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This paper describes the transformation of an existing set of heterogeneous product
knowledge into a coherent design repository that supports product design knowledge
archival and web-based search, display, and design model and tool generation. Guided
by design theory, existing product information was analyzed and compared against de-
sired outputs to ascertain what information management structure was needed to produce
design resources pertinent to the design process. Several test products were catalogued to
determine what information was essential without being redundant in representation.
This set allowed for the creation of a novel single point of entry application for product
information and the development of a relational database for design knowledge archival.
Web services were then implemented to support design knowledge retrieval through
search, browse, and real-time design tool generation. Further explored in this paper are
the fundamental enabling technologies of the design repository system. Additionally,
repository-generated design tools are scrutinized alongside human-generated design
tools for validation. Through this process researchers have been able to improve the way
in which artifact data are gathered, archived, distributed and
used. �DOI: 10.1115/1.1884618�

1 Introduction

As products become more complex there is an increased need
for the designer or team of designers to have access to a breadth
of design information spanning a variety of disciplines. Consider-
ation of many types of artifacts is necessary when searching for
component solutions, in order to ensure a high-quality product
that meets the needs of the customer. Well suited to meet this need
are design repositories—knowledge bases of heterogeneous prod-
uct design knowledge that can be searched and reused. Note, we
define the term “knowledge base” as the collection of design in-
formation elements that is used to populate the repository which is
implemented in a database. Design knowledge refers to ideas in-
ferred from information and represents an understanding of what
is known about design.

Over the course of several years of research and integrated
design coursework at UMR, a body of product design knowledge
was developed for approximately 50 consumer products. This
knowledge base, which included descriptive product information
such as functionality, bills of materials, and design structure ma-
trices, lacked a standard interface, data consistency, and the ability
to output design models and tools with ease. Observing user in-
teractions with the knowledge base, including design modeling
activities as well as retrieval and reuse/redesign activities, re-
vealed that these drawbacks served as a barrier to effective use of
the knowledge base. By unifying these disparate components into
a design repository, it has been possible to improve the utility of
the knowledge base for viewing, searching, and reusing the wealth
of preexisting design knowledge.

This paper reports on research efforts conducted to �1� identify
the models of design knowledge required to support contemporary
designer activities and the associated tools employed; �2� repre-
sent information from this product knowledge base in a design
repository system; and �3� provide an architecture to enable de-
sign knowledge reuse in future product design. Specific goals of

this project were to create a system that could output design aids
such as detailed bills of materials and matrices to support design
computations. We refer to these elements as design tools. A single,
simplified point of entry for product information that integrates
well with product dissection processes �1� was also desired. Note
that the product information to be archived is best termed as de-
sign models of the product. Collectively, design models and tools
comprise the design knowledge contained within the repository.
With these objectives identified, this paper examines the archive
of design knowledge previously gathered and looks at how prod-
uct information is collected and what design information is nec-
essary to support design tool generation. Two key design models
for archival purposes are functional models and a detailed bill of
materials. These two sets of data are the foundation for transform-
ing an emerging design information archive to a more mature
design repository-based tool.

The paper begins by examining design aids and representations
commonly used in modern design methods. To better understand
the current space of design knowledge representation, a review of
external design repository schemas, Product Data Management
�PDM� systems, and commercially available software is con-
ducted. Insight derived from knowledge base systems, design
theory, and in-house product dissection experience are used to
drive the development of the design repository system. The soft-
ware development review includes analysis of commercial and
prototype database and web options. With software component
features summarized, customer needs are used to evaluate and
select software technologies for the design repository. The under-
lying data structure and relationships of the design repository sys-
tem are also reviewed with an emphasis on data consistency. An
operational repository system is then demonstrated including data
entry and representation conventions, database storage, and web-
based features. Through the web-based repository browse and
search, product information availability is revealed. Comparing
human-generated design tools to their respective repository gen-
erated analogs verifies the design tool generation algorithms.

2 Background
In order to create a quality design repository, there are several

elements of previous research that must be used to consistently
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represent and efficiently store product information. This section
reviews external design repository implementations, Product Data
Management �PDM� systems, and commercially available soft-
ware applications that resemble design repository systems. Next,
Sec. 2.2 focuses on product functionality, a key component of
design information for product categorization, search, and reuse.
In particular, the functional basis is described as a means to rep-
resent product functionality. Finally, Sec. 2.3 outlines commonly
used function-based design tools. The specific design tools men-
tioned include bills of materials �BOM�, design structure matrices
�DSM�, function component matrices �FCM�, and functional
models.

2.1 Similar Systems. Several researchers, institutions, and
corporations have developed systems to capture more abstract
product design models, such as functionality or interface require-
ments. The captured models range from detailed function and be-
havior information to loose hierarchical artifact relationship
views. This section begins by reviewing repository and
knowledge-based systems and schemas developed to capture spe-
cific elements of design models. One such repository schema, de-
veloped by the National Institute of Standards and Technology
�NIST�, is reviewed and serves as a basis for design knowledge
captured in the UMR repository system.

