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Abstract: In order to solve the problem of modeling product configuration knowledge at the semantic level to

successfully implement the mass customization strategy,

an approach of ontology-based configuration

knowledge modeling, combining semantic web technologies, was proposed. A general configuration ontology

was developed to provide a common concept structure for modeling configuration knowledge and rules of

specific product domains. The OWL web ontology language and semantic web rule language (SWRL) were

used to formally represent the configuration ontology, domain configuration knowledge and rules to enhance the

consistency, maintainability and reusability of all the configuration knowledge. The configuration knowledge

modeling of a customizable personal computer family shows that the approach can provide explicit, computer-

understandable knowledge semantics for specific product configuration domains and can efficiently support

automatic configuration tasks of complex products.
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Product configuration has been an important activ-
ity in the implementation of the mass customization
strategy. It builds product variants from a fixed set of
well-defined component types, which satisfy individual
customer requirements and complex configuration con-
straints of a product family. From the viewpoint of
knowledge engineering, product configuration is a
knowledge-intensive activity. The prerequisite for its
efficient and automated execution is to explicitly model
configuration knowledge. There have been some efforts
in this direction. Earlier product configuration systems,
such as R1/XCON!", used production rules to repre-
sent configuration knowledge. Felfernig et al. '* adopt-
ed UML to develop a conceptual configuration model.
The object-oriented method was applied to model prod-
uct configuration knowledge in Ref. [3]. However,
there are few works addressing semantic modeling of
configuration knowledge. It is essential for applications
to perform configuration reasoning automatically and

4
4 may serve as

efficiently. Semantic web technologies
a meaningful enabler for its realization. Semantic web
technologies provide explicit, machine-processable se-
mantics for knowledge representation and enable com-

puters and the web to provide much more automated
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services. Their application to configuration knowledge
modeling can facilitate semantic consistency and reus-
ability of knowledge and can improve the effectiveness
and quality of automatic product configuration proces-
ses.

This paper presents an approach to ontology-based
product configuration knowledge modeling and applies
semantic web technologies, especially OWL web ontol-
ogy language” and semantic web rule language
(SWRL)'”, to capture the configuration ontology as
well as the configuration knowledge and constraints in
specific product domains with the aim of providing
structural, consistent and reusable knowledge at the se-
mantic level for efficient product configuration reason-
ing. Moreover, a product family example of configu-
rable personal computers is used as a study case to de-
scribe the proposed approach.

1  Ontology-Based Product Configuration
Knowledge Modeling

1.1 Modeling framework

An ontology describes a shared conceptualization
formally and explicitly. The conceptualization is an ab-
stract representation of the knowledge structure internal
to the domain. Actually, an ontology identifies terms
representing domain concepts and relationships between
the concepts and allows formal and declarative descrip-
tions of intended meanings of the terms. The ontology
can serve as an important semantic foundation for
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knowledge representation, sharing and reuse and can
provide facilitates for reasoning on domain knowledge.

The approach of ontology-based configuration
knowledge modeling is shown in Fig. 1. The configura-
tion ontology provides general concept structures and a
common semantic foundation for modeling configura-
tion knowledge and rules of specific product domains.
It can be reused in different application domains, such
as computers and automobiles. Moreover, it helps to
enhance reusability and maintainability of configuration
knowledge and rules.
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Fig.1 Framework of ontology-based product configuration
knowledge modeling
The approach uses OWL to formally define the
configuration ontology and domain configuration
knowledge. OWL is based on RDE/XML syntax and
has three increasingly-expressive sublanguages: OWL
Lite, OWL DL, and OWL Full. The reasons for using

.......

o
< Is_Implemented_by*

-
-

-
- “ Is_Implemented_by*

-

OWL are that its formal set of semantics supports the
reasoning on concepts and individuals and that a grow-
ing number of automated tools are available to process
OWL documents, including editors, such as Protégé-
OWL'” and reasoning engines. Although OWL pro-
vides rich vocabularies for representing knowledge, it
cannot capture all types of knowledge relevant to a
given domain. In particular, it does not provide a way
to represent complex rules. Therefore, SWRL is used to
formally define domain configuration rules based on
the advantages of its close association with OWL and
formal semantics.
1.2 Configuration ontology

