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a b s t r a c t

Harnessing the supply base is an important but complex task for enterprises. Supplier per-
formance evaluation is increasingly seen as a strategic issue for companies to maintain and
enhance the competitive edge. However, evaluating suppliers is complicated by the fact
that various criteria must be considered in the decision-making process, and is inherently
a multicriteria decision-making (MCDM) problem. It also concerns the evaluation by differ-
ent experts of multiple attributes, both qualitative and quantitative. To perceive and to
estimate effectively the capability of suppliers are real arduous tasks for executives. This
paper takes advantage of the 2-tuple linguistic computing to coping with the heterogeneity
and information loss problems while the evaluation processes of subjective integration.
The proposed approach based on the group decision-making scenario assists executives
in adroit manipulation of the heterogeneity during integration processes and averts the
information loss effectively. Finally, we demonstrate the validity and feasibility by means
of a high-technology company in Taiwan.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The globalization of competition in the manufacturing industry and the diversification of customers’ demands as well as
rapid technological developments continue to spur enterprises at a frenetic pace. The evaluation of supplier performance is
undeniably regarded as the cornerstone of successful purchasing and supply management to maintain and enhance the com-
petitive edge. Gencer and Gürpinar [1] pointed out that there are two main reasons for this. Firstly, the costs of the purchased
goods and services account for more then 60% of the cost of goods sold in many firms. Secondly, over 50% of all quality de-
fects can be traced back to purchase material. Therefore, supplier selection has been long recognized as a critical factor for
the companies desiring to be successful in nowadays competition conditions.

As firms increasingly emphasize cooperative relationships with crucial suppliers, executives of buyers are using supplier
evaluations to ensure that their business objectives are met consistently and at an acceptable overall performance. More-
over, more firms become interested in developing and implementing strategic partnership with their suppliers [2]. Evaluat-
ing and managing supplier performance is becoming increasingly important and challenging. An effective tool/approach is
therefore required urgently to assist these firms in prequalifying their suppliers based on their overall performances, select-
ing the best suppliers and in developing and managing the strategic partnership.

However, evaluating suppliers is a complicated task and inherently a multiple criteria decision-making (MCDM) prob-
lem because of the fact that various criteria must be deliberated in the decision-making process. Muralidharan et al. [3]
. All rights reserved.
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compared the advantages and limitations of nine previously developed methods of supplier rating, and combined multi-
ple criteria ng and analytic hierarchy processes to construct a multicriteria group decision-making model. The attributes
of quality, delivery, price, technique capability, finances, attitude, facility, flexibility and service were used for supplier
evaluation, and the attributes of knowledge, skill, attitude and experience were used for individual assessments. Araz
et al. [4] developed an outsourcer evaluation and management system for a textile company by use of fuzzy goal
programming (FGP). The approach did not take account of group decision situation. Vonderembse and Tracey [5]
investigated the extent to which supplier selection criteria and supplier involvement are used by manufacturers. It also
provided support for the claim that firms employing these practices have enhanced supplier and manufacturing
performance.

Guneri et al. [6] aimed to present an integrated fuzzy and linear programming approach to the supplier selection problem
in supply chain management process. The proposed linear programming model was based on the coefficients of suppliers,
buyer’s budgeting, suppliers’ quality and capacity constraints and order quantities assigned to each supplier according to the
linear programming model. Chen et al. [7] applied linguistic values to assess the ratings and weights of supplier selection
criteria and then proposed a hierarchy multiple criteria decision-making model based on fuzzy set theory to deal with
the supplier selection problems in the supply chain system. By calculating the candidate suppliers’ distances to the both fuz-
zy positive-ideal solution (FPIS) and fuzzy negative-ideal solution (FNIS) simultaneously, a closeness coefficient is defined to
determine the ranking order of all suppliers.

In fact, during the evaluation process of self-superiority and technology capability of supplier performance, most judg-
ments of experts however are determined in qualitative representations by past experience, vague, imprecise knowledge
or subjective cognition. The contents are mainly numerical, interval and linguistic, and result in heterogeneous assessment.
Integrating suchlike information turns into an important managerial topic. This paper therefore attempts to present an
impersonal and systematic evaluation mechanism and the platform of supplier performance.

Evaluation techniques can be mainly classified into two groups; these are qualitative methods and quantitative methods.
Qualitative methods describe the characteristics of each measure in sufficient detail to allow them to be understood. Quan-
titative methods use mathematical models to simulate the effect of measures on problem outcomes. These two kinds of
methods, qualitative and quantitative, can be used separately or together. In addition, multicriteria decision-making meth-
ods are an important set of tools for addressing challenging business decisions because they allow the manager to better
proceed in the face of uncertainty, complexity, and conflicting objectives [5,8]. In order to evaluate the performance of sup-
pliers more appropriately, it should consider not only quantitative index but also qualitative dimensions or factors which are
evaluated by multiple decision-makers or experts. The evaluation process appropriately should be regarded as a group mul-
tiple criteria decision-making problem as well [9,10].

