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Abstract

Concurrent engineering is a systematic approach to the integrated, concurrent design of products and the related
processes of manufacturing and support. This approach is intended to cause the developers, from the outset, to
consider all elements of the product life cycle from concept through disposal, including quality, cost, schedule,
and user requirements. To achieve successful concurrent-engineering design, one needs an integrated framework,
a well-organized design team, and adequate design tools. The research on concurrent engineering to date has fo-
cused on developing communication infrastructure, design tools, and product data representations. Little atten-
tion has been paid to developing tools to address the organizational issues involved in concurrent engineering.
The authors' research on the Virtual Design Team (VDT) attempts to develop a computerized analysis tool to sup-
port the systematic design of organization structures for concurrent engineering projects. VDT is a computer sim-
ulation system. It takes descriptions of design tasks, actors (i.e., designers and managers), and organization structure
as input, and produces predicted historical records of the actors' design and coordination behavior, project du-
ration, cost, and design process quality as output. VDT has been applied to model more than ten realistic engi-
neering projects, and the results are qualitatively consistent with the predictions from theory and project managers.
The VDT framework for modeling concurrent-engineering teams is described, and examples of VDT applications
are presented to demonstrate the effectiveness of the Virtual Design Team approach to modeling the organiza-
tional behavior of concurrent design teams.
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1. INTRODUCTION

With the growth of multinational corporations, compe-
tition in the world marketplace is relentless. Those who
can get the highest quality, price-competitive product to
market in the least time are going to be winners. To re-
spond to this challenge by merely cutting prices and work
forces to maintain profit has been proven to be a mis-
guided strategy; rather, the success results from under-
standing customer needs, developing a product to meet
those needs, bringing that product to market quickly and
at a fair value. Since 1982, research has been conducted
to explore a new product development paradigm called
concurrent engineering to increase the competitiveness of
manufacturers. Recent practice has shown the effective-
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ness of the new engineering paradigm (Carter & Baker,
1992).

Concurrent engineering is a systematic approach to the
integrated, concurrent design of products and their re-
lated processes, including manufacture and support. This
approach is intended to cause the developers, from the
outset, to consider all elements of the product life cycle
from concept through disposal, including quality, cost,
schedule, and user requirements (Carter & Baker, 1992).
To make concurrent-engineering design successful one
needs an integrated framework, a well-organized design
team, and adequate design tools.

Research on concurrent engineering to date has focused
on developing communication infrastructure, design tools,
and product data representation. Little attention has been
paid to developing tools to address the organizational is-
sues involved in concurrent engineering. It has been rec-
ognized recently that barriers to concurrent engineering
are cultural, organizational, and technological. A success-
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ful implementation of concurrent engineering requires
that these issues be identified and solved up front.

Our research on the Virtual Design Team (VDT) at-
tempts to develop a computerized analysis tool to support
the systematic design of organizations for concurrent-
engineering projects. VDT explicitly incorporates infor-
mation processing and communication models from
organization theory that allow qualitative predictions of
organizational performance. The input to VDT are the
descriptions of design tasks, actors (i.e., designers and
managers), organization structure, and the communica-
tion tools (e.g., facsimile, voice mail, electronic mail,
meetings) available to each actor. The output of VDT is
a prediction of the total processing time required to com-
plete all subtasks (a surrogate for total labor cost of de-
sign), the duration to complete the entire design project
along the longest or "critical" path through activities, and
verification and coordination quality. VDT's behavior has
been validated extensively for internal consistency. Its be-
havior also compares well with theoretical predictions
about, and the observed behavior of, concurrent design
teams in several facility engineering domains (Cohen,
1992; Christiansen, 1993).

In this paper we describe the organizational issues of
concurrent design in Section 2 and the VDT approach in
Section 3. Section 4 describes the VDT framework in de-
tail, and Section 5 presents examples of VDT application.
Finally, we compare our research with related work in
Section 6, and describe our future work plan in Section 7.

2. ORGANIZATIONAL ISSUES IN
CONCURRENT DESIGN

Successful implementation of concurrent engineering de-
pends on project requirements, team organization, task
arrangements, and technology (or tools) available to the
team. To explicitly address the functional interactions
among different design activities, the activities need to be
carried out in parallel. As a result, coordination among
the actors who are responsible for the activities becomes
the critical part of the whole engineering design process.
Better team organization facilitates communication and
information sharing between team members and leads to
efficient coordination. From an organization design point
of view, the following questions must be addressed to
achieve successful concurrent engineering:

Control structure and policy: What kind of control
structure should be implemented, more hierarchical
or flatter? Who should report to whom? Given a
control structure, what decisions should be made at
which level of the hierarchy?

Communication structure and policy: Who can talk to
whom? Who should talk to whom about what?
Should the team have formal meetings frequently?
Who should attend what meetings? Should team

members meet or talk to each other informally when-
ever they need?

Technology or tools: What tools should be used for
communication? Is it necessary to introduce new
communication tools such as voice mail, E-mail, and
video conference? Is it necessary to introduce new
CAD tools? How should actors choose their tools?

Task arrangement: How should tasks be arranged —
more concurrently or more sequentially? What will
be the consequence of introduction of more concur-
rency? Who should be responsible for which task?
How are tasks interrelated with each other? How do
these relations affect relations between the respon-
sible actors?

Effectiveness and efficiency: How do we measure proj-
ect performance (i.e., effectiveness and efficiency) as
a whole? What are the organizational and individual
factors that contribute to effectiveness, and what are
those that contribute to efficiency? How do we trade
efficiency for effectiveness, and vice versa?