2.1.1 Knowledge-Based and Repository Systems. Researchers
have built a variety of knowledge-based design information sys-
tems and have used different product models with varying degrees
of abstraction. Although not all of the knowledge bases built were
designed for the collection of function-based designed knowledge,
information can still be extracted from these systems and their
representations.

Summers �2� reports on a knowledge system designed for
CAD-based feature elements with the intent of supporting de-
signer activities. Although the modeling approach between the
described CAD-based feature system and a functional-based rep-
resentation system are different, both capture relevant design in-
formation. The CAD-based knowledge system from Summers ex-
emplifies that all design knowledge is relevant dependent upon the
domain, representation, and level of abstraction. Dixon �3� makes
the point that feature descriptions and representations must be
valid within their respective domain of use.

Architects, like designers, also have the need to store valuable
design knowledge. Cherneff �4� describes an architectural
knowledge-based system; even though this system may seem very
distant from function-based knowledge systems, the underpinning
philosophy in both is to store design information for reuse and
collaboration. Cherneff explains that design abstractions all re-
quire context and that objects only make sense in the object
schema in which they are defined. Again, he is echoing the need to
develop design representations that are relevant to specific
domains.

Functional representations have been used to represent design
knowledge in early repository-like systems. One of these early
systems, described by Sturges �5�, used a block diagram approach
based on “function logic” and was powered by Hypercard stacks
to navigate function diagrams. The representation schema used by
Sturges built on function logic to describe complex systems and
included mathematical relationship equations in relationship to the
“function blocks.” Through the use of function logic and function
blocks designers were able to gain insight on how a product op-
erates functionally.

In hopes of providing guidance to product representation re-
search, NIST has developed a set of information models to be
used for modeling product knowledge at varying levels of detail.
There are several data entities that allow for a variety of aspects of
a product description to be represented. The classes specified in
the NIST Core Product Model include: Artifact, Function, Trans-
fer Function, Flow, Form, Geometry, Material, Behavior, Specifi-
cation, Configuration, Relationship, Requirement, Reference, and

Constraint �6�. Along with these classes there is a set of specific
information needed with each item and a specified type of value
that can be entered.

All of the above NIST-dentified design knowledge models ex-
ceed the representational capabilities of current commercial
function-based computational design tools. A more flexible and
vendor-neutral data structure is needed to represent the heteroge-
neous knowledge that designers use. The NIST Design Repository
Project was initiated to meet this need �7–12�. The NIST design
repository representation model is a basic framework to help
guide what type of product information is collected and how the
elements of information are related to each other. NIST has also
developed a mapping from this representational framework into
an XML data format. Within the NIST XML code there are five
different sections: Artifacts, Functions, Forms, Behaviors, and
Flows. These sections contain information relative to their de-
noted naming system.

2.1.2 Product Data Management Systems. In recent years
PDM systems have emerged to help store and retrieve product and
part data. PDM systems allow for part hierarchy storage as well as
process data and project management elements. Svensson and
Malmqvist explore a PDM system and demonstrate many uses of
such a system �13�. The PDM system demonstrated collects re-
quirements, functions, concepts, and part structures as well as
property models. Additionally the PDM system stores the entire
product structure, variants, revisions, documentation, and CAD
models. Although function structures and property models can be
stored within a PDM system, they are not readily capable of stor-
ing the detailed function-based information that is desired within
the scope of this research. Gearing a PDM system to capture
detailed functionality and using such a system to generate useful
design tools would require heavy modification. A PDM system is
geared toward use in the manufacturing side of product develop-
ment and is fundamentally different from a design repository sys-
tem to support conceptual design activities. Within the repository,
similar pieces of design knowledge like CAD models and artifact
hierarchies are stored and developed; however, the main focus is
the mapping between functions and components and the compat-
ibility of components to connect together as a system.

2.1.3 Commercially Available Systems. There is currently no
product on the market that is truly a design repository; however,
there are several packages that contain elements of a design re-
pository. Such computerized design packages can be grouped into
three basic categories: �1� mechanical computer-aided design
�MCAD� packages that augment traditional CAD models with
more abstract design knowledge; �2� systems engineering toolsets
which contain higher level design information that may be used to
generate CAD models; and �3� systems modeling and simulation
packages that have little or no interaction with traditional CAD
packages. For the MCAD packages, the typical approach is to add
layers of abstract design knowledge to the existing CAD model.
For all categories, no standard language has evolved, though there
is widespread use of the process of functional decomposition.

Unigraphics—UG/WAVE �www.ug.eds.com/ug/�. UG/WAVE is a
MCAD package that adds abstract product design knowledge ca-
pability to the core Unigraphics CAD �or solid modeling� pack-
age. Product architecture information in a parametric product lay-
out is captured in a “control structure.” This appears to be similar
to a functional modeling approach to product design, but is more
form oriented. The module allows “what-if” evaluation of simpli-
fied design alternatives, making the necessary modifications to the
rest of the design as necessary. The package also stores subsystem
design knowledge such that it can be reused in future products.

