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Design concept evaluation at the early stage of product design has been widely recognized as one of the
most critical phases in new product development as it determines the direction of the downstream
design activities. However, the information at this stage is mainly subjective and imprecise which only
depends on experts’ judgments. How to handle the vagueness and subjectivity in design concept evalu-
ation becomes a critical issue. This paper presents a systematic evaluation method by integrating rough
number based analytic hierarchy process (AHP) and rough number based compromise ranking method
(also known as VIKOR) to evaluate design concepts under subjective environment. In this study, rough
number is introduced to aggregate individual judgments and preferences and deal with the vagueness
in decision-making. A novel AHP based on rough number is presented to determine the weight of each
evaluation criterion. Then an improved rough number based VIKOR is proposed to evaluate the design
concept alternatives. Sensitivity analysis is conducted to measure the impact of the decision makers’ risk
to the final evaluation results. Finally, a practical example is put forward to validate the performance of
the proposed method. The result shows that the proposed decision-making method can effectively
enhance the objectivity in design concept evaluation under subjective environment.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

New product development (NPD) has been considered as one of
the corporate key functions and a critical factor to maintain com-
petitiveness in a fast-growing global market under highly compet-
itive environment [19,23]. The rapid advances in technology, fast
changing customer needs, combined with increasing market com-
petition force the companies to develop new product with shorter
time, lower cost and higher quality [34]. However, it is a process
involving uncertainty and risk. To resolve the stochastic problem
and ensure the success of the product development, people should
take into account these factors and constraints as early as possible
and make accurate decisions. A bad selection of final design con-
cept for a particular product may not only increase the develop-
ment cost, but also cause additional modification or even
endanger the success of the overall NPD. It is reported that up to
70–80% of the whole product development cost is determined at
early design stage [29]. In addition, the deficiencies at this stage
can hardly be compensated in the subsequent design process.
Due to its important role on the consequent design activities, the
final design concept evaluation in the early product development
is perhaps the most crucial stage among NPD.

Generally, design concept evaluation is a complex multi-criteria
decision-making (MCDM) problem which concerns many factors
ranging from customer needs to constraints and resources of the
enterprise [47,14]. At the same time, it is also a group
decision-making; many experts are invited to implement the final
performance evaluation. The data and information in the decision-
making process are usually subjective and imprecise, which can
only rely on experts’ subjective judgments. It ranges from individ-
ual judgments to methods that aggregate and rank these alterna-
tives [38]. How to effectively and objectively aggregate individual
judgments to evaluate the design concepts under such subjective
environment at the early stage of NPD becomes a critical issue
and a hot topic among researchers.

This paper aims to propose a systematic approach to manipu-
late the vagueness and subjectivity to enhance the objectivity in
design concept evaluation by combining with rough number, ana-
lytic hierarchy process (AHP) and compromise ranking method
(also known as VIKOR). Rough number is introduced to aggregate
individual judgments and priorities and handle the vagueness in
decision-making process. Then a rough number based AHP (rough
AHP) is developed to calculate criteria weights and a rough number
format.
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based VIKOR (rough VIKOR) is presented to evaluate design con-
cept alternatives.

The remainder of this paper is organized as follows. Section 2
outlines the brief review and background. The rough number based
approach is proposed in Section 3. Section 4 presents a case study.
Section 5 draws the conclusion.
2. Brief review and background

2.1. Design concept evaluation

Due to its important and fundamental role in NPD, design con-
cept evaluation is an attractive topic among researchers in deci-
sion-making. Various decision-making methods have conducted
to select the best alternatives among design concepts. Calantone
et al. [9] discussed the usefulness of the AHP in knowledge acqui-
sition and management, and used it as a decision support tool to
assist managers in new product ideas screening. To address the
variety of interactions and dependencies in conceptual design
alternative evaluation, Ayağ and Özdemir [5] presented an analytic
network process (ANP) based methodology to select the best con-
cept to satisfy the expectations of both company and customers.
Meanwhile, many integrated methods were developed. Ayağ [4]
integrated AHP and simulation analysis in design concept selection
in a NPD environment. AHP was adopted to evaluate concept
design alternatives while simulation analysis was used to carry
out further economic analysis, and finally the best design concept
alternatives were determined by a final benefit/cost analysis. Lin
et al. [27] proposed an integrated AHP and TOPSIS (Technique for
Order Preference by Similarity to Ideal Solution) to assist the pro-
cess of customer-driven product design. AHP was applied to deter-
mine the weights of customer needs and design characteristics
while TOPSIS was adopted to execute competitive benchmarking
in design alternative evaluation. Takai and Ishii [40] integrated tar-
get costing and perception-based concept evaluation approach for
complex and large-scale systems. The method decomposed the
QFD (Quality Function Deployment) matrices simultaneously for
structure and their requirements, and evaluated concepts with
regard to target requirements and cost. Besharati et al. [8] pre-
sented a generalized purchase model that accounts for market
demand, designers’ preferences and uncertainty associated with
design attribute levels. Based on the customer-based utility metric,
a decision support system was developed for product design
selection.

However, most of the information in design concept evaluation
comes from experts’ subjective judgments, which are imprecise,
vague or even inconsistent. The simple crisp pair-wise comparison
with conventional decision-making approach is unable to capture
the true perception of the decision maker effectively and precisely.
In order to manipulate the vagueness and uncertainty in decision-
making, some researchers introduced fuzzy logic into decision-
making algorithm and developed various fuzzy sets based
decision-making methods. Ayağ [3] integrated fuzzy AHP and sim-
ulation technique to assist concept selection. A fuzzy AHP was
employed to reduce candidate concepts while simulation analysis
was introduced to evaluate the rest ones. Finally, a further prefer-
ence ratio analysis was conducted to determine the final design
alternative. To compensate the deficiency of conventional AHP in
addressing the variety of interactions and dependencies in deci-
sion-making, Ayağ and Özdemir [6] extended the pair-wise com-
parison in ANP with fuzzy sets and presented a fuzzy ANP model
to evaluate conceptual design alternatives. Vanegas and Labib
[42] suggested a novel approach to handle fuzzy sets and calculate
desirability levels through a new fuzzy-weighted average in engi-
neering design evaluation. Vanegas and Labib [43] presented a
Please cite this article in press as: G.-N. Zhu et al., An integrated AHP and VIKOR
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survey of several fuzzy methods in engineering design evaluation.
They posed two metrics for determining performance levels and
suggested a new fuzzy goal and a novel method of measuring
design candidates by computing an aggregate fuzzy set. Wang
[44] developed an improved design concept evaluation model by
combining with fuzzy sets and Pugh’s concept selection approach,
which can not only evaluate the candidate concepts but also aid
designers for further promoting the concepts under evaluation.
Kahraman et al. [23] proposed an integrated method with two
phases to promote the quality of new product alternatives selec-
tion by combining with fuzzy sets, TOPSIS and heuristic multi-
attribute utility approach. Malekly et al. [28] stated an integrated
optimization-based approach for conceptual bridge design evalua-
tion by combining QFD and TOPSIS under fuzzy environment. To
strengthen the effectiveness of design alternative evaluation in
complex product development, Zhang and Chu [50] attempted to
integrate QFD, group decision-making and fuzzy sets, and devel-
oped a new model.

