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In today’s severe competitive environment the selection of appropriate suppliers is a significantly impor-
tant decision for effective supply chain management. Appropriate suppliers reduce purchasing costs,
decrease production lead time, increase customer satisfaction and strengthen corporate competitiveness.
In this study a multiple sourcing supplier selection problem is considered as a multi objective linear pro-

gramming problem. Three objective functions are minimization of costs, maximization of quality and
maximization of on-time delivery respectively. In order to solve the problem, a fuzzy mathematical
model and a novel solution approach are proposed to satisfy the decision maker’s aspirations for fuzzy
goals. The proposed approach can be efficiently used to obtain non-dominated solutions. A numerical
example is given to illustrate how the approach is utilized.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most significant business decisions faced by purchas-
ing managers in a supply chain is the selection of appropriate sup-
pliers while trying to satisfy multi criteria based on price, quality,
customer service and delivery. Hence supplier selection is a multi-
criteria decision making problem which includes both qualitative
and quantitative factors some of which may conflict. Dickson
(1966) identified 23 criteria that have been considered by purchas-
ing managers in various supplier selection problems. Reviews of
supplier selection criteria and methods can be found in studies be-
long to Weber, Current, and Benton (1991), Degraeve, Labro, and
Roodhooft (2000), De Boer, Labro, and Morlacchi (2001), Aissaoui,
Haouari, and Hassini (2007), and Ho, Xu, and Dey (2010).

Moreover, just like in most real-world decision making prob-
lems, uncertainty is another important property of supplier selec-
tion problems. Informational vagueness because of the tangible
and intangible factors of supplier selection problems must be taken
into account to reach effective configuration and coordination of
supply chains. A detailed classification and review of qualitative
techniques for supply chain planning under uncertainty can be
found in Peidro, Mula, Poler, and Lario (2009) review paper.

Basically there are two kinds of supplier selection problem (Xia &
Wu, 2007): (1) Single sourcing: Constraints are not considered in the
supplier selection process. The buyer only needs to make one
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decision, which supplier is the best. (2) Multiple sourcing: Some lim-
itations such as supplier’s capacity, quality, and delivery are consid-
ered in the supplier selection process. In other words not only one
supplier can satisfy the buyer’s total requirements and the buyer
needs to purchase some part of demand from one supplier and the
other part from another supplier to compensate for the shortage
of capacity or low quality of the first supplier. In these circum-
stances buyers need to make two decisions: which suppliers are
the best, and how much should be purchased from each selected
supplier?

In this study multiple sourcing supplier selection is considered
as a multi criteria decision making problem with informational
vagueness. Fuzziness stems from the aspiration levels of the mon-
etary cost, quality requirements, delivery targets and the demand
level. In this study a fuzzy mathematical model based on the aug-
mented max-min operator (Lai & Hwang, 1993) is proposed. The
model is integrated a novel fuzzy solution approach which gives
an opportunity to the DM to obtain her/his own preferred achieve-
ment levels.

The remainder of the paper is organized as follows. In Section 2,
literature is reviewed in detail and existing studies are classified
according to their solution approaches. Mentioned criticisms with
the related approaches highlight the contribution of the presented
fuzzy model and approach to the literature. In Section 3, the consid-
ered multi objective supplier selection model is explained in detail.
In Section 4, after preliminary definitions of fuzzy mathematical
programming, fuzzy additive model, augmented max-min model
and the proposed fuzzy model for the supplier selection problem
are defined. In Section 5, the proposed fuzzy solution approach is
presented. In Section 6, the approach is illustrated by a sample prob-
lem. Conclusions and future directions appear in the final section.
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2. Literature review

Supplier selection problem has been a focus area of research
since 1960. The quantitative techniques for supplier evaluation
and selection can be categorized into three classes (Wang & Yang,
2009): (1) multi-attribute decision making includes the linear
weighting method and the analytical hierarchy process (AHP), (2)
mathematical programming models include the linear programming
models, mixed integer programming, multi-objective program-
ming and data envelopment analysis, (3) intelligent approaches as
for the last class include neural network based methods, expert
systems, fuzzy decision making, hybrid approaches such as inte-
grated AHP and linear programming, combined AHP, data envelop-
ment analysis (DEA) and neural network has been applied for the
supplier selection.

