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Abstract

Modern engineering industry is relying more and more on the use of knowledge in
product development.  This paper advocates design repositories as a natural pro-
gression from traditional design databases to systems that are created to more ac-
tively support knowledge-based design.  In contrast to traditional design databases,
design repositories serve not only as archives, but as repositories of heterogeneous
information that are designed to enable representation, capture, sharing, and reuse of
corporate design knowledge.  This paper describes the NIST Design Repository
Project, an ongoing project within the Engineering Design Technologies Group at
the National Institute of Standards and Technology (NIST).  The project objectives
are to develop a computational framework for the creation of design repositories, and
a proof-of-concept prototype to demonstrate their benefits.  A number of research is-
sues associated with the envisioned role of design repositories in industry are ad-
dressed.  The current state of the project and its implementation are presented.

1 Introduction

Design of complex engineering systems is increasingly becoming a collaborative
task among designers or design teams that are physically, geographically, and tem-
porally distributed.  The complexity of modern products means that a single de-
signer or design team can no longer manage the complete product development ef-
fort.  Developing products without sufficient expertise in a broad set of disciplines
can result in extended product development cycles, higher development costs, and
quality problems. On the other hand, ensuring comprehensive technical proficiency
in a world where trends are toward more multidisciplinary design can become a
costly undertaking for a company.
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Driven by such issues, companies are increasingly staffing only their core competen-
cies in-house and depending on other firms to provide the complementary design
knowledge and design effort needed for a complete product.  Designers are no longer
merely exchanging geometric data, but more general knowledge about design and
design process, including specifications, design rules, constraints, rationale, etc.  As
design becomes increasingly knowledge-intensive and collaborative, the need for
computational design frameworks to support the representation and use of knowl-
edge among distributed designers becomes more critical.

In addition to sharing and exchanging information, pressure to reduce product de-
velopment times has resulted in an increased focus on methods for representing and
storing engineering artifact knowledge in a way that facilitates its retrieval and sub-
sequent reuse. Merely providing access to schematics and computer-aided design
(CAD) models of artifacts is inadequate for this purpose.  In order to support reuse
of engineering knowledge, a representation must convey additional information that
answers not only Òwhat?Ó questions about a design, but also Òhow?Ó and Òwhy?Ó
questions.  Mappings from form to function have often been pointed to as just one
example of the kind of information that is needed for effective reuse of design knowl-
edge, but which is absent from traditional CAD models.  The emerging research
area of design repositories is aimed at addressing these industry needs.  Design re-
positories make use of research in knowledge-based design to facilitate the represen-
tation, capture, sharing, and reuse (search and retrieval) of corporate design knowl-
edge.

It should be noted that although the term design repositories has not yet found its
way into daily usage in industry, many companies are migrating from traditional
design databases to design repositories.  While companies may still be referring to
their corporate knowledge stores as design databases, in many cases these stores
would fall under the definition of design repositories as characterized in this paper.
Although design repositories can in general terms be thought of as design databases,
and indeed will most often be implemented using database management systems,
design repositories are distinguished from traditional design databases in several
significant ways:

•  Traditional design databases are typically more data-centric than knowledge-
centric, and contain only a limited representation of an artifact such as drawings
and/or CAD models, version information, and often related documentation.
Design repositories attempt to capture a more complete design representation
that may include characterization of function, behavior, design rules, simulation
models, and so on.  It should be noted, however, that a fully comprehensive
representation of every aspect of a design may simply not be possible.

•  Design databases are generally more homogeneous in the kinds of information
they contain.  In addition to containing images (drawings), file pointers (to
CAD models), and unstructured text (documentation), design repositories may
contain formal data/information models, structured text (specialized languages
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for representing function, design rules, logical expressions), mathematical simu-
lation models, animations, video, and other types of information.

•  Design databases tend to be static sources of information (though their contents
may grow with time).  While they are used for storage and retrieval of design
data, capabilities for supporting the design process are not built into traditional
database systems.  Such capabilities might include search for compo-
nents/assemblies that satisfy required functions, explicit representation of physi-
cal and functional decompositions and the mappings between them, simulation
of behavior and performance, (partially) automated reasoning about a design,
and more.  Since design databases have not been designed specifically for these
purposes, they are limited in their ability to meet needs for design of large-scale
engineering systems.

