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Abstract

Compared with the traditional sequential design method, concurrent engineering is a systematic approach to integrate

concurrent design of products and their related processes. One of the key factors to successfully implement concurrent

engineering is information technology. In order to design a product and its manufacturing process simultaneously, information

on product features, manufacturing requirements, and customer demands must be processed while the design is concurrently

going on. There is an increased understanding of the importance of the correct decisions being made at the conceptual design

and development stages that involve many complex evaluation and decision-making tasks. In order to promote the efficiency in

concurrent product development, appropriate evaluation and decision tools need to be provided. In this paper, the characteristics

of fuzzy, multi-stage evaluation and decision making in concurrent product development process are analyzed and a decision

support system for product design in concurrent engineering is presented. An example is given to illustrate the application of the

system.
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1. Introduction

The manufacturing environment has dramatically

changed in the last few years. Worldwide competi-
0167-9236/$ - see front matter D 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.dss.2004.11.007

* Corresponding author. Department of Information Technology

and Decision Sciences, Old Dominion University, Norfolk, VA

23529-0218, USA.

E-mail address: lxu@odu.edu (L. Xu).
tion among manufacturers and the development of

new manufacturing technologies have contributed to

today’s competitive situations in manufacturing

industries [13]. Such competition has stimulated

rapid changes in manufacturing industries, causing a

significant shift in how products are designed,

manufactured, and delivered. Customers demand

products of higher quality, lower price, and better

performance in an ever-shorter delivery time. Com-

petition in the marketplace for new products is
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forcing changes in the way product designers and

manufacturing engineers develop products. In con-

ventional product development, conceptual design,

detailed design, process planning, prototype manu-

facturing, and testing are considered as sequential

processes. Compared with the traditional sequential

method, concurrent engineering is a systematic

approach to integrate the concurrent design of

products and their related processes. Concurrent

engineering is intended to stimulate product design-

ers/developers to consider all elements of the

product life cycle in the early stage of product

development.

In order to improve product quality, lower cost,

shorten the product development cycle, and fulfill

customers’ requirements, concurrent engineering

requires product designers to take all the factors

involved in the life cycle of a product into consid-

eration. As a result, quite a few related concepts have

been proposed such as design for assembly (DFA),

design for manufacturability (DFM), design for

serviceability (DFS), and design for environment

(DFE) [9,11]. Concurrent engineering requires

designers to take all stages in the life cycle of a

product into account when making decisions. Manu-

facturing, assembling, maintenance, and environmen-

tal protection are typical stages of the life cycle of a

product. DFA, DFM, DFS, and DFE reflect different

aspects of product design. It is obvious that the over-

emphasis of one stage over another may not be a

good choice; therefore, it is suggested that designers

should take all stages such as DFA, DFM, DFS, and

DFE as well as related methods into consideration

[12,25].

Concurrent product design stages can be classified

into stages such as initiation, DFA, DFM, DFS, and

DFE. Careful evaluation and appropriate decisions

regarding design alternatives must be made at each

stage [25]. From a systems point of view, product

design is considered as a process characterized by

bdesign-evaluation-redesignQ [13,14,21]. Such an

evaluation process is a complicated one for a number

of reasons: (1) it is necessary to take all design

objectives into account. However, some objectives

conflict with one another such as precision versus

manufacturing cost, material performance versus

material cost, and so forth; (2) in the design stage,

especially the early development stage, it is difficult to
quantify and weigh design objectives precisely due to

lack of information or vague objectives; (3) designers’

subjective preference makes the evaluation more

complicated. However, proper decisions are needed

for product design in concurrent engineering.

To cope with this, utility theory or fuzzy sets

theory can be employed to evaluate and select design

alternatives. With utility theory, design alternatives

can be evaluated if numerical data is available. Since

the information available in the early design stage is

most likely imprecise and fuzzy, and decision prob-

lems in concurrent engineering are generally difficult

to define and structure, it is proper to apply the fuzzy

sets approach to the process [10]. As mentioned

above, all design factors including assembling,

manufacturing, and maintenance, which affect the

product design in the life cycle of a product, should be

taken into account in concurrent design. A concurrent

design process can be classified into several stages in

which both evaluation and decision are needed. Each

stage can be considered as a subsystem for decision

making; subsystems together form a multi-stage fuzzy

decision system.

