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ABSTRACT
Supplier selection is a strategic decision for reducing risk, maximising overall value, and establishing
strong, mutually beneficial long-term relationships between the members in supply chain manage-
ment. Identifying and prioritising the risks and benefits from each supplier enables managers to
consider these factors and select themost suitable supplier. We propose an integrated approach for
supply chain risk-benefit assessment and supplier selection by combining the fuzzy analytic hierar-
chy process (AHP) with the fuzzy multiplicative multi-objective optimisation based on ratio analysis
(MULTIMOORA). The fuzzyAHP is used tomeasure the importanceof the supply chain risks andbene-
fits and the fuzzyMULTIMOORA is used to rank the suppliers.Wepresent a case study todemonstrate
the applicability and exhibit the efficacy of the proposed integrated framework. We also study the
uncertainty in the output of our proposed framework using sensitivity analysis.
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1. Introduction

Supply chain risks have enormous impact on companies
with volatile supply and demand operating in uncertain
economic environments (Kilubi, 2016). Supply chain net-
works are frequently exposed to recurrent risks that may
cause unpredictable disruptions (Atwater et al., 2014).
Supply chains are nowmore sensitive due to internal and
external forces that create an environment susceptible to
failures. External factors (i.e. market globalisation, global
network complexity, unpredictable demand, and uncer-
tain supply) and internal factors (i.e. the necessity for
agility, decreased product lifecycles, the growing use of
outsourcing, and supplier dependence) put huge pres-
sures on the supply side operations (Lavastre et al., 2012;
Vanalle et al., 2019). It is no longer just the material and
product flow that causes supply chain risks, companies
have to consider efficient and timely flow of informa-
tion from the original supplier to the delivery of the final
product to the end- user (Juttner et al., 2003). Supply
chains are also more vulnerable because of the increasing
interactions among the organisations involved in the sup-
ply chain and the dependency on external vendors. These
disruptions hinder the efficiency of the supply chain by
obstructing the free flow of materials and information
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among the participating organisations (Atwater et al.,
2014; Punniyamoorthy et al., 2013). In todays’ business
environment, the supply chain is facing ever-increasing
risks from manufacturers, customers and especially sup-
pliers. Hence, supply chains must be able to respond
quickly to external and internal risks while maintaining
efficiency (Aqlan & Lam, 2015). In this globally competi-
tive business market, supplier selection is one of the most
challenging tasks in a supply chain (Paul, 2015).

The increasingly critical role of suppliers makes the
success of a supply chain highly dependent on the
selection of good suppliers (Hsu et al., 2013; Yücenur
et al., 2011). Selecting the best supply partner not only
reduces cost but also enhances corporate competitiveness
(Tavana & Hatami-Marbini, 2011). Therefore, choosing
appropriate suppliers is a vital objective for companies
wishing to minimise their supply chain risks and max-
imise their supply chain benefits (Chen & Wu, 2013).
The relationship between a company and its supplier is
therefore crucial and companies must establish a set of
evaluation criteria to streamline the supplier selection
process (Azadeh & Alem, 2010).

Understanding all the risk andbenefit factors andfind-
ing a suitable strategy for considering these supply chain
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risks and benefits is vital for decision making and effi-
cient network design. The aim of this study is to develop
a managerial framework for selecting the best supplier
in the outsourcing section (inbound) for a manufacturer
of consumer electronic goods. We propose an integrated
approach for supply chain risk-benefit assessment and
supplier selection by combining the fuzzy analytic hier-
archy process (AHP) with the fuzzy multiplicative multi-
objective optimisation based on ratio analysis (MULTI-
MOORA).

Identifying and prioritising the risks associated with
suppliers is key to risk mitigation. The proposed fuzzy
AHP- fuzzy MULTIMOORA allows the decision mak-
ers to choose an appropriate supplier by considering
various risks and benefits and understanding how they
affect the supply chain. The supply chain risks and ben-
efits can be categorised into factors (main criteria) and
sub-factors (sub-criteria) which can affect the supply
chain efficiency and productivity. By displaying the cause
and effect between the supply chain risks and benefits,
this research aims to select the preferred supplier in
the supply chain while minimising risks and maximis-
ing benefits. Due to the critical nature of this issue, it
is not surprising that a number of studies have analysed
the supplier selection problem using different operations
research methods such as multi-criteria decision mak-
ing (MCDM), simulation (e.g. discrete-event and agent-
based), optimizations (e.g. linear and non-linear opti-
mizations, parametric and non-parametric methods, and
meta-heuristics), and statistical methods (e.g. design of
experiments and Taguchi methods).

The main advantage of using the combined fuzzy
AHP- fuzzyMULTIMOORAapproach over other appro-
aches is the ability to classify and rank the criteria,
sub-criteria and alternatives for each risk. Fuzzy AHP
expresses the connection between the criteria, sub-
criteria, and alternatives and evaluates them by creating
a hierarchical structure. This approach uses expert opin-
ions to assign importance weights to each risk and ben-
efit criteria and sub-criteria. Subsequently, fuzzy MUL-
TIMOORA ranks the suppliers and identifies the best
supplier in the final step of the fuzzy AHP- fuzzyMULTI-
MOORA approach. We establish a hierarchy and impor-
tance rankings among these risks and benefits (and sub-
sequently suppliers) so that the lower ranked risks and
benefits are given less prominence than the higher ranked
risks and benefits. We apply our proposed method to a
manufacturer of consumer electronic goods and show
this approach improves the supplier evaluation and selec-
tion process.

The rest of the paper is organised as follows. In Section
2, a review of literature related to supply chain risks
and benefits, and supplier selection is provided, with a

detailed analysis of classifying supply chain risks and
benefits into criteria and sub-criteria. The proposed inte-
grated fuzzy AHP- fuzzy MULTIMOORA framework is
introduced in Section 3. In Section 4, we show the results
of the proposed solution framework on outsourcing deci-
sions in a manufacturer of consumer electronic goods.
Finally, research summary, conclusions, and managerial
implications are highlighted in Section 5.

2. Literature review

2.1. Supply chain risks and benefits

The definition of risk is known to be dependent on the
field of study (Jemison, 1987). Based on the definition
that was first introduced by Lowrance (1980), risk implies
the possibility and impact of uncertain factors. Rowe
(1980) describes risk as the possibility of realising nega-
tive outcomes fromuncertainties, by considering risk as a
measure of the probability and severity of adverse effects
(Ghadge et al., 2017). In the supply chain, the uncertainty
in delivering information, material and product to the
end user in a timely manner is what is defined as risk
(Juttner et al., 2003; Mavi et al., 2016; Venkatesh et al.,
2015). Similarly, Wagner and Bode (2006) also defined
supply chain risk as ‘the negative deviation from the
expected value of a certain performance measure, result-
ing in negative consequences for the focal firm’. Ellis et al.
(2010) proposed a definition for the risk in supply chain
that is more compatible with this research; ‘An individ-
ual’s perception of the total potential loss associated with
the disruption of supply of a particular purchased item
fromaparticular supplier’.Mital et al. (2017) summarises
this succinctly that supply-chain risks can create delays
which in turn causes unanticipated changes in the flow
of information and product.

Risks in supply chains have been classified into many
sub-groups based on the context of the research, yet most
of these studies only focus on a section or a portion of
risks rather than examining all the risks in supply chain.
Chang et al. (2015) identified supply chain risks and the
implications of performance-related risk management
for risk mitigation. Goh et al. (2007) categorised supply
chain risks into interior risks that are intrinsic to the busi-
ness and cover supply, demand and trade credit risks, and
exterior risks occurring from the interactions between
the supply chain and the environment. Kumar Pradhan
and Routroy (2014) classified the risks in supply chain
into process capability, delivery performance, demand
and supply fluctuation at supplier end, business prac-
tices, and rework. Mavi et al. (2016) examined supplier
selection in the context of supply chain risk management
by considering supply, demand, logistics, manufactur-
ing, information and environmental risks. Tang (2006)
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categorised the supply chain risks into operational and
disruption risks. Chen et al. (2013) examined three types
of risks, namely demand, supply and process risk. Chopra
and Sodhi (2004) identified nine sources of supply chain
risks as delays, forecasts, disruptions, systems, intellec-
tual property, receivables, procurement, inventory, and
capacity. Rogers et al. (2016) classified the supply chain
risks into cultural, infrastructure, economic, operational,
forecasting, and supplier related risks. Christopher and
Peck (2004) introduced risks associated with the process,
control, demand, supply, and environment.

Tang and Tomlin (2008) examined supply, pro-
cess, and demand risks, intellectual property risks,
behavioural risks, and political/social risks. Sreedevi and
Saranga (2017) introduced suitable types of flexibility
to alleviate the three major aspects of supply chain
risk including delivery, manufacturing process and sup-
ply risk. Tummala and Schoenherr (2011) presented a
comprehensive and integrated approach to risk manage-
ment in the supply chain. The structural approach was
divided into risk identification, risk measurement, risk
assessment, risk reduction, and risk control and moni-
toring through the data management system. Manuj and
Mentzer (2008) presented a theory of global supply chain
risk management strategy using grand theory and classi-
fied risks of supply chain as supply, operations, demand,
and other risks including security and those relevant to
currency. Following this research, the authors classified
risks of the supply chain as supply, demand, operational,
macro policy, security, resource and competitive risks
(Manuj & Mentzer, 2008).

