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ABSTRACT

The purpose of the semantic web is to augment the current web by making web
resources more accessible and computable, so that the web resources can be interpreted by
computer programs, namely ‘intelligent agents’. This enhancement is achieved by adopting a
new way of presenting information so that its meaning can be reasoned by the agents. Many
semantic web languages, such as RDF, RDFS, and OWL, have alrecady been developed to
express information in the form of meaningful ontologies. So far these languages have been
used successfully, however, they need to be extended with rule representation to be able to
express more advanced form of ontology upon which deduction can be applied.

The extension of semantic web ontology with rule representation has recently drawn
much attention from the research community, many ontology languages have been proposed for
this. In this thesis we have investigated two of them. The first is SWRL (Semantic Web Rule
Language), a language for rule formulation which includes OWL in it. The other is OWL 2, a
new revision of OWL, which has been recently updated by W3C and it has an improvement
over its predecessor especially to support rule formulation.

In this thesis we extend a meta-logical framework, which has been developed for
reasoning with OWL ontologies [1, 2, 3, 4], in order to reason with SWRL and OWL 2
ontologies with rules respectively. The meta-languages in that framework are also extended to
be able to express SWRL and OWL 2 ontologies (with rules). New meta-level axioms are need
to be added to the framework to support reasoning on SWRL and OWL 2 ontologies, and a
slightly improved inference engine based on demo(.) predicate is also proposed for this
extension. Finally we can argue that our approach is more powerful than others in terms of

reasoning ability.
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Chapter 1

Introduction

1.1 Problem definition

In a W3C document namely “Realising the Full Potential of the Web” [9], Tim
Bemers-Lee identified two major objectives that the web should fulfill. The first objective is to
enable people to communicate with each other by allowing them to share knowledge. The
second one is to incorporate standards and technologies that can help people structure the
information they share in a meaningful way. This vision has been known later as the Semantic
Web [10].

The Web’s provision, which allows people to write online contents for other people, is
a de-facto solution that has changed the computer world. Today, the Web has become one of the
most important platforms for e-commerce, communication, entertainment, business, education
and sharing knowledge by all means. The current web, however, hinders the second objective.
Much of the content on the existing Web, the so-called syntactic Web, is human but not machine
understandable. Furthermore, the exponential growth in the number of web pages as well as a
wide range of web accessible data and services make it difficult for program to evaluate the
worth of a resource.

The aim of the Semantic Web is to augment the symtactic Web by making web
resources more accessible and computable, so that the web resources can be interpreted by
compute programs namely ‘intelligent agents’. This enhancement is achieved by adopting a new
way of presenting information so that its meaning can be reasoned by the agents. Many
semantic web languages, such as RDF, RDFS, and OWL, have already been developed to
express information in the form of meaningful ontologies.

Ontology is an essential part of the Semantic Web as it forms vocabularies and
statements for representing knowledge shared across the web. For an ontology to be processed
automatically or reasoned logically by computers, it need to be specified formally and
declaratively. Several XML-based markup languages have been developed for expressing
ontologies, they were influenced by formalisms such as object-oriented approach, first order
logic, and Description Logic [5]. A prominent and highly influential representative of such

languages is the Web Ontology Language or OWL which became a W3C standard in 2004 [33]



and which has been updated and extended to OWL 2 in 2009 [34]. The formal semantics of
OWL is mainly based on Description Logic as an expressive knowledge representation _
formalism with a particular emphasis on terminological, i.e. scheme-level, modeling. Rule
languages, in contrast, provide an alternative paradigm for modeling knowledge with a stronger
focus on instances and relations between them. It seems to be a broad consensus in the Semantic
Web community that semantic web ontology should be extended with rules in order to enhance
content of an ontology and support reasoning capabilities on OWL ontologies. This is reflected
in the Semantic Web stack given in the Figure 1.1. The extension of the ontologies with rules

leads to the following problems that need to be investigated.

ol Sdah e

Rules & Query )

)

Ontology

RDF Model & Syntax

Figure 1.1 Semantic Web stack diagram from W3C

® Expressing Extension of OWL Ontologies with Rules

Adding rules to ontologies expressed in OWL could be regarded as an important step in
the research on the semantic web, as inferences can now be performed upon semantic web
ontologies; and many research proposals have been made. Two alternative ways for introducing
rules to semantic web ontologies we consider in this thesis are via SWRL and OWL 2.

While SWRL is an extension of OWL which allows Horn-clause rules to be combined
with an OWL ontology, OWL 2 is an improvement of its predecessor—OQWL—to have rule
formulation based on DL SROZQ. With SWRL and OWL 2, rules can be added to semantic

web ontologies. However, we need to relate an ontology with rules in their original form, e.g.



SWRL and OWL2, to its logical forms which form a knowledge base for reasoning mechanisms

to derive implicit and explicit information from the ontology.

® Reasoning with SW Ontologies with Rules

The use of rule will allow a means to deduce and combine information. Adding rules to
semantic web ontologies will increase inferential power of the ontologies and will make it a
more viable language for ontology representation. A semantic web ontology extended with rules
will allow deduction to perform upon it, so that an inference engine can derive implicit

information and extract explicit information from the ontology.

1.2 Motivation
We have realized that a language of semantic web and a language of logic are similar,
in that, they are both declarative. The purpose of semantic web is to make semantic web

ontologies computable while logic programming aims to make logical sentences computable.

® Semantic Web ontologies with rules and logic programming

In logic programming, a domain of discourse is described in terms of objects and their
relationship, and on top of that these relationships can be related in terms of rules for deduction.
In the semantic web ontologies, just some parts of information of resources are explicitly
described by semantic web ontology languages. However, such languages do not provide ways
of deriving new knowledge from the ontology. Rules can provide a deductive mechanism to
achieve this. Given ontologies together with rules, implicit information from the ontologies can
be derived by using an inference engine. Since extension of ontologies with rules analogous to
logic programming, a logical approach should be adopted for the reasoning process on

ontologies with rules.

1.3 Objectives
The main purpose of this research is to develop a meta-logical framework for reasoning
with semantic web ontologies with rules that supports semantic web Ontology languages, and

Rule language. The main objectives underlying this goal are:



® To study semantic web languages which are used to express semantic web
ontologies with rules. These languages are an extension of OWL DL with the
forms of Hom-clause rules represented by SWRL and OWL 2 which is based on
DL SROZQ with more features to express rules.

® To propose an approach for representing SW ontologies with rules based on meta-
representation  which distinguishes between object-level and meta-level of
knowledge represented by ontologies and rules.

® To develop a meta-interpreter as an inference engine for reasoning with semantic
web ontologies with rules. This meta-interpreter can reason with meta-programs
which are transformed from semantic web ontologies with rules based on the meta-
representation.

® To characterize and develop a meta-logical framework for SW agents, this
framework treats the meta-programs as its knowledge base and the meta-interpreter

as its inference engine.

1.4 Research Methodology

The methodology adopted in this research is mainly studying and analyzing semantic
web ontology languages which support rules. Basing on this analysis a transformation module is
designed in order to transform ontologies with rules into meta logical statements called meta-

programs. A meta-interpreter is then developed in order to reason with the meta-programs.

® Studying the languages expressing ontologies with rales

There have been proposals defining new languages for expressing ontologies with
rules, such as, SWRL, and OWL 2. In this thesis we study these two languages in order to find
ways to represent information contained in semantic web ontologies with rules in a form of
logical statements. Such logical representation must have a formal syntax and semantic as well

as facilitate reasoning ability in our framework.

® Defining meta-languages for logical representation of ontologies with rules

According to our study of SWRL and OWL 2, we shall separate our logical language

elements into two levels—object-level and meta-level. With this separation to be able to reason



with each level we define a meta-language for each level. Vocabulary, syntax, and semantics of

these meta-languages will be clearly defined in this thesis.

® Developing a meta-interpreter for reasoning with ontologies with rales

According to our framework, an ontology with rules is transformed into a meta-logical
representation. In order to reason with this representation, a meta-interpreter based on Vanilia
meta-meta-interpreter [26] is proposed to use as the inference engine. This meta-interpreter can

also be used to develop an intelligent agent to reason with semantic web ontologies with rules.

1.5 Contributions

The main contributions of this thesis are:

® In this thesis we propose a meta-logical framework for reasoning with SW
ontologies with rules base on the work of Hirankitti & Tran [1, 2, 3, 4].

® One meta-logical framework is proposed to support SWRL ontologies and another

to support OWL 2 ontologies.

1.6 Thesis Outline

The remainder of the thests is organized as follows:

® Chapter 2 Ontology Markup Languages

The background of semantic web languages as well as semantic web rule

language is introduced.

® Chapter 3 Research Works on Semantic Web Ontologies with Rules

This chapter gives an introduction to some approaches to integrate semantic
web ontologies and rules. Some approaches which translate ontologies and rules

into a logic program are also studied in this chapter.

® Chapter 4 Previous work and its extension

This chapter explains the previous work which is a Meta-logical Framework

for Agent Communication of Semantic Web Information (or briefly MAC-SWI)



proposed by Hirankitti & Tran [1, 2, 3, 4]. We then propose and extension of this

work so that it can reason with semantic web ontologtes and rules.

® Chapter S A Meta-logical framework for Reasoning with SWRL
Ontologies
In this chapter our proposal, the meta-logical framework for reasoning with

semantic web ontologies with rules expressed by SWRL, will be described in

detail.

® Chapter 6 A Meta-logical Framework for Reasoning with Semantic Web
Ontologies with Rule in OWL 2
In this chapter our proposal, the meta-logical framework for reasoning with
semantic web ontologies with rules expressed by OWL 2, will be described in

detail.

® Chapter 7 A Unified Meta-logical Framework for Reasoning with
Semantic Web Ontologies with Rules
This chapter describes a unified meta-logical framework for reasoning with

semantic web ontologies with rules.

® Chapter 8 Comparison with Related Works

We provide an evaluation of our work compare to other related works.

@ Chapter 9 Conclusion and Future Work

This chapter presents main results archived in the thesis and discusses potential

future works.

1.7 Convention

For a briefly refer to the term “semantic web”, we will use just “SW” throughout this thesis.



Chapter 2

Ontology Markup Languages

In this chapter we introduce the concepts and elements of the SW Languages whose
aim is to increase machine support for interpretation and integration of resources on World

Wide Web (WWW). In addition, we introduce the concept of rules to use for Semantic Web.

2.1 The Semantic Web
2.1.1 Introduction

In the early 90s, the technology of the World Wide Web was invented by Tim Berners-
Lee. This invention has significantly changed the way human exchange their information
around the world. Over the last decade, the World Wide Web (or briefly WWW) has gained
astonished success.

At the beginning of the web, it was first thought of as being a platform for sharing and
exchanging document and data, and for communication among corporate users. The content of
the current web was mainly targeted for human consumption. The information intended to be
processed by computers is generally defined by some standards which provide syntaxes for
computers just to understand how to display the information.

Generally, the main problem of the current web is that the information on the web is
provided only for human consumption in most cases. The machine cannot understand the
meaning of the information. The web is highly loaded enormous amount of coatent such as
texts, pictures, movies which are described in a natural language. Unfortunately, this
meaningless information is not useful for the machines because they cannot be processed by the
machines.

To solve this problem, new researches have been tried to enrich the current web
information with machine comprehensible semantics. One of these is the research on semantic
web which aims to provide heterogeneous intelligent access, distributed information, software
agents mediating between user needs and the information resources available. This support is
essential for bringing the web to its full potential as Tim Berners-Lee said “extended web of
machine-readable information and automated services that amplify the Web far beyond current

capabilities” [11].



2.1.2  Annotations and Meaning
The vision of the semantic web is to make resources (not just HTML pages, but a wide
range of web accessible data and services) more understandable for machines. Machine-

understandable annotations are used to describe the contents and meaning of web resources.

2.1.2.1 RDF

The Resource Description Framework (RDF) was proposed by W3C as a formal
language for describing structured information. The goal of RDF is to allow data on the web to
be able to e.xchange among applications while still preserving their original meaning. As
opposed to HTML and XML, the main intention is not to display documents correctly, but
rather to allow for further processing and re-combination of the information. RDF consequently
is often viewed as the basic representation format for developing the semantic web. It provides a
powerful tool for forming statements about resources and connecting these statements to infer
meaning. With RDF, resources and knowledge about them are stored in a simple and flexible
way, so that the resources cannot only be viewed by human, but also be processed by

applications.

® RDF graph

An RDF statement is in the form of subject — predicate — object triple. With this triple
form, an RDF statement containé three parts which are analogous to the parts in a simple english
sentence (subject — verb — object). An RDF triple assertion states a relationship, indicated by the
predicated, holds between the things denoted by subject and object of the triple. An example of
RDF triple, which is a description of sentence “the resource me has name Trang Mai Xuan”, is
depicted in Figure 2.1. A set of RDF triples is interpreted as a graph of these resources, with
arcs representing relationships between the resources. Figure 2.2 is an example of an RDF graph
in which a resource “me” is described as a person with a name, an email address, and a title (in

this example they are “Trang Mai Xuan”, “trangmx@gmail.com”, and “Mr.” respectively).



. http:/fictsw.org/ontology#hasName

Trang Mai Xuan

Subject Predicate Object

Figure 2.1 An example of RDF triple

http:/iwvww.w3.0rg/1999/02/22-rdf-syntax-ns#type

hitp:fictsw.orgl/ontology#hasName

Trang Mai Xuan

http:/fictsw.org/ontology#mailbox

http:/fictsw.org/ontology#titie

Figure 2.2 An example of RDF graph

In an RDF graph, resources are usually represented by Uniform Resource Identifier
references. Uniform Resource Identifiers (URIs) are short strings for identifying Web resources
[19]. A URI reference (or briefly URIref) is a URI, together with an optional fragment identifier
at the end of the string. For example, the URI reference http.//ictsw.org/People/Contact#tme
consists of URI http://ictsw.org/People/Contact followed by the # character, and the fragment
identifier me. A URI resource is uniquely and globally identified. A Resource without URIrefs
is called blank node; a blank node indicates an existence of a resource without explicitly
referring the URIref of that resource. In each triple the subject is a resource (represented by an
ellipse in the graph), the object is either a resource or a literal (represented by rectangle), and the

predicate/property is an arc connecting subject and object.
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® RDF syntaxes

The way of using visual graph for representing RDF is easy for human reading and
understanding, but it is clearly not suitable for processing RDF by a computer. In order to
express RDF statements in a machine-readable form, there are some RDF syntaxes having been
proposed. The first syntax for RDF is called Notation 3 (N3) which includes more complex
expressions such as paths and rules [9]. The RDF recommendation of 2004, proposed less
complicated part of N3 under the name N-triples as a possible syntax for RDF. N-triples was
further extended to include various convenient abbreviations, leading to the RDF syntax Turtle.

Figure 2.3 is an example of a Turtle syntax for describing the RDF graph in Figure 2.2.

@prefix rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
@prefix ppl: <http://ictsw.org/People/Contact#>
@prefix ont: <http://ictsw.org/ontology#>

ppk:me rdf:type ont:Person;
ont:hasName “Trang Mai Xuan”;
ont:mailbox mailto:trangmx@gmail.com;
ont:title “Mr.”.

Figure 2.3 A Turtle syntax example

Here the ‘@prefix’ introduces shorthand identifiers (such as ‘ppl:’) of XML
namespaces. The semicolon *;’ after the first line terminates the triple, this also allows us to
write many triples for one subject without repeating the name of the subject. In these statements,
the annotated resource is pplime, which is annotated with four property rdf:type,
ont:hasName, ont:mailbox, and ont:title.

The Turtle representation of RDF can be easily processed by a machine but is also
readable by human. However, triple representation like Turtle is not the most commonly used
RDF syntax in practice due to the fact that many programming languages do not offer standard
libraries for processing Turtle syntax. In contrast, essentially every programming language
offers libraries for processing XML files, so that application developers can build in existing

solutions for XML storage and pre-processing. XML-based serialization RDF/XML, therefore,
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becomes the main syntax for RDF. The RDF/XML specification [7] is built upon the XML
Information Set [14], XML Namespaces [12], and the XML base recommendation [29] for
abbreviating URI references within RDF graphs in their RDF/XML serialization. In order to
encode the graph in XML, the nodes and predicates have to be presented in XML terms, that is,
in element names, attribute names, element contents, and attribute values. RDF/XML uses
QNames as defined in XML Namespaces to represent RDF URI references. Figure 2.4 shows an
example for the senalization of the RDF graph in Figure 2.2 as an RDF/XML document.

<?xml version="1.0"?>

<rdf:RDF xmlns:rdf=" http://www.w3.0rg/1999/02/22-rdf-syntax-ns#”
xmins:ppl=" http://ictsw.org/People/Contact#”

xmins:ont=" http://ictsw.org/ontology#”>

<ont:Person rdf:about=" http://ictsw.org/People/Contact#ime”>
<ont:hasName>Trang Mai Xuan</ont:hasName>
<ont:mailbox rdf:resource="mailto:trangmx@gmail.com”/>
<ont:title>Mr.</ont:title>

</ont:Person>

</rdf:RDF>

Figare 2.4 An RDF/XML document example

As RDF provides only standard syntaxes for describing resources, it does not have any
specific mechanism to define a relationship between these resources. So, the question is how
can we provide meaning to the Web resources through these annotations? The answer will be

via ontologies, which will be introduced in the next section.

2.1.2.2 Semantic Web Ontology

In order to express the meaning of Web resources, ontologies are used for this purpose.
Ontology is a term taken form philosophy that refers to the science of describing things in the
real world and how they are related. In computer science, ontology is, in general, a
‘representation of a shared conceptualisation of a specific domain [20]. In this context, a
conceptualisation means an abstract model of some aspect of the world, taking the form of
definition of properties of important concepts and relationships. Ontology is designed for the
purpose of defining knowledge, reusing, and sharing information effectively. It provides a

shared and common vocabulary used in a domain that can be used to communicate between
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people, and heterogeneous application systems. In other words, an ontology allows software
agents, or in general all computer systems, to share and reuse domain know'ledgc.

Some important features of an ontology are:

® ability to reuse domain language.

® making domain assumptions explicitly.

® scparation of operational knowledge and domain knowledge.

® support of sharing a common understanding of the structure of the information
among people and/or software agents, and

® support analysis of domain knowledge.

Ontologies become increasingly important in the fields such as knowledge
mapagement, information integration, information retrieval, and electronic ecommerce. SW
ontologies are set to play a key role for establishing a common terminology between agents,
thus ensuring that different agents have a shared understanding of terms used in semantic
markup. For an ontology to be processed automatically or reasoned logically by computers, it
needs to be specified formally and declaratively. Several XML-based markup languages have
been developed for expressing an ontology such as Resource Description Framework Schema
(RDFS), and Semantic Web Ontology Language (OWL). Such languages will be described in
more detail in Section 2.1.4. As its name suggests, OWL is the most relevant for ontological
modeling. This work is closely related to knowledge representation formalism based on

Description Logics (DLs) which provides a formal foundation of a2 major part of OWL standard.

2.1.3 Description Logics

So far Description Logics (DLs) {4] have been important formalisms for ontological
modeling. DLs were develo'ped as a family of related knowledge representation ranging from
light-weight formalisms to highly expressive logics. They are designed to present and reason
about knowledge of an application domain in a structured and formally well-understood way.
They are based on a common family of languages, called “description languages™, which
provide a set of constructors to build concept (class) and role (property) descriptions. Such
descriptions can be used in axioms and assertions of DL knowledge bases.

The syntax of a DL is built over the distinct alphabets of class name C (known as

concepts), property names 'R (known as roles) and individual names . Depending on the kind
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of DL, different constructors are provided to build class expressions (or classes for short) and
property expression (or briefly properties). Intuitively, a class is used to represent a set of
individuals, sharing some common characteristics of a domain, and a property is used to present

a binary relation between individuals.

Construct Name Syntax Symbol
atomic concept A
universal concept T AL
bottom concept - AL
atoruic role R
transitive role RER, S
conjunction CcrlD AL
disjunction cubD u
negation -C C
exists restriction ar.C &
value restriction VR.C AL
role hierarchy RCS H
inverse role R A
<nR
unqualified number restriction ~ N
> nR
<nR.C
qualified number restriction Q
>nRC
nominal 1 O
complex role inclusions S,0..08 ER R

Table 2.1 Overview of DL constructs

An ontology specifies class inclusion relations between its classes and property
inclusion relations between its properties. These can be expressed in Description Logics by
what so-called terminological axioms of the form X C Y where both X and Y are either class
expressions or property expressions. An expression of the form C = D will be called an
equality axiom. It can be seen as a shorthand for two axioms C = D and D C C. A set of

terminological axioms is often called a “T-box’ in DL knowledge base. Expressions of the form
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a: C and (a,b) : R, where C is a class expression, R is a property expression and a, b are
individual names, will be called DL-atoms. DL-atoms can be used as axioms called ‘assertions’,
stating class memberships and property memberships. A set of assertions is called ‘A-box’ in
DL knowledge base.

Class expressions, property expressions, and axioms can be seen as an alternative
representation of first-order logic (FOL) formulae [18]. More precisely, individuals are
equivalent to FOL constants, class expressions correspond to FOL formulae with one free
variable, and property expressions are equivalent to FOL formulae with two free variables. In
other words, given C is class expression and P is a property expression, C is a class name
corresponds to a FOL formula C(x) and P is a property name corresponds to a FOL formula
P(x,y) where x, y are free variables. This also applies to expression built by constructors, such as
the inclusion axioms are equivalent to the universally quantified implications, i.e. P C Q, where
P and Q are property names, corresponding to the FOL formula VxyR(x,y) —> S(x.y). These
mappings are important, because basing on these a logical representation of ontologies and rules
is proposed in this thesis.

Description Logics are distinguished by the constructors and the expressive features
they support; each DL is named according to a convention introduced in [36], and Table 2.1

overviews DL constructs and their corresponding symbols.

2.14 Semantic Web Ontology Languages

After we have introduced description logics, we now introduce their relationship to
semantic web ontology languages. The main web ontology language considered in this thesis is
OWL [6], which is a W3C recommendation for expressing SW ontologies. The design of OWL
was motivated mainly by OIL and DAML+OIL, as well as several other existing languages i.c.
RDFS, SHOE and DAML-ONT.

The RDFS (RDF schema) [13], which is recommended by W3C, can be recognized as a
simple SW ontology language. RDF and RDFS are the foundation of the SW languages. Next
we describe RDFS and then followed by OWL.

2.1.4.1 RDF Schema (RDFS)

The RDF vocabulary description language (RDFS) defines a simple modeling language
on top of RDF. RDFS provides the primitives that are required to describe the vocabulary used
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in particular RDF models. This description is achieved by expressing set membership of objects

in property and class extensions. In RDFS, predefined Web resources rdfs:Class, rdfs:Resource

and rdfs:Property can be used to define classes (concepts), resources and properties (roles) -

respectively.

@prefix rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-ns#>
@prefix rdfs: < http://www.w3.0rg/2000/01/rdf-schemat>
@prefix ex: <http://example.org/Animal#>

ex:Animal rdf:type  rdfs:Class.
ex:Habitat  rdf:type  rdfs:Class.
ex:Elephant rdfitype rdfs:Class; rdfs:subClassOf  ex:Animal.
ex:liveln rdf:type rdfs:Property;

ex:south-sahara rdf:type ex:Habitat.
ex:Ganesh rdf:type ex:Elephant; ex:livein ex:south-sahara.

rdfs:domain ex:Animal; rdfs:range ex:Habitat.

Figure 2.5 An RDFS Ontology

RDFS predefines a set of meta-properties that can be used to present background

assumptions in ontologies, they are:

rdf:type: the instance-of relationship,

rdfs:subClassOf: the property that models the subsumption hierarchy between
classes,

rdfs:subPropertyOf: the property that models the subsumption hierarchy between
properties,

rdfs:domain: the property that constrains all instances of a particular property to
describe instances of a particular class,

rdfs:range: the property that constrains all instances of a particular property to have

values that are instances of a particular class.

RDFS statements are simply RDF triples, that is, RDFS provides no syntactic

restriction on RDF triples. Figure 2.5 show a fragment of an animal ontology expressed in

RDFS. This fragment defines three classes, i.e., ex:Animal, ex:Habitat, and ex:Elephant (which

is rdfs:subClassOf ex:Animal), and a property ex:liveln, as well as ad domain rdfs:domain and

range rdfs:range which are ex:Aninal and ex:Habitat, respectively. In addition, it states that the
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resource “ex:Ganesh” is an instance of ex:Elephant, and that it elp:liveln an ex:Habitat called
“ex:south-sahara”,

RDFS provides vocabulary for describing light-weight ontologies. However, the
expensiveness of RDFS is limited [25]; e.g., we cannot express a statement ‘An Elephant is
different from a Cow’, because negation canpot be expressed in RDFS. This issue led to a

specific kind of an Web Ontology Language.

2.1.4.2 OWL (Web Ontology Language)

OWL extends RDFS with new modeling primitives, for example to define properties
that are inverses of another, properties that are transitive, properties that are functioaal, and
property restrictions. In essence OWL is based on Description Logics extended by several
features to make it suitable for a web ontology language, e.g. using URIS/IRIs as identifiers,
import other ontologies, etc. By basing OWL-DL, a sub-language of OWL, on description
logics, it can make use of the theory developed for DLs, in particular sophisticated reasoning
algorithms.

In OWL, different naming conventions corresponding to description logics are used.
OWL classes correspond to concepts in description logics and properties correspond to roles.

OWL has three sub-languages: OWL-Lite, OWL-DL and OWL-Full. OWL-Lite and
OWL-DL are very expressive description logics; they are almost equivalent to the SHZF and
SHOZIN DLs [21]. OWL-Full contains features that cannot be expressed in description logics,
but it is compatible with RDFS. Precisely OWL-Full can be seen as the union of RDFS and
OWL DL,

The latest version OWL 2 is also split in two flavors, OWL 2 DL and OWL 2 Full.
OWL 2 DL corresponds to the description logic SROZQ [22], whereas the full variant is
introduced for RDF compatibility. In addition, three profiles were introduced: EL, QL and RL.
Each profile imposes usually syntactical restrictions on OWL in order to allow efficient
reasoning. OWL 2 EL is aimed at applications which require expressive property modeling and
is based on the ££++ logic, which guarantees reasoning with polynomial time w.r.t. ontology
size for all standard inference problems. OWL 2 QL is targeted at applications with massive
volumes of instance data. In QL, query answering can be implemented on top of conventional

relational database systems, and sound and complete conjunctive query answering methods can
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be implemented in LOGSPACE. With the EL profile, the standard inference problems run in
polynomial time. OWL 2 RL is aimed at scalable applications, which however do not sacrifice
to its expressive power. Reasoning algorithms for OWL 2 RL can be implemeated by rule-based
engine and run in polynomial time. The EL and QL are subsets of OWL 2 DL, whereas RL

provides two variants where one is subset of OWL 2 Full and the other one is a subset of OWL

2DL.

OWL construct DL Syntax Manchester syntax
Thing T Thing

Nothing P Nothing
intersectionOf cn..ngG Ciand ...and C,
unionOf Ciu..uc, Cior...ot G,
complementOf -C not C

oneOf {xpu..u{x} { X0 X}
allValuesFrom VR.C Ronly C
someValuesFrom JrR.C Rsome C
maxCardinality <nR Rmax n
minCardinality >nR R min n

cardinality <nRMN=nR Rexact n
subClassOf CGCG Cy SubClassOf: C,
equivalentClass C =0 C) EquivalentTo: C;
disjointWith C =0 C| DisjointWith: C;
sameAs {x,)={x} X, SameAs: X,
differentFrom {XJE~{x} X, DifferentFrom: X,
domain VRTC C R Domain: C

range TCVRC RRange: C
subPropertyOf RCs R SubPropertyOf: §
equivalentProperty R=S R EquivalentTo: §
inverseOf R, =R, R, InverseOf: R,
TransitiveProperty RRCR R Characteristics: Transitive
FunctionalProperty TE<IR R Characteristics: Functional

Table 2.2 OWL constructs in DL and Manchester OWL syatax

71897




18

In general, OWL offers convenient constructs that corresponding to description logics,
but does not extend their expressiveness. It should be noted that OWL does not make a unique
name assumption, so different individuals can be mapped to the same domain element. It allows
to express equality and inequality between individual (i.e. a=b, a #b) using owl:sameAs and
owl:differentFrom respectively. Most algorithms for description logics have already supported
this before the OWL specification was created. Not making the unique name assumption is
crucial in the semantic web, where it is often the case that many knowledge bases contain
information about the same entity. In this case, a common approach is that each knowledge base
uses their own URI and owl:sameAs is used to connect them.

