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INTRODUCTION

Design of complex engineerirgystems isncreasingly becoming a collaborative task amdagign-
ers or designeams that arphysically, geographically, an@mporally distributed. The complexity of
modern products means that a single designer or diesigncan ndonger manage theompleteproduct
development effort. Developing products without sufficient expertise in a broad set of disaphnes
sult in extended product developmentles, highedevelopmentosts,and qualityproblems. On the
other hand, ensuringomprehensiveechnical proficiency in avorld where trendsare toward more
multidisciplinary design can become a costly undertaking for a company.

Driven by such issues, companies are increasingly staffing only their core compeatehciese and
depending on other firms to provide the complementary design knowledge and design efforforeaded
complete product. Designers are no longer merely exchanging geodagdrjdutmore generaknowl-
edge about design and desjgnocess,ncluding specifications, desigules, constraintgationale, etc.
As design becomes increasingly knowledge-intensive and collaborative, the need for computational design
frameworks to suppothe representation angse of knowledgeamong distributed designebecomes
more critical. Due to theexplosive growth othe Internet and associated informatiofrastructure, as
well as the ubiquity of World Wide Web browsers, the usthefinternet and the WorM/ide Web as a
medium for communications and information transfer is increasing.

While advances in the area of Internet computing have improved the foeahsring andgexchang-
ing information, the more significant barrier to product development is not the probleravading dis-
tributed access to distributed information, but of finding the information that's needed. The need for rapid
retrieval and subsequent reuse of knowledge, driven by pressig@utse product development times in



industry, hagesulted in an increasédcus on methods for representing and stoengineeringartifact
knowledge. Traditionaldesign databases, whicherely provide access s&chematics, computer-aided
design (CAD) models, and documentatiare inadequatéor this purpose. The emerging researcrea
of design repositories is aimed at addressing these industry needs.

A design repository is ammtelligentknowledge-based desigmtifact modelingsystem used téacili-
tate the representation, capture, sharing, and reuse of corporate design knowledge. It shouldha¢ noted
although the terrdesign repositoriekas not yet found its way into daily usagendustry, many compa-
niesare migratingirom traditional design databases the direction ofdesign repositories.Design re-
positories are distinguished from traditional design databases in several significaht ways:

» Traditional design databases are typically more data-centric than knowledge-centric, and contain only a
limited representation of an artifastich as drawings and/@AD models, version information, and
often related documentation. Design repositories attempt to capture a more cdegtgterepresen-
tation that may include characterization of function, behavior, design rules, simatetdeis,and so
on. It should be noted, howevéhat a fullycomprehensive representation of every aspect of a de-
sign may simply not be possible.

» Design databases are generally more homogenedhs kinds ofinformation they contairfe.g. im-
ages, CAD models, and unstructured text/documentation). Design repositoriesludethese, but
may also include formal data/informatiamodels, structuredext (specializedanguages for repre-
senting function, desigrules, logical expressions)mathematicatimulation models anthore. De-
sign databases tend to be static sources of information though their contents may grow with time.

» Design repositories are designed not only for storage of information, but to support retrieval and reuse
of design knowledge usingpphisticated methodbat arenot incorporated into traditional database
systems. Sucleapabilities might include seardbr components/assembligkat satisfy required
functions, explicit representation gbhysical and functional decompositions and thappings be-
tween them, simulation of behavior and performafgartially) automatedeasoning about design,
andmore. Since design databases have not been desgpesificallyfor thesepurposesthey are
limited in their ability to meet needs for design of large-scale engineering systems.

THE NIST DESIGN REPOSITORY PROJECT

The NIST Design Repository Project is an onggangject at the National Institute &tandards and
Technology (NIST) that involves research toward providitgchanicalfoundation forthe creation of de-
sign repositories—repositories of heterogeneous knowledgdaadhat arelesigned to support repre-

" Just as the word “database” can refer to either a database management system or an infétividatibn storeandits content,
in this paper, the term design repositamll be used todescribe both the modeling system (underlyiegresentation, interfaces
and mechanisms) as well as an specific design artifact model and its content. The intended meaning in a particularomstdree sh
clear from the surrounding context.



sentation, capture, sharing, and reuse of corporate design knowledge. This research is driven by industry
needs that were identified at a workshop held at NIST in Noveritb86: The infrastructure being de-
veloped consists of formal representations for design artifact knowledge and web-based interéages for
ating repositories. The scope of thi®ject also includethe development of prototypepositorieghat
will be made available online via the World Wide Web.