Many complex decisions need to be made in the

concurrent product development process [27]. As a

result, complex concurrent engineering design prob-

lems require decision aids such as decision support

systems. Given the nature of decision support prob-

lems, the research emphasis of decision support

systems development has been focused on modeling

issues [4]. In this paper, fuzzy sets theory is used to

evaluate design alternatives and facilitate decision

making. With comprehensive evaluation models

based on fuzzy sets theory and dynamic program-

ming, a decision support system is developed in this

study to provide support for multi-stage decision

making in concurrent engineering design and select-

ing best design alternatives. The overall objective of

this research is to develop a decision support system

for helping project managers and design/development

engineers in their decision-making activities within a

concurrent engineering environment.
2. Fuzzy evaluation

Numerous studies characterize concurrent product

design processes as a fuzzy process, especially early



Fig. 1. Membership function for fuzzy numbers.
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stages that are characterized by ill-defined and ill-

structured information [10,18]. One of the primary

reasons for this is that information about the process

of product development is incomplete at the

beginning and develops gradually over time. The

product design process is characterized by complex

deliberation over a series of interdependent deci-

sions that lead to design solutions [15]. In the

product design process, many attributes related to

the design, structure, and layout of the product need

to be evaluated. In the initial design stage, due to

lack of sufficient information, design alternatives are

usually evaluated fuzzily such as bthe design is kind

of feasibleQ, bthe product sounds reliableQ, etc. [27].
Let R stand for the universe for fuzzy linguistic

values, attributes are evaluated in terms of bgoodQ,
bsomewhat goodQ, bfairQ, bsomewhat badQ, and

bbadQ which form the evaluation universe U,

U=(bgoodQ, bsomewhat goodQ, bfairQ, bsomewhat

badQ, bbadQ), and are represented with membership

functions [3]. Here the concept of fuzzy number is

introduced [14],

Definition 1. A fuzzy number R̃ is a fuzzy set, its

membership function satisfies,

1 lR̃(x)=0 (rbc or rNd)

2 lR̃(x)=1 (aVrVb)
3 lR̃(x)=1 (cVrVa)
4 lR̃(x)=1 (bVrVd)

In which, [c,d] is called the subset of fuzzy number

R̃, and [a,b] is called the core of fuzzy number R̃

[14,18,19]. Here five triangle fuzzy numbers (ũ1,

ũ2,. . ., ũ5) are used to represent five fuzzy variables:

ũ1—bad; ũ2—somewhat bad; ũ3—fair; ũ4—somewhat

good; ũ5—good. The membership functions are

shown as Fig. 1,

lũu1
rð Þ ¼ 0 rb0 or rN1=4

1� 4r 0VrV1=4

�

lũu2
rð Þ ¼

0 rb0 or rN1=2
2r þ 1=2 0VrV1=4
2� 4r 1=4VrV1=2

8<
:

The membership functions of ũ3, ũ4, ũ5 are as

follows,

lũu3
rð Þ ¼

0 rb1=4 or rN3=4
4r � 1 1=4VrV2=4
3� 4r 2=4VrV3=4

8<
:

lũu4
rð Þ ¼

0 rb2=4 or rN1

4r � 2 2=4VrV3=4
4� 4r 3=4VrV1

8<
:

lũu5
rð Þ ¼ 0 rb3=4 or rN1

4r � 3 3=4VrV1

�

The evaluation universe U can be represented as

U=ũ1, ũ2,. . ., ũ5. The advantages of using triangle

fuzzy numbers include simple representation, speedy

calculation, and sufficient precision.
3. Product design evaluation

3.1. Fuzzy line segment

In the above, we have described the evaluation

universe and fuzzy numbers in which the evaluation

universe is not continuous. As a result, the concept of
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fuzzy line segment is used to make the evaluation

universe continuous for a more accurate evaluation of

fuzzy numbers [3].

