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Abstract: Computer-supported cooperative work has been the focus of attention in a concurrent engineering environment for some time.
This paper studies this cooperative team environment from three perspectives: (a) the infrastructure of communication and information
model viewpoint; (b) the planning and control of workflow viewpoint, and (c) some implementation viewpoints. Implementation viewpoints in-
clude constraints’ management, negotiation, and memory capture and management. A set of enabling technology in each perspective area
and its rationale are discussed. Finally, a structure of the whole system environment including definitions of an architecture and a global

user interface are introduced.

Key Words: concurrent engineering, cooperation, computer supported cooperative work, collaborative environment, work-flow, CE architec-

ture, product development.

1. Introduction

The traditional product developing process is mostly
serial. This is often due to absence or lack of a firm team
organizational structure, absence of areal-time communi-
cation environment, no shared information model for
product realization and also due to lack of essential coop-
erating tools [1]. Those factors force teams in work-
groups to do their tasks in isolation from each other. This
gives teams less opportunity to exchange new ideas and
assess their implications (Figure 1). For instance, the
tasks of an upstream phase are completed long before
feedbacks from a downstream phase are considered. This
product realization mode of operation is prone to errors. It
does not allow problem areas (during product realization)
to be detected in earlier stages. Further, this can cause the
product development cycle to take more time to complete
the phases than necessary. Concurrent Engineering (CE)
can be used to alleviate those problems. CE is a system-
atic approach to product design and development includ-
ing the integration of design, production and related pro-
cesses. CE considers all aspects of a product life-cycle at
its outset. This new approach focuses on close coopera-

*Author to whom correspondence should be addressed. Email: bprasad@cmsa.gmr.
com., (248) 265-7453.

tion amongst the work-group members to accomplish the
product development tasks. Multidisciplinary team mem-
bers work together in a computer networked environment
[1-3], on a shared basis, towards a common set of consis-
tent goals [1]. Using CE, there is a potential to improve
the design efficiency, to avoid undetection of defects dur-
ing earlier phases and thus shorten the product develop-
ment life-cycle time.

Cooperation has been the lynch pin of Concurrent Engi-
neering. Previously, a number of papers have looked into ex-
ploiting cooperation among distributed experts {4-8]. In
those papers and projects, a number of technology areas as
they relate to communication, information modeling, Al,
strategic management etc., were studied. For instance, M.
Klein [8] explains how an integrated cooperation can take
place in a cooperative design.

A successful CE development environment needs a seam-
less communication channel, and also a mechanism to ensure
that the team members do cooperate in a heterogeneous and
distributed environment. The authors propose such a com-
puter cooperative environment in this paper. The Section 2
discusses what types of cooperation modes are relevant to fa-
cilitate Concurrent Engineering. Section 3 introduces a set of
supporting cooperative technologies to employ in this envi-
ronment. Section 4 describes a system configuration of the
whole system, and the last section wraps up this paper.
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Figure 1. Isolation versus cooperation.

2. Cooperation in CE

Product Development Team (PDT) is an essential compo-
nent of CE. The next section describes it briefly including the
modes of cooperation that may take place amongst the PDT’s
sub-teams.

2.1 Product Development Team (PDT)

CE is commonly structured around multifunctional teams
that bring in specialized knowledge necessary for the com-
pletion of a product or process development program [1]. A
multidisciplinary setup—called a product development
team—is composed of several distinct technical work-
groups specializing in a variety of disciplines with titles such
as Product planners, Engineers, Designers, Managers etc.
(Figure 2). Each work-group is responsible for developing an
aspect of the product and integrating it to the rest of the pro-
duct’s life-cycle aspects as the program develops. Figure 2
shows an organization of a PDT structure. The PDT structure
is supported by the customers on the top and a company in-
frastructure (organization) at the bottom. It is sandwiched be-
tween a product and process layout on one side, and tools and
technology support on the other side.

PDT replaces the traditional functional department into a
cross-functional team structure organized along a set of
goal-oriented principles. Experts coming from various fields
work together as a coherent team of teams. For example, ex-
perts from a volume production area get involved in a proto-
type production to identify opportunities to improve process
reliability as early in the realization process as possible. By
using this multifunctional team of teams’ approach to merge
design and manufacturing, General Electric (GE) engine di-
vision, for instance, had reduced design and fabrication
lead-time for some aero-engine components from twenty-
two weeks to three weeks [1].