Experts devote to judge by their experiential cognition and subjective perception in the decision-making process of
supplier performance measurement. However, there exist considerable extent of uncertainty, fuzziness and heterogeneity
[11]. This is not a seldom situation. In addition, it is prone to information loss happen during the integration processes,
and gives rise to the evaluation result of performance level may not be consistent with the expectation of evaluators.
Herrera and Martinez [12] indicated a limitation of the fuzzy linguistic approach imposed by its information represen-
tation model and the computation methods used when fusion processes are performed on linguistic values. They
expressed the linguistic information by means of 2-tuples which are composed by a linguistic term and a numeric value.
Together with the 2-tuple representation model they developed a computational technique for computing with words
without any loss of information. In addition, they [13] developed a procedure for combining numerical and linguistic
information without loss of information in the transformation processes between numerical and linguistic information,
taking as base for representing the information the 2-tuple fuzzy linguistic representation model. For supporting recom-
mender systems to evaluate and filter the great amount of information available on the Web to assist people in their
search processes.

In addition, Herrera-Viedma and Peis [14] presented a fuzzy evaluation method of Standard Generalized Markup Lan-
guage documents based on computing with words. Herrera-Viedma et al. [15] proposed an information retrieval system
(IRS) based on fuzzy multi-granular linguistic information and a method to process the multi-granular linguistic information
in which aspects of different nature are assessed with different uncertainty degrees. Herrera-Viedma et al. [16] presented
different fuzzy linguistic multi-agent models for helping users in their information gathering processes on the Web. In this
paper we describe a new fuzzy linguistic multi-agent model that incorporates two information filtering techniques (a con-
tent-based filtering agent and a collaborative filtering agent) in its structure.

Accordingly, developing an effortless means to estimate the performance ratings while the processes of evaluation inte-
gration and appropriately to manipulate the operation of qualitative factors and expert judgment in the supplier evaluation
process could brook no delay. In this paper we propose a suitable model based on 2-tuple fuzzy linguistic information to
evaluate the supplier performance. The proposed approach not only inherits the existing characters of fuzzy linguistic
assessment but also overcomes the problems of information loss of other fuzzy linguistic approaches.

The remainder of this paper is organized as follows. Section 2 describes the measurement dimensions of supplier evalu-
ation. In Section 3 we introduce the basic definitions and notations of the fuzzy number, linguistic variable and 2-tuple fuzzy
linguistic representation and operation, respectively. A supplier performance evaluation method based on 2-tuple fuzzy lin-
guistic information is proposed in Section 4. The proposed model is then illustrated with an example for a high-technology
company in Taiwan. Section 5 concludes the paper.
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2. Dimensions of supplier evaluation

The purchasing activities of a company constitute a very important part in the overall operation of the company. The
quality and the delivery capabilities of any manufacturing firm depend heavily on the performance of its suppliers. It de-
serves to be mentioned that important sources of uncertainty inherent in a supply chain are customer demand and supplier
reliability. Consequently there is an emphasis on developing long-term mutually beneficial and cooperative relationships
with fewer but critical suppliers in today’s business environment. Many executives are hesitant to rely on untested suppliers
without first taking the time to build an effective relationship to ensure specific performance objectives. When suppliers are
unable to conform to the vendee’s expectations, the buyer manager must determine the most appropriate action to resolve
the issue. To maintain the working relationship, the manager must find a way to communicate the problem and motivate the
supplier to change its results. Otherwise, the working relationship should be decisively terminated [4,5].

As more and more firms are reducing their supply base and thereby increasing their reliance on a smaller number of sup-
pliers, performance measurement and management of the remaining core of suppliers is becoming increasingly important.
Firms apply operational competitive priority measures such as quality, delivery, price, service and flexibility, as well as inter-
nal measures such as defects, schedule realization and cost. Choi and Hartley [17] evaluated suppliers based on consistency,
reliability, relationship, flexibility, price, service, technological capability and finances, and also addressed 26 supplier selec-
tion criteria. Furthermore, Verma and Pullman [18] ranked the importance of the supplier attributes of quality, on-time
delivery, cost, leadtime and flexibility. Additionally, Vonderembse and Tracey [5] described that supplier and manufacturing
performance were determined by supplier selection criteria and supplier involvement. The proposed supplier selection cri-
teria could be evaluated by quality, availability, reliability and performance, while supplier involvement could be evaluated
by product R& D and improvement, and supplier performance could be evaluated by stoppage, delivery, damage and quality.

As such, manufacturing performance could be evaluated by cost, quality, inventory and delivery. Overall 45 criteria within
three main criteria clusters are summarized by Gencer and Gürpinar [1]. The clusters include business structure, manufac-
turing capability and quality system, respectively. Sarkis and Talluri [2] suggested that procurement function has been
attracting growing interest as a critical component of supply chain management, and multiple factors have been considered
in supplier selection and evaluation, including strategic, operational, tangible and intangible measures within planning hori-
zon, culture, technology, relationship, cost, quality, time and flexibility. Muralidharan et al. [3] illustrated attributes of qual-
ity, delivery, price, technique capability, finances, attitude, facility, flexibility and service which were used for supplier
evaluation, and the attributes of knowledge, skill, attitude and experience which were used for individual assessments.