The intention of the fuzzy valued evaluation technique is to
transform crisp numbers into fuzzy ones with the aid of member-
ship function to deal with the vagueness in decision-making.
However, the selection of membership function in fuzzy sets is
mainly depending on subjective judgment. In addition, the
boundary of fuzzy set is difficult to determine accurately.

Consider the deficiency of fuzzy sets in dealing with the vague-
ness in decision-making, some researchers introduced interval
arithmetic and developed many hybrid methods. To optimize the
decision-making process of NPD assessment under complex
multi-attribute environment, Chin et al. [12] developed a novel
evidential reasoning interval based method, which can effectively
address uncertain and incomplete data, and information in various
types. Guo et al. [16] further enhanced the evidential reasoning
under both fuzzy and interval environment. Akay et al. [2]
extended fuzzy information axiom with interval type-2 fuzzy sets
and developed a novel concept selection approach known as inter-
val-type-2 fuzzy information axiom. Sayadi et al. [37] integrated
VIKOR with interval numbers for decision-making while Vahdani
et al. [41] further introduced interval-valued fuzzy sets in VIKOR.
Furthermore, Kuo and Liang [24] presented a new integrated inter-
val-valued fuzzy sets and VIKOR. Park et al. [32] extended VIKOR
with interval-valued intuitionistic fuzzy information for group
decision-making. Chen and Tsao [11] combined with interval-val-
ued fuzzy sets and TOPSIS while Park et al. [33] further extended
TOPSIS with interval-valued intuitionistic fuzzy sets.

Likewise, the basic idea of interval based decision-making algo-
rithm is to use interval number to represent decision information,
many approaches may also integrate with fuzzy sets. However, the
interval boundary is also difficult to determine and involving
subjectivity.

Furthermore, as a famous method in dealing with uncertain
information system, rough set and its variant models are also
applied in decision-making. Xie et al. [45] combined with variable
precision rough set and AHP for group decision-making. The inte-
grated model was mainly used to calculate the weights of attri-
butes. Guo and Zhang [15] integrated VIKOR and rough set
theory in supplier selection. Rough set was employed to calculate
relative importance and VIKOR was adopted to rank candidate sup-
pliers. Aydogan [7] presented a hybrid rough-AHP and TOPSIS
methods for Turkish aviation firms’ performance measurement
under fuzzy environment. Rough set was adopted to reduce evalu-
ation bias in pair-wise comparison process of AHP in criteria
weighting. Li et al. [26] proposed an integrated model by combin-
ing with Kano’s model, rough set and AHP to rank customer
requirements’ importance. Rough set was used to identify cus-
tomer requirements and simplify the decision system. Besides,
rough set was also used in the rule mining in decision-making.
for design concept evaluation based on rough number, Adv. Eng. Informat.
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Chang and Hung [10] and Zou et al. [51] introduced rough set in
supplier selection by using them in rule mining. Li et al. [25] posed
a grey-based rough decision-making method. Rough set was
adopted in the knowledge discovery and data mining. In a word,
the rough set in rough set based methods was mainly used in
criteria weighting or rules mining to eliminate bias. The entire
decision-making process was separated and only part of them
was taken into consideration. Therefore, much vagueness in the
whole process was ignored.

In addition, many other methods were introduced in decision-
making and many new models were developed. Akay and Kulak
[1] integrated information axiom, fuzzy sets and grey theory, and
developed a grey-fuzzy information axiom to evaluate product
concepts. Zhai et al. [47] combined with rough set and grey rela-
tion analysis and developed a rough-grey analysis model to opti-
mize the design concept evaluation. Geng et al. [14] proposed a
novel design concept evaluation method by integrating vague sets
with TOPSIS. Huang et al. [17] presented a computational intelli-
gence method to assist conceptual design. Fuzzy neural network
was employed to implement concept evaluation. Moreover, several
design selection methods were put forth by Huang et al. [18] to
execute conceptual design evaluation under different conditions
based on computational intelligence methods, such as physical
programming, genetic algorithm, neural network and fuzzy logic.
Song et al. [39] developed a novel rough group AHP and rough
group TOPSIS to evaluate design concept under subjective environ-
ment. Jenab et al. [21] posed a multi-layer graph model to conduct
conflict resolution among experts’ opinions and developed a fuzzy
graph-based model to evaluate design concepts.

In summary, the traditional fuzzy and interval based
approaches cannot tackle the subjectivity in decision-making
effectively. Most of the methods need to introduce much auxiliary
information, such as predetermination of the membership function
and the interval boundary, which are subjective as well. The rough
set based algorithm can only address part of them, such as criteria
weighting. Much of them were ignored. To resolve the dilemma,
rough number is introduced to manipulate the subjectivity and
vagueness in decision-making. It only relies on the data only, with-
out any auxiliary numbers. Thus it can avoid the subjectivity at the
most extent and measure the vagueness in various group decision-
making areas. Not only can it be used in the determination of cri-
teria weights, but also can it be adopted in the alternative ranking.

2.2. Rough number

Due to the subjectivity and group characteristics of the design
concept evaluation, how to aggregate individual judgments and
priorities from group experts and manage the subjectivity among
them become urgent tasks. In this paper, rough number is intro-
duced to handle these problems. Inspired by rough set theory,
rough number is first proposed by Zhai et al. [46] with the purpose
of handling subjective judgments of customers and determining
the boundary intervals. A rough number usually contains lower
limit, upper limit and the rough boundary interval, which only
depends on the original data. Thus it does not require any auxiliary
information and can better capture the experts’ real perception and
improve the objectivity of the decision-making.

Suppose U is the universe which contains all the objects, Y is an
arbitrary object of U;R is a set of t classes (G1;G2; . . . ;Gt) that cover
all the objects in U;R ¼ fG1;G2; . . . ;Gtg. If these classes are ordered
as G1 < G2 < � � � < Gt , then 8Y 2 U;Gq 2 R; 1 6 q 6 t, the lower

approximation (AprðGqÞ), upper approximation (AprðGqÞ) and
boundary region (BndðGqÞ) of class Gq are defined as:

AprðGqÞ ¼
[
fY 2 U=RðYÞ 6 Gqg ð1Þ
Please cite this article in press as: G.-N. Zhu et al., An integrated AHP and VIKOR
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AprðGqÞ ¼
[
fY 2 U=RðYÞP Gqg ð2Þ

BndðGqÞ ¼
[
fY 2 U=RðYÞ – Gqg ¼ fY 2 U=RðYÞ > Gqg[

fY 2 U=RðYÞ < Gqg ð3Þ

Then Gq can be represented by a rough number (RNðGqÞ), which
is determined by its corresponding lower limit (LimðGqÞ) and upper

limit (LimðGqÞ), where

LimðGqÞ ¼
1

ML

X
RðYÞjY 2 AprðGqÞ ð4Þ

LimðGqÞ ¼
1

MU

X
RðYÞjY 2 AprðGqÞ ð5Þ

RNðGqÞ ¼ dLimðGqÞ; LimðGqÞc ð6Þ

where ML;MU are the number of objects that contained in AprðGqÞ
and AprðGqÞ, respectively.