The configuration ontology identifies concepts and
relations common to all the product configuration do-
mains, which extend the set of modeling concepts pres-
ented in Ref. [2]. One extension is to introduce classes
relevant to product family development viewpoint to
enable consistent exchange between knowledge bases
of product development and configuration and to facili-
tate the maintenance of configuration knowledge. The
other extension is to add classes explicitly defining dif-
ferent customer requirements to guide configuration
tasks to generate the most suitable products. The classes
and some relations in the configuration ontology that
have been captured using the Protégé-OWL and dis-
played using the OntoViz'®' are shown in Fig.2.
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Fig.2 Classes and relations in configuration ontology

A product family is a set of products that are de-
rived from a common platform and are equivalent with
product variants. A module is a sub-system in a product
family and can be decomposed to sub-modules and/or
components. The class has two sub-classes. One is the

ComModule class that is shared by all the product vari-
ants of a product family and forms the common plat-
form. The other is the OptModule class that represents
the set of modules with specific features/functionality
meeting particular customer requirements.
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A component is a set of concrete parts with simi-
lar shapes, functions and assembly relationships and re-
presents the basic building block of a product. It can be
characterized by attributes with a predefined value do-
main. For example, a component can be described by
an attribute has _price with float values. Although the
attribute is not defined in the ontology to assure mini-
mal ontological commitment, it can be represented as a
datatype property in OWL. There exist requires and in-
compatible _ with relations between components. The
former expresses that the usage of one component type
needs the existence of the other component type and
the latter represents that two component types can not
exist in a product at the same time. In addition, two
types of part-whole relationships are widely used in the
configuration knowledge representation, namely, com-
posite and shared part-whole relationships. Components
that are associated with other components and/or mod-
ules by the two relationships are represented by the
classes CompositeComponent and SharedComponent,
both of which are subclasses of Component. Each com-
posite component must be connected to exactly one
whole, while each shared component can be shared by
at least two different wholes. Moreover, a composite
component cannot be a shared component at the same
time.

The Function class is an abstract characterization
of uses that products or components provide to custom-
ers. Complex functions can be decomposed into simple
functions through the has _ part relation. In addition,
implements and is_ implemented _ by express the rela-
tionships between functions and technical concepts,
namely, components, modules and products. The re-
source refers to a kind of service provided by compo-
nents, such as storage capacity of hard disks. In fact,
product configuration can be seen as a resource balan-
cing process, where the produced resources and con-
sumed resources must be balanced by selecting the ap-
propriate set of components. The port represents the as-
sembly structure of products, namely, the way in which
components and modules are connected to each other.
Actually, functions, resources and ports can be repre-
sented as attributes of components and modules. The
reason for representing them as classes is that they may
be characterized by their own generalization-specializa-
tion hierarchies and attributes.

Customers request configuration activities by put-
ting forward their requirements for configurable prod-
ucts, which are described by the following subclasses of
class. The

the CustomerRequirement Functional-

Requirement class involves requests for product func-
tions. The class CustomerConstraint expresses global
constraints or attribute restrictions of local entities. The
CustomerPreference class represents priority criteria for
selecting components and modules. For example, a cus-
tomer may require a hard disk made by Maxtor may
prefer to a product with a lower price.

2 Domain Configuration Knowledge

The configuration ontology can be refined to model
the configuration knowledge of specific product do-
mains. This is described by modeling configuration
knowledge of a personal computer family in this section.

First, function hierarchies are identified. Three
basic function classes DataProcessing, DataStorage
and DataDisplay are created based on product family
analyses. They are the subclasses of the Function class
and can be specialized to represent more specific func-
tions. Such a hierarchy enables customers to easily
specify function requirements and facilitates the identi-
fication of components and modules composing prod-
ucts by mapping functions to technical structures. Sec-
ondly, components, modules and their properties are
captured. The personal computer family has two main
component classes, namely, Hardware and Software.
Each class represents a hierarchy of subclasses. For
example, twelve subclasses of the Hardware class are
created and can be further classified into their subclas-
ses. For example, DiskDrive is specialized to two dis-
joint subclasses HardDiskDrive and FloppyDiskDrive
and CPU can have the IntelCPU subclass. Moreover,
attributes and relations of the classes are defined as
properties in OWL. For instance, a datatype property
has _version defines the version attribute of the Soft-
ware class. Finally, the classes Port and Resource are
defined. Based on personal computer structures, spe-
cific ports and resources are defined as the subclasses
of the two classes, respectively, for the components
identified above. For example, motherboards have the
port PrimaryIDESlot that is connected to the port
Data-Connector of hard disk drives. Hard disk drives
produce the resource HDCapacity that is consumed by
other components.

