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Computer Science Department, University of Crete

Abstract

Defeasible logic is a simple and efficient rule-based nonmonotonic reasoning ap-
proach, that has been shown useful for various applications areas. Recently defea-
sible logic has been used in applications to the Semantic Web.

The Semantic Web is an extension of the current Web, in which information
is given well-defined meaning, and its development proceeds in layers, each layer
being on top of other layers. Now that the layers of metadata (RDF) and ontology
(OWL) have reached sufficient maturity, the next step will be the logic and proof
layer and an important focus is on rule languages for the Semantic Web. While
initially the focus has been on monotonic rule systems, nonmonotonic rule systems
are increasingly gaining attention.

The first source of motivation for our work is the modelling of multi-agent
systems based on cognitive and social models, where an agent behavior is deter-
mined as an interplay between mental attitudes and normative aspects. Commonly,
these aspects are logically captured through the use of modal logics, which are by
definition monotonic. Reasoning about intentions and other mental attitudes has
defeasible nature, and defeasibility is a key aspect for normative reasoning.

The second important source for motivation for our work is the modelling of
policies. Defeasible logic is the nonmonotic reasoning approach that would be
suitable solution for the requirements that arise from the specific nature of policies
and especially of business rules.

In our work we use and develop an extend variant of defeasible logic, that
uses modal and deontic operators. This is a suitable formalism that can deal with
the motivational components of our work and can capture their nonmonotonic be-
havior. For the purposes of modelling policies sufficiently, we will introduce an
additional deontic operator for expressing “permission”.

We implement a nonmonotonic rule based system, based on this formalism,
which integrates with the Semantic Web, as it reasons with the standards of RDF
and RDF Schema. The core of the system consists of a logic metaprogram that
implements the extension of defeasible logic.
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Chapter 1

Introduction

The first source of motivation for our work is the modelling of multi-agent systems,
in which agents can operate effectively and interact with each other productively.
In particular, we follow more recent approaches on cognitive agents that combine
two apparently independent perspectives: (a) a cognitive account of agents that
specifies motivational attitudes, and (b) modelling of agent societies by means of
normative concepts. The first aspect is addressed through the well-known BDI ar-
chitecture [18, 71]. The second aspect is based on artificial societies of agents, in
which normative concepts play a decisive role, allowing for coordination of au-
tonomous agents [31, 69]. The result of this combination of perspectives is the
modelling of autonomous agents based on cognitive and social models, where an
agent deliberation and behavior is determined as an interplay between mental atti-
tudes and normative aspects.

Commonly, both motivational attitudes and normative aspects are logically
captured through the use of modal logics. Modal logics are extensions of clas-
sical propositional logic with some intensional operators. So modal logics are by
definition monotonic. However as we know, classical propositional logic is not
well suited to deal with real life scenarios and inconsistent information, that may
easily arise in multi-agent and web environments. As argued in [40], reasoning
about intentions and other mental attitudes has defeasible nature, and defeasibility
is a key aspect for normative reasoning.

The second important source of motivation for our work is the modelling of
policies. Policies play crucial roles in enhancing security, privacy, and usability
of distributed services and extensive research has been done in this area, including
the Semantic Web community [16]. It encompasses the notions of security poli-
cies, trust management, action languages, and business rules. Business rules are
statements that are used by a body or an organization to run their activities. They
provide a foundation for understanding how a business operates. They are used to
formalize and automate business decisions as well as for efficiency reasons.

As explained in [1], defeasible reasoning is appropriate for modelling and rea-
soning with business rules. However, in order to be able to represent and reason
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with business rules sufficiently, there are still requirements which go beyond de-
feasible logic. In particular, we need a formal specification language with higher
expressiveness, including deontic notions[81].

In our work, we adopt the well-known defeasible logic, that is described in [5],
as the suitable formalism that can deal with these components and capture their
nonmonotonic behavior. Defeasible logic has been studied in terms of proof theory
[5], model-theoretic semantics [57], and argumentation semantics [37], and has
delivered efficient implementations [2, 59]. It is a flexible, rule-based, and efficient
approach, that has been shown useful for application areas, such as modelling of
contracts [46, 44, 35], legal reasoning [41], agent negotiations [36], modelling of
agents and agent societies [40, 38], and applications to the Semantic Web [2, 12].
Recent work shows that defeasible logic is a nonmonotonic approach that can be
extended with modal and deontic operators [40], [39], [41], [74], [38].

This thesis presents a computationally-oriented nonmonotonic logical frame-
work, based on the approach of [40], that extends defeasible logic with modal and
deontic operators, and reports on an implemented system, based on this formalism.
This proposed logic introduces and manipulates modalities, and is flexible enough
to deal with different intuitions about the interactions of the internal and external
motivational attitudes.

As stated, the expressive power of the formal specification language that is
required by the business rules community is high and includes deontic notions
like obligation, permission, and prohibition. This task is captured by the deontic
extension of defeasible logic. For the purposes of modelling policies, we intro-
duce an additional deontic operator to our logical framework, in order to express
permission. This operator is used commonly in policies, describing (conditional)
entitlements.

The Semantic Web is an extension of the current Web, in which information
is given a well-defined meaning, better enabling computers and people to work in
cooperation. The development of the Semantic Web proceeds in layers, each layer
being on top of other layers. Now that the layers of metadata (RDF) and ontol-
ogy (OWL) are stable, an important focus is on rule languages for the Semantic
Web. While initially the focus has been on monotonic rule systems [42, 47, 75],
nonmonotonic rule systems are increasingly gaining attention [29, 12, 2]. Our lan-
guage of choice, defeasible logic, is compatible with applications in this area. In
particular, there are implementations of defeasible logic that interoperate with Se-
mantic Web standards [12, 2]. The two motivations of our work outlined above can
be combined with the Semantic Web initiative [13], as Semantic web languages
and technologies support the issue of semantic interoperability, which is important
both for multi-agent systems and for policies.

As already stated, this thesis presents modal and deontic extensions of defeasi-
ble logic, and describe an implemented system, the basic characteristics of which
are the following:

e [t is a nonmonotonic rule-based system that supports reasoning in defeasible
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logic, extended with modalities.

o It integrates with the Semantic Web, as it reasons with the standards of RDF
and RDF Schema.

e Itis based on Prolog. The core of the system consists of a logic metaprogram
that implements the extension of defeasible logic. In particular, we base our
implementation on the system DR-Prolog [2], which uses XSB [91] as the
underlying logical engine.

This rest of the thesis is organized as follows:

Chapter 2 presents the Semantic Web and the role of rules in its development.
Firstly, we present the layers of the Semantic Web that have been so far imple-
mented. At present, the highest layer that has reached sufficient maturity is the
ontology layer in the form of the description logic based languages. Then we rea-
son why rule systems, especially the nonmonotonic ones, are expected to be part of
the layered development of the Semantic Web, for the realization of logic and proof
layers. We report on rule systems, both monotonic and nonmonotonic, as the ap-
proaches in integrating ontologies with rules is a subject of active research for the
Semantic Web community. Finally, we present rule languages, as standardization
efforts in representing rules for the Semantic Web.

Chapter 3 presents the logical formalism. At first, we present the language
of defeasible logic and its main features and then one motivation of our work,
the multi-agent systems. We outline different perspectives, like agents based on
cognitive and social models and approaches on this domain, that include BDI and
BOID architecture. After presenting modal logics and its variations, we describe
why motivational attitudes and normative notions have nonmonotonic behavior.
Thus we conclude that extending defeasible logic with modal and deontic operators
as a convenient and appropriate way to model these aspects.

Chapter 4 presents the logic metaprogram, implemented in Prolog, that was
used to implement the extension of defeasible logic. We present the predicates
and the clauses that consist the different parts of the metaprogram, in order to
formulate the defeasible theory of the formalism. We show the different ways that
can be used to handle the additional operator of permission and the resolution of
conflicts among modalities for the different types of agents. Finally, we illustrate
with several examples how we use this metaprogram in order to reason over this
formalism.

Chapter 5 reports on the implementation architecture of our nonmonotonic
rule-based system, based on the extension of defeasible logic. Firstly, we give
an overview of how the system works, and then we describe in detail the function-
ality of each of the modules of the system. We show with several screenshots the
GUI of this system, illustrating the way a user interacts with the underlying system.

In Chapter 6 we present a use case, showing in practice the abilities and the
functionality of our system. This is an example from a specific application, the
modelling of a variety of university regulations from the Department of Computer
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Science at the University of Crete. This task is compatible with the motivation of
our work in modelling policies and business rules. We use our formalism, in par-
ticular the deontic extensions of defeasible logic, to model logically and represent
these regulations. RDF/S data are loaded as ontological knowledge, integrating in
this way with Semantic Web standards. Then, we show through several screenshots
how the system responses to user queries.

Finally, in Chapter 7 we present our conclusions and plans of future work.



Chapter 2

Rules for the Semantic Web

The Semantic Web [13] is an initiative that aims at improving the current state of
the World Wide Web. It is an evolving extension of the World Wide Web in which
Web content can be expressed not only in natural language, but also in a form that is
more easily machine-processable. We can take advantage of these representations
by using intelligent techniques. The Semantic Web is propagated by the World
Wide Web Consortium (W3C), an international standardization body for the Web.
The driving force of the Semantic Web initiative is Tim Berners-Lee, the very
person who invented the WWW in the late 1980s. His vision for the Semantic
Web is to augment the existing Web with resources more easily interpreted and
used by programs and intelligent software agents. This involves moving the Web
to a universal medium for data, information, and knowledge exchange. In order to
achieve these goals, a variety of enabling technologies are necessary, that will lead
to a more advanced Semantic Web. The key technologies include explicit metadata,
ontologies, logic and inferencing, and intelligent agents.

The development of the Semantic Web proceeds in steps, each step building
a layer on top of another. In building one layer of the Semantic Web on top of
another requires each layer to have downward compatibility and upward partial
understanding. Downward compatibility means that agents which are fully aware
of a layer, should also be able to interpret and use information written at lower
levels. Upward partial understanding means that agents should take at least partial
advantage of information at higher levels. For example, an agent aware only of the
RDF and RDF Schema semantics can interpret knowledge written in OWL partly,
by disregarding all but RDF and RDF Schema elements. The Semantic Web layers
are presented in Figure 2.1. In the next sections we will briefly describe the basic
Semantic Web layers and the technologies that have reached a reasonable degree
of maturity.
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Trust
rules Proof
a?h Logic Digital
data Onology budary Signature
document RDF + rdfschema

=
£}
-

Figure 2.1: The Semantic Web layers from W3C.