2.2 Cooperation Mode Among PDT Sub-Teams

Cooperation is the key lynch-pin of achieving team
work. In a team, the project leader (PL) is responsible for
the project planning, coordinating with the customers and
the work-group members, and resolving conflicts. While
experts—from the multifunctional work-groups—work
with each other and share results among themselves and
with the project leader (PL). Such interactions and coop-
eration are considered part of their job responsibility (Fig-
ure 3).
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Figure 3. Cooperation among team and teams.
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Figure 4. 7C's in cooperation.



Towards a Computer-Supported Cooperative Environment for Concurrent Engineering

According to Reference [1], there are seven elements

(called 7Cs) to this team cooperation philosophy (Figure 4):

Communication: Participants transfer information or ex-
change ideas. A seamless communication channel helps to
realize the “virtual team.”

Collaboration: Participants of the team work collabora-
tively on some shared object to seek out the unplanned and
unpredictable.

Compromise: There is compromise and input from every
discipline so that simultaneous development of the prod-
uct, process, and associated tooling can be achieved.
Commitment. Empowered teams define the tasks and priori-
tize areas to make breakthrough opportunities. Goals and
objectives, duration, utility, complexity, expected results,
and key success factors are outlined as much as possible.
Management is fully committed to meeting the goals.
Continuous Improvement: Product or process re-
engineering teams work toward a total elimination of
wastes. The concept focuses on enhancing productivity
and profitability through the improvement of product
quality and reduction in product development cycle-time.
Consensus: Project team and management members may
disagree, but team support of the requirements and a com-
mitment to objectives from the very outset of a project is
essential. These common objectives are reinforced
throughout the life of the concurrent design project.
Coordination: 1t employs collaborative actions of work-
group participants to achieve the desired results as effi-
ciently as possible. Coordination replaces “actors” by
“agents” through performing interdependent activities that
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achieve goals, and its analysis includes goal decomposi-
tion, resource allocation, synchronization, group decision
making, and preparation of common objectives.

The aforementioned 7Cs describe the level of interactions

that take place in a CE process. How to realize such interac-
tions effectively in a distributed environment is a key question
that teams need to address. The next section studies a system-
atic approach and addresses this question in more detail.

3. Computer-Supported Cooperative Environment

Figure 5 shows a pyramid-based computer-supported co-

operative environment (CSCE) for a team work. Three layers
are involved in this pyramid: Infrastructure, Execution, and
Planning and Scheduling.

1. Planning and Scheduling is a project leaders (PL’s) task
and forms the top layer of the CSCE environment. Re-
sponsibility includes planning the product development
process, providing a set of clear and consistent goals for
the work-groups and the team-members, and resolving
any conflict that may arise due to such interactions.

2. Execution is the middle-layer. Execution layer puts the

multidisciplinary experts and the PDT in touch with the
infrastructure layer. Memory capture and management
provides a virtual environment, and is full of previously
captured historical working designs (so called technical
memory).

3. Infrastructure is the CSCE’s foundation—the bottom

layer. This provides a seamless communication environ-

' a—

Constraint Management
Negotiation

emory Capture & Management

Figure 5. Computer-supported cooperative environment.
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ment for facilitating interactions among the team-
members and a common digital model for sharing the in-
formation, if needed.

3.1 Communication

Today, the development of network technology has pro-
vided concurrent teams with many effective communication
tools such as E-mail, network file system (NFS), Lotus-
Notes, Tele-conference, etc. [37]. The emergence of Internet
as an acceptable collaborative tool at the workplace has
brought geographically separated divisions and departments
spanning across international boundaries much closer to each
other. Such tools have also made it possible for the team
members to cooperate in a distributed environment. The
question remains can we be able to provide a seamless com-
munication with this proposed cooperative environment.
This is discussed next.

3.1.1 SEAMLESS COMMUNICATION

A seamless communication environment ensures quality
in the work tasks and are performed and improvement in the
output efficiency [11]. The word “Seamless” is used here to
signify a set of “five-anys”—meaning how to make members
communicate anything in anyway (with respect to a desired

peech Actions

Figure 6. Status switch to each other.

data format), with anyone located anywhere in the world at
anytime [38] (Figure 6). Anything refers to the contents ex-
changed including data, knowledge, viewpoint, method, or a
dynamic process. Anyway refers to the manner in which this
communication is carried out including ways of transferring
data, designing parts together, or making group decision.
Anyone refers to one or more groups or persons. Anywhere
emphasizes the geographical regions or zones around the
world where members are distributed. While anytime refers
to the timing of communication—communication can occur
between the work-groups, each at different time or all at once
(the same time), even though the time zones of the members’
location may be different.

