage but also a limitation of
his study. Indeed, managers could face situations where it is necessary
o address a specific problem or account for particular requests com-
ng from customers, retailers, distributors and/or producers. In those
ituations, the list of criteria will need to be modified according to the
roblem-specific requirements. The proposed model considers a holis-
ic approach that encompasses all features of the singular methods em-
loyed in the proposed integrated framework. The final consensus rank-
ng coherently integrates the single method rankings and builds confi-
ence in the overall solution. Decision-makers and all DSC players, in-
luding producers, distributors, and retailers, can be confident that the
roblem has been formulated and evaluated from multiple angles using
ultiple methods. 

A case study has been conducted in a manufacturing company to
emonstrate the applicability of the proposed method. The obtained re-
ults have been validated with a sensitivity analysis. Managerial impli-
ations and limitations, as well as the current interest in sustainability-
elated issues, have been highlighted. 
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Future researches could use the proposed integrated method for ap-
lications to different selection problems such as site selection, service
election, partner selection, and selection problems related to warehouse
ocations. In addition, future researchers could concentrate on develop-
ng and testing other integrated methods and combine them with the
AH method. Finally, it would be interesting to expand the current

tudy on DSC to humanitarian supply chains focusing in particular on
ase studies related to the COVID-19 Vaccine supply chain. 
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ppendix A 

The nonlinear constrained optimization problem 

in 𝑘 ∗ 

.𝑡. 

 6 − 2 . 5 ∗ 𝑢 1 ≤ 𝑘 ∗ 𝑢 1 ; 𝑙 6 − 2 . 5 ∗ 𝑢 1 ≥ − 𝑘 ∗ 𝑢 1 ; 
 6 − 3 ∗ 𝑚 1 ≤ 𝑘 ∗ 𝑚 1 ; 𝑚 6 − 3 ∗ 𝑚 1 ≥ − 𝑘 ∗ 𝑚 1 ; 
 6 − 3 . 5 ∗ 𝑙 1 ≤ 𝑘 ∗ 𝑙 1 ; 𝑢 6 − 3 . 5 ∗ 𝑙 1 ≥ − 𝑘 ∗ 𝑙 1 ; 
 6 − 3 . 5 ∗ 𝑢 2 ≤ 𝑘 ∗ 𝑢 2 ; 𝑙 6 − 3 . 5 ∗ 𝑢 2 ≥ − 𝑘 ∗ 𝑢 2 ; 
 6 − 4 ∗ 𝑚 2 ≤ 𝑘 ∗ 𝑚 2 ; 𝑚 6 − 4 ∗ 𝑚 2 ≥ − 𝑘 ∗ 𝑚 2 ; 
 6 − 4 . 5 ∗ 𝑙 2 ≤ 𝑘 ∗ 𝑙 2 ; 𝑢 6 − 4 . 5 ∗ 𝑙 2 ≥ − 𝑘 ∗ 𝑙 2 ; 
 

 6 − 1 . 5 ∗ 𝑢 11 ≤ 𝑘 ∗ 𝑢 11 ; 𝑙 6 − 1 . 5 ∗ 𝑢 11 ≥ − 𝑘 ∗ 𝑢 11 ; 
 6 − 2 ∗ 𝑚 11 ≤ 𝑘 ∗ 𝑚 11 ; 𝑚 6 − 2 ∗ 𝑚 11 ≥ − 𝑘 ∗ 𝑚 11 ; 
 6 − 2 . 5 ∗ 𝑙 11 ≤ 𝑘 ∗ 𝑙 11 ; 𝑢 6 − 2 . 5 ∗ 𝑙 11 ≥ − 𝑘 ∗ 𝑙 11 ; 
 6 − 2 . 5 ∗ 𝑢 12 ≤ 𝑘 ∗ 𝑢 12 ; 𝑙 6 − 2 . 5 ∗ 𝑢 12 ≥ − 𝑘 ∗ 𝑢 12 ; 
 6 − 3 ∗ 𝑚 12 ≤ 𝑘 ∗ 𝑚 12 ; 𝑚 6 − 3 ∗ 𝑚 12 ≥ − 𝑘 ∗ 𝑚 12 ; 
 6 − 3 . 5 ∗ 𝑙 12 ≤ 𝑘 ∗ 𝑙 12 ; 𝑢 6 − 3 . 5 ∗ 𝑙 12 ≥ − 𝑘 ∗ 𝑙 12 ; 
 1 − 1 . 5 ∗ 𝑢 2 ≤ 𝑘 ∗ 𝑢 2 ; 𝑙 1 − 1 . 5 ∗ 𝑢 2 ≥ − 𝑘 ∗ 𝑢 2 ; 
 1 − 2 ∗ 𝑚 2 ≤ 𝑘 ∗ 𝑚 2 ; 𝑚 1 − 2 ∗ 𝑚 2 ≥ − 𝑘 ∗ 𝑚 2 ; 
 1 − 2 . 5 ∗ 𝑙 2 ≤ 𝑘 ∗ 𝑙 2 ; 𝑢 1 − 2 . 5 ∗ 𝑙 2 ≥ − 𝑘 ∗ 𝑙 2 ; 
 3 − 2 . 5 ∗ 𝑢 2 ≤ 𝑘 ∗ 𝑢 2 ; 𝑙 3 − 2 . 5 ∗ 𝑢 2 ≥ − 𝑘 ∗ 𝑢 2 ; 
 3 − 3 ∗ 𝑚 2 ≤ 𝑘 ∗ 𝑚 2 ; 𝑚 3 − 3 ∗ 𝑚 2 ≥ − 𝑘 ∗ 𝑚 2 ; 
 3 − 3 . 5 ∗ 𝑙 2 ≤ 𝑘 ∗ 𝑙 2 ; 𝑢 3 − 3 . 5 ∗ 𝑙 2 ≥ − 𝑘 ∗ 𝑙 2 ; 
 

