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Information technology has played an increasingly important role in engineering product
development. Its influence over the past decade has been accelerating and its impact in
the coming decade will undoubtedly be immense. This paper surveys several research
areas relating to knowledge representation, capture and retrieval, which will have a
growing influence on product development. Each of these areas could, on its own, provide
sufficient material for an entire survey paper. Unlike traditional survey papers, this paper
does not attempt to provide a comprehensive review of a field of research from its incep-
tion to the present. Rather, this paper aims to touch on a representative selection of recent
developments in these influential technical areas. The paper provides perspectives into the
kinds of technologies that are emerging from rapidly expanding fields of research, and
discusses challenges that must be overcome to enable transition of these technologies into
industry practice to support the next generation of product development software tools.
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able engineering product development, by effectively supporting

1 Introduction and Context
Since its advent computer-aided desian and manufacturithe formal representation, capture, retrieval and reuse of product
’ P 9 owledge, becomes more critical.

(CAD/CAM) ha_s ha(_j an immeasurable impact on product F’e"e “The vision held by some for future product development tools
opment in engineering industry, and consequently on society @4t of a monolithic software system. In this vision, the product
well. As a result of their significance, CAD/CAM technologiesjeyelopment process will be supported by a single integrated ap-
were identified by the National Academy of Engineering in 1988jication suite. Such a tool would attempt to address the needs of
(the NAE's 28" anniversary as an outstanding engineeringthe new product development paradigm, allowing teams that are
achievement over the preceding 25 years, and more recently gatentially distributed geographically or across corporate bound-
the American Society of Mechanical Engineers as one of tlaies to access tools and data at different phases of product devel-
greatest technologies of the ®@entury. As these technologiesopment in order to produce a product. This vision, though not an
mature further, there is little doubt that their impact on produ¢thcommon one, has a number of drawbacks associated with it. In
development will continue. general, since a monolithic system is intended to be as complete a

In the past, product development was often done within a singf€lution as possible, less emphasis is put on interoperability with
company by co-located design teams. In more recent years, thef@er systems. As a result, distributed prOdl,JCt development efforts
has been a shift in product development paradigms. The compl8St often standardize on a single vendor's tool suite in order to
ity of modern products means that a single designer or desig}fzec“ve'y exchange information. Because the cost of monolithic
team can no longer manage the complete product developm tems tends to be high, there is a barrier to collaboration with

effort. Developing products without sufficient expertise in a broadP ential partners who use different tools. Furthermore, the h'gh
cqst can completely price out many of the small and medium

set of d|_$C|pI|nes can result in extended product developmeé] ed businesses that form a large segment of the industry com-
cycles, higher development costs, and quality problems. Prodygt, i~ And lastly, a monolithic system does not allow users to
development is being more often done collaboratively, by ge@jck and choose among different tools to customize a set that will
g_raphlcally and temp(_)rally distributed design tea_ms. There iSpRst suit their needs.
high level of outsourcing, not only of manufacturing but also of |n our view, the ideal next-generation systems for product de-
actual product development efforts. Product development acrqggopment will be those with which individual companies or
companies, and even within a single company, is often doggams involved in given product development activities can col-
within a heterogeneous software tool environment. The Internaborate using a heterogeneous set of software tools, and still
and intranets are supplanting paper and telephones as a meanmaadningfully exchange information and pass knowledge between
exchanging product development information. various phases in the process. Assuming the interoperability bar-
Designers are no longer merely exchanging geometric data, bier can be overcome, this vision avoids several of the disadvan-
more general knowledge about design and the product develé@ges associated with a monolithic system. Companies would not
ment process, including specifications, design rules, constrairi§, required to standardize on the same software platform in order
and rationale. Furthermore, this exchange of knowledge oftéh collaborate on product development. Smaller companies using
crosses Corporate boundaries. As the Comp|exi’[y of products |Hd|V|dUa| software t.OO|S due to limited resources WOU!d still be
creases and product development becomes more distributed, @ © play a role in a larger company's supply chain. Larger
software tools will begin to cover a broader spectrum of produfPMPanies would be able to assemble what they consider to be the
development activities than do the traditional mechanical CABESt Suite of tools from a selection of existing software products

systems. As design becomes increasingly knowledge-intens épssibly from competing vendorsand would be able to migrate

. ; ore easily to new tools, although some effort would still be
and collaborative, the need for computational frameworks to eﬁl]volved in doing so.

