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Abstract—An increasing trend toward product development
in a collaborative environment has resulted in the use of various
software tools to enhance the product design. This requires a
meaningful representation and exchange of product data seman-
tics across different application domains. This paper proposes
an ontology-based framework to enable such semantic interoper-
ability. A standards-based approach is used to develop a Product
Semantic Representation Language (PSRL). Formal description
logic (DAML + OIL) is used to encode the PSRL. Mathematical
logic and corresponding reasoning is used to determine semantic
equivalences between an application ontology and the PSRL. The
semantic equivalence matrix enables resolution of ambiguities
created due to differences in syntaxes and meanings associated
with terminologies in different application domains. Successful
semantic interoperability will form the basis of seamless com-
munication and thereby enable better integration of product
development systems.

Note to Practitioners—Semantic interoperability of product in-
formation refers to automating the exchange of meaning associ-
ated with the data, among information resources throughout the
product development. This research is motivated by the problems
in enabling such semantic interoperability. First, product informa-
tion is formalized into an explicit, extensible, and comprehensive
product semantics representation language (PSRL). The PSRL is
open and based on standard W3C constructs. Next, in order to
enable semantic translation, the paper describes a procedure to
semi-automatically determine mappings between exactly equiva-
lent concepts across representations of the interacting applications.
The paper demonstrates that this approach to translation is fea-
sible, but it has not yet been implemented commercially. Current
limitations and the directions for further research are discussed.
Future research addresses the determination of semantic similar-
ities (not exact equivalences) between the interacting information
resources.

Index Terms—CAD/CAM integration, ontologies, product data
exchange, semantic interoperability.

1. INTRODUCTION

ODERN product development is performed by cross-
functional teams distributed geographically and tempo-
rally. Designers do not exchange mere geometric information
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about the design. All activities such as design, manufacturing,
and marketing affect product development right from the stage
of conceptual design. Thus, a product development activity re-
quires the expertise and interaction of a broad range of dis-
ciplines. It is not a stand-alone activity like traditional design
which involved a single user or co-located design team.

A broad spectrum of knowledge is used and shared in these
modern collaborative but distributed teams. However, geo-
graphic, functional, and cultural boundaries between the teams
have prevented the development of a single tool to support the
entire product development activity. Therefore, next-generation
product development systems will lead to the development and
usage of a wide variety of software tools. Designers will use
them to study and enhance the product from their own perspec-
tive in the best possible way. Further, growth in the use of the
Internet has facilitated communication between various infor-
mation systems that support product development. However,
an essential feature of product information is the well-defined
meaning (semantics) in a particular context. Consequently,
this heterogeneous software environment will be successful
only if it supports a meaningful representation and exchange of
product data across different application domains.

There are several shortcomings of current product develop-
ment systems regarding their suitability to collaborative design
[1]. This paper focuses on the fact that there is no standard
method to represent and interoperate semantics at various stages
during the product development activity. Increasing trends for
collaborative design tools necessitate the need to account for se-
mantics to ensure seamless interoperability, which current sys-
tems lack.

This paper proposes a framework for the exchange of product
data semantics between different domains within a product
development activity. The next section discusses the meaning
of semantics in the context of product development. Later, the
paper presents an ontology-based approach for interoperability
of product data. It studies current commercial and research ef-
forts of relevance to semantic interoperability. Further sections
present the development of a standard intermediate product
ontology [Product Semantic Representation Language (PSRL)]
and describe its semantics. It then presents a methodology for
the exchange of semantics of product data between the PSRL
and other application ontologies. This paper concludes with
observations and scope for future work.

II. SEMANTICS IN PRODUCT DEVELOPMENT

Semantics can be broadly defined as the meaning associated
with a terminology in a particular context. Consider the rep-
resentation of product information in two different domains
of product development. Let the first domain represent a solid
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TABLE 1
SEMANTICS IN PRODUCT DESIGN AND MANUFACTURING

Term Meaning in particular context

Solid modeling | 2.5D machining
Extrusion | extruded geometry 2.5D machined object
hasShape | has 3D geometric shape | has machining contour
Cube cuboidal shape rectangular machining contour
Block extruded object 2.5D object machined

with cuboidal shape with rectangular contour

modeling (design) system and the other one represent a man-
ufacturing system for the 2.5-dimensional (2.5-D) machining
of a product. Let Extrusion, hasShape, Cube, and Block be four
of the terms common in the two domains. However, each term
may have a different meaning based on the application domain
in which it is defined. For example, in the domain of solid
modeling, Extrusion refers to an extruded object created by the
geometric extrusion of a planar sketch. In the domain of 2.5-D
machining, it refers to any 2.5-D machined object. Table I
represents the meanings (of these terms) in the two contexts of
solid modeling and process planning.

Such clashes of meanings require the development of a
methodology to explicitly state and exchange meaning of
terminologies of applications. This involves more than a mere
exchange of geometric and nongeometric data. The next section
presents a framework to enable semantic interoperability using
an intermediate PSRL and briefly discusses the requirements
associated with semantic data interchange through such a
language.

III. SEMANTIC INTEROPERABILITY OF PRODUCT INFORMATION

The concept of self-integrating systems [2] is an evolution
over the concept of self-describing systems in the Semantic Web
[3]. The aim of this vision is the development of systems that
can describe their own semantics and then establish successful
semantic interoperability by interacting with each other. This
paper does not focus on such a self-adjusting system. Instead, it
assumes that semantics for the product data are already defined
for every interacting application. The focus is on the ability to
translate these semantics through a common format that repre-
sents product-specific information. This intermediate format is
called PSRL. The development of such a system is a necessary
initial requirement toward the development of self-integrating
systems.

A. Framework for Semantic Interoperability

A typical ontology-based framework to enable semantic in-
teroperability is depicted in Fig. 1. Consider two computer-
aided-design (CAD) systems! A and B which are required to
exchange semantics of product data between them in a collab-
orative product development environment. Each of them has its
own predefined terminologies and semantics incorporated into
its ontology. It is assumed that these ontologies are explicitly
and formally defined. Each of these ontologies can be mapped
into the proposed intermediate PSRL. Such semantic maps are
represented by the thick arrows in Fig. 1. Syntax from system A

I'This paper uses the term “CAD systems” to indicate any software that is a
part of the process of product development.

