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Abstract. Sustainable supplier selection (SSS) is an important part of sustainable supply chain man-
agement (SSCM). In this paper, an integrated multi-criteria decision-making (MCDM) framework, 
based on the picture fuzzy exponential entropy, and the VIsekriterijumska optimizacija i KOm-
promisno Resenje (VIKOR) method, is proposed to manage SSS problems. Firstly, the evaluation 
criteria of SSS, including economic, environmental and social, is established. This can be evaluated 
in the form of the actual data or linguistic terms provided by suppliers and experts respectively in an 
actual decision-making process. Then, according to the translated scales, all the evaluation informa-
tion can be converted into picture fuzzy numbers (PFNs). Secondly, the picture fuzzy exponential 
entropy is defined. Moreover, based on the entropy’s minimization principle, the defined picture 
fuzzy exponential entropy is used to determine the weight of the SSS’s criteria. Thirdly, the extended 
VIKOR method, which combines the grey correlation coefficient, is utilized to select a suitable 
supplier. This method avoids the shortcomings of the traditional VIKOR method in data mining 
and solves the conflict between SSS criteria. Finally, the feasibility and effectiveness of the proposed 
integrated decision framework are verified by an experiment, as well as a sensitivity analysis and 
comparative analysis.

Keywords: sustainable supplier selection, multi-criteria decision-making, picture fuzzy numbers, 
VIKOR, exponential entropy.

JEL Classification: D81, C61, Q56.

Introduction

Due to the depletion of natural resources, environmental pollution, labor safety and other 
issues becoming increasingly prominent, modern enterprises pay increasing attention to sus-
tainable development. In other words, enterprises should maximize their economic benefits, 
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whilst also having certain environmental responsibility and social responsibilities. Moreover, 
sustainable supply chain management (SSCM) requires the effective integration of all those 
involved in the supply chain, such as raw material suppliers, manufacturers, dealers, retailers, 
logistics companies and consumers. This will coordinate economic, environmental and social 
benefits effectively, to maximize the overall benefits (Hassini et al., 2012).

Sustainable supplier selection (SSS) is an important part of SSCM. The performance of 
suppliers not only affects the producers’ performance, but also affects the performance of 
downstream enterprises (Mou et  al., 2018). Therefore, SSS is a key factor for enterprises 
seeking to achieve sustainable development. Compared with the traditional supplier selection 
process, SSS should not only consider a supplier’s economic performance, such as product 
quality, price, transportation, after-sales service and production management, but also con-
sider their environmental protection, energy-saving performance and social responsibility.

Therefore, the rationale of this paper is threefold. Firstly, picture fuzzy numbers (PFNs), 
involving the degrees of positive, neutral, negative and refuse, can better depict uncertainty 
in a subjective evaluation of decision-makers (DMs). Secondly, DMs should categorize candi-
date suppliers and experts simultaneously, with the evaluation values being in the form of the 
actual data and subjective linguistic terms provided by the candidate suppliers and experts 
respectively. This can make the final results more consistent with actual decision-making by 
combining a quantitative and qualitative evaluation. Thirdly, there is often competition and 
conflict between the SSS’s criteria, and the VIsekriterijumska optimizacija i KOmpromisno 
Resenje (VIKOR) method (Opricovic & Tzeng, 2004) has the advantages of considering the 
maximization of group utility and the minimization of individual regret, as well as incor-
porating the subjective preference of DMs. Moreover, a grey relation analysis can avoid the 
drawbacks of the traditional VIKOR method. However, most of the existing methods only 
consider the evaluation value of the criteria to be a single type, and research on different 
types of criteria is poor. Thus, this paper constructs an integrated multi-criteria decision-
making (MCDM) framework, based on the picture fuzzy exponential entropy measure and 
the extended VIKOR method, to resolve SSS problems where the criteria’s weight information 
is completely unknown. Moreover, the picture fuzzy exponential entropy method can be used 
to obtain the weight of the SSS’s criteria, while the extended VIKOR method is utilized to 
rank sustainable suppliers.

Accordingly, the rest of this paper is structured as follows. In Section 1, a literature review 
is conducted. In Section 2, the picture fuzzy exponential entropy is defined and the corre-
sponding properties are discussed. Section 3 develops the MCDM framework with picture 
fuzzy information to solve SSS problems. An experimental analysis is provided to testify the 
developed approach’s validity and effectiveness in Section 4. Finally, the management im-
plications are outlined and conclusions are drawn in Section 6 and last section respectively.
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1. Literature review

The extant research on SSS problems mainly focuses on the evaluation criteria and evalua-
tion methods. 

1.1. The evaluation criteria

Constructing a set of scientific and feasible evaluation criteria of SSS is an important way of 
achieving the optimal supplier selection. Recently, many scholars have studied the evaluation 
criteria of SSS. Moreover, based on the SSCM principle, existing studies have shown that the 
evaluation criteria of SSS should observe the triple bottom line, i.e., it should include three 
aspects: economic, environmental and social (Elkington, 1998). The economic criteria are the 
maximum income set against the minimum input, and are mainly related to product cost, 
quality, production capacity, and technical capability (Weber et al., 1991; Yu & Wong, 2015; 
Goren, 2018). The environmental criteria mainly refer to the problems of product pollution 
and energy conversation, and include eco-design, green raw materials, pollution and recy-
cling (Roostaee et al., 2012; Yu et al., 2019). The social criteria are mainly related to issues 
such as health and safety standards, corporate disclosure, and corporate reputation (Roostaee 
et al., 2012; Liu et al., 2018).

This paper summarizes the existing literature on the evaluation criteria of the three layers 
of SSS, including the corresponding criteria and sub-criteria, the measurement of the criteria, 
the criteria’s attributes, and the type of the criteria’s evaluation value (as shown in Table 1). 
The first layer is the target layer, i.e., the evaluation criteria of SSS; it consists of the three 
main criteria, economic, environmental, and social. Moreover, the specific factors influenc-
ing partner selection are based on the second level of the index system, which also consists 
of the three criteria. The three main criteria reflect an important aspect of the evaluation of 
SSS, and the corresponding sub-criteria are established at the third level as shown in Table 1.  
The enterprises can reduce or increase the corresponding sub-criteria according to the spe-
cific circumstances of SSS problems.

1.2. The evaluation methods 

Many evaluation methods for SSS have recently been proposed, which can be classified into 
three categories. 

The first class is the combination of the fuzzy analytic hierarchy process (AHP) and 
MCDM method. For example, Weber and Desai (1996) and Aghdaie (2017) applied the AHP 
to supplier selection problems, whilst Sanayei et al. (2010) and Kuo et al. (2010) developed 
an integrated method by combining the artificial neural network and MCDM method. Fur-
thermore, Roostaee et al. (2012) combined fuzzy sets (FSs) and intuitionistic fuzzy sets (IFSs) 
with the VIKOR method. Alimardani et al. (2013) developed a methodology based on the 
VIKOR method for supplier selection. Scott et al. (2014) integrated an AHP–QFD (Quality 
Function Deployment). Liu et al. (2018) defined an Analytic Network Process (ANP)-VIKOR 
method and Xu et al. (2019) developed an AHPSort II method under an interval type-2 fuzzy 
environment. Awasthi et  al. (2018) developed a fuzzy AHP-VIKOR method and Memari 
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Table 1. The evaluation criteria

Criteria Sub-criterion Measurement Attribute Type  
of value

Economic 
(Elkington, 1998; 
Hassini et al., 
2012; Liu et al., 
2018; Mou et al., 
2018; Osiro et al., 
2018)

Quality c1 Overall quality of products Benefit Accurate
Cost c2 Price and the share of transaction 

costs per unit product
Cost Accurate

Production 
capacity c3

Single-shift production per day Benefit Accurate

Technical 
capability c4

New technical capability Benefit Linguistic

On-time delivery 
rate c5

On-time delivery rate Benefit Accurate

Finance c6 Asset-liability ratio Cost Accurate
Environmental 
(Roostaee et al., 
2012; Trapp & 
Sarkis, 2016; 
Liu et al., 2018; 
Mou et al., 2018; 
Osiro et al., 2018; 
Memaria et al., 
2019)

Eco-design c7 Design of products for reduced 
consumption of material/energy, 
design of products for reuse and 
recycling.