The engineering infrastructure of the future will be one that is
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Product Development Activities listed above, are no less important. They are, however, outside the
scope of this paper and are not discussed to any extent. The focus
Process Production of this paper is primarily on the third of the areas mentioned—the
Planning Planning information technology infrastructure. Specifically, this paper ad-
dresses the need for the integration of knowledge into this infra-
structure, in order to enable a new generation of product develop-
ment software tools that will better support the directions in which
engineering industry is moving. This scope comprises, of course,
only one portion of the overall IT infrastructure. Advances in
the areas such as Internet-based communication architectures
and general database technologies are also critical aspects of

Workflow | enabling the next generation of distributed product development
Management : environments.
Version Information Design Repositories The remainder of this paper focuses on the two sources of
Revision Information Design Case Bases knowledge shown in Fig. 1: the evolving product knowledge base
fensistoncy Checig Eponent Dale and the product knowledge archive. Section 2 addresses the issue
of evolving product knowledge, providing discussions of knowl-
Evolving Product Knowledge Base Product Knowledge Archive  edge representations and design rationale. Section 3 focuses on

product knowledge archives, providing insights into technologies
for capture, storage, and retrieval of knowledge to support knowl-
edge reuse in product development. The paper provides perspec-
tives into the kinds of technologies that are emerging from a rap-
idly expanding field of research. Section 4 reviews several
challenges discussed in the paper that must be overcome to enable
using a global information network. Figure 1 shows a high-levéfansition of these technologies into industry practice to support
view of next-generation product development. The activitieshe next generation of product development software tools.
shown at the top of the figure may be performed by one or more
software applications, used by one or more development partne?s. Evolving Product Knowledge
The designers may be using heterogeneous systems, data struc-
tures, or information models, whose form and content may not be2.1 ~ Product Knowledge Representation. As product de-
the same for all participants across all disciplines. velopment in industry changes, so too do the kinds of interactions
An extensive body of product development knowledge wimong partners. In the past, interactions among supply chains
be created and will evolve via interactions with various softwanere often limited to exchange of geometric CAD files with com-
applications. This knowledge will be stored in databases the@nies that supplied manufactured parts. In today’'s environment,
will provide access to the evolving design knowledge at multipié1€ supply chain serves as more than a means to outsource manu-
levels of abstraction. Evolving product knowledge will be augfacturing. Companies are outsourcing a greater portion of the
mented by knowledge stored in design repositories, archives Ripduct development process, often providing not detailed geom-
corporate knowledge created to allow knowledge reuse in supp®Hy to suppliers but requirements, specifications, interface defini-
of subsequent product development effér&xchange of infor- t!ons and.constraints, leaving actual design activities to the lower
mation among applications and partners, and access to evolvingief suppliers.
archived knowledge will generally take place across some distrib-While the current generation of product development software
uted communications architectuieg., web-based access or moréOOlS has provided extensive benefits among traditional product
general access via intranets or the Intexnappropriate mecha- development processes, they do not adequately support the needs
nisms are needed to realize the potential of this vision, be it f6f industry’s new paradigm described in the introduction. Cur-
representing knowledge for effective exchange, formal capture [§ntly, engineersire succeeding in exchanging information across
knowledge, or for allowing efficient retrieval of information todistributed design teams and corporate boundaries earlier, and re-
support knowledge reuse. using information to a greater extent. But because existing soft-
To successfully implement a computer-based distributed progare tools do not capture a broad spectrum of product develop-
uct development environment, requirements in four areas mustfbent information, these exchanges occur informéfée-to-face
addressed(1) software applications, to support product developacross a table, by phone, by papét is a lack of formal repre-
ment activities(2) standards, to support exchange of informatiofentations for product development information that creates a sig-
among applications(3) information technology(IT) infrastruc- hificant barrier to its effective capture and exchange. Such repre-
ture, on which the distributed environment will be built and willSentations have begun to emerge in various research efforts, but
operate, and@4) organization, to address the changes in now proal.ave yet to transition into commercial software systems. Industry
uct development is being done from the human perspective. has expressed a desire for standardization in anticipation of new
Technologies related to various product development activiti€gdpabilities within CAD systems, rather than in reaction to these
and specific applications are among the topics of discussion gapabilities after their commercial implementation. Industry needs
other papers appearing in this journal issue. A discussion of spclude a more comprehensive representation of product knowl-
cific standards required to support interoperability and data exdge than provided by existing representations, including concepts
change, both among CAD tools and between CAD tools and sofich as function, behavior, and othgss.
ware tools used during other design activities can be foui@d]in ~ The use of function has long-since been recognized as an im-

Organizational issues, although less technical than the other aré@gant part of the design process. Formalization of approaches to
representing and reasoning about function, and using this knowl-
1The activities shown are intended to be representative, not com|c>rehensive.(:"ﬁ!g_e to _ng? deS|gn, aré In comparison rel_atlvely new In t_he
more complete list of activities has been developed as part of the SByatems —€ngineering field. Much of the early research in the area function
Integration for Manufacturing ApplicationsReference Architecture developed atrepresentation was performed by research in the field of artificial
NIST[1]. ) _ ) intelligence(Al). Even definitions of function have varied, indi-
2In the figure, the presence of single databases representing evolving knowle%%&ing that the concept is a complex one. Eunction is often char-
and for archived knowledge is for illustrative purposes and should not be taken : . . . . .
literally. In reality, knowledge may be distributed among multiple sources, not all @Ctenzed in the literature as a relation between the input and out-

which may be accessible to all software applications or to all development partngptlt Of energy, material, and information. Pahl and Beitz retain this