Although some of these questions are straightforward
if a specific task situation is given, the answers to many
of the questions are not so obvious. Organization theory
can provide aggregated and qualitative answers, but
not detailed prescriptions. Concurrent engineering man-
agement experts —of whom there are few —address the
question based on their experience. We propose a com-
putational organization design approach that allows sys-
tematic analysis of team design and provides relatively
detailed information about how changes in organization
design may impact on team behavior and performance.

3. THE VIRTUAL DESIGN TEAM APPROACH

To address the organizational issues described above, we
need a methodology for organization design. Design of
artifacts to meet human needs —whether they are physi-
cal artifacts such as buildings, or social artifacts such as
business organizations —is a ubiquitous human activity
and can be broken down into the following generic steps:
requirement definition, synthesis, analysis, evaluation,
and acceptance or recycling based on the evaluation of
performance (Levitt et al., 1991). Analysis plays an im-
portant role in this process since it is the basis of evalua-
tion and iterating synthesis for optimal design.

Although extant organization theory (Thompson, 1967;
Galbraith, 1977; Mintzberg, 1979) allows aggregated anal-
ysis and predictions about the organizational performance
of engineering teams under given circumstances, its ag-
gregated view of organizational behavior prevents it from
providing specific prescriptions for organization design
in a concurrent-engineering context. There is a need for
a computational framework in which organizational is-
sues of concurrent engineering can be explicitly analyzed
and suitable organizational structures can be identified.
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Engineering design teams are composed of different
and specialized participants working on complex design
tasks with different values, interests, and capabilities.
Building a computational model of organizations such as
concurrent design teams is difficult because of the com-
plexity of human organizations and the requirement for
detailed predictions of team behavior and performance.
From a computational modeling point of view, there are
three basic issues that must be addressed: (1) what is the
unit of analysis for studying organizational behavior —
the team or the actors? (2) How do we model engineer-
ing design activities — detailed or abstract? (3) How do we
validate the model?

To explicitly model coordination among design partic-
ipants, we treat an actor as the unit of analysis and gen-
erate emergent organizational behavior of the design team
by simulating actions of and interactions among the ac-
tors. We assume that we understand the behavior of "typ-
ical" individuals better than that of organizations or
teams, especially for highly institutionalized engineering
work (Meyer & Rowan, 1993). The simulation may help
us to understand the impact of organization design on or-
ganization behavior and performance.

To avoid the extreme complexity of real organizations,
we adopt an information processing perspective to ab-
stract the real design actions and interactions as described
below. Since time and attention of actors are the resources
of organizations (March, 1988), our approach attempts
to explicitly model how actors allocate their attention and
spend their time.

To assess the validity of the model, we choose to com-
pare the predictions produced by the model with those de-
rived from organization theory and those collected from
real design projects. The theoretical predictions can be
used to justify the qualitative validity of the model, and
real project data can be used to assess the accuracy of the
simulation prediction.

4. THE VIRTUAL DESIGN TEAM

The Virtual Design Team (VDT) is a computational dis-
crete event simulation model of concurrent design teams.
VDT predicts the emergent behavior of a design team for
a given organization design through simulating actions of
and interactions among the team participants. The goal
of the VDT research project is to develop computerized
analysis tools to support the systematic design of organi-
zation structures for concurrent-engineering projects.

4.1. An information processing perspective
on concurrent design

The basic premise of the VDT model is that organizations
are fundamentally information processing structures —a
view of organizations that dates back to Max Weber's
work in the early 1900s, and that is elaborated in the work

of March, Simon, and Galbraith (March & Simon, 1958;
Simon, 1976; Galbraith, 1977). In this view, an organi-
zation is an information processing and communica-
tion system, structured to achieve a specific set of tasks,
and composed of limited information processors termed
"actors" —individuals or undifferentiated specialist sub-
teams. Actors send and receive messages along specific
lines of communication through communication tools;
they pay attention to a selected message in their "in-tray"
and spend a certain amount of time to process the mes-
sage. To capture these characteristics and constraints,
VDT employs explicit descriptions of tasks, communica-
tions, actors, tools, and structures. Thus, for example,
each modeled manager has specific and limited (bound-
edly rational) information processing abilities; and man-
agers send and receive messages to and from other actors
along prespecified communication channels, choosing
from a limited set of communication tools. The view of
organizations that we have implemented is presented in
Figure 1.

Viewing concurrent design teams from an information
processing perspective has two important implications.
First, we abstract much of the content of the engineering
design process. An actor performing a design task spends
a certain amount of time on the task. The amount of time
depends on the size, complexity, and uncertainty of the
task, and the skill level of the actor. Work is verified pe-
riodically and can be found to fail. If the work done
within a given period of time is found to contain an er-
ror, rework on the failed work will frequently solve the
problem. Second, not all design tasks can be viewed as the
information processing tasks described above. We found
that routine design projects have a predefined activity net-
work (Moder et al., 1983) and match fairly well with our
information processing model. Therefore, we limit our
domain to routine design projects. In fact, many design
projects in engineering domains are routine according to
this criteria, rather than innovative.

4.2. A process model of concurrent design

In VDT, a design task is represented as a dependency
network of activities. These activities consist of the de-
sign, review, and approval of a series of components or
subsystems of the artifact to be designed. An activity is
VDT's unit of analysis for modeling task-related issues
including information processing requirements, activity
interdependency, complexity, uncertainty, and, hence, co-
ordination requirements. The responsibility of an actor
for an activity is determined based on the organization
structure discussed below.