3SL—CRADLE �www.threesl.com/�. CRADLE is a British systems
engineering toolset composed of six modules that can be used
together or separately. The systems modeling component offers
robust support of several modeling notations, including functional
block diagrams, behavior diagrams, and object-oriented support.
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Design knowledge is stored in a single repository structure acces-
sible by all modules. CRADLE also allows high levels of reuse
among subassemblies stored in its repository. While it is not a
CAD package per se, it can export information to a variety of
CAD formats.

Nu Thena Systems—FORESIGHT �www.nuthena.com�. FORE-

SIGHT is strictly a systems modeling and simulation tool. It takes a
hierarchical approach to functional and architectural modeling,
allowing as many levels of abstraction as desired. In addition to
the functional and architectural model, a mapping between the
two is stored as design knowledge. This provides a strong link
between function and form design. The package does not interact
with other CAD systems, and the functional language used favors
electronic systems.

The concept of a design repository is extremely useful in the
context of automated design storage and retrieval packages. Al-
though design repository-based systems do not exist in commer-
cial form today, the review of current commercial offerings indi-
cates that elements of the design repository concept are being
adapted by mainstream commercial product development systems,
and that industry is moving towards the vision of design reposi-
tories. No clear direction exists for its development, though. A
standard repository structure supported by fundamental functional
and architecture modeling research is needed to guide work in this
area.

2.2 Function Classifications. The ability to classify function
is a key element in design models for the conceptual design phase
�1,14�. Identifying product functionality from a defined taxonomy
or vocabulary allows artifact information to be computed and
parsed. Chiang conducts a thorough review of function definitions
and the role of functionality in design support tools �15�. Review-
ing early function-based engineering design research such as
Miles �16�, Rodenacker �17�, and Pahl and Beitz �14�, the first
instances of using verb-noun pairs and input-output flow transfor-
mations for function representation are summarized. Miles devel-
oped functional representation on the premise that any product is
useful because of the product’s inherent functionality. Rodenacker
used descriptions of material, energy, or information along with an
input-output transformation to represent functionality. From these
early representations of functions, many researchers have contin-
ued work to accurately describe product functionality. One such
continuation of functional representation is the functional basis.

2.2.1 The Functional Basis. Addressing the need for a clear
vocabulary to describe product function, the functional basis has
emerged as a standardized design language �18�. It was formu-
lated in concert with NIST to unify two similar, independent re-
search efforts aimed at defining a standard vocabulary from pre-

vious worldwide research efforts �12,19�. The functional basis
consists of two sets of terminology: one containing action verbs to
describe function and a second containing nouns to describe flow.
The functional basis spans all engineering domains while retain-
ing independence of terms. The function set of the basis is broken
down into eight categories termed the primary classes. These
classes have further divisions called the secondary and tertiary
levels that offer increasing degrees of specialization. The primary
class represents the broadest definition of distinct function, while
the tertiary class provides a very specific description of function.
The secondary level of the function set, containing twenty-one
action verbs, is the most often used class of the basis. The primary
class and secondary function terms are shown in Table 1.

The flow set of the functional basis allows for the associated
function’s input and output flows also to be described. Similar to
the function set, there are three distinct classes within the flow set
of the functional language. Within the primary class of the flow
set, there are three main categories used to describe flow: material,
signal, and energy—as popularized by Pahl and Beitz �14�. Each
of these categories has the capability to represent the input or
output of a function. The secondary class of this set has 20 nouns
that are used to describe the type of flow. It is the secondary class
of this basis that is primarily used when describing a product. The
primary class and secondary flow terms are shown in Table 2. The
tertiary level is omitted from Tables 1 and 2 for reasons of brevity,
and can be found in Ref. �18�.

Using the functional basis to represent product functionality
within the design repository allows product knowledge to be
searched and categorized by their function. This abstraction al-
lows the designer to focus on overall functionality and to develop
more creative solutions for solving a design problem �20�.

2.3 Design Models and Tools. Within the field of function-
based engineering design, many methods that produce design
tools have emerged. Below, we summarize a select few such de-
sign tools that support conceptual design activities.

Bill of materials �BOM�: A bill of materials is a detailed de-
scription of all of the artifacts within a given product. This pro-
vides an easy way for designers to see a simple breakdown of
parts contained within a given product. Although artifact function
descriptions are not traditionally used as part of BOM representa-
tions, in the context of research activities at UMR, such
descriptions—represented as function and flow pairs—are associ-
ated with each artifact. For example, the artifact motor has the
functional description of “convert electrical energy to mechanical
energy.” Additional information about an artifact’s mass, dimen-
sions, manufacturing processes, or material composition is also
recorded. The BOM is usually represented in a tabular format with

Table 1 Functional basis function terms

Table 2 Functional basis flow terms
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the artifacts or part number listed in the left-most column, where
each row represents a different artifact. A partial BOM for an
electric coffee grinder is shown in Table 3.

