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Abstract
This paper presents a state of the art review of existing research, projects, and applications in the domain of collaborative conceptual
design, based on the Internet and Web technologies. The purpose of the review is to understand the needs for conceptual engineering design,
to clarify the current conceptual design practice, to classify the available technologies, and to study the future trend in this area. The emphasis
of this paper is to brie¯y outline the methodologies, architectures, and tools developed for the projects reviewed in this paper. It also uncovers
approaches to con¯ict resolution and team/project management, as they are vital to a successful engineering design in a collaborative
environment. More than 80 journal and conference papers and about 20 projects are reviewed based on the primary focus mentioned above.
The selected research works are further categorised into several areas based on the application domain, design theory, and the technology
used for implementation. The selected research projects and applications are basically for, but not limited to, the collaborative conceptual
design. Crown Copyright q 2002 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction
Conceptual design is perhaps the most crucial task in an
engineering product development cycle. According to
Wang et al. [1], conceptual design is a very important task
in computer-aided design (CAD), but it is also very dif®cult
to accomplish. Computers have been used extensively in
areas such as simulations, analysis, and optimisation, but
there are relatively few applications at the conceptual design
stage. This is because knowledge of the design requirements
and constraints during this early phase of a product's life
cycle is usually imprecise and incomplete, making it
dif®cult to utilise computer-based systems or prototypes
[2]. A design concept, by its `soft' nature, is often dif®cult
to capture, visualise or communicate electronically among a
multidisciplinary design team, especially when the team is
geographically dispersed. Conceptual design issues at stake
are highly interdisciplinary, and often involve collaboration
from customers, designers, and engineers. Not only is the
conceptual design becoming more and more central in
meeting the increasingly specialised demands of customers,
it can also have a powerful impact on manufacturing
productivity and product quality, as many manufacturing
processes (e.g. moulding, casting, or machining) are
* Corresponding author. Tel.: 11-519-430-7084; fax: 11-519-430-7064.
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indirectly determined at this stage. As shown in Fig. 1, the
impact of design decisions is initially very high, and
declines steeply as the design matures [3]. Great opportunity
exists at the preliminary design stage. The concept generated at this stage affects the basic shape generation and
material selection of the product concerned. In the subsequent phase of detailed design, it becomes extremely dif®cult, or even impossible to compensate or to correct the
shortcomings of a poor design concept formulated at the
conceptual design phase [2,4]. Today, as experienced by
many industries, not only the resources and equipment,
but also the knowledge and expertise are geographically
distributed. The demands for shorter time-to-market and
designing a product right-the-®rst-time, however, are
increasing to keep companies competitive in the customercentric market. Experiencing a signi®cant paradigm shift,
the conceptual design needs to adopt a more pragmatic and
aggressive approachÐthrough collaboration, supported
by arti®cial intelligence, and fuelled by information
technologies.
The encouraging news is that this goal is achievable. The
Internet provides instant access to a wealth of design information, ranging from part library to 3D product model data.
The ability to access this information from anywhere makes
the Internet an extension of the designer's reference library.
The Internet becomes a unique infrastructure for resource
integration, data sharing, and design collaboration. The
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Fig. 1. Opportunity in early design stage.

popularity of the Internet is largely due to the in¯uence of
the World Wide Web proposed in 1989, which has made the
Internet accessible and available to mass population.
Powered by the ever-improving information technologies,
such as Java, search engines, email, HTML (Hyper Text
Markup Language), XML (eXtensible Markup Language),
and RMI (Remote Method Invocation), the Web provides
another familiar interface and gives us a common `look and
feel' to information exchange. As the use of the Internet and
Web spreads, and because of globalisation, the paradigm of
the design activity is changing drastically. Speci®cally,
there is an ever-increasing need for the continuous collaboration among geographically distributed design teams.
The collaborative conceptual design process is physically
enabled by the Internet and Web technologies, and functionally supported by the technologies in the domain of arti®cial
intelligence, such as agent technology, knowledge management, knowledge-based systems, and so on. These enabling
technologies serve as the wheels of the collaborative design
vehicle to move forward.
As an extended version of our paper presented at CSCWD
2000 [5], this paper is to report on the needs and requirements for conceptual engineering design, to clarify the
current situation of conceptual design practice, to classify
the available methodologies, architectures, tools, and technologies, and ®nally to identify the future trend in this area.
More than 80 journal and conference papers and about 20
projects are selected and reviewed based on the primary
focus mentioned above. The selected research works are
further categorised into several areas based on the application domain, design theory, and the technology used for
implementation. The selected research projects and applications are basically for, but not limited to, the collaborative
conceptual design.

2. Collaborative conceptual design
2.1. Conceptual design
Conceptual design commences with high-level descriptions of requirements and proceeds with a high level
description of a solution [6]. Conceptual design is that

phase in the product design cycle, when the basic solution
path is laid down through the elaboration of a solution principle [4]. It involves formulation of abstract ideas with
approximate concrete representations [7]. The early or
conceptual stage of the design process is dominated by the
generation of ideas, which are subsequently evaluated
against general requirements' criteria. There follows a
process whereby additional data are incorporated allowing
decisions to be made between competing alternatives as
more tangible evidence of function is derived [8].
The conceptual design is crucial, particularly, when
designing new and innovative products, or when generating
a completely new design for an existing product. It is
common knowledge that the majority of the product cost
is committed by the end of the conceptual design phase
[9,10]. At this phase, information is very fuzzy and incomplete, which makes the design process quite dif®cult and
challenging. It also renders a problem for representing the
designed product. Several representations have been
proposed for this phaseÐbond graphs [11], the sketching
of abstractions [12] to name a few. How to capture user's
intent at this stage is challenging. Qin et al. look at this
interesting research problem of capturing user's sketching
intentions and automatically generating the corresponding
2D geometric primitives [13]. When it is possible, the 2D
objects are projected into 3D models.
Most common techniques used in the conceptual design
include problem solving strategies, genetic algorithms,
case-based reasoning, and agent technology. Wang et al.
applied a DAER (design-analysis-evaluation-redesign)
model for conceptual design, combining numerical calculation with symbolic reasoning [1]. Hague et al. [14] acknowledged the fact with the help of machine learning, that
product developers must, at an early design stage, take
into account all the life-cycle concerns such as manufacturing, reliability, marketing and distribution, to achieve highest return on investments. This requirement was realised,
partially, by Co-Designer [15], using agents and machine
learning techniques such as rote learning and parameter
adjustment learning. Santillan-Gutierrez and Wright [16]
use genetic algorithm (GA) for locating groups of promising
solutions, aimed at helping designers during the end of the
conceptual design stage and dealing with often vague and
imprecise information. Most efforts concentrated on a speci®c type of design problems; they have limitations to extend
to commercial applications. The result has been that engineering speci®cation is not the driver for design generation.
Rather, designers generate design based on what they are
most familiar with. Unfortunately, an optimal design is not
likely generated in current design practice.
Usually, the conceptual design phase starts with
clari®ed engineering speci®cations. It is followed by
the establishment of function structures, by the search
for appropriate working principles and their combination, and by the evaluation of concept variants against
technical and economic criteria. By the end of the