This paper describes the NIST Design Repository Project, which has the objective
of developing a framework to enable the creation of design repositories.  This pro-
ject is part of a larger effort called the Engineering Design and Process Planning
Testbed, being conducted in the Manufacturing Systems Integration Division of the
Manufacturing Engineering Laboratory at NIST.  The following section describes
the project objectives and identifies a set of related research issues.  Within the con-
text of these various research issues, Section 3 presents related work in the area
along with the current state of the project.  Section 4 discusses conclusions and fu-
ture directions for this research effort.

2 The NIST Design Repository Project: Objectives and
Research Issues

The NIST Design Repository Project is an ongoing multi-year project with the ob-
jective of developing a framework to enable the creation of design repositories.  In
contrast to traditional design databases, design repositories serve not only as ar-
chives, but as repositories of heterogeneous knowledge and data that are designed to
support representation, 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 November, 1996 [1].  The intent of the project is to impact industry in
two ways: (1) by developing basic technological infrastructure to support the crea-
tion and use of design repositories in industry, and (2) by providing industry with
access to design information that companies can use in their own design processes
in order to demonstrate the value of these repositories before significant effort is in-
vested in their development.  Thus, in addition to performing basic research in the
area of design repositories, the scope of this project also includes the development of
sets of domain-specific prototype repositories that will be made available online via
the World Wide Web.
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Through the course of this project, a variety of research issues have arisen that will
in the long term affect the way in which design repositories are implemented and
used.  These issues include1:

•  Development of an information modeling framework to support modeling of
engineering artifacts, that provides a more comprehensive knowledge representa-
tion than traditional CAD systems.

•  The use of standard representations, when possible, to leverage research efforts
and maximize interoperability with existing software used in industry, and con-
tribution to long-term standards development where standards currently do not
exist.  The latter consists of the development of information models for repre-
sentation of knowledge that is generally not found in traditional CAD systems,
such as function, behavior, etc.

•  A need for representations that are both human interpretable and machine inter-
pretable so that information stored in a repository is accessible and usable by
both human designers and knowledge-based design systems that might be used
for (partially) automating part of a design process.

•  Implementation of interfaces for creating, editing, and browsing design reposito-
ries that are easy to use and effective in conveying information that is desired.

•  Development of taxonomies of standardized terminology to help provide con-
sistency in, and across, design repositories, as well as to facilitate indexing,
search, and retrieval of information from them.

Because of limitations on project resources, the degree to which these issues have
been considered in the NIST Design Repository Project varies.  However, these is-
sues are all important within our view of the role of design repositories in industry,
and ultimately all will have to be addressed by the research community before de-
sign repositories can successfully transition into engineering industry.

The goal of this research is not to provide commercial-quality software for creating
design repositories, 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 this kind of technology into industry.
The following section outlines the current state of the project and elaborates on each
of the above issues within that context.  The existing implementation is also de-
scribed.

                                                
1   In addition to these research issues, technological issues such as database and In-

ternet access issues also impact this project.  Other pragmatic issues such as security of
communications and protection of intellectual property when sharing or exchanging de-
sign knowledge will also have to be resolved before design repositories become widely
used.  Such issues are not the focus of this paper.
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3 Current State of the Project

3.1 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 industryÕs increasing dependence on
other types of knowledge in the design process, new classes of tools to support
knowledge-based design, product data management (PDM), and concurrent engi-
neering have begun emerging in the engineering software marketplace.

When contrasted with traditional CAD tools, these new systems are making pro-
gress toward the next generation of engineering design support tools.  However,
these systems have been focusing primarily on database-related issues and do not
place a primary emphasis on information models for artifact representation (e.g., [2],
[3], [4], [5], and [6]).  Furthermore, although these systems can often represent non-
geometric knowledge (e.g. information about the design process, manufacturing
process, bills of materials, etc.), representation of the artifact itself is still generally
limited to geometry.