The domain configuration knowledge captured
above is coded in the OWL DL language. For exam-
ple, OWL specification of the class IntelCPU is shown

as follows:
{owl: Class rdf: ID = “IntelCPU” )
{rdfs: subClassOf rdf: resource = “#CPU”/)
{ rdfs: subClassOf)
( owl: Restriction )
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( owl: onProperty )
(owl: DatatypeProperty rdf: about = "#has _ maker"/ )
(/owl: onProperty )
(owl: hasValue
rdf: datatype = "http: //www. w3. org/2001/XMLSchema#string" ) Intel
(/owl: hasValue)
(/owl: Restriction )
(/rdfs: subClassOf)
{/owl: Class)

In addition, a description logic reasoner is used to
check the consistency of the knowledge and automati-
cally compute the class hierarchy after the domain
configuration knowledge is defined. The produced re-
sults show that the defined knowledge is consistent,
that is, there are no classes that can never contain any
individuals, and several classes are reclassified. For
example, the class CPU is not only the subclass of the
Hardware class but also that of the CompositeCompo-
nent class. These reasoner services help to keep
knowledge in a maintainable and modular state and
promote the reuse of the knowledge by applications.

3 Domain Configuration Rules

During the configuration of mass-customizable
products, complex configuration constraints and cus-
tomer requirements restrict valid and satisfactory con-
figuration solutions. These constraints and require-
ments are described by SWRL rules to provide unified
representation of configuration restrictions.

SWRL is mainly used to represent Horn-like
rules. The rules are of the form of an implication be-
tween an antecedent (body) and consequent ( head),
which means that the conditions specified in the con-
sequent must hold whenever the conditions specified
in the antecedent are satisfied. Both the antecedent and
consequent consist of zero or more atoms. Atoms are
the form C(x), P(x,y), sameAs(x,y) or different-
From(x,y), where C is an OWL description; P is an
OWL property; x and y are variables, OWL individu-
als or OWL data values. Multiple atoms are treated as
a conjunction. Moreover, based on the OWL syntax
and semantics, SWRL provides extended high-level
abstract syntax, XML syntax, RDF concrete syntax
and model-theoretic semantics. Consequently, domain
configuration rules in SWRL contain terms in the con-
figuration ontology and domain configuration knowl-
edge represented by OWL. This enables a good com-
bination of configuration knowledge bases in OWL
with corresponding configuration rule bases in SWRL
at the syntactic and semantic level.

Based on the knowledge modeling and represen-
tation described in section 2, rules related to technical

restrictions and customer requirements in the personal
computer configuration are identified and represented
by SWRL, as shown in the following rules:

VideoCard( ?x1) A has _ port( ?x1, ?x2) A\ AGPConnector(?x2) A
HardDiskDrive( ?x3) A produces( ?x3, ?x4) A\ HDCapacity(?x4) A has _
value( ?2x4, 72x5) =

swrlb: greaterThanOrEqual( ?x5, 200) ;

CPU( ?x) =IntelCPU( ?x)

The first rule expresses a technical restriction that
video cards with an AGP connector require at least
200 M hard disk capacities. VideoCard, AGPConnec-
tor, HardDiskDrive, has _port, produces and has _val-
ue are vocabularies in the configuration knowledge
defined in OWL and swrib: greaterThanOrEqual is a
built-in predicate in the SWRL document. The second
rule represents that the customer requires that the mak-
er of the CPU be Intel.

4 Conclusion

The key to automatic product configuration is to
explicitly model and represent configuration know-
ledge at the semantic level. This paper presents an
approach of ontology-based configuration knowledge
modeling supported by semantic web technologies, es-
pecially OWL and SWRL. The designed configuration
ontology provides common terms for semantically de-
scribing configuration knowledge and rules in a con-
figurable personal computer family. The OWL DL
sublanguage is used to formally define the ontology
and specific product configuration knowledge. In addi-
tion, complicated configuration rules are defined in
SWRL. This facilitates syntactic and semantic interop-
erability between configuration knowledge bases and
rule bases due to the tight connection of the two lan-
guages. The consistent knowledge in OWL and rules
in SWRL can be directly applied to configuration sys-
tems or easily mapped to facts and rules in configura-
tion engines, such as JESS facts and rules, to imple-
ment efficiently automatic reasoning of product con-
figuration tasks.
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