L. Wang et al. / Computer-Aided Design 34 (2002) 981±996

conceptual design phase, a decision is made on the
solution principle.
There have been a number of methods and techniques for
establishing function structure. Function block diagram is
used to describe overall function based on the ¯ow of
energy, material and signals and to express the relationship
between inputs and outputs [4]. Functional Analysis
Systematic Technique (FAST) diagrams are used to form
a hierarchical tree to represent functional relationships
[17,18]. Functional ¯ow charts and functional logic
diagrams are other examples [19]. A human-oriented
approach focuses on providing a constructive modelling
environment to enhance the creativity of human designers.
Huang and Mak [20] have developed a web-based FAST
diagram editor. Using the editor, a designer is able to create
a sub-function or a function at a desired level and add details
as necessary. The de®ned function structures are used for
generating concept. Umeda et al. proposed FunctionBehaviour-State (FBS) diagram [21] to represent a design
object hierarchically. The FBS diagram represents a function as an association of function symbols and behaviours,
rather than just either of them. It distinguishes subjective
parts of a design object (function symbols and functionbehaviour relationships) and objective parts (behaviours
and states).
The fundamental issue in creating a representation of
function structures is developing a formal method for how
individual isolated systems behave and, further, how the
connected sum of systems behave. Campbell et al. developed functional representation [22] based on qualitative
physics [23], bond graphs [24,25], functional block
diagrams [4], and more speci®cally on works done by
Welch and Dixon [26] as well as Schmidt and Cagan [27].
In their representation, ports or points of connectivity with
other components describe the isolated systems. Information about how the isolated systems are constrained at their
ports, how energy and signals are transformed between
ports, and how energy variables within the system related
to others is also described. Recently, Al-Hakim et al.
proposed the incorporation of reliability with functional
perspectives, using graph theory to represent a product
and the relationships between its components [28]. With
this representation, it is easy to visualise energy ¯ow
between components and, thus, trace any loss of functionality. It also allows one easily to take into consideration of
various constraints such as cost for further design re®nement. For smooth integration with downstream applications
of product development, Brunetti and Golob suggested a
feature-based representation scheme [29] for capturing
product semantics handled in the conceptual design phase.
As information carriers to the downstream applications,
features are used to model the relationships between
requirements, functional descriptions and physical solutions
of a product.
Generating concepts involve several tasks: search for
working principles; combine working principles; select
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suitable combinations; and ®rm up into principle solution
variants [4]. Human-oriented approach focuses on assisting
designers to achieve these tasks, while computer-oriented
approach focuses on generating concepts automatically. The
common challenges for these approaches are supporting the
combination of working principles for a suitable solution.
To overcome the problem of combinatorial explosion,
Cartmell [30] suggests a simple but modi®ed version that
involves evaluating the individual solutions to identify the
optimum ones and then combining only those to obtain an
overall solution. However, the compatibility between solutions corresponding to different sub-functions may not be
easily identi®ed at this stage. A compromise is possible by a
double strategy in which the solutions are initially evaluated
and then ®ltered out to reduce their number, thus pruning the
extent of the combinatorial explosion [9]. The ®ltered
solutions are then combined using a morphological matrix
to obtain a number of concept variants that can then be
advanced to a stage where an evaluation can reveal an
optimum solution. In efforts to achieve and generating a
solution principle without human interaction, Sieger and
Salmi [31] proposed an expert system approach to guide
the selection and coupling processes. This approach is
good at the scope of its knowledge base. However, it is
dif®cult to extend the scope of knowledge base for generic
conceptual design.
During the next stage, the design evaluation and veri®cation are of major importance for product development.
Conceptual design activity is not complete unless we can
evaluate and verify that the design concepts satisfy the
necessary functional requirements. The evaluation of
variants involves the following steps: identifying evaluation
criteria, weighting the evaluation criteria, assessing values
for each variant, and determining overall value. The large
number of variants has to be reduced to a single concept, or
just a few, to be pursued further. This decision incurs a big
responsibility and can only be made after careful evaluation.
Web-based morphological concept assessor [20] assists
designers to perform the evaluation. It narrows down the
feasible alternative concepts from a fairly large number to
a more manageable number for further investigation. The
basic mechanism is a morphological evaluation chart.
Sieger and Salmi [31] measure design performance through
simulation. Simulation can leverage the existing modularity
offered by hierarchy. Each node of the system structure is
paired with an engine that performs the simulation. Each
node can be modelled using as abstract state representation,
differential equations, existing tools, or some hybrid combination. The simulation engine utilises discrete event system
speci®cation as its formalism. Deng et al. [32] proposed a
generic constraint-based approach targeting at how functional design veri®cation can be carried out automatically.
This approach is based on a functional design model
through the use of constraint propagation and dynamic
design veri®cation based on graph. Design veri®cation is
achieved by identifying input and output design variables,
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developing a variable dependency graph, propagating
constraints over the graph, and checking the values of the
design variable against these constraints.
2.2. Distributed collaborative design
When a product is designed through the collective and
joint efforts of many designers, the design process may be
called Collaborative Design (it may also be called
Co-operative Design, Concurrent Design and Interdisciplinary Design). This would include those functions
as disparate as design, manufacturing, assembly, test,
quality and purchasing as well as those from suppliers and
customers [33]. The objectives of such a collaborative
design team might include optimising the mechanical
function of the product, minimising the production or
assembly costs, or ensuring that the product can easily and
economically be serviced and maintained [34]. Since a
collaborative design team often works in parallel and
independently with different engineering tools distributed
in separate locations, even across various time zones around
the world, the resulting design process may then be called
distributed collaborative design.
Traditional design systems have used a sequential model
for design generation, which breaks the design task into subtasks that are serially executed in a prede®ned pattern.
Recently, researchers found that sequential design is brittle
and in¯exible and often requires numerous iterations, which
make the design expensive and time-consuming, and also
limit the number of design alternatives that can be tried out.
On the other hand, sequential design is usually practised
with downstream information ¯ow. Information feedback
from low-level manufacturing activities (e.g. process
planning or shop production) to the high-level design is
usually performed by human interactions. It may cause an
inef®cient design (and hence inef®cient product development), due to the absence of manufacture-ability checks at
the design stage. Collaborative design tries to address these
problems concurrently by considering constraints and
detecting con¯icts early in the conceptual design stage.
Wang [35] introduced a unique combination of machiningfeature, agent technology, and function block to tackle
and facilitate concurrent design problems with due
considerations of downstream constraints under distributed
environment.
To support collaborative design, computer technology
must not only augment the capabilities of the individual
specialists, but must also enhance the ability of collaborators to interact with each other and with computational
resources. However, engineering design has to address
several complex characteristics (e.g. diverse and complex
forms of information, interdisciplinary collaboration,
heterogeneous software tools etc.) and these make interaction dif®cult to support. Traditional approaches to sharing
design information among collaborators and their tools
include the development of integrated sets of tools and the