Obviously, the lower limit and upper limit denote the mean
value of elements included in its corresponding lower approxima-
tion and upper approximation, respectively. Their difference is
defined as rough boundary interval (IRBndðGqÞ):

IRBndðGqÞ ¼ LimðGqÞ � LimðGqÞ ð7Þ

The rough boundary interval denotes the vagueness of Gq,
where a larger one means more vague while a smaller one denotes
a better precise. Then the subjective information can be denoted by
rough number.

Take a data set U ¼ f3;5;7;3;7g for example, it has three
classes and R ¼ fG1;G2;G3g ¼ f3;5;7g. Take G2 to explain the defi-
nition of the rough number, according to Eqs. (1)–(3):

Aprð5Þ ¼
[
fY 2 U=RðYÞ � 5g ¼ f3;5;3g

Aprð5Þ ¼
[
fY 2 U=RðYÞP 5g ¼ f5;7;7g

Bndð5Þ ¼
[
fY 2 U=RðYÞ – 5g ¼ f3;7;3;7g

Therefore, the corresponding rough number of G2 is calculated
by Eqs. (4)–(6):

Limð5Þ ¼ 1
ML

X
RðYÞjY 2 Aprð5Þ ¼ 1

3
ð3þ 5þ 3Þ ¼ 3:67

Limð5Þ ¼ 1
MU

X
RðYÞjY 2 Aprð5Þ ¼ 1

3
ð5þ 7þ 7Þ ¼ 6:33

RNð5Þ ¼ dLimð5Þ; Limð5Þc ¼ d3:67;6:33c

The rough boundary interval of G2 is defined as:

IRBndð5Þ ¼ Limð5Þ � Limð5Þ ¼ 2:66

Finally, the element ‘5’ in U is represented by a rough number
RNð5Þ ¼ d3:67;6:33c. Similarly, other elements in U are determined
in the same way.

Because of the similarity with interval number, the arithmetic
rules of interval number can also be used in rough number [48].
Suppose RNðaÞ ¼ dLimðaÞ; LimðaÞc and RNðbÞ ¼ dLimðbÞ; LimðbÞc
are two rough numbers, l is a nonzero constant, then:

RNðaÞ � l ¼ dLimðaÞ; LimðaÞc � l ¼ dl� LimðaÞ;l� LimðaÞc ð8Þ

RNðaÞ þ RNðbÞ ¼ dLimðaÞ; LimðaÞc þ dLimðbÞ; LimðbÞc

¼ dLimðaÞ þ LimðbÞ; LimðaÞ þ LimðbÞc ð9Þ

RNðaÞ � RNðbÞ ¼ dLimðaÞ; LimðaÞc � dLimðbÞ; LimðbÞc

¼ dLimðaÞ � LimðaÞ; LimðaÞ � LimðbÞc ð10Þ
for design concept evaluation based on rough number, Adv. Eng. Informat.
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2.3. VIKOR

VIKOR (Serbian name: VIseKriterijumska Optimizacija I Kom-
promisno Resenje), also known as compromise ranking method,
is an effective tool in MCDM. It is developed from the Lp-metric
in compromise programming:
Lp;i ¼
Xm

j¼1

wj f �j � f ij

� �h .
f �j � f�j
� �#p( )1=p

1 6 p 61; i ¼ 1;2; . . . ;n ð11Þ
where Lp;i is considered as an aggregating function; f ij is the evalu-
ation value of criterion j for alternative i; f �j ; f

�
j are the best and

worst value of criterion j, respectively; wj is the weight of criterion
j; m is the number of criteria; n is the number of alternatives; p
denotes the weight of the maximal deviation from the ideal
solution.

In VIKOR, L1;i (expressed as Si) and L1;i (expressed as Ri) are used
to formulate ranking measure. The final compromise solution is the
one with a maximum group utility (min Si) of the majority, and a
minimum of individual regret (min Ri) of the opponent. It is a fea-
sible solution which is the closest to the ideal [34].

VIKOR is particularly powerful under such environment where
the decision maker is unable, or does not know how to express
his preference at the early stage of product development [30]. Fur-
thermore, it has been combined with other methods including
fuzzy sets, interval numbers and outranking methods to enhance
its performance [41,31,24,49]. Due to its unique superiority, VIKOR
has been widely used in various decision-making areas, such as
material selection, robot selection and supplier selection
[20,22,13,36].

Among various decision-making techniques, AHP is widely used
in the determination of relative importance while VIKOR is a pow-
erful alternative evaluation method. The rough number is a good
choice to manipulate the subjectivity and aggregate individual
judgments and priorities under group decision-making environ-
ment. Thus these three methods can be combined to integrate
the merit of AHP in hierarchy evaluation, the superiority of rough
number in manipulating vagueness and the virtue of VIKOR in
modeling MCDM to improve the objectivity of decision-making
in design concept evaluation.
3. Proposed method

3.1. Framework of the proposed method

In general, the design concept evaluation mainly contains two
parts: the determination of relative importance of evaluation crite-
rion and the alternative ranking. In order to eliminate the bias of
the evaluation process, the two phases must be taken into consid-
eration simultaneously. For the purpose of handling the vagueness
and subjectivity in product design evaluation, this paper proposes
an integrated approach by introducing rough number into AHP and
VIKOR. Rough number is adopted and combined with AHP to calcu-
late relative importance. Then the paper presents a rough VIKOR to
evaluate design concept alternatives. By combining with rough
AHP and rough VIKOR, both relative importance of each criterion
and final alternative ranking are determined without any auxiliary
information. Thus, the proposed method can effectively reflect the
decision makers’ true perception and strengthen the objectivity of
design concept evaluation. The framework of the proposed method
is depicted in Fig. 1.
Please cite this article in press as: G.-N. Zhu et al., An integrated AHP and VIKOR
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3.2. Rough AHP for criteria weighting

As one of the most popular methods, AHP is widely used in var-
ious decision-making problems, especially in criteria weighting. It
provides the ability to measure consistency of preferences, manip-
ulate multiple decision makers, handle tangible and non-tangible
criteria, and manage decision-making involving subjective judg-
ments. Due to the subjectivity and vagueness in decision-making,
this paper introduces rough number to combine with AHP to
aggregate individual judgments and compute relative importance
of each criterion. The procedure of the rough AHP is described as
follows.