PSRL semantics
fron omanic 311
N/
PSRL syntax

Product Semantic Representation Language
P . (PSRL)
= semantic mappings
— flow of translation

Fig. 1.

A’s terminology

System A System B

Framework for semantic interoperability.

is then translated to syntax in the PSRL. This is then translated
to syntax in system B. This is done with the help of the pre-de-
termined semantic mappings and the reasoning abilities associ-
ated with the PSRL. The flow of such translation is depicted by
thin arrows in Fig. 1. Since the ontologies are properly mapped
across the systems, this translation of syntaxes enables a trans-
lation of the semantics as well [4].

The next section briefly states the requirements for a language
and the corresponding exchange methodology to qualify as an
enabler of semantic interoperability across CAD systems.

B. Requirements for Semantic Interoperability of CAD Systems

The following requirements distinguish semantic interoper-
ability from current CAD interoperability which focuses on the
translation of terminologies from one system to another. These
requirements also formulate the research issues that need to be
addressed during the development of the PSRL.

» Application independence and dependence
The intermediate PSRL should be able to represent infor-
mation that is common to all interacting applications. In
other words, the PSRL should be application-independent.
However, semantics of product information are relevant
in a particular context (the application software). This im-
plies that the PSRL should also be capable of representing
application-specific product information. The number of
software systems interacting in a product development ac-
tivity is not fixed. Further, there is an increasing number
of new software that are being developed to support the
product development. Therefore, the intermediate PSRL
should be extensible to account for the addition of new se-
mantics throughout the product development activity.

* Expressiveness
The PSRL must adequately express the meaning asso-
ciated with a syntax. It must be a computer-readable
format to enable automatic interoperability. The primary
requirement for successful collaboration is that this lan-
guage should be able to represent semantics associated
with product data relevant throughout the various stages
of the product development activity. It should not restrict
itself to representation of information specific to any
application domain.

¢ Unambiguity
There can be different kinds of ambiguities that may
arise during the translation of information from one CAD
system to another.



PATIL et al.: ONTOLOGY-BASED EXCHANGE OF PRODUCT DATA SEMANTICS

Even if two systems use the same phrases, they may have
different meanings. A system that converts semantics
successfully should be able to identify meanings which
are different within one system (or between different
application contexts), but which are similar in physical
representation based on syntax.

Ambiguity may be created by the existence of two dif-
ferent terms or sentences that have the same meaning.
Suppose that a cylindrical surface is generated in the
CAD software, I-DEAS. I-DEAS stores information of
this surface as a NURBS entity. Let the same cylindrical
surface be now generated in another CAD software, Un-
igraphics. Unigraphics stores information of this surface
in its analytic form, i.e., information about axis, radius,
etc. is stored. However, both specifications are just two
different ways to convey the same meaning (that it is a
cylindrical surface). A system that converts semantics
successfully should be able to identify meanings which
are equivalent within an application context, but which
vary in physical representation.

Section IV discusses the state of the art of semantic interop-
erability and relevant research efforts.

IV. SEMANTIC INTEROPERABILITY—STATE OF THE ART

The primary goal of CAD interoperability is to facilitate
sharing and exchange of product information amongst various
modules within a product development system. The need for
CAD interoperability is well documented in literature [5].

Various approaches to enable CAD interoperability have
been studied [6]. The large number of interacting CAD systems
necessitates the development of a single neutral interme-
diate format. This approach eliminates the need for multiple
point-to-point translators between various interacting systems.
It exponentially reduces the required number of translators.

The universally accepted solution for the exchange of solid
model data is ISO 10303 [6]. The next section studies ISO
10303 as a commercial standard with particular emphasis on
semantic interoperability. Later, other research efforts of rele-
vance to semantic interoperability in collaborative product de-
velopment are explored.

A. Current Standards—ISO 10303

ISO 10303, informally known as STEP (STandard for the
Exchange of Product model data) is an international effort to-
ward the standardization of computer-interpretable representa-
tion and exchange of product data for engineering purposes.

The nature of its description makes ISO 10303 suitable
for neutral file exchange and as a basis for implementing and
sharing product databases [6]. ISO 10303 has been successful
in the transfer of product shape in terms of its geometry and
topology.

However, ISO 10303 has been developed to exchange pri-
marily product shape and shape-related information. Following
are some of its shortcomings that are relevant to semantic
interoperability.
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 Existence of a restricted common data model. A well-
documented common data model forms the basis of rep-
resentation for all current standards. Only certain geo-
metric information that is common to all commercial CAD
systems can be converted from one CAD system to an-
other. This is because the current standards are a subset of
the intersection of information relevant to different CAD
systems. They represent information in terms of a very
small domain of phrases and subphrases common to all
solid modelers. This leads to loss of the designer’s intent
during conversion of information to and from the inter-
mediate standard. Successful collaboration in product de-
velopment will require the translation of all information
(and not just a subset defined common to all CAD sys-
tems) from one CAD system into information relevant to
another CAD system.

* Inability to translate semantics. Current standards of in-
teroperability fail to map even simple geometry related se-
mantics between various CAD software. ISO 10303 fo-
cuses only on the translation of terminologies from one
CAD system to another. It does not attempt to translate
the meaning associated with the design from one context
to another. This associated meaning (which is usually the
designer’s intent) is lost during the conversion. Moreover,
information that is lost in one context may be needed in
another. ISO 10303 does not satisfy all the requirements
for semantic interoperability (Section III-B) because they
are different than those for pure translation of terminolo-
gies from one system to another.

B. Other Research Efforts

Certain research efforts have focused on issues that are of
relevance to the problem of semantic interoperability of product
information. This section discusses these efforts.

Efforts to enhance ISO 10303 to enable the exchange of
parametrization and constraint information associated with
solid models are discussed in [7]. This will enable a designer to
edit the translated solid model in the receiving CAD system.

In [8], a unified modeling language (UML) [9] based map-
ping from CAD systems to product data management (PDM)
software is presented. The significance of this effort is that it
tries to integrate heterogeneous systems. However, the focus
of the work is STEP-based translation of elementary product
management data by direct mapping of terminologies from
one system to another. There is no attempt to enable semantic
interoperability.