2.1 Web Documents in XML

At the bottom layer we find XML [20], a universal meta-language that lets users
write structured Web documents with a user-defined vocabulary. The eXtensible
Markup Language (XML) provides a uniform framework for exchanging data be-
tween applications through markup, structure, and transformations. It represents
structured information on the Web, that can be easily accessed by the machines.

Unicode characters and Uniform Resource Identifiers (URIs) are two technolo-
gies that XML is built upon. The Unicode characters allow XML information to
be communicated using any written human language. URI is a generic term that
identifies a resource on the World Wide Web. So URIs are used by the upper levels
as unique identifiers for concepts in the Semantic Web.

An XML document is valid if it conforms to certain structuring information.
XML Schema [85] is the richer language for defining restrictions in the structure
of XML documents. It supports powerful capabilities in defining user-defined data
types. It also provides a sophisticated large set of built-in data types, which many
of them can be used by the ontology languages in the upper levels.

Namespaces [19] are a simple mechanism of XML for creating globally unique
names for the elements and attributes in an XML instance. They are used for
disambiguation purposes. An XML document may contain element or attribute
names from different markup languages, allowing to be mixed together without
ambiguity. A namespace is denoted as a URI reference, which is the location of a
vocabulary (e.g an XML Schema).

XML provides a surface syntax for structured documents and Semantic Web
technologies, which are positioned in the upper levels and are built on top of this
language. Although it provides syntactic interoperability, XML does not provide a
mechanism to deal with the the meaning of the content. For this lack of semantics,
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other technologies with further features for the Semantic Web are layered on top
of XML.

2.2 Describing Web Resources in RDF

XML is a markup language that can often add meaning to data with the use of tags.
However, there is no standard way of assigning meaning to tag nesting, actually
understanding is meaningful only to humans. It is required for machines to do
more automatically and go beyond the notion of XML data model, toward a more
meaning model. These machine-processing capabilities are provided by RDF, a
foundation for representing and processing metadata. Metadata is the term that
captures the information of the data and is used to identify and extract information
from Web sources in the Semantic Web.

Resource Description Framework(RDF) [52] is a data-model that is based upon
the idea of subject-predicate-object triple, called a statement. These statements are
made about resources that can be anything with an associated URI. The basic RDF
graph-based model produces triples, where a resource (subject) is linked through an
arc, labeled with a property (predicate), to a value (object). Properties are special
kind of resources (so they are identified by a URI) and they are used to describe
relationships between resources. A value can be either a resource or a literal, which
is an atomic value.

In RDF we can interpret a statement in three ways: a) as a triple, b) as a graph,
or ¢) in a XML form. An example of statement is the sentence:

The course with homepage http://www.csd.uoc.gr/~hy467 is taught by
Grigoris Antoniou.

The simplest way of representing this statement is as a triple:

(http://www.csd.uoc.gr/~hy467, http://www.mydomain.org/uni-ns/#isTaughtBy,
“Grigoris Antoniou”).

Figure 2.2 shows the second graph-based way of representing statements. It is
the corresponding graph for the same sentence. We can think that a graph rep-

isTaughtBy . .
http:/immww.csd.uoc.gr/~hy467 > Grigoris Antoniou

Figure 2.2: Graph representation of an RDF Statement.

resents a collection of interrelated statements, where the nodes are connected via
various relationships (properties). At any point we can introduce new nodes, as we
add relationships between resources. The following statement
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The course with homepage http://www.csd.uoc.gr/~hy467 it entitled as
Knowledge Representation.

is added to the previous graph:

http://www.csd.uoc.gr/~hy467

title

isTaughtBy

Grigoris Antoniou

Knowledge
Representation

Figure 2.3: RDF graph

Although the graph view is the most convenient for communication between
people, the Semantic Web vision requires a suitable representation that is machine-
accessible and machine-processable. This is the third way, the XML-based syntax.
RDF is defined as an excellent complement to XML. The expression of RDF data
in XML form provides syntactic interoperability. It can passed over the Web and be
easily accessed by the machines. RDF provides the semantic interoperability and
makes an information object interoperable among applications. This combination
enables users or machines to retrieve, process and manage information from the

Semantic Web.

According to the XML-based view, an RDF document is represented by an
XML element, which describes a number of statements about resources.The fol-
lowing RDF/XML document describes the previous statements:

<?xml version="1.0" encoding="UTF-16"?2>
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#"
xmlns:mydomain="http://www.mydomain.org/uni-ns">
<rdf:Description rdf:about="http://www.csd.uoc.gr/ hy467">
<mydomain:isTaughtBy rdf:resource="Grigoris Antoniou"/>
<mydomain:title rdf:datatype="&xsd;string">
Knowledge Representation
</mydomain:title>
</rdf:Description>
</rdf :RDF>

In the first line an RDF document specifies that we are using XML. It follows
with the root element tag rdf:RDF that also specifies a number of namespaces.
The namespace mechanism of XML is used, but in an expanded way. In XML,
namespaces are only used to remove ambiguities, while in RDF, external names-
paces are expected to be RDF documents defining resources, which are used to
import RDF documents. This allows reuse of resources and enables other people
to add additional features for the resources producing a large distributed collection
of knowledge.
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Figure 2.4: RDF Schema and RDF Layers

The content of the rdf:RDF element is a number of statements about resources.
We use the element rdf:Description to describe each statement about resources.
Within the rdf:Description are contained the property elements, the content of
which are their values, if the value is a literal. In case the value is a resourse,
is denoted as an attribute of a property element. RDF also uses the predefined set
of XML Schema data types in order to indicate the type of a literal.

RDF is a universal language that lets users describe resources, but it is domain-
independent. That means that it does not make assumptions about any particular
application domain. It is up to users to define their own vocabularies using a lan-
guage called RDF Schema (RDFS)[21].

RDF Schema is a primitive ontology language that provides a mechanism for
describing specific domains. The purpose of RDFES is to provide a vocabulary that
specifies which properties apply to which kinds of objects and what values they
can take, and describe the relationships between objects. Thus RDFS describes the
semantics and makes them machine-accesible, in accordance with the Semantic
Web vision. The main RDFS constructs are classes, subclass relations, properties,
subproperty relations, and domain and range restrictions.

A class can be considered as a set of elements. Individual objects that belong
to a class are instances of this class. The constraints on properties are introduced
through domain and range restrictions. The domain specifies the set of resources
that may have a given property, while the range specifies the set of values for
a given property. Finally RDFS defines hierarchy for classes and properties and
establishes these relationships through subclasses and subproperties respectively.

Figure 2.4 shows an example that illustrates the separate layers of RDF Schema
and RDEF. This schema contains the classes course and lecture, which it has the
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subclasses professor, associate professor and assistant professor and the properties
is taught by and title. It also defines the domain and range restrictions for the
properties. The RDF layer contains class instances and values of properties. The
arc with label fype defines the relationship between classes and instances.
Although RDF and RDFS form a basis on which more layers can be built,
together they still lacked sufficient expressive power. For example, a serious re-
striction about RDF is that it uses only binary properties, because we often use
predicates with two or more arguments. RDF Schema is a minimal ontology mod-
eling language for the Web. Many desirable modelling primitives are missing and
the only constraints expressible are domain and range constraints on properties.
Therefore we need an ontology layer on top of RDF/RDEFS for the Semantic Web.

2.3 Web Ontology Language

The Web Ontology Working Group of W3C has identified a number of character-
istic use-cases for the Semantic Web that indicate the need for a more powerful
ontology modeling language. For machines to perform useful automatic reasoning
tasks on Web documents, the language machines must go beyond the expressive-
ness than RDF and RDF Schema offer. As a result, W3C has defined Web On-
tology Language (called OWL) [68] as standard for Web ontologies. OWL builds
upon RDF and RDF Schema and facilitates greater machine readability of Web
content, by providing additional vocabulary along with formal semantics.

Generally an ontology describes a domain of discourse. It formally consists
of a list of terms and the relationships between them in order to represent an area
of knowledge. The terms denote important concepts, such as classes of objects.
Besides subclass relationships, ontologies may include information, such as prop-
erties, value restrictions, disjoint statements e.t.c. In the context of the Web, on-
tologies provide a shared understanding of a domain. Such a shared understanding
is necessary to overcome differences in terminology. This is a way for a program
to know when any two given terms are being used to mean the same thing.

An ontology language permits the development of explicit, formal conceptu-
alizations of models. The main requirements of an ontology language are a well-
defined syntax, a formal semantics, convenience of expression, an efficient reason-
ing support system, and sufficient expressive power.

RDF and RDF Schema allow the representation of some ontological knowl-
edge. The main modeling primitives of RDF and RDFS concern the organiza-
tion of vocabularies in typed hierarchies. However, a number of other features are
missing, such as local scope of properties, disjointness of classes, cardinality of
restrictions e.t.c. Therefore we need an ontology language that is richer than RDF
Schema, with respect to these additional features. In designing such a language the
trade-off is between expressive power and efficient reasoning support. Generally
speaking, the richer the language is, the more inefficient the reasoning support be-
comes. Thus an ontology language in needed that can be supported by reasonably
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efficient reasoners while being sufficiently expressive.

The full set of requirements for an ontology language seems unreachable. These
requirements have prompted W3C to define OWL to include three different sub-
languages (OWL Full, OWL DL, OWL Lite) in order to offer different balances of
expressive power and efficient reasoning.

The entire language is called OWL Full and uses all the OWL languages prim-
itives and allows their combination with RDF and RDFS. The advantage of OWL
Full is that it is fully compatible with RDF, both syntactically and semantically.
The disadvantage of OWL Full is that the language is undecidable, and thus cannot
provide efficient reasoning support.

OWL DL is a sublanguage of OWL Full that restricts how the constructors
from OWL and RDF may be used. This language corresponds to a well studied de-
scription logic [11]. The advantage of OWL DL is that permits efficient reasoning
support. The disadvantage is the lose of full compatibility with RDF.

An even further restriction of OWL DL to a subset of the language constructors
produces a subset of the language called OWL Lite. The advantage of this language
is that it is both easier to understand and easier to implement for tool builders. The
disadvantage is of course a more restricted expressiveness.

2.4 Logic and Rules on the Semantic Web

At present, the highest layer that has reached W3C standardization is the web on-
tology language OWL. The next steps in the development of the Semantic Web
will be the realization of more advanced representation and reasoning capabilities
for web applications. This is the development of the next layers, logic and proof.

Logic is the study of the principles of reasoning. In general, logic constructs
formal languages for expressing knowledge, well-understood formal semantics,
and automatic reasoners to deduce (infer) conclusions. It is the foundation of
knowledge representation, which has been studied in the area of artificial intelli-
gence, particularly in the form of predicate logic (also known as first-order logic).