Table 2.2 shows some examples of the mapping between constructs in OWL and
constructs in description logics. We can see that some features can be mapped directly to
description logics, e.g. intersection, and others are syntactic sugar, e.g. functional properties.

OWL has different syntactic formats, in which a knowledge base can be stored. Since it
can be converted to RDF, format like RDF/XML or Turtle can be used .There is also a special
XML syntax called “OWL/XML” and the Manchester OWL Syntax. The latter one is popular in

ontology editors. Examples are shown on the right column in Table 2.2.

2.2 Rales

Rule-based representation is another formalism adopted in logic programming. In SW it
has been proposed as a promising approach for modeling knowledge which complemeats to
OWL. In the broadest sense, a rule can be any statement of the form “if the precondition p holds
then the conclusion ¢ holds”, where the precondition and the conclusion are logical sentences.
22.1 The Syntax

The rules are defined over a first-order vocabulary including disjoint sets of function
symbols predicates and variables. The nullary function symbols are called “constants”. In
contrast to DL, where predicates can only be unary or binary, no restriction is placed on the
arity of the predicates. DL does not allow either the function symbols other than constants. The
terms are built in the usual way. As usual, atoms have the form p(t,,...,t,), where p is an n-ary
predicate symbol and ty,...,t; are terms.

An ordinary logic program is a set of rules each having the form:
HeB A ... ABy A ~Byit ... A ~B,
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where H, B, are classical literals, n > m > 0 and ~ B, are called negative literals. H is called the
head (or consequent) of the rule; By A ... A By A ~Bgit ... A ~B, is called the body (or
antecedent) of the rule. <«— is implication connective that is read as “if”’, so that the whole rule is
read as “[head] if [body]”, or as “if [body] then [head]”, with universal quantification is applied
on the whole sentence. A literal ~B; intuitively means a classical negation, i.e. if B, is true, then
~B; is false. If n=0, then the body is empty, this means True, and the connective the “ <" can
be omitted. A fact is a rule whose body is empty. A rule is said to be safe if all the variable of
the head also appear in some body literals.
Specific classes of programs considered in this thesis included restricted kinds of the
above general syntax:
® Definite program, where negated atoms are not allowed in the rules.
® Datalog program is a set of datalog rules which contain conjunctions, constant
symbols, and universally quantified variables, but no disjunctions, negations,
existential quantifiers, or function symbols.
For exchange the purpose of rules on the web a standard XML encoding for the rules is
needed. The effort was undertaken by the RuleML initiative (www.ruleml.org). The proposal
RuleML provides a natural mark-up for Datalog rules, using XML tags such as <head>,

<body>, <atom>, etc.

2.2.2 Extending Ontologies with Rules

The extension of SW ontologies with rules has recently drawn a lot of attention from
the SW research community, and many approaches have been proposed for it. One of them is to
combine DL with first-order Homn-clause rules. This is the basis of the Semantic Web Rule
Language, SWRL, language for rule formulation and rule extension to OWL. However,
inferences on SWRL rules can lead to undecidability even when the rules are assumed to be
function-free [24]. In order to make the inferences decidable, some restrictions were put upon
the rule language in the form of DL-safe rules [30] or Description Logic Programs DLP [18].
Recently, a new revision of OWL has been developed by W3C, it is called ‘OWL 2°. OWL 2
has much improvement over its predecessor—QOWIL—especially with rule formulation based on
DL SROZQ, in which DL rules can be completely internalized as decidable fragment of
SWRL. Research works on combining and representing SW ontologies with rules which gave

significant influence on our work will be explained in detail in chapter 3.
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Chapter 3

Research Works on SW Ontologies with Rules

3.1 Introduction

Many research proposals on adding rules to SW oatologies have been made; they range
from hybrid approaches to homogeneous ones. The idea behind the former approaches was that
the predicates in the rules and predicates in the ontologies are distinguished, and suitable
interface between them is provided. The research works on this direction are such as AL-log
language, a hybrid integration of Datalog and Description Logic ALC [15], CARIN, another
hybrid integration of Datalog with different DLs {28], and a hybrid integration of OWL DL (or
more precisely the DL SHOZA/) with normal rules under answer set semantics [16].

According to the latter approaches both rules and ontologies are combined into the
same logical language without making a priori distinction between the rule predicates and the
ontology predicates. Two example languages based on these approaches are Description Logic
Program (DLP) (18] and Semantic Web Rule Language (SWRL) [24]. In [18] a DLP was
proposed by combining Description Logics (DLs), which is the basis for the ontology
languages, with Logic Programs (LP), which is the basis for rule languages. It supports a
bidirectional translation of premises and inferences between the fragment of DL and LP, and
between the fragment of LP and DL. This translation enables one to construct rules on top of
SW ontologies. Later SWRL was presented in [24] as a new language for integration of rules
and ontologies, in which OWL was extended with Hom-clause rules expressed in RuleML.

Recently SWRL becomes the most commonly used language for describing ontologies
with rules. However, the straightforward addition of the rules to ontologies is the main cause of -
undecidability when reasoning with SWRL ontologies. In order to retain the decidability, some
restrictions have been put upon SWRL rules, and this kind of rules can be rewritten as a set of
DL axioms using the features introduced in SROZQ DL. This technique has been presented in
[17]. Due to the fact that OWL 2 was developed based on SROZQ DL, OWL 2 can therefore
express rules in the form of DL axioms.

In this chapter we explain two alternative SW languages, SWRL and OWL 2, which are
used to express SW ontologies with rules. In this thesis, we propose one reasoning framework to

reason with SWRL ontologies with rules, and the other similar framework to reason with OWL
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2 ontologies with rules. We also introduce a few systems that transform ontologies with rules

into logic programs and then the use interpreters to reason with the logic programs.

3.2 Semantic Web Ontologies with Rules
3.2.1 Semantic Web Rule Language (SWRL)

Whist OWL provides rich vocabulary needed for expressing an ontology, however,
adding rules to OWL will make it a more viable language for ontology representation. The basic
idea for OWL rules is to extend OWL with a form of rules while maintaining maximum
backward compatibility with OWL’s existing syntax and semantics; and RuleML (Rule Markup
Language) [34] was adopted as the language to express such a rule. Later, a new language
SWRL, which is the result of combining OWL DL—the sublanguage of OWL—and RuleML,
was introduced.

RuleML is a markup language for publishing and sharing rule bases on the web. Hom
clause logic is the foundation for the kernel of RuleML. A rule expressed by RuleML is in the
fomof H - B, A ... A B, where k > 0, H and B, are atoms. Each atom is described by using

XML tags <atom></atom>. A rule is defined by XML tag <implies> Body Head <implies> as

in Figure 3.1.
<implies>
<_body>
<and>
<atom>atoml</atom>
<atom>atomk</atom>
</and>
</-body>
<_head>
<atom>atom<atom>
</_head>
</implies>
Figure 3.1 RuleML syntax

In the same form with RuleML rule, SWRL rule is in the form of implication consisting
of an antecedent and a consequent, where description-logic expressions can occur in both. The
intended interpretation of the rule corresponds to that in the classical first-order logic, that is to
assert the rule, whenever the conditions specified in the antecedent hold, then the conditions

specified in the consequent must also hold; so an SWRL rule is in this form:
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Antecedent - Consequent.

where Antecedent, Consequent correspond to Body, Head in RuleML respectively. Both
antecedent and consequent of a rule consist of one or more atoms. For example, rules for

expressing “hasUncle”, “hasMother”, “hasFather”, “hasSon” relations can be written as follows:

hasParent(x, y} A hasBrother(y, z) — hasUncle(x, z).
hasParent(x, y) A woman(y) — hasMotherf(x, y).
hasParent(x, y) A man(y) — hasFather(x, y).

hasParent(x, y) N man(x) - hasSon(y, x).

A rule with multiple atoms in consequent can be transformed into multiple rules. That
is, let the multiple atoms in the antecedent form a conjunction B, and multiple atoms in
consequent form a conjunction H, A H,. We can equivalently express one rule of the form of B
— H; A H, by the two rules B—> H,and B— H,(duetoB »H, A H,=B— H, A B>
H).

SWRL abstract syntax was defined by adding axioms to OWL semantics and its
abstract syntax in order to allow the rule axioms, and the syntax of the rule axiom is:

axiom ::=rule

rule ::="Implies(’{annotation} antecedent consequent)’
antecedent ::= ‘Antecedent(’{atom}’)’

consequent ::= ‘Consequent('{atom}’)’.

With homogeneous combination of OWL and RuleML, the atom can be in the form of
either C(x), D(z), P(x,y), Q(x,z), sameAs(x,y), differentFrom(x,y), or builtln(predz,,...,z),
where C is an OWL DL description, D is an OWL DL data range, P is an OWL DL individual-
valued property, Q is an OWL DL data-valued property, pred is built-in relation, x and y are
either individual-valued variables or OWL individuals, and z, z, ..., z, are either data-valued
variables or OWL data literals.

Informally, an atom C(x) holds if x is an instance of the class C, an atom D(z) holds if z
is a value in the dataRange D, an atom P(x,y) (resp. Q(x,2)) holds if x is related to y (z) by
property P (Q), an atom sameAs(x,y) holds if x is interpreted as the same object as y, an atom
differentFrom(x,y) holds if x and y are interpreted as different objects, and an atom

builtin(pred,z,,....z,) holds if (z,,...,2,) is in the extension of the built-in predicate pred. Built-in



23

functions in SWRL [20] is important feature to make the language more flexible when working
with datatypes such as numbers or strings. )
For example, the rules “hasUncle”, “hasMother”, “hasFather” can be included to an

ontology by adding the following rule axiom to that ontology.

Implies(Antecedent(hasParent(x, y) hasBrother(y, z)) Consequent(hasUncle(x, z))).
Implies(Antecedent(hasParent(x, y) woman(y)) Consequent(hasMother(x, y))).
Implies(Antecedent(hasParent(x, y) man(y)) Consequent(hasFather(x, y))).

SWRL provides both an XML and an RDF concrete syntax. The XML Concrete Syntax
is a combination of OWL Web Ontology Language XML Presentation Syntax [17] with
RuleML XML syntax. This has several advantages:

® arbitrary OWL classes (e.g., description) can be used as predicate in rules,

® rules and ontology axioms can be freely mixed, and

® interoperability between OWL and RuleML is simplified.

A further advantage of extending OWL’s presentation syntax is that the existing XSLT
stylesheet can be extended to provide a mapping to RDF graphs that extends the OWL
RDF/XML exchange syntax. Full detail of both the XML and the RDF concrete syntax can be
found in the SWRL member submission [20]. Figure 3.2 shows an example of the rule uncle

written in RDF/XML concrete syntax.

<swrl:Imp xdf:ID="Def-Adult">

<swrl:body rdf:parseType=“"Collection">
<swrl:individualPropertyAtom>
<swri:propertyPredicate rdf:resource="&eg ;/hasParent"/>
<swrl:argumentl »df:rescurce="#x1" />
<swrl:argument2 rdf:resource="§x2" />
</swrl:individualPropertyAtomn>
<swrl:individualPropertyAtomn>
<swrl:propertyPredicate rdf:rescurce="&eg: hasBrother"/>
<swrl:argumentl xdf:resource="#x2" />
<swrl:argument2 rdf:resource="#x3" />
</swrl:individualPropertyAtom>
</swrl:body>

<swrl:head rdf:parseType="Collection">
<swrl:individualPropertyAtom>
<swrl:propertyPredicate rdf:resource="&eg: hasUncle"/>
<swrl:argumentl rdf:resource="#x1" />
<swrl:argument2 rdf:resource="#x3" />
</swrl:individualPropertyAtom>
</swrl:head>

</swrl:Inp>

Figure 3.2 An SWRL rule example
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SWRL provides a rule extension to OWL, and this allows rules to be represented with
OWL ontologies. SWRL is defined as a syntactic and semantic extension of OWL DL with

rules.

322 OWL2
® Limitation of OWL

OWL has become a popular language for expressing SW ontologies. Although OWL is
an expressive language for ontology representation, it is far from being complete. Practicality
has revealed OWL’s lack of several necessary conmstructs in both aspects of syntax and
expressiveness.

In the syntactic aspect, due to the missing of some constructs to deal with patterns in
OWL, in some cases we have to represent knowledge in a verbose manner. For example, OWL
allows to state that two subclasses are disjoint, but in order to represent that several subclasses
are pairwise disjoint, we have to adopt many axioms, each states that the two subclasses are
disjoint, this is obviously not very concise.

Another drawback is whilst OWL provides means to assert values of a property for an
individual and also to express that two individuals are related by some properties, it does not
provide constructs for asserting values that an individual does not have, and also does not
provide constructs for expressing that two individuals are not related by some properties.

A major drawback of OWL was also revealed in its limitation to deal with properties.
This is due to the fact that whilst OWL includes a relatively rich set of class constructors, its
treatment on properties is rather weak, i.c. it lacks of constructs for expressing additional
restrictions on properties. In other words, OWL limits the characteristics of properties, i.e.
although it is possible to declare properties are transitive, symmetric, functional or inversely
functional, it does not allow us to declare a property is asymmetric, reflexive, or irreflexive. A
definition of disjoint properties is that some two individuals cannot be connected by two
properties which are disjoint, unfortunately this kind of definition is not supported by OWL. In
addition, we can define a new class as being a composition of other classes in OWL, but we
cannot do so with properties. All these limitations can be overcome by OWL 2, which was

developed after OWL by W3C [39].
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® New features in OWL 2

OWL 2 goes beyond the original OWL by adding to it some new features in order to
solve the problems of syntax and expressiveness in OWL. As referred to in the previous section,
some patterned knowledge is difficult to express in OWL. To overcome it, OWL 2 adds new
constructs to make some common patterns easier to express. For instance, to declare that
multiple classes are pairwise disjoint, with OWL several axioms are needed, whereas in OWL 2
we need only ene axiom to do by using owl:AllDisjointClasses constructor. In OWL 2 we can
also use just owl:disjointUnionOf to define a class as a union of other classes, all of which are
pairwise disjoint. Another issue is that sometimes we want to state that two individuals are not
related by a property, or to assert values that an individual does not have, OWL 2 provides a
means to do that by using owl:NegativePropertyAssertion construct.

OWL 2 also adds more constructs for properties. Apparently, OWL constructs were
defined based on DL SHOZN, this led to major drawbacks regarding an expressiveness of
property declaration as said earlier. OWL 2, however, was designed based on DL SROZQ [22]
by including new counstructs for expressing additional restriction on propetties, new
characteristics of properties, and incompatibility of properties. These new constructs
significantly enhance the expressiveness of the language.

For example, some constructors were added to OWL 2 for declaring that properties are
reflexive, irreflexive, or asymmetric. owl:asymmetricProperty defines a property is asymmetric,
i.e, if A is related to B via this property, then B is never related to A via this rule. Reflexive
property is defined by owl:reflexive, meaning that every individual A is related to itself via this
rule. Using reflexive property OWL 2 defines Self Concept, which is a set of individuals related
with themselves via a particular property. In addition, irreflexive property is defined by
owl:irreflexive.

Moreover, to increase OWL 2’s relational expressiveness, some constructs for defining
relationships among properties are introduced. OWL 2 provides owl:propertyDisjointWith and
owl:AlDisjointProperties to declare disjoint properties. OWL 2 also provides
owl:propertyChainAxiom to express property chains, i.e. propagation of one property to
another. Table 3.1 briefs some differences between OWL and OWL 2.
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Features OWL OWL 2
Description logic based on DL SHOIN based on DL SROZQ
Disjoint Classes owl:disjointWith: two owl:AllDisjointClasses: several
classes are disjoint classes are pairwise disjoint.
Property characteristics transitive, symmetric, Extra-property: asymmetric,
functional reflexive, irrefexive
Property chains not support owl:propertyChainAxiom
Negated property assertion not support owl:NegativeProperty Assertion
Disjoint Properties not support owl:propertyDisjointWith,
owl:AllDisjointProperties
Self Concept no-suport owl.Self

Table 3.1 Comparison between OWL and OWL 2

3.2.3 Expressing Rules in OWL 2

Some previous SW ontology languages such as DAMLAOIL and OWL were developed
based on DL SHOZQ. SHOZQ provides a variety of constructors for building class expressions.
The DL class expressions can be demonstrated as being corresponded to first order logic (FOL)
which is used to formulate rules. Table 3.2 shows the FOL formulae correspond to the DL class
expressions.

According to this correspondence, an FOL sentence can be expressed in DL as well as
in DAMLA+OIL or OWL. For example, a rule of the form: C(x) A —D(x) - E (x) v F(x)
can be rewritten as a DL axiom: C M -D & E U F, and a rule of the form: C(x)
R(x,y) +E(X) can be rewritten in DL as the axiom: C M R.T C E. However, with some

rules such as:
(A) hasParent (x,y) AhasBrother (y,z) » hasUncle(x,z),and

(B) Man(x) ahasChild(x,y) -» fatherOf (x,vy) .

There is no correspondence so they cannot be rewritten as DL axioms, however to be able to do
so we need some extra axioms in DL SROZQ, these are the new features in OWL 2 which we

introduced in previous section.
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Expression DL FOL

subclassOf cCDh vx.C(x) = D(x)

subpropertyOf P,CP, VX,y.P(x,y) = P)(x.y)
transitiveProperty PP v x,y,2(P(x,y) A P(y,z)) = P(x,2)
functionalPropery T<1P v x,y,2.(P(xy) A P(x,z)) >y=z
inverseProperty P=Q vx,y.P(x,y) —> Q(y,x)
intersectionOf C,n.nc {Cx A .. aCx

unionOf C, U.UC jCx v .. vC(kx)
complementOf -C —C(x)

Table 3.2 DL FOL equivalence

OWL 2, which is based on the more expressive DL. SROZQ [22], supports the Role
Inclusion Axiom (RIA) or so-called the “property chain” axiom and the Self Concept, and these
can be used to express more forms of rules, including that in the previous example.

Role Inclusion Axioms are constructs of the form R o S C T where o is a binary
composition operator. This form is equivalent to an FOL formula: Vv x,y,z(R(x,y) » S(y,2)) —
T(x,z). By adopting this, rule A can be easily rewritten as a DL. SROZQ axioms:

hasParent 0 hasBrother C hasUncle.

The Self Concept allows one to express a “local reflexive” property, €.g. R(x, x), in
which a role R relates an individual x to itself. The Self Concept can be used to transform a
property R(x,x) into a class Cy and vice versa, and this is due to a DL SROZQ axiom Cy
= 3R.Self. Therefore to derive the DL SROZQ axioms that corresponding to rule B, we first
transform a class Man into a property Py, by introducing an axiom Man = 3 Py,,.Self, we
then apply the previous RIA. As a result, rule B will be equivalent to these DL SROZQ axioms:

Man = JFPy,,.Self.
Puan © hasChild C© fatherOf.
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With these new features, we can express a rather wide range form of rules, if they
satisfy certain restrictions [17], in the form of OWL 2 axioms. Our contribution in this thesis is
to provide a reasoning framework to deal with new features in OWL 2, so that it can reason with

ontologies and rules express in OWL 2.

3.3 Conclusion
We have explained two SW languages SWRL and OWL 2 for expressing SW

ontologies with rules. We will adopt these two SW languages in our framework to explain in

chapter 5, 6.
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Chapter 4

Meta-logical Framework for Agent Communication of

Semantic Web Information

A Meta-logical Framework for Agent Communication of Semantic Web Information
(or briefly MAC-SWI framework) was proposed by Hirankitti & Tran [1, 2, 3, 4] is multi-agent
system for reasoning with SW ontologies expressed by OWL. In thesis we extend this this
framework so that it can reason with SW ontologies with rules expressed by SWRL and OWL
2. This chapter we describe this framework and then in the next two chapters we present our

framework.

4.1 MAC-SWI Framework

MAC-SWI is a meta-logical framework for agent communication of SW information,
expressed in a meta-logic. Figure 4.1 shows the architecture of MAC-SWI framework, each
block in this figure represents one agent which includes three parts: meta-programs of SW
ontologies, a meta-interpreter, and the communication facility. Each of the meta-programs
contains a meta-level description of an SW ontology. That is, an ontology expressed in its native
form, e.g. in RDF, RDF Schema, and OWL languages, is transformed into a meta-logical form.
The meta-interpreter is the system’s inference engine which is used to infer implicit and explicit
information from the meta-logical representation of the ontologies. The communication facility
supports communication among individual agents. Our enhancement in this thesis focuses on

processing SW information by one single agent. Figure 4.2 depicts componeats of a single

agent.

In next sections we will review the components of one single agent of MAC-SWI
framework, we first review meta-languages and meta-programs for SW ontology, and we then

recall the definition of meta-interpreter.
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Figure 4.1 MAC-SWI Framework
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Figure 4.2 A single agent

4.1.1 Object language

Object language is used to describe @ domain of discourse, it specifies objects and their
relationships at the real world. For example, John goes to school is a proposition stating that the
person John does the action go fo school. But if we refer to “John”, this is a name of John,
containing four letters. Also “John” is a noun, “go” is a verb, “f0” is a proposition, and “school”
is another noun. So “John” is a syntactic representation of John and it is a meta-language of the

object language John.

4.1.2 Meta-language
A meta-language is a language that is used to discuss or describe an object language. In
other words a meta-language is a language used to make statements about statements in the

object language. Meta-language is used to discuss about another language (the object language).
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When a meta-language statement describes property of an object language statement,
there is an important syntactic relationship between the two languages: the object language
statement acts as a term in the meta-language statement.

For example, with the object language statement John goes to school, at meta-language
‘John’ is a string with four letters used to name the person. This string also represents the
subject of the sentence.

In our framework we defined meta-languages to describe Semantic Web Ontology

Language. These meta-languages are defined in the following section.

4.13 Meta-languages of the Semantic Web Ontology

. SW ontologies are created by using SW markup languages: RDF, RDFS, and OWL. In
this form, an ontology is sufficiently to be exchanged among applications in the web
environment, but it is difficult and not efficient when an application processes data in an
ontology.

In MAC-SWI, in order to support an agent to reason with SW ontologies efficiently,
logic programming approach is used to represent and reason with SW ontologies. According to
this approach, two meta-languages for expressing information expressed in an SW ontology are
defined. Each meta-language is used for different kinds of information contained in an SW

ontology.

Meta level

meta statement

Object level

object level statement

___—-.._..-_-_....___..____._
.

------
...............

i
> Ontology element ! ceedIsa
—p {nstance of H -— - Usedin

Figure 4.3 Ontology elements at object level and meta level
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The language elements of an SW ontology are classes, properties, instances, and
relationships between/among them described in the object level and the meta-level as depicted
in Figure 4.3. At the object level, an instance can be an individual or a literal of a domain, e.g.
‘john’, and property is a relationship between individuals, or is an individual’s attribute, e.g.
‘hasSon’, ‘type’. At the meta-level, a meta-instance can be an individual, a property, a
class, or an object-level statement. A meta-property is a property to describe a meta-instance’s
attribute  or a relationship between/among meta-instances, e.g. ‘reflexive’,
‘disjointWith’.

Notice that according to the SW convention, to make a name appearing in an ontology
unique, we qualify it with a namespace like <namespace>:<name>, such as ‘f’:‘son’,
‘£’ : ‘hasSon’, ‘owl’: ‘reflexive’, etc. This qualified name is used throughout this thesis.

In order to describe information at these two levels, two meta-languages were
developed: the meta-language for object information (ML) and the meta-language for meta-
information (MML). An object language specifies objects and their relationships in the real
world while a meta-language describes the syntactic form of the object language. For an SW
ontology, ML is used to describe instances and their relationships, whereas MML is used to

describe classes, class instances, properties and their relationships.

® Meta-language for object level (ML)

Instances and their relationships at the object level are specified in an SW ontology and
this information is expressed at the meta-level by the ML language which includes meta-
constants, meta-variables, meta-function symbols, meta-terms, and meta-statements defined as
follows.

Meta-constant specifies a name of an object and a literal, e.g. *john’, and also a
namespace, the latter is a meta-constant of MML. This means that ML and MML are not totally
separated.

Meta-variable stands for a different meta-constant at a different time, e.g. Person,
Father.

Meta-function symbol stands for a name of a relation between objects, or a name of an
object’s property—i.e. an object-level predicate name, such as ‘hasSon’, ‘name’. It also

stands for other meta-level function symbol,e.g. *« ', *A ", *:".

] I



33

Meta-term is either a meta-constant or a meta-variable or meta-function symbol
applied to a tuple of meta-terms, e.g. ‘£’ : ‘has'Son'. ‘owl’: ‘reflexive’. To express
object-level predicate it has the form: P(S, O), where P is an object-level predicate name, S and
O are meta-constants or meta variable, e.g. ‘£’ : ‘hasSon’ (*f’:‘fa’, ‘f’': ‘son’). The
meta-term expressing an object-level sentence is a logical-connective function symbol applied
to the tuple of these terms, e.g., ‘£’ : *hasSon’ (‘f’:‘fa’, ‘£’ :'son’) ‘«' true.

Meta-statement for the object level reflects an object-level sentence to its existence at
the meta-level. It has the form: statement(object-level-sentence), e.g.

statement ( ‘£’ : ‘hasSon’ (*f’:‘fa’, ‘f’:‘son’) «true).
® Meta-language for meta-level (MMIL)

Apart from the object language, an SW ontology also defines classes, properties, their
relationships, as well as class-instance relations. This information is precisely meta-information
of the object-level. MML is defined to describe such information. MML language includes:

Meta-constant specifying a name of an instance, a property, a class, a literal, and a
namespace.

Meta-variable standing for a different meta-constant at a different time.

Meta-function symbol standing for a logical connective, e.g. **, A’ ; or ‘:(for
namespace labeling); or a set operator applied on classes such as union, intersection, and
complement; or a meta-predicate name being a name of a relation between entities; or a name of

characteristic of a property, which may fall into one of the following categories:
Class-class relations: equivalent class of, disjoint with, etc.
Class-instance relations: instance of, class of, etc.
Property-property relations: subproperty of, inverse of, etc.

Relations between literals and instances/classes/properties: we can take these
relations as attributes of instances, of classes, or of properties, e.g. comment, label.
Characteristics of properties: transitive, symmetric, functional, etc.
Meta-term being either a meta-constant or a meta-variable or meta-function symbol
applied to a tuple of meta-terms, e.g. equivalentClass(C,EC), Man(son),
fatherOf (fa, son). A name of a class, a property, etc., can be referenced by a meta-term in

the forms of: namespace:name e.g. ‘£’ : *‘Man’. ‘f’ : ‘fatherOf’.
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When a meta-term expresses a meta-level predicate stating a relation between entities,
it has the form of Pred (Sub,Obj), and when it expresses a meta—leve.l predicate stating a
characteristic of a property, it has the form of Pred (Prop), where Pred is a meta-predicate
name, Sub, Obj, and Prop (a property) are meta-constants or meta-variables.

The meta-term expressing a meta-level sentence is a term Pred (Sub,Obj) or
Pred(Prop) or a logical-connective function symbol applied to the tuple of these terms. Let
all meta-variables appearing in the meta-level sentence be universally quantified. One form of
the sentence is a Hom-clause meta-rule, e.g.

‘owl’ : ‘propertyDisjointWith’ (P, DP) «
‘owl’ : ‘propertyDisjointWith’ (DP, P) .

Meta-statement being a meta-predicate or meta-predicates connected by logical

connective, [t has two forms .meta_statement(meta-level-sentence) and axiom(meta-level-

sentence), the latter represents a rule for a mathematical axiom, e. g

meta statement (‘owl’:‘propertyDisjointWith’
{(*f":'likes’, ‘f’:‘dislikes’) «true).

axiom(‘owl’ : ‘equivalentClass’ (C,EC) «
‘owl’ : *equivalentClass’ (C,ECl) A
‘owl’ : ‘equivalentClass’ (EC1,EC)).

The second rule represents an inference ‘axiom’ used for supporting reasoning process

of an inference engine.

4.1.4 Meta-programs of the Semantic Web Ontology

Each SW ontology is transformed into a meta-program containing a (sub-)meta-
program expressed in ML, called MP, and a (sub-)meta-program expressed in MML, called
MMP. Another meta-program expresses some mathematical axioms for classes and properties

called AMP is also needed for the inference engine to reason with MP and MMP.

® Meta-program for the object-level (MP)

MP contains meta-statements expressing information of instances and their
relationships which are described in SW ontology by OWL language. Information in an SW
ontology is expressed by a set of RDF statements. Each RDF statement is a triple of subject,
predicate, and object. In this framework an RDF statement in an original ontology is

transformed into a logical statement, that is, an RDF triple of the form
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(Subject, Predicate,Object) is transformed into Predicate (Subject,Object) or
shortly P (S, 0). Given this form of a RDF statements, meta-statements in MP are in the form
of statement (P(S,0) < true).

