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Abstract. Workflow planning is a critical stage in new product development (NPD). Information model is
a useful tool in analyzing and improving complex design workflow. It can facilitate to rebuild the process
through visualizing information flow. Based on graph theory and design structure matrix (DSM), this paper
presents a systematic workflow planning method for optimizing new product development from an informa-
tional structure perspective. Focused on coupling and decoupling theses in concurrent engineering (CE), the
workflow planning was divided into two phases of activities identification and activities planning. In activi-
ties identification phase, coupled activities are recognized by algebraic operation of binary Boolean matrix.
In activities planning phase, global planning result can be achieved by deleting the redundant relationships
of compression matrix, and local planning result can be obtained by comparing the correlation strength of
fuzzy design structure matrix (FDSM). An advantage of the proposed method is that the mapping from de-
sign structure matrix to hierarchical workflow graph can be automatically realized, which greatly improves
the efficiency of workflow planning for new product development. Eventually, one case study is employed to
illustrate the method and the result validates that it can shorten the product development time and reduce the
iterations of design process.

Keywords: new product development (NPD), graph theory, concurrent engineering (CE), fuzzy design
structure matrix (FDSM)

1 Introduction

In order to survive in the fast-changing and highly competitive market, a corporation should be agile and
respond quickly to the requirements of changing market. Shorter development cycle times, first to market,
and schedule predictability are the three basic indicators of new product development performance that lead
to a successful product[17]. The difficulties in designing complex engineering products do not arise simply
from their technical complexity. The managerial complexity, necessary to manage the interactions between
the different engineering disciplines, imposes additional challenges on the design process. In recent years,
concurrent engineering (CE) has become increasingly important for product development. 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. The remaining challenge of managerial complexity is to transform the product
design process from a SE (sequential engineering) environment to a CE environment. The important trans-
formation approach practically relevant to this paper is the product design process re-engineering[5]. When
applied to re-engineer the product development process, it is mainly concerned with the rationalization of the
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product development activities, with the belief that a rationalized product development process is more likely
to result in better product design decision.

The engineering complexity of the product development can be simplified by decomposing the design
process into smaller engineering activities and the assignment of these activities to individuals. The manage-
rial complexity of the product development is contained by using project management tools that model the
interfaces and dependencies among the decomposed design activities. The most important step in managing
the design process is building a structural model that captures all the constituent design activities and the de-
pendency structure among them. This model will be a “design plan” showing the order in which the design
activities are performed. A major problem in design workflow management is the existence of information
loops in the design plan.

It is characteristic of engineering design that precedence relationships among the constituent design ac-
tivities contain information flow conflicts. The existence of these conflicts with the lack of formal methods to
manage them render the development cycle time unpredictable. Loops represent conflicts in the flow of infor-
mation within the design process. There is no obvious order in which the design activities can be performed.
In order to overcome this difficulty, structural analysis is used to determine an execution order for the design
activities by making a decision on what activities proceed first. On the other hand, the number and magnitude
of such an iteration process is greatly affected by the choice of a structural model and the evaluation of the
interdependent relationships within the design activities.

The design process can be decomposed as an interconnected network of design activities. A directed
graph is most popular for representing the interdependency relationships among design activities of a project.
It consists of a set of nodes, representing the design activities, and a set of directed lines connecting these
nodes. The directed lines or linkages reflect a dependency or a relationship between the connected activities.
This description of the design process is called the information structure of the design process [18].

Systems engineering of products, processes, and organizations requires tools and techniques for system
decomposition and integration. And some design process modeling and management tools have been devel-
oped. The Project Evaluation and Review Technique (PERT) method is a digraph of a project[16]. In the PERT
method, three probabilistic time estimates are given to each activity. The critical path method (CPM)[16] is a
variation of the PERT method. And CPM assumes a time-cost tradeoff rather than probabilistic times used
in PERT. Both methods improve the process flow only by crashing the critical activities, but they do not
consider iterations and feedback loops that are characteristics of engineering designs, and they ignore the con-
currency and overlapping of the design process. To study information management processes the standardized
IDEF0 modeling technique is a useful tool. IDEF0 was driven from Structural Analysis and Design Technique
(SADT)[14]. The IDEF0 technique supports the needs of modeling the process in a formalized manner to be
able to compare and refine the modeled process. However, the IDEF0 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. A more compact representation of a design process is the Design Structure Ma-
trix (DSM)[18]. It overcomes the size and visual complexity of all graph-based techniques. And matrices are
amenable to computer manipulation and storage. Several researchers have used DSM in their researches for
CE implementation[2, 3, 24] and product development process[10, 11, 25].