Both RDF and OWL (Lite and DL) can be viewed as specializations of pred-
icate logic that are used for Web knowledge representation. This correspondence
can be illustrated by describing the semantics of RDF and OWL in the form of
logical axioms. They are languages that define reasonable subsets of logic and
provide a syntax that fits well with Web languages. As we mentioned before, OWL
Lite and OWL DL correspond roughly to a description logic, a subset of predicate
logic, for which efficient proof systems exist.

Because of the existence of proof systems, it is possible to trace the proof that
leads to a logical consequence. This is an important advantage of logic, that it
can provide explanations for answers. Ultimately, since the logic provides trace-
able steps in obtaining and backtracking a conclusion, an explanation will trace
an answer back to a given set of facts and the inference rules used. Explanations
are important for the Semantic Web because they establish validated proofs for the
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Semantic Web agents in providing reliability for their results.

A key ingredient of logic and proof layers will be rules. An inference rule is
a scheme for constructing valid inferences. It can be viewed as relations holding
between a set of formulas called premises and conclusions, whereby the conclu-
sion is said to be inferable (or derivable or deducible) from the premises. Rule
technologies are by now well-established and no longer restricted to Al systems.
There seems to be a general consensus that rules with a well-defined semantics are
needed in the Semantic Web applications and that they should be well integrated
with the ontology level.

Rule systems can be utilized in two stages of the layered development of the
Semantic Web:

(a) in the ontology layer, they can serve as extensions of, or alternatives to,
description logic-based ontology languages by enriching them with more
expressive power and representational capabilities; and

(b) on top of the ontologies, they can be used to develop automated reasoners
that can deduce new knowledge based on the ontology knowledge.

Reasons why rule systems are expected to play a key role in the further devel-
opment of the Semantic Web include the following:

e Seen as subsets of predicate logic, monotonic rule systems (Horn logic) and
description logics are orthogonal; thus they provide additional expressive
power to ontology languages.

o Efficient reasoning support exists to support rule languages.

e Rules provide a high-level description, abstracting from implementation de-
tails; they are concise and simple to write. They are well-known, understood
by non-experts, and well integrated in the mainstream Information Technol-

ogy.

Therefore integration of rules and ontologies is a subject of active research. The
existing proposals for using rules in the Semantic Web refer to rule formalisms
originating from the field of Logic Programming and non-monotonic reasoning.
These classes of rules are based on different kinds of logics and thus they have well
defined declarative semantics, supported by well-developed reasoning algorithms.
The simplest language of this kind, playing important role in logic programming,
is Horn logic or rule systems, a subset of predicate logic that allows efficient rea-
soning. A rule has the form

H «— Al, cey An
where H, A; are atomic formulas. H is called the head or the consequent and

Ay, As, ..., A, is called the body or antecedent of the rule. The rule is read as if
Aq, Ag, ..., A, are known to be true, then H is also true.
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Horn logic is the basis of monotonic rules. A rule is called monotonic if a con-
clusion remains valid even if new knowledge becomes available within predicate
logic. It appears that the best one can do at present is to take the intersection of the
expressive power of Horn logic and description logics.

Among the studies and approaches regarding integration of description logics
and rule systems for the Semantic Web, we distinguish:

e Description Logic Programs (DLP) [42], which define an intersection of
OWL DL and horn clauses, thus making possible re-use of existing reason-
ers. The resulting logic is decidable, but does not increase the expressive
power of OWL, which is the main objective.

e Semantic Web Rule Language (SWRL) [47], which extends OWL to include
Horn-like rules, but results in an undecidable logic. SWRL is presented in
section 2.8.2.

e CARIN [53] is defined as a family of languages that provide a hybrid inte-
gration of Datalog with different description logics.

e the study made by Rosati [75], dealing with reasoning in description logic
knowledge bases augmented with Datalog rules.

In the next section we present several systems which integrate rule languages
with ontology languages, following different implementation techniques and al-
lowing different rule language extensions. All these rule-based systems use knowl-
edge representation and inference mechanisms to reach conclusions from facts and
rules. The basic distinction lies in the way the inference engines apply the rules
to a specific problem. In rule-based systems, there are two directions, forward and
backward chaining.

In backward chaining, the system is given a hypothesis or a goal and backtracks
to check if there is data available that will support any of these goals. So it searches
for rules whose conclusions match this goal. In forward chaining, the system is
given data and chains forward, by using the inference rules, in order to reach a
goal. When this data is the body of a rule, it triggers this rule and add its head to
the conclusions.

2.5 Integrating Rules and Ontologies

251 CWM

CWM [27] is a forward-chaining first-order inference engine that is written in
Python by Tim Berners-Lee and Dan Connolly. It is pronounced as coom. It is
an open-source program under the W3C software license, used in Semantic Web
applications. CWM is a general-purpose processor for text-based data in files for
the Semantic Web. Its core language is RDF, which is extended to include rules.
CWM supports RDF in three different graph serialization formats: RDF/XML,
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N-Triples and Notation 3 [63](V3). N3 is a shorthand non-XML serialization for-
mat of RDF models, designed due to the lack of human-readability of RDF/XML

syntax. It is compact and allows greater expressiveness.
Suppose that in a movie database community, the information of which is rep-
resented in RDF/S ontologies, the following rule stands for its members:

If someone is a fan of an actor, then buys a ticket for watching on cinema any
new film, where this actor participates in.

This rule can be encoded in CWM as follows:
@prefix imdb: <http://www.imdb.com/ontology#>

{ ?M imdb:isFanOf ?A. ?A imdb:participates ?F. } =>
{ ?M imdb:buyTicket ?F. }.

One main feature of CWM is that it can perform several built-in functions like
comparing strings, mathematical operations, retrieving resources from the Web
(rules or triples), representation capabilities, time handling e.t.c. It also uses a full
set of rules in a module, in N3 format, that defines most of the RDFS semantics
and can apply these entailment rules in RDF graphs, in order to infer new triples.

2.5.2 Jena

Jena [50] is an open source Semantic Web framework for Java. It is a system that
supports many features and integrates RDF/RDFS and OWL with several inference
engines. It provides:

e a programming environment for reading and writing RDF, in the formats of
RDF/XML, N-Triples and N3, and an OWL API too.

o the RDF Query Language of SPARQL [80]

e apart from the in-memory storage, persistent storage of RDF data in rela-
tional databases. Currently are supported the database engines of MySQL,
HSQLDB, PostgreSQL, Oracle, Microsoft SQL Server and Apache Derby.

Jena has the functionality to allow a range of different inference engines to be
plugged. It provides the following predefined set:

o RDFS reasoner
o OWL reasoner
o Transitive reasoner

o Generic rule reasoner
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RDFS reasoner supports the use of RDF Schema. It implements almost all of the
RDEFS entailments through axioms and rules, which are used to derive additional
RDF assertions. The RDFS reasoner can work in three different modes: a) full,
which implements almost all of the RDFS axioms, but it is the most expensive
mode, b) default, a more restricted mode, c) simple, which omits the axioms, but is
the most useful mode, according to the authors.

OWL reasoner consists of three implementations: default, mini and macro.
Each of the configurations is a sound implementation of a subset of OWL/full
semantics but none of them is complete.

Transitive reasoner is the core engine that implements just the transitive and
symmetric properties of rdfs:subPropertyOf and rdfs:subClassOf. Although it is
a pure inference engine on its own, it is used to build more complex reasoners
(e.g. used by RDFS reasoner), in order to provide slightly higher performance, and
somewhat more space efficiency.

Generic rule reasoner is a general purpose inference engine, which is also used
to implement both the RDFS and OWL reasoners, by supporting rule-based infer-
ence over RDF graphs, but it is also available for general tasks. It has the special
feature of supporting forward chaining, backward chaining and a hybrid mode of
combining them. It provides the forward RETE inference engine and a backward
chaining datalog engine that supports tabling. The generic rule reasoner has the
option of employing both of the individual rule engines in conjunction, in a hybrid
inference engine. Finally this reasoner can also be extended by registering new

procedural primitives.
So the rule from the movie database example can be encoded in two ways.
Using the backward chaining the rule is:

(?M imdb:buyTicket ?F) <-
(?M imdb:isFanOf ?A), (?A imdb:participates ?F)

The same rule can be encoded using the forward chaining, by exchanging the
directions:

(?M imdb:isFanOf ?A), (?A imdb:participates ?F) ->
(?M imdb:buyTicket <?F)

2.5.3 Triple

Triple [78] is a Semantic Web engine that is designed for querying, reasoning and
transforming RDF models under several different semantics. Its reasoning engine
is based on Horn Logic ad it borrows many basic features from F-Logic, but is spe-
cialized for the requirements of the Semantic Web. It supports RDF, RDF Schema
and a subset of OWL Lite. It can be represented in a Prolog-like syntax and in an
RDF-based, allowing interoperability across the Web.

Horn Logic is the core rule language, but in order to support basic RDF con-
structs like namespaces, resources and statements, it is syntactically extended.
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Triple provides extensions for supporting RDF schema through rules that axioma-
tize the RDFS semantics (incomplete entailment though). It also provides modules
that implement RDF Schema and description logic languages (OWL,
DAML+OIL), by interacting with external reasoning components. In the latter
case, Triple behaves as hybrid rule language, because it works on top of the on-
tologies and uses the vocabulary defined in description logic. It finally provided
many features, like reified statements, path expressions, skolem functions, modal
functionalities in agent communication e.t.c.

Triple rule language can be compiled into logic programs, by using Prolog
systems like XSB [91]. Thus Triple is a backward chaining inference engine with

tabling support, which guarantees termination of inference.
The rules from the example can be encoded in Triple as:

rdf := "http://www.w3.0rg/1999/02/22-rdf-syntax-ns#".
rdfs :="http://www.w3.0rg/TR/1999/PR-rdf-schema-19990303#".

@fanticket {

imdb := "http://www.imdb.com/ontology#".
FORALL A,B A[imdb:buyTicket->B] <-
EXISTS C ( Alimdb:isFanOf->C] AND

Climdb:participates—->B]).