Here is an example of MP:
statement (‘f’ : ‘hasParent’ (‘*£’:‘son’, ‘f’:‘fa’) <« true).

statement ( ‘£’ : ‘hasAge’ (‘f’:‘'son’,18) <« true).

® Meta-program for the object-level (MP)
MMP contains meta-statements for classes, properties, their relationships, and class-
instance relations in terms of meta-rules. The MMP is represented in the following forms:
neta_statement (P(S,0) < true),

meta_statement (P(S,0s) ¢ true), and

meta_statement (C(Prop) <« true),

where P, S,0 are predicate, subject, and object of a triple (S, P, O) defined in the ontology. Cis a

characteristic of a property Prop. Os is a tuple composing of several objects.

Here are some tipycal statements of an MMP program:

4
Some meta-statements about classes and their relationships:

meta-statement ( ‘rdfs’ : ‘subClassOf’ (C,SC) « true).
/fthe class C is sub-class of the class SC

meta-statement (‘owl’: ‘equivalentClass’ (C,EC) ¢ true).
//the classes C and SC are equivalent

meta-statement (‘owl’: ‘disjointWith’ (C,DC) « true).
//the classes C and DC are disjoint

meta-statement ( ‘rdf’: ‘type’ (I,C) « true).

//the instance I is an instance of the class C

meta-statement ( ‘owl’ : ‘unionQOf’ (C,Cs) « true).

//the class C is union of classes in Cs

meta-statement (‘owl’ : ‘intersectionOf’ (C,Cs) « true).
//the class C is intersection of classes in Cs

meta-statement { ‘owl’ : ‘complementOf’ (C,CC) <« true).

//the class C is intersection of classes in Cs

Some meta-statements about properties and their relationships:
meta-statement ( ‘rdfs’ : ‘subPropertyOf’ (P,SP) <« true).

//the property P is sub-property of the property SP



36

meta-statement (‘owl’: ‘equivalentProperty’ (P,SP) « true).
//the properties P and SP are equivalent

meta-statement ( ‘rdfs’ : ‘domain’ (P,D) « true).
//the domain of the property P is D ‘
meta-statement (‘rdfs’ : ‘range’ (P,R) « true).
//the range of the property P is R

meta-statement ( ‘owl’ : ‘inverseOf’ (P, IP) « true).
//the property P is inversion of the property IP
meta-statement ( ‘rdfs’ : ‘transitive’ (P) « true).
//the property P is transitive

meta-statement (‘rdfs’: ‘symmetric’ (P} « true).
//the property P is symmetric

meta-statement (‘rdfs’ : *functional’ (P) <« true).

//the property P is functional

® Meta-program for the Axioms (AMP)
The AMP program contains mathematical and inference axioms for classes, instances,
and properties. The axioms are expressed in the meta-rule form as follows:

axiom(P(S,0) ¢ Body).

The AMP contains a complete set of axioms which reflects almost inference rules for
OWL. Each axiom is used for a relationship between two classes, two properties, an instance

and its class. There are some typical axioms of the AMP program:

//the following relations of classes and properties are transitive

axiom(‘owl’: ‘equivalentClass’ (C,EC) < (atec)
‘owl’ : ‘equivalentClass’ (C,Cl) A
‘owl’ : ‘equivalentClass’ (C1,EC)).

axiom(‘rdfs’: ‘subClassOf’ (C,SC) <« (atsc)
‘rdfs’ : ‘*subClassOf’ (C,Cl) A ‘rdfs’ : ‘subClassOf’ (C1,EC)).

axiom(‘owl’: ‘equivalentProperty’ (P,EP) « (atep)
‘owl’ : ‘equivalentProperty’ (P,EP1) A
‘owl’: ‘equivalentProperty' (EP1,EP)):

axiom( ‘rdfs’: ‘subPropertyOf’ (P,SP) <« (atsp)
‘rdfs’ : ‘subPropertyOf’ (P,Pl) A ‘rdfs’: ‘subPropertyOf’ (P1,SP)).

axiom(‘owl’ : ‘sameAs’ (I,SI) « (atsa)
‘owl’ : ‘sameAs’ (I,SI1) A ‘owl’:‘sameAs’ (SI1,SI)).
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//the following relations of classes and properties are symmetric

axiom(‘owl’: ‘equivalentClass’ (C,EC) <« (asec)
‘owl’ : ‘equivalentClass’ (EC,C)).

axiom(‘owl’:‘disjointWith’ (C,DC) « (asdc)
‘owl’ : ‘disjointWith’ (DC,C)).

axiom(‘owl’: ‘inverseOf’ (P,IP) <« ‘owl’:‘inverseOf’ (IP,P) (asip)

/finheritance axiom: an instance of a subclass is also an instance of its super class

axiom(‘rdf’: ‘type’ (I,C) <« (asic)
‘rdfs’ : *subClassOf’ (SC,C) A ‘rdf’: ‘type’ (I,SC)).

//some axioms are related to characteristics of a property

axiom(P(S,0) <« ‘owl’:‘inverseOf’ (IP,P) A IP(O,S)). (acip)
axiom(P(S,0) « ‘rdfs’: ‘subPropertyOf’ (SP,P) ASP(S,0)). (acsp)
axiom(P(S,0) « ‘owl’: ‘transitive’ (P) A P(S,01) A P(01,0)). (actp)
axiom(P(S,0) <« ‘rdfs’:‘symmetric’ (P) A P(0,S)). (acsmpj

4.1.5  The Semantic Web Meta-interpreter

A meta-interpreter is used to manipulate and reason with the meta-programs (MP,
MMP, and AMP) which are translated from SW ontology. It can also be used to develop an
intelligent agent to reason with SW ontologies. In MAC-SWI framework, the meta-interpreter is
defined by a demo predicate of the form demo (A). With this predicate the meta-interpreter can
infer an answer A from the meta-programs. The interpreter is defined by adapting the Vanilla
meta-interpreter [26] for reasoning with the meta-programs, which transformed from SW
ontologies, where we have identified three kinds of meta-level statements: (1)
statement (A<« B) for the object-level of an ontology, (2) neta_statement (A<« B)for

the meta-level of an ontology, and (3) axiom (A<« B)fora supporting mathematical axiom. The

definition of demo/1 is:

demo (true) . (true)
demo (A' A ’B) «-demo(A) A demo(B). (conj)
demo (A) « statement (A« 'B) A demo (B). (ost)
demo (A) <-meta_statement (A'« ‘B) A demo(B). (mst)

demo (A) < axiom(A'« ’B) A demo(B). (ast)
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The first clause (true) is the basic case for proving an atom true. The second clause
(conj) is used for proving a conjunction goal. Three last clauses (ost), (mst), and (ast) are used
for proving three meta statements from the three meta-programs MP, MMP, and AMP
respectively.

4.1.6  The Reasoning of SW Meta-interpreter

The reasoning of the SW meta-interpreter is described as follows. The constant symbol
true is evaluated to true. To prove that the conjunction A A B is true, the meta-interpreter
must prove A is true and B is true. To prove a goal A be true, there must exist either a
statement (A« 'B), or meta_statement (A« "B), or axiom(A‘'<« ’'B) in meta-
programs translated from an SW ontology and B must be proven to be true.

To illustrate the reasoning of the SW meta-interpreter we consider the following
example of meta-program transformed from an SW ontology. Suppose we have an OWL
assertion in the ontology saying that a person ‘fa’ is father of peson ‘son’. This assertion is
translated into a meta-statement in meta-program MP as follows.

statement (‘f’ : ‘isFatherOf’ (‘f’:‘fa’, ‘f’: ‘son’) « true).

The tracing of the deduction process by the SW meta-interpreter for answering the
query demo(‘f’:‘isFatherOf’ (‘f':‘fa’,X)) from the meta-program is shown in

Figure 4.4

?-demo (‘f’:‘isFatherOf’ (‘f’:‘fa’, X)).

A ='f’:‘isFatherOf’ (‘f’:‘fa’, X)
(ost)

?-statement (‘f£‘: ‘isFatherOf’ (‘f’:‘fa’, X) <« B) , demo(B).

X= ‘f’:‘'son’, B= true (using the statement above)

?-demo (true) .

\true\)

success

Figure 4.4 Tracing the deduction process of SW meta-interpreter
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4.2 Our Extended Framework for Reasoning with SW Ontologies with Rules

As we said in previous chapter, adding rules to SW ontologies has been become an
important issue in SW research, and many proposals have been proposed in order to extend SW
ontologies with rules, such as some research works we have surveyed in chapter 3. A single
agent in MAC-SWI framework was developed with the concentration to work with ontologies
described in RDFS, and OWL which have not supported for rules in SW ontologies.

Our proposal in this thesis is to enhance the MAC-SWI framework so that it can handle
with the new markup language for SW ontologies with rules. In this thesis we focus on
improving the framework so that it can work with SWRL and OWL 2. With the new
improvement of the meta-logical knowledge representation, SW ontologies and rules expressed
by SWRL and OWL 2 will be transformed to the meta-programs. We also slightly modify the
meta-interpreter and add new extra auxiliary axioms in order to support reasoning with SW
ontologies and rules. The further details of this framework will be described in the following

chapters.

4.3 Concluasion

This chapter reviews the MAC-SWI framework, which we investigate. We have
studied it carefully on processing SW information by one single agent in this framework and
have found that while the framework work well will SW ontologies expressed in OWL, it has to
be extended in order to be able to reason with ontologies and rules expressed in new SW
markup languages, SWRL, OWL 2. This led us to do an enhancement on the meta-logical
represeatation for SWRL and OWL 2, so that the MAC-SWI framework can work with them. In
chapter 5 we present an extension to the MAC-SWI framework to deal with SWRL ontologies;
and in chapter 6 we present an extension of the framework to deal with ontologies with rules in

OWL 2.
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Chapter 5
A Meta-logical Framework for Reasoning with SWRL

Ontologies

5.1 Overview the Framework
In this thesis the MAC-SWI framework, which was designed to support reasoning with
OWL ontologies, is enhanced with ability to reason with Semantic Web Ontologies and rules

expressed in SWRL. Our meta-logical framework can simply be illustrated in Figure 5.1.

Meta-interpreter
Meta-programs transformed SWRL
from a SWRL ontology ontologies

Figure 5.1 Meta-logical framework for reasoning with SWRL ontologies

Our framework is defined as a tuple of ( meta-programs of SWRL ontologies, meta-
interpreter ). The former is in the form of logical sentences representing a meta-level
description of SW ontologies with rules. That is, the SW ontologies and rule described by
SWRL are transformed into meta-logical representations. The latter is a meta-interpreter, in the
form of a demo (meta-)program, which is used to infer explicit as well as implicit information,
or in other words draw conclusions, from the former.

In order to support rules, which are expressed by SWRL, the meta-languages in the
MAC-SWI framework need to be modified with the support for syntax of rules and the meta-
program in the MAC-SWI framework has to be extended with some new forms of meta-
statements.

To explain our framework, in the following sections we first introduce meta-
representation for SW ontologies with rules expressed in SWRL, we then explain the meta-
programs in details, and add more auxiliary axioms to the meta-programs. Finally we present

our meta-interpreter which is our inference engine for reasoning with SW ontologies with rules.
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5.2 Meta-representation of SWRL ontelogies

In SWRL ontology, a rule is in form of Hom-clause in the RuleML syntax. A rule
describes relationship between instances of OWL classes, or between instances and literals, or
between instances and classes. As we distinguish between object-level information describing
instances, their relationships and meta-level information describing classes, properties and their
relationships of «an ontology, SWRL rule can be used to express information of both levels.
SWRL rules, therefore, will appear in both Meta-language for object information (ML) and
Meta-language for meta-information (MML).

Besides, SWRL supports a set of built-in functions to use for processing datatypes such
as strings and numbers. In order to cope with this, in our framework SWRL built-in functions
will be mapped to corresponding built-in predicates in Prolog.

Since th¢ MAC-SWI framework lays down a foundation of our framework most of the
meta-language elements will be adopted in our framework, so the part that is borrowed from the
MAC-SWI framswork will be put in a block without a background color, but any part of the

meta-languages that is different from that of the MAC-SWI framework will be put in a block
with a gray color.

5.2.1 Meta-languages for an SWRL ontology
® Meta-language for Object Information of an SWRL ontology (ML)
Objects, their relationships as well as rules at the object level are specified in an SWRL

ontology and thi; information is expressed by the elements of ML below.

Meta-cinstant specifies a name of an object and a literal, e.g. ‘son’, including a
reference, e.g. a namespace, the latter is a meta-constant of MML. This means that ML and
MML are not tofally separated.

Meta-variable stands for a different meta-constant at a different time, e.g. Person.

Meta-function symbol stands for a name of a relation between objects, or a name of an
object’s propcrt_‘y—i.e. an object-level predicate name, such as ‘hasSon’, ‘name’. It also

stands for other fmeta-level function symbol, e.g. &7, YA’ Vo7,

2

i

Meta-term is either a meta-constant -or a meta-variable ,or “meta-function symbol

DAY

applied to a tuple of meta-terms, e.g. ‘£’ : *hasSon’, ‘owl? : ‘reflexive’. To express

‘object-level predicate it has the form: P(S, O), where P'is ﬁn‘dbjecit}igvél' predicate name, S and




i
O are meta-constants or meta variable, €.g. ‘£’ : ‘hasSon’ (‘f’:‘fa’, ‘£’ : ‘son’ ). The

meta-term expressing an object-level sentence is a term P(S, O) or a logical-connective function
symbol applied to the tuple of these terms. We presume all meta-variable appearing in the
“ob_ject-lcvel sentence are universally quantified. Orie form of this sentence is 2 Hom-clanse, e.g,
‘£’ : ‘hasFather’ (Ch,F) ‘<« ’ o
‘£’ i ‘hasParent’ (Ch,F) ‘A’ ‘rdf’: ‘type’ (F, ‘£ ‘g’lari' ).
The meta-term, expressing an object-level predicate, is equivalent to a-form of Homzc[ziusewnh
an empty body. Thus, we can put true instead of the emptiness in its body, eg . "
‘£/:‘hasSon’ (‘f’:‘fa’*,‘f’:'son’) ‘¢’ true.

Meta-statement for. the object level reflects an object-level s¢ntence to its‘existefice at, |
the meta-level. It has a form statement(object-level-sentence), note that this statement xsused to
represent a Hom-clause rule translated from an SWRL rule, e.g. ’

statement (*f’: ‘hasSon’ (‘£’:‘fa’, ‘f’:%son’) ‘<’ true).

statement ( ‘£’ : ‘hasFather’ (Ch,F) ‘¢
‘f’:*hasParent’ (Ch,F) ‘A’ ‘rdf’:‘type’ (F, ‘f’:‘Man’ ))e

® Meta-language for Meta-Information of an SWRL ontology (MML)

In our meta-logical framework, meta-information of an SWRL oatology, which is
classes, properties, their relationships, class-instance relations, as well as SWRL built-in
functions, is expressed by the MML language. The components of MML consist of meta-
constant, meta-variable, meta-function symbol, meta-term and meta-statement which are
defined as follows.

Meta-constant specifying a name of an instance, a property, a class, a literal, and a
namespace.

Meta-variable standing for a different meta-constant at a different time.

Meta-function symbol standing for a logical connective, e.g. *« 7, Vo’ ;or ‘:';ora
set operator applied on classes such as union; or a meta-predicate name being a name of a
relation between entities; or a name of characteristic of a property, which may fall into one of
the following categories:

® Class-class relations: equivalent class of, disjoint with, etc.

L] Class-instance relations: instance of, class of, etc.

L4 Property-property relations: subproperty of, chain of, etc.
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® Relations between literals and instances/classes/properties: we can take these
relations as attributes of instanées, of classes, or of properties, e.g. comment, label.

° Characteristics of properties: reflexive, asymmetric, etc.

Meta-term is either a meta-constant or a meta-variable or meta-function symbol
applied to a tuple of metaterms e.g. equivalentClass(C,EC), Man(son) ,
fatherOf (fa, son), in our framework, a name of a class, a property, etc., can be referenced
by a meta-term in the forms of: namespace:name e.g. ‘f’:‘Man’, ‘f’: ‘*fatherOf’,

‘owl’ : *equivalentClass’.

When a meta-term expresses a m;ata-level predicate stating a relation between entities,

it has the form Pred (Sub, Obj). When it expresses a meta-level predicate stating a
chamctznst:c of a.property; it has the form Pred(Prop), and when it express a built-in”

fuhctigin, 1t Jhas the’ form builtinAtomFcArg;,..Argy’ where Pred is a nicta-predicate’
nathe, Fc is a built-in function name, Sub, Arg,, ..Arg, are meta-constants or meta-variables.

The meta-term expressing a meta-level sentence is -a ferm Pred(Sub,0bj) or
Pred (Prop) or agl’ogical—connective function symbol applied to the tuple of these terms. Let
alt meta-variables ‘appearing in the meta-level sentence be universally quantified. We treat the
sentence as a Horn-clause rule, for the empty tuple in the body we put true there-instéad, e.g.

Vrdf’ ; ‘type’ (‘f£7:'M027,‘f’:‘Man’) ‘<’ true.

‘owl’:: ‘propertyDisjointWith’ (P,DP) ‘<’ *
Yowl’ : ‘propertyDisjointWith’ (DP,P).

Meta-level sentence expresses a built-in function has a form as follows:

builtinAtom(Fc,Argy,.Arg,) ‘<’ builtin(FcinPrlog).

where Fc is name of built-in function in SWRL, and FcinPrlog is a comesponding built-in
Predicate in Prolog of Fc with arguments are Arg;, ..Arg, For example built-in, ‘léssthan’
in SWRL has a corresponding Prolog built-in predicate is <.
-Meta-statement being a meta-representation of a meta-level sentence accessible by our
mcfa—intergrgier. It has two forms meta_statement(meta-level-sentence) and axiom(meta-level-
_sentence), the latter presents a rule for a mathematical axiom, and a built-in atom in S_WRL, eg. -

meta statement (‘rdf’:‘type’ (‘f’:'M02’,‘f":'Man’) ‘<« ' true).

axiom{‘owl’ : ‘propertyDisjointWith’ (P,DP) ‘&’
‘owl’ : ‘propertyDisjointWith’ (DP,P)).

axiom(‘swrlb’: ‘builtinAtom’ (*lessThan’,x,y) ‘<’ builtin(x < y)).




5.2.2 Meta-programs of an SWRL ontology

To formulate meta-programs from SW onto[ogies to use in our framework, each SWRL
ontology is transformed into a meta-program containing a (sub-)meta-program expressed in
ML, called MP, and a (sub-)meta-program expressed in MML, called MMP. Another meta-
program expresses some mathematical axioms for classes and properties or expresses some
SWRL built-in atoms in MML called AMP is also needed for the inference engine, i.e. our

meta-interpreter, to reason with MP and MMP,

® The Meta-program for the object level (MP)

MP contains information about instances and their relationships in terms of meta-
statements for the object level: statement (P(S,0) <« true),
statement (P(S,0) < Body), where Body is either single object-level predicate or
conjunction of object-level predicates. The latter form expresses a Horn-clause rule which is
described by SWRL. That is, a rule encoded in SWRL is transformed to a meta-statement with
the head is in the form of P(S,0) and the body has the form of conjunctions of object-level
predicates which are directly extracted from the original rule in SWRL.

To solve a goal that matches with the head P(S,0) of the meta-statement
statement (P(S,0) < Body), the meta-interpreter recursively solves the Body of this meta-
statement and the goal P (S, O) is evaluated ‘frue’ if the Body is proved to be ‘true’.

For example, we want to express a rule R1 saying that “if P is a parent of Ch and U is a
brother of P, then U is the uncle of Ch”. The SWRL syntax of this rule is defined as in Figure

3.1, the corresponding meta-statement of this rule is defined as follows in Figure 5.2.

statement { ‘eg’ : *hasUncle’ (Ch,U) «
‘eg’ : ‘hasParent’ (Ch,P) A ‘eg’ : ‘hasBrother’ (P,U)).

Figure 5.2 An object-level meta-statement for a SWRL rule example

® The Meta-program for the meta level (MMP)
To express an SWRL rule with antecedent P (S, 0) which is information at meta-level,
in this case it is instance-class relationship, we add a meta-statement with the form

meta_statement (P(S,0) < Body)to the MMP program. Similarly, to prove the head
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P(S,0) of the meta-statement meta_statement (P(S,0) < Body)is ‘true’, the meta-
interpreter has to recursively solve the Body of this meta-statement and péove itis ‘true’.

Here we show an example of this kind of SWRL rule, a rule R2 saying that “The person
P is an instance of class Adult, if person P has age is A and the age A is greater than or equal
18”. This rule is expressed by SWRL syntax in Figure 5.3 and can be transformed to a meta-

statement at meta-level as in Figure 5.4.

<swrl:Imp rdf:ID=""Def-Adult">

<swrl:body rdf:parseType="Collection">
<swrl:classAtom>
<swrl:classPredicate rdf:resource="&eg;Human"/>
<swrl:argumentl rdf:resource="#p" />
</swrl:classPredicate>
<swrl:individualPropertyAtom>
<swrl:propertyPredicate rdf:resource="geg hasige"/>
<swrl:argumentl rdf:rescurce="i#p" />
<swrl:argument2 rdf:resource="#a" />
</swrl:individualPropertyAtom>
<swrlx:builtinAtom swrlx:builtin="&swrlb:#greaterThanOrEqual">
<swrl:argumentl xrdf:resouxzce="#a" />
<owl:DataValua owl:datatype="&xsd:§int">18</owl:DatavValue>
</swrlx:builtinAtom>
</swrl:body>

<swrl:head rdf:parseType="Collection">
<swrl:classAtom>
<swrl:classPredicate =zdf:rescurce="geg:Adult"/>
<swrl:argumentl rdf:resocurce="#p" />
</swrl:classPredicate>
</swrl:head>

</swrl:Imp>

Figure 5.3 An SWRL rule with head is information at meta-level

meta-statement (‘rdf’ : ‘type’ (P, ‘eg’ : ‘Adult’) «
‘rdf’ : ‘Type’ (P, ‘eg’ : ‘Human’) A ‘eg’ :‘hasAage’ (P,A) A
‘swrlb’: ‘builtAton’ ( ‘greaterThanOrEqual’,A,18)).

Figure 5.4 A meta-level meta-statement for a SWRL rule example

® The Meta-program for the axioms (AMP)

AMP contains mathematical and inference axioms for classes, instances and properties.
In other words AMP is set of statements which formulate the OWL primitives (OWL semantic).
In addition, AMP also contains axioms for SWRL built-in functions; the purpose of introducing

these axioms is to provide a way to translate SWRL built-in atoms in into the corresponding
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Prolog atoms with matched built-in predicates, so that later our meta-interpreter can work with
the SWRL built-in functions.

Many axioms from MAC-SWI framework were borrowd to support OWL primitives
such as the axioms related to equivalent classes, the axioms related equivalent properties, the
axioms related to characteristics of a property, etc., as those given in chapter 4. In our
framework we add some new axioms to support SWRL built-ins [24]. To do that we study the
function of each SWRL built-in, and then find or create a Prolog predicate with the same
function as the SWRL built-in. For instance, with SWRL built-in swrib:lessThanOrEqual, the
corresponding Prolog predicate of it is “=<’. Table 5.1 shows some typical SWRL built-ins and

their matched Prolog built-in predicates.

SWRL built-in function Prolog built-in predicate
swrlb:equal ==
swrlb:notEqual =\=
swrlb:lessThan <
swrlb:lessThanOrEqual =<
swrlb:greaterThan >

swrlb:greaterThanOrEqual >=
swrlb:add(z,X,Y) Z is X+Y
swrlb:subtract(Z,X,Y) 7 is X-Y
Z
Z

swrlb:multiply(Z,X,Y) isrX /* ¥
swrlb:divide (Z,X%,Y) is X/Y
swrlb:stringConcat{(P,W, J) | cat(P,W, J)
swrlb:stringLength(S, N) len(S,N)
swrlb:length(L,N) length(L,N)

Table 5.1 SWRL built-ins and the corresponding Prolog predicates

Here are examples of axioms for SWRL built-in functions in AMP:

axiom(‘swrlb’: ‘builtinAtom’ (‘lessThan’,x,y) ¢ builtin(x < y)). (albia)
axiom(‘'swrlb’: ‘builtinAtom’ (‘equal’,x,y) ¢ builtin(x = y)). (aebia)

axiom(‘swrlb’: ‘builtinAtom’ (‘lessthanOrEqual’,x,y) « (alebia)
builtin(x =< y)).

axiom( ‘swrlb’ : ‘builtinAtom’ (‘greaterThan’,x,y) <« (agbia)
builtin(x > y)).

axiom{ ‘swrlb’: ‘builtinAtom’ (‘greaterThanOrEqual’, x,y) <« (agebia)
builtin(x >= y)).



47

53 A Meta-Interpreter for Reasoning with the Meta-programs

In our framework SW ontologies and rules are transformed into meta-programs. The
exploitation of information defined in those ontologies and rules is a deduction process to derive
conclusion from the meta-programs for some queries. A meta-interpreter is defined for this
purpose. Our meta-interpreter is defined by adapting the Vanilla-interpreter [26] which was
introduced in logic programming.

In our framework, there are three types of meta-programs MP, MMP, and AMP which
are used to expressed information of SW ontologies and rules at the meta-level. MP is a set of
meta-level statements in the form of statement (A « B) for object-level information,
MMP is a set of meta-level statements in the form of meta statement (A « B) for meta-
information, and AMP is a set of meta-level statements with the form of axiom(A « B) for
mathematical axioms to support reasoning with SWRL ontologies. The Vanilla meta-interpreter
in our framework is modified in order to handle with these three types of meta-level statements.

It is defined by the meta-predicate demo/1 as follows.

demo (true) . (true)
demo (A' A 'B) « demo (A) Ademo (B) . (conj)
demo (A) « statement (A « 'B) Ademno (B) . (ost)
demo (A) + meta_statement (A‘< ‘B) aAdemo(B). (mst)
demo (A) « axiom(A'* <« 'B) Ademo(B) . (ast)
demo (builtin(BI)) < BI. (btin)

The first clause (true) is the basic for proving an atom true. The second clause (conj)
is used for proving a conjunctive goal. The three clauses (ost), (mst), and (ast) are used for
proving a goal which is supported by one of the three meta statements statement (A < B),
meta_statement (A< B),oraxiom(A < B) of the three meta-programs MP, MMP, and
AMP respectively.

In addition, our SW meta-interpreter can also work with SWRL built-in functions via

their translation to their corresponding Prolog atoms with matched built-in predicates. The last

clause (btin) is defined to handle it.
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5.4 Query Answering with SWRL Ontology in Our Framework

We use the family ontology taken from [40] for a demonstration purpose of query
answering by our meta-interpreter. This SWRL ontology describes the usual classes, e.g.
Peson, Man, Woman, etc., relationships, e.g. hasParent, hasChild, hasFather, etc., and
the rules about hasUncle, hasSon, hasBrother, etc., in content of a family. In this family
ontology some explicit information about a person is easily be represented. However, many
implicit information need to be derived by a deductive process. This deductive process in our
framework is performed as follows. Firstly, the SWRL ontology is transformed into meta-
programs, Figure 5.5 and Figure 5.6 depict some parts of MP meta-program, and MMP
program. Our meta-interpreter then, with the support of AMP program, reasons with the MP,
and MMP meta-programs to derive answers for the queries. Figure 5.7 shows examples of
query answering upon the family ontology and give hustification for each answer.

® The MP program

statement ( *f’ : thasParent’ (£’ :'M02’, ‘£’ :'MOLl’) &« true). (al)
statement ( ‘£’ : ‘hasParent’ (‘f’:'M02’, ‘£’ :'F01l’) <« true). (a2)
statement ( ‘£’ : ‘hasParent’ (‘f’:'M03’, ‘£’ :'M02’) <« true). @3)
statement ( ‘£’ : ‘hasParent’ (‘£’: *‘MO5’,‘f’:*M02’) <« true). (ad)
statement ( ‘£’ : YhasParent’ (‘f’ : ‘F02’, ‘£’ : ‘M0O5') <« true). (as)
statement ( *f’ : ‘hasAge’ {“£’:'M02’,25) « true). (a6)
statement (‘£’ : *hasAge’ (£’ :*M03’,18) <« true). (a7)

//Statements expressing SWRL rules of abject information

statement (*£’ : ‘hasFather' (C,F) & (rl)
‘f’:‘hasParent’ (C,F) A ‘“rdf’:‘type’ (F,‘f’:*Man’)).

statement ( ‘£’ : *‘hasMother’ (C,M) <« (r2)
‘£’ :‘hasParent’ (C,M) A ‘rdf’:‘type’ (M, ‘f’:‘'Woman’}).

statement ( ‘f’ : ‘hasSibling’ (P1,P2) « ‘f’: ‘hasParent’ (P1,P3) A (r3)
‘ff: ‘hasParent’ (P2,P3) A ‘owl’:‘differentFrom’ (P1,P2)).

statement ( ‘£’ : ‘hasBrother’ (P,B) « (4)
‘f’:‘hasSibling’ (P,B) A ‘rdf’:‘type’ (B, ‘f’:'Man’)).

statement ( ‘£’ : ‘hasUncle’ (P1,P2) « (r5)
‘ff:‘hasParent’ (P1,P3) A ‘f’:‘hasBrother’ (P3,P2})).

statement (*£7: *hasSon’ (P,C) ¢« (r6)
‘£’ :‘*hasChild’ (P,C) A ‘rdf’:‘type’ (C,‘f’:'Man’}).