Although a classical DSM can provide a clear and useful analysis method for complex design workflow
by decomposing and rearranging the design activities. But there are still some disadvantages in DSM. For
instance: (1) the traditional path searching method[21] adopted in partitioning procedure is inefficient in com-
putability. Especially, it is difficult to solve big size design matrix and inconvenient to be operated on computer.
(2) Although many researchers[8, 13] make efforts on tearing algorithm, no optimal method exists for tearing
so far. (3) It can not really reflect dependency strength between two design activities by a binary matrix with
“1” and “0”. The shortcoming is unfavorable to dispose the coupled activities in local planning phase. Thus,
this study attempted to solve these problems by developing new partitioning and tearing algorithms. In activi-
ties identification phase, we applied algebraic technique method[19, 20] to analysis and realize the partitioning
algorithm of DSM. Algebraic technique has a good application on the clustering and reordering of complex
system. Through Boolean matrix operation, it is helpful to compute and analysis a complex system and has
been used in various research fields[6, 15]. Meanwhile, based on fuzzy set theory[26, 27], we employ a fuzzy
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design structure matrix (FDSM) to represent the complete dependency structure profile and dependency un-
certainty of the design process. The proposed FDSM can be better captured through the utilization of fuzzy
evaluation method for a new tearing algorithm in local planning.

In this paper, our proposal is an enhanced structural model based on the directed graph and design struc-
ture matrix (DSM) model. It can visualize the hierarchical structure of design activities and rearrange the
optimal design process for CE. The proposed model includes two phases: activities identification and ac-
tivities planning. In activities identification phase, coupled activities was recognized by Boolean algebraic
operation of incidence matrix, reachability matrix, and strong connected matrix. In activities planning phase,
the global planning focuses on the rearrange the uncoupled sets by proposed partitioning method, and the
planning result can be achieved by deleting the redundant relationships of compression matrix. Meanwhile,
the local planning proposes a new tearing method to decouple the coupled activities based on the fuzzy set
theory, and the planning result can be obtained by comparing the correlation strength of fuzzy design struc-
ture matrix (FDSM). The procedures of global planning and local planning are presented to re-engineer the
product development process. Finally, we hope this study can provide a novel workflow planning model for
new product development.

The rest of the paper is organized as follows. In section 2, the whole research framework is proposed.
In section 3, the directed graph is proposed to build an information model with interdependent relationships
between the design activities based on graph theory, and then it can be mapped to DSM. In section 4, based
on DSM, re-engineering of product development process including the activities identification and activities
planning methods are discussed. In section 5, an example is employed to justify the proposed method. Section
6 is some conclusions reached by this paper.

2 Outline of research framework

According to the above analysis, the research steps are brought forward. First, the information modeling
is carried on through describing the precedence relationships among design activities with a directed graph.
And the interdependency relationship between activities is illustrated by Design Structure Matrix (DSM)
which is the transpose of the incidence matrix of the corresponding directed graph. Second, the global planning
of design workflow is built through applying Boolean matrix operation method based on algebraic technique.
Finally, the re-engineering of the design process is achieved through local planning based on FDSM. Fig. 1
shows the research framework.

3 Information structure analysis

3.1 Three basic types of relationships between design activities

Before building the informational structure model of the new product development process we should
first analyze the basic types of the interactions of design activities in the development process. Generally,
there are three basic relationships between design activities and may be shown as Fig. 2.

The Fig. 2(a) presents a sequential relationship. It describes there is an information flow only in one
direction between two activities. Its dynamic characteristic is shown as the sequential dependency between
activity A and B.

The Fig. 2(b) shows a parallel relationship. It displays there is no interaction and only independent rela-
tionship between two activities. Its dynamic characteristic is that both activities A and B can execute concur-
rently. The Fig. 2(c) shows a coupled relationship. The information flow between activity A and B is two-way.
Activity A needs information from activity B to operate and activity B also needs information from activity
A in reverse. Its dynamic characteristic proves that there are many iterations and interdependency between
activity A and B during the design workflow.

With regards to new product development these three basic types can coexist. In traditional, new product
development process belongs to the first type (a sequential dependency). Concurrent engineering adopts the
third type most of all. This type reflects the coupled effects of all the links in the whole process of product
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Fig. 1. Research framework of workflow planning method

Fig. 2. Research framework of workflow planning method

development. The frequent appearance of interdependency information between design activities will not
only increase the complexity of product development but will also cause many iterations during the design
workflow.

3.2 Directed graph

Once decomposed, the design workflow can be described as a directed graph based on graph theory[12].
It consists of a set of nodes, representing the design activities, and a set of directed lines connecting these
nodes. The directed lines or linkages reflect a dependency or a relationship between the connected activities.
Given that G = 〈V,E〉 is a directed graph, where V = {v1, v2, · · · , vn} is a set of nodes denoting n activities,
and E = {e1, e2, · · · , en} is a set of directed lines denoting the path and direction of information linkages.
The each element of E is corresponding to two nodes in V . Although the directed graph is a direct and instant
method to present the interdependency relationships between design activities, there are some disadvantages
in directed graph technique: (1) Most of directed graph can only describe the sequential relationship. However,
there also exist concurrent relationship, selection relationship, exclusive relationship, etc. in design workflow.
It can not describe those relationships completely. (2) It can not describe the dependency strength between the
design activities. This will be a shortcoming for decomposing the design activities, in particular, for disposing
coupled activities. (3) It can not present clearly the hierarchical relationships of the design activities, and thus
can not make a excellent planning for design workflow. (4) Furthermore, if information flows are complex or
information content is great, the directed graph model will be out of order.
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Thus, after presenting the original information model of complex design process by a directed graph,
we must map it to DSM in order to further analyze and re-engineer complex design workflow for optimizing
NPD. Through the partitioning and tearing algorithms of DSM, we are able to obtain a better planning of
design workflow after analyzing the flows hidden in directed graph. In next section, we will introduce the
basic theory of DSM.