4.2.1. Design activities

Each design activity requires a specialist to spend a cer-
tain amount of time to accomplish it. In order to model
as little detail as possible about activities but still retain
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Fig. 1. Overview of the Virtual Design
Team. VDT models the design task, ac-
tors, organization structure, communica-
tion tools, and project policy. The design
task is broken down into a precedence
network of activities. Actors are informa-
tion processors with skills and attention
allocation rules for selecting items from
an "in-tray." The organization structure
is defined by supervision and communi-
cation relationships among the actors.
Each activity is assigned to a single actor.

the accuracy of performance prediction, we model infor-
mation processing requirements in terms of work volume
and work type. Work volume is the time needed for an
actor with average skills to accomplish the activity. Work
type is the specialized skill or "craft" an actor must pos-
sess to carry out the activity effectively.

Activities in VDT are composed of indivisible compo-
nents called tasks. A task is the minimum amount of work
that an actor can choose to process at a certain time, typ-
ically one day. After a task is processed by an actor, the
result of processing can be either "successful" or "failed,"
meaning the work was effective or not, respectively. The
probability with which a task may be determined to have
"failed" is called Verification Failure Probability (VFP).
VFP is associated with a combination of an activity and
it's responsible actor and is determined based on the ac-
tivity's complexity, the actor's skill level, and the match
of the activity's skill requirement and the actor's skill set.

Contingency theorists have characterized tasks in term
of complexity and uncertainty (Galbraith 1977; Thomp-
son, 1967; Nadler & Tushman, 1988). In the organization
literature, complexity and uncertainty are treated as vari-
ables describing the task environment faced by an or-
ganization as a whole. In VDT, we operationalize the
concepts of complexity and uncertainty at the activity level
(rather than at the overall project level). Complexity has
been viewed as the number of different items or elements
that must be dealt with simultaneously (Scott, 1992). In
VDT, higher activity complexity results directly in higher
verification failure probability, and indirectly in more co-
ordination to deal with rework following task failures and
possibly in poorer process quality and efficiency. Uncer-

tainty has been defined as the difference between the
amount of information required to perform the task and
the amount of information already possessed by the or-
ganization (Galbraith, 1977). In VDT, higher uncertainty
of an activity results in more frequent information ex-
change communication among the responsible actors. The
complexity and uncertainty of an activity have values of
either high, medium, or low.

4.2.2. Activity interactions and coordination
Interactions among actors are the main force that af-

fects the organizational performance of concurrent design
teams. Dependency relationships between activities re-
quire the responsible actors to interact and coordinate
with each other. The more concurrent the design activi-
ties are, the more coordination will be required among the
actors. Radical concurrency may actually cause the design
to take longer due to the overwhelming requirement for
coordination among the actors. A key goal of the VDT
simulation is to let the simulation identify coordination re-
quirements, generate coordination tasks, and simulate the
impact of coordination tasks on the team performance.

Following Thompson (1967), VDT models pooled, se-
quential, and functional relationships among activities.
Since we are concerned with single design projects, we as-
sume that all activities have pooled interdependence with
each other. Therefore, the performance of each activity
contributes to the overall organizational performance.
Activities are sequentially interdependent when the ac-
complishment of certain activities is a prerequisite for
another activity to start. Activities axe functionally inter-
dependent — reciprocally interdependent in Thompson's
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framework — with each other if information produced
from one activity must be communicated to another ac-
tivity and this information may result in rework in the
other activity.

Dependency among activities determines the require-
ment for coordination among responsible actors. To cap-
ture the intensity or magnitude of coordination, VDT uses
information exchange communication intensity (CMI)
and verification failure probability (VFP) to describe ac-
tivities. The values of the variables are derived from each
activity's complexity and uncertainty described above.

4.2.3. Modeling real design projects
VDT's activities or tasks are described in terms of com-

plexity, uncertainty, and interdependence. Therefore, in
order to simulate a real engineering project in VDT, one
must derive these task properties from the real project data.
VDT uses a set of engineering management techniques to
specify those task properties (Christiansen, 1993).

As shown in Figure 2, Functional Decomposition (FD)
provides a means for creating a hierarchy of customer re-
quirements and their associated technical solutions in an
intended product design (Willems, 1988). We use the FD
approach to develop a complete set of product require-
ments and solutions. We then use QFD analysis to iden-
tify the interdependence among activities based on the
assumed technical interactions among their requirements
and solutions (Hauser & Clausing, 1988). We also use
QFD to specify the complexity of each activity by analyz-
ing the number of interacting requirements and solutions
associated with that activity. The Design Structure Ma-
trix (DSM) technique (Gebala & Eppinger, 1991) analyzes

Functional - " ^
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f&quirements
Solutions
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- Interactions
among solutions
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Fig. 2. A model of coordination load for design teams. This model uses
Quality Function Deployment (QFD) (Hauser & Clausing, 1988) and De-
sign Structure Matrix (Gebala & Eppinger, 1991) to derive interactions
between requirements and engineering solutions, dependence between
design activities, and relations between members of the project team.

the information flow among interdependent project ac-
tivities and assesses the relative uncertainty associated
with the requirements of each activity based on the se-
quencing of the activities. We use these techniques to-
gether to specify the complexity and uncertainty levels of
each activity.

4.3. Communication and tools

Coordination in a concurrent design team requires infor-
mation flow among actors. To explicitly capture this in-
formation flow, VDT defines a communication as an
elementary packet of information that is generated and
sent by one actor, and received and processed by another.
Each communication has its own type and amount of in-
formation contained (i.e., work volume).