New tools that support product life cycle are being developed.
These tools represent a progress toward collaborative design.
Nongeometric information such as function, behavior, various
interrelationships, and design rationale needs to be represented
and shared as a part of the entire design effort. However, these
tools focus primarily on database-related issues and do not lay
emphasis on information models for artifact representation [1].
It is the lack of a formal representation for product data that
creates a barrier to its effective capture and exchange. Several
research efforts are focused on the creation of a product repre-
sentation in the domain of collaborative product design. They
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are dedicated to answer questions at a higher level of collabo-
rative design. They try to consider not only the “what” but also
the “how” and the “why” of a design. A detailed survey of such
research efforts is provided in [10]. The core product model [5]
is proposed as a foundation for interoperability in next-gener-
ation product development systems. This paper analyzes these
efforts to derive the neutral PSRL (Section III-A).

An effort of significant relevance is the development of the
process specification language (PSL) at the National Institute
of Standards and Technology (NIST) [11]. PSL defines a neu-
tral representation for interoperability of information relevant
to manufacturing processes. It considers the representation of
process data used throughout the life cycle of a product, from
early indications of the manufacturing process flagged during
design, through process planning, production scheduling, and
control. An ontology is being developed to facilitate exchange
of information among various manufacturing process related
software.

The focus of PSL is to represent and capture manufacturing
process-specific data only. Efforts such as feature-based design
have focused on equating some concepts across design and man-
ufacturing, but they are not sufficient. Further, these efforts have
been limited to the mapping of geometry and related informa-
tion from design to manufacturing. Concepts that need to be rep-
resented in product data (such as design rationale, function, be-
havior, interpart relationships) are significantly different from
those in process-specific data.

In [12], an approach toward the development of a product
ontology and semantic mapping using first-order logic is
presented. This effort proposes the development of a shared
ontology. However, no details are provided on the develop-
ment of the ontologies and how the system enables semantic
interoperability.

In [13], an ontological approach is proposed to enable the
exchange of features between application software. It uses the
knowledge interchange format (KIF) [14] to model participating
ontologies and to create a common intermediate ontology. Rules
are manually specified to enable mapping of concepts from one
domain to another.

It is observed that most research efforts relevant to product
development are targeted toward the development of methods
that enhance ISO 10303 (STEP). Section IV-A discusses lim-
itations of ISO 10303. The need is to develop methods for se-
mantic data exchange in the domain of product development.
Other research efforts in this direction are incomplete and do
not attempt to satisfy the requirements for the exchange of se-
mantics as mentioned in Section III-B.

The AMIS project [15] at NIST identifies several technolo-
gies available to develop automated methods for integration of
software systems. It identifies semantic conflicts as an impor-
tant issue in solving an integration problem. Technologies and
techniques that affect such an integration include the following:

* technologies to formally capture and represent semantics
of software system;

 automated reasoning of tasks;

* mechanisms for integrating semantic information from
multiple sources and recognizing commonalities.

Thus, in order to develop a system for semantic interoper-
ability of product information, it is necessary to address the fol-
lowing broad topics:

» Capture of intent: It is necessary to capture the semantics
of product information relevant to a particular application.

* Representation of semantics: It is necessary to encap-
sulate the semantics in a formal language to enable com-
puter-readable and unambiguous representation.

* Translation of semantics: It is necessary to develop tools
to enable the translation of semantics through the auto-
matic or semi-automatic determination and resolution of
semantic conflicts.

This paper proposes an ontological approach to capture the
meaning of product information. Description logics are used to
formally encode the semantics. The use of mathematical logic
provides reasoning abilities that assist in the determination and
resolution of semantic conflicts across ontologies.

Section V presents the development of the product ontology
that forms the intermediate PSRL. Later sections will present a
methodology for semantic mapping to and from this PSRL.

V. PRODUCT SEMANTIC REPRESENTATION LANGUAGE

Ontologies have been found to facilitate semantic interoper-
ability for the purpose of integrating systems [4]. There are sev-
eral definitions of an ontology. However, with respect to interop-
erability, an ontology can be defined as an explicit specification
of a conceptualization [16]. An ontology language usually in-
troduces concepts (entities), properties of concepts (attributes),
relationships between concepts (associations), and additional
constraints.

Literature documents several methods that are proposed for
building an ontology. A skeletal methodology for the building of
ontologies is presented in [17]. It forms the basis of the ontology
design for this work. This section describes the procedure of
expressing engineering product knowledge into the intermediate
ontology and thereby describes the PSRL.

A. Identifying Purpose and Scope

The first phase in the development of an ontology is to iden-
tify its purpose and scope [17]. The purpose of the PSRL is to
serve as an interlingua to enable semantic interoperability.

Scope of the Ontology: Two application domains are con-
sidered for the development of tools and techniques to enable
semantic interoperability of product information. They are: 1)
CAD and 2) computer-aided process planning.

The design phase consists of application of design rules to
generate a three-dimensional (3-D) CAD model of the product.
Computer-aided process planning aids in creation of process
plans in manufacturing. The input of this process is the CAD
model of the workpiece to be created. The result of the process
is a detailed process plan (or NC code) from which the work-
piece can be fabricated.

This particular paper limits itself to the usage of SolidWorks
(SW) and Unigraphics (UG) to generate and modify the CAD
model. UG is also used (as the software in process planning do-
main) for the automatic NC code generation for the final fab-
rication of the product. The part domain is limited to prismatic
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parts bounded by CSG primitives which can be machined using
numerical control (NC) milling process.

After identifying the purpose and defining the scope of the
ontology, the next phases in building the ontology involve cap-
turing the ontology and coding it.

B. Capturing the Ontology

This phase involves identifying key concepts and relation-
ships in the domain of interest. It also identifies terms to refer to
such concepts and relationships and provides textual definitions
for them.

The intent of this work is to create a strong foundation of re-
quirements necessary to represent product data and not to create
an exhaustive list of requirements necessary for every applica-
tion. This is particularly important because the number of appli-
cations is constantly changing. Further, the application software
enhance their capabilities over a period of time. The aim of this
research is to develop a system that will be extensible. Thus,
it should account for future enhancements and development of
new application software.