3.1.2 COMMUNICATION LANGUAGE

Though, multi-agents technology has been applied in Con-
current Engineering and is being consistently improved in re-
cent years, timely communication among the agents is still an
issue. An agent is a system or software that needs a readable
language to communicate [9,10]. The speech actions (such as
“tell,” “ask if,” “achieve™) and speech contents are generally
not standardized [38] (Figure 7). The ambiguities still exist
and have not been completely overcome. Thus, multi-agent
components are not able to communicate effectively with
each other.

Figure 7. Communication using shared language.
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KQML (Knowledge Query and Manipulation Language)
is one such protocol language that contains speech action
Performa and context related information. KQML can be
used to represent a member’s speech actions.

Three kinds of communication or speech contents are
common in a language: product, knowledge, and process.
Product’s expression can be based on EXPRESS/STEP stan-
dard (AP203). Knowledge can be expressed in Knowledge
Interchange Format (KIF). KIF is a neutral specification lan-
guage. While using KIF, it may seem difficult to describe the
process (as-is flow diagram, design rationale) in some ra-
tional (open standard) way, many researchers have found this
reasonable. Another resort is to define one’s own language at
least on a short-term basis.

3.2 Information Model

In order for the members of a PDT to work at a high degree
of concurrency in a distributed environment, there must be a
shared information model on which basis the teams can com-
municate and collaborate. In the DICE project [4], a shared
model of the product, process (activities in all life-cycle
phases), and organization (resources of all types) were intro-
duced [13]. In MIT’s Dice environment [6], a product’s
multi-dimensions model was studied. In this paper, an or-
ganization model, a resource model, a product model, a pro-
cess model, and their relationships are studied.
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3.2.1 A 3-D ORGANIZATION MODEL

In traditional organizational structure, an enterprise is di-
vided into distinct groups or departments. For example, a de-
sign department is separated from a manufacturing depart-
ment. Even within a department, such as an aero-engine
department, there are a number of work-groups, which have
distinct assigned responsibilities. For instance, analysis
groups are responsible for analysis functions (such as
strength or aerodynamics jobs); design groups are responsi-
ble for design of components (such as fan, camber, and tur-
bine) and so on. The connections within these groups are
loose and the communication channels between these diverse
groups are limited or non-existence.

As mentioned earlier, PDT is an important vehicle to fa-
cilitate Concurrent Engineering. Usually there are a number
of teams present in a PDT for the purpose of designing and
developing a product. An organization model describes this
PDT’s structure for an enterprise. Figure 8 indicates how to
configure a PDT when there are more than one work-group
or team. A complex product, such as aero-engine, is made up
of many different parts. To design a part (such as blade), re-
quires a team including experts from aeroelasticity, structure,
analysis, and manufacturing work-groups. The organization
can be viewed in a 3-dimensional model-form spanned along
three axes. The vertical dimension represents a product
breakdown structures (PtBS)—decomposition of the product
into its hierarchy. The horizontal axis is a life-cycle func-
tional distribution—feasibility study, perspective design,

Life-cycle Manager|

~ 0O £ 0 Yy

- o P E e
S R T N
SATTAT AT
S I T O R Y
TATTATTAT T

S I R Y Y A

TATTATTAT TR
_JL_JL_J1_]
I R

Figure 8. A three-dimensional structure for an organization structure.
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Figure 9. Resource taxonomy.

production planning, manufacturing, product support, etc.
The axial dimension represents the work-breakdown struc-
tures (WBS)—the distribution of work-tasks to the work-
groups. The organization model shows that all members of a
CE enterprise are deployed into a set of teams of teams. One
set of teams is responsible for a set of parts of the products
based on PtBS. Another set of teams is responsible for its
(part’s) life-cycle function based on life-cycle hierarchy.
And a third set of teams is responsible for performing their
distributed works based on the WBS.