2.54 SWI-Prolog Semantic Web Library

Swi-Prolog [82] is an open-source Prolog system which is widely used in research
and education as well as for commercial applications. It has a rich set of features,
by providing many add-ons and libraries. One of these additional functionalities
is provided by the SWI-Prolog Semantic Web Library, which deal with RDF/S
documents. It consists of Prolog packages for reading, querying and storing RDF
triples, only in RDF/XML format. It is a hybrid rule system with backward in-
ference engine, because the predicates of the Prolog rules and the ontology are
distinguished and suitable interfacing between them is facilitated. If a user wants
to explore the hierarchies and domain restrictions of RDFS constructs, he refers to

the special predicates, provided by the Semantic Web library.
Therefore, using this library, the rule from the example is written in Prolog as:

"http://www.imdb.com/ontology#buyTicket’ (Member,Film) :-—
rdf (Member, ' http://www.imdb.com/ontology#isFanOf’ ,Actor),
rdf (Actor, "http://www.imdb.com/ontology#participates’ ,Film) .

2.5.5 Characteristics of Rule-based Systems

In this section we presented systems that support reasoning with RDF/S ontologies.
As we stated before, all these systems use as rule formalism a logic programming
language, which is based on definite Horn clauses, with sound and complete proof
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procedures. CWM, Jena, TRIPLE are homogeneous reasoners, which means that
both ontologies and rules are embedded in a logical language, without making a
priori distinction between the rule predicates and the ontology predicates. These
systems use modules that contain the axiom schemes for the several forms of en-
tailment defined for RDF graphs. On the other hand, as we said in subsection 2.5.4,
SWI-Prolog Library can be seen as a hybrid reasoner. Furthermore, CWM is a for-
ward engine while TRIPLE and SWI-Prolog are backward ones. Jena supports
both forward and backward chaining, and even can combine them together. Triple
relies on XSB-Prolog tabling features for guaranteeing termination of inference,
while Jena also has its own implementation of tabling, inspired by the mechanisms
of XSB-Prolog too.

2.6 Nonmonotonic Rules on the Semantic Web

One of the issues that have attracted the concentration of the developers of the Se-
mantic Web, is the nature of the rule systems that should be employed in the layered
development of the Semantic Web. Most studies have focused on the employment
of monotonic logical systems, because the Semantic Web standards (RDF, RDFS,
OWL) are based on classical predicate logic. Although important and useful in
many situations, like in factual and ontological knowledge, which contains general
truths that do not change often, approaches based on monotonic reasoning suffer
from not dealing with inconsistent information properly. When an inconsistency
arises in a knowledge base, then every conclusion can be derived.

Nonmonotonic rule systems seem also to be a good solution, as they offer more
expressive capabilities and are closer to commonsense reasoning. There are many
scenarios in which conflicting rules may arise on the Web. Here we mention a few
of them:

e Reasoning with Incomplete Information: [1] describes a scenario where busi-
ness rules have to deal with incomplete information: in the absence of certain
information some assumptions have to be made which lead to conclusions
not supported by classical predicate logic. In many applications on the Web
such assumptions must be made because other players may not be able (e.g.
due to communication problems) or willing (e.g. because of privacy or se-
curity concerns) to provide information. This is the classical case for the use
of nonmonotonic knowledge representation and reasoning [60].

o Rules with Exceptions: Rules with exceptions are a natural representation for
policies and business rules [7], and priority information is often implicitly or
explicitly available to resolve conflicts among rules. Potential applications
include security policies [10], [54] business rules [1], personalization, bro-
kering, bargaining, and automated agent negotiations [36].

o Default Inheritance in Ontologies: Default inheritance is a well-known fea-
ture of certain knowledge representation formalisms. Thus, it may play a
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role in ontology languages, which currently do not support this feature. [45]
presents some ideas for possible uses of default inheritance in ontologies.
A natural way of representing default inheritance is rules with exceptions,
plus priority information. Thus, nonmonotonic rule systems can be utilized
in ontology languages.

e Ontology Merging: When ontologies from different authors and/or sources
are merged, contradictions arise naturally. Predicate logic based formalisms,
including all current Semantic Web languages, cannot cope with inconsis-
tencies. If rule-based, or Horn definable, ontology languages are used and if
rules are interpreted as defeasible (that is, they may be prevented from being
applied even if they can fire) then we arrive at nonmonotonic rule systems. A
sceptical approach, as adopted by defeasible reasoning, is sensible because
does not allow for contradictory conclusions to be drawn. Moreover, priori-
ties may be used to resolve some conflicts among rules, based on knowledge
about the reliability of sources or on user input. Thus, nonmonotonic rule
systems can support ontology integration.

Nonmonotonic reasoning is a subfield of Artificial Intelligence trying to find
more realistic formal models of reasoning than classical (first-order) logic. A logic
is monotonic if the truth of a proposition does not change when new information
are added to the system. By contrast, the real world requires common sense rea-
soning, that deals with incomplete and potentially inconsistent information and one
draws conclusions that have to be withdrawn when further information is obtained.
In a nonmonotonic logic, the set of conclusions, in contrast to monotonic logic,
does not grow monotonically (in fact, it can decrease) with the given information.
This is the phenomenon that nonmonotonic reasoning methods try to formalize.
Several nonmonotonic logics have been proposed and studied during the last few
several decades, among them default logic, autoepistemic logic, circumscription
and defeasible logic.

Default logic [73] is a non-monotonic logic proposed by Raymond Reiter and
it has been used to formalize a number of different reasoning tasks. Default Logic
assumes that knowledge is represented in terms of a default theory. It can express
facts like “by default, something is true”. A default theory is a pair (D,W). W is a
set of first order formulas, called the background theory, representing the facts that
are known for sure. D is a set of default rules of the form

A:B1,..,Bn
C

where A, B;, C are classical closed formulas. This has the intuitive reading: if A
is provable and Vi € [1, N] = —B; is not provable, then derive C. A is called the
prerequisite, B; a consistency condition or justification, and C the consequent of
the default. We can make this clear by formalizing the default rule as

bird(X): flies(X)
flies(X)
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in combination with the rule
penguin(X) — —flies(X)

According to this rule , if X is a bird, and it can be assumed that it flies, then we
can conclude that it flies. One of the exceptions to this rule is the penguin.

Moore ’s autoepistemic logic [62] is the most widely studied logic of a class
called modal nonmonotonic logics. The autoepistemic logic is a formal logic aimed
at formalizing representation and reasoning of knowledge about knowledge. It
can express knowledge and lack of knowledge about facts. These logics use a
modal operator to express explicitly that a certain formula is consistent or believed.
Moore extends the syntax of propositional logic by a modal operator L indicating
knowledge: if p is a formula then also Lp is. Lp stands for “p is believed”. The
idea is to allow reasoning about what an agent completely knows and about what
he does not know. This means that: if p belongs to the set of beliefs B, then also
Lp has to belong to B, otherwise — Lp must be in B.

Circumscription [61] was created by McCarthy and it has generated a great deal
of interest in the nonmonotonic reasoning community. It formalizes the common
sense assumption that things are as expected unless otherwise specified. Circum-
scription deals with the minimization of predicates subject to restrictions expressed
by predicate formulas. In circumscription, theories are written in classical first-
order logic, however the entailment relation is not classical.

Defeasible logic [65], [5] is a nonmonotonic logic proposed by Donald Nute to
formalize defeasible reasoning. Defeasible reasoning is a simple, but often more
efficient than other nonmonotonic rule systems rule-based approach, to reasoning
with incomplete and inconsistent information. It is based on the use of rules that
may be defeated by other rules. In general, a knowledge base in defeasible logic
consists of five different kinds of knowledge: facts, strict rules, defeasible rules,
defeaters, and a superiority relation among rules.

Defeasible logic has recently been used in Semantic Web applications. In par-
ticular, there are implementations of defeasible logic that interoperate with Seman-
tic Web standards. We will present these implementations in the next section. Its
use as a rule language for Semantic Web applications has many advantages. It of-
fers enhanced representational capabilities allowing one to reason with incomplete
and contradictory information. It also can reason both with static and dynamic
knowledge on the Semantic Web. Defeasible logic also supports, in contrast to
the classical nonmonotonic reasoning approaches, the representational feature of
priority. Priorities on rules may be used to resolve some conflicts among them. Fi-
nally, compared to mainstream nonmonotonic reasoning, defeasible logic has the
additional very important advantage of its relatively low computational complexity
[56].
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2.7 Nonmonotonic Rule Systems on the Semantic Web

We present the following implemented systems, which follow nonmonotonic rea-
soning approaches for Semantic Web applications:

2.7.1 DR-Prolog

DR-Prolog [2] is a defeasible reasoning system on the Web, in which is based the
implementation of our system. It is a powerful rule system based on defeasible
logic, which combines the expressive power of a nonmonotonic logic with the
major Semantic Web standards (RDF/S, OWL, and RuleML), to build applications
for the logic and proof layers of the Semantic Web. DR-Prolog has a firm formal
foundation provided by a number of papers published in top artificial intelligence
and logic programming conferences and journals [5], [9], [4], [57], [56], [58], [59].
The main characteristics of DR-Prolog are the following:

e Itis based on Prolog. The core of the system consists of a well-studied trans-
lation [6] of defeasible knowledge into logic programs under Well- Founded
Semantics [32]. This declarative translation distinguishes from other defea-
sible reasoning systems.

e The main focus is on flexibility. Monotonic and nonmonotonic rules, pref-
erences among rules are part of the interface and the implementation. It also
supports open and closed world assumption, and reasoning with inconsis-
tencies. DR-Prolog implements the entire of defeasible logic and supports a
number of reasoning variants.

e The system can reason with RDF data and RDF Schema and (parts of) OWL
ontologies. The latter happens through the transformation of the RDFS con-
structs and many OWL constructs into rules. Note however, that a number
of OWL constructs cannot be captured by the expressive power of rule lan-
guages.

e Its user interface is syntactically compatible with RuleML, the main stan-
dardization effort for rules on the Semantic Web.

2.7.2 DR-DEVICE

DR-DEVICE [12] is also a defeasible reasoning system for the Semantic Web,
exhibiting similar functionality with DR-Prolog, but following a different overall
approach. It is a powerful query answering system that is implemented in Jess. It
is capable of reasoning about RDF data and RDF Schema ontologies over the Web
using defeasible logic. DR-DEVICE implements the full version of defeasible
logic, by supporting multiple rule types of defeasible logic, priorities among rules,
two types of negation, multiple variants e.t.c. Its architecture is based on the CLIPS
rule system, and is in fact an extension of R-Device: a system for rules on RDF
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data. It is syntactically compatible with RuleML and the rules can be expressed
either in the rule language of CLIPS, or in an extension of the OO-RuleML syntax.

DR-DEVICE is based on a translation of defeasible theories into the non-
logical language of Jess, with an associated loss in declarativity of the overall ap-
proach. On the other hand, it has advantages of easier integration with mainstream
software technologies.

