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contractor. Because of dealing with uncertain &lfg the criteria,
Fuzzy logic is used to solve this problem and tha&luation data for
the alternatives have been expressed in linguistios. So, both AHP
Fuzzy AHP, Fuzzy and VIKOR_ methpds are performed under fuzzy enviremnt. The
VIKOR, Contractor fuzzy AHP is applied to for_m the_ structure of thmtrac_tqr sglecuon
selection. problem and also to obtain weights of the evaluatioiteria, and
fuzzy VIKOR method is used to determine final ramki A numerical
example is proposed to illustrate an applicationtled proposed
method that demonstrates the effectiveness ofrihigoged model.
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1. Introduction

Evaluation of the most eligible contractors is imtpat for project performance and success
in construction projects. An incapable contractnses all kinds of problems such as delays,
cost overruns, inappropriate work, disputes, oepothajor issues [1, 2]. The methods used
for evaluating capable contractors in the consipacindustry are based on the principle of
acceptance of the lowest bid price [1, 2]. On ttlteeohand, the evaluation on lowest price
basis is one of the major causes of project problgn4]. One of the most important reasons
of quality problems during completion of the prdjéxto consider cost figures as the only
effective criterion in the process of selection. Ba other hand, explaining the rationale of
the selection is difficult for employers when thgeglect a contractor not according to the
lowest bidder. In order to avoid arguments andgstst from the potential bidders, using a
multi-criteria method for evaluating contractorsnswlering their experience, economic
aspects, past performances, quality standardserduprojects and other criteria may help
solving this problem. First, the employer can deiae and eliminate contractors with low
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capabilities by using a procedure called “pregigtfon”. Then the remaining bidders
(contractors) are assessed for further consideratyeevaluation of the criteria.

Most of the MADM methods enable the user to aggeegaores related with individual
criteria and to rank the evaluated solutions [Judlly, because of the employer’s possible
lack of experience or technical expertise, it'didifit to select criteria weights and use it in
the procedure of selection. So, by using expepsiions as a decision maker, the problem
may result in more effective and capable selectlonthis paper, fuzzy sets, AHP and
VIKOR methods are combined to rank the possibleraditives and to select the best
contractor, which uses fuzzy AHP to determine thegimMs of evaluation criteria and then
fuzzy VIKOR to obtain the final ranking order ofetlsontractors. The remainder of this paper
is organized as follows: Section 2 introduces tast pesearches available in the area of the
contractor selection and fuzzy decision making apphes, specially AHP and VIKOR
methods. In Section 3, fuzzy theory is presentadSection 4, the proposed model is
introduced, including selection of criteria, deteration of importance weights of criteria,
and evaluation of alternatives. In Section 5, a etical example is expressed to illustrate an
application of the proposed method that demonstréte effectiveness of the proposed
model. In Section 6, Conclusions are discussed.

2. Literaturereview

In this section, we will introduce the literatureview of concepts in this paper, including
contractor selection, Analytical Hierarchy ProcéasiP) and VIKOR methodology which
will be expressed later. We will also introduceiéture consists of fuzzy AHP and VIKOR
methods.

One of the most important tasks that a construcémployer has to face to achieve an
adequate project outcome is selecting a competsritactor [5, 6]. Traditional construction
management has explored several studies diffenewtlys of evaluating capable contractors
in a bidding process [7, 8], as well as how to iower construction project performance [9,
10]. After the prequalification process, a limitadmber of the competent contractors are
invited to tender. Then their tenders are evaluatedhe basis of economic or technical
criteria [11]. Several researchers [12—-23] haveothiced sets of criteria common to most
projects and proposed methodologies for contrasstaction or prequalification. Yasamis et
al. [24] presented a contractor quality performa(lC®P) evaluation model which can be
used in a contractor prequalification or selectgstem.