Step 1: Identify the evaluation objective, criteria and alterna-
tives. Construct a hierarchical structure with the evaluation objec-
tive at the top layer, criteria at the middle and alternatives at the
bottom.

Step 2: Conduct AHP survey and construct a group of pair-wise
comparison matrices. The pair-wise comparison matrix of the eth
expert is described as:

Be ¼

1 xe
12 � � � xe

1m

xe
21 1 � � � xe

2m

..

. ..
. . .

. ..
.

xe
m1 xe

m2 � � � 1

266664
377775 ð12Þ

where xe
ghð1 6 g 6 m;1 6 h 6 m;1 6 e 6 sÞ is the relative impor-

tance of criterion g on criterion h given by expert e;m is the number
of criteria, s is the number of experts.

Calculate the maximum eigenvalue ke
max of Be, then compute the

consistency index CI ¼ ke
max �m

� ��
ðm� 1Þ.

Determine the random consistency index (RI) in Table 1 accord-
ing to m. Compute the consistency ratio CR ¼ CI=RI.

Conduct consistency test. If CR < 0:1, the comparison matrix is
acceptable. Otherwise, experts’ judgments should be adjusted until
CR < 0:1.

Then the integrated comparison matrix eB is built as:

eB ¼
1 ex12 � � � ex1mex21 1 � � � ex2m

..

. ..
. . .

. ..
.

exm1 exm2 � � � 1

266664
377775 ð13Þ

where exgh ¼ x1
gh; x

2
gh; . . . ; xs

gh

n o
; exgh is the sequence of relative impor-

tances of criterion g on criterion h.
Step 3: Construct a rough comparison matrix.

Translate the element xe
gh in eB into rough number RN xe

gh

� �
using

Eqs. (1)–(6):

RN xe
gh

� �
¼ xeL

gh; x
eU
gh

l k
ð14Þ

where xeL
gh is the lower limit of RN xe

gh

� �
while xeU

gh is the upper limit.

Then the rough sequence RNðexghÞ is represented as:

RNðexghÞ ¼ x1L
gh; x

1U
gh

l k
; x2L

gh; x
2U
gh

l k
; . . . ; xsL

gh; x
sU
gh

l kn o
ð15Þ

It is further translated into an average rough number RNðxghÞ by
rough arithmetic Eqs. (8)–(10):

RNðxghÞ ¼ xL
gh; x

U
gh

l k
ð16Þ

xL
gh ¼

x1L
gh þ x2L

gh þ � � � þ xsL
gh

s
ð17Þ

xU
gh ¼

x1U
gh þ x2U

gh þ � � � þ xsU
gh

s
ð18Þ
for design concept evaluation based on rough number, Adv. Eng. Informat.
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Fig. 1. Framework of the proposed design concept evaluation approach.

Table 1
Random consistency index (RI) [35].

m 3 4 5 6 7 8 9 10

RI 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49
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where xL
gh is the lower limit of RNðxghÞ and xU

gh is the upper limit.
Then the rough comparison matrix M is formed as:

M ¼

d1;1c xL
12; x

U
12

� �
� � � xL

1m; x
U
1m

� �
xL

21; x
U
21

� �
d1;1c � � � xL

2m; x
U
2m

� �
..
. ..

. . .
. ..

.

xL
m1; x

U
m1

� �
xL

m2; x
U
m2

� �
� � � d1;1c

2666664

3777775 ð19Þ

Step 4: Calculate the rough weight wg of each criterion:

wg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiYm

h¼1
xL

gh
m
q

;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiYm

h¼1
xU

gh
m
q
 �

ð20Þ

w0g ¼ wg=max wU
g

� �
ð21Þ

where w0g is the normalization form.
Finally, the criteria weights are obtained.

3.3. Rough VIKOR for alternative evaluation

Based on the relative importance of each criterion calculated by
rough AHP, rough VIKOR is proposed to aggregate individual prior-
ities and evaluate design concept alternatives, which is conducted
as follows.

Step 1: Construct a group of decision matrices and translate
them into a rough decision matrix D according to Eqs. (1)–(10):

D ¼

f L
11; f

U
11

l k
f L

12; f
U
12

l k
� � � f L

1m; f
U
1m

l k
f L

21; f
U
21

l k
f L

22; f
U
22

l k
� � � f L

2m; f
U
2m

l k
..
. ..

. . .
. ..

.

f L
n1; f

U
n1

l k
f L

n2; f
U
n2

l k
� � � f L

nm; f
U
nm

l k

266666664

377777775 ð22Þ
Please cite this article in press as: G.-N. Zhu et al., An integrated AHP and VIKOR
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where ef ij ¼ f 1
ij; f

2
ij; . . . ; f s

ij

n o
; f e

ij is the evaluation value of criterion j

for alternative i given by expert e, the construction of matrix D is
similar as M as stated in Section 3.2.

Step 2: Identify the best value f �j and the worst value f�j of each
criterion in D. For the benefit criterion which belongs to the ‘‘lar-

ger-the-better’’ category: f �j ¼maxif
U
ij ; f

�
j ¼minif

L
ij; For the cost cri-

terion which belongs to the ‘‘smaller-the-better’’ category:

f �j ¼minif
L
ij; f

�
j ¼maxif

U
ij ; that is

f �j ¼ max
i

f U
ij

����j 2 B
 �

or min
i

f L
ij

����j 2 C
 �� �

ð23Þ

f�j ¼ min
i

f L
ij

����j 2 B
 �

or max
i

f U
ij

����j 2 C
 �� �

ð24Þ

where B is associated with the benefit criterion while C is associated
with the cost criterion.

Step 3: Calculate the values SL
i ; S

U
i

l k
and RL

i ;R
U
i

l k
:

SL
i ¼

X
j2B

wL
j f �j � f U

ij

� �.
f �j � f�j
� �

þ
X
j2C

wL
j f L

ij � f �j
� �.

f�j � f �j
� �

ð25Þ

SU
i ¼

X
j2B

wU
j f �j � f L

ij

� �.
f �j � f�j
� �

þ
X
j2C

wU
j f U

ij � f �j
� �.

f�j � f �j
� �

ð26Þ

RL
i ¼ maxj

wL
j f �j � f U

ij

� �.
f �j � f�j
� ����j 2 B

wL
j f L

ij � f �j
� �.

f�j � f �j
� ����j 2 C

8><>: ð27Þ

RU
i ¼ maxj

wU
j f �j � f L

ij

� �.
f �j � f�j
� ����j 2 B

wU
j f U

ij � f �j
� �.

f�j � f �j
� �

jj 2 C

8><>: ð28Þ

where wL
j is the lower limit and wU

j is the upper limit of the weight
of each criterion, which are calculated by rough AHP stated in
Section 3.2.

Step 4: Calculate the values QL
i ;Q

U
i

l k
:

QL
i ¼ v SL

i � S�
� �.