Further, this research does not focus on the development of
a new product representation model. Therefore, it does not de-
velop new terminologies and assign new semantics to them. The
focus is on the development of a neutral representation language
in the context proposed in Section V-A. Corresponding mecha-
nisms to enable semantic interoperability are developed for the
effective exchange of product information.

In order to develop the PSRL ontology, the two software,
viz. SolidWorks and Unigraphics, and the Core Product Model
[5] were studied in detail. The Core Product Model presents a
generic product representation scheme for the entire product de-
velopment activity. This helps to generalize the domain of in-
terest for other software similar to SolidWorks and Unigraphics.
It also provides concepts that account for future developments
in the product development software.

This detailed study led to the identification and classification
of a certain set of core concepts and relations (properties) re-
quired to describe the domain of product development. This
paper uses the Core Product Model as a basis for the devel-
opment of a formal representation of product information. It
should be noted that the definitions mentioned in this paper as-
sume certain knowledge of the domain of product design. Pro-
viding detailed and complete definitions is beyond the scope of
this paper.

Core Concepts in PSRL: The key concepts for the ontology
can be briefly described as follows.

» Every concept is an Object. Thus, every Assembly, Arti-
fact, View (Front, Top, etc.) is an Object.

* A Specification is information relevant to an Artifact based
on customer needs and engineering requirements.

* An Assembly represents a collection of Artifacts.

* An Artifact represents a distinct entity in the design such
that it has a Form, a Function and a Behavior.

* The Form of the artifact is the physical design solution for
the problem specified by a corresponding Function.

* The Function specifies what the Artifact is supposed to do.
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* The Behavior represents how the Artifact implements the
Function.

» Every Form is represented by its Geometry and Material.

* A Feature is a Geometry with other associated Objects that
may lead to some knowledge about its Function.

* A Constraint is an Object that defines a shared property
that must hold in all cases.

More detail on the textual descriptions of the terms defining
these concepts and relationships can be found in [5].

Core Relationships in PSRL: The key relationships for the
PSRL can be briefly described as follows.

* An Object may have other Objects associated with it.

* An Object can be made up of subobjects. Every subobject
represents a child of the object.

 Correspondingly an Object may have a super-object that
represents its parent.

Using these core concepts and relationships, the ontology is
explicitly coded to form a representation language (PSRL).

C. Coding the Ontology

Informal ontologies hinder the effectives of interoperability
because they lead to ambiguities. Further, they cannot be used
for automation because they are not entirely computer-inter-
pretable. Therefore, formally defined ontologies are necessary
for successful semantic interoperability.

This section describes the encoding of the ontology into a
formal logical language. The lexicon and the axioms for the in-
termediate language (PSRL) are described in this section. Ax-
ioms also provide basic reasoning ability to the language. In
order to keep the scope of the work feasible, not all the concepts
and relations gathered in the previous phases are modeled com-
pletely. However, enough concepts and relations are included to
provide a logical overview of domain of product development.

The semantics for the PSRL are encoded using representation
and reasoning mechanisms based on description logic [18]. De-
scription logics (DLs) are knowledge representation languages
tailored for expressing knowledge about concepts and concept
hierarchies. Most DLs are decidable subsets of first-order logic
[19]. They are not as expressive as first-order logics. However,
the decidability and tractability of reasoning services have made
them a widely used tool for representing ontologies.

The syntax for encoding the PSRL is based on standards
from the Semantic Web, in particular, DARPA Agent Markup
Language (DAML) [20]. The latest release of the language
DAML + OIL [21] provides a set of logical constructs to define
ontologies and is based on XML. The underlying DL is obtained
recursively by starting from a schema S = (CN,RN,IN) of
concepts names (CN), role names (RN), and individual names
(IN). Concepts describe common properties of individuals.
Roles are interpreted as binary relations between concepts.

1) Lexicon for the PSRL: Along with logical and nonlog-
ical symbols provided by DAML + OIL [21], the core of the
PSRL consists of a nonlogical part of the lexicon (concepts and
relations) that represents basic concepts in the PSRL ontology.
These are equivalent to concept names and role names in the
DL. In particular, these include the following:
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* Concepts: Object, Assembly, Artifact, Behavior, Con-
straint, Form, Function, Feature, Geometry, Material,
and Specification

* Roles: hasChild, hasParent, and hasAttribute

The intuitive semantics of these concepts and relations have
been briefly described in Section V-B. All other concepts are
derived from the basic concept, Object.

2) Axioms for the Core PSRL: The basic notions of this core
PSRL are axiomatized formally using description logics. These
axioms capture the basic properties of the ontology. They also
provide semantics to the lexicon used in the PSRL. The precise
definitions of the nonlogical symbols and corresponding axioms
are described in this section.

* Object It is the most basic concept name in the PSRL. All
concepts (and concept names) are subclasses of Object. In
DAML + OIL, it is formally defined as follows.

(daml:Class rdf:ID="“Object”)
(daml:sameClassAs)
(daml:Restriction)
(daml:onProperty
resource="#name" /)
(daml:Cardinality)l
(/daml:Cardinality)
(/daml:Restriction)
(/daml :sameClassAs)
(/daml:Class)

However, for the purpose of this paper, we represent all
other axioms using description logic syntax [22].
* hasChild This relation represents the existence of a child
object. It has the following axioms:
Axiom 1: The hasChild relation is transitive:

hasChild™ C hasChild. (1)
Axiom 2: The hasChild relation is an inverse of hasParent:
hasChild = hasParent™ . 2)

 hasParent This represents the existence of a parent object.
It has the following axioms:
Axiom 3: The hasParent relation is transitive:

hasParent™ C hasParent. 3)
Axiom 4: The hasParent relation is an inverse of hasChild:
hasParent = hasChild ™. @

 hasAttribute The hasAttribute relation is used to inter-
pret the role played by single Objects as attributes within
a description of another Object. Specific subproperties
such as hasFunction, hasForm, and hasConstraint are
created to define explicit relationships between various
Objects. Each of these sub-properties may have more
sub-properties, e.g., hasDimensionalConstraint is a sub-
property of hasConstraint. Thus, there are no generic

Fig. 2. Example product (bracket).

axioms associated with the hasAttribute relation.