While there are many available classifications regard-
ing the risks and benefits in the supply chain, the char-
acteristics and importance of these risks and benefits
may differ based on the industry of the supply chain
and the geographical location of the chain. Therefore, in
this research, in addition to considering previous classi-
fications of the risks and benefits in supply chain, these
risks and benefits are determined according to structured
interviews with industry experts and academic profes-
sionals for a manufacturer of consumer electronic goods.
In the first stage of this research, supplier selection cri-
teria according to supply chain risks and benefits are
identified and then in the second stage, based on the
findings of the first stage, the most suitable supplier is
selected. The proposed classification of risks and benefits
are categorised into the following four groups: opera-
tional, supply, financial, and technological.

2.2. Supplier selection

Supplier evaluation is an essential activity for most com-
panies and producers (Wood, 2016). Due to its direct

impact on cash flows and profitability, supplier selection
has been recognised as a fundamental strategic decision
for maintaining competitive position in organisations
(Banaeian et al., 2016). Supplier selection can be consid-
ered aMCDMproblemwithmany constraints such as the
cost, quality, risk, and sustainability (Zhang et al., 2012).
Supplier evaluation and selection requires the use of both
qualitative and quantitative factors to analyze the trade-
off between attaining the highest quality andmaintaining
feasible costs.

Rao et al. (2017) reviewed the problem of supplier
selection according to supply chain risk management in
two stages. In the first stage, a list of qualified suppli-
ers based on four features (i.e. quality, price, flexibil-
ity and delivery) is identified and in the second stage,
the best supplier is selected according to smaller risks,
classified into seven categories. Mavi et al. (2016) con-
sidered another set of risks including supply, manu-
facturing, demand, logistics, information, and environ-
ment risks and evaluated suppliers using fuzzy TOPSIS.
Chen and Wu (2013) introduced an integrated AHP and
FMEA framework for supplier selection considering sup-
ply chain risk. The results showed that the proposed
framework for supplier selection diminished risks in the
supply chain. Micheli et al. (2008) examined the connec-
tion between supplier selection and supply risk manage-
ment of the Italian engineering, procurement, and con-
struction sector. The study findings point out that supply
risk can be managed through both supplier selection
and supply risk management. Zimmer et al. (2017) used
input-output analysis with fuzzy AHP for supplier selec-
tion by considering social risks of global supply chains in
the automotive industry.

Other studies in the field of supplier selection have
used AHP (Chiouy et al., 2011; Sevkli et al., 2008; Yadav
& Sharma, 2016); fuzzy AHP (Chamodrakas et al., 2010;
Kahraman et al., 2003; Kilincci & Onal, 2011); ana-
lytic network process (ANP) (Gencer & Gürpinar, 2007;
Hsu & Hu, 2009); fuzzy ANP (FANP) (Vinodh et al.,
2011; Wei et al., 2010); VIKOR (Zhi-guang, 2012); fuzzy
VIKOR (Sanayei et al., 2010; Shemshadi et al., 2011);
fuzzy multi-objective optimisation on the basis of ratio
analysis (MOORA) (Matawale et al., 2016); technique for
order preference by similarity to ideal solution (TOPSIS)
(Avlonitis & Panagopoulos, 2005; Boran et al., 2009; Li
et al., 2008); and fuzzy TOPSIS (Fuzzy TOPSIS) (Kan-
nan et al., 2014; Wang et al., 2009), particle swarm opti-
misation (Kuo et al., 2010); fuzzy goal programming
(Ku et al., 2009; Tsai & Hung, 2009), simulation (Zoug-
gari & Benyoucef, 2012); simulation–optimisation (Ding
et al., 2003; Ding et al., 2005); Taguchi method (Pi &
Low, 2006), data envelopment analysis (DEA) (Toloo
& Nalchigar, 2011; Wu, 2009), interpretative structural
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Table 1. Risks to the supply chain by the suppliers.

No. Criteria Sub-criteria Description Source

1 Operational
risks C1

Machine, equipment or
facility failure C11

Any interruption due to failure of machine, equipment
or facility affect SC effectiveness at industrial
standpoint

Aqlan and Lam, (2015); Atwater et al. (2014); Chen and
Wu (2013); Ho et al., (2010); Mangla et al., (2015);
Punniyamoorthy et al. (2013); Xia and Chen (2011);
Wang et al. 2012; Ma et al. (2012); Qianlei (2012);
Yang and Li (2010); Lockamy (2014); de Oliveira et al.
(2017); Truong Quang and Hara (2017); Tang (2006);
Lavastre et al. (2014); Kırılmaz and Erol (2017);
Samvedi et al. (2013); Juttner et al. (2003).

Design risks C12 It corresponds to the imprecision or flaws in designing
of green process methodologies like mismanaged
green material, operations, approaches.

Mangla et al. (2015)

The scarcity of skilled
labour risks C13

The lack of experience and knowledge of the workforce
can lower the organisational SC performance

Lockamy (2014); Lockamy and McCormack (2009);
Mangla et al. (2015).

2 Supply risk
C2

Procurement costs risks
C21

Preparation of green and or eco-friendly raw the
material can add costs at supplier end, although,
their environmental performance may be affected

Chen and Wu (2013); Ho et al. (2010); Mangla et al.
(2015); Tang (2006); Wang et al. (2012); Ma et al.
(2012); Qianlei (2012); Yang and Li (2010); Ghadge
et al. (2013); de Oliveira et al. (2017); Truong
Quang and Hara (2017); Mavi et al. (2016); Rogers
et al. (2016); Viswanadham and Samvedi (2013);
Chatterjee and Kar (2016); Manuj and Mentzer
(2008).

Key supplier failures
risks C22

Failure of every principal supplier can stop the
functioning of an SC

Samvedi et al. (2013); Manuj and Mentzer (2008);
Mangla et al. (2015).

Supplier quality risks
C23

The issues of quality at supplier’s finish will affect SC
efficiency at industrial prospect

Nyamah et al. (2017); Pournader et al. (2016); Kumar
Sharma and Sharma (2015); Chen et al. (2013); Ho
et al. (2015); Lavastre et al. (2014); Mavi et al. (2016);
Kırılmaz and Erol (2017); Radivojević and Gajović
(2014); Samvedi et al. (2013); Tse and Tan (2011);
Manuj and Mentzer (2008); Aqlan and Lam (2015);
Mangla et al. (2015).

3 Financial
risk C3

The Sourcing of funds
C31

Any problem related to funding sourcing and its basis
would certainly influence the objective of adoption
of effective GSC practices in business

Ali et al. (2017); Mital et al. (2017); Ho et al. (2015);
Rangel et al. (2015); Atwater et al. (2014); Chen and
Wu (2013); Ho et al. (2010); Mangla et al. (2015);
Tang (2006); Kumar Sharma and Sharma (2015);
Cavinato (2004).

Inflation and currency
exchange rates C32

Inflation and variations in currency exchange rates
would affect the financial concerns, and thus GSC
effectiveness might be affected

4 Technology
risks C4

Inability to use new
technology C41

Inability to use new technology can quickly cause
problems such as lack of punctual delivery and
staying away from competitors

Chen and Wu (2013); Ho et al. (2010); Kumar Sharma
and Sharma (2015); Kırılmaz and Erol (2017); Rajesh
et al. (2015); Viswanadham and Samvedi (2013);
Viswanadham and Samvedi (2013); Aqlan and Lam
(2015).

Failure in Information
technology C42

It affects the SC effectiveness Ghadge et al. (2013); Lavastre et al. (2014); Kırılmaz and
Erol (2017); Radivojević and Gajović (201).

modelling (ISM) (Kumar & Singh, 2012; Thresh Kumar
et al., 2014); and DEMATEL (Dey et al., 2012; Hsu et al.,
2013).

Based on their findings, there are remarkable differ-
ences in the social risks associated with each supplier as
well as different risk structures along the n-tier chain.
Table 1 presents a general literature review of supply
chain risk factors and their associated sub-risks followed
by a brief description of each category.

3. Researchmethod

The goal of this study is to select a preferred supplier
based upon an assessment of supply chain risks and ben-
efits. Using a thorough review of previous studies and
research, first, the supply chain risks and benefits are
identified. After identifying and extracting the risk and
benefit criteria, according to a structured interview with

industry experts and academic scholars, risks and ben-
efits are categorised into four groups: operational, sup-
ply, financial, and technological. These four categories
have been validated and confirmed by the participants.
Furthermore, a questionnaire was designed according
to existing research techniques and it was distributed
among the managers in the supply chain department
of a manufacturer of consumer electronic goods. This
manufacturer uses six internal suppliers in their out-
sourcing department that is introduced here by using
the fuzzy AHP-fuzzyMULTIMOORA preferred supplier
approach. In this research, the fuzzy AHP approach is
used to construct the hierarchical structure of criteria and
sub-criteria of risk and benefits, and to rank the impor-
tance of the criteria by assigning weights and using the
fuzzy MULTIMOORA approach for ranking the sup-
pliers. In the fuzzy AHP technique, triangular fuzzy
numbers and linguistic variables are used for ranking
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the suppliers quantitatively and for reviewing the impor-
tance of the weights of the risk and benefit criteria and
sub-criteria.

