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Abstract

Supplier selection is an important concern of a firm’s competi-
tiveness, more so in the context of the imperative of supply-chain
management. In this paper, we use an approach to a multiobjective
supplier selection problem in which the emphasis is on building sup-
plier portfolios. The supplier evaluation and order allocation is based
upon the criteria of expected unit price, expected score of quality and
expected score of delivery. A fuzzy approach is proposed that relies on
nonlinear S-shape membership functions to generate different efficient
supplier portfolios. Numerical experiments conducted on a data set of
a multinational company are provided to demonstrate the applicabil-
ity and efficiency of the proposed approach to real-world applications
of supplier selection.
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1 Introduction

Supplier selection or vendor selection is a multi-criteria decision making
(MCDM) problem. One of the well known studies on supplier selection by
Dickson [10] discusses 23 important evaluation criteria for supplier selection.
It has been pointed out that quality, delivery, and performance history are the
three most important criteria. Other important studies that highlights the
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importance of evaluation criteria for supplier selection includes the works of
Ghodsypour and O’Brien [13], Ho et al. [16], Weber et al. [35]. Many authors
have discussed optimization models of supplier selection problem. Parthiban
et al. [26] developed an integrated model based on 10 criteria including qual-
ity, delivery, productivity, service, costs for the supplier selection problem.
Punniyamoorthy et al. [27] applied 10 criteria for supplier evaluation includ-
ing quality, technical capability, financial position. Karpak et al. [19] used a
goal programming model to minimize costs and maximize delivery reliability
and quality in supplier selection when assigning order quantities to each sup-
plier. Weber and Current [36] used multi-objective linear programming for
supplier selection to systematically analyze the trade-off between conflicting
factors. Recently, Feng et al. [12] proposed a multiobjective model to se-
lect desired suppliers and also developed a multiobjective algorithm based on
Tabu search for solving it. Reviews of supplier selection criteria and methods
can be found in studies carried out by Aissaoui et al. [1] and Chai et al. [§].

In real-world, for supplier selection problem, decision makers do not have
exact and complete information related to various input parameters. In such
cases the fuzzy set theory (FST) [38] is considered one of the best tools
to handle uncertainty. The supplier selection formulations have benefited
greatly from the FST in terms of integrating quantitative and qualitative
information, subjective preferences and knowledge of the decision maker. A
review of literature on applications of FST in supplier selection shows that a
variety of approaches are being used. Kumar et al. [20] presented fuzzy goal
programming models to capture uncertainty related to the supplier selection
problem. Amid et al. [2, 3] developed a weighted additive fuzzy model for
supplier selection problem. Bayrak et al. [6] presented a fuzzy multi-criteria
group decision making approach to supplier selection based on fuzzy arith-
metic operation. Chen et al. [9] extended the concept of TOPSIS method
to develop a methodology for solving supplier selection problems in fuzzy
environment. Erol et al. [11] and Li et al. [24] discussed the applications
of FST in supplier selection. Kwang et al. [21] introduced a combined scor-
ing method with fuzzy expert systems approach for determination of best
supplier. Kahraman et al. [18] developed a fuzzy AHP model to select the
best supplier firm providing the most satisfaction for the criteria determined.
Shaw et al. [30] proposed an integrated approach that combines fuzzy AHP
and fuzzy multiobjective linear programming for selecting the appropriate
supplier. Toloo and Nalchigar [32] proposed a new integrated data envelop-
ment analysis model which is able to identify most appropriate supplier in
presence of both cardinal and ordinal data. Tsai and Hung [33] proposed a
fuzzy goal programming approach that integrates activity-based costing and
performance evaluation in a value-chain structure for optimal green supply
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chain supplier selection and flow allocation. Yiicel and Giineri [37] developed
a weighted additive fuzzy programming approach for multi-criteria supplier
selection. Recently, Amid et al. [4] developed a weighted maxmin fuzzy
model to handle effectively the vagueness of input data and different weights
of criteria in a supplier selection problem. Arikan [5] proposed a fuzzy math-
ematical model and a novel solution approach to satisfy the decision maker’s
aspirations for fuzzy goals.