The hasComponentArtifact relation is a subproperty
of hasAttribute relation. It is also a subproperty of the
hasChild relation. It is used to represent the composition
relationship between an Assembly and its Artifacts. Thus,
an Assembly is described by its Artifacts, and the Artifacts
are children of the Assembly.

It should be noted that some of the above-mentioned ax-
ioms (for example, transitivity of relations) are represented
in DAML + OIL as properties of relations (and concepts).
However, they are only different representations of axioms in
the language. Furthermore, the axioms mentioned above are
not the only ones for the corresponding relations and concepts.
There are more axioms and more representation is required for
a complete definition of any concept or relation. For example,
the range of hasParent is an Object. Similarly, its domain is an
Object. Such details have not been provided in this paper.

The encoding of the core constructs in the PSRL enable a
generic formal representation of product information. More
concepts need to be encoded within the PSRL. These provide
more specific and instantiable constructs in the PSRL. The
development of such new concepts utilizes the core constructs
that have been mentioned in this section.

VI. REPRESENTATION OF NEW CONCEPTS IN THE PSRL

This section demonstrates the ability to represent new con-
cepts to represent product information in the PSRL. These
concepts are developed onto the core PSRL mentioned in
Section V.C. Only a few representative Objects are modeled
here. Further, only geometric features are considered em-
phasizing the need for semantic data interchange even for
geometric entities.

A. Example Product

The bracket shown in Fig. 2 is an object from the National
Design Repository [23]. It has several features characteristic of
a prismatic part generated by milling process.

The taxonomy for the features in this example component is
shown in Fig. 3. It should be noted that the Hole feature has not
been considered here because it does not present any semantic
conflicts during the translation of product information from the
application domains considered for the case study later.

The PSRL representation and involved axioms are stated as
follows:
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1
SweptSolid
ExtrudedSolid RevolvedSolid

| BossEs || BascES || BosskS | [ BaseRs |
ES — ExtrudedSolid RS — RevolvedSolid

Fillet

| EdgeFillet | IFaceFi]let I

|ConstRadEF] | VarRadEF |
EF - EdgeFillet

Fig. 3. Taxonomy of features of example product (Fig. 2).

Axiom 5 Every SweptSolid is a subclass of a Feature that has
a SweptSketch as at least one of its parents:

SweptSolid C Feature M FhasParent-SweptSketch.  (5)

Axiom 6 An ExtrudedSolid is defined as SweptSolid such that
it has exactly one Direction and exactly one depth of extrusion.
Further, the SweptDirection has the Constraint that the value of
the AngleBetweenDirectionAndSketchPlane (measured in De-
grees) is 0:

ExtrudedSolid = SweptSolid
M =lhasSweptDirection M =1hasDepth
M VhasSweptDirection-(Direction
M hasConstraint-(
AngleOfDirectionWithSketch
M (Degrees M hasValue-“0"))). ©)

Axiom 7 A BaseExtrudedSolid is an ExtrudedSolid such that
all its parents are a SweptSketch. Clearly, this means that the
BaseExtrudedSolid does not have any Feature as its parent:

BaseExtrudedSolid = ExtrudedSolid
MVYhasParent-SweptSketch. (7)

Axiom 8 Every BossExtrudeSolid is an ExtrudedSolid such
that at least one of its parents is a Feature:

BossExtrudedSolid = ExtrudedSolid
M3dhasParent-Feature. (8)

Axiom 9 Every Feature is disjoint with a Sketch:
Feature M Sketch = 1. )
It should be noted that these definitions and axioms are de-
rived from a study of the representations in SolidWorks and

Unigraphics. Therefore, they represent a superset of the repre-
sentations for the two application software. Similarly axioms
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for representation of a RevolvedSolid and Fillet are stated in the
PSRL.

The PSRL models core concepts and relations that are
common to the typical feature-based modeling systems. These
core concepts can be combined using the language constructors
to form new concepts as described in this section. Using this
property, we can model the full set of features that are en-
countered in a typical CAD system. New atomic concepts and
relations can also be specified in the PSRL if the existing set of
atomic entities is insufficient to model any particular feature.
Thus, for all practical purposes, all different types of features
can be easily modeled within the PSRL.

The development of such a PSRL forms an interlingua and the
basis of the development of methodologies to enable semantic
data interchange.

VII. SEMANTIC DATA INTERCHANGE

Semantic translation involves determination of mappings be-
tween semantically equivalent terms between the application
and PSRL ontologies. A mapping transforms instances in one
ontology into instances in the other. This is done by using logical
reasoning to compare definitions of terms in the two ontologies.

A key aspect of DAML + OIL is its well-defined formal
semantics [21]. It provides methods to interpret composite
descriptions in the language. Therefore, it facilitates machine
interpretation of the ontologies. Such semantics allow the ap-
plication of reasoners to infer relationships between concepts.
In particular, subsumption and satisfiability can be inferred.
This aids in the building of class hierarchies based on the
DAML + OIL description.

In order to support reasoning, information from the applica-
tion ontology is converted to PSRL’s format. Therefore, both
the application ontology and the PSRL ontology are encoded
in a formal description language (DAML + OIL). The steps to
translate semantics of product information from an application
A to another application B through the PSRL are as follows.

1) Syntactic translation: Product information from the on-
tology of application A is converted into the format of the
PSRL (a formal description logic). For this purpose, only
the syntax is changed keeping the terminologies intact.
Thus, syntax and terminologies of application A are con-
verted to the syntax of PSRL and the terminology of appli-
cation A, respectively. The syntax of PSRL is RDF/ XML
using DAML + OIL vocabulary.

2) Semantic translation: This phase involves the exchange
of semantics. It is based on logical reasoning procedures
that can determine equivalences between two symbols
(both represented by similar syntaxes). In this stage, in-
formation represented by syntax of the PSRL and termi-
nologies of application A is converted into a representa-
tion based on syntax and terminologies of the PSRL.

A reverse procedure is then applied to convert product infor-
mation from the PSRL to the application B. The flow of infor-
mation during this interoperability of semantics is depicted in
Fig. 4.
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"~ 7 " "Application B’s ontology N -y
PSRL Ontology

Fig. 4. Flow of information during semantic interoperability.