Rather than simply evaluating a series of outcome measures, many companies appear to be adopting process-based supplier
evaluation methods, thus engaging more actively in understanding the supplier’s process capabilities and, through supplier
development programs, helping the supplier to improve. However, it is difficult and laborious to measure suppliers’ perfor-
mance using traditional crisp value directly as the process of supplier performance measurement is possessed of many intan-
gible or qualitative criteria and sub-criteria. Linguistic variable representation is therefore favorable for experts to express and
evaluate the ratings of suppliers under such situation. The fundamentals of 2-tuple fuzzy linguistic approach are to apply lin-
guistic variables to represent the difference of degree and to execute processes of computing with words easier and without
information loss during the integration procedure [12,16,19]. Namely, the decision-makers or experts can use linguistic vari-
ables to estimate measure items and obtain the final evaluation result with proper linguistic variable. It is an operative method
to reduce the decision time and mistakes of information translation and avoid information loss through computing with words.
3. Related fuzzy concepts

Today’s increasingly uncertain world yields a highly competitive environment for every business. The imprecise and va-
gue terms will exist, because most executives find it more practical and easier to evaluate performance in linguistic terms. To
deal with vagueness of human thought, Zadeh [20] first introduced the fuzzy set theory, which was oriented on the ratio-
nality of uncertainty due to imprecision or vagueness. Fuzzy sets theory is especially powerful when there is a need to take
into consideration the ideas and judgments of people because of complexity and lack of proper information. Fuzzy sets pro-
vide representation of the knowledge of decision-makers in a better and more natural way. A major contribution of fuzzy set
theory is its capability of representing vague knowledge. The theory also allows mathematical operators and programming
to apply to the fuzzy domain. Basic definitions and concepts of fuzzy sets are briefly reviewed as follows; and further, nota-
tions below will be used throughout the paper until otherwise stated.
3.1. Fuzzy number and linguistic variable

The use of fuzzy sets theory has given very good results for modeling qualitative information. It is a technique that han-
dles fuzziness and represents qualitative aspects as linguistic labels by means of ‘‘linguistic variables”, that is, variables
whose values are not numbers but words or sentences in a natural or artificial language [13]. Triangular fuzzy numbers ap-
pear as useful means of quantifying the uncertainty in decision making due to their intuitive appeal and computational-effi-
cient representation [10,21,22]. A positive triangular fuzzy number (PTFN) eA can be denoted as eA ¼ ða; b; cÞ, where a 6 b 6 c
and a > 0, illustrated in Fig. 1. The membership function, leAðxÞ, is defined as [23]
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leAðxÞ ¼
ðx� aÞ=ðb� aÞ; a 6 x 6 b;

ðx� cÞ=ðb� cÞ; b 6 x 6 c;

0; otherwise;

8><>: ð1Þ
where x takes its values on the real line. A larger leAðxÞ means a stronger degree of belongingness for x in X.
The fuzzy linguistic approach represents qualitative aspects as linguistic values by means of linguistic variables [15,20]. A

linguistic variable is a variable whose value is expressed in linguistic terms. For example, ‘‘important” is a linguistic term
whose values are ‘‘very low”, ‘‘low”, ‘‘medium”, ‘‘high”, ‘‘very high”, etc. Linguistic values can also be represented by fuzzy
numbers. It is suitable to represent the degree of subjective judgment in qualitative aspect than crisp value. The concept
of linguistic variable is very useful in dealing with situations which are too complex or too ill-defined to be reasonably de-
scribed in conventional quantitative expressions. Many aggregation operators have been presently developed to aggregate
information.

Usually, depending on the problem domain, an appropriate linguistic term set is chosen and used to describe the vague or
imprecise knowledge. The number of elements in the term set will determine the granularity of the uncertainty. According to
the uncertainty degree that an expert qualifying a phenomenon has on it, the linguistic term set chosen to provide his knowl-
edge will have more or less terms. When different experts have different uncertainty degrees on the phenomenon, then sev-
eral linguistic term sets with a different granularity of uncertainty are necessary.

3.2. 2-Tuple fuzzy linguistic term

In order to facilitate the computation and identify the diversity of each evaluation item, linguistic terms are often pos-
sessed of some characteristics like finite set, odd cardinality, semantic symmetric, ordinal level and compensative operation.
The linguistic information with a pair of values is called 2-tuple that composed by a linguistic term and a number [12,13].
The main advantage of this representation is to be continuous in its domain. Therefore, it can express any counting of infor-
mation in the universe of the discourse. It can be denoted by a symbol L = (s,a) where s represents the linguistic label of the
information, and a is a numerical value representing the symbolic translation. In other words, A 2-tuple linguistic variable
can be denoted as (si, ai) where si denotes the central value of the ith linguistic term. ai indicates the distance to the central
value of the ith linguistic term. For example, a set of five terms S could be given as follows:
S ¼ fs0 : VL; s1 : L; s2 : A; s3 : H; s4 : VHg:
It means that a linguistic term set S contains five linguistic terms, ‘‘Very Low”, ‘‘Low”, ‘‘Average”, ‘‘High”, and ‘‘Very High”,
which are denotes s0, s1, s2, s3, and s4, respectively. Each of the linguistic term is assigned one of five triangle fuzzy numbers
whose membership functions are shown as Fig. 2. A 2-tuple linguistic variable set probably comprises three, five, seven or
more terms. However, the more the set contains terms, the more arduous the experts implement. In general, a five-term set
has practical applications.