establishment of data standards. These approaches are
becoming insuf®cient to support collaborative design practices, because of the highly distributed nature of the design
teams, diversity of the engineering tools and the complexity
and dynamics of the design environments. A number of
emerging technologies including distributed objects, agents
and the Internet and Web technologies have been proposed
to implement collaborative design systems.

3. Approaches for collaborative conceptual design
3.1. Web-based collaborative design
The ability of the Web for designers to combine
multimedia to publish information relevant to the spectrum
of the design process, from concept generation and prototyping to product realisation and virtual manufacturing,
motivated the adoption of the Web as a design collaboration
tool. It is now playing increasingly important roles in developing collaborative product development systems. A collaborative design system developed with the Web as a
backbone would primarily provide: (1) access to catalogue
and design information on components and sub-assemblies;
(2) communication among multidisciplinary design team
members in multimedia formats; and (3) authenticated
access to design tools, services and documents.
The Web is used by the design team members as a
medium to share data, information and knowledge
[36,37], and in some cases for product data management
and project management by integrating the Web with appropriate technologies [38]. In some other cases, the Web may
only be used to monitor the design process and to check the
status of the working system [39]. A number of frameworks
have been proposed for Web-based collaborative design
systems [38,40±42], but most of them are still under
proof-of-the-concept prototype development stage.
Recently, a commercial software suite called ipTeam
[http://www.NexPrise.com/] becomes available from
NexPrise Inc. for collaborative product development. It
was derived from the DARPA-sponsored AIMS (Agile
Infrastructure for Manufacturing Systems) program.
However, ipTeam is primarily for virtual enterprise and
supply chain management instead of conceptual design.
Some researchers have developed Web-based tools or
systems based on standalone applications. For example,
Web-based DFX tools were developed by Huang and
co-workers [20,43] and WebCADET by Rodgers and
co-workers [44,45].
Most Web-based collaborative design systems are
developed using Java, whereas few others are developed
by the use of Common Lisp (e.g. WWDL by Zdrahal and
Domingue [46]), or Prolog (e.g. WebCADET by Rodgers et
al. [44]). HTML and Java Applets are widely used today for
developing the client side user interfaces, in addition to
ActiveX and VRML. Huang and co-workers used ActiveX
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Table 1
Summary of projects/systems on collaborative product design
Name of project/system

R&D group

Key features

Implementation technologies

CPD

Roy et al., KBEL, Syracuse
Univ.

Web, HTML, VRML,
RDBMS, CAD tools

DFX Shell
DOME

Huang et al., Univ. of Hong
Kong
Pahng et al., KIST, Korea

ipTeam

NexPrise Inc.

KA Framework

Sony System Design Corp.

Schemebuilder

Bracewell et al., Lancaster Univ.

WebCADET

Rodgers et al., Univ. of
Cambridge

Web-based Morphological Chart

Huang et al., Univ. of Hong
Kong
Zdrahal et al., KMI, Open Univ.

Shared product design web pages; shared
geometric models in VRML; shared database;
multi-server architecture
Web-based deployment of DFX tools using
ActiveX
Use distributed object technology; multi-server
architecture
Primarily a virtual enterprise integration
system with a suite of tools for supporting
collaborative product development
A collaborative design system architecture
from KA point of view; an interesting approach
for tacit knowledge capture and sharing
Scheme based knowledge representation, and
sharing via the Web
Web based deployment of CADET as a
decision support system for evaluating
conceptual designs
Web-based collaborative environment using
morphological chart
Tadzebao metaphor for guiding designers
around ongoing design dialogues; Distributed
CBR using agents

WWDL

to develop Web-based DFX tools [43,47] and Morphological Chart based collaborative conceptual design system
[20]. A number of Web-based design systems use VRML
as a neutral representation in their geometric models
[48±50]. However, VRML can only be used to display the
geometric models but with no editing capability, though it
allows designers to put some annotations and comments on
the design [50]. Table 1 summarises several web-based
collaborative design systems or tools.
Web-based collaborative design systems use the client/
server architecture. In order to support collaboration, Webbased design servers need to communicate the structure of
the design representation so that users can pose queries
about formal design concepts such as rationale and purpose,
or the causality between physical and functional elements.
To facilitate a viable design environment, Web servers must
also engage users in a dialog-like interaction that encompasses a range of activities, such as geometric and semantic
product modelling, design representation, user-interaction
and design browsing and retrieval. However, the Web technology itself cannot satisfy these requirements. In other
words, information access is not the only outstanding
problem. In order to collaborate on a distributed project,
remote engineers and designers need active help to coordinate their efforts. This coordination involves translation of
terminology among disciplines, locating/providing generic
analysis services (e.g. ®nite element analysis), prototyping
services, and product management. To the degree that Web
servers are not mere repositories of information, but engage
users in active dialogue with each other while providing
such remote services in order to solve design problems,

Web, HTML, ActiveX
Web, CORBA, Java, HTML
Web, E-mails, Multimedia, and
much more
Web, CORBA, OODB,
Distributed DB, STEP
Web, HTML, CLIPS, Matlab,
CAD tools
Pro-Web server toolkit, Prolog
Web, HTML, ActiveX
Web, HTML, Java, Lisp,
LispWeb, CBR tool, Agents

such servers may be called agents. Agent technology may
provide support to enhance the performance of collaborative
design systems (see Section 3.2).
3.2. Agent-based collaborative design
Agent technology has been used to develop collaborative
design systems even before the Web-based technology. In
fact, a number of earlier projects on agent-based collaborative design started when the Web was not yet available, e.g.
PACT [37] and DIDE [39,51].
The case for using agents in industry is well founded by
Parunak [52]. Noting that the current trends are towards
increased product complexity and diversity as well as
increased product variety over the time, Parunak has
analysed where agent technology can best be used in design
and operation activities. His answer has been `agents are
best suited for applications that are modular, decentralised,
changeable, ill-structured, and complex'. The reasons often
given for adopting an agent approach are linked to their
being pro-active object systems and to the simpli®cation
of the architecture of the software systems. The real gain
obtained from an agent approach, however, often comes
from a better description of the real world by focusing on
objects rather than functions. When used appropriately, this
leads to the desired modularity allowing ¯exible simulation
and to better response and improved software reusability. In
addition, the fact that agents can cope with a dynamically
changing world by performing dynamic linking, allows
them to handle ill-structured or rapidly changing situations
in a more economical way [53].