Analytic Hierarchy Process (AHP) methodology is afethe most accepted methods to
determine importance criteria or variants' evabrathat is used in many papers [25, 26, 27].
Turkis [6] initiated a multi-attribute contractanking method applying rules of dealing with
gualitative, quantitative and verbal data. All ksndf methods are applied to solve the
contractor selection problem. For example, Hatugh3kitmore [28] have created systematic
multi-attribute decision analysis techniques fontcactor selection and bid evaluation.
Analytical Hierarchy Process (AHP) was introduceutinarily by Thomas Saaty [29] and is
able to solve the decision making problems in mamgas of construction project
management. The AHP procedure consists of the fbllesving stages: (i) decomposition of
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the decision problem into a hierarchy of sub-protde (i) the matrix of pairwise
comparisons of the criteria weights, and, (iii)ccééting of criteria weights. Different fuzzy
AHP methods are introduced by various authors. Tig extensions of the AHP
methodology were introduced by van Laarhoven ardtyee [30], Buckley [31], and Chang
[32], where relative preferences were expressecshégns triangular fuzzy numbers. In other
words, these approaches apply a procedure to frethe criteria and also alternatives by
using fuzzy set theory and hierarchical structuralysis. Hsieh et al. [33] used Buckley's
method for selecting planning and design (P&D) &ador public company constructions.
But the proposed model does not allow group detisiaking because of being potentially
appropriate for problems of contractor selection.

Some papers discussed the problems with fuzzy nemive which the procedure of
specifying weights or calculating vectors of pri@s on the basis of pairwise comparison
matrices is a complex problem. Methods sucliuasy preference programming [34],
fuzzy least squares method and lambda-max mettg}dg8ised to solve this problem. In this
paper, we have used Chang’s extent analysis m¢8&jdbecause the steps of this method
are more simple and uncomplicated comparing wighotiher fuzzy AHP techniques.

VIKOR methodology is one of the recent decision mgktechniques for obtaining a
compromise solution for a problem with conflictingiteria and focuses on ranking and
sorting a set of alternatives against differentiglen criteria. Opricovic [36, 37] developed
VisekriterijumskaOptimizacija | KompromisnoResefjje. VIKOR) methodology for multi-
criteria optimization of complex systems.

Chen and Wang [38] applied fuzzy VIKOR to evaluatgsourcing vendors. The method is
very appropriate even if we use group decision ngakinder a fuzzy environment and
criteria weights are described in linguistic terr@eemshadi et al. [39] used fuzzy VIKOR in
supplier selection problem and determined datanigulstic terms. Then the weights of the
criteria are obtained using entropy method by zaml fuzzy numbers. Devi [40] used
fuzzy VIKOR methodology in robot selection for m@dé¢ handling task. Kaya and
Kahraman [41] used a hybrid AHP and VIKOR methodgldo evaluate the alternative
forestation areas. Then the authors specifiedriaiteeights using a fuzzy AHP method. Kuo
and Liang [42] used fuzzy VIKOR for service qualéglection. The authors combined fuzzy
VIKOR and GRA to initiate a new MCDM method for uggoblems with multiple
requirements and fuzzy sets.

VIKOR counts on an aggregating function which espes the measure of closeness to the
ideal like some other MCDM methods such as TOP&& VIKOR, unlike TOPSIS,
describes the ranking index based on closene&g tdé¢al solution [43].

3. Fuzzy theory

In this section, to have a little acquaintance witizzy logic and also, to utilize this
knowledge in the proposed methodology that consistazzy AHP and fuzzy VIKOR, we
are going to express a partial view of fuzzy thedth due attention to different types of
fuzzy numbers, it should be stated that trapezdigady numbers (TFNs) are utilized in the
proposed method and also in numerical example;usecaf their simple computation.
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Zadeh[44] primarily initiated fuzzy set theory tapeess linguistic variables as numerical
variables within decision making procedure. Whemndbmplexity of a problem increases, we
may face the problem of uncertainty in data. S@zyulogic can be assumed as a
methodology for solving problems where there aresharp boundaries and certain values.
Bellman and Zadeh [45] developed the definitionfudzy sets to introduce Fuzzy Multi-
Criteria Decision Making (FMCDM) methodology forlgimg the problem of uncertain data
in criteria weights and ratings of alternatives.

A fuzzy set is general form of a crisp set thatl&racterized by a membership function
which 1 addresses full membership and 0 expressesnembership and this membership
function assigns a grade of membership within therval [0, 1] to each element that
indicates to what degree that element is a memitibeset [46].

Different types of fuzzy numbers can be used basedhe situation. Often, triangular or
trapezoidal fuzzy numbers (TFNSs) are utilized beeanf their simple computation [47].