Figure 5.5 The MP program of the family SWRL ontology
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® The MMP program

meta_statement (‘owl’:‘inverseOf’ (al")
(£’ :*hasChild’, ‘f': ‘hasParent’) « true ).

meta statement (‘rdf’:‘type’ (‘f’:‘MO1l’, ‘f’:'Man’) <« true). (a2")
meta statement (‘rdf’:‘type’ (‘*f’:'M02’, ‘f’:'Man’) <« true). (@3")
meta_statement (‘rdf’:‘type’ (‘£’:'M03‘, ‘f’:‘Man’) < true). (a4
meta statement (‘rdff:‘type’ (‘f’:‘M05’,‘f’:'‘Man’) <« true). (a5)

meta_statement (‘rdf’:‘type’ (‘£’:‘F01l’, ‘f’:‘Woman’) < true). (a6

//Statements expressing SWRL rules of meta-information

meta-statement (rdf’ : ‘type’ (P, ‘f’ : ‘Adult’) « a7
‘£’ : ‘hasAge’ (P,A) A
‘swrlb’ : ‘builtinAtom’ ( ‘greaterThan’ +A,18)).

meta-statement (‘rdf’ : ‘type’ (P, ‘£’ : ‘Adolescence’) <« (r8)
‘£’ : *hasAge’ (P,A) A
‘swrlb’ : ‘builtinAtom’ ( ‘greaterThan’,A,12) A
‘swrlb’ :‘builtinAtom’ ( ‘lessThanOrEqual’,A,18)) .

Figure 5.6 The MMP program of the family SWRL ontology

Figure 5.7 shows query answering by our meta-interpreter:

?- demo(‘f’:‘hasChild’ (‘f’:'‘M01’,X)).
X = M':'M02'.

//The adopted clauses are (acip), ( ast), (al'), (mst), (al), (ost), and (true) .

?- demo(‘f’:‘*hasSon’ (‘£’:‘FOl’,X)).
X = ‘f’:'M027.

//The adopted clauses are (r6), (ost), (conj), (acip), (ast), (al'), (mst), (a2), (a3, and (true).

?-demo (*f’: ‘hasFather’ (‘f’:'M02’,X)).
X = “f£7:'MO1.

//The adopted clauses are (rl), (ost), (conj), (al), (a2"), (mst) and (true).

?-demo (*f’ : ‘hasMother’ (‘f’:'M02’,X)).
X = ‘fr:'FO1’.

//The adopted clauses are (r2), (ost), (conj), (a2), (a6'), (mst) and (true).

?~demo ( ‘£’ : ‘hasBrother’ { ‘£’ :'M03’,X)).
X = ‘f£r:M05’.

//The adopted clauses are (r3), (r4), (ost), (conj) (a3), (a4), (a5'), (mst) and (true).

?-demo( ‘£’ : *hasUncle’ (‘f’:‘F02’,X)).
X = ‘£7:'M03".

//The adopted clauses are (r3), (rd), (r5), (ost), (conj), (a5), (a3), (ad), (ad'), (mst),and (true).




50

?~demo ( ‘rdf’ : ‘type’ (X, ‘£’ : ‘Adult’)).
X = ‘fr:M02'.

//The adopted clauses are (r7), (mst), (conj), (a6), (agbia), (ast), (btin), and (true).

?-demo ( ‘rdf’ : ‘type’ (£’ :'M03’,X)).
X = ‘f’:“Man’,
X = ‘f’:‘Adolescence’.

//The Ist answer is supported by (a4’), (mst), and (true)

The 2nd answer is supported by (r8), (mst), (conj), (a7), (agbia), (alebia), (ast), (btin), and
(true).

Figure 5.7 Query answering with the family SWRL ontology

5.5 Conclusion

We have presented a meta-logical framework for reasoning with an SWRL ontology. In
this paper the MAC-SWI framework that was designed to support OWL, has been extended to
accommodate SWRL rules by improving the meta-languages to express Horn-clause rules and

modifying the meta-interpreter so that it can work with the newly revised meta-languages.
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Chapter 6
A Meta-logical Framework for Reasoning with Ontologies

and Rules in OWL 2

In this chapter we propose a framework for reasoning with ontologies and rules

expressed in OWL 2. Our meta-logical framework can be simply illustrated in Figure 6.1.

Meta-interpreter
Meta-programs transformed Ontologies and
from OWL 2 Ontology rules in OWL 2

Figure 6.1 Meta-logical framework for reasoning with OWL 2 ontologies

Our framework is defined as a tuple of ( meta-programs of OWL 2 ontologies, meta-
interpreter ). The former is in the form of logical sentences representing a meta-level
description of ontologies with rules expressed in OWL 2. That is, the ontologies and rules
expressed in OWL 2 are transformed into meta-logical representations. The latter is a meta-
interpreter, in the form of a demo (meta-)program, which is used to infer explicit as well as
implicit information, or in other words draw conclusions, from the former. In order to support
rules, which are expressed by using the new features in OWL 2, the meta-program given in
chapter 4 has to be extended with some new forms of meta-statements.

To explain our framework, in the next sections we first introduce our meta-languages
used for formulating the meta-programs of ontologies and rules, then explain the meta-programs

in details. Finally we present our meta-interpreter.

6.1 Meta-representation of OWL 2 ontologies
In order to support rules, which are expressed by using the new features in OWL 2, the

meta-languages given in chapter 4 is extended with some new forms of meta-statements to

express the new features in OWL 2.
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6.1.1  Meta-languages for an OWL 2 ontology

OWL 2 adds new constracts to OWL to express the new features. Due to the
resemblance between OWL 2 and OWL, for OWL 2 we also define two meta-languages: one
for the object-level information in the ontology (ML) and-one for the meta-information in the
ontology (MML). Almost of meta-language elements are borrowed from the MAC-SWI
framework, but some elements are different from these of the MAC-SWI framework. We will
highlight these parts in blocks with a gray color.

® Meta-language for Object-level Information in an OWL 2 Ontology (ML)
ML is used to describe objects and their relationships of an ontology at object level.

The elements of ML are defined as follows.

Meta-constant specifies a name of an object and a literal, e.g. ‘son’, including a
reference, e.g. a namespzice, the latter is a meta-constant of MML. This means that ML and

MML are not totally separated.
Meta-variable stands for a different meta-constant at a different time, e.g. Person.
Meta-function symbel stands for a name of a relation between objects, or a name of an
object’s property—i.e. an object-level predicate name, such as ‘hasSon’ , ‘name’. It also

stands for other meta-level function symbol, g Y, A N

3

Meta-term is ecither a meta-constant or a meta-variable or meta-function symbol
applied to a tuple of meta-terms, e.g. ‘£’ : “hasSon’, ‘owl’: ‘reflexive’. To express
object-level predicate it has the form: P(S, O), where P is an object-level predicate name, S and
O are meta-constants or meta-variable, e.g. ‘£ : ‘hasSon’ (‘£ : ‘fa’, ‘£’ : ‘son’ ); fora

negative predicate ~P, it has the form negative(P, S, O).

Meta-statement for the object level reflects an object-level sentence to its existence at

the meta-level. It has the form: statement(object-level-sentence), e.g.

statement (*f’ : ‘hasSon’ (‘f’:‘fa’, ‘£’ :‘son’) <« true).
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® Meta-language for Meta-level Information in an OWL 2 Ontology (MML)

Apart from the object language, an SW ontology also defines classes, properties, their
relationships, as well as class-instance relations, and we argue that this information is meta-

information of the object level. Here we express this information by MML which includes:

Meta-constant specifying a name of an instance, a property, a class, a literal, and a
namespace.

Meta-variable standing for a different meta-constant at a different time.

Meta-function symbol standing for a logical connective, e.g. ‘¢ ¢, ‘A7, o7 (3
is used to express a classical negation); or *:; or a name of set operators applied on classes
such as union; or a meta-predicate name being a name of a relation between entities; or a name
of characteristic of a property, which may fall into one of the following categories:

® Class-class relations: equivalent class of, etc.

® Class-instance relations: instance of, class of, etc.

®  Property-property relations: property chain of, etc.

® Relations between literals and instances/classes/ properties: we can take these relations as
attributes of instances, of classes, or of properties, e.g. comment.

® Characteristics of properties: reflexive, asymmetric, etc.

Meta-term being cither a meta-constant or a meta-variable or meta-function symbol
applied to a tuple of meta-terms. In our framework, a name of a class, a property, etc., can be
referenced by a metaterm in the forms of namespace:name eg. ‘f’:‘Man’,
Y£r:'fatherOf’, ‘owl’:‘equivalentClass’.

When a meta-term expresses a meta-level predicate stating a relation between entities,
it bas the form of Pred(Sub,0b3j), and when it expresses a meta-level predicate stating a
characteristic of a property, it has the form of Pred (Prop), where Pred is a meta-predicate

name, Sub, Obj, and Prop (a property) are meta-constants or meta-variables.

An example of a meta-term expressing a' classical negatiod, is in the form of
At ‘rdf’ ¢ ‘type’ (I,CJ, where I is a meta-constant specifying an-“indiﬁdual, and Cisa

' meta-constant specifying a class.
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The meta-term expressing a meta-level sentence is a term Pred {Sub,0bj) or
Pred (Prop) ora logical-con.nective function symbol applied to the tuple of these terms. Let
all meta-variables appearing in the meta-level seatence be universally quantified. One form of
the sentence is a Horn-clause meta-rule, e.g.
‘owl’ : ‘propertyDisjointWith’ (P, DP) «

‘owl’ : ‘propertyDisjointWith’ (DP, P).

Meta-statement being a meta-predicate or meta-predicates connected by logical
connective. It has two forms meta_statement(meta-level-sentence) and axiom{meta-level-

sentence), the latter represents a rule for a mathematical axiom, e.g.:

meta statement(‘owl’: ‘propertyDisjointWith’
(“£':‘likes’,‘f’:'dislikes’) &~ true).

axiom(‘owl’ : ‘propertyDisjointWith’ (P, DP) «
‘owl’ : ‘propertyDisjointWith’ (DP, P) ).

6.1.2 Meta-programs for an OWL 2 ontology

Similar to our previous framework, an OWL 2 ontology, in this framework, is also
translated to three meta-programs MP, MMP and AMP where MP is expressed in ML, and
MMP and AMP are expressed in MML.

To describe new features and rules in an OWL 2 ontology; we define new statements
for these three meta-programs.
® The meta-program for the object-level (MP)

MP contains information about instances and their relationship in the form of meta-

statements for the object level: statement (P (S, 0) « true). Here is an example:

statement ( ‘£’ : ‘hasFathexr’ (‘f’: ‘M02’, ‘£’ : ‘MOl ) «true).

With the new syntax added to ML to describe a negative property assertion, a meta-
statement in MP for this feature is in the form of statement (NP(P,S,0) ¢« true), where
NP expresses a negative property. For example, to declare person MOl is not the father of

person MO3 we have a meta-statement in MP as follows:

statement {‘owl’: ‘negativeProperty’
(‘£':‘fatherOf’, ‘£’ :'MO01’, ‘£’ :'MO03’) « true).
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With this term form we can define a negative property in the form of ‘-’ P (S, 0), to
do that we define an axiom to relate this form to the expression of negative property assertion

above. The axiom will be expressed in the meta-program AMP.

® The meta-program for the meta-level (MMP)

Meta-statements in MMP are expressed in three forms as follows:
meta_statement (P(S,0) « true),

meta statement (P(S,0s) « true),
meta_statement (C(Prop) <« true),

where P, S, O are predicate, subject, and object of a triple (S, P, O) defined in the ontology. C is
a characteristic of a property Prop. Os is a tuple composing of several objects. With these three
forms the new features in OWL 2 are transformed into MMP with the meta-statements shown

in Figure 6.2.

New meta-statements for syntactic sugar:
meta statement (‘owl’:‘AllDisjointClasses’ (Cs) <« true)

// All classes in Cs are pairwise disjoint,

meta_statement (‘owl’:‘disjointUnionOf’ (C,Cs) <-true).

// Class C is the disjoint union of classes Cs.

New meta-statements for expressing new constructs for properties:
meta_statement (‘owl’ :‘propertyDisjointWith’ (P,DP) « true).
// Properties P and DP are disjoint.

meta_statement (‘owl’:‘AllDisjointProperties’ {Ps) « true).
// Properties in Ps are pairwise disjoint.

meta_statement (‘owl’: ‘propertyChainOf’ (P, [P1,P2]) «true).
// Property P is composition of properties Pland P2.

meta statement (‘owl’:‘objectHasSelf’ (C, P¢) « true).

/IExpress the Self concept: C is a class of individuals which are related to themselves under role P

meta_statement (‘owl’:‘reflexive’ (P) « true).

// Property P is reflexive.

meta_statement (‘owl’:‘irreflexive’ (P) < true).
// Property P is irreflexive.

meta statement (‘owl’:‘asymmetric’ (P) « true).

// Property P is asymmetric.

Figure 6.2 Mcta-statements for new OWL 2 features in MMP meta-program
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With such new meta-statements together with meta-statements given in chapter 4, DL
rules, which are expressed by OWL 2 as we showed in section 3.2.3, can be translated into a
meta-program MMP. Figure 6.3-show examples of MMP that correspond to the DL rules listed

in section 3.2.3:

Rule “C n-b C E U F” is transformed into MMP:
meta statement (‘rdfs’:‘subClassOf’ (M,N) <« true).

meta_statement(‘rdfs’:‘unionOf’ (N, [E,F]) <« true).
meta_statement(‘rdfs’:‘intersectionOf’ (M, {C,D']) « true).

meta_statement (‘rdfs’:‘complementOf’ (D’ ,D) <« true).

Rule “hasParent o hasBrother C hasUncle”is transformed into MMP:

meta_statement {‘owl’ : ‘propertyChainOf’ (‘£’:‘hasUncle’,
[‘f’: ‘hasParent’, ‘f’: ‘hasBrother’]) < true).

Rule “Man (x) nhasChild(x,y) —> fatherOf (x, y) " is transformed into MMP:

meta_statement (‘owl’ : ‘objectHasSelf’
(“£7:'Man’, Puan) ¢ true).

meta_statement (‘owl’: ‘propertyChainOf’
(‘£ :‘fatherOf’, [Pyan, ‘£’ : ‘hasChild’]) <« true).

Figure 6.3 Examples of rules in OWL 2 expressed in MMP

® The meta-program for the Axioms (AMP)

In chapter 4, we gave many axioms in AMP to support reasoning about an OWL
ontology, and in chapter 5 we have defined axioms in AMP to support reasoning about an
SWRL ontology. In order to work with rules and ontologies expressed in OWL 2, we add more
axioms for the new features in OWL 2, axioms for set constructors, and an axiom for negative

property. Here we list all of new axioms in AMP in Figure 6.4 as follows.

New axioms for new constructs and characteristics of property:

axiom(‘owl’ : ‘propertyDisjointWith’ (P,DP) <« (asdp)
‘owl’ : ‘propertyDisjointWith’ (DP,P)).
// property disjcint is symmetric.

axiom(P(S,0) ¢ ‘owl’: ‘propertyDisjointWith’ (P, DP) A (acdp)
DP(S,01) A ‘owl’ : ‘differentFrom’ (0,01)).
// Properties P and DP are disjoint.

axiom(P(S,0) « ‘owl’ : ‘asymmetric’ (P) AP(O,S1) A (acasp)
‘owl’ :‘differentFrom’ (S,S1)).

// Property P is asymmetric.
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axiom(P(S,S) ¢« ‘owl’: ‘reflexive’ (P)). (acrep)

// Property P is reflexive.

axiom(P(S,0) « ‘owl’:‘irreflexive’ (P) A (acirp)
‘owl’ : ‘differentFrom’ (S,S1)).

// Property P is irreflexive.

axiom(P(S,0) « ‘owl’: ‘propertyChainOf’ (P, [P1,P2]) A (acpc)

P1(S,01) AP2(01,0)).
// Axiom to handle property chain: Property P is composition of property PI and property P2
axiom(P(S,S) « ‘owl’: ‘objectHasSelf’ (C,P) A ( acsc)
‘rdf’ : ‘type’ (S,C)).
// Axiom to handle the Self Concept.

axiom('~'P(S,0) <~ ‘owl’ : ‘negativeProperty’ (P,S,0)). (anap)
// Axiom to handle a negative property.

New axioms for set constructs:

axiom(‘rdf’: ‘type’ (I,C) « (asic)
‘owl’ :‘intersectionOf’ (C,Cs) A ‘interType’ (I,Cs)).

‘interType’ (I, [H|T]) « ‘rdf’ : ‘type’ (I,H) A ‘interType’ (I,T).

// Axiom to handle a set intersection: C is an intersection of all classes in list Cs, 1 is an

instance of C if [ instance of each class in Cs.

axiom(‘rdf’:‘type’ (I,C) « (asuc)
‘owl’ : ‘unionOf’ (C,Cs) A ‘unionType’ (I,Cs)).

‘unionType’ (I, [H{T]) « ‘rdf’: ‘type’ (I,H).
‘unionType’ (I, [HIT]) « ‘unionType’ (I,T).
// Axiom to handle a set union: C is union of classes in Cs, I is an instance of Ciflis

instance of at least one class in Cs.

axiom(‘'~’ ‘rdf’: ‘type’ (I,C) « (ascc)
‘owl’ : ‘complementOf’ (C, Cc) A ‘rdf’: ‘type’ (I,Cc)).

// Axiom to handle a set complement: If Cc is complement class of C, lis an instance of Cc

then I is not instance of C.

Figure 6.4 New axioms in AMP to support OWL 2
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6.2 Meta-Interpreter for Reasoning with Meta-programs

Similarity, we adapt the Vanilla meta-interpreter in order to reason with meta-programs
transformed from ontologies with rules expressed in OWL 2, where we have defied three kinds
of meta-level statements: statement (A«B) for the object-level information of an OWL 2
ontology, meta_statement (A« B) for the meta-level information of an OWL 2 ontology,

and axiom (A« B) for supporting axioms to reason with an OWL 2 ontology. Our SW meta-

interpreter is defined as follows:

demo (true). (true)
demo (A' A ’B) «demo (A) Ademo (B) . (conj)
demo (A) « statement (A* <« 'B) Ademo(B) . (ost)
demo (A) «meta_statement (A'<«’B) ademo (B) . (mst)
demo (A) - axiom(A ‘4~ B) Ademo(B). ' (ast)

The first clause (true) is the basic for proving that an atom is true. The second clause
(conj) is used for proving a conjunction goal. Three clauses (ost), (mst), and (ast) are used for

proving three meta statements of the three meta-programs MP, MMP, and AMP respectively.

6.3 Query Answering OWL 2 ontology with Qur Framework

Ontologies and rules expressed in OWL 2 can be reasoned in our framework by firstly
OWL 2 ontology be transformed to meta-programs (MP and MMP), and then our meta-
interpreter will manipulate with those meta-programs to infer implicit information.

The family ontology from [41] is used as an example to demonstrate the reasoning
ability of our framework. Due to its lack of rules in the ontology, three OWL2 rules are added to

it. After the whole ontology is transformed into meta-programs, here are some parts of them:

® The MP program
statement (‘£ : ‘hasParent’ 28]
(ME7:'MO27, V£ 'MOL') ¢ true).

statement ( ‘£’ : ‘hasParent’ (b2)
(Y£7 :YFO2', “£' : "MO01’ ) « true).

statement ( ‘£’ : ‘hasParent’ (b3)
(£’ :'MO3’, ‘f':‘F02’) « true).



59

L4 The MMP program

meta_statement (‘rdf’ : ‘type’ 1)
(“£7:'M017, ‘£’ :'Man’ ) « true).

meta statement (‘rdf’: ‘type’ (b2%)
(Y£7:'M027, ‘£’ :*Man’) « true).

meta_statement (‘rdf’ : ‘type’ ®3’)
(£ :*F02", ‘£’ : ‘WoMan' ) « true).

meta_statement ( ‘owl’: ‘complementOf’ (b4")
(*£’:'Man’, ‘£’ :‘WoMan’) « true).

meta_statement ( ‘owl’ : ‘unionOf’ (b5%)

(£’ : Human’, [‘f’: ‘Man’, ‘£’ : ‘WoMan’]) « true).
The first added rule hasParent (x,y) A hasParent (z,y) —»
siblingOf(x,z) is expressed by hasParent o hasParent £ siblingOf DL
axiom, where hasParent™ is inverse property of hasParent. We transform this into the

following meta-statements:

meta statement(‘owl’ :’inverseOf’ (b6”)
(£’ :‘parentOf’, ‘f’: ‘hasParent’) « true).

meta statement(‘owl’: ‘propertyChainOf’ ®7)
(*f’:'siblingOf’, [ ‘£’ : ‘hasParent’, ‘f’: ‘parentOf’]) «true ).

The second rule Man (x) A siblingOf (x,y) - brotherOf (x,y) is transformed

into the meta-statements in MMP:

meta_statement ( ‘owl’ :‘objectHasSelf’ (b8")
(£’ : ‘Man’, Pu.,) < true).

meta_statement (‘owl’: ‘propertyChainOf’ ®9)
(‘£9:'brotherOf’, [Py, ‘£’ : *siblingQf’]) « true).

The third rule brotherOf(x,y) aparentOf (y,z) s uncleOf (x,z) is

transformed into the following meta-statement in MMP:

meta_statement (‘owl’ : ‘propertyChainOf’ b10”)
(*f':*uncleOf’, [ ‘£’ : ‘brotherOf’, ‘£’ : ‘parentOf’ ] ) « true ).

Now we then pose some queries to the meta-interpreter and get the answers as follows:
?-demo ( ‘rdf’ : ‘type’ ( ‘£’ :'M02,X)). (ql)
X = ‘f':'Man’;
X = ‘f’:‘Human’.
//1st answer is supported by (mst), (b1°), and (true), and 2nd answer is supported by (ast),
(asuc), (conj), (b5°), (b1°), and (true).

?~ demo('=’ ‘rdf’: ‘type’ (‘£’:‘F02/,X)). q2)
X = ‘ff:‘Man’.

//The adopted clauses are (ast), (ascc), (conj), (mst), (b4), (b3 ) and (irue).
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?~ demo(‘f’:'siblingOf’ { ‘£’ :M02’,X)). (q3)
X = Yfr:YFQ2/.

//The adopted clauses are (ast), (acpc), (conj), (b7 ), (true), (os1), (b1), (mst), (acip), (b6°), (b2).

?- demo(‘f’: ‘brotherOf’ (X, ‘f’:‘F027)). (q4)
X = ‘f’:WM02’.

//The adopted clauses are (ast), (acpc), (conj), (09’), (true), (acsc), (b8’), (mst), (b2’), and the
clauses adopted for answering q3.

?- demo{‘f’: ‘uncleOQf’ (‘£’:‘M02’,X)). (q5)
X = ‘fr:'M03'.

//The adopted clauses are (ast), (acpc). (conj), (b1 0’), (true), (b3), and the clauses adopted for

answering q4.

6.4 Conclusion

We have presented a meta-logical framework for representing and reasoning with
ontologies and rules expressed in OWL 2. The logical system of our framework consists of
meta-programs transformed from outologies and rules expressed in OWL 2, and an inference
engine defined by a demo predicate with the new extra auxiliary axioms proposed in the

chapter.
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Chapter 7
A Unified Meta-logical Framework for Reasoning with

Semantic Web Ontologies with Rules

7.1 Introduction
In the previous chapters meta-logical frameworks for manipulating SW ontologies with
rules expressed in SWRL and OWL 2 are described. In this chapter we unify them to define one

single framework which can reason with Semantic Web Ontologies with Rules.

7.2 Abstract Syntax Representation of MP/MMP Meta-statements
SW ontologies with rules are transformed into MP and MMP meta-statements which
have abstract syntax representation in the terms of meta-predicate statement (S) and

meta_statement (S).

7.2.1  Abstract syntax representation of MP meta-statements

As we described in chapter 5, and chapter 6 syntax for describing meta-
statements of object-level information of an OWL 2 ontology is in the form of
statement (P(S,0) < true), while for describing meta-statements of object-level
information of an SWRL ontology, the form statement (P(S,0) « true) is used
describe object-level information of the ontology, for a SWRL rule we use form
statement (P(S,0) <« Body) to expresses this rule. Put both of the forms together
we have abstract syntax representation of MP meta-statements as follows

statement (P(S,0) « true).
statement (P(S,0) « Body).

7.2.2  Abstract syntax representation of MMP meta-statements

In chapter 6 we defined there forms of MMP meta-statements
meta statement (P(S,0) < true), meta_statement (P(S,0s) ¢ true),
and meta_statement (C(Prop) <-true)in order to describe meta-level

information of an OWL 2 ontology. With these there forms, rules expressed in OWL 2
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can also be expressed in MMP. However, for a SWRL rule describing a meta-
information such as relationship between an individual and a class we defined one more
form of MMP meta-statement meta_statement (P (S,0) < Body). So in order to
describe meta-information of SW ontologies with rules we have abstract syntax
representation of MMP meta-statements as follows.

meta statement (P(S,0) ¢« true).

meta statement (P(S,0) ¢ Body) .

meta_ statement (P(S,0s) « true) .

meta statement (C(Prop) « true) .

7.2.3  Translating SW Ontology with Rules into Meta-programs

Using the abstract syntax of meta-languages above, an SW ontology with rules
expressed in either SWRL or OWL 2 can be translated into meta-level statements in
MP and MMP. A rule expressed in SWRL is translated into a meta-statement
statement (A « B) in MP if it is a rule of object information of an SW ontology,
or into a meta-statement meta_statement (A « B) in MMP if it is a rule of meta
information of an SW ontology. A rule expressed in OWL 2 is translated into meta-

statements in MMP.,

7.3 Meta-program for Axioms (AMP)
A meta-program AMP, which is defined for mathematic axioms, is needed for
reasoning process of the meta-interpreter.

For SWRL ontology, in order to process built-in functions we defined a form as

follows.
axiom(builtinAtom(Fc,Arq,,..Arg,) <« builtin(FcinPrlogq)).
This axiom supports a mapping between a SWRL built-function and a corresponding Prolog .

predicate.

For OWL 2 ontology we have defined axioms to cope with new features which we can
use to express rules. Figure 6.4 shows all of new axioms in AMP to support OWL 2.

Put all of these axioms together, we have a complete AMP program to support the

meta-interpreter for reasoning with SW ontologies with rules.
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7.4 Meta-interpreter

The definition of meta-interpreter in chapter 5 for reasoning with SWRL
ontologies, and the definition of meta-interpreter in chapter 6 for reasoning with OWL 2
ontologies are almost the same. The meta-interpreter for reasoning with SWRL ontologies
cqvers all the definition of the meta-interpreter for reasoning with OWL 2 ontologies,
however it has an extra clause (btin) which was defined to manipulate with SWRL built-in
functions. Therefore, by using the meta-interpreter defined in chapter 5, our meta-
framework has full ability for reasoning with SW ontologies with rules expressed in either
SWRL or OWL 2.

7.5 Conclusion

We have briefly presented the general framework for reasoning with SW ontologies
with rules in this chapter. With capability of reasoning with SW ontologies and rules expressed
in SWRL and OWL 2, we have extended the MAC-SWI framework in order to work with more

expressive SW languages for describing semantic web ontology with rules.



Chapter 8

Comparison with Related Works

8.1 Imtroduction

In the previous chapters we have described in details our meta-logical framework for
reasoning with SW ontologies with rules. In this chapter we will compare our approach with
other related works done by other. The comparison will focus on important issues such as

formal representation of SW ontologies with rules, and the ability to reason with SW ontologies.

8.2 The Proposal and Other Logic Programming Approaches
The SW research community has addressed similar issues and problems concemning
SW ontologies and rules as that also happen in the area of logic programming. So the exchange

of idea between these two research areas is inevitable.

