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Abstract. Materials constitute a large proportion of the total project cost and the absence of right materials in the right
quantities and quality on site when needed is one of the most commonly experienced causes of delays in construction
projects. Although supplier selection is a strategic issue, contractors generally select suppliers based on their past experi-
ences, which may result in selecting wrong suppliers. Supplier selection decision is generally made by multiple decision
makers and is affected by several criteria. Therefore, selecting the right supplier among many alternatives considering
several compromising and conflicting criteria is a multi-criteria group decision-making (MCGDM) problem. This paper
proposes an integrated fuzzy MCGDM approach, which employs fuzzy analytic hierarchy process (AHP) and fuzzy
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) together, for the supplier selection problem.
In the proposed approach, fuzzy AHP is used to analyse the structure of the supplier selection problem and to determine
the weights of the criteria, and the fuzzy TOPSIS method is employed to rank the alternative suppliers. The proposed
approach is applied to a problem of selecting the most appropriate rail supplier and company management found the

proposed decision approach satisfactory and implementable in future supplier selection problems.

Keywords: supplier selection, MCGDM, fuzzy AHP, fuzzy TOPSIS, integrated approach, case study.

Introduction

A construction project highly depends on having the right
people with right skills and the right materials and equip-
ment in the right place at the right time that are required
to complete the project on time and on budget. The cost
of materials and equipment amounts to almost 50-60%
of the overall project cost (Akintoye 1995; Wong, Nor-
man 1997; Ibn-Homaid 2002; Kim, S., Kim, Y. 2014),
and this amount can go up to 70% depending on the
type of project and the extent of mechanization and plant
used (Donyavi, Flanagan 2009). Moreover, the absence of
right materials in the right quantities and quality on site
when needed is one of the most commonly experienced
causes of delays in construction projects (Polat, Arditi
2005). Indeed, construction materials management affects
80% of the project schedule (Safa ef al. 2014) and losses
in labour productivity resulting from non-availability of
materials have been estimated to be 6-8% (Muya et al.
1997).

It is commonly acknowledged that an effective and
optimized management of the construction material flow
may play a significant role in enhancing the effective-
ness of a contractor and achieving project objectives in
terms of time, cost and quality by means of ensuring the

availability of sufficient quantities of materials and equip-
ment for construction needs and minimizing the surpluses
at the end of the project (Thomas et al. 2005; Donyavi,
Flanagan 2009). Construction materials management is
defined as “the planning and controlling of all activities
necessary for ensuring and confirming that the correct
and accurate quantity and quality of materials and equip-
ment are appropriately specified in a timely manner, are
obtained at a reasonable cost, and are available when
needed” (Safa et al. 2014).

The main problems resulting from poor construction
materials management can be summarized as follows:
failure to order on time, delivery at the wrong time, er-
rors in quantity take-offs, receiving wrong materials, lost
or damaged materials, theft of materials from delivery
into production, and double handling (Donyavi, Flanagan
2009). Most of these problems can be overcome by a
proper purchasing process. The purchasing function of a
construction company is central to materials management
and mainly involves the commitment of project funds for
construction materials (Samarasinghe et al. 2012).

Purchasing is defined as “a fundamental function
of material procurement that refers to the acquisition
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of goods and services and an establishment of mutually
acceptable terms and conditions between a seller and a
buyer” (Hadikusumo et al. 2005). Purchasing within an
organization mainly involves all of the activities associ-
ated with the buying process, which include: determin-
ing the need, selecting and awarding suppliers, analysing
proposals, arriving at a proper price, specifying terms and
conditions, issuing the contract or order, ensuring prop-
er delivery, inspecting goods supplied, and maintaining
a variety of purchasing records (Van Weele 2005; Safa
et al. 2014).

One of the most important tasks of the purchasing
function is the selection of the right suppliers, and there-
by the acquisition of required materials (Aretoulis et al.
2010; Monczka ef al. 2011; Zeydan et al. 2011). In to-
day’s competitive business environment, it is impossible
to produce high quality products with low cost without
satisfactory suppliers. Therefore, selection and mainte-
nance of a competent group of suppliers is one of the
most important purchasing decisions (Weber et al. 1991).

Supplier evaluation/selection is the process of find-
ing the appropriate suppliers, who are capable of provid-
ing the buyer with the right quality products and/or ser-
vices at the right price, in the right quantities and at the
right time (Zhang et al. 2009). The objective of supplier
selection process is to identify suppliers with the high-
est potential for meeting a company’s needs consistently
and at an acceptable overall performance (Li ef al. 2008).

Supplier selection has great impact on the coordi-
nation of various company services, such as production,
transportation, storage, or purchases, as well as its com-
petitive position in the market (Oniit e al. 2009). There-
fore, the decision concerning supplier selection must
comply with the company’s long-term strategies and
competitive positioning (Plebankiewicz, Kubek 2016).
According to Aretoulis et al. (2010), supplier selection
plays a critical role in the success or failure of construc-
tion projects. Ho and Nguyen (2007) state that main-
taining a strong relationship with suppliers is crucial for
creating competitive advantage in today’s construction
environment. Selecting the right suppliers significantly
reduces purchasing and operational costs, improves com-
petitiveness in the market, improves the quality of end
products, and enhances end user satisfaction (Oniit et al.
2009; Zeydan et al. 2011).

Material-intensive nature of the construction indus-
try makes supplier selection critical and there are sev-
eral studies that focus on either identification of the most
commonly used criteria for supplier selection in the con-
struction industry or development of various supplier
evaluation/selection methodologies, tools, and methods.
However, some of these developed methodologies, tools,
and methods are not widely accepted, applied and oper-
ated by construction professionals as they are based on
complex computational and mathematical models and un-
necessarily difficult to understand and use. Moreover, the
practitioners may not believe that the available methods
improve the quality of their decisions (Wang, Tang 2015).

Therefore, construction professionals still tend to select
their suppliers based on past experiences rather than
objective and systematic approaches (Formoso, Revelo
1999; Donyavi, Flanagan 2009; Chen et al. 2011).

Selecting suppliers based on solely past experienc-
es may cause selecting wrong suppliers, which in turn
bring about quality problems, cost overruns, delays, en-
vironmental problems, etc. Indeed, Monczka ef al. (2011)
found that nearly 50% of the quality problems result from
working with wrong suppliers and poor management of
the supply chain. Meng (2013) claims that the traditional
adversarial supply chain relationship brings about various
problems, e.g., claims, conflicts, disputes, low productiv-
ity, delays, cost overruns, quality defects, and customer
dissatisfaction.

Verma and Pullman (1998) found that even though
managers claim that quality is the most important crite-
rion in selecting a supplier, in real life, they predomi-
nantly select suppliers based on two criteria, namely
product price and delivery performance. Li ef al. (2008)
report that simply looking for the suppliers, who offer the
lowest prices, is not “efficient sourcing” any more. Ho
et al. (2010) state that traditional cost-based approach is
not supportive and robust, and cannot guarantee that the
selected supplier is global optimal as the customer-ori-
ented criteria (e.g., quality, delivery, flexibility, etc.) are
not considered. Similarly, Benton and McHenry (2010)
state that construction companies should select their ma-
terial suppliers based on value-added capabilities rather
than competitive process considering today’s aggressive
sourcing environment. Moreover, Wu ef al. (2010) and
Ho et al. (2010) highlight that the supplier selection de-
cision must not depend solely on product price or quality
measures. Therefore, construction companies should take
into account not only the price but also several compro-
mising and conflicting criteria, e.g., quality of products
and services, delivery flexibility, performance history,
warranties, technical capability and financial position, in
the supplier selection decision-making process (Benton,
McHenry 2010; Samarasinghe et al. 2012; Plebankie-
wicz, Kubek 2016).