Among the quantitative techniques, mathematical program-
ming models have been extensively used for supplier selection
problem. This study focus on fuzzy multi-objective mathematical
programming models for supplier selection. Since Weber and Cur-
rent (1993) introduced a multi-objective mixed integer program-
ming model for supplier selection and order allocation among
the selected suppliers, several authors (Dahel, 2003; Pokharel,
2008; Rezaei & Davoodi, 2011; Tsai & Wang, 2010; Weber, Current,
& Desai, 2000; Xia & Wu, 2007) proposed multi objective program-
ming models to this problem.

In literature a few of the studies have been addressed both mul-
ti objectives and fuzziness in the problem. In this study the litera-
ture is reviewed for the studies which handle supplier selection by
fuzzy multi objective mathematical programming (Table 1). It is
observed that majority considers fuzziness of the aspiration levels
attained to the objectives (Faez, Ghodsypour, & O'Brien, 2009; Ku,
Chang, & Ho, 2010; Kumar, Vrat, & Shankar, 2004; Lee, Kang, &
Chang, 2009; Wang, Chen, Wang, & Su, 2010; Wang & Yang,
2009; Ozgen, Oniit, Giilsiin, Tuzkaya, & Tuzkaya, 2008) and/or right
hand side constants (Amid, Ghodsypour, & O’Brien, 2006, 2009;
Arikan, 2011; Kumar, Vrat, & Shankar, 2006; Madronero, Peidro,
& Vassant, 2010; Yiicel & Giineri, 2011). Wu, Zhang, Wu, and Olson
(2010) consider objectives’ coefficients as fuzzy numbers.

Objective functions are constructed based on four basic supplier
evaluation criteria as price, quality, customer service and delivery.
According to the literature review, the most preferred objective
functions related the price criterion are minimizing the net cost,
total monetary cost, total purchasing price, the net price of the

Table 1
Fuzzy multi objective supplier selection studies.

product after discounts, adding transport cost and ordering cost,
total order cost, and purchase amount. Quality criterion related
objective functions are minimizing the net rejections, total rejec-
tion rate of product, total amount of defective units. Delivery crite-
rion related objective functions are minimizing the net late
deliveries, number of delivery lateness, number of late items, max-
imizing the total amount of on-time deliveries. Some other objec-
tive functions considered in the literature are minimizing the
negative effect of vendor service rating, minimizing the negative
effect of the economic environment (Wu et al., 2010), maximizing
service and minimization of risk (Ku et al., 2010). Objectives’ aspi-
ration levels are determined often by using ideal solutions. Other
fuzzy parameters are buyer demand, vendors’ quotas, and budget
amount allocated to vendors, maximum capacity of vendors as
right hand side constants.

The fuzzy multi objective supplier selection studies based on
mathematical modeling in the literature have been employed six
solution approaches (Table 1) which are Zimmermann's max-
min approach, Tiwari et al.’s additive model, fuzzy goal program-
ming with weights, fuzzy programming with modified fuzzy or
operator, sequential quadratic programming and augmented
max-min model, respectively.

A detailed review and classification of solution approaches of
fuzzy mathematical programming can be found in Lai and Hwang’s
(1992) study. A detailed review and classification of solution ap-
proaches of fuzzy multi objective decision making problems can
be found in Lai and Hwang's (1996) study. Arikan and Giingor
(2007) are also classified the approaches according to the fuzzy
parameter in a multi objective programming model. When the
model has fuzzy aspiration levels attained to the objective func-
tions and/or right hand side constants then fuzzy programming
models can be generated by using fuzzy operators (Siier, Arikan,
& Babayigit, 2009). Fuzzy model parameters defined mathemati-
cally by using membership functions. The relationship between
each membership function is defined by using fuzzy operators
(see e.g.in Luhandjula, 1982; Pedrycz, 1983; Werners, 1988; Yager,
1980, 1988; Zimmermann & Zysno, 1980). Zimmermann’s max-
min approach (Zimmermann, 1978) uses min operator which cor-
responds to the set-theoretic intersection in fuzzy mathematical
modeling. In the literature, due to the ease of computation, the
most frequently used aggregate operator is min-operator. Tiwari,
Dharmar, and Rao (1987) proposed an additive model in which
membership functions are combined using the add operator. The