Functional model: A functional model is a description of a
product or process in terms of the elementary functions that are
required to achieve its overall function or purpose. A graphical
form of a functional model is represented by a collection of sub-
functions connected by the flows on which they operate �19�. This
structure is an easy way for a designer to see what type of func-
tions are performed without being distracted by any particular
form the artifact may take. An example functional model and
picture of a Braun electric coffee grinder are shown in Figs. 1 and
2, respectively.

In addition to the subfunctions describing the conceptual func-
tions of a product, supporting functions, formally defined as func-
tions that describe manufacturing, assembly, and support features
present in the embodied form of a product �21�, are needed to
completely describe an existing product’s function. Supporting
functions are used within the repository representation to augment
design knowledge representation. When included in the design
knowledge schema, supporting functions allow for accurate gen-
eration of design structure matrices by fully defining embodied

artifact interactions.
Function component matrix: A function-component matrix

records the component�s� that solve each function. Within the ma-
trix, columns designate product components and rows designate
the subfunctions of the product. For a single component, the ma-
trix is binary, with a “1” showing that the component solves the
corresponding function and a “0” indicating no relationship. When
multiple product function-component matrices are aggregated to-
gether �known as a chi-matrix� the function component can be
used to generate concepts �22�. The function-component matrix
also serves as a roadmap linking the functional model and bill of
materials. An example function-component matrix is shown in
Table 4.

Design structure matrix: The design structure matrix �DSM� is a
matrix in which rows and columns represent the interaction of
artifacts within a product �11�. When two artifacts within a prod-
uct interact with one another in some way, the cell where a row
and column corresponding to those two artifacts meet is marked
with a “1” �or alternatively an “X”�. Cells corresponding to pairs
of artifacts that do not interact are marked with a “0” �or alterna-
tively left blank�. In the simplest DSM representation, the matrix
is symmetric matrix because the interaction between artifacts A

Table 3 BOM for an electric coffee grinder

Fig. 1 Functional model for an electric coffee grinder
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and B will show up at the intersection of row A and column B, as
well as at the intersection of row B and column A. This is useful
in the design process to see how artifacts within a product relate to
each other physically. Table 5 shows a DSM of an electric coffee
grinder.

3 Research Problem
The design repository effort at UMR has been in existence

since the summer of 2000 and had over 11 different researchers
contributing product data. Initially recorded product data took the
form of customer needs lists, bills of materials, functional models,
module-based functional models, function-component matrices,
design structure matrices, product vectors, artifact photos, and as-

sembly instructions. Most of these elements were created inside of
individual spreadsheets and drawing applications. To view the
product data a user would navigate a folder structure to an
individual product �see http://function.basiceng.umr.edu/
Repository�Data�. Within a single product folder, additional fold-
ers were presented allowing the user to further navigate to a spe-
cific design tool. Often there would be multiple versions of a
single design representation for a single product. Once inside the
appropriate folder the user could then open and view the desired
design information.

The most noticeable issues with the previously archived prod-
uct data were the inconsistency of product representation lan-
guage, format, and the difficulties with retrieving archived design
knowledge. The inconsistency between artifact representations
can be linked to the time span and number of researchers associ-
ated with the product data collection. Producing design tools from
the file hierarchy-based repository proved to be a tedious process.
For example, an aggregate function component matrix was popu-
lated manually by dragging and dropping individual product func-
tion component matrices into a combined function component
matrix.

From working with this early design knowledge archive, the
need, and thus the research problem, was to create a coherent
system capable of accurately representing product design knowl-
edge and effectively supporting design knowledge reuse. The en-
visioned repository system consisted of 3 distinct elements: �1� a
database; �2� a data input application; and �3� a web portal to
support knowledge reuse. Specifically, the steps to create such a
system included �i� determining an appropriate product design
knowledge representation schema; �ii� developing a prototype re-
pository for product data archival; �iii� testing compatibility and
integrity of the prototype repository; and �iv� implementing the
revised repository system. The three elements of the research
problem are treated separately in the following sections.

4 The Repository Database

4.1 Repository Knowledge Representation. As a first step
towards building a new design repository, existing artifact infor-
mation was reviewed to better understand what attributes should
be included in the future to ensure accurate representations. Func-
tional descriptions of products, a key component of the repository
system, were modeled at various levels of detail �i.e., primary,
secondary, or tertiary�. According to Hirtz et al. �18� the secondary
level of function is the preferred level for artifact representation.
Another issue encountered was inconsistencies in the use of ab-
breviations for functions, such as “Ex” for export, “Im” for im-
port, “Sep” for separate, or “Dist” for distribute. Recorded artifact
physical parameters such as dimensions, material, and manufac-

Table 4 Function component matrix of an electric coffee
grinder

Table 5 Design structure matrix of an electric coffee grinder

Fig. 2 Braun electric coffee grinder
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turing processes varied greatly as well. Most artifact dimensions
were represented by “L=6, W=2, H=3.” Noticeably the lack of
associated units of measure results in an imprecisely specified
product description. Multiple artifact dimensions were often
keyed into a single cell rather than individual cells, with no con-
sistent use of labeling. Similar issues were present with material
and manufacturing process data.