ðS� � S�Þ þ ð1� vÞ RL
i � R�

� �.
ðR� � R�Þ ð29Þ

QU
i ¼ v SU

i � S�
� �.

ðS� � S�Þ þ ð1� vÞ RU
i � R�

� �.
ðR� � R�Þ ð30Þ
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where S� ¼miniS
L
i ; S
� ¼maxiS

U
i ;R

� ¼miniR
L
i ;R

� ¼maxiR
U
i ; Q is an

aggregating index; v is the weight of the tactics of the majority of
criteria, v 2 ½0;1�; usually v ¼ 0:5.

Step 5: Rank the alternatives in ascending order, on the basis of
S;R;Q . Then three arrangements are obtained.

The ranking rule of interval numbers is described as follows
[46]:

1. If the rough boundary interval of a rough number is not strictly
bound by another:
(a) If LimðaÞP LimðbÞ and LimðaÞ > LimðbÞ, or LimðaÞ >
LimðbÞ and LimðaÞP LimðbÞ, then RNðaÞ > RNðbÞ.
(b) If LimðaÞ ¼ LimðbÞ and LimðaÞ ¼ LimðbÞ, then RNðaÞ ¼
RNðbÞ.

2. If the rough boundary interval of a rough number is strictly
bound by another, suppose MðaÞ and MðbÞ are the middle val-
ues of RNðaÞ and RNðbÞ, respectively:
(a) If LimðbÞ > LimðaÞ and LimðbÞ < LimðaÞ: if MðaÞ 6 MðbÞ,
then RNðaÞ < RNðbÞ; if MðaÞ > MðbÞ, then RNðaÞ > RNðbÞ.
(b) If LimðaÞ > LimðbÞ and LimðaÞ < LimðbÞ: if MðaÞ 6 MðbÞ,
then RNðaÞ < RNðbÞ; if MðaÞ > MðbÞ, then RNðaÞ > RNðbÞ.

Step 6: Propose the alternative Aa as a compromise solution,
which is the best ranked with respect to Q (minimum), if the fol-
lowing two conditions are satisfied [34]:

C1: Acceptable advantage:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
ðQUðAbÞ � Q UðAaÞÞ

2 þ ðQ LðAbÞ � Q LðAaÞ2
h ir

P 1

,
ðn� 1Þ ð31Þ

where Ab is the second alternative ranked by Q;
C2: Acceptable stability in decision-making:
Aa must also be the best ranked with respect to S or/and R. This

compromise solution is stable in decision-making process. When
v > 0:5, it could be the strategy of maximum group utility, or ‘‘with
veto’’ (v < 0:5), or ‘‘by consensus’’ (v � 0:5).

When C1 or C2 is not satisfied, a series of compromise solutions
are selected as follows:

(a) Aa and Ab if only condition C2 is not satisfied, or
(b) Aa;Ab; . . . ;Ak if C1 is not satisfied. The maximum k in Ak is

determined by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2 ½ðQ

UðAkÞ � QUðAaÞÞ
2 þ ðQLðAkÞ � QLðAaÞÞ

2�
q

< 1=ðk� 1Þ.

By combining with rough AHP and rough VIKOR, the design
concept evaluation is conducted and the subjectivity is effectively
addressed.

4. Case study

In this section, the proposed approach is used in the concept
selection of a lithography tool to assist design concept evaluation.
Generally, lithography is a critical technology in the manufacturing
of the integrated circuit and the lithography tool is regarded as the
most important equipment in the integrated circuit industry.
Meanwhile, the lithography tool is a complex and expensive prod-
uct due to its high precision. The evaluation of the conceptual
design becomes very important. In a lithography tool manufactur-
ing company, a total of six design conceptual alternatives have
been generated in the conceptual design, namely, A1;A2;A3;A4;A5

and A6. The properties of the alternatives are outlined in Table 2.
The objective of the design concept evaluation is to select the

best alternative from the six design concepts for subsequent design
Please cite this article in press as: G.-N. Zhu et al., An integrated AHP and VIKOR
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phases. In the early design stage, people are mainly concerning
with the seven following criteria including: linewidth (C1), field
size (C2), throughput (C3), overlay (C4), illumination uniformity
(C5), manufacturing cost (C6) and power consumption (C7). Among
them, C1;C4;C6 and C7 are the cost criteria while C2;C3 and C5 are
the benefit ones. Five experts are invited as decision makers to give
their own opinions and judgments in the evaluation of the lithog-
raphy tool design concepts.

Fig. 2 shows the hierarchical structure of the design concept
evaluation of the lithography tool. Typically, the evaluation can
be divided into two phases: criteria weighting calculated by
rough AHP and alternatives ranking determined by rough
VIKOR.

4.1. Criteria weighting by rough AHP

In the lithography tool design concept evaluation, rough AHP is
employed to aggregate individual judgments and calculate the
weight of each criterion.

Step 1: Build a hierarchical structure for the lithography tool
concept evaluation which is shown in Fig. 2.

Step 2: Collect individual judgments and construct a group of
pair-wise comparison matrices. Take the consistency examination
until all the comparison matrices can pass through. Integrate indi-
vidual comparison matrices to generate an integrated comparison
matrix. The individual pair-wise comparison matrices are as
follows:

B1 ¼

1 5 4 2 3 5 9
1=5 1 1=3 1=5 1=4 1=2 5
1=4 3 1 1=5 1=3 2 5
1=2 5 5 1 3 5 9
1=3 4 3 1=3 1 3 9
1=5 2 1=2 1=5 1=3 1 5
1=9 1=5 1=5 1=9 1=9 1=5 1

2666666666664

3777777777775
; CR1 ¼ 0:0585 < 0:1

B2 ¼

1 5 3 1 1 4 9
1=5 1 1=2 1=5 1=5 1=3 5
1=3 2 1 1=5 1=2 3 7

1 5 5 1 2 4 9
1 5 2 1=2 1 3 7

1=4 3 1=3 1=4 1=3 1 3
1=9 1=5 1=7 1=9 1=7 1=3 1

2666666666664

3777777777775
; CR2 ¼ 0:0508 < 0:1

B3 ¼

1 7 3 1 3 5 9
1=7 1 1=2 1=7 1=3 1=3 3
1=3 2 1 1=5 1=2 3 5

1 7 5 1 2 4 9
1=3 3 2 1=2 1 3 5
1=5 3 1=3 1=4 1=3 1 3
1=9 1=3 1=5 1=9 1=5 1=3 1

2666666666664

3777777777775
; CR3 ¼ 0:0388 < 0:1

B4 ¼

1 7 5 2 3 7 9
1=7 1 1=3 1=6 1=5 1=2 3
1=5 3 1 1=3 1=3 2 5
1=2 6 3 1 3 5 7
1=3 5 3 1=3 1 4 7
1=7 2 1=2 1=5 1=4 1 4
1=9 1=3 1=5 1=7 1=7 1=4 1

2666666666664

3777777777775
; CR4 ¼ 0:0458 < 0:1
for design concept evaluation based on rough number, Adv. Eng. Informat.
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Table 2
Brief description of the conceptual alternatives.