Research in the area of intelligent design systems has taken an approach to artifact
representation where modeling is typically divided into three main areas of study:
the physical layout of the artifact (form), an indication of the overall effect that the
artifact creates (function), and a causal account of the operation of the artifact (behav-
ior).  Examples of these areas include the qualitative simulation work in [7], behav-
ioral and functional representation in [8], functional representation in [9] and its suc-
cessor ÒSBF modelsÓ from projects such as KRITIK [10] and INTERACTIVE KRITIK

[11], the YMIR project [12], CONGEN [13], and others.

While there are major differences in the implementations of such models, the top
level division into representation of form, behavior and function is a common one.
The NIST Design Repository Project utilizes a three-tiered approach to artifact rep-
resentation which incorporates these three concepts.  This project, building on pre-
vious design representation research, has resulted in an object-oriented representa-
tion format that provides a high level division into form, function, and behavior
[13], [14].

This modeling language represents artifacts as sets of objects, and relationships.
Objects represent physical entities such as assemblies, subassemblies, and compo-
nents2, as well as non-physical concepts such as function and behavior.  Relation-
ships are used to represent the relationship between sets of objects, including a
physical decomposition (of an assembly into subassemblies), a functional decompo-
sition (of a function into subfunctions), and other kinds of relationships between ob-

                                                
2   In the remainder of this paper, the term artifact is used in a generic sense and may

refer to assemblies, subassemblies or individual components.
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jects.  The overall artifact representation is comprised not only of the collection of
the objects that represent physical entities, but also the other objects, relationships,
the interconnections between them, as well as various attributes and their values.

As is true in general for object-oriented representations, objects and relationships are
instantiated from classes that contain attributes and other information that are trans-
ferred via inheritance mechanisms.  Thus, a priori development of useful generic
classes of objects and relationships makes modeling of a specific artifact easier since
much of the required attributes are already represented in the class schemata.  The
artifact modeling language and associated object-oriented representation are de-
scribed in greater detail in [15].

3.2 Knowledge Representation

In order to leverage research efforts and maximize interoperability with existing
software used in industry, this work makes use of standard representations when
possible.  For representation of geometry, this work uses ISO 10303 which is more
commonly known as STEP (Standard for the Exchange of Product Model Data) [16]
(specifically AP (application protocol) 203 [17]).  As more and more CAD compa-
nies incorporate the ability to import and export STEP data, the use of STEP AP
203 as a neutral format will make the NIST design repositories more widely acces-
sible than would a proprietary, CAD system-specific format.

In addition to the STEP AP 203 format, geometry is also maintained in VRML
(Virtual Reality Modeling Language) format [18] to facilitate visualization of reposi-
tories that may be accessed remotely via the World Wide Web.  Although STEP
AP 203 viewers are available, they are neither as pervasive nor as well integrated
with web browsers as are VRML viewers.  VRML is not suitable as a complete re-
placement for STEP AP 203; however, because it was designed for graphical dis-
play of geometry and not as a general geometric representation, VRML is not able
to represent all kinds of geometric information needed by designers.

Within the standards development community, the focus to date has been primarily
on representation of geometric data. This is clearly essential, but it is no longer suf-
ficient.  As industryÕs reliance on non-geometric information and knowledge-based
design increases, so does the need for standards for design knowledge such as func-
tion, behavior, and other kinds of non-geometric data.  In addition to geometry, the
information modeling framework that has been developed within this project pres-
ently includes representation of function and behavior [15]; if required, the frame-
work will be extended to include other kinds of non-geometric information in the
future.  Although formal standards for this kind of information are not yet being ex-
plored in the standards community, it is hoped that work done within the National
Institute of Standards and Technology will lay a foundation for long-term standards
development.
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3.3 Interpretability of Knowledge Representations