3.3. Conversion between 2-tuples and numeric values

After aggregating the result of evaluation using the linguistic variable set S a numeric value b whose value belongs to
interval [0,1] will be obtained. Then the symbolic translation process is applied to translate b into a 2-tuple linguistic var-
iable. The generalized translation function (D) can be represented as [24]
D : ½0;1� ! S� � 1
2g

;
1

2g

� �

DðbÞ ¼ ðsi;aÞ with
si; i ¼ roundðb � gÞ
a ¼ b� i

g ; a 2 � 1
2g ;

1
2g

h �
;

(
ð2Þ
1 

a b c0 X

( )x
A
~µ

Fig. 1. Illustration of a triangular fuzzy number eA.
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Fig. 2. Linguistic term set of five labels with its semantics.
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where b 2 [0,1]. A value b is translated into the closest linguistic term si in S with a value a through the symbolic translation.
The 2-tuple fuzzy linguistic approach applies the concept of symbolic translation to represent the linguistic variable using
2-tuples (si,a), si 2 S. The interval of value ais derived from the number of linguistic terms. For example, if S contains five
linguistic terms then g = 5 and a 2 [�0.1,0.1).

On the contrary, the 2-tuple can be converted into an equivalent numeric value b(b 2 [0,1]) by the following
formula:
D�1ðsi;aÞ ¼
i
g
þ a ¼ b: ð3Þ
D and D�1 transform numerical values into a 2-tuples and vice versa without loss of information, therefore, any numerical
aggregation operator can be easily extended for dealing with linguistic 2-tuples.

3.4. Operation of 2-tuples

Suppose L1 = (s1,a1) and L2 = (s2,a2) stand for two 2-tuples. The primary algebraic operations are shown as follows:
L1 � L2 ¼ ðs1;a1Þ � ðs2;a2Þ ¼ ðs1 þ s2;a1 þ a2Þ;
L1 � L2 ¼ ðs1;a1Þ � ðs2;a2Þ ¼ ðs1s2;a1a2Þ;
where � and � stand for the addition and multiplication operations of parameters, respectively.

3.4.1. Arithmetic mean
Symbolic translation functions, D and D�1, are applied in the process of information aggregation to guarantee the aggre-

gation of 2-tuples linguistic variables can be a 2-tuple and without any information loss. Let S = {(s1, a1), . . . , (sn, an)} be a 2-
tuple linguistic variable set, their arithmetic mean S can be calculated as
S ¼ D
1
n

Xn

i¼1

D�1ðsi;aiÞ
" #

¼ D
1
n

Xn

i¼1

bi

 !
¼ ðsm;amÞ: ð4Þ
3.4.2. Weighted average
When S = {(s1, a1), . . . , (sn, an)} is a 2-tuple linguistic variable set, and W = {w1, . . . ,wn} is the weight set of linguistic terms.

Hence, the 2-tuple linguistic weighted average Sw can be computed as
Sw ¼ D

Pn
i¼1D

�1ðsi;aiÞ �wiPn
i¼1wi

 !
¼ D

Pn
i¼1bi �wiPn

i¼1wi

� �
¼ sw;awð Þ: ð5Þ
Furthermore, let W = {(w1, aw1), . . . , (wn, awn} be the linguistic weight set of linguistic terms. Such linguistic weighted aver-
age operator is extended from weighted average operator and can be computed as
Sw ¼ D

Pn
i¼1D

�1bi � bwiPn
i¼1bwi

 !
¼ ðsw;awÞ with bi ¼ D�1ðsi;aiÞ and bw

i ¼ D�1ðsi;aiÞ: ð6Þ
3.4.3. Comparison of linguistic information
According to an ordinary lexicographic order we may implement the comparison of linguistic information represented by

2-tuples. Let (si, ai) and (sj, aj) be two 2-tuples, with each one representing a counting of information as follows [16]:
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1. if i > j then (si, ai) is better than (sj, aj);
2. if i = j and ai > aj then (si, ai) is better than (sj, aj);
3. if i = j and ai < aj then (si, ai) is worse than (sj, aj);
4. if i = j and ai = aj then (si, ai) is equal to (sj, aj), i.e. the same information.
4. The proposed approach in supplier evaluation

A 2-tuple-based evaluation model in accordance with concepts of fuzzy linguistic computing approach is proposed in this
paper to measure the performance level of the supplier for a practical company. Assume that there are n criteria
Ci(i = 1,2, . . . ,n) and each criterion contains several sub-criteria in an evaluation framework of the supplier performance.
The algorithm procedure for the proposed evaluation approach is organized sequentially into six steps, displayed in Fig. 3
and explained as follows:
Step 1. 
Construct a multiple experts committee and related 

evaluation criteria into positive criteria and negative criteria

Step 3. 
Aggregate the fuzzy linguistic assessments of the N  experts  

for each criterion

Step 4. 
Calculate the fuzzy aggregated rating for 

each criterion 

Step 2. 
Select the linguistic term set for the weights of 

criteria and the ratings of performance

Step 5.  
Compute the overall performance level of 

the supplier 

Step 6.  
Conclude from the results to develop and 

manage the strategic partnership 

Fig. 3. Procedure of algorithm on proposing approach.
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Fig. 4. Linguistic term set of three labels with its semantics.
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Table 1
Selective category of linguistic terms for experts.