Definition 2. Assuming ṽ1, ṽ2 are two fuzzy numbers,

then the fuzzy line segment F(ṽ1, ṽ2) between ṽ1 and

ṽ2 are consisted of a set of fuzzy numbers as,

F ṽv1; ṽv2ð Þ ¼
�
ṽjlṽv zð Þ

¼ Sup
ax1þ 1�að Þx2¼z

lṽ1
x1ð Þ^ lṽ2

x2ð Þ
h i

;aa 0; 1½ �
�

It is not difficult to know that, if ṽ1, ṽ2 are two

fuzzy numbers, and [c1,d2], [c2,d2] are their subsets,

their cores are [a1,b1], [a2,b2], respectively. If there is

a fuzzy number vaF(ṽ1,ṽ2), its membership function

is,

lṽv zð Þ¼

0 zVac1 þ 1� að Þc2 or zzad1þ 1� að Þd2
lṽ af1 rð Þ þ 1� að Þf2 rð Þ½ � ac1 þ 1� að Þc2V zVaa1 þ 1� að Þa2
lṽ ag1 rð Þ þ 1� að Þg2 rð Þ½ � ab1 þ 1� að Þb2V zVad1 þ 1� að Þd2

1 ac1 þ 1� að Þc2V zVab1 þ 1� að Þb2

8>><
>>:

In which r=lṽ(z) and fi(r), gi(r) are the inverse

function of r=lṽ(z) in [ci,ai], [bi,di], (i=1, 2). When

an alternative is evaluated, if the evaluation of a

certain attribute ũ is located somewhere between the

two fuzzy numbers ũk and ũk+1, the membership of ũ

can be determined based on the relative distance

between ũk and ũk+1 (k=1, 2,. . ., 5), and ũ is

represented as (ũk, ũk+1, a). If the evaluation of a

certain attribute is the estimated value (number value)

t, tr=(t�tmin)/(tmax�tmin) should be calculated to find

the value of tr which represents the two fuzzy

numbers that are closest to one another, as a is

determined, the membership function is obtained [14].

3.2. Fuzzy linguistic evaluation

As described above, since much information

needed in the design process is imprecise and vague,

evaluations can be represented in terms of fuzzy

linguistic variables and the evaluation universe

U=(u1, u2,. . ., u5). In this study the grey theory is

used to determine the fuzzy linguistic value of related

attributes [6,26,23].

(1) Function construction. There are five fuzzy

numbers in universe U, and five variables correspond
to the fuzzy numbers: bad, somewhat bad, fair,

somewhat good, and good, assuming their functions

are fi(x)(i=1, 2,. . ., 5) respectively.

f1 xð Þ ¼ 0 xb0 or xN2

1� x=2 0VxV2

�

f2 xð Þ ¼
0 xb0 or xN4

x=4þ 1=2 0VxV2
2� x=2 2VxV4

8<
:

f3 xð Þ ¼
0 xb2 or xN6

x=2� 1 2VxV4
3� x=2 4VxV6

8<
:

f4 xð Þ ¼
0 xb4 or xN8

x=2� 2 4VxV6
4� x=2 6VxV8

8<
:

f5 xð Þ ¼ 0 xb6 or rN8

x=2� 3 6VxV8

�

fi(x)(i=1, 2,. . ., 5) is shown in Fig. 2.

(2) Construct evaluation matrix D. The evaluation

matrix D is constructed according to the scores

provided by experts,

D ¼ tdij bM�N

in which, dij is the ith expert group score for the ith

attribute (determinable value), M is the number of

expert groups and N is the number of attributes.
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(3) Calculate the decision coefficient njk. Decision

coefficient is the coefficient for the jth attribute in kth

ranking (k=1, 2,. . ., 5), it is calculated as,

njk ¼
XM
i¼1

fk dij
� �

� Ni

where Ni is the number of experts in the ith expert

group.

(4) Define the decision weight vector rj, and

evaluation variables to which the attribute relates.

The decision weight vector represents the weight

that the ith attribute has in the ranking. It is

calculated as,

rj ¼ rj1; rj2; N ; rj5
� �

in which, rjk=njk/nj (k=1, 2,. . ., 5), nj ¼
P5

k¼1 njk
If the rjk* is the largest in rjk, rjk� ¼ maxk rjk

� �
,

then the jth attribute belongs to the jth grey ranking.

According to the corresponding relation between grey

ranking and fuzzy linguistic variables, the jth fuzzy

linguistic evaluation value can be obtained.

3.3. Weights on evaluation criteria

Evaluation weights can be represented in two

different ways. One way to represent weights is to

assign them numeric values. Another way is to use

fuzzy linguistic variables such as bimportant,Q bvery
importantQ, and so on. Assuming the weights of

attributes are represented with fuzzy linguistics, the

method introduced in Section 3.2 can be used to

determine weights. There are five grey rankings that

correspond to the evaluation universe. The fuzzy

linguistic weights can be determined by using grey

statistic methods and there are several methods for

normalizing weights.