3.3 Design Structure Matrix (DSM)

According to graph theory, the interdependency relationships between design activities can be mapped to
a matrix. The matrix is called Design Structure Matrix (DSM)[18] which rows and columns is corresponding
to the design activities. The DSM (Fig. 3) associated with a directed graph is a binary square matrix with m
rows and columns, and n non-zero elements, where m is the number of nodes and n is the number of directed
lines connecting these nodes in the directed graph. If there exists a directed line from node j to node i, then
the value of element aij (column j, row i) is unity (or marked with an X). Otherwise, the value of the element
is zero (or left empty). The DSM can be defined as follows:

Definition 1. Let A be the DSM with square matrix, n denotes the number of activities. DSM is a binary
Boolean matrix A = [aij ]n×n. Its elements aij can only be “0” or “1”. Thus, it can be defined as

aij =
{

0 (i = j or aj 9 ai)
1 (aj → ai)

(1)

In the matrix, the element aij = 0 is on the diagonal. And “aj → ai” denotes that activity aj input information
to activity ai, then aij = 1, otherwise aij = 0. Fig. 3 shows a classical DSM.

The matrix representation of a directed graph provides a systematic mapping among design activities
that is clear and easy to read regardless of size. It can be shown that an empty row represents a node without
input, and that an empty column represents a node without output. Off-diagonal marks in a single row, of
the DSM, represent all of the activities whose output is required to perform the activity corresponding to
that row. Similarly, reading down a specific column reveals which activity receives information from the
activity corresponding to that column. If one interprets the activity ordering in the matrix as the execution
sequence, then marks below the diagonal represent forward information transfer to later (i.e. downstream)
activities. This kind of mark is called forward mark or forward information link. Marks above the diagonal
depict information fed back to earlier listed activities (i.e. feedback mark or information link) and indicate that
an upstream activity is dependent on a downstream activity. Fig. 4 shows three configurations that characterize
a system mapped from directed graph to DSM representation.

Fig. 3. Design Structure Matrix Fig. 4. Characterize a system by DSM and directed graph
representation.
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3.4 Mapping from directed graph to dsm

According to above analysis about directed graph and DSM, a directed graph describing the relationships
between design activities can be mapped to a DSM further. Through analyzing and planning method of DSM,
we can obtain an optimizing design workflow for NPD. Fig. 5 shows the mapping procedure from directed
graph to DSM.

Fig. 5. Mapping from directed graph to DSM.

4 Workflow re-engineering based on DSM

An important challenge of CE can be defined as how to make sound decisions at early stages of product
development where committed costs are low and by that obtain a lower total cost[7]. And that means all factors
on the downstream development should be considered at early stages, so that the potential problems can be
found as early as possible. In fact, to achieve its aim, concurrent design is through the small local iterations
to avoid the large scope iterations of the traditional sequential design process. From a microcosmic view, the
early stages of concurrent design are focused on coupled phases which often arise the small local iterations
and can be expressed by the coupled relationship model. While from a macroscopical view, the structure of the
decoupled circuitry serves as an ideal model of the concurrent design process that emphasizes no rework and
“do it right first”. If one interprets the activity ordering in the DSM as the execution sequence, the elements
aij = 1(i > j) below the diagonal represent the forward information transfer to later (i.e. downstream)
activities; and the elements aij = 1(i < j) above the diagonal depict information fed back (or iteration) to
earlier (i.e. upstream) activities. Thus, the DSM of the ideal concurrent design process will become a lower
triangular form Fig. 6. However, complex design workflow include many information loops in coupled mode
that lead to iterations of design activities and the delay of design period. So the purpose of re-engineering is to
reduce the time of iterations as possible as the process permits. Because the above DSM is based on activities,
its re-engineering can be realized by partitioning and tearing of DSM. In next section, we will introduce the
proposed planning method based on the DSM including two phases: activities identification and activities
planning.
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Fig. 6. The simplified DSM of ideal concurrent design process.

4.1 Identification of design activities

4.1.1 Identifying the coupled activities

The DSM can be considered as the transpose of the incidence matrix of the corresponding to the directed
graph. The partitioning algorithm is adopted to identify the coupled activities. The upper-diagonal marks
of DSM signify feedback and iterations of activities. So the purpose of partitioning is to transform DSM
into a lower triangular matrix in the global planning of design workflow. Algebraic technique of Boolean
Matrix[19, 20, 22] is adopted to analysis and improve the partitioning algorithm of DSM. There are two main
steps in activities identification phase: (1) sorting independent activity, (2) identifying the coupled activities.

