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Abstract— Supplier selection is one of the most important and 
challenging issue in supply chain management and is usually 
tackled with multi-criteria decision making (MCDM) methods. 
Considering sustainability, the complexity of the supplier 
selection problem has increased in recent years, yet, the 
various sustainability criteria. However, these criteria are 
usually considered independent of each other. Therefore, in 
this paper, to take into account the interdependency among 
criteria, Fuzzy Cognitive Maps (FCM) have been used. 
Moreover, supply chains are susceptible to various endogenous 
and exogenous risks which need to be considered in the 
decision-making processes in order to meet market needs and 
sustainability requirements. In order to integrate risks into the 
decision problem, fuzzy axiomatic design approach with risk 
factors (RFAD) has been utilized. The proposed method is 
applied to a case study adapted from literature.  

Keywords— Supplier selection, sustainability, fuzzy cognitive 
maps, risk factors, supply chain risk management. 

I. INTRODUCTION  
More attention should be paid in recent years on supply 

chains to stay competitive in the tough market conditions, 
due to the increase in prices of energy, industrial 
contamination, scarcity of raw material and natural 
resources [1]. Enabled by implementation of Industry 4.0 
concepts, smart supply chains will benefit from digital 
integration as well as servitisation, whereas in the context of 
buyer-supplier relationships, suppliers will receive 
production order in real-time [2]. The supply chain network 
performance is affected by the relationships between the 
members of the chain. Being the first member of the supply 
chain, suppliers are crucial and thus choosing the 
appropriate suppliers directly has an important effect. The 
supplier selection problem can be defined as choosing 
appropriate suppliers who can comply with company’s 
requirements based on evaluation criteria [3]. While 
evaluating suppliers, economic criteria have been widely 
used.  

However, in recent years, the focus of supply chain 
performance has changed. In the past, pure economic  
profitability has been the major issue but now economic,  
environmental and social aspects have been taken into 
account. The performance of supply chains with respect to 
sustainability is measured in terms of operations that meet 
the needs of current population which do not compromise 
future needs [4]. The dimensions of sustainability are called 
as Triple Bottom Line (TBL) dimensions [5] which include 
economic, environmental and social ones. Human rights, 

education and training are considered in social 
sustainability.  To maximize the income flow is considered 
in economic sustainability [6]. On the other hand, 
environmental sustainability is roughly related to the rates of 
renewable and non-renewable resource depletions and 
pollution creation. It helps to ensure that the needs of 
current generation are met without compromising the ability 
of future generations to meet their needs [7]. In the context 
of supply chain management, environmental legislations are 
used to define environmental sustainability which ensures 
that the organization’s activities should comply with 
environmental legislations, not risk ecosystems and 
minimize the use of water and energy leading to less 
pollution, defects and over production. Globalisation is a 
key driver for integration of sustainability in supply chain 
management [8]. However, risks increase in global supply 
chains, whereas sustainability integration could address 
these risks [9]. To determine appopriate mitigation and 
contingency strategies, supply chain risk management 
(SCRM) approaches generally consider supplier attributes or 
the supply chain structure [10, 11].  

Tang [12] states that supply network design is 
strategically important for SCRM. The factors within supply 
chains and outside along with environmental forces can 
cause the risk of disruptions and this subject has taken the 
attention of both practitioners and researchers. As stated in 
[13], increased use of out- sourcing, globalisation, reduction 
of the supplier base, reduced buffers, increased demand for 
on-time deliveries or shorter product lifecycles are some of 
the trends that enhance exposure to risks. This is highlighted 
by several practical examples in literature [14]. Therefore, 
for the identification, assessment, analysis and treatment of 
areas of vulnerability and risks in SCs, SCRM is needed 
[15].  