Benefit Linguistic

Sustainable 
materials c8

The level of sustainable 
materials used in packaging and 
manufacturing per product.

Benefit Accurate

Pollution c9 The average volume of air pollutants, 
waste, solid waste, and harmful 
materials which can be released per 
day during the measurement period

Cost Accurate

Environmentally-
friendly 
technology c10

The use of an environmentally-
friendly technology to conserve the 
natural environment and resources

Benefit Linguistic

Environmental 
protection 
management 
system c11

Environmental certification 
conditions such as IS14000, 
environmental policy, environmental 
target planning, inspection and 
control of environmental activities

Benefit Linguistic

Social 
(Roostaee et al., 
2012; Sarkis & 
Dhavale, 2015; 
Trapp & Sarkis, 
2016; Awasthi 
et al., 2018; Mou 
et al., 2018; Osiro 
et al., 2018; 
Memaria et al., 
2019)

Health and safety 
c12

Including Occupational Safety and 
Health (OHSAS) 18001, conditions 
and incidents

Benefit Linguistic

Information 
disclosure c13

To provide society with business 
information, including financial, 
raw material use and pollutant 
emissions.

Benefit Linguistic

Industry 
reputation c14

The degree of social recognition of 
corporate behavior.

Benefit Linguistic

et al. (2019) developed an intuitionstic fuzzy Technique for Order of Preference by Similar-
ity to Ideal Solution (TOPSIS) method for SSS. Finally, Chaharsooghi and Ashrafi (2014) 
developed a Neofuzzy TOPSIS method with triangular fuzzy numbers (TFNs). 

The second class of evaluation methods for SSS is mainly based on the optimization mod-
el. For instance, Zhou et al. (2016) established a multi-objective data envelopment analysis  
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(DEA) model, Trapp and Sarkis (2016) constructed a binary integer programming model, 
and Tavana et al. (2017) established a goal programming model for SSS respectively. Addi-
tionally, Cheraghalipour and Farsad (2018) constructed a bi-objective programming model 
for SSS and order allocation. 

The third class is based on other uncertain theories. For example: Bai and Sarkis (2010) 
developed an integrated method based on grey theory and rough sets for SSS; Sarkis and 
Dhavale (2015) developed a method based on the Monte Carlo Markov Chain for SSS; and 
Osiro et al. (2018) defined a MCDM method based on QFD for SSS.

From the analysis presented above, it can be concluded that the methods outlined can 
deal effectively with SSS problems. However, further improvement is needed in some aspects. 
Firstly, the traditional AHP and ANP methods need to provide specific values during [1, 9], 
ignoring the fuzzy and uncertain characteristics of the preference information provided by 
DMs, and do always not consider the weightings of DMs. Secondly, most existing methods 
assume that all criteria are evaluated subjectively by DMs, without considering that some 
criteria can be evaluated by the actual accurate values provided by candidate suppliers, which 
leads to great differences between the decision-making result and the actual decision-making. 
In other words, the evaluation process will be more feasible as it involves the candidate sup-
pliers in the evaluation process of SSS. Thirdly, the existing VIKOR methods for SSS are only 
an extension of traditional methods, and do not consider the shortcomings in data mining.

2. Preliminaries

Recently, FSs (Zadeh, 1965) and their extensions have been successfully applied to various 
fields (Peng et al., 2019; Liu et al. 2019a, 2019b; Shen et al. 2019a, 2019b) and fuzzy evaluation 
(Shen & Wang, 2018). As society has developed and research problems have become more 
complex, the single membership has been restricted in any practical application. Therefore, 
IFSs (Atanassov, 1986), which are extensions of FSs, were developed and applied to solve 
MCDM problems (Kannan et al., 2015; Beskese et al., 2018; Liu et al., 2019b; Luo et al., 2019).

2.1. PFSs

Picture fuzzy sets (PFSs) (Cuong & Kreinovich, 2013) as an extension of IFSs, are expressed 
by the membership, neutral membership and non-membership simultaneously. PFSs can 
describe the DMs’ preference accurately, which can avoid missing information and make 
the evaluation information more feasible than IFSs. Recent research on PFSs has focused on 
its extensions and MCDM methods, and has applied them to solve various decision-making 
and clustering analysis problems (Wei, 2016, 2018; Wang et al., 2018, 2019a, 2019b, 2020; 
Wei & Gao, 2018; Wei et al. 2018; Tian & Peng, 2020; Tian et al., 2019, 2020; Zhang et al. 
2018, 2019a, 2019b). 

Definition 1 (Cuong & Kreinovich, 2013). A PFS y in X is defined as ( ) ( ) ( )( ){ }, , ,x x x x x Xy y yy = µ η ν ∈
 ( ) ( ) ( )( ){ }, , ,x x x x x Xy y yy = µ η ν ∈ . ( ) 0,1xy  µ ∈  represents the positive membership degree of y, 

( ) 0,1xy  η ∈   represents the neutral membership degree of y and ( ) 0,1xy  ν ∈   represents 
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the negative membership degree of y, and ( ) ( ),x xy yµ η  and ( )xyν  satisfy the following 
condition: ( ) ( ) ( )0 1x x xy y y≤ µ + η + ν ≤ . Then for any x ∈ X, ( ) ( ) ( )(1x x xy y yπ = − µ + η  +

( ))xy+ν  denotes the refusal membership degree. Particularly, if there is only one element in 
X, then y is a PFN, i.e., ( ), ,y y yy = µ η ν .

Definition 2 (Ju et al., 2019). Let y, y1 and y2 be three PFNs and l > 0, then
(1) ( )( ( ) ( )( )1 1 2 2 1 1 1 2 2 21 2 1 1 1 1 ,v vy y y y y y y y y yy ⊗y = −µ −η −µ −η − −µ −η − −µ −η −

 
    ( )( ) ( )( ) ( )( ))1 2 1 1 2 2 1 2

1 1 1 1 ,1 1 1 ;v v v v v vy y y y y y y y− − − −η − −η − − − −

(2)     ( ) ( ) ( ) ( ) ( )1 1 , 1 1 ,1 1v v v v v
l l l ll

y y y y y y y y y
 y = −η − − −µ −η − − − −η − − − 
 

;

(3) ( ), ,c
y y yy = ν η µ .

