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Preface

The Knowledge Representation Ontology Workshop (KROW 2008) took place in Sydney, NSW, Australia
on 17 September 2008, in conjunction with KR 2008: the Eleventh International Conference on Principles
of Knowledge Representation and Reasoning, Sydney, Australia, September 16-19, 2008. KROW 2008
is a continuation of the successful Australasian Ontology Workshop (AOW) series which were held in
conjunction with the Australian Joint Conferences on Artificial Intelligence in the past few years. AOW
will resume again next year.

The primary aim of KROW 2008 is to bring together active researchers in the broad area of ontologies
and to promote interaction with the knowledge representation and reasoning community. The use of formal
ontologies in knowledge systems has many advantages. It allows for an unambiguous specification of the
structure of knowledge in a domain, enables knowledge sharing and, as a result, makes it possible to perform
automated reasoning about ontologies.

The programme of KROW 2008 featured an invited speech and eight contributed presentations. The
invited speaker, Enrico Franconi of the Free University of Bozen-Bolzano, summarised the issues that
arise when trying to “integrate” ontologies with databases. He described the differences between standard
(relational) database access technology and the technology for accessing (integrated) information sources
mediated by global constraints or ontologies. He presented various current solutions to the problem, empha-
sising the advantages and the limitations of each of them, and their feasibility in real world data intensive
applications.

The contributed papers deal with many aspects of ontology research, including the theoretical foun-
dations, description logics, integration and evolution of ontologies, ontologies for the Semantic Web, and
applications of real-world ontologies in diverse areas such as customer services, reef eco-systems, social
networks, as well as those describing new challenges arising out of applications.

A program committee of international standing reviewed all contributed papers (full papers were re-
viewed). Each paper was reviewed by at least three program committee members, and additional reviews
were sought to identify the most promising papers. As a result, eight out of sixteen submitted papers were
included for publication in this proceedings, involving authors from twelve different countries.

Many individuals contributed to this workshop. We would like to thank the invited speaker, Enrico
Franconi, the authors, the members of the Program Committee of KROW 2008, and the additional reviewers
for their contributions to the quality of the workshop and this collection. Thanks are also due to Maurice
Pagnucco, KR 2008 Local Chair, for his help with the smooth organisation of this workshop event, and to
Vladimir Estivill-Castro, John Roddick and Simeon Simoff, the editors of the CRPIT series, for facilitating
the publication of the KROW 2008 proceedings.

We would like to acknowledge the EasyChair conference management system which was used in all
stages of the paper submission and review process and also in the collection of the final camera-ready
papers.

Thomas Meyer, Meraka Institute
Mehmet A. Orgun, Intelligent Systems Group (ISG), Department of Computing
Organisers of KROW 2008
September, 2008
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Utilising Ontological Structure for Reasoning with Preferences

Gil Chamiel Maurice Pagnucco

School of Computer Science and Engineering
The University of New South Wales

NSW, Sydney 2052, Australia and NICTA, Sydney, Australia.
Email: {gilc|morri}@cse.unsw.edu.au

Abstract

The ability to model preferences and exploit preferen-
tial information to assist users in searching for items
has become an important issue in knowledge repre-
sentation. On the one hand, accurately eliciting pref-
erences from the user in the form of a query can result
in a coarse recommendation mechanism with numer-
ous results returned. The problem lies in the user’s
knowledge concerning the items among which they
are searching. Unless the user is a domain expert,
their preferences are likely to be expressed in a vague
manner and so vague results (in the form of numerous
alternatives) are returned.

In this paper we remedy this problem by exploit-
ing ontological information regarding the domain at
hand. This ontological information can be provided
by a domain expert and need not concern the user.
However, we show that it can prove useful in focus-
ing query results and providing more meaningful and
useful recommendations.

Keywords: Ontologies, Reasoning with Preferences

1 Introduction

We are faced with choices every day: which type of
restaurant to go to; which radio station to listen to
or TV channel to watch? In order to answer these
questions we exercise our preferences. Preferences
make effective reasoning possible since they encap-
sulate our everyday decisions. However, explicit pref-
erences alone are only part of the story. In some sit-
uations our own understanding of the domain is poor
and our preferences tend to reflect this. As a result,
we are unable to effectively discriminate among the
choices at hand. This paper addresses this problem
by supplementing user preferences with ontological
information so as to provide an effective user prefer-
ence mechanism.

Research on modeling abstract notions of prefer-
ence has provided a rich literature in logic and deci-
sion theory (Doyle & Thomason 1999, Fishburn 1999,
Bradley et al. 2000) with applications such as mod-
eling social choice in economics. With the growth of
the World Wide Web as a major platform for purchase
and consumption, the need for personalised product
recommendation systems has become evident, and
their development has become an important issue in
Knowledge Representation and Reasoning and Arti-
ficial Intelligence. One method that has gained pop-

Copyright c©2008, Australian Computer Society, Inc. This
paper appeared at The Knowledge Representation Ontology
Workshop (KROW 2008), Sydney, Australia. Conferences in
Research and Practice in Information Technology, Vol. 90.
Thomas Meyer and Mehmet A. Orgun, Eds. Reproduction
for academic, not-for profit purposes permitted provided this
text is included

ularity in the last few years is social-based product
recommendation, e.g. collaborative filtering (Sarwar
et al. 2001), where the selection history of other cus-
tomers is used to recommend products. Such tech-
niques tend to ignore deeper information of the do-
main in favour of following the herd mentality.

The aim of this paper is to exploit information that
is available in the structure of an OWL ontology to
supplement user preferences in order to provide an
effective choice mechanism. We consider a number
of methods based on different definitions of concept
similarity as measured in a RDF graph representation
of an OWL ontology. Furthermore, we provide an
implementation of our schemes in the SPARQL query
language that extends previous work by (Siberski et al.
2006) building on the preference mechanisms added to
SQL by (Kießling 2002, Kießling & Köstler 2002).

Previous work in this area is limited. An ontol-
ogy based similarity system has been presented by
(Middleton et al. 2004) but provides for only basic
features. (Schickel-Zuber & Faltings 2006) is much
closer in spirit to this paper, introducing the notion of
ontology filtering. However, they propose a score pro-
rogation system within an hierarchical graph, where
we focus on the structural properties of the ontology.
(Schickel-Zuber & Faltings 2007) supplement this ap-
proach by trying to learn the ontologies themselves.
(Kiefer et al. 2007) has applied similarity to semantic
data mapping, ontology mapping and semantic web
service matchmaking using techniques from linguistic
analysis.

The rest of this paper is arranged in the follow-
ing way. In the next section we cover the neces-
sary background material with a brief introduction
to OWL and SPARQL. We then briefly look at the
work by (Kießling 2002) and (Kießling & Köstler
2002) extending SQL and it’s partial implementation
in SPARQL by (Siberski et al. 2006). This is followed
by our proposal based on concept similarity, exploit-
ing the structure in an OWL ontology. We end with
a discussion and conclusions.

2 Background

Reasoning with preferences has been studied and de-
veloped in many disciplines from social choice, deci-
sion and game theory, logic and philosophy through
to artificial intelligence and machine learning. In our
work, we adopt these basic principles together with
their application to preference querying in database
systems. In order to provide more accurate and sen-
sible preference querying, we have chosen to use de-
scription logic based ontologies as our data model
since they provide a richer description of the under-
lying domain. In this section, we briefly discuss these
concepts.
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2.1 Preference Querying in Database Sys-
tems

In the context of database systems, (Kießling 2002)
presents a framework for dealing with preferences
as soft constraints, named Preference-SQL. In this
work, preferences are seen as strict partial orders over
database tuples i.e., as transitive and irreflexive pref-
erence relations. It proposes an extension to the SQL
query language (Kießling & Köstler 2002) which per-
mits filtering the result set using soft constraints as
opposed to classical SQL filtering which adopts hard
constraints returning only those results that match
the query exactly. A partial syntax of the extended
query language is given below:

SELECT <projection-list>
FROM <table-reference>
WHERE <hard-conditions>
PREFERRING <soft-conditions>
ORDER BY <attribute-list>

Using this syntax, the user can express their prefer-
ences as soft constraints and will receive tuples which
best match those constraints. This approach is re-
ferred to as the BMO (Best Match Only) query model
in which a tuple will find its way into the final re-
sult set if there does not exist any other tuple which
dominates it, i.e. better satisfies the preference con-
straints. Preference constraints in this framework
can be expressed through standard SQL operators
in terms of likes/dislikes (e.g. =, <>, IN) and nu-
meric constraints (e.g. <, >=, BETWEEN). This work
also introduces a set of special operators which al-
low the user to express their preferences in terms
of numerical approximations (through the operator
AROUND which will favour values close to a given
numerical target value) and in terms of minimiza-
tion/maximization of numerical values (through the
operators LOWEST/HIGHEST which will accept a low-
est/highest value respectively over other values). In
order to allow complex preference construction, two
binary preference assembly operators are introduced:
The Pareto accumulation (AND) treats both con-
stituent preference constructs as equal and is defined
as:

x ≺P1⊗P2
y ⇔

(x ≺P1
y ∧ (x ≺P2

y ∨ x ≡ y))∨

(x ≺P2
y ∧ (x ≺P1

y ∨ x ≡ y))

Where x, y are database tuples and P1, P2 are prefer-
ence constructs. Intuitively, this definition says that
y is strictly preferred to x whenever it is strictly pre-
ferred by at least one of the two constituent prefer-
ences and equally or more preferred by the other.
The Prioritize accumulation (CASCADE) is used to
treat two preference constructs in order of importance
and is defined:

x ≺P1&&P2
y ⇔

x ≺P1
y ∨ (x ≺P2

y ∧ (x ≺P1
y ∨ x ≡ y))

This definition says that x is strictly preferred to y
whenever it is strictly preferred by the first preference
in the cascade and otherwise it is strictly preferred
by the second preference in the cascade and equally
or more preferred by the first. Therefore, the first
constituent preference in the cascade is given higher
consideration.

2.2 Querying Ontological Information

Ontologies provide a standardised way of classifying
terms related to a domain. They are central to the
knowledge-based paradigm.

2.2.1 Description Logic Based Ontologies

In recent years, with the emergence of the Semantic
Web, the importance of knowledge representation and
reasoning techniques over ontological information has
gained added significance. Ontologies (Antoniou &
van Harmelen 2004) are a knowledge representation
technique based on description logic (DL) (Baader
et al. 2003) principles consisting of terminological en-
tities, i.e. Concepts and Properties also referred to
as TBox and instances (individuals) also referred to
as ABox. A very important feature of ontologies is
the inherent ability to define terminological objects
in a hierarchical manner, that is, concepts and sub-
concepts, properties and sub-properties. We make no
assumption about the nature of the ontology. For sim-
plicity we concentrate on tree-like ontologies in this
paper. However, the results can be straightforwardly
extended to DAGs.

2.2.2 RDF and OWL

A very common methodology for creating ontologi-
cal information is through the XML-based markup
language OWL (Web Ontology Language) which al-
lows the construction of the different entities of an
ontology based on RDF graphs. In RDF, entities
are represented using a triple pattern logic. Each
element in the RDF graph has to be a literal or
an RDF resource. For example, the following tag
constructs an OWL class (concept) named MusicAl-
bum: <owl:Class rdf:ID="MusicAlbum">. Here,
the subject is a class definition, the predicate is
the class id and the object is the string “Musi-
cAlbum”. Properties and Individuals can be cre-
ated in the same manner. For example, the fol-
lowing tag constructs a new individual music album
<MusicAlbum rdf:ID="Album_1">. Suppose we have
a property definition of a album’s release year, the fol-
lowing tag will assign the number 2005 as Album_1’s
release year: <Album_1 :releaseYear=2005>.

2.2.3 SPARQL

The SPARQL query language over RDF graphs
(Prud’hommeaux & Seaborne 2006) is a W3C Rec-
ommendation and considered to be a vital tool for
dealing with ontological information in the semantic
web. SPARQL allows queries over RDF Graphs us-
ing Triple Pattern Matching by introducing variables
and binding the appropriate RDF resources to the
variables. A partial syntax for SPARQL is given be-
low:

SELECT <projection-var-list>
FROM <ontology-reference>
WHERE <var-bindings>
FILTER <hard-conditions>
ORDER BY <var-list>

As opposed to SQL, the projected entities are vari-
ables where the equivalent entity to a database tuple
is a set of variables also referred to as a solution bind-
ing (or a result binding). The WHERE clause in the
query is typically used to bind variables to RDF re-
sources while hard constraints are given through the
FILTER clause (although it is possible to perform cer-
tain filter operations through the WHERE clause itself).
The ORDER BY clause acts as a solution modifier, i.e. a
solution list transformation function, which sorts the
result bindings according to the variables in a given
list. Other solution modifiers offered by SPARQL are
LIMIT to limit the number of results returned and
OFFSET to instruct SPARQL to start the result set
after a given number of bindings are found.
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3 Querying Ontological Information with
Preferences

A natural progression is to extend SPARQL with pref-
erential queries.

3.1 P-SPARQL

In a similar fashion to the way that Kießling ex-
tended SQL to enable database querying with prefer-
ences, (Siberski et al. 2006) presents an extension to
SPARQL to query ontological information with pref-
erences. The fundamental idea here is similar; a new
query element is introduced to allow the construction
of preferences as soft constraints. The extended syn-
tax of SPARQL (in the rest of this paper, we refer to
this extension as P-SPARQL) is given below:

SELECT <projection-var-list>
FROM <ontology-reference>
WHERE <var-bindings>
FILTER <hard-conditions>
ORDER BY <var-list>
PREFERRING <soft-conditions>

In the preferring section, every filter operator sup-
ported by SPARQL can be used as well as two scor-
ing operators, HIGHEST/LOWEST with similar seman-
tics as Preference-SQL. Also, similarly to Preference-
SQL, two complex preference assembly methods are
implemented, i.e. the Pareto operator for treating
two preference operators as equally important and the
Cascade operator to prioritize one preference opera-
tor over the other. Finally, in this work the BMO
(Best Match Only) query model was adopted where a
solution binding is a best match if there is no other so-
lution binding dominating it (i.e., strictly preferred).
Each solution binding competes against every other
solution binding where a solution binding will find its
way into the final result set if it is a best match under
this definition.

4 Exploiting Hierarchical Structure for Rea-
soning with Preferences

One of the most distinctive properties in represent-
ing knowledge using ontologies is the inherent ability
to define the terminologies in the ontology in an hi-
erarchical manner. In analogue to terminologies in
database systems, i.e. the database schema, in this
work we consider the terminological component of an
ontology (TBox) to be the part which stores informa-
tion created by experts on the domain at hand. This
assumption will then enable us to supply (possibly
recommend) to the user information about individ-
uals (ABox) according to their preferences without
having to assume a very high level of domain knowl-
edge on behalf of the user, and exploit the level of
knowledge the user does have in order to perform
more accurate preference querying. This is important
because in many product recommendation settings,
the user possesses little if any domain knowledge.

4.1 Motivating Example

4.1.1 The Music Record Shop Ontology

Consider an ontology which describes and stores in-
formation about music albums. This may include
musical genre, performing artists, country where the
album was produced, price and so on. Let’s also con-
sider a concept hierarchy composed by musical ex-
perts given in Figure 1. Note that this information
is taken from domain experts while we do not as-
sume the user has complete knowledge of the domain.

Still this information can be readily exploited when
reasoning with preferences (e.g. for a consumer who
would like to search for items in a more sophisticated
manner). In (Chamiel & Pagnucco 2008a) we iden-
tify a class of hierarchical systems referred to as data
inheritance systems. This means that each concept
in the hierarchy (not only a leaf) can be referred to
not only as an abstract concept (probably through a
set of properties this concept contains) but also as
a data concept—a concept which can be associated
with asserted instances (i.e., real objects). This is
the standard behaviour of ontologies in the semantic
web. This musical genre hierarchical system is of this
kind: an album can be identified as Progressive Rock
which is a leaf concept but at the same time an album
can be identified with the concept Rock even though
it serves as an abstract concept.

Example Query Consider the following P-
SPARQL query:

Prefix music:
<http://example.com/music.owl#>

SELECT ?id ?genre ?country
FROM <http://example.com/music.owl>
WHERE {
?id music:hasGenre ?genre.
?id music:producedIn ?country.}

PREFERRING
?country = music:England

CASCADE
?genre = music:AlternativeRock

In this query, we prefer albums originating from Eng-
land as our most important preference attribute be-
fore we prefer the alternative rock genre. In case no
such album exists to perfectly answer our preference
(i.e. no English Alternative Rock exists), we argue
that it will be sensible to return an English album
with genre similar to Alternative Rock over returning
any arbitrary album which happens to be English.
Running this query through P-SPARQL will have ex-
actly this latter behaviour where any musical genre
will be considered equal without examining its rela-
tionship to the target concept (English album). This
will of course depend on what we mean by “similar
to” which we explore next.

4.2 Querying over IS-A Relations

In Description Logic (Baader et al. 2003) concept in-
heritance can be viewed as an IS-A relation C1 ⊑ C0
where a sub-concept C1 is also of type C0 by inher-
iting its properties and functionality. Even though
OWL is based on description logic concepts, this be-
haviour is not inherited in SPARQL. Filtering us-
ing the equal operator will return only those objects
which have that particular target concept. Further-
more, the filtering option ?type rdfs:subClassOf C
(for querying individuals which have a sub-concept of
some target concept C), will result only in those that
are a direct sub-class of C omitting individuals which
have the type C itself (and thus not satisfying the
axiom C ⊑ C) as well as individuals which have a
type which is not directly inherited from C (and thus
not satisfying the transitivity property of the IS-A
relation). In (Chamiel & Pagnucco 2008a) we intro-
duce a new operator which allows the user to express
preferences in terms of the IS-A relation.

Example 1. In order to modify the previous example
to prefer English albums and then albums of genre
which IS-A Alternative Rock (i.e., Alternative Rock
and all its descendants), we modify the PREFERRING
section of our query to:
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Thing

MusicGenre

Jazz Rock Electronic

Fusion Big Band Alternative Rock New Wave Prog Rock Dance Breakbeat Ambient Downbeat

Trance House Techno Trip Hop Drum&Bass

Prog Trance Psytrance

Grunge Indie Rock

Figure 1: Ontological Concept Hierarchy of Music Genres

PREFERRING
?country = music:England

CASCADE
?genre ISA music:AlternativeRock

The results will thus be an albums made in England
with genre in {AlternativeRock, Grunge, IndieRock}.

However, there are still a few problems with this
method: what if there is no result under the target
concept (or any of its sub-concepts)? Should we con-
sider all other concepts outside the target concept as
equal? Furthermore, is there any relation between
different levels within a sub-hierarchy? Do we want
to distinguish between general and specific concepts?
We discuss these issues in the next section.

4.3 Similarity-based Querying

In order to exploit the hierarchical structure of an on-
tology, we present here a series of methods for com-
puting categorical similarity between concepts in a
TBox. We use these similarity methods for perform-
ing preference querying over ontological information.
We introduce a new Boolean operator Sim(C1, C2)
(is similar to):

b1 ≺P (C0)b2 ⇔

Sim(C(b1), C0) < Sim(C(b2), C0)
(1)

Where C0 ∈ Concepts is the target concept, b1, b2 ∈
ResultBindings and C(bi) is the value bound to the
relevant variable in the result binding bi w.r.t C. For
example, suppose we would like now to query music
albums while preferring English albums (as the first
priority) and then albums of genre similar to Alterna-
tive Rock music. We modify the PREFERRING section
of our query to:

PREFERRING
?country = music:England

CASCADE
?genre ∼= music:AlternativeRock

Where ∼= is the syntactic version of the similarity
operator Sim(C1, C2). Note that by introducing a
new Boolean operator we do not change the notion
of domination querying. We still have the ability to
compare two result bindings to obtain the preference
domination relationship between them. There are
many ways to compute similarity between concepts
in an ontology, each reflecting a different rationale.

In the rest of this section we discuss various meth-
ods and their rationales for computing this kind of
similarity measurement.

4.3.1 Similarity via Direct Graph Distance

A very simple method for measuring similarity in an
ontology graph is by looking at the direct distance
between a candidate concept and the target concept:

Sim(C1, C0) =
1

Dist(C1, C0)
(2)

Where distance is defined as the distance of each con-
cept to the most recent common ancestor of the two
concepts:

Dist(C1, C0) = N1 + N0 + 1 (3)

where Ni = len(Ci, MRCA(C1, C0)) and
MRCA(C1, C0) is the most recent common an-
cestor of C1 and C0 (i.e., the meet in lattice theoretic
terms). Note that the distance between a concept
and itself here is equal to 1 to avoid division by
zero. The rationale behind this simple method is to
consider concepts which are “closer” to the target
concept more similar. For example, the music genre
Alternative Rock will be considered more similar to
the target concept Rock than the genre Dance. The
main problem with this approach is the fact that it is
not consistent with the IS-A relation assumption. It
may consider concepts which are not a sub-concept
of the target concept more similar than concepts
under the target concept. We can see this directly in
Figure 3(a):

Example 2. Consider the user’s target concept to
be Dance. Concepts within the same distance from
this target concept (e.g. Trance, Techno, Electronic)
are all considered at the same level regardless of their
IS-A relation with Dance.

This näıve approach, being less intuitive, can how-
ever serve well as a benchmark method for comparing
other methods.

4.3.2 Most Specific Shared Information

So far we have concentrated on the similarity between
sub-concepts under the target concept. We saw differ-
ent ways of treating this information. Another very
important issue when dealing with hierarchy-based

CRPIT Vol 90 --- KROW 2008

Page 4



similarity methods is the similarity between the dif-
ferent concepts not inherited from the target concept
and that target concept. Consider the following query
over our music ontology: the user has asked for a mu-
sic album of the genre Trance (possibly among other
criteria). There is no album of this genre or a sub-
concept of Trance which satisfy the request. We do
consider an album of genre Electronic and an album of
genre Techno. Up until now, these two concepts will
be considered as equally similar to Trance (both with
distance 3 from Trance). The problem here is that
it may well be argued that Techno is more similar to
Trance than Electronic since Trance and Techno share
more specific information. Both Trance and Techno
inherit from Dance which means that they share the
special properties of Dance that distinguish it from
other types of Electronic music. (Wu & Palmer 1994)
presented a similarity measurement (in the context
of linguistics) which takes the level of shared infor-
mation into account:

Sim(C1, C0) =
2 ∗ N3

N1 + N2 + 2 ∗ N3
(4)

Where N1, N2 are the distances from the concepts
C0 and C1 to their MRCA respectively and N3 is
the distance from this MRCA and the root of the
ontology (assuming the most general concept is the
OWL concept Thing).

Example 3. In our example,
Sim(Trance, Electronic) = 2∗2

2+0+2∗2 = 0.67 while

Sim(Trance, T echno) = 2∗3
1+1+2∗3 = 0.75 and thus

Techno will be considered more similar to Trance
than Electronic and will dominate it in the context of
music genres.

As for (2), a major drawback in using this method
to compute similarities in ontology hierarchies is that
it does not respect the IS-A relation axiom, as can be
seen directly in Figure 3(b):

Example 4. Let us consider again the user’s tar-
get concept to be Dance. The concept Electronic has
a similarity measurement of 0.8 to the target con-
cept while the concept ProgressiveTrance, being a sub-
concept of Dance has a smaller similarity measure-
ment of 0.75 and thus considered less similar to Dance
than Electronic.

It may be argued that even though Progressive-
Trance, being a very specific type of Dance music,
is indeed Dance, due to its specific characteristics it
may have gone far enough from this target concept
to be considered less similar to it compared to a con-
cept outside that target concept. We find no jus-
tification for making such an argument mainly due
to the fundamental significance of the IS-A relation
in description logic conceptual inheritance. We pro-
pose here a method for measuring similarities between
concepts while considering specific shared information
more similar and preserving the IS-A DL axiom.

4.3.3 Most Specific Shared Information w.r.t
Ontology Depth

In this paper we measure similarity between concepts
while considering concepts that share more specific
information to be more similar and preserve the DL
semantics of the IS-A relation. We modify (4) by
reducing the similarity measurement in relation to
the depth of the compared concepts and the maximal
depth of the relevant part of the ontology (further
details are in Section 5.1). We propose a novel simi-
larity method, based on (Wu & Palmer 1994), which
has three interesting properties:

1. It considers two concepts more similar if they
share more specific information.

2. It respects the IS-A relation axiom as described
above.

3. Within a sub-graph, it will consider a concept
more similar to a target concept according to
the communicated level of specificity described
by this target concept.

Property 3 means that when the user specifies a cer-
tain target (most preferred) concept, the sub-concepts
below this target concept will be ordered according to
their distance to the target concept (the ‘closer’ dis-
tance, the more similar they are). The intuition be-
hind this is to respect the user’s communicated level
of specificity (given by the depth of this target con-
cept in the ontology) considering concepts which are
‘closer’ to this level of specificity to be more similar.
This is measured by the following similarity metric
which determines the similarity of concepts C0 and
C1.

Sim(C1, C0) =
2 ∗ N3

N1 + N2 + 2 ∗ N3 + AV G
(5)

Where N1, N2 and N3 are defined as in (4), AV G
is the average distance of MAX to the depth of the
concepts C0 and C1 and MAX is the length of the
longest path from the root of the ontology to any of its
leaf concepts. Note that in practice we then normalise
the similarity measurement to be between 0 and 1 by
dividing it by the similarity of the target concept to
itself. This way we ensure that the similarity between
the target concept and itself will always be 1 (which
accords with intuition).

Example 5. In our running example,
Sim(Trance, Electronic) = 2∗2

2+0+2∗2+2 = 0.5

while Sim(Trance, T echno) = 2∗3
1+1+2∗3+1 = 0.67

and thus, as for the previous method, Techno will be
considered more similar to Trance than Electronic.
But now, as opposed to (4), this methods will still
give a smaller similarity measurement (0.53) be-
tween Dance and Electronic and a greater similarity
measurement between Dance and any sub-concept of
Dance, e.g. 0.67 for the similarity between Dance
and ProgressiveTrance.

We can prove that (5) guarantees that sub-
concepts are always preferred to non-sub-concepts
w.r.t a target concept.

Theorm 1. Let ≺ be defined by (1) with Sim de-
fined as in (5). Let C0, C1, C2 be concepts in an
ontology such that C1 ⊑ C0 and C2 6⊑ C0. For
all result bindings b1, b2 such that C(b1) ∈ C1 and
C(b2) ∈ C2 it holds that Sim(C0, C1) > Sim(C0, C2)
(hence b2 ≺P (C0) b1).

It can be observed that Equation 5 induces a to-
tal preorder over concepts satisfying asymmetry and
transitivity. The asymmetry property comes directly
from point 2 above. The power of this method is
that it encapsulates all the discussed intuitions. It
satisfies the IS-A relation axiom, always considering
sub-concepts of a target concept more similar than
non-sub concepts w.r.t this target concept. It also
considers concepts that share more specific informa-
tion more similar unless the previous statement does
not hold. We discuss this method further in the anal-
ysis (6).

Proc, of the Knowledge Representation Ontology Workshop (KROW-2008), Sydney, Australia

Page 5



4.4 Exploiting Property Structure for Query-
ing with Preferences

Similarly to the way concepts in an ontology can be
organized in an hierarchical manner, an hierarchical
structure can be applied to properties (roles) as well.
RDF provides us with the ability to define sub prop-
erties through the subPropertyOf operator. Typi-
cally, these properties will have the same domain and
range. Consider the property structure given in Fig-
ure 2 defining a (partial) structure over roles in mu-
sic album production. All properties which inherit
from the property participates will have the signa-
ture: participates(MusicPerson) → MusicAlbum.
It is a fact that some of the best known musicians,
as well as creating their own music, also participate
in the production of other albums (e.g. Brian Eno,
Robert Fripp etc). By nature, the work engineered
by some musicians, for example, will be significantly
different to the music they compose or perform. On
the other hand, it is safe to say that a certain indi-
vidual’s participation in an album as an electric gui-
tar performer will have more similar contribution to
an album where the same individual played the bass
guitar than an album where they participated as a
record producer. In our preference reasoning, we ex-
ploit this structure in order to provide more accurate
results in a similar manner to the way we exploited
conceptual structure. Similarly to structural-based
operators available for preferences over concepts, the
syntax for constructing preferences over properties in
the ontology is available through the Sim and the IS-
A operators:

?prop ∼= C0

Where ?prop is a variable which has to appear as the
predicate in some triple block in the WHERE clause of
the SPARQL query. The same syntax can be applied
for using IS-A. For example:

Prefix music:
<http://example.com/music.owl#>

SELECT ?id ?genre ?property
FROM <http://example.com/music.owl>
WHERE {
?id music:hasGenre ?genre.
?id ?property :MyMusicPerson.
?id rdf:type :MusicAlbum. }

PREFERRING
?property ∼= music:keyboards_in

The semantics of the preference reasoner will be sim-
ilar to the semantics for reasoning with concepts.
From the technical point of view, SPARQL allows us
to place variables as properties. These will be bound
through the execution of the query to anything that
will match the domain and range. In our example,
the variable ?property will be bound to any func-
tion from MusicAlbum1 to MusicPerson.2 Once the
variable is bound we use the RDFS property subProp-
ertyOf to analyze the property structure.

5 Implementation—The SPOQE System

An implementation of the methods proposed here
have been completed based on the ARQ SPARQL
query engine (Seaborne 2005) (a Jena based query
engine) and building on the implementation of (Siber-
ski et al. 2006) where the iterative processing of

1We explicitly ensure this in the query by binding the variable
?id to elements of type MusicAlbum although this is not manda-
tory.

2Assuming MyMusicPerson is of type MusicPerson.

preference querying is performed as a solution mod-
ifier (similarly to the way the classical sorting func-
tionality ORDER BY is done). A demo of the sys-
tem – SPOQE (Similarity-based Preferences over On-
tologies Query Engine) is available online. 3 On
top of the described similarity measurement meth-
ods, we supplemented this implementation by adding
some further numerical preference attributes men-
tioned in (Kießling & Köstler 2002) such as AROUND
and BETWEEN.

5.1 Reasoning in Context—Conceptual
Views

When a large ontology is available, we may wish to
limit our search over similar concepts in the ontology
purely because some parts of the ontology are not rel-
evant to our query. For example, if part of our ontol-
ogy relates to music and another part to sports, when
looking for music recommendations there is no need
to consider concepts in the sports part of the ontol-
ogy. In such cases, it makes sense to limit the search
for similar concepts and, in fact, denote that sections
of the ontology are irrelevant to other sections and
need not be searched over. (Balke & Wagner 2004)
refers to these sections in an ontology as Conceptual
Views and models these as the concepts which inherit
directly from the top concept Thing. In this paper,
we allow the ontology designer to be able to make
the decision in regards to what constitutes a concep-
tual view. To effect this we adopt a unary function
isConceptV iew(C) that takes a concept as argument.
This denotes that only concepts D ⊑ C are to be con-
sidered similar to one another (according to the met-
ric adopted). Other concepts are considered to be
“irrelevant” with Sim(D, E) = 0 for concepts D ⊑ C
but E 6⊑ C. In other words, this feature serves to
restrict searches to relevant portions of the ontology,
i.e. Conceptual Views. This feature can also signif-
icantly limit the search space when performing our
structure-based reasoning.

5.2 Computing Top-k Elements

Our system offers two query models: the user can ei-
ther search for the elements which best match their
preferences (BMO—Best Match Only query model)
or, retrieve the top-k elements. Using top-k is useful
not only in order to experiment with preference order-
ings but also since it may be the case that a possible
result binding is dominated by one (or a few) other
result bindings but still very similar to the optimal
solution and may simply be ‘good enough’ (especially
when dealing with similarity as the basis for compari-
son). In BMO, a ‘competition loop’ takes place where
once a result binding (or a database tuple) has been
dominated it is no longer considered a best match and
thus will not be returned to the user. In our system,
top-k selection is made without losing the qualitative
nature of our reasoning, i.e. without using direct scor-
ing of individuals: while performing the competition
loop we give a score to an individual not according
to its content but by examining how many ‘competi-
tions’ it wins, how many it loses and how many re-
sulted in a draw (neither individuals dominated the
other). This is a round robin competition loop since
we do not stop when a result binding was found to be
dominated. For example, a result binding b1 compet-
ing against another result binding b2 will receive:

• 2 points if it dominates b2, i.e. b2 ≺P b1.

• 1 point if it does not dominate b2 and b2 does not
dominate it i.e. b2 ≡P b1.

3http://spoqe.web.cse.unsw.edu.au/
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property

participates_in

in_production_of in_writing_of performs_in

record_producer_of sound_engineering_of manages_in composer_of lyrics_writer_of vocals_in strings_in keyboards_in

leading_vocals_in backing_vocals_in guitar_in violin_in

electric_guitar_in bass_guitar_in acoustic_guitar_in

organ_in piano_in synthesizer_instudio_eng_of mixing_eng_of recording_eng_of

Figure 2: Ontological Property Hierarchy of Music Album Production

• 0 points if it is dominated by b2, i.e. b1 ≺P b2.

At the end of this process, we sort the individuals
according to their accumulated score. As in BMO,
the best match result bindings will appear at the top
of the preference ordering but now just below them
the result bindings which are closer to the preference
query (but not perfectly matching it) will appear.

6 Analysis

We evaluate our similarity method by looking at some
intuitive examples and examining the behaviour of
the resulting total orders. We base our analysis on the
concept similarity method defined in (5). Let us have
a closer look at this operator. In order to preserve
the properties we listed in Section 4.3.3, this opera-
tor was designed so it will have different behaviours
when comparing a target concept with a descendant
to when comparing a target concept to an ancestor.
It can be deduced that if C1 ⊑ C0 and C2 ⊑ C1 then

Sim(C1, C0) =
2 ∗ N3

N1 + N2 + 2 ∗ N3 + AV G

Sim(C2, C0) =
2 ∗ N3

N1 + N2 + 2 ∗ N3 + AV G + 1
2∆

Where ∆ is the the direct distance between C1 and
C2. And in the case where C0 ⊑ C1 and C1 ⊑ C2:

Sim(C2, C0) =
2 ∗ N3 + 2∆

N1 + N2 + 2 ∗ N3 + AV G − 1 1
2∆

Example 6. When assigning the target concept to be
Dance (Figure 3(c)) we see that the similarity mea-
surement linearly decreases for descendant concepts
w.r.t Dance while every ‘climb’ up to an ancestor re-
duces the similarity measurement significantly (and
non-linearly). Intuitively, you can say that the dif-
ference in similarity when comparing elements ‘in the
area of’ Dance is bigger than the difference in simi-
larity between elements which are quite ‘far’ from this
target concept and thus the ordering according to it
is less relevant. Note that for clarity we normalise
the similarity measurement to be between 0 and 1 by
dividing it by the similarity of the target concept to
itself.

7 Discussion

While the method that we provide here for exploiting
ontological structure to enhance preferential querying
leads to a much more discriminating recommendation
system, there are some limitations that can be further
explored. We consider two such issues here. One
has to do with the expressiveness of user preference
queries while the other has to do with the structure
of the ontology that is used.

7.1 Receiving Partial Preorder from the User

In this paper the user is limited in the way they
can express preferences. It is not possible to ex-
press that two classifications are equally preferred by
the user for instance. Furthermore, CASCADE only al-
lows for limited levels of preferences. In (Chamiel &
Pagnucco 2008b) we propose a preference assembly
method where the user can specify an ordering over
concept classes which allows for classes to be equally
preferred. That is, to specify a preference as a partial
pre-order

{C1,1, C1,2, · · · , C1,i} > · · · > {Cn,1, Cn,2, · · · , Cn,k}

Each set {Cl,1, Cl,2, · · · , Cl,n} represents concepts
that the user equally prefers. We only require that
preferences be consistent; i.e., transitivity and asym-
metry is preserved. Furthermore, we have an ontol-
ogy for the domain at hand in OWL format. We
can turn this partial pre-order into a total order by
“filling out” (or completing) user preferences with in-
formation from the ontology by utilising notions of
similarity such as that described here. We end up
with a total order C1 > · · · > Cm over all concepts
in the ontology with those corresponding to concepts
specified in the user preference maintaining the order
imposed by the user. Concepts not explicitly ordered
by the user are arranged in a consistent way so that
they occur after the concept in the user ordering to
which they are most similar. In this way we end up
with a fine-grained recommendation mechanism like
the one developed in this paper but allowing the user
to express more of their preferences and hence exert
greater influence over the final orderings (and there-
fore the final recommendation). Syntactically, this
could be expressed as follows (and we could introduce
a similar syntax for the IS-A relation):

?var ∼= (C1,1...C1,i) THEN (C2,1...C2,j)
THEN · · · THEN (Cn,1...Cn,k)
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(a) Direct Graph Distance (b) Wu and Palmer

(c) Method Proposed in (5)

Figure 3: Structure-based similarity methods comparison w.r.t the target concept Dance. The x-axis represents
concept classes in the ontology while the y-axis represents the similarity of these concepts to the target concept
Dance.

7.2 Weighted Edges in an Ontological Graph

The methods described in this paper utilize graph dis-
tance to perform reasoning and enhance preferential
selection. However, so far all edges of the graph (i.e.,
ontology hierarchy) are considered to have the same
distance (or weight). This relies on the underlying
assumption that all sections of the ontology hierar-
chy have been developed to the same ‘level of speci-
ficity’. In reality some edges might describe a ‘closer’
relation than others. For example, in our music ex-
ample we may argue that not all concept classifica-
tions at the same level of the hierarchy represent the
same level of specificity in their categorisation of mu-
sic. This situation can result for a number of reasons.
In some cases it represents uncertainty about the do-
main and the classifications made in it; there may be
more information regarding certain parts of the ontol-
ogy while less information for other parts and this is
reflected in the depth of the hierarchy. In other cases,
the ontology hierarchy cannot be uniformly developed
throughout. The ontology engineer has no means of
defining this (besides creating bogus hierarchical lev-
els) and it may be very difficult for them to make the
different distinctions and weight the edges manually.
One way of dealing with this issue is to allow the on-

tology engineer to attach weights to the edges in the
OWL ontology graph. This however is quite labori-
ous and tedious task. Another way is to assign graph
edge weights automatically by examining the depth of
a sub-graph where an edge which has a deeper (and
thus richer) sub-graph under it will receive a smaller
weight to demonstrate its smaller distance from the
parent concept. This assumes that all parts of the
ontology have been developed to the same level of
specificity and may lead to better recommendations
when adopting the technique described here.

8 Conclusions

In this paper we have enhanced preference querying
by supplementing the user’s preferences with onto-
logical information; in particular, by exploiting the
structural properties of the ontology describing the
domain at hand. We claim that this is significant for
a vast class of ontologies that we refer to as data inher-
itance systems. By introducing a notion of similarity
based on distance metrics, we free the user from hav-
ing to possess a deep understanding of the underlying
domain. In particular, we adapt one similarity mea-
sure (4) to introduce another (5). Ontologies are de-

CRPIT Vol 90 --- KROW 2008

Page 8



veloped by domain experts who have intimate knowl-
edge of their subject area and are exploited by naive
users who can specify weaker preferences without the
fear of being overwhelmed by the results. Moreover,
the results are not biased by the whims of previous
user consumption but by exploiting domain expertise.
Our proposals are implemented on ARQ and enhance
the SPARQL standard.
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Abstract

Standard approaches to reasoning with Description
Logics (DL) ontologies require them to be consistent.
However, as ontologies are complex entities and some-
times built upon other imported ontologies, inconsis-
tencies can arise. In this paper, we present a frame-
work for reasoning with inconsistent DL ontologies.
Our proposal involves expressing DL ontologies as De-
feasible Logic Programs (DeLP). Given a query posed
w.r.t. an inconsistent ontology, a dialectical analy-
sis will be performed on a DeLP program obtained
from such ontology where all arguments in favor and
against the final answer of the query will be taken into
account. We also present an application to ontology
integration based on the global-as-view approach.

