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Abstract Owing to intricate interdependency and informa-
tion feedback among tasks, the concurrent design process
probably cannot converge to the correct solution when there
are wrong integration and improper interaction between
activities. Therefore research on concurrent design process
optimization is necessary. In the paper, a novel methodol-
ogy is proposed to analyze and optimize the concurrent
engineering process scientifically. Based on design struc-
ture matrix and graph theory, coupled task recognition and
design task level plotting are performed for the concurrent
design process of aluminum profile extrusion product
development. Three factors are used to describe the
coupling property of activity, namely sensitivity, complex-
ity and affection factors, which provide the basis to analyze
development process quantitatively. And an optimism
algorithm is presented to define the initial iteration order
of coupled task set. Finally a rational and efficient
concurrent design process model is constructed, which can
make aluminum profile product development faster, with
lower costs and higher quality. The methodology proposed
is also applicable to other concurrent engineering fields.
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1 Introduction

Concurrent engineering (CE) has become increasingly
important for product development in recent years. CE is
a philosophy that suggests the need to consider design
issues simultaneously where they were considered
sequentially in the past. The sequential design process
has been considered inefficient, since this type of design
process typically leads to greater development time,
greater cost, and lower overall design quality, all of
which lower the overall profit generated by the design
[1]. But concurrent design is not always prior to
sequential method. Owing to intricate information feed-
back, when there are wrong integration and improper
interaction between activities, concurrent design process
possibly divergent [2]. Therefore research on concurrent
design process is necessary. Process analysis and sched-
uling of concurrent design aims to replace the confused
coupling condition by a few of small design loops with
information feedback according to the interdependency
degree between activities.

In general, it is considered that managing the design
process includes four major steps [3]: (1) model the
information and dependency structure of the design
process; (2) provide a design plan showing the order of
execution for the design tasks; (3) reduce the risk and
magnitude of iteration between design tasks; (4) explore
opportunities for reducing the project cycle time. Several
management tools have been developed to model the
interface and dependencies among the decomposed tasks
of design process. The project evaluation and review
technique (PERT) is a diagraph of a project [4]. In the
PERT method, three probabilistic time estimates are given
to each task. The critical path method (CPM) is a
variation of the PERT method. CPM assumes a time-cost
tradeoff rather than probabilistic time used in PERT. Both



Int J Adv Manuf Technol (2007) 33:652—-661

653

methods improve the process flow only by crashing the
critical activities, but they do not consider iteration and
feedback loops that are characteristics of engineering
designs, and they ignore the concurrency and overlapping
of the design process. To study information management
processes the standardized IDEF0 modeling technique is
a useful tool. IDEFO was driven from structural analysis
and design technique [5]. The IDEFO0 technique supports the
needs of modeling the process in a formalized manner to be
able to compare and refine the modeled process. However, the
IDEFO0 methodology is inefficient to support the modeling of
concurrent activities and iterations between activities are
difficult to analyze with the help of the IDEF0 technique.
Direct graph is a general method to describe procedure
relations. It is composed with vertexes representing design
activities and vectorial lines representing information connec-
tion. The direct graph can not only describe system clear and
visually, but also analyze the process quantitatively based on
mathematic tools of graph theory (GT) [6]. But when
concurrent system is complex and involved activity amount
is too large, the direct graph will become very confused. A
more compact representation of a design process is the
design structure matrix (DSM) [7]. It overcomes the size and
visual complexity of all graph-based techniques and matrices
are amenable to computer manipulation and storage. DSM
has been used in some researches for CE implementation
[5, 8-10]. In this paper, we also use DSM representation to
describe the product design process. On the basis of DSM
and GT, a methodology has been proposed to analyze and
optimize concurrent product development process.

This paper has been organized in the following
manner. In Sect. 2, the interdependencies among activi-
ties during design process are analyzed and summarized
into three types. An algorithm to recognize the coupled
activities of the product development and figure out the
order levels of every design activities is introduced.
Section 3 proposes three factors to describe the coupling
property of activity and a quantitative optimization
algorithm is presented for coupled activities to define
iteration order. Section 4 analyzes aluminum profile
product development process particularly and presents
an optimized process model. Finally a summary and
proposed future work are given in Sect. 5.

2 Concurrent design process analysis

2.1 Relations among design activities and DSM

The product design process is a set of design activities.
There are various interrelations among these activities

[11, 12]. According to the degree of interdependency, the
authors divide the interdependency relationship among
activities into three types: sequential relation, parallel
relation and coupled relations as shown in Fig. 1.