Definition 3 (Ju et al., 2019). Let ( ), , 1,2, ,
i i ii v i ny y yy = µ η = …  be a group of PFNs, and

( )1 2, , , T
nw w w w= …  be the corresponding weight with [0,1]iw ∈  and 

1

1
n

i
i

w
=

=∑  . Then the 

picture fuzzy weighted interaction geometric (PFWIG) operator can be defined as:

 

( ) ( ) ( )

( ) ( ) ( )

1 2
1 1

1 1 1

, , , 1 1 ,

1 1 , 1 1 .

i i

i i i i i

i i i

i i i i

n nw w
n

i i
n n nw w w

i i i

PFWIG vy y y y y
= =

y y y y
= = =

y y … y = − −η − −µ −η −ν

− ν − −η −ν − − ν

∏ ∏

∏ ∏ ∏
  (1)

Definition 4 (Wang et al., 2018). Let y1 and y2 be two PFNs, then the normalized picture 
fuzzy Euclidean distance between y1 and y2 can be defined as:

 
( ) ( ) ( ) ( ) ( )1 2 1 2 1 2 1 2

2 2 2 2
1 2

1,
2Ed y y y y y y y y
 = 
 

.  (2)

2.2. The picture fuzzy exponential entropy

 The information fuzzy entropy, which was defined by Shannon (1948), is a very important 
concept for MCDM problems. It can measure the amount of information and reflect the size 
of the uncertainty involved in an event. Then based on the fuzzy entropy, a new entropy 
measure of PFNs, i.e., the picture fuzzy exponential entropy, is defined as follows.

Definition 5. Let : ( ) [0,1]M PFSs X → . M is a picture fuzzy entropy iff it satisfies the fol-
lowing axiomatic:

P1. ( ) ( )0 minM y =  if 1, 0y y yµ = η = ν =  or 0yµ = , 1y yη + ν = ;
P2. ( ) 1M y =  if y y yµ = η + ν ;
P3. ( ) ( )1 2M My ≤ y  if 1 2y ≤ y , i.e., 

1 2y yµ ≤ µ , 
1 1 2 2y y y yη + ν ≥ η + ν  and

      
2 2 2y y yµ ≤ η + ν  or 

1 2y yµ ≥ µ , 
1 1 2 2y y y yη + ν ≤ η + ν  and 

2 2 2y y yµ ≥ η + ν ;

P4. ( ) ( )cM My = y , here yc is the complement set of y.
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Definition 6. Let y be a PFN, the picture fuzzy exponential entropy ( )eM y  can be de-
fined as:

( ) ( )
1 1
2 2

1 11
2 21

eM e e e
e e

y y y y y yµ + −η −ν η +ν + −µ
y y y y y y

 µ + −η −ν η + ν + −µ
 y = − −
 −  

.

 (3)

Theorem 1. The picture fuzzy exponential entropy ( )eM y  satisfies the four axiomatic of 
the picture fuzzy entropy.

Proof. P1. Assume 
1

2
y y y

y
µ + −η −ν

= τ , then we have ( ) ( ) ( ) 11 1
1

eM e e e
e e

y yτ −τ
y y

 y = − τ − − τ −
 

( ) ( ) ( ) 11 1
1

eM e e e
e e

y yτ −τ
y y

 y = − τ − − τ −
. Then ( ) 0eM y =  iff 1yτ =  or 0yτ = . Thus, 

1
1

2
y y yµ + −η −ν

=  or 
1

0
2

y y yµ + −η −ν
= i.e., 1y y yµ −η −ν =  or 1y y yη + ν −µ = . Since 1y y yµ + η + ν ≤ , 

then we have 1yµ =  and 0y yη = ν =  or 0yµ =  and 1y yη + ν = .

P2. Based on the proof of P1, we can obtain ( ) ( )eM f yy = τ , here ( ) ( ) ( ) 11 1
1

f e e e
e e

y yτ −τ
y y y

 τ = − τ − − τ −
 ( ) ( ) ( ) 11 1

1
f e e e

e e
y yτ −τ

y y y
 τ = − τ − − τ −

.  In order to prove that Eq. (3) satisfies the condition P2, it is neces-

sary to prove function ( ) ( ) ( ) 11 1
1

f e e e
e e

Κ −Κ Κ = −Κ − −Κ −
 satisfies the condition 

P2. Where 
1

2
y y y

y
µ + −η −ν

Κ = τ =  and 0 1≤ Κ ≤ . Taking derivatives of ( )f Κ  with 
respect toΚ , then we have ( ) ( ) ( ) ( ){ }11 1 1 1

1
f e e

e e
−Κ Κ ′ Κ = + −Κ − +Κ −

 

. Since 

( ) ( )1 xf x x e= +  is a bijective function and ( ) 0.5
0f

Κ=
′′ Κ < , so the function ( )f Κ  has a 

global maximum value at 0.5Κ = . Then ( )f yτ  has a global maximum value at 0.5yτ = , 

i.e. , y y yµ = η + ν . Thus, ( ) ( )max 0.5
1eM f

y
y τ =

y = τ = .

P3. According to the proof of P2, we can obtain three results about ( )f ′ Κ : (1) if  0 0.5≤ Κ <  , 
then ( ) 0f ′ Κ > , i.e., ( )f Κ  is an increasing function with respect to K; (2) if 0.5Κ = , 
then ( ) 0f ′ Κ = ; and (3) if 0.5 1< Κ ≤ , then ( ) 0f ′ Κ < , i.e., ( )f Κ  is a decreasing function  
with respect to Κ . Since 1 2y ≤ y , then we have 

1 2 2 2 1 1y y y y y yµ ≤ µ ≤ η + ν ≤ η + ν  or 

1 2 2 2 1 1y y y y y yµ ≥ µ ≥ η + ν ≥ η + ν . Take 1 1 1
1

2
y y yµ + −η −ν

 = Κ  and  2 2 2
1

2
y y yµ + −η −ν

= Τ
 
. 

If 
1 2 2 2 1 1y y y y y yµ ≤ µ ≤ η + ν ≤ η + ν , then we have 0.5Κ ≤ Τ ≤ , i.e., ( ) ( )f fΚ ≤ Τ  . Thus, 

( ) ( )1 2
f fy yτ ≤ τ , i.e., ( ) ( )1 2e eM My ≤ y  whenever 1 2y ≤ y  . Similarly, if 

1 2 2 2 1 1y y y y y yµ ≥ µ ≥ η + ν ≥ η + ν
 

1 2 2 2 1 1y y y y y yµ ≥ µ ≥ η + ν ≥ η + ν , then ( ) ( )1 2
f fy yτ ≤ τ  can be obtained, i.e., ( ) ( )1 2e eM My ≤ y  

whenever 1 2y ≤ y .

P4. Since ( ), ,c
y y yy = ν η µ , i.e., c

y yµ = ν , c
y yη = η  and c

y yν = µ . Thus, ( ) ( )c
e eM My = y  

can be obtained.
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3. The methodology

Assume there are n sustainable suppliers denoted by { }1 2, , , ny = y y … y , m criteria de-
noted by { }1 2, , , mC c c c= … , and l experts denoted by ( )1 2, , , lκ = κ κ … κ  and the weights of 

the experts are denoted by ( )1 2, , , lw w w w= …  satisfying 
1

1
l

k
k

w
=

=∑ . The importance of the 

criteria for the evaluation of a sustainable supplier is vj, which is completely unknown. Let 

( )k
ij n m

R
×

= y  ( )1,2, , ; 1,2, , ; 1,2, ,i n j m k l= … = … = …  be the decision matrix provided by the 

candidate sustainable suppliers and the k-th expert, and k
ijy  be the evaluation value of yi 

for criterion cj being in the form of PFNs. The procedure to rank and select the most desir-
able sustainable supplier is provided in the following steps and the chart of the proposed 
framework is shown in Figure 1.