4.3.1. Communication types
In our work volume and work type activity models, a

communication in VDT contains a certain amount of
work volume, indicating how much time it will take to
process the communication. The semantics of the com-
munication are captured by the communication type. At
present, VDT has five communication types, namely,
work communications, information exchange, exceptions,
decisions, and noise.

Work communication: Activities generate work com-
munications and send them to their responsible ac-
tors. A work communication is a design task as
described in Section 4.2.1. It contains information
specifying work volume and associated activity. A
work communication can be viewed as a request of
design.

Information exchange: An information exchange is ini-
tiated by an actor based on the communication in-
tensity and the reciprocal relationships of the activity
for which the actor is responsible. An information
exchange can be a request for coordination or just
a message "for your information." Upon receiving an
information exchange, an actor may choose to attend
to or to ignore the communication, depending on the
actor's backlog and on the culture of the organiza-
tion as discussed below.

Failure exception: When an actor identifies a task fail-
ure, it generates a failure exception communication
and sends the communication, together with the failed
task, to a decision maker for a decision on how to
deal with the failure.

Decision: When a decision maker receives a failure ex-
ception, he/she will spend some time to process the
exception and make a decision stochastically whether
or not the failed task should be reworked. When a
decision is made, the decision maker than creates a
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decision communication and sends it to the actor
who initiated the exception.

Noise: Finally, VDT recognizes that some communi-
cations received by individuals are irrelevant to ac-
complishing the task; nevertheless, sorting through
and processing these communications, called noise,
consumes time of the design team participants.

Not all communications are of equal importance for
the completion of a given task. Each communication is
assigned a priority (on an integer scale from 1 to 9) by
VDT based on the relative status of the sender and re-
ceiver and the type of communication. A communication
also has a lifetime after it arrives in an actor's in-tray, de-
pending on the type of communication tool through
which the communication was transmitted. For example,
a communication transmitted by a telephone dies after
one minute if it is not attended to. An E-mail communi-
cation will have a longer lifetime. When a communication
exceeds its lifetime, it is removed from the actor's in-tray.

4.3.2. Communication tools
Each communication is transmitted through a tool se-

lected by an actor. The VDT framework represents each
tool in terms of values on a set of variables that are theo-
rized to affect both the choice of tool and the results of
that choice. The adoption and behavior of tools are then
defined in terms of the relationships among the tool vari-
ables and the characteristics of the task, the actors, and
the organizational structure. In the present version of the
VDT, tools are characterized by their synchronicity (syn-
chronous, partial, asynchronous), cost (low, medium, or
high), recordability (whether or not a permanent record
of the communication is available routinely), proximity
to user (close or distant), capacity (volume of messages
that can be transmitted concurrently), and bandwidth
(low, medium, or high), representing the capability of the
tool for communicating information represented in each
of the natural idioms supported (i.e., text, schematics,
etc.).

For example, voice mail is partially synchronous, low
cost, recordable, close proximity, high capacity for con-
current transmission, and high bandwidth for text, but
low bandwidth for geometry; the telephone is similar ex-
cept that it is synchronous, not recordable, and has low
capacity for concurrent transmission; and electronic mail
is asynchronous and has high concurrent transmission.
Thus, a manager who wants to send a textual communi-
cation to a large number of individuals simultaneously
will choose a tool such as voice mail or electronic mail
rather than telephone. In contrast, the need for synchro-
nous communication (arising from priority) will encour-
age the use of the telephone as opposed to the other two
tools.

4.4. Actors and information processing

Actors in VDT represent either individual managers and
designers, or small, undifferentiated subteams in a con-
current design environment. Actors in a design team are
the entities that perform the design work. By disaggregat-
ing organizations into actors and explicitly representing
actor behavior, VDT can generate the emergent organi-
zational behavior of concurrent design teams from the ac-
tions of, and interactions among, individual actors.

4.4.1. A ctor description
VDT models actors in terms of the actors' capability,

attention, action, and organizational role. An actor's ca-
pability is described by its "discipline" (i.e., "craft," such
as civil engineer or project manager), skill level (high, me-
dium, or low), task experience for a given class of task
(high, medium, or low), and team experience with other
team members (high, medium, or low). Based on these
variables and a given design task, VDT calculates the ac-
tors' information processing speed, which determines the
time required for the actor to solve the design task. For
example, a civil engineer may work slowly when assigned
a task with mechanical engineering skill requirements,
even though the actor's civil engineering skill level is very
high. We further assume that actors with a higher level
of task experience and team work experience can work
faster since they spend less time determining the task re-
quirement and coordinating with other team members,
respectively.

An actor's attention determines which task the actor
will choose when there are alternatives. An "in-tray" met-
aphor was proposed by Cohen (1992) to address this is-
sue. Using the in-tray metaphor illustrated in Figure 1, the
attention problem becomes which item in an actor's in-
tray should be picked up by the actor. Based on the lim-
ited observations of design team managers conducted by
Cohen (1992), VDT models actors' attention in terms of
the priorities of the items in the actors' in-tray and the ac-
tors' attention allocation rule that specifies probabilities
by which actors choose items based on the items' priori-
ties, their times of arrival (i.e., FIFO —first-in first-out,
or LIFO —last-in first-out), and random selection. As de-
scribed above, items in each actor's in-tray can be as-
signed priority based on the relative status of the sending
and receiving actors, communication type, and commu-
nication tools. The priority of a communication can also
change over time, e.g., a communication's priority might
rise as the deadline approaches and then decay to zero.

Another important attribute that governs actors' be-
havior is their organizational role. In a design team, an
actor may play a project manager role, a subteam leader
role, or a designer (or subteam) role. Actors playing dif-
ferent roles have different decision-making authority and
different decision-making behavior. We assume that proj-
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ect managers tend to demand more rework on failed
tasks, whereas subteam leaders and designers or design
subteams are more likely to ignore the failure of tasks and
proceed without doing rework.