Type Number of linguistic Linguistic variable Illustration

A 3 Low s3
0

� �
, Average s3

1

� �
, High s3

2

� �
Shown in Fig. 4

B 5 Very low s5
0

� �
, Low s5

1

� �
, Average s5

2

� �
, High s5

3

� �
, Very high s5

4

� �
Shown in Fig. 2

C 9 Extremely low s9
0

� �
, Very low s9

1

� �
, Low s9

2

� �
, Fair s9

3

� �
, Average s9

4

� �
, High s9

5

� �
,

Very high s9
6

� �
,

Extremely high s9
7

� �
, Excellent s9

8

� �
Shown in Fig. 5
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Step 1. Form a committee of decision-makers who are concerned and familiar with marketing, selling and the relationship
of supply and demand. Identify and divide the evaluation criteria into positive criteria (the higher the rating, the
greater the preference) and negative criteria (the lower the rating, the greater the preference).

Step 2. Selectable categories of linguistic terms in Table 1 for experts are prepared when they apply the linguistic impor-
tance variables to express the weight of each criterion and employ the linguistic rating variables to evaluate the per-
formance of sub-criteria with respect to each criterion.

Step 3. Aggregate the fuzzy linguistic assessments of the N experts for each criterion as follows:
Sij ¼ D
1
N

XN

n¼1

D�1ðsijn;aijnÞ
 !

¼ D
1
N

XN

N¼1

bijn

 !
¼ sij;aij
� �

; ð7Þ

Wij ¼ D
1
N

XN

n¼1

D�1 sw
ijn;a

w
ijn

� � !
¼ D

1
N

XN

n¼1

bw
ijn

 !
¼ sw

ij ;a
w
ij

� �
; ð8Þ

Wi ¼ D
1
N

XN

n¼1

D�1 sw
in;a

w
in

� � !
¼ D

1
N

XN

n¼1

bw
in

 !
¼ sw

i ;a
w
i

� �
; ð9Þ

where, sijn is the fuzzy rating of sub-criteria j with respect to Ci of the nth expert, sw
ijn is the fuzzy importance of sub-

criteria j with respect to Ci of the nth expert;

Step 4. Compute the fuzzy aggregated rating of CiðSiÞ through Eq. (6);
Sw
i ¼ D

Pli
j¼1D

�1bij � bw
ijPli

j¼1b
w
ij

 !
¼ sw

i ;a
w
i

� �
with bij ¼ D�1ðrij;aijÞ and bw

ij ¼ D�1 wij;aw
ij

� �
: ð10Þ
Step 5. Compute the overall performance level (OPL) of the supplier, the linguistic term sT, can be applied to represent the
control and management performance level of suppliers as well as being the improvement index directly.
OPL ¼ D

Pn
i¼1bi � bwiPn

i¼1bwi

 !
¼ ðsT;aTÞ with bi ¼ D�1ðri;aiÞ and bwi

¼ D�1ðwi;awi
Þ: ð11Þ
Step 6. Conclude from the results to develop and manage the strategic partnership through supplier development
programs.
5. Application of proposed method

A real high-tech electronic manufacturer in the Neihu District of Taipei, Taiwan has been in operation for twelve years,
employs approximately 100 employees, as well as its annual sales are approximately $7 million. It is a fabulous IC compo-
nents company with high-caliber professionals specialized in designing, manufacturing, and supplies leading edge, high



W.-P. Wang / Applied Mathematical Modelling 34 (2010) 3130–3141 3137
performance memory products and memory-intensive logic products to numerous high growth and performance-demand-
ing markets. The major product categories are computing (PCs, disk drives, printers, graphics, multimedia, etc.), communi-
cations (telecommunications, data communications, cellular phones, switches hubs network interface, modems, etc.) and
consumers (VCD, DVD, Set Top Box, Digital Camera, Video games, etc.), respectively.

The manufacturer is subject to the globalization competition where the demands of frequent innovation and higher qual-
ity lead to competitive leverages for the new product development. They must be extremely responsive to meet the changing
requirements of customers. Consequently, developing the strategic relationships with innovative suppliers is a vital objec-
tive in supply management. Executives believe that the objective can be achieved by the assistance of an effective supplier
evaluation mechanism. The proposed approach can help the firm to effectively deal with the troublesome problem. In gen-
eral, the following questions are expected to be answered:

� Which suppliers should be selected as strategic partners? (It means perfect suppliers).
� Which suppliers must be supported via supplier development programs? (It means promising suppliers).
� Which suppliers to consider for competitive partnerships for some products? (It means moderate suppliers).
� Which suppliers no longer should be considered for the partnership in any level? (It means bad suppliers).