® Description Logic Programs: Combining Logic Programs with Description Logic

Realizing the necessity of integration between rules (RuleML) and SW ontologies
(OWL/DAML+OIL), Grosof, and Horrocks [18] proposed a form of knowledge representation,
called ‘Description Logic Program’ (DLP), which employs rules and OWL DL (OWL
Description Logic) ontologies. Their approach supports bi-directional translation between
logical seatences from DLP fragment of Description Logic and logic programs (in logic
programming).

According to this approach, every concept referred to in an ontology is mapped into a
unary relation with the concept name becoming the name of the relation and the individual
name becoming the argument. Every instance-property-instance relationship is mapped into a
binary relation. In addition, concepts as well as property coastructor statements are converted

into rules. The distinctions between this approach and ours are the following.
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Firstly this approach was designed to support a subset of DAML+OIL, and provides
only a mapping from RDFS and i)AML+OIL to logic programs, but does not support the new
features in OWL 2, as well as SWRL ontology. Secondly, this approach has a weakness to
represent an ontology in a logic program. For example, to represent the statement “a is union of
b, b, ..., b.”, it requires n rules to do so, i.e. a(X):-b,(X), ..., a(X):-b(X). However, in our
representation, this requires only one statement: meta statement(‘owl’: ‘unionOf’ (a,
[by, .., ba]) « true) which is more compact.

Even more importantly, with their representation of logic program, concept names and
property names of an ontology cannot be accessed from the logic program. For example, two
statements saying that “John is an instance of class Man” and “John is son of Mary” are mapped

into the following facts:

Man({‘John’).
hasSon( ‘Mary’, ‘John’).

With these facts we can ask who is a man or who is a son of Mary, but it is impossible
to get answers to a question like which class that John is an instance of or what a relationship
between Mary and John is. This is because a predicate name is a meta-level information that
cannot be reasoned and queried at object-level by a Prolog interpreter. However, in our
approach since we separate the meta-level from the object-level knowledge in an ontology,
above examples are expressed by two meta-statements as follows:

meta_statement (‘rdf’: ‘type’ (‘John’, ‘Man’) < true).
statement (*hasSon’ (‘Mary’, ‘John’) < true).

Such queries above can be easily asked and answered via our meta-interpreter because
it can access and manipulate the names of those classes which become arguments of predicates
in our meta-representation:

?-demo ( ‘rdf’ : ‘type’ (‘John’, X)).
X= ‘Man’.

?-demo (P ( ‘Mary’, ‘John’)).
P= ‘hasSon’.
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® SweetProlog: A System for translating an OWL ontology and rules into a Prolog

program .

Laera et al. [27] proposed SweetProlog as a system for translating an OWL ontology
and rules into a Prolog program. It is achieved by the translation of an OWL ontology described
in Description Logic and rules expressed in OWLRuleML into a set of facts and a set of rules n
Prolog respectively. Then any reasoning on these facts and rules can be performed by a Prolog
interpreter.

SweetProlog is implemented in Java and makes use of the three languages: Prolog as
rule engine, OWL as ontology language and OWLRuleML as a rule language that reasons over
the data model of OWL, and a set of inference rules that translated OWL into Prolog rules. It
enables reasoning over QWL ontologies by rule via a translation of OWL subset into simple
Prolog predicates. SweetProlog consists of five principal functions as follows:

® Translation of the OWL and OWILRuleMI, ontologies into RDF triples:
SweetProlog reads an OWL ontology and OWLRuleML rules, and extracts
RDF triples out of the ontology.

® Translation of the OWL assertion into Prolog clauses: The extracted RDF
triples that represent QWL concepts and instances are translated into Prolog
predicates.

® Translation OWLRuleML rules into Prolog rules: The RDF triples that present
the rules are translated into Prolog rules.

® Reasoning with Prolog program: Finally, both the Prolog predicates and Prolog
rules form a Prolog program that can be reasoned by a Prolog interpreter.

This approach develops an idea to specify RuleML on top of OWL ontologies. It
provides semantic and inferential interoperation between ontologies and rules. An immediate
result of this research is that it is possible to reason over the instances of an ontology with rule
definition that uses vocabulary from the ontology by using a Prolog interpreter.

Comparing this with our work, according to their approach an OWL and RuleML
ontology is entirely translated into Prolog facts and rules, where both object level and meta level
knowledge of the ontology are mixed up; Laera et al. do not care to make the distinction
between the two levels of knowledge, whilst our translation makes a careful separation between

the two levels of knowledge. As a result, their SweetProlog can reason with any object level
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knowledge of an ontology as the way our approach does.
For example, with the same ontology that we use for the query ans'wcring in Section 4,

according to their approach, the ontelogy would be transformed to Prolog facts as follows:

hasParent (£’ :‘F02’, ‘£’ : ‘MO1’ ).
hasBrother (‘£’: ‘MO1’, ‘f’: ‘M03' ).

and the ‘uncle’ rule would be expressed by the Prolog rule:
hasUncle (X, Y):- hasParent (X,2), hasBrother (2,Y).

Provided with this prolog program and a query like

?-hasUncle(‘f’: ‘F02‘, X),

their SweetProlog would give the answer X="'f£’ : ‘M03* s which is the same answer as that
given earlier by our meta-interpreter.

However, there could be queries, which ask about meta-level information of this
ontology, which their SweetProk;g cannot give answers to, since there is some information that
car be asked only at the meta level, but cannot do that at the object level.

For example, a query asking what the relation between M02 and MO3 is:

2=P{‘f£7:'F02’, ‘£’ : "MO3"’)
So, in SweetProlog, the Prolog interpreter will signal a syntax error, since a variable is not
allowed to be used as a predicate name in a query. Here a predicate name is a meta level
information that cannot be asked at the object level.

However, with a careful treatment of a separation between the object level and the
meta-level knowledge in our approach, such a query can be asked via the demo predicate as
follows.

?-demo (P(‘f’:*M02’, ‘f’:'M03")}.

and our meta-interpreter can give the answer: P = hasUcle.

® SWORIER: Semantic Web Oatologies and Rules for Interoperability with
Efficient Reasoning

Samuel et al. [35] proposed SWORIER (Semantic Web Ontologies and Rules for

Interoperability with Efficient Reasoning) system, which enables efficient automated reasoning

on ontologies and rules, by translating all of ontologies and rules into a Prolog program and

adding a set of general rules that formulate the OWL primitives. A Prolog interpreter is used to

reason with the resulting Prolog program to derive answers.
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Figure 8.1 shows the system design of SWORIER, the ontologies and rules are created
by developer by using OWL and SWRL. These ontologies and rules together are translated into
Prolog codes using XSLTs (Extensible Stylesheet Language Transformations). Finally, a set of
General rules is appended to the XSLT output to form a complete Prolog program which can be

queried by the user using a Prolog interpreter.

3
N
3 ‘\ \,- /' /’ ‘\
j, / /}‘
[ —-
Developer
|
i
| Transiation
- to Prelog
General
Rules
(Prolog)
Figure 8.1 Design of SWORIER

In SWORIER, two Prolog predicates i smemberof/2 and haspropertywith/3 are
defined in order to translate ABox knowledge of ontology into Prolog facts, i.e. a class assertion
C(a) will be translated into a Prolog fact i smemberof (a,C) and a instance-property-instance
relationship P(a,b) will be translated into a Prolog fact haspropertywith(a, P, b). By using
these two predicates some queries, which cannot answer by SweetProlog, such as queries asking
about the class which an instance belongs to or the relationship between two individuals now
can be asked and answered by SWORIER.

In addition, in SWORIER Samuel et al. defined a set of General Rules in Prolog in
order to formulate the OWL primitives. Here their General Rules serve the same purpose as our
AMP program, however our AMP also supports many axioms for manipulating with SWRL

built-in functions as well as the new features in OWL 2, which are not supported in their

framework.
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8.3 Conclusion

In this chapter we have done a comparison between our framework with other
approaches that related to logic programming. The results of the comparison reveals an
advanced reasoning ability of our framework over those approaches; for example the separation
between object-level and meta-level of SW ontologics, and supporting SW languages for

describing SW ontologies with rules.
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Chapter 9

Conclusion

This thesis proposes a meta-logical framework for reasoning with Semantic Web
ontologies with rules expressed in SWRL and OWL 2. The framework is an enhancement of the
MAC-SWI framework which was designed for reasoning with OWL ontologies. In this chapter,
we conclude main results achieved in the thesis, and we then give an outlook on future work of

this research.

91 Main Results

The main results of the research work are summarized as follows.

® Meta-languages for expressing SW ontologies with rules

We first we enhance meta-languages in the MAC-SWI, which include two meta-
languages (ML and MML) for expressing two levels of information of ontologies
(object-level information and meta-level information respectively) in terms of meta-
logical statements. With our enhancement the meta-languages support syntaxes for
expressing Horn-clause rules, SWRL built-in functions in SWRL ontologies as well as
the new features in OWL 2 sach as negative property assertion, property chain. This
enhancement allows the representation of SW ontologies and rules in a uniform manner

which enables the development of efficient and effective reasoning systems.

® Meta-programs for representing SW ontologies with rules

Meta-programs are knowledge base of the inference engine in our framework.
They contain meta-statements which are transformed from SW ontologies with rules
using the meta-languages (ML and MML). Regarding to the two information levels of
ontologies, there are two meta-programs MP and MMP. Horn-clause rules in SWRL
ontologies can be described in both MP and MMP, since these rules can be either

object-level relationships or meta-level relationships. For rules expressed in OWL 2 are
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transformed into meta-statements in MMP. To be able to reason with these meta-
programs, the inference engine often requires another meta-program the AMP meta-
program for mathematical axioms. These three meta-programs serve as input for the

meta-interpreter which reasons and infers conclusions from the meta-programs.

L4 Aﬁxiliary axioms for SWRL built-ins and new features in OWL 2

In order for our framework to work with SWRL and OWL 2, we also defined more
auxiliary axioms in AMP to formulate SWRL built-ins and new features in OWL 2.
Axioms for SWRL built-ins support the correspondence between built-in functions with
Prolog built-in predicates, so that our meta-interpreter can easily reason with SWRL
built-ins. In addition, more axioms for capturing semantic of new features in OWL 2,
such as negative property, disjoint properties, property chain, etc., are also defined in
AMP. With the supports of auxiliary axioms, the meta-interpreter can reason with SW

ontologies and rules expressed in either SWRL or OWL 2.

® Meta-interpreter for reasoning with SW ontologies with rule expressed in

SWRL and OWL 2

We have slightly adapted and extended the well-known meta-interpreter in logic
programming—The Vanilla interpreter—to reason with SW ontologies with rules. This
extension of the meta-interpreter consists of 1-ary demo predicate with definition of six
clauses which are able to not just include inference rules for reasoning with various
meta-statements of different meta-programs transformed from SW ontologies with
rules, but also contain rule for exchanging the SWRL built-in functions to the
corresponding built-in Prolog predicates. With these abilities, our meta-interpreter can
be considered as an inference engine in our framework for reasoning with SW

ontologies with rules.

9.2 Future Works
This thesis focuses on development of a meta-logical framework for reasoning with SW
ontologies with rules expressed in SWRL and OWL 2. However, recently both SWRL and

OWL 2 are not perfects way to express SW ontologies with rules. As we mentioned in chapter
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3, the direct addition of the rules to ontologies causes the undecidability when reasoning with
SWRL ontologies. Rules in OWL 2 are a decidable fragment of SWRL by putting upon some
restrictions to SWRL. These restrictions aim to restrict a logical rule to be a DL rule, that is, rule
used in Description Logic context. Contrary to the field of logic programing, such kind of rules
does not have widely acknowledged syntax and semantic, so there are rules which can easily
expressed in logic programming but cannot be expressed in OWL 2. It is immediately clear that
a single language would not satisfy the needs of many popular paradigms of using rules in
knowledge representation and business modeling. Known rule systems fall into three broad
categories: DL rules, logic programming, and action rules. These paradigms share a little in the
way of syntax and semantic. Moreover, there are large differences between systems even within
the same paradigm. This diversity of rule systems leads to a notion of rule exchange. The
approach recently taken by W3C Working Group was to design a family of languages, called
Rule Interchange Format dialects [45]. The central idea behind rule exchange through RIF is
that different systems will provide syntax mappings from their native languages to RIF and vice
versa. These mappings are required to be semantics-preserving, and thus rule sets can be
communicated from one system to another provided that the systems can talk through a suitable
dialect, which they both support—With—the development of RIF, in order to support our
framework to communicate with other rule systems, an extension of our framework to work
with RIF would be one of our future works.

As we said, SWRL is undecidable, that is there is no algorithm that can, in finite time,
compute the whether an axiom is entailed by a SWRL knowledge base. It is, in fact, semi-
decidable—if an axiom entailed, then there is an algorithm that can draw conclusion from the
axiom; but if an axiom is not entailed, it’s possible to “go into an infinite loop”, i.c., not to
terminate. DL safety is a simple idea has been used to regain decidability: Variable in DL safe
rules bind only to explicit named individuals in ontology. Adding this restriction make SWRL
make SWRL rules decidable. It shifts SWRL rules from being a kind of supper powerful TBox
and RBox (i.e., class and property) axiom to them being a sort of data manipulation (i.c., ABox)
axiom. Therefore, variety of knowledge would be hard to express into ontologies and rules by
using the restriction. With that problem, we figure out that a significant improvement in our
future works is find a way to restrict SWRL rules at syntactic level so that it have more freedom

to describe knowledge compare with the previous restriction. The restricted SWRL rules, then,
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can be expressed as meta-programs in our framework, and these meta-programs will be proved
that they are soundly and completely reasoned by our meta-interpreter.

Another area for future extension is the incorporation of fuzziness. The need to deal
with vague information in Semantic Web languages is rising in importance, thus, calls for a
standard way to represent such information. An OWL ontology to present fuzzy extensions of
OWL 2 language has been proposed in [42]. And a fuzzy extension to SWRL to include fuzzy
assertions and fuzzy rules is proposed in [43, 44]. The widely use of such type of imprecise
information in many applications like multimedia processing is an additional motivation for

pursing further research to extend our framework in this direction.
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Appendix I Implementation of a Meta-logical Framework for Reasoning

with SW Ontologies with Rules

L1 Introduction

A prototype of our meta-logical framework has been implemented. Our framework is a
system for answering information about an SW ontology with rules. In this appendix we will
present details the implementation of the system. First we give an introduction of system
components used to support the development, deployment, and testing of our system such as
operating system, programming languages, software toolkits as well as client software and
server software. A short summary of applied functions and the role of these toolkits will be
given. We then present the implementation of some main parts such as the ontology, ontology

transformation, and the meta-interpreter.

1.2 Development Infrastructure

Important components used for developing, testing, and deploying our system are listed
as follows.

® Operating system: Windows XP/ Windows 7, Mac OS.

® Software toolkits: Win Prolog 4.9, SWI-Prolog, Protégé 4.1, etc.

® Programming languages: Prolog, Web programming languages (HTML,

JavaSecript, etc.).
® Server: IIS web server, LPA Proweb 4.9.

® (Client: Internet Explorer, Firefox, etc.

In the following we summarize the main functions of these toolkits.

® Win-Prolog plays the important role for both development and deployment of our
system. It is a 32-bit Prolog compiler and programming environment conforming to the
Edinburgh standard. Codes of our system are written in Prolog in this standard, and are
compiled by Win-Prolog. Furthermore Win-prolog provides many tools supporting the
development of web-based, network-based, or agent-based applications. They are very useful

for the development of our system.
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® SWI-Prolog is a development environment for developing Prolog applications.
SWI-Prolog provides a RDF library for parsing RDF documents. This library is used for

developing our ontology transformation module.

® LPA Proweb server: Proweb is a specialized extension to a Hypertext Transport
Protocol (HTTP) server. Proweb is written in Prolog and supports the development, testing, and
deployment of intelligent, dynamic server-based applications on intranets and the internet.
ProWeb provides a link between an HTML page displayed on a client’s web browser and an
application (developed in WIN-Prolog) running on a server. ProWeb brings the power of the
WIN-PROLOG to the web. Proweb is the main tool to build our website.

® IIS Web server: IIS web server is a web server is used in our system to deploy

Proweb Server, so that our website can be hosted on the web server.

® Protégé: Protégé is software which is developed by Standford Medical
Informatics. It is built by using Java programming. It is used for building and editing ontologies.

Our hotel ontology is built by using Protégé 4.1.

L3 Developing Hotel Ontology

The hotel ontology is used as a foundation for semantic web representation of a wide
range of hotel information. It encompasses terms and concepts for expressing contact data
(address, phone, etc.), general hotel information (number of rooms, place nearby, etc.), price
information w.r.t room categories, as well as hotel ratings. It also contains rules for derive more
information, such as with price information and room categories we can infer category of hotel
by using rules. Figure 1.1 shows a partial diagram of the hotel ontology. This hotel ontology is
created and edited by using Protégé software, the interface of Protégé with this hotel ontology is

depicted in Figure 1.2,
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Figure L2 Protégé Interface with hotel ontology

When searching for a hotel people not only want to know the explicit information about
the ontology but also they want to know implicit information which can be inferred by rules.

For example, when we have rental price information of the hotels, the system should be able to



81

infer their categories (e.g. cheap hotels, expensive hotels, reasonably priced hotels). Our system
will reason with the ontology with rules in order to infer more information about hotel for user.
Figure 1.3 shows some examples of rules that we implemented in our system. These rules can be ~

created by using Protégé with Rule taps as shown in Figure L.2.

Term SWRL Expression

Hotel?a) ~ hasRoony 2. ?b) A roomType(h. “Doubls Room™ A hasPrice(". oA
swrbidessThanOrEquak Jp. 120) — Cheap_Hotek?a}

Cheap Hotel

Hotel?a) A tasRoomi?a. 2y A momTypet?h. “Doubk Room™) A hasPrice(h. ™a

Expensive Hotel swrbigreaterThanOrkqual 7p, 2000 — Expensive_Hotel(?a)

Hotek?a) A hasRoomi?a. ?b) A momTipe(?b. “Doubk Room™) A lasPrice(h. A

Reasonably Priced | o\ rivgreaterThanOrEquakip. 1200 A swrbviessThan(?p. 200)

Hotel — Expensive_Hotel(?a)
Big Hotel Hotelt?a) A numberOfRoony2a. 7b) A swribigreaterThanOrEqual(?h. 200) — Big Hotel(?a)
9 RS 5 : ¥ 3 -rly < b ]
Medium Hotel Hoxcl(.a') A umlbe‘rOfRoom( Ya. ) A swiibigreatesThan(?h 150) A swrbilessThan(?b. 200)
— Medium_Hotel(?a)
Small Hotel Hotel(?3) A numberOfRoom(?a. 7b) A swribkssThanOrEquak?b. 150) — Small_Hotel(?a)

Figure L3 Rules for a Hotel Ontology

1.4 Ontology Transformation
After we create a hotel ontology by using Protégé, it is in form of OWL. Our
transformation module, which was developed using SWI-Prolog, is used to transform this
ontology into meta-representation in terms of meta-programs MP and MMP according to the
abstract syntax representation of MP and MMP meta-statements as we defined in this thesis.
® Abstract syntax representation of MP meta-statements
statement (P(S,0) <« true), and
statement (P(S,0) < Body) ,
®  Abstract syntax representation of MMP meta-statements
meta statement (P (S, 0) « true),
meta_statement (P(S,0) « Body) ,
meta_statement (P(S,0s) <« true) , and
meta_statement (C(Prop) « true) ,
Figure 1.4 shows the MP and MMP which are transformed from hotel ontology, Figure
L5 shows the rules in Figure 1.3 expressed in MP and MMP. MP and MMP are expressed in
simple logical form so that WIN-PROLOG can manipulate them.
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%

% operator declaration

Sukhumvit Road') if true).
3oulevard Bangkok', '£'4' Suwanzbumae Airpert') if true).

s’ (*2'¢'Colunn Bangkok®, '48 Sukhumvit Soi 1§, 10118 Bangkok') if true).

'I'#'hasactivitias' ("f£'¢'Column Bangkok', ['Fitness <eatra', 'Qutdoor Swimming Pool']) if trusj).

true) .

#'hashddress' ('£'¢'Intarlontinental Bangkok','973 Ploenchit Road, 15339 Bangkek') if true).
¢'proximacsAirport’ (*£'# IatarcContinental Bangkok','f'4’Suwanzbumms Alrzpart') if trus).
Centinantal Bangkok',9.5) if trus).

:~ op(e28, xfy, and).

1= op(93%, xfx, 1f).

i~ op(355, yty, t).

i~ op(&€6, xfx, 8).

statement (hotelOnto, 'I'¢'hasRatingStar'('f'¢'Amari Soulevard Bangkok',4) if true).
statement(hotelOnto, '7'¢'numberOfRoom' ('f'#'Amari Boulevard Bangkok', 309} if true).
statement (hotelOnto, 'Z'¢'hasRoom'('f'¢'Amari Boulavard Bangkok', *{"¢'AB3Guastl') if trua).
statement(hotelOato, *Z'#’hasRoom'{'f'#'Amari Boulevard Bangkok', "£'¢'AB3Guest2’) if true).
statement (hotelOnto, '>'¢'haslocation’ ('f'¢'Amari 3culevard Bangrok', 'Bangkck') if truej.
statement (hotelOnto, 'I'#'hasAddress’ ("f'¢'Amari Boulevard 3angkok','2 sei &,

statement (hotelOnto, 'I'¢'proxinatshirportt ("£ ¥ hmari

statement (hotelOnto, 'I'¢'dagresCrlomfort’ ('f'4'Amari Soulevard Bangeok',7.1) if trus).
statement (hotelOnto, 'Z'¢'degrasCrServices’ {''4‘Amari Boulavard Bangkok',7.1) if trua).
statement (hotelonto, 'I'¢'deqraaCEStaff’('f ¢'Amari 3oulevard Bangkok',7.7) if true).
statement (hotelOnto, 'I'$'roswTypa’ (*£'4'ABBGuestl’, ‘Couble Room') if true).

statement (hotelonto, 'I'#'hasPrice’('f'#'A33Guartl',132) if true).

statement (hotelOnto, 'Z'¢'hasView' {'?'¢'A%3Guest]’ SCity') if true).

statement (hotelOnto, '<'¢'roomType’ ('f'+'A33Guest2’, 'Deluxe Souble') if true).

statement (hotelonto, '*'#'hasprice’ {'£'4'A3BGu2s£2*,153) if true).

statement {(hotelonto, 'Z'#'hasView' ('f'4!A33Gusst2’ y"River') if true).

‘ ----- - - o

statement (hotelOnto, 'Z'¢'hasRatingStar® ("f'¢'Column Bangkok',5) if true).

statement (hotelOnto, 'Z'¢'numberoffoom’ {'f'4#'Colwan Bangkok',238) if true).

statement (hotelonto, 'Z'#"hasRoom’ ('£'¢'Column 3angkek', '£'4'C3Guestl?) if true).
statement (hoteloato, 'Z'¢'hasRoom’ ('f'¢'Column Bangkok','f'4'C3Guest2') if true).
statement (hotelOnto, ':'#'haslozation' ('f'4'Column Bangkok', 'Bangkok') if true).
statement (hotelOnto, 'Z'#'hasacd

statement (hotelonto, '2'#'proximatzadirport' ('f'4'column Bangkok', '£'¢'Suwanabumme Airport') if trus).
statement (hotelonto,

statement (hotelonto, 'Z'$#'neazBy’ {"I'#'Column Sangkok', '£'#'Asoke BTS Station') if true).
statement (hotelOnto, 'Z'¢'degreeOfTomfart’ ('f'4'Colurn Bangkok',2.4) if true).

statement (hotelonto, 'I'¢'degraadfSarvicas' ("f'¢'Column Saagkok*, 7.2} if tru=).
statement (hotelOnto, 'Z'¢ ‘dagreaCtstaff’ {("£" ¢ Column Sangkok',7.7) if trua).

statement (hotelonto, 'I'¢’'roomTypa’ ("£'4'C3Guastl’, 'Singls Room') if trua).
statement(hotelonto, 'Z'¢'hasPrice’ ('f'4'S3Guestl’,155) it trus).

statement (hotelOnto, 'Z'#'hasview'{'7'€'Cacyastl? LTCLEY'Y if true).

statement(hotelOnto, 'Z'¢'roomTyps’ {'f'4'C3Guast2’, ‘Loubls Poom') if true).

statement (hotelonto, 'Z'¢'hastrice’ ('£'4'C3Guast2',237) if true).

statement (hotelonto, 'Z'¢‘hasview' ('f’$'C3Guest2’, 'CiEy") if true).

%

statament (hotelonto, 'I'#'hasRatingStar'('f'4'IntsrContinental Bangkok',5}) if true).
statement (hotelOnto, 'fI’¢'numberCfRocm’{'f'#'IntarCoatinantal 3angkok',381) if true).
statement (hotelOnto, 'Z't'hasRoom’ ('£'¢'InterCentinental Bangkok', '€'4'InGuestl’) if
statement (hotelonto, '<'#'hasRoom’ ('f'¢'Intercontinental Bangkok', '£'¢'InGuest2'} if true).
statement (hotelonto, #'haslccation’ {('f'#'[nterContinantal Bangkok', 'Bangkak’) if truel.
statement (hotelonto,

statement (hotelonto,

statement (hotelOnto, ¢'degreaCtComfort ("E'4' Int=

statement (hotelonto, #'degraacrsarvices' {'£'4' InterContinental Bangkok',3.3) if trus).
statemant(hotelOnto, 'I'#'degreeCfstaff’ (*f'#'InterCantinantal Sangkek', $.3) if trua).
statement (hotelonto, ‘Z'#'roomType’ ('r'¢'Insuastl', 'Souble Reom') if true).
statement(hotelonto, '#'¢‘*hasPrics’('f'+¢'Insuestl’ ,260) if trus).

statement (hotelOnto, *Z'¢'hasvisw'('f'#'Insuestl’, ‘City') if trme).

statement (hotelOnto, *I'¢'roomType’ ('C'#'InSuast2’, "3eluxe Doubla') if trus).

statement (hotelOnto, 'I'€¢'hasPrice'('f'#'InGuest2',347) if trus).

Statement(hotelOnto, 'I'#'hasView'('f'€'Induest2’, ‘River') if trus).

%

meta statement (hoteloato,
meta statement (hotelOnto,
meta_statement (hotelonto,
meta_statement (hotelonto,
meta_statement (hoteloanto, '
meta statement (hotelOnto, °
meta statement(hotelOnto, '
meta_ statement (hoteldato, '
meta_statement (hotelonto, '

'rdI'#'type' ('f'¢'Amari Boulevard Bangkok','f'¢'Hotel') if trus).
"#'type' ('f'#'Column Bangkok','f'4#'Hotel') if true).

T#'type’ ('€'¢'InterContinental Bangkok', 'f'#'Hotel’) if traae).
T#rtype’ ('f'#'A33Gueztl’, "' 4'Room’) if true).

IT4'type’ ('£'47ABBGUesSt2’, "L $'Room") if true).

"e'Lype' ("0 ¢'C35uestl’, '€ 4 'Room’) if true).

Ztettypet ('{'#'C3Guest2’, '£' ¢ 'Room') if true).

It#Thype' ("f'#'InGuestl’, 'E'¢ Room’} if true).

IeCype’ (' £'4' InGuest2’, "f'4'Room') if truse).

Figure L.4 MP and MMP of hotel ontology
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meta_statement(':df‘#'type'('f'#H,'f'#'cheap_Hotel‘) if
‘£'#'hasRoom' ('£'§H, '£'#R) and ‘f'#'roomType’ ('£'#R, 'Double Room'} and
'£'#'hasPrice’ ('£'#R,Pc) and 'swrlb'#'builtinAtom'('lessThanOrEqual', 2ec, 123})).

meta statement ('rdf'#'type' (‘£ #H,'f'#’ Reasonably Priced_Hotel') if
"f'#'hasRoom’ ('£'§H, '£'#R) and 'f°* #'roomType’ ("£'#R, 'Double Room') and
"f'#'hasPrice' ("£'§R,Pc) and 'swrlb'#'builtinAtom' (‘greaterThar', Pc, 129) and
‘swrld'k'builtinAtom’ ('lessThan', Pc, 200)).

meta statement(':df'#'type' (‘£'#H,'£'§' Expensive_Hotel') if
"£'#'hasRoom’ ('£'§H, "f'#R) and 'f' #'roomType' ('£'#R, 'Double Room') and
"f'#'hasPrice' ("£'#R,Pc) and 'swrlb'#'builtinAtom’ ('greaterThanOrEqual', 2c, 2090)).

neta ststement(‘*df'# type' ("£'#K, '£'#'Big_Hotel') if
‘#'numberOfRoom' ('f'§H,N) and 'swrlb’ #'builtinAtom’ (' greaterThanOrEqual', N, 200)).

meta statement ('zdf'#'type’ ('f'#E, 'f'# 'Medium _Hotel') if
"£'#'numberOfRoom' ('£'#K,N) and 'swrlb'§'builtinAtom® ('lessThan', N, 202} and
‘swrlz'#'builtinAtom’ ('greaterThan' , N, 150)).

meta_statement(':df'#'type'('f'#H,‘f'#'Small_Hctel') if
'£'# 'numberOfRoom’ (' £'4H,N) and 'swrlb'#‘builtinAtom'('lessThanO:Equal', N, 153)).

statement (' f'#'batterThan' ('£'#H1, 'f'§#H2) if
'f'}'hasAverageScore’ (*£'$H1, Al) and 'f'#"' hasAverageScore' ('f'#H2, A2) and

! 'swrlz'#'builtinAtom' (‘greaterThan', Al, A2)).