Knowledge Bases and Knowledge Management

Fig. 1 High-level view of distributed product development

4 | Vol. 1, MARCH 2001 Transactions of the ASME



characterization but generalize the concept, defining function as

an abstract formulation of a task, independent of any particular l Requirements. |

solution [4]. In the Al field, definitions of function have often ; e ;

involved the concept of behavide.g.,[5—11] and others l Specifications ‘ I
The variety in definitions of function has led to a variety of uses

and representations of function. Baxter et al. distinguish two types Artifact

of representations: models based on inputs and outputs of flows,
and syntactic languagé42]. The first type generally follows the
Pahl and Beitz paradigm of the flow of materials, energy, and 3
signals through a hierarchy of functions. In some cases, function Functions
is mapped closely to physical elements in a sys&&)14. Other [ SbRumet |
. ; o . ubfunctions
approaches view the functional description of a system as being
described by an abstract functional decomposition that may, but
need not, have a direct mapping onto an isomorphic physical de-
composition of assemblies and subassemihBek2,15,16.

| Subartifacts

Input and Output Flows |

Syntactic languages describe a design artifact using a gram- Form

matical approach where a grammar is used to capture information

about function. In general, these grammars consist of combina- Geometry

tions of verbs(functions and noungparts of a design artifact, or .

“ S PN w“ Subgeometries

flows) such as “transmit linear motion” or ‘“create lateral mo-

tion” [15,17-2Q. Approaches such as these can capture the es- | Pt I
catures

sence of the function of a given artifact. However, they do not
fully address the needs of a formal representation of function be-
cause they lack formal information models that capture one or ] Materials |
more other types of information relevant to function. Examples of
such information include the explicit mappings between the func-

tion domain and the physical domain, in the form of links between Behaviors

functions and flows, as well as links between flows and their

sources and destinations. , Design Rationale I
The engineering design community has been developing new :

classes of tools to support knowledge-based design, product data [ Chneieiig. ; : ]

management{PDM), and concurrent engineering. When con-
trasted with traditional CAD tools, these new systems are making
progress toward the next generation of engineering design support
tools. However, these systems often focus primarily on database-
related issues and do not place a primary emphasis on information Fig. 2 Product knowledge representation
models for artifact representatidie.qg., [21—24). Furthermore,
although these systems can represent some kinds of noepresentation allows a function structure to be defined before any
geometric knowledge such as information about manufacturirgtifacts are created, or allows an artifact to exist in the absence of
process or bills of materials, representation of the artifact itself @y specified geometry. Such a representation provides support
still generally limited to geometry. The lack of a formal producfor multiple levels of abstraction by allowing not only models of
representation that includes function, behavior, and structure hag/sical entities, but representation of concepts that are abstrac-
been identified as a shortcoming of existing PDM syst¢2i. tions of physical entities. A representation like that shown in Fig.
Research toward the development of more general artifact mod2lalso enables the decomposition of functions into subfunctions
ing representations has resulted in a significant body of worénd the decomposition of artifacts into subartifacts. This supports
Several of these efforts have focused on representation formatsltiple levels of abstractions in a different but equally important
that provide a high level division into form, function, behaviorsense—that of allowing users to simultaneously represent a prod-
The division of design artifact knowledge into these categoriegt at multiple levels of detail. So, for example, at one level a
has its roots in earlier work in intelligent design system developump can be a single entity with its functions, but at another level
ment such a§26—29. Work done in the design and engineeringt is represented as a collection of subartifa@isch as a motor
community include$7,8,12,30—3Band others. each having its own functions, and eventually each having its own
More recent efforts have focused specifically on the goal éérm. Each subartifact can, in turn, be modeled as a single entity
developing of a generic representation of product knowledge thettone level, and as a collection of components at another. Sup-
includes other kinds of product knowledge beyond form, functioporting conceptual abstractions as well as multiple levels of ab-
and behavior, in order to support a broader level of informatiostraction will allow the development of tools that can be used
exchange and software tool interoperabili84]. Figure 2 shows starting at early stages of design rather than detailed design where
some of the kinds of knowledge that might be part of such most of today’s tools are used.
representational infrastructure. In the figure, boxes within boxes . . . .
denote compositional relationships: an artifact is composed of2-2 Design Rationale. Along with capturing a more com-

subartifacts and has functions, form, behaviors; form is composggEnensive representation of artifacts in an evolving knowledge
of a combination of geometry and material knowledge 2etc. base, there is also a need to capture design rationale. Design ra-

One of the benefits of this kind of representation is that it suyS'—O n::g ?gg?%ﬁiseiz tihnecﬂjc?ﬁd?{]f%?mgﬁgﬁgﬁ%ﬁ??gg;&%gmw
ports design at earlier stages of the product development proc 55 hallove beerr)1 made’ as well s?s relationships or de endencies tr):at
by allowing designers to maintain a representation of a product £y ' P p

multiple levels of abstraction simultaneously. For instance, SuCr}ndl;‘?étie()l;he;rltli?;c?eglt(sjl02? :8 F(’)?r:te?f dtggs?gﬁgecééggazseeinrfiﬁgpry