In most cases, the problem of supplier selection deals
with more than one supplier and the supplier selection is
made by multiple decision makers, who have different
points of views (Plebankiewicz, Kubek 2016). Selecting
suppliers from several possible alternatives with various
levels of capabilities and potential is not an easy task for
decision makers. Supplier selection should be considered
as a MCGDM problem (Li et al. 2008). Moreover, dur-
ing the supplier selection process, numerous criteria are
simultaneously taken into account. Some of these criteria
are quantitative and can be measured directly (e.g., the
price of the product). On the other hand, the majority
of them is qualitative and can be evaluated subjectively
(e.g., the quality of products and services).

In most of the real life problems, the information is
uncertain and human’s thoughts are imprecise, thus, it is
almost impossible for decision makers to provide exact
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numerical values during the comparison and/or evalua-
tion process. In these cases, decision makers may prefer
to specify their preferences by linguistic variables, whose
values are words or sentences in a natural or artificial lan-
guage, and give interval judgments rather than fixed value
judgments (Zadeh 1975). Fuzzy set theory is a powerful
tool for reflecting human reasoning and handling uncer-
tainty and incomplete information when generating deci-
sions (Wong, Lai 2011). Therefore, integrating the fuzzy
set theory with multi-criteria-decision-making (MCDM)
methods may help to make the assessment process more
flexible and suitable for decision makers’ imprecise na-
ture of preferences (Kahraman ef al. 2010).

The main objective of this study is to propose an in-
tegrated fuzzy MCGDM approach, which employs fuzzy
AHP and fuzzy TOPSIS together, for the selection of the
most appropriate rail supplier among a set of available
alternatives considering several compromising and con-
flicting criteria. In the proposed approach, fuzzy AHP
is used to analyze the structure of the supplier selection
problem and to determine the weights of the criteria, and
the fuzzy TOPSIS method is employed to obtain the rank-
ing of the alternative suppliers. In order to illustrate how
the proposed approach can be used in a real situation, it
was applied to a problem of selecting the most appropri-
ate supplier to be worked with in an international railway
construction project.

1. Supplier selection process and previous studies in
supplier selection

The basic steps of the supplier selection process are pre-
sented in Figure 1 (Samarasinghe et al. 2012; Plebankie-
wicz, Kubek 2016).

As seen in Figure 1, supplier selection process re-
quires making a number of important decisions and iden-
tification of the supplier selection criteria and selection
of suppliers are two of the most important decisions that
have to be made during the supplier selection process.

Identify the need for a specific product

v

Identify critical sourcing requirements and criteria

v

Determine the sourcing strategy

v

Identify potential suppliers

v

Limit suppliers in the selection pool

v

Determine the final selection method

v

Select suppliers and reach agreement

Fig. 1. The basic steps of the supplier selection process

In the construction management literature, several
studies have dealt with the problem of evaluating/select-
ing suppliers. These studies have different focuses. While
some of them aimed to identify the most commonly used
criteria for supplier selection in the construction industry,
the remainders proposed various supplier evaluation/se-
lection methodologies, tools, and methods.

Formulizing the problem of supplier evaluation/se-
lection is very complicated because of the fact that it is
affected by the combination of several quantitative (e.g.,
the price of the product) and qualitative (e.g., the qual-
ity of products and services) criteria, most of which are
contradictory (e.g., the quality of products and services
vs. the price of the product), and there is no consensus
about the criteria that should be taken into account dur-
ing the supplier evaluation process in the construction in-
dustry. In the construction management literature, various

Table 1. The most frequently cited supplier selection criteria in the construction industry

Supplier Selection Criteria

Sources

Kannan and Tan (2002), Ho and Nguyen (2007), Aretoulis et al. (2010), Benton and

Total cost of the product
Kubek (2016)

McHenry (2010), Schramm and Morais (2012), Safa et al. (2014), Plebankiewicz and

Payment conditions

Aretoulis et al. (2010), Schramm and Morais (2012), Plebankiewicz and Kubek (2016)

Lead time

Schramm and Morais (2012), Safa et al. (2014), Plebankiewicz and Kubek (2016)

Delivery performance/flexibility

Kannan and Tan (2002), Ho and Nguyen (2007), Aretoulis et al. (2010), Benton and
McHenry (2010), Schramm and Morais (2012), Plebankiewicz and Kubek (2016)

Quality of the products and services

Kannan and Tan (2002), Ho and Nguyen (2007), Aretoulis et al. (2010), Benton and
McHenry (2010), Schramm and Morais (2012), Plebankiewicz and Kubek (2016)

Guarantee period

Plebankiewicz and Kubek (2016)

Technical expertise of the supplier

Ho and Nguyen (2007), Plebankiewicz and Kubek (2016)

Reputation of the supplier

Kannan and Tan (2002), Plebankiewicz and Kubek (2016)

Performance history of the supplier

Schramm and Morais (2012), Safa et al. (2014), Plebankiewicz and Kubek (2016)

Communication with the supplier

Ho and Nguyen (2007), Schramm and Morais (2012)
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supplier selection criteria have been proposed by several
researchers. The most frequently cited supplier selection
criteria are presented in Table 1.

Several evaluation/selection methodologies, tools,
and methods have been developed for supplier selection
in the manufacturing industry. Some of them can be sum-
marized as follows. Ghodsypour and O’Brien (1998) pro-
posed an integrated approach, which combines AHP and
Linear Programming methods, to solve supplier selection
problem. Liu et al. (2000) used Data Envelopment Anal-
ysis (DEA) to compare suppliers for supplier selection
and performance improvement. Tam and Tummala (2001)
applied AHP in supplier selection of telecommunication
systems. Choy et al. (2003) designed a case based intel-
ligent supplier relation management system. Kahraman
et al. (2003) proposed fuzzy AHP method to solve a sup-
plier selection problem in white goods producing indus-
try. Wang (2005) applied fuzzy decision optimum model
in selecting supplier. Oniit ez al. (2009) developed a sup-
plier evaluation model based on the fuzzy Analytic Net-
work Process (ANP) and fuzzy TOPSIS methods to se-
lect the most appropriate supplier in a telecommunication
company. Zhang et al. (2009) introduced an approach for
supplier selection based on vague sets group decision.
Sevkli (2010) proposed fuzzy Elimination and Choice
Expressing the Reality (ELECTRE) method to solve sup-
plier selection problem in a manufacturing company. Wu
et al. (2010) proposed fuzzy multi-objective program-
ming for solving supplier selection problem. Mendoza
and Ventura (2013) developed a mixed integer nonlinear
programming model to properly allocate order quantities
to the selected set of suppliers while taking into account
the purchasing, inventory, and transportation costs under
suppliers’ capacity and quality constraints. Junior et al.
(2014) compared the performances of fuzzy AHP and
fuzzy TOPSIS in solving supplier selection problem and
found that Fuzzy TOPSIS method was better suited to
the problem of supplier selection in regard to changes
of alternatives and criteria, agility and number of criteria
and alternative suppliers. Kannan et al. (2015) proposed
Fuzzy Axiomatic Design (FAD) approach to select the
best green supplier for Singapore-based plastic manufac-
turing company. Yazdani et al. (2016) proposed an in-
tegrated model called weighted aggregated sum product
assessment (WASPAS), which uses step-wise weight as-
sessment ratio analysis (SWARA) and quality function
deployment (QFD) together, to select green suppliers.