Another hurdle to tackle was deciding how much textual prod-
uct information would be necessary to automatically generate a
functional model, a function component matrix, and other repre-
sentation types described in Sec. 2.3. The functional model of a
given product includes subfunctions as well as input and output
flows. In order to represent this type of information digitally, both
input and output flow must be recorded, along with the given
artifact’s subfunction. These artifacts and associated subfunctions
generally have input and output flows linking them to other arti-
facts and subfunctions, but can also interface with an environment
outside of the functional model �import/export�. In the reposito-
ry’s initial state, this type of artifact linking had not been captured.
For an initial test implementation it was decided that firmly estab-
lishing a link between a subfunction’s input and output flow
would capture design knowledge necessary to support the genera-
tion of FCMs, DSMs, and BOMs.

Returning to important customer needs, the repository system
needs to be robust enough to handle many product domains while
maintaining product data in an interchangeable format. To achieve
this goal, a robust data schema is defined for knowledge capture
based on the original Design Repository Project at NIST �7� and
defined vocabularies and procedures by which to enter data are
selected. The different representations chosen for this work are
based on product information flow schemes �10� and dissection
processes �1,23� as well as information required in modern design
methods and tools such as functional representation languages
�18�, component naming schemes �22,24,20�. A listing of the pre-
dominant types of design knowledge captured in the repository
system and its data type is shown in Table 6 denoted by the data
fields column.

Artifact name: a free-form text field where the user can define
the name of an artifact. Part family: a free-form text field that can
be used to catalog similar artifacts as a type or family. Part num-
ber: numbered artifact field that sequentially numbers artifacts as
they are populated. Subartifact of: a text field that creates an arti-
fact hierarchy by establishing a parent-child relationship. Quan-
tity: a user input numerical value to denote the quantity of a par-
ticular artifact. Description: a free- form text box that allows the
user to further describe an artifact. Artifact color: a free-form and
relational field that allows the color of an artifact to be stored.
Component naming: a text field that pulls from a list populated

with standard component naming terms �25�. Assembly: a Bool-
ean value used to denote whether an artifact is singular or a com-
bination of more than one artifact. Supporting function: a Boolean
value that denotes whether the artifact subfunction is supporting
or conceptual �21�. Input artifact & output artifact: textual fields
used to trace flow from the current artifact to the corresponding
input and output artifacts. Input flow & output flow: a list value
�from the functional basis� that traces the input and output flow of
an artifact. Subfunction: a list value �from the functional basis�
that defines the actual function of an artifact. Physical parameter
type, value, & metric: used to define a rough geometry of an
artifact. Manufacturing process: a list value used to denote the
type�s� of manufacturing process�es� used to produce the artifact.
Material: a list value used to denote the predominant material of
an artifact.

4.2 Software Options. For the data storage portion of the
suite, four technologies were reviewed; MYSQL �26�, POSTGRESQL

�27�, ENTERPRISE JAVA BEANS �28� and ORACLE �29�. Initially five
choices for web display were identified; ASP �Active Server Pages�
�30�, PHP �Hypertext Preprocessor� �26�, JSP �Java Server Pages�
�31�, COLDFUSION �32�, and STRUTS �33�. Four technologies were
also reviewed for the standalone entry application; JAVA �34�,
C/C�� �35�, Microsoft’s NET �36�, and REALBASIC �37�. The pros
and cons of each software technology are summarized in the form
of a modified morphological matrix �Table 7�.

The pros and cons of available software components were
evaluated against a set of initial customer needs. The repository
team set out to develop software that would operate independent
of the type of operating system. Because of this high-level need,
any software technologies listed in Table 7 that are platform de-
pendent or proprietary were removed from consideration. The re-
pository team also wanted to minimize the time for development;
thus, software technologies that would require longer develop-
ment times or have a steep learning curve were removed to further
reduce the number of options. Software technologies that would
require a significant monetary investment were also eliminated
from the list of possibilities. Another desire was the ability to
reuse code objects between the web display and entry
application—this pointed to JSP and JAVA, respectively. Finally, the
choice was made to use POSTGRESQL for data storage, JSP for web
display, and JAVA for the entry application.