Figure L5 Rules expressed in meta-programs

L5 Implementation of the Meta-interpreter
The meta-interpreter is implemented in WIN-PROLOG. It is a simple Vanilla meta-
interpreter, the meta-interpreter can reason with meta-programs transformed from an SW

ontology. We show the Prolog code of the meta-interpreter in Figure 1.6.

- op(388, xfy, and).
- op(999, xfx, if).
- op(555, yEy, #).
- op(88€, xfx, @),

demo (true)
demo (A and B) :- demo (A) ,demo (B) .

ks - -——

.
$
.

demo (Question) :-
statement (Question if SubQuestion),
demo {(SubQuestion) .

demo (Question) :-
meta_ statement (Question if SubQuestion),
demo (SubQuestion) .

-

demo (Question) :-
axiom(Question if SUbQuestlon),
demo (SubQuestion) .

demo(built_in(BI)) :— BI.

Figure 1.6 Implementation of the Meta-interpreter
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L.6 Hotel Information System

Our hotel information system is operating under a website to allow users to query
information about hotels. The information is represented by in a SW ontology with rules. This
ontology is then transformed into meta-programs in WIN-PROLOG. We deployed our system
in ProWeb Server in order to link HTML page with the meta-interpreter, and meta-programs.
Sequence diagram of a query function of our system is depicted in Figure [.7.

r,’_ query information of

htel
ST T etesmame | ey information of the hotel by
T ruing e metanterpreter
[T
;_l_:_q_mlsHTML page
| | HMLpage _J~
HTML page ’
Bfuniin s, i
[ ] F d -.__. 5

Figure L7 Sequence diagram of Hotel Information System

Firstly, user puts a name of a hotel to query information of it, the hotel’s name will pass
to Web Server and to the Proweb Server. At Proweb Server, with this given hotel’s name,
queries for information of the hotel are made via demo predicate as shown in Figure [.9, the
meta-interpreter then reasons with the meta-program to derive answers. After that, Proweb
Server forms HTML page to display the answers. This HTML page will be returned to Web

Server and Web Browser. Finally, The Web Browser will show the results for the user.
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Figure 1.8 shows the home page of our Hotel Information System. From this page,

chose hotel name in the box and click ‘Find out” button, the information of the hotel with the

chosen name will be shows in Results field as in Figure 1.9 below.
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Figure L9 Query answering of the Hotel Information System

Figure 1.9 shows the results when we query information about a hotel namely “Amari
Boulevar Bangkok™. To give these results, our system will pose queries via demo predicate as

in Figure .10, and then meta-interpreter will reason with the meta-programs to answer the

queries.

demo('f'#'hasRatingStar‘('f'#HotelName, N)).
demo('f'#'numberOfRoom'('f'#HotelName, N)).
demo('f'#'hasRoom'('f'#HotelName, 'f'#Room)) .
demo('f'#'hasLocation'('f'#HotelName, Location)).
demo('f'#'hasAddress'('f'#HotelName, Address)).
demo('rdf'#'type'('f'#HotelName, 'f'#HotelType)) .

« e

demo (P('f'#HotelName, S)).

Figure .10 Queries for hotel information
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Our system also supports for querying better hotels, worse hotels or querying whether this hotel
is cheap or not, etc. For exaniple, when we click the “Find better hotels” button, the names of
hotels which are better than the chosen hotel are listed in Results field as shown in Figure 1.10.

These answers are given by using the rule “bet terThan” as we showed in Figure L.5.

May 20, 2011
Hotel Name: Amari Boulevard Bangkok ~ _Find out |
b s Home
i s N
| * Find better hotels - FindTowerhotels — ~ Isthisacheap hotél? - Is this a bic hoter? . (Obiect level)
{ ¢ Publications
i s Contact
} ~RE sEits —— P DR BB & psies L - Y ~— =
i
iy
Semantic
Web
® Amar) Residamtas Sukhum i
o Colum
® InterCopntinantal
x PoR
——— e e Ot 1 - I e o W]

Figure L11 Resuits for query “Find better hotels”
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A Meta-logical Approach for Reasoning with
an OWL 2 Ontology
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School of Computer Engincering,
Faculty of Engineering, King Mongkut's Institutc of
Technology Ladkrabang,
Ladkrabang. Bangkok 10520, Thailand
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Abstract—A recent develop ofa$ ic Web language is
OWL 2, an extension of OWL. So far OWL 2 has been designed
by W3C as the language for represeating a web ontelogy. Earlier
we have developed a meta-logical approach for reasoning with
Semantic Web ontologies expressed in OWL [6], with the new
extension—OWL 2, in this paper we shall extend our previous
work to support this richer language. A meta-interpreter, defined
by a demo(.} predicate together with auxiliary axioms. is
proposed and used for reasoning with OWL 2 ontologics
expressed in terms of meta-programs. Finally we demonstrate
sopne expressiveness of the mcta-interpreter.

Keywords-Semantic
Programmting.

Web: Ontologies; Meta-logic: Logic

I INTRODUCTION

Ontology is an ial part of S ic Web (or briefly
*SW’) as it forms vocabulary and statements for representing
knowledge shared across the web. Ontology can be processed
automatically or reasoned logically by computers. Several
XML-based markup languages have been developed for
expressing an ontology, they were influenced by different
formalisms such as logic, and description logic {1}. For
example. a core data representation format for SW is RDF [2}
which represents resources in the form of subject-predicate-
object triples; RDF Schema (RDFS). created together with its
formal semantic within RDF, is used to describe classes,
properties and their relationships and we use them both 10
create a lightweight ontology: OWL [5] is a language derived
from description logic, and offers more constructs over RDFS.
OWL is used to create a more expressive ontology, OWL has
been successfully applied to many problems in computer
science, and has rapidly become a de facto standard for
ontology development and data interchange. Despite its
success, some numerous contexts, in which the language has
been applied 10, have revealed its deficiencies. Therefore, to
overcomie that, an improvement of OWL, namely ‘OWL 2
has been designed by the W3C Working Group [4].

In our previous work [6]. we developed a meta-logical
approach for reasoning with SW ontologies described in RDF,
RDFS and OWL. To extend it to cope with OWL 2, in this
paper we enhance its framework to make it more expressive in
order to reason with ontologies described in QWL 2.

This research is sponsored by the Japan International Cooperation Agency
{JICA) under the ASEAN University Network 7 Southeast Asia Engmeening
Education Development Network (AUN SEED-Net) program

Trang Mai Xuan
International College,
King Mongkut's [nstitute of Technology Ladkrabang,
Ladkrabang, Bangkok 10520, Thailand
trangmxggmail.com

The rest of the paper is organized as follows. In the next
section we first give an overview of OWL and address its
limitations. In section [T we investigate new features of OWL
2 which overcome the limitations in OWL. Accordingly, we
extend our previous work to reason with OWL 2 in Section IV
by introducing new auxiliary axioms for the interpreter, and
after that in Section V we demonstrate how the meta-
interpreter together with those axioms can be used to reason
with an OWL 2 ontology. We discuss related works in section
VL. Finally, in section VII we conclude this work.

Il OWL AND ITS LIMITATIONS
4. OWL Overview

Semantic Webs are designed to support automated
processes and intelligent agents, so that they can access and
process semantic information automatically, Semantic
information, in the form of ontologies. is defined as well-
formed constructs to represent concepts in a ceftain domain, so
that intelligent agents can interpret their meaning logically. To
serve this purposs, many ontology languages such as RDF,
RDFS and OWL were developed. RDF (Resource Description
Framework) provides a basis data model for SW. However.
RDF itsclf does’ not support a data schema. This led to the
development of RDFS which provides facilities 1o define
simple taxonomics among concepts and relations. Whilst
RDFS is used to represent a simple ontology, a more
expressive language for ontology representation, namely
*OWL’ (Web Ontology Language). was also developed.

OWL has become 2 new standard language for describing
a0 ontology. It supports several features beyond the simple
definition of the hicrarchies of RDFS (using rdfs:subProperty.
rdfs:subClassof): in OWL we can define relations between
properties and classes. More expressively, OWL allows
propertics to be transitive, symmetric, inverse, functional. and
inversely functional. OWL also supports an ability to define
complex classes in terms of logical combinations (e.g. union)
of other classes. Furthermore, in OWL we can state which
objects (individuals) belong to which class, and what the
property values are for the specific individuals. Equivalence
properties can be asscried on classes and properties, disjoint
properties can be asserted on classes, as well as equality and
inequality properties can be asserted between individuals.

978-1-4244-8072-2"10 §26.00 £2010 IEEE 35



Although OWL is an expressive language for ontology
representation, it is far from being complete.

B. Limitations in QWL

Practicality has revealed OWL's lack of several necessary
constructs in both aspects of syntax and expressivencss. [n the
syntactic aspect, due to the missing of some constructs to dea]
with pattems in OWL, in some cases we have to represent
knowledge in a verbose manner. For example, OWL allows to
state that two subclasses are disjoint. but in order to represent
that several subclasses are painvise disjoint, we have to adopt
many axioms, each states that the two subclasses are disjoint,
this is obviously not very concise.

Another drawback is whilst OWL provides means to assert
values of a property for an individual and also to express that
two individuals are related by some properties, it does not
provide constructs for asserting values that an individual does
not have, and also docs not provide constructs for expressing
that two individuals are not related by some properties.

A major drawback of OWL was also revealed in its
limitation to deal with properties. This is due to the fact that
whilst OWL includes a relatively rich set of class constructors,
its treatment on properties is rather weak, ie. it tacks of
constructs for expressing additional restrictions on propertics.
In other words, QWL limits the characteristics of properties.
i.c. although it is possible 10 declare propertics are transitive.
symmetric, functional or inversely functional, it does not
allow us to declare a property 1s asymmetric, reflexive, or
irrefiexive. A definition of disjoint properties is that some two
individuals cannot be connected by two properties which are
disjoint, unfortunately this kind of definition is not supported
by OWL. In addition, we can define a new class as being a
composition of other classes in OWL, but we cannot do so
with propertics. All these limitations can be overcome by
OWL 2, which was developed afier OWL by W3C [4].

HL. OWL2-THENeEw OWL

OWL 2 goes beyond the original OWL by adding to it some
new features in order to solve the problems of syntax and
expressiveness in OWL. Since these new features will be dealt
with later by our framework, we shall explain here how the
new features were added to the language, so that you can see
shortly how our framework can deal with them.

A, Symactic Sugar

As referred to in the previous scction, some patterned
knowledge is difficult to express in OWL. To overcome it.
OWL 2 adds new constructs to make some common patterns
easier to express. For instance, to declare that multiple classes
are pairwise disjoint, with OWL several axioms are needed,
whereas in OWL 2 we need only one axiom 1o do by using
owl:AltDisjointClasses constructor. In OWL 2 we can also use
just owl:disjointUnionOf to define a class as a union of other
classes, all of which are pairwise disjoint. Another issue is that
sometimes we want to state that two individuals are not related
by a property, or to assert vatues that an individual does not
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have, OWL 2 provides a means 1o do that by using ’
owl:NegativePropertyAssertion construct.

B, New Constructs for Properties

Apparently, OWL constructs were defined based on DL
SHOIN, this led to major drawbacks regarding expressivencss
of property declaration as said earlier. OWL 2, however, was
designed based on DL SROIQ [9] by including new constructs
for expressing additional restriction on propestics, new
characteristics of propenties, incompatibility of properties. and
property chains and keys. These new constructs significanty
enhance the cxpressiveness of the language.

In addition. some constructors were added to OWL 2 for
declaring that propertics are reflcxive. irreflexive, or
asymmetric. owlasymmetricProperty defines a rule is
asymmetric if A is related to B via this rule, but B is never
related 1o A via this rule. Reflexive property is defined by
owl:reflexive, meaning that every individual A is related to
itself via such a rule. In addition, irreflexive property is
defined by owl:irmreflexive.

Morcover, to increase OWL 2s relational cXpressiveness,
some constructs for defining relationships among properties
were introduced. OWL 2 provides owl:propertyDisjoint With
and owl:AllDisjointProperties to declare disjoint properties.
OWL 2 also provides owl:propertyChainAxiom to express
property chains, i.c. propagation of one property to another.

Another feature in OWL 2 is an ability 1o express key
constraints on data properties. which is a core feature of
database technology. OWL 2 provides key axioms in the form
of Haskey(C P;...P,) to state that the object, or data. properties
P; are keys for named instances of class C. i.c. no two named
instances of C coincide on all values of all the propetties P,
Table I briefs some differences between OWL and OWL 2

Features OWL OWL2
Description logic | based on DL SHOIN | based on DL SROK)
Disjoint Classes | owl:disjoint With: owl:AHDisjointClasyes:

two  classes  are | several classes are painsise
disjoint disjoint.
Propenty transitive, symmetric, Extra-property: asymmotric.
characteristics functional reflexive, imrefexive
Propenty chains 1oL support owkpropernChainAxiom
Negated property nat support owl:NegativePropenyAssen
assertion ion
Kev constraints Dot support owl:hasKey

Table I. Comparison between OWL and QWL 2

IV. OUR APPROACH-
To handle new features in OWL 2, in this section we

extend our previous framework [6] so that it can reason with
an OWL 2 ontology.

A, Our Framework

In the previous work we have argued that SW languages
and a logic programming language were similar in that they
are both declarative. To adopt logic programming for SW, in
{14] information of an SW ontology is initially transformed
into a prolog program and then a prolog interpreter is used to
derive answers for a query. Alternatively, in our approach we
applied logic programming in the context of meta-logic [10] 0



SW. We have developed an agent-like meta-interpreter to
reason with SW ontologies in the form of meta-programs [6].
This agent can reason with multiple distributed SW ontologies
{8]. can communicate SW information among agents [7], and
can provide SW services to other agents [5].

Our framework forms a logical system consisting of meta-
programs and an inference engine. The former is in the form
of logical sentences representing an SW ontology at the meta-
level. That is, an ontology described by OWL 2 is transformed
into a meta-logical representation. The later is a meta-
interpreter, in the form of a demo (meta-)program, which is
used to infer explicit and implicit information, or in other
words draw conclusions, from the former. The meta-
interpreter can be extended to communicate to the Internet to
obtain SW ontologies, communicate with the user to get SW
information, draw inference consequences for the user. and
traverse a link to obtain an SW resource like a web browser.

Figure L. Our meta-logical system
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Figure 2.  Oniology efements a1 the object level and mets level

To explain our framework. in the next three sub-sections
we first introduce our meta-language used for formulating the
meta-programs of SW ontologies, and then exphain the meta-
programs in details. Finally we describe our meta-interpreter.
SW ontologies, which our framework reasons with, are
described by OWL 2 which includes the new features referred
to in the previous section.

8. Aeta-lunguages of an SW ontology

The language elements of an S\ ontology are classes.
properties. instances. and relationships between‘among them
described in the object level and the meta-level as depicted in
Figure 2. At the object level, an instance can be an individual
or a literal of a domain, eg. ‘john’. and property is a
relationship between individuals. or is an individual's
attribute, e.g. *hasSon’. ‘type’. Al the meta-level. a meta-
instance can be an individual, a property, a class, or an object-
fevel statement. A mela-property is a property to describe a
meta-instance’s attribute or a relationship  between‘among
meta-instances, e.g. ‘reflexive’. ‘disjointWith.

Notice that according to the SW convention, to make a
name appearing in an ontology unique, we qualify it with a
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namespace like <namespaces:<names>, suchas ‘£ : ‘son’.
‘f':'hasSon’, ‘owl’:‘reflexive’, etc. Henceforth this
qualified name will be used throughout.

According to our framework, in an SW ontology we
distinguish between its object and meta levels, and similarly
its object and meta languages. The object language specifies
objects and their relationships in the real world. The meta-
language describes the syntactic form of the object language.
Hence, we have formulated two meta-languages: one
discussing mainty about objects and their relationships we call
it “meta-language for the object Ievel (ML)™, and the other we
call “meta-language for the meta-level (MMUL).” which
discusses mainly about classes. instances. properties and their
relationships.

* Meta-language for the object level (ML)

Objects and their relationships at the object level are
specified in an SW ontology and this information is expressed
by the elements of ML below.

Meta-constaut specifies a name of an object and a literal, e.g.
‘son’, including a reference, e.g. a namespace, the latter is a
meta-constant of MML. This means that ML and MML are
not totally separated.

Meta-variable stands for a different meta-constant at a
different time, e.g. Person.

Meta-function symbo!l stands for a name of a relation
between objects, or a name of an object’s property—i.e. an
object-level predicate name, such as *hasSon’. ‘name’. It
also stands for other meta-leve! function symbol. e.g. * -,
SO, 24

Meta-term is cither 2 meta-constant or a meta-variable or
meta-function symbol applied 10 2 tuple of meta-terms, e.g.
‘£':thasSon’. ‘owl':'reflexive’. To cxpress object-
ievel predicate it has the form: P(S. O). where P is an object-
level predicate name, S and O are meta-constants or meta-
variable. €.¢. *£:*hasSon’ (“£':'fa’, ‘f': 'son’ }:fora
negative predicate =P, it has the form negative(P.S.0).

Meta-statement for the object level reflcets an object-level
sentence 10 its existence at the meta-level. It has the form:
.ug';jcu-le!'(.’]- e). e.g.

statement (
‘£’ :'hasSon’ (‘£ :tfar, £ 'sen’ ;) ¢~ rrue) .

¢ Meta-language for the meta-level (MAML)

Apart from the object language. an SW ontology also
defines classes. properties. their relationships. as well as class-
instance relations. and we argue that this information is mefa-
information of the object level. Here we express  this
information by MML which includes:

Meta-coastant specifyving a name of an instance. a property, a
class. a literal. and a namespace,

Meta-variable standing for a different meta-constant at a
different time.

Meta-function symbol standing for a logical connective, e.g.
"€ AT or ot or 2 name of set operators applied on
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classes such as union: or a meta-predicate name being a name
of a relation between entities; or a name of characteristic of a
property, which may fall into one of the following categories:

Class-class relations: equivalent class of, disjoint with, etc.

Class-instance relations: instance of, class of, etc.

Property-property relations: subproperty of, chain of. etc.

Class-property relations: keys, etc.

Relations  between literals  and instances/classes/

properties: we can take these relations as auributes of

instances, of classes, or of propertics, ¢.g. comment, label.

Characteristics of properties: reflexive, asymmetric, etc.
Meta-term being either a meta-constant or a meta-variable or
meta-function symbol applied to a tuple of meta-terms, e.g.
T€': fatherOf’, ‘owl’: ‘equivalentClass’ {C,EC).

When a meta-term expresses a meta-level predicate stating
a relation between entities, it has the form of
Pred(sub,0bj), and when it expresses a meta-level
predicate stating a characteristic of a property, it has the form
of Pred(Prop}, where Pred is a meta-predicate name, Sub,
Obj, and Prop (a property) are meta-constants or meta-
variables. For a negative predicate, it has the form -~Pred,
where - is a function symbol.

The meta-term expressing a meta-level sentence is & term
Pred(Sub,0bj) or Pred(Prop) or a logical-connective
function symbol applied to the tuple of these terms. Let alf
meta-variables appearing in the meta-level sentence  be
universally quantified. One form of the scntence is 2 Hom-
clause meta-rule, e.g.

‘owl’: ‘propertyPisjointWith’ (P.DP} &

‘owl’: ‘propertyDisjointwithe {(DP,P).
Meta-statement being a mcta-predicate or meta-predicates
connected by logical connective. It has  two forms
meta_stat (meta-level. e} and axiom(meta-level-
sentencej, the latter represents a rule for a mathematical
axiom, e.g:

meta_statement (‘owl’ : ‘propertyDisjointWith’
(*£9:'likes’, ‘£’ : dislikes’) ¢ true) .
axiom(‘owl’: ‘propertyDisjointWith’ (P,DP) ¢
‘owl’: ‘propertyDisjointWith« {(DP.P}}.
C. Meta-programs of an SW Ontolagy
Each SW ontology is transformed into a meta-program
containing a (sub-)meta-program expressed in ML, called
MP, and 2 (sub-)meta-program expressed in MAT L., called
MMP. Another meta-program expresses some mathematical
axioms for classes and properties in MML called AMP is also
needed for the inference engine to reason with MP and MMP.

*  Mecta-program for the object-level (MP)

MP contains meta-statements for the object level in the
forms of statement (P{S,0) « trua). This meta-program
expresses information about instances and their relationships.
In order to work with negarive property assertion in OWI. 2,
we use a meta-statement form
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statement (NPi2,5,0) ¢« true), where Np expresscs
negative property. For example, to declare person MO1 is not
the father of person MO3 we have a meta-statement in MP as
follows:

Statement(‘owl’:‘negativeProperty’

(*£’: fatherOf’, ‘£':'M01’, ‘£’ . ‘M03‘) ¢ true).
*  Meta-program for the meta-level (MMP)

MMP contains meta-statements for classes, properties.
their relationships, and class-instance relations in terms of
meta-rules. The MMP is represented in the forms as follows:

reta_statement (P(S,0) ¢~ true),
meta_statement (P{S,0s) « true),
meta_statemeat (C{Prop) ¢ true),

where P, s, 0 are predicate, subject, and object of a triple (S.
P, O) defined in the ontology. C is a characteristic of a
property Prop. Os is a tuple composing of several objects.
The new features in OWL 2 are transformed into MMP
with the following new meta-statements.
New meta-statements for syntactic sugar:
meta statement (
‘owl®:*AllDisjointClasses’ (Cs) true).
# All classes in Cs are pairise disfoint,
meta_statement (
‘owl’:'disjointUnionof’ {C,Cs) & true).
4% Class C is the disjoint union of classes Cs.
New meta-statements for expressing new constructs for
properties:
meta_statemenc (
‘owl’: ‘propertyDisjointWith’ (P, DP) é—.rrue}.
/' Properties P and DP are disjoint.
meta_statement (
‘owl’: ‘AllpisjointProperties’ (Ps) « true).
% Praperties in Ps are pairnvise disfoint,
meta_statement(
‘owl' : ‘propertyChainGf’ (7, i1, P2])} ¢« true).
' Property P is composition of properties Pland P2,
Fera_sctaterent(‘owl’:'reflexive’ (P) ¢ true).
meta statement(‘owl’:‘irreflexive’ {P) true}.
reta_statement {‘owl’:‘asywmetric’ (p) « true}.
4 Property P is reflexive, irreflexive. or asymmetric,
neta statement {‘owl‘: ‘hasKey’ (C,Ps) « true).
# Praperties in Ps are keys of named instances of cluss C.

® Mecta-program for the axioms (AMP)

AMP contains axioms for classes and properties, they are
expressed in the mcta-rule form. In {6}, we adopted many
axioms to support OW1.. For OWL. 2 however, we need more
axioms to handle its new features. These axioms are related 10
new constructs and characteristics of, properiy:
axion{'owl‘: propertyDisjointWith’ (p, DP) ¢ (asdp)

‘owl’:‘propertyDisjointWith’ (Dp.P) ).
- progeriy disjoint is symmetric,

axicm{P{S,0) & (2cdp)
*owl’:propertyDisjointiith’ (P.DP} A
DP(S,01) Atowl’: 'differentFron’ {Q,01j,.
Prupwerties P and DP are disjuint,
i {acap)

‘itasyrmesric’ (Pl A S{C,51) A



‘owl’ :‘differentFrom’ ($,51)}.
7 Praperty P is asymmetric.

axion(P(S,8) < ‘owl’:‘reflexive’ (P)). (acrep)
# Property P is reflexive.
axiom(P(5,0) ¢ ‘owl’:‘irreflexive’ (P} A (acirp)
‘owl :‘differentFrom’ (S,S1)).
7 Property P is irreflexive.
axiom(P(S,0) (acpe)
‘owl’ :*propertyChainOf’ (P, (P1,P2})
P1({S,01) AP2(01,0)).
# Axiam to handle property chain.
axiom('owl’: ‘hasKey’ (C, P) (akeyp)

‘rdf’ :*domain’ (P,C) A

P(S1,0) AP{S52,0} A ‘owl’:
4 P is akey of a named instance of class C.
axiom(*~'P(S,0) «

‘owl’:'negativeProperty’ (P,S,0)).
# Axiom to handle a negative property.

‘sameAs’ (S1,52})).

{anap)

D. The Meta-interpreter

The meta-interpreter in our framework is built to reason
with the meta-programs MPs, MMPs, and AMPs and can be
used to develop an intelligent agent to reason with SW
ontologies. [t is defined by a demo predicate of the form
demo (A}. With this predicatc the meta-interpreter can infer an
answer A from the meta-programs. The interpreter is defined
by adapting the Vanilla meta-interpreter {10] for reasoning
with the meta-programs, which tansformed from SW
ontologics, where we have identified three kinds of meta-leve|
statements: (1) statement (A« B} for the object-level of an
ontology. (2) meta_statement (A ¢ B} for the meta-level of
an ontology, and (3) axiom (A « B) for a mathematical axiom.
The definition of demo/1 is:

demo {true) . (true)
demo {A* A ‘B) ¢ demo (A) Adero (B) . (conj)
demo (A! ¢ statement (A* ¢« ’B) Ademo(B) . (ost)

demo (A} «— meta_staterent (A' ¢ ‘B) A demo (B} . (mst)
dero (A) ¢~ axiom(A* & 'B) Ademo (B) . (ast)

The first clause (true) is the basic case for proving an atom
true. The second clause (comj) is used for proving a
conjunction goal. Three last clauses (ost), (mst), and (ast) are
used for proving three meta statements from the three meta-
programs MP, MMP, and AMP respectively.

V. QUERY ANSWERING WITH THE META-INTERPRETER

With our framework SW ontologies are transformed into
meta-programs MP and MMP. The meta-programs are inputs
to the meta-interpreter and they are all implemented in Prolog.
Then the meta-interpreter is used to derive conclusions from
the SW ontologies.

The family ontology [11] is an example to test the new
features in OWL 2. This ontology, however, does not make
use of all new features in OWL 2. In order to test all the new
features, we thus add more statements to this ontology. After it
is transformed into meta-programs, here is a part of them:
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¢ The MMP program:

meta_statement (‘owl:‘propertyDisjointWith’ (1)
(*£7:'likes’,‘f‘: 'dislikes’) ¢ true;j.

meta statement(‘owl’:‘'propertyChainOf’ (2)
(*£' :*hasAncestor’, [*f’: ‘hasAncestor’,

‘£’ :*hasAncestor’]} « true ).

meta_statement (‘owl’:‘reflexive’ 3)
(*£r:*1likes’) & true).

meta_statement (‘owl‘:‘irreflexiver 4
(*f£°:'hasSibling’) ¢ true }.

meta_statement (‘owl’:‘asymmetric’ (5)
(*£°:*hasSon’) ¢~ true ).

meta_statement {‘owl’:‘hasKey"’ (6)
(*£°:'Person', ‘£’ : 'hasiD) ¢ true).