986

L. Wang et al. / Computer-Aided Design 34 (2002) 981±996

In agent-based collaborative design systems, agents have
mostly been used for supporting co-operation among
designers, providing a semantic glue between traditional
tools, or for allowing better simulations. An earlier review
of multi-agent collaborative design systems can be found in
Ref. [54]. The book on `Multi-Agent Systems for
Concurrent Intelligent Design and Manufacturing' [53]
provides a detailed discussion on issues in developing
agent-based collaborative design systems and a review of
signi®cant, related projects or systems. Here, we give an
overview of the current status in this area, particularly
when agent technology is being integrated with other
emerging technologies, such as the Web, CSCW (Computer
Supported Collaborative Work), Groupware, and
Knowledge Engineering, to develop collaborative product
development systems.
The use of agents in design has been demonstrated by
various research projects. PACT [37] might be one of the
earliest successful projects in this area. The interesting
aspects of PACT include its federation architecture using
facilitators and wrappers for legacy system integration.
SHARE [36] was concerned with developing open, heterogeneous, network-oriented environments for concurrent
engineering, particularly for design information and data
capturing and sharing through asynchronous communication. SiFAs [55] was intended to address the issues of
patterns of interaction, communication, and con¯ict resolution using single function agents. DIDE [39] was developed
to study system openness, legacy problem integration, and
geographically distributed collaboration. ICM [56] provides
a shared graphical modelling environment for collaborative
design. Co-Designer [15] was intended to support localised
design agents in the generation and management of
conceptual design variants. Concept Database [57] provides
strategic design support for version control, work¯ow
management and information gathering. A-Design [22] is
a new design generation methodology, which combines
aspects of multi-objective optimisation, multi-agent
systems, and automated design synthesis. It provides
designers with a new search strategy for the conceptual
stages of engineering design that incorporates agent
collaboration with an adaptive selection of designs.
Similar to the Web-based design systems, agent-based
systems also provide a collaborative environment for the
sharing of design information, data, and knowledge
among distributed design team members. In fact, much of
the research work done in building agent-based collaborative design systems has also focused on sharing information
and data among agents. However, this could easily be
achieved using the Web technology.
Unlike the Web-based design systems using the client/
server architecture, an agent-based design system is `a
loosely coupled network of problem solvers that work
together to solve problems that are beyond their individual
capabilities'. Agents in such systems are communicative,
collaborative, autonomous (or semi-autonomous), reactive,

and intelligent. Different approaches have been proposed in
the literature for system organisation. Most systems use a
federation approach utilising facilitators, mediators, brokers,
and other types of middle agents. Some systems use
approaches similar to the blackboard architecture or client/
server architecture, e.g. the Design Board approach in SiFAs
[55]; the shared graphical modelling approach in ICM [56];
and shared database approach by Varma et al. [57].
The Autonomous Agent approach used in DIDE [39] is
different. Although various de®nitions have been proposed
for autonomous agents, an autonomous agent should
normally have the following characteristics: (1) it is not
controlled or managed by any other software agents or
human beings; (2) it can communicate/interact directly
with any other agents in the system and also with other
external systems; (3) it has knowledge about other agents
and its environment; and (4) it has its own goals and an
associated set of motivations.
Although agent technology has been recognised as a
promising approach for collaborative design systems,
those agents that have so far been implemented in various
prototype and industrial applications are not actually very
`intelligent'.
Both agent technology and Web technology are very
useful in developing collaborative design systems. The
attractiveness of the Web for propagating information
makes it attractive to the use of agents for accessing and
manipulating information automatically. The challenge is
how to build the Web environment that will make the
designer/agent/server interaction successful through the
integration of related emerging technologies.
Table 2 summarises several agent-based collaborative
design systems or tools.
4. Tools for collaborative conceptual design
It has become obvious from the literature survey that the
objective of the conceptual design phase is to generate
multiple design options meeting functional speci®cations
and to select an optimal and feasible solution. The key
to the conceptual design activity is the rapid and
reliable evaluations of several design options and, this
requires participation of people from multidisciplinary
backgrounds.
One interesting observation that has emerged from our
survey is that there exist many commercial CAD tools to
support detail designs. Within the conceptual design phase,
there are more tools available to support the later phase of
the conceptual design than its earlier phase (Fig. 2); the later
phase is the boundary between the conceptual design and
the detail design. In the mechanical domain, the component
shape is decided at the later phase. Commercial tools that
support conceptual design, if exists, belong to this phase.
Most research tools (being developed in universities and/or
research laboratories) support this phase.
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Table 2
Summary of projects/systems on agent-based collaborative product design
Name of project/system

Group

Key features

Implementation Technologies

A-Design

Campbell et al., CMU

Agents, Internet, Lisp

Concept Database

Varma et al., UC Berkeley

Co-Designer

Hague et al., CSCE, U of Derby

DIDE

Shen et al., UTC

ICM

Fruchter et al., Stanford

Madefast

Madefast Consortium

RAPPID

Parunak et al., ERIM

PACT

Cutkosky et al., CDR, Stanford

SHARE

Toye et al., Stanford

SiFAs

Brown et al., WPI

Two tier representation; Multi-objective optimisation;
evaluation-based iterative algorithm
Provide strategic support for version control, work¯ow
management, and information gathering
Localised design agents with high degree of authority for
decision-making based on the rich downstream product
life cycle information
Autonomous agents approach; wrapper for legacy system
integration; Web for system monitoring
A shared graphical modelling; an iterative
communication approach
No formal top-down management structure and no
central authority; Web for posting, access, sharing of
design info & data; synchronous & asynchronous
communication
characteristic agents, marketplace approach, set-based
design
Federation architecture using facilitators; wrapper for
legacy system integration
Federation architecture, Asynchronous communication
using e-mails; Web-based tools for information capturing
& sharing
Single function agents with minimal responsibility

