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Abstract

Collaborative engineering design involves various stakeholders with different perspectives. The design process is rela-
tively complex and difficult to handle. Various conflicts always happen among the design tasks and affect the design team
performance. Therefore, to represent the collaborative design process and capture the evolution of design perspectives in
a structured way, it is critical to manage the design conflicts and improve the collaborative design productivity. This
article provides a generic collaborative design process model based on a sociotechnical design framework. This model
has a topological format and adopts process analysis techniques from Petri Nets. By addressing both the technical and
social aspects of collaborative design activities, it provides a mechanism to identify the interdependencies among design
tasks and perspectives of different stakeholders. Based on this design process model, a methodology of detecting and
handling the design conflicts is developed to support collaborative design coordination.
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1. INTRODUCTION

The increasing complexity of modern production makes the
design process more and more difficult to handle since nu-
merous technical and social issues are involved. The design
activities are influenced not only by the technological fac-
tors, but also by the interactions among various stakehold-
ers with different perspectives. To deal with this challenging
problem requires an effective collaborative design process
model that can clearly depict the characteristics of collab-
orative design activity and provide methodologies to im-
prove design productivity.

There are many established approaches dealing with dif-
ferent aspects of engineering design process. They can be
generally classified into three groups. The first group, which
is mainly from the engineering discipline, focuses on gen-
erating formalized design methodologies by investigating
how the technical design decisions are made. The design
process models are often implied in these design theories
and methodologies, such as the Systematic Design Model
~Paul & Beitz, 1996!, Axiomatic Design Model~Suh, 1990!,

QFD ~Hauser & Clausing, 1988!, General Design Theory
~Yoshikawa, 1981!, etc. Basically, these design methodol-
ogies provide the guidelines for a designer to make techni-
cal decisions more consciously and systematically~Jin &
Lu, 1998!. The second group views the design process as a
workflow with task dependencies and information-exchange.
The approaches in this category are mainly from the re-
search of business operation and project management. From
this aspect, engineering design is viewed as an information-
driven process among design activities~Krishnan, 1997!.
The design organization is viewed as a stochastic process-
ing network in which engineering resources are “worksta-
tions” and design tasks are “jobs” that flow among them
~Sanvido & Norton, 1994; Adler & Mandelbaum, 1995!.
Accordingly, a set of techniques to manipulate the design
activities has been developed, such as Signal Flow Dia-
gram~Eppinger, 1997!, Design Structure Matrix~Smith &
Eppinger, 1997!, and Design Process Network~Bras & Mis-
tree, 1991!. Besides the above two groups, several research
approaches from CAD and CAE areas view collaborative
design as individuals and groups accessing data and sharing
the design information. Design process is accordingly spec-
ified as the managing of the product data in different ab-
straction levels. During this process, the technological,
scientific, and interdisciplinary dependencies of the infor-
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mation could be established and maintained by handling
the product model~Majumder et al., 1994!. The informa-
tion systems built by them are used to support the storage
and processing of various types of data of interest to de-
signers~Sriram et al., 1992; Krishnamurthy & Law, 1997!.

These three classes of approach focus on different as-
pects of design and provide considerable contributions for
understanding engineering design. Design theory research
provides a clearer picture of design rationale and the
decision-making process. Design activity manipulation
characterizes design operations and identifies the depen-
dencies of design tasks in the organization. Design data
management supports information acquisition and storage
typically in design automation. However, it is noticed that
these established approaches have their own limitations
when applied in collaborative design. They usually as-
sume that the perspectives of different stakeholders~i.e.,
all of the human participants who have influences toward
the design process and the product features! are indepen-
dent and do not address the impact of their social inter-
action. They either ignore the social features of design or
assume designers are purely rationale and simplify their
preference as utility values. The design process is accord-
ingly viewed as a series of pure technical activities, and
the key issue “who”~e.g., the various people involved in
the design, their distributed knowledge, their social net-
works, etc.! is not explicitly addressed. In fact, it is impos-
sible to completely share knowledge and purpose among
designers in collaborative design. Rather than being pure
rationale, the stakeholders have an optimal or satisfied
degree of consensus, which provides the desirable design
result. Although the design methodologies and the work-
flow management techniques are applied, designers still
face some failures of coordination due to their perspective
differences and the inefficient design process management.

Therefore, a more comprehensive view is required to clar-
ify the relationships among various technical and social
aspects of collaborative design. A collaborative design pro-
cess model based on this perception will generate effective
coordination mechanisms for task planning, for scheduling
and monitoring, for detecting and managing design con-
flicts, and for tracking and controlling design roles of stake-
holders. This article describes a generic collaborative design
process model based on a sociotechnical design frame-
work, which is suitable to represent, analyze, and evaluate
the collaborative design activities. We use Petri nets as to-
pological process representation tools and adapt them for
collaborative design process modeling. A methodology of
design conflict management is developed with the design
process representation model. The outline of this article is
as follows. In Section 2, we discuss the fundamental issues
of collaborative design process modeling and introduce a
sociotechnical design process modeling architecture. Then
the basics of the collaborative design process representa-
tion model are described in Section 3. Section 4 presents a
methodology to manage design conflict by using the col-

laborative design process model. After that, a prototype col-
laborative design support system, which is a computer
implementation of the methodology, is discussed. At the
end, Section 6 offers conclusions and future research issues.

2. CHARACTERISTICS OF COLLABORATIVE
DESIGN PROCESS

The central objective of engineering design is to achieve
the prospective artificial objects having desired properties.
An artifact can be thought of as a meeting point—an “in-
terface” between an “inner” environment, the substance and
organization of the artifact itself, and an “outer” environ-
ment, the surroundings in which it operates~Simon, 1996!.
During the design process, it is the design stakeholders’
task to define the features within the inner environment of
the product~e.g., form, structure, and behavior!, which should
be appropriate to its outer environment. Due to the involve-
ment of human beings, the design process is not only based
on the natural law of the artifact but is also affected by
people’s goals, skills, and circumstances. Therefore, within
the collaborative design process, design information is driven
by social, technological, scientific, and interdisciplinary de-
pendencies. The design process therefore should be mod-
eled by revealing the complicated relationships among these
dependencies. We proposed a sociotechnical design frame-
work to address the fundamental characteristics of a collab-
orative design process~Lu et al., 2000!.