Analytical Hierarchical Process (AHP) technique is

a popular method that has been widely used [8,16,22].

One of the strengths of AHP lies in its ability to

structure multi-attribute and multi-period problems

hierarchically. AHP provides remarkable versatility

and power in structuring and analyzing complex

multi-attribute decision-making problems.

The AHP solution process consists of three steps

with an optional concurrent fourth step as follows: (1)

determination of the relative importance of attributes
and sub-attributes if any; (2) determination of relative

standing (weight) of each alternative with respect to

each sub-attribute, if applicable, and then successively

with respect to each attribute; (3) determination of the

overall priority weight (score) of each alternative; and

(4) determination of consistency indicator(s) in mak-

ing pairwise comparisons.

As indicated by Sun et al. [17], pairwise

comparison begins with comparing the relative

importance of two selected items, the ith item and

the jth item, for evaluation. If n items are associated

with n weights, w1, w2,. . ., wn , the relative

importance, aij, is obtained as aij=wi/wj. The

evaluation matrix is as follows,

A ¼

a11 a12 : : : a1n
a21 a22 : : : a2n
v v v v

an1 an2 : : : ann

3
775

2
664

In which, aii=1, aij=1/aji, since an item is

equally important as itself, the value of a diagonal

element in the matrix is 1, and values of the

elements in the upper triangle of the matrix are the

reciprocal values of the elements in the lower

triangle of this matrix, only n(n�1)/2 times of

comparisons are needed [17]. In a general case,

instead of having the precise values of wi/wj, only

estimates of them are available. Estimation errors

may result in inconsistency of the data in the

pairwise ratio matrix. Therefore, a consistency index

CI is developed to evaluate the deviation from

consistency of the pair wise ratios. When values of

the elements of a reciprocal matrix are randomly

generated, the CI for the matrixes is represented as

RI. The ratio of CI to RI for the same order

matrices is called the consistency ratio (CR).

In identifying the importance measure of items, it

is necessary to specify how a particular item is more

important than the other. The comparison values, aij,

are defined on a scale of 1 to 9, as shown in Table 1.

The calculated weights for items are scaled to a

range between 0 and 1 for representing the impor-

tance measures. Five fuzzy measures have been

developed for modeling the importance of attributes

such as bad, somewhat bad, fair, somewhat good,

and good.



Table 1

Scales for comparison of factors [14,17]

aij Comparison of the ith factor and the jth factor

1 ith factor is equally important

as the jth factor

3 ith factor is slightly more

important than the jth factor

5 ith factor is much more

important than the jth factor

7 ith factor is far more important

than the jth factor

9 ith factor is extremely more

important than the jth factor

2, 4, 6, 8 intermediate comparison values

Reciprocal these values are the inverse

comparison of aij

L. Xu et al. / Decision Support Systems 42 (2007) 2029–20422034
3.4. Comprehensive fuzzy evaluation

Single factor evaluation of attributes should be

made before a comprehensive evaluation. Those

single factors can be represented with numeric values

or fuzzy numbers. If the numeric values or fuzzy

numbers were not within the evaluation universe U,

the concept of a fuzzy line segment is used to

determine membership functions and the membership

functions for the weights of attributes. If there are m

alternatives, n evaluation criteria, and n weights for

each alternative, then a fuzzy number ũij (i=1, 2,. . .,
m; j=1, 2,. . ., n) is used to represent fuzzy numbers of

alternatives, and w̃j ( j=1, 2,. . ., n) for weights.
Based on the membership function of design

alternatives’ evaluation criteria and the membership

function of fuzzy objectives, the evaluation value of

the attribute and the absolute value of the attribute

with a fuzzy objective can be calculated, and then

those alternatives can be evaluated using the weight

mean values.