A central tenet of the supplier evaluation literature is that certain task-related performance attributes will be more
important than others. Based on the profound discussions with executives and experts the main concerns for measuring
the suppliers’ performance can be concluded as follows:

C 1: Supplier’s product quality
Companies in today’s highly competitive marketplace are responsible to deliver goods with a salient advantage in order to

drive consumer acceptance. Since the performance and functionality of the input secured from a vendor can impact the per-
ception that the downstream customer possesses about the business customer’s goods, a supplier’s product quality should
have great bearing on the business customer’s perception regarding the vendor’s operational performance. The derived sub-
criteria are as follows:

C11: Product performance (reliability and accuracy).
C12: Level of technology.

C 2: Supplier’s delivery/order fulfillment capability
Delivery, which refers to both the supplier’s logistical capabilities as well as the critical activities and processes that it

performs from the time that the input is (re) ordered until it arrives at the business customer’s facility (i.e., order fulfillment),
can also influence a business customer’s costs, velocity to market, and/or how its value proposition is perceived by the end
user [8]. Inaccurate, missed, and/or delayed deliveries can disrupt a business customer’s operational efficiency. Furthermore,
the supplier’s order fulfillment capability can also affect costs and velocity to the market. Companies based on velocity to
market have tangibly demonstrated the benefits that can strengthen from attending better to their supplier’s order fulfill-
ment capability. The obtained sub-criteria are as follows:

C21: Condition of products on arrival.
C22: On-time delivery performance.
C23: Accuracy in filling orders.
C24: Order cycle time.
C25: Ability to fill emergency orders.
C26: Accuracy in billing and credit.
C 3: Price/cost reduction performance
In fact, this criterion has declined in its relative importance and is demonstrated no longer the critical factor driving pur-

chasing activities as it found that only one fourth of all firms include price as part of their suppliers evaluation systems. How-
ever, price may be the most important criterion in industries in which the inputs secured are primarily commodities (e.g., the
paint industry). After cautious deliberation with the on-the-spot staff, this criterion is still included in our measurement
mechanism for its inherent property in organizational buying decisions. The derived sub-criteria are as follows:

C31: Price of products and services.
C32: Financial strength.
C33: Cost harness capability.
C 4: Supplier’s postsales service
The criterion service is actually concluded as possessing the least influence with regard to the other criteria. We expect as

the proposed approach omni-bearing focuses on assessing the evaluation criteria to be used by firms. Any postsales assis-
tance required is to be considered an undesirable result of deviations from previously agreed upon tolerances. The obtained
sub-criteria are as follows:
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C41: Postsales assistance and support.
C42: Ability and willingness to assist with the design process.
C43: Ease of communication.

After preliminary sifting the related information carefully and the above-mentioned literature on supplier evaluation, an
expert committee of four decision-makers, D1, D2, D3 and D4 (an assistant manager of customer service and three senior man-
agers from manufacturing group, advanced technology center and global sales group) has been formed to conduct the eval-
uation of suppliers performance for the company. At the outset, they make their individual opinion in accordance with own
knowledge, expertise, as well as experience to infer the overall performance level of suppliers for the case company. There
are five levels (perfect, promising, moderate, unlikely and imperfect) to differentiate the supplier’s overall performance. The
inferences are ‘‘Promising”, ‘‘Perfect”, ‘‘Moderate” and ‘‘Promising”, respectively, namely (s3,0), (s4,0), (s2,0) and (s3,0) by
using the linguistic variables. In addition, four types of concerned criteria and their corresponding sub-criteria drew forth
advanced measurement, and are shown in Fig. 6.

According to the above-mentioned procedure, the proposed method is currently applied to evaluate the supplier perfor-
mance of the specific company and the computational procedure is summarized as follows:

Step 1. Four decision-makers from specialized sections organize the evaluation committee and subsequently conclude the
required evaluation criteria.

Step 2. Every decision-maker chooses one kind of linguistic variables from the selectable categories (Table 1), say, a five-
term linguistic variable, to determine the importance of each criterion and the performance of each sub-criterion
with respect to each criterion. Afterward the rating outcome is shown in Tables 2 and 3.

Step 3. The 2-tuple fuzzy linguistic aggregation method is employed to compute fuzzy evaluation and weighting value of
each sub-criterion by Eqs. (7) and (8). For example, fuzzy rating and weighting value of sub-criteria ‘‘Product per-
formance (reliability and accuracy)” with respect to criterion ‘‘Product quality” are computed as
S11 ¼ D
1
4

D�1ðs3;0Þ þ D�1ðs4;0Þ þ D�1ðs2; 0Þ þ D�1ðs4; 0Þ
� �� 	

¼ D
1
4
ð0:75þ 1þ 0:5þ 1ÞÞ

� 	
¼ Dð0:8125Þ ¼ ðs3;0:0625Þ;

W11 ¼ D
1
4

D�1ðs2;0Þ þ D�1ðs4;0Þ þ D�1ðs2;0Þ þ D�1ðs2; 0Þ
� �� 	

¼ D
1
4

0:5þ 1þ 0:5þ 0:5Þð Þ
� 	

¼ Dð0:625Þ ¼ ðs2;0:125Þ:

And then the computational results are shown in Table 4.