3 o o _ now frequently develops products using teams of individuals that
Other types of knowledge, such as configuration/version information, and tl

links that capture connections between the various knowledge entities that appear |§ spread across corporate boundaries, capturing dESIQn rationale

the figure, are not explicitly shown but are expected to be part of a comprehensige@N important issue in supporting an evolving product knowl-
product representation. edge base.

l Relaﬁonships ' I
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Documenting rationale or intent allows knowledge to flow even
when there are corporate, geographic or temporal boundaries that
inhibit person-to-person communication of information. More im-
portantly, rationale capture can make explicit the fact that deci-

SEHHH

il i

sions were made, and why they were made, when that knowledge Evolving Product Product
might otherwise be lost or available only to some of the people Knowledge Base  Knowledge Archive
who are contributing to a product development effort. A decision

can be influenced by prior decisions, and if properly captured, can ‘K

also impact future decisions concerning the same product or sub-
sequent ones. Thus, design rationale capture can reduce the time
and/or cost associated with downstream efforts needed to resolve
conflicts, or solve problems resulting from an inadequate under-
standing of interactions among design decisib@apturing de-
sign rationale has been a research topic for several decades. More
comprehensive reviews of design rationale work can be found in
[35,36.

Representing design rationale requires that one explicitly docu-
ment the reasoning and argumentation in de$®ifj. There are
two fundamental and complementary, representations of design
rationale. First is the notion of design rationale as the recording of
the design intent of an artifact. For example, in traditional me-
chanical design, rationale might include a functional description,
geometric or assembly constraints and performance crisuieh
as captured with one or more of the Product Knowledge Repre-
sentation schema noted in Section)2.The second view is of

Answer designers’
questions
design rationale as a record of the design process, the communi-
cations among agents, the decision-making that occurs, as well as

Review similar
design cases
the decision-making process. This view of rationale has been of-

ten studied in the software design and computer-supported col- Fig 3 Generic design rationale system architecture
laborative work communities, where one goal is to support orga-
nizational intelligence and group decision making.

Recent work toward understanding the design process has pro- . . . . .
vided a set of prototypes that show how to integrate design ratid’d Why they are made. This approach is used in dynamic design

nale with other design support tools such as CAD/CAM and CA mains where there may be little or no standardization of solu-
[38]. The majority of design rationale approaches fall into twonS: Descriptive approaches emphasize minimizing the intrusion

categoriesjprocess-orientedind feature-oriented For design in t© the designers by making design rationale capture as transparent

fields with a high degree of standardizationfemture-oriented as posslllbled . tional i ists of two St |
approach to design rationale can describe a set of constraints angSually, design rationale capture consists of two stépswl-
procedures that create the design; in more dynamic domains€dge recordingand design rationale constructionA generic ar-

process-orientedesign rationale provides a historical represent&!1tecture for a design rationale system is shown in Fig. 3. The
tion of the artifactf39,40. irst step is to record as much information as possible during the

2sign process. The second step is to organize the rationale
10wledge based on the representation schema and constraints in
g design domain, and store this information in a knowledge
ase. The recording and construction processes have been imple-
mented in design rationale systems as both by automatic capture
gnd via user interventiofi.e., requiring designers themselves to
ut or record the design discussions, decisions, and reagoning
wever, user intervention-based design rationale capture has met
with limited success, as designers are typically very reluctant
spend time on annotating their designs with rationale.
Some preliminary work has been done on developing auto-
0r:nated design rationale capture tools. Garcia and Howagd
focus on parametric design, incorporating a model of the design
pcess in the HYAGQHeating Ventilation and Air Conditioning
main. Ganeshan et §43] generate design rationale by using a
formational approach. Quereshi et 4] emphasize the de-

opment of a detailed product and process model in the electro-
echanical design area. Myers et @5] focus mainly on the
gtailed design stage, in particular re-design. Their system is built
er a commercial CAD too(Bentley’s Microstation99.

Rationale Retrieval

Interactive Capture from
design rationale design reasoning
Retrieve Capture from

by query communication
Navigate £
design rationale )
Representation
Formulate
design document

Rationale Capture

Schema

Design Feedback

Most design rationale systems aim to let designers explore
sign alternatives within a certain knowledge representation fra
work. Based on a representational schema for design rationale{P
the domain of interest, the decisions and reasoning are either
corded by designers themselvésanually entered data, stored
documents, etg.or are captured by an agent that monitors th
design process and attempts to extract information automatic
from sources such as electronic mail, archived design meetings,
designers’ notebooks. Representation impacts the methods
can be used for capturing and retrieving design rational, so t
choice of an appropriate representation is an important one.