Approach Source of fuzziness

Membership
functions

Reference(s)

1. Zimmermann’'s max-min approach  Fuzzy aspiration levels for objective

functions and (or) vendors’ quotas as RHS

2. Tiwari et al.’s weighted
additive model

Fuzzy aspiration levels for objective
functions and

or fuzzy demand as a RHS constant and or

vendors’
quotas as RHS

3. Fuzzy goal programming with
weights
(traditional representation)

Fuzzy aspiration levels for objective functions

Kumar et al. (2004), Kumar et al. (2006),
Ozgen et al. (2008) and Wang and Yang (2009)

-Isosceles triangular
-Triangular

-Right triangular
-Isosceles triangular
-Triangular

-Right triangular

Amid, Ghodsypour, and O'Brien (2006), Amid,
Ghodsypour, and O'Brien (2009); Faez,
Ghodsypour,

and O’Brien (2009), Wang and Yang (2009),
Wang et al. (2010), Ku et al. (2010),

Yiicel and Giineri (2011)

4. Fuzzy programming with modified
Werner's fuzzy or operator

5. Sequential quadratic programming
(possibilistic approach)

6. Lai and Hwang’'s augmented
max-min model

Fuzzy aspiration levels for objective functions,
maximum capacity of the vendors as RHS,
budget amount allocated to vendors as RHS
Fuzzy model parameters as objective

function coefficients and RHS constants

Fuzzy aspiration levels for objective

functions and demand level as RHS

-Triangular Lee et al. (2009)

-S curve Madronero et al. (2010)
-Trapezoidal Wau et al. (2010)
-Triangular Arikan (2011)

-Right triangular
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model maximizes achievement levels in total and the solution may
include zero level achievement(s). Then it is obtained an unbal-
anced fuzzy optimal solution (Lee & Li, 1993). In such a case, Lai
and Hwang’s augmented max-min operator (Lai & Hwang, 1993,
1996) will be appropriate for the solution (Arikan, 2011). Additive
and augmented max-min models guarantee non-dominated solu-
tion whereas Zimmermann's max-min does not (Lee & Li, 1993).

Rest of the approaches mentioned in Table 1 which are sequen-
tial quadratic programming, fuzzy goal programming and fuzzy
programming with modified Werner’s fuzzy or operator, have
some disadvantages. Wu et al. (2010) utilized sequential quadratic
programming which does not consider objectives simultaneously.
Lee et al. (2009) used traditional representation for fuzzy goal pro-
gramming where total weighted deviation from each fuzzy aspira-
tion is minimized. Although the solution is a non-dominated one,
the model does not prohibit the unbalanced solution case. Further-
more, the traditional representation may restrict the types of the
membership functions which are defined for the fuzzy aspirations.
Madronero et al. (2010) used Werner's (1988) fuzzy or operator to
define the fuzzy decision. In their model, demand is considered as a
crisp value. Fuzzy model with Werner’s fuzzy or operator has
7 € [0,1] parameter which represent the compensation level. When
y = 0, the model becomes equivalent to the additive model; when
y=1, then the model becomes equivalent to Zimmermann’s
max-min model. Determination of gamma parameter makes the
model implementation harder.

3. Multi objective supplier selection model

A typical linear model for supplier selection problems is (Amid,
Ghodsypour, & O’'Brien, 2006; Weber & Current, 1993) as follows:

Index set
i index for suppliers, foralli=1,2,...,n
Decision variable
x; The number of units purchased from the ith supplier
Parameters

D Aggregate demand of the item over a fixed planning period.
n Number of suppliers competing for selection

P; Per unit net purchase cost from supplier i

F; Percentage of the accepted units delivered by the supplier i
S; Percentage of the on-time deliveries by the supplier i

C; Capacity of ith supplier

The multi objective programming problem formulation for sup-
plier selection is as follows:

Minimize z = Pi(x;) (1)
i=1
n
Maximize z, =» Fi(x) )
i=1
Maximize z3 = Si(x)) 3)
i=1
s.t.
in =D (4)
i=1
xi<C foralli=1,....n (5)
x; > 0 and integer (6)

Objective function (1) minimizes total monetary cost. Objective
function (2) maximizes total quality of purchased items. Objective
function (3) maximizes service level of purchased items. Constraint
(4) ensures that the overall demand satisfied. Constraint (5) means
that order quantity of each supplier should be equal or less than its
capacity. Constraint (6) prohibits negative orders.