Fuzzy difference and fuzzy absolute difference:

Assuming ũij is the evaluation of the jth attribute of

the ith alternative, G̃j is the fuzzy objective of the

jth attribute, according to the definition of fuzzy

difference [7],

D̃ij ¼ ũuijHG̃j ¼ ũuijP � G̃j

� �
In which, the membership function of (�G̃j) is,

l � G̃jð Þ zð Þ ¼ l G̃j
� zð Þ
Fuzzy absolute difference |D̃ij| is,

lj D̃jj ¼
max tl D̃ij

zð Þ; l � D̃ijð Þ zð Þb zz0

0 zb0

(

Comprehensive fuzzy evaluation: According to the

fuzzy absolute difference |D̃ij| of the fuzzy evaluation

ũij with the fuzzy goal G̃j and the fuzzy weights of

attributes W̃j, the comprehensive fuzzy evaluation

matrix R̃i can be obtained,

R̃Ri ¼
Xn
j¼1

W̃ jj D̃ijj i ¼ 1; 2; N ;mð Þ

With the extensive principle in fuzzy theory, we can

obtain [19],

lR̃Ri
zð Þ ¼ Sup

g yð Þ¼z
^
n

j¼1
lW̃W i

Wj

� �� 	
^
n

j¼1
lj̃Dijj dij

� �h i� �

i ¼ 1; 2; N ;mð Þ

In which g yð Þ ¼
Xn
j¼1

Wjdij.

3.5. Ranking fuzzy numbers

We can obtain the fuzzy evaluation value R̃i based

on the comparison of the design alternatives. R̃i is a

fuzzy number. In order to observe how satisfied the

alternatives are and how close the alternatives are to

the fuzzy goal, a ranking process is needed on the

fuzzy numbers. Numerous methods have been pro-

posed to compare fuzzy numbers including the one

proposed by Chen [5]. Due to its simplicity, the

method has been very popular.

According to this method, we should find the

maximum limitation Smax and minimum limitation

Smin in the subset of fuzzy numbers for comparison,

and draw two lines through point (Smax, 1), point

(Smin, 0) and point (Smax, 0), point (Smin, 1) as Fig. 3

shows; two lines cross with the membership functions

of fuzzy numbers, and the cross points are Kg and Km.

According to Kg and Km, the permutation value of

R̃i can be obtained as,

K ið Þ ¼ Km ið Þ þ 1� Kg ið Þ



Fig. 3. Comparison of fuzzy numbers.
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The smaller the K(i) is, the closer the alternative to

the goal is [14,24]; as a result, the alternative which

has the smallest order value is the best alternative.
4. Decision support systems for concurrent

engineering design

There are two kinds of decision support systems

in concurrent engineering design. One is a dis-

tributed decision support system in a networking

environment; the other is stand alone system. Stand

alone decision support systems in concurrent engi-

neering are concurrent in macro and serial in micro,

as shown in Fig. 4 [14]. There are two concurrent

subsystems in this model: one is an external

concurrent subsystem that is consisted of market

investigation, material, and external components,
Fig. 4. Single computer concu
which can offer designers accurate external infor-

mation. The other is an internal subsystem that is

consisted of conceptual design, assembly design,

manufacturing design, and so forth.

Many alternatives from each design stage can be

accommodated for evaluation, and related decisions

must be made based on such evaluations. In addition,

systems simulation can be conducted to check the

quality of decision. Due to the complexity involved, it

may not be possible to reach perfect solutions subject

to all constraints; however, we can obtain the solution

that makes an overall good design and takes all

important factors into consideration.

4.1. Multi-stage fuzzy decision-making model

The optimal product design plays a significant role

in new product development and becomes one of the

most crucial tasks in manufacturing. Many research-

ers have studied optimal product design [1]. There are

so many factors in concurrent engineering design that

each of them should be taken into account; mean-

while, there are so many design alternatives that have

been generated in different design stages that need to

be evaluated. Obviously, the impact of decisions from

one stage to another is critical. As indicated by Zhao

et al. [27], a decision for the current stage depends on

the decisions result from previous stage, and the final

design is reached through the evolution of a design

process stage by stage. In this study, concurrent

engineering product design is treated as a multi-stage

fuzzy decision process as Fig. 5 shows, and the
rrent evaluation model.



Fig. 5. Multiclass fuzzy decision-making model.
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Fig. 6. Design stage.
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decisions are made based on the practice of con-

current engineering, dynamic programming, and

fuzzy sets theory [19,20,2,25,1]. In Fig. 5, Sk (k=1,

2,. . ., N) are state variables which represent alter-

natives in kth stages, Sk is a value in status space

Xk={xk
(1),xk

(2),. . .,xk
(n)}, and Xk is the set of alterna-

tives in kth stages, and rk is used to represent the

number of alternatives.
Fig. 7. DFA
In the following, uk is a decision variable that

represents the design decision of kth stage; it also

represents the state from the current stage to the next

stage. lk(uk) is the membership function for the

decision variable uk subject to fuzzy constraints; it is

also the membership function for a certain state with

fuzzy objectives from the kth stage to the next stage.

lN
G(SN) is the membership function for the design
stage.