Through the course of this projectyariety of researcissueshave ariserthat will in thelong term
affect the way in which design repositories are implemented and used. These issues include:

» Development of an information modeling frameworlstgpportmodeling of engineering artifactisat
provides a more comprehensive knowledge representation than traditional CAD systems.

« The use of standard representations, when possibléeverage researckfforts and maximize
interoperability with existingoftware used in industrygnd contribution to long-term standards de-
velopment where standards currently do not exist. |ttex consists othe development of informa-
tion modelsfor representation of knowleddkat is generallynot found intraditional CAD systems,
such as function, behavior, etc.

* A needfor representationthat areboth human interpretable angachine interpretable so thafor-
mation stored in a repository is accessible and usable by both human designers and knowledge-basec
design systems that might be used for (partially) automating part of a design process.

» Development of taxonomies of standardized terminology to repide consistencin, andacross,
design repositories, as well as to facilitate indexing, search, and retrieval of information from them.

* Implementation of interfacder creating, editing, antrowsing design repositorigdbat areeasy to
use and effective in conveying information that is desired.

The degree tovhich thesassueshave beeraddressed, to datejthin the NIST Design Repository
Project varies. However, these issues are all importahetoole ofdesign repositories in industry, and
ultimately all will have to be resolved lilie research community befadesign repositoriesansuccess-
fully transition into engineeringhdustry. Inaddition to these researidsues,technologicalissues such
as database and Internet access issues also impact this project. Other pissyreat&uch asecurity of
communications and protection itellectual property when sharing axchanging design knowledge
will also have to be addressed before design repositoeisame widelyused. Theseissuesare beyond
the scope of this paper.

The goal ofthis research is not to provid@mmercial-qualitysoftware forcreatingdesign reposito-
ries, but to provide prototypes that show the utility of the design repository concept. By highlighting and
starting to address these issues, this work will speed up the transition and adoption of thesetdthels of
nologies into industry.



THE INFORMATION MODELING FRAMEWORK

Traditional CAD systems are limited to representation of geometric data and other types of information
relating to geometry that may include constraints, parametric information, features, and so on. Because of
industry’s increasing dependence on other types of knowledge in the design process, new classes of tools
to support knowledge-based designpductdata managemePDM), andconcurrent engineering have
begun emerging ithe engineeringoftware marketplaceWhen contrasted witlraditional CAD tools,
these new systenae makingorogress towarthe next generation of engineeridgsign supportools.
However,thesesystemshave focusegbrimarily on database-relategsuesand do notplace a primary
emphasis on information models for artifact representation. Furthermore, althesgbystemscan of-
ten represent non-geometric knowledgey. information about thelesign processpanufacturing proc-
ess, bills of materials, etc.), representation otitiéact itself is still generally limited to geometry.

Research in the area of intelligent design systemsypaslly taken an approach to modelitngt at-
tempts to integrate three fundamental facets of an artifact representation: the physical layoaiti¢icthe
(form), anindication of the overall effect that the artifact credfasction), and aausal account of the
operation of the artifadbehavior). Different models ofthis type have been developed by various re-
searchers, including®*>® " and® among others.

While there are majadifferences in the implementations @ich modelsthe toplevel division into
representation oform, function,and behavior is a commamne. The NIST Design Repository Project
utilizes an approactvhich incorporates thedareeconcepts. This project, building on previous design
representation research, has resulted inlgect-oriented artifact representation languagephatides a
high level division intdorm, function andbehavior A significant distinction between the research pre-
sented in this paper and previous researchesmplementation ofveb-basednterfaces as part of this
work to support distributed access to knowled@@otherfocus ofthe NIST Design Repository Project
is the attempt t@addresderminological and taxonomiissues inartifact modeling. The needfor stan-
dardized terminology in design artifact modeling is often overlooked in the literatwyver, it is an is-
sue of critical importance.