The fuzzy AHP method is used because the elements
of each level depend only on the elements of the upper
level. In other words, each sub-criterion is only depen-
dent on its own criterion according to a one-way rela-
tionship. In the ANP method, there is interdependen-
cies among the elements within levels. For this reason,
the hierarchical problem here is not applicable to ANP
structure. In addition, scale Likert is used to capture the
expert opinion on each criterion and sub-criterion along
with scoring alternatives (suppliers). Figure 1 depicts the
framework used in this study.

In the following sections, details related to Phases 2
and 3 are further explained. Section 3.1 discusses the
steps of the fuzzy AHPmethod, the underlying formulas,
and the use of fuzzy numbers. Section 3.2 explores the use
of fuzzy MULTIMOORA for ranking the suppliers using
the outcome of the fuzzy AHP method.

3.1. Fuzzy AHP

The analytic hierarchy process (AHP) introduced by
Satty (1980) is a well-known MCDM approach used to
analyze complicated decision making problems (Tavana
et al., 2016). AHP has widely been used as a MCDM or
weight estimation tool (Singh & Sharma, 2014). Individ-
ual judgment in decision making has been often obscu-
rant and difficult to measure precisely. Fuzzy logic is
hence commonly used for handling problems charac-
terised by this vagueness and imprecision. This approach
tends to be dependent on the choice of experts who have a
strong influence on the results of AHP. Consequently, the
ranking of AHP is imprecise in nature. The AHPmethod
can be integrated into fuzzy set theory to overcome the
uncertainty, vagueness and imprecision in the subjec-
tive judgements of the AHPmethodology (Dalvi & Kant,
2017). The purpose of any fuzzy AHP approach is to
prioritise the ranking of alternatives. FuzzyAHP is a deci-
sion support system used to help decision-makers make
better choices both in relation to explicit and implicit
criteria, also known as tangible criteria and intangible
criteria (Cheng et al., 2009; Mohamadi et al., 2017).

Chang (1996) proposed awell-known andwidely used
fuzzy extension of AHP.However,Wang et al. (2008) crit-
icised this approach for calculating the relative weights
and demonstrated that this fuzzy extension can lead to an
incorrect prioritisation, through assigning ‘zero weights’
to some decision factors, and implying their elimination
as unnecessary items. This elimination is contrary to the
hierarchical structure and leads to a wrong prioritisa-
tion of criteria and alternatives. Therefore, the weights

calculated using Chang’s (1996) method should not be
considered as the relative importance of criteria and alter-
natives. We agree with Wang et al.’s (2008) conclusion
and to avoid this shortcoming, we adopted the fuzzy
AHP approach proposed by Calabrese et al. (2013) and
Ulutas et al. (2016) in our proposed framework. Fur-
thermore, we use the consistency test of Kwong and Bai
(2003) in our model to avoid the consistency concerns of
using the discrete scale of one to nine in the conventional
AHPwhich cannot take into account the uncertainty and
ambiguity inherent in subjective judgments in the con-
ventional fuzzy AHPmethod. The steps of fuzzy AHP, as
used in the present study, are enumerated as follows:

Step 1: Identify supplier selection criteria and the hier-
archical structure based on the literature review and
expert opinions.

Step 2: Use the hierarchical structure and construct
a matrix of pairwise comparisons using expert opinions
and the linguistic variables represented by the triangular
fuzzy numbers in Table 2.

Step 3: Construct the group decisions matrix by con-
sidering M experts, each supplying a fuzzy judgment
matrix; and constructing the fuzzy pairwise comparison
matrix Ã = [ãij] for Ã1 , . . . , ÃM :

Ã = (ãij)n×n

=

⎡
⎢⎢⎣

(1, 1, 1) . . . (l12,m12, u12) . . .
(l21,m21, u21) . . . (1, 1, 1) . . .

...
...

(ln1,mn1, un1) . . . (ln2,mn2, un2) . . .

(l1n,m1n, u1n)
(l2n,m2n, u2n)

...
(1, 1, 1)

⎤
⎥⎥⎦
(1)

where:

ãij = (lij,mij, uij) = ã−1
ij =

(
1
uij

,
1
mij

,
1
lij

)

i, j = 1, . . . , n; i �= j (2)

represents the linguistic judgment for the items i and j ;
thus Ã is a square and symmetrical matrix. Equation (3)
is used next to construct the group decision matrix:

lij =
( M∏
m=1

lijm
)1/M

,mij =
( M∏
m=1

mij
m

)1/M

,

uij =
( M∏
m=1

uijm
)1/M

(3)

where, M is the number of experts, and (l,m, u) is a
triangular fuzzy number (Lin, 2013).
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Figure 1. Proposed method.

The fuzzy AHP method requires calculating a con-
sistency ratio (CR) to measure how consistent the judg-
ments of the decision makers have been relative to large
samples of purely random judgments. If the CR exceeds

0.10, the judgment is untrustworthy because it is too close
to random judgement, and the pairwise comparisonmust
be repeated. We use the method proposed by Kwong and
Bai (2003) and Calabrese et al. (2013) to calculate CR.
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Table 2. Linguistic variables.

Linguistic variables for fuzzy AHP (Cheng, 1997) Linguistic variables for fuzzy MOORA (Amiri, 2010)

Linguistic variables Fuzzy Scale Response Scale Linguistic variables Fuzzy Scale

Equally Important (1,1,1) (1,1,1) Very low (VL) (0,0,0.2)
Moderately Important (2/3,1,3/2) (2/3,1,3/2) Low (L) (0,0.2,0.4)
Important (3/2,2,5/2) (2/5,1/2,2/3) Medium (M) (0.2,0.4,0.6)
Very Important (5/2,3,7/2) (2/7,1/3,2/5) High (H) (0.4,0.6,0.8)
Much more Important (7/2,4,9/2) (2/9,1/4,2/7) Very High (VH) (0.6,0.8,1)

In order to calculate CR, we must calculate the consis-
tency index (CI). We first convert the fuzzy comparison
matrix into a crisp comparisonmatrix by using a centroid
defuzzification method called ‘center of gravity’ (Yager,
1981). We then use the translation formula for triangu-
lar fuzzy numbers proposed by Wang and Elhag (2007)
in Equation (4) and then calculate CI with Equation (5)
by Kwong and Bai (2003) as:

aij(ãij) = lij + mij + uij
3

, i, j = 1, 2, . . . , n (4)

CI = (λmax − n)
n − 1

(5)

Equation (6) is used next to calculate CR according to
the random indices (RIs) given in Table 3 (Golden et al.,
1989):

CR = CI
RI(n)

(6)

where λmax is the largest eigenvalue of the comparison
matrix, n is the dimension of the matrix, and RI(n) is a
random index.

Thematrix is consistent ifCR is smaller than 0.10 (For-
man, 1990). The threshold of tolerance can be modified
according to the scope of the analysis. In case of incon-
sistency, it is necessary to proceed with a matrix review
process and ask decision-makers to provide new com-
parison judgments. The review process continues until
consistency is achieved (Calabrese et al., 2019).

Step 4: Calculate the relative row sum for each row in
Ã as:

R̃Si =
n∑
j=1

ãij

=
⎛
⎝ n∑

j=1
lij,

n∑
j=1

mij,
n∑
j=1

uij

⎞
⎠ i, j = 1, . . . , n (7)

Table 3. Random indices.

n 3 4 5 6 7 8 9

RI 0.58 0.9 1.12 1.24 1.32 1.41 1.45

Step 5: Normalise the relative row sums
∼
RSi using the nor-

malisation formula suggested by Wang et al. (2008) and
Ulutas et al. (2016):

S̃i =
∼
RSi∑n
j=1

∼
RSj

=
( ∑n

j=1 lij∑n
j=1 lij +

∑n
k=1,k�=i

∑n
j=1 ukj

,

∑n
j=1 mij∑n

k=1,k=i
∑n

j=1 mkj
,

∑n
j=1 uij∑n

j=1 uij +
∑n

k=1,k�=i
∑n

j=1 lkj

)

= (l(w̃i),m(w̃i), u(w̃i)) i = 1, . . . , n
(8)

The normalised row sums, S̃i = (i = 1, . . . , n), are
then compared using the degree of possibility (Figure 2):

V(S̃i ≥ S̃j)

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1 if mi≥mj
ui − lj

(ui − mi) − (mj − lj)
if lj ≤ ui i,

j = 1, . . . , n; j �= i
0 .. otherwise

(9)

Finally, the relative crisp weight of each item is
calculated by normalising the degree of possibility

Figure 2. Graphic representation of the pairwise comparison of
two fuzzy numbers with triangular membership functions.