Step 1. Construct the decision matrix

In the process of SSS, a decision matrix can be constructed by candidate sustainable suppliers 
and experts simultaneously. Some criteria, which can be measured by an actual numerical 
value, can be provided by candidate sustainable suppliers directly and the decision-making 
matrix denoted as ( )1 ij n x

R e
×

= ( )1,2, , ; 1,2, ,i n j x= … = … ; while other criteria can be evalu-
ated by experts in the form of linguistic terms, as shown in Table 2, and the corresponding 
decision matrix denoted as ( )2

k k
ij n y

R d
×

= ( )1,2, , ; 1,2, , ; 1,2, , ,i n j y k l x y m= … = … = … + = .

Table 2. The picture fuzzy linguistic and numerical scale

Linguistic Term Numerical terms PFN

Very very high (VVH) 0.91–1 (1,0,0)
Very high (VH) 0.81–090 (0.9, 0, 0.1)
High (H) 0.71–0.80 (0.7,0,0.1)
Medium high (MH) 0.61–0.70 (0.7,0.1,0.2)
Medium (M) 0.51–0.60 (0.5,0.1,0.1)
Medium poor (MP) 0.41–0.50 (0.5,0.2,0.2)
Poor (P) 0.31–0.40 (0.3,0.3,0.3)
Very Poor (VP) 0.01–0.30 (0.1,0.4,0.4)
Very very Poor (VVP) 0 (0,0,1)

Step 2. Normalize and translate the decision matrix

Since the criteria of SSS are generally divided into two types, benefit and cost, the larger the 
benefit criterion, the smaller the cost criterion. Moreover, the measurements of the crite-
ria, which are denoted by numerical values, are different. Therefore, in order to ensure the 
comparability of all criteria, the criteria with numerical values need to be normalized by the 
following formula:
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min
, for benefit criterion

max min
max

, for cost criterion
max min

ij iji

ij ijii
ij

ij iji

ij ijii

e e

e e
e e e

e e

−

 −=  −
 −

.  (4)

Then ( )1 ij n x
R e

×
=  and [0,1]ije ∈ . Furthermore, for the other criteria, the evaluation 

values can be obtained by experts based on the linguistic terms in Table 2. Then all lin-
guistic terms can be translated to PFNs. Moreover, the three membership degrees of PFNs 
are all in the interval [0, 1]. So there is no need to normalize the criteria evaluated by ex-
perts and ( ) ( )2

k k k
ij ijn y n y

R d d
× ×

= = . Then based on the decision-making matrix ( )1 ij n x
R e

×
=  

and ( )2
k k

ij n y
R d

×
= , the overall translated picture fuzzy decision matrix ( )1

ij n x
R

×
′ = f

( )1,2, , ; 1,2, ,i n j x= … = …  and ( )k k
ij n y

R
×

= y  ( 1,2, , ; 1,2, , ;i n j y= … = …  )1,2, , ;k l x y m= … + =  
can be obtained.

Step 3. Aggregate the group of DMs’ preferences

Since the actual data provided by the supplier will not change, it is only necessary to ag-
gregate the evaluation information provided by the experts. According to the aggregation 
operator, i.e., Eq. (1), the aggregated decision-making preference information of three experts 

( )2ij n y
R

×
′′ = f  can be obtained as:

 

1 1

1 1 1

1 1 ,

1 1 , 1 1 .

k k

k k k k k
ij ij ij ij ij

k k k

k k k k
ij ij ij ij

l lw w

ij
k k
l l lw w w

k k k

vy y y y y
= =

y y y y
= = =

   f = − −η − −µ −η −ν   
   

     − ν − −η −ν − − ν     
     

∏ ∏

∏ ∏ ∏
  (5)

where 1,2, , ; 1,2, ,i n j y= … = … ; 1,2, , ;k l x y m= … + = , and wk represents the weight of the 
k-th expert.

Step 4. Calculate the picture fuzzy exponential entropy

According to the translated picture fuzzy decision matrix ( )1
ij n x

R
×

′ = f , the aggregated de-

cision-making preference information of three experts ( )2ij n y
R

×
′′ = f  and the picture fuzzy 

exponential entropy defined in Def. 6, the corresponding exponential entropy xj on each 
criterion cj of the aggregated decision-making preference information can be obtained by 
using the following expression:

( )
1 1

2 2
1 11

2 21

ij ij ij ij ij ij
ij ij ij ij ij ij

j e e e
e e

f f f f f fµ + −η −ν η +ν + −µ
f f f f f f

 µ + −η −ν η + ν + −µ
 x = − − −  
 

, 

(6)
where 1,2, ,i n= …  and 1,2, ,j m= … .
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Step 5. Calculate the weights of the SSS’s criteria

Since the information about the weights of the SSS’s criteria is completely unknown, the 
corresponding weights should be determined in advance. Moreover, the picture fuzzy expo-
nential entropy is used to describe the degree of fuzziness and intuitionism. The larger the 
value of the picture fuzzy exponential entropy, the higher the ambiguity in the judgment 
of decision-making, and the smaller the weight that should be determined; In contrast, the 
smaller the picture fuzzy exponential entropy value, the greater the weight that should be 
provided. Thus, the corresponding picture fuzzy exponential entropy-based weight vj of the 
criterion can be determined as:

 1

1
, 1,2, ,j

j m

j
j

j m

m
=

− x
v = = …

− x∑
,  (7)

where [0,1]jv ∈  and 
1

1
m

j
j=

v =∑ .

Step 6. Determine the positive and negative ideal solution respectively

Since all the criteria are translated into the maximizing type in Step 2, the positive ideal solu-
tion +f  and negative ideal solution −f of each column can be determined as , ,+ + + +f = µ η ν  
and , ,− − − −f = µ η ν  respectively.

Step 7. Calculate the separation measure

The separation between PFNs can be measured using different distances. Based on Steps 3 
and 6, the separation between each aggregated decision-making value fij and the positive 
ideal solution +f  and negative ideal solution −f  can be calculated by utilizing the normal-
ized picture fuzzy Euclidean distance as:

 
( ) ( ) ( ) ( )2 2 2 21

2 ij ij ij ijij v v+ + + + +
f f f f

 
σ = µ −µ + η −η + − + π − π 

 
;  (8)

 
( ) ( ) ( ) ( )2 2 2 21

2 ij ij ij ijij v v− − − − −
f f f f

 
σ = µ −µ + η −η + − + π − π 

 
.  (9)

Step 8. Calculate the grey relational coefficients

To overcome the shortcomings of the VIKOR method in data mining, the grey correlation 
coefficient is combined with the VIKOR method to improve the accuracy of the decision-
making. Based on Step 7, the positive grey relational coefficient ij

+ε  and negative grey rela-
tional coefficient ij

−ε  of each aggregated decision-making value fij can be calculated as:

 

minmin maxmax

maxmax

ij iji j i j
ij

ij iji j

+ +

+
+ +

σ +r σ
ε =

σ +r σ
;  (10)

 

minmin maxmax

maxmax

ij iji j i j
ij

ij iji j

− −

−
− −

σ +r σ
ε =

σ +r σ
,  (11)
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where, r is the distinguishing coefficient with r ∈ [0,1], and r is determined as 0.5 in this 
paper.