In all the studies mentioned thus far, supplier selection is driven by non-

portfolio based approaches only. This type of framework is restrictive as
it does not provide the decision maker with an opportunity to leverage the
supplier diversity with reference to preferences in respect of cost, quality and
delivery. Recently, Guu et al. [15] discussed supplier selection problem with
interval coefficients using portfolio based approach. In this paper, we con-
sider three supplier’s selection criteria, namely, expected unit price, expected
score of quality and expected score of delivery. The proposed fuzzy optimiza-
tion model simultaneously minimize the expected unit cost and maximize the
expected score of quality and expected score of delivery. The model is con-
strained by several realistic constraints, namely, demand constraint, maximal
and minimal fraction of the total order allocation to a single supplier, number
of suppliers held in the portfolio. Note that in comparison to the approach
used in Guu et al. [15], the proposed approach is capable of generating many
efficient supplier portfolios using different shape parameters of the nonlinear
S-shape membership functions from which the decision maker may choose
the one according to his/her preferences.
The paper is organized as follows. In Section 2, we present multiobjective
programming model of supplier selection based on portfolio theory. In Section
3, we present fuzzy optimization models of supplier selection using nonlinear
S-shape fuzzy membership functions. The proposed models are test-run in
Section 4. This section also includes a discussion of the results obtained.
Finally in Section 5, we submit our concluding observations.

2 The supplier selection problem

Here, we assume that the decision maker allocate orders among n sup-
pliers offering different price, quality and delivery. We use the following
variables and parameters in the supplier selection model:

x;: the proportion of total order allocated to i-th supplier,
p;: the per unit net purchase price from ¢-th supplier,

q;: the percentage of quality level of i-th supplier,
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d;: the percentage of on-time-delivery level of i-th supplier,

y;: the binary variable indicating whether the i-th supplier is contained in
the supplier portfolio or not, i.e.,

{1, if +-th supplier is contained in the supplier portfolio,
Yi =

0, otherwise,

u;: the maximal fraction of the total order allocated to the i-th supplier,
l;: the minimal fraction of the total order allocated to the i-th supplier .

2.1 Objectives

e Expected unit price

The expected unit cost is the weighted average of the prices quoted by dif-
ferent suppliers, the fractions of the overall quantity ordered to them serving
as the respective weights. Here, we consider the overall demand as 1 which
overcomes the dependence of supplier selection problem on the units of mea-
surement of the commodities [15].

The expected unit price of the supplier portfolio is expressed as

f1($) = sz‘%‘ .
i=1

e Expected score of quality

Quality of the supplies is measured in terms of the extent of satisfaction
(fraction) with quality. We use the expected score of quality which in effect
is the average of the satisfaction of the established standards by different
suppliers as an objective of supplier selection [15]. The expected score of
quality of the supplier portfolio is expressed as

f2($) = Z q;%; .
i=1

e Expected score of delivery
A supplier’s compliance (fraction of 1) with on-time-delivery schedule is re-
garded as his/her score of delivery. Using the fraction of quantity allocated
to different suppliers as weight [15], the expected score of delivery of the
supplier portfolio is expressed as

f3(9€) = Z d;x; .
i=1
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2.2 Constraints

e Total order constraint on the suppliers:
n
i=1

e Maximal fraction of the total order that can be allocated to a single supplier:

T <uy;, =12 ....n.

e Minimal fraction of the total order that can be allocated to a single supplier:

xZleyl, i:1,2,...,n.

The constraints corresponding to lower bounds /; and upper bounds wu; on
the allocation to individual suppliers (0 < l;,u; < 1, l; < u;, Vi) are included
to avoid a large number of very small allocations (lower bounds) and at
the same time to ensure a sufficient diversification of the allocation (upper

bounds) [15].

e Number of suppliers held in a supplier portfolio:

Zyi =h
i=1

where h is the number of suppliers that the decision maker chooses to include
in the supplier portfolio [15]. Of all the suppliers from a given set, the decision
maker would pick up the ones that are likely to yield the desired satisfaction
of his/her preferences. It is not necessary that all the suppliers from a given
set may configure in the supplier portfolio as well.

e No negative proportions of total orders:

>0, i=12....n.
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2.3 The decision problem

The mixed-integer model for purchasing a single item in multiple sourcing
networks is presented as follows:

(P1)  min fi(x) = Zpixi
i=1

max fo(x) = Z qiT;
i=1

max f3(z) = Z dixi
i1

subject to

d =1, (1)
i=1

i=1

nguzyl, Z:1,2,,77,, (3)
xZleyl, Z:LQ,,W,, (4)
x; >0, 1=1,2,...,n, (5)
y; €4{0,1}, i=1,2,...,n. (6)

It may be noted that the basic framework of the supplier selection model (P1)
is similar to the one used in [15]; however, instead of using interval coeffi-
cients for an uncertain environment as in [15], we rely on fuzzy membership
functions to generate supplier selection strategies that meets the preferences
of the decision maker.