¢ The MP program:

statement (*£’:‘hasSon’ 1)
(‘f°:'fa’,‘£':'son") « true) .
statement (‘f’:‘hasSibling’ 27
(*£':*son’,‘£':‘daughter’) ¢ true}.
statement (‘£’:‘hasAncestor’ (3"
(*fc:'son’,'£':'fa’) « true}.
statement {‘£‘: ‘hasAncestor’ (47)
(*f':*fa’, ‘£’ :'grandpa’) ¢ true).
statement {‘£’:‘likes’ (5%
(*f£:*far, '£':'persx’} ¢~ trus).
statement (‘£’:‘dislikes’ 6"
(“€r:'fa’, ‘£’ :'persY’) e true).
statement (‘owl’: 'negativeProperty’ (7)

(f£:

‘hasSon’,‘f’:‘fa‘, ‘£': ‘persz’) « true)}.
We then pose some queries 1o the meta-interpreter and get
the answers as the following:
?- demo(*f’:‘hasSon’ (‘£
X = ‘f’':%son’.
# The adopted clauses are (os1). (1), tasi). focap). teonj), tnisy), (51 and
ttrue) .,
2- demo{*f’:‘hasSibling’ (‘£': son’.X}}.
X = ‘f£‘:‘daughter’.
% The adapted clauses are fost). (2°). tast). facip). feonfl. (mst), () and
(true) .
?- demo(‘f’:‘likes’ (*f’:
X = *'f£':‘persx’;
X s *fr:vga’,
/1 Ist answer is supported by (osy. (3°), and (1rue), ond Ind answer by fast),
tacrepl, (mst). (3) and (trucj .
?2-demo (£ :'dislikes’ (*£’:
X = *f':'persz’;.
# The adopted clauses are tost), (6'), fast), (acdp), (conj). tasdp} fmst.y (1}
and (truc).
?- demo(*f’:‘hasAncestor’ {‘f‘:‘son’,X}).
X = *L[':°fa’; X = ‘f’:‘grandpa’.
A Ist answer is supparted by fostl. (3, and ftrues. and ud answer by tas.
facpe). teonj), (mst). (2). (irue), fost), (371, and (3°),

?- demo{*~’*f’:*hasSon’ (‘f’:'fa’,X}).
X = *‘f':‘persz’.
#The adupted clauses are (ast), tanagy, fosu, (75, and tievel

rfar X)),

“far, X)),

*far, X)),
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VI, RELATED WORKS

Grosof, and Horrocks [13] proposed a form of knowledge
representation, called ‘Description Logic Program® (DLP).
which employs rules and OWL DL (OWL Description Logic)
ontologics. Their approach supponts bi-directional translation
between logical sentences from DLP fragment of Description
Logic and logic programs (in logic programming).

Every concept instantiation is mapped into a unary relation
with the concept name becoming the name of the relation and
the individual name becoming the argument. Every instance-
propetty-instance relationship is mapped into a binary relation,
In addition. concepts as well as property constructor
statements are converted into rules, The distinctions between
this approach and ours are the following.

Firstly this approach was designed to support a subset of
DAML+OIL, and provides only a mapping from RDFS and
DAML+OIL to logic programs, but does not support the new
features in OWL 2. Secondly. this approach has a weakness to
fepresent an ontology in a logic program. For example, to
represent the statement “a is union of b, by, ..., b,™, it requires
n rules to do so, ie. a(X):-b (X}, —, a(Xx) :-by{X).
However, in our rtepresentation, this requires only one
statement: meta_statement {‘owl’ :‘unionOf‘ {a,

{b.,...bn] )} & true}
which is more compact.

Vassitiadis et. al. [12] proposed a logic programming
approach to reason with OWL 2 ontologies. In their approach
an SW ontology is first transformed into a prolog program.
then a Prolog interpreter is used to answer to a query about
this program. Compared with our approach, firstly this
approach docs not make a distinction between the object Ievel
and the meta level, and does not express an ontology at the
meta-level. Secondly. the Prolog programs are processed by
the Prolog interpreter, whilst we used a meta-interpreter to
reason with the meta-programs expressing an ontology. For
example. with the same ontology that we use for the query
answering in Section V, according to their approach, the
ontology would be transformed into a Prolog program:

*£¢:*hasSen’ {*§':
‘£r:'likes’ {(*£':

*fa’, £’ :'son’).
‘fa’,‘f':‘persx’).

tfr:tlikes’ (X, Xj:-2£4: likes’ (X, V).
# likes is a reflexive property

For every reflexive property. one Prolog rule like above is
required, however, with our approach we need only one rule
axiom{P(S,S) ¢ ‘owl’: 'reflexive’ (P})} in AMP to
express all these reflexive properties.

. Inaddition, adopting their Prolog program, some queries in
Section V, such as 2°£':‘likes’ (‘f':*fa’,X) and
?°£°:*hasSon’ (*f’:'fa’,X), when posed to the Prolog
interpreter will bring the same answers as we get from our
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meta-interpreter. However, there are querics, that asking meta-
information about an ontology, which their approach cannot
give answers to, since their Prolog program can provide
answers for only the object-level information about an
ontology. A query for meta-information such as a query
asking what the relation between fa and persX is. or a query
asking what the characteristics of the property *£*:+likes’
is, we cannot get answers from their Prolog program, but our
meta-interpreter can answer to all that as following:
?- demo(P(*f’:"fa’, *f’:‘persx'}}.
P = *f':'likes’.
?- demo(P{‘f':‘likes’')}.
P = ‘owl':‘reflexive’.

Vil. Conciusion

We have presented a meta-logical framework for reasoning
with ontologies described in the new Semantic Ontology
Language-OWL 2. Our previous framework designed to
support OWL has been extended to work with OWL 2 by
slightly modifying the meta-language and adding some extra
auxiliary axioms to support the meta-interpreter.
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A Meta-reasoning Approach for Reasoning with
SWRL Ontologies

Visit Hirankitti. and Trang Mai Xuan

Abstract—SWRL is designed for enhancing infereatial
power on OWL logies by intr ing rules to the
fanguage. With SWRL. rules are allowed to combine with
OWL ontologies in order to support deduction on the
web ontologies. Earlier we have developed 2 meta-logical
approach for r g with § ic Web fogi
expressed in OWL (S| and OWL 2 [7|: with the advent of
SWRL. in this paper we shall estend our framework to
support OWL with rules, and hence to support SWRL. Mecta-
languages together with a meta-interpreter. defined by
demo (.} predicate. are proposed and used for reasoning
with Semantic Web ontologics with rules.

{ndex Terms—Logic Programming. Meta-logic. Ontology.
Rules, Semantic Web.

L INTRODUCTION

Oumlogy is an essential part of the Semantic Web (or
shortly "SW*) as it forms vocabularies and statements
for representing knowledge shared across the web. For an
ontology to be pracessed automatically or reasoned logicaliyv
by computers. it needs 1o be specified formally and
declaratively. Several XML.-based markup fanguages have
been developed for expressing an ontology. they were
influenced by different formalisms such as object-orientad
approaches. tirst order logic. and Description Logic {1]. For
instance: a core data representation language for SW is
RDF [2]: RDF is used to represent resources in a form of
subject-predicate-object  triples.  whereas RDF Schema
(RDFS). is used 1o describe classes. propertics and their
relationships in the domain discourse. and the RDFS uses
them 10 create a lightweight ontology: Web Ontology
Language (OWL) 3] is a language derived from
description logic. and offers more constructs over RDFS,
OWL is used to create a more meaningful ontology. so that
we can infer further information from that ontology,
However. OWL still suffers from limitations due to the fact
that while the language includes a relatively rich set of
class constructors, its ability to describe propertics is rather
weak. Particularly. in OWL DL, which is based on DL
SHOTA there is no composition constructor. so it is

Viait Hirankitti is with the School of Computer Fngincering. Faculty of
Engimecring.  King  Mongkut's Insttmte  of Technology  Ladkrabang,
Ladkrubang Dist. Bangkek 10520, Thailand tphanc: GEXNI54.9990 o
mail: v _hirankitti v y ahoo.com),

Trang Xuan Mai i with the lnternational College. King Monghu'«
Institute of Tochnology Ladhrabang. Bangkok 19220, Thailand {phone: 603 -
76797135, c-mail: trangmy « gmal.comy.

112

impossible 10 describe refationships between a composite
property and another property. For instance, the
composition of the “parent™ and “brother” properties canmot
be used to define “uncle™ property in OWL DL. Therefore.
te overcome this limitation the OWL DL needs to be
extended. One way to do that is 1o move from OWL 10
OAWL 2 which is an extension of OWT. and is based on the
more expressive Description Logic—DL SROTQ. Another
alternative is 10 extend OWL with a rule language, and
SWRL (Semantic Web Rule Language) (4] was proposed
for this purpose. SWRL provides Horn clause rule extension
to OWL DL. so that an OWL ontology can now b:
combined with rules. Therefore. SWRL allows deduction t¢
pertorm on the Semantic Web ontologics.

In our previous work {3). we have developed a meta-
logical approach for reasoning with SW ontologies
described in RDE. RDFS and OWL. To extend this in order
to support rules in the SW ontologics. in this paper we
improve our previous framework to support reasoning with
SWRL ontologies.

The rest of the paper is organized as follows. in the next
section we first give an overview on OWL and SWRL. Nex:
we extend our previous framework Lo reasen with rules in
section I, and in section I\ we demonstrate how our
framework can reason with ontologies with rules. Larer we
discuss some related work in section \". and finally we
conclude our work in section \T,

H. ONTOLOGY LANGLAGES

A ont.
he Semantic Web has been designed 1o support
automated provesses and intefligent agents. so that they can
access and process semantic information automatically.
Semantic information. in the form of ontologies. is defined
as well-formed constructs to represent concepts in a certain
domain. so that intelligent agents can imterpret their
meaning logicalls. Tu sene for this purpose. man
ontology languages such as RDF. RDFS and OWL wers
developed.  RDF  (Resource  Description  Framework
provides a basis data model for SW. However., RDF itsel:
doos not support a data schems. This led to the
development of RDFS which provides facilities to define
simple taxonomies among concepts and relations. Whils:
RDFS is used to represent a simple ontology, a more
expressive language for ontology representation. namels
"OWL™ was later developed.
OWT1. has become a standard language for expressing an
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ontology. It supports scveral features bevond the simple
definition of the hierarchies of RDFS (using
rdfs:subProperty. rdfs:subClassof): in QWL we can define
relations between properties and classes. More expressively.
OWL allows properties to be transitive. symmetric. inverse,
functional. and inversely functional. OWL also supports an
ability 10 define complex classes in terms of logical
combinations (e.g. union) of other classes. Furthermore. in
OWL we can state which objects (individuals) belong to
which class, and what the property values are for the
specific individuals. Equivalence properties can be asserted
on classes and propertics. disjoint properties can be asserted
on classes. as well as equality and inequality properties can
be asserted between individuals.

Although OWL secems 1o be a very expressive language
for describing an SW ontology. it needs however to
cmbrace rules to allow deduction to perform on the
ontology.

B. SHRL

Whist OWL provides rich vocabulary needed for
expressing an ontology. but this ontology has limitation on
inferential power related to composite propertics as
mentioned earlier. Therefore. adding rules to OWL will
make it a more viable language for ontology representation.
The basic idea for QWL rules is to extend OWL with a
form of rules while maintaining maximum backward
compatibitity with OWL’s existing syntax and semantics:
and RuleML (Rule Markup Language) [8] was adopted as
the language to express such a tule. Later. a new language
SWRL. which is the result of combining OWL DL—the
sublanguage of O\L-—and RuleML. was introduced.

SWRL rules are in the form of implication consisting of
an antecedent and a consequent. where description-logic
expressions can occur in both. The intended interpretation
of the rule corresponds to that in the classical first-order
logic. that is to assert the rule. whenever the conditions
specified in the antecedent hold. then the conditions
specified in the conscquent must also hold: so an SWRL
rule is in this form:

Aniecedent - Cansequent.

Both antecedent and consequent of a rule consist of one
or more atoms. With homogeneous combination of OWL
and RuleML. the aroms can be in the form of either C(xi.
P(x.¥). Qixz). sameAs(x.y) differentFrom(x.y).  or
builtlnipred.z;.....z;). where C is an QWL DL description.
P is an OWL DL individual-valued property. Q is an OWL
DL data-valued property. pred is buili-in relation. x and y
are either individual-valued variables or OWL individuals.
and z. 7. .... z, are either data-valued variables or OWL
data literals.

For example. a rule for expressing “uncle™ relation can
be written as follows:

hasPurent(x.y) - hasBrother(v.zy .« hasUncleix.zs.

A rule with multiple atoms in consequent can be
transformed into multiple rules. That is. let the mulriple
atoms in the antecedent form a conjunction 8. and multiple
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atoms in consequent form a conjunction 7/, » H. We can
equivalently cxpress one rule of the form of 8 - H; - II;
bvithe tworules 8- H;and 8- H)(dueto 8 .H,; .=
B- H! B~ ,I:).

SWRL abstract syntax was defined by adding axioms to
OWTL semantics and its abstract syntax [9] in order to allow
the rule axioms. and the syntax of the rule axiom is:

axion ::=rule

rabe 22 = Tmpliest " Jannotation] antecedent consequent)’
antecedent o= “Autecedent! “latam! )

consequent (2= "Consequent( jatom; 1",

For example. the rule “uncle”™ can be included to an
ontology by adding the [(ollowing rule axiom 1o that
ontology. )

TmpliestAntecedentthas Parentix.y) hasBrother(y.zn
ConsequentthasUncle(x.zi)).

SWRL provides a rule extension to OWL. and this allows
rules 1o be represented with OWLL ontologics. and these are
to be reasoned by our framework in the next section.

NI, OUR FRAMEWORK

A A Meta-logical approach

fn our approach we applied logic programming in the
context of meta-logic {11] 10 SW. Our framework forms a
logical system consisting of meta-programs and an
inference engine. The former is in the form of logical
sentences representing a S\WRL ontology at the meta-level,
That is. an ontology with rules is transformed into a meta-
logical representation. The later is a meta-interpreter. in the
form of a cemc (meta-lprogram. which is used to infer
explicit and implicit information. or in other words draw
conclusions. from the former. The meta-interpreter can be
extended to communicate to the Iniernet 10 obtain SW
oniologies and rules from a web site. communicate with
other agents to exchange S\ information [6]. and draw
inference consequences from S\ ontologies for the user.

User
Fig. 1 Our meta-fogical sy siem

Watanenreie”

L2 0prams rarsiarmed
335U zragingy

To explain our framework. in the following sub-scctions
we first introduce our meta-language used for formulating
the meta-programs of SWRL ontologies. and then describe
the meta-programs in details. Finally we describe our meta-
interpreter.

B. Meta-language for an SURL Onrology

The language clements of an SW ontology are classes.
propertics. instances. and rclationships betweensamong
them deseribed in the object level and the mcta-level as
depicted in Fig. 2. At the object level. an instance can be an
individual or a literal of a domain. e.g. ‘ioha’. and
property is a relationship between individuals. or is an
individual’s attribute. e.g. ‘nzsSun’. ‘type’. At the

i
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meta-level. 2 meta-instance can be an individual, a
property. a class. or an object-level statement. A meta-
property is a property to describe a necta-instance’s attribute
or a r-'lauumhxp ben\ een among meta-instances. e.g.
: Notice  that
accordmg to the SW convention. 10 make a name appearing
in an ontology unique. we qualify it with a namespace like

2spzzadi<name>,  such  as ‘3 :0:
. Sz, Sowlf i vvailaxive’,
Henceforth this qualitied name will be used throughou.
Object level Meta fevel
object level statament meta statement
e /
VA
subject predicate °.. sudiect wbject gradicata
¢ / Y 7 ‘
- P
instance proserty meta-insiang tdeta-cropenty

S

class ceedm ts2

== Usedin

Ontology slement
s instance of

Fig. 2. Object hevel and Motz level of omology clements.

According to our framework. in an SW ontology we
distinguish between its object and metd information. and
similarly its object and meta languages. The object
language specities abjects and their relationships in the real

world. The mera-language describes the syntactic form of

the object fanguage. Since both object-information and
meta-information are to be reasoned (and probably
manipulated) by a meta-interpreter. only syntactic forms are
processed by it. Therefore. a meta-representation of the nwe
kinds of meta-statements is requirad by the meta-interpreter
in order 1o reason with them. This is the reason why' both
object-information and meta-informartion statements have to
be expressed in yet another meta-program.

Object level information and meta-level information of

an SWRL entology are expressed in our meta-langnages.
According to these two levels. we classify meta-language
clements into two groups: one discussing mainly about
objects. their relationships. and SWRL rules. we call
“meta-language for the object level (ML), and the other
we call “meta-language for the meta-leve] (MMLL™ which
discusses mainly about classes. instances. propertics and
their relationships,

o Meta-language for the object level (ML)

Objects and their relationships at the object level are
specified fn an SW ontelogy and this information is
expressed by the elements of ML below,

Meta-constant specifies a name of an object and a literal.
e.g. ‘zzn’. including a reference. e.g. a namespace. the
fatter is @ meta-constant of MML. This means that ML and
MDMAL are not totally separated.

Meta-variable stands for a different meta-constant at a
different time. ez, F2zz

Meta-function sy mbot ;\ands for a name of a relation
between objects. or a name of an object’s property—-i.e. an

object-level predivate name. such as ‘nzs2zn’.
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it also stands for other meta-level function symbol.
. . Al ’ A

Meta-term is ¢ither a meta-constani or a mata-variable o
meta-function symbol applivd 1o a wple of meta-terms, e.g
~z* To express object- eve'
predicate it has the form: PtS. Oy, swhere P is an object-feve:
predicate name. S and O are mcta-constants or metz
variable. e.g.
meta-term expressing an ob:e<1~’ewl sentetice is a ters,
P(S. O) or a logical-connective function symbol appllcd W
the tuple of these terms. We presume all meta-variable
appearing in the object-level sentence are universaliy
quantified. One form of this sentence is a Horn-clause, e.g.

Pt

e,

The meta-term. expressing an object-level predicate, is
equivalent to a form of Horn-clause with an empty bods.
Thus. we can put -. .- instead of the emptiness in its body.
e.g.

HERD S TR —

Meta-statement for the object level reflecrs an object-
level sentence 10 its existence ai the meta-level It has 2
form  statementtobject-lovel-sentencel.  note  thar  this
statement is used to represent a Hom-clause rule translated
from an SWRL rule. e.g.

+ Meta-language for the meta level (MML)

Apart from the object languzge. an SW ontolugy also
defines classes. properties. their relationships, 2s well as
class-instance relations. and we argue that this information
is meta-inforination o1 the ohjeci fevel. Here we express
this information by MML which includes:

Meta-constant specifiing a nume of an instance. a
propary. a class. a literal. and a pamespace.

Meta-variable standing for 2 diTerent nieta-constant at a
different time.

Meta-function symbol standing for a logical connective.
€2 ‘e’ ' 5 oor t:itloor a set operator applicd un
classes such as union: or 2 meta-predicate namie being a
name of a relation berween entities: or 2 name of
characteristic of a property. which may il inte ene of the
following categories:

Class-cluss refutions: equivalent class of. disioing with, ete,
Class-instance relations: instance of. class of. ete.
Property-properiy refutians: subproperty of. chain of. 2tc.
Class-property relutions: Keys. etc.

Relations berween literals und instances clusses properties:
we can take these relations as auributes of instances. of
classes. or of properties. e.g. comment. label.
Characteristics of properties: reflexive. assmmetric. ete.

Meta-term being eiiher meta-consiant or a meta-
variable or meta-function symbol appiied 1o a ple of meta-
terms. .. 2r. cte. When a meta-term
expresses a meta-level predicate <tating 2 relation between
entitivs, it has the form Pred(Sub,0bj). and when it
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expresses a meta-level predicate stating a characteristic ol 2
property. it has the form Pred(Prop). where Pred is a
meta-predicate name. Sub. Obj. and Prop (a property) are
meta-constants or meta-variables.

The meta-term expressing a meta-level sentence is a term
Pred(Sub,Obj) or Pred(Prop) or a logical-connective
function symbol applied to the tuple of these terms. Let alt
meta-variables appearing in the meta-level sentence be
universally quantified. We treat the sentence as a Horn-
clause meta-rule. for the empty wple in the body we put
< rue there instead. e.g.

Vesie o

L L B WY I TP

Meta-statement being a meta-representation of a meta-
level sentence accessible by our meta-interpreter. It has nwo
forms meta _statementimeta-level-sentence) and
axiomfmeta-level-sentence). the latter presents a rule for a
mathematical axiom. and a built-in atom in SWRL. e.g.

C.  Meta-programs of an SURL Ontology

To formulate meta-programs from SW ontologics to use
in our framcwork. cachh SWRL ontology is transtormed into
a meta-program containing a  (sub-)meta-program
expressed in ML, called MP. and a {sub-)meta-program
expressed in MML. called MMP. Another meta-program
expresses some mathematical axioms for classes and
properties in MML called AMP is also needed for the
inference engine. i.e. our meta-interpreter. to reason with
MP and MMP.

o Meta-program for the object level (MP)

MP contains information about instances and their
relationships in terms of meta-statements for the object
level: and

. where =~z is either single
aobject-level prcdlcate or conjunction of object-level
predicates. The latter form expresses a Horn-clause rule.
Here is an example of MP:

2,00 4

sStatemernc

"

(3, =

» Meta-program for the meta level (MMP)
MMP contains meta-statements for classes, properties.

their relationships. and class-instance relations in terms of

mcta-rules. The MMP is represented in the following
forms:
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where 2. 3. C are predicate. subject, and object of a triple
(S. P. Q) defined in the ontology. C is a characteristic of a
property 2xr >g. Os is a tuple composing of several objects.

Here is a typical example of MMP:

nwm~.sfalemenl about daﬂer and Iheu' lelauons/ups

« Meta-program for the axioms (AMP)

AMP contains axioms for classes and properties. they are
cxpressed in the meta-rule forms. In addition, AMP also
contains axioms for built-in atoms in SWRL. and the
purpose of introducing these axioms is to provide a way to
translate SWRL built-in atoms in into the corresponding
Prolog atoms with matched built-in predicates. Here is a
typical sample of AMP:

(asec)
(asip)

(acip)

(acsmpi

{atbiay

\u

zinf fteguall  n, p) e (acbia)

D. The Meta-interpreter

The meta-interpreter in our framework is used to reason
with the meta-programs MPs. MMPs, and AMPs and can
be used to develop an intelligent agent to reason with $W
ontologies. It is defined by a derz predicate of the form
2273 2. With this predicate the meta-interpreter can infer
an answer = from the meta-programs. The interpreter is
defined by adapting the Vanilla meta-interpreter {11] for
reasoning with the meta-programs. which transformed from
SWRL ontologics. where we have identified three kinds of
meta-level statements: (1) = rans (A e 2) for the object-
Ievel of an ontology. (2) - = (s e 3 for the
meta-level of an ontology. and (3) axzomraemfor a
supporting mathematical axiom. The definition of serc
is:

-3 zvzwar

(true)

(conj)

(btin)

2emTrAl . {ost)
tA) +=Te3 A 4=3) A demsiE),  (mst)

15} & ax.im{At € 73} A denc (). {ast)

The first clause (true) is the basic case for prcm'ng an

conjunctive goal. The third clausc (btin) is used for
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translating SWRL built-in atoms into its corrcsponding
Prolog atoms with matched built-in predicates. The last
three clauses {ost). (mst). and (ast) are used for proving
three meta statements from the three meta-programs MP,
MMP and AMP respectively.

IV. QUERY ANSWERING WiTH OUR FRAMEWORK

With our framework, SWRL ontologies arc transformed
into mcta-programs MP. MMP. and AMP. The meta-
programs are inputs to the meta-interpreter and they are all
implemented in Prolog. Then the meta-interpreter is used to
derive conclusions from the meta-programs.

We use the family ontology taken from [10] for a
demonstration purpose of our meta-interpreter. This is an
SWRL ontology. and rules arc expressed by the SWRL
syntax. Firstly, the ontology is transformed into meta-
programs. here we show some parts of them:

e The MP program

L) eziic).

statemantiti

(r})

P W BV =t ks

. . 102

(™

9

We posc some querics to the meta-interpreter and get the
answers as the following:
AR AN N

%is

PSRN

X = Fiapot)

The adupted clanses are (r6y, costi. tconfy. tacips, lasty . ¢1°).tmst. (2. (6's,
aeed firues.

et Vil et
TN NNIE K,

The wdopted clauses are (rls. tost, (conjr. (11, (5, tmst) and ttrieey.

NIl AN

The adopted clauses are (r2), tast, (conjy. (1. (9). tmsty aind traee).

- - s N

Srochern’ (*If N3, W,

The adopted clauses ure tr3n. tri1. tost. {couft (31, 14). &84, (mstr and
{rruei. °

LM A A pddh 7)) B

The adopted clauses are (r3). 4rdi. (rS). costitconjt. (31, (31, 141 (71, tmst),
).

ST s taduett ).

ooz TS TR,

i ian e

7 o-
The adopted clauses are (r7s. tasu, (conjs. (64, talbets. fast. 1btiny, und
fraes.

V. RELATED WORKS

The SW research community has addressed similar issues and
problems concerning SW ontologics and rules as that also happens
in the area of logic programming. So the exchange of idea
between these two rescarch areas is inevitable.

For instance. Lacra ct al. [12] proposed S\Vee)mlog’as a
system for translating an OWL ontology and rules into a Prolog
program. It is achieved by the translation of an QWL ontology
described  in  Description  Logic and rules expressed in
OWLRulcML into a set of facts and 2 sct of rules in Prolog
respectively. Then any reasoning on these facts and rules can be
performed by the Prolog interpreter.

Comparing this with our work. according to their approach an
OWL and RufeML ontology is entirely translated into Prolog facts
and rules. where both object level and meta fevel knowiledge of
the ontology are mixed up and Laera et al. do not care to make the
distinction between the two levels of knowledge. whilst our
translation makes a careful separation benween the two levels of
knowledge. As a result. their SweetProlog can reason with any
object level knowiedge of an ontology as the way our approach
does.

For example. with the same ontology that we usc for the query
answering in Scction 4. according to their approach. the ontology
would be transformed to Prolog facts as follows:

33?3

hasar

and the ‘uncle’ rule would be expressed by the Prolog
rule:

ta
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Provided with this prolog program and a query like

their SweetProlog would give the answer @ 37w or.
which is the same answer as that given earlicr by our meta-
interpreter.

However. there could be queries. which ask aboutr meia
level information of this ontology. which their SweetProlog
cannot give answers t0. since there is some information that
can be asked only at the meta level. but cannot do that at
the object level.

For c.\amplc a query asking what the relation berween

zand =

somge3e,

veens

So. in SwectProlog. the Prolog interpreter will signal a
svimax error, since a variable is not allowed to be used as a
predicate name in a query. Here a predicate name is a meta
level information that canoort be asked at the object level.

However, with a carcful treatment of a separation
between the object level and the meta level knowledge in
our approach. such a query can be asked via the i
predicate as follows.

Te3ar 1 iE

In the same direction as Laera et al.. Samuel et al. proposed
SWORIER [13]. which also transl an SWRL fogy into
Prolog facts and rules. and derives answers from the Proiog
program using the Prolog interpreter. SWORIER suffers the same
problem as SwectProlog does due to the similar approach of
making no distinction between the object and mera levels.
Comparing our work with theirs. in S\WORIER Samuel et al.
defined a set of General Rules in Protog in order 1o formuiate the
OWL primitives. Here their General Rules serve the same
purpose as our AMP program.

Another related work is a work on query answering for
OWL-DL with rules [14]. In this work. OWL-DL was
extended with DL-safe rules in order 1o provide deduction
on an OWL-DL ontology. An undecidability problem of
deduction on OWL-DL ontology with rules is solved by
making some restrictions in DL-safe rules. This approach
provides query answering algorithm that can handle only
partial OWL-DL, since some axioms of OWL-DL. such as
the transitivity axioms. arc taken out from OWL-DL in
order to maintain the decidability of their query answering
algorithm. This work proposed a deduction method by
mecans of a specific algorithm whereas we adopt a general
purpose inference engine based on metalogic.

V1. CoxcLusioN

We have presented a meta-logical framework for
reasoning with an SWRL ontology. In this paper. our
previous framework that was designed 10 support OWL has
been extended to-accommodate S\WRL rules by improving
the mcta-languages 10 express Homn-clause rules and
modifying the meta-interpreter so that it can work with the
newly revised meta-languages.
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A Meta-logical Approach for Reasoning with
Ontologies and Rules in OWL 2

Visit Hirankitti, and Trang Mai Xuan

AW—OWLbeu-endeh:nlngugefor

S the Web logles. Having been improved
lﬂMvﬂir&sﬁequme
OWL 2. In this paper we propose a framework for ressouing
with an OWL2 outolegy sud rules usiag meta-bogic. Our meta-
logical system consists of mcta-programs cxpressing onstalogies
and rules st the meta-level, and an infereace engine in a form of
mcta-interpreters defined by a deme() prodicate. The
framewerk reasons with ontolegics and rules in OWL 2 by flrst
an entology sud rules belag traasiated into meta-statements.
end these mets-statements then befng reasemed by the meta-
imterpreter, whick provides a query answering mechaaism to
isfer lmplicit imformsation. A comparattve study of relsted
works kas revealed & merit of the mscta-logical representation
approach that separstes the meta level knowledge from the
object level one.