Design repositories are intended to serve as information-rich stores of corporate de-
sign knowledge.  They are not, however, intended simply to be used as sophisti-
cated part catalogs where a designer can search for final parts or subassemblies that
can be dropped into a new design.  In most cases, artifact knowledge retrieved from
previous designs will not be completely applicable to a similar problem.  A design
may require further modification before being usable in a new design.  In many in-
stances, even a modified design may not be applicable.  A designer can still benefit
from retrieval of knowledge about previous designs by abstracting information and
applying it to a new design, or by gaining insight into how an earlier related artifact
was designed.  Another way in which stored design knowledge can be used is to
support design automation.  Knowledge-based design systems are becoming more
prevalent in industry because of their ability to automate (or partially automate) de-
sign 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 produce conflicting
requirements.  Although natural language is the most expressive and easily compre-
hended format for humans, for the purposes of storage and retrieval, as well as com-
puter-based reasoning, natural language is a poor choice and formal representations
are preferable.  Conversely, a formal representation may be of little use to a human
designer if extracting information from it is too difficult.  Thus a key objective of
this research has been to provide knowledge representations that are both human and
machine interpretable, so that information stored in a design repository is accessible
and usable by both human designers and knowledge-based design systems.  The
information modeling framework [15] makes use of a formal knowledge representa-
tion, but one that uses data structures that are comprehensible by a human designer,
and which lends itself to browsing an artifact representation in a meaningful manner
given suitable interfaces.

3.4 Interfaces

The development of extended knowledge representations is necessary but not suffi-
cient in order to successfully use design repositories in industry.  Initially, an arti-
fact must be modeled and from this model a design repository must be created.  For
a design repository to be successfully used for knowledge reuse once it exists, in-
formation stored in it must be accessible and easily retrievable by a designer.  In
many instances, a repository may also be edited and updated through its lifetime.
To address these needs, another focus of the current research effort is in the devel-
opment of interfaces for creating, editing, and browsing design repositories.

There are two ways to create a design repository within the existing implementa-
tion: a batch process and an interactive editor.  In the batch process, the designer
models an artifact by creating an ASCII text file in a specified format that follows
the schemata for the data structures in the information modeling framework de-
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scribed previously (objects, relationships, etc.).  A compiler process can then be
executed from the command line.  The compiler parses all the information in this
text file and transfers it into a design repository, creating object-oriented data struc-
tures and linking them together appropriately.  Although the command-line com-
piler does not have (or need) an interface, in some cases it may be convenient for the
designer to have the ability to do artifact modeling Òoff lineÓ using nothing more
than a text editor, and then create a design repository in a batch mode.

The other method for creating a design repository is interactively through a web-
based application.  This application provides the designer with an interface to the
design repository database.  Built into this interface are functions for artifact model-
ing (creating objects and relationships by instantiating them from predefined classes,
specifying connections between objects and relationships, filling in attribute values,
and so on), as well as some basic consistency maintenance functions.

The other available interface is a web-based artifact browser (see Figure 1).  The ar-
tifact browser provides a point-and-click interface that allows the designer to browse
an existing design repository.  The object-oriented data structures (objects, relation-
ships, and their classes) are presented in table form, where hyperlinks allow naviga-
tion to connected data structures.  From the artifact object shown in the figure, one
can click on one hyperlink to examine the artifactÕs function, or another to view the
relationships for that artifact (one indicating the artifact of which this object is a sub-
assembly, and the other specifying the further decomposition of this artifact into
subassemblies and components).  Following an artifactÕs form hyperlink brings up
an object that has a link to a 3D model of that artifact, in either STEP AP 203 for-
mat or in VRML format for web-based viewing.  The different types of data struc-
tures as well as the hyperlinks are color-coded to easily distinguish between them.

In addition to navigating from object to object as described, the bottom right por-
tion of the interface provides the overall hierarchical physical decomposition of an
artifact into assemblies, subassemblies, down to individual components.  The user
can quickly jump to any artifact object in the hierarchy by following one of those
hyperlinks.  As different parts of the design are visited, they are added to the history
in the top right portion of the interface so that the user can quickly return to any ob-
ject or relationship that was previously viewed during a browsing session.