Construction is a different type of production than
manufacturing and it can be described as a product de-
velopment process, starting from product design through
process design to facility construction (Ballard, Howell
1997). Ballard and Howell (1998) and Koskela (1992)
summarize these differentiating characteristics as one-of-
a-kind nature of construction projects, site production,
and temporary multi-organization. While there is a single
and unique end product produced once in construction,
large numbers of similar units are repetitively produced

in manufacturing (Halpin, Senior 2011). Every construc-
tion project is unique and construction supply chain can
be considered as a typical make-to-order supply chain
in which every project creates a new product or proto-
type (Vrijhoef, Koskela 2000). Moreover, products are
designed and produced without a designated purchaser
in manufacturing, whereas product is designed and con-
structed after the purchaser (i.e., client) is identified in
construction. Variety and quantity of required materials
may change according to the type of the project in ques-
tion. For instance, the types and quantities of materi-
als used for heavy construction considerably vary from
those used in building construction. Unfamiliarity with
the materials and/or technology required by the project
in question makes the supplier selection problem com-
plex in construction. Every construction project is built
in different location and every construction site can be
considered as a “factory” contrary to “fixed position man-
ufacturing”. A wide range of materials in large quantities
are delivered to the construction site where the facility
is to be built and the product (i.e., facility) is assembled
from these incoming materials on site. This rootedness-
in-place brings about uncertainty and differentiation such
as soil conditions, geographic conditions, wind load, seis-
mic conditions, weather conditions, machine breakdowns,
losses caused by accidents and other incidents, different
codes and regulations, unfamiliarity with the local sup-
pliers and subcontractors and difficulty in shortlisting
them, etc. (Ballard, Howell 1998; Chen et al. 2011). In
construction projects, several organizations temporarily
come together in order to produce one-off product, which
makes the construction supply chain instable and frag-
mented (Vrijhoef, Koskela 2000). The supplier selection
problem in the construction industry is slightly different
from the one in the manufacturing industry as a result
of these differentiating characteristics of the construction
industry.

The number of the studies that deal with supplier
selection problem in the construction industry is limited
when compared to the number of studies in the manu-
facturing industry. Aretoulis et al. (2010) provided a
standardized approach in selecting the best construc-
tion material supplier through the formation and use of
an appropriate mathematical equation based on multi-
ple criteria. Chen et al. (2011) proposed an ANP model
that combines qualitative and quantitative methods to
select optimal building engineering materials supplier.
Schramm and Morais (2012) proposed a model based
on Simple Multi-Attribute Rating Technique Exploiting
Ranking (SMARTER) method to solve supplier selection
problem in the construction industry. Ren ez al. (2012)
proposed an innovative approach to the integration of
Building Information Modeling (BIM) and electronic
commerce (e-commerce) in a material procurement pro-
cess. Guan et al. (2013) built a selection decision-making
evaluation index system for selection of cement suppliers
in a national highway project in Republic of Congo based
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on fuzzy AHP and fuzzy matter-element methods. Safa
et al. (2014) developed an integrated construction materi-
als management system model for the industrial construc-
tion sector and used the TOPSIS method to rank the sup-
pliers. Polat and Eray (2015) proposed the integration of
AHP and Evidential Reasoning (ER) methods for solving
the supplier selection problem. Plebankiewicz and Kubek
(2016) proposed the use of AHP and fuzzy AHP methods
to select building material suppliers.

When the supplier selection models developed in the
manufacturing and construction industries are compared,
it can be observed that the selection models developed in
the manufacturing industry use either hybrid and modular
methods (e.g., integration of fuzzy ANP and fuzzy TOP-
SIS, integration of AHP and linear programming, etc.)
and/or modifications of previously developed well-known
methods with fuzzy and grey number theory (e.g., fuzzy
AHP, fuzzy TOPSIS, fuzzy ELECTRE, fuzzy multi-ob-
jective programming, FAD, etc.) or relatively recently
developed MCDM methods (i.e., WASPAS, SWARA,
etc.). On the other hand, the supplier selection models
developed in the construction industry mostly use single,
well-known, and relatively previously developed MCDM
methods (i.e., AHP, ANP, SMARTER, etc.).

As mentioned in the previous section, supplier selec-
tion can be considered as a MCGDM problem in which
the imprecise and uncertain evaluations of multiple de-
cision makers on numerous alternatives with respect to
various compromising and conflicting quantitative and/
or qualitative criteria should be considered simultane-
ously. Supplier selection problem mainly consists of two
parts. The first part includes structuring the hierarchy of
the problem, identifying the selection criteria, and deter-
mining of the relative importance weights of these cri-
teria. The relative importance weights of the identified
criteria can be directly provided by the decision makers.
However, this means is not systematic and it may cause
subjective judgements. Therefore, the relative importance
weights of the identified criteria should be determined
through a systematic method. The second part involves
ranking numerous alternatives through the evaluations
performed by multiple decision makers with respect to
the pre-identified criteria considering their relative im-
portance weights. Since the supplier selection problem
comprises two different parts, using a single MCDM may
not be adequate. Moreover, supplier selection is generally
made by multiple decision makers, whose thoughts are
imprecise and uncertain. Thus, there is a need for devel-
oping a new supplier selection model, which uses the in-
tegration of different MCDM methods modified with the
fuzzy set theory (Zavadskas et al. 2014; Mardani et al.
2015) and allows aggregating opinions of multiple deci-
sion makers.

This study aims to overcome the shortcomings of the
previous studies and proposes the integration of two well-
known MCDM methods modified with fuzzy set theory,
namely fuzzy AHP and fuzzy TOPSIS, for solving the

G. Polat et al. An integrated fuzzy MCGDM approach for supplier selection problem

supplier selection problem in construction. Fuzzy AHP
is a systematic approach, which combines the classical
AHP method with fuzzy set theory. It was developed to
solve the hierarchical structure of selection and justifica-
tion problems in fuzzy environments. The ultimate goal
of fuzzy AHP is to obtain relative importance weights of
the determined criteria and alternatives. The relative im-
portance weights are the main output of the fuzzy AHP,
and some researchers perceive these relative importance
weights as potential inputs for other MCDM methods
(Abdullah, Zulkifli 2015; Efe 2016). In this study, the
relative importance weights of the supplier selection cri-
teria were determined by the fuzzy AHP method, and
these weights were used as inputs for the fuzzy TOPSIS
method. Fuzzy TOPSIS, which is the fuzzy extension of
the classical TOPSIS, is a well-known MCDM method
and is based on choosing the best alternative that has the
shortest distance from the positive-ideal alternative and
the longest distance from the negative-ideal alternative.
Fuzzy extension of TOPSIS enables decision makers to
evaluate the performances of the alternatives with respect
to several criteria in linguistic terms (Chen 2000). In the
proposed approach, the relative weights of the selection
criteria are obtained from the fuzzy AHP. The detailed
information about these methods is given in the follow-
ing section.

The integration of fuzzy AHP and fuzzy TOPSIS
methods have been successfully implemented in various
fields such as performance evaluation (Sun 2010), facil-
ity location selection (Kahraman et al. 2010), quantifying
risks in a supply chain (Samvedi e al. 2013), handling
equipment selection (Yazdani-Chamzini 2014), construc-
tion project selection and risk assessment (Taylan et al.
2014), intelligent building assessment (Kaya, Kahraman
2014), ERP system selection (Efe 2016), etc.

2. Mathematical background

In this section, the principles of fuzzy set theory, and
fuzzy AHP and fuzzy TOPSIS methodologies will be
briefly explained.

2.1. Fuzzy set theory

In fuzzy set theory, which was first introduced by Zadeh
(1965), the elements in fuzzy sets have been defined by
their degrees of membership. On the other hand, in clas-
sical set theory, the membership of elements in a set is
defined in binary terms. In this study, triangular fuzzy
number (TFN) is used for fuzzy AHP and fuzzy TOPSIS
as it is intuitively easy for decision makers to understand
and calculate (Dagdeviren et al. 2009).