A fuzzy number is defined as a fuzzy set such[d6Git

M ={(%), (X, xe R (1)
wherey,, (x) is a continuous mapping froRto the closed interval [0, 1]. A Trapezoidal
Fuzzy Number (TEN) can be expressed like

{(m;,m,,my,m, );m;,m,,m;,m, € Rm, <m, <m, <m,}that indicates the smallest, the most

promising, and the largest possible values thastilite a fuzzy phrase. The membership
function can be described as follows [39]:

(Xx=m)/(m,—m,) xe[m,m)]

_ xe[m, my
Hy (X) (M, = X)/ (M, — M) xe [m, m] 2)
0 otherwise

4. The proposed model

In this section, the proposed model is appliedattkrand select the best contractor among
candidate alternatives. This proposed model has &ggressed in two phases as follows:

1. Identify the evaluation criteria and compute importance weights of the criteria using
fuzzy AHP method.

2. Obtain the final ranking of alternatives andeselthe best contractor using fuzzy VIKOR
approach.

First, according to fuzzy AHP model, the decisioaking aim, alternatives (contractors) and
the criteria are introduced and the decision hadnaris constructed. In this model, the
decision making goal, criteria and alternativesragpectively placed in the first, second and
third level. Then pair-wise comparison matrices aomstructed to compute the relative
weights of the criteria. Next, decision maker eksablinguistic terms for evaluation criteria
in order to assign the values of the pair-wise canspn matrices elements by the introduced
scale in Table 1.

In the second and last phase, the final rankingltdrnatives is obtained and the best
contractor is selected using the obtained valug3 of fuzzy VIKOR method. The scale used
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for express linguistic variables that have beeniapggor contractor evaluation is shown in
Table 2. Also, the schematic flowchart of the pregbmodel is represented in Figure 1.

w/ Define the decision making problem >
A 4
4 . o
w Identify the evaluation criteria
fuzzy AHP >
A 4
w/ Structure the AHP model hierarchically >

A 4

[ Determine the importance weights of the evaluation criteri@

fuzzy VIKOR 3>
_ v -
‘,/Rating of the alternatives using linguistic evaluations of tha
\ experts
\ P
\ 4
w/ Construct fuzzy decision matrix >
/ \ 4

w Rank and sort the alternatives using obtained values >

A 4

-

w Select the most appropriate alternatives >

Figure 1. Schematic flowchart of the proposed model

4.1.Calculateimportance weights of criteria by fuzzy AHP methodology

Firstly, we express fuzzy AHP method, particula@fang’s extent analysis method [32],
because the steps of this method are more simgleuaoomplicated comparing with the
other fuzzy AHP techniques.

Let X ={x, X,...,X,} be an object set and ={u, u,,...,u,} be a goal set. Considering the

method of Chang'’s extent analysis, each objeaksrt and extent analysis for each ggal,
is performed, respectively. Thus, for each objecextent analysis values can be determined,
with the signs as follows:

ML M2, MPi=1,2,..1n

gi* g g’

where all theM ) (j =1,2,...m) are TFNs [48].

The steps of Chang’s extent analysis can be exgtessfollows [32]:
Step 1. The value of fuzzy synthetic extent with respedth object is introduced as follows:
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Sf:iMéi ®{iiM5i}_ 3

=1 i=1 j=1

m .
To determinez Mg , perform the fuzzy addition operationmfextent analysis values for a
j=1

matrix such that:
>My =Y m > u) @

-1
And to determin%ZZM "} , perform the fuzzy addition operation Méi(j =12,..m)

values such that:

Zn:iMJF(ih,Zm:m,iUi) %)

i=1 j=1 i=1 =1 =1

Then, calculate the inverse of the vector in Eyjs(ih that:

-1
{ ZMJJ :(nl ,nl 'nl) o
>u Ym Y

i=1 i=1 i=1
Step 2. The degree of possibility d#1, = (I,,m,,u,)>M,= (I ,m,u,) is introduced as:
V(Mz 2 Ml) zsup[min(uMl(X)’luMZ i ))] (7

y>X

And it can be identically determined as follows:
V(Mz 2 Ml) = hgt(l\/llﬁ M 2) = Hu 2(d)

1 m,=m
8
=<0 l,>u, ®
I1_uz
(m, —u,)—(m,—1,) otherwise

whered is the ordinate of highest intersection pdinbetweeny,,, andy,,, .