Alternatives Brief description

A1 A1 is a step-and-repeat lithographic system which adopts 4X reduction ArF projection lens with conventional illumination, a wavelength 193 nm ArF
excimer laser, an ultra-precision screw rail stage with automatic focusing and leveling technology

A2 A2 is a step-and-repeat lithographic system which uses 4X reduction KrF projection lens with off-axis illumination, a wavelength 248 nm KrF excimer
laser, an ultra-precision screw rail dual-stage with self-adaptive focusing and leveling technology

A3 A3 is a step-and-scan lithographic system which adopts 4X reduction KrF projection lens with off-axis illumination and resolution enhancement
techniques, a wavelength 248 nm KrF excimer laser, an aerostatic bearing stage with self-adaptive focusing and leveling technology

A4 A4 is a step-and-scan lithographic system which uses 4X reduction ArF projection lens with optional off-axis illumination and resolution enhancement
techniques, a wavelength 193 nm ArF excimer laser, an ultra-precision aerostatic bearing dual-stage with self-adaptive focusing and leveling technology

A5 A5 is a step-and-repeat lithographic system which adopts 4X reduction KrF projection lens with off-axis illumination and resolution enhancement
techniques, a wavelength 248 nm KrF excimer laser, a magnetic levitation with automatic focusing and leveling technology

A6 A6 is a step-and-scan lithographic system which uses 4X reduction ArF projection lens with conventional illumination, a wavelength 193 nm ArF excimer
laser, a magnetic levitation with self-adaptive focusing and leveling technology

Fig. 2. The hierarchical structure of the lithography tool design concept evaluation.
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B5 ¼

1 7 5 1 2 5 7
1=7 1 1=3 1=5 1=4 1=2 3
1=5 3 1 1=3 1=3 2 5

1 5 3 1 2 5 7
1=2 4 3 1=2 1 3 5
1=5 2 1=2 1=5 1=3 1 2
1=7 1=3 1=5 1=7 1=5 1=2 1

2666666666664

3777777777775
; CR5 ¼ 0:0329 < 0:

Obviously CRe < 0:1 ðe ¼ 1;2; . . . ;5Þ, all the comparison matri-

ces are acceptable. Then the integrated comparison matrix eB is
generated by combining with the above five individual comparison
matrices.

eB ¼
1;1;1;1;1 5;5;7;7;7 � � � 5;4;5;7;5 9;9;9;9;7
1
5 ;

1
5 ;

1
7 ;

1
7 ;

1
7 1;1;1;1;1 � � � 1

2 ;
1
3 ;

1
3 ;

1
2 ;

1
2 5;5;3;3;3

1
4 ;

1
3 ;

1
3 ;

1
5 ;

1
5 3;2;2;3;3 � � � 2;3;3;2;2 5;7;5;5;5

1
2 ;1;1;

1
2 ;1 5;5;7;6;5 � � � 5;4;4;5;5 9;9;9;7;7

1
3 ;1;

1
3 ;

1
3 ;

1
2 4;5;3;5;4 � � � 3;3;3;4;3 9;7;5;7;5

1
5 ;

1
4 ;

1
5 ;

1
7 ;

1
5 2;3;3;2;2 � � � 1;1;1;1;1 5;3;3;4;2

1
9 ;

1
9 ;

1
9 ;

1
9 ;

1
7

1
5 ;

1
5 ;

1
3 ;

1
3 ;

1
3 � � � 1

5 ;
1
3 ;

1
3 ;

1
4 ;

1
2 1;1;1;1;1

2666666666664

3777777777775
Step 3: Translate the elements in eB into rough numbers and cor-

respondingly the original integrated comparison matrix eB is con-
verted into a rough comparison matrix.

Take ex16 ¼ f5;4;5;7;5g as an example,

Limð4Þ ¼ 4; Limð4Þ ¼ 1
5
ð5þ 4þ 5þ 7þ 5Þ ¼ 5:2

Limð5Þ ¼ 1
4
ð5þ 4þ 5þ 5Þ ¼ 4:75; Limð5Þ ¼ 1

4
ð5þ 5þ 7þ 5Þ ¼ 5:5

Limð7Þ ¼ 1
5
ð5þ 4þ 5þ 7þ 5Þ ¼ 5:2; Limð7Þ ¼ 7
Please cite this article in press as: G.-N. Zhu et al., An integrated AHP and VIKOR
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Thus, xe
16 can be expressed in rough number:

RN x1
16

� �
¼ RN x3

16

� �
¼ RN x5

16

� �
¼ RNð5Þ ¼ d4:75;5:5c

RN x2
16

� �
¼ RNð4Þ ¼ d4;5:2c

RN x4
16

� �
¼ RNð7Þ ¼ d5:2;7c

According to Eqs. (16)–(18):

xL
16 ¼

x1L
16 þ x2L

16 þ � � � þ xsL
16

s
¼ 4:75þ 4þ 4:75þ 5:2þ 4:75

5
¼ 4:69

xU
16 ¼

x1U
16 þ x2U

16 þ � � � þ xsU
16

s
¼ 5:5þ 5:2þ 5:5þ 7þ 5:5

5
¼ 5:74

Thus the rough sequence ex16 in eB is transformed into a rough
number RNðx16Þ ¼ d4:69;5:74c. The transformation of other

elements in eB are implemented in the same way.
Then, the rough comparison matrix is obtained:

M ¼

d1;1c d5:72;6:68c � � � d4:69;5:74c d8:28;8:92c
d0:15;0:18c d1;1c � � � d0:39;0:47c d3:32;4:28c
d0:23;0:30c d2:36;2:84c � � � d2:16;2:64c d5:08;5:72c
d0:68;0:92c d5:17;6:06c � � � d4:36;5:84c d7:72;8:68c
d0:38;0:65c d3:75;4:64c � � � d3:04;3:36c d5:72;7:51c
d0:18;0:22c d2:16;2:64c � � � d1;1c d2:75;4:08c
d0:11;0:12c d0:25;0:31c � � � d0:26;0:39c d1;1c

2666666666664

3777777777775
Step 4: Calculate rough weights of the criteria using Eqs. (20)

and (21):

w ¼ fw1;w2;w3;w4;w5;w6;w7g
¼ fd2:902;3:556c; d0:428;0:506c; d0:898;1:073c; d2:663;3:123c;
d1:563;1:935c; d0:595;0:703c; d0:216;0:254cg
for design concept evaluation based on rough number, Adv. Eng. Informat.
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Then its normalization form w0 is obtained:

w0 ¼ fw1;w2;w3;w4;w5;w6;w7g
¼ fd0:816;1c; d0:120;0:142c; d0:253;0:302c; d0:749;0:878c;
d0:440;0:544c; d0:167; 0:198c; d0:061; 0:071cg
4.2. Alternative evaluation by rough VIKOR

When the criteria weights are obtained, rough VIKOR is adopted
to determine the final ranking. For quantitative criteria, each
expert suggests an appropriate value according to his own percep-
tion and experience. For example, the five experts choose value of
‘95 nm’, ‘99 nm’, ‘98 nm’, ‘97 nm’ and ‘93 nm’ for the linewidth of
alternative 1(A1), respectively. For qualitative criteria, experts eval-
uate the design concept with scale of 1, 3, 5, 7, 9, which represents
‘very low’, ‘low’, ‘medium’, ‘high’ and ‘very high’, respectively. Then
the performance of a design concept can be represented by a set of
such values from experts’ estimation. Table 3 shows the experts’
evaluation values for design concepts.