This modeling language represents artifactseds ofobjects andrelationships Objectsrepresent
physical entitiesuch as assemblies, subassemblies, and componenl] @as non-physical concepts
such as function and behavior. In the remainder of this pHygetermartifact is used in aenericsense
and may refer t@assemblies, subassembliesiraividual components.Relationshipsareused to repre-
sentthe relationship betweesets of objectsincluding a physical decompositidef an assemblynto
subassemblies), a functional decomposition (of a function into subfunctions), and&iotiseof relation-
shipsbetweenobjects. The overall artifact representationdasmprised not only othe collection of the
objects thatepresent physical entities, but atke otherobjects, relationshipghe interconnections be-
tween them, as well as various attributes and their values.



As is true in general for object-oriented representations, objects and relationships are instantiated from
classeghat contain attributeand other informatiorthat aretransferredvia inheritancemechanisms.
Thus, a priori development ofisefulgenericclasses of objects and relationships makes modeling of a
specific artifact easier since much of the required attributes are already representatiass thehemata.

The artifact modeling language and associated object-oriented representation are described detgieater
in®, as are .

KNOWLEDGE REPRESENTATION

In order toleverage researatfforts andmaximize interoperabilityvith existing software used in in-
dustry, this work makes use of standard representations when possibleeprieésentation of geometry,
this work usedSO 10303 which ismore commonlyknown as STEP (Standard fure Exchange of
ProductModel Data; see<http://www.nist.gov/sc4/>)specifically AP (application protocoR03. As
more and more CAD companies incorporate the ability to import and eXp&R® datathe use of STEP
AP 203 as a neutral format withake theNIST design repositoriesore widely accessible thamould a
proprietary, CAD system-specific format.

In addition to theSTEP AP 203 formaigeometry is alsanaintained in the Virtual Reality Modeling
Language(VRML; see <http://www.vrml.org/VRML2.0/FINAL/>¥ormat to facilitate visualization of
repositories that may be accessed remotely via the World Wide Web. Although STEP AP 203 viewers are
available, they are neither as pervasiee aswell integrated withweb browsers aare VRML viewers.
VRML is not suitable as a complete replacement for STEP AP 203; however, beceasel@signed for
graphical display of geometry and not as a general geomgpriesentationyRML is not able torepre-
sent all kinds of geometric information needed by designers.

Within the standards development commurtitg focus todatehasbeen primarily on representation
of geometric data. This is clearly essential, but it is no longer sufficient. As industigge omon-
geometric information and knowledge-based desigreases, so dodise needor standards for design
knowledge such as function, behavior, anlkerkinds of non-geometricdata. Inaddition togeometry,
the information modeling framework that has been developed within this project presently includes repre-
sentation of function antiehavior, physical decompositiorfsinctional decompositions, anthe map-
pings between the physical and functional domain, etc. k&mgplansinclude extensions tdhe frame-
work toinclude otheikinds of non-geometric informationsuch as design rationaleAlthough formal
standards for this kind of information are et being explored in thetandards community, it is hoped
that work done within the National Institute of Standards and Technulitighyy a foundationfor long-
term standards development.

As an example to illustrate the structure of the schemata that havdeéwedopedthe generic schema
for the function information model is shown in Figure 1, where a wolataokets (“[ ]”) indicates a ref-
erenceto anotherdatastructure,andbraces(*{ }”) indicatea list of referencego otherdatastructures.