In a PDT, each area manager is responsible for its own
work-groups. For instance, a life-cycle manager is responsible
for choosing the right experts for appropriate multi-
disciplinary teams to ensure that the goals of those sub-groups
are consistent. Similarly, a team leader in a product hierarchy’s
layer (say a component or a part) should focus on the corre-
sponding performance such as assemblability of those parts or
components, or the product overall performance.

Organization (O) = f
(Work-groups, Life-cycle, Product-line) )]

where:
O stands for organization
S denotes a function:

Product-line ~ 3PtBS (Product Breakdown structure)
dWBS (Work Breakdown Structure)
JPcBS (Process Breakdown Structure)

And 3 denotes an element

Work-groups
Life-cycle

@

3.2.2 RESOURCE MODEL

Resource is used here to mean all available things, such
as 4Ms—Money, Machine, Manpower and Manage-
ment—[1], in an enterprise that can be leveraged to sup-

port life-cycle development activities of a product. The
two common resources in the product development area
(shown in Figure 9) are the design work-groups and the
manufacturing work-groups. Apart from the above two
work-groups, there are other resources that link or influ-
ence the various life-cycle functions. One such resources
is the process resource. Examples include design method-
ology, historical data, experience, solutions, etc., since
they influence the process of design and development. For
example, a methodology—such as DFX (Design for
X)—may improve the performance quality of a design. To
develop a new car, a major portion of parts may be carried
over from an old car’s. It is therefore necessary to manage
those historical design documents (data, methods, and ex-
periences) that contain such information.

Capability or characteristic of a resource is an important
element to manage. With regard to application re-
source—which may refer to a software—the data exchange
standard has an important bearing on the tasks or jobs per-
formed. If a software in use for that application follows the
same set of standards (say an IGES or STEP), many unneces-
sary translation jobs could be eliminated.

In order to integrate resources, their dependence on each
other or constraints that limit their usefulness need to be
identified. For example, information such as some materials
can’t be cut by some tools could help a mechanical designer
identify an alternate tool or alternatively select a suitable ma-
terial for that part.

Resource (R) = f [Work-groups, 4Ms] A3)

And Work-groups 3 WBS 4)

where:

R stands for Resource
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WBS stands for work-breakdown structure
f denotes a function
3 denotes an element of.

3.2.3 PRODUCT MODEL

In a traditional design, different participants create their
own variation of a product model. It is, therefore, very diffi-
cult to keep consistency among different versions of the
product model. Not only more time is wasted in trying to re-
format data required for each version, but also some errors
could slip through. A version could be eliminated or mini-
mized using a multi-view product model. A product model
provides a shared object for multiple participants to work to-
gether as a team [6]. As such this model is also called a total
or global product model. Information for each aspect of prod-
uct design scenario or its functions is developed from the
same master model. Each variant design is obtained by con-
straining their functional dependence or by limiting the con-
straints imposed on the attributes describing the total product
model. The STEP-AP214 supports this model. Figure 10
shows an example of an information model of a blade, which
contains the requirements, information of aerodynamics,
structural body, withstanding loads, and production as
view-windows. Views of the child models shown in separate
view-windows are interdependent. Meaning, a change in one
view-aspect affects the other views dynamically (depending
on their constraints) and vice-versa.

3.2.4 WORKFLOW PROCESS MODEL
A workflow process model contains all life-cycle activi-
ties towards a product design development and delivery as-

pect, and their precedence on each other. There are many
ways (e.g., IDEFxX, PERT chart, PETRI Net, and State Ma-
chine) to describe a workflow process [36]. For Concurrent
Engineering, it is more important for the teams to study the
inter-dependencies of those work activities and discuss these
with the work-groups performing them. B. Palmer [33] had
summarized life-cycle activities of a product development
process into five primary classes according to their relation-
ship. However, the interdependencies among various classes
were not stressed. Understanding of inter-dependencies re-
quires development of a workflow process model. This is
discussed next.