In the literature, representations fall primarily into two categ
ries: argumentation-basecepresentations atescriptiverepresen-
tations. Argumentation-based techniques employ a semi-for
graphical format for laying out the structure of arguments whe
labeled nodes and edges connect design issues and relationsih
[40,41]. In argumentation-based systems, designers can maint4
consistency in decision-making, keep track of decisions, and co
municate with one another about design reasoning. Descripti
approaches record the history of design activities, workflow, al . . . L . .
cgr‘;lmunication between desiéners. M%re specifically, they record! N€ intéractions between various participants—often having di-

o ; rse and/or opposing views—in a large-scale engineering project
what decision are made by designers, as well as when, by Who\rﬁﬁbduces different types of conflicts. The use of design rationale

e - . ) . : ' . to mitigate such conflicts is addressed by Klein's Design Ratio-
The preceding discussion provides a strong motivation for including design ra-

tionale in an evolving product knowledge base. Although the topic of design ratio=——

nale is not revisited in Section 3 of the paper, it should be noted that design rationale®Commercial software systems, many of which are registered or trademarked, are

is as important for product knowledge archives as it is for evolving knowledge. identified in order to provide implementational information. In no case is such iden-

design rationale is captured as part of an evolving knowledge base, that ratiorti#fleation a recommendation or endorsement by the National Institute of Standards

should transition into a product knowledge archive along with the rest of the knowdnd Technology, nor does it imply that the tools identified are necessarily the best

edge about the product. available for the given purpose.
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nale Capture Systerf46] and Pen-Mora’s SHARED-DRIMS that are designed to support representation, capture, sharing, and
[47]. Nexprise’'s commercial ipTeam™ syste#8] provides a reuse of corporate design knowledge. It should be noted that al-
module called ConsensusBuilder™, which aids in design rationaleough the terndesign repositoriekas not yet found its way into

capture during a collaborative design session. daily usage in industry, many companies are migrating from tra-
ditional design databases to what would be considered design re-
3 Product Knowledge Archives positories as characterized in this paper. Although design reposi-

tories can in general terms be thought of as design databases—and

3.1 Knowledge Storage. Recently, commercial databaseindeed will most often be implemented using database manage-
system developers as well as academic and industry researchggnt systems—design repositories are distinguished from tradi-
have been investing in research for management of large muifbnal design databases in several significant ways:
media databasd49,50. This includes National Science Founda- ) o )
tion Digital Libraries initiatives(DL-I and DL-II) [51] as well as  * Design repositories attempt to capture a more comprehensive
commercial System§2_54]_ The commercial database Vendor@l'odl.!ct representation that traditional C_AD.database-S, including
all have advanced architectures that include domain-specific Ide kinds of knowledge discussed previouslg., function, be-
ers built on top of a standard relational or object-oriented datBavior, rationale, etg. It should be noted, however, that a repre-
base. Some recent efforts from both academia and industry h&@atation that fully encompasses every aspect of a design might
studied how to intelligently handle engineering design dagimply not be possible.
[53,55,. » Design databases typically contain imagdsawings, CAD

Most of the approaches toward database storage of CAD mdgodels, and unstructured teédocumentation Design reposito-
els parallel techniques for other multimedia applications. For ekes tend to be more heterogeneous and may contain formal sche-
ample, a common approach is to take the CAD mddebolid Mata and data structures, structured text, mathematical simulation
model or surface modetepresented in some neutral fornfsisich mModels, animations, video, and other types of information.
as IGES[56] or ISO 10303, Standard for the Exchange of Product * Design databases tend to be static sources of information
model data, commonly referred to as STES¥]) and create a (though their contents may grow with timenhile they are used
pictorial image or volume/voxel representation with which modédpr storage and retrieval of design data, capabilities for supporting
indexing and retrieval is performed. These approaches do not cde design process are not traditionally built into these systems.
sider information pertaining to manufacturing or design featuregUch capabilities might include search for components/assemblies
tolerances, or design knowledge that might be present in the cBat satisfy required functions, explicit representation of physical
porate database, nor do they seem to be suitable for CAD assé@d functional decompositions and the mappings between them,
blies, where inter-part relationships and models of function artBartially) automated reasoning about a design, and more. Since
behavior are much more important than gross shape propertiesdgsign databases have not been designed specifically for these
related survey on geometric databases can be foups8in Spe- purposes, they are ||m|ted in their ability to meet needs for design
cific to knowledge-based storage and retrieval of CAD data, Har@f large-scale engineering systems.

wick et al. [59] have merged databases with the Internet and he NIST Desi . . . . .
. . . . gn Repository Project is an ongoing project at
STEP-based engineering standards. Over the last five years R I'National Institute of Standards and Technology that involves

and his colleagues have initiated the National Design Repositqiysearch toward providing a technical foundation for the creation

[60,61, the largest publicly accessible collection of online engis gesign repositorie$33]. The infrastructure being developed
neering designs and related engineering data.

Th t £l | - ina k ledae b consists of formal representations for design artifact knowledge,
€ nature of largeé-scale engineering Knowledge bases reqUINRy \yep-hased interfaces for creating design repositories. Design
research and evaluation of complexity management techniques

e . ositories of the future will also provide not only an expanded
efficient management of the complex and extensive sets of d

| " iated with th c tational . resentation of product knowledge and data, but also math-
elements associated with them. Lomputational 0peralions on ggfatical models that can be used to support virtual prototyping
metric information such as solid models are floating-point al

. - S d evaluation via composable simulation of product behavior and
memory intensive. Furthermore, many existing knowledge-basgd o mance. Given a simulation model and a method for defining
systems require time consuming intervention by_ people to INPYEneric interfaces for creating and integrating multiple models of
the necessary information. For large manufacturing companiesyis ind complex systems could be simulated virtually rather
today’s industry, in-house centralized knowledge bases of desi n phyéically prototyped, allowing evaluation of many more
and manufacturing data would require terabytes of memory stja !