2.1. Design coordination in technical decisions
and social interactions

In collaborative design, the stakeholders participate in the
design campaign with both technical roles and social roles.
Based on their roles, the ways stakeholders understand de-
sign and manipulate their activities are not uniform. They
usually adjust the attitudes based on the feedback from oth-
ers. The design process thus consists of not only technical
decision making but also social interaction. By making tech-
nical decisions based on their technical roles, design stake-
holders create, modify, and evaluate the product features.
Because of the involvement of social roles, which are nor-
mally influenced by the organization structure, norm, and
culture, technical decisions are coupled with social inter-
actions during the design cooperation. The typical technical
decisions in design include the activities to define the prod-
uct characteristics, such as developing the function struc-
ture for the product, searching or generating the product
infrastructure options, and assigning the values to the de-
sign parameters. While the technical decisions are dealing
with “what” and “how,” the social interaction, which is
about “why” and “who,” is indispensable to the negotia-
tions among the collaborative design decisions. During so-
cial interactions, the stakeholders usually collectively define
the item meanings and criteria, acquire the knowledge and
experience, adjust their goals, and change their positions in
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the organization. Meanwhile, these interactions will change
stakeholders’ perspective and affect their technical deci-
sions. Thus, the collaborative design process becomes more
complicated than individual design.

To simplify the design problem, it is common to decom-
pose it to small tasks, which are often assigned to different
individuals separately. Although some design methodolo-
gies suggest that designers increase the probability of suc-
cess by maintaining the independence of subproblems~e.g.,
Axiomatic Design Model!, it is difficult to achieve this in
collaborative design due to the various technical and social
dependencies among tasks. On the other hand, individuals
normally have limited capability to identify the influences
of their decisions to others. Due to lack of coordination
effort, the meanings about design objects might not be de-
fined well, especially at the conceptual design stage. All of
the above makes the decomposition and integration of de-
sign subproblems a rather complicated analyzing and syn-
thesizing process. It is necessary to have a tool to support
their coordination during the early design stages. In collab-
orative design, the task decomposition and integration must
be achieved not only through the communication of con-
tents, but also through the communication about the cre-
ation and evolution of shared meanings. The shared meaning
is always defined by the interaction of design perspectives.
That reveals one of the essential aspects of collaborative
design process modeling, which is to represent and manage
the interactions among the individuals’perspectives. In other
words, design coordination relates to not only the depen-
dency identification among the design decisions, but also
the management of changing and interaction of the design
stakeholders’ perspectives. In collaborative design pro-
cesses, the influence of one’s decision making in a specific
domain to others’ decision making in different subproblems
should be represented and evaluated. Furthermore, the de-
sign process representation model has to help design stake-
holders to detect and evaluate the interdependencies among
their design activities and to solve conflicts. Besides keep-
ing the product data integrity, a design information system
should provide the “language” or “medium” for design par-
ticipants to declare and depict their perspectives and aid
their communication. These will definitely affect the cur-
rent way of organizing the design team and design process.
To achieve these, it is critical to generate a design process
representation model, which can facilitate the describing,
tracing, and management of collaborative design inter-
actions by referencing to design perspectives.

2.2. Design perspectives

Defining design perspective is one of the essential issues in
design process modeling. In collaborative design, stakehold-
ers’ perspectives can be visualized as “lenses” they wear
during the design process. Each stakeholder has his0her
unique viewpoints and circumstances, which further define
their roles in the design campaign. For the same object,

they may have different perceptions and make different de-
cisions. In the sociotechnical framework, a perspective of a
stakeholder is defined as the combination of his0her pur-
poses, contents, and contexts. The “purposes” involve one’s
intentions toward various issues in design. There are differ-
ent levels of purposes in a person’s mind, which are more
complex than “design criteria” or “function requirement.”
The “contexts” are the circumstances~e.g., the stages of
design, one’s position in the organization, etc.! around a
stakeholder during design. The “contents” contain the in-
formation ~e.g., product specification, management deci-
sion, etc.! that a stakeholder will generate under his0her
purposes and contexts. In a collaborative design process,
the data that each individual produces, or exchanges through
any medium~e.g. computer, lecture, text!, is the external
manifestation of his0her internal knowledge, appropriately
filtered through his0her “perspective lens.”

A collaborative design process is also a perspective evo-
lution process. At the start of the design, the “what,” “how,”
“when,” “where,” and “why” are interpreted differently by
different perspectives. During designing, the participants
and the organization interact together and build the shared
reality ~Berger & Luckman, 1966! ~i.e., the institutional
understanding of the world! in the social interaction pro-
cess. While a technical design process model~e.g., Axiom-
atic Design Model! may serve as a basis or starting point
for technical decision making, it is always dynamically
adapted and modified by the participants during the course
of the design campaign. The design perspectives of the stake-
holders are affected and the shared reality is formed while
the function, form, and behavior of the product are being
defined. It should be pointed out that most of the conflicts
in the collaborative design are caused by the discord among
the stakeholders’ perspectives. Hence, to represent the per-
spectives of the stakeholders and investigate their influence
on the design process is indispensable in design process
modeling and conflict management. Although “perspec-
tive” is critical for managing design interactions, tradition-
ally it is in a person’s mind and is not explicitly modeled in
the design methods. To overcome this limitation, we need
to have effective perspective models to help designers man-
age the design process and handle conflicts with respect to
design perspectives.