Step 9. Calculate the group utility and individual regret respectively

According to the VIKOR method and grey relational coefficients ij
+ε  and ij

−ε  in Step 8, the 
picture fuzzy group utility measurement of Si can be obtained as follows:

 1

max

max min

m ij iji
i j

ij ijj ii

S
+ +

+ −
=

ε − ε
= v

ε − ε∑ ,  (12)

and the individual regret Ri can be obtained as follows:

 

max
max

max min

ij iji
i jj ij ijii

R
+ +

+ −

 ε − ε = v 
ε − ε  

.  (13)

Step 10. Calculate the compromise measure

From the group utility measurement Si and individual regret Ri, the picture fuzzy compro-
mise measure can be determined:

 
( )1i i

i
S S R R

Q
S S R R

+ +

− + − +

− −
= J + −J

− −
,  (14)

where { }min ii
S S+ = , { }max ii

S S− = , { }min ii
R R+ = , { }max ii

R R− = , and J represents the 

maximum overall utility, while (1 – J) is used to weigh the individual regret. In order to 
maximize the group utility and minimize the individual regret, a balanced value, i.e., J = 
0.5, is determined. 

Step 11. Rank the candidate suppliers

Based on Step 10, the values of Si, Ri and ( )1,2, ,iQ i n= …  can be sorted in ascending order. 
Then the optimal sustainable supplier can be determined and satisfy the following conditions.

Condition 1: Acceptable advantage

 
( ) ( )(2) (1) 1

1
Q Q

n
y − y ≥

−
,  (15)

where (1)y denotes the optimal sustainable supplier with the first position; while (2)y  de-
notes the sub-optimal sustainable supplier with the second position.

Condition 2: Acceptable stability
Candidate supplier (1)y should also be superior in Si or Ri.
If condition one cannot be satisfied, then the maximum value of n can be determined as:

 
( ) ( )( ) (1) 1

1
iQ Q

n
y − y ≤

−
.  (16)

Then all the alternatives ( )( ) 1,2, ,i i ny = …  are the compromise solutions. 
If condition two cannot be satisfied, then both the candidate suppliers (1)y and (2)y are 

the compromise solutions.
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Figure 1. The chart of proposed MCDM framework for SSS
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4. The experiment and results 

In this section, the performance of the proposed MCDM framework can be demonstrated by 
applying it to a chemical manufacturing enterprise, i.e., AB, in China. The AB enterprise is 
mainly engaged in the manufacturing of chemical products and equipment. In recent years, 
local residents have complained about pollution from AB. The AB enterprise has also been 
warned by the government about environmental pollution. Consequently, it had to create a 
sustainable development department for its long-term survival. Moreover, SSS plays a key 
role in sustainable development. The proposed MCDM framework in this paper can help the 
AB enterprise select a suitable sustainable supplier.

According to the evaluation criteria of SSS presented in Table 1, the evaluation process in-
volves three criteria, economic, environmental and social, and fourteen sub-criteria. In other 
words, there are six economic sub-criteria, i.e., 1 2 3 4 5, , , ,c c c c c  and c6, five environmental 
sub-criteria, i.e., 7 8 9 10, , ,c c c c  and c11, and three social sub-criteria for social, i.e., 12 13,c c  and 
c14. More details can be found in Table 1. Moreover, the weight of the fourteen sub-criteria is 
completely unknown. Based on an investigation and analysis, ten suppliers ( )1,2, ,10i iy =  , 
which intend to cooperate with the AB enterprise, are selected.

Moreover, DMs are composed of suppliers and experts, including the sustainable de-
velopment strategic department manager, production department manager and purchasing 
department manager. More details about the experts can be found in Table 3. In the evalu-
ation process, ten suppliers need to provide their actual data for certain criteria, which can 
be measured by numerical values, while other criteria can be evaluated subjectively by three 
experts in the form of the linguistic terms presented in Table 2. In order to demonstrate 
the importance of different experts’ opinion, the weights of three experts is determined as 

( )0.4,0.3,0.3w = . The corresponding evaluation steps are now provided.

Table 3. The information of experts

Experts Sex Education Technical title Position Working years

Expert 1 Male Ph.D. Senior Engineer Sustainable development 
strategic manager

15

Expert 2 Male Ph.D. Senior Engineer Production department manager 16
Expert 3 Female Ph.D. Engineer Purchasing department manager 13

4.1. The proposed MCDM framework

Step 1. Construct the decision matrix. Since criteria 1 2 3 5 6 8, , , , ,c c c c c c  and c9 can be mea-
sured by numerical values during the measurement process, the corresponding evaluation 
information can be provided by candidate sustainable suppliers directly, as shown in Table 4.  
Then based on the experts’ knowledge and experience, and the development needs of the 
AAB enterprise, other criteria, i.e., 4 7 10 11 12 13, , , , ,c c c c c c  and c14 can be evaluated by three 
experts in the form of linguistic terms, as shown in Table 5. 
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Table 4. The evaluation values provided by ten suppliers.

R1 c1 c2 c3 c5 c6 c8 c9

y1 98% 315 110 95.5% 80% 47.5% 0.2
y2 97% 300 115 97% 74.5% 53% 1.4
y3 94.5% 290 120 97% 61% 49% 1.7
y4 96% 300 110 96% 71.5% 60% 1.9
y5 98% 310 109 93.5% 66% 49% 0.3
y6 94% 305 120 94.5% 53% 40% 1.6
y7 95.5% 285 117 95% 55% 51.5% 1.2
y8 99% 330 104 90% 77.5% 66% 0
y9 96% 295 103 96% 70% 49.5% 0.7
y10 98% 280 130 98% 85% 42% 1.5

Table 5. The evaluation values provided by experts

1
2R c4 c7 c10 c11 c12 c13 c14

y1 VVH VH P VH H VVP H
y2 M M P H MH H VH
y3 VH H VH M M H P
y4 VVH MH H VH VH MH VH
y5 P VP MP P MP H MH
y6 VH H MH M VH MH MP
y7 MP MP H VH H H VH
y8 VP VP P VP MP VP VP
y9 MP MH MP H MP MH H
y10 M MP MP M H MH H

2
2R c4 c7 c10 c11 c12 c13 c14

y1 H MH MH VVH H H H
y2 M MH H H MH H M
y3 MH H M H H H H
y4 H MH H MH MH M M
y5 M H MH H H MP M
y6 M M H M P MP P
y7 M P P M H H P
y8 MH MH H H H H P
y9 H MH H MH MH P M
y10 M M M M H P M
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3
2R c4 c7 c10 c11 c12 c13 c14

y1 VH H H H VH MP VH
y2 MH M MH M M M VVH
y3 VVH VH H H VH H MH
y4 VH MH M VH H M H
y5 MP P VP P P MP P
y6 VH VH H H MH MH H
y7 P MP MP P H H VH
y8 MP P MP MH H H H
y9 H MH H P MP MH MP
y10 MP H VH H VH MH H

Step 2. Normalize and translate the decision matrix. Since the measurement of the cri-
teria presented in Tables 4–5 is different, so the criteria evaluated by suppliers should be 
normalized. Apparently, criteria 1 3 5, ,c c c  and c8 are benefit types, while criteria 2 6,c c  and 
c9 are cost types. Based on Eq. (4), and the picture fuzzy linguistic and numerical scale 
presented in Table 2, all evaluation information can be translated into PFNs.