INTERNATIONAL JOURNAL OF SYSTEMS SCIENCE: OPERATIONS & LOGISTICS 245

values:

wi = V(S̃i ≥ S̃j|j = 1, . . . , n; j �= i)∑n
k=1 V(S̃k ≥ S̃j|j = 1, . . . , n; j �= k)

,

i = 1, . . . , n (10)

where:

V(S̃i ≥ S̃j| j = 1, . . . , n; j �= i) = min
j∈{1,...,n}, j�=i

V(S̃i ≥ S̃j)

i = 1, . . . , n (11)

Wang et al. (2008) assert that Equation (10) is only use-
ful for comparing triangular fuzzy numbers because it
expresses the highest intersection point of the member-
ship functions related to S̃i and S̃j (see Figure 2). They
conclude that if pairwise comparison matrices (1) are
consistent, crisp weights belong to the intervals defined
by (8). Following this conclusion, in our model, we
convert the triangular fuzzy numbers for weight S̃i, i.e.
(l(w̃i),m(w̃i), u(w̃i)) for the i-th criterion, into the crisp
weight wi of the i-th criterion by:

wi = S̃i =
∼
RSi∑n
j=1

∼
RSj

= (l(w̃i),m(w̃i), u(w̃i)); i = 1, . . . , n. (12)

3.2. FuzzyMULTIMOORA

The MULTIMOORA method is composed of MOORA
and the full multiplicative form of multiple objec-
tives. Brauers and Zavadskas (2011) argue that MULTI-
MOORA is the most robust system of multiple objec-
tive optimisation and show it is the only multicriteria
method capable of satisfying all six conditions of robust-
ness with three or more methods. Recent applications
of MULTIMOORA include supplier selection (Karaca
& Ulutaş, 2017; Liu et al., 2018; Stević et al., 2017),
risk evaluation (Fattahi & Khalilzadeh, 2018; Zhao et al.,
2017), logistics partner selection (Awasthi & Baležentis,
2017), residential house element and material selection
(Zavadskas et al., 2017), project management (Dorfe-
shan et al., 2018), location planning of electric vehicle
charging stations (Liu et al., 2018), robot evaluation and
selection (Liu et al., 2018), agricultural machines and
equipment selection (Hafezalkotob et al., 2018), mining
method selection (Liang et al., 2019), entertainment com-
pany/industrial group selection (Wu et al., 2018), house
element and material selection (Zavadskas et al., 2017),
vehicle selection (Wu et al., 2017), battery recyclingmode
selection (Ding&Zhong, 2018), product design selection
(Souzangarzadeh et al., 2017), augmented reality goggles
selection (Aydin, 2018), and enterprise resource planning

(Tian et al., 2017). Hafezalkotob et al. (2019) present a
comprehensive review of the MULTIMOORA method.

3.2.1. FuzzyMOORA (fuzzy ratio systemmethod)
Multi-objective optimisation with ratio analysis or
MOORA, first introduced by Brauers and Zavadskas
(2006), is the process of simultaneously optimising two or
more conflicting attributes (objectives) subject to certain
constraints. The MOORA is a MCDM method com-
monly used in the literature (Akkaya et al., 2015) for
solving business problems such as product and process
design, finance, aircraft design, oil and gas industry,
manufacturing sector, automobile design, or elsewhere
where optimal decisions must take into consideration
the trade-offs between two or more conflicting objectives
(Chakraborty, 2011; Gadakh et al., 2013). The MOORA
constructs a ranking derived from three calculations:
the ratio system, the reference point, and the full mul-
tiplicative form of multiple objectives (Ceballos et al.,
2016; Hafezalkotob & Hafezalkotob, 2015). Brauers and
Zavadskas (2006) introduced fuzzyMOORAas aMCDM
method for the first time for a privatisation study in a sub-
sistence economy. There are three different approaches
for solving problems with fuzzyMOORA: the fuzzy ratio
method, the reference point approach, and the full mul-
tiplicative form. In this paper, we use the fuzzy ratio
method of Akkaya et al. (2015). The steps of the fuzzy
ratiomethod applied in this study are similar to themeth-
ods proposed by Akkaya et al. (2015), Gupta et al. (2017)
and Karande and Chakraborty (2012):

Step 1: Form decision matrices using triangular fuzzy
numbers.

X̃ =

⎡
⎢⎣

[xl11, x
m
11, x

u
11] [xl12, x

m
12, x

u
12] · · · [xl1n, x

m
1n, x

u
1n]

...
... · · · ...

[xlm1, x
m
m1, x

u
m1] [xlm2, x

m
m2, x

u
m2] · · · [xlmm, xmmm, xumm]

⎤
⎥⎦

(13)

Step 2: Transform the decisionmatrix into the normalised
fuzzy decision matrix using Equations (14), (15), and
(16):

AS = X̃∗
ij = (xl∗ij , x

m∗
ij , xu∗ij ,)and ∀i, j;

xl∗ij =
xlij√∑m

i=1 [(x
l
ij)

2 + (xmij )
2 + (xuij)

2+]
(14)

xm∗
ij =

xmij√∑m
i=1 [(x

l
ij)

2 + (xmij )
2 + (xuij)

2+]
(15)

xu∗ij =
xuij√∑m

i=1 [(x
l
ij)

2 + (xmij )
2 + (xuij)

2+]
(16)
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Step 3:Determine theweighted normalised fuzzy deci-
sion matrix by using Equations (17), (19), (19), and (20):

As Vij = (vlij, v
m
ij , v

u
ij);

vlij = wjχ
l∗
ij (17)

vmij = wjχ
m∗
ij (18)

vuij = wjχ
u∗
ij (19)

We used the weights obtained from Fuzzy AHP to calcu-
late the weighted normalised fuzzy decision matrix.

Step 4: Calculate the normalised performance values
by subtracting the total cost criteria from the total benefit
criteria using Equation (20):

As Vij = (vlij, v
m
ij , v

u
ij);

yi =
g∑

j=1
Vij −

n∑
j=g+1

Vij (20)

where
∑g

j=1 Vij is the benefit criteria (for 1, . . . ,g),∑n
j=g+1 Vij is the risk criteria (for g+1, . . . ,n), g is the

maximum number of criteria, and (n − g) is the min-
imum number of criteria. For the benefit criteria, we
can compute the overall ratings of an alternative for the
lower values, middle values and the upper values of the
triangular membership function as follows:

y+l
i =

n∑
j=1

vlij|j ∈ Jmax (21)

y+m
i =

n∑
j=1

vmij |j ∈ Jmax (22)

y+u
i =

n∑
j=1

vuij|j ∈ Jmax (23)

Similarly, the overall ratings of an alternative are cal-
culated for the risk criteria as follows:

y−l
i =

n∑
j=1

vlij|j ∈ Jmax (24)

y−m
i =

n∑
j=1

vmij |j ∈ Jmax (25)

y−u
i =

n∑
j=1

vuij|j ∈ Jmax (26)

Step 5: Determine the overall performance index (y)
for each alternative by calculating the de-fuzzified values

of the overall ratings for the risk and benefit criteria for
each alternative using the vertex method as follows:

As yi = (yli, y
m
i , y

u
i );

BNPi(yi) = (yui − yli) + (ymi − yli)
3

+ yli (27)

where BNPi denotes the overall performance value of the
i-th alternative.

Step 6: Using the overall performance index in
descending order, next rank the alternatives from the
best to the worst. The alternative, which has the highest
overall performance index is the most preferred choice.

3.2.2. Fuzzy reference point method
The reference point approach uses the normalised per-
formance of the i-th alternative on the j-th criterion,
which is calculated according to Equations (14), (15), and
(16). Amaximum criterion reference point is determined
among the normalised performances which is more real-
istic and non-subjective as the coordinates (rj). Adalı and
Işık (2017) and Akkaya et al. (2015) show the Tcheby-
cheff min–max metric formulated according to Equation
(28) is themost appropriate formulation for the reference
point:⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

r̃+j =
(
max

i
xijl∗, max

i
xijm∗, max

i
xiju∗

)
,

j ≤ g; for criteria to be maximized

r̃=j =
(
min
i

xijl∗, min
i

xijm∗, min
i

xiju∗
)
,

j〉g; for criteria to be minimized

(28)

If the decision makers want to give more importance
to a criterion, Equation (28) is reformulated by consider-
ing the weights of the criteria as follows:

min
i

(
max

j
Wj × |r̃j − x̃∗

ij|
)

(29)

Finally, the alternatives are ranked according to
Equation (27) and the best alternative is chosen with
the minimum total deviation from the reference points
(Adalı & Işık, 2017).

3.2.3. Fuzzy full multiplicative form
The Full Multiplicative Form is the third step of the
MULTIMOORA method. The full multiplicative form
of multiple criteria, which consists of both maximisa-
tion and minimisation of a purely multiplicative utility
function, was first developed by Miller and Starr (1969).
The main characteristics of this form is being nonlinear,
non-additive, and not using attribute weights (Adalı &
Işık, 2017). To obtain the utility of the full multiplicative
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form, the product of weighted normalised alternatives
ratings on benefit criteria are divided by the product of
the weighted normalised alternatives ratings on the risk
criteria (Hafezalkotob et al., 2019):

Ũ ′
i = Ãi

B̃i
(30)

where Ãi = (Ai1,Ai2,Ai3) = ∏g
j=1 (x∗

ij)
wj symbolises

the product of objectives of the i-th alternative to be
maximised with g = 1, 2, . . . , n denoting the number
of objectives (structural indicators) to be maximised,
and B̃i = (Bi1,Bi2,Bi3) = ∏m

j=g+1 (x∗
ij)

wj symbolises the
product of the objectives of the i-th alternative to be
minimised with n − g denoting the number of objectives
(indicators) to be minimised. In the utility formula of
the full multiplicative form, multiplying the normalised
ratings with weights leads to the same result as the situ-
ation in which no weights are considered. Thus, weights
should be considered as exponents of the utility equation
in the full multiplicative form (Hafezalkotob et al., 2019).
Defuzzification is needed to rank the alternatives accord-
ing to Equation (27) since the overall utility (Ũ ′

i) is a fuzzy
number. The higher theBNPi is the higher rank of the i-th
alternative (Akkaya et al., 2015).