Step 1: Change the original group decision data in Table 3 into a
rough decision matrix according to Eqs. (1)–(10):

D¼

d94:83;97:83c d851:30;854:88c � � � d4:49;6:28c d5:72;6:68c
d90:63;93:12c d852:45;855:89c � � � d5:72;6:68c d4:30;5:70c
d88:12;91:70c d851:84;855:76c � � � d7:08;7:72c d8:28;8:92c
d85:78;88:27c d854:79;856:52c � � � d7:32;8:28c d7:32;8:28c
d89:13;91:71c d855:84;858:75c � � � d5:32;6:28c d7:08;7:72c
d89;91c d854:02;855:54c � � � d7:72;8:68c d5:32;6:28c

2666666664

3777777775
Step 2: Identify the best value f �j and worst value f�j for each

criterion as listed in Table 4.
Table 3
Evaluation data for design concepts.

Alternatives Experts Evaluation criteria

C1 C2

A1 1 95 852
2 99 851
3 98 850
4 97 857
5 93 855

A2 1 93 853
2 95 857
3 90 850
4 91 857
5 90 854

A3 1 88 852
2 93 850
3 92 852
4 86 858
5 91 857

A4 1 85 855
2 90 856
3 87 858
4 85 854
5 88 855

A5 1 89 855
2 93 857
3 90 855
4 88 862
5 92 857

A6 1 88 853
2 92 856
3 89 855
4 90 854
5 91 856

Please cite this article in press as: G.-N. Zhu et al., An integrated AHP and VIKOR
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Step 3: Calculate the values SL
i ; S

U
i

l k
and RL

i ;R
U
i

l k
as given in

Tables 5 and 6.

Step 4: Calculate the values QL
i ;Q

U
i

l k
, which are shown in

Table 7.
Step 5: Rank the design concepts in ascending order based on

S;R;Q . According to the ranking rules in Section 3.3, final ranking
is obtained as follows: A4 < A6 < A3 < A5 < A2 < A1. Obviously, A4

is the best design alternative.
4.3. Comparison and discussion

To measure the influence of experts’ risks to the final product
ranking, sensitivity analysis is conducted which is shown in Table 8.
The results show that concept A4 has a maximum priority at all the
situations. When v < 0:7, final ranking is obtained as A4 < A6 < A3

< A5 < A2 < A1; otherwise, the final ranking is obtained as
A4 < A6 < A5 < A3 < A2 < A1. That is, concept A3 and concept A5

are dependent of the risk preferences of decision makers.
To illustrate the proposed rough AHP and rough VIKOR method-

ology, a lot of experiments are executed for comparison on the
basis of the data stated above. First of all, traditional AHP in crisp
form (crisp AHP) and fuzzy AHP are introduced to compute criteria
weights and compare with the proposed rough AHP. Symmetrical
triangular membership function is employed in fuzzy AHP. Fig. 3
shows the comparison of criteria weights calculated by crisp
AHP, fuzzy AHP and the proposed rough AHP. From Fig. 3, it can
be concluded that the three methods generate the same sequence
of the criteria weights (C1 > C4 > C5 > C3 > C6 > C2 > C7), but dif-
fer in size. The crisp AHP method calculates weights by crisp num-
ber without considering subjectivity and vagueness while the
C3 C4 C5 C6 C7

208 12 97 5 7
210 13 98 7 7
206 11 98 5 7
205 12 97 7 5
207 13 99 3 7

208 11 98 7 5
209 11 98 5 7
203 12 97 7 3
206 12 98 5 5
205 11 99 7 5

201 10 98 7 9
208 11 98 7 9
205 10 98 7 9
207 10 97 9 7
202 11 98 7 9

200 9 99 7 9
205 8 98 9 7
198 7 99 9 7
204 8 98 7 7
203 8 99 7 9

204 11 98 5 7
207 11 98 5 9
206 12 98 7 7
207 10 99 5 7
203 11 98 7 7

204 10 98 9 7
203 9 99 9 5
208 10 98 7 5
207 11 99 7 5
202 10 98 9 7
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Table 4
The best value and worst value of each criterion.

C1 C2 C3 C4 C5 C6 C7

f �j 85.78 858.75 208.46 7.65 98.84 4.49 4.30

f�j 97.83 851.30 200.12 12.64 97.36 8.68 8.92

Table 5
SL

i ; S
U
i

l k
values.

SL
i SU

i
Si Rank

A1 1.485 2.773 d1:485;2:773c 6
A2 1.120 2.131 d1:120;2:131c 5
A3 1.062 2.022 d1:062;2:022c 4
A4 0.333 1.124 d0:333;1:124c 1
A5 0.952 1.779 d0:952;1:779c 3
A6 0.833 1.665 d0:833;1:665c 2

Table 6
RL

i ;R
U
i

l k
values.

RL
i RU

i
Ri Rank

A1 0.615 1 d0:615;1c 6
A2 0.527 0.702 d0:527;0:702c 5
A3 0.377 0.526 d0:377;0:526c 3
A4 0.144 0.302 d0:144;0:302c 1
A5 0.450 0.651 d0:450;0:651c 4
A6 0.300 0.475 d0:300;0:475c 2

Table 7
QL

i ;Q
U
i

l k
values.