Step 3. Aggregate the DMs’ preferences. From Eq. (5), the experts’ preferences can be 
aggregated as shown in Table 6.

Table 6. The aggregated picture fuzzy decision matrix of three experts

R″ c4 c7 c10 c11 c12 c13 c14

y1 (0.94,0,0.06) (0.83,0.03,0.13) (0.6,0.18,0.21) (0.93,0,0.07) (0.9,0,0.1) (0,0,1) (0.9,0,0.1)

y2 (0.77,0.1,0.13) (0.77,0.1,0.13) (0.6,0.18,0.21) (0.64,0.03,0.1) (0.73,0.1,0.17) (0.64,0.03,0.1) (0.9,0.3,0.07)

y3 (0.86,0.04,0.1) (0.9,0,0.1) (0.87,0.03,0.1) (0.62,0.04,0.1) (0.86,0.04,0.1) (0.7,0,0.1) (0.6,0.18,0.21)

y4 (0.94,0,0.06) (0.7,0.1,0.2) (0.64,0.03,0.1) (0.83,0.03,0.13) (0.83,0.03,0.13) (0.76,0.1,0.14) (0.87,0.03,0.1)

y5 (0.42,0.23,0.21) (0.26,0.32,0.29) (0.45,0.28,0.27) (0.39,0.24,0.25) (0.48,0.2,0.2) (0.57,0.13,0.16) (0.62,0.18,0.2)

y6 (0.87,0.03,0.1) (0.87,0.03,0.1) (0.81,0.04,0.14) (0.56,0.07,0.1) (0.65,0.15,0.19) (0.67,0.13,0.2) (0.48,0.2,0.2)

y7 (0.44,0.22,0.20) (0.43,0.24,0.23) (0.49,0.18,0.19) (0.68,0.15,0.17) (0.7,0,0.1) (0.7,0,0.1) (0.71,0.13,0.17)

y8 (0.4,0.31,0.29) (0.36,0.33,0.31) (0.45,0.21,0.21) (0.46,0.28,0.26) (0.61,0.09,0.14) (0.34,0.27,0.3) (0.26,0.32,0.29)

y9 (0.61,0.09,0.14) (0.7,0.1,0.2) (0.61,0.09,0.14) (0.65,0.15,0.19) (0.63,0.17,0.2) (0.59,0.18,0.23) (0.59,0.1,0.13)

y10 (0.52,0.13,0.13) (0.57,0.12,0.14) (0.74,0.12,0.14) (0.56,0.07,0.1) (0.9,0,0.1) (0.59,0.18,0.23) (0.64,0.03,0.1)

Step 4. Calculate the picture fuzzy exponential entropy. From Eq. (6), the corresponding 
exponential entropy xj on each criterion cj can be obtained as presented in Table 7.

Table 7. The picture fuzzy exponential entropy

cj c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12 c13 c14

xj 0.57 0.61 0.59 0.69 0.56 0.55 0.75 0.64 0.46 0.84 0.78 0.69 0.75 0.75

End of Table 5
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Step 5. Calculate the weights of the SSS’s criteria. From Eq. (7) and Table 7, the weight 
of the criterion is determined as shown in Table 8.

Table 8. The weight of the criterion

cj c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12 c13 c14

vj 0.09 0.08 0.09 0.06 0.09 0.09 0.05 0.07 0.1 0.03 0.05 0.06 0.05 0.05

Step 6. Determine the positive and negative ideal solution respectively. Based on the 
definition of PFNs, the picture fuzzy positive ideal solution +f  and negative ideal solution 
−f of each column can be determined as 1,0,0+f =  and 0,0,1−f =  respectively.

Steps 7–8. Calculate the separation measure and the grey relational coefficients respec-
tively. From Eqs (8) and (9), the separation between the aggregated evaluation value ijf  
and the ideal solutions +f  and −f  can be calculated respectively. Then the positive grey 
relational coefficient ij

+ε  and negative grey relational coefficient ij
−ε  of each aggregated 

evaluation value ijf  can be calculated.

Steps 9–10. Calculate the group utility, individual regret and compromise measure 
respectively. From Eqs (12)–(14) and Steps 7–8, the group utility, individual regret and 
compromise measure can be obtained as presented in Table 9.

Table 9. The group utility, individual regret and compromise measure

y1 y2 y3 y4 y5 y6 y7 y8 y9 y10

Si 0.51 0.54 0.47 0.54 0.63 0.6 0.6 0.61 0.56 0.5
Ri 0.09 0.1 0.1 0.1 0.08 0.1 0.09 0.09 0.09 0.1
Qi 0.22 0.55 0.34 0.7 0.5 0.74 0.58 0.61 0.39 0.44
S 3 4 1 4 10 7 7 9 6 2
R 2 6 6 10 1 6 2 2 2 6
Q 1 6 2 9 5 10 7 8 3 4

Step 11. Rank the alternatives. From the results presented in Table 9 and Eq. (15), it can be 
seen that the first condition is satisfied, i.e., ( ) ( )2 1

3 1
10.34 0.22 0.12

10 1
Q Q Q Q− = − = − = >

−  
. 

However, the second condition cannot be satisfied. Thus, y1 and y3 are the compromise so-
lutions. In other words, y1 and y3 are the most suitable sustainable suppliers and the AB 
enterprise can choose y1 or y3 based on their preferences and the actual circumstances.

4.2. A sensitivity analysis 

In this subsection, a sensitivity analysis is conducted to confirm the validity of the proposed 
framework. A sensitivity analysis can be divided into three cases: (1) if parameter J is fixed, 
i.e., J = 0.5, then the influence of the different values of parameter r in the grey correlation 
coefficient on the final ranking is discussed; (2) if the parameter r is fixed, i.e., r = 0.5, then 
the influence of the different values of parameter J in the VIKOR method on the final rank-
ing is discussed; (3) if J ∈ [0,1] and r ∈ [0,1], then the influence of the different values of 
two parameters are discussed. The results are shown in Tables 10–11 and Figures 2–4.
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Figure 2. The variation trend of Si with J ∈ [0,1] and r ∈ [0,1]

Figure 3. The variation trend of Ri with J ∈ [0,1] and r ∈ [0,1]

Figure 4. The variation trend of Qi with J ∈ [0,1] and r ∈ [0,1]
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(1) The parameter J is fixed, i.e., J = 0.5, and the different values of parameter r in the 
grey correlation coefficient are determined; the final results are shown in Table 10. Ap-
parently, if 0.1, 0.2, 0.3, 0.4, 0.5r = , then condition one is satisfied, but condition two is 
not satisfied, and the y1 and y3 are compromise solutions; and if 0.6, 0.7, 0.8, 0.9, 1r = , 
then condition one is not satisfied, but condition two is satisfied, and y1 and y3 are also 
compromise solutions. In other words, the different values of parameter r in the grey 
correlation coefficient cannot influence the final ranking.