The best alternative based on the full multiplicative
form has the maximum utility (Ũ ′

i) and the ranking of
this technique is generated in descending order as:

RFMF =
{
Ai|max ui

i
> . . . > Ai|max ui

i

}
. (31)

3.2.4. Final ranking (dominance theory)
The three methods of MULTIMOORA are assumed
to have equal importance. A number of aggregation
methods can be used to integrate the rankings of the

three subordinate methods. In this regard, the most
common ranking aggregation method in the MULTI-
MOORA literature is dominance theory (Hafezalkotob
et al., 2019), which is also the concept adopted in the orig-
inal MULTIMOORA suggested by Brauers and Zavad-
skas (2011). Accordingly, the final ranking of the alter-
natives is obtained using dominance theory. Absolute
dominance, general dominance in two of the three meth-
ods, and transitiveness principles are used to obtain the
final ranking of the alternatives (Brauers & Zavadskas,
2011).

4. Results

The integrated fuzzy AHP-fuzzyMULTIMOORAmodel
proposed in this study is used to help Technoron Elec-
tronics1, a manufacturer of consumer electronic goods
in New Jersey, with supplier evaluation and selection.
We designed two questionnaires presented in Appendix
A to collect the relevant data used in the fuzzy AHP
and fuzzy MULTIMOORAmethods. The process begins
with fuzzy AHP and design of the hierarchical struc-
ture according to the supplier selection and risk-benefit
factors identified through literature review and expert
opinions. Figure 3 presents the hierarchical structure of
the risks and benefits used at Technoron.

Fuzz AHP is used to assign priorities to each crite-
rion in the hierarchical structure presented in Figure 3.
The pairwise comparison matrices for the evaluation cri-
teria are constructed using a team of experts. We used
the groupdecisionsmatrix andEquation (3) to determine
the criteria weights. Equations (4), (5), and (6) were used
to calculate the CR of the pairwise comparison matrices.
The result presented in Table 4 indicate the final CRs are
less than 0.10 for the risk and benefit factors.

Figure 3. Hierarchical structure.
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Table 4. Fuzzy group decision matrix of criteria.

(a) Risk criteria

Risk C1 C2 C3 C4

C1 1 1 1 0/654 0/816 1 1 1/414 1/936 0/338 0/408 0/516
C2 1 1/224 1/527 1 1 1 1 1/414 1/936 0/285 0/333 0/4
C3 0/516 0/707 1 0/516 0/707 1 1 1 1 0/285 0/333 0/4
C4 1/936 2/449 2/958 2/5 3 3/5 2/5 3 3/5 1 1 1

CI = (λmax − n)

n − 1
= (4.085 − 4)

3 − 1
= 0.0284

CR = CI

RI(n)
= 0.0284

0.9
= 0.0315

∼
RS
1

= (1, 1, 1) ⊕ (0.654, 0.816, 1) ⊕ (1, 1.414, 1.936) ⊕ (0.338, 0.408, 0.516) = (3.33, 4.04, 4.96)

∼
S
1

=
∼
RS1∑n
j=1

∼
RSj

=
( ∑n

j=1 lij∑n
j=1 lij +

∑n
k=1,k �=i

∑n
j=1 ukj

,

∑n
j=1 mij∑n

k=1,k=i
∑n

j=1 mkj
,

∑n
j=1 uij∑n

j=1 uij +
∑n

k=1,k �=i
∑n

j=1 lkj

)

=
(

3.33

24.35
,
4.04

21.88
,
4.96

20.08

)
= (0.136, 0.184, 0.247)

Then,
WC1 = (0.136,0.184,0.247)
WC2 = (0.146,0.196,0.261)
WC3 = (0.105,0.140,0.193)
WC4 = (0.389,0.477,0.557)

(b) Benefit criteria

Benefits B1 B2 B3 B4

B1 1 1 1 1/5 2 2/5 1/5 2 2/5 1/5 2 2/5
B2 0/4 0/5 0/666 1 1 1 0/666 1 1/5 1/5 2 2/5
B3 0/4 0/5 0/666 1/5 1 0/666 1 1 1 2/5 3 3/5
B4 0/4 0/5 0/666 0/4 0/5 0/666 0/285 0/333 0/4 1 1 1

CI = (λmax − n)

n − 1
= (4.21 − 4)

3 − 1
= 0.0703

CR = CI

RI(n)
= 0.0703

0.9
= 0.0781

∼
RS
1

= (1, 1, 1) ⊕ (1.5, 2, 2.5) ⊕ (1.5, 2, 2.5) ⊕ (1.5, 2, 2.5) = (7, 9, 11)

∼
S
1

=
∼
RS1∑n
j=1

∼
RSj

=
( ∑n

j=1 lij∑n
j=1 lij +

∑n
k=1,k �=i

∑n
j=1 ukj

,

∑n
j=1 mij∑n

k=1,k=i
∑n

j=1 mkj
,

∑n
j=1 uij∑n

j=1 uij +
∑n

k=1,k �=i
∑n

j=1 lkj

)

=
(

7

28.23
,

9

27.33
,

11

27.05

)
= (0.247, 0.329, 0.406)

Then,
WB1 = (0.247,0.329,0.406).
WB2 = (0.173,0.237,0.312).
WB3 = (0.256,0.310,0.381).
WB4 = (0.0976,0.121,0.157).

Table 5. Fuzzy group decision matrix of operational risks.

Operational risk C11 C12 C13

C11 1 1 1 2.291 2.828 3.354 1.936 2.449 2.958
C12 0.745 0.353 0.436 1 1 1 2.5 3 3.5
C13 0.845 0.408 0.516 0.285 0.333 0.4 1 1 1

Wc11 = (0.432,0.507,0.462)
Wc12= (0.315,0.351,0.401)
Wc13= (0.148,0.140,0.168)
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Table 6. Fuzzy group decision matrix of supply risks.

Supply risk C21 C22 C23

C21 1 1 1 2.291 2.828 3.354 1 1.414 1.936
C22 0.745 0.353 0.436 1 1 1 1 1.414 1.936
C23 1.936 0.707 0.666 1.290 0.707 1 1 1 1

Wc21 = (0.226,0.502,0.474)
Wc22= (0.234,0.265,0.283)
Wc23= (0.304,0.231,0.274)

Table 7. Fuzzy group decision matrix of financial risks.

Financial risk C31 C32

C31 1 1 1 1 1.414 1.936
C32 1.936 0.707 0.666 1 1 1

Wc31 = (0.545,0.585,0.5)
Wc32= (0.5,0.414,0.454)

Table 8. Fuzzy group decision matrix of technology risks.

Technology risk C41 C42

C41 1 1 1 2.958 1.414 1.732
C42 0.577 0.707 0.845 1 1 1

Wc41 = (0.682,0.585,0.633)
Wc42= (0.366,0.414,0.317)

Equations (7) and (8) are used to calculate the fuzzy
synthetic measurement index. Equations (12) are then
employed to construct the comparison matrices and the
global priority weights of the evaluation criteria. The
results are presented in Tables 4–8.

After determining the synthetic measurements index,
we calculate the ratio and final weights shown in Table 9.
The zero weights for some sub-criteria implies that those
sub-criteria have no effect on supplier selection.

Next, we use the fuzzy MULTIMOORA method to
evaluate the alternatives. Six alternative suppliers (S1, S2,
S3, S4, S5 and S6) were evaluated. The fuzzy decision

matrix presented in Table 10(a) and (b) shows the values
used for the risk and benefit criteria, respectively.

We then use Equations (14), (15), and (16) to nor-
malise the fuzzy decision matrix. The normalised fuzzy
decision matrices for the risks and benefits are shown in
Table 11(a) and (b), respectively.

Next, we use Equations (17), (18) and (19) to construct
the weighted normalised fuzzy decision matrices for the
risks and benefits. The overall ratings of the criteria for
each alternative is calculated using Equation (20). For the
benefit criteria, we use Equations (21), (22), and (23) and
compute the overall ratings of an alternative for the lower
values, middle values and the upper values of the triangu-
lar membership function, respectively. Similarly, for the
risk criteria, we use Equations (24), (25), and (26) and
compute the overall ratings of an alternative for the lower
values, middle values and the upper values of the trian-
gular membership function, respectively. The weighted
normalised fuzzy decisionmatrices for the risks and ben-
efits are presented in Table 12(a) and (b). We then use
Equation (27) to de-fuzzify the overall rating of the cri-
teria. The ranking result of the suppliers according to the
fuzzy ratio system method (S6>S5>S4>S3>S1>S2)
is presented in Table 13. According to the fuzzy ratio
method. Supplier 6 is the best alternative supplier.

Table 9. The final criteria weights of risks.