In this study aspiration levels of objectives and demand
assumed as fuzzy.

4. Fuzzy models for supplier selection
4.1. Preliminary definitions

Consider the fuzzy multi objective programming problem (7)
with [ fuzzy objective functions and s fuzzy constraints:
Find x
s.t.
CX>2Zy,
CKX<Zk,
a,X = by,
xeX

kel
kEIz
reT

where
LulL={1,..1},1nl;=@, and X is a set of deterministic linear
constraints and sign restrictions.

ax =Y cexi k=11
ax=Y0 axr=1,2,....s

For kel; 5, z; is the imprecise aspiration level for the kth objec-
tive function.

zy € [zL,z]] denote the imprecise lower and upper bounds
respectively for the kth fuzzy objective function.

b: € [bL bU} denote the imprecise lower and upper bounds

o Fr

respectively for the rth fuzzy constraints.

According to fuzzy mathematical programming, each fuzzy
objective and constraint are defined in terms of fuzzy subsets with
the appropriate membership functions denoted by py(cx) for
ke l,5(89) and w{ax) for reT (10), respectively. Assuming that
membership functions are linear, mathematical definitions (Lai &
Hwang, 1992) are as follows:

1 if ax >z
(cpx)—2t .
W (CkXx) = Z‘;k’-zkk if zL<cx<zl, Vkel (8)
0 if ax <z
1 if cx <2k
Z/-(qx) .
W (CkX) = ’Z,E’*Zki if ZZ<ax<zl, Vkel 9)
0 if ax >z
0 if a,x < bt
L .
‘Z:‘:b”[ if bf <ax<b,
w(ax)y=9 , 7 , VreT (10)
b @) if p, < ax < b’
bfjibr rx Urd X Uy
0 if a,x > b’

Eq. (8) represents linear monotone increasing membership function
(cx) for maximization type objectives with fuzzy aspiration lev-
els. Eq. (9) represents linear monotone decreasing membership
function g (cyx) for minimization type objectives with fuzzy aspira-
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tion levels and Eq. (10) is a triangular membership function z,{(a,x)
for constraints.

4.2. Fuzzy additive model

Fuzzy additive model based on Tiwari et al. (1987) study for the
multi objective programming model (7) is given in (11).Variables
denoted by /, and /. represents achievement levels of fuzzy objec-
tive functions and fuzzy constraints respectively.

max <zl:).k + i:/h> /(l +5)
r=1

k=1

s.t

Je < W(ax), keljul (11)
Jr < (ax), T1eT

A €10,1], k=1,....5, r=1,...,5s

xeX

4.3. Augmented max-min model

Augmented max-min model (12) based on Lai and Hwang’s
(1993, 1996) approach for model (7) is as follows:

l s
max + {Zm(ckx) + Zm(arx)}/(l +5)
k=1 r=1

s.t.

A< lax), k=1,2,...,1 (12)
i< p(ax), r=1,2,...,8

xeX

2 €[0,1]

/. is the minimum satisfaction degree and defined as follows:
ngin{uk(ckx),ur(a,x)}, for k=1,2,...lr=1,2,...,s. (13)

4.4. The proposed fuzzy model

/ is the minimum satisfaction degree defined in (13)

l s
max /i + {Z,uk(ckx) + Z,ur(arx)}/(l +5)
k=1 r=1

s.t

A< lax), k=1,...,1

r<u(ax), r=1,....s (14)
We(cX) = o, k=1,...,1

w(ax) = o, r=1,...,s

xeX

Ok, o, A € [0,1]

Parameters o« and o, represent the minimum acceptable achieve-
ment levels for the kth objective and rth constraint respectively
determined by the DM.