Step 3. The degree of possibility for a convex fuzzy numte be greater thak convex
fuzzy numbersM, (i =1,2,...k ) can be defined by:

V(M =M, M,,...M)=V[M=M)&M =M, &...&(M = M,)]

=minV(M >M,) ©)
i=12,..K

Step 4,5. Assume that

d'(A)=minvV(§S =S) (10)

Fork=12,..nk=#i. Then the importance weight vector is given by:

W ={d( A), d(A),...d (A 1)
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whereA(i =1,2,...n ) aren elements.
Step 6. Finally, the normalized weight vectors after noligetion are as follows:

W ={d(A), d(A),...d(A)) (12

wheraNis a non-fuzzy number.

4.2.Evaluate alter natives and deter minefinal ranking by fuzzy VIKOR methodology

In the second phase, we describe the second pt#re gfroposed model using fuzzy VIKOR
method. The VIKOR methodology is one of the recdatision making techniques for
obtaining a compromise solution for a problem vetimflicting criteria and is widely used in
the literature. In this paper, we propose fuzzy WK based on fuzzy set theory to cope with
the uncertainty in criteria weights and alternatiata.

This method works on the principle that each alitve can be evaluated by each criterion
function, and then, by comparing the degrees ofearless to the ideal alternative, the
compromise ranking will be obtained [49]. We camtaaue implementing the steps of
VIKOR after determining the weight vector by extantalysis [37, 43].

Step 7.Assuming that decision makers are K people, thengatof alternatives can be
calculated with considering each criterion as in @§) [50].

I R o
X, = E[K}(H K- (H)X ] (13)
Wheref(i;< is the rating of th&th expert forth alternative with respect {th criterion.

Step 8. We can denote the fuzzy multi-criteria decisiorking problem after determining
the weights of criteria obtained by fuzzy AHP methand fuzzy ratings of alternatives
considering each criterion in matrix format asdals:

X, .. X,

D=| : . (14)
Xml an

W=[w,w,,...w. ], j=12,..n (15)

where X; is the rating of alternativé; with respect to Criterion j (i.€5) andw; denotes the
importance weight of; that have been obtained by fuzzy AHP method.

Step 9. Next step is to calculate the fuzzy best vaj&BV, fj*) and the fuzzy worst value
(FWV, fl.‘) of each criterion function.

fi= max;, jeB (16)
fj‘=miin>”gj, jeC (17)

Step 10. After that, § and R should be calculated as follows:
§=2w(f -x)/(f -1 (18)
=1

R = mJaX[W. (fj* - X] )/(f; - fj_ )] (29)
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where § refers to the separation measureApfrom the fuzzy best value, an to the
separation measure Affrom the fuzzy worst value.
Step 11. In the next stepS,R ,S",R"andQ values are computed as follows:

S =min§, S =max§

. - b (20)
R =mi|nR, R‘:miaxR

Q=v(§-5)/(§-8)+(1-v)R-R)/(R -R) (21)
v is the weight for the strategy of maximum groupitytand (1-v) is the weight of the
individual regret of an opponent strategy, usuatigumed to be 0.5.

Step 12. Next step is the defuzzification of the triangutartrapezoidal fuzzy numbé(.

Differentdefuzzification methods have been intragtlién the literature. In this paper, we
have used the graded mean integration method [51].

According to the graded mean integration methaftizay number such a€ = (c,,c,,c,,C,)
can be transformed into a crisp number for trapeduzzy numbers as follows [51]:
P(C)=C=(c,+2c,+2c,+c,)/ 6 (22)
Step 13. Finally, the best alternative with the minimum@fis obtained and the alternatives
will be ranked and sorted by values®fn a decreasing order.

5. lllustrative examplefor the proposed method

In this section a numerical example is expressatusstrate an application of the proposed
method in the previous section.

In this study, five criteria will be used in cordtar selection procedure that is expressed as
follows:

Experience €,), economic stability@,), past performance£s), quality standardsd,) and
current projects(s) that all of these five criteria are the benefjid criteria.