2.3. Sociotechnical design process architecture

The sociotechnical design process architecture provides a
more comprehensive view to model the collaborative de-
sign process~Lu et al., 2000!. In Figure 1, the different
elements and their relationships in collaborative design are
clearly depicted. From the sociotechnical viewpoint,tech-
nical decisions, social interaction, andconflict manage-
ment are the three essential components in the collaborative
design process. Normally, the characteristics of the design
problem and the existing design environment predetermine
the stakeholders’ technical and social roles. During the de-
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sign process, their roles are adaptive while the design per-
spectives evolve. That will also go back to influence the
design process. Knowledge representation~e.g., CAD draw-
ing, ruled-based system, etc.! is critical for designers to
capture the understanding and reasoning behind technical
decisions. Effective information sharing mechanisms~e.g.,
group discussion, brainstorming, information management
system, etc.! accelerate the process of achieving agreement
on the shared perspective. During technical decision and
social interaction, various types of inconsistencies will oc-
cur. Inconsistency in the product data provided by different
individuals can be viewed as conflict relating to the product
specification level. That is one generic form of conflict fo-
cused on by most current conflict management approaches.
Incompatibilities in the design perspectives may imply the
knowledge conflict between different stakeholders. Since
perspectives are inside humans’ minds, this kind of conflict
is relatively difficult to detect and represent. Handling con-
flict only in the technical domain without considering the
design perspectives is insufficient since the critical causes
are ignored. To manage conflict near its source, social in-
teraction should be considered as a controllable infrastruc-
ture to affect and handle the design perspectives.

The sociotechnical architecture provides the guideline
for us to develop models to represent the process of collab-
orative design. In the following sections, we first discuss a
generic process representation approach~Section 3!. It ap-
plies Petri Nets as the process modeling tools and thus has
topological features suitable for calculation and analysis.

Then, in Section 4, we describe the perspective models,
which explicitly capture and represent the negotiation and
interaction pattern among the stakeholders’ design perspec-
tives. When working with perspective models, the process
model can represent and keep track of the state of collabo-
rative design in the sociotechnical context~e.g., the solved
problem and the coming problem, the changing product
model, and the evolving perspectives of different stakehold-
ers!. Accordingly, conflict management methodologies can
be further developed by utilizing these models.

3. REPRESENTATION OF THE
COLLABORATIVE DESIGN PROCESS

There are various available tools for engineering process mod-
eling, such as the Project Evaluation and Review Technique
~PERT! ~Wiest & Levy 1977!, State-transition Diagram, and
Signal Flow Graph~Eppinger, 1997!. These tools have some
limitations when they are used in collaborative process mod-
eling. The PERT method is widely used for identifying the
critical path of the process and estimating the completion time,
but it does not support representation of iterations in the pro-
cess. The State-transition Diagram is popular in logic design
and object-oriented modeling. One of its major disadvan-
tages is that one has to define all of the possible states of the
system. The Signal Flow Graph provides a clear representa-
tion of design iterations, but it does not specify the presence
of the stakeholders in the process. Our approach uses a mod-
ified Petri Nets model to represent the design activities and

Fig. 1. The sociotechnical design process modeling architecture.
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the coordination among stakeholders. Petri Nets have the
unique advantage of supporting process specification, rep-
resentation, and evaluation at the same time~David & Alla,
1992!. Also, their mathematical properties help us in quan-
titatively analyzing the behavior of the design process. Fur-
thermore, elementary Petri Nets have a simple graphical
appearance, which can become a convenient and precise lan-
guage for communicating among design stakeholders. How-
ever, it should be noticed that the collaborative design process
is relatively complicated and unstructured compared with
other process systems@e.g., computer code~Jenson, 1996!,
manufacturing system#. Some modifications are necessary
to make Petri Nets more suitable and effective for design pro-
cess modeling. In this section we introduce some basic def-
initionsand their applications in representing thecollaborative
design process.

3.1. Definitions

A Petri Net graph represents a general process with two
types of nodes named “places” and “transitions.” Directed
arcs join some places to some transitions. Each place may
contain one or several tokens represented by dots. The fol-
lowing transitions of one place can only be executed when
the required tokens are available. A weight can be associ-
ated with each transition, which is a positive number. The
marking of the Petri Net is a vector that contains the values
of marking in all places.

In the collaborative design process model, “place” and
“transition” are equal to “event” and “task,” respectively. A
design process is represented by an organization of events
and tasks. The weights of the tasks can be used to represent
their resource consumptions. The default value of the weight
is one. The arcs represent the transform directions between
events and tasks during the design.The token denotes the state

of each individual event. An event contains a token if and
only if it is active~i.e., event is happening!. Thus the whole
state of the design process can be expressed by a markingM,
which is a vector having the token numbers of each event in
the design process. Since different stakeholders can conduct
tasks, we introduce the “stakeholder” into the notation. Each
task and event has a set of stakeholders associated. Formally,
a Collaborative Design Process can be represented by a Petri
Net graph with the following definitions.

Definition 1. A Collaborative Design ProcessNet
~CDPN! is a six-tupleCDPN5 ~E,T,S, A,W, M ! with a set
of labels:

where

E 5 $e1,e2, . . . ,en% is a finite set of design events,

T 5 $t1, t2, . . . ,tq% is a finite set of design tasks,

S5 $s1, s2, . . . ,sm% is a finite set of design
stakeholders,

A # $~E 3 T! ø ~T 3 E!% is a finite set of directed
arcs connecting event and task,

W: T r $w1,w2, . . . ,wp% is a weight function attached
to the design tasks,

M0: E r $0,1,2, . . .% is the initial marking. n

As shown in the example~Fig. 2!, a portion of the build-
ing design process is represented in a graph with the above
elements. To explicitly address the stakeholders in the de-
sign process, each event and task has a set of stakeholders
associated. We useS1,S2,S3,S4 to denote project manager,
design consultant, market surveyor, and architect, respec-
tively, which are marked on top of the events and tasks. At
the beginning of the design, the tokens are only contained
in the beginning events~E1 and E2!. After stakeholders

Fig. 2. An example of a Collaborative Design Process Net.
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preform the tasks, the tokens from the upward events can
be transferred to the downward events.M0 is defined as the
initial marking of a CDPN, which is a vector containing the
token number for each event. For instance, at the beginning
M0 equals@1 1 0 0 0 0# , since only events 1 and 2 pos-
sess tokens. IfM0 equals@0 0 0 0 0 1# , that means that
all of the tasks shown in the graph have been conducted,
since the token is only presented in the last event.