5. The proposed fuzzy solution approach

The algorithmic steps (Fig. 1) of the approach are given as
follows:

(1) Construct the multi objective model (7).

(2) Determine fuzzy parameters as aspiration levels of objec-
tives and/or right hand side constants. (For model (7), fuzzy
right hand side constant is defined as demand level.)

Step 1&2. Construct the multiple objective model for supplier
selection problem with fuzzy aspiration levels of objectives and/or
right hand side constants (demand level) ((1) to (6))

v

Step 3. Construct linear membership functions (8) and/or (9) for fuzzy
objectives,(10) for fuzzy demand

!

Step 4. Construct and solve both fuzzy
additive model (11) augmented max -min
model (12)

!

Step 5. Present the fuzzy
optimal solution to the DM

DM satisfied ?

Step 6. Ask The
DM for minimum
acceptable
aspirations

Construct and
solve the
proposed model
(14)

4

Fig. 1. Flowchart of the proposed fuzzy solution approach.

Table 2
Suppliers’ source data for the illustrative example.

Supplier P; Net price F; Quality (%) Si Delivery (%) G
number i Capacity
1 5 80 90 400

2 7 90 80 450

3 4 85 85 450
Bounds [3550, 4900] [660, 702.5] [657.5, 700] -

(3) Construct the linear membership functions for each fuzzy
goal (8) and (9) and fuzzy demand (10).

(4) Construct and solve both fuzzy additive model (11) and aug-
mented max-min model (12).

(5) Present the fuzzy optimal solution(s) to the DM. If the DM is
satisfied then stop. Otherwise, go to step 6.

(6) Ask the DM for the minimum acceptable aspiration level for
each fuzzy objective and/or fuzzy constraint. Construct and
solve the proposed model (14). Go to step 5.

In step 5 the model (7), fuzzy parameters and membership
functions are assumed as valid. Otherwise, the analyst may turn
back to step 1 or step 2 or step 3 for validation check.

6. Illustrative example

The following example problem is taken from Yiicel and
Giineri’s (2011) study. For supplying a new product, a textile com-
pany desires to select appropriate suppliers based on three pur-
chasing criteria which are net price, quality and on-time delivery.
Yiicel and Giineri (2011) proposed a weighted additive model in
which relative weights for each respective objectives are 0.277,
0.253 and 0.239, and relative weights for fuzzy demand constraint
is 0.231. However in this study, it is assumed that each fuzzy objec-
tives and the fuzzy constraint related with the fuzzy demand level
have the same relative importance to reach the achievement levels.
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Table 3
Solution summaries to the illustrative example.
Fuzzy additive Augmented
model max-min model
X1, X2, X3 175,200,450 240,130,450
Min z; [3550, 4900] 4075.0 3910.0
Max z, [660, 702.5] 702.5 691.5
Max z3 [657.5, 700] 700.0 702.5
Demand [750, 800, 875] 825.0 820.0
a(c1x) 0.611 0.733
1a(CaX) 1.000 0.741
us(C3x) 1.000 1.000
pi(a1x) 0.666 0.733
Table 4
Solution summary for the proposed fuzzy model.

X1, X2, X3 245,123,450

Min z; [3550, 4900] 3886.0

Max z, [660, 702.5] 689.2

Max z; [657.5, 700] 701.4

Demand [750, 800, 875] 818.0

p(cix) 0.751

a(cox) 0.687

s(csx) 1.000

a(ax) 0.760

During the application of the step 4 of the proposed algorithm it is
observed that Fuzzy Additive Model solution (with equal weights)
has the same solution as Yiicel and Giineri’s weighted model solu-
tion. The suppliers’ quantitative information is given in Table 2.

Step 1: Fuzzy multi objective supplier selection model is as
follows:

Find x1,x2,X3

s.t.

5x1 + 7X; + 4x3 < 74
0.80x; + 0.90x, + 0.85x;
0.90x; + 0.80x, + 0.85x3
X1 + X2 +x3 22 800

x1 <400

X, < 450
X3 < 450
X1,X2,X3 = 0

> Z
>z
’ (15)

Step 2: Bounds for fuzzy objectives are mentioned in Table 2.
Fuzzy triangular number for fuzzy demand is defined with
[750, 800, 875].