2.7.3 SweetJess

SweetJess [45] is another defeasible reasoning system that it is implemented in
Jess and integrates well with RuleML. It is based on Situated Courteous Logic
Programs (SCLP), a powerful knowledge representation formalism that supports
prioritized conflict handling and procedural attachments. The latter is a feature not
supported by any of the other nonmonotonic implementations. It uses Jess rule en-
gine as inference engine and supports translation from rules in SCLP, syntactically
encoded in RuleML, into Jess rules and vice versa. An integration effort with the
Semantic Web ontology language of DAML+OIL exists, in which SCLP RuleML
is extended and is called DamlRuleML.

Sweetless is more limited in flexibility, in that it implements only one rea-
soning variant (ambiguity blocking variant). Moreover, it imposes a number of
restrictions on the programs it can map on Jess.

2.7.4 dlvhex

dlvhex [29] is a Semantic Web engine that is based on HEX-programs, which are an
extension of Answer-Set Programs. Answer-set programming (ASP) is a declara-
tive programming approach, similar in syntax to logic programming, with non-
monotonic semantics. HEX-programs are high-order logic programs, with exter-
nal atoms for software interoperability, which extend answer-set semantics. It is the
only nonmonotonic rule system that supports high-order features, which are only
supported by TRIPLE, from the monotonic systems we presented before. dlvhex
integrates rules on top of ontologies, by dealing with external knowledge, through
external atoms. External atoms allow integration of external sources of knowledge,
like RDF data, and reasoners of various nature, like description-logic reasoners for
OWL DL. In contrast to the previous homogeneous nonmonotonic systems, dlvhex
is a hybrid approach.

2.8 Rule Languages for the Semantic Web

Most of the rule-based systems, that we presented in the previous section and have
been developed over the time, present different concepts of rule languages and
notations to feed the rules into the systems. Rule systems use languages that are
best suited for their intentions and capabilities. A different research effort deal
with a unifying framework to represent rules for the Semantic Web context, where
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rules need to be published on the Web and implemented in such a way, as to allow
software agents to process on them. A standard XML encoding for the rules is
needed that would ease the exchange of rules on the Web between agents. We
present two standardization efforts in the area of rules for the Semantic Web:

2.8.1 Rule Markup Language

The Rule Markup Language (RuleML) [76] is a XML based rule language standard
that was developed to express both forward (bottom-up) and backward (top-down)
rules in XML for deduction, rewriting, and further inferential-transformational
tasks on the Web. It is developed by the Rule Markup Initiative, an open network
of researchers and practitioners from several countries that was formed to develop
a canonical Web language for rules using XML markup, formal semantics, and
efficient implementations.

RuleML provides a classification of the rule it supports. RuleML contains a
hierarchy of rules, including reaction rules (event-condition-action rules), transfor-
mation rules (functional-equational rules), derivation rules (implicational-inference
rules), also specialized to facts (premiseless derivation rules) and queries (conclu-
sionless derivation rules), as well as integrity-constraints (consistency-maintenance
rules). For these top-level families, XML DTDs and Schemas are provided, reflect-
ing the structures of the rule families. Derivation rules, facts, and queries have been
developed mostly up to date.

The RuleML hierarchy of rules branches into the two direct categories of re-
action rules and transformation rules. On the next level, transformation rules spe-
cialize to the subcategory of derivation rules. Then, derivation rules have further
subcategories, namely facts and queries. Finally, queries specialize to integrity
constraints. More subdivisions are being worked out, especially for reaction rules.
A graphical view of the top-level classification of RuleML rules is shown in Fig-
ure 2.5.

The basic subcategory in this hierarchy is the language of function-free Horn
clauses, known as Datalog. This is a sublanguage of derivation-rules and Horn
logic and it is the foundation for the kernel of RuleML sublanguages. Datalog
is the language in the intersection of SQL and Prolog. Its syntax is defined by
an XML Schema, using XML tags such as <head>, <body>, <atom> and is
referred as RuleML proposal. The latest XSD version that has been released is

RuleML version 0.91. To explain the Datalog features, we show the following
example, where a rule is formalized in RuleML Datalog:

<Implies>
<head>
<Atom>
<Rel>buyTicket</Rel>
<Var>Member</Var>
<Var>Film</Var>
</Atom>
</head>
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Figure 2.5: The RuleML hierarchy of rules.

<body>
<And>
<Atom>
<Rel>isFanOf</Rel>
<Var>Member</Var>
<Var>Actor</Var>
</Atom>
<Atom>
<Rel>participates</Rel>
<Var>Actor</Var>
<Var>Film</Var>
</Atom>
</And>
</body>
</Implies>

One of the goals of RuleML is to integrate with ontology languages and sub-
sequently with OWL. The current outcome of these efforts is a draft for SWRL,
which is based on a combination of the OWL DL with the unary and binary Data-
log sublanguages of RuleML. SWRL is described in the next section.

2.8.2 Semantic Web Rule Language

SWRL (Semantic Web Rule Language) [48] is a proposal for a Semantic Web rule
language, combining sublanguages of the OWL Web Ontology Language (OWL
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DL and Lite) with those of the Rule Markup Language (Unary/Binary Datalog).
The language makes it possible to extend the set of OWL axioms to include Horn-
like rules. It thus enables Horn-like rules to be combined with an OWL knowledge
base.

Rules are of the form of an implication between an antecedent (body) and a
consequent (head). The intended meaning can be read as: whenever the conditions
specified in the antecedent hold, then the conditions specified in the consequent
must also hold. Both the antecedent and the consequent consist of zero or more
atoms. An empty antecedent is treated as trivially true and an empty consequent is
treated as trivially false. Multiple atoms are treated as a conjunction.

The integration between rules and ontologies is achieved by using the con-
cepts and the roles of OWL DL, (which denote, respectively, unary and binary
predicates) for building atoms of the SWRL rules. The concepts and the roles are
defined by axioms expressed in OWL, which is a subset of SWRL, and used in
SWRL rules. Atoms in these rules can be of the form C(x), P(x,y), sameAs(x,y)
or differentFrom(x,y), where C is an OWL description, P is an OWL property, and
x,y are either variables, OWL individuals or OWL data values.

SWRL provides an XML Concrete Syntax which is a combination of the OWL
XML and RuleML presentation syntax. An example is the following:

<ruleml:imp>
<ruleml:_body>
<swrlx:individualPropertyAtom swrlx:property="buyTicket">
<ruleml:var>member</ruleml:var>
<ruleml:var>film</ruleml:var>
</swrlx:individualPropertyAtom>
<swrlx:individualPropertyAtom swrlx:property="isFanOf">
<ruleml:var>member</ruleml:var>
<ruleml:var>actor</ruleml:var>
</swrlx:individualPropertyAtom>
</ruleml:_body>
<ruleml:_ head>
<swrlx:individualPropertyAtom swrlx:property="participates">
<ruleml:var>actor</ruleml:var>
<ruleml:var>film</ruleml:var>
</swrlx:individualPropertyAtom>
</ruleml:_head>
</ruleml:imp>



Chapter 3

Extension of Defeasible Logic

3.1 Defeasible Logic

Defeasible reasoning is a nonmonotonic reasoning approach in which the gaps
due to incomplete information are closed through the use of defeasible rules that
are usually appropriate. This reasoning family is comprised of defeasible logics
[65], [5] and Courteous Logic Programs [43]. Defeasible logics were introduced
and developed by Nute [65] over several years. These logics perform defeasible
reasoning, where a conclusion supported by a rule might be overturned by the
effect of another rule. These logics also have a monotonic reasoning component,
and a priority on rules. One advantage of Nute ’s design was that it was aimed at
supporting efficient reasoning and he kept the language as simple as possible.

Defeasible logic has recently attracted considerable interest. Its use in various
application domains has been advocated, including the modelling of regulations
and business rules [3], modelling of contracts [35], legal reasoning [41], agent
negotiations [36], [79], modelling of agents and agent societies [40], [38], and
applications to the Semantic Web [2], [12].

Being nonmonotonic, defeasible logic deal with potential conflicts (inconsis-
tencies) among knowledge items. Thus, it contain classical negation, contrary to
usual logic programming systems. It can also deal with negation as failure (NAF),
the other type of negation typical of nonmonotonic logic programming systems;
in fact, Wagner [88] argues that the Semantic Web requires both types of nega-
tion. In defeasible logic, it is often assumed that NAF is not included in the object
language. However, as Antoniou et al. [9] show, it can be easily simulated when
necessary. Thus, we may use NAF in the object language and transform the original
knowledge to logical rules without NAF exhibiting the same behavior.

The logics take a pragmatic view and have low computational complexity. This
is, among other things, achieved through the absence of disjunction and the local
nature of priorities: Only priorities between conflicting rules are used, as opposed
to systems of formal argumentation where more complex kinds of priorities (e.g.,
comparing the strength of reasoning chains) are often incorporated.

25
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Defeasible logic is a logical formalism that has been studied and analyzed, with
strong results in terms of proof theory [5], semantics [37], [57] and computational
complexity [56]. As a consequence, its translation into logic programs, a funda-
mental part of our implemented system, has also been studied thoroughly [59],

[8].[6].

3.1.1 Syntax

A defeasible theory (a knowledge base in defeasible logic) D is a triple (F, R, >),
where F'is a set of literals (called facts), R a finite set of rules, and > a superi-
ority relation on R. In expressing the proof theory we consider only propositional
rules. Rules containing free variables are interpreted as the set of their variable-free
instances.

Facts are literals that are treated as known knowledge (given or observed facts
of a case), for example, Tweety is an emu. Written formally, this would be ex-
pressed as

emu(tweety).

There are three kinds of rules. Strict rules are denoted by A — p and are interpreted
in the classical sense: whenever the premises are indisputable (e.g. facts) then so is
the conclusion. An example of a strict rule is “Emus are birds”. Written formally:

emu(X) — bird(X).

Inference from facts and strict rules only is called definite inference. Facts and
strict rules are intended to define relationships that are definitional in nature. Thus
defeasible logics contain no mechanism for resolving inconsistencies in definite
inference.

Defeasible rules are denoted by A =- p and can be defeated by contrary
evidence. An example of such a rule is “Birds typically fly”’; written formally:

bird(X) = flies(X).

The idea is that if we know that something is a bird, then we may conclude that it
flies, unless there is other, not inferior, evidence suggesting that it may not fly.