Keywords: Semantic Web, Description Logics, defea-
sible argumentation, Defeasible Logic Programming,
inconsistent ontology handling, ontology integration

1 Introduction and Motivations

The Semantic Web (Berners-Lee et al. 2001) is a fu-
ture vision of the web where stored information has
exact meaning, thus enabling computers to under-
stand and reason on the basis of such information.
Assigning semantics to web resources is addressed by
means of ontology definitions (Gruber 1993).

As proposed by the World Wide Web Consor-
tium1, ontology definitions are meant to be written
in an ontology description language such as OWL
(McGuiness & van Harmelen 2004), whose subset
known as OWL-DL is based on Description Logics
(DL) (Baader et al. 2003). Although ontology defini-
tions expressed in DL can be processed with existing
DL reasoners (e.g. Racer (Haarslev & Möller 2001)),
such DL reasoners are incapable of dealing with in-
consistent ontology definitions.

This situation is particularly important in the Se-
mantic Web setting, where ontologies are complex
entities prone to suffer inconsistencies (Huang et al.

This research was funded by Agencia Nacional de Promoción
Cient́ıfica y Tecnológica (PICT 2002 No. 13.096, PICT 2003
No. 15.043, PAV 2004 076), by CONICET (Argentina),
by Project TIN2006-15662-C02-01 (MEC, Spain), Project
24/ZN10 (SGCyT, UNS).
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Research and Practice in Information Technology, Vol. 90.
Thomas Meyer and Mehmet A. Orgun, Eds. Reproduction
for academic, not-for profit purposes permitted provided this
text is included.

1www.w3c.org

2005). A particular source of inconsistency is related
to the use of imported ontologies when the knowl-
edge engineer has no authority to correct them. As
these imported ontologies are usually developed in-
dependently, their combination could also result in
inconsistencies. The problem of combining two or
more different ontologies in order to obtain a uni-
fied, consistent ontology is known as ontology inte-
gration (Klein 2001). One kind of such integration is
known as global-as-view integration (Calvanese et al.
2001), where a global ontology is used as a view of
local ontologies that define the actual data.

There are two main ways to deal with inconsis-
tency in ontologies (Huang et al. 2005): one is to
diagnose and repair it when it is encountered; an-
other is to avoid the inconsistency and to apply a
non-standard inference relation to obtain meaning-
ful answers. Although there are existing approaches
for the former (e.g. identifying the minimally unsat-
isfiable sub-ontologies or calculating the maximally
satisfiable sub-ontologies), in this work we propose to
use defeasible argumentation (Chesñevar et al. 2000,
Prakken & Vreeswijk 2002) to focus on the latter.
Grosof et al. (2003) have determined that a subset
of DL can be effectively translated into an equiv-
alent subset of Horn logic. In particular, DeLP is
an argumentative framework based on logic program-
ming that is capable of dealing with possibly inconsis-
tent knowledge bases (KB) codified as a set of Horn-
like clauses called DeLP programs (Garćıa & Simari
2004). When presented with a query, DeLP performs
a dialectical process in which all arguments in favor
and against a conclusion are considered; arguments
regarded as ultimately undefeated will be considered
warranted.

In this article we propose a framework for repre-
senting possibly inconsistent DL ontologies. Reason-
ing in such ontologies will be carried out by means of
a dialectical analysis. Our proposal involves mapping
DL ontologies into a DeLP program. That is, given a
DL ontology ΣDL, provided ΣDL satisfies certain re-
strictions, it will be translated into a DeLP program
ΣDeLP . Given a query φ, a dialectical process will
be performed to determine if φ is warranted w.r.t.
ΣDeLP . Besides, we apply our proposal to perform
global-as-view integration when the involved ontolo-
gies can be potentially inconsistent.

The rest of the article is structured as follows.
Section 2 introduces the fundamentals of Descrip-
tion Logics. Section 3 briefly explains the Defeasible
Logic Programming formalism. Section 4 explains
how DL ontologies are going to be translated into
DeLP. Section 5 introduces δ-ontologies, a particu-
lar kind of DL ontologies amenable for its treatment
within DeLP. Section 6 presents an application to on-
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tology integration based on defeasible argumentation.
Section 7 enumerates some properties of the proposed
approach. Section 8 discusses related work. Finally
Section 9 concludes.

2 Description Logics

Description Logics (DL) are a well-known family of
knowledge representation formalisms (Baader et al.
2003). They are based on the notions of concepts
(unary predicates, classes) and roles (binary rela-
tions), and are mainly characterized by constructors
that allow complex concepts and roles to be built from
atomic ones. The expressive power of a DL system is
determined by the constructs available for building
concept descriptions, and by the way these descrip-
tions can be used in the terminological (Tbox ) and
assertional (Abox ) components of the system.

We now describe the basic language for building
DL expressions. Let C and D stand for concepts and
R for a role name. Concept descriptions are built
from concept names using the constructors conjunc-
tion (C u D), disjunction (C t D), negation (¬C),
existencial restriction (∃R.C), and value restriction
(∀R.C). To define the semantics of concept descrip-
tions, concepts are interpreted as subsets of a domain
of interest, and roles as binary relations over this do-
main. An interpretation I consists of a non-empty set
∆I (the domain of I) and a function ·I (the interpre-
tation function of I) which maps every concept name
A to a subset AI of ∆I , and every role name to R to a
subset RI of ∆I ×∆I . The interpretation function is
extended to arbitrary concept descriptions as follows:
(¬C)I = ∆I\CI ; (CtD)I = CI∪DI ; (CuD)I = CI∩
DI ; (∃R.C)I = {x|∃y s.t. (x, y) ∈ RI and y ∈ CI},
and (∀R.C)I = {x|∀y, (x, y) ∈ RI implies y ∈ CI}.
Besides, the expressions > and ⊥ are shorthands for
C t ¬C and C u ¬C, resp. Further extensions to the
basic DL are possible including inverse and transitive
roles noted as P− and P+, resp.

A DL ontology Σ = (T,A) consists of two finite
and mutually disjoint sets: the Tbox T which intro-
duces the terminology and the Abox A which con-
tains facts about particular objects in the application
domain. Tbox statements have the form C v D (in-
clusions) and C ≡ D (equalities), where C and D are
(possibly complex) concept descriptions.

The semantics of Tbox statements is as follows.
An interpretation I satisfies C v D iff CI ⊆ DI , I
satisfies C ≡ D iff CI = DI . Objects in the Abox are
referred to by a finite number of individual names and
these names may be used in two types of assertional
statements: concept assertions of the type a : C and
role assertions of the type 〈a, b〉 : R, where C is a
concept description, R is a role name, and a and b
are individual names. An interpretation I satisfies
the assertion a : C iff aI ∈ CI , and it satisfies 〈a, b〉 :
R iff (aI , bI) ∈ RI . An interpretation I is a model
of a DL (Tbox or Abox) statement φ iff it satisfies
the statement, and is a model of a DL ontology Σ iff
it satisfies every statement in Σ. A DL ontology Σ
entails a DL statement φ, written as Σ |= φ, iff every
model of Σ is a model of φ.

3 Defeasible Logic Programming

Defeasible Logic Programming (DeLP) (Garćıa &
Simari 2004) provides a language for knowledge repre-
sentation and reasoning that uses defeasible argumen-
tation (Chesñevar et al. 2000, Prakken & Vreeswijk
2002, Simari & Loui 1992) to decide between con-
tradictory conclusions through a dialectical analysis.

Recent research has shown that DeLP provides a suit-
able framework for building real-world applications
that deal with incomplete and potentially contradic-
tory information.

In a defeasible logic program P = (Π,∆), a set ∆
of defeasible rules P −≺ Q1, . . . , Qn, and a set Π of
strict rules P ← Q1, . . . , Qn can be distinguished.

Definition 1 (Strict, defeasible and DeLP pro-
grams) LDeLP =df LDeLPΠ ∪ LDeLP∆ is the lan-
guage of DeLP programs, where LDeLPΠ is the
language of DeLP programs formed by strict rules
B ← A1, . . . , An with (n ≥ 1) and facts B (i.e.,
rules where n = 0), and LDeLP∆ is the language
of DeLP programs formed only by defeasible rules
B −≺ A1, . . . , An with (n ≥ 1).

Literals can be positive or negative. The comple-
ment of a literal L (noted as L) is p if L =∼p and
∼ p if L = p. Deriving literals in DeLP results in
the construction of arguments. An argument A is a
(possibly empty) set of ground defeasible rules that
together with the set Π provides a logical proof for a
given literal Q, satisfying the additional requirements
of non-contradiction and minimality. Formally:

Definition 2 (Argument) Given a DeLP program
P, an argument A for a query Q, denoted 〈A, Q〉, is
a subset of ground instances of defeasible rules in P,
such that: (1) there exists a defeasible derivation for
Q from Π ∪ A; (2) Π ∪ A is non-contradictory (i.e.,
Π ∪ A does not entail two complementary literals P
and ∼ P ), and, (3) there is no A′ ⊆ A such that
there exists a defeasible derivation for Q from Π∪A′.
An argument 〈A1, Q1〉 is a sub-argument of another
argument 〈A2, Q2〉 if A1 ⊆ A2.

The notion of defeasible derivation corresponds to
the usual query-driven SLD derivation used in logic
programming, performed by backward chaining on
both strict and defeasible rules; in this context a
negated literal ∼P is treated just as a new predicate
name no P . Minimality imposes a kind of ‘Occam’s
razor principle’ (Simari & Loui 1992) on argument
construction. The non-contradiction requirement for-
bids the use of (ground instances of) defeasible rules
in an argument A whenever Π ∪ A entails two com-
plementary literals. The notion of contradiction is
captured by the notion of counterargument.

Definition 3 (Counterargument. Defeat) An
argument 〈A1, Q1〉 is a counterargument for an
argument 〈A2, Q2〉 iff there is a subargument 〈A, Q〉
of 〈A2, Q2〉 such that the set Π ∪ {Q1, Q} is con-
tradictory. An argument 〈A1, Q1〉 is a defeater
for an argument 〈A2, Q2〉 if 〈A1, Q1〉 counterargues
〈A2, Q2〉, and 〈A1, Q1〉 is preferred over 〈A2, Q2〉
w.r.t. a preference criterion � on conflicting argu-
ments. Such criterion is defined as a partial order
�⊆ Args(P)×Args(P). The argument 〈A1, Q1〉 will
be called a proper defeater for 〈A2, Q2〉 iff 〈A1, Q1〉
is strictly preferred over 〈A, Q〉 w.r.t. �; if 〈A1, Q1〉
and 〈A, Q〉 are unrelated to each other will be called
a blocking defeater for 〈A2, Q2〉.

Generalized specificity (Simari & Loui 1992) is
typically used as a syntax-based criterion among con-
flicting arguments. However, other alternative partial
orders could also be valid.

In order to determine whether a given argument A
is ultimately undefeated (or warranted), a dialectical
process is recursively carried out, where defeaters for
A, defeaters for these defeaters, and so on, are taken
into account. An argumentation line starting in an
argument 〈A0, Q0〉 is a sequence [〈A0, Q0〉, 〈A1, Q1〉,
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〈A2, Q2〉, . . . , 〈An, Qn〉 . . . ] that can be thought of
as an exchange of arguments between two parties, a
proponent (evenly-indexed arguments) and an oppo-
nent (oddly-indexed arguments). Each 〈Ai, Qi〉 is a
defeater for the previous argument 〈Ai−1, Qi−1〉 in
the sequence, i > 0. In order to avoid fallacious rea-
soning, dialectics imposes additional constraints on
such an argument exchange to be considered ratio-
nally acceptable. Given a DeLP program P and an
initial argument 〈A0, Q0〉, the set of all acceptable ar-
gumentation lines starting in 〈A0, Q0〉 accounts for a
whole dialectical analysis for 〈A0, Q0〉 (i.e., all possi-
ble dialogues about 〈A0, Q0〉 between proponent and
opponent), formalized as a dialectical tree.

Nodes in a dialectical tree T〈A0,Q0〉 can be marked
as undefeated and defeated nodes (U-nodes and D-
nodes, resp.). A dialectical tree will be marked as an
and-or tree: all leaves in T〈A0,Q0〉 will be marked
U-nodes (as they have no defeaters), and every inner
node is to be marked as D-node iff it has at least
one U-node as a child, and as U-node otherwise. An
argument 〈A0, Q0〉 is ultimately accepted as valid (or
warranted) w.r.t. a DeLP program P iff the root of
its associated dialectical tree T〈A0,Q0〉 is labeled as
U-node.

Given a DeLP program P, solving a query Q w.r.t.
P accounts for determining whether Q is supported
by (at least) one warranted argument. Different dox-
astic attitudes can be distinguished as follows: Yes,
accounts for believing Q iff there is at least one war-
ranted argument supporting Q on the basis of P; No,
accounts for believing ∼Q iff there is at least one war-
ranted argument supporting ∼Q on the basis of P;
Undecided, neither Q nor ∼Q are warranted w.r.t. P,
and Unknown, Q does not belong to the signature of
P.

4 Expressing DL Ontologies in DeLP

In the presence of inconsistent ontologies, traditional
DL reasoners (such as RACER (Haarslev & Möller
2001)) issue an error message and stop further pro-
cessing. Thus the burden of repairing the ontology
(i.e., making it consistent) is on the knowledge engi-
neer. We are interested in coping with inconsistencies
such that the task of dealing with them is automat-
ically solved by the reasoning system. We propose
using DeLP to perform such a task.

Grosof et al. (2003) show that the processing of
ontologies can be improved by the use of techniques
from the area of logic programming; they have iden-
tified a subset of DL languages that can be effectively
mapped into a Horn-clause logics. Our proposal is
in part based on such research by adapting it to the
DeLP framework. We therefore propose translating a
DL ontology Σ = (TS∪TD, A), with TS∩TD = ∅, into
a DeLP program P = (Π,∆) by means of a mapping
T such that P = T (Σ), where Π = TΠ(TS) ∪ TΠ(A)
and ∆ = T∆(TD). We will consider the Tbox as parti-
tioned into two disjoint sets—a strict terminology TS
and a defeasible terminology TD. Intuitively the set
Π of strict rules in P will correspond to the Abox A
joined with TS in Σ, and the set ∆ of defeasible rules
will correspond to TD in Σ.

In the rest of this section, we will explain how to
achieve the translation of DL ontologies into DeLP
programs. For clarity, strict rules of the form “H ←
B1, . . . , Bn” will be sometimes written as “H ←
B1∧ . . .∧Bn” and defeasible rules “H −≺ B1, . . . , Bn”
as “H −≺ B1 ∧ . . . ∧ Bn”. As noted by Grosof et al.
(2003), for DL sentences to be mapped into Horn-logic
rules, they must satisfy certain constraints. Conjunc-
tion and universal restrictions appearing in the right-
hand side of inclusion axioms can be mapped to heads

of rules (called Lh-classes). In contrast, conjunction,
disjunction and existential restriction can be mapped
to rule bodies whenever they occur in the left-hand
side of inclusion axioms (called Lb-classes). As equal-
ity axioms “C ≡ D” are interpreted as two inclusion
axioms “C v D” and “D v C”, they must belong to
the intersection of Lh and Lb.

Definition 4 (Lh language. Lh-classes. Lb lan-
guage. Lb-classes. Lhb language. Lhb-classes
(adapted from (Grosof et al. 2003))) Let A be
an atomic class name, C and D class expressions,
and R a property. In the Lh language, C u D is a
class, and ∀R.C is also a class. Class expressions in
Lh are called Lh-classes. In the Lb language, CtD is
a class, and ∃R.C is a class too. Class expressions in
Lb are called Lb-classes. The Lhb language is defined
as the intersection of Lh and Lb. Class expressions
in Lhb are called Lhb-classes.

We now define the mapping from DL to DeLP.
Without losing generality, we assume that ontology
definitions are normalized w.r.t. negation. That is,
negations in class expressions are shifted inwards us-
ing De Morgan’s rules and well-known relations be-
tween existential and value restrictions (Baader et al.
2003).

First we show how to map DL axioms into defeasi-
ble rules. As mentioned in Section 3, defeasible rules
are meant to represent possibly inconsistent informa-
tion. Thus DL axioms in defeasible terminologies are
going to be interpreted as default class inclusions.

Definition 5 (T∆ mapping from DL sentences
to DeLP defeasible rules) Let A,C,D be concepts,
X,Y variables, P,Q properties. The T∆ : 2LDL →
2LDeLP∆ mapping is defined in Fig. 1. Besides, rules
of the form “(H1 ∧ H ′) −≺ B” are rewritten as two
rules “H1 −≺ B” and “H2 −≺ B”, rules of the form
“H1 −≺ H2 −≺ B” are rewritten as “H1 −≺ B ∧H2”,
and rules of the form “H −≺ (B1∨B2)” are rewritten
as two rules “H −≺ B1” and “H1 −≺ B2”.

T∆({C v D}) =df

{
Th(D, X) −≺ Tb(C, X)

}
,

if C is an Lb-class and D an Lh-class
T∆({C ≡ D}) =df T∆({C v D}) ∪ T∆({D v C}),

if C and D are Lhb-classes

T∆({> v ∀P.D}) =df

{
Th(D, Y ) −≺ P (X, Y )

}
,

if D is an Lh-class

T∆({> v ∀P−.D}) =df

{
Th(D, X) −≺ P (X, Y )

}
,

if D is an Lh-class

T∆({P v Q}) =df

{
Q(X, Y ) −≺ P (X, Y )

}
T∆({P ≡ Q}) =df

{
Q(X, Y ) −≺ P (X, Y )
P (X, Y ) −≺ Q(X, Y )

}
T∆({P ≡ Q−}) =df

{
Q(X, Y ) −≺ P (Y, X)
P (Y, X) −≺ Q(X, Y )

}
T∆({P+ v P}) =df

{
P (X, Z) −≺ P (X, Y ) ∧ P (Y, Z)

}
T∆({s1, . . . , sn}) =df

⋃n

i=1
{T∆({si})}, if n > 1

where:
Th(A, X) =df A(X)

Th((C uD), X) =df Th(C, X) ∧ Th(D, X)
Th((∀R.C), X) =df Th(C, Y ) −≺ R(X, Y )

Tb(A, X) =df A(X)
Tb((C uD), X) =df Tb(C, X) ∧ Tb(D, X)
Tb((C tD), X) =df Tb(C, X) ∨ Tb(D, X)
Tb((∃R.C), X) =df R(X, Y ) ∧ Tb(C, Y )

Figure 1: Mapping from DL ontologies to DeLP de-
feasible rules

Example 1 Consider the DL terminology TD =
{(b v f ), (c v ¬f ), (c u s v f )} that expresses both
that birds fly and that chickens do not fly unless they

Proc, of the Knowledge Representation Ontology Workshop (KROW-2008), Sydney, Australia

Page 13



are scared. The application of the T∆ mapping to
TD yields a set ∆ of defeasible rules, where ∆ =
{(f (X) −≺ b(X)), (∼ f (X) −≺ c(X)), (f (X) −≺ c(X),
s(X))}.

Next we present a mapping from DL axioms to
strict rules. We are going to assume that strict ter-
minologies are consistent (see Section 5.3).
Definition 6 (T ∗Π mapping from DL sentences
to DeLP strict rules) Let A,C,D be concepts, X,Y
variables, P,Q properties. The T ∗Π : 2LDL → 2LDeLPΠ

mapping is defined in Fig. 2. Besides, rules of the
form “(H1 ∧ H2) ← B” are rewritten as two rules
“H1 ← B” and “H2 ← B”, rules of the form “H1 ←
H2 ← B” are rewritten as “H1 ← B∧H2”, and rules
of the form “H ← (B1 ∨ B2)” are rewritten as two
rules “H ← B1” and “H ← B2”.

T ∗Π ({C v D}) =df

{
Th(D, X)← Tb(C, X)

}
,

if C is an Lb-class and D an Lh-class
T ∗Π ({C ≡ D}) =df T ∗Π ({C v D}) ∪ T ∗Π ({D v C}),

if C and D are Lhb-classes

T ∗Π ({> v ∀P.D}) =df

{
Th(D, Y )← P (X, Y )

}
,

if D is an Lh-class

T ∗Π ({> v ∀P−.D}) =df

{
Th(D, X)← P (X, Y )

}
,

if D is an Lh-class

T ∗Π ({a : D}) =df

{
Th(D, a)

}
,

if D is an Lh-class

T ∗Π ({〈a, b〉 : P}) =df

{
P (a, b)

}
T ∗Π ({P v Q}) =df

{
Q(X, Y )← P (X, Y )

}
T ∗Π ({P ≡ Q}) =df

{
Q(X, Y )← P (X, Y )
P (X, Y )← Q(X, Y )

}
T ∗Π ({P ≡ Q−}) =df

{
Q(X, Y )← P (Y, X)
P (Y, X)← Q(X, Y )

}
T ∗Π ({P+ v P}) =df

{
P (X, Z)← P (X, Y ) ∧ P (Y, Z)

}
T ∗Π ({s1, . . . , sn}) =df

⋃n

i=1
T ∗Π ({si}), if n > 1

where:
Th(A, X) =df A(X)

Th((C uD), X) =df Th(C, X) ∧ Th(D, X)
Th((∀R.C), X) =df Th(C, Y )← R(X, Y )

Tb(A, X) =df A(X)
Tb((C uD), X) =df Tb(C, X) ∧ Tb(D, X)
Tb((C tD), X) =df Tb(C, X) ∨ Tb(D, X)
Tb((∃R.C), X) =df R(X, Y ) ∧ Tb(C, Y )

Figure 2: Mapping from DL ontologies to DeLP strict
rules

As DeLP is based on SLD-derivation of literals,
simple translation of DL sentences to DeLP strict
rules does not allow to infer negative information
by modus tollens. For instance, “C v D” (all
C’s are D’s) is translated as “D(X) ← C(X)”,
DeLP is not able to derive “∼D(a)” from “∼C(a)”.
Thus given “C1 u C2 u . . . u Cn−1 u Cn v D”, in-
stead of only including the strict rule “D(X) ←
C1(X), C2(X), . . . , Cn−1(X), Cn(X)” in its transla-
tion, we propose including all of its transposes.
Definition 7 (Transposes of a strict rule) Let
r = H ← B1, B2, B3, . . . , Bn−1, Bn be a DeLP strict
rule. The set of transposes of rule r, noted as
“Trans(r)”, is defined as:

Trans(r) =


H ← B1, B2, . . . , Bn−1, Bn

B1 ← H, B2, B3, . . . , Bn−1, Bn

B2 ← H, B1, B3, . . . , Bn−1, Bn

B3 ← H, B1, B2, . . . , Bn−1, Bn

. . .

Bn−1 ← H, B1, B2, B3 . . . , Bn

Bn ← H, B1, B2, . . . , Bn−1


We define the mapping from DL ontologies into

DeLP strict rules as TΠ(T ) = Trans(T ∗Π (T )). Notice
that we do not consider transposition of defeasible
rules as this issue is controversial (Brewka et al. 1997,
Caminada 2008).

5 DeLP-based Ontologies

As mentioned previously, traditional DL reasoners are
not capable of inferring information in the presence
of inconsistent ontologies. In this section, we present
a framework where inconsistent definitions for con-
cepts in an ontology are expressed are as a set of de-
feasible inclusion and equality axioms. These axioms
are to be considered to be tentative. Thus, in the
presence of inconsistency, to determine the epistemic
status of a sentence about some individual’s member-
ship to a concept description, a dialectical analysis
will be carried out considering all arguments in favor
and against its membership.

5.1 Knowledge representation: δ-ontologies

An ontology is defined as a set of classes and a set
of individuals belonging to such classes. We redefine
the notion of DL ontology for making it suitable for
our approach.

Definition 8 (δ-Ontology) Let C be an Lb-class,
D an Lh-class, A,B Lhb-classes, P,Q properties, a, b
individuals. Let T be a set of inclusion and equal-
ity sentences in LDL of the form C v D, A ≡ B,
> v ∀P.D, > v ∀P−.D, P v Q, P ≡ Q, P ≡ Q−,
o P+ v P such that T can be partitioned into two
disjoint sets TS and TD. Let A be a set of assertions
disjoint with T of the form a : D or 〈a, b〉 : P . A
δ-ontology Σ is a tuple (TS , TD, A). The set TS is
called the strict terminology (or Sbox), TD the de-
feasible terminology (or Dbox) and A the assertional
box (or Abox).

Example 2 Let Σ2 = (TS , TD, A) be a δ-ontology,
where:2 TS = {(c t p v b), (p v ¬f )}; TD = {(b v
f ), (c v ¬f ), (c u s v f ), (f v nit)}, and A = {(ti :
c), (tw : p), (ti : s)}. The Sbox TS says both that
chickens and penguins are birds, and that penguins do
not fly. The Dbox TD expresses that birds usually fly,
chickens typically do not fly unless they are scared,
and that flying animals normally nest in trees. The
Abox A establishes that Tina is a chicken, Tweety is
a penguin and Tina is scared.

We will see how to assign semantics to δ-ontologies
as DeLP programs. The Sbox will be interpreted as
a set of strict rules, the Abox as set of facts and the
Dbox as a set of defeasible rules.

5.2 Semantic interpretation of δ-ontologies as
DeLP programs

The traditional approach to reasoning in DLs is based
on a model-theoretic semantics. As DLs are a subset
of first-order logic (FOL), entailment has an explo-
sive effect in the presence of inconsistent ontologies.
In this work, we propose an argumentative approach
to reasoning with inconsistent ontologies. Thus a δ-
ontology will be interpreted as a DeLP program. As
required by the DeLP framework, we are assuming
that under a traditional interpretation the set TS ∪A
has a model (see Section 5.3).

Definition 9 (Interpretation of a δ-ontology)
Let Σ = (TS , TD, A) be a δ-ontology. The
interpretation of Σ is a DeLP program
P = (TΠ(TS) ∪ TΠ(A), T∆(TD)).

Example 3 (Continues Ex. 2) Consider again
the δ-ontology Σ2. Σ2 is interpreted as the DeLP

2This example appears in (Garćıa & Simari 2004) in a different
context.
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program P2 = (Π,∆), where: Π = {(b(X) ← c(X)),
(∼ c(X) ←∼ b(X)), (b(X) ← p(X)),
(∼ p(X) ←∼ b(X)), (∼ f (X) ← p(X)),
(∼ p(X) ← f (X)), c(ti), p(tw), s(ti)}, and
∆ = { (f (X) −≺ b(X)), (∼ f (X) −≺ c(X)),
(f (X) −≺ c(X), s(X)), (nit(X) −≺ f (X))}.

5.3 Inference tasks in δ-ontologies

In the DL approach to reasoning with ontologies in
the Semantic Web, once a knowledge engineer has
designed the terminology and used the DL reason-
ing service for checking that all of the terminology’s
concepts are satisfiable, the Abox can be filled with
assertions about individuals. In order to keep con-
sistency within an argument as required by Def. 2,
we must enforce some internal coherence between the
Abox and the Tbox. Formally:

Definition 10 (Internal coherence in Aboxes.
Consistency of Aboxes w.r.t. Sboxes) Let Σ =
(TS , TD, A) be a δ-ontology. Let C be a class name,
a, b individuals. The Abox A is internally coherent iff
there are no pair of assertions a : C and a : ¬C. The
Abox A is consistent w.r.t. the terminology TS iff it
is not possible to derive two literals C(a) and ∼C(a)
from TΠ(TS) ∪ TΠ(A).

Example 4 Let Σ4 = (TS , ∅, A) be a δ-ontology such
that TS = {(C v D), (D v ¬F )} and A = {(a :
C), (a : F )}. Σ4 is expressed as P4 = (Π, ∅),
where Π = TΠ(TS) ∪ TΠ(A) = {C(a), F (a), (D(X)←
C(X)), (∼C(X) ←∼D(X)), (∼F (X) ← D(X)), (∼
D(X) ← F (X))}, from which is possible to strictly
derive F (a) and ∼F (a). Therefore A is not coherent
w.r.t. TS.

5.3.1 Instance checking

In the traditional DL setting, instance checking refers
to determining whether the assertions in the Abox
entail that a particular individual is an instance of a
given concept description (Baader et al. 2003). We
propose a set of definitions to capture this notion in
the context of δ-ontologies.

Definition 11 (Potential, justified and strict
membership of an individual to a class) Let Σ =
(TS , TD, A) be a δ-ontology. Let C be a class name, a
an individual, let P = (TΠ(TS)∪TΠ(A), T∆(TD)). (a)
The individual a potentially belongs to class C (noted
as “Ca

p ”) iff there exists an argument 〈A, C(a)〉 w.r.t.
P; (b) the individual a justifiedly belongs to class C
(noted as “Ca

j ”) iff there exists a warranted argument
〈A, C(a)〉 w.r.t. P, and, (c) the individual a strictly
belongs to class C (noted as “Ca

s ”) iff there exists an
argument 〈∅, C(a)〉 w.r.t. P.

Property 1 Ca
s implies Ca

j , and Ca
j implies Ca

p .

Proof: The former holds because in DeLP empty arguments
(i.e., literals derived exclusively from strict rules) have no de-
featers and they are thus warranted. The latter trivially holds
because warranted arguments are arguments.

We now extend the notion of membership to arbi-
trary concept expressions.

Definition 12 (Potential, justified and strict
membership of an individual to a class (ex-
tended version)) Let Σ = (TS , TD, A) be a δ-
ontology. Let C,D class names in Σ, a, b individu-
als in Σ, R an atomic property in Σ, P = (TΠ(TS) ∪
TΠ(A), T∆(TD)). Let E be a class name not present
in Σ. The potential (justified resp.) membership of
a to a complex concept is defined as:

• ¬C: (¬C)a
p ((¬C)a

j , resp.) iff there exists an argument

(warranted argument, resp.) 〈A,∼C(a)〉 w.r.t. P.

• C u D: Let P2 = (Π,∆ ∪ T∆(C u D v E)). (C uD)a
p

((C uD)a
j , resp.) iff there exists an argument (warranted

argument, resp.) 〈A, E(a)〉 w.r.t. P2.

• C t D: Let P2 = (Π,∆ ∪ T∆(C t D v E)). (C tD)a
p

((C tD)a
j , resp.) iff there exists an argument (warranted

argument, resp.) 〈A, E(a)〉 w.r.t. P2.

• ∃R.C: Let P2 = (Π,∆ ∪ T∆(∃R.C v E)). (∃R.C)a
p

((∃R.C)a
j , resp.) iff there exists an argument (warranted

argument, resp.) 〈A, E(a)〉 w.r.t. P2.

The strict membership of a to a complex concept is
defined as:
• ¬C: (¬C)a

s iff there exists an argument 〈∅,∼C(a)〉 w.r.t.
P.

• C uD: Let P2 = (Π ∪ TΠ(C uD v E),∆). (C uD)a
s iff

there exists an argument 〈∅, E(a)〉 w.r.t. P2.

• C tD: Let P2 = (Π ∪ TΠ(C tD v E),∆). (C tD)a
s iff

there exists an argument 〈∅, E(a)〉 w.r.t. P2.

• ∃R.C: Let P2 = (Π ∪ TΠ(∃R.C v E),∆). (∃R.C)a
s iff

there exists an argument 〈∅, E(a)〉 w.r.t. P2.

Property 2 Let Σ = (TS , TD, A) be a δ-ontology. It
cannot be the case that individual a belongs justifiedly
to concept C and ¬C simultaneously.

Proof: Suppose that both Ca
j and (¬C)a

j . Then it must be

the case there exist two warranted arguments 〈A, C(a)〉 and
〈B,∼C(a)〉 w.r.t. (TΠ(TS) ∪ TΠ(A), T∆(TD)). But this im-

possible as DeLP cannot warrant two complementary literals

simultaneously (as proven by Garćıa & Simari (2004)).

Property 3 Let Σ = (TS , TD, A) be a δ-ontology. It
cannot be the case that individual a belongs strictly to
concept C and ¬C simultaneously.

Proof: If Ca
s and (¬C)a

s , then there must exist two arguments

〈∅, C(a)〉 and 〈∅,∼ C(a)〉 w.r.t. (TΠ(TS) ∪ TΠ(A), T∆(TD)).

Then TΠ(TS) ∪ TΠ(A) is inconsistent (contradicting Def. 10).

5.3.2 Retrieval

When DL knowledge bases are considered, we would
want to know all individuals that are instances of a
certain concept. In the traditional DL setting, given
an ontology (T,A) and a concept C, in the retrieval
problem we are interested to know all of the individ-
uals a such that T ∪ A |= a : C (Baader et al. 2003).
We present näıve solutions to two related problems:

• Open retrieval: Given a δ-ontology Σ =
(TS , TD, A) and a class C, find all individuals
which are instances of C. We solve this problem
by finding all the individuals a such that there ex-
ists a warranted argument 〈A, C(a)〉 w.r.t. DeLP
program (TΠ(TS) ∪ TΠ(A), T∆(TD)).

• Retrieval of all classes: Given a δ-ontology
Σ = (TS , TD, A) and an individual a, find all
named classes C such that a is an instance of
C. We solve this problem by finding all the
classes C such that there exists a warranted argu-
ment 〈A, C(a)〉 w.r.t. DeLP program (TΠ(TS) ∪
TΠ(A), T∆(TD)).

Property 4 The running time of processes for “open
retrieval” and for “retrieval of all classes” is finite.

Proof: As a δ-ontology has a finite number of both named
concepts and individual constants, the DeLP program obtained
from it is finite. Cecchi et al. (2006) have shown that deter-
mining if there exists an argument for a literal is NP; besides,
as the warrant procedure always builds a finite dialectical tree

(Garćıa & Simari 2004), then proceses for “open retrieval” and
for “retrieval of all classes” always terminate.
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6 DeLP-based Integration of DL Ontologies

In this section, we introduce an application for on-
tology integration in the Semantic Web based on the
framework presented above. Ontology integration is
the problem of combining ontologies residing in dif-
ferent sources and to provide the user with an uni-
fied view of such ontologies (Calvanese et al. 2001).
The problem of designing systems for ontology inte-
gration in the Semantic Web is particularly important
because ontologies are to be developed independently
from each other and, for this reason, they can be mu-
tually inconsistent. One possible architecture for on-
tology integration systems is based on a global schema
and a set of local sources. The local sources con-
tain the actual data while the global schema provides
a reconciled, unified view of the underlying sources.
A basic service provided by ontology integration sys-
tems is that of answering queries posed in terms of
the global schema.

Definition 13 (Ontology integration system)
An ontology integration system I is a triple
(G,S,M) where:
• G is a global ontology expressed as a δ-ontology over an

alphabet AG .

• S is a set of n source ontologies S1, . . . ,Sn expressed
as δ-ontologies over alphabets AS1 , . . . ,ASn , resp. Each
alphabet ASi

includes a symbol for each element of the
source Si, i = 1, . . . , n.

• M is a set of n mappings M1, . . . ,Mn between G and
S1, . . . ,Sn, resp. Each mapping Mi is constituted by a
set of assertions of the form qSi

v qG , where qG y qSi
are

queries of the same arity defined over global ontology G
and Si, i = 1, . . . , n, resp. Queries qG are expressed over
alphabet AG and queries qSi

are expressed over alphabet
ASi

. The sets M1, . . . ,Mn are called bridge ontologies.

Next we show a case study in which several DL
local ontologies and a DL global ontology are inte-
grated. These ontologies will be interpreted as DeLP
programs. Queries posed w.r.t. the global ontology
are going to be interpreted as queries answered on
the basis of such DeLP programs.

Example 5 Consider the global δ-ontology G =
(∅, TGD, ∅) presented in Fig. 3. The Dbox TGD expresses
that computer geeks are usually not good in sports;
expert swimmers are normally good at sports, and, if
somebody is either capable of swimming both a race
stroke and a rescue stroke or is a diver, then she is
typically considered an expert swimmer.

Defeasible terminology TGD:

geek v ¬good
swimmer v good
(∃can swim.rescue stroke u ∃can swim.race stroke)

t diver v swimmer

Figure 3: Global ontology G = (∅, TGD, ∅)

Notice that the terminology TGD expresses a conflict
w.r.t. concept “good”. If we find that some individual
in the Abox can be proven to be member of both con-
cepts “swimmer” and “geek”, then the Abox would
be incoherent from a traditional DL point of view
because that individual would belong both to “good”
and to “¬good , indicating that concept “good” should
be empty and having one individual at the same time.
We will show how this situation can be handled nat-
urally in DeLP.

Example 6 (Continues Ex. 5) In Fig. 4, we
present two source ontologies: S1 about water activ-
ities, and S2 on computer programming. In source
local ontology S1 = (∅, TS1

D , AS1), Dbox TS1
D says

that both free and scuba divers are divers, saturation
divers are a particular class of scuba divers, and
somebody capable of swimming some kind of stroke
is usually a swimmer. Abox AS1 establishes that
John swims both crawl and side strokes, Paul is a
saturation diver, and crawl and side are swimming
strokes.

In source local ontology S2 = (TS2
S , TS2

D , AS2), Sbox
TS2

S expresses that among programming languages,
both logic programming and object-oriented languages
can be found. Dbox TS2

D says that a programmer is
usually somebody who can program in some program-
ming language, and that someone who can read and
write code in such a language can program unless she
has failed the elementary programming course. Abox
AS2 establishes that Prolog is a logic programming
language and that John can read and write Prolog
code; that Java is an object-oriented language and that
Mary can read and write Java code, and that Paul is
capable of reading and writing Java code although he
failed the elementary programming course.

Source ontology S1 = (∅, T
S1
D

, AS1 ):

Defeasible terminology T
S1
D

:

free diver t scuba diver v diver
saturation diver v scuba diver
∃swims.stroke v swimmer

Assertional box AS1 :
crawl : stroke; side : stroke
〈john, crawl〉 : swims; 〈john, side〉 : swims
paul : saturation diver

Source ontology S2 = (T
S2
S

, T
S2
D

, AS2 ):

Strict terminology T
S2
S

:

lp lang t oop lang v lang

Defeasible terminology T
S2
D

:

∃programs.lang v programmer
∃programs.lang u failed prog 101 v ¬programmer
reads u writes v programs

Assertional box AS2 :
prolog : lp lang; java : oop lang
〈john, prolog〉 : reads; 〈john, prolog〉 : writes
〈mary, java〉 : reads; 〈mary, java〉 : writes
〈paul, java〉 : reads; 〈paul, java〉 : writes
paul : failed prog 101

Figure 4: Source ontologies S1 and S2

Notice how, in particular, source ontology S2 is in-
consistent from a traditional point of view because the
individual named Paul belongs at the same time to
concepts “programmer” and “¬programmer”. There-
fore, this ontology cannot be processed by traditional
DL reasoners. We will show how can this be achieved
in the framework of δ-ontologies.

As mentioned above, our goal is to answer queries
about the membership of individuals to a certain
concept of a global ontology using the data de-
fined in source ontologies. The relationship of the
global ontology with the local ontologies is achieved
through bridge ontologies. A bridge ontology allows
to map concepts and properties between two ontolo-
gies. Thus a concept in one ontology corresponds to
a view of one or several concepts in some other ontol-
ogy. In the examples we present, we consider bridge
ontologies as given; for techniques on semi-automatic
discovery of such mappings implemented as articula-
tion rules, see (Mitra 2004). Moreover, we are going
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to assume unique name assumption w.r.t. references
to individuals in Aboxes through our presentation.