As shown in Fig. 2, the earlier phase of the conceptual
design itself can be split into two stagesÐthe ®rst stage in
which fuzzy customer requirements are mapped to functional speci®cations and the second stage where a design
team tries to develop multiple alternative design solutions
from functional speci®cations. No automation tools
(commercial or research) yet exist to address this ®rst
stage, whereas, several research tools are being developed
to satisfy the needs of the second stage.
The software tools classi®cation described in this section
are not con®ned to a particular domain and cover a wide
spectrum, from somewhat domain independent to highly
domain speci®c tools. We classify a tool as being domain

Agents, Internet/Web,
Relational Database
Agents, Internet/Web
Agents, Internet/Web, ELM,
Lisp, MOSS
Agents, Internet/Web,
AutoCAD, ProKappa
Internet/Web, Agents, CSCW,
HyperMail, and much more
Agents, Internet
Agents, Internet, KQML, Lisp
Agents, Internet/Web, KQML,
NoteMail, ServiceMail, and
more
Agents, Internet, CLIPS

independent if the tool can be con®gured to support conceptual design of multiple domains (e.g. mechanical or mechatronics). While there exist many domain dependent tools to
support conceptual design, there are only a few that are
actually domain independent.
Domain dependent tools are hard-wired with engineering
knowledge and formulas, and they cannot be altered. These
tools take some major product attributes as inputs and
generate multiple options for conceptual design and then
perform various evaluations suggesting optimal solution.
For example, RaDEO [58], a conceptual design tool
developed by Rockwell Palo Alto Lab, claims to have a
highly ¯exible and responsive design environment to

Fig. 2. Availability of design tools.
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evaluate multiple design alternatives. Several commercially
available engineering analysis tools have been integrated
into RaDEO. The methodology embedded in RaDEO is
based on a combined use of constraint management
technology, symbolic mathematics, and equation solving
capability. Other examples include the Ship Design [59]
experimental system in which design operations are
classi®ed into generating system structures, con®guring
spatial arrangement, determining system attributes, and
selecting system components.
The domain independent tools may be subdivided into
three categories: drawing tools, design data repositories,
and knowledge-based evaluation tools.
Drawing tools are usually shape forming tools to provide
support for drawing in 2D, 3D or in the virtual reality, and
may provide simulation support for a particular domain (i.e.
motion simulation and animation). Most tools in this category are commercially available and are useful for industrial
designers and mechanical engineers. Though the names of
some commercial tools are listed in this document based on
vendor fact sheets, we have not evaluated these tools and
hence, no attempt is made to describe them.
Design data repositories are used during the conceptual
design phase to get knowledge and information that is helpful to designers either in reusing previously developed
concepts or in supporting the validation of a concept. The
responsibility to access, interpret and process the information in a meaningful manner rests upon the designer.
Morphological charts, electronic catalogues, data handbooks, design case-bases, and concept databases are some
of the most prominent aids in this category. Morphological
Chart is one of the formal design tools enabling collaborative product development, and an effective technique for
conceptual design of products, processes, and systems.
Huang and Mak [20] together have developed a Web-based
DFX analysis and design tool that makes extensive use of
morphological charts. Concept Database [57], on the other
hand, provides `smart navigation' through a hypermedia
database of linked design concepts. Its goal is to provide
design teams with easy access to information with regard to
life cycle design issues for competing design concepts and
access to relevant past designs and other information
databases of the enterprise.
Knowledge-based evaluation tools are treated as domain
independent as they can be populated with design
knowledge of multiple domains. Since these tools are driven
by the knowledge, the framework of the tool and the
richness of the knowledge base are the limiting factors to
the scope of their application. Schemebuilder [60] is an
engineering knowledge management tool for storing knowledge about the past solutions to enable effective design
reuse. WebCADET [44,61] supports designers by providing
them with feedback about alternative solutions by searching
through design knowledge. The WebCADET is a domain
independent tool that supports knowledge from multiple
domains. In addition to the above domain in-/dependent

tools, the following design frameworks have the potential
to become functional tools in future. ICEDMP [62] is
knowledge and web-based evaluation framework that
accesses product data and enables the user to perform
producibility evaluations (DFM, DFA, etc.). A suite of
tools consisting of Pro/Engineer, parts library, feature
conversion program, etc. are integrated into this system.
CODSAS [9] is a domain neutral prototype tool that
makes use of a high-level design language called DPPL in
order to support the conceptual design process. ICM [56] is
a software prototype that enables sharing and capture of
multi-criteria design proposals, design semantics, critique,
explanation, and change noti®cations. The key technical
concept of ICM is that a graphical design environment
can also serve as the central interface among designers
and as the gateway to tools/services in support of interdisciplinary design. CPD [42] consists of several design service
modules provided by servers residing on geographically
separated machines. Each designer creates his model from
his personal design station using conventional CAD package; it is converted to VRML based models by invoking
remote translation services via Internet services. NODES
[63] is a prototype that models knowledge of design objects
and their associated numerical relations. It is an interactive
modelling system that enables the designer to build,
manipulate and analyse a model of the design artefact by
providing feedback on the model. EDM [31] is a windowbased design aid to guide individual designers and/or teams,
and it provides a mechanism for integration of product
development processes. It tracks design participant activities and uses performance metrics to assess the state of
the design. It also provides an abstract representation of
the product being designed. SHARE [36] is an open, heterogeneous, network-oriented environment for concurrent
product development, enabling engineers to participate in
a distributed team using their own tools and databases. It
helps a design team to achieve a shared understanding of
their designs and design process using agent-based computational tools and services. DOME [40] is an open, web and
object-based framework for distributed, collaborative, and
integrated design. It allows designers to de®ne mathematical
models and interconnect them to form larger system models.
These models are encapsulated in the system modules and
distributed over the network, collectively forming a distributed model for a collaborative, multidisciplinary, and
concurrent design evaluation. Co-Designer [15] is a framework that supports localised design agents in the generation
and management of conceptual engineering design variants
within a distributed concurrent engineering design environment. It empowers individual local design agents to the
highest degree such that through collaboration those
`experts' can make localised decisions. WWDL [46] is a
prototype that enables designers to participate in synchronous and asynchronous design dialogues over the Web. It
has an ontology editor that allows designers to collaboratively construct an explicit shared conceptualisation, which
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Fig. 3. Conceptual design tools and frameworks.

facilitates design re-use. Fig. 3 classi®es the available tools
and frameworks into several categories for quick reference.