Defeaters are denoted by A ~~ p and are used to prevent some conclusions. In
other words, they are used to defeat some defeasible rules by producing evidence
to the contrary. An example is the rule

heavy(X) ~» = flies(X)

which reads as follows: “If an animal is heavy then it may not be able to fly”. The
main point is that the information that an animal is heavy is not sufficient evidence
to conclude that it doesn’t fly. It is only evidence that the animal may not be able to
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fly. In other words, we do not wish to conclude — flies(X) if heavy(X); we simply
want to prevent a conclusion flies(X).

The superiority relation among rules is used to define priorities among rules,
i.e., where one rule may override the conclusion of another rule. For example,
given the defeasible rules

r:bird(X) = flies(X)
s : brokenWing(X) = —flies(X)

which contradict one another, no conclusive decision can be made about whether a
bird with broken wings can fly. But if we introduce a superiority relation > with s
> r, with the intended meaning that s is strictly stronger than r, then we can indeed
conclude that the bird cannot fly.

Notice that a cycle in the superiority relation is counterintuitive. In the above
example, it makes no sense to have both r > s and s > r. Consequently, we focus
on cases where the superiority relation is acyclic.

Another point worth noting is that, in defeasible logic, priorities are local in
the following sense: two rules are considered to be competing with one another
only if they have complementary heads. Thus, since the superiority relation is used
to resolve conflicts among competing rules, it is only used to compare rules with
complementary heads; the information r > s for rules r, s without complementary
heads may be part of the superiority relation, but has no effect on the proof theory.

3.1.2 Formal Definition

In this report we restrict attention to essentially propositional defeasible logic.
Rules with free variables are interpreted as rule schemas, that is, as the set of all
ground instances. If ¢g is a literal, ~q denotes the complementary literal (if ¢ is a
positive literal p then ~q is —p; and if g is —p, then ~q is p).

Rules are defined over a language (or signature) Y., the set of propositions
(atoms) and labels that may be used in the rule.

A rule r: A(r) — C(r) consists of its unique label r, its antecedent A(r), (A(r)
may be omitted if it is the empty set) which is a finite set of literals, an arrow —
(which is a placeholder for concrete arrows to be introduced in a moment), and its
head (or consequent) C(r) which is a literal. In writing rules we omit set notation
for antecedents, and sometimes we omit the label when it is not relevant for the
context. There are three kinds of rules, each represented by a different arrow. Strict
rules use —, defeasible rules use =, and defeaters use ~-.

Given a set R of rules, we denote the set of all strict rules in R by R, the set of
strict and defeasible rules in R by R4, the set of defeasible rules in R by R;, and
the set of defeaters in R by Rgs:. R/q] denotes the set of rules in R with consequent
q.

A superiority relation on R is arelation > on R. When r; > ro, then r; is called
superior to ra, and ro inferior to ry. Intuitively, r; > ro expresses that r; overrules



CHAPTER 3. EXTENSION OF DEFEASIBLE LOGIC 28

ra, should both rules be applicable. Typically we assume > to be acyclic (that is,
the transitive closure of > is irreflexive).

A defeasible theory D is a triple (F, R, >) where F is a finite set of literals
(called facts), R a finite set of rules, and > an acyclic superiority relation on R. D
is called decisive if the atom dependency graph of D is acyclic.

3.1.3 Proof Theory

A conclusion of D is a tagged literal and can have one of the following four forms:
e +/Ag, which is intended to mean that ¢ is definitely provable in D.

e -Ag, which is intended to mean that we have proved that ¢ is not definitely
provable in D.

e +0q, which is intended to mean that g is defeasibly provable in D.

e -0Jq, which is intended to mean that we have proved that q is not defeasibly
provable in D.

If we are able to prove ¢ definitely, then g is also defeasibly provable. This is a
direct consequence of the formal definition below. It resembles the situation in,
say, default logic: a formula is sceptically provable from a default theory 7" = (W,
D) (in the sense that it is included in each extension) if it is provable from the set
of facts W.

Provability is based on the concept of a derivation (or proof)in D = (F, R, >).
A derivation is a finite sequence P = (P(1),...,P(n)) of tagged literals constructed
by inference rules. There are four inference rules (corresponding to the four kinds
of conclusion) that specify how a derivation may be extended. (P(1..1) denotes the
initial part of the sequence P of length i):

+A: We may append P(i+1)= +Agq if either
g€ For
Ir € Ry[q] VYa € A(r): +Aa e P(1..i)

That means, to prove +Ag we need to establish a proof for ¢ using facts and
strict rules only. This is a deduction in the classical sense. No proofs for the
negation of ¢ need to be considered (in contrast to defeasible provability below,
where opposing chains of reasoning must be taken into account, too).

To prove —Ag, that is, that ¢ is not definitely provable, ¢ must not be a fact.
In addition, we need to establish that every strict rule with head ¢ is known to be
inapplicable. Thus for every such rule r there must be at least one antecedent a for
which we have established that « is not definitely provable (—Aa).

—A: We may append P(i+1)=-Ag if
g ¢ F and
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Vr € Ry[g] Ja € A(r): —Aa € P(1..i)

It is worth noticing that this definition of nonprovability does not involve loop
detection. Thus if D consists of the single rule p — p, we can see that p cannot be
proven, but defeasible logic is unable to prove -Ap.

+0: We may append P(i+1) = +0gq if either
(1) +Agq € P(1..i) or
(2) (2.1)3r € Rylg] Ya € A(r): +0a € P(1..i) and
(2.2) =A ~g € P(1..i) and
(2.3)Vs € R[~q] either
(2.3.1)da € A(s): —0a € P(1..i) or
(2.3.2)3t € Ryy|g] such that
Va € A(t): +0a € P(1..1)and t > s

Let us illustrate this definition. To show that g is provable defeasibly we have
two choices: (1) We show that ¢ is already definitely provable; or (2) we need to
argue using the defeasible part of D as well. In particular, we require that there
must be a strict or defeasible rule with head g which can be applied (2.1). But now
we need to consider possible attacks, that is, reasoning chains in support of ~gq.
To be more specific: to prove g defeasibly we must show that ~¢q is not definitely
provable (2.2). Also (2.3) we must consider the set of all rules which are not known
to be inapplicable and which have head ~¢q. Essentially each such rule s attacks
the conclusion ¢ . For g to be provable, each such rule must be counterattacked by
a rule ¢ with head ¢ with the following properties: (i) # must be applicable at this
point, and (ii)  must be stronger than s. Thus each attack on the conclusion ¢ must
be counterattacked by a stronger rule.

The definition of the proof theory of defeasible logic is completed by the con-
dition -0. It is nothing more than a strong negation of the condition +0.

—0: We may append P(i+1) = —0q if
(1) —=Agq € P(1..1) and
(2) (2.1)Vr € Ry4lg] Ja € A(r): —0a € P(1..i)or
(2.2) +A ~qg € P(1..i) or
(2.3)ds € R[~q] such that
(2.3.1)Va € A(s): +0a € P(1..i) and
(2.3.2)Vt € Ryylq] either
Ja € A(t): —Oa € P(1.i)ort ¥ s

To prove that g is not defeasibly provable, we must first establish that it is
not definitely provable. Then we must establish that it cannot be proven using the
defeasible part of the theory. There are three possibilities to achieve this: either we
have established that none of the (strict and defeasible) rules with head g can be
applied (2.1); or ~q is definitely provable (2.2); or there must be an applicable rule
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r with head ~¢ such that no possibly applicable rule s with head ~¢q is superior to
s (2.3).

The elements of a derivation P in D are called lines of the derivation. We say
that a tagged literal L is provable in D = (F, R, >), denoted D - L, iff there is a
derivation in D such that L is a line of P. When D is obvious from the context we
write - L.

It is instructive to consider the conditions +0 and -0 in the terminology of
teams, borrowed from Grosof [43]. At some stage there is a team A consisting of
the applicable rules with head ¢, and a team B consisting of the applicable rules
with head ~¢. These teams compete with one another. Team A wins iff every rule
in team B is overruled by a rule in team A; in that case we can prove +0g. Another
case is that team B wins, in which case we can prove +0~¢q. But there are several
intermediate cases, for example one in which we can prove that neither ¢ nor ~¢g
are provable. And there are cases where nothing can be proved (due to loops).

Proposition 1. [14] If D is decisive, then for each literal p:
(a) either DF +Ap or DF -Ap
(a) either D = -Op or D - +0p

Not every defeasible theory satisfies this property. For example, in the theory con-
sisting of the single rule p = p neither -Op nor +0p is provable. The proof of the
proposition can be found in [14].

Proposition 2. [S]Consider a defeasible theory D.
() IfDV -A~p and DY +Ap then DY +0p.
Q) IfDF +A~pand D - -Ap then D \- -Op.
B)IfDF +0~p and D+ -Ap and D Y -Op then D is cyclic.

Theorem 3. [5]If D is an acyclic defeasible theory, then D is conclusion equiv-
alent to a theory D’ that contains no use of the superiority relation, nor defeaters.
If D is a cyclic defeasible theory, then D is conclusion equivalent to a theory D’
that contains no use of defeaters, and if D’ contains cycles then they have length 2,
and each cycle involves the only two rules for a literal and its complement.

Proposition 4. [S5]Let D be an acyclic defeasible theory.
IfDF +0p and D+ +0~p then D+ +Ap and D F +A~p.

Consequently, if D contains no strict rules and no facts and D - +0q , then D

F -0~gq.

The proves for the Propositions 2, 4 and for the Theorem 3 can be found in [5].
Governatori et. al [37] describe defeasible logic and its variants in argumentation-

theoretic terms. Under the argumentation semantics, proof trees are grouped to-

gether as arguments, and conflicting arguments are resolved by notions of argument

defeat that reflect defeat in defeasible logic.
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Maher [55] gives a denotational-style semantics to defeasible logic, providing
another useful analysis of this logic. The semantics is compositional, and fully
abstract in all but one syntactic class.

A model-theoretic semantics semantics of defeasible logic is given by Maher
in [57]. This semantics follows Nute’s semantics for LDR [64] in that models
represent a state of mind or “belief state” in which definite knowledge (that which
is “known”) is distinguished from defeasible knowledge (that which is “believed”).
A major difference from [64] is that adopts partial models as the basic from which
to work.

3.2 Modelling Agents

As we stated, one of the basic motivations of our work is the modelling of multi-
agent systems. At this point, we should present a definition of the term agent.
Although there is no universally accepted definition of this term, we present the
definition, adapted from [89] : “An agent is a computer system that is situated in
some environment, and that is capable of autonomous action in this environment
in order to meet its design objectives”.