Example 7 (Continues Ex. 6) Consider again
global ontology G and source ontologies S1 and S2.
Definitions in G with those in S1 and S2 are artic-
ulated by bridge ontologies M1 and M2, resp. (see
Fig. 5). For clarity, in bridge ontologies we qualify
concept and property names with their defining
ontology name.

Bridge ontology M1 expresses that concept
“swims” in S1 corresponds to concept “can swim” in
G; concept “diver” in S1 refers to “diver” in G; con-
cept (anonimously defined by the one-of construct)
composed of individual “side” in S1 is mapped to
the concept “rescue stroke” in G, and, the concept
composed by individual “crawl” in S1 is mapped to
“race stroke” in G. Bridge ontology M2 indicates
that concept “programmer” in S2 corresponds to con-
cept “geek” defined in G.

Bridge ontology M1 between G and S1:

S1 : swims v G : can swim
S1 : diver v G : diver
S1 : {side} v G : rescue stroke
S1 : {crawl} v G : race stroke

Bridge ontology M2 between G and S2:

S2 : programmer v G : geek

Figure 5: Bridge ontologies M1 and M2

As discussed above, in the global-as-view approach
to ontology integration, queries are posed w.r.t. a
global ontology which is used as a means to access
data found in local source ontologies. Next we show
how to extend the task of instance checking for in-
dividual membership to concepts defined in a global
ontology in the context of an ontology integration sys-
tem. We will show how an ontology integration sys-
tem can be regarded as a DeLP program and queries
to the ontology integration system can be interpreted
as queries w.r.t. such DeLP program.

Definition 14 (Interpretation of an ontology
integration system) Let I = (G,S,M) be an on-
tology integration system such that S = {S1, . . . ,Sn}
y M = {M1, . . . ,Mn}, where:
• G = (TGS , T

G
D, A

G);

• Si = (T
Si
S , T

Si
D , A

Si
i ), with i = 1, . . . , n, and,

• Mi = (T
Mi
S , T

Mi
D ), with i = 1, . . . , n.

The system I is interpreted as the DeLP program
IDeLP = (Π,∆):

Π =
(
TΠ(TGS )

)
∪
(
TΠ(AG)

)
∪
( ⋃n

i=1
TΠ(T

Si
S )

)
∪( ⋃n

i=1
TΠ(T

Mi
S )

)
;

∆ =
(
T∆(TGD)

)
∪
( ⋃n

i=1
T∆(T

Si
D )

)
∪( ⋃n

i=1
T∆(T

Mi
D )

)
.

Example 8 (Continues Ex. 7) The interpretation
as DeLP programs of global ontology G; sources S1
and S2, and bridges M1 and M2 are shown in
Figs. 6, 7 and 8, resp. Global ontology G is inter-
preted as the DeLP program PG = (∅,∆G); source
ontology S1, as P1 = (Π1,∆1); source ontology S2,
as P2 = (Π2,∆2); bridge ontology M1, as the set of
defeasible rules ∆M1 , and, bridge ontology M2, as
∆M2 .

Thus, the interpretation of I is the DeLP program
PI = (Π,∆) where Π = Π1∪Π2, and ∆ = ∆G ∪∆1∪
∆2 ∪∆M1 ∪∆M2 .

DeLP program PG = (∅, ∆G) obtained from G:
Defeasible rules ∆G :
∼good(X) −≺ geek(X)
good(X) −≺ swimmer(X)
swimmer(X) −≺

can swim(X, Y ), rescue stroke(Y ),
can swim(X, Z), race stroke(Z)

swimmer(X) −≺ diver(X)

Figure 6: DeLP program PG = (∅,∆G) obtained from
global ontology G

DeLP program P1 = (Π1, ∆1) obtained from S1:

Facts Π1:
stroke(crawl); stroke(side)
swims(john, crawl); swims(john, side)
saturation diver(paul)

Defeasible rules ∆1:
diver(X) −≺ free diver(X)
diver(X) −≺ scuba diver(X)
scuba diver(X) −≺ saturation diver(X)
swimmer(X) −≺ swims(X, Y ), stroke(Y )

DeLP program P2 = (Π2, ∆2) obtained from S2:

Facts and strict rules Π2:
lp lang(prolog); oop lang(java)
reads(john, prolog); writes(john, prolog)
reads(mary, java); writes(mary, java)
reads(paul, java); writes(paul, java)
failed prog 101(paul)
lang(X)← lp lang(X)
∼lp lang(X)←∼lang(X)
lang(X)← oop lang(X)
∼oop lang(X)←∼lang(X)

Defeasible rules ∆2:
programmer(X) −≺ programs(X, Y ), lang(Y )
∼programmer(X) −≺

programs(X, Y ), lang(Y ), failed prog 101(X)
programs(X, Y ) −≺ reads(X, Y ), writes(X, Y )

Figure 7: DeLP programs P1 and P2 obtained from
source ontologies S1 and S2, resp.

Possible inferences in the integrated ontology
IDeLP are modeled by means of a dialectical anal-
ysis in the DeLP program that is obtained when each
DL sentence of the ontology is mapped into DeLP
clauses. Thus warranted arguments will be the valid
consequences that will be obtained from the original
ontology, provided the strict information in IDeLP is
consistent. Formally:

Definition 15 (Potential, justified and strict
membership of individuals to concepts in on-
tology integration systems) Let I = (G,S,M) be
an ontology integration system. Let a be an individual
name, and c a concept name defined in G. Individual
a belongs potentially to concept C iff there exists an
argument A for the literal C(a) w.r.t. DeLP program
IDeLP . Individual a belongs justifiedly to concept C
iff there exists a warranted argument A for the literal

Bridge rules ∆M1 between ontologies G and S1:

G : can swim(X, Y ) −≺ S1 : swims(X, Y )
G : diver(X) −≺ S1 : diver(X)
G : rescue stroke(X) −≺ S1 : stroke(X), X = side
G : race stroke(X) −≺ S1 : stroke(X), X = crawl

Bridge rules ∆M2 between ontologies G and S2:

G : geek(X) −≺ S2 : programmer(X)

Figure 8: Bridge ontologies expressed as defeasible
rules
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C(a) w.r.t. DeLP program IDeLP . Individual a be-
longs strictly to concept C iff there exists an empty
argument for the literal C(a) w.r.t. DeLP program
IDeLP .

Next we will show some of the arguments that can
be built from the integrated ontology system. In the
rest of the presentation, we are assuming generalized
specificity (Simari & Loui 1992) as the criterion for
argument comparison.
Example 9 (Continues Ex. 8) Consider again
DeLP program IDeLP , we are interested in de-
termining the justified membership of individuals
John, Mary and Paul to concepts “good” and/or
“¬good”. According to Def. 15, it is necessary to
determine if there exist warranted arguments for
literals good(john), good(mary) and good(paul), resp.
Notice that answers to queries cannot be ambiguous
as it is not possible to warrant complementary literals
in DeLP at the same time (see Section 7). We will
see that as John is both a geek and a swimmer, it
will not be possible to determine if he is or not good
at sports. In spite of this result, we will also see
that as Mary is a Java programmer, she will not be
regarded as good at sports. In the case of Paul, as
he is a diver and, although he programs in Java but
failed the elementary programming course, he will
not be considered a programmer and thus, he will be
regarded as good at sports.

First, we will consider the dialectical analysis for
the query “good(john)”. There are reasons to as-
sert that John belongs potentially to concept “good”.
Formally, there exists an argument 〈A1, good(john)〉
where:

A1 =



(good(john) −≺ swimmer(john)),
(swimmer(john) −≺

can swim(john, side), rescue stroke(side),
can swim(john, crawl), race stroke(crawl)),

(G : race stroke(crawl) −≺
S1 : stroke(crawl), crawl = crawl),

(G : can swim(john, crawl) −≺
S1 : swims(john, crawl)),

(G : rescue stroke(side) −≺
S1 : stroke(side), side = side)

(G : can swim(john, side) −≺
S1 : swims(john, side))


However, John belongs potentially to concept

“¬good” because he is a computer geek. Formally,
there is an argument 〈A2,∼good(john)〉 that defeats
argument A1, where:

A2 =


(∼good(john) −≺ geek(john)),
(G : geek(john) −≺ S2 : programmer(john)),
(programmer(john) −≺

programs(john, prolog), lang(prolog)),
(programs(john, prolog) −≺

reads(john, prolog), writes(john, prolog))

 .

Thus, in the dialectical tree for the query
“good(john)”, defeated argument A1 appears labeled
as a D-node while victorious argument A2 appears
marked as a U -node. (see Fig. 9.(a)). On the other
hand, when we consider the membership of John to
concept “¬good”, we discover that argument A2 sup-
porting this conclusion is defeated by argument A1
(see Fig. 9.(b)). Therefore, the answer to query
“good(john)” is Undecided.

Second, we consider the dialectical analysis for de-
termining if Mary belongs to concept “good”. Mary
belongs justifiedly to concept “¬good” as the answer
to query “good(mary)” is No because there is a war-
ranted argument 〈B,∼good(mary)〉 (see Fig. 9.(c)),
where:

B =


(∼good(mary) −≺ geek(mary)),
(G : geek(mary) −≺ S2 : programmer(mary)),
(programmer(mary) −≺

programs(mary, java), lang(java)),
(lang(java) −≺ oop lang(java)),
(programs(mary, java) −≺

reads(mary, java), writes(mary, java))



Third, we will see why Paul belongs justifiedly to
concept “good”. Let us consider the dialectical tree
for the literal “good(paul)”. There is an argument
〈C1, good(paul)〉, based on the defeasible information
that expresses that Paul is an expert swimmer (be-
cause he is a saturation diver):

C1 =


(good(paul) −≺ swimmer(paul)),
(swimmer(paul) −≺ G : diver(paul)),
(G : diver(paul) −≺ S1 : diver(paul)),
(S1 : diver(paul) −≺ scuba diver(paul)),
(scuba diver(paul) −≺ saturation diver(paul))


But argument C1 is attacked by an argument 〈C2,∼

good(paul)〉, where:

C2 =


(∼good(paul) −≺ geek(paul)),
(G : geek(paul) −≺ S2 : programmer(paul)),
(programmer(paul) −≺

programs(paul, java), lang(java)),
(programs(paul, java) −≺

reads(paul, java), writes(paul, java))


Nevertheless, Paul also belongs potentially to concept

“S2 : ¬programmer” (because he failed the elemen-
tary programming course), as an argument 〈C3,S2 :∼
programmer(paul)〉 can be found, where:

C3 =


(∼programmer(paul) −≺

programs(paul, java), lang(java),
failed prog 101(paul)),

(programs(paul, java) −≺
reads(paul, java), writes(paul, java))


Thus, the dialectical tree for the query “good(paul)”

has three nodes (see Fig. 9.(d)). Respect the query
“∼good(paul)” for determining if Paul belongs justi-
fiedly to concept “¬good”, argument C2 is defeated by
argument C1 (see Fig. 9.(e)). Therefore, the answer
to the query “good(paul)” is Yes, and we conclude
that Paul belongs justifiedly to concept “good”.
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(a) (b) (c) (d) (e)

Figure 9: Dialectical trees for queries good(john),
good(mary) and good(paul)

7 Evaluation of the Proposal

In order to evaluate our approach, we propose us-
ing the framework presented by Huang et al. (2005)
for reasoning with inconsistent ontologies with a non-
standard inference relation. With classical reasoning,
a query φ given an ontology Σ can be expressed as an
evaluation of the consequence relation Σ |= φ; there
are two answers to a query: either “yes” (Σ |= φ) or
“no” (Σ 6|= φ). For reasoning with inconsistent ontolo-
gies with a non-standard inference relation, Huang
et al. (2005) propose using an alternative classifica-
tion to distinguish answers to queries:

Definition 16 (Epistemic status of an answer
(Huang et al. 2005)) Given an ontology Σ and a
query φ, the answer to φ will have one of the four
epistemic states:
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1. Over-determined: Σ|≈φ and Σ|≈¬φ;

2. Accepted: Σ|≈φ and Σ 6 |≈¬φ;

3. Rejected: Σ 6 |≈φ and Σ|≈¬φ;

4. Undetermined: Σ 6 |≈φ and Σ 6 |≈¬φ.

If we regard the relation |≈ as “justified member-
ship” of instances to concepts (see Def. 11), Σ|≈φ cor-
responds to a Yes answer to query φ w.r.t. program
T (Σ).

Property 5 Let |≈ be the “justified membership” of
instances to concepts relationship. Let Σ be a δ-
ontology. The answer to a query φ is never over-
determined.

Proof: Suppose by the contrary that the answer to φ is over-

determined. Then it must be the case that there exist two war-

ranted arguments 〈A, φ〉 and 〈A,∼φ〉 w.r.t. T (Σ). This cannot
be the case in DeLP as shown by Garćıa & Simari (2004).

Notice that, as required by traditional DL reason-
ing, DeLP does not adopt the closed-world assump-
tion. That is, not being able to prove Q in DeLP does
not imply that ∼Q will be assumed. On the contrary,
such an answer will be the result of a dialectical anal-
ysis that will take into account all of the reasons for
Q and ∼Q.

Definition 17 (Soundness (Huang et al. 2005))
An inconsistency reasoner |≈ is sound if the formulas
that follow from an inconsistent theory Σ follow from
a consistent subtheory of Σ using classical reasoning.

Property 6 |≈ is a sound inconsistency reasoner.

Proof: Let Σ = (TS , TD, A) be a δ-ontology. If Σ|≈φ then

there exists a warranted argument 〈A, φ〉 w.r.t. T (Σ) = (ΠS ∪
ΠA,∆), where ΠS = TΠ(TS), ΠA = TΠ(A) and ∆ = T∆(TD).

The set ΠS ∪ ΠA ∪ A (see Def. 2) is consistent and as T is a

transformation that preserves semantics (Grosof et al. 2003),
there must exists a subset Σ′ ⊆ Σ such that T (Σ′) = ΠS ∪
ΠA ∪ A.

Definition 18 (Consistency (Huang et al.
2005)) An inconsistency reasoner |≈ is consistent iff
Σ|≈φ⇒ Σ 6 |≈¬φ.

Property 7 |≈ is a consistent inconsistency rea-
soner.

Proof: Corollary of Prop. 5.

Definition 19 (Meaningfulness (Huang et al.
2005)) An answer given by an inconsistency reasoner
is meaningful iff it is consistent and sound. An in-
consistency reasoner is said to be meaningful iff all of
its answers are meaningful.

Property 8 |≈ is a meaningful inconsistency rea-
soner.

Proof: Trivial from Props. 6 and 7.

Implementation issues

As mentioned in Section 4, we base our translation
function from DL to DeLP on the work reported by
Grosof et al. (2003). In this respect, Volz (2004)
shows that the fragment of DL expressible in logic
programming (referred to as DLP) is sufficient to ex-
press most available Web ontologies. Volz has ana-
lyzed the largest currently available collection of Web
ontologies and checked which fragment of those on-
tologies can be expressed in DLP; he claims both that

DLP languages suffice to express 77%–87% of the an-
alyzed ontologies and can express 93%–99% of the
individual axioms in the analyzed ontologies.

As performing defeasible argumentation is a com-
putationally complex task, an abstract machine called
JAM (Justification Abstract Machine) has been spe-
cially developed for an efficient implementation of
DeLP (Garćıa & Simari 2004). JAM provides an
argument-based extension of the traditional WAM
(Warren’s Abstract Machine) for Prolog. A full-
fledged implementation of DeLP is available online3,
including facilities for visualizing arguments and di-
alectical trees.

8 Related Work

Grosof et al. (2003) show how to interoperate, se-
mantically and inferentially, between the leading Se-
mantic Web approaches to rules (RuleML Logic Pro-
grams) and ontologies (OWL DL) by analyzing their
expressive intersection. They define a new intermedi-
ate knowledge representation called Description Logic
Programs (DLP), and the closely related Description
Horn Logic (DHL) which is an expressive fragment
of FOL. They show how to perform the translation
of premises and inferences from the DLP fragment of
DL to logic programming. Part of our approach is
based on Grosof’s work as the algorithm for translat-
ing DL ontologies into DeLP is based on it. However,
as Grosof et al. (2003) use standard Prolog rules, they
are not able to deal with inconsistent DL knowledge
bases as our proposal does.

Heymans & Vermeir (2002) extend the DL
SHOQ(D) with a preference order on the axioms.
With this strict partial order certain axioms can be
overruled, if defeated with more preferred ones. They
also impose a preferred model semantics, introducing
nonmonotonicity into SHOQ(D). Similarly to Hey-
mans & Vermeir (2002) we allow to perform infer-
ences inferences from inconsistent ontologies by con-
sidering subsets (arguments) of the original ontology.
Heymans & Vermeir (2002) also impose a hard-coded
comparison criterion on DL axioms. In our work, the
system, and not the programmer, decides which DL
axioms are to be preferred as we use specificity as
argument comparison criterion. We think that our
approach can be considered more declarative in this
respect. In particular the comparison criterion in
DeLP is modular, so that rule comparison could also
be adopted (Garćıa & Simari 2004).

Eiter et al. (2004) propose a combination of logic
programming under the answer set semantics with the
DLs SHIF(D) and SHOIN (D). This combination
allows for building rules on top of ontologies. In con-
trast to our approach, they keep separated rules and
ontologies and handle exceptions by codifying them
explicitly in programs under answer set semantics.

Huang et al. (2005) use paraconsistent logics to
reason with inconsistent ontologies. They use a selec-
tion function to determine which consistent subsets of
an inconsistent ontology should be considered in the
reasoning process. In our approach given an incon-
sistent ontology Σ, we consider the set of warranted
arguments from T (Σ) as the valid consequences.

Williams & Hunter (2007) use argumentation to
reason with possibly inconsistent rules on top of DL
ontologies. In contrast, we translate possible incon-
sistent DL ontologies to DeLP to reason with them
within DeLP. Laera et al. (2006) propose an approach
for supporting the creation and exchange of differ-
ent arguments, that support or reject possible cor-
respondences between ontologies in the context of a

3See http://lidia.cs.uns.edu.ar/DeLP
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multi-agent system. In our work we assume corre-
spondences between ontologies as given.

Antoniou & Bikakis (2007) propose a rule-based
approach to defeasible reasoning based on a transla-
tion to logic programming with declarative semantics
that can reason with rules, RDF(S) and parts of OWL
ontologies. In contrast with our approach, argumen-
tation is not used explicitly for detecting inconsistent
ontologies. Instead, they translate OWL statements
to Prolog to reason with Defeasible Logic.

9 Conclusions and Future Work

We have presented a framework for reasoning with
inconsistent Description Logics (DL) ontologies. Our
proposal involves expressing DL ontologies as a Defea-
sible Logic Program (DeLP) by means of a translation
function T . Given a query φ posed w.r.t. an inconsis-
tent ontology Σ, a dialectical analysis is performed on
a DeLP program T (Σ) where all arguments in favor
and against φ’s acceptance are taken into account.
We have also presented an application to ontology
integration based on the global-as-view approach to
ontology integration where queries respect a global
ontology are posed while data is extracted from local
ontologies that could be inconsistent.

Several issues need to be solved and part of our
efforts are focused on that matter. For instance, as
DeLP does not support disjunctions in the head of
rules, our approach is not able to deal with DL ax-
ioms that require the construction of such rules, a
possible extension to this work could be in that direc-
tion. Other issue that needs to be addressed is given
by the mapping of DL equality axioms into DeLP
rules. Currently a DL axiom of the form “C ≡ D”
generates two rules of the form “C(X) −≺ D(X)” and
“D(X) −≺ C(X)”. This situation could clearly pro-
duce loops during argument construction when solv-
ing queries in actual DeLP programs. Nevertheless
the examples considered in this work model an impor-
tant part of ontologies where this situation does not
happen, a possible solution involves separating equal-
ity axioms from simple inclusion axioms and keeping
track of their instantiations into ground rules to avoid
such looping situations.
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Abstract

Distributed Description Logics (DDL) enable reason-
ing with multiple ontologies interconnected by direc-
tional semantic mapping. In DDL semantic mapping
is indicated by so called bridge rules. There are two
kinds: into- and onto-bridge rules. Mappings between
concepts allow subsumption to propagate from one
ontology to another. However, in some cases, espe-
cially when more than two local ontologies are in-
volved, subsumption does not always propagate as
we would expect. In a recent study, an adjusted se-
mantics has been introduced that is able to cope with
more complex scenarios. In particular, subsumption
propagates along chains of several bridge rules under
this new semantics. This study makes use of so called
compositional consistency requirement that has been
employed before in Package-based description logics.
While the results concerning subsumption propaga-
tion under the adjusted semantics are encouraging,
we show in this paper that this semantics also has
drawbacks. In certain situations it violates the di-
rectionality principle. We propose a weaker version
of the semantics in this paper that is able to cope
with chains of onto-bridge rules but it is not able to
deal with chains of into-bridge rules. Furthermore
we provide a sound and complete tableaux reasoning
algorithm for this semantics.

1 Introduction and Motivation

Distributed Description Logics (DDL) have been in-
troduced by Borgida and Serafini in (Borgida & Ser-
afini 2003) and later developed in (Serafini & Tamilin
2004, Serafini et al. 2005). DDL are intended espe-
cially to enable reasoning over systems of multiple on-
tologies connected by directional semantic mapping,
built upon the formal, logical and well established
framework of Description Logics (DL) (Baader et al.
2003). DDL capture the idea of importing and reusing
concepts between several ontologies. This idea com-
bines well with the basic assumption of the Semantic
Web that no central ontology but rather many ontolo-
gies with redundant knowledge will exist (Berners-Lee
et al. 2001).

In DDL special syntactic constructs, dubbed
bridge rules, are introduced for encoding seman-
tic mapping between ontologies in a formal fashion.
With bridge rules one is able to assert that some con-
cept, say C, local to ontology T1, is mapped to an in-

Copyright c©2008, Australian Computer Society, Inc. This
paper appeared at the Knowledge Representation Ontology
Workshop (KROW 2008), Sydney, Australia. Conferences in
Research and Practice in Information Technology (CRPIT),
Vol. 90, Thomas Meyer and Mehmet A. Orgun, Ed. Reproduc-
tion for academic, not-for profit purposes permitted provided
this text is included.

dependent ontology T2 as a subconcept/superconcept
of some T2-local concept, say D. Moreover, bridge
rules are directed, and hence if there is a bridge rule
with direction from T1 to T2, then T2 reuses knowledge
from T1 but not necessarily the other way around.
Semantic mapping encoded with bridge rules enables
for knowledge reuse. In particular, we talk about sub-
sumption propagation from one ontology to another.
Consider the example depicted in Fig. 1. Let the on-
tology on the right be our local back-yard ontology.
In this ontology we maintain knowledge about all an-
imals in our backyard. Instead of complex modeling
of all relations between our animals we reuse a far
more complex ontology that contains classification of
all animal species. We map MyCat to genus Felis,
and we also create the concept DangerousAnimal and
map it to Felidae, the family of all cats, since we also
keep a hamster and we know that all cats hunt ham-
sters for food. Thanks to the semantics of DDL we
are now able to derive that MyCat is a subconcept
of DangerousAnimal, even if this relation is not de-
rived in the original backyard ontology locally. We
say that the subsumption between Felis and Felidae
has propagated to the backyard ontology thanks to
the mapping.

Figure 1: A DDL knowledge base with bridge rules.
In the ontology on the right a query is marked up
with “?”; we query whether MyCat is a subconcept of
DangerousAnimal. This query is answered “yes” under
the original DDL semantics.

Please note also that the direction of the mapping
is from the species ontology to the backyard ontol-
ogy, as we only intend to reuse the knowledge of the
species ontology within the backyard ontology and
not the other way around. The mapping depicted on
Fig. 1 does not affect the knowledge within the species
ontology in any way.

Subsumption propagation, as seen above, has been
described as desired and one of the main features of
DDL and it has been studied (cf. (Borgida & Serafini
2003, Serafini & Tamilin 2004, Serafini et al. 2005,
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Homola 2007, 2008)). In (Homola 2008) we have
argued that the original semantics of DDL behaves
counter-intuitively in certain cases and we have pro-
vided an adjustment to the semantics in order to cope
with this issue. For illustration consider Fig. 2 which
extends the previously discussed example depicted
in Fig. 1. In this case, the situation is more com-
plex. We no longer map between concepts Felidae and
DangerousAnimal, but instead these two concepts are
connected indirectly via the concept Carnivore from
yet another ontology. This third ontology deals with
animal behaviour in contrast with the species ontol-
ogy that merely provides classification. In case that
there are such ontologies available, we suggest that
this way of modelling is even more natural. As in the
above example, again we would expect to derive that
MyCat is a subconcept of DangerousAnimal within the
backyard ontology. This relation is not derived under
the original DDL semantics however.

Figure 2: An example of complex concept map-
ping between three ontologies. In this case the query
whether MyCat is a subconcept of DangerousAnimal is
not true under the original DDL semantics.

In the example from Fig. 2 there is a so called chain
of bridge rules. The onto-bridge rule between con-
cepts Carnivore and Felidae and the other one between
Felis and MyCat form a chain, as Felis is a subcon-
cept of Felidae in the classification ontology. Sim-
ilar chains are also possible with into-bridge rules.
The adjusted semantics of (Homola 2008) allows sub-
sumption propagation along such chains of bridge
rules and hence the subsumption between MyCat and
DangerousAnimal is entailed under this semantics.

In this paper we take steps forward in order to
develop a distributed tableaux reasoning algorithm
that would decide satisfiability of concepts and sub-
sumption with respect to the adjusted semantics. The
algorithm that is introduced in this paper handles
chaining onto-bridge rules correctly, but it is unable
to cope with chaining into-bridge rules. We provide
precise characterization of the semantics that the al-
gorithm actually implements. The algorithm works
with acyclic DDL knowledge bases build on top of
ALC as the local language. As in the case of the
tableaux algorithm that is known for the original se-
mantics (Serafini et al. 2005), the algorithm is truly
distributed and it permits the scenario where every
local ontology is governed by an autonomous reason-
ing service and these services communicate by passing
queries. The local reasoner that has started the com-
putation collects all the answers and makes the deci-
sion at the end. Besides the fact that each algorithm
works under a different semantics, the main distin-
guishing feature of the newly introduced algorithm
is that communication between local reasoners is di-
vided into multiple messages. We believe that such

behaviour may serve as a base for more fine-grained
optimization in the future.

2 Distributed Description Logics

Distributed Description Logics have been introduced
in (Borgida & Serafini 2003), as a formal framework
for reasoning with multiple local ontologies inter-
connected with semantic mapping. Faithful to their
namesake, DDL rely on Description Logics (Baader
et al. 2003) as for the representation language of the
local knowledge bases. DL provide a well established
ontological representation language with formal se-
mantics and with reasoning tasks and associated com-
putational issues well understood. In the following we
briefly introduce the ALC DL in oder to be able to
build on it later in the paper. DDL, however, are also
built over more expressive DL up to SHIQ (Horrocks
et al. 1999).

A basic form of DL knowledge base is a TBox. We
will denote TBoxes with Ti because we deal with sev-
eral ontologies. Assume that i is an index from some
index set. Each TBox is a set of subsumption axioms
called general concept inclusions (GCIs), each of the
form i : C v D, where C and D are concepts. Con-
cepts are either atomic or complex. Atomic concepts
have no further structure. Complex concepts are com-
posed from atomic concepts and roles using some of
the DL concept constructors. For list of constructors
and their meaning see Fig. 3. The semantics of DL
is model-theoretic. Each ontology Ti is assigned an
interpretation Ii consisting of a domain ∆Ii and an
interpretation function ·Ii which interprets each con-
cept C by CIi ⊆ ∆Ii . Each role R is interpreted by
RIi ⊆ ∆Ii ×∆Ii . Complex concepts must satisfy fur-
ther semantic constraints, see Fig. 3. There are also
two special concepts ⊥ and >. The bottom concept
(⊥) is always interpreted by ⊥Ii = ∅, the top concept
is always interpreted by >Ii = ∆Ii , but they are for-
mally defined as syntactic sugar: ⊥ ≡ E u ¬E and
> ≡ E t ¬E, for some new concept name E. A con-
cept C is in negation normal form (NNF) if negation
(¬) only appears in C directly in front of atomic con-
cepts. For each concept, an equivalent concept that
is in NNF exists (Baader et al. 2003), we denote NNF
of C by nnf(C). Finally, a GCI axiom i : C v D ,
is satisfied by Ii whenever CIi ⊆ DIi . An interpre-
tation Ii is a model of Ti if it satisfies all GCIs in
Ti. And, subsumption i : C v D is entailed by Ti
if CIi ⊆ DIi holds in all models of Ti. Satisfiability
of concepts and subsumption entailment are standard
decision problems that are investigated in each DL.
For more detailed introduction to DL please refer to
(Baader et al. 2003, Horrocks et al. 1999).

E EIi

¬C ∆Ii \ CIi

C uD CIi ∩DIi

C tD CIi ∪DIi

∀R.C {i ∈ ∆Ii | (∀j ∈ ∆Ii ) (i, j) ∈ RIi =⇒ j ∈ CIi}
∃R.C {i ∈ ∆Ii | (∃j ∈ ∆Ii ) (i, j) ∈ RIi ∧ j ∈ CIi}

Figure 3: Complex concepts in ALC and their seman-
tics.

A DDL knowledge base, commonly dubbed dis-
tributed TBox T, includes a set of local TBoxes each
over its own DL language and a set of bridge rules B
that provides mappings between local TBoxes. The
local languages are commonly required to be under
SHIQ (Horrocks et al. 1999) as it is not trivial to
extend DDL with nominals (Serafini et al. 2005). In
this work, we use the formal definition as follows.
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Definition 1. Assume a DL language L – a sub-
language of SHIQ, a non-empty index set I, a set
of concept names NC =

⋃
i∈I NCi and a set of role

names NR =
⋃
i∈I NRi. A Distributed TBox over L

is a pair T = 〈{Ti}i∈I ,B〉 such that:

1. Each local TBox Ti is a collection of general con-
cept inclusions (GCIs) over NCi and NRi in the
local language of Ti, a sub-language of L. Each
GCI is an axiom of the form

i : C v D .

2. The set of bridge rules B divides into sets of
bridge rules B =

⋃
i,j∈I,i6=j Bij. Each Bij is a

collection of bridge rules in direction from Ti to
Tj which are of two forms, into-bridge rules and
onto-bridge rules (in the respective order):

i : A v→ j : G , i : B w→ j : H .

As we have already mentioned in the introduction,
the direction of bridge rules matters and hence Bij
and Bji are possibly and expectedly distinct. The
bridge graph GT = 〈V,E〉 of a distributed TBox T is
defined as follows: V = I and 〈i, j〉 ∈ E if Bij 6= ∅.
We say that T is acyclic if GT is acyclic.

Given a TBox T , a hole is an interpretation
Iε = 〈∅, ·ε〉 with empty domain. Holes are used
for fighting propagation of inconsistency. We use
the most recent definition for holes, introduced in
(Serafini et al. 2005). A distributed interpretation
I = 〈{Ii}i∈I , {rij}i∈I,i6=j〉 of a distributed TBox T
consists of a set of local interpretations {Ii}i∈I and a
set of domain relations {rij}i∈I,i6=j . .or each i ∈ I, ei-
ther Ii = (∆Ii , ·Ii) is an interpretation of local TBox
Ti or Ii = Iε is a hole. Each domain relation rij is
a subset of ∆Ii × ∆Ij . We denote by rij(d) the set
{d′ | 〈d, d′〉 ∈ rij} and by rij(D) the set

⋃
d∈D rij(d).

Definition 2. For every i and j, a distributed in-
terpretation I satisfies the elements of a distributed
TBox T (denoted by I |=ε ·) according to the follow-
ing clauses:

1. I |=ε i : C v D if Ii |= C v D.

2. I |=ε Ti if I |=ε i : C v D for each C v D ∈ Ti.

3. I |=ε i : C v→ j : G if rij
(
CIi

)
⊆ GIj .

4. I |=ε i : C w→ j : G if rij
(
CIi

)
⊇ GIj .

5. I |=ε B if I satisfies all bridge rules in B.

6. I |=ε T if I |=ε B and I |=ε Ti for each i.

If I |=ε T then we also say that I is a (distributed)
model of T.

The two standard decision problems in DL, satis-
fiability of concepts and entailment of subsumption,
play prominent rôle also in context of DDL. Formally,
the decision problems are defined as follows.

Definition 3. Given a distributed TBox T, an i-local
concept C is satisfiable with respect to T if there exists
a distributed model I of T such that CIi 6= ∅.
Definition 4. Given a distributed TBox T and two
i-local concepts C and D, it is said that C is sub-
sumed by D with respect to T if CIi ⊆ DIi in every
distributed model I of T. We also sometimes say that
the subsumption formula i : C v D is entailed by T
and denote this by T |=ε i : C v D.

It is a well known result that in most DL sub-
sumption and unsatisfiability are inter-reducible. It
follows rather straight forward, that this reduction is
also valid for DDL, as follows in Theorem 1.

Theorem 1. Assume a distributed TBox T and two
i-local concepts C and D. T |=ε i : C v D if and only
if the concept ¬C uD is unsatisfiable with respect to
T. Also, C is satisfiable with respect to T if and only
if the subsumption formula i : C v ⊥ is not entailed
by T.

Below in this paper we present a distributed
tableaux reasoning algorithm that decides satisfiabil-
ity of concepts with respect to a distributed TBox for
the adjusted semantics for DDL of (Homola 2008).
Thanks to this reduction the algorithm provides a de-
cision procedure for both satisfiability and subsump-
tion entailment.

Among the properties of DDL we find the char-
acterization of subsumption propagation, which for-
mally describes the mechanism of knowledge reuse of
DDL. Theorem 2 (Serafini & Tamilin 2004) consti-
tutes the most basic version of this property: thanks
to a pair of one into-bridge rule and one onto-bridge
rule local subsumption relationship is propagated
from the source ontology of these bridge rules to the
target ontology.

Theorem 2 (Simple subsumption propagation). In
each distributed TBox T with two bridge rules i : C w→
j : G ∈ B and i : D v→ j : H ∈ B the following holds:

T |=ε i : C v D =⇒ T |=ε j : G v H .

Study of subsumption propagation in more com-
plex cases appears in the literature (Serafini et al.
2005, Homola 2007). These cases are not as much
interesting for this study, since they do not extend
the case captured by Theorem 2 in that aspect that
only two local ontologies that are directly connected
with bridge rules are studied. In this work we con-
centrate on indirectly connected ontologies. Various
other properties of DDL have showed that DDL con-
stitute a monotonic logic, effect of bridge rules is di-
rectional, and that if some of the local ontologies is
inconsistent, it does not necessarily pollute the whole
distributed system. The reader is kindly redirected
to (Borgida & Serafini 2003, Serafini & Tamilin 2004,
Serafini et al. 2005, Homola 2007) for all details and
discussion.

3 Towards Improved Subsumption Propaga-
tion in DDL

In our recent paper (Homola 2008) we have adjusted
the original semantics of DDL in order to improve
subsumption propagation between remote ontologies,
in cases when local ontologies are only connected indi-
rectly, as in the example from Fig. 2. The adjustment
exploits the compositional consistency requirement,
that is known from Package-based Description Logics
(P-DL) (Bao et al. 2006). In a nutshell, this require-
ment only allows transitive domain relations in dis-
tributed interpretations. Formal definition follows in
Definition 5.

Definition 5. Given a distributed interpretation I
with domain relation r, we say that r (and also I)
satisfies compositional consistency if for each i, j, k ∈
I and for each x ∈ ∆Ii with rij(x) = D we have
rjk(D) = rik(x).

Now the adjusted semantics is simply obtained
from the original DDL semantics by allowing only
distributed interpretations that satisfy compositional
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consistency. In accordance we often use the wording
“DDL under compositional consistency” when refer-
ring to this semantics. The adjusted semantics ac-
tually extends the original one, in the sense that if
some subsumption formula Φ is entailed by a dis-
tributed TBox T in the original semantics, then it
is also entailed by T under compositional consistency.
The only difference is that in the adjusted seman-
tics possibly some more subsumption formulae are
entailed in addition. This is formally stated in the
following theorem (see (Homola 2008) for a proof).

Theorem 3. Given a distributed TBox T and a sub-
sumption formula Φ, if T |=ε Φ according to the orig-
inal semantics, then T |=ε Φ also holds in DDL under
compositional consistency.

To demonstrate the mechanism of improved sub-
sumption propagation within the adjusted semantics,
let us revisit the example from Fig. 2 formally.

Figure 4: Renaming of concepts from Fig. 2 employed
in Example 1. The three local ontologies are referred
to as Tb – behaviour ontology, Tc – classification on-
tology, and Ty – backyard ontology.

Example 1. Recall the example depicted in Fig. 2.
Let’s simplify the notation by renaming the concepts
as follows: C := MyCat, D := DangerousAnimal,
E := Felis, F := Felidae, G := Carnivore. Remain-
ing concepts are of no interest (see Fig. 4). Assume
the index set I = {b, c, y}, where b represents the be-
haviour ontology (on the left), c represents the classi-
fication ontology (in the middle) and y represents the
backyard ontology (on the right). There are various
axioms in T = 〈{Tb, Tc, Ty, },B〉 but of the GCIs only
c : E v F , actually matters to us, and there are three
bridge rules in B:

b : G w→ c : F , c : E w→ y : C ,

b : G v→ y : D .

We query whether it holds that T |=ε y : C v
D. Assume a distributed interpretation I. Let us
first assume that I contains no hole. From Defi-
nition 2 we get rcy

(
EIc

)
⊇ CIy . We also have

rbc
(
GIb

)
⊇ F Ic , but since rcy(·) is a mapping we get

that rcy
(
rbc
(
GIb

))
⊇ rcy

(
F Ic

)
. And from composi-

tional consistency we get rcy
(
rbc
(
GIb

))
= rby

(
GIb

)
and so rby

(
GIb

)
⊇ rcy

(
F Ic

)
. From the GCI c : E v

F we get F Ic ⊇ EIc and from properties of mapping
we again get rcy

(
F Ic

)
⊇ rcy

(
EIc

)
. Putting this all

together we derive:

rby
(
GIb

)
⊇ rcy

(
F Ic

)
⊇ rcy

(
EIc

)
⊇ CIy ,

and that amounts to rby
(
GIb

)
⊇ CIy . On the other

hand, from the into-bridge rule between Tb and Ty we
derive rby

(
GIb

)
⊆ DIy . And so we finally get CIy ⊆

DIy .
For the case with holes assume for instance that

Ib = Iε. In that case GIb = ∅. Thanks to the
constraint generated by bridge rules and the GCI we
easily derive that also F Ic = ∅, EIc = ∅, and also
CIy = ∅. In such a case, however, CIy ⊆ DIy holds
trivially. If we substitute other local interpretations
for holes, we get the very same result similarly.

Summing up, in every model of T we have CIy ⊆
DIy and hence T |=ε y : C v D. Recall that we have
actually used the compositional consistency require-
ment in our argumentation. Without it we would not
be able to establish the result: we would not be able to
prove that rby

(
GIb

)
⊇ rcy

(
F Ic

)
. In fact, the original

DDL semantics allows models that violate this inclu-
sion and hence T |=ε y : C v D does not hold under
the original semantics.

Theorem 4 below provides a more general charac-
terization of cases when subsumption propagates to
remote ontologies. This characterization generalizes
the setting from Figs. 2-4. For a proof, please refer to
(Homola 2008).

Figure 5: Depiction of the distributed TBox from
Theorem 4. Local subsumption is indicated by solid
arrows and bridge rules by dashed arrows.