Currently, SCRM approaches seek to measure either 
supplier attributes or the Supply Chain (SC) structure. The 
results are then used to prepare response strategies. 
Identifying potential losses, understanding the likelihood of 
potential losses, and assigning significance to these losses 
are considered in SCRM [16]. Frequently, only disruptive 
events (such as bankruptcy, natural disaster or the 
possibility of a terrorist attack) are included. However, 
continuous changes due to a turbulent environment (e.g. a 
change in customer tastes, technology shifts or supplier 
priorities) are generally ignored. Moreover, these 
approaches usually neglect the fact that the market, 
technology and environmental turbulence in the supplier’s 
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particular market segment are significant factors influencing 
the relationship between supplier attributes, performance in 
a SC and the potential for disruptions. Since various 
suppliers (and suppliers’ suppliers) operate in different 
markets and environments, their turbulence varies and 
therefore the forces influencing a supplier also differ.  

Risk can be defined as the probability of the occurrence 
of a particular event or outcome [17]. Risks can be classified 
as operational and disruption risks [12]. Another 
classification can be done as strategic, tactical and 
operational risks [17]. Capacity limitation, technology 
incompatibility, supply disruptions, currency fluctuations or 
disasters are defined as the origins of risks [18]. Risks can 
also be classified based on their probability and importance 
[19]. Moreover, risk subsets can be further classified. For 
example, uncertainty from customers/demand, suppliers, 
and technology are all classified under the risks from the 
environment [20, 21].  

Since risk factors have important effects on the SCs, 
literature focusing on supplier selection problem considering 
risk factors is rather limited. Most of the studies treat risk 
factors as evaluation criteria however, risk factors cannot be 
treated in that way and should be integrated into the 
evaluation process. One of the main contributions of this 
study relies on this statement. In this paper, risk factors have 
been integrated into the methodology using RFAD. The 
interdependency among criteria has been identified using 
FCM and then RFAD has been utilized to solve the supplier 
selection problem considering risk factors.   

The rest of the paper is organized as follows. The second 
section describes the methodology proposed in this study 
where the case study is presented in the third section. The 
last section is the conclusion section in which the findings 
and future research directions are presented.  

II. METHODOLOGY 
The proposed method consists of the following steps: 

a) Identification of sustainable supplier selection criteria and 
risk factors. 

b) Calculation of the weights of the criteria using Fuzzy 
Cognitive Maps. 

c) Supplier ranking evaluation using RFAD. 

A. Identification of sustainable supplier selection 
criteria and risk factors 

The first step of the proposed approach determines the 
criteria and risk factors used in evaluating the sustainable 
suppliers. In this study, the sustainability criteria from [1]  
shown in Table I, have been used.  

TABLE I.  SUSTAINABILITY CRITERIA 

Economic criteria Environmental 
criteria 

Social criteria 

Price - C1  
(0.089) 

Environmental 
management system - 
C9 
(0.073) 

Occupational health 
and safety 
management system - 
C12 
(0.051) 

Productivity - C2 
(0.078) 

Environmental 
friendly product 

 

design - C10 
(0.075) 

Capacity of the 
supplier - C3 
(0.052) 

Resource consumption 
- C11 
(0.101) 

 

Long-term 
relationship-
Continuity- C4 
(0.114) 

  

Lead Time - C5  
(0.077) 

  

Quality - C6 

 (0.071) 
  

Production technology 
- C7  
(0.102) 

  

Responsiveness - C8 
(0.06) 

  

*Initial weights are shown in parentheses 
 

B. Weight Matrix Calculation Using FCM 
The weights of criteria have been calculated using FCM in 
the second step of the proposed approach. As an extension 
to cognitive maps, FCMs are based on both fuzzy logic and 
neural networks and have been developed by Kosko [22]. 
FCMs can model complex dynamic systems characterised 
by abstraction and fuzzy reasoning. Both static and dynamic 
analysis of the modeled systems can be performed using 
FCMs. A system is modeled as a directed weighted graph of 
interconnected nodes (concepts) with the connections 
between nodes showing the cause-effect relationships 
between the concepts. The direction of causality is shown by 
the direction of the connection between nodes whereas the 
value of the weight of the connection shows the amount of 
influence of the interconnection between nodes. The 
influence between concepts is represented by the sign of the 
weight. To construct the configuration of the map, human 
knowledge by an expert or by a group of experts or 
historical data can be used. The development phase of an 
FCM includes three main steps, namely (i) the identification 
of important concepts, (ii) identification of causal 
relationships between the concepts and (iii) estimation of the 
strength of causal interconnections [23]. The values of the 
causal relationships (influences) are determined by domain 
experts. They use fuzzy linguistic terms which are then 
mapped to numerical values in the range [-1,1]. FCMs have 
been used for decision support in diverse domains such as in 
[24, 25, 26].  