Sequential relation means that decisions of early design
activities affect downstream activities, but no repercussions,
generating a sequence of decisions that results in a
straightforward process without iteration. Parallel relation
means that a design activity is independent from one
another or the interdependency degree between them is
very low. And there is little information exchange between
them. In this situation two or more activities can be
executed in parallel. Coupled relationship means that the
two activities will affect each other. The interdependency
degree between them is very high, and there are informa-
tion exchanges among coupled activities. Such interdepen-
dency needs many iteration loops to set all design
information in a consistent way.

By means of DSM (see Fig. 2), an activity set S={a,, a,,
..., a,} can be represented by matrix B with n rows and n
columns and, in which b;=1(i, j=1, 2,..., n) indicates that
activity a; outputs information to a; while b;=0 indicates
that activity a; doesn’t output information to a;. And B is
called DSM of S. It is defined that b;; equals to zero. If one
interprets the activity ordering in the DSM as the execution
sequence, the elements below the diagonal represent the
forward information transfer to later (i.e., downstream)
activities, and the elements above the diagonal depict
information fed back (or iteration) to earlier (i.e., upstream)
activities. As for the three relations, there are the following
conclusions:

1. If it is sequential relation between a; and aj, then b;=1
and bji=0.
2. [Ifitis parallel relation between a; and a;, then bj;=b;;=0.

3. [Ifitis coupled relations between a; and aj, then b;;=b;=1.

A LA
-+ A > B » +E ]—» > \:::-:::’ >
B
+ B i
a b c

Fig. 1 Relation types between design activities: (a) sequential
relation, (b) parallel relation, (¢) coupled relation
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Fig. 2 Design structure matrix

2.2 Coupling activities recognition

In concurrent design, coupled relation is the main relation
between activities and the main factor increasing complex-
ity of concurrent design. Frequent information exchanging
among activities makes the design and management of
process very complicated. Therefore coupled activities
should be recognized before re-engineering the design
process. Generally designer plans and manages the design
tasks by his own domain knowledge and experience
qualitatively which is imprecise and unreliable. In this
paper, a new algorithm of recognizing coupled activities is
introduced as follows.

Defining design activities as nodes of vectorial graph G
and activities relation as directed lines, the design process
can be described as a directed graph. The directed lines or
linkage reflect a dependency or a relationship between the
connected activities. And the DSM can be considered as the
transpose of the incidence matrix of the corresponding
directed graph. The problem of recognizing coupled
activities set is translated into the problem of seeking
strongly connected component in a directed graph.

Definition 1 Given that G=(V, E) is a directed graph,
where V=(V, V3, ..., V), and A is the incidence matrix of
G, P is the accessibility matrix of G Then

P=ADVvADVAD vAG v v AW

@ Springer

Definition 2 (1) The matrix R = (r)  is a Boolean
matrix, if the values of r;;=(i, j=1, 2,..., n) can only be
0orl.

(2) The matrix W = (Wii)nxn is a Boolean Sum of R and
S, if wi; = r;; V sj where R = (rij)nxn and S = (Sij)nxn
are Boolean matrices.

(3) The matrix U = (u;)_  is a Boolean Product of R
and S, if uj = Vi, (ric A sj), where R = (rj), and
S = (sj),,, are Boolean matrices.

(4) The algorithms of “v” and “A” are explained in

Tables 1 and 2.

Theorem 1 [6] P = (pj is accessibility matrix of graph
G. P" is the transposed miatrix of P. Operation PNPT is
defined as

Pt --- Pin Pir -+ Pni
PNPT = : Cng : 3)
pnl pnn pln prm
P%l P12 ~2p21 Pin * Pn1
_ P21 P2 P22 Pon * Pn2
: : :
Pni *Pin Pn2P2n --- Prn

Table 2 Algorithm of “A”
Algorithm of “A”

A 0 1
0 0 0
1 0 1
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If it is accessible from node v; to node vj, then p;=1. If it
is accessible from node v; to node v;, then p;=1. Thus the
nodes v; and v; are accessible from each other, if and only if
pijiP;i=1. As to the matrix PNP", If in ith row of matrix
PNPT, elements of column jy, j,, ..., jx 1S not zero, node v;,
Vj1,Vj2, ---»Vik 18 in a strong connected set. And the activities
corresponding to these nodes are in a coupled set.

2.3 Design activities level plotting

If every coupled activity set is merged into one activity, and
the rows and columns responding to the coupled activity set
have been merged into one row and column, the accessi-
bility matrix P becomes a reduced matrix P. Design
activities levels can be plotted according to Theorem 2.