Theorem 4. Given a distributed TBox, as illustrated
in Fig. 5, with index set I and set of bridge rules B,
that features n + 1 local TBoxes T0, T1, . . . , Tn with
concepts E,F ∈ T0, and Ci, Di ∈ Ti, for 1 ≤ i ≤ n,
and k with 1 ≤ k ≤ n such that:

1. T |=ε i : Ci v Di, for 1 ≤ i ≤ n ,

2. i+ 1 : Ci+1
w→ i : Di ∈ B, for 1 ≤ i < k ,

3. i : Di
v→ i+ 1 : Ci+1 ∈ B, for k ≤ i < n ,

4. 1 : C1
w→ 0 : E ∈ B and n : Dn

v→ 0 : F ∈ B .

In DDL under compositional consistency it follows
that T |=ε 0 : E v F .

In a nutshell, Theorem 4 basically says that the
effect of bridge rules is now transitive, and hence sub-
sumption propagates even between remote ontologies
within the system. Unfortunately, current notation
used with DDL does not allow us to formally state
this in a more elegant and easier to read fashion.

4 DDL under the Transitivity Condition

Contrary to the claims of (Homola 2008), the adjusted
semantics suffers from some drawbacks. The example
below demonstrates that the directionality property
is violated in this new setting.
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Example 2. Consider a distributed TBox T with
three local TBoxes T1, T2 and T3 and two bridge rules:

1 : A w→ 2 : > , 1 : A v→ 3 : ⊥ .

Assuming that T2 is consistent we have >I2 6= ∅ and
hence there must be some y ∈ >I2 . In such a case
the first bridge rule requires that there also is x ∈ AI1
with y ∈ r12(x). However, the compositional con-
sistency condition requires that r32(r13(x)) = r12(x)
and hence, there must also be some z ∈ ∆I3 such that
z ∈ r13(x). But for each such z the second bridge
rule requires that z ∈ ⊥I3 , which violates the condi-
tion that ⊥I3 = ∅. Hence inconsistency is induced
within T2.

This violates directionality because, as there is no
directed path from 2 to 3 in GT, there should be no
change in the semantics of T3 if we remove T2 from
T. But indeed, if we remove T2, then T3 is no longer
inconsistent.

From the example we conclude that the composi-
tional consistency requirement is perhaps too strong.
It implies all the constraints that are necessary in
order to increase subsumption propagation in the
amount we have described as desired but it also has
some more consequences that are possibly destruc-
tive as we have seen in Example 2. In the following
we study a relaxed version of the compositional con-
sistency condition, which basically is just transitivity
of the domain relation in distributed models. We will
show that subsumption propagation is more limited
under this weaker condition, but on the other hand
we will be able to introduce a distributed tableaux
reasoning algorithm that decides satisfiability for this
semantics. Formally, the weaker condition is defined
as follows.

Definition 6. Given a distributed interpretation I
with domain relation r, we say that r (and also I)
satisfies the transitivity condition if for each i, j, k ∈
I and for each x ∈ ∆Ii with rij(x) = D we have
rjk(D) ⊆ rik(x).

Apparently, a distributed interpretation satisfies
the transitivity condition if and only if its domain re-
lation is transitive. The semantics obtained by allow-
ing only distributed interpretations that satisfy the
transitivity condition is hence called DDL under tran-
sitivity or DDL with transitive domain relation. The
first observation for the new semantics is that the
proposition of Theorem 4 does not hold any more if
we relax from compositional consistency to transitiv-
ity. We demonstrate this problem by an example.

Example 3. Consider a distributed TBox T with
three local TBoxes T1, T2 and T3, with local concepts
C1, D1 in T1, E2 in T2 and F3 in T3, and with bridge
rules:

2 : E2
v→ 3 : F3 , 3 : F3

v→ 1 : D1 ,

2 : E2
w→ 1 : C1 .

This distributed TBox is clearly a very simple in-
stance of the setting assumed by Theorem 4. Ac-
cording to this theorem, we should be able to de-
rive T |=d 1 : C1 v D1. This is not true, how-
ever, as a distributed model of T exists in which
C1
I1 * D1

I1 . This distributed model I has three
local domains ∆I1 = {c1, d1}, ∆I2 = {e2}, and
∆I3 = {f3}. Local concepts are interpreted as fol-
lows: C1

I1 = {c1, d1}, D1
I1 = {d1}, E2

I2 = {e2},

and F3
I3 = {f3}. Finally, the domain relation is the

following: r21 = {〈e2, c1〉, 〈e2, d1〉}, r23 = {〈e2, f3〉},
r31 = {〈f3, d1〉}, r12 = r32 = r13 = ∅. It is eas-
ily verified that r is transitive, hence the transitivity
condition is satisfied, and hence Theorem 4 does not
stand if compositional consistency is relaxed to tran-
sitivity. At the same time, this example does not in-
validate Theorem 4 under compositional consistency,
as the stronger condition is not satisfied by I because
r21(e2) = {c1, d1} * {d1} = r31(r23(e2)).

So we see that DDL with transitive domain rela-
tion has problems with “chaining” into-bridge rules.
Luckily enough the problem does not repeat with
chaining onto-bridge rules – if we reinspect Example 1
we will see that transitivity is enough to guarantee
the two chaining onto-bridge rules in this example to
propagate the subsumption relationship as expected.
This observation holds in general an is formally es-
tablished by Theorem 5 below. This theorem is a
weaker version of Theorem 4 and provides characteri-
zation of the semantics of DDL under the transitivity
condition.

Figure 6: Depiction of the distributed TBox from
Theorem 5. Local subsumption is indicated by solid
arrows and bridge rules by dashed arrows.

Theorem 5. Given a distributed TBox, as illustrated
in Fig. 6, with index set I and set of bridge rules B,
that features k + 1 local TBoxes T0, T1, . . . , Tk with
concepts E,F ∈ T0, and Ci, Di ∈ Ti, for 1 ≤ i ≤ k,
such that:

1. T |=ε i : Ci v Di, for 1 ≤ i ≤ k ,

2. i+ 1 : Ci+1
w→ i : Di ∈ B, for 1 ≤ i < k ,

3. 1 : C1
w→ 0 : E ∈ B and k : Dk

v→ 0 : F ∈ B .

In DDL under the transitivity condition it follows that
T |=ε 0 : E v F .

Proof. The theorem is proved by the following chain
of inclusions:

EI0
1
⊆ rk0

(
Ck
Ik
) 2
⊆ rk0

(
Dk
Ik
) 3
⊆ F I0 .

Inclusion 3 is a direct consequence of the into-bridge
rule k : Dk

v→ 0 : F ∈ B. As for Inclusion 2, T |=d

k : Ck v Dk implies CkIk ⊆ Dk
Ik and since rk0(·) we

also have rk0

(
Ck
Ik
)
⊆ rk0

(
Dk
Ik
)
. Inclusion 1 divides

into:

EI0 ⊆ r10

(
r21

(
· · · rkk−1

(
Ck
Ik
)
· · ·
))
⊆ rk0

(
Ck
Ik
)
.

Both these inclusions ought to be proved by math-
ematical induction. The first inclusion is proved
by induction on k, base case is EI0 ⊆ r10

(
C1
I1).

This is a direct consequence of the onto-bridge rule
1 : C1

w→ 0 : E ∈ B. In the induction step,
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by the induction hypothesis we have that EI0 ⊆
r10

(
r21

(
· · · rk−1k−2

(
Ck−1

Ik−1
)
· · ·
))

. From the as-
sumptions of the theorem we derive:

Ck−1
Ik−1 ⊆ Dk−1

Ik−1 ⊆ rkk−1

(
Ck
Ik
)
.

The composition r10(r21(· · · rk−1k−2(·) · · · )) is still a
mapping, and so r10

(
r21

(
· · · rk−1k−2

(
Ck−1

Ik−1
)
· · ·
))

is a subset of r10

(
r21

(
· · · rk−1k−2

(
rkk−1

(
Ck
Ik
))
· · ·
))

.
Together with the induction hypothesis this amounts
to the inclusion we wanted to prove.

As for the second inclusion, we shall prove a
slightly more general proposition:

rn+1n

(
rn+2n+1

(
· · · rkk−1

(
Ck
Ik
)
· · ·
))
⊆ rkn

(
Ck
Ik
)
,

where 0 ≤ n ≤ k − 2. The inclusion we ought
to prove is then derived by setting n = 0. The
proposition is proved by mathematical induction on
k − n. As for the base case consider k − n =
2, and so n = k − 2. That means we have to
show rk−1k−2

(
rkk−1

(
Ck
Ik
))
⊆ rkk−2

(
Ck
Ik
)
, which

indeed holds because I satisfies the transitivity con-
dition. The induction step is for k − n = j > 2,
and so n = k − j. From the induction hypothe-
sis we get rn+2n+1

(
rn+3n+2

(
· · · rkk−1

(
Ck
Ik
)
· · ·
))
⊆

rkn+1

(
Ck
Ik
)
. And since rn+1n(·) is a mapping,

we also get rn+1n

(
rn+2n+1

(
· · · rkk−1

(
Ck
Ik
)
· · ·
))
⊆

rn+1n

(
rkn+1

(
Ck
Ik
))

. Since I satisfies the transitivity
condition, we get rn+1n

(
rkn+1

(
Ck
Ik
))
⊆ rkn

(
Ck
Ik
)
.

By combining the last two inclusions we directly get:

rn+1n

(
rn+2n+1

(
· · · rkk−1

(
Ck
Ik
)
· · ·
))
⊆ rkn

(
Ck
Ik
)
.

By setting n = 0 we derive the inclusion we wanted
to prove, and hence the Theorem.

And thus we are able to conclude this section by
comparing the three semantics of DDL with respect
to the amount of subsumption propagation they allow
along chaining bridge rules. The original semantics
of DDL in general does not guarantee subsumption
propagation between remote ontologies along chain-
ing bridge rules. A limited case when subsumption
propagates between remote ontologies under the orig-
inal semantics is described in (Homola 2008). Seman-
tics of DDL with transitive domain relation ensures
subsumption propagation along chaining onto-bridge
rules in scenarios that instantiate Theorem 5. Finally,
in DDL under computational consistency subsump-
tion propagates along chaining onto-bridge rules and
along chaining into-bridge rules in addition, as estab-
lished by Theorem 4.

5 Distributed Tableaux Algorithm for DDL
with Transitive Domain Relation

In this section, we introduce a distributed tableaux
algorithm for deciding satisfiability of concepts with
respect to an acyclic distributed TBox for DDL over
ALC under the transitivity requirement. As in the
algorithm of (Serafini et al. 2005), also in our ap-
proach, local reasoners are run independently. We
keep precise track of the domain relation r however,
and the communication between local reasoners is di-
vided into multiple queries. Hence while the original
algorithm can be seen as working with autonomous
local tableaux by passing queries, our algorithm can
be seen as working with a truly distributed tableau.

Definition 7. Assume a distributed TBox T =
〈{Ti}i∈I ,B〉 over ALC with index set I, concept
names NC =

⋃
i∈I NCi and role names NR =⋃

i∈I NRi. Let CCi be the set of all (atomic and com-
plex) concepts over NCi and NRi in negation normal
form. A distributed completion tree T = {Ti}i∈I is a
set of labeled trees Ti = 〈Vi, Ei,Li, ri〉, such that for
each i ∈ I:

1. the members of {Vi}i∈I are mutually disjoint;

2. the members of {Ei}i∈I are mutually disjoint;

3. the labeling function Li labels each node x ∈ Vi
with L(x) ⊆ 2CCi and each edge 〈x, y〉 ∈ Ei with
L(〈x, y〉) ∈ NRi;

4. the labeling function ri labels each node x ∈ Vi
with a set of references to its r-images ri(x) ⊆
{j : y | j ∈ I ∧ y ∈ Vj}.

During the run of the tableaux algorithm, tableaux
expansion rules are applied on the completion tree
and the tree is expanded by each rule application. If
no more rules are applicable any more, we say that the
completion tree is complete. There is a clash in the
completion tree T if for some x ∈ Vi and for some C ∈
NCi we have {C,¬C} ⊆ Li(x). If there is no clash in
T then we say that T is clash-free. In order to assure
termination we use standard subset blocking that is
common for ALC. Given a distributed completion
tree T = {Ti}i∈I , a node x ∈ Vi is blocked, if it has
an ancestor y ∈ Vi such that Li(x) ⊆ Li(y). In such
a case we also say that x is blocked by y. Node y ∈ Vi
is said to be an R-successor of x ∈ Vi, if 〈x, y〉 ∈ Ei
and Li(〈x, y〉) = R.

The distributed tableaux algorithm for deciding
satisfiability of concepts with respect to a distributed
TBox takes a distributed TBox T, a concept C in
NNF and i ∈ I as its inputs. The algorithm then
continues in three steps:

1. Initialization. Create new completion tree T =
{Tj}j∈I such that Tj = 〈{s0}, ∅, {s0 7→ {C}}, ∅〉
for j = i and Tj = 〈∅, ∅, ∅, ∅〉 for j 6= i.

2. Tableau expansion. Apply the tableaux expan-
sion rules of Fig. 7 exhaustingly.

3. Answer. If none of the tableaux expansion rules
in Fig. 7 is applicable any more (i.e., the com-
pletion tree is now complete), answer “C is sat-
isfiable” if a clash-free completion tree has been
constructed. Answer “C is unsatisfiable” other-
wise.

Below we present a formal correctness proof for the
newly introduced algorithm. The proof is based on
the classic proof for ALC as in fact the only new thing
to prove here is that the algorithm uses the w→-rule
and the v→-rule to combine several autonomous local
ALC reasoners correctly. The proof is done in three
parts. We first prove termination: on every input the
algorithm always terminates and never ends up in an
infinite loop; then soundness: if the algorithm answers
that C is satisfiable with respect to T for some i-
local concept C and a distributed TBox T then there
actually exists some model of T that supports this;
and finally we prove completeness: for every concept
C that is satisfiable with respect to T the algorithm
indeed gives a correct answer.
Theorem 6. Given a distributed TBox T over ALC
with acyclic bridge graph GT and an i-local concept
C on the input, the distributed tableaux algorithm for
deciding satisfiability of concepts with respect to a dis-
tributed TBox over ALC for DDL with transitive do-
main relation always terminates and it is sound and
complete.
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u-rule:
If C1 u C2 ∈ Li(x) for some x ∈ Vi and {C1, C2} * Li(x), and
x is not blocked,
then set Li(x) = Li(x) ∪ {C1, C2}.

t-rule:
If C1 t C2 ∈ Li(x) for some x ∈ Vi and {C1, C2} ∩ Li(X) = ∅,
and x is not blocked,
then either set Li(x) = Li(x)∪{C1} or set Li(x) = Li(x)∪{C2}.

∀-rule:
If ∀R.C ∈ Li(x) for some x ∈ Vi, and there is R-successor y of x
s.t. C /∈ Li(y), and x is not blocked,
then set Li(y) = Li(y) ∪ {C}.

∃-rule:
If ∃R.C ∈ Li(x), for some x ∈ Vi with no R-successor y s.t.
C ∈ Li(y), and x is not blocked,
then add new node z to Vi, add the edge 〈x, z〉 to Ei, and set
Li(z) = {C} and Li(〈x, z〉) = {R}.

T -rule:
If C v D ∈ T and for some x ∈ Vi nnf(¬C tD) /∈ Li(x), and x
is not blocked,
then set Li(x) = Li(x) ∪ {nnf(¬C tD)}.
w→-rule:
If G ∈ Lj(x) for some x ∈ Vj , i : C w→ j : G ∈ B, and there is
no y ∈ Vi s.t. C ∈ Li(y) and j : x ∈ ri(y), and x is not blocked,
then add new node y to Vi and set Li(y) = {C}, and set ri(y) =
{j : x} ∪ rj(x).

v→-rule:
If D ∈ Li(x) for some x ∈ Vi, i : D v→ j : H ∈ B and there is
y ∈ Vj s.t. j : y ∈ ri(x) and H /∈ Lj(y)
then set Lj(y) = Lj(y) ∪ {H}.

Figure 7: Tableaux expansion rules for DDL over
ALC under the transitivity requirement. First five
rules are standard ALC tableaux rules. Note that the
t-rule is non-deterministic. The final two rules are
new and are triggered by bridge rules.

Proof. Termination. Given a distributed TBox T
with local TBox Ti and an i-local concept C, we
ought to prove that the algorithm, once started with
T, C and i on input, eventually terminates. The algo-
rithm initializes the completion tree to T = {Tj}j∈I
such that Tj = 〈{s0}, ∅, {s0 7→ {C}}, ∅〉 for j = i and
Tj = 〈∅, ∅, ∅, ∅〉 for j 6= i. The computation then con-
tinues by expanding Ti. If there are no onto-bridge
rules ingoing into Ti the algorithm eventually termi-
nates thanks to subset blocking, this result is known
for ALC. If there are some ingoing onto-bridge rules
then possibly in some x ∈ Vi such that C ∈ Li(x)
and C appears on a right hand side of an onto-bridge
rule, say k : D w→ i : C, then the w→-rule is applied
and computation is triggered in Tk. By structural
subsumption we assume that this computation even-
tually terminates (the length of the longest incoming
path of into-bridge rules decreased for Tk compared
to Ti, and all such paths are finite because of acyclic-
ity). During this process we possibly get some new
concepts in Li(x) that are introduced thanks to in-
coming into-bridge rules that trigger the v→-rule – but
only finitely many. The computation now continues
in x and its descendants and possibly the w→-rule is
triggered again in some y ∈ Vi, a descendant of x. But
thanks to subset blocking, this happens only finitely
many times. Hence the algorithm eventually termi-
nates.

Soundness. Now that we know that the algorithm
terminates, we shall prove that if it answers “C is sat-
isfiable” on input T, C and i, then it also holds that C
is satisfiable in Ti with respect to T, that is we must
show that in such a case there exists a distributed
model I of T such that CIi 6= ∅. Given T, C and i
and let T be the complete and clash-free completion
tree that the algorithm has constructed to support
the decision. Let us construct the distributed inter-
pretation I as follows:

1. Let ∆Ii = Vi, for each i ∈ I.

2. Let x ∈ AIi , for each atomic concept A ∈ Li(x),
for each x ∈ Vi and each i ∈ I.

3. Let 〈x, y〉 ∈ RIi for each 〈x, y〉 ∈ Ei such that
Li(〈x, y〉) = R, for each i ∈ I, if y is not blocked.

4. Let 〈x, z〉 ∈ RIi for each 〈x, y〉 ∈ Ei such that
Li(〈x, y〉) = R, for each i ∈ I, in case that y is
blocked by z.

5. Let rij(x) = y for each x ∈ Vi and for each j :
y ∈ ri(x).

Please observe that if computation was never trig-
gered within some Tj of T during the run of the al-
gorithm, then Ij = Iε. It remains to show that I is
in fact a model of T and CIi 6= ∅. We will first prove
the following proposition:

Given any i ∈ I, for each E ∈ Li(x) (i.e.,
also for complex concepts) we have x ∈ EIi .

This is proved by induction on the structure of E. We
need to consider the following cases:

1. E is atomic. We know that x ∈ EIi from the
construction.

2. E = ¬E1, E1 atomic. Since T is clash-free, E1 /∈
Li(x) and by construction x /∈ E1

Ii . In that case
however x ∈ EIi = ∆Ii \ E1

Ii .

3. E = E1 u E2. Since T is complete, the u-rule
is not applicable and hence also E1 ∈ Li(x) and
E2 ∈ Li(x). By induction we now have that
x ∈ E1

Ii and x ∈ E2
Ii and hence also x ∈ EIi .

4. E = E1 t E2. Since T is complete, the t-rule
is not applicable and hence either E1 ∈ Li(x) or
E2 ∈ Li(x). By induction we now either have
x ∈ E1

Ii or we have x ∈ E2
Ii . In either case

however also x ∈ EIi .

5. E = ∃R.E1. Since T is complete, the ∃-rule is
not applicable and hence there must be y ∈ Vi,
an R-successor of x such that E1 ∈ Li(y). By
induction y ∈ E1

Ii and by construction of I
〈x, y〉 ∈ RIi . But that means that x ∈ EIi .

6. E = ∀R.E1. Since T is complete, the ∀-rule is
not applicable and hence for every y ∈ Vi, an R-
successor of x, we have E1 ∈ Li(y). By induction
y ∈ E1

Ii and by construction of I 〈x, y〉 ∈ RIi .
But that means that x ∈ EIi .

Thus we have verified that the local interpretation
Ii is indeed an ALC interpretation and that C has
an instance in this interpretation (since C ∈ Li(s0)).
In addition we have in fact also proved that each i-
local GCI axiom E1 v E2 is satisfied by Ii – from
the completeness of T , nnf(¬E1 t E2) ∈ x, for each
x ∈ Vi, and hence x ∈ (nnf(¬E1))Ii ∪E2

Ii . It follows
that x ∈ E1

Ii implies x ∈ E2
Ii .

It remains to show that I is indeed a distributed
model of T in the adjusted semantics. First, all the
bridge rules must be satisfied. Given an onto-bridge
rule k : E1

w→ l : E2 ∈ B, we ought to show that
rkl
(
E1
Ik
)
⊇ E2

Il . So let x ∈ E2
Il , that is x ∈ Vl

and E2 ∈ Ll(x). But T is complete, w→-rule is not
applicable, and hence there must be y ∈ Vk with E1 ∈
Lk(y) and l : x ∈ rk(y). That means however that
y ∈ E1

Ik and 〈x, y〉 ∈ rkl, and so x ∈ rkl
(
E1
Ik
)
.

Therefore the bridge rule is satisfied by I.
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Given an into-bridge rule k : E1
v→ l : E2 ∈ B,

we ought to show that rkl
(
E1
Ik
)
⊆ E2

Il . Let x ∈
rkl
(
E1
Ik
)
. Then there is y ∈ Vk such that l : x ∈

rl(y). But since T is complete, it must be the case
that E2 ∈ Ll(x) and hence x ∈ E2

Il . Therefore the
bridge rule is satisfied by I.

The last thing in order to verify that I is indeed a
model of T is to show that I satisfies the transitivity
requirement. We ought to show that for each k, l,m ∈
I, if y ∈ rkl(x) and z ∈ rlm(y) then also z ∈ rkm(x).
Given the two assumptions we know by construction
that l : y ∈ rk(x) and m : z ∈ rl(y). That means
that x ∈ Vk was initialized after several “chained”
applications of the w→-rule starting from y ∈ Vl and
y in turn after several “chained” w→-rule applications
starting from z ∈ Vm. In that case however rl(y) ⊆
rk(x). Hence m : z ∈ rk(x) and so z ∈ rkm(x).

And thus I is a distributed model of T that sat-
isfies the transparency condition and CIi 6= ∅ – in
other words, C is satisfiable in Ti with respect to T.

Completeness. Given T with index set I, a con-
cept C and i ∈ I such that C is satisfiable in Ti with
respect to T, we shall prove that the algorithm an-
swers “C is satisfiable”, if run on input T, C and
i. Let I be a distributed model of T with CIi 6= ∅,
we know that one must exist. We will simulate the
run of the algorithm. During the initialization Ti is
set to 〈{s0}, ∅, {s0 7→ {C}}, ∅〉 and all the other Tj ,
i 6= j, are set to 〈∅, ∅, ∅, ∅〉. There is no clash in T .
We will show by induction (on the number of tableau
expansion steps) that after each tableau expansion
step the completion tree T is expanded in such a way
that no clash is introduced. In order to demonstrate
this, we inductively construct an auxiliary mapping
π :
⋃
i∈I Vi →

⋃
i∈I ∆Ii to track the relation between

I and T . This mapping will keep the property (∗):
For each node x ∈ Vi, for each i ∈ I: if
C ∈ Li(x) then π(x) ∈ CIi .

Let x be arbitrary member of CIi , place π(s0) = x.
So, if a tableaux expansion rule is triggered in some
x ∈ Vi of the clash-free completion tree T (from in-
duction hypothesis), we consider several cases, based
on the kind of rule that was triggered:

1. u-rule is triggered in x because E1 uE2 ∈ Li(x).
Then by induction hypothesis π(x) ∈ E1 u E2

Ii .
In that case also π(x) ∈ E1

Ii and π(x) ∈ E2
Ii ,

and hence the property (∗) is maintained after
the algorithm adds E1 and E2 to Li(x).

2. t-rule is triggered in x because E1 tE2 ∈ Li(x).
Then by induction hypothesis π(x) ∈ E1 t E2

Ii .
In that case however either π(x) ∈ E1

Ii or π(x) ∈
E2
Ii . Without loss of generality let it be the case

that π(x) ∈ E1
Ii . Without loss of generality

we assume that the algorithm adds E1 to Li(x),
as non-deterministic decision takes place. Hence
the property (∗) is maintained after this step.

3. ∃-rule is triggered in x because it has an R-
successor y, and ∃R.E1 ∈ Li(x). Then π(x) ∈
∃R.E1

Ii and so there is some y′ ∈ ∆Ii such that
y′ ∈ E1

Ii and 〈π(x), y′〉 ∈ RIi . When the algo-
rithm generates new node y in this step we set
π(y) = y′ and the property (∗) is maintained.

4. ∀-rule is triggered in x because it has an R-
successor y, and ∀R.E1 ∈ Li(x), as a conse-
quence E1 is added to Li(y). We know that
y was created by an application of the ∃-rule
and hence π(y) is an R-successor of x in Ii.

But Ii is a model of Ti and hence π(y) ∈ yIi

since from induction hypothesis we know that
π(x) ∈ ∀R.E1

Ii . Hence (∗) is maintained after
this step.

5. T -rule is triggered in x, resulting to adding
nnf(¬E1 t E2) into Li(x). Then (∗) is main-
tained as Ii is a model of Ti and so it holds that
π(x) ∈ (nnf(¬E1 t E2))Ii .

6. w→-rule is triggered in x because E2 ∈ Li(x) and
j : E1

w→ i : E2 ∈ B. From induction hypothesis,
π(x) ∈ E2

Ii , and hence π(x) ∈ rji(y′) for some
y′ ∈ E1

Ij . Set π(y) = y′ for the node y that is
newly created in Vi as the result of this expansion
step. The label Lj(y) has been set to E1 but since
y′ ∈ E1

Ij then (∗) is maintained.

7. v→-rule is triggered in x because of E1 ∈ Li(x),
j : y ∈ ri(x) and i : E1

v→ j : E2 ∈ B, re-
sulting to adding E2 into Lj(y). From induction
hypothesis have π(x) ∈ E1

Ii . Observe that the
definition of w→-rule and the inductive construc-
tion of π(·) in previous steps also assure that
j : y ∈ ri(x) implies π(y) ∈ rij(π(x)). This
is because initialization of new y ∈ Vj always
follows incoming r-edge and r is transitive be-
cause of computational consistency. It follows
that π(y) ∈ E2

Ij , since I is a distributed model
of T and the bridge rule assures this. Hence (∗)
is maintained even after this step.

We already know that the algorithm always ter-
minates. Once this happens, it follows that T is now
complete, because no rule is applicable, and clash-
free, because the property (∗) is maintained all the
way up to this point. Hence the algorithm answers
“C is satisfiable” and hence the theorem.

The algorithm for the original DDL semantics of
(Serafini et al. 2005) is obviously truly distributed
in that sense that it supports a scenario in which
several autonomous reasoning services run indepen-
dently, one for each local ontology, and communicate
by passing queries. While this is also the case for the
newly introduced algorithm, it is not necessarily that
obvious. In order ti clarify this, we provide a mes-
sage protocol that handles w→-rule and v→-rule execu-
tion in a truly distributed fashion, and it also collects
the information that the completion tree is complete
within the reasoner that has initialized the compu-
tation. The algorithm employs three kinds of mes-
sages querySat(x, r, C), answerSat(x,C, answer), and
pushConcept(x,C). In the message based version, the
algorithm starts by initializing the local completion
tree Tj when asked for satisfiability of some j-local
concept C with respect to T. More local comple-
tion trees are initialized during the runtime by pass-
ing a querySat(x, r, C) message every time the w→-
rule is fired. When v→-rule is fired, the consequences
of the into-bridge rule are propagated by passing a
pushConcept(x,C) message. Once a local comple-
tion tree Tk is complete this is announced by passing
a answerSat(x,C, answer) message to the local rea-
soner that has triggered the computation in Tk. De-
tailed specification of the protocol messages is given
in Fig. 8.

6 Related Work

A distributed tableaux reasoning algorithm for the
original semantics of DDL has been introduced in
(Serafini & Tamilin 2005, Serafini et al. 2005) and
implemented in system DRAGO. This algorithm is
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querySat(x, r, C):
Send: if G ∈ Lj(x) for some x ∈ Vj , i : C w→ j : G ∈ B, and x is
not blocked, pass the message querySat(x, rj(x), C) to Ti.
Receive: upon receipt of a message querySat(x, r, C) from Ti, create
new completion tree 〈{s0}, ∅, {s0 7→ {C}}, {s0 7→ {i : x} ∪ r}〉
within Tj and start the computation. Record the sent message in
Sj .

answerSat(x,C, answer):
Send: if the local completion tree for concept C within Tj , that
has been initialized due the message querySat(x, r, C) previously re-
ceived from Ti, is now complete, and there are no outgoing messages
recorded in Sj , send the message answerSat(x,C, answer) to Ti

with answer set to true if Tj is clash-free and to false otherwise.
Receive: upon receipt of a message answerSat(x,C, answer) from
Ti, remove the message querySat(x, r, C) from Sj , that has been
previously send to Ti. If answer is false then add Et¬E to Lj(x)
for some new concept name E.

pushConcept(x,C):
Send: if D has been added to Lj(x) in the previous step, for some
x ∈ Vj , then for each j : D v→ i : H ∈ B s.t. i : y ∈ rj(x) send
the message pushConcept(y,H) to Ti.
Receive: upon receipt of a message pushConcept(x,C) from Ti, add
C to Lj(x).

Figure 8: The message protocol for the newly intro-
duced distributed tableaux algorithm. For each kind
of message we specify when the message is sent from
some local reasoning service Tj and also what happens
when the message is received in some local reasoning
service Tj (Tj is always the local reasoning service).
An auxiliary data structure Sj is introduced in each
Tj to track messages that have been sent in order to
assure termination.

based on a fix-point characterization of the original
DDL semantics. Given a set of bridge rules Bij

between Ti and Tj , define the operator Bij(·) as
follows: Bij(Ti) = {G v

⊔n
k=1Hk | Ti |= A v⊔n

k=1Bk, i : A w→ j : G ∈ Bij , i : Bk v→ j : Hk ∈
Bij , 1 ≤ k ≤ n}. Then the B operator is de-
fined: B({Ti}i∈I) = {Ti ∪

⋃
j 6=i Bji(Tj)}. As given

in (Serafini et al. 2005), the B operator always has
a fix-point B∗(T) when repeatedly applied on a dis-
tributed TBox T. Moreover, T |=ε i : φ if and only
if the i-th component TBox of B∗(T) locally entails
φ. Consequently, the standard SHIQ tableaux rea-
soning algorithm (Horrocks et al. 1999) is used with
one additional bridge rule (see Fig. 9). The unsatis-
fiability check called by Bij-rule is done by running
the same algorithm again for the i-concept that is
being checked. The algorithm assumes distributed
TBoxes with acyclic bridge graph to insure termina-
tion. Compared to the algorithm introduced in this
paper, this algorithm does not keep track of the do-
main relation r and does not in fact construct a true
distributed tableau that would correspond to a partic-
ular distributed model of the input concept. Instead
it cleverly uses the fix-point characterization and con-
structs multiple local tableaux in order to guarantee
the existence of such a model. Most prominently, all
consequences that are added to the triggering node if
the unsatisfiability check is successful are estimated
prior to the unsatisfiability check is executed. In con-
trast, in our approach computation in remote ontol-
ogy is triggered by one message and consequences are
announced back to the triggering node once they are
computed, possibly by several independent messages.
We believe that keeping precise track of all model
structures, including the domain relation and dividing
the communication into more fine-grained messages
may provide better grounds for future optimization.
Finally, it is worth noting that the newly introduced
algorithm is easily adjusted to correspond to the orig-
inal DDL semantics (by setting ri(y) to {j : x} and
not to {j : x} ∪ rj(x) in the w→-rule).

Bij -rule:
If G ∈ Lj(x), i : A w→ j : H ∈ Bij ,
BH ⊆ {〈Bk, Hk〉 | i : Bk

v→ j : Hk ∈ Bij},
B = {B | 〈B,X〉 ∈ BH}, H = {H | 〈Y,H〉 ∈ BH}, H *
Lj(x)
and A u ¬

F
B is unsatisfiable w.r.t T in Ti

then set Lj(x) = Lj(x) ∪ {
F
H}.

Figure 9: The tableaux expansion rule used in the
original DDL algorithm (Serafini & Tamilin 2005).

Another distributed ontology framework is E-
connections (Cuenca Grau et al. 2004). Here, inter-
ontology roles (called links) are employed instead of
concept mapping. A dedicated set εij of symbols is
used for (directed) links between Ti and Tj . Links are
then used in existential and value restrictions, and
complex concepts involving links are formed (by in-
stance the i-concept ∃E.C is composed using the link
E ∈ εij and the j-concept C). Semantically, a com-
bined interpretation consists of local interpretations
Ii with non-empty domains ∆Ii and each link E ∈ εij
is interpreted by EI ⊆ ∆Ii × ∆Ij . Reasoning sup-
port for E-connections is provided by extending the
tableaux reasoning algorithm for SHIF(D). The two
tableaux rules that are essential to handle links are
depicted in Fig. 10. There is a notable correspondence
between the ∃link -rule and our w→-rule and also be-
tween the ∀link -rule and our v→-rule. This is not that
surprising, given the known correspondence between
DDL and E-connections (Kutz et al. 2004). Given the
nature of E-connections the ∀link -rule works exactly
the other way around, compared to our v→-rule, and
in this respect the instantiation of a j-tree by one ap-
plication of the ∃link -rule and possibly multiple appli-
cations of the ∀link -rule resembles an unsatisfiability
check call from the Bij-rule of the original DDL al-
gorithm. Remarkably, the exact mechanism how this
happens within the E-connections algorithm seems
to be more transparent and prone to optimization.
The algorithm introduced in this paper in addition
keeps track on the domain relation, which is needed
to handle subsumption propagation along chains of
bridge rules. There is no domain relation within E-
connections, and hence no need for such a feature.

∃link -rule:
If ∃E.C ∈ Li(x), E ∈ εij , x is not blocked and x has no E-
successor y with L(〈x, y, )〉 = {E},
then create a new E-successor (a j-node) y of x with Lj(y) = {C}.
(The new j-tree rooted in y will not be expanded until no more rules
apply to the i-tree.)

∀link -rule:
If ∀E.C ∈ Li(x), E ∈ εij , x is not blocked and there is an E-
successor y of x such that C /∈ Lj(y)
then set Lj(y) to Lj(y) ∪ {C}.

Figure 10: The tableaux expansion rules of the algo-
rithm for E-connections (Cuenca Grau et al. 2004).

Yet another point of view on distributed ontolo-
gies is Package-based description logics, or P-DL (Bao
et al. 2006). In P-DL, the intuition of importing is
pursued: every concept name belongs to some local
ontology, but can be also imported to and used by
other ontologies in the system. The P-DL seman-
tics uses domain relations. In contrast to other ap-
proaches, only one-to-one domain relations are al-
lowed and also compositional consistency (that we
have borrowed and applied on DDL) is required. Lo-
cal domains in P-DL semantics are viewed as partially
overlapping, and not disjoint. As a result, some of the
problems known for DDL, such as restricted knowl-
edge propagation between remote ontologies, that we
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also address in this paper, are not an issue for P-DL
according to (Bao et al. 2006). On the other hand, in
P-DL reasoning over a distributed ontology is always
equivalent to reasoning over the union of local on-
tologies, which is not a goal of DDL. The distributed
tableaux algorithm for P-DL is introduced in (Bao
et al. 2006). It uses ALC as local language and re-
quires acyclic importing relation. It uses message-
based protocol, similar to the ours, and keeps track
of the domain relation. Since imported concepts may
appear anywhere in the importing ontology, messages
are invoked directly from ALC-tableaux rules.

A completely different approach to distributed on-
tology reasoning is taken in (Schlicht & Stucken-
schmidt 2008), where distributed reasoning algorithm
based on resolution techniques is introduced. Yet
another distributed ontology framework called Inte-
grated Distributed Description Logics (IDDL) is in-
troduced in (Zimmermann 2007), where also an in-
complete decision procedure is outlined.

7 Conclusion and Future Work

In a recent paper (Homola 2008) we have proposed
an adjusted semantics for DDL, dubbed “DDL un-
der compositional consistency”, that features im-
proved subsumption propagation between remote on-
tologies. More specifically, subsumption propagates
along chains of bridge rules that span throughout
multiple ontologies. In this paper we take steps for-
ward in order to develop a distributed tableaux rea-
soning algorithm that would decide satisfiability of
concepts and subsumption with respect to the ad-
justed semantics. The algorithm that is introduced
in this paper handles chaining onto-bridge rules cor-
rectly, but it is unable to cope with chaining into-
bridge rules. We provide precise characterization
of the semantics that the algorithm actually imple-
ments.

As in the case of the tableaux algorithm that
is known for the original semantics (Serafini et al.
2005), the newly introduced algorithm is also truly
distributed and it permits the scenario where every
local ontology is governed by an autonomous reason-
ing service and these services communicate by passing
queries. The local reasoner that has started the com-
putation collects all the answers and makes the deci-
sion at the end. To demonstrate this fact more clearly,
we have provided a message-based protocol for the
algorithm. Besides the fact that each of these algo-
rithms works under a different semantics, the main
distinguishing feature of the newly introduced algo-
rithm is that communication between local reason-
ers is divided into multiple messages. Computation
is sparked in a remote reasoner at some point and
both reasoners continue to run independently. If sub-
sumption propagation is proved by the remote rea-
soner, the local reasoner is acknowledged by a mes-
sage. This possibly repeats several times, if subsump-
tion is proved between different pairs of concepts. We
believe that such behaviour may serve as a base for
more fine-grained optimization in future.

The two most prominent open issues put forward
by this paper are: extending the algorithm so that it
would handle the DDL under compositional consis-
tency semantics in full extent, that is, dealing with
chaining into-bridge rules; and, extending the algo-
rithm towards more expressive DL, since the current
version only supports ALC as the local representation
language and requires acyclic concept mapping. Com-
putational handling of distributed knowledge bases in
which the concept mapping is not necessarily acyclic
is an interesting problem, which is to our best knowl-
edge still unresolved also for the original DDL frame-

work. As is the problem of extending the DDL frame-
work with nominals. We would like to address these
issues in the near future. Remaining research prob-
lems that are closely related to this work include prac-
tical evaluation of the algorithm by implementation,
complexity analysis for the decision problems, and
combining, within a unified framework, the current
approach with that of (Homola 2007), which has ad-
dressed the problem of interaction between bridge-
rules in DDL.
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Abstract

Social computing websites provide a framework for
users to submit (and discuss) content, while often pro-
viding a user created categorization system, dubbed
folksonomies. Additionally users may have the ability
to specify friends (and foes) within the social network,
populated by registered users of the social website.
Integrating folksonomies with ontologies provides the
ability to capture the semantic relationships between
terms. This allows for greater reasoning to refine
searches.

Most categorisation for social computing is cur-
rently achieved by a meta-tagging system dubbed
folksonomies, which fails to take into consideration
the semantics that occur between terms. By inte-
grating social networks with an ontology we aim to
provide mechanisms to capture agreement in opinions
and to capture and enhance the semantics of the so-
cial network, allowing for greater reasoning to refine
searches.