Function

Name sting

Type [Generic_function_dass]
Documentation sting (orNULL)
Methods string (orNULL)
Input_flow {Hownj} (orNULL)
Output_flow {Hownj} (orNULL)
Subfunctions {Function}}  (or NULL)
Subfunction_of [Funcion]  (orNULL)

Referting artfact [Artitaci]

Figure 1. Generic Schema for Representation of Function

TheName of the function is a string, and is required toumeque. The Type is a reference to a generic
function clasghat is part of dunction class taxonomy (to be discusdetow). Documentation is a
string used to describe the function. In cases where a description is sorfeaghttis stringcan con-
sist of or include file paths or web universal resource locétid s) that lead to morénformation, im-
ages, etcMethods is also a string and can also be a file path or web URL. it€mdiffers from Docu-
mentation  in thatMethods is intended tonclude computer-processable informat{snch as a@omputer
program, code fragment, rules, constraints) to support computer-based reasoning about a design. The
nexttwo items in the schema algput lov  andOutput flow . These are referenceslists of input
and output flows for the function. To illustrate the relationship between functions and flowsrtifaaot
converts direct current to rotational motion, the function teatesformand the input and outpflbws are
direct currentandrotational motion respectively. The nextitem in theschema isSubfunctions . This
item is alist of references to other functi@atastructuresallowing a function to be decomposedo
multiple subfunctions each of which may have its own associated input and featsut The decompo-
sition enabled bysubfunctions  providesthe means to map complex functionality to more detaglted
tions of an artifact model. The natém in theschema isSubfunction of , which can be thought of as
the inverse of a reference indicated3mpfunctions . In other words, if function Aas functions B and
C as subfunctions, then B andage subfunctions of A analill list function A underSubfunction_of
The last item in the function schemd&isferring_artifact . This is a reference from a function back to
the artifact that references it.

Figure 2 shows a schematic representation of sontieeaflatastructures and referencis a mecha-

nism that is part of a fluid pump design, illustrating hgeneric schemata can beed tocaptureknowl-
edge about the physical and function domain, and mappings between the domains. This mechanism take:
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Figure 2. Graphical lllustration of Pump Mechanism Function Representation

the rotational motiorfrom a rotating shaft (which is driven by a motor) and converts it to oscillatory
translational motion used to drive the pump piston heads.

At one level, thismechanism can be considered as a single artifact, having arfloypugrotational
motion) whose source is a motor shaft, and an output (b@aillatory translational motionyhosedesti-
nation is the pump heads. However, the function of this mechanertualy morecomplex, consisting
of multiple subfunctionseachsatisfied by different portions afie mechanism.The mechanism accom-
plishes the conversion of motion described above as follows: a motor disbedtawhichenters a gear-
box; the gearbox reduces the speed of rotationtrendutput motiordrives acamshatft; thecamfollow-
ershave links tathe pump pistorheadsresulting in an output at theiston headghat is a oscillatory
translational motion. Thesaultiple subfunctionsare represented individually and mapped appropriately
back to the physical artifact domain, as shown in the figure.

Design repositorieare intended taserve as information-ricktores ofcorporate desigknowledge.
They arenot, howeverjntended simply to besed asophisticated part catalogs where a designer can
search foffinal parts or subassembli¢izat can bedropped into anew design. In mostases,artifact
knowledge retrieved from previous designs will not be completely applicable to a gmidem. A de-
sign may require further modification before being usable mew design. Irmany instancesgeven a



modified designmay not be applicable. BAesignercan still benefitfrom retrieval of knowledge about
previous designs bgbstracting information and applying it tanew design, or byaining insightinto
how an earlier related artifact was designed. Another way in which stored design knoveledzgeised

is to support design automation. Knowledge-based design syasterhscoming more prevalent in in-
dustrybecause of their ability to automdtar partially automateylesign reasoning and in some cases to
take on the role of designer for selected portions of the design process.

From the knowledge representation standpoint, these two uses poomficeing requirements. Al-
though natural language is the most expressive and easily comprehendeddohmatans, foithe pur-
poses of storage and retrieval, as well as computer-based reasoning, natural languagectsoec@aord
formal representations are preferable. Conversely, a formal representation may be of little us@dao a
designer if extracting information from it is too difficult. Thus a key objective of this researdiebago
provide knowledge representatiotigt areboth human andnachine interpretable, sihat information
stored in a design repository is accessible and usable by both human designers and knowledge-based de
sign systems.