QL
i QU

i
Qi Rank

A1 0.511 1 d0:511;1c 6
A2 0.385 0.694 d0:385;0:694c 5
A3 0.285 0.569 d0:285;0:569c 3
A4 0 0.254 d0;0:254c 1
A5 0.306 0.593 d0:306;0:593c 4
A6 0.194 0.466 d0:194;0:466c 2

Table 8
Sensitivity analysis.

v ¼ 0 Rank v ¼ 0:1 Rank v ¼ 0:2 Rank

A1 d0:551;1c 6 d0:543;1c 6 d0:535;1c 6
A2 d0:447;0:652c 5 d0:435;0:660c 5 d0:422;0:669c 5
A3 d0:272;0:446c 3 d0:274;0:471c 3 d0:277;0:495c 3
A4 d0;0:184c 1 d0;0:198c 1 d0;0:212c 1
A5 d0:358;0:592c 4 d0:347;0:592c 4 d0:337;0:592c 4
A6 d0:182;0:387c 2 d0:184;0:402c 2 d0:187;0:418c 2

v ¼ 0:3 v ¼ 0:4 v ¼ 0:5

A1 d0:527;1c 6 d0:519;1c 6 d0:511;1c 6
A2 d0:410;0:677c 5 d0:397;0:686c 5 d0:385;0:694c 5
A3 d0:280;0:520c 3 d0:282;0:545c 3 d0:285;0:569c 3
A4 d0;0:226c 1 d0;0:240c 1 d0;0:254c 1
A5 d0:326;0:592c 4 d0:316;0:592c 4 d0:306;0:593c 4
A6 d0:189;0:434c 2 d0:191;0:450c 2 d0:194;0:466c 2

v ¼ 0:6 v ¼ 0:7 v ¼ 0:8

A1 d0:503;1c 6 d0:496;1c 6 d0:488;1c 6
A2 d0:372;0:703c 5 d0:360;0:711c 5 d0:348;0:720c 5
A3 d0:288;0:594c 3 d0:291;0:619c 4 d0:293;0:643c 4
A4 d0;0:268c 1 d0;0:282c 1 d0;0:296c 1
A5 d0:295;0:593c 4 d0:285;0:593c 3 d0:274;0:593c 3
A6 d0:196;0:482c 2 d0:198;0:498c 2 d0:200;0:514c 2

v ¼ 0:9 v ¼ 1:0

A1 d0:480;1c 6 d0:472;1c 6
A2 d0:335;0:728c 5 d0:323;0:737c 5
A3 d0:296;0:668c 4 d0:299;0:692c 4
A4 d0;0:310c 1 d0;0:324c 1
A5 d0:264;0:593c 3 d0:254;0:593c 3
A6 d0:203;0:530c 2 d0:205;0:546c 2

Fig. 3. Comparison of the criteria weighting.
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fuzzy AHP and rough AHP represent weights by interval numbers.
The different interval sizes mean different levels of vagueness due
to different mechanisms in dealing with the subjectivity. Both the
intervals reflect the vagueness containing in the criteria weighting
process by the corresponding AHP model while the rough number
adopts a flexible interval boundary, and the fuzzy set uses a fixed
boundary in accordance with corresponding membership function.
However, the predetermination of the membership function
increases additional subjective information, which enlarges the
vagueness as shown in the interval boundary. Thus, the proposed
rough AHP can effectively measure the vagueness among the eval-
uation process and reflect the decision makers’ true perception
with more objectivity.

Based on the criteria weights calculated above, crisp AHP and
VIKOR (crisp AHP–VIKOR), fuzzy AHP and VIKOR (fuzzy AHP–
VIKOR) are carried out for comparison to validate the proposed
rough AHP and rough VIKOR (rough AHP–VIKOR) which is shown
in Fig. 4. In crisp and fuzzy approach, the ranking result is
A4 < A6 < A5 < A3 < A2 < A1, while A4 < A6 < A3 < A5 < A2 < A1 in
rough method. Actually, the difference between A3 and A5 in crisp
method and rough method is subtle. In particular, the VIKOR in
Please cite this article in press as: G.-N. Zhu et al., An integrated AHP and VIKOR
(2015), http://dx.doi.org/10.1016/j.aei.2015.01.010
fuzzy AHP–VIKOR takes crisp form; the interval boundary is a little
smaller than rough AHP–VIKOR. However, if it adopts fuzzy value,
it would be much larger than the rough AHP–VIKOR. Among the
three methods, A4 is the best design concept alternative among
the whole candidate alternatives.

In addition, crisp AHP and crisp TOPSIS (crisp AHP–TOPSIS) are
introduced to compare with the proposed rough AHP–VIKOR.
Table 9 shows the final ranking of the crisp AHP–TOPSIS and rough
AHP–VIKOR. The final ranking of both techniques is
A4 < A6 < A3 < A5 < A2 < A1. Similarly, A4 is the best one according
to the two methods.

Moreover, the integrated rough AHP and rough VIKOR method
can not only determine the criteria importance but also the alter-
natives ranking based on the original data, without any auxiliary
information. The rough number can naturally aggregate and
for design concept evaluation based on rough number, Adv. Eng. Informat.
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Fig. 4. Comparison of the alternative ranking.

Table 9
Comparison of the crisp AHP–TOPSIS and rough AHP–VIKOR.

Crisp AHP–TOPSIS Rough AHP–VIKOR

Closeness coefficient Rank Qðv ¼ 0:5Þ Rank

A1 0.190 6 d0:511;1c 6
A2 0.273 5 d0:385;0:694c 5
A3 0.438 3 d0:285;0:569c 3
A4 0.827 1 d0;0:254c 1
A5 0.353 4 d0:306;0:593c 4
A6 0.512 2 d0:194;0:466c 2
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translate crisp pair-wise comparison numbers into interval num-
bers without any additional tools. It adopts flexible interval bound-
ary instead of a fixed predefined one, which denotes the vagueness
of the decision results, where a larger one means vaguer while a
smaller one represents a better precise. Thus, the proposed method
can effectively reflect the decision makers’ true perception and
enhance the objectivity of decision-making for design concept
evaluation. Comparing with the crisp and fuzzy methods, the
rough number based decision-making method does not need any
auxiliary information except the original data collected from the
decision maker. It provides a novel way to aggregate individual
judgments and priorities in group decision-making. It avoids pre-
determination of the membership function in fuzzy method while
maintaining the ability of reflecting the vagueness in decision-
making process.
5. Conclusion

To deal with the subjectivity in design concept evaluation, this
paper proposes an integrated rough AHP and rough VIKOR meth-
odology to handle the vagueness and subjectivity. In this study,
rough number is introduced to aggregate individual judgments
and priorities and measure vagueness. It is firstly used to integrate
with AHP to calculate the relative importance for each criterion.
Then it is employed to combine with VIKOR to arrange the alterna-
tives. By combining with rough AHP and rough VIKOR, both rela-
tive importance of each criterion and final alternatives ranking
are determined. Finally, the proposed approach is applied in a prac-
tical case study to assist design concept evaluation. To further eval-
uate the risk of decision makers’ perception, sensitivity analysis is
conducted to the case study. Then the proposed approach is used
Please cite this article in press as: G.-N. Zhu et al., An integrated AHP and VIKOR
(2015), http://dx.doi.org/10.1016/j.aei.2015.01.010
to compare with crisp AHP–VIKOR, fuzzy AHP–VIKOR and crisp
AHP–TOPSIS. By comparing with these methods, the proposed
method can effectively reflect the true perception of the decision
maker. The results are more objective and the vagueness is quan-
tified and addressed properly.

The proposed rough number based approach is also applicable
to many other group decision-making areas. In the future, many
other methods such as ANP and their integrated models will be
combined with rough number to extend the application areas
and tackle vagueness under subjective environment in decision-
making.
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