The input and output relationships between task and events
are denoted as

where
°t 5 the set of input events of taskt, ~i.e., the set of

$e6~e, t ! [ A%!,

t ° 5 the set of output events of taskt, ~i.e., the set of
$e6~t,e! [ A%!,

°e 5 the set of input tasks of evente, ~i.e., the set of
$t 6~t,e! [ A%!,

e° 5 the set of output tasks of evente, ~i.e., the set of
$t 6~e, t ! [ A%!.

It is clear that finishing a taskt consists of transforming
the initial markingM0 of the CDPN into a new marking
Mi11. Firing a taskt [ T includes two operations, which
are removing a token from eache [ °t and adding a token
to eache [ t ° ~assuming each arc has weight one!. It could
be formally defined as follows.

Definition 2. A task can be fired in a stateMi iff ;e [
°t : Mi ~e! . 0. The firing of a task leads to the next state
Mi11, which can be calculated by

Mi11~e! 5 H Mi ~e! 2 1 if e [ °t

Mi ~e! 1 1 if e [ t °

Mi ~e! otherwise.
~1!

n

Thus, the execution of a design process is represented by
a task firing sequences 5 ^t1, t2, . . .&, which relates to a
transformation of the markingM0 r M1 r M2 r . . . .

The process incidence matrixU 5 @ui, j # is defined to
represent the relationship between tasks and events in a
CDPN.

Definition 3. An incidence matrixU 5 @ui, j # is defined
over all of the eventsE 5 $e1,e2, . . . ,en% , and the tasksT 5
$t1, t2, . . . ,tq% where

ui, j 5 H 1 if tj [ °ei

21 if tj [ ei
°

0 otherwise.
~2!

n

For example the~n 3 q! incidence matrix of the above
graph is

U 5 3
21 0 0 0 0
0 21 0 0 0
1 0 21 0 0
0 1 21 0 0
0 0 1 21 1
0 0 0 1 21

4 .

The relationship between state transformation and inci-
dence matrix can be expressed in the following transforma-
tion equation:

Proposition 1.

M T 5 M0
T 1 U{Vs

T ~3!

n

In Eq. ~3!, Vs 5 @n1,n2, . . . ,nq# is a counting vector for a
task-firing sequences with the following definition.

Definition 4. The counting vector of firing sequences
is defined asVs 5 @n1,n2, . . . ,nq# , whereni is the number
of tasksti included ins. n

Given the firing sequences 5 ^T1, T2, T3, T4, T5, T4&
in the example, its counting vectorVs equals@1 1 1 2 1# .
Based on Eq.~3!, the final marking can be calculated as
follows.

M T 5 3
1
1
0
0
0
0

4 1 3
21 0 0 0 0
0 21 0 0 0
1 0 21 0 0
0 1 21 0 0
0 0 1 21 1
0 0 0 1 21

4 3
1
1
1
2
1
4

5 3
1
1
0
0
0
0

4 1 3
21
21
0
0
0
1

4 5 3
0
0
0
0
0
1

4
M 5 @0 0 0 0 0 1# shows that only Event 6 is active,

which means the process shown in the graph might be
finished.

The task dependencies are also easily identified from a
CDPN, which is denoted by task dependence matrixD 5
@dij # . If one of the output events of taski is within the set of
task j ’s input events~i.e., taski is immediately in front of
taskj !, we call this situation “sequential dependency.” An-
other situation is that two tasks are sharing the same input
event or output event, which is named “joint dependency.”
In both cases, its dependency factor is set to 1. Otherwise, it
is said that there is neither sequential nor joint dependency
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between the two tasks. In a task-dependency matrix, it is
easy to identify the critical tasks~e.g., T3! that relate to
many other tasks.

Definition 5. A task dependency matrixD 5 @dij # is
defined over all of the tasksT 5 $t1, t2, . . . ,tq% where

di, j 5 H 1 if ti
° ù °tj Þ B

1 if ~°ti ù °tj Þ B! ∨ ~ti
° ù tj

°Þ B!

0 otherwise.
~3.5!

n

Also, to represent the assignment of stakeholders’ tasks
from the CDPN, we define a task assignment matrix as
follows.

Definition 6. A task assignment matrixH 5 @hij # is
defined over the stakeholder setS5 $s1,s2, . . . ,sm% task set
T 5 $t1, t2, . . . ,tq% with the value

hi, j 5 H 1 if tj [ $t 6si performt %
0 if tj Ó $t 6si performt %. ~3.6!

n

For example, the task dependence matrix and task assign-
ment matrix of the aboveCDPN can be derived as:

D 5 3
1 0 1 0 0
0 1 1 0 0
1 1 1 1 1
0 0 1 1 1
0 0 1 1 1

4 H 5 3
0 0 0 0 1
1 0 1 0 0
0 1 0 0 0
0 0 1 1 1

4 .

3.2. Concurrency and choice

It should be noted that although two tasks may have no
direct linkage~i.e., di, j 5 0!, they might still have indirect
dependencies since one may transfer its influence through
other tasks. For instance, although the dependency factor
d2,4 5 0, the output of T2 will still be embedded into the
input of T4. Thus, the task dependency matrix only shows
the direct linkage relationships among the tasks in the pro-
cess. If two tasks are parallel~e.g., T1 and T2 in Fig. 2!,
they are allowed to be concurrently executed. The firing
sequences is changed tô ~T1, T2!, T3, T4, T5, T4& to
denote the concurrent execution of T1 and T2.

To represent the degree of concurrency of a design pro-
cess, we define the concurrency ratio of a process as follows.

Definition 7. The concurrency ratio of a design pro-
cess is the proportion of the paralleled tasks in a firing
sequence ofCDPN.

Rc~s! 5
Np

Ns

, ~3.7!

whereNp is the number of tasks which are in parallel and
Ns is the number of tasks ins. n

For s 5 ^~T1, T2!, T3, T4, T5, T4&,

Rc~s! 5
Np

Ns

5
2

6
' 0.33.