Information flow is the first step towards creating a work-
flow process model. In this paper, authors have introduced a
new type of activity model, which is based on the type of infor-
mation flow. Information could flow within its own work-
group or could flow across work-groups. Figure 12 shows four
basic elements of an information flow for an activity-model:
Inner-input, Inner-output, Outer-input, and Outer-output. The
word “Inner” refers to the information flow between partici-
pants of the same work-group. The “Outer” refers to the ex-
changes among participants of two different work-groups. The
outer flow influences the collaboration among participants of
two different work-groups. For example, a process planner
would put emphasis on the outer flow, not on the inner flow.
This is because in process planning, information flow takes
place between design work-group and the process planning
work-group, which normally are two different work-groups. If
an activity contains inputs or outputs, the types of flow be-
tween work-groups could be distinguished using Figure 11. Ifa
flow is within a group (say work-group B), it is referred as

Production

Requirements:
1.Aero-cffency: 84% 20
2. Air-flowing: 20kg/s]
3. Life-cycle: 8000h
5
Aerodynamics Structure
1\
|
11
n|
1
|}
m |
Analysis
—

3-D Product Model

Figure 10. A multi-view product mode!.
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Outer-input Work-group A

Inner-input Inner-output

Work-group B

Outer-output

Work-group C
Figure 11. Information flow of an activity.
Resources
e

Work-group_1

Work-group_2 "
Work-group_3 !

Work-group_4

Requirements  Design Production Manufacturing Life-Cycle

% —

Inner/O  Outer /O  Activity Support Meeting  Decision
Figure 12. Work-flow charting (Life-cycle versus resource).

— Y



Towards a Computer-Supported Cooperative Environment for Concurrent Engineering 243

Inner-input (if the flow is pointing inwards) and inner-output
(if the flow is pointing outwards) as shown in Figure 11. Con-
versely, if the flow is pointing inwards from one work-group,
say A, to another work-group, say B, it is called “outer-input.”
Similarly, if the flow is pointing outwards from one work-
group, say B, to another work-group, say C, it is called “outer-
output.”

Workflow Charting (WC) is a work method for describing
a life-cycle process for a work-group and distinguishing that
process from one work-group to another. WC is different
from other flow-charting tools in that it shows who (a person
or a work-group) performs each activity and the time or
workflow sequence in which the activities are performed
(Figure 12). It simplifies the process because the interactions
(Up and Down arrows) are limited to one life-cycle phase.
This WC has been used in DICE GE Project Case Study [31].
The method is found quite effective for capturing both the
“as-is” and the “To-be” process.

W = f [Life-cycle, Resource] &)
where:
W stands for workflow process

R stands for Resource
PcBS stands for Process breakdown structures.

3.2.5 INTEGRATION OF O, R, P AND W MODELS

The four elements of organization (O), resource (R), prod-
uct (P), and work-flow process (W) are related to each other,
and could be represented as:

P= f[O,R, W] @)
where:

workflow process (W) is related to life-cycle processes
(PcBS) and resource (R), that is

W = f[R,PcBS] ®

Figure 13 interprets this relationship. The end product
or the output, P, is the goal of the system (a physical unit).
The organization and resource, O and R, are the founda-
tions for W. The element W is the workflow process to de-
velop a physical end product P. There is no unique process
for representing W. There could be many workflow
modes to develop a product, depending on the current
status of an organization, available resource, and the
choice of a scheduling method used. Generally, the “As-
is” and “To-be” process flowcharts are two popular work-
flow methods to describe the current and improved modes
of product development, respectively.

New

Figure 13. Relationship among four models.
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3.3 Workflow Management Styles

There are two workflow management styles for a PDT:
Team Leader-centered and Team Self-directed [30]. Leader in
the Leader-centered team is generally responsible for carrying
out most business and for giving day-to-day direction to the
team’s activities. While in a self-directed team, the members
are clear on their destiny, and interactions take place freely
among the team. The authors feel that an effective team should
be a binding of the two management styles. The project leader
(PL) should schedule and manage only the global business and
should give team members more and more freedom. Ina Work-
flow Management (WM), the project leader focuses on their in-
teraction points among members as discussed above. The pro-
cess model studied in this paper supports this work style.

There are a number of papers [32-35] studying WM. In
this paper, an approach to WM is introduced. Generally,
there are four stages to WM described as follows (Figure 14):

1. Stage 1: Workflow Process Modeling
Process model is the infrastructure of WM. It should con-
tain all information required and could express the fea-
ture of CE. The model in this paper is decomposed into 4
sub-models: Product, Workflow Charting, Organization,
and Resource. The main task at this stage is to model the
current work process (As-is), which is the integration of
the four sub-models.