5. Managing collaborative conceptual design
5.1. Con¯ict resolution in collaborative design
As mentioned in the previous sections, a collaborative
design is a collection of the co-operated efforts undertaken
by a team of designers and other specialists. Each team
member works on different parts of the design, and works
from different perspectives and towards satisfying different
functional criteria. Each member must assess the impacts of
his/her decisions on others, and notify the affected parties
promptly. However, complex activities such as con¯ict
resolution are still facilitated mostly through negotiations
and face-to-face meetings. In most cases, the creative negotiation activities such as generating new solutions, preventing and detecting con¯icts are still left to the human experts.
To provide supportive environments for collaboration,
design systems must provide participants in the collaboration with facilities for information sharing, task coordination, and con¯ict resolution. Particularly, con¯icts and
disputes arise regularly in decision-making process during
collaborative design, such as goal selection, proposal
exchanging, task co-ordination, role-playing, and allocation
of the limited resources, etc. Unmanaged or improperly
managed con¯icts affect not only the productivity of the
whole design team but also hamper achieving the design
goal. Con¯ict resolution consists of at least ®ve steps:
con¯ict detection, con¯ict identi®cation, negotiation team
formation, solution generation, and solution evaluation.
As one type of supportive design environment, Appelt
and Busbach developed a Web-based BSCW (Basic Support
for Cooperative Work) system [64]. The basic idea of the
BSCW is a shared workspace located on some computers

for coordinating and organising collaborative design works.
The shared workspaces do not use prede®ned coordination
and cooperation models, but follow the idea that CSCW
(Computer Supported Cooperative Work) applications
should inform rather than constrain [65]. The shared workspaces can be regarded as a medium for communication,
con¯ict resolution and management. The potential con¯icts
during information sharing and data exchange can therefore
be largely avoided by using the shared workspaces.
Major con¯icts in design process often stem from speci®cation con¯icts among the constituent design tasks.
Coupled tasks represent con¯icts in the ¯ow of information
of a design process. Resolving the speci®cation con¯icts
early on in the development process is critical for successful
collaborative design. This type of con¯icts is closely related
to task coordination, and occurs when the relationships and
dependencies between some design tasks are violated (i.e.
when tasks that are inherently sequential are performed
concurrently). According to Yassine and Falkenburg [66],
the speci®cation con¯icts can be resolved by de-coupling
the con¯icting tasks, if the speci®cation of one task can be
changed to absorb a certain percentage of any possible
variation in the output of the other task. The result of
an ef®cient task co-ordination or speci®cation management
can increase both the concurrency of a design and the
productivity of its design team.
Wallis et al. introduced a multi-agent framework for
distributed collaborative design [67], which uses a deontic
logic based formalism to facilitate distributed con¯ict
management. `Rather than being a rare and avoidable occurrence, con¯icts play a central role in design cooperation'
[68]. Due to the diverse knowledge and viewpoints of the
agents in the system, con¯ict may arise at any time, often as
a result of differing priorities. Where agents are in con¯ict,
direct negotiation takes place between the con¯icting
agents. Con¯ict resolution can be done based initially on
priorities assigned to each agent, and where this fails
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Table 3
Summary of several systems and tools on con¯ict resolution
Name of system/tool

Research group

Key features

Application domain

BSCW

Appelt & Busbach, GMD,
Germany

Environment for con¯ict
resolution

Multi-agent Framework

Wallis et al., GCU, UK

CONCENSUS

Cooper & Taleb-Bendiab,
MMU, UK

NegotiationLens

Adelson, Rutgers U., USA

Using shared workspaces as platform for collaboration;
Extension of standard Web server; Acting as information
repository with version/access-right control.
Using deontic logic based formalism for con¯ict management;
Con¯ict resolution based on priorities; Human has control of
con¯icts with equal priorities.
Behaviour and autonomy are controlled by control pro®les;
Decision tree keeps all decisions; Implemented as a multi-agent
system
Providing method and process for con¯ict negotiation; Bene®t
to all parties; Based on individual interests, resources, and
goals. Mutually acceptable solutions.

because of equal priorities, the ®nal decision is passed back
to the human users. It is desirable to provide the users with a
detailed context of the con¯ict, in order to prevent a cascading generation of additional con¯icts.
CONCENSUS (CONCurrent Engineering Negotiation
SUpport System) is a prototype developed by Cooper and
Taleb-Bendiab [69] for the support of multi-party negotiation. It is a multi-agent system for con¯ict negotiation
between human and/or software agents, and enables design
team members to participate in an iterative process of
exchanging proposals, rejections, supporting arguments
and compromise until a consensus is reached. In many situations, the best (and in some cases, perhaps the only) solution
to a con¯ict may itself create additional con¯icts, which also
have to be resolved before a ®nal and complete solution can
be agreed upon. Without adequate control, a simple scenario
of one con¯ict between two agents can quickly develop into
a situation requiring the involvement of many agents to
resolve complex multiple con¯icts. CONCENSUS uses
control pro®les, containing control gates and preferences,
to specify the desired behaviour and level of automation for
a speci®c negotiation scenario.
NegotiationLens [70] is a tool to facilitate con¯ict
negotiation intended to produce gain for all parties
(human designers). It helps attain good negotiation results
by moving the diverse groups typically involved in a large
design project, away from an adversarial stance and back
into a collaborative relationship. This is accomplished by
creating a context in which the groups present well-reasoned
and fair considerations. The fairness of the views enables
each party to be heard, and thus to feel respected.
NegotiationLens allows joint construction of solutions that
are more bene®cial than the unilateral solutions each party
initially brought to the table and supports a commitment to
implementation. The primary focus of con¯ict resolution in
NegotiationLens is kept on individual interests, resources,
and negotiation goal.
Table 3 summarises and compares all research
approaches reviewed in this subsection.

Con¯ict management between
agents
Con¯ict negotiation between
human and/or software agents
Con¯ict resolution &
management between human
designers