4.3 Implemented Database. POSTGRESQL, a variant of MySQL,
is a relational database package that provides a good level of
scalability and a number of development tools and packages.
POSTGRESQL was chosen over MYSQL because of scalability and
for supporting user-defined data types. Like most database pack-
ages, POSTGRESQL uses tables to represent data and relationships.
Applying the determined repository fields to the POSTGRESQL da-
tabase created an intricate table structure. The main repository
table within the POSTGRESQL database is the Artifact table. Nearly
all of the remaining pieces of product design information are con-
nected to the Artifact table in some way. Figure 3 shows the Ar-
tifact table along with the Subfunction�Type, Subfunction,
Artifact�Flow, and Flow tables.

Each row in the database table denotes a field within the data-
base. The first column in the database table is the name assigned
to that data field. The second column in the database table denotes
the particular data type for the corresponding field. Data types can
take the form of serial, integer, Boolean, or characters �varchar�.
Within the data table, the third column can be designated by pk,
fk, or alternatively be left blank. Using pk denotes that the field is
a primary key in the table and fk denotes the field has a foreign
key that references another table. A primary key unambiguously
specifies a row of a table because primary keys must be unique
across all tables within the database. A foreign key �fk�, creates a
relationship between a row in one table to a row within another
table. Usually a foreign key is used as a pointer to a primary key
field of another table within the database. Foreign keys are the

Table 6 Repository data fields
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main elements of any relational database because they are the
operators that establish relationships between sets of data. The
arrows within a database are used to denote table relationships.
For example, the Artifact�Flow table has three arrows emerging
from it that terminate at the Artifact table �Fig. 4�. These arrows
describe relationships between foreign keys within the
Artifact�Flow table to a primary key within the Artifact table.

5 Product Knowledge Data Entry
To populate the database, a single application to enter all of the

identified product models was created. A commercial database
application, FILEMAKER PRO, was selected for the first generation
entry application because of its cross-platform capability and rela-
tive simplicity of operation compared to other heavy-duty com-
mercial database offerings. The entry application, called the en-
hanced bill of materials �EBOM�, handles entry, management, and

export of repository knowledge to the POSTGRESQL database. The
entry method parallels the original repository editor of the NIST
Design Repository Project �12� in that design knowledge is en-
tered on an artifact by artifact basis. As with the NIST project,
each artifact may itself be composed of additional subartifacts.
Thus, to accurately represent product design knowledge, an exten-
sive representation for each artifact must be created. The layout
includes the standard elements of a BOM, along with additional
information regarding the flow paths so that an accurate digital
representation of the product can be achieved. A screenshot of the
current EBOM application is shown in Fig. 5.

To illustrate product design information entry, consider the
functional model snippet shown in Fig. 4 and taken from the
electric coffee grinder functional model �shown previously as Fig.
1�. The ellipses represent artifacts as recorded by the EBOM ap-
plication. In this example, the plug and cord artifact is the artifact

Table 7 Software options summary
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being represented. Directly, the plug and cord has the subfunc-
tions of importing and transferring electrical energy. The source of
the electrical energy is considered outside of the bounds of the
electric coffee grinder and is denoted as an external artifact. The
electric motor is the destination of electrical energy leaving the
plug and cord.

Table 8 shows the functional model of the plug and cord from
Fig. 4 translated to the EBOM subfunction representation schema.
The columns in the table of input artifact, input flow, subfunction,
output flow, and output artifact are in the same layout as the
EBOM application. Following the flow of electrical energy from
left to right, starting with the first row, electrical energy is im-
ported from external and then output to internal. The artifact in-
ternal is used to chain subfunctions together that exist within the
same artifact. Cases where internal is used as both the input and
output artifact are often found in artifacts where the material,
signal, or energy flow are changed several times within the arti-
fact. Internal is then used as the input artifact in the second row of
the table, meaning that the same electrical energy that has been
imported by the first subfunction is now linked to the second
subfunction of transfer. Piecing the rows together, electrical en-
ergy is imported from an external artifact and then transferred to
the electric motor. Figure 5 shows the corresponding EBOM entry
screenshot of the plug and cord artifact.

A test bed of ten consumer household products was chosen to
test the initial implementation of the EBOM. These ten products
were chosen because they contained artifact representations span-
ning nearly all classes of flows and subfunctions and were gener-
ally electromechanical consumer products. Having a test dataset
that maps into each of the function and flow types helped ensure
that the most possibilities and combinations of artifact setup were
taken into consideration while developing a new repository entry
method.

Fig. 3 Main database tables

Fig. 4 Functional model snippet of electric coffee grinder

Fig. 5 Repository artifact input screen
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To eliminate discrepancies in language representation, abbre-
viations, and formatting, defined lists of commonly used BOM
elements along with a structured set of the functional language
terms must be implemented. This is achieved through the use of
master lists within a relational database. This ensures that all prod-
ucts and artifacts represented across the entire span of repository
data are consistent, not only in language but also in format. For
example, the material and manufacturing process fields are limited
to a predefined list of commonly used materials and manufactur-
ing techniques. The initial material master list, shown in Table 9,
was created by examining the most commonly used materials that
were already represented within the repository. The manufacturing
process list shown in Table 10 was adapted from the Dixon and
Poli �38� Taxonomy of Manufacturing, and was combined with
commonly seen processes from previous product dissection. Mas-
ter lists were also created for flow and function secondary classes

using the Hirtz et al. �18� functional basis. Note that a user can
change the master lists within the EBOM application but only a
system administrator can update a master list within the POSTGR-

ESQL database. This means that only data in the correct specified
form can be imported from the EBOM application to the database.