3 Supplier portfolio selection models based
on fuzzy set theory

Operationally, formulating an supplier portfolio requires estimation of dis-
tributions of price, quality and delivery for the various suppliers. Distributed
randomly as they are over the chosen time horizon, such estimates, at best,
represent decision maker’s subjective interpretation of the information avail-
able at the time of decision making. Note that the same information may
be interpreted differently by different decision makers. Under such circum-
stances, the issue of constructing a supplier portfolio becomes the one of a
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choice from a ‘fuzzy’ set of subjective interpretations, the term ‘fuzzy’ being
suggestive of the diversity of both the decision maker’s objective functions
as well as that of the constraints.

Here, we formulate fuzzy multiobjective supplier portfolio selection prob-
lem based on vague aspiration levels of decision makers to determine a sat-
isfying supplier portfolio selection strategy. We assume that decision makers
indicate aspiration levels on the basis of their prior experience and knowledge.
As the aspiration levels are vague, we may refer to the fuzzy membership
functions, for example, linear [39, 40], piecewise linear [17], exponential [23],
tangent [22]. A linear membership function is most commonly used because
it is simple and it is defined by fixing two points: the upper and lower levels of
acceptability. However, there are some difficulties in using linear membership
functions as pointed out by Watada [34]. Further, if the membership function
is interpreted as fuzzy utility of the decision maker, describing the behavior
of indifference, preference or aversion towards uncertainty, then a nonlinear
membership function provides a better representation. It may also be noted
that nonlinear membership functions are much more desirable for real-world
decision making, as unlike linear membership functions, for nonlinear mem-
bership functions, the marginal rate of increase (or decrease) of membership
values as a function of model parameters is not constant-a technique that
reflects reality better than the linear case.

In this paper, we use logistic function [34], i.e., a nonlinear S-shape mem-
bership function to express vague aspiration levels of decision makers. This
function has several advantages over other nonlinear membership functions
and is considered an appropriate choice in portfolio selection, see Gupta et
al. [14].

We now define the following nonlinear S-shape membership function of
the goal of net price:

1
o ,(x) = - ;
1+ exp (ap (Z Dii — pm)>
i=1

where p,, is the mid-point (middle aspiration level for the net price) at which
the membership function value is 0.5 and «, is provided by decision makers
based on their degree of satisfaction of the goal (see Fig. 1).
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Pm p(x)
Figure 1. Membership function of the goal of net price

The membership function of the goal of quality is given by
1

e (o () )

where ¢, is the mid-point and a4 is provided by decision makers based on
their degree of satisfaction regarding the level of quality (see Fig. 2).

dm a(x)

Figure 2. Membership function of the goal of quality

Similarly, we define membership functions of the goal of delivery as fol-
lows:

1
Md(x) = n )
1+ exp (—(xd (Z diz; — dm))
i=1

where d,, is the respective mid-point and «y is provided by decision makers.
Note that the membership function of the goal of delivery as described above,
have shape similar to that of the membership function defining the goal of
quality:.
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Using Bellman and Zadeh’s maximization principle [7] with the above
defined fuzzy membership functions, the fuzzy supplier portfolio selection
problem for selecting suppliers is formulated as follows:

(P2) max n
subject to
n < pp(),
N < pglz),
n < pa(z),
0<n<l,
and Constraints (1) — (6) .

The problem (P2) is a nonlinear programming problem. It can be trans-

formed into a linear programming problem by letting 6 = log ] ' , so that
—n
n = —— . Since, the logistic function is monotonically increasing,
1+ exp(—0)

hence, maximizing 17 makes § maximize. Therefore, the problem (P2) can be
transformed into the following equivalent linear programming problem:

(P3)  max¥
subject to

0 <a,|pm— ipﬂz‘
i—1

I

N—

Y

N———

0 < Qq i qiTi — gm
=1

I

0 S (%] i dZZL'Z — dm
i=1

and Constraints (1) — (6) .

N—

Note that 6 €] — 0o, +00[. The fuzzy supplier portfolio selection problem
(P2)/(P3) leads to a fuzzy decision that simultaneously satisfies all the fuzzy
objectives. Then, we determine the maximizing decision as the maximum de-
gree of membership for the fuzzy decision. In this approach, the relationship
between various objectives in a fuzzy environment is considered fully sym-
metric [40], i.e., all fuzzy objectives are treated equivalent. This approach
is efficient in computation but it may provide ‘uniform’ membership degrees
for all fuzzy objectives even when achievement of some objective(s) is more
stringently required. Therefore, we use the ‘weighted additive model’ pro-
posed in [31] to incorporate relative importance of various fuzzy objectives
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in supplier portfolio selection. The weighted additive model of the fuzzy
supplier portfolio selection problem is formulated as follows:

3
(P4)  max Z Wy
r=1

subject to

m < Mp(x) )
m2 < pg(z),
s < pa(z) ,
0<n <1, r=123
and Constraints (1) — (6),
where w, is the relative weight of the r-th objective given by decision makers

3
such that w, > 0 and Zwr =1.

r=1
The max-min approach used in the formulation of the problems

(P2)/(P3) and (P4) possesses good computational properties. However, the
approach does not ensure fuzzy-efficient solution. To ensure efficiency of the
solution, we take recourse to the two-phase approach proposed in [25]. As
a result, it becomes possible to choose explicitly a minimum degree of satis-
faction (taken to be equal to the solution of the max-min approach) for each
fuzzy objective function and examine whether the same can be improved
upon or not. Hence, we solve the problems (P5) and (P6) corresponding to
the problems (P3) and (P4) respectively in the second-phase.

3
(P5)  max Z w0,
r=1

subject to
(") -
log———~= <0 <y |pm—) pizi|,
1= pp(a*) : 221

,uq(x*) -
log————— <0, <a GTi — Gm |
1= pg(z*) ! Z

fa(x”) -
log —————— < 6; < a dix;i —d,, |,
OT ey =0 Z )

and Constraints (1) — (6),

where z* is an optimal solution of (P3), w; = wy = w3, w, > 0, Zwr =1

r=1
and 0, €] — oo, +oo[ r =1,2,3.
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3
(P6)  max Z Wy
r=1

subject to

pp(z™) << pp(a)
fg(2™) < m2 < pg()
pa(z™) < s < pa(w)
0<n <1, r=1,23
and Constraints (1) — (6),

where 2** is an optimal solution of (P4), w, is the relative weight of the r-th
3

objective given by decision makers such that w, > 0 and Zwr =1

r=1
The problems (P3) and (P5) are linear programming problems which can

be solved using the LINDO software [28]. The problems (P4) and (P6) are
nonlinear programming problems. Although, for medium or large-sized prob-
lems, one may suspect that solving these nonlinear programming problems
could be computationally difficult, this is not the case, as many excellent
softwares are available to solve them. We can use LINGO [29] to solve (P4)
and (P6).

4 Numerical illustration

In this section, we present an illustration of the developed supplier portfo-
lio selection decision procedure for a multinational company. The purchasing
manager of the company have identified 10 potential suppliers. The manager
will select the most favorable suppliers(s) and allocate various proportion of
total order among selected suppliers(s) such that to minimize the net price
of purchasing and to maximize total quality and delivery level of purchased
items.

4.1 Supplier allocation

The 10 suppliers form the population from which we attempt to construct
a supplier portfolio comprising 5 suppliers. The suppliers profiles shown in
Table 1 represents the estimated values of their net price (p;), quality level
(¢;) and delivery level (d;) along with the estimated values of lower and upper
bounds.
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Table 1 Input data of suppliers

Price Quality Delivery Lower bound Upper bound

(Rs) (%) (%) () (ui)
Supplier 1 13 0.82 0.80 0.03 0.22
Supplier 2 12.5 0.78 0.75 0.06 0.33
Supplier 3 11.5 0.70 0.80 0.03 0.20
Supplier 4 14 0.88 0.90 0.027 0.22
Supplier 5 15 0.84 0.92 0.2 1.17
Supplier 6 16 0.95 0.88 0.06 0.27
Supplier 7 14.5 0.80 0.78 0.05 0.4
Supplier 8 15.5 0.92 0.84 0.017 0.17
Supplier 9 13.5 0.85 0.85 0.03 0.25
Supplier 10 12 0.75 0.78 0.06 0.30

We now present the computational results.

Corresponding to p,, = 13.3, ¢, = 0.83 and d,,, = 0.82, we obtain supplier
portfolio selection strategy by solving the problem (P3). To check efficiency of
the solution obtained, we use the two-phase approach and solve the problem
(P5). If the purchasing manager is not satisfied with the supplier portfolio
obtained, more supplier portfolios can be generated by varying the values
of the shape parameters in the problem (P3). The computational results
summarized in Table 2 are based on three different sets of values of the
shape parameters. Note that all the three solutions obtained are efficient,
i.e., their criteria vector are nondominated. Table 3 presents proportions of
the total order allocated to suppliers in obtained supplier portfolios

Table 2 Summary results of supplier portfolio selection

Shape parameters & variables Net price Quality level — Delivery level

n 0 o 0 0y

0.85900 1.80700 200 600 600 13.29095 0.83301 0.84703
0.58128 0.32803 100 100 100 13.29671 0.83328 0.84720
0.52087 0.08353 6 30 30 13.28609 0.83278 0.84688
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Table 3 The proportions of the total order allocated to suppliers in obtained
supplier portfolios