Theorem 2 [13] If P’ is the reduced matrix of accessibility
matrix P, P'’E,.1 = (P1, P2seeos pn)T, m > 1, n-dimension
vector E0=(1,1,...,1)T, E.=(ey, e,..., en)T, where

. 0(p1 S {Oa 1})
|1 (pi f0.1) “

Then the necessary and sufficient condition of L, = {v;}
is p; = 1, where L, means that a; is an element of mth level
in the Graph G.

3 Concurrent design process optimization
3.1 Design activities reengineering

As the result of design tasks analysis, some deficiencies such
as too large coupled set and insufficient concurrent operation
can be found. To make whole design process rational, some
methods are applied to reengineer tasks. There are mainly
two operations proposed, which is shown in Fig. 3.

1. Decoupling operation. If the connection between two
interdependent tasks is very weak, the relation can be
deleted to make coupling linkage break. In this
operation, owing to wrong assumption, it is likely to

cause iteration. The weaker the dependency is, the less
risk of iteration there will be.

2. Detailing operation. By dividing a task into several
smaller activities, upstream activity can provide design
information to downstream earlier while downstream
activity can also feedback forward timely [14]. Then
overall iterative work and cycle time are reduced.

After all activities and relation have been analyzed, coupled
activities recognizing and level plotting will be made for the
second time. Then iteration order of coupled activities is
defined. The complete flowchart is shown in Fig. 4.

3.2 Iteration order optimization for coupled activities

The objective of iteration order optimization is to reduce
the iteration work and time caused by traditional empiri-
cally based order definition method and make the process
converge as soon as possible [15, 16]. In this paper, an
optimization algorithm is presented to get scientific initial
iteration order. The coupled activities are plotted by the
following principles:

1. Activity affected by other activities greatly or sensitive
to other tasks should be executed later to make it
acquire sufficient information and to reduce loop times;

2. The more complex an activity is, the higher the itera-
tion cost will be. Therefore complex activity should be
executed later;

3. Activity affecting others greatly should be placed
forward.

In the design process, every activity can be regarded as an
“information machining centre”, in which the input infor-
mation is transformed into output information. In this paper,
the input and output information of an activity is divided into
two groups: local information relating to activities in the
same coupled set while global information relating to
activities out of the set. As shown in Fig. 5, {I;,L,, ...,I,}
are the local input information, while {L,.q, ...,.I,} global
input information, {0;,0,, ...,0,} local output information

A J I::>

a

and {Op1, ...,On} global output information.
A1 > A2 —> An
I::> A A [
y Y '
B B1 82 Bm

Fig. 3 Design activities reengineering operations: (a) decouping, (b) detailing
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Iteration order definition for coupled set

v

End

Fig. 4 Design activities reengineering flowchart

To analyze design activity quantitatively, the coupling
property of an activity can be represented by three factors:

1. Sensitivity factor f; Activity sensitivity to other activ-
ities in the same set is represented by factor f;. We
define f; as f,;=m/n, in which n refers to total
information amount needed by the activity and m refers
to local input information.

2. Complexity factor f, Activity complexity is repre-
sented as factor f.. Factor f. is mainly decided by
required time and cost of this activity. More time and
cost a design activity need, more complex it is. We
define f.€(0,1) and the specific values are decided by
domain expert.

@ Springer
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Fig. 5 Information flow of design activity

3. Affection factor f, Affection power of an activity to
others in the same set is represented as f,. We define
f,=k, in which k refers to local output information
amount. The iteration order is defined as follows.
Firstly, input and output information for every activity
will be analyzed in detail. The local and global
information are recognized separately. Initial iteration
order is mainly decided by sum of f; and f..
Considering complexity is more important, we define
weight values of f; and f, as 0.5 and 1 respectively.
When computed results of fy/2+f. are same, iteration
order is decided by affection factor f,.

4 Case study

Aluminum profile extrusion product development involves
product design, manufacturing process design, equipment
selection and extrusion die design, etc. Owing to large
quantities of geometry parameters and intricate relation
among procedures of whole product life cycle, it is very
complicated to develop a new aluminum profile product.
Up to now to a large extend the development process is
empirically based. In this paper a scientific process model
based on concurrent engineering philosophy and method
proposed above is to provided to improve the development
efficiency.