A. Syntactic Translation

One of the major challenges while building a syntactic
(and semantic) translator is that no application has an explicit
ontology. The framework of semantic interoperability requires
translation of the application ontology into an axiomatized on-
tology (A’s terminologies, PSRL syntax). In order to overcome
this issue, this work models the software application directly
in the PSRL syntax using the application’s terminologies. This
results in an axiomatized ontology like the PSRL. Such an
axiomatized ontology provides the capabilities of inferencing
and reasoning as mentioned earlier.

Thus, the problem of syntactic translation is not considered
in this work. The primary focus is on the problem of semantic
translation and, therefore, an axiomatized application ontology
is considered as an input that is available or is manually gener-
ated for this purpose.

B. Semantic Translation

The translation of semantics is primarily based on the deter-
mination of semantic equivalences between two interacting on-
tologies. This section presents a methodology for the determina-
tion of such a semantic equivalence matrix. This methodology
is derived from the concept of interpretation in mathematical
logic.

1) Semantic Equivalence: In product development, it is de-
sired that two concepts are equivalent if every instance of one
concept is a valid instance of the other one. Such a definition
of semantic equivalences will ensure that the designer’s intent
(in instancing a concept) during the creation/modification of a
product is preserved in the other software system.

Two concepts, a from an ontology A and S from another
ontology B, can be said to be semantically equivalent if
any instance ¢ of o in A is a valid instance of  in B, i.e.,
a(i) <= [(i). Therefore, semantic equivalences can be
expressed as bi-conditionals, i.e., « is semantically equivalent
to 3 if a® <= 3 where o is the interpretation of a in B.

It should be noted that, in order to achieve this condition
for semantic equivalence, it is necessary that exactly equivalent
definitions of concepts should exist in the two ontologies. The
method described in this paper assumes that the PSRL is de-
signed to have an exactly equivalent definition (as mentioned
above) for every concept in every application ontology. More
detail on this assumption is given in Section XI. A determina-
tion of such equivalence is based on the concept of interpretation
in mathematical logic.

2) Interpretation in Mathematical Logic: This section
presents the mathematical background for the determination
of semantic equivalences between two ontologies. More detail
on the definitions that follow and corresponding proofs can be
obtained in [24].

Let L4 be the language of the axiomatized application on-
tology A. Let Lp represent the language of the PSRL ontology
P.

For any language, L A of an axiomatized ontology is denoted
by A

Definition: The theory generated by the ontology A is the
set

Ta = {a: «is a sentence,and A = a}.

Forevery sentence § € A, A |= 6. This implies that A C Ta.

Let T4 represent the theory of A and T'p represent the theory
of the PSRL P.

Definition: T is interpretable in T'p if and only if there is a
finite definitional extension T of Tp such that Ty C T5.

Intuitively, this means that T4 is interpretable in T’p if and
only if there are definitions (in T'p) of those concepts of 1’4 that
may not be in 7'p such that all their properties in T4 are provable
in Tp.

Therefore, every sentence « € Ty — « € Tf; .Let Ax be
the name of the sentence in T;,r created from « by replacing the
symbols of L 4 not in Lp by their definitions in Lp. Now, for
every Aa in TH, T | Aa < Tp | af, where of is a
sentence in Lp that represents the translation of Ac.

Thus, once the definitional extension T;{ is created, the de-
termination of semantic equivalence of the sentence o € T'4 is
the determination of the sentence af € Thp.

3) Determination of Semantic Equivalences: Let a concept
in A be completely represented (including its properties) by a
sentence «. Symbols (and sentence names) in A that exist in
P with the same name and semantics are called invariants. The
process of determining an equivalent sentence name (o) in Tp
of « has the following two cases.

Case 1) ais an invariant. « is a concept in A that has exactly
the same terminology, semantics and representation
in both A and P. Therefore, o’ = a.

Case 2) « is not an invariant. This case presents the fol-
lowing two subcases:

a) «isan atomic concept. In this case, an equivalence
a® in Tp is manually specified. The existence of
such a concept in T'p is guaranteed because T'p (the
intermediate PSRL) is designed to have all concepts
that exist in T'y4.

b) « is not an atomic concept. In this case, « is ex-
pressed completely (including its properties) only
in terms of symbols that are invariants or have pre-
defined mappings from 7’4 to T'p.

Using the interpretations (in 7'p) of the symbols that
are used to define o in T4, a new sentence name
Aa is constructed in 7% . Although it is a new sen-
tence name, A« represents exactly the same sen-
tence represented by «. Thus, A« arises from « by
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replacing the symbols of L4 not in Lp by their se-
mantic equivalences in Lp.

Tp has been designed to have semantic equiva-
lences for all symbols and sentence names in 7'4.
Therefore, the process of determination of the trans-
lation of A« (and therefore of o € T4) is the de-
termination of a sentence name a”’ € T'p that rep-
resents the same sentence defined by the new name
Aa e T,

Further, T'p is decidable by design (because of the
use of DAML + OIL which is designed as a de-
cidable description logic language). Therefore, TIJ;
is also decidable. Logical reasoning can be used to
parse through the finite set of names in Tli' to find
the semantic equivalent name o such that of” €
Tp.

This is depicted by the pseudocode in Procedure 1.
Thus, equivalences for primitive concepts are spec-
ified manually. These are then used to determine
complex semantic equivalences.

Procedure 1: Procedure to determine semantic equivalences
Require: Ty, Tp, T;' , Sentence with name « defined by

symbols 1)
Ensure: o in Tp is semantically equivalent to o

for every v in « do

replace ¢ by

end for

Aa — «

TI}'.' — T; U Aa

Find sentence name a” € Tp such that o = A«

4) Semantic Equivalence Matrix and Translation of Seman-
tics: The determination of such semantic equivalences from
A’s ontology (A) to the PSRL (P) leads to the generation of a
semantic equivalence matrix SEM 4 p. This can be represented
as a list of ordered pairs of concepts in the two ontologies, i.e.,
SEMsp = {(a,&) ta € Afe P7OzP = 0}

This is followed by a similar determination of semantic equiv-
alences from B’s ontology to the PSRL. This is represented as
another semantic equivalence matrix SEMpp.