TFN (A) is defined by three crisp numbers expressed
as a triple (/, m, u), where / < m < u, and its membership
function (pz (x)) whose values can be any number in the
interval [0, 1], where 0 means that the value (x) does
not belong to the set in question and 1 means that the
value (x) completely belongs to the set. The membership
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Ha (x)
A

Fig. 2. The membership function of a triangular fuzzy number

function (uz (x)) of a fuzzy number 4 (I, m, u) can be
expressed as in Eqn (1):

(x=0)/(m-=10), [<x<u
pAX)={(w—-x)/(u—m), m<x<u . (1)
0, otherwise

In Eqn (1), / and u are the lower and upper bounds,
and m is the modal value of the fuzzy number 4 (I, m, u).
The membership function of a TFN is shown in Figure 2.
The operational laws of TFNs 4,(/;, m,, u;) and
A, (L, my, u,) are displayed in Eqns (2)—(6) (Hsieh et al.
2004).
Addition of a TFN:

A @ Ay =,y uy) @ (L, my uy)

(2)
=l + 1y, my+my,u; +uy).
Subtraction of a TFN:
;119;12 =(h,my,u) = (b, my,uy) (3)
=l —uy, my—my,uy —1y).
Multiplication of a TFN:
;11 ®;12 =l myu) ® (L, my,uy) 4
:(11'12’ ml.mz,ul.uz), ( )
where [; > 0; m; >0; u; > 0.
Division of a TFN:
AD Ay =y, myuy) + Ly, my 1) )
= /uy, my/myuy /),
where /;> 0; m; >0; u; > 0.
Reciprocal of a TFN:
A =, my ) = A w1 my 1), (6)

where [;> 0; m; >0; u; > 0.

2.2. The fuzzy AHP method

AHP, which was first developed by Saaty (1980), is
one of the most powerful techniques for solving com-
plex decision problems. The main idea behind AHP is
to decompose any complicated and unstructured multi-
criteria decision problem into manageable and measur-

able sub-problems. AHP is a MCDM approach based
on an additive weighting process. This method consists
of four main steps. First, a complex decision problem
is structured as a hierarchy of interrelated decision ele-
ments (i.e., goal, main criteria, sub-criteria, alternatives).
Second, the decision elements in the corresponding level
are compared in pairs based on a standardized nine-point
scale of measurement according to their levels of influ-
ence on the specified element in the higher level of the
decision hierarchy. Third, pairwise comparison matrices
are synthesized in order to find the relative importance
of each criterion/alternative. Finally, the consistency ra-
tios of the pairwise comparisons are determined in order
to see whether the judgment matrices are consistent or
not (Saaty 1980). The main superiority of AHP is that it
enables decision makers to consider intangible qualita-
tive data and tangible quantitative criteria simultaneously
(Dagdeviren et al. 2009).

Although the classical AHP has been widely accept-
ed and extensively used by academics and professionals
for solving MCDM problems in various fields, it is not
capable of reflecting human’s vague nature of opinions
and handling uncertainty (Sun 2010). Since the informa-
tion is uncertain and human’s thoughts are imprecise in
most of the in real life problems, it is almost impossible
for decision makers to provide exact numerical values
during the comparison and/or evaluation process. Thus,
decision makers may prefer to specify their preferences
by linguistic variables, whose values are words or sen-
tences in a natural or artificial language, and give inter-
val judgments rather than fixed value judgments (Zadeh
1975).

Fuzzy set theory is a powerful tool for reflecting hu-
man reasoning and handling uncertainty and incomplete
information when generating decisions (Wong, Lai 2011).
Therefore, integrating the fuzzy set theory with the AHP
method may help to make the assessment process more
flexible and suitable for decision makers’ imprecise na-
ture of preferences (Kahraman ef a/. 2010). The main idea
behind fuzzy AHP is to use linguistic statements, which
are represented by TFNs instead of crisp numbers, in
the pairwise comparison. Fuzzy AHP has become a very
popular MCDM method as it enables decision makers to
handle uncertainty, imprecise and incomplete information
inherent in decision problems by using the concepts of
fuzzy set theory and hierarchical structure analysis.

In the literature, there are different methods pro-
posed for the fuzzification of AHP (e.g., Van Laarhoven,
Pedrcyz 1983; Buckley 1985; Chang 1996). In this study,
Buckley’s (1985) method has been employed. The steps
of this method are briefly explained below (Hsieh et al.
2004; Sun 2010; Yazdani-Chamzini 2014):

Step 1: Build the hierarchical structure of the decision
problem.

Step 2: Consult decision makers and construct pairwise
comparison matrices for all attributes in the decision hi-
erarchy. Each element (d;) in the pairwise comparison
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matrix (4) is a linguistic term presenting which is the
more important of two attributes. The pairwise compari-
son matrix is given by:

1 ap, a, 1 ap ... ay,
~ dzl 1 dzn a;n 1 a2n
Ak = . . . . = : : ., : 5
~ ~ ~ - _ ~ -] -
a, 4, ... 4, ar, ar, e Ay

where A4} is the pairwise comparison matrix constructed
by the k™ decision maker for any attribute. During the
evaluation process, linguistic scales are used.

Step 3: Aggregate the decision makers’ pairwise compari-
son matrices by using the geometric mean. The aggre-
gated TFN of all decision makers’ fuzzy judgments in a
certain case 7;; = ([, my, uy) is calculated using Eqn (7):

i i

K /K
k=1

where G is the fuzzy comparison value of attribute i to
attribute j in the form of TFN specified by the k" decision

maker and K is the number of decision makers.

Step 4: Aggregate the fuzzy comparison values of attrib-
ute 7 to all attributes at the same evaluation dimension
by using the geometric mean. The aggregated TFN of an
attribute i in a certain case 7= (/;, m; u;) is calculated

using Eqn (8):
/N
,{ :-,} , (8)
J

where 7; is the aggregated fuzzy comparison value of
attribute 7 to attributes j in the form of TFN and N is the
number of attributes at the same evaluation dimension.

=

I
—

Step 5: Calculate the fuzzy weight of each attribute
i(w). wy=(,; m,, u,,; can be found using Eqn (9):

W=EQFEOH®... D), )

where 7 is the aggregated TFN of attribute i in the form
of TFN and N is the number of attributes at the same
evaluation dimension.

Step 6: Defuzzify the triangular fuzzy weights. For this
purpose, the Best Nonfuzzy Performance (BNP) value is
calculated. Different methods, e.g., center of area (COA),
graded mean integration (GMI), etc. can be used to cal-
culate BNP for TFNs (Rutkowski 2008). In this study,
the COA method is preferred. In this method, BNP,; for
attribute 7 is calculated using Eqn (10):

BNPW[ = [(uwi _lwi)+(mwi _lwi)]/3+lwi . (10)

Step 7: Normalize the BNPs for all attributes in order
to find the crisp weights of the attributes. Normalization
process is carried out using Eqn (11):
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%, (11)

w; = N
ZBNPWI-
i=1

i

where BNP,,; is the BNP value for attribute i and N is the
number of attributes at the same evaluation dimension.

Step 8: Check consistency ratio. For this purpose, first
TFNs in all pairwise comparison matrices are defuzzified.
Then, the consistency ratio (CR) of the matrix including
the defuzzified TFNs (i.e., crisp numbers) has been cal-
culated adopting the approach proposed by Saaty (1980).
If CR is lower than 0.1, it can be concluded that the pair-
wise comparison matrix is sufficiently consistent.

2.3. The fuzzy TOPSIS method

TOPSIS, which was first developed by Hwang and Yoon
(1981), is widely used for solving ranking problems.
TOPSIS considers MCDM problems as a geometric sys-
tem with m points (i.e., alternatives) in n-dimensional
space of criteria. The main idea behind TOPSIS is to
choose the alternative, which has the shortest distance
from the positive-ideal solution (PIS) (i.e., achieving the
minimal gaps in each criterion) and the longest distance
from the negative-ideal solution (NIS) (i.e., achieving the
maximal levels in each criterion). In the TOPSIS method,
an index, which defines the similarity to the PIS and the
remoteness from the NIS, is calculated and an alternative
with the maximum similarity to the PIS is chosen (Sun
2010). Although the traditional TOPSIS method is very
popular and simple, it is often criticized for its inability
to map decision makers’ ambiguities, uncertainties, and
vagueness in evaluating the performances of the alterna-
tives with respect to several criteria. In order to overcome
this problem and allow decision makers to formulate the
decision problems where the available information is sub-
jective, imprecise and incomplete, the TOPSIS method
is extended with the fuzzy set theory (Dagdeviren et al.
2009). The main idea behind fuzzy TOPSIS is to use
fuzzy numbers instead of crisp numbers in the evaluation
process. In the literature, there are several fuzzy TOP-
SIS methods. In this study, Chen’s (2000) method will be
employed. Chen (2000) extends the TOPSIS method to
fuzzy group decision making situations using TFNs and
calculating crisp Euclidean distance between two fuzzy
numbers. The steps of this method are briefly explained
below (Chen 2000; Kahraman et al. 2010):

Step 1: Determine the weights of the evaluation/selection
criteria. In this study, the weights are calculated using
fuzzy AHP method.