4.1 Design tasks analysis of aluminum profile product
development

Design activities and procedures involved in the
process of aluminum profile extrusion product devel-
opment can be classified as five groups and each
group can be divided further into several specific
activities, as shown in Table 3. There are a total of 19



657

Int J Adv Manuf Technol (2007) 33:652—-661

s)nsax
SISA[eUR MO[J [ejowW pue AJnods yysuang
[euoYeW A1

suorsuawIp [1ejop pue adeys Ioyno 1
UON)EULIOJUT 2INJONIS Judumnsn(py

odeys pue yy3u9 Suresg
UOT)BULIOJUT AI}OW0T IoqUIBYD-dI]

uoIsuawWIp Jouul A1p (LR
Anowoa3 Joquieyo uipjom pue
Joqunu ‘adeys sjoyprod 10 uonisod aqyord

adKy a1

S[00} JO AJI[IqISEd) YITUaMS pue AINjonnsg
joysed pue dyerd

AIp ‘IdUIRIUOD ‘WRI UOISNNXd JO UOISUdWI(
19ysed pue

derd a1p “Iourejuod ‘wel uoIsnnxa Jo adAL

s1ojowrered ssa1g
poads uorsnxg
amjeradurd) uoIsnyXyg
poyiouwr uoISnIXg

mo[J ssa001d uorsnnxg
Aiqrseay jonpoig
90UEIO[0)
UOISUSWIP pue [eLjew ‘A1owodas o[yoid

QIp JO uorsuawIp [1e1eq

9010} UOISNIIXF
SIsA[eue [y)3uons

a1p pue Anowoo3F joysed pue dred iq

sisA[eue 9ouB[eq MO[J [BIOUI UOISNOXF
S)[NSaI SIsAJeue d0UEB[Rq

MO} Tesow pue odeys Jouur 91T
S)[NSAI SISATeUE d0UE[Rq

MO} Tesowr pue odeys Jouur 91T
90URIS[0) pUR

AnowooF ajoid ‘siojowered ssa001d
S)[nsal sisAjeue ddue[Rq

MOTJ [e}oW puE S[00} JO IZIS UONOIS
Anowoad

oyoid pue poyow UOISNIXY
9010}

UOISNIIXO PUE SUOISUSWID S[O0],
synsa1 sisAjeue pue Juruonisod

orgouid “ozis jonpoid ‘odAy ssaig

adeys jonpoid pue odAy ssarg
$00In0sa1 osLIdIo)ud
pue ea1e jonpoid 0010 UOISNIXY
UOI)BWLIOJUT 1ONPOIJ
UOIRULIOFUI JONPOIJ
UOIBWIOJUT 1oNPOIJ
uoeuLIoyul
$901n0sar osudIauo pue 1onpoid
UOIBWLIOUT JONPOIJ
jnsax sisk[eue
9[qIsed) pue juowarmbar joxIe

sIsA[eue gy 6'e
UuondQ[as [eLdIBIA 8le

ugisop adeys 1nQ Lle
ugisop aimjonys juaunsnfpy ole

ugisop Suueag Sle
ugisop Joquieyo-o1d vle
uorsuowip Sunjiom ajoy a1 £le

(arp oroyprod 103) uFIsop oroyuod
10 (a1p prjos 10y) Suruonisod o[yord <le
uonooas odAy o1 e

S[00) [BLI0SS90E
105 sisA[eue yp3uans pue aamonng Ole
UONIULJOP UOISUdWIP [00], 68
uonavas ad£y oo Se
UO0I)IJ[AS $sA1d Le
uoniuyep peads uorsnyxy %
uoniuyep armesddwo) uorsnyxy Se

UONOA[AS POy UOISNNXH T

Surmnpayos mo[y ssa001] e
sisAJeue 9[qIsed) jonpoid e

ugisop jonpoid 'e

sisA[eue pue ugIsap oIp UOISNOXF

uS1sop IO UOnOI[AS S[00}
[er10ssa00€ pue juowdinba worsnyxg

ugrsop ssado01d uorsnyxyg

sisATeue pue ugisop jonpoid

O

€D

[43

D

uopeulojur JndinQ

uopeuuojur nduy

soniAnoe udIsaq

juswdojoaap jonpoid uorsnnxd ofijoid wnurwnye 10J sisAjeue SANIANOR USISAQ € dqeL

pringer

A



Int J Adv Manuf Technol (2007) 33:652—-661

658

From Table 1, DSM for aluminum profile product

development can be gotten as shown in Table 4.

To investigate interdependent relationship

activities.

between activities, the required input information and
final output information are analyzed for every activity in

detail.