The information modeling framework that has been developed makesf aformal knowledge rep-
resentation, but onthat usesdatastructuresghat are comprehensible by a hundesigner,and which
lends itself to browsing an artifact representation in a meaningful manner given suitable interfaces. A cur-
rent effort in this project involves the mapping from the generic schematataxiructures intdhe Ex-
tensible Markup Language (XML; sedhttp://www.w3.0rg/TR/REC-xml>), danguage similar in ap-
pearance to the Hypertext Markup Language (HTML; setp://www.w3.org/MarkUp/html-spec/html-
spec_toc.html>) but which allows the development of user-defined tags, various kinds of references, and
other mechanisms. XML is also both human- and machine-interpretable, but probettss aepresenta-
tion to support the implementation of software systems based on this information modeling framework.

The advantages of XML over the generic schemata that were initially developed (as well as advantages
over other alternatives for formal information modeling languages) stem from its widespread adoption in
the information technology world. More specifically, XMiupport isexpected in upcomingersions of
several commerciakeb browsersandword processing applications, addition to a number of XML
authoring and development tools that are currently availdbbe.examplegeneric XML parsersalready
exist, freeing software developers from the burden of writing parsers to read XML data.

In cases wherenultiple collaborators ar@ising different systems,exchange of knowledgbases or
databases can become problematic. Since XML BS@II text-based languagthe XML-based repre-
sentations will alsdacilitate interoperabilitytand knowledge exchange among distributiedigners, de-
sign teams, and companie$he mappings intoXML schematafor the representation of function and
flows, as well agunction and flomtaxonomies have already beemeated. Similar mappinggor other
aspects of the artifact representation are under development.



TAXONOMIES AND TERMINOLOGY

The needor standardized terminology in function-based design is often overlooked literature;
however, it is an issue of critical importance for a number of readdvestirst reason is to reducambi-
guity at the modeling level. Ambiguities can occur when multiple terms are used to mean thiairsgsne
when the same term is used with multiple meanings. The distillation of a large body of terms into concise
taxonomies does not eliminate this problem entirely, but it significantly lessens its occurrence.

A related issue is that of uniqueness, not at the level of individual terms asymathyms,but at the
concept level. The larger the number of terms there are in a vocabulary, the more diffigsthiere are
to model or describe a givaoncept. This makes processing of informatiosit has been represented
more difficult, whether it be a human trying to interpret informatinadeled bysomebody else, or
whether it be algorithms developéat designautomation oreasoning about design. Thigoroblem is
mitigated by taking a minimalistic approach regarding terminology. In practice, it is impossible to have a
vocabulary that allows all concepts to be modeled, but only in one uneyeasthe flexibility required
for representation of a broad set of concepts is what resutisliiple ways of expressinthe same con-
cept. However, to whatever extent uniqueness problethe abncept level can lveduced,nterpreting
information that is represented can be made easier.

A third reasorfor developing a standardized terminology is thagteases the uniformity ahfor-
mation withinartifact models. Providing @reater degree of consistency within awtoss design re-
positories will facilitate indexing, search, and retrieval of information from them.

The first phase of taxonomy development to support the creation of design repositories has focused on
the area of function representation. In additiotht development of schemdta the representation of
engineering functions and associated flows, a pair of generic taxonomies of functitowahedve been
developed which are concise, yet comprehensive enough to allow the modeling of function for a broad va-
riety of engineering artifacts. The top-level divisions of the tax@nomies arahown in Figure 3. The
indentation of terms identifies functions fbows that aresubtypes of amore generic type; the bracketed
ellipsis“[...]" indicate that each of thgpes listedactuallyhasadditional terms asubtypeshat are not
listed in the abbreviated taxonomies shown irfignere. The extended taxonomies of function dimv
appear irt®. The taxonomies contain over 130 functions and over 100 fl@s. evolution ofboth tax-
onomies to achieve more comprehensive coverage of engineering functions will be an ongoing part of this
research.

IMPLEMENTATION

Along with creating a representational infrastructure for design artifact modeling, a second objective of
the NIST Design Repository Project is to developamputationaframework forthe creation ofiesign
repositories, and a proof-of concept prototype to demonstwitdenefits. This research has resulted in



Flow

Material [...]
Function Solid [...]
Usage-function [...] Object [...]