(a) Risk criteria

Criterion Risks criteria Risk weight Risk sub-criteria weight Final weight

C1 Operational risk (0.136,0.184,0.247) C11 (0.432,0.507,0.462) (0.059,0.093,0.114)
C12 (0.315,0.351,0.401) (0.043,0.065,0.099)
C13 (0.148,0.140,0.168) (0.02,0.026,0.041)

C2 Supply risk (0.146,0.196,0.261) C21 (0.226,0.502,0.474) (0.033,0.098,0.123)
C22 (0.234,0.265,0.283) (0.034,0.052,0.074)
C23 (0.304,0.231,0.274) (0.044,0.045,0.071)

C3 Financial risk (0.105,0.170,0.193) C31 (0.545,0.585,0.5) (0.057,0.082,0.096)
C32 (0.5,0.414,0.454) (0.052,0.058,0.087)

C4 Technology risk (0.389,0.477,0.557) C41 (0.682,0.585,0.633) (0.265,0.279,0.353)
C42 (0.366,0.414,0.317) (0.142,0.197,0.177)

(b) Benefit criteria

Criterion Risks criteria Risk weight Risk sub-criteria weight Final weight

B1 Operational benefit (0.247,0.329,0.406) B11 (0.6,0.66,0.714) (0.148,0.219,0.290)
B12 (0.285,0.333,0.4) (0.0708,0.109,0.162)

B2 Supply benefit (0.173,0.237,0.312) B21 (0.714,0.75,0.777) (0.124,0.178,0.242)
B22 (0.222,0.25,0.285) (0.038,0.059,0.089)

B3 Financial benefit (0.256,0.310,0.381) B31 (0.777,0.8,0.818) (0.199,0.248,0.311)
B32 (0.181,0.2,0.222) (0.046,0.062,0.084)

B4 Technology benefit (0.0976,0.121,0.157) B41 (0.714,0.75,0.777) (0.069,0.091,0.122)
B42 (0.222,0.25,0.285) (0.021,0.030,0.045)
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Table 10. Fuzzy decision matrix.

(a) Risks

Supplier C11 C12 C13 C21 C22 C23 C31 C32 C41 C42

S1 (0,0,0.2) (0,0,0.2) (0.2,0.4,0.6) (0.4,0.6,0.8) (0.6,0.8,1) (0.4,0.6,0.8) (0.2,0.4,0.6) (0.6,0.8,1) (0.2,0.4,0.6) (0.4,0.6,0.8)
S2 (0.4,0.6,0.8) (0,0,0.2) (0.2,0.4,0.6) (0.4,0.6,0.8) (0.6,0.8,1) (0.4,0.6,0.8) (0.4,0.6,0.8) (0.6,0.8,1) (0.4,0.6,0.8) (0.4,0.6,0.8)
S3 (0.4,0.6,0.8) (0.2,0.4,0.6) (0.4,0.6,0.8) (0.4,0.6,0.8) (0.4,0.6,0.8) (0.4,0.6,0.8) (0.6,0.8,1) (0,0.2,0.4) (0.6,0.8,1) (0.4,0.6,0.8)
S4 (0,0.2,0.4) (0,0,0.2) (0.2,0.4,0.6) (0.4,0.6,0.8) (0.4,0.6,0.8) (0.2,0.4,0.6) (0.2,0.4,0.6) (0.6,0.8,1) (0,0.2,0.4) (0,0.2,0.4)
S5 (0.2,0.4,0.6) (0.2,0.4,0.6) (0,0.2,0.4) (0.4,0.6,0.8) (0,0.2,0.4) (0,0.2,0.4) (0,0.2,0.4) (0.6,0.8,1) (0,0.2,0.4) (0.4,0.6,0.8)
S6 (0.4,0.6,0.8) (0.2,0.4,0.6) (0,0.2,0.4) (0.4,0.6,0.8) (0,0.2,0.4) (0.2,0.4,0.6) (0,0.2,0.4) (0.6,0.8,1) (0,0.2,0.4) (0,0.2,0.4)

(b) Benefits

Supplier B11 B12 B21 B22 B31 B32 B41 B42

S1 (0,0.2,0.4) (0,0.2,0.4) (0.2,0.4,0.6) (0.4,0.6,0.8) (0.2,0.4,0.6) (0.2,0.4,0.6) (0.2,0.4,0.6) (0.4,0.6,0.8)
S2 (0.2,0.4,0.6) (0.4,0.6,0.8) (0,0.2,0.4) (0.4,0.6,0.8) (0.2,0.4,0.6) (0.4,0.6,0.8) (0.4,0.6,0.8) (0.4,0.6,0.8)
S3 (0.4,0.6,0.8) (0.2,0.4,0.6) (0.2,0.4,0.6) (0.2,0.4,0.6) (0.4,0.6,0.8) (0.2,0.4,0.6) (0.4,0.6,0.8) (0.2,0.4,0.6)
S4 (0.2,0.4,0.6) (0,0.2,0.4) (0.2,0.4,0.6) (0,0.2,0.4) (0.2,0.4,0.6) (0,0.2,0.4) (0.2,0.4,0.6) (0,0.2,0.4)
S5 (0.2,0.4,0.6) (0.4,0.6,0.8) (0.2,0.4,0.6) (0.4,0.6,0.8) (0.2,0.4,0.6) (0.6,0.8,1) (0.2,0.4,0.6) (0.4,0.6,0.8)
S6 (0.6,0.8,1) (0.6,0.8,1) (0.4,0.6,0.8) (0.6,0.8,1) (0.4,0.6,0.8) (0.4,0.6,0.8) (0.4,0.6,0.8) (0.6,0.8,1)

Table 11. Normalised fuzzy decision matrix.

(a) Risks

Supplier C11 C12 C13 C21 C22 C23 C31 C32 C41 C42

S1 0 0 0.267 0.371 0.424 0.371 0.267 0.424 0.267 0.371
0.447 0.447 0.534 0.557 0.565 0.557 0.534 0.565 0.534 0.557
0.894 0.894 0.801 0.742 0.707 0.742 0.801 0.707 0.801 0.742

S2 0.371 0 0.267 0.371 0.424 0.371 0.371 0.424 0.371 0.371
0.557 0.447 0.534 0.557 0.565 0.557 0.557 0.565 0.557 0.557
0.742 0.894 0.801 0.742 0.707 0.742 0.742 0.707 0.742 0.742

S3 0.371 0.267 0.371 0.371 0.371 0.371 0.424 0 0.424 0.371
0.557 0.534 0.557 0.557 0.557 0.557 0.565 0.447 0.565 0.557
0.742 0.801 0.742 0.742 0.742 0.742 0.707 0.894 0.707 0.742

S4 0 0 0.262 0.371 0.371 0.267 0.267 0.424 0 0
0.447 0.447 0.534 0.557 0.557 0.534 0.535 0.565 0.447 0.447
0.894 0.894 0.801 0.742 0.742 0.801 0.801 0.707 0.894 0.894

S5 0.267 0.267 0 0.371 0 0 0 0.424 0 0.371
0.534 0.534 0.447 0.557 0.447 0.447 0.447 0.565 0.447 0.557
0.801 0.801 0.894 0.742 0.894 0.894 0.894 0.707 0.894 0.742

S6 0.371 0.267 0 0.371 0 0.267 0 0.424 0 0
0.557 0.534 0.447 0.557 0.447 0.534 0.447 0.565 0.447 0.447
0.742 0.801 0.894 0.742 0.894 0.801 0.894 0.707 0.894 0.894

(b) Benefits

Supplier B11 B12 B21 B22 B31 B32 B41 B42

S1 0 0 0.267 0.371 0.267 0.267 0.267 0.371
0.447 0.447 0.534 0.557 0.534 0.534 0.534 0.557
0.894 0.894 0.801 0.742 0.801 0.801 0.801 0.742

S2 0.267 0.371 0 0.371 0.267 0.371 0.371 0.371
0.534 0.557 0.447 0.557 0.534 0.557 0.557 0.557
0.801 0.742 0.894 0.742 0.801 0.742 0.742 0.742

S3 0.371 0.267 0.267 0.267 0.371 0.267 0.371 0.267
0.557 0.534 0.534 0.534 0.557 0.534 0.557 0.534
0.742 0.801 0.801 0.801 0.742 0.801 0.742 0.801

S4 0.267 0 0.267 0 0.267 0 0.267 0
0.534 0.447 0.534 0.447 0.534 0.447 0.534 0.447
0.801 0.894 0.801 0.894 0.801 0.894 0.801 0.894

S5 0.267 0.371 0.267 0.371 0.267 0.424 0.267 0.371
0.534 0.557 0.534 0.557 0.534 0.565 0.534 0.557
0.801 0.742 0.801 0.742 0.801 0.707 0.801 0.742

S6 0.424 0.424 0.371 0.424 0.371 0.371 0.371 0.424
0.565 0.565 0.557 0.565 0.557 0.557 0.557 0.565
0.707 0.707 0.742 0.707 0.742 0.742 0.742 0.707

Next, we use Equations (28) and (29) to calculate the
overall performance value of the alternatives presented in
Tables 14 and 15 using the fuzzy reference point method

(Adalı & Işık, 2017; Akkaya et al., 2015). Table 14(a)
and (b) present the reference point vector for the risks
and benefits, respectively. Table 15(a) and (b) present the
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Table 12. Weighted normalised fuzzy decision matrix.