We first introduce some definitions which will be used in partitioning algorithm. The procedures of
partitioning algorithm are as follows:
Procedure 1. Sorting independent activity.

The purpose of partitioning is to push proceed of each activity in the design process. It is a gradually
decreasing process. The gradually decreasing analysis of partitioning includes the sorting independent activity
and also the recognition of coupled activities. The independent activity is defined as Definition 2.

Definition 2. In the fuzzy design structure matrix A, the activities with zero row-sum or zero column-sum
would be called independent activities. We take the condition aij ∈ R(rij)n×n, If

∑n
j=1 aij = 0 or∑n

i=1 aij = 0, then we can define the corresponding activity ai, aj as independent activities.

In this paper, we developed a simple and efficient procedure for finding a logical order of the activities
using the matrix form when no loops exist. In the proposed algorithm starts by finding the input-degree of
activity i(Ii), which is the row sum of that activity. Then, we rank the activity with zero row-sum, if it exists,
to be the first activity in the DSM. This activity with all its corresponding marks is deleted from the DSM
and the above process is repeated to find another activity with zero row-sum. If there exist no activities with
zero row-sum and the DSM is not empty, then the design process contains cyclic flows of information and the
procedure is terminated. Similarly, if we find the activity with zero column-sum, we can place it to the last
position in the DSM. The proposed sorting procedures are shown as follows:
Step 1. (start: Find row-sum of activities)

Set Ii =
∑n

j=1(aij), i = 1, ..., n.
Set N = {1, 2, ..., n}
Set m = 1

Step 2. (detection of node with 0 input-degree)
Find k ∈ N such that Ik = 0. If there is no such k, stop; the digraph contains cycles.
Set Rank (k) = m
Set m = m + 1
Set N = N − k
If N = ∅, stop; the computation is completed.

Step 3. (Revision of input-degrees)
Set Ii = Ii − aik for all i ∈ N
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Return to step 2.
The existence of interdependent activities results in the termination of sorting procedure without finding

a partial order for the design activities.
Procedure 2. Identifying coupled activities.

The issue of identifying coupled activities set is translated into the problem of seeking strongly connected
components in DSM. Based on the algebraic technique, the reachability matrix and strong connected matrix
can be deduced from the incidence matrix of DSM for identifying the coupled activities. The corresponding
definitions are as followings[4, 9]:

Definition 3. Let A be the incidence matrix of DSM and P is defined as the reachability matrix of this DSM.
Then

p = (pij)n×n, P = A⊕ (A⊗A)⊕ · · · ⊕ (A⊗A · · · ⊗A) =
n
∨

k=1
A(k) (2)

where “⊕” is called the Boolean Sum operator, and “⊗” is called the Boolean Product operator And both
operations are defined as follows:

(1) “⊕ ” operator: If X = (xij)n×n, Y = (yij)n×n, thenZ = X ⊕ Y = (zij)n×n, zij = xij ∨ yij (3)

(2) “⊗ ” operator: If X = (xij)n×n, Y = (yij)n×n, thenZ = X ⊗ Y = (zij)n×n, zij = ∨n
k=1(xik ∧ yik)

(4)

Matrix P represents all direct and indirect linkages between activities.

Definition 4. Let Q be the strong connected matrix. Matrix Q is the strong connected judgment matrix of the
reachability matrix P . Q is defined as follows:

Q = P ∩ P T =


p11 p12 · · · p1n

p21 p22 · · · 2n
...

...
. . .

...
pn1 pn2 · · · pnn

 ∩


p11 p21 · · · pn1

p12 p22 · · · pn2
...

...
. . .

...
p1n p2n · · · pnn



=


p2
11 p12 · p21 · · · p1n · pn1

p21 · p12 p2
22 · · · p2n · pn2

· · · · · · . . . · · ·
pn1 · p1n pn2 · p2n · · · p2

nn

 (5)

where the matrix P = (pij)n × n is a reachability one, and P T is the transpose of P . Matrix Q is denoted as
P ∩ P T = (pij)n×n = (p1, p2, · · · , pn)T , where pi is a n-dimensional row vector and let the set composed
by any of the unequal pi be {p′1, p′2, · · · , p′m} (1 ≤ m ≤ n), Then:
(1) The number of coupled activities in DSM is m

′
(m

′ ≤ m), where m
′

is the total number of row vector that
has at least one component whose value is equal to 1 in p

′
1, p

′
2, · · · , p

′
m.

(2) If p
′
i is the row vector that has at least one component whose value is equal to 1 and all the components

whose value is equal to 1 are pik1, pik2, · · · , pikp, (2 ≤ p ≤ n), then C = {Tik1, Tik2, · · · , Tikp} is a coupled
activities set.