In a CDPN, we prescribe that one event cannot simulta-
neously initiate two tasks. The situation of a design evente
with more than one task in its output sete° indicates a
“choice situation.” For example, task E6 in Figure 2 may
have two output tasks~one is T5 and the other is not shown
in Fig. 2!. In this case, only one of the tasks can get the
token and be fired at one time. In design process, an event
with “choice” represents a selection of following tasks~e.g.,
a decision point!. The choice in a CDPN sometime implies
design iteration, which might be caused by conflict or re-
working. Given the possibilities of the options for each
choice and the required time for each task, the execution
time of the whole design process can be estimated by other
process simulation techniques~e.g., signal flow analysis
methods~Eppinger, 1997!!.

3.3. Task decomposition

In collaborative design, concurrency is normally encour-
aged, since parallel task execution may reduce the design
time and save resources. However, the perspective differ-
ences and communication faults will cause contradictions
among the concurrent tasks. For instance, in original de-
sign, the lack of experiences and knowledge usually be-
comes a major obstacle of concurrent task execution. Even
for routine design, as concurrency increases, failure of co-
ordination will raise conflicts and damage the whole design
process. Thus, there is a trade-off between task parallelism
and minimizing coordination effort. There are two ap-
proaches dealing with this problem. One approach is to use
design methodology to reduce the dependencies among de-
sign tasks. For instance, Axiomatic Design Theory suggests
“decoupling” or “uncoupling” the product function require-
ments so that design tasks can be more independent. The
other approach is to effectively support the communication
and manage the conflicts among design tasks. The first ap-
proach is focusing on task decomposition and the second is
considering task coordination.

Adesign task can be decomposed based on various issues,
such as the features of the product, organization structure, or
designers’disciplines. The sociotechnical design process ar-
chitecture emphasizes the importance of three groups of ac-
tivities in collaborative design, which are technical decision
making, social interaction, and conflict management. If only
the technical aspects of design are considered, the task of tech-
nical decisions could be carefully decomposed by selection
of uncoupled functional requirements and design param-
eters so that the subtasks are relatively independent. How-
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ever, tasks of social interaction and conflict management are
relatively complex and are highly coupled. When conduct-
ing these tasks, people do not have precise predictions of the
effects of their decisions. Then, in collaborative design, it is
impossible to totally remove the interdependencies among
the design tasks. Therefore, coordination among design tasks
appears to be critical to support a successful design process.

A design process model can be derived at different ab-
straction levels. The stakeholders with expertise toward a
certain design task can further decompose a task. Then, a
hierarchy of process diagrams can be built. For example,
T2 and T4 can be expanded to more specific tasks and
events by different stakeholders~Fig. 3!. Whether to ex-
pand a task or not depends on the complexity of the process
and requirements of the stakeholders. The objective is to
illustrate the process to a certain detail level so that the
differences of stakeholders’ perspectives are easy to iden-
tify and design conflict can be detected.

3.4. Process planning and scheduling

Design process planning is particularly critical to design
collaboration, since the assignment and arrangement of de-
sign tasks will affect the quality of product and the cost of
the design process itself. Various approaches are provided
to address design process planning issues. They generate
the design plan based on norm, by separating product parts,
by identification of critical tasks, or by noticing informa-
tion dependencies. One of the popular approaches adopted

in engineering project management is using the product
working structure as the basis for decomposing the task and
organizing the design process~Kerzner, 1998!. However, at
the conceptual design stage, this product-driven planning is
not sufficient. Its applicability is limited because product
features are, in fact, defined and changed during design by
group decision making. One could hardly work on a com-
ponent of a product without interaction with others. The
evolving perspectives of the stakeholders will always re-
quire the adaptation of the product and design process.

One of the essential objectives of design planning should
be realization of stakeholders’ perspectives~i.e., their pur-
pose, context, and content during the design process!. Es-
pecially when the stakeholders are not familiar with each
other at the beginning of the design, to realize their roles in
the design process is an indispensable step in design plan-
ning. Then the way in which perspective evolution affects
the product specification process can be determined. After
the realization of design perspectives, refining the design
methodologies applied and evaluating resource consump-
tion become possible. Besides the plan, short-term sched-
ules are also necessary. They are different from the design
plan since they specifically focus on the dependencies among
subsystems. In the CDPN graph, the design schedule can be
represented by interconnected Petri Nets with the coordina-
tion explicitly expressed. Information dependencies are im-
plied in the task and event linkages. During the execution
of the design process, individual stakeholders face more
granular process networks, which are built based on the de-

Fig. 3. Representation of task decomposition in the design process.
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sign schedules. Discovery of conflicts and failures of the pre-
vious design process reveals the deficiencies of the design
plan and schedule. According to the feedback from the de-
sign task execution, the design plan and schedule for the next
period are recomputed and applied. The design process con-
tinues in this “rolling-horizon” manner until the end.

Therefore, our model represents the collaborative design
process in three levels with different considerations~i.e.,
planning, scheduling, and execution!. The design perspec-
tives should be seriously considered in each level~as shown
in Fig. 4!. Since we view the collaborative design process
as a perspective-evolution process, a coordination interface
to clearly capture and support perspective reconciliation is
vital to design process management. In the following sec-
tion, we introduce a conflict management methodology,
which is to support perspective reconciliation in the design
process.

4. SUPPORTING CONFLICT MANAGEMENT
IN DESIGN PROCESS

Conflict can be treated as a significant issue to identify
perspective dependencies, to drive idea interaction, and,
therefore, to improve the design process. Traditionally, quite
a few approaches are proposed to handle conflicts in design
by modeling conflict as the multiobjective decision prob-
lem ~Kannapan & Taylor, 1994; Kraus et al., 1995; Petrie
et al., 1995; Lewis & Mistree, 1998!. Most of them assume
that design stakeholders are purely reasonable and their pref-
erences can be represented by utility functions. However,
utility theory has intrinsic limitations on conflict manage-
ment and collaboration support~Binmore, 1987!. The crit-
ical reason is that in collaborative design, the meanings and
concepts are defined during the interaction rather than be-
fore the interaction. Many conflicts are actually caused by
the insulated concepts in different perspectives. Only after
the meanings are defined and shared among the stakehold-

ers, can utility theory take effect to handle conflict. To ad-
dress this issue, we take a sociotechnical approach to manage
conflict by manipulating the design perspectives.