Also, hierarchical structure of the contractor sete problem is given in Figure 2. After
constructing the decision hierarchy and obtainhmgy évaluation criteria and alternatives, the
weights of the importance criteria are calculatsimg fuzzy AHP method.
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Selecting the best
contractor

Figure. 2.The structure of decision.
In this phase, the pair-wise comparison matrborsnied using the scale denoted in Table 1,
and then, the fuzzy evaluation matrix for the crteveights is determined using Tables 2
that the results of the constructed pair-wise cammpa matrix can be seen in Table 3.

Table 1. Linguistic terms for evaluation criteria

Just equal (1,1,1,1)

Weakly important (213, 1, 1, 3/2)
Moderately important (312, 2, 2, 5/2)
Strongly important (5/2, 3, 3,7/2)
Absolutely important (712, 4, 4, 9/2)

Table 2. Linguistic terms for ranking the altermas

Very poor (VP/VL) (0.0, 0.0,0.1,0.2)

Poor (P/LI) (0.1,0.2,0.3,0.4)
Medium poor (MP/BA) (0.2,0.3,0.4,0.5)
Fair (F/A) (0.4,0.5,0.5,0.6)
Medium good (MG/AA) (0.5,0.6,0.7, 0.8)
Good (G/V) (0.6,0.7,0.8,0.9)

Very good (VG/VI) (0.8,0.9,1.0,1.0)
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Table 3. Fuzzy pair-wise comparison matrix for ith@ortance weights

Cy C Cs Cy Cs
c.  (1,1,1,1) (312, 2, 2, 5/2) (312, 2, 2, 5/2) (5323, 712) (5/2, 3, 3, 7/12)
C, (2/5,1/2,1/2,2/3) (1,1,1,1) (3/2,2,2,5/2)  5/% 3,3,7/2) (5/2, 3, 3, 7/2)
C;  (2/5,1/2,1/2,2/13) (2/5,1/2,1/2,2/3)  (1,1,),1 (312, 2, 2, 5/2) (312, 2, 2, 5/2)
C, (207,13,1/3,25) (2/7,1/3,1/3,2/5)  (2/5,122/3) (1, 1,1, 1) (312, 2, 2, 5/2)

Cs  (217,1/3,1/3,2/5) (27, 1/3,1/3,2/5)  (2/5, 1/2,12/3)  (2/5, 1/2,1/2,2/3) (1, 1,1, 1)

Then, the values of fuzzy synthetic extent are wtated, and after that, the importance
weight vectorWis obtained using priority weights. Finally, aftdie normalization of these
values, the normalized weight vectdf is determined. All of these results have shown in
Table 4.

Table 4. The process of the determination of thigihte using fuzzy AHP approach

S, W W
C: (0.23,0.33,0.33,0.47) 1 0.446
C (0.2,0.29,0.29,0.41) 0.78 0.348
Cs (0.12,0.18,0.18,0.27) 0.21 0.094
C, (0.09,0.12,0.12,0.18) 0.14 0.063
Cs (0.06,0.08,0.08,0.11) 0.11 0.049

In the second phase, the fuzzy VIKOR steps are @isewbtaining the final ranking of
alternatives and select the best contractor.

In the first step, fuzzy decision matrix of thetera and alternatives is constructed using the
scale denoted in Table 2 as shown in Table 5. ,Afsazy decision matrix with
corresponding trapezoidal fuzzy numbers is expressé&able 6.

Table 5. The rating of the alternatives

C C, Cs C, Cs
A G AA VG VG L
A, A BA BA G A
As BA P G BA L
Ay AA BA G G A

As G BA BA VG AA
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Table 6. Fuzzy decision matrix for the alternatives

C. C, Cs Cs Cs
A (0.6,0.7,0.8,0.9) (0.5,0.6,0.7,0.8) (0.8,0.9,1,1) 0.80.9,1,1) (0.1,0.2,0.3,0.4)
A (0.4,0.50.5,0.6) (0.2,0.3,0.4,0.5) (0.2,0.3,08)0. (0.6,0.7,0.8,0.9) (0.4,0.5,0.5,0.6)
A (0.2,0.3,0.4,0.5) (0.1,0.2,0.3,0.4) (0.6,0.7,08,0. (0.2,0.3,0.4,0.5) (0.1,0.2,0.3,0.4)
Ay (0.5,0.6,0.7,0.8)  (0.2,0.3,0.4,0.5) (0.6,0.7,08,0. (0.6,0.7,0.8,0.9) (0.4,0.5,0.5,0.6)
As (0.6,0.7,0.8,0.9)  (0.2,0.3,0.4,0.5)  (0.2,0.3,08),0. (0.8,0.9,1,1) (0.5,0.6,0.7,0.8)

In the next step, separation measure from the fbesy value S) and separation measure

from the fuzzy worst valuel%) are calculated using Egs. (16)—(19) and the teaué shown
in Table 7.