4.4.2. Actor behavior
Actors' actions in VDT include attention allocation, in-

formation processing, communication, and decision mak-
ing for exceptions.

Allocate attention. Tasks including design tasks and
communications arrive in actors' in-trays and wait for
processing. Actors allocate their attention to incoming
tasks and communications based on their attention rules.
The simple attention allocation rule proposed by Cohen
(1992), based on his observations, was that actors use pri-
ority about 50% of the time to choose the next item from
their in-tray to work on, length of time in the in-basket
or FIFO is used 20% of the time, the most recent item in
the in-tray or LIFO is used 20% of the time, and the ac-
tor chooses items randomly 10% of the time.

Process information. After selecting a task or commu-
nication item from the in-tray, an actor calculates the time
required to process it based on the actor's information
processing speed and the work volume of the task. Dur-
ing the time when an actor is processing a task or com-
munication, an incoming communication from other
actors may arrive at any time. Whenever this happens, the
actor applies the attention allocation rule stochastically
to determine whether to stop processing the current task
to attend to the new task or communication.

Communicate with others. Coordination among actors
is accomplished through communications. Communica-
tions take actors' time from doing ordinary design work
and generate coordination work load. Actors in VDT
communicate with each other by sending communication
items to each other or by attending meetings. Meeting
schedules are set up at the project level based on project
coordination requirements. Actors generate communica-
tion items for information exchange or failure exceptions
stochastically, based on the activities' complexities, uncer-
tainties, and the actors' capabilities. Decision communi-
cations are generated by actors in response to exceptions.

After receiving a communication or a meeting request,
an actor must decide whether to attend to it or not. We
assume that the probability of choosing to attend to an
informal communication or a formal meeting depends on
an aspect of organizational culture—the "strength of the
matrix."

By matrix strength we mean the extent to which actors
are located in discipline-based functional departments
and influenced by functional managers ("weak matrix"),
versus co-located with other discipline specialists in ded-
icated project teams and influenced more by the project

manager than by their respective functional managers
("strong matrix") (Davis & Lawrence, 1977). VDT as-
sumes that the co-located actors in the strong matrix will
be more likely to attend to informal communications,
while the actors in a weak matrix will be culturally biased
toward communicating in formal, scheduled coordination
meetings.

Generate exceptions and make decisions. An actor
generates an exception when verification indicates a task
failure, stochastically. To resolve the exception, the ac-
tor chooses a decision maker based on whether the orga-
nizational control is more centralized or decentralized. In
a more centralized organization, most decisions are made
by high-level managers, whereas, in less centralized or-
ganizations, decisions are often made by subteam lead-
ers or designers themselves. After receiving an exception,
an actor must make a decision about whether the failed
task should be partially or fully reworked, or whether the
responsible actor should proceed without rework. The
probabilities for each choice are based on the actor's po-
sition in the organization. If the actor who sent the task
failure exception for decision does not receive a decision
after waiting for a given period of time (e.g., because the
exception did not attract the attention of the decision
maker), the actor assumes "delegation by default" and de-
cides locally whether to rework or to proceed by ignor-
ing the failure.

4.5. Organization structure

One of the fundamental questions in organizational mod-
eling is to determine what changes when an organization's
structure changes, and how this affects the organization's
performance (Mintzberg, 1979, 1983). Since organization
performance in VDT emerges from the simulated actions
of, and interactions among, actors, we chose to address
this question by identifying variables that control the ac-
tors' behavior. Thus, in VDT, organization structure af-
fects organizational performance by enforcing behavioral
constraints on individual actors.

Organization structure is defined by a set of attributes
of and relationships among actors. VDT differentiates be-
tween formal control structure and information commu-
nication structure.

A. formal control structure is a hierarchy of reporting-
to (or supervise) relationships between the actors and has
a certain level of centralization. Reporting-to links guide
actors to determine with whom they should communicate
when a task fails; and the level of centralization deter-
mines at what level of the hierarchy a specific decision
should be made. For example, in a highly centralized or-
ganization structure, decisions are made by project man-
agers. Thus, when an engineer actor detects an exception,
the actor reports the exception to the subteam leader. The
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subteam leader then passes the exception to the project
manager for a decision. In a decentralized organization,
however, the decisions for exceptions are often made by
the subteam leaders or even by the engineers themselves.
Therefore, in decentralized organizations, fewer commu-
nications are sent to and processed by high-level manag-
ers. This reduces both the need for communication and
the need for information processing.

An informal communication structure is defined by
coordinate-with relationships among the actors and has
a certain level of formalization. If activity A is reciprocal-
with activity B, then their responsible actors must be
linked via a coordinate-with relationship. Coordinate-
with links specify who can talk to whom, and the level of
formalization determines the frequency of the communi-
cation. For example, a highly formalized organization re-
lies on scheduled formal meetings for coordination and
reduces the frequency of informal interactor information
exchanges. The organization matrix strength described
above also affects the strength of the communication
structure. Since actors in weak matrix organizations are
often not co-located, they tend to use informal interactor
communications less often, relying on formal meetings in-
stead. We also call this matrix strength organization cul-
ture since it reflects actors' informal social relationships.