4.1. Overview of the methodology

Design conflict as a dynamic situation has its causes, con-
texts, and effects~Wall & Calister, 1995!, which could be
of a technical nature, a managerial nature, or a social-
interaction nature. Conflicts of various types at different
abstraction levels might occur when inconsistent local re-
alities ~i.e., individual meanings! are merging to a shared
reality. To achieve a satisfying performance of the design
team, conflicts should be effectively managed by investi-
gating, understanding, and manipulating the perspectives
of stakeholders. When treating engineering design as a purely
technical process, conflicts are usually regarded as being
abnormal and to be avoided as soon as possible at all costs
~Kannapan & Taylor, 1994; Klein, 1995; Peña-Mora et al.,
1995!. On the other hand, when treating engineering design
as a sociotechnical process, conflicts might be systemati-
cally and explicitly dealt with as a resource to drive the
social construction process and design innovations. In the
early design stage, conflicts can be treated as motivations
to identify the deficiencies of the team and to generate new
ideas, whereas at the late stage, conflicts should be pre-
vented or resolved to achieve high efficiency.

A categorization of the different conflicts is derived from
the sociotechnical framework. Its aim is to find mappings be-
tween the different types of conflicts in design and conflict
management strategies that have been developed in the so-
cial, political, and organizational management literatures. It
should be emphasized that conflict management may in-
volve not just the detection, prevention, and resolution0
extinction of conflict, but also the encouragement and control
of conflicts in a desired manner. Of great significance is the
development of tools to measure and monitor the “rate” at
which conflict resolution occurs so that a confluence of view-
points in the sociotechnical construction process can be
achieved. Consequently, to manage conflict, we need to iden-
tify the roles of the stakeholder and understand their pers-
pectives. Then the conflict could be diagnosed and its causes
and context will be identified. By applying the intervention
methods and adjusting stakeholders’ perspectives based on
the analysis, the conflict process is controlled.

As shown in Figure 5, the methodology of conflict man-
agement in the design process can be viewed as a coordi-
nation interface between design plan and task execution. It
has four basic steps:

1. Clarify design concepts and build the concept structure;

2. Generate the CDPN;

3. Create perspective state diagrams~PSDs! for each of
the stakeholders;

4. Perform sociotechnical analysis and manipulate PSDs
and CDPN.

Fig. 4. Design plan, schedule, and execution.
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In the following sections, the details of each step will be
discussed by illustrating an architecture design scenario.

4.2. Building the design concept structure

To generate a “common language” in collaborative design,
the stakeholders first collectively build a Concept Struc-
ture. The Concept Structure is a model to organize the so-
cial and technical ontologies perceived by the group.
Building the Concept Structure begins with reading a con-
cept structure template~e.g., the collaborative design archi-
tecture model shown in Fig. 1 can become a preliminary
template!. The template depicts most of the abstract con-
cepts involved in the design group. It can be viewed as the
preliminary shared perspective model structure organized
by “contents” and their relations at the beginning of design.
It also serves as a guideline for stakeholders to further spec-
ify their design concepts.

After identifying the critical concepts, the complicated
relationships among these concepts can also be organized.
A list of the most important concepts and their relationships
is generated and viewed by all stakeholders. When an indi-
vidual proposes a new concept, he0she should first consider
whether there are similar concepts in the structure. Thus,
only novel concepts can be specified and added. When stake-
holders propose new concepts in the design process, the
concept structure~Fig. 6! is updated and is used to system-
atically organize these concepts and their relationships. The
concepts are often best generated by individuals, whereas
the concept selection and enhancement are often best per-
formed by the group. Therefore, we classified the concepts
into two types. “Shared concepts” are those that have been
well defined and have widely accepted meaning among the

stakeholders. “Private concepts” are perceived only by some
individual stakeholders. Their names or meanings are not
expressed around the group. Most of the concepts in the
concept structure template are shared concepts. As the stake-
holders propose new concepts to the concept structure, more
domain-dependent concepts are involved and are viewed
only at the individual level. Whether a concept is shared or
not is relative to the purpose of a certain design group. If a
group of people have similar purposes regarding a concept,
it would be better to share it. Sometimes, a concept is not
shared between two groups, but may be shared within one
group. After the concepts are identified, the dependencies
among these concepts can be further clarified. For instance,
the concept “function requirements” in a technical decision
will influence the “function” of the product. The “struc-
ture” of the product is decided by the “design parameter” of
the design methodology. During design, the statuses of con-
cepts are evolving. When many stakeholders have interest
about a private concept, they can update it to a shared con-
cept. That means their perspectives are converging.

4.3. Developing a process model

A design process model~i.e., CDPN diagrams! can be gen-
erated from a preliminary design plan or a process tem-
plate, which can be simple descriptive words or PERT
diagrams. At the beginning of the design, a plan could be
very informal and may omit many real-world necessary ac-
tivities. Additional work has to be done to transfer the in-
formal description to structured forms. Consulting the design
group about detailed information is sometimes necessary to
clarify important issues.

In the architecture design scenario, there are seven types
of stakeholders considered: Sponsor, Client, Design Con-

Fig. 5. Methodology to support conflict management in the design process.
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sultant, Architect, Engineering Consultants, Building Au-
thority, and Building Users. They have various perspectives
and play various roles in the design process. Their percep-
tions of design tasks and events are intensively different at
the beginning of the design. Figure 7 shows the CDPN
diagram covering the schedule of preliminary design and
the early part of conceptual design. To make the stake-
holder more explicit, tasks and events are arranged in rows
with each stakeholder assigned. Shared tasks and events are
shown in all of the related stakeholders’ rows and indicated
by dotted-line linkages. It is clear that stakeholders S2 and
S3 conduct most of the preliminary design tasks, while oth-
ers’ roles are to provide related information for their deci-
sion making. The incidence matrix, task dependencies matrix,
and task assignment matrix are generated from the above
CDPN.