Sink [...] Liquid [...]

Source [...] Gas [...

Storage [...] Multi-phase-mixture [...]
Combination/distribution-function [...] Energy [...]
Transformation-function [...] Generic [...]
Conveyance-function [...] Mechanical-domain [...]
Signal/Control-function [...] Translational-domain [...]

Mathematical/Logical [...] Rotational-domain [...]

Signal-processing [...] Electrical-domain [...]
Assembly-function [...] Thermal-domain [...]

Hydraulic-domain [...]
Signal [...]
(a) Function Taxonomy (b) Flow Taxonomy

Figure 3. Top-level Subdivisions for the Function and Flow Taxonomies

the implementation of a suite of todty distributeddevelopmenbf, and access, design repositories.
The system that has beenplemented includeseb-basednterfaces that allovdesign repositories to be
accessed via the Internet by multiple distributed clients using common web browsers.

The Design Repository tool suite includes several components in addition to the web-based interfaces:

» ObjectStore™ a commercial object-oriented database managesysteém,developed byObject De-
sign, Inc.
* A web-based Design Repository Editor used to create, modify and update design repositories.

* A web-based Design Repository Browser, the user interface to a design repbsitalpws the de-
signer to navigate through an artifact representation

* A Design Repository Compiler which takes a formatiext file created by the DesigRepository
Editor and transfers the contents to an ObjectStore™ database.

* Aninformation extractor or “decompiler” which takes the contents of a database and replicates them in
a formatted text file for further editing.

» STEP/Works, a STEP AP 208 wer developed by InternationdéchneGroup, Inc. folocal (non
web-basedyisualization of STEP-based geometry, desirable in some cases \$Rgl. provides a
less comprehensive representation of geometry.

¥ Use of any commercial product or company names in this paper is intended to provide readers with information regarding the im-
plementation of the research described, and doesmuy recommendation or endorsement by the National Institute of Standards
and Technology.
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The web-basedesign Repositoreditor, which can beusedvia most commonweb browsers,
greatly simplifies the design repository development process. infarfaceprovides a designer with re-
mote access to a design reposit@jowing theuser tocreate or edit @esignartifact model by creating
objects and relationships from existiofasses, tadd new classes of artifacts, to describe physical,
functional and behavioral decompositions as well as the mappings between theraditdhis a combi-
nation of a form-based and point-and-click interface that automatically genferatssfor the designer to
fill out based on thartifact representatioschemata.The editor handles informatiananagementssues
and depending on circumstancesalide to automatereation, naming, ankihking of datastructures, as

well as maintaining a to-do list of “empty” data structures that have been created but not yet filled out with

information.

The other available interface isaeb-basedesign Repositordrowser. Figure 4 showssatreen-
shot of a browsing session for a design repositmntaining the artifact model of a Black Becker
cordless power drill. The browser provides a point-and-click interface that alewssigner tdorowse
an existing desigmrepository. The object-oriented datatructures (objects, relationships, atiekir
classes)re presented itable form, where hyperlinkallow navigation to connected dasdructures.
From the artifact object shown in tifigure, the usercan click onone hyperlink toexamine the artifact’s
function, or another to view the relationships for tdifact (one indicatingthe artifact ofwhich this ob-
ject is asubassemblyand the other specifying the further decompositioth@f artifact into subassem-
blies and components). The different types of data structures as i lrggerlinksare color-coded to
easily distinguish between them. The user can follow the artifact’'s form hyperlinkolgjesm thathas a
link to a 3D model of thaartifact, in eitherSTEP AP 203format or inVRML format for web-based
viewing. A screenshot showirthe visualization of the geometry of tippwer drill, stored invVRML
format, is shown in Figure 5.

In addition to navigating fronobject to object adescribedthe bottom right portion of thmterface
providesthe overall hierarchical physical decomposition of an artifact asteemblies, subassemblies,
down to individual components. The user can quickly jump toaaiifact object in the hierarchy gl-
lowing one of those hyperlinks. As different parts of the deargwisited, they are added to tHastory
in the top right portion of the interface so that the es@r quickly return to any part of thtifact model
that was previously viewed during a browsing session. Figure 6 illustrateschigecture of the data in-
teractions involved with the Design Repository Browser.