. o N ; sign alternatives at early stages of product development.
age and consist of millions of individual components and relation- \yo i, the latter area has been done as part of several projects
ships. As a result, the need for algorithms that operate on th

i ) ¢ ditional datab K h ind intluding the Model-Based Support of Distributed Collaborative
information to perform traditional database tasks such as in %’esign(previously How Things Work project at the Stanford

ing, matching, and_ retrieval, presents significant challenges to ﬂiversity Knowledge Systems Laboratofg0,63, the Active
research community. . ... Catalog project at the University of Southern California Informa-
Another emerging area of research is that of digital I|brar|et°1Oa Sciences Institutd64], and the Composable Simulation
]

Part libraries and catalogs have been an area of active study g ; v o
) ect at Carnegie Mellon Universifg5]. Significant challenges
development by the standards commuiily,62 and internal to remain in the successful integration of recent and future advances

organizations L!sing product de}ta management tools and databa; eﬁnowledge representation, database technology, and compos-
The emphasis in these efforts is often on the development of SChgye * simylation. Novel interfaces for browsing and authoring
mata for representing catalog information rather than on prOdl‘lﬁ se complex product knowledge bases are also needed to attain

development knowledge. Although a significant portion of co ot g ; :
ponents used in products are obtained from standard part catalcbgesOblemlves embodied in the design repository concept.

rather than designed in-house, the kinds of knowledge that facili-3.2 Knowledge Retrieval. If we assume the existence of
tate the process of integrating these parts into the context of ttepositories of archived product knowledge, there are two facets
greater whole generally go beyond what is available in traditiontd the problem of knowledge retrieval. The first is facilitating
catalog data. Merely providing access to schematics and CAdacess to stored knowledge through the use of formal knowledge
models is often inadequate for this purpose. representationgdiscussed in Section 2,lindexing techniques,
Some of industry’s needs that are not satisfied by electronic parid the issue of the role of standardized language and terminol-
catalogs or traditional geometry-oriented corporate design datay. The second aspect of the problem is that of the actual mecha-
bases are being addressed by the emerging research area of desggns for retrieving the desired knowledge from a repository.
repositories—repositories of heterogeneous knowledge and datd@he need for standardized terminology in product development
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Case-based Reasoning Tools goal is automated synthesis or computer-supported designer syn-
thesis, the basic need to retrieve and reuse knowledge in subse-

Evaluator quent design activities remains the same. From this perspective,
the common requirements are to take as input some articulation of
tifi Le . o T . .
a target design or specification, to retrieve previously-generated

knowledge according to some measure of similarity, and to evalu-

ate multiple potential matches to determine which most closely
[ sworer | [Retiever | meets the specification.

Prior work in the area of case-based reasoning has resulted in a
foundation of structures, algorithms, and techniques for reasoning
about and adapting archived knowled@eg.,[67-72 and oth-
erg. Engineering design and manufacturing have been areas of
considerable interest among researchers in this field. CADB[
and its descendent projects focused on conceptual design, solving

Product Knowledge Archive problems by the use of relationships that capture function, struc-
ture, and behavior contained in the system’s knowledge base.
Fig. 4 Case-based reasoning system Case retrieval is performed using variations of graph matching,

and is supported at varying degrees of abstraction. A framework

for a case-based reasoning system using CADET as a case study

is provided in[74]. KRITIK and its descendent INTERACTIVE
software tools is often overlooked in the literature; however, it IKRITIK [28] operate on design problems using a case-base of
an issue of critical importance for a number of reasons. The fifgésigns represented by symbolic component descriptions, their re-
reason is to reduce ambiguity at the modeling level. Ambiguitigstionships and behaviors. A central contribution of KRITIK was
can occur when multiple terms are used to mean the same thing®, formalization of a structure-behavior-function model for de-
or when the same term is used with multiple meanings. The disigns, where design cases can be indexed according to the func-
tillation of a large body of terms into concise taxonomies does ntibns they deliver. Although KRITIK’S successor systems have
eliminate this problem entirely, but it significantly lessens its oGextended many of the earlier concepts, the reasoning techniques
currence. A related issue is that of uniqueness, not at the levelapé still primarily symbolic and have not been coupled with de-
individual terms as with synonyms, but at the concept level. Theailed engineering data. Other case-based reasoning tools in engi-
larger the number of terms there are in a vocabulary, the mateering domains include systems for assembly and assembly plan-
ways there are to model or describe a given concept. This makgsg [75,76], architecturg 77—79, civil engineering[80,81], the
processing of information that has been represented more diffic@pplication of the TOLTEC planner to manufacturing problems
whether it be a human trying to interpret information modeled y82], the design of planar linkage assembli88], and numerous
somebody else, or algorithms developed for function-based reahers.
soning or design automation. In practice, it is impossible to have aRecent issues of IEEE Expert and Intelligent Systems have em-
vocabulary that allows all concepts to be modeled, in only onghasized past accomplishments and current challenges in extend-
unique way, because it is the flexibility required for representatiang Al and case-based reasoning to complex engineering problems
of a broad set of concepts that results in multiple ways of expre$g4,85. This series provides several observations, includihg
ing the same concept. However, to whatever extent uniquengsst while there has been much research in knowledge-based en-
problems at the concept level can be reduced, interpreting infgfineering systems, the integration of this research into existing
mation that is represented can be made easier. A third reason@®D tools has yet to really begin, ar(@) that existing research
developing a standardized terminology is that it increases the uapproaches still have great difficulty scaling to complex design
formity of information within function models. This will facilitate cases. In a survey of recent work on variant and case-based de-
the exchange of function information among distributed researcign, Fowler[86] notes that better abstract models are needed for
ers and developers, and will greatly simplify the task of indexinghechanical artifacts so that function information can be stored in
and retrieval of information for the purposes of function-baseghe CAD knowledge base. The implication of these observations
searches and query capabilities. Despite a large body of workignthat there is a disconnect between recent progress in engineer-
the area of ontologies, only a handful of efforts have focusédg product representation and in case-based reasoning systems.
specifically on domains related to design and product develop-
ment. A more comprehensive discussion relating to ontologies for .
engineering is presented j66], and is therefore not provided in Looking Forward
this paper. This paper surveys several research areas relating to the use of