In the CDPN, design iteration is depicted as a circular
linkage from a choice event to a previous task. In practice,
a design iteration might also imply the occurrence of con-
flicts. If the opportunity of conflicts has been considered
during scheduling, the possible process iterations should be
explicitly expressed in the graph. Task dependencies and
iterations are represented more clearly in the incidence ma-
trix. As shown in Figure 8, the design iteration could hap-
pen if a loop dependency square exists in the incidence
matrix. Three iterations are easily identified by finding loop
dependency squares in that matrix. The critical choice events
~e.g., E8 E15, E16! in the design process can be detected

after recognition of design iteration. These events are viewed
as the key nodes within the process graph.

4.4. Perspective states diagram construction

To analyze the evolution of the perspectives, we applied a
systematic approach to capture the purposes, contexts, and
contents of the different stakeholders. “Purpose” relates to
the stakeholders’ goals or concerns about a design concept.
“Content” is the contained information of the perspective,
which generates messages to be communicated. “Context”
places the information within the overall product life cycle
and stakeholders circumstances. The principal objective of
design perspective tracking is the recognition of the stake-
holder perspectives and the identification of the means by
which they transfer the content of these perspectives~i.e.,
“communicate”! among themselves. A design perspective
model can be represented by a structured format. For ex-
ample, the Design Consultant has a perspective about fore-
casting the facility usage requirement, which can be
described as in Table 1.

Our approach organizes and presents stakeholders’ per-
spectives in collaborative design by using PSDs. A PSD
represents the “view” of a stakeholder in a particular time
of collaborative design. It consists of all of the perspective
models of a stakeholder and can be visualized as a picture
of the perspective status of one stakeholder. By referencing
the concept structure, it is possible to ask the stakeholders

Fig. 6. A concept structure built by stakeholders.
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to build the PSDs at a certain time. A stakeholders’ PSD
depicts the relationships among his0her concepts~includ-
ing the shared concepts and private concepts! and his0her
purpose and context. The concepts listed in the PSD are

categories of perspective contents relating to stakeholders.
They are not all information of the design stakeholders’
perspectives. In fact, using concept structure in the PSD
provides a way for us to systematically compare and exam-

Fig. 7. CDPN of the design example.

Fig. 8. Identification of design iteration of the design process in an incidence matrix.
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ine the perspective differences among stakeholders. For each
of the concepts, there is a set of a purpose, a context, and a
content associated with it. Figure 9 shows two stakehold-
ers’ PSDs and their relationships with the concept structure.
Each of the boxes in the PSD shows the perspective infor-
mation for a given concept.

In the collaborative design process, each stakeholder has
serial PSDs that describe the adjustment and evolution of
their perspectives. When looking through the boxes of dif-
ferent stakeholders’ PSDs, related issues and inconsisten-
cies can be noticed. The related issues of perspectives reveal

the dependencies and links of the local realities of the stake-
holders, while their inconsistencies imply conflicts. The de-
pendencies can be used as anchor points to integrate the
individual perspective models and to form a larger meaning
community. The conflicts can be managed to reconcile the
design perspectives. By tracking perspective state evolu-
tion, our approach provides a systematic and operational
way to analyze the design process by identifying the depen-
dencies and conflicts.

4.5. Sociotechnical analysis to manipulate design
process and perspectives

After the PSDs and the CDPNs are derived, one can ana-
lyze and manipulate them to support perspective evolution
and manage design conflict. Examining the PSDs between0
through adjacent points in time provides a way to identify0
reconcile conflicts in perspectives. By rearranging the design
process to reconcile the contents of the perspectives, the
design activity is handled to control the conflict manner.
Thus, the efficiency of human design is improved by pro-
viding support to their negotiation.

Thedetail analysismethodsaredepicted inFigure10.Given
the process diagram, the concept structure, and the PSDs, their
dependencies can be represented as several matrices~e.g.,
T-T, T-S, C-S, etc.!. Controlling the interplay among these

Table 1. An example of a perspective model

Concept: Product :: Functional Requirement :: Facility usage
requirement

Purpose: Project the usage schedule, demand, and use of the facility
by the clients based on historical data and usage estimations
of the units using the facility.

Content: • Historical personnel load and mission data
• Analysis procedures and parameters
• Forecasts

Context: • Lifecycle: requirements analysis
• Information type: requirements data~demand forecast

data!, historical usage data

Fig. 9. Generation of design perspective models by concept structure.
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three models provides various conflict management meth-
ods. At a certain design stage, the design conflict can be de-
tected by tracking and comparing the “perspective states” of
different stakeholders. If design perspectives are not tracked,
due to the loss of coordination, the chances of noticing the
inconsistencyanddependenceare relativelysmall.Then,some
design deficiencies are not noticed until conflicts occur. For
example, if tasks are executed according to the old schedule
shown in Figure 7 and design perspectives are not tracked,
the Architect~i.e., S4! and the Design Consultant~i.e., S3!
might realize a fatal conflict on the location selection after
they discuss detail features of the building~after Task 9 in
the schedule!. Since numerous jobs have already begun, that
conflict will cause a lot of rework and waste time and money.
By using the sociotechnical analysis, the perspectives mod-
els are tracked and the PSDs of the Design Consultant and
Architect are compared~Fig. 11!. It is easy for the stakehold-
ers to notice the inconsistency in that design concept and treat
it as a conflict. Although there is still no direct meeting be-
tween the stakeholders, this potential conflict on building lo-
cation selection is identified much earlier.