If it is reachable from activity i to activity j, then pij = 1. If it is reachable from activity j to activity i,
then pji = 1. Thus, the activity i and activity j are reachable from each other, if and only if pij ·pji = 1. As to
the matrix Q; if the non-zero elements of the ith row are in the j1th, j2th, · · · , jkth columns, then, the activity
i, activity j1, activity j2, · · · , activity jk form a strong connected component. And the activities corresponding
to these activities are in a coupled set.

4.2 Planning of design activity

Next, we can make a plan for design activity after identifying design activities. There are two procedures
of global planning and local planning in the activities planning phase.
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4.2.1 Global planning

The global planning phase will focus on arranging the rank of unsets of coupled activities. In the above
identifying activities phase, we can decompose complex design workflow to some independent activities and
coupled activity sets. Furthermore, we must analyze and clearly reveal the complex structure for those activi-
ties of design workflow and transfer it to a clear multilevel hierarchical model for planning the optimal design
workflow. Before planning, each coupled activity set must be integrated and treated as a single entity. Then,
we can obtain a reduced matrix. The reduced matrix is defined as follows:

Definition 5. [22]. The reachability matrix P becomes a reduced matrix P
′
, if every coupled activity set is

merged into one activity, and the rows and columns corresponding to the coupled activity set have been
merged into one row and column.

The reduced matrix P
′

represents all reachable paths in n-th steps from aj to ai but it can not recognize which
path belongs to the indirect path including returnable relationship and transitive relationship. The indirect path
is a kind of redundant relationship within the design workflow. In order to identify the hierarchical relation-
ship between different level activities, we must recognize and delete returnable and transitive relationships in
reduced matrix. The corresponding definitions are as follows[1, 23]:

Definition 6. Let R be the n-dimensional Boolean matrix. If R ∈ (rij)n×n has returnability, then rij = 1.

The condition is that the element on the diagonal whose value is equal to 1.

Definition 7. Let R be the n-dimensional Boolean matrix. If R ∈ (rij)n×n has transitivity, then Rn ⊆ R.

Based on the definition 5, and 6, the hierarchical relation matrix can be obtained as following definition.

Definition 8. Let P
′

be the reduced matrix of incidence matrix A. Then, the hierarchical relation matrix of
reduced matrix P

′
will be as H = R − R

′
, where H is the hierarchical relation matrix, Rn is the transitive

relation matrix deduced from the reduced matrix P
′

with removing the returnable relationship, and R =
(P

′ − h), h is the returnable relation matrix of the reduced matrix P
′
.

Based on the hierarchical relation matrix, the execution order of unsets of coupled activities must satisfy
the blow property:
Property 1. Let H be the hierarchical relation matrix deduced from the reduced matrix P

′
with removing

the returnable and transitive relationships and H = (hij)n×n. If hii = 0, hij = 1(i , j), then there is
the hierarchical relationship between activity i and activity j, where the activity i is the upstream activity of
activity j and the activity j is the downstream activity of activity i. In particular, if hij = 0(j = 1, 2, · · · , n),
then activity j is the top-level activity. From the top-level activity deducing, the condition which activity i
belongs to the k-th level is the maximum level of the upstream activity is the (k−1)-th level. It can be defined
as follows:

L =
{

l(ai) = k

∣∣∣∣ n
∨

j=1
l(aj) = k − 1 : hji = 1, i, j ∈ H

}
. (6)

Property 1 can also be easily realized on computer to arrange the level of unsets of coupled activities. Accord-
ing to the above method, the global planning of design workflow can be obtained easily. The execution order
of design activities becomes sequential. The rank of design activities indicates the priority level of coupled
activities sets.

4.2.2 Local plannin

A lower triangular form by above partitioning method of global planning is able to avoid a large-scale
iteration, but loops in coupled blocks are still not disappearing. So it is necessary to break those loops and
schedule them. For the sake of reducing the feedback and iterations caused by coupled information flow, we
use a removing coupling method called tearing to make certain the original iteration sequence of coupled
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activities through analyzing the relationships between activities. The basic principle of tearing algorithm is to
cut off the loops at the weakest point and to firstly execute the activity with the least information-dependent
strength. Therefore, the core of the tearing algorithm is the synthetic evaluation of the dependency strength
between design activities.

No optimal method exists for tearing, but many researchers[8, 13] have identified two important criteria
for tearing procedures.
(1) Minimal number of tears: the motivation behind this criterion is that tears represent an approximation or
an initial guess to be used; we would rather reduce the number of these guesses used.
(2) Confine tears to the smallest blocks along the diagonal: the motivation behind this criterion is that if there
are to be iterations within iterations (i.e. blocks within blocks), these inner iterations are performed more
often. Therefore, it is desirable to confine the inner iterations to a small number of tasks.