(2) The parameter r is fixed, i.e., r = 0.5, and the values of parameter J are changed, the 
results are presented in Table 11. If 0.1, 0.2, 0.3J = , then condition one is not satisfied 
and condition two is satisfied, and y1 and y5 are compromise solutions; if J = 0.4, then 
y1 and y9 are compromise solutions; if 0.5, 0.6, 0.7, 0.8J = , then y1 and y3 are also 
compromise solutions; and if J = 0.9, 1, then y3 is a compromise solution. 

(3) If two parameters J and r change simultaneously, the final results are shown in Figures 
2–4. If 0.1r = J = , then Q5 is the optimal solution; if 0.2,0.3r = J = , then Q1 and Q5 
are compromise solutions; if 0.4r = J = , then Q1 and Q9 are compromise solutions; if 

0.5, 0.6, 0.7r = J = , then Q1 and Q3 are compromise solutions; and if 0.8, 0.9, 1r = J =  , 
then Q3 is the optimal solution. Based on Figures 2–4, we can see that the values of Si 
and Ri decrease when the two parameter values increase. In particular, with the larger 
of two parameters J and r, the value of Q1 increases gradually, while the value of Q3 
becomes increasingly smaller, and the corresponding group utility reaches a maximum 
value.

From the above analysis, it can be seen that the proposed MCDM framework can also 
obtain the optimal solution or compromise solution for different parameter values. 

Table 10. The final results with J = 0.5 and r ∈ [0,1]

J = 0.5 y1 y2 y3 y4 y5 y6 y7 y8 y9 y10

r = 0.1
Si 0.64 0.70 0.63 0.69 0.79 0.77 0.77 0.68 0.73 0.63
Ri 0.09 0.11 0.11 0.11 0.08 0.11 0.11 0.09 0.09 0.11
Qi 0.17 0.68 0.45 0.69 0.50 0.88 0.83 0.29 0.44 0.46

r = 0.2
Si 0.59 0.64 0.56 0.63 0.73 0.70 0.70 0.65 0.67 0.58
Ri 0.09 0.11 0.11 0.11 0.08 0.11 0.10 0.09 0.09 0.11
Qi 0.19 0.64 0.41 0.70 0.50 0.82 0.73 0.42 0.38 0.46

r = 0.3
Si 0.55 0.60 0.52 0.59 0.69 0.65 0.66 0.63 0.62 0.55
Ri 0.09 0.11 0.11 0.11 0.08 0.11 0.10 0.09 0.08 0.11
Qi 0.20 0.60 0.38 0.70 0.50 0.78 0.67 0.51 0.38 0.45

r = 0.4
Si 0.53 0.56 0.49 0.56 0.66 0.62 0.62 0.62 0.58 0.52
Ri 0.09 0.10 0.10 0.11 0.08 0.10 0.09 0.09 0.09 0.10
Qi 0.21 0.58 0.36 0.70 0.50 0.76 0.62 0.56 0.39 0.44

r = 0.5
Si 0.51 0.54 0.47 0.54 0.63 0.60 0.60 0.61 0.56 0.50
Ri 0.09 0.10 0.10 0.11 0.08 0.10 0.09 0.09 0.09 0.10
Qi 0.22 0.55 0.34 0.70 0.50 0.74 0.58 0.61 0.39 0.44
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J = 0.5 y1 y2 y3 y4 y5 y6 y7 y8 y9 y10

r = 0.6
Si 0.50 0.52 0.46 0.52 0.61 0.58 0.58 0.60 0.54 0.49
Ri 0.08 0.10 0.10 0.11 0.08 0.10 0.09 0.09 0.09 0.10
Qi 0.22 0.54 0.33 0.71 0.50 0.73 0.55 0.64 0.39 0.43

r = 0.7
Si 0.49 0.51 0.44 0.51 0.60 0.57 0.56 0.59 0.52 0.48
Ri 0.08 0.10 0.10 0.11 0.08 0.10 0.09 0.09 0.09 0.10
Qi 0.23 0.52 0.32 0.71 0.50 0.72 0.53 0.67 0.39 0.43

r = 0.8
Si 0.48 0.49 0.43 0.50 0.59 0.56 0.55 0.58 0.51 0.47
Ri 0.08 0.10 0.10 0.11 0.08 0.10 0.09 0.09 0.09 0.10
Qi 0.23 0.51 0.31 0.71 0.50 0.72 0.51 0.69 0.39 0.43

r = 0.9
Si 0.47 0.48 0.42 0.49 0.58 0.55 0.53 0.57 0.50 0.46
Ri 0.08 0.10 0.10 0.11 0.07 0.10 0.09 0.09 0.09 0.10
Qi 0.24 0.50 0.30 0.71 0.50 0.71 0.49 0.71 0.39 0.43

r = 1
Si 0.46 0.47 0.42 0.48 0.57 0.54 0.52 0.57 0.49 0.45
Ri 0.08 0.10 0.10 0.11 0.07 0.10 0.08 0.09 0.09 0.10
Qi 0.24 0.49 0.30 0.71 0.49 0.70 0.47 0.72 0.39 0.42

Table 11. The final results with r = 0.5 and J ∈ [0,1]

r = 0.5 y1 y2 y3 y4 y5 y6 y7 y8 y9 y10

Si 0.51 0.54 0.47 0.54 0.63 0.60 0.60 0.61 0.56 0.50
Ri 0.09 0.10 0.10 0.11 0.08 0.10 0.09 0.09 0.09 0.10

J = 0.1 Qi 0.21 0.66 0.62 0.94 0.10 0.70 0.43 0.43 0.27 0.64
J = 0.2 Qi 0.21 0.64 0.55 0.88 0.20 0.71 0.47 0.47 0.30 0.59
J = 0.3 Qi 0.21 0.61 0.48 0.82 0.30 0.72 0.50 0.52 0.33 0.54
J = 0.4 Qi 0.21 0.58 0.41 0.76 0.40 0.73 0.54 0.56 0.36 0.49
J = 0.5 Qi 0.22 0.55 0.34 0.70 0.50 0.74 0.58 0.61 0.39 0.44
J = 0.6 Qi 0.22 0.53 0.28 0.64 0.60 0.75 0.62 0.65 0.42 0.39
J = 0.7 Qi 0.22 0.50 0.21 0.58 0.70 0.77 0.66 0.70 0.45 0.34
J = 0.8 Qi 0.22 0.47 0.14 0.52 0.80 0.78 0.70 0.74 0.48 0.29
J = 0.9 Qi 0.23 0.45 0.07 0.47 0.90 0.79 0.73 0.79 0.51 0.24
J = 1 Qi 0.23 0.42 0.00 0.41 1.00 0.80 0.77 0.83 0.54 0.19

4.3. A comparative analysis 

In this subsection, a comparative study is performed by using the triangular fuzzy AHP-
VIKOR method (Awasthi et  al., 2018) to prove the feasibility of the proposed MCDM 
framework. The evaluation values provided by suppliers and experts should be denoted as 

( )1
ij n x

R
×

′ = f
 
( )1,2, , ; 1,2, ,i n j x= … = …  and ( )k k

ij n y
R

×
= y  ( 1,2, , ; 1,2, , ;i n j y= … = …  )1,2, , ;k l x y m= … + = 

)1,2, , ;k l x y m= … + = , and ( )1 , ,ij ij ij ijf = α β γ  and ( ), ,k k k k
ij ij ij ijy = α β γ  are TFNs. Therefore, the translated 

End of Table 10
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scale regarding the evaluation information is provided (see Table 12). Moreover, since the 
developed method is established based on the suppliers’ actual numerical values and experts’ 
evaluation information simultaneously, it is difficult to describe the importance of all the 
criteria directly. Thus the weight calculated in Subsection 4.1 will be used, and the corre-
sponding Si , Ri and Qi can be obtained (see Table 13).