Consider a concept « in A’s ontology. Suppose its se-
mantically equivalent concept in the PSRL is 6, i.e.,
(a,0) € SEM 4p. Let § in PSRL be the semantically equivalent
concept for 8 in B’s ontology, i.e., (3,60) € SEMpp. These
semantic equivalences are determined by using the procedure
mentioned above.

Therefore, Ao <— 6 <= Bf, where A« is as defined
above. B3 is obtained from B’s ontology in a similar manner.
Therefore, o and 3 are semantically equivalent concepts of each
other. In other words, any instance of v in A is a valid instance of
6 in the PSRL. Further, any instance of (3 in B is a valid instance
of # in the PSRL. Therefore, any instance of « in A is a valid
instance of J in B.

This enables the translation of semantics between application
ontology [A’s (and B’s) terminologies, PSRL syntax] and the
PSRL (PSRL terminologies, PSRL syntax). A physical product
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Fig. 5. Feature taxonomies for example product (Fig. 2) in SW and UG.
(a) Feature taxonomy in SW. (b) Feature taxonomy in UG.

is represented in the form of instances (individuals) of the var-
ious concepts in an ontology. Once the semantic equivalence
matrices are determined, the translation of product information
is achieved by translating values of the properties of individuals
to create equivalent individuals (as instances of equivalent con-
cepts) in the other ontology.

VIII. IMPLEMENTATION

This section presents details on the implementation of the se-
mantic mapping methodology explained in Section VIIL.

Axiomatized ontologies for the application software and the
PSRL are developed using the OilEd [25] ontology editor that
allows a user to build ontologies using DAML + OIL.

The mapping matrix explicitly defines the semantic mapping
between a pair of terminologies belonging to different domains.
This semantic equivalence matrix is stored as a list of ordered
pairs of strings (a, p) in a text file. The first string a represents
the term in the application ontology, and the second one p rep-
resents interpretation in the PSRL ontology. In our work, one
mapping matrix is generated for each application ontology that
interacts with the PSRL.

The semantic equivalence determination methodology (Pro-
cedure 1) is implemented using the Jena toolkit [26] that pro-
vides a Java framework for writing Semantic Web applications.
It provides support for the creation, modification, and reasoning
of ontologies. Determination of semantic equivalences is per-
formed using the Jena inferencing capabilities.

IX. CASE STUDY

Consider the example part in Fig. 2. The aim is to translate
product semantics between the interacting CAD systems SW
and UG. Fig. 5(a) and (b) shows the taxonomies of feature infor-
mation in the two domains. These taxonomies are only a subset
of the real ones. The elements considered are representative of
the need for the exchange of semantics.
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Fig. 6. Instances of feature concepts in SW for the example product.

Each concept in a taxonomy is associated with a set of in-
stances, e.g., for the product in SW, BaseExtrude has an in-
stance base-extrude . Further, instances of a concept are also in-
stances of the ancestor. For example, an instance of BaseExtrude
is an instance of the ExtrudedFeature concept. Fig. 6 shows the
product during an intermediate stage of development in SW. It
shows the names of the individuals generated as a result of the
instantiation of the concepts.

A. Axiomatized Ontologies

This section presents a partial ontology for the product in DL
syntax (the physical representation language is DAML + OIL)
for SolidWorks application software. The representation derives
directly from the feature taxonomy depicted in Fig. 5(a). A sim-
ilar ontology is developed for the Unigraphics domain. The ax-
iomatized ontology derived from Fig. 5(a) consists of statements
such as the following:

ExtrudedFeature C Feature
M JhasParent-SweptSketch
BaseExtrude = ExtrudedFeature
M VhasParent-SweptSketch
BossExtrude = ExtrudedFeature
M JhasParent-Feature.

These concepts (and their definitions) in SolidWorks are sim-
ilar to the definitions mentioned in Section VI for the example
product.

A study of the two application ontologies (SW and UG) has
provided us with the part of the PSRL ontology (see Section VI)
that corresponds to this particular product.

B. Semantic Conflicts

Table II lists the semantic conflicts that occur during transla-
tion of the product information between SolidWorks and Uni-
graphics. The table lists elements that are equivalent in the two
domains but are different in terminologies.

C. Semantic Equivalences and Translation of Semantics

The semantic mapping methodology described in Section VII
leads to the determination of a pair of semantic equivalence ma-
trices. The first matrix represents semantic mappings between
SW and PSRL, and the second matrix represents semantic map-

TABLE 1II
SEMANTIC CONFLICTS BETWEEN SW AND UG FOR THE EXAMPLE PRODUCT
Symbol in SW ontology | Symbol in UG ontology
BaseExtrude Extrusion
BossExtrude Extrusion
ConstRadFillet ConstRadBlend
VarRadFillet VarRadBlend
BaseRevolve Revolution
BossRevolve Revolution
TABLE III
SW-PSRL-UG SEMANTIC MAPPINGS FOR THE EXAMPLE PRODUCT
Symbol in Equivalence in Symbol in
SW ontology PSRL UG ontology
BaseExtrude BaseExtrudedSolid Extrusion
BossExtrude BossExtrudedSolid Extrusion
ConstRadFillet | ConstRadiusEdgeBlend | ConstRadBlend
VarRadFillet VarRadiusEdgeBlend VarRadBlend
BaseRevolve BaseRevolvedSolid Revolution
BossRevolve BossRevolvedSolid Revolution

pings between UG and PSRL. Table III shows a combined view
of the two matrices to depict the semantic mappings across the
three ontologies.

The table shows that the term Extrusion in UG is semantically
equivalent to both BaseExtrudedFeature and BossExtrudedFea-
ture. However, based on definition in the actual instance (which
determines if there exists a parent as a Feature) of this concept,
it maps to one of the two concepts as mentioned above.

In particular, consider the instance base-extrudel of BaseEx-
trude concept in SW (Fig. 6) and its translation into UG.

This instance is represented in the SW ontology as

BaseExtrude(base—extrudel) N hasParent-sketchl.

This representation means that the instance base-extrudel as
shown in Fig. 6 is an instance of the concept Base-extrude and
has sketchl as its parent.

In the PSRL ontology, the equivalent concept for BaseEx-
trude is BaseExtrudedFeature. Therefore, the instance base-ex-
trudel is represented in the PSRL ontology as

BaseExtrudedFeature(base—extrudel)MhasParent-sketchl.