The EBOM application data types and fields match those of the
POSTGRESQL database and are used for repository data input. De-
sign knowledge populated in the EBOM application is extracted
from the FILEMAKER PRO database through a droplet application.
The droplet application parses through a particular product file,
connects to the POSTGRESQL database, and finally writes the new
data. The EBOM application uses the same relational lists and
constraints as described in Secs. 4.1 and 4.3. EBOM templates are
available for those wishing to contribute design knowledge to the
repository.

6 Design Knowledge Reuse Tools
Design tool generation and data processing for web display is

handled by the server and database side of the repository. When
generating design tools, the database runs a fairly simple script to
produce the desired tool’s result. For example, the Function Com-
ponent Matrix is generated by only a few lines of code executed
by the database. Shown below in pseudocode are the basic steps
necessary to create a FCM within the repository.

The first task is to find all of the artifacts in the database for the
given system.
artifacts= findArtifacts� �

Next, all of the functions that a given artifact performs must be
found.
For each artifact found
Artifact a=currentArtifact

For each subfunction
For each inputflow
String fn=artifact.subfunction+artifact.inputflow
if�functions! =contain�fn��
functions.add�fn�

The matrix must then be created.
int rowSize=functions.size� �
int colSize=artifacts.size� �
matrix=new int�rowSize��colSize�

For each row
String function=currentArtifact

For each column
Artifact artifact=currentArtifact
if�artifact.performsFunction�function��
matrix�row��col�=1;
else
matrix�row��col�=0;

The same basic process for FCM generation is also used to
generate Design Structure Matrices. For DSM generation the rou-
tine operates on input and output artifacts as opposed to an artifact
subfunction.

The repository web front end was constructed using JSP. JAVA

Server Pages is a web technology used to create dynamic web
applications that separate content from the overall site design lay-
out. The separation of content from design and component-based
foundation allows for faster web application development and
easier maintainability. Component-based design is inherent in JSP

since it is an extension of JAVA servlet technology, which reduces
overall programming complexity by separating key components
of the repository system into objects. Objects are essentially a

Table 8 EBOM subfunction mapping for plug and cord artifact

Table 9 Material type master list

Table 10 Manufacturing processes master list
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collection of related attributes and methods that can be accessed
or manipulated from outside the object. Objects are a fundamental
concept in JAVA, an object-oriented programming language.

JAVA Server Pages was chosen above other languages for the
web interface because of its object-oriented design, and because it
has the ability to interact with JAVA objects. The objects used for
the web interface have been developed for a variety of tasks that
include ways to manage connections to the database and artifact
information retrieval. Since these objects are written in JAVA and
are neither platform dependent nor require server specific modifi-
cations, these objects can be reused in other parts of the repository
system, namely the client application. The reuse of interoperable
code greatly reduces development time for both the web interface
and the stand-alone client application.

When an artifact is viewed with the web interface, the JSP cre-
ates a JAVA object based on a unique identifier for each artifact that
corresponds with a unique key in the database. The object auto-
matically calls other objects for connecting to the database, ex-
ecuting database queries, and retrieving other pertinent informa-
tion. Such information can include the artifact’s name,
description, quantity, and other attributes. Once an object for an
artifact is created, the web interface then obtains the artifact’s
information by using function calls to retrieve the applicable in-
formation. These data are then output to the webpage with the
artifact’s information. The same process holds true for the other
artifact information such as flow, parameters, and the image asso-
ciated with the artifact.

The repository web interface, which offers guest and registered
user access is located at http://function.basiceng.umr.edu/

repository/. The top-level options within the web repository are:
browse, search, design tools, design methodology dictionary and
account information. With the web-based repository a user can
browse and search artifacts, generate design tools, and view a
dictionary of function and flow terms.

The browse feature allows users to navigate through the reposi-
tory. When browse is initially selected, all of the high-level sys-
tems within the repository are shown at the left of the screen. The
systems can be expanded such that artifacts within the system are
exposed. A hierarchical menu system allows for systems to be
expanded through subassemblies down to singular artifacts. The
menu system draws information from the Subartifact�Of field of
the database to establish artifact hierarchy. Finally, when an arti-
fact or assembly is selected, a repository listing of the artifact is
shown on the right portion of the screen. A screenshot of the
browse feature is shown in Fig. 6.

The repository search feature allows for users to search on a
string of input flow, subfunction, and output flow. Once the search
criteria are selected, the database is then queried. Figure 7 shows
how a search string is input and how search results are returned.
The returned search results are hyperlinked to the browse page for
that particular artifact.