Step 2: Consult decision makers and establish the fuzzy
decision matrix, in which the alternatives are evaluat-
ed with respect to the evaluation criteria using the ap-
propriate linjuistic scale. The fuzzy decision matrix

(D =[iij men is given by:
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where D, is the fuzzy decision matrix constructed by
the k" decision maker for evaluating the alternatives with
respect to the criteria, m is the number of alternatives, and
n is the number of criteria. During the evaluation process,
linguistic scales are used.

Step 3: Aggregate the decision makers’ fuzzy decision
matrices by using the arithmetic mean. The aggregated
TFN of all decision makers’ fuzzy performance ratings
in a certain case X;= (/;, my, u;) is calculated using
Eqn (12):

1E
sz”"‘ , (12)
i=1

where X; ijk is the fuzzy performance rating of alternative
ito cr1ter1on j in the form of TEN specified by the &
decision maker, and K is the number of decision makers.

Step 4: Normalize the fuzzy decision matrix using the
linear scale transformation, which enables decision mak-
ers to transform TFNs into the closed interval [0, 1]. The
evaluation criterion may be either benefit criterion (i.e.,
the larger the rating, the greater the preference) or cost
criterion (e.g., the smaller the rating, the greater the pref-
erence), and the normalization formulas are different for
cost and beneﬁt criteria. The normalized fuzzy decision

matrix R = i can be computed by:
mxn

(——U i) ndu = max;

“/ ”j ”j

i u;; for benefit criteria;

(13)

N _
o= (5, L) and [; = max;
Ui Myt

l; forcost criteria,
(14)

where r is the normalized value of x

Step 5: Compute the weighted normalized decision ma-
trix (V) by multiplying the weights of the of the eval-
uation criteria (w;) by the elements of the normalized
fuzzy decision matrix (7;). The weighted normalized
decision matrix (¥ ) can be computed by:

V=[V!.]Wn and v, =¥, xw, i=12,...m,j=12,...n,

(15)

where w; is the fuzzy weights of the criteria obtained
from the fuzzy AHP computations.

Step 6: Determine the fuzzy PIS (4") and the fuzzy NIS
(47) according to Eqns (16) and (17):

_("714—7"72 ,V3 b "7+)9 (16)

2N

_("71_;‘72_5‘)3 ER ‘7_)’ (17)

2 'n

where v
ey I

= (L 1, 1), 5 =(0,0,0),and j=1,2,3,

Step 7: Calculate the distance of each alternative from A*
and A~ using the following equations:

n

:Zd(vj V) i=12,,m; (18)
Jj=l1

=>dE;.5)) i=12,...m, (19)
J=1

where d(.,.) represents the distance between two fuzzy
numbers, which is calculated according to the vertex
method. For TFNs, d(X,Z) can be computed by:

d(f,z)=\E[ax—lz>2+<mx—mz>2+(ux—uz)2]. (20)

Step 8: Compute the closeness coefficient of each alterna-
tive (CC;) to the ideal solution using Eqn (21):

e i1m 1)
d +d/

Step 9: Rank the alternatives according to their relative
closeness to the ideal solution in descending order. The
best alternative is the one closest to the fuzzy PIS and
farthest to the fuzzy NIS.

3. Proposed integrated fuzzy MCGDM approach
for supplier selection problem

In this study, an integrated fuzzy MCGDM approach,
which is composed of fuzzy AHP and fuzzy TOPSIS
methods, is proposed for selecting the most appropri-
ate supplier. The schematic diagram of the proposed ap-
proach for supplier selection is presented in Figure 3.

The proposed approach consists of four main stages,
which are:

Stage 1 — Data gathering: In this stage, the decision mak-
ing team, whose members are in charge of evaluating
and/or selecting suppliers, is formed, the criteria that are
considered by a construction company in the supplier se-
lection process and alternative suppliers are determined,
the decision hierarchy is developed, and the developed
decision hierarchy is approved by the decision making
team.

Stage 2 — Fuzzy AHP computations: In this phase, lin-
guistic terms, which enable the decision making team
members to define the relative importance weights of the
supplier selection criteria in words or sentences, are de-
termined, pairwise comparison matrices are formed, the
decision making team members make their individual
evaluations to determine the values of the elements of the
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Fig. 3. Schematic diagram of the proposed approach for supplier selection
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Table 2. Linguistic variables for the importance weights of the criteria

Linguistic Variables

Crisp AHP Scale

Fuzzy AHP Scale

TFNs Reciprocal TFNs

Equally Preferred (EqP) 1 (L, 1,1 (1, 1, 1)
Equally to Moderately Preferred (Eq-MP) 2 (1, 2, 3) (1/3,1/2, 1)
Moderately Preferred (MP) 3 2,3,4) (174, 1/3, 1/2)
Moderately to Strongly Preferred (M-SP) 4 (3,4,5) (1/5, 1/4, 1/3)
Strongly Preferred (SP) 5 4,5, 6) (1/6, 1/5, 1/4)
Strongly to Very Strongly Preferred (S-VSP) 6 (5,6,7) (1/7, 1/6, 1/5)
Very Strongly Preferred (VSP) 7 6,7,8) (1/8, 1/7, 1/6)
Very Strongly to Extremely Preferred (VS-ExP) 8 (7, 8,9) (1/9, 1/8, 1/7)
Extremely Preferred (ExP) 9 ®,9,9) (1/9, 1/8, 1/8)

pairwise comparison matrices using the linguistic terms
determined for the importance weights of the criteria, the
fuzzy AHP computations explained in “The Fuzzy AHP
Method” section are carried out, the weights of the sup-
plier selection criteria are determined, and the decision
making team approves the calculated weights of the sup-
plier selection criteria.

Stage 3 — Fuzzy TOPSIS computations: In this stage, lin-
guistic terms, which enable the decision making team
members to define the preference ratings of the alterna-
tive suppliers in words or sentences, are determined, the
decision making team members individually evaluate
the alternative suppliers using the linguistic terms deter-
mined for the preference rating of alternatives, the fuzzy
TOPSIS computations explained in “The Fuzzy TOPSIS
Method” section are carried out using the evaluations of
the alternative suppliers and the weights of the supplier
selection criteria determined in Stage 2, and the alterna-
tive suppliers are ranked.

Stage 4 — Decision making: In this phase, the most appro-
priate supplier is selected by the decision makers based
on the ranking obtained from the fuzzy AHP and fuzzy
TOPSIS computations.

4. A numerical application of the proposed
approach: case of rail supplier selection

In order to illustrate how the proposed approach can be
applied in a real situation, a case study is presented. In

the present case, a general contractor, which predomi-
nantly undertakes international projects, intends to select
rail supplier in an intercity railway project in Saudi Ara-
bia. Since rail is one of the most important products used
in the railway construction project, selecting the most
appropriate rail supplier plays a critical role in com-
pleting the project in question successfully. The length
of the studied project is 85 km, the contract price is
€ 50.000.000, and the project duration is 18 months.