3.5 Taxonomies and Terminology

Issues of taxonomy and terminology are another important area of focus within this
project.  One of the main barriers to retrieving and reusing knowledge effectively is
problems with terminology: from domain to domain (and sometimes even within a
domain) designers use different terms to mean the same thing, or use the same term
to mean different things.  In order to help provide consistency in and across design
repositories, as well as to facilitate indexing, search, and retrieval of information
from them, there is a need for standardized terminology and vocabulary.  Ideally,
this would be done at the research stage of the project and users would have to work
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Figure 1.  Web-based artifact browser interface.
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within the prescribed terminology.  Realistically, there are too many conflicts to be
resolved independently of domain or application, but allowing a company to de-
velop its own taxonomies will still be beneficial.  Extensive work in supporting
construction of taxonomies and even more formal ontologies has been done by [19],
among others.

A portion of the current research effort is focusing on functional representation, and
the development of a comprehensive set of functions and associated flows3.  The ob-
jective is to generate a pair of taxonomies one for engineering functions and one for
flows, which is as small as possible, yet generic enough to allow modeling of a
broad variety of engineering artifacts.  The motivation for creating two separate tax-
onomies for functions and flows is to avoid a combinatorial explosion in concepts
required for modeling artifacts.  If flows were considered as part of a function, four
different functions would be required to represent the following functions: transform
direct current to linear motion, transform direct current to rotational motion,
transform linear motion to direct current, transform rotational motion to direct
current.  By considering flows separately, only a single transform function, which
can have many different flows as input and output, is needed.  Related work in this
area includes [20], [21], and [22].

Work to date has addressed primarily the representation of function for an artifact
and not a mapping of function to behavior, which describes how a function is
achieved.  Issues associated with behavioral modeling are discussed further in the
future work section of the paper.

3.6 Implementation

The current implementation of the NIST Design Repository Project is comprised of
a tool suite and a prototype design repository.  The tool suite consists of the fol-
lowing components:

•  ObjectStore4, a commercial object-oriented database management system by
Object Design, Inc.,

•  the design compiler used to create a design repository in batch mode from an
ASCII text file in a predefined format,

•  a design extractor or ÒdecompilerÓ that extracts the contents of a design reposi-
tory and writes that information to a text file in that same predefined format,

                                                
3  For example, if an artifact converts direct current to rotational motion, the function i s

to transform and the associated flows are direct current and rotational motion.
4  Use of any commercial product or company names in this paper is intended to pro-

vide readers with information regarding the implementation of the research described,
and does not imply recommendation or endorsement by the National Institute of Stan-
dards and Technology.
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•  STEP/Works, a STEP AP 203 viewer from TechneGroup, Inc., for visualiza-
tion of three-dimensional geometry,

•  the web-based artifact browser and the web-based design repository edi-
tor/design modeler, used in conjunction with any of several web browsers,

•  any of several VRML viewers or plug-ins, also for visualization of three-
dimensional geometry.

The web-based interfaces are client applications that communicate with the database
server containing a design repository via common gateway interface (CGI) scripts.
The client can be run through most web browsers, allowing remote access of a de-
sign repository from any machine on the Internet that can communicate with the
machine running the server.

The prototype design repository contains the artifact representation of a Black &
Decker cordless power drill.  The drill artifact repository contains 28 artifact objects
(assemblies, subassemblies, and components) and over 250 additional objects and
relationships belonging to 64 (object) classes and 6 relationship classes that de-
scribe their form, functions, and behaviors.  In addition to representations of form,
function, and behavior, the artifact representation includes information about many
other attributes (including color, material, and control settings) and parameters
(such as battery voltage, output torque, and direction of rotation).

4 Conclusions and Future Directions

The NIST Design Repository Project is working toward the development of an in-
formation modeling framework to support the creation of design repositories.  This
project is driven by industry needs for technology to support the increasing role of
knowledge-based design, including the representation, capture, sharing, and reuse of
corporate design knowledge.  This paper has presented the project objectives, asso-
ciated research issues, and the current status of the project in the context of those
issues.  The prototype implementation was also described.

Focus of work to date has been in four areas: (1) the development of a design model-
ing language for representing design artifact knowledge, (2) the implementation of
interfaces for creating and browsing artifact repositories, (3) the creation of a proto-
type design repository, and (4) work toward identifying a taxonomy of functions and
associated flows that is small, yet generic enough to model a broad variety of engi-
neering artifacts.  In addition to continuing these aspects of the project and populat-
ing the design repositories with new design artifacts, there are several important ar-
eas of research that will be addressed by future project milestones.