As the interfaces described are intended to provide access tddaligs of knowledgeysability is-
suesare of primaryimportance. Througkhe creation of the existing prototypepositories,substantial

input has been obtained from users regarding the modes of access to and presentation of information.

implementation of new versions of bdtie editor androwserinterfaces is being undertakenaddress
these issues.
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INFORMATION PROCESSING AND KNOWLEDGE RETRIEVAL
Now that a formal specificatiofor representation of artifact function informatiorpi@totypeartifact
modeling system have been created, the next step is to begin generating algorithfosmation proc-
essing and knowledge retrieval. A small number of algoritamgformation processing and reasoning
have been identified and devised, though they have not yet been implemented. For example, an algorithrr
has been designed to search an artifact representation to identify input andl@utpiédr functionsthat
are decomposed into subfunctions. For the mechanism example shown in Figure 2, this algnrithm
determine that the input and output flows for phenp mechanism functicare rotational motion and os-
cillatory translational motion, even though thélsevs are associated natith the mechanism’sunction,
but with itssubfunctions. Thiglgorithm canprocesscomplex functionghat may bedecomposednto
more than one level in depth, and with subfunctions hawialgiple inputand outputlows that mayref-
erence different source and destination artifacts.
Once aargeenough number of desigartifacts has beenmodeled,the set of function models can
serve as a database for knowledge retrieval and reuse. Using the above algorithm, queriemdaride
search for particular function structures; a search for sometiahgonverts rotational motion to oscilla-
tory translational motion, for instance, would turn up the pump mechanism. tBgnsehemata that have
been developed also capture various kinds of properties, these can be included as search criteria. A searc
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could be made not only for a function structure that converts electrical energy to rotational motion, but one
whose input is electrical energy in the form of direct current at no more than twelve Volts.

Furthermorethe formal representation thadsbeen developed caupporteven more sophisticated
type of queries. As illustrated by the graphical interpretation optingp mechanisrshown in Figure 2,
the artifact representation can be mapped doaph wherehe variousdatastructures (functiondjows,
artifacts) are nodes in the graph and references among data structares.aSophisticated graph-based
pattern matching algorithms have been developed in the field of computer science that cceld toz
even more intelligenkinds of searches. gearch could therefortempt to matchmot only a function
with certaininputs andoutputs,but could alsdarget or avoid certaikinds of subfunctions ointernal
flows. Once such search algorithms are implemented, searches could target oersaiokinds of arti-
facts, or could attempt to find function structures that satisfy certain functionbansavefewer thanx
parts, and so on.

Searches of thedends are virtually impossibleisingtraditionaldesign databases where function is
either described isome kind of natural language documentation, or even more oftexpiwitly cap-
tured at all. Thus, in addition to providing a neutral langdageapturing and exchangiragtifact infor-
mation, the representation describedtinis work provides aneansfor the creation of corporatéesign
knowledge archives and repositories that support more effective retrieval and reuse of knowledge.

CONCLUSIONS AND FUTURE DIRECTIONS

The NIST Design Repository Project is working towHre development of an information modeling
framework to supporthe creation oflesign repositories. Thigroject is driven byindustry needs for
technology tosupportthe increasing role dinowledge-based desigmcluding therepresentation¢ap-
ture, sharing, and reuse of corporate design knowledge. Thiszgpresentethe projectobjectives,
associated research issues, and the current status of the prtfectamtext othoseissues. The proto-
type implementation was also described.

Focus of work to date has been in four ar€asthe development of design modeling language for
representing desigartifact knowledge, (2)the implementation of interfacder creating, editing, and
browsing artifact repositories, (3) work toward identifying taxonomies of functions and assdécated
that are small, yet generic enough to model a broad variety of engineering artifacts, taacc{dation of
a prototype design repository. &uadition to continuing these aspects of the project and populating the
design repositories with new design artifacts, there are several important areas of teaeaitihbe ad-
dressed by future project milestones.