2. Stage 2: Situation or Performance Analyzing
A workflow process is made up of numbers of activities
that are related to each other. In order to redesign the
workflow process, we must make clear the dependence
and constraints among activities. In addition, the per-

formance (says X-abilities, Benefits) of a process are also
important parameters.

3. Stage 3: Workflow Process Redesigning
As discussed earlier, Re-process can be realized by Re-
organization, Re-resource alignment, or Re-workflow
charting. The process’s dynamic simulation is also re-
quired at this stage.

4. Stage 4: Task Management
After defining a task for each work-group contributor, the
real-time monitoring and controlling of rework tasks are
carried out at this stage. This system should have the ca-
pability to adjust the work process—re-workflow (to-
be}—once some unexpected case arises.

3.4 Constraints Management

Constraints exist in terms of relationship amongst parame-
ters, features, which limit functional performance or a pro-
duct’s behavior. Figure 15 shows a constraint network of a
system having three perspectives. Besides the intra-
contraints (due to constraint interactions inside an ellipse),
constraints among perspectives (called here as inter-
constraints) also exist [17,18]. Each member may know
clearly his own constraints (intra-constraints), but may have
difficulties considering the influence from other perspectives
(inter-constraints). The computer supported cooperative en-
vironment for CE should be able to resolve the problem. The
environment should have constraint management (CM) tools
to avoid possible conflicts by cooperation among multidisci-
plinary teams. Such CM tools should be able to develop a
constraint network, and detect conflicts. This requires Con-
straints Management (CM) as a part of a CE domain.
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Figure 16. Constraints hierarchy for blade.
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There have been a number of research developments on CM
(as [17,18]). Some of the related technologies are Constraints
Represent, Propagation, Detection, etc. However, the con-
straints network might be very monolithic and complex in a
large system, which could confuse CE team members. Peter J.
O’Grady [19] has introduced a hierarchical approach to resolv-
ing this problem. Figure 16 is an example of a turbine blade.
The arc represents a constraint. This hierarchy makes each
member interact with the network readily and allows the mem-
bers to concentrate more easily on the area under consideration.
Each module can be modified and updated based upon the ag-
gregation of the network elements that are its children.

3.5 Negotiation

Once a conflict between multi-disciplinary groups arises,
a related resolving method must be devised. There are two
main classes for negotiation: Team-member Centered and
Knowledge-based systems (KBS) Centered. An expert with
experiences in a number of disciplines could be a valuable re-
source, but such experts are in short supply, and are not read-
ily available. Artificial Intelligence or knowledge-based
techniques might then be used to support decisions, and tore-
solve conflicts among the multidisciplinary groups, or over
the distributed networks. A knowledge-centered negotiation
can take place in three different ways: (a) through a local
KBS, (b) through an integrated KBS, or (c ) through a distrib-
uted KBS.

(a) Local KBS is limited to the knowledge content belong-
ing to a single group or a member. That is,

KL; = f[k,(m;)] 9

Where k; is the knowledge content of a member-group
m;. KL; is the local KBS knowledge content.

(b) Integrated KBS means a global knowledge content. In-
tegrated KBS is the result of intersections of all knowl-
edge contents from each of the local groups, which are

collaborating.
Kl= [k, Nk, Nk, Nk, Nk, N...,k, N...,....k,]
(10)
or
KI= [k,(m)Nk,(m,)Nk,(m;)Nk,(m,)N...,
k,(m,)...,k,(m, )] (1

Where ki is the knowledge content of a member-group
m;. KI is the integraied KBS knowledge content.

(c) Distributed KBS: This is when the knowledge content
of each group is distributed over the network so that each
member can be able to access somebody else’s knowl-
edge. The knowledge is not merged into a single source
like in those “integrated KBS.”

KD = [(k, Uk, Uk; Uk, Uk, U...k, U...k,)]
(12)

KD = [k,(m,) Uk,(m,) Uk,(m,) Uk, (m,)U...
k;(m;)U...k, (m,)] (13)

Where k; is the knowledge content of a member-group
m;. KD is the distributed KBS knowledge content. U
represents a Union-of the individual knowledge con-
tents. Depending upon whether the knowledge is de-
rived from a KBS source and who is accessing the KBS,
a number of interactions can take place. Figure 17 lists
six such interaction modes based on the possible types of
KBS and teams.