Fig. 8. DFM stage.

Table 2

Stage one fuzzy linguistic evaluation

Alternative x1
(1) x1

(2)

Evaluation ũ5 (ũ4,ũ5,0.8)
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state SN in the latest stage subject to its fuzzy

objectives. k is a stage variable that represents the

stage of product design; if N stages are available, then

k=1, 2,. . ., N.
In a multi-stage fuzzy decision system, a number of

decisions, u1, u2,. . .,uN�1, are combined into a

general strategy with membership function to the

fuzzy goal as,

lp u1; u2; N ; uN�1ð Þ

¼ l1 u1ð Þ^l2 u2ð Þ :̂ : :^lN�1 uN�1ð Þ^lG
N SNð Þ

The last system state SN can be obtained through

the state transfer function as,

skþ1 ¼ Tk sk ; ukð Þ k ¼ 1; 2; N ;N � 1

Let u1
m, u2

m,. . ., uN�1
m represent the optimal strategy,

then

lp um1 ; u
m
2 ; N ; u

m
N�1

� �
¼ max l1 u1Þ^l2 u2Þ :̂ : :^lN�1 uN�1Þ^lG

N SN Þð g
����
According to the dynamic programming principle, a

backward procedure that calculates backward recur-

sively is used. The formula is,

lp u1; u2; N ; uN�1ð Þ

¼ l1 u1ð Þ^l2 u2ð Þ :̂ : :^lN�1 uN�1ð Þ^lG
N SNð Þ

where

up um1 ; u
m
2 ; N ; u

m
N�1

� �
¼ max lN�1 uN�1ð Þ^lG

N SNð Þ
� �

¼ max l1 u1ð Þ^l2 u2ð Þ :̂ : :^lN�1 uN�1ð Þ^lG
N SNð Þ

� �
¼ : : : ¼ max l1 u1ð Þ^lG

2 s2ð Þ
� �

¼ lG
1 s1ð Þ

Here,

lG
N�i sN�ið Þ ¼ max lN�i uN�ið Þ^lG

N�iþ1 sN�iþ1ð Þ
� �

sN�iþ1 ¼ TN�i sN�1; uN�ið Þ i ¼ 1; 2; N ;N � 1

We can obtain lN�1
G (sN�1), lN�2

G (sN�2),. . ., l1
G(s1).

In which l1
G(s1) is the answer for up(u1

m, u2
m,. . .,



Table 3

Stage two fuzzy linguistic evaluation

Alternative x2
(1) x2

(2) x2
(3) x2

(4)

Evaluation (ũ4, ũ5, 0.8) ũ4 (ũ4, ũ5, 0.5) ũ5

Fig. 9. Membership function in stage one.
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uN�1
m ). The ui which satisfies the equation is

represented as ui
m (i=1, 2,. . ., N�1); the optimal

strategy is u1
m, u2

m,. . ., uN�1
m .

4.2. Compute lN
G(sN) and lk(sN)

As described above, lN
G(sN) is the membership

function for the latest design state with fuzzy goals,

and the latest design state is a value of the set

XN={xN
(1), xN

(2),. . ., xN
(rn)}; lk(uk) represents the

membership function of the kth stage with fuzzy

goals, that is lk(uk)=lk(sk), sk is the value of the set

Xk={xk
(1), xk

(2),. . ., xk
(rn)}, k=1, 2,. . ., N�1. After

making fuzzy evaluation on each alternative, a

ranking value K(i) as described in Section 3.5 can

be obtained. If rk alternatives are available in the kth

design stage, there must be rk ranking values as K(i),

(i=1, 2,. . ., rk). Assuming that Kmin ¼ Minrki¼1 K ið Þf g,
since the smaller the K(i) is, the closer the alternative

is to the design goal, Kmin/K(i) is used to represent the

membership function of alternatives that correspond

to the goal. The formula is,

lG
N sNð Þ ¼

Kmin

K ið Þ

in which, Kmin ¼ Min
i¼1

rk

K ið Þf g,

lkðukÞ ¼
Kmin

K ið Þ

where Kmin ¼ Min
i¼1

rk

K ið Þf g k ¼ 1; 2; N ;N � 1ð Þ
5. Implementation

Based on the methods and techniques introduced

earlier, a decision support system called Decision
Table 4

Stage three fuzzy linguistic evaluation

Alternative x3
(1) x3

(2) x3
(3) x3

(4) x3
(5)