The mainaspects of theesign modeling languagee the representation fifrm, function,and be-
havior (aswell as relationships between their associatg@cts). While the artifact representatiarur-
rently captures information frorthe physical(form) and functionaldomains,and mappings between
them, the representation of behavior within the exidtiamework is aelatively simple descriptive text-
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based approach. Another objective for futwak is toincorporate more a formal representation of be-
havior to allow composable simulations.

Work in this area has been done as part of two prdjeatsarefunded bythe Defense Advanced Re-
search Projecté\gency (DARPA) Rapid Design Exploraticand Optimization (RaDEO)rogram, for
which NIST was a fundinggent: the Model-BaseSupport ofDistributed Collaborative Design (previ-
ously How Things Workproject at theStanford University Knowledge Systems Laboratbgnd the
Active Catalog project at the University of Southern California Information Sci¢nsggite’*> Thepos-
sibility of incorporating an existing behavior modeling language intd\ii$d Design Repository Project
will initially be explored before attempting to create a new one.

The mapping of the generic schemas into XML-based schdmaataeen presented as a means for
bettersupporting softwar@nplementationdased orthe representatiorthat have beedeveloped. The
XML mappings for the schemata for function and floawve already been complete8hortterm efforts
will be directedtowardachieving similar mapping®r other schemata within thertifact representation
language. In addition to simplifying software implementatitims,XML-based schemata wallso facili-
tate communication of artifact information among distribuidedigners, design teanad companies by
providing a neutral format for exchange of data which might otherwise be stor@ad therefordied to,
one particular vendor’s database management system. The formalization of more easily implepented
resentations for artifact modeling, as well as the other taxonomic issues discussed in this p&guii-will
tate the tasks of indexing design knowledge for efficient search and retrieval. The next step will be to de-
velop the indexing and search mechanisms themselves, as described in the previous section.

There is also a need to expand the representational capabilities of the systemt beyondhe kinds
of information that have already been incorporated intexging modelinganguage. Most notably,
although the representation presently captures a physical decomposition of a design artifact, it lacks a de-
tailed assembly model thdescribegshe various components of this decompositiofhe currentartifact
representation will be expanded to capture assembly-related inforrf@tipassembly constraintsjat-
ing information, and so on). In addition, the issueepiresentation of desigationale isvery important
to effectivereuse of engineering desiggnowledge. Atone level, some portion of desigationale is
captured in the currempproach, byirtue of explicitly representing an artifacfgnction, andmapping
the functions toflows, which are then mapped back to the physidamain. But desigmationale is a
more complex issue that extends beyond artifact function.

The main drawback of the current implementation is speed of infornetaass. A nevarchitecture
is under developmerthat addresses this issue in a numbewalys. First,queries will be servethore
quickly because larger amounts of information will be available in active memorR@RKL) in a server-
side JAVA™ application called a servlet, rather than having to make repeated time-consuming queries to a
commercial database back-end as with the current implementation. Second, sonpeaufetbsing of in-
formation for presentation purposes will be done orctieat side bythe web browser using JavaScript.
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This allows a larger amount of information to be sent to the client with each query, which very slightly in-
creases the time associated with a single query but redvees| lagtime by substantially reducing the
number of queries to theerverthat need to benade. Furthermore, users of duitial implementation

have provided substantial input regardihg presentation of informatiahroughthe interfaces. This
feedback has resulted in a significant redesign of the interfaces intemdid new architecture currently
under development.

The NIST Design Repository Project was motivated by industry needs andhgsit isexpectedhat
industry will benefit from the technical foundation for the development of design repositories provided by
this research. Another potential use for this work is to enhance the confatenf databasessiding at
the U.S. Patent and Trademark Office.Currently, patent informationconsists oftext and two-
dimensional images. Providing a fornaatifact representation thaktends to function and behavior not
only leads to a more comprehensive description of a device, it also pradiigenaltypes of informa-
tion for meaningful indexing, which can lead to more efficient search and retrieval of patent information.
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