Step 3: Related membership functions are constructed by using
(8)-(10) equations with the mentioned bounds of aspira-
tions mentioned in Table 2 and Step 2.

Step 4: Model (11) and (12) are utilized for the illustrative exam-
ple and fuzzy optimal solutions are obtained by GAMS
computer programming package. Their summaries are
given in Table 3. Both of the solutions are non-dominated.
When fuzzy additive model solution is investigated, it is
observed that the first objective function has the least
achievement level. On the other hand augmented max-
min model solution maximizes the minimum achievement
level and it gives better achievement levels for the net
price criteria and for the overall demand level. Meanwhile
quality achievement level 25.6% decrease. Augmented
max-min model gives more balanced solution.

Step 5: Let us assume that the DM does not satisfy with both solu-
tions. S(he) wants at least 0.75 achievement for the first
fuzzy objective and for the fuzzy demand level.

Step 6: Model (14) is utilized for the illustrative example with
0.75 as the minimum acceptable achievement level for
both «;-; and «,-;. The corresponding fuzzy mathematical
model for the illustrative example is given in (16). The
solution is summarized in Table 4.

Maximize 2+ [A4 + 42 + 43 + 4]/4

s.t.

A< 1

A< Ay

A< A3

A< 4

< 4900—(5;(13;gx2+4x3)

Jy < 0.80x1+0,90:§;0.85x3—660
/13 < O.QOXI+0.80)i;224.r;)‘85)<37657.5
/14 < 875—(x17;rxz+x3) (]6)
/14 < x1+x2§)(;3—750

A =075

44 = 0.75

X1 <400

Xy < 450

X3 < 450

X1,X2,X3 = 0

/l, }vz_g c [0, ]]

Ma € [0757 ]]

The algorithm is terminated with the assumption that the DM is
satisfied with the current fuzzy optimal solution. This solution is
also a non dominated one. Minimum acceptable achievements for
the first objective and for the demand level are greater than 0.75
as the DM wishes. This solution is a balanced solution with the min-
imum achievement level 0.687. It is also greater than the minimum
achievement level of fuzzy additive model solution (0.611).

7. Conclusions and future directions

In this study a multi sourcing supplier selection problem is con-
sidered as a multi objective linear programming problem. The lit-
erature reviewed for the studies which handle supplier selection
by fuzzy multi objective mathematical programming and they
are investigated according to their solution approaches. A typical
multi objective supplier selection model which considers three
objective functions as minimization of costs, maximization of qual-
ity and maximization on-time delivery with fuzzy aspiration levels
respectively and fuzzy demand is employed to construct fuzzy
mathematical models. Each fuzzy parameter is represented math-
ematically by using an appropriate linear membership function.
Both fuzzy additive and augmented max-min models give non-
dominated solutions. Augmented max-min model solution is bal-
anced additionally. The proposed model is exactly same as the aug-
mented max-min model except the additional constraints related
with the DM’s preferred achievement levels. Hence, both the pro-
posed model and the solution approach give an opportunity to
the DM to obtain her/his own preferred achievement levels for
the objectives and for the demand level in a non-dominated solu-
tion case.

In this study a typical and a very well-known multi objective
supplier selection model is transformed into convex fuzzy pro-
gramming models with a single objective function. This transfor-
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mation reduces the dimension of the system and results less com-
putational complexity.

The proposed fuzzy model and approach can be employed for
any kind of multi objective programming problems. They can be
utilized even the multi objective model is defined crisply, by using
the ideal solution as for the bounds of linear memberships. The
model and the approaches with the same mathematical definitions
comes handy when additionally each supplier’s capacity is as-
sumed as fuzzy with a linear membership function. Because, fuzzy
capacity and minimization objective with a fuzzy aspiration level
have the same mathematical definitions from the fuzzy program-
ming point of view. As a future direction, trapezoidal memberships
for demand, nonlinear memberships for price, quality and delivery
and fuzziness in each supplier’s capacity may be considered.
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