In this paper, we propose a simple and more efficient method to decouple the coupled activity sets.
In order to quantify the dependency strength between design activities, we apply fuzzy set theory[26, 27] to
define the degree of the dependency strength. The fuzzy evaluated value aij of the dependency strength will
be instead of the mark “1” in DSM. The matrix will become a numerical DSM. It is called a fuzzy design
structure matrix (FDSM). It can be represent as A

′
= (aij)n×n. In FDSM, the relationships strength of input

and output information can be denoted as a
′
ji and a

′
ij , respectively.

Based on the fuzzy set theory, we can employ the linguistics variables to describe the degree of de-
pendency strength within the design activities. Moreover, variables measure are assessed using a linguistic
variable V , that is assessed based on the linguistic scale: Sv = EL, V L,L,M,H, V H, EH where EL: Ex-
tremely Low (0); VL: Very Low (0.1); L: Low (0.3); M: Medium (0.5); H: High (0.7); VH: Very High (0.9);
EH: Extremely High (1). The element aij presents quantitatively the dependency strength between activity ai

and activity aj . The aij is defined as follows:

aij =


0 (i = j or aj 9 ai)

M (aj)
(7)

where M ∈ 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1. The element aij associates a real number in the interval [0; 1]. To
establish the membership functions of the linguistics variables, the fuzzy evaluation set Lv is defined as

Lv =
{

0
extremely low

,
0.1

very low
,
0.3
low

,
0.5

medium
,

0.7
high

,
0.9

very high
,

1
extremely high

}
(8)

Through fuzzy evaluation by the membership functions of the linguistics variables, we can obtain a FDSM for
tearing procedures. In FDSM, if aji > aij , then it represents the input-degree of information from activity i to
activity j is more than the input-degree from activity j to activity i. The activity i has a great effect on activity
j. Thus, it has a high execution priority. The activity which has more influence on other activities will arise
more iterations during design process. It must be executed first. Therefore, the tearing priority of activities
within the coupled activity set can be obtained by comparing the dependency strength between two design
activities. In this paper, a proposed pairwise comparison method can aid managers to calculate the result of
tearing priority. The corresponding definitions are as follows:

uji =



1, a
′
ji > a

′
ij

0.5, a
′
ji = a

′
ij , (i, j = 1, 2, · · · , n)

0, a
′
ji < a

′
ij

(9)

vj =
n∑

i=1

uji, (i, j = 1, 2, · · · , n) (10)

vj =
∑
j∈k

uji, (i ∈ k) (11)
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Through above computing priority method for tearing coupled activities, we can decouple the coupled activity
sets. The steps of tearing procedure are listed as followings:
Step 1. Set s = 1 (s is the order number of activities of the coupled activity set)
Step 2. Calculate the priority of activity j based on Eq. (9) and Eq. (10) for every activity j ∈ B.
Step 3. Find k ∈ B, vk = max{vj}. If more than one activity exists, then select the activity with the minimum
number of block input-degrees, then the one with the maximum number of block output-degrees. If a tie still
exists, the selection is immaterial. Based on the Eq. (11), we can find the vk = max{vj}.
Step 4. Set k = s,B = B − S.
Step 5. If B = ∅, then go to step 7. Otherwise, go to step 6.
Step 6. Set s = s + 1, then go to step 2.
Step 7. The procedure is terminated. Tear all marks that fall above the diagonal of the block.

After choosing the top-priority activity, the scheduled activity and all its corresponding marks are re-
moved from the block. Next, we check if the loop is broken, due to the removal of the scheduled activity,
using above procedure. If an information loop is encountered again within the block, the process of finding
new vk values is repeated. After ranking all the activities within a block, we tear all the feedback marks in the
block.

Fig. 7 represents the procedure of activities planning for design workflow. The design workflow presents
an ideal lower triangular form, and there are no large-scale or whole iteration. The aim of re-engineering the

Fig. 7. Step-by-step process of activities planning for design workflow.
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design workflow is to enhance concurrency among design activities for reduction of the product development
time and cost. And the re-engineering principles can be summarized as the follows:
(1) According to a DSM, if all the elements of a row are zero, the design activity responding to this row should
be executed as early as possible, because it does not need any information of other activities.
(2) Similarly, if all the elements of a column are zero, the design activity responding to this column should be
executed behind other activities, because it provides no information to the others.
(3) The coupled activities would be looked as one activity in the re-engineering process.
(4) According to the order levels of all activities, the objective of the re-engineering is to schedule rows and
columns of the DSM into a lower triangular form.

5 A case study

5.1 Company chosen and target product

In this case study, we cooperate with Company A. Company A is an international OBM electronic com-
pany in Taiwan, China. Its main product is the PLC (Power Line Adaptor Communication). We expect that we
can help Company A to develop a flexible and more efficient process for new product development through
the proposed planning method.

5.2 Generation of design activities

After a detailed interview with the managers of Company A responsible for new product development,
we generate all the design activities for NPD. There are 22 items in the design process and they are listed in
Tab. 1.