According to Theorem 1, accessibility matrix P and
PNPT can be figured out on the basis of DSM as follows:

Table 4 Design Structure Matrix (DSM) of aluminum profile concurrent product development

a a3 as as a6 a7 ag a9 ajo ag a2 a3 a4 as a6 a7 ag a9

aj

ai

a3

pringer

A's
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—_ = = =
—_— = = =
—_— = = =
—_ = = =
—_ = = =
—_ = = =
—_— = = =
—_ = = =
—_ = = =
—_— = = =
—_— = = =
—_— = = =

PNPT =

e e e
e e e
e e e
e e e
e e e
e e e
e e e e
e e e
e e e
e e e
e e e
e e e

Based on Theorem 2, three coupled activity sets are
recognized. They are C,={a; a,}, C,={as,as} and C;={a;,
a8,29,810,212,8314,815,816,217,318,319 } -

Merging the rows and columns responding to the
coupled activity set into one row and column, the reduced
matrix of P is obtained. According to Theorem 2 activity
levels plotting can be implemented as follows:

PE, = (6,1,3,2,2,1)";
L, = {a3,a;}

E; =(1,0,1,1,1,0)"
PE; = (4,0,2,1,1,0)" "
L, = {as,a6,2) }

E, = (1,0,1,0,0,0)"

PE, = (2,0,1,0,0,0)"

Fig. 6 Initial process model for aluminum profile extrusion product
Ly = {as} development

@ Springer
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\

Vi

Vi

Fig. 7 Optimized process model for aluminum profile extrusion
product development

E; = (1,0,0,0,0,0)"
PE; = (1,0,0,0,0,0)"

L4 = {al}

Table 5 Iteration order definition for coupled activities

Plotted design process is shown in Fig. 6. It is noted that
in set C3 only one pair of interdependent relations is labeled
and the others are omitted.

4.2 Design process optimization

To avoid coupled set too large, which may cause design
divergent and cycle time increasing, the third coupled
activity set is reengineered particularly. Considering that
cavity geometry of extrusion die is decided mainly by
profile shape and their positioning and detailed working
dimensions affect die strength very little, relation between
activity a3 and activity a;o can be removed. On the other
hand, extrusion ram, container and padding relate to inner
geometry of die only while die frame relates to the outer
shape of die, therefore ag (tools dimension definition) can
be divided into activity a’y (extrusion ram, container and
padding dimension definition) and a”y (die frame dimen-
sion definition) while activity a;q (structure and strength
analysis for accessorial tools) is divided into a’;, (extrusion
ram, container and padding analysis) and a”,, (die frame
analysis). What is more, the interdependent relationship
between equipment and tools selection (Group 4) and die
design (Group 5) is weak. In practice, equipment and tool
selection is usually done before die design. Therefore,
activities 7, 8, 9 and 10 are separated from the third set and
form a new coupled set. After decoupling and detailing
operations, coupled activities and their levels are recog-
nized once more, and the process model is shown in Fig. 7.

4.3 Tteration order definition for coupled activities
There are total four coupled sets in the optimized process

model. Coupling properties of all activities have been
analyzed to get the rational initial iteration order. The

Coupled set S, S, Ss3 S4

Sub- a a, as ag ado Ay @ ag a’s  a’yo ap  aw  as A, a7 a4y A
activity

Sensitivity 050 1.00 050 050 050 100 033 050 1.00 100 050 066 1.00 1.00 1.00 0.33 1.00
factor f

Complexity 020 040 0.10 0.15 025 020 0.10 030 020 050 0.50 030 040 030 0.15 0.15 0.70
factor f,

Affection 3 2 1 1 3 3 1 4 1 2 2 1 1 3 1 1 2
factor f,

f/2+f, 045 090 035 040 050 070 027 055 070 1.00 075 0.63 090 080 065 032 1.20
Initial (1 2 (1] 2 (1] 21 [l 31 [6] (101 [7] [4] o1 8] (51 [2 [11]
iteration

order

@ Springer
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calculation results of their sensitivity, complexity, affection
factors and obtained iteration order are shown in Table 5.

The iteration order is also illustrated in Fig. 7. Based on
sufficient analysis of interdependency and information
flow, it is believed that the development process provided
by Fig. 7 will be more rational and efficient.

5 Conclusions

The objective of concurrent design process modeling and
optimization is to improve parallel degree of operations
and reduce whole execution time by eliminating iteration
and loop times caused by improper operation order. In
the paper, a novel quantitative methodology is proposed
to analyze and optimize the concurrent engineering process
scientifically which can provide rational concurrent opera-
tion order and can make the product development more
effective and efficient. The design activities in aluminum
profile product development are studied particularly and
an optimized process model is presented. The model has
been applied in a computer-aided aluminum profile prod-
uct development system prototype successfully. Further
research will be focus on the implement of collaboration
mechanism among task teams in a distributed development
environment.
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