4.1. Data gathering

In this stage, first, the decision making team was formed.
The decision making team included four civil engineers,
who were highly experienced and responsible for select-
ing suppliers in the construction company. The decision
making team stated that 8 criteria, namely, quality of the
product (C1), lead time (C2), delivery performance (C3),
total cost of the product (C4), payment conditions (C5),
communication with the supplier (C6), production capac-
ity (C7) and technical expertise of the supplier (C8), were
taken into account during the rail supplier selection pro-
cess, shortlisted 5 suppliers (i.e., S1, S2, S3, S4, S5) for
further consideration, and developed the decision hierar-
chy, which has 3 main levels (Goal, Criteria, and Alterna-
tives) (see Fig. 4).

4.2. Fuzzy AHP computations

After the formation and approval of the decision hierar-
chy for supplier selection problem, the members of the

Selection of the Most Appropriate Rail Supplier Goal
Cl C2 C3 C4 C5 C6 C7 C8 Criteria
S1 S2 S3 S4 S5 Alternatives

Fig. 4. Decision hierarchy of the supplier selection problem
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Table 3. Pairwise comparison matrices formed by 4 decision makers (DMs)

Supplier Selection Criteria (C#)
DM# C#
Cl Cc2 C3 C4 Cs5 C6 C7 C8
C1 EqP Eq-MP M-SP 1/M-SP Eq-MP MP Eq-MP Eq-MP
c2 1/Eq-MP EqP SP 1/Eq-MP EqP M-SP Eq-MP Eq-MP
c3 1/M-SP 1/SP EqP 1/VS-ExP | 1/M-SP 1/Eq-MP Eq-MP 1/Eq-MP
DML C4 M-SP Eq-MP VS-ExP EqP Eq-MP VSP S-VSPp EqP
cs 1/Eq-MP EqP M-SP 1/Eq-MP EqP M-SP Eq-MP 1/M-SP
c6 1/MP 1/M-SP Eq-MP 1/VSP 1/M-SP EqP EqP 1/M-SP
C7 1/Eq-MP 1/Eq-MP 1/Eq-MP 1/S-VSP 1/Eq-MP EqP EqP 1/M-SP
c8 1/Eq-MP | 1/Eq-MP Eq-MP EqP M-SP M-SP M-SP EqP
Cl EqP MP Eq-MP EqP Eq-MP M-SP MP Eq-MP
C2 1/MP EqP M-SP 1/Eq-MP MP M-SP SP Eq-MP
c3 1/Eq-MP 1/M-SP EqP 1/VS-ExP | 1/VS-ExP | Eq-MP Eq-MP 1/M-SP
o | €4 EqP Eq-MP VS-ExP EqP M-SP S-VSP S-VSP Eq-MP
C5 1/Eq-MP 1/MP VS-ExP 1/M-SP EqP SP MP 1/M-SP
c6 1/M-SP 1/M-SP 1/Eq-MP | 1/S-VSP 1/SP EqP EqP 1/M-SP
C7 1/MP 1/SP 1/Eq-MP 1/S-VSP 1/MP EqP EqP 1/M-SP
C8 1/Eq-MP 1/Eq-MP M-SP 1/Eq-MP M-SPp M-Sp M-Sp EqP
Cl EqP M-SP S-VSP Eq-MP VS-ExP MP Eq-MP EqP
2 1/M-SP EqP M-SP 1/Eq-MP MP SP EqP 1/M-SP
C3 1/S-VSP 1/M-SP EqP 1/M-SP 1/Eq-MP EqP 1/Eq-MP 1/S-VSP
ons | €4 1/Eq-MP Eq-MP M-SP EqP MP SP 1/Eq-MP Eq-MP
C5 1/VS-ExP 1/MP Eq-MP 1/MP EqP Eq-MP 1/M-SP 1/S-VSP
C6 1/MP 1/SP EqP 1/SP 1/Eq-MP EqP 1/M-SP 1/S-VSP
c7 1/Eq-MP EqP Eq-MP Eq-MP M-SP M-SP EqP 1/SP
c8 EqP M-SP S-VSP 1/Eq-MP S-VSP S-VSP SP EqP
c1 EqP 1/SP EqP 1/VS-ExP | 1/VS-ExP | 1/Eq-MP EqP EqP
c2 SP EqP ExP 1/Eq-MP EqP ExP Eq-MP Eq-MP
c3 EqP 1/ExP EqP 1/VS-ExP | 1/Eq-MP EqP EqP 1/M-SP
DM4 C4 VS-ExP Eq-MP VS-ExP EqP Eq-MP VSP VSP EqP
cs VS-ExP EqP Eq-MP 1/Eq-MP EqP MP M-SP 1/Eq-MP
c6 Eq-MP 1/ExP EqP 1/VSP 1/MP EqP EqP 1/Eq-MP
c7 EqP 1/Eq-MP EqP 1/VSP 1/M-SP EqP EqP EqP
c8 EqP 1/Eq-MP M-SP EqP Eq-MP Eq-MP EqP EqP

decision making team evaluated the relative importance
weights of the supplier selection criteria on a 9 linguistic
terms with respect to a fuzzy 9 level scale, which is pre-
sented in Table 2. In this scale, each membership func-
tion is defined by 3 parameters of a TFN (i.e., A(1, m, u)).

Having determined the linguistic scale, four decision
makers (DM) individually formed their pairwise compari-
son matrix using this scale (see Table 3).

In order to calculate the importance weights of the
supplier selection criteria, first linguistic evaluations of 4
DMs presented in Table 3 were transferred to the corre-
sponding TFNs shown in Table 2, and then the final pair-
wise comparison matrix was obtained by aggregating the
DMs’ individual fuzzy evaluations. The elements of the

synthetic pairwise comparison matrix were calculated by
using the geometric mean method as suggested by Buck-
ley (1985) (see Eqn (7)).

The final pairwise comparison matrix is presented
in Table 4.

The fuzzy comparison values of each supplier selec-
tion criterion to all criteria at the same evaluation dimen-
sion were aggregated by using the geometric mean (see
Eqn (8)). The weight of each supplier selection criterion
was calculated using Eqn (9).

In order to compute the BNP values for the fuzzy
weights of each supplier selection criterion, the COA
method was applied (see Eqn (10)). After computing the
BNP values for all criteria, they were normalized in or-
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Table 4. Final pairwise comparison matrix
Cl1 Cc2 C3 Cc4 Cs C6 C7 C8
cl (1.00;1.00, (1.00,1.48, (1.97,2.63, (0.39,0.50, (0.94,1.41, (1.41,2.06, (1.19,1.86, (1.00,1.41,
1.00) 1.97) 3.20) 0.61) 1.84) 2.99) 2.45) 1.73)
o (0.51,0.68, (1.00,1.00, (4.12,5.18, (0.33,0.5, (1.41,1.73, (4.12,5.18, (1.41,2.11, (0.67,1.19,
1.00) 1.00) 6.06) 1.00) 2.00) 6.06) 2.71) 1.73)
3 (0.31,0.38, (0.16,0.19, (1.00,1.00, (0.13,0.15, (0.22,0.30, (0.76,1.00, (0.76,1.19, (0.21,0.27,
0.51) 0.24) 1.00) 0.18) 0.47) 1.32) 1.73) 0.39)
ca (1.63,2.00, (1.00,2.00, (5.66,6.73, (1.00,1.00, (1.57,2.63, (5.18,6.19, (2.66,3.35, (1.00,1.41,
2.59) 3.00) 7.77) 1.00) 3.60) 7.20) 4.45) 1.73)
Cs (0.54,0.71, (0.50,0.58, (2.14,3.36, (0.27,0.38, (1.00,1.00, (2.21,3.31, (1.05,1.57, (0.21,0.27,
1.06) 0.71) 4.49) 0.64) 100) 4.36) 2.11) 0.39)
6 (0.33,0.49, (0.16,0.19, (0.76,1.00, (0.14,0.16, (0.23,0.30, (1.00,1.00, (0.67,0.71, (0.21,0.27,
0.71) 0.24) 1.32) 0.19) 0.45) 1.00) 0.76) 0.39)
C7 (0.41,0.54, (0.37,0.47, (0.58,0.84, (0.22,0.30, (0.47,0.64, (1.32,1.41, (1.00,1.00, (0.29,0.33,
0.84) 0.71) 1.32) 0.38) 0.96) 1.50) 1.00) 0.41)
cs (0.58,0.71, (0.58,0.84, (2.59,3.72, (0.58,0.71, (2.59,3.72, (2.59,3.72, (2.45,2.99, (1.00,1.00,
1.00) 1.50) 4.79) 1.00) 4.79) 4.79) 3.50) 1.00)
Table 5. Weights of the supplier selection criteria
Supplier Selection Criteria Fuzzy Weights BNP Crisp Weights Rank
Quality of the product (0.08, 0.14, 0.24) 0.16 0.14 4
Lead time (0.09, 0.16, 0.28) 0.18 0.16 3
Delivery performance (0.03, 0.04, 0.08) 0.05 0.04 7
Total cost of the product (0.16, 0.27, 0.44) 0.29 0.26 1
Payment conditions (0.06, 0.10, 0.18) 0.11 0.10 5
Communication with the supplier (0.03, 0.04, 0.07) 0.05 0.04 8
Production capacity (0.04, 0.06, 0.11) 0.07 0.06 6
Technical expertise of the supplier (0.10, 0.17, 0.30) 0.19 0.18 2