Table 1. The design activities of the PLC product development

a. Product Planning l. IC Design
b. Market Analysis m. Software Design
c. Cost Analysis n. Prototype Making
d. Product Spec o. Mold Design
e. Sales & Profit p. Packing Design
f. Concept Evaluation r. Production Pilot Run
h. Industrial Design t. Customer Authorization
j. Components Layout u. Mass Productoin
k. Electronic Design v. Inspection Criteria

5.3 Building a DSM for PLC

First, we represent the interdependent relationships of 22 design activities from a directed graph mapping
to a 22× 22 square DSM based on graph theory (Fig. 8).

5.4 Activities identification

5.4.1 Sorting procedure

According to the sorting procedure in the section 4.1.1, we can find one independent activity u with zero
column-sum. This activity u does not need to deliver any information to other activities, so it can proceed
independently. We can place activity u to the last position in DSM, thus we does not need to consider it during
the partitioning process.
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Fig. 8. Original DSM of the PLC product development

5.4.2 Recognizing the coupled activities

After removing the activity u from the DSM, we can get an incidence matrix A, and based on the Def. 3,
the reachability matrix P of the incidence matrix A can be obtained as followings:

P =



1 1
1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1


Next, according to the Def. 4, the strong connective matrix Q can be obtained as follows:
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Q = P ∩ P T =



1 1
1 1

1 1 1
1 1 1
1 1 1

1 1 1
1 1 1
1 1 1

1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1

1 1
1 1

1 1 1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1

1
1 1 1 1


From the strong connected matrix Q, we can find that the strong connected components of DSM include
{a, b}, {c, d, e}, {f, g, h}, {i, j, k, l,m, p}, {n, o}, {q, r, s, v}, {t}. Of course, the coupled activity sets are
{a, b}, {c, d, e}, {f, g, h}, {i, j, k, l,m, p}, {n, o}, and {q, r, s, v}.

5.5 Design activities planning

5.5.1 Global planning

The global planning phase focuses on the arranging the rank of unsets of the coupled activities. According
to the Def. 5, the reduced matrix P

′
of the reachability matrix P is as

P ′ =



1
1 1 1
1 0 1
1 1 1 1
1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1


and based on the Def. 6, 7, 8, we can obtain the hierarchical relation matrix H as follows:

R =



0
1 0 1
1 0 0
1 1 1 0
1 1 1 1 0
1 1 1 1 1 0
1 1 1 1 1 1 0
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Rn =



0
1 0 0
0 0 0
1 0 1 0
1 1 1 0 0
1 1 1 1 0 0
1 1 1 1 1 0 0



H = R−Rn =



0
0 0 1
1 0 0
0 1 0 0
0 0 0 1 0
0 0 0 0 1 0
0 0 0 0 0 1 0


Next, according to Property 1, we can recognize the order levels of unsets of coupled design activities as
follows:

L(Aa,b) = 1, L(Af,g,h) = L(Aa,b) + 1 = 1 + 1 = 2, L(Ac,d,e) = L(Af,g,h) + 1 = 2 + 1 = 3,

L(Ai.j.k.l.m.p) = L(Ac.d.e) + 1 = 3 + 1 = 4, L(An.o) = L(Ai,j,k,l,m,p) + 1 = 4 + 1 = 5,

L(Aq,r,s,v) = L(An,o) + 1 = 5 + 1 = 6, L(At) = L(Aq,r,s,v) + 1 = 6 + 1 = 7.

Based on above order levels of design activities, the design workflow can be re-engineered, and the rearranged
DSM is figured out as Fig. 9.

Fig. 9. Original DSM of the PLC product development
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5.5.2 Local planning

After global planning, we must decouple the coupled activity sets. First, we must quantify the dependency
strength between design activities with fuzzy value. Through the membership functions (Eq. (8)) of the fuzzy
linguistics variables we can further obtain the fuzzy design structure matrix (FDSM) as follows:

Here, we take the coupled block 6:{q, r, s, v} as an example to describe the proposed tearing procedures. From
above FDSM, the interdependency strength of the activities within the coupled block 6 can be represent as

A
′
=



q r s v

0.7 0.7
0.5 0.7 0.8

0.7 0.8
0.7 0.7


According to the section 4.2.2 mentioned about the tearing method, the result of the first round tearing is
shown as below.

U
′
6 =


1 0.5

1 0.5 1
0.5 1

0.5 0


where v

′
q = 1.5, v

′
r = 0.5, v

′
s = 1.5, v

′
v = 2.5. Activity v has maximum v

′
, so it must be executed first. After

removing activity v, the strength relationship matrix can be presented as follows:

A
′
6 =


q r s

0.7
0.5 0.7

0.7


The result of the second round tearing is shown as
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A
′
6 =

 1
1 0.5

0.5


where v

′
q = 1, v

′
r = 0.5, v

′
s = 1.5. Activity s is the top-priority of execution, and then activity q. The activity

r is executed last.
From the result of the above analysis, we can obtain the reorder of the design activities within the coupled

set from [q, r, s, v] to [v ⇒ s ⇒ q ⇒ r]. The other coupled sets can also be decoupled by the same manner.
After tearing procedure, we can further obtain the final activities sequence in a FDSM (Fig. 10). Using

the final planned FDSM to figure out the coupled sets of the design activities. We can discover six coupled
sets [a, b], [c, d, e], [f, g, h], [i, j, k, l,m, p], [n, o] and [q, r, s, v]. As Fig. 10 shows, these chunks (blocks) can
be defined as followings: Chunk 1-product plan, chunk 2-concept generation, chunk 3-project evaluation,
chunk 4-design development, chunk 5-postern engineering, chunk 6-production verification, and final mass
production. We can divide the design workflow into 7 stages. These chunks form a concurrent design process.