From the results presented in Table 13, we can see that the first condition is satisfied, i.e., 

3 7
10.5 0.23 0.27

10 1
Q Q− = − = >

−
. However, the second condition cannot be satisfied. Thus, 

y3 and y7 are the compromise solutions, which are different from the results of the proposed 
MCDM framework. Thus, y3 and y7 are suitable sustainable suppliers if the triangular fuzzy 
AHP-VIKOR method is used. 

The reasons for this phenomenon will now be explained. Firstly, for the triangular fuzzy 
AHP-VIKOR method, all the SSS criteria should be evaluated subjectively by experts, which 
may affect the decision-making results. In this study, some criteria can be evaluated in the 

Table 12. The translated scale

Triangular fuzzy VIKOR method Picture fuzzy VIKOR method

Fuzzy 
number Linguistic terms Membership 

function Linguistic Term Numerical 
terms PFN

9 Extremely more 
important (7,9,9) Very very high 

(VVH) 0.91–1 (1,0,0)

9 Extremely more 
important (7,9,9) Very high (VH) 0.81–090 (0.9, 0, 0.1)

7 Very strongly 
important (5,7,9) High (H) 0.71–0.80 (0.7,0,0.1)

7 Very strongly 
important (5,7,9) Medium high (MH) 0.61–0.70 (0.7,0.1,0.2)

5 Strongly more 
important (3,5,7) Medium (M) 0.51–0.60 (0.5,0.1,0.1)

3 Weakly important (1,3,5) Medium poor (MP) 0.41–0.50 (0.5,0.2,0.2)
3 Weakly important (1,3,5) Poor (P) 0.31–0.40 (0.3,0.3,0.3)
1 Equally important (1,1,3) Very Poor (VP) 0.01–0.30 (0.1,0.4,0.4)

1 Equally important (1,1,3) Very very Poor 
(VVP) 0 (0,0,1)

Table 13. The group utility, individual regret and compromise measure

y1 y2 y3 y4 y5 y6 y7 y8 y9 y10

Si 0.46 0.52 0.37 0.47 0.7 0.55 0.52 0.69 0.56 0.46
Ri 0.1 0.1 0.1 0.1 0.1 0.1 0.08 0.1 0.1 0.1
Qi 0.64 0.73 0.5 0.64 1 0.77 0.23 0.98 0.79 0.64
S 2 5 1 4 10 7 5 9 8 2
R 2 2 2 2 2 2 1 2 2 2
Q 3 8 2 5 10 3 1 9 5 3
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form of actual data provided by suppliers; while the other criteria can be evaluated subjec-
tively by experts, which is more consistent with the actual decision-making process. Second, 
compared to TFNs, PFNs are composed of positive, neutral, and negative degrees, which are 
more suitable for describing comprehensive and uncertain information. Third, the triangular 
fuzzy AHP-VIKOR method is just an extension of the traditional method. However, the pro-
posed framework considers the grey correlation coefficient, which avoids the shortcomings 
of the traditional VIKOR method in dealing with small data.

Therefore, the developed framework has more advantages in dealing with SSS problems. 
Moreover, DMs can choose different parameter values according to their preferences. They 
can choose smaller parameter values when individual regret is more important, and bigger 
parameter values can be selected when DMs pay more attention to group utility.

5. Management implications

In this section, the management implications of the proposed framework will be summa-
rized. Firstly, SSS plays an important role in the SSCM of enterprises. Based on the exist-
ing research, this paper constructed the evaluation criteria of SSS consisting of economic, 
environmental and social criteria, as well as fourteen sub-criteria. The evaluation criteria 
can highlight the “sustainable” characteristics and meet the requirements of the new eco-
nomic environment in China. Secondly, if all of the evaluation information is provided by 
the suppliers or all of the subjective evaluation information is provided by the experts, then 
the decision-making process is not reasonable. However, the initial evaluation information 
consists of the objective information provided by the suppliers and the subjective information 
provided by the experts simultaneously, which can make the evaluation information more 
feasible. Taking the criterion cost, i.e., c2, as an example, it is the sum of the price of a product 
and the transaction cost per unit, and all candidate suppliers can provide the cost’s specific 
value. In this case, if the cost is evaluated subjectively by experts using other techniques, then 
the objectivity of the initial evaluation data will be affected. On the contrary, the inclusion of 
actual data in the evaluation process can make the final decision more accurate. Thirdly, from 
the data presented in Table 4, it can be seen that the cost of sustainable supplier Q1 selected 
by the enterprise is relatively high and will not lead to the maximum profit. However, the 
selected supplier Q1 can perform exceptionally in environmental protection, and as a result 
the AB enterprise will reduce its overall pollution levels in the future, and increase its utiliza-
tion rate of sustainable energy to achieve the goal of sustainable development. 

Thus, this research has important management implications for managers with regard to 
strengthening and improving their decision-making with regard to SSS.

Conclusions

As economies develop, societies progress, competition among enterprises intensifies and 
there is increasing concern about social responsibility, SSS can play an important role in 
sustainable development. In this paper, an integrated MCDM framework, based on the pic-
ture fuzzy exponential entropy, and extended VIKOR method was proposed to manage SSS 
problems. First, the evaluation criteria of SSS, including economic performance, environ-
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mental protection, and social responsibility, were summarized. Second, this paper defined 
the picture fuzzy exponential entropy and proved that it meets the four axiomatic of entropy, 
which verifies its rationality. Third, based on the proposed picture fuzzy exponential entropy 
and extended VIKOR method, an integrated MCDM framework with picture fuzzy infor-
mation was proposed to deal with SSS problems. The picture fuzzy exponential entropy was 
used to determine the weights of the SSS criteria, whilst the extended VIKOR method was 
used to rank the sustainable suppliers. Finally, in order to verify the validity and feasibility 
of the proposed MCDM framework, a sensitivity analysis with different parameter values 
and a comparison analysis with the triangular fuzzy AHP-VIKOR method were conducted. 

The contributions of this paper are as follows: (1) compared with existing extensions of 
FSs, PFSs can fully describe uncertainty with a positive degree, neutral degree and negative 
degree for the evaluation values of SSS problems; (2) the picture fuzzy exponential entropy 
has been investigated, and can be utilized to measure the degree of fuzziness and intuition-
ism; (3) the proposed MCDM framework can manage some special SSS problems with an un-
known criterion weight; (4) the VIKOR method is an effective way of dealing with problems 
where the types of criteria are in conflict with each other. Moreover, the proposed extended 
VIKOR method combined with the grey correlation coefficient can overcome the shortcom-
ings of the traditional VIKOR method in data mining.

The main drawback of this research is that the number of DMs involved was small and 
the interrelationships between the criteria were not taken into account; this may limit the 
application scope of the proposed framework to some extent. Therefore, further research will 
need to be conducted in the future, such as considering a larger number of DMs as well as 
the interrelationships between the SSS’s criteria.
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