These six modes of interactions amongst members and KBS
are listed in Table 1. The word “local” means teams are work-
ing in isolation from each other. The word “distributed” means
that the teams may be geographically separated from each
other or may be linked remotely through a computer network.

(a) Distributed Members with no help of KBS: Often through
the help of networks, such as Teleconference, etc. [12],
distributed members or domain experts are linked or con-
tacted to provide relevant knowledge. Such knowledge
elements are pooled (collected) from the experts to solve a
common problem. The solution may depend on the
knowledge (quantity) collected from the experts and on
the quality (relevancy) of the knowledge pooled. Domain
experts do not participate in the decision-making; project
leaders make all the decisions. However, this mode re-
quires a large amount of time because it is not easy to
pool-in all the relevant knowledge and satisfy multi-
experts’ requirements in a short span of time.

D= f(m,,m,,...,m_) (14)

Where, D represents an output of the decision-making, f
denotes a decision-making action, m; signifies an ith
member of the team.

(b) Distributed Members with the help of a local KBS: The
knowledge may be collected in the same way as above,
however, in this case, some domain experts do take part
in the decision-making, but they are isolated to each
other. The final negotiation depends upon the project
leaders. The knowledge content used for decision-
making is member-centered.

Table 1. Interactions between members and KBS.

None Local Integrated Distributed

KBS KBS KBS KBS
Local Members X X (c) (d)
Distributed Members (a) (b) (c) 4]
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(a) Distributed Members (b) Distributed Member (c) Integrated KBS
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(d) Distributed KBS (e) Integrated KBS (f) Distributed KBS
+ Local Members + Distributed Members + Distributed Members

Figure 17. Decision-making modes.

D= f[m(k,),m,(k,),...,m (k)] (15)
Where, k; means a local KBS belonging to an ith team.

(c) Local members and Integrated KBS: Developing an in-
tegrated KBS implies bringing in knowledge elements
from individual team-members or domain experts, and
merging these knowledge elements into an integrated
KBS. The hierarchical analysis could be used here,
which considers the global situation, analyzes all influ-
enced factors. R. F. O’Connor studied the selection of
automobile electronic inter-connection architectures us-

ing this method [20]. However, an integrated KBS is dif-
ficult to develop [1].

D= f(KI) (16)
Where, K1 is an integrated KBS—defined in Equations
(10) and (11).

(d) Multi-agents based Collaborative Expert system: This
method considers the global constraints, based on multi-
ple knowledge bases, which are distributed [23-26]. It
uses the concept of Distributed Artificial Intelligence
(DAI), needing collaborative reasoning. It is more effec-
tive, and difficult to develop than the above approaches.

D= f(KD) a7
Where KD is defined in Equations (12) and (13).
(e) Distributed Members and Integrated KBS: Member-

centered decision is flexible, while the KBS is an
automated decision-support system. This mode bene-
fits from both the member-centered decision-making
and integrated KBS powers. The decision-making
may take place between member-member or
member-KBS.
D= f(m,,m,,...,m, ,KI) (18)
Where Kl is defined in Equations (10) and (11).
(©) Distributed Members + Distributed KBS: This mode
might be the most ideal one.

D= f(m,,m,,...,m,,KD) 19)

Where KD is defined in Equations (12) and (13).

In this case, decision-making actions may take place be-
tween member-member, member-agent (KBS), or agent-
agent itself. The above six modes are useful in different col-
laborative situations. When individual member (m;) is not ef-
fective or knowledge content (ki) is poor, group’s participa-
tion is important. When a conclusive answer can’t be arrived
at, the leader’s decision is required. Therefore, an effective
decision or negotiation should include both a human-element
and a knowledge-content element mined from the experts, if
not available analytically. As the level of collaboration in-
creases, it is important to set up a seamless negotiation envi-
ronment for PDTs.
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Requirements I
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Constraints

| Analysis or

X= A Candidate Cycle or a Loop

Figure 18. Rationale record.

3.6 Memory Capture and Management (MCM)

Collaboration among team members has two modes in
which one can operate with respect to time: collaboration at
the same time or at different times [8, 37]. Collaboration oc-
curs at different times if you want to know how to resolve the
same matter as you did at an earlier time, or if you did not
know since your collaborator was absent last time, or maybe
he was busy with some other things. How would you proceed
now? Who would you ask for help? Memory Capture and
Management (MCM) may come to rescue. MCM allows
those useful resources (experience, historical data, or other’s
rationale) to be captured in a form that can be interrogated or
can be visited any number of times at any time.