As the definition said, we consider agents to be systems that are situated or em-
bodied in some environment. By this, we mean that agents are capable of sensing
their environment and they have a set of possible actions that they can perform, in
order to modify their environment. Agents cannot perform all actions in all situa-
tions. Therefor actions have preconditions, which define the possible situations in
which they can be applied. In almost all realistic applications, agents have at best a
partial control over their environment, in that it can influence it, but not a complete
control.

There is a wide range of environments with different properties, that can be
occupied by agents. Such a case is when an agent is situated in part of the real
world, where it senses its environment by physical sensors and actions are physi-
cal, like moving objects around. There are also many cases where software agents
perform actions in a software environment. An example is the buyer agents or
shopping bots that help Internet users find products and services they are searching
for. These software applications recommend products that were visited by users
who did the same search. An other example are user agents, which execute tasks
automatically for the user, like sorting emails according to the user’s order of pref-
erence. Other Web applications of software agents include spam filters, search
engine bots etc. Finally most daemons, background processes which monitor a
software environment, in Unix-like systems can be viewed as agents.

3.2.1 Intelligent Agents

An intelligent agent is one that operates flexibly and rationally in a variety of envi-
ronmental circumstances, in order to meet its design objectives, given the informa-
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tion they have and their perceptual and effectual capabilities. These agents should
have the following properties:

e autonomy : To some extent they have control over their behavior and make
independent decisions without driven by humans and other systems;

e reactivity . They are able to perceive their environment, and are responsive
in a timely fashion to changes that occur in it;

e pro-activeness . They are able to exhibit goal-directed behavior by taking
the initiative in order to achieve their goals;

e social ability : They are capable of negotiating and cooperating with other
agents.

One of the key problems in facing an agent is the decision of which actions to per-
form from the set of possible actions. Agent architectures are particular method-
ologies for building agents for decision making systems that are embedded in an
environment. We consider four types of agent architecture, characterized by the
different nature of their decision making:

e Logic-Based Architectures : The “traditional” approach to building artifi-
cially intelligent systems, in which decision making is achieved through log-
ical deduction;

e Reactive Architectures : Such systems are perceived as simply reacting to an
environment, without reasoning about it. Decision making is implemented
via simple direct mapping from situation to action;

o Belief-Desire-Intention Architectures : BDI architectures have their roots in
the philosophical tradition of understanding practical reasoning, which is the
process of deciding which action to perform in furtherance of our goals. De-
cision making depends upon the manipulation of data structures representing
the beliefs, desires, and intentions of the agent;

o Layered Architectures : A class of architectures, where agents are capable of
reactive and proactive behavior and various subsystems are arranged into a
hierarchy of interacting layers. decision making is realized via the interac-
tion of a number of task accomplishing layers.

3.2.2 Cognitive Agents

A cognitive or rational agent is an intelligent agent that chooses to perform actions
that are in its own best interests, given his or her knowledge of its environment. It
behaves in a way that maximizes its chances for goal achievement. Suppose that
a cognitive agent has the goal to stay dry and it has the belief that it is raining.
Then it chooses to take an umbrella when it leaves its house, since this action is in
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its own best interest, which is the goal of staying dry. In our work, we take into
account the BDI architecture as the model for building cognitive agents. This is an
approach of building Intentional Agent systems, where agents are provided with
mental attitudes, like believing, wanting, hoping and fearing and so on.

3.2.3 BDI Architecture

Belief-Desire-Intention (BDI) [71],[72] model of rational agency contains explicit
representations of beliefs, desires, and intentions.

Beliefs are the information an agent has about the world. We use the term be-
lief, rather than knowledge, to recognize that what an agent believes may be incom-
plete or incorrect. Desires are those things that the agent would like to accomplish
or bring about. In BDI architecture we use the term goals to represent desires and
it adds the further restriction to be consistent with one another. Intentions are those
desires that an agent has chosen to achieve. An agent is not able to achieve all its
desires and these chosen desires, to which it has some commitment, are intentions.

The BDI model has its roots in the philosophical tradition of understanding
practical reasoning in humans, originally developed by Michael Bratman [17].
Practical reasoning is the process of deciding, moment by moment, what to do.
Contrast to theoretical reasoning, which is directed towards beliefs, practical rea-
soning is the application of reasoning towards action, e.g. the decision to catch a
bus instead of a train.

Practical reasoning appears to consist of at least two distinct activities: deciding
what goals we want to achieve, and how we want to achieve these goals. The
former process is known as deliberation and the latter as means-ends reasoning.
For example, deciding which career to aim for, after graduating from university, is
deliberation. The process of deciding a plan, in order to achieve the chosen goal of
pursuing a career as an academic, is means-ends reasoning.

Thus intentions play a crucial role in practical reasoning and their most obvious
property is that they are pro-attitudes, which means that they tend to lead to action,
e.g. applying to various PhD programs in order to achieve the intention to become
academic. A agent should also at times reconsider some intentions, because it
comes to believe that either has achieved them or its current intentions are no longer
possible. The relationships that exist between an agent ’s mental states, lead it to
select and perform rational actions. In this way, it is realized the definition of an
agent that we presented in section 3.2. A BDI agent senses its environment through
mental states and then chooses to perform actions.

A family of logics that support a formal theory of BDI model has been de-
veloped. The first logical description was Anand Rao and Michael Georgeff’s
BDICTL. More recently, BDICTL was extended by Michael Wooldridge to the
Logic Of Rational Agents (LORA) [90]. This a multi-modal logic, where modali-
ties represent BDI components, combined with temporal and action components.

BDI architectures have been implemented several times. The first implemen-
tation was the Intelligent Resource-Bounded Machine Architecture (IRMA) [18].
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However, the best-known implementation is the Procedural Reasoning System
(PRS) [33], that was developed by a team led by Georgeff. Many descendants
of PRS were implemented later.

3.2.4 Multiagent Systems

Much of traditional Artificial Intelligence has been concerned with the charac-
teristics and the structure of a single agent in order to function intelligently. But
intelligent agents do not function in isolation, but they operate and exist in some en-
vironment, which typically is both computational and physical and it might contain
other agents. Thus an agent cannot operate usefully by itself, but it also interacts
with the other agents. These environments, in which agents can operate effectively
and interact with each other productively, are called multiagent systems.

In [51] are identified the major characteristics of multiagent systems. Multia-
gent systems provide an infrastructure specifying communication and interaction
protocols. Their environments are typically open and decentralized. The agents
are autonomous, making decision without regard of the others, and distributed.
Difference may exist in agent ’s behavior, as they may be self-interested or cooper-
ative. Each agent also has incomplete information about its environment and it is
restricted to its capabilities.

One of the most important concerns of a multiagent environment are the com-
munication and interaction protocols. Communication protocols enable the ex-
change of information among agents, based on a shared system of signs. Interac-
tion protocols enable agents to have conversations through a structured exchange
of messages, leading to some defined outcome.

One of the key functionalities needed to implement a multiagent system is the
coordination as a form of interaction, which is particularly important with respect
to goal attainment and task completion. Coordination is the property of system of
agents performing actions that fit well with each other, as well as to the process of
achieving this state. The purpose is to achieve states of affairs that are considered
as desirable by one or several agents and that results in a coherent system, which
behaves well as a unit. A measure of coordination is the degree in which activities
like livelock, deadlock and increased resource contention are avoided.

In order to coordinate the agents, we must take dependencies among their ac-
tivities into consideration. Two contrasting manifestations of coordination that
play important roles are cooperation and competition. Cooperation is coordination
among nonantagonistic agents that work together, in order to achieve a common
goal, and so they succeed or fail together. On the other hand, in the case of com-
petition, several agents with conflicting goals work against each other and so the
success of one implies the failure of others. The coordination among competitive
agents is called negotiation.
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3.2.5 Society of Agents and Norms

An intelligent system does not function in isolation but they are part of an environ-
ment, which it may contain other such intelligent agent systems. It makes sense to
view such systems as a society of agents.

A group of agents can form a small society in which they play different roles.
When an agent joins a group, he joins in one or more roles, and acquires the com-
mitments of that role. Though it is an autonomous agent, it is constrained by the
commitments for the roles it adopts. Thus typically roles include permissions and
obligations, and are associated with specific behavioral patterns.

The mental attitudes that describe an agent ’s internal state, as in the Belief-
Desire-Intention agent that we described in subsection 3.2.3, are appropriate for
a number of applications and situations but not for understanding all aspects of
social interactions. A self-interested agent need not be selfish and it may have
other interests than its immediate personal gain. Thus intelligent agents should
interact and coordinate to achieve their own goals and the goals of their society.
We use social laws and norms as a way of coordinating activities and behaviors of
large numbers of agents in a society.

Norms are established expected patterns of behavior. They are rules that spec-
ify how an agent embedded in a society of agents should behave, striking a balance
between individual freedom on the one hand, and the goal of the agent society
on the other. They consist a set of constraints on individual actions in particular
contexts such that, if all agents follow the social laws, the agent system will avoid
undesirable states. As we said, norms carry the meaning of expected behavior, e.g
it is a norm to form a queue when waiting for a bus and to allow those who arrived
first to enter the bus first.

3.2.6 The BOID Architecture

More recent works on cognitive agents try to combine two different perspectives.
The first one is the classical agent systems based on mental attitudes, like the BDI
architecture. The other is the artificial societies of agents, where normative as-
pects coordinate the behaviors of intelligent autonomous agents [23], [31], [69],
[26], [39]. The result of this combination of perspectives is the modelling of au-
tonomous agents based on cognitive and social models, where an agent deliberation
and behavior is determined as an interplay between mental attitudes and normative
aspects. BOID architecture is such an approach, in which BDI cognitive states
interact with one another and with obligations as well, incorporating in this way
norms and commitments.

Beliefs-Obligations-Intentions-Desires (BOID) [23], [24], [25], [28] architec-
ture is an agent architecture that contains at least four components representing the
beliefs (B), obligations (O), intentions (I) and desires (D) of the agent. A logical
framework has been developed, where the content of each component is repre-
sented by sets of propositional logical formulas, often in the form of defeasible
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rules. BOID identifies two general types of conflicts: Internal conflicts can arise
within each component and external conflicts between them. These two general
types of conflicts can be distinguished into further conflict subtypes, e.g. unary
subtypes within each component, binary conflict subtypes, such as OI, BD, e.t.c.,
ternary conflicts subtypes, such as BID, BOD, e.t.c., and one quadruplicate conflict
type BOID. A classification of conflict resolution types among the motivational at-
titudes is supported, which corresponds to what in agent theories is called agent
types. For example, an agent is realistic if beliefs overrule all the other compo-
nents, simple-minded if intentions overrule desires and obligation, social if obliga-
tions overrule desires e.t.c.