5.2. Team and project management in collaborative design
Collaborative engineering processes involve many
people and teams within an organisation who must coordinate their activities based on information ¯ow, available
resources, and various other constraints. The challenge is
how to handle the tremendous complexity involved in planning and executing large numbers of interconnected and
dynamic development tasks. One answer is the development
of a process model, which will help people capture, represent and evaluate a wide variety of events. The implementation of this model can substantially reduce the process
cycle-time. There are several established representations
for process modelling. Park and Cutkosky [71] have given
a review of these models. A directed graph (or digraph) is
the simplest way to represent processes. It is quite effective
when the number of nodes and edges is small.
One of the familiar representation schemes is the Project
Evaluation and Review Technique (PERT) developed in
1950s for estimating the project completion time and for
identifying the critical path of tasks within the project. It
is a standard representation scheme available in most
project management applications. However, it has limitations in representation of iteration loops and simultaneous
interactions. Another method, the Structured Analysis and
Design Technique (SADT) was originally developed by
Ross [72], and later adopted in the IDEF0 representation
and tools. These modelling techniques have been used to
document large, complex processes. A more recent technique, the Design Structure Matrix (DSM) is capable of representing complicated dependencies among numerous project
entities and provides an elegant way to detect and manipulate iteration loops [73,74]. Still another methodology, the
Petri Net and its derivatives, applied most commonly for
computer systems and manufacturing processes, provide
methods for assessing process feasibility and performance
[75].
A major issue in process modelling is the existence
of information cycles. Cycles represent con¯icts in the
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¯ow of information within the design process. That is,
there is no obvious order in which the design tasks can
be performed. Tearing down the process is often
required to determine an execution order for the design
tasks. Yassine et al. proposed an enhanced structural
model based on the DSM to break the information
cycle [76]. The sensitivity of a task to one of its predecessors expresses how sensitive a task is to the changes
in the output of its predecessor. The variability is the
possible deviation of an estimate, at the time of assessment, from the actual value. The two dimensional variable format of the DSM provides a better re¯ection of
the design structure and allows one to develop an
improved tearing process.
The important aspects of process management are its
implementation issues. The DSM model technique has
proven to be an effective tool for planning and managing
product development projects. However, currently the
DSM related information is obtained through extensive
interviews and cross-functional meetings. The data acquisition approach is logistically dif®cult to carry out and is
therefore time-consuming. The dynamic nature of product
development leads to frequent changes to the process. The
accommodation of such changes to maintain model accuracy is also quite a laborious effort. To address these
limitations of DSM in large projects, Sabbaghian et al.
proposed a distributed and asynchronous modelling
approach [77]. They implemented this approach through
a Web-based prototype system, with efforts on ef®ciently
engaging a large number of participants in the modelling
activities and proving a distributed and user-friendly
access to very large models. Integrating information
received at different times from a large group of dispersed
individuals is a major challenge in this approach.
To address process modelling issues in larger-scale
complex engineering projects, Park and Cutkosky
proposed Design Roadmap (DR) [71], yet another
process modelling tool. It primarily focuses on integration and co-ordination of multiple, interacting processes.
The underlying data structure of the DR is a bipartite
graph consisting of two primary node types: tasks and
features. Arcs, which represent three different types of
relationships, connect the nodes. These are precedence,
abstraction, and constraint links. The DR framework is
applicable to a wide range of problems. It has been
used to develop and document engineering processes,
to construct functional diagrams of integrated systems,
to create process templates, and to manage collaborative
projects. The ultimate application of the DR framework
is in the development of process templates and process
components that encapsulate expertise.
6. Future opportunities and challenges
A framework for enabling collaborative design should
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allow a designer to access his/her favourite tools from
hypermedia workspace. However, today's Web technology
supports only limited coordination through provision of
shared information space. To fully participate in a collaborative design, designers need to be able to, not only
exchange data but also to negotiate their design intent
governing the design generation. This negotiation requires
a task-oriented view of the design project, rather than just
the data-oriented view provided by the Web. Fortunately,
the tools capable of supporting a task-oriented view can be
implemented on top of the Web infrastructure using AI
techniques and the latest information technologies, such as
Java servlets, JSP (JavaServer pages), EJB (Enterprise
JavaBeans), intelligent search engines, XML (extensible
mark-up language), VRML (virtual reality modelling
language), Java 3D, and RMI (remote method invocation).
In addition, client side scripting, applets, and ActiveX
controls often make signi®cant contributions to the execution of design rules. Some efforts have been devoted already
to address these problems. For example, Jagannathan et al.
[78], Pahng et al. [40], and Wallis et al. [67] use CORBA
and Java to facilitate collaborative design activities.
DeRoure et al. [79] use proxies and an open and extensible
message protocol to establish an open architecture based on
the existing Web infrastructure for communication. Maher
et al. [80] studied how designers communicate design
semantics and whether more or less design semantics are
captured in a collaborative session. Li and Hopper [81]
proposed a framework for synchronous and asynchronous
collaboration. It is clear that challenges in these areas will
remain as a research opportunity.
Currently, design concept generation, evaluation, and
reuse are problematic. Advanced AI-based design tools
will support increased ef®ciency in multidisciplinary design
environment. AI plays a pivotal role in meeting major challenges posed by the collaborative conceptual design. It can
learn new concepts; reason and draw useful conclusions
about a design problem; understand natural languages of
designers; and perceive and comprehend a visual scene.
By enhancing its intelligent behaviours, AI can make a
design system integrated, goal oriented, expressive,
cooperative, and customisable [82]. AI-based user interfaces can collaborate with designers to meet their speci®c
needs, such as capturing design intent and morphological
inputs. These interfaces will handle multiple modalities
including natural language, gestures, graphics, and animation and will be able to employ whichever modality best
suits a particular user request. The interfaces may be implemented using agent technology for distributed collaboration. Such interfaces will operate as intelligent agents,
allowing designers to state what they want accomplished
and automatically determining the actions required to
satisfy these needs and when to perform them.
To be useful, a collaborative conceptual design system
must have intelligent indexing functionality and provide
convenient access to all kinds of information. This is simply
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because the system may contain information on a multitude
of diverse subjects, and data represented in a wide variety of
forms, including various natural languages, digital and
video images, audio, geometric model, and database relations. Extracting and identifying multimedia content and
indexing it with symbolic descriptions is a challenge that
enables fast and ¯exible retrieval of answers to designers'
queries. Knowledge capture, representation, and reasoning
methods will enable data translation services to convert
design information from one format to another. Agent architectures may provide the basis for constructing specialised
software agents to act as subject-speci®c brokers, tracking
the creation of new design, noting updates to existing repositories, and answering queries in their targeted area.
Among the variety of design methods, such as case-based
design, rule-based design, model-based design, and featurebased design, etc., biological design concept throws new
light on the design domain. First proposed by Ueda for
dynamic problems in manufacturing, the biological
approach [83] aimed at dealing with dynamic changes in
external and internal environments in a product's life
cycle from planning to disposal, based on biologicallyinspired ideas, such as self-recognition, self-growth, selforganisation, self-recovery, adaptation and evolution [84].
Similar to biological organisms being capable of adapting
themselves to environmental changes and sustaining their
own life by showing such functions, product-centric biological design can generate a design plan in the same manner.
The functions of organisms are displayed by expressing two
types of biological information, which are the genetic information evolving through generation (DNA-type) and individually achieved information during one's lifetime
(BN-type). For a new product design, user requirements,
design intent, and goal correspond to the DNA-type information, while the BN-type of data can be achieved gradually during the design process via interactions with the
environment (resources and human designers). The biologically inspired feature of the design concept ®ts well in the
dynamically changing and distributed design environment.
In summary, the following areas have been identi®ed as
future research opportunities and challenges:
1. System Architecture for Web-Based Collaborative
Conceptual Design. The architecture of a collaborative
conceptual design system needs to be carefully
formulated to make full use of the Web features to
capture fuzzy information and facilitate early concept
generation. From client's perspective, these features
include client-side scripting, applets, ActiveX controls,
and plug-ins. On the server side, a web application is
featured by the extensive use of CGI (common gateway
interface), Java Servlets, ASP (active server pages), JSP,
and EJB. Special attention should be paid to deal with the
limitations of today's Web server, and to make effective
use of resources at both the client and server sides.
2. Collaborative Conceptual Design Modelling and Data