The basic objective of these methods is to manipulate the
PSDs in a way to converge them more quickly and there-
fore to resolve conflict. As shown in Figure 10, to manage
the conflict, we can modify stakeholders’ perspectives,
change their roles, or rearrange the design process accord-
ing to the attributes of the conflict. Since the patterns of
PSDs will largely depend on the interactions among the
design tasks, arranging the design process in a desired man-
ner is an effective approach to coordinate the perspectives

of the stakeholders. By searching on the dependency matri-
ces, it is possible to identify the tasks that will affect this
conflict. Then, the process can be modified to change stake-
holders’ perspective states. For instance, a new schedule
can be proposed to let the Architect become involved in the
design campaign earlier so that he can identify the key con-
cepts in layout design. After analyzing the task assignment
matrix and task dependency matrix, a new task T8.1 is added
to let the Architect join the design and declare his concerns.
Thus, the location decision conflict will be prevented. A
comparison of the old and new design process is shown in
Figure 12. The design iterations are reduced while the con-
currency of the process is increased.

5. AN INFORMATION SYSTEM TO SUPPORT
COLLABORATIVE DESIGN

Several critical issues that arise in developing collaborative
design support systems can be identified based on the above
discussion. First, it is necessary to have a system that can ex-
plicitly capture the perspectives of the stakeholders and as-
sist their interactions. The representation of their views of
product and organizations should capture individual inter-
ests. Stakeholders’ goals, contexts, and contents should be
modeled in the system in a structured way and be communi-
cable to other stakeholders. Secondly, it is important for the
system to trace the merging of perspectives in the design pro-
cess. Furthermore, by referencing to the system knowledge
base, it might be able to evaluate the potential consequences
of stakeholders’decisions for collaborative design. Besides,

Fig. 10. The analysis methods.
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Fig. 11. Comparing perspective models of three stakeholders.

Fig. 12. Rearranging the design process to manage conflict.
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it is also critical to support design conflict management by
facilitating both technical and social negotiations.

The Sociotechnical Design Process Management system
~ST-DPMS! is a prototype implementation of the method-
ology of manipulating the collaborative design process and
controlling conflicts. It is quite different from the available
information systems, which manage conflict by using the
exception-handling approach~Klein, 1995! or by eliminat-
ing data inconsistencies~Sriram et al., 1992!. The objective
of the ST-DPMS is to provide a computerized environment
that supports the sociotechnical coordination among stake-
holders during conceptual design. During the design pro-
cess, the system maintains stakeholders’ design perspective
models and depicts their various roles. Communication tools
with network and server-client database access functions
enlighten the stakeholders located in different places to no-
tify his and others’ perspectives. Several subsystems~e.g.,
Conflict Management, Process Management, Product Man-
agement, and Organization Management! are provided to
support design interaction and manage design information.
The system knowledge repository tracks the evolutions of
product and organization data. These changes will become
feedback to the perspective models of the stakeholders and
influence the design process in the future.

The ST-DPMS has several unique characteristics. First,
the integrated product model and process model are built
on the information structures represented by the perspec-
tive models of the stakeholders. To explicitly capture the
perspectives of the stakeholders and assist their inter-

actions, interfaces with different contents are provided. Each
stakeholder uses a set of unique Web-based interfaces to
declare his0her perspective and access design information.
They access the product data, the organizational data, and
others’ perspective models when they operate their own
workspaces. Second, the ST-DPMS can help the group to
refine the design process by referring to the conflict man-
agement strategies. As shown in Figure 13, the information
of design tasks and the state of the design process are ex-
plicitly shown to the individual stakeholders. After the con-
flict management model analyzes the causes, effects, and
contexts of detected conflicts, the stakeholder can apply the
strategies~e.g., remove task dependencies, add new tasks,
rearrange schedule, etc.! to manipulate the design tasks and
control the conflicts. During the design process, the system
maintains a socionetwork model to help people realize the
dependencies among their perspectives~Fig. 14!. It also
forces the stakeholders to communicate the effects of their
own decisions to the others and the group. Third, the ST-
DPMS will record and trace the merging of perspectives in
the design process. As shown in Figure 14, after conflict is
detected, the history of interaction and the conflict profile
is displayed. The evolving history of the concept structure
is captured by the system. That will become very helpful to
the future design. Fourth, when it is fully developed, the
system can support the learning of the rationale of the tech-
nical design decisions and conflict resolutions during the
design process, like some proposed systems such as iDCSS
~Klein, 1995!, and SHRAE-DRIM~Peña-Mora et al., 1995!.

Fig. 13. The collaborative design process management interface.
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The dynamic perspective models are supposed to capture
the stakeholders’ local realities, while their evolutions in
the design process can be also captured and proposed to the
team. That means the system is not only able to learn the
design expertise and the design rationale, but also can im-
prove designers’ recognition of the organization structure,
norm, and culture.

6. CONCLUSIONS

This article presents an original methodology for represent-
ing and managing the collaborative design process in the so-
ciotechnical framework. By using Petri Nets as convenient
tools for topological and computational process illustration,
a systematic representation method of the collaborative de-
sign process is developed. Several essential issues in collab-
orative design, such as design state transformation, task
dependencies, and task decomposition, can be clearly ex-
pressed by applying the techniques of process modeling.This
representation method provides the basics for the collabora-
tive design process and conflict analysis. By investigating
the relationship between perspective evolution and the struc-
ture of the design process, conflicts can be effectively de-
tected and analyzed. Managing design conflict becomes a
coordination infrastructure among design stakeholders to sup-
port the refinement of the design process. By using conflict
management to identify the deficiencies of the design pro-
cess, this methodology realizes a feedback control mecha-

nism to manipulate the collaborative design process, while
the existing approaches view it as an open loop system. The
methodology also provides a framework for information sys-
tem development for collaborative design support. The aim
of the ST-DPMS is to provide not only the design process
management facility but also an integrated information sup-
port system for collaborative design by capturing the per-
spective states of the stakeholders and systematically handling
conflicts. Following this direction, a series of design process
management methodologies can be derived and implemented.

Our future research work will further refine the collabo-
rative design process model by applying the advanced analy-
sis techniques of Petri Nets. Also, we hope to gain deep
understanding of social interactions and their relations to
technical decisions occurring in more real-life collabora-
tive design cases. Based on the further understanding of the
characteristics of design perspective interaction, the collab-
orative design process model and the design support sys-
tem can be improved significantly.
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