Step 4. The aggregated weighting value of each criterion by Eq. (9) can be calculated as follows, ‘‘Delivery/order fulfillment

capability” for example.
W1 ¼ D
1
4

D�1ðs3;0Þ þ D�1ðs4;0Þ þ D�1ðs4; 0Þ þ D�1ðs4;0Þ
� �� 	

¼ D
1
4

0:75þ 1þ 1þ 1Þð Þ
� 	

¼ Dð0:9375Þ ¼ ðs4;�0:0625Þ:

By Eq. (10) the weighted rating can be calculated as, ‘‘Postsales service” for example.

Sw
4 ¼ D

D�1ðs3;0:125Þ � D�1ðs3; 0Þ þ D�1ðs3; 0Þ � D�1ðs3;�0:0625Þ þ D�1ðs3;0:125Þ � D�1ðs3;�0:0625Þ
D�1ðs3;0Þ þ D�1ðs3;�0:0625Þ þ D�1ðs3;�0:0625Þ

" #

¼ D
0:875 � 0:75þ 0:75 � 0:6875þ 0:875 � 0:6875

0:75þ 0:6875þ 0:6875

� 	
¼ Dð0:83456Þ ¼ ðs3; 0:08456Þ:

And then foregoing outcomes are shown on the right-hand side of Table 4.

Step 5. According to values of the weighted rating and aggregated weighting of each criterion the overall performance level

(OPL) of suppliers by Eq. (11) can be computed as follows:
OPL¼D
D�1ðs4;�0:0625Þ�D�1ðs3 ;0:0625ÞþD�1ðs4;�0:0625Þ�D�1ðs3;0:0221ÞþD�1ðs4;�0:125Þ�D�1ðs3;0:079ÞþD�1ðs3;0:125Þ�D�1ðs3;0:0846Þ
� �

½D�1ðs4;�0:0625ÞþD�1ðs4;�0:0625ÞþD�1ðs4;�0:125ÞþD�1ðs3;0:125Þ�

¼D
0:8125�0:9375þ0:7722�0:9375þ0:829�0:875þ0:8346�0:875

0:9375þ0:9375þ0:875þ0:875

� �
¼Dð0:8114Þ¼ ðs3;0:0614Þ:
Compared with linguistic term set S, the obtained overall performance level (OPL) of suppliers is 2-tuple fuzzy linguistic
information. If i = j and ai > aj then (si,ai) is better than (sj,aj). The transformed value (s3,0.0614) represents slightly better
than ‘‘Promising”, (s3,0). Analyzing the results, such outcome intuitively makes sense that the final evaluation by the pro-
posed approach is consistent with the overall performance measurement by four experts. Furthermore, according to the fore-
going four questions that are expected to be answered, the initial inferences estimated by four experts, ‘‘Promising”,
”Perfect”, ‘‘Moderate” and ‘‘Promising”, can be perceived through the computation of their opinions. The mean estimation
of experts by Eq. (4) is computed as
OPL ¼ D½1=4ðD�1ðS3;0Þ þ D�1ðS4;0Þ þ D�1ðS2;0Þ þ D�1ðS3;0ÞÞ� ¼ D½1=4ð0:75þ 1þ 0:5þ 0:75Þ� ¼ Dð0:75Þ ¼ ðS3;0Þ:
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Fig. 6. Hierarchical structure of decision problem for the case company.

Table 2
Linguistic evaluations of each decision maker for each sub-criteria.

Criteria Decision-makers

D1 D2 D3 D4

Product quality (PQ)
C11: Product performance (reliability, and accuracy) H VH A VH
C12: Level of technology VH A VH H

Delivery/order fulfillment capability (DOFC)
C21: Condition of products on arrival VH A VH A
C22: On-time delivery performance VH H A H
C23: Accuracy in filling orders A H VH H
C24: Order cycle time H VH VH A
C25: Ability to fill emergency orders VH H A VH
C26: Accuracy in billing and credit A A VH VH

Price/cost reduction performance (PCRP)
C31: Price of products and services VH VH A VH
C32: Financial strength VH A VH H
C33: Cost harness capability A H VH VH

Postsales service (PS)
C41: Postsales assistance and support VH H H VH
C42: Ability and willingness to assist with the design process A VH A VH
C43: Ease of communication H VH VH H
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Analyzing 0.8114 and 0.75 of the b values, this slight difference emerged between expert opinions and the proposed
method. The experts in the beginning roughed in the performance of suppliers by using the linguistic variables, ((s3,0),
(s4,0), (s2,0) and (s3,0)) regarding the difference. Only if they described their own opinion with linguistic variables in depth,
it takes much stock in the aggregated results will be approximated to the proposed approach. For example, their description
may be between ‘‘Promising” and ‘‘Perfect” ((s3,0.125)), or much better than ‘‘Moderate” ((s3,�0.05)), and so on. Thus, the
proposed approach shows the exceptional competence to deal with the interaction among criteria and their related sub-cri-
teria, and to effectively obtain the appropriate overall performance evaluation level of suppliers which is consistent with the
measurement by experts.