Evaluation (ũ3, ũ4, 0.5) (ũ4, ũ5, 0.8) (ũ4, ũ5, 0.5) (ũ4, ũ5, 0.5) ũ5
Support System for Concurrent Engineering (DSSF-

CD) is developed and implemented in real-world

environment. In this example run, conceptual design

alternatives for a machining center are analyzed using

the decision support system developed. Example

alternatives are shown in Figs. 6–8. The design

procedure consists of three steps: (1) initial design

(Fig. 6); (2) design for assembly (DFA, Fig. 7); and (3)

design for manufacturing (DFM, Fig. 8).

The evaluation criterion for stage one is

bcomprehensiveness of functionalitiesQ, for stage two

is breliabilityQ, and for stage three is bcompactnessQ
(Tables 2–4).

Assuming the fuzzy goals of each stage are all ũ5,

according to the absolute difference of evaluation

goal with the alternatives’ fuzzy evaluations, we can

obtain the membership function of each fuzzy

evaluation as,

The alternatives’ fuzzy evaluation membership

functions in three stages are shown in Figs. 9–11

and Tables 5–7. Based on the multi-stage fuzzy
Fig. 10. Membership function in stage two.



Fig. 11. Membership function in stage three.

Table 6

Membership function in stage two

Alternative x2
(1) x2

(2) x2
(3) x2

(4)

Evaluation 0.4 0.5 0.667 1.00
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decision-making model in the DSSFCD, correspond-

ing to the fuzzy goal, we can obtain the optimal

membership function to fuzzy goal lp=0.833, the

optimal strategy is x1
(2),x2

(4),x3
(5), and the optimal

alternative is x3
(5). Finally the best product scheme is

selected.
6. Conclusion

In concurrent engineering product design, it is

crucial to evaluate the design comprehensively. Due to

lack of information, in the early design process,

problems can arise when information is fuzzy and

goals are known imprecisely which makes the design

evaluation difficult. It is not easy for designers to

evaluate alternatives precisely. The designer should

take the concurrent effects of the product design into

consideration. If the previous decision is incorrect, the

following design stages will be affected significantly.

Concurrent product development processes need

effective decision support systems. In view of this, a

decision support system has been proposed for the

multi-stage fuzzy decision-making tasks in concurrent

engineering.

The concept of fuzzy line segments is introduced to

make the universe of discourse continuous, which

makes it possible to not restrict the designer to a small

set of fuzzy inputs. The fuzzy line segment also makes
Table 5

Membership function in stage one

Alternative x1
(1) x1

(2)

Evaluation 1.00 0.833

Table 7

Membership function in stage three

Alternative x3
(1) x3

(2) x3
(3) x3

(4) x3
(5)

Evaluation 0.445 0.667 0.5 0.833 1.00
it possible to better reflect the designersT estimate of

the performance of design alternatives and the relative

weight assigned to each attribute. It facilitates more

accurate and precise linguistic inputs, and provides a

way to bfuzzifyQ numeric inputs. This paves the way

for AHP to assist designers in the determination of

attribute weights.

In this paper, after introducing the concept of

fuzzy numbers and fuzzy line segments, fuzzy

linguistics and estimate value with fuzzy numbers

were discussed. How the grey theory can be used to

determine the evaluation of attributes and weights

was also described. After analyzing the nature of

decision-making in concurrent engineering design, a

multi-stage decision-making model in concurrent

engineering product design was proposed. The

reason for developing the system was to improve

the concurrent engineering process or practices by

improving related decision-making processes. The

system is able to evaluate alternatives comprehen-

sively using weighted means absolute difference, and

rank the alternatives. The system is beneficial in

improving design capability in terms of enabling

engineers to evaluate design alternatives with inter-

related criteria such as functionality, reliability,

manufacturability to achieve DFx (Design for x),

with x as one of the criteria [10,17]. The system

provides decision support aids to not only capture

the features of different concurrent design stages, but

also to perform automated decision support for DFx.

The what-if-analysis, i.e., what would happen if a

particular decision is taken, is one of the most useful

functionalities provided by the system. The imple-

mentation results show that the system is practical

and useful for concurrent engineering product

design.
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