Shape parameters Suppliers

o, o Qg S1 S2 S3 5S4 S5 S6 S7 S8 S9  S10
200 600 600 0.220.27635 0 022 0 0 0 0.03365 0.25 0
100 100 100 0.220.27443 0 022 0 0 0 0.03557 0.25 0O

6 30 30 0.220.27797 0 022 0 0 0 0.03203 0.25 0

Next, we present computational results considering preferences of the
purchasing manager for the three objectives.

e Case 1

We consider the following weights of the fuzzy goals of expected net price
(w1), expected quality level (wq) and expected delivery level (ws): wy = 0.6,
wy = 0.25, wg = 0.15. Corresponding to p,, = 13.3, ¢,, = 0.81 and d,, =
0.88, we obtain supplier portfolio selection strategy by solving the problem
(P4). The efficiency of the solution is verified by solving the problem (P6)
in the second phase. The corresponding computational results are listed in
Tables 4-5. The achievement levels of the various membership functions are
m = 0.95744, ne = 0.41261, n3 = 0.31576. Note that these achievement levels
are consistent with the purchasing manager preferences, i.e., (n; > 1y > 13)
agrees with (w1 > wy > w3).

e Case 2

Here, we consider the weights as w; = 0.15, wy = 0.6, ws = 0.25. By
taking p,, = 13.3, ¢, = 0.81 and d,, = 0.88, we obtain supplier portfolio
selection strategy by solving the problem (P4). The solution is verified for
efficiency. The corresponding computational results are listed in Tables 4-5.
The achievement levels of the various membership functions are n; = 0.00023,
12 = 0.90362, n3 = 0.70285 which are consistent with the purchasing manager
preferences.

e Case 3

As performed above in case 1 and case 2, corresponding to the weights w; =
0.15, wy = 0.2, wg = 0.65 and p,, = 13.3, ¢,, = 0.81, d,, = 0.88, we obtain
portfolio selection strategy by solving the problem (P4). The solution is
found to be efficient. The corresponding computational results are listed in
Tables 4-5. The achievement levels of the various membership functions are
m = 0.00028, ny = 0.77664, n3 = 0.78516 which are consistent with the
purchasing manager preferences.
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Table 4 Summary results of supplier portfolio selection incorporating pur-
chasing manager preferences

Case Shape parameters  Price Quality level — Delivery level
a, ay ay

Case 1 6 30 30 12.78110  0.79823 0.85422

Case 2 6 30 30 14.69752  0.88460 0.90870

Case 3 6 30 30 14.66650 0.85154 0.92320

Table 5 The proportions of the total order allocated to suppliers in obtained
supplier portfolios incorporating purchasing manager preferences

Class Suppliers
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
Class 1 0.0661 0 0.2 022 0 0 0 O 0.25 0.2639

Class 2 0 0 0 022 0.21496 0.27 0 0.04504 0.25 O
Class 3 0 0 0 0.027 0.646 0.06 0 0.017 025 0

The foregoing analysis of the various decision situations from the stand
point of decision makers preferences demonstrates that the supplier portfolio
selection models developed in this paper discriminate among decision makers.
Thus, it is possible to construct efficient portfolios with reference to the
diversity of decision maker preferences.

5 Conclusions

This paper proposed a flexible approach to multiobjective supplier selec-
tion problems. We used the criteria of expected unit price, expected score
of quality and expected score of delivery for supplier evaluation and order
allocation. Further, the benefits of supplier diversification using trade-offs
among the three chosen criteria have been achieved. The upper bounds and
lower bounds are used for fractions of order that may be assigned to a partic-
ular supplier in order to ensure supplier diversification as well as to avoid the
situations where very small fractions of the ordered quantity are obtained.
Recognizing that supplier selection involves MCDM in an environment that
befits more fuzzy approximation than deterministic formulation, we have
transformed the supplier portfolio selection model into a fuzzy model us-
ing nonlinear S-shape fuzzy membership functions. Numerical illustrations
based on 10-supplier universe have been presented to illustrate the effective-
ness of the proposed models. The efficiency of the obtained solutions was
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verified using the two-phase approach.

The main advantage of the proposed models is that if decision maker
is not satisfied with any of the supplier portfolios, more portfolios can be
generated by varying the values of the shape parameters. These parameters
may be configured to suit decision makers preferences. Thus, the fuzzy sup-
plier portfolio selection models proposed in this paper can provide satisfying
portfolio selection strategies according to vague aspiration levels, degrees of
satisfaction and relative importance of the various objectives.
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