(a). Risks

Supplier C11 C12 C13 C21 C22 C23 C31 C32 C41 C42

S1 0 0 0.005 0.012 0.014 0.016 0.015 0.022 0.0709 0.052
0.0419 0.029 0.013 0.055 0.029 0.025 0.044 0.032 0.149 0.11
0.102 0.088 0.033 0.092 0.052 0.053 0.077 0.062 0.283 0.131

S2 0.021 0 0.005 0.012 0.014 0.016 0.021 0.022 0.098 0.052
0.052 0.029 0.013 0.055 0.029 0.025 0.045 0.032 0.155 0.11
0.085 0.088 0.033 0.092 0.052 0.053 0.071 0.062 0.262 0.131

S3 0.021 0.011 0.007 0.012 0.012 0.016 0.024 0 0.112 0.052
0.052 0.034 0.014 0.055 0.029 0.025 0.046 0.026 0.158 0.11
0.085 0.079 0.030 0.092 0.055 0.053 0.068 0.078 0.249 0.131

S4 0 0 0.005 0.012 0.012 0.016 0.015 0.022 0 0
0.041 0.029 0.013 0.055 0.029 0.025 0.044 0.032 0.125 0.088
0.151 0.088 0.033 0.092 0.055 0.053 0.077 0.062 0.315 0.158

S5 0 0.011 0 0.012 0.092 0.016 0 0.022 0 0.052
0.0419 0.034 0.011 0.055 0.012 0.025 0.036 0.032 0.125 0.11
0.102 0.079 0.037 0.092 0.029 0.053 0.086 0.062 0.315 0.131

S6 0.012 0.011 0 0.012 0.092 0.0 0 0.022 0 0
0.0501 0.034 0.011 0.055 0.012 0.0203 0.036 0.032 0.125 0.088
0.0918 0.079 0.039 0.092 0.029 0.064 0.086 0.062 0.315 0.158

(b) Benefits

Supplier B11 B12 B21 B22 B31 B32 B41 B42

S1 0 0 0.0332 0.014 0.053 0.012 0.018 0.008
0.095 0.049 0.0953 0.033 0.132 0.033 0.048 0.016
0.259 0.145 0.194 0.066 0.25 0.067 0.098 0.033

S2 0.039 0.026 0 0.014 0.053 0.017 0.025 0.008
0.117 0.061 0.079 0.033 0.132 0.034 0.05 0.016
0.232 0.12 0.217 0.066 0.25 0.062 0.091 0.033

S3 0.055 0.018 0.033 0.010 0.071 0.012 0.025 0.0058
0.122 0.058 0.095 0.031 0.138 0.033 0.05 0.016
0.215 0.13 0.194 0.071 0.231 0.067 0.091 0.036

S4 0.039 0 0.033 0 0.053 0 0.018 0
0.117 0.049 0.095 0.026 0.132 0.027 0.048 0.013
0.232 0.145 0.194 0.079 0.25 0.075 0.098 0.04

S5 .0.039 0.026 0.033 0.014 0.053 0.019 0.018 0.008
0.117 0.061 0.095 0.033 0.132 0.035 0.048 0.016
0.232 0.120 0.194 0.066 0.25 0.059 0.098 0.033

S6 0.063 0.030 0.046 0.016 0.071 0.017 0.025 0.009
0.124 0.062 0.099 0.033 0.138 0.034 0.05 0.017
0.205 0.115 0.18 0.063 0.231 0.062 0.091 0.031

Table 13. Alternative rankings using fuzzy ratio method.

yi =
g∑

j=1

∼
v ij −

n∑
j=g+1

∼
v ij

Benefits Risks

Supplier l m u l m u BNPi
Fuzzy ratio method

rankings

S1 0.1400 0.5078 1.115 0.2104 0.5318 0.944 0.0148 5
S2 0.1850 0.5269 1.074 0.2659 0.5503 0.9331 0.0123 6
S3 0.235 0.5471 1.039 0.2725 0.5523 0.9245 0.0242 4
S4 0.1449 0.5116 1.117 0.0801 0.4841 1.0435 0.0553 3
S5 0.2134 0.5409 1.056 0.1148 0.5006 1.0275 0.0558 2
S6 0.2822 0.5606 0.981 0.0800 0.4849 1.041 0.0727 1

weighted distance between the normalisedmatrix entries
and the reference points for the risks and benefits, respec-
tively. We then use Equation (27) to calculate the fuzzy
reference points rankings (S6>S4>S5>S1>S2>S3)

presented in Table 16. According to the fuzzy reference
points method, Supplier 6 is the best supplier alternative.

We then use Equation (30) for the full multiplica-
tive form of multi-criteria, which consists of both
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Table 14. Reference point vector (r).

(a) Risks

C11 C12 C13 C21 C22 C23 C31 C32 C41 C42

r 0 0 0 0.371 0 0 0 0 0 0
0.447 0.447 0.447 0.557 0.447 0.447 0.447 0.447 0.447 0.447
0.894 0.894 0.894 0.742 0.894 0.894 0.894 0.894 0.894 0.894

(b) Benefits

B11 B12 B21 B22 B31 B32 B41 B42

r 0.424 0.424 0.371 0.424 0.371 0.424 0.371 0.424
0.565 0.565 0.557 0.565 0.557 0.565 0.557 0.565
0.707 0.707 0.742 0.707 0.742 0.707 0.742 0.707

Table 15. Weighted distance between the normalised matrix entries and the reference points.

(a) Risks

Supplier C11 C12 C13 C21 C22 C23 C31 C32 C41 C42

S1 0 0 0.005 0 0.014 0.016 0.015 0.022 0.0709 0.052
0 0 0.0022 0 0.006 0.005 0.007 0.006 0.024 0.021
0 0 0.0038 0 0.013 0.010 0.008 0.016 0.032 0.026

S2 0.021 0 0.005 0 0.014 0.016 0.021 0.022 0.098 0.052
0.0103 0 0.0022 0 0.006 0.005 0.009 0.006 0.03 0.021
0.017 0 0.0038 0 0.013 0.010 0.014 0.016 0.053 0.026

S3 0.021 0.011 0.007 0 0.012 0.016 0.024 0 0.112 0.052
0.0103 0.005 0.002 0 0.005 0.005 0.009 0 0.033 0.021
0.017 0.009 0.006 0 0.011 0.010 0.018 0 0.066 0.026

S4 0 0 0.005 0 0.012 0.011 0.015 0.022 0 0
0 0 0.0022 0 0.005 0.003 0.007 0.006 0 0
0 0 0.0038 0 0.011 0.006 0.008 0.016 0 0

S5 0.015 0.011 0 0 0 0 0 0.022 0 0.052
0.008 0.005 0 0 0 0 0 0.006 0 0.021
0.0106 0.009 0 0 0 0 0 0.016 0 0.026

S6 0.021 0.011 0 0 0 0.011 0 0.022 0 0
0.0103 0.005 0 0 0 0.003 0 0.006 0 0
0.017 0.009 0 0 0 0.006 0 0.016 0 0

(b) Benefits

Supplier B11 B12 B21 B22 B31 B32 B41 B42

S1 0.063 0.03 0.012 0.002 0.02 0.007 0.007 0.0011
0.026 0.013 0.004 0.0005 0.005 0.0019 0.002 0.00002
0.054 0.03 0.014 0.003 0.018 0.008 0.007 0.0016

S2 0.023 0.003 0.046 0.002 0.02 0.0024 0 0.0011
0.006 0.0009 0.019 0.0005 0.005 0.0005 0 0.00002
0.027 0.005 0.014 0.003 0.018 0.003 0 0.0016

S3 0.007 0.011 0.012 0.006 0 0.007 0 0.003
0.001 0.003 0.004 0.001 0 0.0019 0 0.0009
0.010 0.015 0.014 0.008 0 0.008 0 0.004

S4 0.0233 0.03 0.012 0.016 0.02 0.019 0.007 0.009
0.006 0.013 0.004 0.007 0.005 0.007 0.002 0.003
0.027 0.03 0.014 0.016 0.018 0.015 0.007 0.008

S5 0.0233 0.003 0.012 0.002 0.02 0 0.007 0.001
0.006 0.0009 0.004 0.0005 0.005 0 0.002 0.0002
0.027 0.005 0.014 0.003 0.018 0 0.007 0.0016

S6 0 0 0 0 0 0.0024 0 0
0 0 0 0 0 0.0005 0 0
0 0 0 0 0 0.003 0 0

maximisation and minimisation of a purely multiplica-
tive utility function. This form is non-linear, non-
additive, anddoes not use the criteriaweights. The overall
utility of each alternative using the full multiplicative

form (Ũ ′
i) is presented in Table 17. Defuzzification

is needed to calculate BNPi according to Equation
(27) since the overall utility (Ũ ′

i) is a fuzzy number.
The overall ranking of the suppliers according to the
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Table 16. Alternative rankings using the fuzzy reference point
approach.

Supplier
(
max
j

Wj ×
∣∣∣r̃j − x̃∗ij

∣∣∣) BNPi

Fuzzy reference
point method

rankings

S1 0.0709 0.024 0.032 0.0426 4
S2 0.098 0.03 0.053 0.060 5
S3 0.112 0.033 0.066 0.0706 6
S4 0.03 0.013 0.03 0.0245 2
S5 0.052 0.021 0.026 0.0338 3
S6 0.022 0.006 0.016 0.0152 1

full multiplicative form (S6>S5>S4>S3>S1>S2) is
given in Table 17. According to the full multiplicative
form method, Supplier 6 is the best alternative supplier.

Finally, the fuzzy MULTIMOORA is used to deter-
mine the final ranking of the suppliers presented in Table
18 using dominance theory. According to dominance
theory, the MULTIMOORA ranking of the supplier is
S6>S5>S4>S3>S1>S2.