Keywords: Ontology, Subjective Logic, Uncertainty,
Folksonomy

1 Introduction

Knowledge is subjective and this can be seen by the
many and varied uses of terminology in on-line com-
munities. User generated content has expanded from
comments on forums to include, reviews, synopsis,
blogs, and multimedia. Where originally the web-
site provider would post the content for discussion,
current sites provide frameworks for users to upload
content, or synopsis of on-line content, and discussion
boards to allow for interaction between users. Cate-
gorizing content allows users to find objects of interest
within a particular domain.

Some sites (e.g. Digg1, Slashdot2) provide con-
tent areas for a user to select when uploading, while
others augment this with user defined tags (meta-
data), such as Flickr3 and YouTube4. This allows
the users to select, or create, appropriate descrip-
tive terms for their content. These user defined tags
are collectively known as folksonomies (Al-Khalifa &
Davis 2006), and can provide insight into popular ter-
minology within the domain of a community.

Copyright c©2008, Australian Computer Society, Inc. This
paper appeared at the Knowledge Representation Ontology
Workshop (KROW08), Sydney, Australia. Conferences in Re-
search and Practice in Information Technology (CRPIT), Vol.
90, Thomas Meyer and Mehmet Orgun, Ed. Reproduction for
academic, not-for profit purposes permitted provided this text
is included.

1http://digg.com
2http://slashdot.org
3http://www.flickr.com
4http://www.youtube.com

To further assist users to sort through on-line sub-
missions a user-based rating system is applied. This
allows users to find the most popular submissions pro-
viding a collaborative voting mechanism. These rat-
ing systems can be as simple as a 5-star rating sys-
tem where each user provides a rating between 0 and
5 (YouTube, Flickr), or a positive (thumbs up) and
negative (thumbs down) rating approach where users
state whether they like or dislike an object (Digg).
Additionally the ratings can be categorised (Slashdot,
Digg5 with additional terms (informative, insightful,
troll etc.) to assist in clarity of ratings.

These frameworks also allow users to specify other
users as friends (and foes), allowing for users to refine
the popularity ratings to find submissions that their
friends have found popular.

RIPOSTE is a knowledge management framework,
that allows for user ratings to be captured within con-
text. It is based on OWL DL, as defined by the w3c6,
a knowledge representation language for the semantic
web and Subjective Logic(Jøsang 2002), an extension
of probabilistic logic. RIPOSTE provides a meta-
ontology which captures authors, and their opinions
with the ontological resources they provide. The com-
bined ontology and meta-ontology is a subjective on-
tology. RIPOSTE provides mechanisms to capture,
integrate, manipulate and reason over subjective on-
tologies. This work extends the RIPOSTE framework
to provide additional functionality for capturing so-
cial networks and to integrate folksonomies with the
subjective ontologies.

Adding semantic value to folksonomies (Angeletou
et al. 2007, van Damme et al. 2007, Szomszor et al.
2007) has been identified as a solution for improving
recall for queries (i.e. finding objects related to Syd-
ney when querying for cities). The identification of re-
lations is achieved by using background information
from multiple sources. Most current techniques for
integration use on-line lexicons (e.g. WordNet7) and
Semantic Web technologies. Lexicons are used for dis-
covering homonyms, meronyms and synonyms, while
the Semantic Web for richer semantic relationships
(i.e. object properties, disjoint, hierarchical). Within
the Semantic Web relationships between terms may
exist within a single ontology or multiple ontologies
(Angeletou et al. 2007). Our approach also uses on-
line lexicons and the Semantic Web, although by in-
cluding probabilistic approach we can capture all am-
biguities of a term within the resultant ontology.

Disambiguation of the terminology, can then be
discovered by dynamic filtering for a specific query
(Hooijmaijers & Stumptner 2006). Additionally by
including the social network within the ontology the
ability to capture the author’s opinion for specific con-

5Digg only provides categorisation for negative ratings. i.e. the
object is considered lame or a duplicate etc.

6http://www.w3.org/2004/OWL/
7http://wordnet.princeton.edu/
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Figure 1: The RIPOSTE Meta-Ontology

cepts and easily discover the group of authors that
agree and/or disagree with that opinion.

2 RIPOSTE

RIPOSTE (Hooijmaijers & Stumptner 2006) is a
knowledge management framework, based on OWL
DL and subjective logic, that provides mechanisms for
capturing, integrating and evolving ontologies with
the authors that provide the ontological resources.
The term author is used to differentiate between
members of a community who provide resources and
the users who only utilise content. We allow both
authors and users to provide opinions and a user will
become an author when they provide any resource. It
uses a meta-ontology to provide additional informa-
tion about each resource. The resources are subjec-
tive in that each author may have a different opin-
ion on how a resource should be used and this allows
for filtering and reasoning based on similar opinions.
The subjective nature of the knowledge is captured
using subjective logic, an extension of probabilistic
logic (Jøsang 2002). This allows for opinions to be
compared to capture and manipulate the probability
that two authors agree (or disagree) on the usage of
a term.

To assist with capturing ontology mappings RI-
POSTE allows for the capture of the mappings be-
tween ontologies by creating a set of individuals of
SubjectiveMapping. This allows for opinions to be
formed about the mapping and for the author (which
can be an automated mapping agent) to be captured.
This can be used to generate a final integrated on-
tology based on multiple mappings (Hooijmaijers &
Stumptner 2008).

2.1 Subjective Logic

Subjective Logic is an extension to probabilistic logic
that represents an author’s (A) beliefs about an ob-
ject (x) as opinions (wAx ). An opinion is the combina-
tion of belief (bx), disbelief (dx) and uncertainty (ux)
in a given resource (x), where

bx + dx + ux = 1

and the opinion,

(wAx ) = (bx, dx, ux, ax)

where ax represents the size of the state space, atom-
icity, from which x is taken, Figure 2 and is used as
the a priori probability in the absence of evidence.
The expectation value represents the likelihood of a
positive belief given no evidence and is calculated by:

E(x) = bx + axux (1)

For resources within the ontology we use the sense
count from WordNet (e.g. Figure 6) for the opinions,
which represent the possible choices for use of a key-
word for the state space. For classes and tags we use
ax to work out the possible relationships which for
unrelated and equivalent classes is given by:

ax =
1

senseCount+ 1
(2)

For trust between authors we use the state space
of {trust, distrust} ax = 0.5.

In this work we use the subjective logic opera-
tors, Consensus and Discount, as defined by Jøsang
(Jøsang 2002). Consensus (⊕) is used to, fairly and
equally, combine two possibly conflicting opinions
about a given resource and Discount (⊗) is used to
capture reputation (trust transitivity).

Consensus (Jøsang 2002) Let wPx =
(bPx , d

P
x , u

P
x , a

P
x ) and wQx = (bQx , d

Q
x , u

Q
x , a

Q
x ) be opin-

ions respectively held by P and Q about the same
proposition x. Let wPQx = (bPQx , dPQx , uPQx , aPQx ) be
the opinion such that:

1. bP,Qx = (bPx u
Q
x + bQx u

P
x )/k

2. uP,Qx = (uPx u
Q
x )/k

3. dP,Qx = (dPx u
Q
x + dQx u

P
x )/k

4. aP,Qx = (aP
x +aQ

x −(aP
x +aQ

x )uP
x u

Q
x )

uP
x +uQ

x −2uP
x u

Q
x
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where k = uPx + uQx − uPx uQx such that k 6= 0 and
aP,Qx = (aPx + aQx )/2 when aPx , a

Q
x = 1. Then wPQx

is called the consensus between wPx and wQx , rep-
resenting an imaginary agent [P,Q]’s opinion about
x, as if she represented both P and Q. By using
the symbol ‘⊕’ to designate this operator, we define
wPQx ≡ wPQ ⊕ wQx .

Discount (Jøsang 2002) Let P and Q be two
agents where wPQ = (bPQ, d

P
Q, u

P
Q, a

P
Q) is P ’s opin-

ion about Q’s advice, and let x be the proposi-
tion where wQx = (bQx , d

Q
x , u

Q
x , a

Q
x ) is Q’s opinion

about x expressed in an advice to P . Let wPQx =
(bPQx , dPQx , uPQx , aPQx ) be the opinion such that:

1. bPQx = bPQb
Q
x

2. uPQx = dPQ + uPQ + bPQu
Q
x

3. dPQx = bPQd
Q
x

4. aPQx = aQx

By using the symbol ‘⊗’ to designate this operator,
we define wPQx ≡ wPQ ⊗ wQx .

Given two authors, Allan and Bob, if Bob uses
the term ‘Australia’ to describe an object (x) from
Figure 4, and Allan trusts that Bob is right 66% of
the time then:

wAllanBob = (0.66, 0.34, 0, 0.5)

and Bob believes he is correct:

wBobx = (1, 0, 0, 0.17)

Then Allan’s opinion that Bob has tagged x correctly
is calculated using discount ⊗:

wAllanx = (0.66, 0, 0.34, 0.17)

If a third author Carl also provides the tag ‘Australia’
for x (wCarlx = (1, 0, 0, 0.17)) and Allan trusts Carl
50% using discount gives:

wAllanx = (0.5, 0, 0.5, 0.17)

This will be combined using consensus (⊕):

wAllanx = (0.75, 0, 0.25, 0.17)

Figure 2: Subjective Logic opinion triangle

2.2 Meta-ontology

To capture the additional information about subjec-
tivity and the author with a resource we have in-
troduced a meta-ontology layer (see Figure 1). RI-
POSTE is a framework that provides the ability to
capture author information with the meta-data pro-
vided. It provides mechanisms for integrating author
meta-data and the ability to filter the resultant ontol-
ogy to allow for queries based on different opinions.
The key concept of RIPOSTE is that all resources
of an ontology are subjective to the author(s) that
provides it. RIPOSTE meta-ontology, shown in Fig-
ure 1 provides the framework for capturing the au-
thor’s opinion and the relationship between authors
and the resources they provide. Each SubjectiveRe-
source has an opinion, a Boolean filter isAccepted and
an object property relating the resource to the provid-
ing authors. To annotate an ontology, O for Riposte
it is necessary to make all classes, C ∈ O an instance
of SubjectiveClass. Additionally all C ∈ O that have
only owlThing as a super-class become a subClass of
SubjectiveClass, as shown in Figure 3. By creating
each class as an instance of SubjectiveClass we can
apply the credibility attribute, filter and relationship
to the author to the class, while the sub-classing al-
lows the additional credibility information to be pro-
vided to the individual instances.

3 Classification

Classification can be performed by either creating an
explicit semantic representation, such as an ontology,
or by allowing the semantics to evolve from authors
creating their own tags. The tags from all authors in
a community are collated into a folksonomy.

An ontology can be described as a collection of re-
sources that explicitly and formally conceptualise a
domain model (Guarino 1997). Figure 3 shows an ex-
ample class structure of an ontology for photographs
taken in locations, the ellipses represent the classes in
the ontology and the arcs the semantic relations be-
tween the classes. The white box (SubjectiveClass)
shows the replaced owlThing. For simplicity axioms
and instances have not been shown.

Definition An OWL ontology, O, is considered to
be a 4-tuple of resources < C,S, I, χ > where C is a
set of classes, S is a set of semantic relations which
relate two or more classes, I is a set of instances of a
class, and χ is a set of axioms.

An ontology in this work is a subjective view of a
domain which we call a subjective ontology. A
subjective ontology provides credibility ratings for all
resources and links all resources within the ontology
to the authors that provided them. This provides a
mechanism to manage an integrated ontology by each
author that has contributed resources.

Definition Let an author Ai be a provider of a re-
source R for an ontology R ∈ OD then their opinion
is given by ωAi

R . We define a subjective ontology as,
OAi

, is an extension of an ontology that relates an
author, Ai, and their opinion ωAi

R to the provided on-
tological resource R. (ωAi

R , Ai, R)

A folksonomy is a term used to describe a tag-based
system that has evolved over time through the direct
input by the user base (Al-Khalifa & Davis 2006).
Flickr, a photograph sharing site, and del.icio.us, a
social bookmarking site, are examples of implemented
folksonomies. A folksonomy is created by users sup-
plying objects and selecting, or creating, tags that
describe the object. Tags are assumed to represent a
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Figure 3: Section of example ontology created by Domain expert

collection of similar objects. This classification allows
for the creation of a vocabulary to represent all tags
that an author uses.

In this work we capture the importance of tags as
they relate to both objects and authors to allow for
the calculation of the probability that a tag is useful
in another author’s view of a domain.

Definition We define Tij to be the set of tags
{α1, α2, . . . , αm}, applied to an object, Oj , as a de-
scription provided by an author Ai.

By combining all of an author’s tags we capture the
vocabulary of that author.

Definition A vocabulary, Vi of an author, Ai is the
combination of all tags used by that author for all
objects:
Vi = Ti1 ∪ Ti2 ∪ . . . ∪ Tij ∪ . . . ∪ Tik

We assume that all objects within the environment
have at least one tag, ∃i∀jTij 6= {∅} , thus a vocabu-
lary can be used to access all of an authors categorised
objects.

Folksonomies have difficulty when a term’s mean-
ing in another domain is different. By lacking the abil-
ity to apply a context to a tag there is no ability for
an application to differentiate the content on the tags
alone. Redundant tagging or use of synonyms creates
an additional difficulty that must be overcome. An
effective tagging system could require the integration
of a thesaurus (such as WordNet) to ensure that all
appropriate synonyms are returned as the result of a
search query. Spelling errors and use of plural form
also cause difficulty and need to be addressed by the
framework.

The main difficulty focused on in this work is the
use of incorrect tags (tagging a photo about cities
with rural landscapes), or conflicting tags (tags that
can be classified as disjoint). Another problem is the
lack of attribute information. This would prevent
querying a folksonomy for any results based on an
attribute (e.g. cities with a population ≥ 3 million).

4 Social Networking

The SubjectiveAuthor concept in Figure 1 is a
sub-class of SubjectiveResource and inherits the at-
tributes and relationships. This allows an author to
be rated by credibility, to be accepted or rejected
based on the isAccepted property, and to provide
other authors as resources within their ontology. Ad-
ditionally we extended the RIPOSTE framework with
the additional semantic relationships between authors
labeled ‘friend’ and ‘foe’. These additions allow for
a greater ability to replicate existing social networks
such as a Web of Trust (Guha 2004), Friend of a
Friend (FOAF) (Dumbill 2002), or an existing social
computing site, such as Digg, or Slashdot. Initially
we assume that an author is categorised as a friend if
there is a high level of agreement on a previous topic
and a foe if actively sabotaging the current author on
a previous topic of discussion.

4.1 Rating System

In a distributed environment, such as the Semantic
Web, any author can supply information. It can be
difficult to discover credible information and reliable
authors. To assist in this discovery social modelling
approaches (Resnick et al. 2000, Dumbill 2002, Guha
2004) rate users and their information providing ad-
ditional feedback to help establish trust.

Numerous trust models have been proposed to rate
or quantify the credibility of authors and the informa-
tion they provide. In this work trust is defined as:

Trust is the subjective probability by which
an individual, A, expects that another indi-
vidual, B, performs a given action on which
its welfare depends. (Jøsang et al. 2005)

Trust is often calculated using social modelling to cre-
ate networks that examine reputation (Resnick et al.
2000) captured in a directed graph with nodes (au-
thors) and arcs (trust relationships) (Dumbill 2002).
Additionally, when creating a social model, it is nec-
essary to model trust and distrust between objects
(ontologies, tags or instances), users, reviews, and
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ratings of reviews (Guha 2004). Each review can
be ranked and allows for the propagation of trust
changes. When a user’s trust rank is altered, their
reviews of other users will also alter rating within the
model to reflect their modified reputation. This is
often referred to as a Web of Trust(Guha 2004). In
this work trust is represented as an opinion. That
is if an author (A1) is said to trust another author,
or object, (x) then A1 has an opinion ωA1

x about the
other author.

Tag clouds, shown in Figure 5 and Figure 8 are
used to show the popularity (Γ) of a tag. A tag cloud
can be separated into time periods (∆)(i.e. last 24 hrs
or week) and is generated by using size to represent
the number of authors (|A|) who use a tag (α). We
calculate the popularity by the percentage of authors
who use a given tag within a given time period:

Γ∆(α) = ∆
|Aα|
|A|

where α ∈ Vi (3)

where Aα is the set of authors that have α ∈ V .
By introducing a time period, ∆, we are able to

capture the evolutionary aspect of tags within the
environment.

Content rating Γ(α) is based on user opinions and
in its simplest form is a popularity measure, where
users vote whether they like, or dislike, a submission
and an aggregated value is applied to the content.
This value is often used calculate popularity, which
can provide a prominent position on the website (e.g.
Digg).

We use the ratings of the tag cloud to provide a
value for the expectation of a positive belief of the
tag:

E(α) =
Γ(α)

max(Γ(α))
(4)

where max(Γ(α)) is the highest rated content. This
can be combined with ax calculated in equation 2,
and an initial assumption that with the absence of
evidence the opinions for all tags are completely un-
certain (i.e. ux = 1). By combining equations 1, 4 we
calculate an initial belief bx:

bα =
Γ(α)

max(Γ(α))
− aα (5)

As shown in the tag cloud in figure 5 tag ‘tower’ has
a popularity Γ(tower) = 5, while Γ(building) = 10,

Figure 4: Example of user supplied content with user
defined tags

Figure 5: Resultant Tag-Cloud from study with a
threshold of 5

while figure 6 shows ‘tower’ to have a senseCount =
3. Assuming ‘tower’ is unrelated to existing ontology
classes we use equation 2 to calculate atower = 0.25.
The initial belief for ‘tower’ is calculated by:

btower =
5
10
− 0.25 = 0.25

This becomes evidence reducing our uncertainty from
1 (initial uncertainty) to 0.75 and disbelief = 0.

4.1.1 Combining Ratings

One of the key issues of social computing is combining
ratings. In traditional sites (Digg, Slashdot) a single
positive value is provided for all content that friends
rate as good, while all comments by foes are filtered
out. To provide the ability to see both opinions it
is necessary to combine ratings, using consensus (⊕)
and discount(⊗), from both friends (φ) and foes (ψ),
of the deciding author (D), to reflect that a foe may
be correct. To capture the opinions of friends we use:

ωDφx = (ωDA1
⊗ ωA1

x )⊕ · · · ⊕ (ωDAn
⊗ ωAn

x )∀A ∈ φ

and foes:

ωDψx = (ωDA1
⊗ ωA1

x )⊕ · · · ⊕ (ωDAn
⊗ ωAn

x )∀A ∈ ψ

This is combined with a weighted opinion ωWφ and ωWψ
which allows for friends to be held in higher (ωWφ >

ωWψ ),or lower (ωWφ < ωWψ ), regard than foes:

ωDx = (ωWφ ⊗ ωDφx )⊕ (ωWψ ⊗ ωDψx )

Given the 3 authors Allan, Bob and Carl intro-
duced earlier, let Allan and Bob be friends (Bob ∈
φallan) and Allan and Carl be foes (Carl ∈ ψAllan).
Then using an arbitrary weight for friends and foes
of:

ωWφ = (0.8, 0.2, 0, 0.5)

ωWψ = (0.2, 0.8, 0, 0.5)

showing that we believe our friends 80% of the time
they provide us with a tag and disbelieve them 20%,
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while foes are only believed 20% and disbelieved 80%.
Then for the keyword ‘Australia’ the opinion is cal-
culated as:

ωAllanAus = (0.8, 0.2, 0, 0.5)⊗ (0.66, 0, 0.34, 0.17)
⊕ (0.2, 0.8, 0, 0.5)⊗ (0.5, 0, 0.5, 0.17)
= (0.55, 0, 0.45, 0.17)

5 Integrating Folksonomies and Ontologies

The main advantage of integrating a folksonomy is to
utilise the expressiveness of the ontology to improve
querying (Angeletou et al. 2007) (i.e. querying for
photos of cities should return images tagged as being
photographs of Barcelona). If we query the vocabu-
lary of Figure 4 for images of cities in China we would
get no result. Once a mapping to the ontology, shown
in Figure 3 is performed, the resultant images from
User1 will be returned. To integrate folksonomy to
ontology it is necessary to convert them to the same
format. Since this work uses OWL DL, which is a
richer language than the meta-tag folksonomy, the
folksonomy is converted to OWL DL without loss by
encoding the folksonomy.

5.1 Encoding Folksonomies

A folksonomy can be defined as an ontology that
has no semantic relations, S = {∅}, and no ax-
ioms χ = {∅}. This allows the folksonomy to be
encoded in OWL DL as an ontology, O′, by creat-
ing a concept, Cα, ∀α ∈ Vi, such that Calpha @
owlThing. Finally each object, Oj , described by the
vocabulary, Vi should be encoded as an individual,
Instance(Oj , Calpha), ∀α ∈ Tij.

This conversion allows for the integration of the
folksonomy with an ontology. The difficulty for inte-
gration is that the folksonomy has no semantic rela-
tions allowing for no graph matching (Noy & Musen
2000). This limits the integration algorithm to pat-
tern matching on the labels (Noy & Musen 2000,
McGuinness et al. 2000) or by examining external
sources (Sabou et al. 2006).

Examining existing ontologies for semantics be-
tween concepts can assist in discovering mappings
(Sabou et al. 2006). The Semantic Web provides a
semantically rich environment that can be used as
background knowledge. By utilising existing ontolo-
gies that contain a concept from each of the ontologies
to be merged, it is possible to derive a mapping. To
deal with contradictions provided by multiple back-
ground ontologies that contain the two concepts any
multiple results from a Semantic Web search engine
(such as Swoogle8) need to be compared to derive the
best mapping. Currently this comparison is achieved
by ranking the results by the authors reliability if it
exists or by selecting the ontology with the shortest
path between the concepts. An additional necessity of
integration is the need to add an additional resource
to describe semantic relationships between two con-
cepts.

5.2 Integration Process

Our integration process involves finding similarities
between tags in a folksonomy vocabulary and classes
in an ontology. The integration is subjective based
on the opinions of the user performing the operation.

1. If Ai /∈ O we add Ai to O and then examine
syntactic equivalence for each C ∈ O and for
each α ∈ Vi:

8http://swoogle.umbc.edu/

2. If syntax(α) = syntax(C) the two terms are pos-
sibly equivalent. Then the opinion is calculated
using equation 5 where:

ax =
1

senseCount(C) + 1
where senseCount is

calculated as the number of possible senses re-
turned from a WordNet query of the term and
example is shown in Figure 6

3. Else if syntax(α) = synonym(syntax(C)) the
two terms are possibly equivalent (e.g. city and
metropolis shown in Figure 6). Add α as an in-
dividual of SubjectiveClass and create an indi-
vidual of PossibleEquivalence linked with both
α and C. The opinion is calculated using equa-
tion 5 where:

ax =
simSense(C,α)

senseCount(C) + senseCount(α) + 1
where simSense pertains to the number of senses
in which both words occur (if they are synonyms
this will be simSense(C,α) ≥ 2).

4. Else if syntax(α) ∈ syntax(C) the two terms
are possibly in super-class relationship where the
approximation is based on syntactic closeness
(McGuinness et al. 2000)(e.g. α = ”‘tower’” and
C = ”drum tower”). Add α as an individual of
SubjectiveClass and create an individual of Pos-
sibleSubClass linked with both α and C where C
as the superclass. Then the opinion is calculated
using equation 5 where:

ax =
1

maxSense(α,C) + 1
where maxSense is

the maximum number of senses of either α or C.

5. Else if syntax(C) ∈ syntax(α) the two terms
are possibly in sub-class relationship. Add α as
an individual of SubjectiveClass and create an
individual of PossibleSubClass linked with both
α and C where α is the superclass. Then the
opinion is calculated using equation 5 where:

ax =
1

maxSense(α,C) + 1
where maxSense is

the maximum number of senses of either α or C.

6. Else search for an existing ontology, On (us-
ing Swoogle (Sabou et al. 2006)) that contains
both α,C ∈ On and import the minimum set
of resources that semantically relate the terms,
O′ ⊆ On where
S(C ′, C ′1),. . . , S(C ′j−1,C ′jS(C ′j , α

′) and

syntax(C ′) = syntax(C) and syntax(α′) =
syntax(α) and ∀C ′′ from C ′1 to C ′j−1syntax(C ′′)
6= syntax(Ck ∈ O) or syntax(αk ∈ Vi
(a) if C ′′ ∈ O then remove all S(C ′, C ′1) . . . ,

S(C ′n, C
′′) from O′ as this will be the short-

est path between the compared concepts in
O and Vi.

This process will introduce additional authors and re-
quire the integration process to be performed between
O and O′ as above then add each R ∈ O′ to O.

If no existing ontology is found then α
is added to O′ as a class Calpha such that
subclass(Cα, owlThing) and providedBy(Cα, Ai)
and the opinion is calculated using equation 5 and
ax = 1

senseCount(C)+1
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Figure 6: Results of WordNet queries for ‘city’ and
‘tower’

6 Evaluation

To evaluate the RIPOSTE Framework, an ontology
(OA0) was created using Protégé 9 to capture a do-
main of landmarks for photography. This included
locations and types of landmarks. The ontology, par-
tially shown in Figure 3, used simplified classification
and focused on taxonomy of classes and meronyms,
providing a simplified ontology for classifying pho-
tos. Additionally the domain was reduced to only
include concepts that related to a set of specific pho-
tographs. Additional concepts were included for clar-
ification where necessary (preceded by ”-”).

A set of 60 photographs (Y ), taken of famous land-
marks in various locations around the world were su-
plied to an expert (A0). The expert then annotated
using OA0 . This set of annotations was used as a
benchmark for tag correctness.

The photographs were divided into two subsets of
40 photos (Y1 and Y2), containing an intersection of 20
photos (|Y1 ∩ Y2| = 20) were supplied to a test group
of 50 additional authors ({A1...A50}) to be annotated
with at most 3 tags (|TAn

Im
| ≤ 3). If a tag contained

multiple words a new tag was added for each word of
length > 2 and all were added as a superClass for the
multi-worded tag.

Expertise of the additional providers were calcu-
lated by combing results from 1) a general question
based on the previous experience with social tagging
applications, and 2) a specific question for each image
requiring the provider to state whether they recog-
nised the image.

This created a set of Vocabularies {VA1 , . . . , VA50}
with the vocabulary sizes shown in Figure 7. These
vocabularies were passed into WordNet to discover
the synonyms and hypernyms shown in Figure 7.

9http://protege.stanford.edu/

Figure 7: Vocabulary of the people involved in the
evaluation

Figure 8: Resultant Tag Cloud with a belief value
above 50%

6.1 Comparison of folksonomies

The vocabulary was filtered into two subsets for com-
parison. The first, F1 was based on the number of
occurrences of a tag within the vocabulary while the
second, F2 took into account the expertise of the user
(0.5 or 1.0), based on their knowledge of tagging sys-
tems combined with their knowledge of the image.
The image knowledge was calculated from whether
they recognised the image. A threshold was applied
to improve precision of the tags. F1 was filtered by a
threshold value of 5 on tag count, Figure 5, while a
threshold value of 0.5 based on the subjective belief
of the tag (calculated using consensus and discount
described in Section 2.1) was applied to F2, Figure 8.

The result shows that although the approximate
size of the clouds is similar the selection of tags is
not. It can be seen that generic terms, such as ’build-
ing’, still occur in both filters. An advantage of F2
is that for images that are not as well recognised the
tags created by the experts have a greater weighting.
This provides the resultant folksonomy with more
specialised tags (i.e. the actual names of the land-
mark ”Statue of David”) as opposed to more generic
tags (”Statue”).

6.2 Ontology Creation

The tags in F2 were then converted into OWL classes
with no semantics or axioms except that each class
was a subclass of SubjectiveClass to create an ontol-
ogy OV . Then each hypernym/hyponym relation was
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Figure 9: Tag sense count

added such that hypernym(α1, α2) = α1 v α2 and
each synonym relation was added as an equivalent
relation. Additionally each author was included as a
SubjectiveAuthor and a relation between each author
and the tags in their vocabulary was created.

The sense count, also taken from WordNet, was
applied to all tags in the folksonomy, shown in Fig-
ure 9, and all classes in the domain ontology. Finally
each image was added as a SubjectiveIndividual with
relationships between the authors and the tags that
they were annotated with. The syntax of each class
in OV was then compared with the syntax of each
class in OA0 to discover equivalence, synonyms and
hypernyms, Figure 11. Of the 199 ontology classes,
145 classes existed in the combined vocabulary. There
were 333 synonyms and 89 hypernyms. The ontol-
ogy is improved by the inclusion of additional terms
allowing for greater use of synonyms and hypernyms
supplied by the folksonomy to improve querying.

7 Related Work

Most categorisation for social computing is currently
achieved by a meta-tagging system dubbed folk-
sonomies, which fails to take into consideration the
semantics that occur between terms. To overcome
this a folksonomy can be integrated with an ontology
allowing for greater reasoning to refine searches.

Current rating systems provide a popularity, or
karma, measure to the content provider which is then

Figure 10: Vocabulary for each image

Figure 11: Vocabulary comparison with Ontology

used to rate the content submitted. This is a sim-
plified mechanism that fails to take into account the
expertise of the author. By integrating the folkson-
omy with an existing subjective ontology a rating
of the content domain can be supplied. This can
be compared with an authors previous submissions.
This allows for examination of an author’s consistency
within a selected sub-ontology, allowing for a more
fine grained approach to ratings ensures an expert in
one field is not as highly regarded in a dissimilar field.

(Schmitz 2006) recommends using a probabilistic
model to induce a faceted ontology from Flickr tags.
By examining the number of images and the number
of users that a tag belongs to a threshold is applied to
remove noise. This removes noise but also minimises
recall (Schmitz 2006). The thresholded set of tags
is then used to discover subsumption pairs, which are
manually examined for correctness and synonyms (in-
cluding multilingual synonyms). It can be seen in our
study that the reduction in recall of images will effect
those images with more concise, or concrete, tags.
This will result in many leaf nodes not being discov-
ered reducing the ability to refine searches within the
subsumption hierarchy.

The need to merge Semantic Web technologies
with Web 2.0 is necessary to reduce the individual
weaknesses of each approach (Heath & Motta 2007,
Gruber 2007, Ankolekar et al. 2007). The AI centric
nature of the Semantic Web makes it difficult for users
while the user centric nature of Web 2.0 provides lim-
ited ability for AI assisted reasoning, model checking
and reuse. Where as some researchers advocate re-
placing Web 2.0 with RDF publishing and SPARQL
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querying (Heath & Motta 2007) others recommend
linking solutions to combine Web 2.0 and the Seman-
tic Web (Bojārs et al. 2007, Ankolekar et al. 2007).
By providing a protocol to link the tagging systems
to an ontology the expressiveness can be utilised for
improved querying. It is seen that a threshold is nec-
essary to remove noise (Schmitz 2006) and the pre-
liminary work in linking approaches also shows this.
Unfortunately these approaches do not take into ac-
count the pedigree of the authors of tags which results
in any threshold removing many specific tags.

Providing an ontology combined with a social site
(Gruber 2006, Heath & Motta 2007) allows for addi-
tional querying that will allow photographs of ‘Syd-
ney’ to be found in a search about ‘Australia’. Re-
alTravel10, an implementation of (Gruber 2006) pro-
vides a static approach to the ontology, which does
not take into consideration that as additional tags
are added to the site the ontology may need to grow
to provide the same reasoning abilities to the newly
expanded domain.

By capturing tags in RDF (Heath & Motta 2007)
the ontology becomes dynamic allowing for greater
flexibility this relies on new interfaces to be created
to simplify ontology evolution. By having no mech-
anisms in place to control the insertion of the new
RDF triples it can be easy for users to provide incor-
rect or misleading information, which may result in a
corrupted and unusable ontology.

8 Conclusion

A novel approach to integrating folksonomies to on-
tologies is discussed. By appending probabilities to
all resources within an ontology the ability to esti-
mate the usefulness of a result provides a mechanism
for ranking based on this usefulness.

Additionally by incorporating authors with the
specific resources they provide a fine grained trust cal-
culation can be used and allows for an author’s area
of expertise to be taken into account when accept-
ing results. Currently the ability to calculate an area
of expertise allows for ranking of results based on the
credibility and reliability of the author. Our approach
differs from other social network research by consider-
ing the semantic relations between provided content.
While our approach extends the capabilities of on-
tology integration research by allowing incomplete or
incorrect ontologies to be augmented with probabil-
ity. This provides a user the ability to see where more
credible sources are required to improve the semantic
representation of a particular sub-domain within the
ontology.

8.1 Future Work

Currently we only provide mechanisms for capturing
a relationship between one tag and one class. We aim
to examine the possibility of capturing more complex
relationships (i.e. multiple tags combined to form the
ObjectProperties of multiple classes). Currently we
have only evaluated tags that relate to classes and
would like to examine tags that will match to seman-
tic relationships (i.e. the tag is a verb).

Additionally we would like to evaluate the Area of
Expertise to examine the possible time reduction due
to less calculations and how the generalised calcula-
tion of trust will effect the precision of result rank-
ings.

10http://realtravel.com
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(2007), ‘The two cultures: Mashing up web 2.0 and
the semantic web’, Journal of Web Semantics .
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Abstract

This paper systematically applies tools and tech-
niques from the area of algebraic specification the-
ory to corresponding ontology structuring and design
tasks.

We employ the heterogeneous structuring mech-
anisms of the heterogeneous algebraic specification
language HetCasl for defining an abstract notion
of structured heterogeneous ontology. This approach
enables the designer to split up a heterogeneous on-
tology into semantically meaningful parts and employ
dedicated reasoning tools to them.

In particular, we distinguish three fundamentally
different kinds of combining heterogeneous ontologies:
integration, connection, and refinement.

Keywords: Ontology Design & Reasoning; Modular-
ity; Combination Techniques; Algebraic Specification

1 Introduction

Ontologies play an increasingly important role in var-
ious areas of Knowledge Representation ranging from
the life sciences and engineering domains to linguis-
tic semantics. In the process, ontologies are being
designed in a broad spectrum of logics, with consid-
erably varying expressivity and supporting quite dif-
ferent reasoning methods. Logics being used include
description logics like SROIQ(D) (Horrocks et al.
2006), relational database schemes, as well as first-
order and modal logics. While modularity, aligning
and re-using (parts of) ontologies has received con-
siderable attention recently,1 there is little work on
formal structuring and the aspect of heterogeneity.

We believe that a lot can be learned in this respect
from techniques developed for (algebraic) specifica-
tion in software engineering, and provide a systematic
account that parallels structuring techniques from al-
gebraic specification with typical problems found in
ontology design.

Our work builds on and generalises and extends
ideas of (Bench-Capon & Malcolm 1999), (Alagić &

Copyright c©2008, Australian Computer Society, Inc. This
paper appeared at the Knowledge Representation Ontology
Workshop (KROW 2008), Sydney, Australia. Conferences in
Research and Practice in Information Technology (CRPIT),
Vol. 90, Thomas Meyer and Mehmet A. Orgun, Ed. Reproduc-
tion for academic, not-for profit purposes permitted provided
this text is included.

1For work on modularity in ontologies compare the workshop
series (Haase et al. 2006, Cuenca Grau et al. 2007, Sattler &
Tamilin 2008), and for work on ontology alignment/matching com-
pare the textbook (Euzenat & Shvaiko 2007), as well as the
workshops of the ‘Ontology Alignment Evaluation Initiative’ (see
http://oaei.ontologymatching.org/).

Bernstein 2002), (Madhavan et al. 2002), and in par-
ticular (Goguen 2005, 2006). In recent publications,
we have discussed the problem of inheriting conser-
vativity properties from parts (or modules) of an on-
tology to an overall integration obtained through a
colimit operation (Kutz & Mossakowski 2007, 2008),
and analysed various alignment approaches from the
institutional viewpoint (Kutz et al. 2008).

This paper addresses the following:
(1) we develop a rather abstract view of hetero-
geneously structured ontologies encompassing essen-
tially all logics used in ontology design today and
allowing to model the most complex relationships
between various ontologies; (2) we systematise the
field of ‘combining ontologies’ by identifying three
classes of such combinations: integrations, connec-
tions, and refinements. The differentiating criteria
are the use of signatures in the overall combination
and the corresponding model-theoretic properties; (3)
we analyse how various well-known ontology design
and combination techniques fit into these abstract
categories, including structuring through conservative
extensions, ontology alignments, E-connections, and
database scheme–ontology reconciliation; (4) finally,
the appendix contains a discussion how the Heteroge-
neous Tool Set (Hets) can support various reasoning
and ontology engineering tasks; we also indicate the
current and planned tool support for existing ontol-
ogy languages and reasoners.

2 Heterogeneous Ontologies and Structuring

The study of modularity principles can be carried out
to a quite large extent independently of the details of
the underlying logical system that is used. The no-
tion of institutions was introduced by Goguen and
Burstall in the late 1970s exactly for this purpose (see
(Goguen & Burstall 1992)). They capture in a very
abstract and flexible way the notion of a logical sys-
tem by describing how, in any logical system, signa-
tures, models, sentences (axioms) and satisfaction (of
sentences in models) are related.

The importance of the notion of institutions lies
in the fact that a surprisingly large body of logical
notions and results can be developed in a way that is
completely independent of the specific nature of the
underlying institution.2

We assume some acquaintance with the basic no-
tions of category theory and refer to (Adámek et al.
1990) or (Mac Lane 1998) for an introduction. If C is
a category, Cop is the dual category where all arrows

2For an extensive treatment of model theory in this setting, see
(Diaconescu 2008).
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are reversed. For a category C, we denote by |C| the
class of its objects.

Definition 1 (Institutions). An institution is a
quadruple I = (Sign,Sen,Mod, |=) consisting of

• a category Sign of signatures,

• a functor Sen : Sign −→ Set3 giving, for each
signature Σ, the set of sentences Sen(Σ), and
for each signature morphism σ : Σ −→ Σ′, the
sentence translation map Sen(σ) : Sen(Σ) −→
Sen(Σ′), where often Sen(σ)(ϕ) is written as
σ(ϕ),

• a functor Mod : Signop −→ CAT 4 giving,
for each signature Σ, the category of mod-
els Mod(Σ), and for each signature mor-
phism σ : Σ −→ Σ′, the reduct functor
Mod(σ) : Mod(Σ′) −→ Mod(Σ), where often
Mod(σ)(M ′) is written as M ′ �σ, and M ′ �σ is
called the σ-reduct of M ′, while M ′ is called a
σ-expansion of M ′�σ,

• a satisfaction relation |=Σ ⊆
|Mod(Σ)| × Sen(Σ) for each Σ ∈ |Sign|,

such that for each σ : Σ−→Σ′ in Sign the following
satisfaction condition holds:

(?) M ′ |=Σ′ σ(ϕ) iff M ′�σ|=Σ ϕ

for eachM ′ ∈ |Mod(Σ′)| and ϕ ∈ Sen(Σ), expressing
that truth is invariant under change of notation and
enlargement of context.5 ♦

Examples of institutions include, among others,
first- and higher-order classical logic, description log-
ics, and various (quantified) modal logics:

Example 1. First-order Logic. In the institu-
tion FOLms= of many-sorted first-order logic with
equality, signatures are many-sorted first-order sig-
natures, consisting of sorts and typed function and
predicate symbols. Signature morphisms map sym-
bols such that typing is preserved. Models are many-
sorted first-order structures. Sentences are first-order
formulas. Sentence translation means replacement of
the translated symbols. Model reduct means reassem-
bling the model’s components according to the signa-
ture morphism. Satisfaction is the usual satisfaction
of a first-order sentence in a first-order structure. ♦

Example 2. Relational Schemes. A signature
consists of a set of sorts and a set of relation symbols,
where each relation symbol is indexed with a string of
sorted field names. Signature morphisms map sorts,
relation symbols and field names. A model consists
of a carrier set for each sort, and an n-ary relation for
each relation symbol with n fields. A model reduction
just forgets the parts of a model that are not needed.
A sentence is a link (integrity constraint) between two
field names of two relation symbols. Sentence trans-
lation is just renaming. A link is satisfied in a model
if for each element occurring in the source field com-
ponent of a tuple in the source relation, the same
element also occurs in the target field component of
a tuple in the target relation. ♦

3Set is the category having all small sets as objects and func-
tions as arrows.