An area of research that is more directly relevant to the issuelofowledge and its increasing impact on product development. The
retrieval of product knowledge from comprehensive knowledgeaper provides perspectives into the kinds of technologies that are
repositories is that of case-based design and case-based reasoemgrging from rapidly expanding fields of research, and discusses
In the context of this body of work, the repositories of corporatehallenges that must be overcome to enable transition of these
product knowledge would serve as case bases. Figure 4 illustraezshnologies into industry practice, to support the next generation
a set of components that comprise a case-based reasoning systémproduct development software tools. The advent of the Internet
Common components of such systems include a retriever for ig4n the process of making collaborative design paradigms perva-
trieving previous cases, a storer for storing new or modified casesje. As companies under pressure to reduce costs and develop-
an evaluator for ranking retrieved cases, and a modifier for adaptent times work to realize the design-anywhere manufacture-
ing a retrieved case. Other possible components include a justi@ywhere concept, a company’s ability to compete globally will
for simulating or rationalizing a modified solution, a learner fodepend upon how well it can leverage existing knowledge
learning general solution strategies, and a debugger for deternmgources. Mechanisms need to be developed for encoding, index-
ing causes of failed attempts at solutions. ing, retrieving, and using this knowledge. A research agenda for
In the research community, case-based reasoning research glewvelopment of technologies to bring about this vision should

erally focuses on automating the synthesis of new solutions baseftiress the following challenges:
on previous ones. In practice, there may not always be an intentDevelopment of a comprehensive representation for product
or even an ability, to use archived product knowledge to generatevelopment knowledgé&everal of the representational frame-
new design solutions automatically. Nevertheless, whether thrks described in Section 2.1 include information that goes be-
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yond what is captured in traditional CAD tools, such as represeforts that address retrieval for other types of engineering knowl-
tation of function, form, physical decomposition of an artifact intedge (several of which have been cited in this papdhese
subassemblies and components, and mappings between the phigshniques will only find their way into widespread use if the
cal domain and the function domain. Nevertheless, they all haksowledge to which they are applied is consistently available in
gaps in their representational ability. For instance, none yet pigeme pre-known format. This issue reinforces the need for con-
vide a detailed assembly model; information about the kinds 6&nsus among product development software developers and users
part matings, kinematic joints, and assembly constraints is n&garding the content and form for more comprehensive represen-
currently captured, nor is tolerance informatigt either the part tations of engineering knowledge.
level or the assembly levelAlthough design rationale has been Design rationale capture and conflict mitigatiomhe multiple,
the subject of numerous research efforts, the explicit represerféen competing, perspectives of participants in a collaborative
tion of design rationale as part of a comprehensive product knowroduct development effort typically lead to many conflicts. These
edge representation is an issue that must still be addressed. gqgflicts, if not resolved early, create more costly designs, delays
also desirable to integrate a comprehensive product model wit#ghe development process, and compromises in the final product.
more formal representation of behavior that will enable compo$hus, a fundamental issue in collaborative engineering is conflict
able simulation for evaluation of a product as it evolves, as diglitigation. Conflicts often stem from a lack of information that
cussed briefly in Section 3.1. certain speuqhst; have about. other 'speC|aI|sts' _obJectlves, and
Integration of traditional engineering software with knowledge€asons for rejecting or accepting a given alternative, design
based applicationsAmong the numerous manufacturing researcifitionale. On the other hand, if the design rationale of all partici-
challenges recently identified by the National Research CounBfits is made available to everyone, designers can become over-
[87], embedding knowledge into manufacturing systems is univefn€imed with complex information. Thus, there is a pressing
sal to all the research agenda items identified. Efforts, such as fged for systems that help designers capture, interpret, and easily
ISO 10303(STEP standard have primarily focused on standard!tlize this data when required for conflict resolution.
izing the exchange of data. In this area, progress is being madé?equwements for such a system |nplude the ability to capture
toward extending standards to address gaps in their (:overa%sj represent the evolution of design intent, knowledge about the
Various organizations and standards committees are develop fact as it evolves through the product development process,

representations for data associated with assembly models, toarﬁfargtlag?gﬁztl%sntheatl; ?rat)(; g'ttlf:;ré'g;ggﬁf'%nsr?%;hre igs%%ﬁat
ances, and parametric information, among others. ’ ’ : AP y