Index Terms— Semsatic Web Outologles, OWL 2, Rales,
Metalogie, Meta-reasoning.

L INTRODUCTION

ntologies and rules have played an important role in the

Semantic Web (or shortly ‘SW'). An ontology forms
vocabularies and sentences used to express knowledge, and
this knowledge can be shared on the web. OWL was
accepted by W3C as a language for representing a web
ontology. Its core. OWL-DL. is ecssentially an XML
encoding of an expressive Description Logic (DL) built
upon RDF (Resource Description Framework) with a
substantial fragment of RDF-Scherma (RDFS). The
voczbularies defined in such an ontology consist of classes
(or so-called concepts) and properties (or so-called roles); in
logic classes can be treated as unary predicates while
properties as binary predicates, and all these predicates
represent refations. OWL was successfully applied to the
semantic web in the past. However, some knowledge should
be formulated more naturally as rules rather than axioms.

A rule representation is the formalism used in logic
programming. It has been proposed as a promising approach
for representing knowledge in SW which complements to
other means of knowledge representation in OWL. In the
broadest sense, a rule can be any statement of the form *if
the precondition p holds then the conclusion ¢ holds™, where

Vutiﬁmkmum&&e&boolowaEwm&ﬁcukvof
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the precondition and the conclusion are logical sentences.
The realization of rules allows a means to deduce and
combine information. This leads to a way for enhancing
content, and supporting reasoning capabilities, on OWL
ontologies.

The cxtension of SW ontologies with rules has recently
attracted much attention in the Semantic Web research, and
many approaches have been proposed for it. One of them is
to combine DL with first-order Horn-clause rules. This is the
basis of the Semantic Web Rule Language, SWRL [2], a
language for rule formulation and rule extension to OWL.
However, inferences on SWRL rules can lead to
undecidability even though the rules are assumed to be
function-free [2]. In order to make the inferences decidable,
some restrictions were put upon the rule language in the
form of DL-safe rules [7] or of Description Logic Programs
DLP [1}]. Recently, 2 new revision of OWL has been
developed by W3C, it is called “OWL 2". OWL 2 has much
improvement on its predecessor—OWL—especially with
rule formulation based on DL SROZQ [11], in which DL
rules can be completely ensured as decidable fragment of
SWRL.

In our previous wotk {9], we have developed a meta-
logical approach for reasoning with semantic web ontologies
expressed in OWL., In this paper we go further by extedding
that framework so that it can reason with SW ontologies and
rules in OWL 2.

The remsinder of the paper is organized as follows.
Section I reviews some concepts of ontologies with a rule
extension, and shows how rules can be expressed in OWL 2.
Accordingly, we extend our previous work in order to reason
with ontologics and rules expressed in OWL 2 in Section IT1.
Section IV demonstrates how our framework reasons with
ontolologies and rules. We discuss related work in section
V. Finally, section VI concludes this work.

II. EXTENDING ONTOLOGIES WiTH RULES

A. SW Ontologies with Rules

Adding rules to ontologics expressed in OWL could be
regarded as an important step forward in the SW rescarch, as
inferences can now be made upon SW ontologies; and many
rescarch proposals bave been proposed: they range from
hybrid approaches to homogencous ones.

The idea behind the former approaches was that the
predicates in the rules and predicates in the ontologics are
made distinguished, and suitable interface between them is
provided. The rescarch works on this dircction are such as
AL-log language, 2 hybrid integration of Datalog and



Description Logic ALC [4], CARIN, another hybrid
integration of Datalog with differeat DLs {5}, and a hybrid
integration of OWL DL (or more precisely the DL SHOZN)
with normal rules under answer set scmantics (6].
According to the flatier approaches both rules and
ontologics are combined into the same logical languag

without making a priori distinction between the rule
predicates and the ontology predicates. Two example
languages based on these spproaches are Description Logic
Program (DLP) [1] and Serusntic Web Rule L

(SWRL) {2}). In (1] a DLP was proposed by combining
Description  Logics (DLs), which is the basis for the
ontology languages, with Logic Programs (LP), which is the
besis for rule languages. It supports & bidirectional
transfation of premises and inferences b

of DU and LP, and vice versa. This translation
o construct rules on top of SW ontologies. Later SWRL was
proposed in [2] 2s a new language for an integration of rules
and omologies, in which OWL was extended with Horn-
clause rules expressed in RuleML.

Recently SWRL becomes the most widely used language
for describing oumtologies with rules. However, the
straightforward addition of the rules to ontologies leads to
undecidability when reasoning with SWRL ontologics. In
order to retain decidability, some restrictions have been put

upon SWRL rules, and these restricted rules can be rewritten
as a sct of DL using fe introduced in SROZQ.
This technique has been p d in {8]. Due to the fact that

OWL 2 was developed based on DL SROZQ, OWL 2 can
therefore express rules in the form of DL axioms.

B. Expressing Rules in OWL 2

Some previous SW ootology languages suck as
DAML+OIL and OWL were developed based on DL
SHOIQ [12]. SHOIQ provides a variety of constructors for
building class expressions. The DL class expressions can be
demonstrated as being corresponded to first order fogic
(FOL) which is used 1o formulate rules. Table I shows the
correspondence between FOL formulac and the DL class
expressions [1].

A ding to this pond an FOL e can
be expressed in DU as well a5 in DAML+OM or OWL. For
cxample, a rule of the form: C(x) A-~D(x) =+ E(x) v F(x)
can be rewritten as a DL axiom: ¢ N-D € E U F,anda
rule of the form: C(x) A R(x,y) ~E(x) can be rewritten
in DL as the axiom: ¢ N R.T € E. However, with some
rules such as:

hasParent (x,y} A hasBrother(y,z) = (&)
hasUncle(x,z), and
Man(x) A hasChild(x,y) - fatherOfix,y). (B)

There is no correspondence so they cannot be rewritten as
DL axioms, however to be able to do so we need some exira
axioms in DL SROIQ, these are some new features
introduced in OWL 2.

OWL 2 which is based ou DL SROZQ[11] supports the
Role Inclusion Axiom (RIA) or so-called the *property
chain” axiom and the Self concept, and these can be used 0
express more forms of rules, including the previous example.

Table I: DL-FOL equivalence

Expression DL - FOL
subclassOf Lol =3 1] Y xC{x) » D(x)
subpropertyOf PP, YV xy.Pixy) - Pxxy)
tansiivePropaty | P°C P Y xy. 2 P(xy} a Plya)) —

i P(xz)

; functionalPropery TSIP Y xy2(Blxyl n P(xz)) —

i ez

iy inverseProperty P=Q” V ry.Pixy) - Qy.x)
axersectionOf Cin. .NC, | Cx) ~ a Colx)
unionOf Cu uC | Cix) v  vCofx)
the AP L plementOf =€ ~C(x)

The Role Inclusion Axioms are the constructs of the form
R o S & T where o is a binary composition operator. This
form is equivalent to an FOL formula: ¥ xy,z.(R(x,y) » $(y.z))
- T(xz). By adopting this. rule A can easily be rewritten as
a DL SROZQexiom:
hasParent 2 hasBrother € hasUncle.

The Self concept allows one to express a “local reflexive™
property, €.8. Rix,x). in which a role R relates an
individual x to itself. The Self comcept can be used to
wansform a property Rix, x)into a class C. and vice versa,
and this is due to a DL SROZQaxiom ¢ = IR.Sel’.

Therefore to derive the DL SROTQaxioms corresponding
to rule B, we first transform a class Man into a property Py,a
by introducing an axiom Man = 3 24a.Self, we then apply”
the previous RIA. As a result, rule B will be equivalent to
the DL SROZQaxioms:

Man « 3Pyac.Self.
Puar O hasChild & fatherOf.

With the DL-FOL and DL SROTIQ-FL mappings we can
express 3 rather wide range form of rules in DL axioms of
OWL 2 and vice versa, if they satisfy certain restrictions 8].
In the next section we extend our previous framework {9] so
that it can reason with omologies and rules in OWL 2.

{Il. OUR META-LOGICAL APFROACH

A. Our Approach

Our framework forms a logical system consisting of meta-
programs and an inference engine. The former is in the form
of logical sentences representing a meta-level description of
an SW ontology. That is, the ontology described by OWL 2
is transformed into a meta-logical representation. The later is
a meta-interpreter. in the form of & demc (mets-)program.
which is used to infer explicit as well as implicit
information, or in other words draw conclusions, from the
former. The meta-interpreter can also communicate to the
Intemnet to obtain SW ontologies. communicate with the user
to get SW inf draw inf q for the
user, and traverse & link to an SW or web resource like a
web browser.

In this paper our previous framework (9], which was
designed to support reasoaing with OWL ontologies, is now

105



enhanced with an ability to reason with outologics and rules
expressed in OWL 2. Our meta-logical system can simply be
ilhustrated in Fig. 1. In order to support rules, which are
cxpressed by using the new features in OWL 2, the meta-
program in owr previous framework has to be extended with
some new forms of meta-statements.

ceet- lns
= Usedin

Fig. 2 Object level and Meta fevel of antolagy clements.

To explain our framework, in the next theee sub-sections
we first introduce our meta-language used for formulating
the meta-programs of ontologies and rules, then explain the
meta-programs in details. Finally we describe our meta-
interpreter.

B. Meta-language for an OWL2 Oniwology

The language clements of an SW omology are classes.
m ins and relationshi /among them
described in the object level and thc mete-level as dcplctcd
in Fig. 2. At the object level, an instance can be an
mdxvxd\nlor:hmalofadomam,cg, ‘jobn’, and property
is a relationshi m individuals, or is an individua!'s
attribute, e.g hasSon’ ‘type At the meta-level, 2 meta-
instance can be an individual, a property, a class, or an
object-level statement. A meta-property is a property 1o
describe 2 meta-instance’s attribute or 2 relationship
between/among meta-instances, e.g. ‘reflexive’, etc. Notice
that according to the SW convention, to make a name
appearing in an fogy unique, we qualify it with a
namespace like <namespace>:<pame>, such as ‘f:'son’.
‘f":*hasSoa’, ‘owl™:'reflexive’, etc. Henceforth this qualified
name will be used throughout.

According to our framework, in an SW ontology we
distinguish between its object and meta levels, and similarly
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* Meta-language for the object level (ML)

Objects and their retationships at the object level are
specified in an SW ontology and this information is
expressed by the elemnents of ML below.

Meta-constant specifics a name of an object and a literal,
e.g. ‘son’. including a reference, ¢.g. a namespace, the
latter is a meta-constant of MML. This means that ML and
MML are not totally separated.

Meta-varisble stands for a different metaconstant at &
different time, ¢.g. Person.

Meta-function sywbol stands for a name of a relation
between objects, or a name of an object’s property—i.c. an
object-level predicate name, such 2s “hasSor’. ‘name’ It
also stands for other meta-level function symbol. e.g ‘e,
AT, et

Meta-term is cither a meta-constant or 8 meta-variable or

ta-fimetion symbol applied to a tuple of meta-terms, e.g.
*£':'hasSon’, ‘owl’: ‘reflexive’. To express object-
level predicate it has the form: P(S, O), where P is an object-
level predicate name, S and O are meta-constants or roeta-
variable, e.g.

‘£°:hasSon® {‘f':‘fa’, ‘£’ :'son‘).

Meta-statement for the object tevel reflects an object-
level sentence to its existence at the meta-level. It has the
form: tfobject-level. e). c.g.

statement {

‘£’ :‘hasSon’ (‘f’:"fa’,
¢ Meta-language for the meta level (MML)

Apart from the object language. an SW oatology also
defines classes, properties. their refationships, as well ss
class-instance relations, and we argue that this information is
mela-information of the object level. Here we express this
information by MML which includes:

Meta-constant specifying a name of an instance, a
property, a class, a literal, and a namespace.

Meta-varlable standing for a different meta-constant at a
different time.

Mets-function symbol standing for a fogical connective,
88 Y€ "L VAT, = (= is used to express a classical
negation); or ':’; or 2 name of set operators applied on
classes such as union: or a meta-predicate name being a
oame of a relation between enmtitics: or 8 vame of
characteristic of a property, which may fall into one of the
following categories:

Class-class n[ancas eqmvaleut class of, etc.

Class-i e relati of, class of, etc.

Property-property relations: property chain of, etc.

Class-property relations: Keys, ctc.

Relations  between literals and instances/classes/

properties: we can take these relations as attributes of

of cl or of propertics, e.g. comment.

‘€7:'son’) 4 true) .

its abject and meta languages. The object language specifies
objects and their relationships in the real world. The meta-
language describes the syntactic form of the object language.
Hence, we bave formulated two meta-languages: one
discussing mainly about objects and their relationships we
call it “meta-language for the object level (ML)", and the
other we call “meta-language for the meta-level (MML)."
which discusses mainly about classes, instances, properties
and their relationships.

Characieristics of properties: reflexive, asymmetric, etc.

Meta-term being cither 2 meta-constant or a meta-variable
or meta-function symbol applied 10 a tuple of meta-terms,
c.g. "f’:'fatherOf’, etc. When a meta-term expresses s
meta-level predicate stating a relation between entities, it has
the form of Pred (Sub,0b]), and when it expresses a meta-
level predicate stating a characteristic of & property. it has
the form of Pred(Pro ). where Pred is a meta-predicate
name, Sub, Obj, and Pro (a property) arc meta-constants
or meta-variables.



An example of 8 meta-term expressing a classical negation,
is in the form of ‘-’ ‘rdf’: ‘type’ (I,C), where I is
meta-constant specifying an individual, and C is a meta-
coustant specifying a class.

The meta-term expressing a meta-level sentence is & term
Pred(Sub,Cbj) or Pred(Prop) or a logical-connective
function symbol applied to the tuple of these terms. Let all
meta-variables sppearing in the meta-level sentence be
universally quantified. One form of the sentence is a Hom-
clause mets-rule. c.g.

‘owl’ : ‘propertyDisjointWith’ (P,DP) «

‘owl’ : ‘propertyDisjointWith’ (DP,P}.

Meta-statement being a or meta-
predicates connected by logical connective. It has two forms
mcta_statement{meta-level-sentence) and axiom(meta-level-
sentence), the latter represents a rule for s mathematicat
axiom, e.g.:
meta_statement(‘owl': ‘propertyDisjoint®¥ith’

(*f’:'likes’, *f*:'dislikes’) &« true).
axiom{‘owl’: ‘propertyDisjointWith’ (P,DP) «
‘owl’: ‘propertyDisjointWith’ (DB, P}}.

C.  Meta-programs of an Ontology with Rules

Each OWL2 ontology is transformed isto a meta-program
containing 3 (sub-)meta-program expressed in ML, called
MP, and a (sub-)meta-program expressed in MML, called
MMP. Another meta-program expresses some mathematical
axioms for classes and properties called AMP is alzo needed
for the inference engine to reason with MP and MMP.

@ Meta-program for the object level (MP)

MP contains information of inmstances and their
relationship in the form of meta-statements for the object
fevel: statement (P(S,0) « true}. In terms of the rule

ystemm, it can be understood as “facts”. Here is an example:
statement(‘f’:‘hasFather’
{VE7:'M027, “£4: '"MOL’ ) ¢ true).

¢ Meta-program for the meta fevel (MMP)

MMP contains meta-statements for classes, properties.
their relationships, and class-instance relationships in the
form of meta-rules. Here are some typical examples:

Some met, ¢ about cl and their relationships:
meta_statement {‘rdfs’: ‘subClassOf’
(C,8C) «true).
// The class C is sub-class of class SC.
meta_statement (‘rdfs’:‘equivalentClass’
(C,EC) «true).
/ Classes C and EC are equivalent.
mata_statement (‘owl’:‘disjoinwith’
{C,DC) «~true).
# Classes C and DC are disjoint.

meta statement{‘owl’:‘intersectionOf’
{C,Cs) « true).
# Class C is intersection of classes in Cs.

meta_statement(‘owl’:‘unionOf’
{C.Cs) « true) .

# Class C 1s union of classes in Cs.

meta_scatement (‘owl’: ‘complementOf”’
{C,CC) «~true}.

7 Class C is complement of class in CC.
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meta_statement {‘rdf’: type’ {I,C) « true},
#/ The Instance T is an instance of class C.

Meta-statements abowt properties and their relationships:
meta_statement (‘owl’:’inverseOf’

(P,IP) & true).
/The property P is an inversion of property IP.

meta_statement(‘owl’:‘symmtric’ (P) « true).
The property P is symmetric.

meta_statement (‘rdfs’:‘domain’ (P,D} « true).
#The domain of property Pis D.

The new features in OWL 2 that referred to in section Il
can be translated to the following meta-statements in MMP:
meta_stactement(‘owl’:'propertyChainOf’

tP, [P1, P2]} «ctrue).

{/Express RIA: Property P is composition of properties P1, P2.
meta_statement{‘owl’:‘objectHasSelf’(

C: Pc) & true).

/IExpress the Self concept: C it a class of individuals which are
related 1o themselves under role P,

With such meta-statements we can transform DL rules
into a meta-program. Here are examples of MMP that
correspond to the rules we listed in section [1.B:

Rule “c n1-p € E U F” transforms to MMP:

meta_statement(‘rdfs’:‘subClassOf’
{M,N) «zrue).

meta_statement(‘rdfs’:‘unionOf’
(N, {E,F]} « true).

meta statement(‘rdfs’:‘intersectionOf’
M, iC, D]} «true).

meta statement (‘rdfs’:‘compiementOf’
(D°,D) «~-true).

Rule “hasParent o hasBrother & hasUncle ™ transforms to
MMP:
meta_statement (‘owl’: ‘propertyChainQf’
(Y€’ :‘hasUncle’, [‘f':‘hasParent’,
‘f’:‘hasBrother’]) « true).

Rule “Man (x) ahasChil (x,y) —» fatherOf(x,y)"
ransforms to MMP:
meta_statement (‘owl’:‘objectHasSe:f’
{'£': ‘Man’, Puan) +true).
meta_statement (‘owl’:‘propertyChainQf”’
(‘f’:‘fatherof’,
{Psan, *£’ : *hasChild’ }) « true) .

o Meta-program for the axioms (AMP)

AMP contains axioms for classes and properties, they are
expressed in the meta-rule form. In {9], we had several
axioms in AMP to support for OWL. In order to work with
ontologies and rules expressed in OWL 2, we add more
axioms to manipulate with the new features in OWL 2, and
an axiom for a set complement. Here we list all the axioms
corresponding to the formulae in Table 1 and to the new
features in OWL 2:

axiom(‘rdf’: ‘type’ (I,C) « (asic)
‘owl’:‘subclassOf’ {SC,C) A
Trdf':'type’ (1,SC)).

/ Axiom to handle subclass formuige.

axiom(P(S,0) « (acsp)

‘rdfs’ : ‘subPropertyQf’ (SP,P) ~ SP(5,0}) .

'/ Axiom 10 handle subproperty formulae.



axiom(P(S,0! ¢
‘owl!:'transitive’ (Pl aP(5,01) A
# Axiom to handle the transittve property

axiom(P (5,0} «

‘owl’: functional’ (P) a

P(S,0l) A ‘owl’:‘sameAs’ (0,01})).
# Axlom to handle the functional property

(acp)
P(01,0)).

(acp)

axiom(P(S,0) «
‘owl’: ‘inverseOf’ (P, IP) A IP(0,S)}.

/ Property IPis an inverse property of P.

axiom(P(S,0) «
‘owl’ : ‘propertyChainOf’ (P, {Pi,P2}) A
P1(S,01) A P2(01,0})}.

// Axiom to handle the chain property.

axiom(P(S,S) «
“owl’: ‘cbjectHasSelf’ (C,P) a
‘edf’ : ‘type’ (S,C)).

# Axiom to handie the Self concepr.

(acip}

(acpe)

(acsc)

axiom(‘rdf’: ‘type’ (1,T) « (acic}
‘owl’:‘intersectionOf’ (C,Cs!
‘intertype’ (1,Cs)).
‘intertype’ (I, (HIT}) «
‘rdf’:‘type’ (I,H) ~ ‘intertype’ (I,T).
# Axiom to handle a set intersection.

axiom{‘rdf’: ‘type’ (I,C) & (acucy
‘owl’ : ‘unionOf* (C.Cs) A ‘unionType’ (I.Cs)).

‘unionType’ (I, {HIT]) « ‘rdf’: ‘type’ (I,H).

‘unionType’ (I, {H!T]} « ‘unionType’ (I, T).

# Axiom to handle a set union.

axiom{ ~’ “rdf’: ‘type’ {(I,C) «
‘owl’ : *compiementOf’ (C, Cc)
‘rdf’ : ‘type’ (1,Cc)).

# Axiom to handle a set complement.

(acce?

D. The Meta-interpreter

The meta-interpreter in our framework is constructed for
reasoning with the meta-programs MPs, MMPs, and AMPs
and can be used to develop an intelligent agent to reason
with SW ontologies. It is defined by & demc predicate of the
form demo (A). With this predicate we can infer the answer
A from the meta-programs. Our meta-interpreter adapts the
Vanilla meta-interpreter in {10} in order for reasoning with
the meta-programs transformed from ontologies and rules
where we have defined three kinds of meta-leve! statements:
(1) statement (A« 8} for the object-level of an ontology.
(2) meta_statement (A«B)for the meta-level of an
ontology (including rules), and (3) axiom (A « Bjfor the
mathematical axioms. The definition of demo/1 is:

demo (truel . (truey
demo (A" A *B) « demo(A) A demo(B) . (coaj:
demo (A) « statement (A’ + ‘B) A demc(B). (ost}
demo (A) «meta_statemant {A° 4 ‘B) A demo (B} . {mst}
demo (A} +— axfom{A' + "B} ademo(B) . (ast}

The first clause (truc) is the basic case for proving that an
atom is true. The second clause (conj) is used for proving &
conjunction goal. Three last clauses (ost). (mst), and (ast)
are used for interpreting three meta statements of the three
meta-programs MP. MMP, and AMP respectively.
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IV. QUERY ANSWERING WITH QUR FRAMEWORK

lnowﬁ'amcworkomologicsmdmksexprmedinOWL
1 are transformed into meta-programs. The metz-programs
are formed by three sub meta-programs MP, MMP and
AMP. The meta-programs are used as inputs of the meta-
intetpreter which is implemented in Prolog. The mcta-
intetpreter is an infercuce engine reasoning with meta-
programs to derive conclusions from the ontologies with
rules.
The family ontology {13] is used 25 an example to
demonstrate our framework. Due to its lack of rules, three
OWL2 rules are added to it. Aftier the whole ontology is
tansformed into meta-programs, here are some parts of
them:
¢ The MP program
statement ('f’: ‘hasParent’ (0
{VE7:°M02°, ‘£ 'MO1’ ) « true) .

statement {*f’; *hasParent’ (#3]
(€7 :'F02°, *%¢:'M01’) « true} .

statement {'f’: ‘hasParent’ 3)
(“£7:°MO37, *£7: F02°} « true) .

* The MMP program

meta_statement (‘rdf’: ‘type’ 1)
(°€7:'MO1°, *£':'Man’) « true).
meta_statement (‘zdf’: ‘type’ (3]
(€7 :'M027, V€% '‘Man’} « true) .
meta_statement ( 'rdf’:‘type’ 37
(€7 :'F02°, €' : ‘WoMan’) « true) .
meta_statement (‘owl’: ‘complementOf’ (C)
{'E’:'Mar’, “£°:'WoMar’) « true).
meta_statement (‘owl’:‘unionOf’ (5"

{*f’: Human’,
[*£": Man’', ‘£’ : ‘WoMan’ ]} « true} .

The first rule nasParentix,y) hasparent (z,y) -
siblingOf(x.2) added is expressed by hasParent o
hasParent’ & siblingOf DL axiom, where hasParent’
is the inverse property of hasParent. This is transformed
into the following meta-statements in MMP:

meta_statement {‘owl’:‘inverseOf’ (6°)
(£’ :‘parentOf’, 'f’: ‘hasParent’) « true).

Teta_statement{‘owi‘: ‘propertyChainOf’ T
+'€':'siblingOf’, £’ : ‘hasParent’,

‘£':'parentOf’ !} « true .

The tiext One Man (x) ~ 3:blingOfix.y) - brotherof tx,y)
is ransformed into the meta-statements in MMP;

weta_statement(‘owl’:‘opjectBasSelf’ (£
PYETr 'Man’, Pues) - true).
Teta_statement (‘owl’:‘propertyChainOf’ (9)

{‘f': ‘brotherof’,

“Puans “£7:'siklingOf’ }) & truel.
The third rule brotherOf{x, y} A parentOf (y,z) ~
uncleOf(x,z) is transformed into the following meta-
statements in MMP:

meta statement(‘owl’:‘propertyChainOf’
(£ :'uncleOf’, [ ‘£’ : ‘brotherOf’,
‘f’:‘parentOf’]) « true ).

Now we pose some querics to the meta-interpreter to get
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answers a3 follows:

?- demo(‘rdf’:
X = f*:*Man’;
X = ‘€’':‘Human‘.

/1t answer is supported by (mst}, (1°). and (true), and 2nd answer

is supported by (ast), (acuc). (conj). (5°), (1°). and (orue;).

?- demo (‘- ‘rdf’: 027 .4y .
X = ‘f’:"™an’.

#The adoped clauses are (ast), (acec). (conj), tmst), (4°), (3°) and

(true).

?- demo{‘f’:*siblinqgOf’ (‘f’:
X = ‘fr:'F02 .

/The adopied clauses are (ast), (acpe), (conj). (7). (true), (ost),

(1), (mst), (acip). (6°). (2).

?- demo(‘f’: ‘brotherOf’ (X, ‘£’: {qd)
X = “f':'M027.

/The adopted clauses are fast). (acpc), (conj}, (9}, ltrwe), lacsc).

8°). (mst), (2°). end the clauses adapted for answering q3.

2~ demo(‘f’: ‘uncleOf’ (‘f’:'M02’
X = “f7:'M03°.

#The adopted clauses are (ast). facpc). (conj). (10°). (true). (3).

and the clauses adopted for answering g4.

‘type’ {*f’:'M02°,%)). (ql)

‘type’ (‘f’: {q2)

‘M027,X) Y. (q3)

‘FO2°1) .

X)) (q5)

V. RELATED WORKS

We now look at other approach that enhances ontologies
with nules. Grosof et al. {1] proposed the Description Logic
Program (DLP); this approach supports bi-directional
transfation between logical sentences from DLP fragment of
Description Logic and logic programs.

According to this approach, every concept referred to 1n
an ontology is mapped into a unary relation with 2 concept
name becoming a name of the relation and an individual
name becoming an argument. Every instance-property-
instance refationship is mapped into a binary relation. In
addition, concepts as well as property constructor statements
are converted into rules. The distinction between this
approach and ours is the following.

Firstly this approach was designed to support a subsct of
DAML+OIL, and provides only a mapping from RDFS and
DAML+OIL to logic programs, but does not support the
new features in OWL 2, such as the property chain axiom
and the Self concept. Secondly, this approach has a
weakness whcn tepresenting an ontology in a logic program.
For ple, to rep the stat alsumonofb,.b-.
«.w by", it Tequires n nurmber of rules to do so, i.e. a(X) ;
by (X}, .. a(X):-ba(X). However, in our repmcnmiom
this requires only one stat that is our (acuc) axiom.
which is more compact.

Even more importantly, their representation of logic
program is at the object level only. Thus. the names of
concepts, or the names of roles. of an ontology which are
meta-terms cannot be accessed and reasoned from their logic
program and therefore cannot be queried by an inference
engine. For example, in their representation, statement (1}
and (1) in section IV would be presented as the following
facts:

hasParent (‘f’:
Man('F’ :

‘MO27, *£°:
*MO1°) .

‘MO1‘).

With these clauses we can ask only question who is a man or
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who is a pareat of ‘M02-, but it is impossible to get answers
to a question like which class *M01 is an instance of, or
what a relationship between ‘M027 and ‘MO1° is. This s
because a predicate name is a meta-fevel information that
cannot be reasoned and queried at object-level by a Prolog
wnterpreter. However, in our approach since we scparate the
meta-level from the object-level knowledge in an ontology.
such queries can be asked and answered via demo predicate:

?-demo (P{ £’ : MD2", “£7: M01"}).

P='f’:'hasParent’.

?2-demo('rdf’:‘type” (£’ :'MOL’, £’ :X)}.

X=Mar.

V1. CONCLUSION

In this paper we have prcscnted 2 meta-logical framework
for ting and « g with ontologies and rules
exptessedmOWLZ Thelogmlsysacmofmxrﬁm\cwork

ists of meta-progr transformaed from ontologies and
rules expressed in OWL 2. and an inference engine defined
by a demo predicate with the new extra auxiliary axioms
proposed in the paper.
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