It can be seen that the evaluated supplier is superior on both criteria, ‘‘Price/Cost reduction performance” and ‘‘Postsales
service” ((s3,0.079) and (s3,0.0846)). However, it is slightly weak in the ‘‘Delivery/order fulfillment capability” ((s3,0.0222)).



Table 3
Linguistic evaluations of importance of each criterion and corresponding sub-criteria.

Criteria Decision-makers

D1 D2 D3 D4

Product quality (PQ) VI VI VI I
C11: Product performance (reliability, and accuracy) A VI A A
C12: Level of technology I I A A

Delivery/order fulfillment capability (DOFC) I VI VI VI
C21: Condition of products on arrival I A VI VI
C22: On-time delivery performance A I A I
C23: Accuracy in filling orders VI VI VI I
C24: Order cycle time I VI I A
C25: Ability to fill emergency orders VI VI VI VI
C26: Accuracy in billing and credit I VI I I

Price/cost reduction performance (PCRP) VI I I VI
C31: Price of products and services A I A A
C32: Financial strength VI A VI I
C33: Cost harness capability A I I VI

Postsales service (PS) I VI VI I
C41: Postsales assistance and support I I I I
C42: Ability and willingness to assist with the design process A VI A I
C43: Ease of communication I A VI A

Table 4
Aggregation results.

Criteria Mean rating Mean weighting Weighted rating Aggregated weighting

Product quality (PQ)
C11: Product performance (reliability, and accuracy) (S3, 0.0625) (S2, 0.125) (S3, 0.0625) (S4, �0.0625)
C12: Level of technology (S3, 0.0625) (S2, 0.125)

Delivery/order fulfillment capability (DOFC)
C21: Condition of products on arrival (S3, 0) (S3, 0.0625) (S3, 0.0222) (S4, �0.0625)
C22: On-time delivery performance (S3, 0) (S2, 0.125)
C23: Accuracy in filling orders (S3, 0) (S4, �0.0625)
C24: Order cycle time (S3, 0.0625) (S3, 0)
C25: Ability to fill emergency orders (S3, 0.0625) (S4, 0)
C26: Accuracy in billing and credit (S3, 0) (S3, 0.0625)

Price/cost reduction performance (PCRP)
C31: Price of products and services (S3, 0.125) (S2, 0.0625) (S3, 0.079) (S4, �0.125)
C32: Financial strength (S3, 0.0625) (S3, 0.0625)
C33: Cost harness capability (S3, 0.0625) (S3, 0)

Postsales service (PS)
C41: Postsales assistance and support (S3, 0.125) (S3, 0) (S3, 0.0846) (S4, �0.125)
C42: Ability and willingness to assist with the design process (S3, 0) (S3, �0.0625)
C43: Ease of communication (S3, 0.125) (S3, �0.0625)

Overall performance level (OPL) (S3, 0.0614)
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Furthermore, the main shortcoming of this supplier is ‘‘Condition of products on arrival”, ‘‘On-time delivery performance”,
‘‘Accuracy in filling orders”, ‘‘Accuracy in billing and credit” and ‘‘Ability and willingness to assist with the design process”.
Consequently, this supplier must identify ways to improve the performance on these criteria. Manufacturer must assist this
supplier by implementing supplier development programs on ‘‘Delivery/order fulfillment capability” and ‘‘Postsales service”
simultaneously. On the other hand, the supplier should initiate its own training and development programs designed to im-
prove performance on weak criteria.
6. Conclusions

Enterprises count on suppliers for a plethora of inputs. Suchlike suppliers can result in a tremendous impact on the firm’s
bottom line as significant resources are typically devoted to organizational procurement. Moreover, these suppliers can
influence the perceptions that downstream consumers hold about the organization’s products as well as the velocity with
which products reach the market. Thus, it has become widely accepted that world-class procurement practices can provide
a basis for securing a competitive advantage. With all the strategy concern, evaluating strategic suppliers should be an
applicable mechanism for companies to collaborate for gaining the core vantage and guide the company in the face of the
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challenge in the future; likewise, it would advantage managers to effectively carry on and enhance current supplier’s capa-
bilities in the light of diverse performance level of criteria and related facets. Up to date, the criteria for assessing supplier
performance in the supplier selection process have been widened. The main aim of this paper is to present a new method-
ology for evaluating and managing suppliers for the strategic partnership. The proposed 2-tuple fuzzy linguistic computing
approach is capable of dealing with heterogeneous information and preventing information loss problems. In an attempt to
harness the predicament, the proposed approach ministers to the managers in comprehending the performance of suppliers.
As such, it takes advantage of 2-tuple fuzzy representation of linguistic variables to express the qualitative evaluation of
measured criteria of experts’ subjective opinions. Furthermore, 2-tuple fuzzy operation method effectively assists in dealing
with the aggregation of rating and weighting among criteria. Particularly the proposed method provides companies with a
flexible manner to experience the present situation of suppliers and to deal with the performance evaluation of suppliers in
practical business environments.
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