Beyond the issue of engineerirdpta, there is for need for must be addressed is how design rationale is to be acquired. The
representations that capture various typekmdwledgeused in capture of design rationale should be as unobtrusive as possible.

! . - ; Ih . On the other hand, it is not clear that rationale capture can be fully
knowledge-intensive engineering activities. Such representalioiy ) ated so it is likely that some of the burden will fall on the
can lay a foundation for the creation of engineering ontologi

eatesigners who must supply their rationale in order for it to be

thus aiding in the development of testable knowledge e)(Chanl%ecorded. A more detailed discussion of the issues associated with

mechanlsms_v_vhere _agents—both huma_n and computer —can &hlict mitigation, negotiation support tools, and approaches to
change specific design and manufacturing knowledge in a meahs

; . A . utomating negotiation, are beyond the scope of this paper; how-
ingful way. Descriptions of Progress in th's. area are discussed Der, work is being undertaken in the research community to ad-
[67]. Further work along these lines will facilitate the exchange .

K ledae both K ledae-based A I ress these needs.

tnowekge Iod arEongd nom;e ge- %S? 33;5 emlscatie ?S echnology transferUltimately, in order for any of this work
WEeNn knowledge-based systems and ltraditiona SYSI5-have an impact on the engineering industry, it must transition
This research will also facilitate the integration of software appIB

i that h b licitlv desianed to int t t of the research community and into use by industry. There are
gﬁelogr?othaér ave not been explicitly designed to interoperateé Wiltee \ways in which this technology diffusion can occur. First,

hani for indexi hi d ieving desi industry engineers can read papers and/or books that describe the
Mechanisms for indexing, searching, and retrieving desigfise of ihese technologies, and use that knowledge to improve their
cases To integrate retrieval and evaluatiéand more generally

) ; . own design processes. Second, engineers in industry can develop
case-based reasoningechniques with next-generation productyoqyct development software tools that incorporate advanced
development systems requires advances that specifically target; nologies such as those described in this paper. Finally, com-

nature of product development data and knowledge. CAD data%, il CAD/CAM/CAE (computer-aided design/manufacturing/
geometry-intensive and includes engineering data that are d'ﬁ'CHHgineering software tool vendors can begin to incorporate these
to give formal structure to, such as tolerances or design and Magkhnologies into their next-generation commercial offerings.
facturing feature information. Additional product knowledge may Ultimately, the greatest impact will result from diffusion into
include. textual_ descrip_tions, design rules, functional models, aggmmercial software systems, but this diffusion will not happen
other kinds of information. _ without pressure from the user community in industry. A precur-
Research efforts in the area of case representation are needeghiqo successful diffusion of technology is the gathering of feed-
develop semantic structures that can be used to unite the geomgkk and buy-in from both researchers and industry end-users.
ric representations of solid modeling, formal representations @omputer-aided engineering technologies have had an enormous
other kinds of product knowledgéunction, behavior, etg. and jmpact in engineering industry, and consequently on society as
the dominantly symbolic representations used in case-based Kg@t|. Information technology continues to play an increasing role
soning and design systems. In addition to developing methods ththroduct development every day. As these technologies mature

are well suited to these different kinds of knowledge, indexing the coming years, they will enable capabilities that were not
schemes must be able to support some level of automation as Wednceivable even a decade ago.

While knowledge resulting from the use of next-generation soft-
ware tools may be more comprehensive and more formally rePi8aterences
sented than the current generation of tools, there is a large body o‘?

H i ] Barkmeyer, E., Christopher, N., Feng, S., Fowler, J., Frechette, S., Jones, A,,
legaCy data that currently exists which cannot be abandoned dll Jurrens, K., McLean, C., Pratt, M., Scott, H. A., Senehi, M. K., Sriram, R. D.,

ignored. ) ) and Wallace, E., 1995IMA Reference Architecture Part I: Activity Models
To date, much of the research in the area of retrieval mecha- NISTIR 5939, National Institute of Standards and Technology, Gaithersburg,
nisms that go beyond traditional text-based techniques has cen- MD.

i Di - H ] Sriram, R. D., 1999Standards for the Collaborative Design Enterprige-
tered. on retrieval of 2-D Images and 3-D geometrY' This has beel[f sponse to Object Management Gro(®MG) Manufacturing Domain Task
possible because the representations used for this subset of engi- Force Request for Information MfgDTF RFI#4, available online at

neering data are relatively mature. Although there have been ef- (URL:http://cgi.omg.org/cgi-bin/doc?mfg/99-08-04.hdf
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