The concept extrusion from the UG ontology is equivalent
to the concept BaseExtrudedFeature in the PSRL. Therefore,
the individual BaseExtrudedFeature(base-extrudel) translates
to the following in UG:

Extrusion(base—extrudel) I hasParent-sketch1.

In all of the above three representations, sketchl is an indi-
vidual that represents an instance of the concept Sketch, i.e.,
Sketch(sketchl ).

The symbol BaseExtrudedFeature(base-extrudel ) represents
an individual created after the translation of all properties and
their values from SolidWorks ontology to the PSRL ontology.
In the above representation, only the name of the instantiating
concept has been depicted. This is only a partial component of
the complete instance information. It should be noted that there
is more information required for a complete representation of
an instance.
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Thus, a determination of semantic equivalences between con-
cepts across ontologies enables translation of instances of those
concepts from one software to another. The implementation in
this paper demonstrates only the determination of equivalent
concepts and corresponding translation of instances from one
ontology to another. The ability to translate instances from the
one application ontology to another application ontology im-
plies the ability to translate a physical CAD model amongst the
corresponding software applications. The actual translation of
CAD model from one system to another will require the devel-
opment of a syntactic translator (Section VII-A) from the CAD
system to the ontological representation of the CAD software.

X. DISCUSSION

This paper focused on the use of product ontologies for the
determination of semantic maps to enable better data exchange.
However, the intermediate PSRL and the method of its develop-
ment can form the basis of the following potential applications
in collaborative product development.

1) The extensibility of the core PSRL enables it to provide
a basis for the development of new ontologies for new
applications. A unified view of the domain experts in
product development during the process of developing
knowledge-based systems can be generated. Different
levels of abstraction of knowledge can be represented
using the same ontological base. A formal logic base in
DL will also enable tractable reasoning for queries into
the knowledge-based systems.

2) An explicit ontology can be used as a formal metadata
for semantic searches on a repository of product models.
Along with shape, all other information that is included
in a product representation can be effectively utilized for
better matches to a query. This will enable better re-use of
previous designs and corresponding knowledge.

Web Ontology Language (OWL) [27] is an evolution over
DAML + OIL. The work mentioned in this paper was started
prior to the availability of a stable version of OWL. Therefore,
DAML + OIL has been used for all representation.

It should be noted that description logics such as DAML +
OIL may not be able to completely represent all the informa-
tion that is required for the complete representation of a product.
First-order logic such as Knowledge Interchange Format (KIF)
[14] is best suited for a complete representation, although at the
expense of computational efficiency in reasoning [19]. Restric-
tion to the domain of Description Logics may be impossible
if a very low (e.g., geometric entities such as points and lines)
level of abstraction is to be achieved. At this level, we encounter
more types of restrictions (e.g., asymmetry and the need to use
variables) on concepts and relations that cannot be represented
within the domain of DL. Efforts such as the proposed OWL
rule language [28] use additional rule layers on top of the de-
scription logics in order to enhance expressiveness. Such extra
expressiveness, however, impacts on the characteristics of the
languages. We have restricted higher level product knowledge
(features) within the domain of DL for the determination of se-
mantic equivalence maps. Detailed translation can be achieved
by using existing detailed definitions such as ISO 10303. We
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may be forced to use a non-DL interface if semantic maps need
to be determined at the lowest level of representation. Issues that
need to be resolved during determination of such (not restricted
to DL) semantic maps is not within the scope of our work.

XI. CONCLUSION AND FUTURE WORK

An increasing trend toward product development in a collab-
orative environment has resulted in the use of various software
tools to enhance the product design. This requires a meaningful
representation and exchange of product data semantics across
different application domains. This paper presented an on-
tology-based methodology to enable semantic interoperability
of product information. We define the building blocks of an
ontology (PSRL) for an intuitive and comprehensive represen-
tation of product information. Formal description logic is to
encode the PSRL. This provides the PSRL with the following
features:

* Application Independence and Dependence. The PSRL
is developed using a standards-based approach of an-
alyzing application ontologies that need to exchange
semantics. Thus, it is application-independent. The core
PSRL can be updated for new application-specific features
because it can incorporate new concepts and relations.
This extensibility of the PSRL provides the potential to
enable integration of various existing and new application
domains.

* Expressiveness. The PSRL is based on description logics
and is therefore fairly expressive. The formal language
provides a computer-readable format for successful au-
tomation of semantic interoperability.

In addition, the formal approach used to define the PSRL fa-
cilitates modifications to the representation while maintaining
its validity and consistency. The use of mathematical logic
along with the standards-based approach provides a sound pro-
cedure for the determination of semantic equivalences between
the application ontology and the intermediate PSRL. Such
semi-automatic determination of semantic maps will provide a
correct input to and thus complement the use of well-developed
translation standards (such as ISO 10 303) for the physical data
translation.

The implementation using the W3C standards will enable the
use of technologies that support data management over the In-
ternet. This will aid in better collaboration in the design process.

The approach toward semantic interoperability (in particular,
the approach to determine semantic equivalences) presented in
this paper, is based on the assumption of the existence of ex-
actly equivalent interpretations across two ontologies. In order
to enable complete semantic interoperability, additional aspects
of semantics and data exchange need to be considered. Some of
these are as follows:

¢ determination of best semantic equivalences for terms that
have semantic similarities with other terms but no exact
equivalences;

* development of tools and procedures to prevent loss of
information during the translation of information from the
larger PSRL ontology to the smaller application ontology;
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* development of procedures specific to product devel-
opment environment to enable translation of complete
product information along with efficient reasoning
procedures.

Our method of representation of the semantic equivalence
matrix will be inappropriate to represent inexactness in the se-
mantic mappings. Currently, the semantic equivalence matrix
is only capable of specifying one-to-one mappings. If the map-
pings are asymmetrical, the matrix becomes highly complex and
multidimensional. Therefore, there is a need to develop better
methods to represent the semantic equivalence matrix to enable
efficient automation.

Methods to successfully enable semantic interoperability will
form the basis of seamless communication and thereby enable
better integration of computing environments in collaborative
product development.
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