4CAT is the category of categories and functors. Strictly speak-
ing, CAT is not a category but only a so-called quasicategory,
which is a category that lives in a higher set-theoretic universe.

5Note, however, that non-monotonic formalisms can only indi-
rectly be covered this way, but compare, e.g., (Guerra 2001).

Example 3. Description Logics. Signatures of
the description logic ALC consist of a set of B of
atomic concepts and a set R of roles, while signature
morphisms provide respective mappings. Models are
single-sorted first-order structures that interpret con-
cepts as unary and roles as binary predicates. Sen-
tences are subsumption relations C1 v C2 between
concepts, where concepts follow the grammar

C ::= B | > |⊥ |C1 t C2 |C1 u C2 | ¬C | ∀R.C | ∃R.C

Sentence translation and reduct is defined similarly as
in FOL=. Satisfaction is the standard satisfaction of
description logics. ALCms is the many-sorted variant
of ALC. ALCO is obtained from ALC by extending
signatures with nominals.

The (sub-Boolean) description logic EL restricts
ALC as follows: C ::= B | > |C1 u C2 | ∃R.C.
SHOIN extends ALC with role hierarchies, transi-
tive and inverse roles, (unqualified) number restric-
tions, and nominals, etc. ♦

Example 4. Modal Logics. The modal logic S4u
has signatures as classical propositional logic, consist-
ing of propositional variables. Sentences are built as
in propositional logic, but add two unary modal op-
erators, � and �. Models are standard Kripke struc-
tures but based on reflexive and transitive relations.
Satisfaction is standard modal satisfaction, where �
is interpreted by the transitive reflexive relation, and
� by universal quantification over worlds.

The standard formulation of first-order modal
logic QS5 (due to Kripke) has signatures similar
to FOL=, including variables and predicate sym-
bols. Sentences follow the grammar for FOL=-
sentences using Booleans, quantifiers, and identity,
while adding the � operator, but leaving out con-
stants and function symbols. Models are constant-
domain first-order Kripke structures, with the usual
first-order modal satisfaction. ♦

2.1 Structured Ontologies

The essential advantage of the theory of institutions
is the possibility of providing structuring operations
and module concepts independently of the underlying
logical system. Hence, in the sequel, let us fix some
arbitrary institution I = (Sign,Sen,Mod, |=). The
basic structuring operation for ontologies is surely
that of importing other ontologies. The notion of de-
velopment graph captures this, and also renaming of
symbols.

Definition 2. A development graph is an acyclic,
directed graph6 DG = 〈N ,L〉. Here, N is a set of
nodes. Each node N ∈ N is labelled with a pair
(ΣN ,ΨN ) such that ΣN is a signature and ΨN ⊆
Sen(ΣN ) is the set of local axioms of N . L is a
set of directed links, so-called (global7) definition

links K
σ - N , annotated with a signature

morphism σ : ΣK → ΣN .
Given a node N ∈ N , its associated theory

ThDG(N) is inductively defined to consist of

• all the local axioms ΨN , and

• for each K
σ - N ∈ DG, all of ThDG(K)

translated by σ.

The class of models ModDG(N) of a node N is de-
fined as Mod(ThDG(N)). ♦

6In (Kutz & Mossakowski 2007, 2008), we have identified a
structured ontology with a diagram.

7There are also local and hiding definition links, which require
a more refined model-theoretic semantics.
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Complementary to definition links, which define
the theories of related nodes, we also allow for the-
orem links with the help of which we are able
to postulate relations between different theories. A

(global) theorem link is an edge K ...................
σ
- N ,

where σ : ΣK −→ ΣN . DG implies a theorem link

K ...................
σ
- N (denoted DG |= K ...................

σ
- N) iff

for all M ∈ModDG(N), M�σ∈ModDG(K).
A global definition (or also theorem) link

K
σ - N can be strengthened to a conserva-

tive extension link (denoted as K
σ

cons
- N);

it holds if every K-model has a σ-expansion to an N -
model. Such annotations can be seen as another kind
of proof obligations. Definitional extensions are in-
troduced in a similar way (annotated with def ); here
the σ-expansion has to be unique.

Many languages for structuring, modularity and
alignment of ontologies can be mapped into this for-
malism of development graphs.8 In this paper, we use
the language Casl (Bidoit & Mosses 2004). A Casl
library consists of specification definitions of the form

spec <name> =
<spec>

end

A specification <spec> can be a basic specification
consisting of a signature and some axioms (with
syntax specific to the given institution). It corre-
sponds to a node with local axioms in a development
graph. Concerning structuring, specifications can be
extended or united, written <spec> then <spec> or
<spec> and <spec>, and leading to definition links
in the development graph. Extensions add some
new signature elements and axioms, and can be de-
clared to be conservative or definitional. Unions
unite the requirements of two specifications, thereby
intersecting their model classes. Renamings, writ-
ten <spec> with <signature-morphism>, rename a
specification along a signature morphism; again, this
leads to a definition link in the development graph.
The declaration view view1: sp1 to sp2 will gen-
erate a theorem link between the nodes representing
sp1 and sp2 in the development graph. Details of the
translation to development graphs, as well as a treat-
ment of hiding, can be found in (Mossakowski et al.
2006). Moreover, the appendix contains additional
details about the syntax of Casl (and HetCasl in-
troduced below) as well as example specifications.

2.2 Heterogeneous Ontologies

As (Schorlemmer & Kalfoglou 2008) argue convinc-
ingly, since ontologies are being written in many dif-
ferent formalisms, like relation schemata, description
logics, first-order logic, and modal (first-order) log-
ics, alignments of ontologies need to be constructed
across different institutions.

To obtain heterogeneous logical theories, one needs
to fix some graph of logics and logic translations, usu-
ally formalised as institutions and so-called institu-
tion comorphisms, see (Goguen & Roşu 2002). The
latter are again governed by the satisfaction condi-
tion, this time expressing that truth is invariant also
under change of notation across different logical for-
malisms:

8By ‘modularity’ we here refer to the notion of ‘ontological mod-
ule’ defined through conservativity properties, as it has been inves-
tigated for instance in Konev et al. (2008), Cuenca Grau, Horrocks,
Kazakov & Sattler (2008), Kutz & Mossakowski (2008).

M ′ |=J
Φ(Σ) αΣ(ϕ)⇔ βΣ(M ′) |=I

Σ ϕ.

Here, Φ(Σ) is the translation of signature Σ from in-
stitution I to institution J , αΣ(ϕ) is the translation of
the Σ-sentence ϕ to a Φ(Σ)-sentence, and βΣ(M ′) is
the translation (or perhaps: reduction) of the Φ(Σ)-
model M ′ to a Σ-model.

The so-called Grothendieck institution is a
technical device for giving a semantics to heteroge-
neous theories involving several institution (see Dia-
conescu 2002, Mossakowski 2002). The Grothendieck
institution is basically a flattening, or disjoint union,
of the logic graph. A signature in the Grothendieck
institution consists of a pair (L,Σ) where L is a
logic (institution) and Σ is a signature in the logic
L. Similarly, a Grothendieck signature morphism
(ρ, σ) : (L1,Σ1) → (L2,Σ2) consists of a logic trans-
lation ρ = (Φ, α, β) : L1 −→ L2 plus an L2-signature
morphism σ : Φ(Σ1) −→ Σ2. Sentences, models and
satisfaction in the Grothendieck institution are de-
fined in a componentwise manner.

We now arrive at the following:

Definition 3. An abstract structured heteroge-
neous ontology (w.r.t. some logic graph) is a node
O in a development graph DG in the corresponding
Grothendieck institution. We sometimes also identify
O with its theory ThDG(O); however, note that then
the structuring is lost. ♦

To be able to write down such heterogeneous on-
tologies in a concise manner, we extend Casl to
HetCasl as follows: HetCasl provides the no-
tation logic <logic-name>, which defines the in-
stitution of the following specifications until that
keyword occurs again. Also, a specification can
be translated along a comorphism; this is written
<spec> with logic <comorphism-name>. See the
extended example on Page 7 for the look-and-feel of
HetCasl specifications. Of course, abstract struc-
tured heterogeneous ontologies can be formulated in
different notations, and HetCasl is only one of them.
Another option would be an extension of OWL struc-
turing mechanisms by keywords dealing with hetero-
geneity.

3 Heterogeneous Integration

Informally, an integration of two ontologies O1, O2
into a third ontology O is any operation by which
O1, O2 are ‘re-interpreted’ from the (global) point of
view of O.

Definition 4. Given ontologies O1, O2, and an on-
tology O, in institutions I1, I2 and I, respectively, we
say that O heterogeneously integrates O1 and O2
if there are theorem links (i.e. theory interpretations)
λ1 : O1 7→ O and λ2 : O2 7→ O. ♦

Thus, given O1 |=I1 φ and O2 |=I2 ψ, we have
O |=I λ1(φ), λ2(ψ), i.e., consequence is preserved up-
wards.

In the approach of (Schorlemmer & Kalfoglou
2008), two ontologies O1 and O2 are aligned by
mapping them into a common reference ontology
O as follows: theories O1 and O2 are said to be
semantically integrated with respect to a the-
ory O if (1) there exist consequence-preserving sen-
tence translations α1 : O1 −→ O, α2 : O2 −→ O;
(2) there exist structure reducts β1 : Mod(O) −→
Mod(O1), β2 : Mod(O)−→Mod(O2); and (3) O is
consistent.
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Figure 1: Integration into reference ontology

Example 5. (From Schorlemmer & Kalfoglou
2008, abridged) Suppose that O1 is a relational
scheme. It contains author of(person,paper) and
person(id,name) with a relationship from person
to id. O2 is a description logic theory. It contains
Article v ∃author .> u ∃title.>, etc.
The reference ontology O is a first-order theory. It
contains, among others:

∀x.(Working Person(x) → (Thing(x) ∧
∃y.(String(y) ∧ Name(x , y))))

∀x.(Researcher(x) → Working Person(x))

Theory interpretations α1, α2 can be given as follows:

α1(person(p, n)) = Researcher(p) ∧ String(n) ∧
Name(p,n)

α1(author of(p, a)) = Researcher(p) ∧ Article(a) ∧
Author(a, p) ∧ ∃j .(Journal(j )

∧ Has Article(j , a))

α2(Article(x)) = Paper(x)

♦

We see a number of problems with this approach (and
therefore we will reformulate the example as a het-
erogeneous refinement on Page 7). First, allowing for
arbitrary sentence maps αi is simply too liberal. For
example, αi could map every sentence to true.9 It
seems more reasonable to use signature morphisms
and their induced sentence translation maps instead.
This approach, however, is less flexible in one aspect:
with the approach of (Schorlemmer & Kalfoglou 2008)
(using first-order logic), a predicate symbol p may be
mapped to a formula ϕ. However, this is usually bet-
ter captured by allowing for derived signature mor-
phisms (see (Sannella & Burstall 1983)), which here
are just signature morphisms into a conservative ex-
tension (e.g. an extension by the definition p(x)⇔ ϕ).
Secondly, and more importantly perhaps, there may
simply be no suitable common reference ontology at
hand. Rather, the common super-ontology should be
suitably constructed from O1 and O2, identifying cer-
tain concepts, while keeping others distinct, leading
to the concept of V-alignment discussed in the next
section. Another possibility is to compare the two
ontologies using a view, leading to the concept of re-
finement discussed on Page 6.

4 Heterogeneous Connection

Intuitively, the difference between ‘integrations’ and
‘connections’ is that in the former we combine two
ontologies O1 and O2 using a typically large and
previously-known reference ontology O. The models
of O are typically much richer than those of O1 and
O2. By contrast, connection of two ontologies is done
in such a way that the respective theories, signatures,
and models are kept disjoint, and a (usually small
and flexible) bridge theory formulated (in a bridge
language) over a signature that goes across the sort

9(Schorlemmer & Kalfoglou 2008) suggest to solve this problem
by a possible restriction to conservative translations; however, even
then the translation mapping every theorem in Oi to true and
every non-theorem to false still is a valid but useless example.

structure of the components is used to link together
the two ontologies. Using the general approach of
colimits, an overall connection ontology can be auto-
matically computed from the bridge theory and the in-
volved ontologies. Moreover, the models of this over-
all ontology are obtained as amalgamations of mod-
els of the individual ontologies — no new structure
is added (expect from new definitions, which however
can always be interpreted uniquely).

4.1 Connection through Alignments

4.1.1 V-Alignments

(Zimmermann et al. 2006) address the problem of
alignment without a common reference ontology.
Given ontologies O1 and O2, an interface (for
O1, O2)〈

Σ, σ1 : Σ−→Sig(O1), σ2 : Σ−→Sig(O2)
〉

specifies that (using informal but suggestive notation)

• concepts σ1(c) in O1 and σ2(c) in O2 are identi-
fied for each concept c in Σ, regardless of whether
the concepts have the same name or not, and

• concepts in O1 \ σ(Σ1) and O2 \ σ(Σ2) are kept
distinct, again regardless of whether they have
the same name or not.

The resulting common ontology O is not given a pri-
ori, but rather it is computed from the aligned ontolo-
gies via the interface. This computation is a pushout
in the sense of category theory, which in this case
is just a disjoint union with identification of specific
parts (namely those given through 〈Σ, σ1, σ2〉).

V-alignments can thus deal with basic alignment
problems, such as synonymy (identifying different
symbols with the same meaning) and homonymy
(separating (accidentally) identical symbols with dif-
ferent meaning)—see Figure 2.

{Woman,River Bank,Financial Bank,Human Being}

�

O

O1

-

O2

�

�

{Woman,Bank,Person}
�

{Woman,Bank,Human}
Σ

σ2
-�

σ1

=

{Woman,Person}

Figure 2: V-alignment: integration through interface
(dashed arrows mean definition links automatically
computed via colimits)

Note that alignments are encoded entirely into the
interface; finding an appropriate alignment (i.e. an
interface 〈Σ, σ1, σ2〉) is a different problem, compare
(Euzenat & Shvaiko 2007), and independent from the
chosen formal representation.

Example 6. In Figure 2, the interface 〈Σ, σ1, σ2〉
specifies that the two instances of the concept Woman
as well as Person and Human are to be identified. This
yields two concepts Woman and Human Being in the
push-out ontology O obtained along the dashed ar-
rows. Because Bank does not appear in the interface,
it also determines that the two instances of Bank are
to be understood as homonyms, and thus generates
two new distinct concepts. ♦

However, notion such as polysemy are typically un-
derstood to relate terms that have a different, but re-
lated meaning, and can thus not be dealt with by
simply identifying symbols or keeping them apart.
This problem can be solved, however, by considering
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E-connections a general form of alignment (see (Kutz
et al. 2008)). Similarly, (Zimmermann et al. 2006)
themselves raise the criticism that V-Alignments do
not cover the case where a concept Woman in O1 is
aligned with a concept Person in O2: here, the result-
ing ontology should turn Woman into a subconcept of
Person. This is not directly possible with the pushout
approach.

4.1.2 W-Alignments

In order to solve this problem of V-Alignments, (Zim-
mermann et al. 2006) introduce W-Alignments. They
consist of two V-Alignments, using an intermediate
bridge ontology B. The latter can be used to spec-
ify subconcept relationships like Woman v Person as
mentioned above.

{Woman}

�

{Woman v Person}

�

{Person}

�

O1 B O2

Σ1

-�

Σ2

-
�

=

{Woman}

=

{Person}

Figure 3: W-alignment: integration through bridge
ontology

(Zimmermann et al. 2006) list the behaviour of
compositions as a weak point of this approach. How-
ever, we see as the main weak point the rather loose
coupling of O1 and O2; indeed, the bridge ontology
is something like a super-ontology of a sub-ontology
and hence can be anything. Nevertheless, an advan-
tage of W-alignments over semantic integrations into
a reference ontology remains: it is not possible to
map sentences into the integration ontology in a com-
pletely arbitrary fashion. In (Kutz et al. 2008), we
have shown that various kinds of alignments can be
analysed as certain ‘shapes’ of diagrams that can be
represented and reasoned with in Hets.

4.2 Connection through Interface and Col-
imit

The general idea of combination through an interface
by computing a colimit is shown in Fig 4. Here, Σ1

O

O1

-

B

6

O2

�

Σ1
c

-�

Σ2

-
�

c

Figure 4: Connection through interface and colimit

is a subsignature of ontology O1, Σ2 a subsignature
of ontology O2, B an interface formalised in a bridge
logic such as FOLms=, and O the colimit ontology
computed from the diagram.

Example 5 can be reformulated in this setting by
taking O1 to be the relational scheme formalisation,
O2 the DL knowledge base, and B the necessary first-
order axioms to achieve the desired reconciliation.
The ‘reference ontology’ is now obtained as a pushout.
The complete specification for this scenario is given
in Appendix B.2.

4.3 E-Connections

Heterogeneous knowledge representation was a ma-
jor motivation also for the design of ‘modular on-
tology languages’, such as DDLs (Borgida & Serafini

2003) and E-connections (Kutz et al. 2002, 2004). We
here concentrate on the latter. E-connections were
originally conceived as a versatile and computation-
ally well-behaved technique for combining logics, but
were subsequently quickly adopted as a framework for
the combination of ontologies in the Semantic Web
(Cuenca Grau, Parsia & Sirin 2008).

We here show how the combination of ontolo-
gies via such modular languages can be re-formulated
as structured heterogeneous ontologies, and indicate
how this idea can be generalised to the institutional
level.

The general idea behind this combination method
is that the interpretation domains of the connected
logics are interpreted by disjoint (or sorted) vocab-
ulary and interconnected by means of link relations.
The language of the E-connection is then the union
of the original languages enriched with operators ca-
pable of talking about the link relations.
E-connections, just as DLs, offer an appealing

compromise between expressive power and compu-
tational complexity: although powerful enough to
express many interesting concepts, the coupling be-
tween the combined logics is sufficiently loose for
proving general results about the transfer of decid-
ability: if the connected logics are decidable, then
their connection will also be decidable.

For lack of space, we can only roughly sketch the
formal definitions, and refer the reader to (Kutz et al.
2004) for details.

We assume that the languages L1 and L2 of two
ontologies O1 and O2 are pairwise disjoint. To form
a connection CE(O1, O2), fix a non-empty set E =
{Ej | j ∈ J} of binary relation symbols. The basic
E-connection language is then defined inductively
by enriching the respective languages with the basic
E-connection-operators 〈Ej〉1 , 〈Ej〉2, interpreting the
link relations.

Fig. 5 displays the connection of two ontologies, by
means of a single link relation E. Here, the concept
〈E〉1 ({a}) of O1 ‘corresponds’ to the nominal {a} of
ontology O2: it collects the set of all those points in
O1 that ‘can be seen’ from a (in O2) along the relation
E.

t

Domain 1 Domain 2

〈E〉1 ({a})
{a}

〈E〉2 (t)

E

Figure 5: A two-dimensional connection.

Formally, the semantics is as follows: a structure

M =
〈
W1,W2, EM = (EM

j )j∈J
〉
,

where Wi = (Wi, .
Wi) is an interpretation of Oi for

i ∈ {1, 2} and EM
j ⊆W1×W2 for each j ∈ J , is called

an interpretation for CE(O1, O2). Given concepts
Ci of ontology Oi, for i = 1, 2, denoting subsets of
Wi, the semantics of the basic E-connection operators
is

(〈Ej〉1 C2)M = {x ∈W1 | ∃y ∈ CM
2 (x, y) ∈ EM

j }

(〈Ej〉2 C1)M = {x ∈W2 | ∃y ∈ CM
1 (x, y) ∈ EM

j }
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CE(Sm1 ,Sm2 )

Sm1 ] Sm2

6

Sm1

-

Sm2

�

∅

-
�

S1

6

S2

6

Figure 6: E-connections as a structured heteroge-
neous theory

E-connections can be considered as many-sorted
heterogeneous theories: component ontologies can be
formulated in different logics, but have to be build
from many-sorted vocabulary, and link relations are
interpreted as relations connecting the sorts of the
component logics.

The main difference between distributed descrip-
tion logics (DDLs) (Borgida & Serafini 2003) and var-
ious E-connections now lies in the expressivity of the
‘link language’ L connecting the different ontologies.
While the link language of DDL is a certain sub-
Boolean fragment of many sorted ALC, the basic link
language of E-connections is ALCIms.

Such many-sorted theories can easily be repre-
sented in a diagram as shown in Fig. 6. Here, we
first (conservatively) obtain a disjoint union Sm

1 ]Sm
2

as a pushout, where the component ontologies have
been turned into sorted variants (using an institu-
tion comorphism from the single-sorted to the many-
sorted logic), and the empty interface guarantees that
no symbols are shared at this point. An E-connec-
tion KB in language CE(Sm

1 ,Sm
2 ) is then obtained as

a (typically not conservative) theory extension.
The idea to ‘connect’ logics can be elegantly gen-

eralised to the institutional level (compare Baader
& Ghilardi (2007) who note that their ‘connections’
are an instance of a more general co-comma con-
struction), but details have to remain sketchy here.
However, it should be clear from the above that our
Grothendieck institution approach is general enough
to formally capture such connections.

Note that this generalises the E-connections of
(Kutz et al. 2002), the DDLs of (Borgida & Serafini
2003), as well as the connections of Baader & Ghilardi
(2007) in two important respects: first, the institu-
tional level generalises the term-based abstract de-
scription languages (ADS) that are an abstraction of
modal and description logics, and the rather general
definition of bridge theory similarly abstracts from
the languages previously employed for linking that
were similarly inspired by modal logic.

While there are no implemented, specialised al-
gorithms available deciding satisfiability in E-connec-
tions (except limited support in the Pellet system
(Cuenca Grau, Parsia & Sirin 2008) which is currently
being added to Hets as a supported prover), semi-
decidable reasoning for more expressive E-connections
is provided by Hets through suitable translation by
a comorphisms in a supported logic.

5 Heterogeneous Refinements

Integrations and connections are essentially symmet-
ric combination techniques in the sense that the order
in which component ontologies participate in the over-
all combination is irrelevant. Rather, the difference
lies in the way ‘local’ signatures are mapped into the
overall signature. In contrast to this a heterogeneous
refinement is a asymmetric technique, stating that all

O′1 .................................
σ
- O′2

O1

θ 6

O2

c η6

Figure 7: A refinement Diagram.

axioms of a ‘coarser’ ontology are also true in a ‘finer’
(refined) one.

Definition 5. Given two ontologies O1 and O2 in the
same logic, O2 is called a refinement of O1 if there
is a theorem link O1

σ−→ O2 that follows from the
underlying development graph.

Now let ontologies O1 and O2 in logics LO1 and
LO2 be given, such that there is a logic L with co-
morphisms LO1

θ−→ L and LO2

η−→ L, where η is
model-theoretically conservative.

The translations of the ontologies along the comor-
phism are referred to as O1

′ and O2
′. We call O2 a

heterogeneous refinement of O1 if there is a theo-
rem link O′1

σ−→ O′2 that follows from the underlying
development graph. ♦

Proposition 1. For a heterogeneous refinement, any
O2-model can be translated to an O1-model, and more-
over, logical consequence is preserved along refine-
ment: for σ(θ(ϕ)) = η(ψ), O1 |= ϕ implies O2 |=
η(ψ).

A heterogeneous refinement as given in Def. 5 is
depicted in Fig. 7 (here, c denotes conservativity). In
HetCasl, this concept is addressed by the notion of
view creating a proof obligation, as discussed in more
detail in Appendix. A.

The notion of a heterogeneous refinement also
leads to the definition of heterogeneous sub-ontology.

Definition 6. We call an ontology O1 a (heteroge-
neous) sub-ontology of O2 iff O2 is a (heterogeneous)
refinement of O1.

The standard notion of sub-ontology as a subset of
the axioms (Haase et al. 2005, Kalyanpur et al. 2007)
is recovered in the homogeneous case if σ additionally
is an injection.

Moreover, our abstract definition of refinement en-
tails the common definition in software engineering:
consider O1 to be a specification of a program in an
algebraic specification language, and O2 its imple-
mentation in a programming language. Refinements
are a common problem in the world of ontologies as
well: establish whether a domain ontology is consis-
tent with respect to the knowledge represented in a
foundational ontology. Consider a domain ontology
written in OWL-DL that is expected to refine the
abstract knowledge given in Dolce, written in FOL.
In this case, the domain ontology should be a hetero-
geneous refinement of Dolce (or of a part of Dolce,
if one considers hiding).

5.1 From Relational Scheme to Ontology

Recall Example 5 of a semantic integration into a ref-
erence ontology. The kind of integration required here
can be dealt with much more elegantly as a hetero-
geneous refinement. Consider the HetCasl specifi-
cation given in Fig. 9. Here, Biblio DL is a DL on-
tology about bibliographical information, written in
a concrete syntax close to Manchester Syntax (Hor-
ridge et al. 2006), and Biblio RS is the scheme of a
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Biblio DL′ �................. Biblio RS′

Biblio DL

def 6

Biblio RS

def6

Figure 8: A view from RelScheme to HetDL.

relational database intended to capture similar knowl-
edge. Assume we want to show that the ontology is
a refinement of the database schema, as illustrated in
Fig. 8. A view Biblio RS in DL is used for this pur-

logic DL
spec Biblio_DL =

Class: Researcher
SubclassOf: name some Thing

Class: Article
SubclassOf: author some Thing, title some Thing

Class: Journal
SubclassOf: name some Thing, hasArticle some Thing,

impactFactor some Thing
end

logic RelScheme
spec Biblio_RS =

Tables
person(key id:integer, name:string)
author_of(person, paper:integer)
paper(key id:integer,title:string,

published_in:integer)
journal(key id:integer,name:string,

impact_factor:float)
Relationships

author_of[person] -> person[id] one_to_many
author_of[paper] -> paper[id] one_to_many
paper[published_in] -> journal[id] one_to_many

end

logic CASL
view Biblio_RS_in_DL : Biblio_RS to

{ Biblio_DL with logic DL -> CASL
then %def

preds
journal(j,n,f:Thing) <=>

Journal(j) /\ name(j,n) /\ impactFactor(j,f);
paper(a,t,j:Thing) <=>

Article(a) /\ Journal(j) /\ hasArticle(j,a) /\
title(a,t);

author_of(p,a:Thing) <=>
Researcher(p) /\ Article(a) /\ author(p,a);

person(p,n:Thing) <=> Researcher(p) /\ name(p,n)
} = logic RelationalScheme -> CASL

end

Figure 9: Heterogeneous specification in HetCasl.

pose, stating that the ontology satisfies the relational
scheme axioms (referential integrity constraints). Of
course, this is not possible literally, but rather the
ontology is mapped to first-order logic (Casl) and
then definitionally (look at the %def) extended to
Biblio DL′ with a definition of the database tables
in terms of the ontology classes and properties. Also,
Biblio RS is translated to first-order logic, yielding
Biblio RS′, and the view expresses a theory mor-
phism from Biblio RS′ to Biblio DL′.

The involved signature and theory morphisms
live in the Grothendieck institution. Thus, we can
avoid the use of arbitrary maps αi as in (Schorlem-
mer & Kalfoglou 2008), and instead rely entirely on
(Grothendieck) signature morphisms. Actually, the
above view is not provable—but it is if an inverse of
the role hasArticle is introduced and used to restrict
the class Article.

5.2 From Ontology to Relational Scheme

Dually, assume we are given an ontology that is sup-
posed to logically describe a database scheme.

Biblio DL′ .................- Biblio RS′

Biblio DL

def 6

Biblio RS

def6

Figure 10: A view from HetDL to RelScheme.

We again use Biblio_RS and Biblio_DL, as given
in Fig. 9. We now have a heterogeneous refinement
from Biblio_DL to Biblio_RS, as depicted in Fig. 10.
The rest of the discussion is analogous to the previ-
ous section, and hence left out. The specification of
this refinement containing the integrity constraints is
given in Appendix B.1.

6 Outlook and Future Work

We have introduced an abstract framework for the
study of structured heterogeneous ontologies, allow-
ing for a systematic analysis of conceptual and algo-
rithmic problems in heterogeneous environments that
were previously considered rather disparate. In par-
ticular, we have analysed in detail a specific example
heterogeneous ontology from the literature, consisting
of a bibliographical database and a related ontology.
We have shown that these ontologies can be hetero-
geneously combined in different ways: (1) via integra-
tion in a common reference ontology, which is known
beforehand, (2) via connection through a bridge the-
ory, which operates directly on the involved ontologies
and allows for the automatic construction of a com-
bined ontology via colimits, and (3) via refinement,
which provides the strongest relation between the on-
tologies: namely, that each bibliographical database
satisfying the given relational scheme’s integrity con-
straints also gives rise to a model of the ontology,
and vice versa. It is not surprising that this strong
combination via refinement was only possible after
extending the ontology in a suitable way, leading to
a better matching between the relational scheme and
the ontology.

We believe that these general patterns of ontol-
ogy combination can also be found in other exam-
ples, also involving completely different application
domains (and not necessarily being connected with
databases). Indeed, the structured reasoning support
that our approach allows has already been used to
answer questions that ‘standard’ automated reason-
ing can not tackle: the consistency of the first-order
version of the foundational ontology Dolce (refor-
mulated as a HetCasl specification) can be verified
by model-checking a view into a finite specification of
a model for Dolce.

Currently, we are working on integrating a tool for
the discovery of theory morphisms into the Heteroge-
neous Tool Set, which would allow (semi)-automatic
structuring of ontologies.
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Appendix

A Heterogeneous Reasoning with Hets

A heterogeneous proof calculus based on development
graphs, as they have been defined earlier in this pa-
per, is implemented in the Heterogeneous Tool Set
Hets (see (Mossakowski et al. 2007a,b)). It supports
a multitude of logics, given as institutions, that can
be used in formal specification. Examples are many-
sorted first-order logic FOLms= with equality under-
lying Casl and the description logic SROIQ(D)
(and its sublogics EL andALC) underlyingOWL 1.1.
Several concrete syntaxes for OWL are supported, in-
cluding Manchester Syntax (Horridge et al. 2006) and
its extension to SROIQ(D). Moreover, relational
schemes, as well as QS5 (using syntax of the Casl
language) are supported.

Between many of the logics, comorphisms are de-
fined and implemented. For most of them, a comor-
phism into Casl exists, allowing heterogeneous spec-
ifications. A heterogeneous proof calculus (see (CoFI
(The Common Framework Initiative) 2004)) for de-
velopment graphs shifting proof obligations between
nodes into nodes is implemented, too.

To prove obligations of a node (= in a single
logic), several (first-order) FOL (SPASS, Darwin) and
(higher-order) HOL (Isabelle) provers are inte-
grated into Hets, enabling proof support for het-
erogeneously specified ontologies. The DL reasoner
Pellet is supported as a consistency checker for on-
tologies.

The development graph calculus integrated into
Hets can be used for all the integration, connection,
and refinement techniques for ontologies discussed in
this paper: the verification of semantic integrations as
well as refinements are directly supported. In the case
colimit computation is needed, as in W-alignments,
this can be calculated via Hets’ built-in colimit fea-
ture described in (Codescu & Mossakowski 2008),
that also allows the ‘approximation’ of colimits.

A specific example for such a heterogeneous, multi-
level reasoning is provided by the verification of the
RCC composition tables (Wölfl et al. 2007). Here,
the majority of proof obligations can be resolved by
various, fully automatic reasoners. However, a proof
obligation requiring the second-order theory of real
numbers needs an interactive proof in the Isabelle
prover.

B Heterogeneous Specifications in HetCasl

In the following, we present additional specifications
for the interested reader.

B.1 Specification: From Ontology to Rela-
tional Scheme

We give the specification for Section 5.2. The speci-
fication Biblio_DL is written in HetDL, a concrete
Syntax for SROIQ(D), that is very closely related to
the Manchester Syntax (Horridge et al. 2006). Our
language is almost self-explanatory, and follows the
naming conventions of OWL.

E.g., the stanza

Class: Researcher
SubclassOf: name some string

defines a class Researcher that is a subclass of all
Things having a name of type string.

Biblio_RS is written in RelScheme, see Exam-
ple 2. Following the keyword Tables, the signature
of a specification is defined. It consists of a set of
tables, each having columns of a particular data
type. In person(key id:pointer, name:string),
a table with the name person is defined, having
the columns id and name with id being the key
of this table. If key occurs more than once in a
table, we have a compound key. The sentences
following the keyword Relationships define re-
lations between different tables. The sentence
author_of[person] -> person[id] one_to_many
means that the column person of the table
author_of is in one_to_many relationship with the
column id of person.

The view Biblio_DL_in_RS is written in Casl.
The link between Biblio_DL and Biblio_RS is estab-
lished via several Casl sentences. Please note that
the view here goes into the opposite direction com-
pared to the one in Fig. 9.

logic DL
spec Biblio_DL =

Class: Researcher
SubclassOf: name some string

ObjectProperty: hasArticle
InverseOf: hasJournal

Class: Article
SubclassOf: author some Thing, title some string,

hasJournal some Journal

Class: Journal
SubclassOf: name some string,

hasArticle some Thing,
impactFactor some integer

end

logic RelScheme
spec Biblio_RS =

Tables
person(key id:pointer, name:string)
author_of(person, paper:pointer)
paper(key id:pointer,title:string,

published_in:pointer)
journal(key id:pointer,name:string,

impact_factor:integer)

Relationships
author_of[person] -> person[id] one_to_many
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author_of[paper] -> paper[id] one_to_many
paper[published_in] -> journal[id] one_to_many

end

logic CASL
view Biblio_DL_in_RS : Biblio_DL to
{ Biblio_RS with logic RelScheme -> CASL
then %def
preds Researcher(x:pointer) <=>

(exists n:string; a:pointer.
person(x,n) /\ author_of(x,a));

Article(x:pointer) <=>
(exists t:string; j:integer.paper(x,t,j));

Journal(x:pointer) <=>
(exists n:string; i:float.journal(x,n,i));

name(x:pointer;n:string) <=>
person(x,n);

hasArticle(x,j:pointer) <=>
(exists n,t:string; i:integer .
journal(x,n,i) /\ paper(j,t,x));

hasJournal(j,x:pointer) <=>
(exists n,t:string; i:integer .
journal(x,n,i) /\ paper(j,t,x));

author(a,p:pointer) <=>
(exists t,n:string; p:pointer .
paper(a,t,p) /\ person(p,n));

title(a:pointer; t:string) <=>
(exists p:pointer . paper(a,t,p));

impact_factor(j:pointer;f:integer) <=>
(exists n:string . journal(j,n,f));

}
end

Such a specification can be parsed and analysed
by the tool Hets, which displays it as a development
graph as in Fig. 11.

Figure 11: Development graph in Hets.

In this picture, red arrows are theorem links, and
outlined thick black arrows are heterogeneous defini-
tion links. The picture shows the situation shown in
the diagram of Fig. 10.

To prove this view, the development graph cal-
culus has to be applied first. Then a prover needs
to be invoked on the upper left node, that by now
has become red: a node with proof obligations. The
proof obligations can e.g. be proved with the SPASS
theorem prover.

B.2 Specification: Integration through Inter-
face and Colimit

In this section, an example specification for a W-
alignment is given.
logic DL
spec Biblio_DL =

Biblio_DL_Sign
then

Class: Researcher
SubclassOf: name some string

ObjectProperty: hasArticle
InverseOf: hasJournal

Class: Article
SubclassOf: author some Thing, title some string,

hasJournal some Journal

Class: Journal
SubclassOf: name some string,

hasArticle some Thing,
impactFactor some integer

end

spec Bibli_DL_Sign =
Class: Researcher
DataProperty: name

Class: Article
ObjectProperty: author
DataProperty: title
ObjectProperty: hasJournal

Class: Journal
ObjectProperty: hasArticle
DataProperty: impactFactor

end

logic RelScheme
spec Biblio_RS_Sign =

Tables
person(key id:pointer, name:string)
author_of(person, paper:pointer)
paper(key id:pointer,title:string,

published_in:pointer)
journal(key id:pointer,name:string,

impact_factor:integer)
end

spec Biblio_RS =
Biblio_RS_Sign

then
Relationships

author_of[person] -> person[id] one_to_many
author_of[paper] -> paper[id] one_to_many
paper[published_in] -> journal[id] one_to_many

end

logic CASL
spec Interface =

{Biblio_RS_Sign with logic RelScheme -> CASL}
and

{Biblio_DL_Sign with logic DL -> CASL
with Thing |-> pointer}

then
forall a,j,p,x:pointer;n,t:string;f:integer

. journal(j,n,f) <=> Journal(j) /\ name(j,n)
/\ impactFactor(j,f)

. paper(a,t,j) <=> Article(a) /\ Journal(j)
/\ hasArticle(j,a) /\ title(a,t)

. author_of(p,a) <=> Researcher(p) /\ Article(a)
/\ author(p,a)

. person(p,n) <=> Researcher(p) /\ name(p,n)

. Researcher(x) <=> (exists q:pointer;m:string .
person(x,m) /\ author(x,q))

. Article(x) <=> (exists q:pointer;m:string .
paper(x,m,q))

. Journal(x) <=> (exists m:string;i:integer .
journal(x,n,i))

end

The picture in figure 12 shows the development

Figure 12: W-alignment in Hets.

graph of the above specification in Hets. In this
figure, the outlined thick black arrows are heteroge-
neous definition links, while the normal black arrows
are definition links. The picture shows the situation
depicted in the diagram of Fig. 3. Its colimit can be
automatically computed by Hets.

CRPIT Vol 90 --- KROW 2008

Page 50



Supporting Coral Reef Ecosystems Research through Modelling  

Re-usable Ontologies. 

Trina S. Myers
1
, Ian Atkinson

1
, Ron Johnstone

2
.  

School of Mathematics, Physics and Information Technology 

James Cook University1 

Townsville, Queensland. 

[Trina.Myers, Ian.Atkinson]@jcu.edu.au 

 

Centre for Marine Science,  

University of Queensland2 

Brisbane, Queensland. 

RJohnstone@uq.edu.au 

 

Abstract. 

The Semantic Reef project is an eco-informatics 
application that endeavours to combine multiple 

environmental datasets to test ecological hypotheses and 

derive information about environmental systems.  The 

intention is to develop an automated data processing, 

problem-solving and knowledge discovery system to 

better understand and manage coral reef ecosystems.  

Remote environmental monitoring (including sensor 
networks) is being widely investigated and deployed for 

collecting real-time data across widely distributed areas.  

As the volume of raw data increases, it is envisaged that 

bottlenecks will develop in the data analysis phases, 

where current data processing procedures still involve 

manual manipulation that will soon become unfeasible to 

manage.  This „data deluge‟ is being addressed in research 
communities, such as the Semantic Web and Knowledge 

Representation fields, through the development of the 

technologies and the use-case implementations such as 

described here.  In an e-Research approach, highly diverse 

backgrounds and expertise were combined effectively to 

answer domain and locality specific hypotheses, such as 

coral bleaching, highlighting the value of a collaborative 

approach. 

A set of re-usable ontologies, ranging from light to 
heavyweight, has been developed as separate components 

within the Knowledge Representation (KR) system, 

generically modelling a reef ecosystem.  The ontology 

design aims to leverage the scalable characteristics of 

Semantic technologies, allowing for flexibility when 

posing hypotheses and support for future modifications to 

the domain due to new discoveries.  