The functionality of existing interfaces will be extended and new interfaces will be
developed.  The current artifact browser interface provides the designer with a hierar-
chical physical decomposition of the artifact.  For browsing an artifact from the per-
spective of function, providing a functional decomposition would also be useful.
Additional session management enhancements will also be made, to allow multiple
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browsing sessions to exist concurrently, to allow a designer to end a session and
return to the same state at a later point in time rather than initiating a new session,
and allowing definition of multiple users that can set preferences or personalize the
interface in various ways.  Regarding new interfaces, one important requirement that
is not currently addressed is to provide a class editor for creation of new object and
relationship classes.  The current artifact modeling interface allows the user to create
a new repository by instantiating new objects and relationships from predefined
classes.  However, no set of predefined classes will be universally applicable to all
design problems and the ability to extend this set will be important to the designer.

The main aspects of the design modeling language are the representation of form,
function, and behavior (as well as relationships between their associated objects).
The representation of form (geometry) and function in this project. The representa-
tion of behavior within the existing framework is a relatively simple descriptive
text-based approach.  Another objective for future work is to incorporate more a for-
mal representation of behavior to allow composable simulations.  Work in this area
is being done as part of two projects that are funded by the Defense Advanced Re-
search Projects Agency (DARPA) Rapid Design Exploration and Optimization
(RaDEO) program, for which NIST is a funding agent: the Model-Based Support of
Distributed Collaborative Design (previously How Things Work) project at the
Stanford University Knowledge Systems Laboratory [23], [24], [25] and the Active
Catalog project at the University of Southern California Information Sciences Insti-
tute [26], [27].  Discussions are underway to explore the possibility of incorporating
an existing behavior modeling language into the NIST Design Repository Project
rather than developing an entirely new one.

These attempts at formalizing representations of function and behavior, as well as
the other taxonomic issues discussed previously, will facilitate the tasks of indexing
design knowledge for efficient search and retrieval.  However, aside from formal rep-
resentations and a standardized vocabulary, the indexing and search mechanisms
must themselves be developed.  This is an area of long term future research, as
much work remains to be done before this problem can be adequately addressed.

Once design repositories are more broadly used by industry, the question of how to
exchange information between repositories will become more important.  If a stan-
dardized design modeling language is developed (possibly, but not necessarily, us-
ing the framework developed in this project as a basis), repositories themselves may
not be interchangeable between systems.  If two design repository development sys-
tems are built on top of two different object-oriented database software systems, one
will not be able to use a repository created by the other without some kind of trans-
lation step.  The ASCII text file format used as part of this work is inadequate for
that purpose because there is no mechanism to include a computer interpretable de-
scription of the knowledge schemata or the file content within the file itself.

The Extensible Markup Language (XML) [28] and Resource Definition Framework
(RDF) [29], [30] are being examined as a possible solution to this problem.
Though other work has been done in developing formal approaches for the exchange
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of knowledge (e.g. Knowledge Interchange Format (KIF) [31] and Open Knowledge
Base Connectivity (OKBC) [32], [33]), XML and RDF have the main advantage of
widespread adoption in the information technology world; XML (and likely RDF)
support is expected in upcoming versions of several commercial web browsers and
word processing applications.  This research direction is being explored in order to
provide a more broad-based solution to an industry which is increasingly looking
towards purchase of off-the-shelf software over in-house development when possible.

The NIST Design Repository Project was motivated by needs identified at an in-
dustry workshop held at NIST in November 1996 [1] and, as such, it is expected
that industry will benefit from the technical foundation for the development of de-
sign repositories provided by this research.  Another potential use for this work is
to enhance the content of patent databases residing at the U.S. Patent and Trade-
mark Office.  Currently, patent information consists of text and two-dimensional
images.  Providing a formal artifact representation that extends to function and be-
havior not only leads to a more comprehensive description of a device, it also pro-
vides additional types of information for meaningful indexing, which can lead to
more efficient search and retrieval of patent information.
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