der to find the crisp weights (see Eqn (11)). The fuzzy
weights, BNP values, and the crisp weights of all supplier
selection criteria are presented in Table 5.

As seen in Table 5, the first three most important
criteria for the evaluation of rail suppliers for the studied
construction company are total cost of the product (0.26),
technical expertise of the supplier (0.18), and lead time
(0.16). On the other hand, the two least important criteria
are delivery performance (0.05) and communication with
the supplier (0.05).

It is necessary to check the consistency ratio of the
comparison after aggregating group decisions. For this
purpose, each TEN in the pairwise comparison matrix
was defuzzified using the COA method, and the CR of
the defuzzified matrix was calculated and checked wheth-
er CR is smaller than 0.10 or not. The CR of the pair-
wise comparison matrix was found to be 0.057, which
indicates that the judgment matrix is consistent and the
weights can be used in the selection process.

4.3. Fuzzy TOPSIS computations

Having calculated the fuzzy weights of the supplier selec-
tion criteria via the fuzzy AHP method, the members of
the decision making team evaluated the performances of

the alternative suppliers with respect to the criteria based
on a linguistic scale presented in Table 6. In this scale,
each membership function is defined by 3 parameters of

a TFN (i.e., A(, m, u)).

Table 6. Linguistic terms for the preference rating of the

alternatives
Linguistic Variables Corresponding TFNs
Very Bad (VB) 1,1,2)
Very Bad to Bad (VB-B) (1,2,3)
Bad (B) 2,3,4)
Bad to Average (B-A) (3,4,5)
Average (A) 4,5, 6)
Average to Good (A-G) (5,6,7)
Good (G) 6,7, 8)
Good to Very Good (G-VG) (7,8,9)
Very Good (VG) 8,9,9)

After determining the linguistic terms for the prefer-
ence rating of the alternatives, four members of the deci-
sion making team (DMs) individually evaluated the al-
ternatives with respect to the selection criteria using this
scale and formed the fuzzy decision matrix (see Table 7).
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Assessment Criteria
DM # Alternatives
C1 C2 C3 Cc4 C5 C6 Cc7 C8
Al A-G A G A G VG B-A G-VG
A2 VG G B-A B B-A B-A G VG
DM-1 A3 G-VG A-G B A B B-A B-A G-VG
A4 G-VG A G G B-A A-G A A-G
A5 G G-VG A B-A B A G-VG A
Al G B G-VG A-G A-G VG A G
A2 VG G G-VG B-A B-A VB-B G-VG G-VG
DM-2 A3 VG A-G B A G A B-A A-G
A4 A-G B A-G G A-G G-VG B-A A
A5 A-G G-VG A B-A G B-A G-VG A
Al A-G B G-VG A-G G VG B G
A2 VG A A B-A B-A B-A G G-VG
DM-3 A3 G-VG A-G B A-G A B-A A G
A4 G B G G A-G G-VG B-A A-G
AS A-G G-VG B-A A A B G A-G
Al G B-A G G-VG G-VG G-VG B-A G
A2 VG G B-A B-A A-G B-A A-G G-VG
DM-4 A3 A-G A-G B G A-G B-A B G
A4 G B-A A-G G-VG G-VG G A A-G
AS A-G G-VG B-A A-G A-G B G A
Table 8. Aggregated evaluations of the alternatives
Cl C2 C3 C4 Cs5 Cé6 C7 C8
Al (5.50,6.50, (2.75,3.75, (6.50,7.50, (5.25,6.25, (6.00,7.00, (7.75,8.75, (3.00,4.00, (6.25,7.25,
7.50) 4.75) 8.50) 7.25) 8.00) 9.00) 5.00) 8.25)
A2 (8.00,9.00, (5.50,6.50, (4.25,5.25, (2.75,3.75, (3.50,4.50, (2.50,3.50, (6.00,7.00, (7.25,8.25,
9.00) 7.50) 6.25) 4.75) 5.50) 4.50) 8.00) 9.00)
A3 (6.75,7.75, (5.00,6.00, (2.00,3.00, (4.75,5.75, (4.25,5.25, (3.25,4.25, (3.00,4.00, (6.00,7.00,
8.50) 7.00) 4.00) 6.75) 6.25) 5.25) 5.00) 8.00)
Ad (6.00,7.00, (2.75,3.75, (5.50,6.50, (6.25,7.25, (5.00,6.00, (6.25,7.25, (3.50,4.50, (4.75,5.75,
8.00) 4.75) 7.50) 8.25) 7.00) 8.25) 5.50) 6.75)
AS (5.25,6.25, (7.00,8.00, (3.50,4.50, (3.75,4.75, (4.25,5.25, (2.75,3.75, (6.50,7.50, (4.25,5.25,
7.25) 9.00) 5.50) 5.75) 6.25) 4.75) 8.50) 6.25)
W (0.08,0.14. (0.09,0.16, (0.03,0.04, (0.16,0.27, (0.06,0.10, (0.03,0.04, (0.04,0.06, (0.10,0.17,
0.24) 0.28) 0.08) 0.44) 0.18) 0.07) 0.11) 0.30)

In order to aggregate the decision makers’ prefer-
ence ratings, first linguistic evaluations of 4 DMs present-
ed in Table 7 were transferred to the corresponding TFNs
displayed in Table 6, and then the aggregated preference
ratings of the alternatives were calculated using Eqn (12).
The aggregated evaluations of the alternatives with re-
spect to the criteria and the fuzzy importance weights of
the criteria obtained from the fuzzy AHP computations
are shown in Table 8.

After aggregating the evaluations of 4 DMs, the
fuzzy decision matrix was normalized using Eqn (13). In
this study, all supplier selection criteria are considered
as benefit criteria (i.e., the larger the rating, the greater
the preference). The normalized fuzzy decision matrix is
presented in Table 9.

Having normalized the fuzzy decision matrix, the
weighted fuzzy decision matrix was constructed. The ele-
ments of this matrix were calculated using Eqn (15) and
the results are presented in Table 10. The fuzzy impor-
tance weights of the criteria derived from the fuzzy AHP
computations were used to form the weighted fuzzy de-
cision matrix.