Let us consider a FCM which consists of N concepts, Ci, 
where i=1,…, N. Each concept, i, has a value in either [0, 1] 
or [-1, 1]. The weights on edges, wij shows the influence of 
concept (cause node) i on concept (effect node) j and have 
values in the interval [-1, 1]. Positive influence means that 
an increase in Ci will cause an increase in Cj, a negative 
influence shows that an increase of Ci will cause a decrease 
in Cj, whereas wij=0 indicates that there is no relation 
between concepts (nodes) i and j. 

Through an iteration procedure, each concept value (Ci) 
is updated [24]. In iteration k+1, Ci is updated according to 

 
                              (1) 

Threshold function is represented by the function f. Concept 
values take values in the interval [0, 1] when the sigmoid 
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function  is used. Iteration continues until a 
convergence is achieved.   

C. Supplier ranking evaluation using RFAD 
The ranking of the suppliers have been done using 

extended Hierarchical Fuzzy Axiomatic Design Approach 
with Risk Factors (RFAD) in the third step. The RFAD has 
been proposed by Gören and Kulak [27] in which the risk 
factors are integrated into the methodology of Fuzzy 
Axiomatic Design Approach (FAD). The FAD approach is 
based on Axiomatic Design approach (AD) which has two 
axioms such as Independence Axiom and Information 
Axiom. Information axiom has been widely used as a Multi 
Criteria Decision Making (MCDM) approach in recent years 
[28, 29, 31]. In terms of decision making, it can be stated 
that the alternative with the minimum information content is 
the most appropriate alternative. For more information on 
FAD, the reader can refer to Kulak et al. [28]; Kulak and 
Kahraman [29].  

To integrate risk factors in the decision making, RFAD 
calculates the information content as shown in (1) where r is 
a risk factor of a criterion taking a value between zero and 
one.   
 

( )2log
1

System rangeI
Common range r

=
−

   (2)

  
The system ranges (the features of alternatives) and design 
ranges (the features that the most appropriate alternative has 
to have in order to be selected) for each alternative under 
each criterion are determined in the first step of the RFAD 
approach. Therefore, the experts determine design ranges. 
The information contents are calculated in the second step 
considering risk factors. In the last step, the overall 
information content for each alternative is calculated and the 
alternative with the minimum information content is 
selected as the most appropriate alternative [30]. For more 
information on RFAD, the reader should refer to Kulak et al. 
[30].  

III. CASE STUDY 
The case study has been taken from Goren [1]. In Goren 

[1], the author proposes a three-stage decision framework for 
sustainable supplier selection and order allocation problem. 
The first and second stages are related to the supplier 
selection whereas the third section determines the order 
quantities that should be allocated to the suppliers 
determined in the first two stages.  

TABLE II.  RISKS CONSIDERED AND ASSOCIATED CRITERIA 

Risks Sustainability criteria (in 
parenthesis the value of risk is 
shown) 

Quality risk Price - C1 (0.2 ) 
Productivity - C2 (0.1) 

Quality - C6 (0.3) 

Service risk Capacity of the supplier - C3 (0.1) 
Production technology - C7 (0.2) 
Responsiveness - C8 (0.1) 

 
Fig. 1. The FCM for the case study. 