Keywords: Eco-informatics, Semantic Web, workflow, 
ontology, Climate Change, Semantic Reef. 
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1 Introduction 

Eco-informatics is an emerging branch of e-Research 
whereby new IT techniques and infrastructure are being 

developed to give ecologists far greater scope for problem 

solving at otherwise impossible scales.  With the 

predicted impact of climate change, and other 

environmental issues, these new cross-discipline tools are 

becoming more important. 

Modern data gathering methods have seen the 

emergence of highly connected and efficient scientific 
instruments that produce vast quantities of data, 

sometimes termed as a “data deluge‟(Hey and Trefethen, 

2003).  In the earth and marine sciences, environmental 

sensor networks are being deployed to gather data in real-

time, across widely distributed areas, for applications 

such as environmental and seismic monitoring.  The 

Integrated Marine Observing System (IMOS) - Great 

Barrier Reef Oceans Observing System (GBROOS) is 

one such infrastructure that uses sensor networks to 

remotely monitor chosen sites on the Great Barrier Reef 

(GBR) (IMOS, 2008).  It is expected GBROOS and 

similar sensor network deployments, when fully 
implemented, will produce vast amounts of real-time 

streaming data from a variety of domain specific sensors, 

including meteorological, chemical and biological 

sensors.  The vast amount of sensed data is necessary in 

order to produce the new information needed to 

answering the multitude of questions being posed in the 

scientific domains.  This project aims to streamline the 

data analysis of remotely sensed data from the Great 

Barrier Reef..  A primary goal is  to balance the inevitable 

growth in sensed data streams with the capacity of 

individual researchers to benefit from the volume of data 
available. 

The Semantic Reef project is an application of eco-

informatics where collaborations between disparate 

backgrounds and expertise have been effectively 

combined.  Currently, a platform is being developed that 

combines emerging Semantic Web and Scientific 

Workflow technologies to access and infer information 

from unconnected datasets.  On completion, the Semantic 

Reef model will produce a tool for hypothesis-driven 

research and problem-solving methods, which will allow 

for more efficient investigation methods of disparate data 

streams.  Ultimately, coupling the disparate data to the 
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Figure 1 – Identifying any coral reef – Semantic building blocks  

ontologies described herein, for querying and deriving 

inferences, may provide alerting for unusual domain-

specific events.   

One goal of the Semantic Reef is to improve our 

capacity to generate timely warnings of environmental 

conditions that are conducive to coral bleaching.  A 
hierarchy of re-usable light to heavy weight ontologies 

has been developed to present marine scientists, from 

around the globe, tools to test hypotheses and 

probabilities through enlisting a semantic „richness on 

demand‟ environment.  The level of granularity required, 

or the depth of the analysis, is flexible, scalable by 

design, and independent of location, reef type or standing 

stock.  The design purposefully separates the 

functionality and relationships, which are emulated in the 

integrated logic systems, in particular Description Logics 

(DL) and Propositional logics, from the instance data that 

make up a reef ecosystem.  Thus, the modularity permits 
changes of minor and major entities, within the model, to 

be made trivially, effectively supporting future 

propositions, queries and even changes in the 

relationships themselves. 

A description of the domain specific problems relating 

to reef systems will be followed by a brief overview of 

the goals and achievements of the Semantic Reef Project 

to date.  Subsequently, the methodology, specific 

descriptions and justifications employed to create the 

hierarchy of ontologies, along with lessons learned and 

future works, is presented. 

2 The Coral Reef Domain  

Globally, marine ecosystems face many pressures from 
both natural and human-induced stresses and managing 

these threats requires major scientific insight and 

coordination on a global scale.  Figure 1 depicts a domain 

expert‟s perspective of the core constituents required to 

make up any coral reef (Davey et al., 2008).   

According to the Australian Institute for Marine Science 

(AIMS) threats to Australia‟s coral reefs fall into three 

categories:  

 natural stresses that they have evolved to cope with 
for millions of years;  

 direct anthropogenic pressures, including sediment 
and nutrient pollution from land run-offs, over-

exploitation and damaging fishing practices, 

engineering and modification of shorelines; and 

 global climate change. 

Through studying the manifestations of global climate 
change in coral reefs, such as increased coral bleaching 

and coral disease, it has become clear that many threats 

are closely linked and exacerbate each other (AIMS, 

2007).  Due to its locality to us, and the close proximity 

of many major reef management and research facilities, 

the Great Barrier Reef (GBR) was an obvious choice as a 

use-case for trialling the Semantic Reef system.  

Furthermore, the outcome of a particular test, for example 

forecasting a coral bleaching event or a crown-of-thorns 

outbreak, could result in a useful tool for supporting 

management decisions on the reef. 
The GBR is the largest coral reef system in the world 

and is a large contributor to Australia‟s economy 

supporting fishing and tourism activities.  Covering an 

area of 348,000 square kilometres and spanning ~2300 

kilometres of Queensland‟s, the GBR is sometimes 

referred to as the single largest organism in the world, 

although in reality it is made up of many billions of tiny 

coral formations (GBRMPA, 2006).   

2.1 The Coral Bleaching Phenomenon  

The impact of climate change on the GBR threatens this 
iconic wonder - climate change induced warming of 

ocean temperatures is a major contributor to the coral 

bleaching phenomenon (Hughes et al., 2003).  Coral 

bleaching results from a stress condition in corals that 

induces a breakdown of the symbiotic relationship 

between coral and their symbiotic unicellular algae 
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Figure 2 – The Semantic Reef workflow. 

(zooxanthellae).  The survival of both organisms is reliant 

on this symbiosis as the zooxanthellae reside in every cell 

of the coral animal‟s tissue and in exchange providing a 

major food source for the coral.  The zooxanthellae 

produce energy-rich sugars for the corals via 

photosynthesis, and also give corals their brilliant colours 
from photosynthetic pigments.  Reef corals are very 

sensitive to Sea Surface Temperatures (SST) outside their 

normal range.  When the temperature elevates enough it 

can trigger stress factors in many dominant coral species, 

which causes the coral to expel the zooxanthellae leaving 

the white skeleton of the coral exposed, giving the 

bleached white appearance (Jones et al., 1998).  Although 

spatially extensive, or mass, coral bleaching events have 

been largely attributed to anomalously high temperatures, 

bleaching can also be caused by other factors such as 

low-salinity, high-light intensity, pollutants, exposure, pH 

and even sedimentation (Hughes et al., 2003).  

2.2 The Initial Validation Test Case 
In the late summer (February and March) of 1998 and 

2002, two mass bleaching events occurred in the GBR 
and Coral Sea off the coast of Australia.  The work and 

studies carried out on these events offered relevant 

building blocks and information in which to populate the 

ontologies used herein.  In particular, the stress factor 

most commonly associated with bleaching of elevated sea 

surface temperature (Marshall and Schuttenberg, 2006), 

so data was acquired through the Great Barrier Reef 

Marine Park Authority (GBRMPA) for use in the initial 

validation test.  The metrics currently used to forecast 

possible bleaching events include, among others, the SST 

anomaly (SST+) and Degree Heating Days (DHD).  
Where SST+ is calculated as the number of °C above the 

Long-term Mean Summer Temperature (LMST) for that 

location and a DHD describes the accumulation of 

thermal stress.  Where one DHD is calculated as one 

degree above the local LMST for one day and two DHDs 

is either two degrees above the local LMST for one day, 

or one degree above LMST for two days and so forth.  

The validation was carried out using a reverse hypothesis 

method which entailed ground-truthing the outcome of 

inference rules, which mimicked bleaching indices, 

against actual historical events, data and research from 

the 1998 and 2002 mass bleaching events (Myers et al., 
2007a). 

3 Background – The Semantic 

Reef Project 

The Semantic Reef Project is a platform 

designed as a hypothesis tool for research 

on reef eco-systems (Myers et al., 2007b).  

This Knowledge Representation (KR) 
system will employ Semantic Web 

technologies and scientific workflow tools 

to access a range of datasets for automated 

processing (refer Figure 2).  The data is 

routed through the workflow and mapped 

to the ontologies contained in the 

knowledge base for querying and/or 

hypothesis testing.  Ultimately, this system 

may address the issue of efficient and 

effective data analysis, which is a dilemma 

being faced by many disciplines from the onslaught of 

vast amounts of new information.  Initially, the focus 

domain is in the field of marine biology, where the first 

trials of the system involved hind-casting coral bleaching 

events (Myers et al., 2007a).   

Current research in coral reef ecology spans a diverse 
range of environmental and chemical studies.  In order to 

test and validate the system, datasets were needed along 

with a well researched topic..  The coral bleaching 

problem was an obvious test case for the ground truthing 

of the Semantic Reef architecture as the datasets that 

were relevant to the historic findings, and observations by 

experts in the field, were readily available. 

3.1 The Semantic Web Component 

Semantic Web technologies, allow for a flexible scalable 
environment to model worldly concepts in a way that is 

understandable to the machine (Antoniou and van 

Harmelen, 2004).  Ontologies are the foundation of these 

technologies, and within the context of this paper, are 

descriptions to represent both abstract and specific 

concepts.  Where declarations of a domain's vocabulary 

and the terms that describe the entities within and the 

relationships they have with each other, are defined using 

axioms and restrictions that constrain the interpretation 

for use by the computer, making the concept machine-

understandable (Guarino, 1997).   

Once data and information are „understandable‟ or 
interpretable by a computer, Semantic technologies 

enable the machine to make intelligent decisions based on 

conclusions derived through logic systems such as 

Description Logics (DL) and inference rules (Antoniou 

and van Harmelen, 2004).  DL are sets of logical 

statements to describe relationships and parameters of a 

concept and can be used to reason over classes and 

individuals to infer assumption and subsumption, thus 

allowing for negation/complement of classes, disjoint 

information and existential and universal quantification.  

The DL reasoning engines used in this project are Pellet 
(Mindswap, 2007), Racer PRO (RacerPRO, 2007) and 

FaCT++ (FaCT++, 2008) as implemented through the 

Protégé ontology editor (Protégé, 2007).   

An environment that supports suppositions is enabled 

with utilities such as the Semantic Web Rules Language 

(SWRL).  SWRL manages inference using horn-like 

rules, which is a subset of predicate logic (first-order 

logic), and is orthogonal to description logic.  The SWRL 
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rules are passed to the Jess inference engine (Jess, 2006) 

for inferring over the ontology instances, directly or using 

the „SWRL to Jess bridge‟ component of Protégé 

(O'Connor et al., 2005). 

The Web Ontology Language (OWL), which is the 

W3C‟s recommended specification (McGuinness and van 
Harmelen, 2004), has three different varieties: OWL Lite, 

OWL DL and OWL Full, each providing different levels 

of logical expressiveness.  The logical semantics of OWL 

DL (and Lite, which is a subset of DL) are based on DL, 

therefore, all inferences available in an OWL-Lite or 

OWL DL ontology can be computed using the reasoning 

engine.  Ontologies in OWL Full, however, are not 

decidable, and have insufficient application reasoning 

support available.  Therefore, to maximise the full 

richness of using logic systems to automate the reasoning 

and inference functions, the ontology design within this 

project are maintained in OWL DL or Owl Lite. 

3.2 The Work Flow Component 

In this application, we use Kepler (Atkinson et al., 2007) 
to automatically process raw data, and pass the results 

onto the ontology.  Scientific workflow technologies and 

tools, such as the Kepler system used here, are adaptive 

software programs to capture complex analyses in a flow 

of which the data is taken through one analytical step 

after another (Altintas et al., 2004).  It provides access to 

the continually expanding amount of geographically 
distributed data repositories, computing resources, and 

workflow libraries.   

Currently, the processing capabilities of the expert 

system are being tested to infer a coral bleach warning 

with Sea Surface Temperature (SST) data.  The data used 

includes spatial data from the. National Oceanic and 

Atmospheric Administration (NOAA) (Gleeson and 

Strong, 1995) and real time SST data being streamed 

directly from the Davies Reef GBROOS site (Kininmonth 

et al., 2004).  Each workflow step is represented by a 

Kepler “actor”.  An example workflow would be to create 
an actor to tag streaming data with a URI, then map to the 

„Environmental Element‟ ontology, which includes a 

„Temperature‟ class, with „Sensor Network Temperature‟ 

and „Spatial Temperature‟ subclasses.  The actors would 

then be directed to populate the „Sensor Network 

Temperature‟ class instances with date/time and 

temperature data type property values.  The workflow 

actors would also compute menial operations such as 

determining the SST anomaly, which would be passed to 

an instance of the „Named Coral Reef‟ class as the value 

of the appropriate property. 

Ultimately the knowledge base will be filled with 
relevant data from diverse sources on real time salinity, 

C02, pH levels, bathometry information, standing stocks, 

etc.  Where knowledge may then be derived from the data 

by questioning for semantic correlation and analysis 

through the utilization of logic systems, such as DL and 

inference rules, from within the ontology (refer Figure 2).  

By inferring patterns from data, such questions may help 

to inform research scientists on many issues other then 

coral bleaching events, such as rising acidity, crown of 

thorn starfish outbreaks, etc.  

3.3 Results to Date  

The semantic reef project has evolved through a 
validation stage that has tested the accuracy of the model.  

In order to accomplish this, SST and community make-up 

data from the 1998 and the 2002 bleaching events were 

entered into the KR system.  Using DL to infer 

relationships, for instance, between the community 

standing stocks (e.g. Acropora from one database is 

equivalent to Staghorn coral in another) or trophic layers 

(e.g. a animal that eats both plant and animal is inferred 
to the omnivore class).  Inference rules were then applied 

to detect a problematic area based on the use of the two 

coral bleaching metrics; SST+ and DHDs.  The rules 

inferred any instances of a particular reef to belong to a 

categorised bleach watch class automatically.  To 

illustrate a simplified rule, written in Semantic Web 

Rules Language (SWRL), to assess the SST anomaly and 

the presence of zooxanthellae in the coral species (i.e. 

hermatypic), was as follows: 
Environmental_Element(?x) ^ 

Coral_Reef(?z) ^  

hasEnvironmentOf(?z, ?x) ^ 

SST_anomaly(?x, ?anomalyTot) ^ 

swrlb:greaterThan(?anomalyTot, 2.5) ^  

swrlb:lessThanOrEqual(?anomTot, 3.5) ^  

Coral(?y) ^ hasPart(?z, ?y) ^ 

isHermatypic(?y, true) ^  

  →   

Category_3_Bleached_Reef(?z) 

The ability to infer a bleaching alert autonomically which 
matched the historic outcomes for that reef and timestamp 

verified a successful test (Myers et al., 2007a). 

It must be noted that bleaching is not uniform, but 

instead occurs in discreet reefs across the many that 

comprise the GBR, not to mention other reef systems 

around the world.  At present there is still only a limited 

understanding of the causal factors of bleaching, although 

sea temperatures are clearly involved.  Since the initial 

validation exercise, a richer set of ontologies have been 
developed and are described herein.  These ontologies 

represent the functionality and complexity of a coral reef, 

including the composite population of the reef 

community, human influence contributors, 

hydrodynamics, bathometry, environmental factors, 

among many others.  The design is modelled in a bottom-

up fashion, from light to heavy-weight ontologies; 

therefore, with each level of granularity, the individual 

ontologies are designed to serve a more specific purpose.  

Using this modular approach, reusability is afforded, 

where the knowledge being sought or the hypothesis 
being posed will determine the choice of which 

ontologies to utilise. 

4 Ontologies to represent any Reef Ecosystem 

4.1 The Importance of the Open World 

Assumption 

Semantic technologies can be used to better model the 

world as it is currently known, as there is support for 

added flexibility through the Open World Assumption 

(OWA).  The OWA means what cannot be proven to be 

true is not automatically false, it assumes that its 

CRPIT Vol 90 --- KROW 2008

Page 54

http://en.wikipedia.org/wiki/Zooxanthellae


 

Figure 3 – The bottom-up ontology design – from light weight to heavy 

weight. 

knowledge of the world is incomplete (Horrocks et al., 

2003).  Therefore, what is not stated is considered 

unknown, rather than wrong; it simply assumes the extra 

information needed has not, as yet, been added to the 

knowledge base (Rector et al., 2004).   

Science, in general, moves forward by maintaining an 
OWA, that is, nothing is false until explicitly proven thus.  

Traditional data base implementations such as relational 

data bases are required to maintain a closed world 

assumption, that is, everything that is known about the 

world exists within the boundaries of the data base.  This 

creates a mismatch between the researchers need to 

remain open to new discoveries and the current 

technological capabilities for flexibility and scalability. 

When there is a change in relationships within a 

conceptual world due to a new discovery or fact, which is 

quite feasible in a marine biology domain, modifications 

to these relationships can be easily accomplished in OWL 
ontologies, as they are designed with an OWA.  For 

example, describing the makeup of a particular reef 

includes statements such as: 

Davies_Reef ⊑  
hasCoral  Favites ⊔ 

hasCoral  Porites 
Where a query of whether Davies Reef contains any 

Acropora would return an unknown.  It is assumed in an 

OWA, that not all is known of the world, therefore unless 

there is a statement that explicitly declares „Davies_Reef 

hasCoral   Acropora‟ the reasoning engine will 
conclude there may be Acropora, it is just not asserted.  

Where the same query run in an environment that 

supports the closed world assumption (CWA), such as 

relational databases, the result would be the negative 

statement that Davies Reef does not contain Acropora, 
where in reality it does.   

In the marine biology domain there is a great need for 

multi-scalability.  As the relationships within an 

ecosystem can change depending on research findings 

and/or defeasible current knowledge, the capacity for 

flexible modifications in lieu of new 

developments is very important.  The 

OWA allows for a certain degree of 

flexibility when applying queries 

across domains where not all is 

explicitly proven knowledge.  An 
OWA is considered implicit, that is, 

every tuple not explicitly contained in 

the ontology is implicitly assumed to 

represent a fact that is unknown, rather 

than false. 

4.2 The bottom-up design 

methodology 

Concepts can be modelled through 
ontologies in a variety of ways and 

varying degrees of granularity.  The 

most common types of ontologies are 

the general or common ontologies, 

top-level or upper-level ontologies, 

domain ontologies, task ontologies, 

domain-task ontologies, method 

ontologies and application ontologies 

all serving different functions.  The type of ontology to 

build is determined purely by the extensibility and 
expressiveness required, in conjunction with what 

information or knowledge the ontology is designed to 

produce.  The more complex the ontology, the higher the 

restriction on flexibility and reusability (Gomez-Perez et 

al., 2004). 

Clearly reefs are highly complex, interdependent 

ecosystems.  It became apparent the use of a singular top-

down, large ecosystem ontology would not be simple to 

create, implement nor maintain, as the number of 

variables and multi-scale relationships are immense.  

Therefore, a „mix and match‟ fashion in the ontological 

design is adopted within this project‟s architecture.  The 
decision for this design method aimed to maximise the 

advantages the Semantic Web technologies offers, such 

as flexibility, scalability and rich computer-

understandable descriptive languages.  That is, the main 

ontologies within the project were segmented in a 

„bottom-up‟ design methodology, where the support 

available for importation and re-usability of pre-defined 

ontologies within OWL was employed.  The current set 

of ontologies, shown in figure 3, consist of reef and 

environmental instance taxonomies at the lowest layers, 

which import to heavier-weight DL trophic layer and 
environmental element ontologies, for richer relational 

descriptions.  Complexity in relationships is added at 

each higher level, through to specific domain-task 

ontologies at the highest layer.  Dependant on the 

hypothesis to be posed, these task-specific and method 

ontologies will employ all, or some, of the general and 

domain ontologies beneath.  Where finally, finely 

detailed inference rules can be written to the system, as 

propositions, to infer conclusions about a specific issue 

on a particular reef, regardless of location, as the re-

usable ontologies can be populated with instance data 

pertinent only to that locale (e.g. coral spawning events 
on the Moorea Island reefs in French Polynesia or a coral 

bleaching watch on the GBR in Australia). 
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Figure 4 – The inferred relationships after classification of the ‘human influence’ ontology.  

4.2.1 The light-weight ontologies  

The bottom level reef ontology is designed for maximum 

reusability.  It describes a taxonomy written in OWL-Lite 

that lists the vocabulary of the coral reef domain in both 

scientific and common names.  The only constraints used 
for this hierarchical classification level are the 

owl:equivalentClass, which explicitly states the equality 

relationship between the phylum and family names with 

the common names.  Adding in the structured scientific 

names as well as the common names will allow for 

flexibility in the disparate datasets used to populate this 

ontology with standing stock.  That is, accessing 

prewritten species databases that are listed in different 

perspectives (i.e. common names versus phylum, etc.) 

will be inconsequential, as the reasoning engine will 

subsume instances to multiple superclasses.  For example, 
„Scaridae‟ in one database, such as the CSIRO Data 

Centre (CSIRO, 2008) might be „parrotfish‟ in another, 

where upon classification, the instances will belong to 

both classes automatically.  Bridging different schemas is 

imperative, as any conclusions should be based on all 

relevant, available data. In addition, the end users 

perspectives, needs and knowledge of the domain, and the 

types of queries and inferences required, could be vastly 

different or unknown, at this time.  

The three main quantifiable environment elements are 

the temperature regime, water chemistry and light quanta.  

These elements are depicted in common ontologies for 
access by the Kepler workflow in order to populate with 

temporal instances, such as, the SST, nitrogen levels, or 

pH reading at a given timestamp taken from the 

GBROOS sensors and/or salinity from the Australian 

Bureau of Meteorology‟s BLUElink (GBROOS, 2007, 

BLUElink, 2008).  Upon population, these lightweight 

ontologies can then all be imported into the more 

complex environmental ontology, which explicitly 

defines the relationships between the elements, for 

instance certain domain-specific metrics such as DHDs.  

This effectively separates the instance data from the 

logical descriptions, supporting the goal of reusability, as 

the environmental elements will be different dependant 

on time and location.   

4.2.2 The heavy-weight ontologies 

There are many principles within the Semantic 
technology standards that must be adhered to in order to 

employ all of the complex logic levels available within 

the languages and current tools.  For example, in order for 

the ontology to remain straightforward, for reasons of 

reusability, without the added complexity of the logic 

systems, it is prudent to maintain a lightweight taxonomy 

(i.e. written using RDF or OWL-Lite).  This limits the 
reasoning ability by the classifiers, to automate the 

inferred subsumption of classes and/or instances, as the 

richer descriptions of concepts using axiomisations, 

quantifications available in DL, are not available at this 

level.  Therefore when describing the intricate, multi-

scale relations involved in a coral reef ecosystem, one 

such example being the „Human_Influence‟ ontology 

(Figure 4) or the Reef_Trophics‟ ontology, OWL-DL was 

used.  

Engineering an ontology to describe human influences 

on coral reefs is not a trivial task, especially when 

designing for scalability and flexibility to allow for future 
unknown queries, propositions or additions.  Coral reefs 

can be affected by a variety of human influences, which 

can be categorised as biological, physical or chemical.  

The „Human_Influence‟ ontology was fashioned as a 

matrix consisting of occurrences and the levels of severity 

for each of these influence types.  The main factors of 

each influence type are intensity, frequency and extent, 
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Figure 5 – The hierarchical import methodology  

which were expressed so each instance could be 

categorised and subsumed to a degree of extent from 
minimal to maximal severity.   

Specifically, the „Intensity‟, „Frequency‟ and 

„Influence_Type‟ classes of the „Human_Influence‟ 

ontology were created as enumerated classes.  Where 

„Intensity‟ and „Frequency‟ were filled with individuals 

from low to high, and the „Influence_Type‟ class was 

filled with predefined individuals of biological, physical 

and chemical.  Subsequently, the minimal to maximal 

affects were created as subclasses of Influence_Extent‟, 

where class axioms of necessary and necessary and 

sufficient conditions were explicitly stated to allow for the 
automated reasoning (Figure 4).  For example, to belong 

to the class „Chemical_Biological_Affect_Bad‟, a 

subclass of „Maximal_Affect‟ the conditions state: 

Chemical_Biological_Affect_Bad ⊑  
hasHumanInfluence  Biological_Influence 

hasHumanInfluence  Chemical_Influence 

hasHumanInfluence  (Biological_Influence ⊔ 
Chemical_Influence) 

hasInfluenceType ∋ Biological 

hasInfluenceType ∋ Chemical 

hasFrequencyOf ∋ High_Frequency 

HasIntensityOf ∋ High_Intensity 

 

On populating the Influence class with instances, 
properties such as „hasIntensityOf‟ and „hasFrequencyOf‟ 

are filled, dependant on the pre-processing triggers from 

the Kepler workflow (e.g. a highly frequent value can be 

determined as the data is presented in real-time).  

Therefore, following classification by the reasoning 

engine, all influence instances (such as a dredging, 

scientific experiment, pollution, flumes, etc) will be 

automatically categorised to the severity of the affect. 

5 An Example Hypothesis 
The capability of validating ecological hypothesises 

across wide geographic domains are still mostly in 

development stages.  The KR system described here 

would enable such propositional testing by using 
Semantic Web Rules Language (SWRL) inference rules.  

The domain task ontologies are introduced, at the highest 

level, to perform tasks such as these types of queries or 

proposing hypotheses, for any reef, with any mix of 

standing stock composition, hydrodynamics, 

environmental elements or external human influences. 

By importing all, or a subset of, the other ontologies, 

rules can be designed as inductive, deductive, reactive or 

production rules.  For instance, exploring the unknown 

casual effects of a coral bleaching event could be 

researched through inductive reasoning.  Where, by 

posing antecedents that are believed to be responsible for 
the occurrence would produce a conclusion which would 

allow for the proving or disproving of the hypothesis by 

observation (Figure 5).  For example, the following basic 

inference rule checks for any instances that have a higher 

than average SST, salinity level and whether there is a 

human influence involved, which is dredging in this case: 
Coral_Reef(?z) ^ 

Environmental_Element(?x) ^  

hasEnvironmentOf(?z, ?x) ^  

Reef:hasLongitudeOf(?z, ?ReefLong) ^  

Reef:hasLatitudeOf(?z, ?ReefLat) ^  

SST_anomaly(?x, ?anomalyTot) ^ 

swrlb:greaterThan(?anomalyTot, 2.5) ^  

swrlb:lessThanOrEqual(?anomTot, 3.5) ^  

Coral(?y) ^ hasPart(?z, ?y) ^ 

isHermatypic(?y, true) ^  

hasSalinity(?x, ?salinityPcnt) ^ 

swrlb:greaterThan(?salinityPcnt, 42) ^  
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Human_Influence:Dredging(?a) ^  

Influence:hasLongitudeOf(?z, ?HILong)^ 

Influence:hasLatitudeOf(?z, ?HILat) ^  

swrlb:equal(?ReefLat, ?HILat) ^ 

swrlb:equal(?ReefLong, ? HILong) ^ 

hasIntensityOf(?a, HIGH) 

  →  Bleached_Watch(?z) 

Any instance deduced to the bleach watch class would be 

observed in situ for a sign of a bleaching incident. 

6 Future Works and Conclusions  

The demand for automatic data analysis and hypothesis 
testing is emerging.  This need for autonomy grows 

increasingly vital as the escalating range of data gathering 

devices and instruments are deployed.  Presently it is 

becoming increasingly difficult for individual researchers 

to deal with the growing amount of data available to 

them.  However, assimilating the mass data being 

gathered is vitally important for the management and 

research of our reef systems if they are to be resilient to, 

or even survive, the effects of climate change.  Coral 

bleaching is one such impact of climate change and 
although the stress factor most commonly associated with 

bleaching is elevated sea temperature, for which there is a 

variety of instruments deployed to gather this spatially 

varied data, there are a number of other causal factors.  

These additional stressors, such as high light intensity, 

low salinity and pollutants, are known to exacerbate coral 

bleaching (Hughes et al., 2003), however the information 

to confirm these findings is limited by the finite historical 

data available.  Hence the requirement for real time data 

in combination with an efficient processing tools. 

The modular ontology design used within the project 

may assist streamlining the data analysis phase.  Here, 
diverse backgrounds and expertise were combined 

effectively in a collaboration to answer domain-specific 

and locality-specific hypotheses.  As user driven 

propositions change due to new findings, information or 

queries, and new data sources become available, the open 

world nature of Semantic technologies, in particular 

OWL, allows for additions and eliminations, such as new 

discoveries, to be trivially met.   

The Semantic Reef project is a new approach to such 

data analysis and interpretation.  The project will be 

extendable to hypothesise over many areas and issues in 
environmental monitoring and climate change.  The 

importance of research on these issues is vital, as the 

sustainability and survival of our reef ecosystems are 

indicators to the future of the global ecosystem.  

To achieve these important goals cross-discipline 

collaborations are imperative.  In an eco-informatics 

application, which by definition implies the binding of 

diverse disciplines, such as discussed here, there are 

many hurdles in bridging the collective knowledge 

required.  Within the scope of the Semantic Reef project, 

it was necessary to have an understanding of both 

Semantic Web tools and technologies (e.g. ontology 
engineering, logic systems, etc) combined with 

knowledge of the environmental systems of interest (i.e. 

reef ecosystems).  The undertaking of learning both 

semantic and logic systems, as well as becoming 

conversant with an extremely complex ecological 

science, is demanding, and to attain the level of expertise 

required in either field, to realise the potential of this 

project, is difficult.  The obvious solution to overcoming 

this multi-disciplinary dilemma is adopting and fostering 

the collaborative research model.  Here, disparate 

backgrounds and expertise have been combined 
effectively and, in this case, one potential end user, the 

Great Barrier Reef Marine Park Authority was involved. 

Using „cutting-edge‟ technologies, by its very nature, 

has a degree of risk as the developers of the technologies 

work with the users of these technologies to overcome 

difficulties as they arise.  The evolution of Semantic 

technologies, in particular ontology design and 

engineering, is very rapid, and openly supported by a 

highly active community that strive for continual 

improvement in functionality as use-case applications, 

such as described here, develop.   
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Abstract 
Customer service support has become an integral part of 
many multinational manufacturing companies which 
produce insertion and surface mount machines in the 
electronics industry. With the recent advancement of the 
Semantic Web, many attempts have been made to provide 
customer support over the Semantic Web environment. 

Ontology is the major factor to represent knowledge on 
the Semantic Web. Therefore, a specific ontology so-
called Machine Ontology is required to render customer 
service support with precise semantics. Machine 
Ontology can be generated either manually by human 
experts or automatically by intelligent programs. Even 
though manual ontology generation is highly accurate, it 
is tedious, time-consuming and requires high cost in terms 
of man power. On the other hand, automatic generation of 
ontology can provide high level of knowledge details and 
be effective when dealing with large-scaled dataset. 
However, automatically generated ontology may be not 
very semantically correct. 

In order to tackle this problem, this paper proposes an 
ontology evolution technique that can enhance manual 
ontology with additional in-depth knowledge previously 
discovered in an automatic manner. The ontology 
evolution technique is based on the concept of ontology 
integration. The proposed technique has been applied to 
evolve Machine Ontology which is used to support 
customer service for industry manufacturers in Singapore. 
Some experimental results are also presented.. 
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1 Introduction 
 
Currently, information available on the Web has been 

designed for human to understand. Programs can be 
written to process, analyze and index web pages to help 
us to process the information. However, due to the lack of 
machine-readable structure and knowledge representation 
in web documents, programs are unable to comprehend 
web page contents precisely, and hence semantic 
information from web documents cannot be extracted. 
The Semantic Web is therefore proposed as an extension 
to the current Web, in which information is given well-
defined meaning, better enabling computers and people to 
work in cooperation (Berners-Lee et. al. 2001).  

Ontology is used to represent knowledge on the 
Semantic Web. Generally, ontology is a conceptualization 
of a domain into a human understandable, but machine-
readable format consisting of entities, attributes, 
relationships and axioms (Guarino and Giaretta 1995). As 
such, programs can use the knowledge from the Semantic 
Web for processing information in an intelligent manner. 

Recently, the term ontology engineering has been used 
to imply ontology-related research in computer science 
(Mizoguchi and Ikeda 1996). The current issues on 
ontology engineering include ontology generation, 
ontology mapping (Maedche et. al. 2002, Omelayenko 
2002), ontology integration (Gangemi et. al. 2002, Noy 
and Musen 2002, Stumme Maedche 2001), ontology 
versioning (Klein et. al. 2002) and ontology evolution. 
Particularly, when ontologies currently are more and 
more deployed in applications, the issue on ontology 
evolution techniques is attracting much attentions since it 
can help significantly ontology engineers to capture and 
reflect knowledge more precisely in certain domains 
(Stojanovic and Motik 2002, Noy and Klein 2003). 

Basically, ontology evolution, first termed by Klein et 
al. (Klein et. al., 2002), is a process which adapts the 
contents of a pre-defined ontology used in practical 
applications based on the environment in which the 
applications are deployed. In recent research, there are 
many techniques proposed for ontology evolution. 
Inspired from natural evolutions, biological concepts are 
suggested to be adopted and adapted for ontology 
evolution (O’Brien 2006). Another remarkable approach 
is using conceptual graphs combined with ontology editor 
tool such as Protégé (Blundell and Pettifer 2004). 
However, currently there are not much good practical 

Proc, of the Knowledge Representation Ontology Workshop (KROW-2008), Sydney, Australia

Page 61



results reported from research on ontology evolution, due 
to the following reasons: 

- Most of proposed techniques on ontology evolution 
heavily rely on manual methods. Thus, ontology 
evolution become a tedious and complex task, especially 
when representing large-scaled and in-depth domain 
knowledge. 

- Generally, ontology is not formally defined before 
the ontology evolution process is performed. Thus, it is 
difficult to conduct a mathematical model which can help 
to automate ontology evolution. 

In previous research (Quan et. al. 2006), we have 
proposed an approach for automatic ontology generation, 
which is based on the Formal Concept Analysis (FCA) 
theory (Ganter and Wille 1999). The ontology 
constructed by our approach is formally defined as a 
mathematical model employing FCA-based concepts for 
knowledge representation. The ontology can also present 
uncertainty information if necessary. Therefore, it 
provides a solid theoretical foundation for further study of 
ontology evolution. 

In this paper, we propose an approach for ontology 
evolution. The ontology which is supposed to be evolved 
could be preliminarily generated either manually or 
automatically using our technique as well as other 
automatic ontology generation techniques. In order to 
evolve the ontology, we first analyze the in-depth 
knowledge of the domain of the application deploying the 
ontology. Then, we integrate the analyzed domain 
knowledge with the preliminary ontology. In addition, in 
this paper we also particularly discuss applying our 
proposed ontology evolution technique on a so-called 
Machine Ontology to suppor customer service in industry 
manufacturers. 

The rest of the paper is organized as follows. In 
Section 2 we discuss Machine Ontology for customer 
service. Section 3 presents our proposed ontology 
evolution technique. Section 4 evaluates the performance 
based on some experiments conducted. Section 5 remarks 
some conclusion. The paper ends with references 
presented in Section 6. 

2 Machine Ontology for Customer Service 
 
Customer service support (Hui and Jha 2000), which 

renders helps while necessary for customers, has become 
an integral part of many multinational manufacturing 
companies which produce insertion and surface mount 
machines in the electronics industry. A customer service 
department is usually setup to provide prompt responses 
to service requests from customers, which may be located 
worldwide. The customer services of faulty machines are 
typically supported by a help-desk of the customer 
service department via telephone calls. This method relies 
heavily on the service engineers’ past experience of 
similar reported problems, which is stored in a customer 
service database. Thus, a pool of expert service engineers 
is required in order to support such online customer 
services. With the advancement of the Internet, many 
manufacturing companies have moved their customer 
service support online over the Web with web-based 
help-desk applications (Hui et. al. 2001). Suggested 
remedial actions to the reported faults can be generated 

automatically from a customer service database or 
through the interaction between a user and service 
engineer in which the Web is used as a medium for 
communication. 

Recently, the rapid development of the Semantic Web 
and Semantic Web Services (Austin et. al. 2002) has 
prompted us to consider supporting online machine 
services over the Semantic Web, which helps users to 
deal with problems occuring on the purchased machines. 
In a typical insertion and surface mount machine, there 
exist many machine models. Thus, a customer usually 
possesses different types of models and machines for 
manufacturing purposes. In such cases, when a machine 
fault problem occurs, the customer might need to obtain 
service support from different manufacturers. In 
conventional web-based service support systems, the 
customer is required to access different web sites, and 
retrieve different service support suggestions in order to 
rectify the machine fault problem. This is troublesome 
and cumbersome, and there is also the integration 
problem to be tackled.  

As previously discussed, ontology is adopted as a 
standard for knowledge representation in the Semantic 
Web. Programs can use the knowledge from the Semantic 
Web for processing information in a semantic manner. As 
such, the Semantic Web enables machine service 
knowledge from different machines or models produced 
by different manufacturers to be shared and integrated. 
Moreover, the generated machine ontology can also be 
used to provide an interpretation on the common faults 
that have occurred for a certain machine model from a 
concept hierarchy. Thus, supporting machine services 
utilizying Semantic Web technologies will likely improve 
customer satisfaction in terms of reducing machine down 
time as well as increasing productivity.  

This vision cannot become reality without a specific 
ontology known as Machine Ontology capturing machine 
knowledge in a computer-understandable manner. 
Machine Ontology can be generated either manually by 
experts or automatically by computer programs. Figure 1 
presents an example Machine Ontology that is generated 
manually by experts.  In this ontology, the experts have 
categorized the machine faults into a concept hierarchy. 

Basically, this kind of ontology, so-called Preliminary 
Machine Ontology, is highly precise when reflecting 
domain knowledge, however since manual generation of 
ontology is generally tedious, the preliminary ontology is 
not always of sufficient details when deployed in 
practical applications. 

 

   

Figure 1: An example Preliminary Machine Ontology 
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Meanwhile, the initial knowledge stored in the 
ontology  can be further processed using data mining to 
discover additional hidden information in the data. The 
discovered data can also be converted into ontological 
formalism to support more efficient retrieval tasks. Figure 
2 illustratively depicts this kind of ontology, known as In-
depth Machine Ontology. In this ontology, clustering 
technique is adopted to perform clustering on the dataset 

of machine faults and then a hierarchy is constructed 
based on the clusters generated. 

The in-depth ontology should reflect specific 
knowledge of the domain. However, since the in-depth 
knowledge is quite extensive and profound, it lacks of a 
clear and precise structure that enables users with basic 
domain knowledge to easily follow, understand and 
deploy the knowledge. 

 

 

Figure 2: An example In-depth Machine Ontology 

 
In this paper, we propose to use the in-depth ontology 

to make the preliminary ontology evolved accordingly 
into a final evolved ontology. The evolved ontology 
could be considered as an enhanced version of the 
preliminary ontology as it still preserves precisely the 
concept hierarchy inherited from the preliminary 
ontology but enriched by additional specific knowledge 
derived from the in-depth ontology. The evolved 
ontology therefore reflects the domain knowledge in a far 
deeper level but still maintaining the structural accuracy 
predefined by experts. 

3 Ontology Evolution 
 
In order to process ontology evolution, we perform 

ontology integration from the preliminary ontology with 
the in-depth ontology. In our proposed approach, 
ontology integration is considered as a process that 
integrates concepts in a preliminary ontology with those 
of a in-depth ontology in order to generate a new 
ontology. Thus, the preliminary ontology is extended 
with new concepts and relations derived from the in-
depth ontology. Ontology integration consists of two sub-
steps: (1) Hierarchical Concept Integration and (2) 
Consistency Checking and Refinemen 

3.1 Hierarchical Concept Integration 
 

Basically, an ontology includes classes, or concepts, 
and relations between these concepts; and the instances of 
the classes. Formally, an ontology can be defined as 
follows. 