In the next step, the fuzzy PIS (4") and the fuzzy
NIS (A7) were determined as expressed in Eqns (16) and
(17). Then, the distances from A™ (d;") and A(d;") were
calculated using Eqns (18)—(20), and the closeness coef-
ficients of the alternatives (CC;) were computed using
Eqn (21). The results of these computations and the final
ranking of the alternatives are displayed in Table 11.
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Table 9. Normalized fuzzy decision matrix
Cl C2 C3 Cc4 Cs5 Co Cc7 C8
Al (0.61,0.72, | (0.31,0.42, | (0.76,0.88, | (0.64,0.76, | (0.75,0.88, | (0.86,0.97, | (0.35,0.47, | (0.69,0.81,
0.83) 0.53) 1.00) 0.88) 1.00) 1.00) 0.59) 0.92)
A2 (0.89,1.00, | (0.61,0.72, | (0.50,0.62, | (0.33,0.45, | (0.44,0.56, | (0.28,0.39, | (0.71,0.82, | (0.81,0.92,
1.00) 0.83) 0.74) 0.58) 0.69) 0.50) 0.94) 1.00)
A3 (0.75,0.86, | (0.56,0.67, | (0.24,0.35, | (0.58,0.70, | (0.53,0.66, | (0.36,0.47, | (0.35,0.47, | (0.67,0.78,
0.94) 0.78) 0.47) 0.82) 0.78) 0.58) 0.59) 0.89)
A4 (0.67,0.78, | (0.31,0.42, | (0.65,0.76, | (0.76,0.88, | (0.63,0.75, | (0.69,0.81, | (0.41,0.53, | (0.53,0.64,
0.89) 0.53) 0.88) 1.00) 0.88) 0.92) 0.65) 0.75)
A5 (0.58,0.69, | (0.78,0.89, | (0.41,0.53, | (0.45,0.58, | (0.53,0.66, | (0.31,0.42, | (0.76,0.88, | (0.47,0.58,
0.81) 1.00) 0.65) 0.70) 0.78) 0.53) 1.00) 0.69)
Table 10. Weighted fuzzy decision matrix
Cl C2 C3 Cc4 Cs Co Cc7 C8
Al (0.05,0.10, | (0.03,0.07, | (0.02,0.04, | (0.10,0.20, | (0.04,0.09, | (0.02,0.04, | (0.01,0.03, | (0.07,0.14,
0.20) 0.15) 0.08) 0.39) 0.18) 0.07) 0.06) 0.28)
A2 (0.07,0.14, | (0.06,0.12, | (0.01,0.03, | (0.05,0.12, | (0.03,0.06, | (0.01,0.02, | (0.03,0.05, | (0.08,0.16,
0.24) 0.24) 0.06) 0.25) 0.12) 0.04) 0.10) 0.30)
A3 (0.06,0.12, | (0.05,0.11, (0.01,0.02, | (0.09,0.19, | (0.03,0.07, | (0.01,0.02, | (0.01,0.03, | (0.07,0.14,
0.23) 0.22) 0.04) 0.36) 0.14) 0.04) 0.06) 0.27)
A4 (0.05,0.11, (0.03,0.07, | (0.02,0.03, | (0.12,0.24, | (0.04,0.07, | (0.02,0.03, | (0.02,0.03, (0.06,0.11,
0.21) 0.15) 0.07) 0.44) 0.15) 0.07) 0.07) 0.23)
AS (0.05,0.10, | (0.07,0.15, | (0.01,0.02, | (0.07,0.15, | (0.03,0.07, | (0.01,0.02, | (0.03,0.06, | (0.05,0.10,
0.19) 0.28) 0.05) 0.31) 0.14) 0.04) 0.11) 0.21)
Conclusions

Table 11. Distances, closeness coefficients, and final ranking
of the alternatives

Alternatives d; dr CC; Ranking
Al 7.20 0.93 0.114 1
A2 7.22 0.90 0.111 3
A3 7.23 0.90 0.110 4
A4 7.21 0.92 0.113 2
AS 7.25 0.88 0.108 5

Based on the results presented in Table 11, it can
be seen that the closeness coefficients (CC;) of the alter-
natives are very close to each other and there are only
slight differences between them. The decision makers
stated that since the rail supplier alternatives were se-
lected from the shortlist, it was very reasonable that their
performance scores did not significantly vary. The final
ranking of the alternatives in descending order was found
as: Al, A4, A2, A3, and AS5.

In the studied construction company, the decision
makers decided to work with A1 in the railway project in
question and reported that they had not experienced any
severe problems during the construction phase. Compa-
ny management found the proposed approach satisfactory
and implementable in future supplier selection problems.

Materials comprise a large proportion of the total cost
of a construction project and the unavailability of right
materials in the right quantities and quality on site when
needed is one of the most commonly experienced causes
of delays in construction projects. Thus, supplier selec-
tion is a strategic issue and has significant impacts on
the overall project performance. Contractors generally
tend to select suppliers based on their past experiences.
However, this practice may cause selecting wrong sup-
pliers, which in turn bring about quality problems, cost
overruns, delays, environmental problems, etc. Selecting
the right supplier from several possible alternatives is not
an easy task for contractors as this decision is affected
by several quantitative and qualitative criteria, most of
which are compromising and conflicting. Moreover, sup-
plier selection is generally made by multiple decision
makers, who may have different points of views and pre-
fer to specify their preferences by linguistic variables. An
effective evaluation approach should allow synthesizing
the subjective evaluations of different decision makers.
This study proposes an integrated fuzzy MCGDM
approach, which aims to help contractors for the selec-
tion of the most appropriate rail supplier among a set of
available alternatives considering several compromising
and conflicting criteria simultaneously. The proposed ap-
proach enables decision makers to express their prefer-
ences by linguistic variables using TFNs and allows com-
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bining subjective judgements of different individuals by a
scientific method in order to come to a final decision. In
this study, fuzzy AHP and fuzzy TOPSIS are employed
together. Fuzzy AHP is used to analyse the structure
of the supplier selection problem and to determine the
weights of the identified criteria, whereas fuzzy TOPSIS
is employed to determine the priorities of the alternative
suppliers based on the criteria weights obtained from
fuzzy AHP.

Supplier selection problem could have been solved
by using only fuzzy AHP or fuzzy TOPSIS. These meth-
ods have their own strengths and weaknesses. One of the
strengths of fuzzy AHP is that it develops a decision hi-
erarchy (i.e., goal, main criteria, sub-criteria, alternatives,
etc. and allows calculating the relative importance weights
of the criteria and alternatives. On the other hand, fuzzy
TOPSIS does not provide this structuring possibility. In
the fuzzy AHP method, the relative importance weights
of the criteria are determined via pairwise comparisons
constructed by decision makers. On the other hand, it is
not clear how these weights should be obtained in fuzzy
TOPSIS. Two of the most important weaknesses of fuzzy
AHP are the need for a great number of pairwise com-
parisons and the artificial limitation of the use of 9-point
fuzzy scale. On the contrary, fuzzy TOPSIS needs only
the decision makers’ evaluations with respect to identi-
fied selection criteria using linguistic terms. In this study,
fuzzy AHP and fuzzy TOPSIS are used together in order
to combine the strengths of both methods.

The proposed approach was applied to a problem of
selecting the most appropriate rail supplier to be worked
with in an international railway construction project in
order to illustrate how this approach can be used in a real
life problem. In the studied construction company, the
decision makers decided to work with the rail supplier
ranked first (i.e., A1) and stated that they had not encoun-
tered any severe problems regarding the supply of rail.
Company management stated that they could employ the
proposed approach in future supplier selection problems.

In spite of the advantages of the proposed approach,
there are also some limitations. First, there is no ready-
made software that facilitates the computation process for
decision makers and all computations should be made by
hand. Second, the construction professionals may not be
aware of these methods. The development of user friend-
ly ready-made software might encourage professionals
to employ the proposed model in their decision making
process.

In future studies, different fuzzy MCGDM methods,
e.g., VIKOR, DEMATEL, COPRAS, ELECTRE, PRO-
METHEE, etc. can be employed to solve the same sup-
plier selection problem and the results can be compared
with the findings of this study. This is one of the future
directions of this research.
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