TABLE III.  THE FCM WEIGHT MATRIX 

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

C1 0 0 0 0 0 0 0 0 0 0 0 0

C2 0.2 0 0.1 0.1 0 0 0 0 0 0 0 0

C3 0.1 0 0 0.1 0 0 0 0 0 0 0 0

C4 0 0 0 0 0 0 0 0 0 0 0 0

C5 0 0 0 -0.1 0 0 0 0 0 0 0 0

C6 0.2 0 0 0.1 0 0 0 0 0 0 0 0

C7 0.1 0.1 0.1 0.1 0.1 0 0 0 0 0.1 0.1 0

C8 0 0 0 0.1 0 0 0 0 0 0 0 0

C9 0.1 0 0 0.1 0 0 0 0 0 0 0 0

C10 0.1 0 0 0.1 0 0 0 0 0 0 0 0

C11 0.1 0 0 0.1 0 0 0 0 0 0 0 0

C12 0 0 0 0.05 0 0 0 0 0 0 0 0

 
TABLE IV.  THE FINAL WEIGHT VALUES 

 

 

 

 

In our study, we also focus on the supplier selection 
problem i.e. determining the weights of the criteria 
and selecting the most appropriate supplier. Different 
from Goren [1], we consider the risk factors inherited 
in the supplier selection problem. The interested 
reader can refer to Goren [1]  for more information 
about the case study.     

The final weight values of the sustainability criteria in 
Goren [1] are used as initial input concept values to 
the FCM (Table I). The FCM arrows shows the 
interdependence between concepts (sustainability 
criteria), whereas the weights of the arrows have been 
chosen based on expert evaluation (Figure 1). The 
FCM weight matrix is shown in Table III. The output 
values of FCM concepts (sustainability criteria), 
shown in Table IV, are used as final weight values. 
Using the final weight values, the RFAD method is 
used in order to rank suppliers. The values of risks for 

C1 C2 C3 C4 C5 C6

0.047 0.065 0.02 0.097 0.062 0.026

C7 C8 C9 C10 C11 C12

0.14 0.010 0.030 0.040 0.128 0.011
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each supplier in the context of associated criteria are 
shown in Table II. Design ranges as well as system 
ranges for each supplier have been taken from Goren 
[1]. The final ranking of suppliers, shown in Table 
VI, has been calculated based on the information 
contents of each supplier. The supplier with the 
minimum information content is the best supplier. 
According to the results, supplier S3 is the best 
supplier. 

Analyzing the results presented in Goren [1], it can be 
seen that supplier two is the most appropriate 
supplier. However, there is an important difference 
between this study and Goren [1]. This study 
considers the risk factors related to the criteria 
whereas Goren [1] does not take into account these 
risks. Therefore, it is not meaningful to compare the 
results obtained.  

TABLE V.  SUPPLIER RANKING RESULTS 

Supplier C1 

 

C2 

 

C3 

 

C6 

 

C7 

 

C8 

S1 0.1 0.1 0.3 0.2 0.2 0.2

S2 0.2 0.2 0.1 0.1 0.1 0.2

S3 0.3 0.1 0.1 0.2 0.1 0.1

S4 0.3 0.3 0.1 0.2 0.2 0.1

S5 0.2 0.2 0.3 0.1 0.2 0.3

S6 0.2 0.1 0.2 0.1 0.2 0.3

 

TABLE VI.  SUPPLIER RANKING RESULTS 

Supplier Information 
Content 

 

C1 

 

S1 0.088 4 

S2 0.0839 2 

S3 0.0682 1 

S4 0.1156 6 

S5 0.1005 5 

S6 0.0856 3 

 

IV. CONCLUSION  
Supply chains are susceptible to various endogenous and 

exogenous risks which need to be considered in the 
decision-making processes in order to meet market needs 
and sustainability requirements.   Supplier selection is one 
of the most important and challenging issues for supply 
chain management, and it is usually tackled with MCDM 
approaches. Sustainability has increased the complexity of 
the supplier selection problem, yet, the various sustainability 
criteria considered in the literature usually do not account 
for risk factors. Moreover, the various criteria are usually 
considered independent of each other. Therefore, in this 
paper, supplier selection is assessed based on FCM to take 
into account the interdependency among criteria into the 

calculation final criteria weight matrix, and RFAD in order 
to integrate risks into the supplier selection method. The 
proposed method is applied to a case study. The future 
research direction can be to include the order allocation 
phase into the problem therefore the quantities that should 
be allocated to the suppliers can be determined.  
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