Sharing. Models help dispersed designers understand
the nature of an early design concept. The incomplete
initial design concept is generally dif®cult to communicate unless it is modelled in a mutually understandable
way. The decisions on how to model and what to model
have an enormous effect on the understanding of a
problem and the shape of its solution. As a web application, a conceptual design system together with the design
model is shared among a collaborative design team over
the Internet. Ef®cient design data sharing is largely determined by effective design concept modelling. For example, the latest Java 3D API allows a concept model to be
downloaded and rendered on a client machine while
remaining alive by controlling its behaviour through
message passing. SGDL (solid geometry design logic)
language, on the other hand, allows a user to describe a
complex conceptual shape in a mathematical way, and
manipulate the shape through a set of control points
[http://www.sgdl.com]. When deciding how to model a
design concept, determining the appropriate levels of
abstraction and detail are critical to be bene®cial to the
users of the model. Attention should be paid to the selection of a modelling language.
3. Product-Centric Design Methodology. Design methodology is the kernel of a design system. It drives and directs
the design processes and activities from concept generation to geometry creation. A product-centric design
methodology such as the biological design concept is
considered a suitable approach for the distributed collaborative conceptual design, in terms of information sharing and con¯ict reduction. Featured by its self-learning
ability, product-centric design ®ts well in a dynamically
changing environment. Once a design seed (initial needs,
user requirements, and design intent, etc.) is sowed, the
conceptual design system will fertilise it towards a
product concept based on its own intention. Designer's
interactions, on the other hand, will enhance the characteristics and behaviours of the product.
4. Conceptual Design Selection. In generating a design
concept, challenges have been identi®ed in combinatorial
exploration of working principles to achieve an overall
function. The research opportunities will be in analysis of
compatibility of working principles in terms of technical
feasibility, economical effectiveness, and environmental
factors, etc. The compatibility model is then combined
with a morphological matrix of atomic functions and
working principles to provide a basis for searching and
optimising a design concept.
5. Knowledge Management in Collaborative Environments.
Valuable knowledge is generally stored in designer's
brain as `human intelligence' in the form of tacit and
experiential knowledge. The knowledge, once identi®ed
and captured, needs to be managed properly to be able to
represent, index, store, retrieve, modify, validate, and
learn from them so that they can be applied and re-used
later in new concept generation. Work on this research
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seeks to discover convenient, ef®cient, and appropriate
methods, techniques, and mechanisms for capturing
knowledge from various resources, for representing
knowledge in computer readable and retrievable format,
for sharing among collaborative team members, for
learning from past design experience, and for reuse in
new concept generation. Challenges in this area include
knowledge discovery, self-learning, natural language
processing, dynamic knowledge management, design
intent capturing in multimedia formats, and effective
knowledge reuse.
6. Intelligent Web-based Users Interface. With increasing
number and kinds of services and resources available electronically, such as on-line part catalogue, multimedia
libraries, and shared design tools, designers will be overwhelmed by information explosion, unless the user access
becomes simple and effective. Designers need also to interact with a design system and negotiate with peers via the
interface during collaborative design. The interface
becomes a user's portal for concept generation, data sharing, and task coordination. The challenge here is to make
the intelligent interfaces available to all resources so that
the designers will have more ¯exibility to do ef®cient and
effective design. The interfaces should satisfy the following
interrelated criteria: integrated, expressive, goal oriented,
co-operative, ease of use, and customisable.
7. Distributed Design Project Management. Creating, maintaining, and closing a design project that is being executed
in a distributed environment poses many dif®cult problems
apart from those issues of design, evaluation, and optimisation. There must be some ways of managing all the
resources involved, including people, organisations, software tools, and equipment. Managing distributed collaborative design projects requires suitable mechanisms for
coordinating independent design activities and project
plans. Relevant issues are con¯ict management, cost
management, task management, and activity scheduling.
An effective and systematic approach remains to be developed to meet the challenge in a distributed environment.
8. Implementation of Virtual Design Studio. As the name
suggests, Virtual Design Studio will be an integrated collaborative design environment, allowing a distributed design
team working together in harmony, as if they are in the same
of®ce. With the product-centric design methodology as a
kernel, this prototype system will likely be implemented
with intelligent interfaces, powerful search engine and
inference engine, advanced knowledge management
tools, and other modules facilitating resources integration,
design collaboration, information sharing, and communication. Required tools and technologies need to be selected
after careful study and with caution.
7. Conclusions
This paper presents detailed literature reviews of the
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existing research projects and applications dealing with
the collaborative conceptual design. From in-depth study,
eight research areas have been identi®ed as future opportunities and challenges.
Knowledge management in design has been cited as an
important area of research for the future. The challenge here
is to capture and re-use the existing designs, help them to
adapt to new requirements, and maintain the design knowledge as corporate asset. Both Web-based and agent-based
approaches are identi®ed as dominant and enabling technologies for the implementation of distributed collaborative
design systems, while con¯ict resolution and distributed
team/project management are the other important issues
that in¯uences the achievement of a successful engineering
design. Numerous tools and technologies useful for the
conceptual design are selected and classi®ed. The selected
research projects and applications are predominantly for,
but not limited to, the collaborative conceptual design.
One of the most dif®cult tasks in collaborative design is
agreeing on the ontological commitments that enable
knowledge-level communication among the distributed
design modules. Developing a shared ontology is dif®cult
because it must bridge the differences in abstractions and
views. Another dif®culty is the integration of the various
available design tools. If the tool data and models are encapsulated, rather than using a standardised and uni®ed
approach, each tool will be free to use the most appropriate
internal representations and models for its intended task.
Finally, a key issue in concurrent design from a
designer's perspective is how to bridge the multitude of
models required to support a complex design at various
stages of the design process. The challenge is to use the
relevant model for each task (the right abstraction and granularity) and to communicate the results in a suitable form to
the various parties involved, whose needs are different and
interests are diverse.
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