4.6. Team effectiveness and efficiency

As indicated above, VDT views the time and attention of
actors as resources of organizations (March, 1988) and
measures organization efficiency and effectiveness by
looking at how these resources are consumed. The mea-
surement of efficiency of a design team working on a de-
sign project can be defined by project duration and total
cost (e.g., total design work-hours) spent to accomplish
the project. The measurement of effectiveness of a project
team is somewhat more difficult. Since we are not mod-
eling the content of products being designed, it is impos-
sible to judge the effectiveness from the quality of the
product. Instead, we choose to measure the quality of the
design process as an indicator of project effectiveness.
VDT models the quality of the design process in terms of
how task failures and coordination requests are dealt with
by actors.

When a task fails, the organization may or may not de-
tect the failure. If the failure is detected, the organization
can respond in ways ranging from completely reworking
the failed activity and all related activities, to ignoring the
failure and proceeding directly with future tasks. We take
the position that the detection of task failure is not in it-
self an indicator of poor quality; rather, it is the organi-
zation's response to detected failures that determines the
quality of its work processes. In general, we argue that
managers at higher levels have a more global understand-
ing of the consequences of task failure on interdependent

tasks performed by other actors, and are thus more likely
to require that rework be performed when failures are de-
tected. We view the proportion of detected failures that
are reworked as a measure of the quality of an organiza-
tion's work processes. With this refinement, the informa-
tion flow model can model the trade-off implicit in
decentralization: It can lead to faster decision making, but
only with a penalty in process quality.

Another, more subtle, aspect of process quality is the
extent to which requests for coordination among inter-
dependent actors are attended to. If actors are so busy
that requests for coordination lie unattended in their "in-
trays," then interdependent tasks will be inadequately co-
ordinated. Actors' work loads and attention rules, and the
communication tools available to actors for coordinating
with each another, will affect the rate of response to re-
quests for coordination in a design team. The proportion
of attended requests for coordination thus will be viewed
as another measure of process quality that VDT can
generate.

In summary, VDT uses the time and cost required to
accomplish a design project as the team efficiency mea-
surement. The team effectiveness is assessed based on two
process quality measurements: verification quality — the
proportion of reworked failed tasks, and coordination
quality — the proportion of attended communications.

4.7. The VDT simulation environment

VDT operationalizes Galbraith's (1977) information pro-
cessing model of organizations by explicitly incorporat-
ing specific tasks and actors with attention allocation
capabilities, and by addressing coordination issues at the
microlevel in terms of explicit interaction among team
participants. The VDT simulation environment can be
characterized by a number of objects representing tasks,
actors, and organizations, as shown in Figure 1, and the
organizational processes that facilitate coordination among
team participants. The model is formal in that it includes
the basic concepts of, and predicts behavior based on, a
set of widely accepted theories. VDT is implemented on
a Sun Microsystem IPX Sparcstation using Kappa, an
object-oriented programming environment from Intel-
HCorp.and the SIMLIB, a discrete-event simulation sys-
tem we developed on top of Kappa.

4.7.1. Simulation design
Figure 3 illustrates how VDT produces a set of team

performance measures (dependent variables) based on
given organization structure, communication tools (inde-
pendent variables), and a description of team actors and
project activities (state description). As part of the orga-
nization structure, centralization policy determines the
probability of how "high up in the hierarchy" decisions
are made on how to deal with exceptions; and formal-
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Fig. 3. The funclion of the Virtual Design Team. VDT simulates
changes in different aspects of project team performance, given changes
in organization structure, communication tool availability, and project
policy.

ization policy determines the degree to which project
communication is made up of formal meetings versus
informal information exchanges. Links among actors
such as Report-to and Coordinate-with can be set as in-
put to VDT, and changing the links results in changes in
team performance. Organizations with different "matrix
strengths" will give different priority to formal versus in-
formal communication and lead to different team perfor-
mance. The state description variables are set up to model
the particular project under study and are kept constant
for changes in the independent variables. Different
projects will thus have different state descriptions. No sys-
tematic study of the relationship between state description
variables and dependent variables is carried out in the
present research, although any of the state variables in the
current study could be treated as independent variables
in a different set of experiments. For example, VDT's user
can vary the task description (e.g., to study the effect of
a shorter schedule with more concurrency) or the actor de-
scriptions (e.g., to study the effect of employing more
highly skilled actors in key positions) while holding struc-
ture and/or communication tools constant.

The output from VDT includes project duration, total
cost, and project quality measurements such as verifica-
tion quality (ignored exceptions/total exceptions), coor-
dination quality (nonattended communication/total
communication), schedule quality [(actual duration —
scheduled duration)/scheduled duration], and budget
quality (rework volume/work volume). Besides the per-
formance results, VDT also records the dynamic behav-
ioral data of actors such as the number of items in an
actor's in-tray at each time, time spent waiting for deci-
sions, etc., and progress data of activities, such as work
completed, amount of rework, etc.

4.7.2. The OPDL language and graphical interface
In order to make it easy for students and project man-

agers to create input files for simulation in VDT, we
developed a high-level language called OPDL, an Orga-
nization and Project Description Language. OPDL is a
computer language for describing and simulating organi-
zational behavior and performance of teams working on
engineering projects. Using OPDL, a user can program
project activities, project policy, actors and organizations,
load the program into VDT, and then simulate the proj-
ect's performance. OPDL is not only an interface to VDT
but has been designed as a more general language for for-
mal descriptions of organizations and projects. Figure 4
shows part of an OPDL program.

VDT views organizational performance as the results
of actors' microlevel processes. To understand how the
microlevel processes contribute to organizational perfor-
mance, VDT has a graphic interface to show how many
items there are in the in-tray of certain actors, how many
meetings and communications have been attended to
so far, and how verification failure probability changes
as a result of the actors' decisions on whether to do re-
work and/or to attend to communications, etc. Through
the graphic interface, one can clearly understand who
(which actor) is overloaded and who is spending excessive
amounts of time waiting for approval from supervisors.