3.3 Modal Logic

In formal logic, a modal logic is any logic for handling modalities. A modal is
an expression that is used to qualify the truth of a judgement. Modal logic is,
strictly speaking, the study of the deductive behavior of the expressions “it is nec-
essary that” and “it is possible that”. In its general form, modal logic was used by
philosophers to investigate different modes of truth, but it also has important appli-
cations in computer science. For example, the following are all modal propositions:

It is possible that it will rain tomorrow.
It is necessary that either it is raining here now or it is not raining here now.

However, the term “modal logic” may be used more broadly for handling a number
of other ideas. These include logics for belief, for tense and other temporal expres-
sions, for the deontic expressions such as “it is obligatory that” and “it is permitted
that”, and many others. The best known family of modal logics with similar rules
and a variety of different symbols will be described in the next sections.

Modal logic was first developed to deal with the concepts of necessity and pos-
sibility, which are called basic modal operators, and only afterward was extended
to others. These operators are usually written as [ for Necessarily and ¢ for Pos-
sibly.

Many systems of modal logic, with widely varying properties, have been pro-
posed since C. I. Lewis began working in the area in 1910. The most familiar
logics in the modal family are constructed from the weakest modal logic, named
K in honor of Saul Kripke. The symbols of K include “~” for “not”, “—" for
“if...then”, and the modal operators of “[1” and “{”. These operators is definable
in terms of the other, forming a dual pair of operators:

e [p (necessarily p) is equivalent to ~{~p (not possible “not p”)
e Op (possibly p) is equivalent to ~[J~p (not necessary “not p”’)

K results from adding the following rule and axiom to the principles of proposi-
tional calculus:
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e Necessitation Rule: If p is a theorem of K, then so is [p.
e Distribution Axiom: (p—q) — (Up—0g).

The system K is too weak to provide an adequate account of necessity. Many
important axioms are not provable in K and they give rise to other well-known
modal systems. For example, a desirable axiom is that if “p is necessary then p is
true”. The following are well-known elementary axioms that govern the necessity,
iteration, or repetition of modal operators.

e llp—p

o [Ip— 0Olp

p=00p

Op = Op

Op = 0OOp

3.3.1 Deontic Logic

Deontic logic is the field of logic that is concerned with obligation, permission, and
related concepts. Obligation and norms generally, seems to have a modal structure.
The difference between “You must do this” and “You may do this” looks a lot like
the difference between It is necessary that” and “It is possible that”. Deontic logic
introduces the modal operators O for “it is obligatory that”, P for “it is permitted
that” and F for “it is forbidden that”. These are the notions that have received
more attention in deontic logic than others, like “it is non-necessary that” or “it
is optional that”. Permission and prohibition are defined by taking obligation as
primitive operator:

[ ] PA <—>NONA
[ ] FA (—)ONA

These assert that something is permissible if and only if its negation is not obliga-
tory and forbidden if and only if its negation is obligatory.

Standard Deontic Logic (SDL) is the most cited and studied system of de-
ontic logic, and one of the first deontic logics axiomatically specified. It builds
upon propositional logic and it follows a simple and elegant Kripke-style seman-
tics. SDL can be axiomatized by assuming that we have a language of classical
propositional logic with an infinite set of propositional variables, the operators ~,
= and O and by adding the following axioms:

o Oy = Py

® Oa=p) = (Oa= Op)
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The first axiom guarantees the consistency of the system of obligations by insisting
that when A is obligatory, then it is permissible that A. The second axiom says that
when it is obligatory that A implies B then if A is obligatory then B is obligatory
too.

Norms are “patterns”, “rules”, “laws” that individuals or social groups obey or
“regularities” that their behavior displays. Deontic Logic enables one to represent
the norms and perform normative reasoning of human behavior by formalizing
such concepts as obligation, permission and prohibition, and employing them in
representation and reasoning. When the norms of an organization are identified,
it is possible to predict and hence to collaborate with others in performing coordi-
nated actions. Norms aims to be captured and represented in the form of deontic
logic, in order to serve as a basis for coordinating intelligent autonomous agents to
perform many activities and regulating the interactions among them.

3.3.2 Temporal Logic

The term Temporal Logic has been broadly used to cover all approaches to the
representation of temporal information within a logical framework. It is also used
to refer to the modal-logic type of approach introduced around 1960 by Arthur
Prior under the name of Tense Logic and subsequently developed further by logi-
cians and computer scientists. Applications of Temporal Logic include its use as
a formalism for clarifying philosophical issues about time, as a framework within
which to define the semantics of temporal expressions in natural language, as a
language for encoding temporal knowledge in artificial intelligence, and as a tool
for handling the temporal aspects of the execution of computer programs.

Temporal Logic contains four modal operators. The two basic operators are G
for the future, which is read as “it will always be the case that”, and H for the past,
which is read as “It has always been the case that”. The other temporal operators
are F which is read as “It will at some time be the case that” and P which is read
as “It has at some time been the case that”. These operators are defined from the
basic operators by using the following equivalences:

o Py—~H.y

[ ] FA HNGNA

3.3.3 Epistemic Logic

Epistemic logic is a subfield of modal logic that studies reasoning about knowl-
edge and belief. It provides insight into the properties of individual knowers and a
means to model complicated scenarios involving groups of knowers. While epis-
temic logic has a long philosophical tradition dating back to Ancient Greece, it
has many applications in philosophy, theoretical computer science, artificial in-
telligence and economics. It was C.I. Lewis who created the first symbolic and
systematic approach to the topic, in 1912.
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Syntactically, the language of propositional epistemic logic is simply a matter
of augmenting the language of propositional logic with the basic epistemic operator
K, which can be read as “it is known that”. If there is more than one agent, the
subscripts that are attached to the operator indicates whose agent the knowledge is
represented. So the operator K A is read as “Agent ¢ knows A”. Epistemic logic
can be extended to support the notion of common knowledge for a group of agents.
For example, there is the operator £ A which is read as “every agent in group G
knows that A”, and the operator Cc A which is read as “it is common knowledge
to every agent in G that A”.

3.4 Modelling Mental Attitudes and Normative Notions
within Defeasible Logic

Recent work shows that defeasible logic is a nonmonotonic approach that can be
extended with modal and deontic operators [40], [39], [41], [74], [38]. This report
presents a computationally oriented nonmonotonic logical framework that deals
with modalities, motivated by potential applications for modelling multi-agent sys-
tems and policies.

The logical framework deals with the following modalities:

1. knowledge
intention
agency

obligation

ook w D

permission

This approach has many similarities with the BOID architecture that was described
in subsection 3.2.6. As our system, BOID architecture is a rule-based framework
where the motivational attitudes are represented as rules. The conflicts may arise
among informational and motivational attitudes and the way these conflicts are re-
solved determines the type of the agent. Both systems capture the informational
attitude of belief (or knowledge) and the external motivational attitude of obliga-
tion while the policy-based intention modality of our framework captures both the
intention and desire components of BOID.

On the other hand, there many aspects which differentiate our system from
BOID architecture:

e our framework is enriched with the additional notions of agency and permis-
sion;

e rules support the introduction of modalities, not only through the labelling
of rules, but also explicitly in rule antecedents. Thus rules can also contain
modalised literals, enriching in this way the expressive power of the logic;
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e it supports the feature of rule conversion, in which the modality of one rule
can be converted into another;

o the resolution of conflicts captures only some motivational attitudes. Con-
flicts may not appear among certain modalities;

e superiority relation is used between two single rules in order to devise spe-
cific policies.

Our logical framework is based on the approach of [40]. Similarly to BOID, it
combines the two different perspectives of cognitive agents, based on the BDI ar-
chitecture and the modelling of agent societies by means of normative concepts. In
addition to this approach, we consider a fifth kind of modality, the deontic notion
of permission.

3.4.1 Knowledge

Knowledge is the agent ’s theory about the world. This is an epistemic notion.
It corresponds to the information that an agent has about the environment and its
beliefs about the world. What an agent believes may not necessarily be true and in
fact may change in the future, when new information is added to the system. So
knowledge has a defeasible nature.

3.4.2 Intention

Intention in our framework describes the agent ’s policy. It is the policy-based in-
tention and is based on Bratman ’s classification of intention [17], [38]. Bratman
classifies intention as deliberative, non-deliberative and policy-based. The differ-
ence between the three is the following: When an agent i has an intention of the
form IN Titlgo, to (read as agent i intends at t1 to @ at t3) as a process of present
deliberation, then it is called deliberative intention. On the other hand, if the agent
comes to have such an intention not on the basis of present deliberation, but at
some earlier time ¢y and has retained it from % to ¢; without reconsidering it, then
this intention it is called non-deliberative. The third case arises when intentions are
general and concern potentially recurring circumstances in an agent ’s life. Such
general intentions comprise policy-based intentions, and are defined as follows:
when the agent i has a general intention/personal policy to ¢ in circumstances of
type ¥ and i notes at ¢ that i is (will be) in a ¢)-type circumstance at ¢, and thereby
i arrives at an intention to ¢ at to.

From the above definition it can be noted that a policy-based intention is not
deliberative, since there is no present deliberation concerning the action to be per-
formed, but it depends on the circumstances. Neither is it a non-deliberative since
it is not simply a case of retaining an intention previously formed. It is general
intention that can be either periodic or circumstance-triggered.

Suppose that there is a TV agent whose main objective is to make recommen-
dations of TV programs given a user ’s preferences. The weekly update of the TV
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guide is considered as an agent ’s periodic policy-based intention. On the other
hand, the agent has the circumstance-triggered policy-based intention to recom-
mend programs that the user likes. The agent does not intend to recommend tv
programs that happen at the same time and he choose to recommend the highest
program according to the ratings. In such scenarios the general intentions need to
be reconsidered. The general intention has a nonmonotonic nature and the agent
does not intend to act no matter what. He intends an outcome only if he is sure
that all the evidence to the contrary has been defeated. This comes in contrast with
normal modal logic, where the agent intends all the consequences.

3.4.3 Obligation

Our framework also incorporates the intuition of obligation, according to the agent
’s normative system. It is crucial aspect in the modelliing of autonomous agents
based on cognitive as well as social models to formalize internal motivational at-
titudes such as intention and external motivational attitudes such as obligation.
Intentions are viewed as internal constraints of an agent and obligations as exter-
nal constraints. As constraint, obligation is nonmonotonic, which is a well-known
character of deontic reasoning. An example that shows this intuition, by presenting
two conflicting rules in a normative system, is the following: “One rule says that
committing a harm implies responsibility, while an other rule says that acting in
self-defence implies no responsibility”.

The defeasibility of normative r