The scheduled FDSM represents a lower triangular form. This form has the lowest feedback information
flow. Fig. 10 shows that the planning process involves the different coupled chunks (or blocks) in design
workflow. This form uses different coupled chunks of information feedback to replace the initial complex
design process. By this way, we can avoid the large-scale iterations of the traditional sequential design process
through the small local iterations.

In the re-engineered concurrent design process, multidisciplinary personnel works together to consider
various issues in PLC product development, and the potential problems can be found as early as possible.
The rework is reduced to the minimum. Thus, the cooperative and concurrent design process can lead to less
development time, lower cost and higher quality. After obtaining the final activities sequence in FDSM, we

Fig. 10. The re-engineered FDSM after tearing procedure

can further map it to a hierarchical graph Fig. 11 automatically for showing the interdependency relationships
between the design activities of each level. Each circle symbol represents an activity and each rectangle rep-
resents the coupled group relationship. These two symbols can be present concurrently. The arrows represent
the rate of information flow and flow direction. Through the hierarchical relationships diagram we can clearly
see the trend of information delivering within design workflow. This is greatly helpful for managers to plan
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the concurrent engineering for NPD. Furthermore, from Fig. 10, we can see that the dependency strength

Fig. 11. The hierarchical graph of scheduled design activities

Fig. 12. The plotted diagram of the interactions of the activities

of information from the statistics of the last two columns of information ((S+R) and (S-R)) can determine
trends in each of these columns. When the quantitative values of (S+R) increase this means that this activity
requires a great deal of informational transfer (both accepting and transmitting) and there is a great deal of
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mutual interaction. This type of activity is categorized in the bottle-neck group and is represented by activity i
(inner component layout) and activity k (electrical design) which have high (S+R) values. On the other hand,
the higher the (S-R) value the greater the ability to support other activities and drive them. This characteristic
is represented by activity a (product planning) and activity b (market analysis) which has high (S-R) values.
During the future planning process, managers should take special care to check on the mutual interaction of
information. Fig. 12 uses (S+R) and (S-R) as the x and y axes and plots the position of each activity.

After partitioning and tearing procedures, we can obtain optimal design workflow for PLC product de-
velopment. Fig. 13 shows the re-engineered design workflow.

As Fig. 13 shows, the grey blocks represent that the information in those blocks are interdependent re-
lationship between design activities. These interactions are called interdependent information flow. Managers
should pay special attention to the feedback of information flow in these blocks and should evaluate the com-
plexity between related design activities. Applying the FDSM to schedule the NPD process, we can clearly
recognize the complex relationship between the coupled activities. This knowledge brings managers a new
concurrent design strategy and is helpful in the management, control and implementation of NPD.

Fig. 13. The optimal concurrent design process for PLC product development
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6 Conclusions

The first of all tasks of implementing CE is to schedule the design workflow rationally. Hence, the
methodology to analyze design workflow to enhance the concurrency among design activities is very im-
portant. The re-engineering of the proposed planning method provided a structured transformation approach
from a sequential design process to a concurrent engineering practice. The FDSM is a compact representation
of the information structure of design workflow. It is a design plan showing the order in which the design
activities are performed, and what activities need to be verified. Fuzzy evaluation method provides a quanti-
fying method for the measure of dependency strength. Proposed partitioning and tearing algorithms of DSM
are helpful in organizing the design activities to increase the executive efficiency of design process and reduce
the product development time. Finally, we can obtain a better concurrent planning for NPD through proposed
method. The main contributions of this paper can be summarized as follows:

(1) Develop the global and local planning method of design workflow including the improved partitioning
and tearing algorithms

(2) Develop a quantifying method for evaluating dependency strength between design activities based on
fuzzy set theory.

(3) Provide an efficient and more flexible method for design planning. It can reduce the activities itera-
tions and new product development time.

(4) Provide a computable method in design management which allows us to reduce subjective judgment
through algebraic technique.

(5) Not only provide a clustering and reordering method but also show any information hidden in the
design activities such as dynamic information flow and the direction of information flow.

(6) In the future, the proposed method can further be expanded into a “Design Management Support
System” (DMSS) and be helpful to lead the collaborative design concept into NPD.

Further research can put the emphasis on better planning for the management of human resources, time
and cost calculations in the whole product design and development process.
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