When a repository user selects the design tool option, they are
presented with a listing of the high-level systems contained in the
repository and selection boxes to denote the type of desired design
tool output. A user can select single or multiple systems for design
tool generation. Once the systems are selected, a summary of the
selected systems is presented, notifying the user of the number of
artifacts within the systems and system descriptions. The reposi-

Fig. 6 Screenshot of browse feature
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Fig. 7 Search criteria selection and search results

Fig. 8 Design tool options
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tory can currently output function component and design structure
matrices as well as bills of materials. The user can select to output
any combination of the specific design tools. With the desired
design tool output selected, clicking the “generate tools” button
will display an additional page with links to each of the selected
components. When the individual links are selected the server is
queried and that particular design tool is generated. Because the
design tools are not stored but rather pull directly from the reposi-
tory database, the user will always be presented with the most
up-to-date design tool. A screenshot of the design tools main page
is shown in Fig. 8.

The outputs for the query shown in Fig. 8 are a function com-
ponent matrix �Table 4� and a design structure matrix �Table 5�.
Multiple systems can be selected for design tool generation. Al-
lowing multiple system selections enables for generation of an
aggregated bill of materials or a chi matrix �22� for use in concept
generation. An aggregated function component matrix �chi matrix�
of the coffee grinder and an electric wok is shown in Table 11.

7 Conclusions
The repository project at UMR offers a significant impact to

engineering design knowledge as well as the broader field of sci-
ence. Directly, the repository has transformed a disparate set of
product design knowledge into a coherent body and offers ex-
tended capability to current product data management applica-
tions. The repository system supports automatic design tool gen-
eration and knowledge search and navigation. The prototype
repository system, available on the web, reaches designers and
researchers worldwide. Known users include GM, NASA Ames

Research Center, the Engineering Design and Optimization Group
at Pennsylvania State University, Bucknell University, Virginia
Tech, UT-Austin, and the University of Maryland-BC. All of the
listed institutions use different aspects of the repository in accor-
dance with their particular line of research.

The current repository system establishes a foundation for cor-
porate technical memory storage. Knowledge from experts can be
catalogued within product design knowledge by the repository.
Through the EBOM entry application, product design knowledge
is represented consistently and contained within a single database.
In addition to consistent data representation, the EBOM is the
only application needed for product design knowledge entry.

Automatic design tool generation is another benefit of this re-
pository implementation. By allowing design tools to be created
dynamically and built for any product or set of products, designers
are no longer presented with the tedious task of generating these
tools by hand.

The implementation of the prototype design repository on the
web supports a new mode of design knowledge exchange between
researchers in both industry and academia. The exchange of ideas
and information furthers the development of the repository project
by incorporating supplemental design knowledge components.
Each contribution heightens the resolution as well as the breadth
of design knowledge within the repository. With each additional
design knowledge representation added, the repository emerges a
smarter system. Over time, a mature repository could likely be
used to support artificial intelligence systems.

Broader impacts of this research include the underlying design
knowledge segmentation and categorization techniques, as well as

Table 11 Combined function component matrix
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building a foundation to support automated reasoning. The under-
pinnings of the repository increase the ability to archive corporate
knowledge of human experts in a form that is parsable and com-
putable. One such aspect involves identifying pertinent design
knowledge attributes and separating those attributes from vari-
ables that can be considered noise. Expert knowledge can then be
stored and used to support automated reasoning in fields such as
artificial intelligence.

8 Future Work
Future work includes finalizing the stand-alone JAVA-based re-

pository input application, increasing the number of design tools
that can be directly exported from the repository, incorporating
more knowledge representations, and further database and com-
putational optimization. In particular, a desired design tool output
is the ability to automatically export functional models containing
not only conceptual level product information but also supporting
level design knowledge. Scalable Vector Graphics �SVG� and
XSLT �eXtensible Stylesheet Language Transformations� are be-
ing investigated to generate functional models directly from the
design knowledge database. Another ultimate goal of the reposi-
tory system is to build capabilities to support concept generation.
With each additional representation or feature added to the reposi-
tory, ways of optimizing system speed and efficiency must be
explored in order to keep the repository as an effective design
tool.

The repository team is working immediately to update previ-
ously extracted product design knowledge to include supporting
function, component naming, and assembly representations. By
augmenting all of the existing products with this design knowl-
edge, the repository will provide more detailed design knowledge
representation. Currently, the repository is populated with ap-
proximately 50 consumer products and it is desired to expand out
of the consumer product realm to larger, more complex systems as
well as single part representation. Long term, the intent is to popu-
late the repository with thousands of products spanning multiple
domains. With a foundation of numerous products, data mining
can also be performed to further investigate relationships between
design knowledge attributes. Through data mining, computational
subroutines can further be refined to produce more accurate and
solution viable results when performing search or concept genera-
tion operations.
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