As shown in Table 18, Supplier 6 is the most preferred
supplier because all three methods pick Supplier 6 as the
best alternative supplier (absolute dominance). Supplier 5
is ranked second because of partial dominance since two
of the three methods (fuzzy ratio method and fuzzy full
multiplicative method) pick Supplier 5 as the second best
method (partial dominance).

Next, the consistency of the final ranking is analysed
for various values of the determinant weights since the
preference of the model is dependent on the subjective
judgments of the decision makers. Akkaya et al. (2015)
and Büyüközkan and Çifçi (2012) recommend a careful
review of the weights when the ranking is very sensitive
to small changes in the criteria weights. To test the sensi-
tivity, we conducted a sensitivity analysis by increasing
the weight of each criterion individually based on the
results obtained from the fuzzy AHP steps. The fuzzy
MULTIMOORA steps were then repeated for each sce-
nario and the resulting changes in the alternative raking
were observed. To perform the sensitivity analysis, the
weight of each criterion is increased by 10% -80% while
the weight of other criteria is kept constant. As shown
in Figure 4, the ranking remained unchanged, showing
the robustness and stability of themodel proposed in this
study.

Table 18. Alternative rankings (aggregation and comparison).

Supplier

Fuzzy ratio
method
rankings
(Table 13)

Fuzzy reference
point method
rankings (Table

16)

Fuzzy full
multiplicative

method
rankings (Table

17)

Fuzzy
MULTIMOORA

method
rankings

S1 5 4 5 5
S2 6 5 6 6
S3 4 6 4 4
S4 3 2 3 3
S5 2 3 2 2
S6 1 1 1 1

Figure 4. Sensitivity analysis results.

Table 17. Alternative rankings using fuzzy full multiplicative form approach.

Supplier Ãi B̃i Ũ′
i = Ãi

B̃i
BNPi

Fuzzy full multiplicative
method rankings

S1 0 0.33 0.43 0 0.44 0.58 0 0.74 0.73 0.493 5
S2 0 0.4 0.52 0 0.57 0.72 0 0.41 0.72 0.480 6
S3 0.41 0.5 0.61 0 0.6 0.76 0 0.82 0.8 0.543 4
S4 0 0.33 0.43 0 0.28 0.43 0 1.171 0.98 0.720 3
S5 0.36 0.45 0.57 0 0.33 0.46 0 1.35 1.22 0.857 2
S6 0.57 0.67 0.84 0 0.28 0.43 0 2.33 1.91 1.419 1
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5. Conclusions andmanagerial implications

Supplier risks and benefits in supply chains may have dif-
ferent drivers that impact the operations and efficiencies
associated with the success of supply chains. We con-
ducted an extensive literature review and used expert
opinions to define four sets of risks and benefits in supply
chains. These four sets of risks and benefits are grouped
into operational, supply, finance, and technology factors.
Each risk and benefit set include elements, which con-
tribute to the supplier selection decisions. The supply
chain risks considered in this study included machine,
equipment or facility failure; design risks; scarcity of
skilled labour risks; procurement costs risks; key sup-
plier failures risks; supplier quality risks; sourcing of
funds, inflation and currency exchange rates; inability
to use new technology; and failure of information tech-
nology; and also the supply chain benefits considered in
this study included operational sustainability, manage-
ment skills; product differentiation, product integration;
financial liquidity, financial stability; automated order
processing, standardised processes and technology. The
MULTIMOORA framework used in this study ranks the
suppliers using risks and benefits simultaneously. We
proposed an integrated framework to combine the fuzzy
AHPmethodwith the fuzzyMULTIMOORAmethod for
a manufacturer of consumer electronic goods in Jersey
City. The fuzzy AHP is used to measure the importance
of the supply chain risk and benefit factors and the fuzzy
MULTIMOORA is used to rank the suppliers. The rank-
ing result from the fuzzyAHP indicate ‘technology risk’ is
themost important risky set of factors followed by ‘supply
risk’, ‘operational risk’, and ‘financial risk’. As for the ben-
efits, ‘operational benefit’ is considered the most impor-
tant beneficial set of factors followed by ‘financial bene-
fit’, ‘supply benefit’, and ‘technology benefit’. The rank-
ing result from the fuzzy AHP-fuzzy MULTIMOORA
method indicated that Supplier 6 is the most preferred
supplier with superior risk and benefit performance over
the other suppliers. We also studied the uncertainty in
the output of our proposed integrated framework using
sensitivity analysis. We performed a sensitivity analysis
for the fuzzy MOORA method and the fuzzy reference
point method with a 10% – 80% change and the ranking
remained unchanged. The results show robust rankings
and the stability of the model proposed in this study.

In this study, we proposed an integrated supplier
selection framework, which considers both supplier
risks and benefits simultaneously. The proposed frame-
work uses fuzzy logic, AHP, and MULTIMOORA to
reduce the complexities inherent in supplier selec-
tion problems by decomposing the evaluation process
into manageable steps. This decomposition is achieved

without simplifying the problem. The proposed method
is analytical, comprehensive, flexible, structured, and
robust.

We first used the fuzzy AHP method to measure the
importance of the supply chain risk and benefit fac-
tors.Many real-world problems involve uncertain, inade-
quate, imprecise, vague, and ambiguous information. We
used fuzzy logic to model uncertainties and ambigui-
ties in real-world problems because fuzzy logic is much
closer in spirit to human thinking and natural language.
Experts and practicing managers often lack confidence
in data and judgements. Fuzzy Logic can translate man-
agers’ knowledge and experience into a set of basic rules
in linguistic terms, which are intuitive and easy to under-
stand. We used Fuzzy AHP because it adopts a hierarchi-
cal structure for modelling the suppliers’ risk and benefit
factors, allows for using verbal judgements that are easy
to comprehend, and provides a mechanism to verify the
consistency of expert judgments. While intuition is still
favoured by some practicing managers, it is dangerously
unreliable when used to solve complex problems. Fuzzy
logic and AHP used here provide a systematic and sci-
entific approach to capture and synthesise managerial
intuition and judgement.

We then use MULTIMOORA to rank the alterna-
tive suppliers. MULTIMOORA combines three subordi-
nate rankings obtained by the fully compensatory, non-
compensatory, and incompletely compensatory models
of the fuzzy ratio method, the fuzzy reference point
method, and the fuzzy full multiplicative method. The
results of the three ranking methods are then integrated
into a final ranking using dominance theory. The inte-
grated framework proposed in this study provides an
efficient and effective procedure for selecting the most
preferred supplier. It is reasonable to assume that this
approach can be used inmany other real-world problems
and if utilised properly, can assist practicing managers in
a wide range of problems from operational to strategic
decision problems.

The main limitation of this study is the lack of experts
who are well versed in risk-benefit analysis and quan-
titative decision-making. It would be interesting to col-
lect data related to the supplier selection problem from
numerous respondents with different levels of expe-
rience, qualification, and positions to investigate how
expert selection would affect the supplier evaluation
and selection process. Secondly, it would be interesting
to explore how the interdependencies and correlations
between selection criteria impact the supplier evaluation
and selection process. Finally, the proposedmodel can be
implemented in a decision support system for assisting
manufacturers in performance assessment and supplier
selection.
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Appendix A

Questionnaire 1 (Fuzzy AHP): used for capturing the importance of criteria and sub-criteria

Please indicate the importance of each criteria compared to other criteria with regard the following scales: Equally
Important (1), Moderately Important (2), Important (3), Very Important (4), or Significantly More Important (5).
Q1 How important is Operational risks (C1) compared to Supply risk (C2)?
Q2 How important is Operational risks (C1) compared to Financial risk (C3)?
Q3 How important is Operational risks (C1) compared to Technology risks (C4)?
Q4 How important is Supply risk (C2) compared to Financial risk (C3)?
Q5 How important is Supply risk (C2) compared to Technology risks (C4)?
Q6 How important is Financial risk (C3) compared to Technology risks (C4)?
Operational risks (C1)
Q7 How important is Machine, equipment or facility failure (C11) compared to Design risks (C12)?
Q8 How important is Machine, equipment or facility failure (C11) compared to the scarcity of skilled labour risks (C13)?
Q9 How important is Design risks (C12) compared to the scarcity of skilled labour risks (C13)?
Supply risk (C2)
Q10 How important is Procurement costs risks (C21) compared to Key supplier failures risks (C22)?
Q11 How important is Procurement costs risks (C21) compared to Supplier quality risks (C23)?
Q12 How important is Key supplier failures risks (C22) compared to Supplier quality risks (C23)?
Financial risk (C3)
Q13 How important is The Sourcing of funds (C31) compared to Inflation and currency exchange rates (C32)?
Technology risks (C4)
Q14 How important is Inability to use new technology (C41) compared to Failure in Information technology (C42)?

Questionnaire 2 (Fuzzy MULTIMOORA): used for capturing the importance of the alternatives with respect to sub-
criteria

Please indicate the importance of each supplier with respect to the sub-criteria using the following scales: Very low (VL)(1), Low (L)(2), Medium (M)(3), High
(H)(4), or Very High (VH)(5).
Supplier C11 C12 C13 C21 C22 C23 C31 C32 C41 C42

S1
S2
S3
S4
S5
S6
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