Figure 18 represents a unit of design process. It contains
the Inputs, Outputs, Requirements, Constraints, and the pro-
cess. The traditional documents do record the former 4 ele-
ments, but with such static means it is difficult for the visitors
to know how to use the information or how to reach the final
result. MCM is a dynamic means to capture the process and
to lead you to the final conclusion [27-29]. The key technol-
ogy is how to represent different disciplines’ knowledge and
rationale. References [28, 37] give some good advice.

With MCM, team members need not be required to be
present or forced to work simultaneously at any given time.
This improves the degree of cooperation and flexibility. A
virtual “designer” replaces the human presence with cap-
tured MCM knowledge.

4. The Systems

The systems configuration and a user interface will be in-
troduced in this section.

4.1 Systems Configuration

The software configuration of the proposed cooperative
environment for CE is shown in Figure 19. The PDT mem-
bers are linked through communication channels. The soft-
ware configuration provides both a distributed and integrated
environment for members to communicate. Team members
may work in their own Distributed Workspace (DW). In ad-
dition, there is a server called Shared Workspace (SW) for all
members including project leaders (PL). It is made up of two
applications: Product Multi-views Model and Memory Cap-
ture and Management.

An Access to CE Environment is located at each DW,
which provides an entrance to visit the SW, the PL, or other
participants. The Distributed Constraints Management, Dis-
tributed Negotiation are provided as a part of this DW. In
PL’s workspace, in addition to DW (distributed workspace)
elements, Workflow Management is configured. Global Con-
straints Management, Global Negotiation could also be con-
figured here as a part of PL’s workspace, if this PL is respon-
sible for making final decision on conflicts.

4.2 User Interface

Access to CE Environment provides a window to the dis-
tributed team members, including PL to the workflow, re-
sources, and the organizations. This is realized by a friendly
user interface (Figure 20). It is made out of four areas:

® Member list area, this is the place, where all CE project
participants are listed. Anyone in the team can preview
other team member’s messages (such as Perspective, E-
mail, Telephone, etc.).
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Figure 20. Access to CE environment.

® Tools area, where an access to a list of common and sup-
ported applications is provided to the team members.
These applications are Workflow Management, Product
Multi-views Model, Constraints Management, Negotia-
tion, Memory Capture and Management, and Communi-
cation Tools. Workflow Management is available only to
the team’s project leader. The CE participants may visit
these tools and the tool’s area at any time.

® Work status area, is where all teams members’ work prog-
ress are posted. With the help of this, any one would know
what other team members are doing at any time.

® Communication areq, is where a member can preview his
or her task, report his or her work status, talk to anyone on
the team, and send messages to others.

All together, with this access to CE environment, any par-
ticipant may know who are the members on the project team,
state of their work completion, what tasks should a member
do next, and the resource (tools, 4Ms, etc.) available at any
time.

4.3 Status of Current Implementation

The technical team at Beijing University of Aeronautics
and Astronautics is developing a software environment
based on heterogeneous workstation platforms. The different
platforms used are SGI, SUN, and HP, using TCP/IP network
protocol, based on UNIX systems. Object-Oriented technol-
ogy is leveraged to describe the system model (entities) in
EXPRESS language. The plan is to translate the entities into
classes of C++ objects, which will make the system develop-
ment more flexible.

5. Concluding Remarks

This paper introduces architecture for a flexible com-
puter environment supporting cooperation among concur-
rent team members. This architecture is made out of three
layers. In the infrastructure layer, a set of communication
and information models is grouped. A seamless commu-



Towards a Computer-Supported Cooperative Environment for Concurrent Engineering 251

nication concept is introduced and the shared language is
proposed for multi-agents. The information model in-
cludes organization, resource, product, production pro-
cess, and workflow process models. Their characteristics
are analyzed. In the control layer, workflow management
is discussed. It has four stages: process modeling, situa-
tion or performance analyzing, process re-designing and
task management. To ensure satisfaction of constraints
the authors summarize briefly methods to manage con-
straints and resolve conflicts. Memory capture and man-
agement leg of this architecture provides designers with a
set of historical data and a rationale basis for decision-
making and product improvement. Finally, the whole sys-
tem configuration and a global user interface to the CE en-
vironment is described.
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