 11 − 2 . 5 ∗ 𝑢 2 ≤ 𝑘 ∗ 𝑢 2 ; 𝑙 11 − 2 . 5 ∗ 𝑢 2 ≥ − 𝑘 ∗ 𝑢 2 ; 
 11 − 3 ∗ 𝑚 2 ≤ 𝑘 ∗ 𝑚 2 ; 𝑚 11 − 3 ∗ 𝑚 2 ≥ − 𝑘 ∗ 𝑚 2 ; 
 11 − 3 . 5 ∗ 𝑙 2 ≤ 𝑘 ∗ 𝑙 2 ; 𝑢 11 − 3 . 5 ∗ 𝑙 2 ≥ − 𝑘 ∗ 𝑙 2 ; 
 12 − 1 . 5 ∗ 𝑢 2 ≤ 𝑘 ∗ 𝑢 2 ; 𝑙 12 − 1 . 5 ∗ 𝑢 2 ≥ − 𝑘 ∗ 𝑢 2 ; 
 12 − 2 ∗ 𝑚 2 ≤ 𝑘 ∗ 𝑚 2 ; 𝑚 12 − 2 ∗ 𝑚 2 ≥ − 𝑘 ∗ 𝑚 2 ; 
 12 − 2 . 5 ∗ 𝑙 2 ≤ 𝑘 ∗ 𝑙 2 ; 𝑢 12 − 2 . 5 ∗ 𝑙 2 ≥ − 𝑘 ∗ 𝑙 2 ; 
 1 + 4 ∗ 𝑚 1 + 𝑢 1 + 𝑙 2 + 4 ∗ 𝑚 2 + 𝑢 2 + 
 3 + 4 ∗ 𝑚 3 + 𝑢 3 + …+ 𝑙 11 + 4 ∗ 𝑚 11 + 
 11 + 𝑙 12 + 4 ∗ 𝑚 12 + 𝑢 12 = 6; 
 1 ≤ 𝑚 1 ≤ 𝑢 1 ; 𝑙 2 ≤ 𝑚 2 ≤ 𝑢 2 ; 𝑙 3 ≤ 𝑚 3 ≤ 𝑢 3 ; 𝑙 4 ≤ 𝑚 4 ≤ 𝑢 4 ; 𝑙 5 ≤ 𝑚 5 ≤ 𝑢 5 ; 𝑙 6 ≤ 𝑚 6 ≤ 𝑢 6 ; 
 7 ≤ 𝑚 7 ≤ 𝑢 7 ; 𝑙 8 ≤ 𝑚 8 ≤ 𝑢 8 ; 𝑙 9 ≤ 𝑚 9 ≤ 𝑢 9 ; 𝑙 10 ≤ 𝑚 10 ≤ 𝑢 10 ; 𝑙 11 ≤ 𝑚 11 ≤ 𝑢 11 ; 𝑙 12 ≤ 𝑚 12 ≤ 𝑢

 1 ≥ 0; 𝑙 2 ≥ 0; 𝑙 3 ≥ 0; 𝑙 4 ≥ 0; 𝑙 5 ≥ 0; 𝑙 6 ≥ 0; 𝑙 7 ≥ 0; 𝑙 8 ≥ 0; 𝑙 9 ≥ 0; 𝑙 10 ≥ 0; 𝑙 11 ≥ 0; 𝑙 12 ≥ 0;
 ≥ 0 
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