5. APPLICATION OF THE VIRTUAL
DESIGN TEAM-EXAMPLES

VDT has been applied to model more than ten realistic
industrial concurrent design projects ranging from refin-
ery design, subsea module design, and electrical substa-
tion extension design to construction management. We
found three-way qualitative consistency among predic-
tions of the simulation model, of organization theory, and
of experienced project managers. In the following, we de-
scribe two examples and demonstrate how VDT can be
used to analyze the organizational performance of con-
current design teams.

5.1. Impact of tools and organization structure
on project duration

We applied VDT to model a routine petroleum refinery
design project having a total design and construction cost
of approximately $130 million, a planned duration of 20
months, and, at its peak, approximately 120 managers,
engineers, designers, and support staff located in two of-
fices (Cohen, 1992). Our focus in this case was to see how
different organizational structure and communication
tools may impact on organizational performance.

All actor and task descriptions were derived from this
project and held constant. The predefined actor attention
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Fig. 4. Part of an OPDL program. This is part of a program describing a building design project. Comments headed by "%"
explain possible values separated by "/", and default values denoted within [ ].

rules and tool selection rules were initially derived from
a series of interviews with actors on this project and then
compared to observed managerial behavior in a second
petrochemical design project. Since we were concerned
with organizational structure and communication tools,
we selected two independent variables — level of central-
ization of decision making and presence or absence of
voice mail. As explained above, the theory predicts that
decentralizing decision making and adding voice mail
should each decrease the project's duration.

Our candidate organization had a decentralized struc-
ture and provided voice mail to its designers. To model
different levels of centralization, we changed the level in
the hierarchy to which design approval exceptions were
routed from subteam managers (decentralized) to the de-
sign manager (centralized). To give actors voice mail ca-
pabilities, we reset the synchronicity attribute of the
existing telephone tool from synchronous to partially syn-
chronous, the recordability attribute to recordable, and
the capacity attribute to high capacity. Values of all other
variables in the model were set to an average value such
as "medium."

By independently varying the level of centralization,
and the availability of voice mail, we examined the im-
pact of these two variables on the duration of individual
tasks and on overall project duration. The results of the
simulations are shown in Figure 5. The numbers in each
cell show the mean and standard deviation (for three sim-

ulation runs) of project duration, in working days. Stan-
dard deviation is the number shown in parentheses. The
">" symbols indicate prediction from Galbraith's theory
(1977). The simulation results indicate that:

COMMUNICATION TOOLS

WITHOUT
VOICE MAIL
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O
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Fig. 5. Impact of communication tools and organization structure on
project duration. VDT contingent predictions of change in project
duration compare qualitatively with predictions based on Galbraith's
theory. Numbers in each cell show the mean and standard deviation (for
three simulation runs) of project duration, in working days. Standard
deviation is the number shown in parentheses. The ">" symbols indi-
cate predictions of Galbraith's theory.
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• Centralized decision making leads to longer task du-
ration than does decentralized decision making.

• Voice mail improves performance for both central-
ized and decentralized organization structures.

• The interaction between voice mail and centralization
is not significant.

5.2. Trade-off between efficiency and effectiveness

In another test example, we applied VDT for the Statfjord
subsea oil pumping module satellites project (Christian-
sen, 1993) to investigate the trade-off between effective-
ness and efficiency with respect to the design team's level
of centralization. The engineering design part of this
project, which we modeled, was budgeted at $1.2 million
and 22 months, and involved 13 to 20 engineers (includ-
ing the project manager). The project team participants
were all co-located and worked exclusively on this project,
so the project team was strongly project-oriented and had
a strong matrix structure (Davis & Lawrence, 1977). Af-
ter the project was under way, the original project plan
was reengineered to reduce the schedule from 3 years to
2 years. As a result, the engineering design part of the
project had to reduce its schedule from 22 months to 15
months. The resulting schedule was "radically concur-
rent" and required extensive coordination in order to en-
sure consistency between engineering activities normally
performed in sequence.

Figure 6 shows three-way predictions of how the level
of centralization of decision making in the Statfjord or-

ganization impacts on project duration. The expected
behavior from contingency theory is based on the assump-
tion that managers have a more global view of different
parts of the project, and thus will tend to choose rework,
rather than locally suboptimize performance by "quick-
fix" corrections or ignoring failures. Also, decisions from
higher level managers will often be delayed by other items
in the manager's in-tray (Galbraith, 1977). In VDT, higher
centralization gives higher probability that decisions will
be made by managers and most decisions will be to re-
work rather than ignore the failed tasks. As a result,
higher centralization leads to longer project duration. The
prediction from simulation is qualitatively consistent with
both theory and the project manager.

Figure 7 shows VDT simulation results for the effect
of centralization on verification quality (ratio of uncor-
rected nonconformance to total number of nonconfor-
mance) together with the prediction from the project
manager and the qualitative prediction from contingency
theory. In this case, the theoretical assumption that man-
agers have a more global overview leads to a prediction
of fewer uncorrected nonconformance for higher central-
ization and more uncorrected nonconformance (by sub-
teams) for lower centralization. Again, the prediction
from simulation is consistent with the predictions from
the project manager and from Galbraith's theory (1977).