Table 7. Separation measure from the best and ¢hst walues

S R
A (-0.32,-0.08,0.26,2.48) (0.007,0.029,0.15,1.34)
A (-0.029,0.33,0.88,4.15) (0.035,0.18,0.45,2.23)
Ay (0.019,0.41,1.02,4.61) (0.024,0.18,0.45,2.23)
A, (-0.20,0.10,0.66,3.58) (-0.007,0.07,0.30,1.78)
As (-0.24,0.029,0.54,3.17) (0.035,0.07,0.23,1.39)

Then, fuzzy valueS ,S ,R and R are computed by using Eq. (20) and the obtainegesal
are shown in Table 8.

Table 8. The best and worst values{f?hnd R

S (-0.32,-0.082,0.26,2.48)
S (0.019,0.41,1.02,4.61)
R (-0.007,0.029,0.15,1.34)
R (0.035,0.18,0.45,2.23)

After that, using Eq. (25)@I values are calculated with assumption of weightefstrategy

of the maximum group utilityv) being 0.5 in the calculations, and then, usirg ghaded
mean integration method(22), fuzzy values are adfied and the results have shown in
Table 9.

Table 9. Calculation oél andQ

Q Q
A (-0.58,-0.28,3.20,-1.07) 0.7
A (-0.53,0.07,10.35,-1.75) 3.09
As (-0.54,0.10,10.84,-1.84) 3.25
Ay (-0.57,-0.15,7.07,-1.46) 1.97
A (-0.55,-0.20,5.57,-1.23) 1.49
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Finally, Q values are arranged in increasing order to obtaén ranking. The results of
ranking the alternatives are denoted in Table 10.
Table 10. results of ranking the alternatives
1 2 3 4 5

Q=0.2) A As A A As

The results show that the first contractés)(has the leasQ); value. So, it's the best
alternative, and the ranking of the alternativedescending order afg, As, A4, Az, andAs.

6. Conclusion

Contractor selection is a multi-criterion decisiproblem and resolving the problem of
evaluation and although ranking the candidate eetdrs has become a key factor for firms
and enterprises.Recently, Contractors play a nrajerin construction projects of buildings,
roads, waterworks and other main projects underersigion of project’'s employers.
Evaluation of the most eligible contractors is imtpat for project performance and success
in construction projects.The methods used for ealy capable contractors in the
construction industry are based on the principlaatieptance of the lowest bid price. But, as
various researchers and practitioners indicateyltimaate aim for contractor selection should
be to identify the “best bidder”, but not the “lostebidder” [52].An application example in
the construction industry were denoted the appilitgbf the proposed multi-criteria method
for evaluating contractors. In the assessment proee criteria were considered such as
experience, financial stability, past performancgmlity standards and current projects.

This paper had expressed a methodology by combfoiry sets, AHP and VIKOR methods
to rank the possible alternatives and to selectbist contractor to effectively solve the
contractor evaluation and selection problems uralduzzy environment. By using this
method for the selection of contractors, the umaety involved in the evaluation data can be
described to use as a suitable and effective twotdntractor selection procedure. So, pair-
wise comparison matrix for the importance weightd decision matrix for the alternatives
are both have expressed using fuzzy sets. We asweded evaluations in linguistic
variables to trapezoidal fuzzy numbers, so we casilthem in calculations.

In this paper, fuzzy AHP methodology was used fbtaming weights of the selection
criteria. Then, VIKOR methodology also was applesl a multi-criteria decision making
technique to determine a compromise solution focoatractor selection problem with
conflicting criteria to evaluate and rank candidetatractors.Finally, a numerical example
was described to illustrate an application of trenated method that demonstrates the
applicability and effectiveness of the expressedeho
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