From Figures 6 and 7 it is clear that there is a trade-off
between project efficiency (duration) and effectiveness
(verification quality) for organization structure design
(level of centralization). One advantage of the VDT sim-
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Fig. 6. Stalfjord Satellites Project-effect of centralization on duration. This figure shows the results of computer simulations
for the effect of centralization on project duration, together with the prediction from the project manager and the qualitative
prediction from contingency theory.
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ulation approach is that a project manager can "play"
with VDT through simulations to determine which orga-
nization design is the "best" given project efficiency and
effectiveness requirements.

In the above examples, we demonstrated the validity
of VDT by comparing simulation predictions with pre-
dictions from theory and the experienced project manag-
ers. Although we do not claim quantitative validity of the
system at present, we expect that the detailed quantitative
results from VDT simulations will provide qualitative
but useful detailed insights into organization design for
concurrent-engineering projects.

6. RELATED WORK

VDT provides a computational framework to investigate
organizational issues involved in concurrent engineer-
ing. The basic approach taken by VDT is computational
organization modeling. There have been many studies
concerned with organization modeling and concurrent en-
gineering management. For example, early computer sim-
ulation models of organization include Cyert and March's
(1965) pioneering work on the behavioral theory of busi-
ness firms, and Cohen and his colleague's Garbage Can
model (Cohen et al., 1972) of organizations like univer-
sities. These models provided examples of theoretical in-
sights that could be gained from simulating organizational
behavior.

Recent work on organization modeling applied artifi-
cial intelligence and object-oriented programming tech-
niques. Masuch and LaPotin's DoubleAISS is one of the
first computational models that applies Al and object-
oriented tools to study organizational decision making,
based on the interplay of actors, skills, actions, issues,
and structure (Masuch & LaPotin, 1989). Carley and her
colleagues extended Soar and built the Plural-Soar system
to examine the three-way relationship between individu-
als' skills, job requirements, and schemes for coordinat-
ing individuals within the organization (Carley et al.,
1992). Like these systems, VDT uses an Al-based nonnu-
meric representation of attributes and reasoning together
with numerical computation of variables like duration.
Unlike these systems, VDT uses a more abstract descrip-
tion of tasks and actors to model realistically complex
concurrent-engineering design projects and emphasizes
the impact of organization structure on project efficiency
and effectiveness.

On the other hand, researchers in the concurrent-
engineering field have recognized that the barriers to con-
current engineering are cultural, organizational, and
technological in nature. Karandikar et al. (1993) devel-
oped a model, a measurement tool, and a methodology—
the Readiness Assessment for Concurrent Engineering
(RACE)—to assist concurrent-engineering implementors
in identifying the barriers and prioritizing implementation
actions. Adachi and his colleagues (1994) developed a
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framework for supporting the organization and structuring
of product development teams in a concurrent-engineering
environment. Like these studies, VDT provides a frame-
work to analyze relationships between organization
structure and team performance given the concurrent-
engineering context. Unlike these studies, which are
based on empirical data analysis, VDT adopts a computer
model-based approach. The concurrent-engineering en-
vironment is represented as a computer model, and the
analysis and design of the organization structure are car-
ried out through model-based simulations. Once the
model is validated, the model-based approach provides
more flexibility for organization analysis and design.

7. SUMMARY AND FUTURE WORK

We presented a computational approach to organization
analysis and design for concurrent-engineering projects.
In summary, our experimental results show qualitative
consistency among the predictions of theory, experienced
project managers, and simulations. We claim that, for the
types of complex but relatively routine projects that we
have modeled, VDT produces aggregate performance pre-
dictions that are qualitatively reasonable. We are conduct-
ing experiments to validate the quantitative predications
from VDT simulations.

Besides these aggregate predictions, which can be com-
pared to predictions derived from managers' or contin-
gency theory, VDT generates a wealth of data during each
simulation run about the workloads and activities of in-
dividual actors. We have developed graphic visualization
tools to facilitate inspection of these detailed performance
data. For example, if centralization results in a longer
project duration, it is possible, using VDT, to determine
where bottlenecks are occurring. Thus, by inspecting ac-
tors' work history logs, we can determine which actors
have spent excessive amounts of time waiting for decisions
from supervisors. We can then inspect the depth of the
in-trays of these actors' supervisors over the course of the
project to determine which supervisors were overloaded
with exceptions.

Once the key bottlenecks have been found, a user of
VDT can propose decentralization of decision making, re-
assignment of subordinates to reduce the supervisor's
span of control, better communication tools, or other
changes in the structure of the design team's organization.
Each proposed change can then be modeled in VDT and
simulations conducted to see whether it produces a bet-
ter overall result in terms of VDT's efficiency and effec-
tiveness performance measures.

We plan to extend VDT in three respects. First, we will
continue to validate and calibrate VDT. We are offering
a course at Stanford, "Organization Design for Projects
and Firms." Students in this course will help to calibrate

VDT by using the simulation system to model a real or-
ganization as their term project.

Second, VDT has been developed in the facility engi-
neering domain. We plan to use VDT to model project
teams in other domains such as aircraft design and soft-
ware engineering. We believe that applications of VDT to
other engineering domains will result in new requirements
and lead to a more general model of design teams.

Third, the current VDT models actors in terms of nom-
inal variables, such as skill and task experience, and the
rules for allocating attentions and selecting communica-
tion tools. Our ongoing work tries to introduce cognitive
aspects (e.g., actors' aspirations, interests, and knowl-
edge) and learning capability into the model of actors (Jin
& Levitt, 1993). By doing so, we expect to be able to
model the adaptation behavior of organizations emerging
from the simulation, and consequently to relate actors'
cognitive aspects and dynamic behavior with organization
design. We also plan to make VDT capable of explicitly
simulating multiple projects so that we can study inter-
organization issues using VDT.
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