 
Definition 1 (Ontology). An ontology O consists of 4 
elements (C,AC,R,X), where C represents a set of 
concepts; AC represents a collection of attributes sets, one 
for each concept; R = (RT, RN) represents a set of 
relationships, which consists of 2 elements: RN  is a set of 
non-taxonomy relationships and RT  is a set of taxonomy 
relationships. Each concept ci in C represents a set of 
objects, or instances, of the same kind. Each object oij of 
a concept ci can be described by a set of attributes values 
denoted by AC(ci). Each relationship ri(cp,cq) in R 
represents a binary association between concepts cp and 
cq, and the instances of such a relationship are pairs of 
(cp,cq) concept objects.  

To integrate a Preliminary Ontology OP and an In-
depth Ontology OI , each concept c in OI will be mapped 
as concept c’ in OP, in which c’ can be either an old 
concept already existing in OP or  a new concept of Op. In 
case c’ is a new concept in OP, corresponding hierarchical 
relations will be accordingly constructed to make c’ 
appropriate sub-concepts or super-concept of existing 
concepts in OP. 

Thus, in order to integrate concepts in two ontologies 
reasonably, it is necessary to develop a method to 
measure the semantic similarities of ontological concepts. 
In literature, there are two major trends of measuring 
semantic similarities for ontologies. The first approach is 
based on the structure of ontological concepts (Li et. al. 
2003, Rada et. al. 1989), the second takes into account 
the internal information of the concepts for similarity 
measurement (Jiang 1997, Lin 1998, Resnik 1995). 
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In the context of this paper, we are about to integrate a 
preliminary ontology with an in-depth one. Thus, the 
conceptual structure of the two ontologies  are quite 
distant and therefore not much informative for calculating 
concepts similarities. Hence, we will analyze and make 
use of the internal information (or attributes) of 
ontological concepts to measure their similarity. First, we 
will represent attributes of a certain ontological concept 
as a fuzzy set, known as fuzzy representation of the 
concept. (Note that to represent the concept precisely, 
fuzzy information is needed to reflect  some uncertainty 
information that may occur in some concept attributes). 
Then we make use fuzzy logic to perform similarity 
measurement in the generated fuzzy sets. In addition, 
since a concept can be mapped not only  as the same 
concept but also as a subconcept or superconcept of 
another concept, we also use fuzzy logic to evaluate the 
subsethood between the concepts.  

The above discussion is formally represented as 
follows. 

Definition 2 (Fuzzy Representation of Ontological 
Concepts). Given a fuzzy ontology (C,AC,R,X), each 
concept c ∈ C can be represented as a fuzzy set, or fuzzy 
representation, FR(C) as 

)}(),...,(),({)( 2211 mmAAACFR μμμ=  

 where {A1, A2,…, Am} is the set of attributes in AC and µi 
is the fuzzy membership Ai, calculated as follows: 

n

ni
i =μ  

where ni is number of objects of C  that have certain 
value on Ai and n is the number of the objects of C. It is 
easy to observe that if C have no uncertainty information, 
µi  is 1 for any i. 

 

Definition 3 (Ontological Concept Similarity). The 
similarity between two ontological concepts ci and cj is 
evaluated as  
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Definition 4 (Ontological Concept Subsethood). The 
subsethood between two ontological concepts ci and cj is 
evaluated as  

)(

)()(
),(

j

ji

ji cFR

cFRcFR
ccsubsethood

∩
=  

Thus, the concept similarity and concept subsethood 
defined above can significantly help to determine whether 
or not a concept in a In-depth Ontology should be 
mapped as a subconcept of or unified with an existing 
concept in a Preliminary Ontology. It is explained in 
more details in the following example. 

Let’s consider a Preliminary Ontology PI as presented 
in Figure 3. PI has three concepts, namely Mechanical 
Fault, Anvil Fault and Drive Fault. Basically, the concept 
Mechanical Fault describes all of possible mechanical 
problems on a certain machine model; whereas the 

concepts Anvil Fault and Drive Fault respectively 
concern faults specifically occurring in the anvil and 
drive components of the machine.  

This preliminary ontology is supposedly constructed 
manually by an ontology engineer. When defining these 
ontological concepts, the ontology engeneer may as well 
define some concept attributes, which are some keywords 
related to the concepts extracted from the user manual of 
the model. Note that we assume that ontologies involved 
in our technique conform with concept definition in FCA 
theory. In this ontology, the Mechanical Fault concept is 
the most general concept. Thus it has theoretically no 
attributes, as stipulated by FCA theory. Meanwhile, the 
concepts Anvil Fault and Drive Fault are defined 
respectively by the set of attributes {shaped, hammering, 
chiseling, forging, steel, plate} and  {operate, control, 
force, repel, strike, throwing}. For simplification 
purpose, we suppose that the membership values of all 
attributes are 1 (meaning all of them are not uncertain 
attributes). For convenience, these concepts are 
hereinafter referred to as A, B and C as noted in Figure 3. 

 

 

Figure 3: The Preliminary Ontology PI 

Suppose that we intend to integrate PI with an 
ontology named In-depth Ontology EI as depicted in 
Figure 4. EI is constructed from real record of fault 
occuring in the model, collected from users. Basically, in 
EI, the fault records are organized as a hierarchy of 
concepts, each of which is represented by a 
corresponding set of attributes as shown in Figure 4. The 
attributes here are once again keywords extracted from 
the reports of the corresponding fault cases. These 
concepts are also hereinafter referred to as D, E, F, G and 
H. 

 

 
Figure 4: The In-depth Ontology EI 

 
The ontology integration process, subsequently, is 

divided into two sub-steps, namely Subsethood-based 
Integration and Similartity-based Integration. 
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3.1.1 Subsethood-based Integration 
 

In Subsethood-based Integration process, each concept 
in EI will first be mapped as either a subconcept or a 
superconcept of  appropriate concepts in PI. The mapping 
is determined by evaluating the subsethood between 
concepts. For example, consider concepts A in PI  and D 
in EI. We have subsethood(C,D) = 0.67. Since this 
subsethood value is considerably high, D then is mapped 
as a subconcept of C. In other hand, subsethood(C,G) = 
0.25 and subsethood(G,C) = 0.125. Since 
subsethood(G,C) is too low, we do not consider mapping 

C  as a subconcept of G. Instead, G can still be considered 
as a subconcept of C, due to the acceptably high value of 
the corresponding subsethood. 

Thus, after fully mapped, the concepts on EI will be 
initially integrated into PI based on the corresponding 
subsethoods evaluated. As a result, an initial integration 
ontology is generated as illustrated in Figure 5. Note that 
in the initial ontology, D is mapped as concurrenly a 
subconcept as well as a superconcept of C. It is because 
both values of subsethood(C,D) and subsethood(C,D) are 
quite high (0.67 and 0.33 respectively). The ontology will  
be refined to solve this problem in the later steps. 

 
 

 
 

Figure 5: Initial integration ontology based on subsethood. 
 

 

3.1.2 Similarity-based Integration 
 
The next step to be performed on the initial ontology is 

to evaluate the similarities between the concepts. Based 
on the similarities evaluated, we unify the concepts on the 

initial ontology if their similarities are considerably high. 
For example, on the initial ontology given in Figure 5, we 
have E(B,E) = 0.33. This similarity is considerably high, 
urging us to consider unifying these two concepts 
together as a new concept BE. As a result, the final 
integration ontology is generated as shown in Figure 6. 

 
 

 
 

Figure 6: Integration ontology of PI  and EI 
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3.1.3 Ontology Integration Algorithm 
 

So far, we have introduced the key ideas for integrating 
ontologies, based on the definitions of ontological 
concept subsethoods and similarities. The above 
discussion on ontology integration can be formally 
presented as Algorithm 1 given in Figure 7. 

 

Algorithm 1: Ontology Integration 
Input: Preliminary Ontology OP and In-depth Ontology OI  
Output: Evolved ontology OE 
Process: 

1: OE   OP 
2: for each concept c concept of Oi do 
3: map c as a new concept cN of OE 
4: for each concept cE concept of OE do 

if subsethood(cN,cE) > TC then 
make CE subconcept of CN 

endif 
if subsethood(cE,cN) > TC then 

make CE superconcept of CN 
endif 

5: endfor 
6: find concept ccand of OE that is most similar to cN 
7: if E(ccand,CN)> TC then 

make every subconcept of CN subconcept of cand 
make every superconcept of CN superconcept of cand 
remove cN from OE 

8: endif 
9: endfor 

Figure 7. Ontology integration algorithm 
 

 
 

3.2 Consistency Checking and Refinement 
 

As previously discussed, the evolved ontology is 
generated mathematically without human control. Thus, 
there may be some inconsistency occuring in terms of 
concept relations. It is because there are some relations 
are accepted by a our mathematical model, but they do 
not make sense when concerned in the practical situation. 
For example, in the integration ontology given in Figure 
5, concept D is at the same time subconcept and 
superconcept of concept C.  Obviously, it makes the 
ontology unlogical and not natural. Such inconsistency 
should be refined. 

 In this research, when checking for inconsistency in 
the evolved ontology, we only focus on the inconsistency 
on hierarchical relations of concepts, defined as follows. 

 

Definition 5 (Hierarchical Relation Inconsistency). 
Given an ontology O, a hierarchical relation 
inconsistency will occur in two concepts C1 and C2 of O 
if C1 is concurrently a superclass and a subclass of C2. 

 

When a hierarchical relation inconsistency occurs in 
two concepts C1 and C2, we will refine the ontology using 
the information on subsethood of the concepts. That is, if 
subsethood(C1,C2) > subsethood(C2,C1), the taxonomy 
relation which specifies that C1 is superclass of C2 will be 
removed from the ontology (meaning that C1 now is only 
a subclass and no longer superclass of C2) and vice verca. 
For example, in the integration ontology mentioned 
above, we have subsethood(C,D) > subsethood(D,C). 

Therefore, we refine the ontology to make D no longer 
superconcep of C. As a result, we have the refined 
ontology as presented in Figure 8. 

After fully refined, the ontology evolution process is 
considered complete. As shown in Figure 8, the 
Preliminary Ontology is now evolved with new concepts 
raised from In-depth Ontology. Moreover, the initial 
relations between original concepts have also been 
refined to adapt with new knowledge obtained. 

 

 
 
 

Figure 8. Final evolved ontology 
 

4 Performance Evaluation 
 
In order to evaluate the peformance of the proposed 

technique, we have used a real Customer Service 
Database for ontology generation and evolution. The 

CRPIT Vol 90 --- KROW 2008

Page 66



Customer Service Database records fault occuring on 
products of a multinational corporation in Singapore that 
manufactures insertion and surface mount machines in 
the electronics industry. In the database, fault records (or 
reports) are currently defined and stored in the customer 
service database to keep track of all reported machine 
problems and remedial actions. Each service record 
consists of customer account information and service 
details.  

Customer service details contain two types of 
information: fault-condition and checkpoint information. 
Fault-condition contains the service engineer’s 
description of the machine fault. Checkpoint information 
indicates the suggested actions or services to be carried 
out to repair the machine into normal condition based on 
the occurred fault-condition given by the customer. 

Checkpoint information contains checkpoint group name, 
and checkpoint description with priority and an optional 
help file. The checkpoint group name is used to specify a 
list of checkpoints defined under the group. Each 
checkpoint is associated with a priority, which determines 
the sequence in which it can be exercised, and a help file 
that gives visual details on how to carry out the 
checkpoint. An example of fault-condition and its 
checkpoint information for a service record is given in 
Figure 9. 

There are over 70,000 service records in the customer 
service database. Since each of the fault-conditions has 
several checkpoints, there are over 50,000 checkpoints. In 
addition, information on over 4,000 employees, 500 
customers, 300 different machine models and 10,000 
sales transactions are also stored. 

 
Fault-condition 3008 PCB CARRY MISS ERROR. PCB WAS NOT TRANSFERRED BY THE CARRIER DURING 

LOADING BUT STAYED AT THE DETECTION POSITION OF PCB DETECTION SENSOR 2. 

Checkpoint group: AVF_CHK007 
Priority Checkpoint description Help file 

1 CONFIRM WHETHER THE CARRY GUIDE PINS ARE IN LINE WITH PCB. AVF_CHK007-1.GIF 

2 CONFIRM WHETHER THE PCB IS IN CORRECT DIRECTION. AVF_CHK007-2.GIF 

3 CONFIRM THE POSITION OF THE GUIDE LOWER LIMIT SENSOR. (I/O 0165) AVF_CHK007-3.GIF 

4 CONFIRM THE TIMING FOR PCB 2 DETECT SENSOR. AVF_CHK007-4.GIF 

5 CONFIRM THE TIMING FOR THE CARRIER START TIMING. AVF_CHK007-5.GIF 

 
Figure 9:  Customer Service Database 

 
Based on the relational schema of the Customer 

Service Database, we define the Preliminary Machine 
Ontology, as illustratively depicted in Figure 1. 
Subsequently, clustering techniques that can be used to 
cluster machine fault conditions into groups based on 
their similarities are traditionally used for this purpose.  

In this research, we have applied one of the most 
effective clustering techniques known as Kohonen Self-
Organizing Map (KSOM) Neural Networkfor knowledge 
discovery. From the clusters generated, we automatically 
generated the In-depth Machine Ontology, as seen in 
Figure 2. The ontology generation technique is based on 
Formal Concept Analysis (FCA) technique.  

From the Preliminary Machine Ontology and In-depth 
Machine Ontology, we generate the Evolved Machine 
Ontology, as illustrated in Figure 10.  The purpose of the 
evolved ontology is to support customer services of past 
common fault information and current fault diagnosis. 
Therefore, an experiment has been conducted to evaluate 
the system performance of information retrieval. 

There are two testing datasets conducted for retrieval 
accuracy evaluation. The first dataset, denoted as DS1, is 
a set of 15,850 fault-conditions, used as input strings for 
retrieval. As the fault descriptions in the fisrt set were 
manually created by experts, the second set, denoted as 
DS2, consists of 50 fault descriptions formed from non-
expert users. It is used to test the performance when the 
input is less technically precise. 

KSOM is an unsupervised learning technique, 
therefore it can automatically discover hidden knowledge 
in data without using prior knowledge given by human 

experts. For experimental comparison purpose, a 
supervised neural network, Learning Vector Quantization 
Version 3 (or LVQ3), is also adopted in the experiment. 
In addition, k-nearest neighbor (kNN) technique has been 
typically used for retrieval purpose in traditional 
customer service system. Therefore, apart of two 
mentioned neural networks, we also made use of kNN for 
retrieval evaluation. There are two popular variations of 
kNN techniques were adopted.  The first variation, 
denoted as kNN1, bases on vector’s normalized 
Euclidean distance to find the fault-conditions closest to 
the input string. The second, denoted as kNN2, makes use 
of fuzzy-trigram technique to do so. Then, we evaluate 
the performance of adopted techniques using two criteria: 
speed and accuracy. 

4.1 Retrieval Speed Evaluation 
 

We evaluate the speed performance based on average 
on-line retrieval. For KSOM and LVQ3 neural networks, 
training time was also measured and compared. As a 
unsupervised learning technique, KSOM can 
automatically make use the data in the Customer Service 
Database for training. However, LVQ3 needs human 
interpretation to determine target fault-condition 
corresponding to each given training input. 

The dataset DS1 was used for speed evaluation. The 
statistics information of training and online-average 
retrieval time of four mentioned techniques is given in 
Table 1. It states that even though kNN techniques do not 
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need to be trained before performing retrieval, their 
performance was outperformed by neural networks 
techniques in terms of speed. As compared to LVQ3, 
KSOM requires longer time for training, but it performs 
more efficiently in terms of on-line retrieval speed. Since 

the training process can be carried out in off-line mode, 
neural networks, particularly KSOM, are more suitable 
for an on-line retrieval system than the typical kNN 
technique. 

 

 
Figure 10:  Final evolved Machine Ontology 

 
Time Description 

LVQ3 KSOM kNN1 kNN2 
Training 96 min 

44 sec 
264 min 35 

sec 
N/A N/A 

Average on-
line retrieval  

1.9 sec 0.8 sec 15.3 sec 16.7 sec 

Table 1:  Retrieval Speed Evaluation 
 

Retrieval Accuracy Retrieval 
Technique Based on DS1 Based on DS2 

kNN1 81.4% 72% 
kNN2 77.6% 76% 
LVQ3  93.2% 88% 
KSOM 90.3% 86% 

Table 2:  Retrieval Accuracy Evaluation 

4.2 Retrieval Accuracy Evaluation 
 
Retrieval accuracy was evaluated based on the accuracy 
of ault-conditions retrieved. The way to evaluate retrieval 
result of KSOM has been discussed earlier. The retrieval 
accuracy of LVQ3 and kNN techniques could be 
determined directly through the correctness of fault-
conditions retrieved. Table 2 gives the accuracy of 
retrieval measured on two datasets DS1 and DS2. As can 
be seen in the table, the accuracies of two neural 
networks KSOM and LVQ3 were better than those of 
kNN technique variations. The retrieval accuracy on the 
dataset DS2 set was lower than on DS1. It is expected due 
to the fact that technical terms might be not properly used 
by non-expert users when conducting fault-conditions in 

DS2. In both data sets, LVQ3 achieved better 
performance than KSOM. It is also expected since a 
supervised learning technique often obtains better 
accuracy than an equivalent unsupervised one when 
applied in a same domain. However, since LVQ3 always 
needs human interpretation for training, it may encounter 
problem when dealing with large dataset. 

5 Conclusion 
 

This paper presents an ontology evolution technique. 
This technique allows an initial preliminary ontology to 
be evolved with new information that is generated 
automatically from large datasets. Thus, whereas the 
evolved ontology still maintains the original structural 
correctness, it is enriched  reasonably with new  in-depth 
knowledge which is generally hard for human being to 
extract manually. 

In particular, the proposed ontology evolution 
technique has been applied to evolve Machine Ontology 
generated from the real Customer Service Database 
which records experienced faults occuring in industry 
manufacturers in Singapore. The evolved Machine 
Ontology is therefore potential to support customer 
service for e-commerce in the coming Semantic Web 
environment.  
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Abstract

This paper argues that a formal ontology (in our case
a description logic knowledge base) should be created
in a linguistically motivated way so that it can be
queried easily by non-specialists. This can best be
achieved by using a strict naming convention that is
based on those linguistic expressions that occur in
the application domain for which the ontology will
be created. We will see that ABox and TBox state-
ments that closely follow this naming convention can
be written directly in a controlled natural language
and that the same controlled natural language can be
used to query the description logic knowledge base.
Both ABox and TBox statements written in con-
trolled natural language are translated automatically
into the Knowledge Representation System Specifica-
tion (KRSS) syntax and questions are translated into
RacerPro’s new query language nRQL and answered
over the description logic knowledge base. Using a
controlled natural language as a high-level interface
language abstracts away from any formal notation
and allows for true collaboration between humans and
machines.

Keywords: ontology design, controlled natural lan-
guages, question answering, human-computer inter-
faces

1 Introduction

Formal languages are difficult to understand and use
by non-specialists – ontologies are no exception in this
respect. However, ontologies have a rather special
status since their role is to specify a vocabulary with
which assertions and queries are exchanged not only
between machines but also between humans and ma-
chines. In the ideal case, ontologies should be human-
readable as well as machine-processable since they are
agreements among all participants to use a common
vocabulary in a specific domain (Gruber 1993).

Recently, the use of machine-oriented controlled
natural languages has been suggested to cre-
ate ontologies in a human-readable and machine-
processable way (Schwitter & Tilbrook 2004). These
controlled natural languages look like natural lan-
guage but they are in fact formal languages “in dis-
guise”. They have a formal syntax and semantics and
can be unambiguously translated into an existing for-
mal language, for example into a version of descrip-
tion logics or into first-order logic.

Copyright c©2008, Australian Computer Society, Inc. This
paper appeared at the Knowledge Representation Ontology
Workshop (KROW 2008), Sydney, Australia. Conferences in
Research and Practice in Information Technology (CRPIT),
Vol. 90. Thomas Meyer and Mehmet A. Orgun, Eds. Repro-
duction for academic, not-for profit purposes permitted pro-
vided this text is included.

There exists an entire stream of research that in-
vestigated the usefulness of controlled natural lan-
guages for authoring and verbalising description logic-
based ontologies. For example, (Schwitter & Tilbrook
2004, 2006) discuss the bidirectional mapping be-
tween the controlled natural language PENG and var-
ious subsets of the web ontology language OWL. This
work built the foundation for Sydney OWL Syntax
– a proposal of a controlled natural language syn-
tax for OWL 1.1 (Cregan et al. 2007). In (Bernardi
et al. 2007) a categorial grammar is introduced that
translates the controlled natural language Lite Nat-
ural Language into the description logic DL-Lite, a
tractable fragment of OWL 1.1. This fragment is
expressive enough to deal with UML diagrams and
relational databases. In (Hart et al. 2007) the con-
trolled natural language Rabbit is presented which fo-
cuses on the knowledge acquisition process and re-
quires that a domain expert and a knowledge engi-
neer work in cooperation to create an OWL ontology.
In (Kaljurand 2007) a bidirectional interface to OWL
is discussed where a subset of the controlled natural
language Attempto Controlled English is used for the
purpose of authoring and verbalising OWL ontologies.
The three controlled natural languages Sydney OWL
Syntax, Rabbit, and Attempto Controlled English are
compared in (Schwitter et al. 2008) and a number of
requirements to an OWL compatible controlled nat-
ural language are put forward.

There exists another stream of research that stud-
ied the usefulness of controlled natural language and
unrestricted natural language as ontology query lan-
guages. For example, in (Bernstein et al. 2004) a con-
trolled language-based query interface is introduced
that guides the writing process of questions using pre-
dictive interface techniques, and in (Bernstein et al.
2005) the authors show that this type of interface
performs better than formal query languages. There
exist also a number of systems that support the use
of unrestricted natural language for answering ques-
tions over ontologies (Lopez et al. 2006, Kaufmann
et al. 2006, Mithun et al. 2007). However, these
unrestricted approaches suffer from similar problems
to database systems with natural language interfaces
(Copestake & Sparck-Jones 1990, Androutsopoulos
et al. 1995, Popescu et al. 2004) because the end-users
both over- and undershoot the system’s capabilities
since they don’t know where the system’s boundaries
are and what kind of queries are supported. It is an
ongoing debate which approach is most convenient
for end-users (Reichert et al. 2005, Kaufmann et al.
2007), and it is not surprising that the performance
of a natural language query interface to a description
logic knowledge base depends highly on the quality
and choice of the vocabulary in the knowledge base
(Kaufmann et al. 2007).

In this paper, we will bring these two research
streams closer together and argue that a description
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logic knowledge base should be created in a linguis-
tically motivated way in order to support question
answering in an optimal way. We will show that a con-
trolled natural language can be used for making ter-
minological and assertional statements and that the
structure of these statements is related in a system-
atic way to the controlled natural language used for
expressing questions.

The rest of this paper is structured as follows: In
Section 2, we will give a brief introduction to descrip-
tion logics and introduce the main constructors that
are usually used to build a description logic knowl-
edge base. In Section 3, we will study the relation-
ship between the terms used in existing description
logic ontologies and natural language expressions and
make some recommendations about how to use lin-
guistic expressions in an optimal way in ontologies.
In Section 4, we will show that a description logic
knowledge base can be specified in controlled natural
language and introduce a notation that uses reifica-
tion of relations in order to deal with n-ary relations
in description logics. In Section 5, we look at the kind
of questions that are supported by a state of the art
description logic reasoner and suggest controlled nat-
ural language renderings for these questions. In Sec-
tion 6, we will discuss the architecture of a controlled
natural language processor that relates the structures
of statements and questions written in controlled nat-
ural language in a systematic way to each other and
translates these sentences into the input format of
a description logic reasoner; we will also show that
the same language processor can be used to generate
answers to questions in controlled natural language.
Finally, in Section 7, we will summarise the benefits
of our approach and point to a number of further re-
search challenges.

2 Description Logics (DLs)

DLs are a family of knowledge representation lan-
guages that can be understood as decidable fragments
of first-order logic (Baader et al. 2003). DLs – such
as the web ontology language OWL DL (Horrocks et
al. 2003) – play an important role in the Semantic
Web architecture because they are decidable and al-
low for a clear separation between the terminological
information and the data.

A DL knowledge base usually consists of two com-
ponents: a terminological component (= TBox) and
an assertional component (= ABox). The TBox as-
serts general facts about concepts (= unary predi-
cates) and roles (= binary relations) through decla-
rations while the ABox asserts specific facts about
individuals in an application domain. For example, a
TBox might contain concept definitions like (1) and
general inclusion axioms like (2):

1. (equivalent academic_staff (or
professor senior_lecturer lecturer))

2. (implies student (or graduate_student
undergraduate_student))

and the ABox might contain concept assertions like
(3) and role assertions like (4):

3. (instance david_miller
undergraduate_student)

4. (related david_miller comp101 attend)

Note that we use the Knowledge Representation
System Specification (KRSS) syntax (Patel-Schneider
& Swartout 1993) here in order to express these and
all subsequent axioms in a compact way.

The expressivity of a DL depends on the set of con-
structors that can be used for defining concept terms
from concept names and role names. Some com-
mon constructors include logical constructors: inter-
section, union, and complement; and quantified role
restriction like (5), and number restriction like (6):

5. (instance kylie_jones (some attend
unit))

6. (instance comp101 (exactly 22 student))

Other constructors are used to characterise roles
and for enhanced reasoning with roles, for example:
inverse, transitivity, and functionality. For instance,
(7) defines a role with a domain and a range restric-
tion and provides a name for the inverse of the defined
role:

7. (define-primitive-role teach
:inverse is_taught_by
:domain academic_staff
:range unit)

In addition to these features, some DLs provide
extensions for algebraic reasoning over concrete do-
mains, for example:

8. (instance david_miller (= age 21))

Here the age of an individual is specified with the
help of a concrete domain predicate (=) and a concrete
domain attribute (age) that is of type cardinal.

3 Linguistic Structures in Ontologies

A DL ontology is essentially a logical theory that
specifies a conceptualisation of a specific part of the
world – in our case of an university. Since the aim
of an ontology is to make domain assumptions ex-
plicit and to establish a common understanding of
the structure of information in a particular domain,
it is important that all participants are able to use
the same vocabulary in order to make assertions and
ask queries in a way that is consistent with the logical
theory. It should be possible for a non-specialist to
relate the terms used in the ontology to the entities in
the application domain. That means the terminology
should be easy to use and understand by humans so
that humans and machines can cooperate in the best
possible way.

It seems intuitive to choose a naming convention
for creating an ontology that is close to the linguistic
expressions that occur in a particular domain. How-
ever, this is not always the case and a wide diversity
and fragmentation of naming schemes can be found in
real-world ontologies (Schober 2007). This is because
knowledge engineers can use in principle any char-
acter sequence for naming entities and often make
cost/accuracy trade-offs when creating an ontology.
For a machine it does not make any difference whether
a concept or a role is labeled in a way that can be
understood by a human or not. Here is an extreme
example:

9. (implies C1 (and C2 (some R (or C3
C4))))
(or C3 C4)
(implies C5 (and C1 (some R C3)))
(implies C6 (and C1 (some R C4)))

The labels that occur in this excerpt make it diffi-
cult for a human reader to understand what the sin-
gle concept and role names stand for, how they relate
to each other, and how they refer to the entities in
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the application domain for which the ontology is de-
signed. It is much easier to understand what is go-
ing on if the terms in the ontology communicate the
intended meaning using natural language-like expres-
sions, for example:

10. (implies person (and human (some
has_gender (or female male))))
(disjoint female male)
(implies woman (and person (some
has_gender female)))
(implies man (and person (some
has_gender male)))

Existing ontologies sometimes combine natural
language expressions with non-linguistic artifacts.
But there is a clear tendency to use linguistic pat-
terns in ontologies. (Mellish & Sun 2005) collected
882 ontology files encoded in OWL and analysed the
linguistic structure of concept and role names. They
found that 72% of concept names ended with an En-
glish noun, 30% of concept names consisted entirely of
noun sequences (various forms of compound nouns),
and 14% contained no recognised word. The structure
of role names showed a broader variety of patterns but
65% of these patterns started with a verb.

Given these results, we suggest using those pat-
terns that occur most frequently in existing ontolo-
gies in order to establish a linguistically motivated
naming convention. In particular, we suggest using

• nouns and compound nouns as concept names
(e.g. student and undergraduate student);

• transitive verbs and auxiliary verb-noun con-
structions as role names (e.g. take, consist of,
is student of, has student);

• normalised forms of proper nouns as identifiers
for individuals (e.g. david miller, comp101).

Following (Schober 2007), we additionally recom-
mend to use an underscore ( ) to delimit words in
compound terms since this separator is closer to nat-
ural language than CamelCase; to replace homonyms
by an alternative word form since they create confu-
sion; to resolve abbreviations and acronyms in names
and include them as synonyms in the ontology.

4 Controlled Natural Languages (CNL)

In the last section, we have argued that using a lin-
guistically motivated naming convention can improve
the readability and usability of an ontology for non-
specialists. But also knowledge engineers who have
to maintain and extend an ontology for new busi-
ness needs can benefit from naming conventions since
well-chosen naming conventions can enhance clarity,
avoid the introduction of faults, and make it easier
for subsequent generations of analysts to understand
what the ontology is designed for. A linguistically
motivated naming convention can directly be applied
when creating an ontology with an ontology editor
although current ontology authoring tools do not ac-
tively enforce naming conventions.

Adopting a common naming convention is a good
strategy to improve the quality of an ontology but
we can even go a step further towards natural lan-
guage and express ABox and TBox statements of an
ontology completely in a controlled natural language
(CNL) and then translate these statements directly
into the input language of a DL reasoner. That this
can be done has been shown in previous work (Schwit-
ter et al. 2008). Therefore, we will give here only
a brief overview in order to discuss the underlying

design principles and illustrate how such CNL state-
ments look like before we focus on the structure of
CNL questions and the relationship between CNL as-
sertions and questions.

4.1 Terminological Statements in CNL

TBox statements express the intensional knowledge
about a domain in form of a terminology. This ter-
minological information is static, and it is more likely
that a knowledge engineer will write and modify such
statements than a domain specialist. Nevertheless,
domain specialists need to be able to read, under-
stand and validate this information with respect to an
application domain. A CNL can help in this respect
since it provides a high-level interface to a formal lan-
guage that is potentially difficult to understand by an
end-user. For example, a concept definition like (1) –
see Section 2 – can be expressed as (11) in CNL, and
a general inclusion axiom like (2) as (12):

11. Every academic staff is defined as
a professor or a senior lecturer or
a lecturer.

12. Every student is a graduate student
or is an undergraduate student.

The TBox statement (11) makes it explicit that
this statement is a definition that consists of a set
of necessary and sufficient conditions. In contrast to
(11), the TBox statement (12) does not speak about
a definition since it only states necessary conditions
for a primitive concept.

The definition of primitive roles in CNL requires
the use of meta-information in order to speak about
the features of a role. The use of variables makes it
possible to speak about various features of a role in a
very compact way in CNL. Note that variables are not
a specific characteristic of a formal language; variables
are also used in natural language texts as a look into
any undergraduate maths textbook proves. Here is
the CNL rendering of the primitive role definition (7)
that uses two variables to signal the domain and range
restrictions of the role:

13. X teaches Y is defined as Y is taught
by X and X is an academic staff and Y
is a unit.

Note that there is no need to use additional con-
structors such as inverse, domain, and range as in (7)
since the CNL language processor can figure out the
type of these restrictions from the linguistic structure.

4.2 Assertional Statements in CNL

In contrast to TBox statements, ABox statements are
much more dynamic in nature and more likely to be
used by non-specialists. ABox statements rely on the
vocabulary defined in the TBox. In the simplest case,
ABox statements can be expressed via an auxiliary
or a transitive verb in CNL, for example, the concept
assertion (3) can be expressed as (14) and the role
assertion (4) as (15):

14. David Miller is an undergraduate
student.

15. David Miller attends COMP101.

The following two examples (16) and (17) illus-
trate how the quantified restriction in (5) and the
number restriction in (6) can be expressed in CNL:

16. Kylie Jones attends some unit.
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17. COMP101 has exactly 22 students.

The subsequent rendering (18) shows how the con-
crete domain example introduced in (8) can be ex-
pressed in CNL:

18. David Miller’s age is 21.

In summary: all these ABox statements are based
on the following simple functional structure:

19. Subject Verb Object

As we will see later, coordination is allowed in ob-
ject position but not in subject position since this
would introduce ambiguity. However, nouns that oc-
cur in the subject position can be modified as the
example in (18) illustrates.

4.3 From Binary to N-ary Relations

Most DL languages only support binary relations and
at first glance it looks like only very simple CNL
statements can be captured by this logical framework.
However, it is often necessary (and more natural) to
describe relations among more than two individuals
in one statement. This can be achieved via reifica-
tion of binary relations (Noy & Rector 2006). For
example, the ABox statement:

20. David Miller takes COMP101 on Monday
at 11am in the Lincoln Building.

can be represented in DL via a concept assertion con-
sisting of a new individual that stands for a reified
relation (= verbal event) and a set of role assertions
that link the individual of the reified relation with its
participants:

21. (instance e1 take)
(related e1 david_miller has_agent)
(related e1 comp101 has_theme)
(related e1 monday has_day)
(related e1 1100 has_hour)
(related e1 lincoln_building
has_location)

Here the new individual e1 stands for the reified
relation and is an instance of the take concept. The
roles (has agent, has theme, has day, has hour, and
has location) link this new individual to their cor-
responding individuals and values. Of course, this
approach requires that the take concept is available
in the TBox, for example as a defined concept:

22. (equivalent take (or attend select))

and that all the relevant roles are also defined. For
example, the declaration of the has theme role looks
as follows in our context:

23. (define-primitive-role has_theme
:domain take :range unit)

Note that the concept term take occurs in this def-
inition as a domain restriction and the concept term
unit as a range restriction.

5 DL Reasoners

There exist a number of state of the art DL rea-
soners for querying a DL knowledge base, for ex-
ample: FaCT++ (Tsarkov & Horrocks 2006), Pellet
(Sirin et al. 2007), and RacerPro (Haarslev & Möller
2003, Wessel & Möller 2006). These reasoners usu-
ally implement a tableau-based decision procedure
for general TBox reasoning (subsumption, satisfiabil-
ity, and classification) and offer support for ABox
reasoning (retrieval and conjunctive queries). Pel-
let and RacerPro both support a subset of SPARQL
(Prud’hommeaux & Seaborne 2008) for answering
conjunctive ABox queries.

5.1 RacerPro and nRQL

RacerPro is a knowledge representation system
that implements the expressive description logic
ALCQHIRR + (D−). This is the basic description
logic ALC augmented with qualifying number restric-
tions, role hierarchies, inverse roles, and transitive
roles. In addition to these basic features, Racer-
Pro also provides facilities for algebraic reasoning in-
cluding concrete domains and implements most of
the functions specified in the KRSS specification (see
(Racer Systems 2007) for details).

The new RacerPro query language (nRQL) is a
query language for RacerPro’s concept language and
supports – among other things – strong negation,
negation as failure, and numeric constraints. Racer-
Pro translates SPARQL queries into nRQL queries.
nRQL is a more expressive query language than
SPARQL. In contrast to SPARQL, nRQL uses de-
scription logic reasoning and does not work on the
syntactic level of triples but on the level of semantic
models (Racer Systems 2007).

In the following, we will first show how the syntac-
tic structure of nRQL queries looks like and discuss
then the main types of queries that are supported
by RacerPro and provide CNL renderings for these
queries.

5.2 Queries in nRQL

An nRQL query consists of a query head and a query
body. The query head specifies the format of the
answer and the query body contains (unary or bi-
nary) query atoms that are used to specify retrieval
conditions on the bindings of query variables. nRQL
queries are either simple or complex. A simple nRQL
query consists of a single query atom in the query
body. A complex nRQL query consists of two or more
query atoms that are combined with the help of query
body constructors (e.g. and, union, neg). For exam-
ple, the simple nRQL query:

24. (retrieve (?1) (?1 comp101 take))

has a query variable (?1) as head and a binary query
atom (?1 comp101 take) as body. This nRQL query
can be expressed as a wh-question in CNL:

25. Who takes COMP101?

Note that the nRQL query in (24) can not be an-
swered over a DL knowledge base that contains reified
relations as introduced in (21). In order to answer the
CNL question (25) over a DL knowledge base that
contains reified relations, the verbal relation of the
question needs to be reified too and this results in a
complex (conjunctive) nRQL query of the form:

26. (retrieve (?2) (and (?1 ?2 has_agent)
(?1 take) (?1 comp101 has_theme)))

The body of this complex query is composed of
a query body constructor (and) that takes an unary
query atom ((?1 take)) and two binary query atoms
((?1 ?2 has agent) and (?1 comp101 has theme))
as arguments.

5.3 nRQL Queries in CNL

The query language nRQL distinguishes a number of
different types of queries that can be answered over a
DL knowledge base. In the following, we will discuss
CNL renderings for the most important types of these
queries.
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5.3.1 Queries about Concepts

In nRQL, queries about concepts can be used to re-
trieve all instances of a concept from an ABox. This
type of queries can be expressed in CNL via a wh-
question (27) or as an imperative construction (28):

27. Who is a student?

28. Find all students.

The nRQL query processing engine returns a set
of tuples of the form (((?1 david miller)) ((?1
eva barth))) as answer to these questions. Note
that the CNL question (28) makes the expected an-
swer set explicit using the universal quantifier all
in contrast to (27). A partial answer such as ((?1
eva barth)) would be an acceptable answer for ques-
tion (27) but not for question (28).

5.3.2 Queries about Roles

In nRQL, queries about roles can be used to retrieve
role fillers from an ABox. Since these queries extract
information from binary relations, there are in prin-
ciple three different queries one might want to ask
about the arguments of a binary relation. This cor-
responds to the following three CNL questions:

29. Who takes what?

30. Who takes COMP101?

31. What does David Miller take?

In (29) we are asking for information about the
subject as well as the object of a relation, in (30) we
are only asking for information about the subject, and
in (31) only for information about the object. Note
that the structure of (31) is different from (29) and
(30). The query word what has been moved from the
object position to the front of the sentence and is used
there together with a do-operator.

5.3.3 Boolean Queries

In nRQL, simple Boolean queries can be used to check
whether or nor at least one individual exists for a
specific concept, whether or not a specific individual
exists for a particular concept, and whether or not
two specific individuals stand in a particular relation.
Boolean queries return either true or false.

In CNL, we can express Boolean queries via a
yes/no-question. The following two questions (32)
and (33) are equivalent and ask whether or not at
least one individual exists that is a student:

32. Is there a student?

33. Does a student exist?

However, these two CNL questions are constructed
in a different way: question (32) uses the verb be
and an existential there, and question (33) uses a do-
operator and the intransitive verb exist.

The following CNL question checks whether or not
a specific individual belongs to a specific concepts:

34. Is David Miller a student?

and finally the subsequent CNL question (35) checks
whether or not two specific individuals stand in a par-
ticular relation:

35. Does Lisa Brown teach Kylie Jones?

As we will see later, the answer to these questions
is yes or no but one can also include the focus of the
question in the answer, for example: Yes, Lisa Brown
does.

5.3.4 Classical Negated Concepts and Roles

The nRQL query language allows for classical negated
concepts and roles. For example, RacerPro can prove
that somebody is not a student or that a student can-
not teach a unit. Note that the negation of roles is
only available in the nRQL query language but not in
the concept language of RacerPro (in order to guaran-
tee decidability). Here are two examples: in question
(36) a concept is negated and in question (37) a role:

36. Who is not a student?

37. Who does not teach a unit?

The first question returns all instances that are not
part of a concept and the second question returns all
instances that are not a filler of a specific role with
an existential restriction.

5.3.5 Implied Role Fillers

In nRQL only explicitly modeled role fillers are re-
trieved by default. However, a DL knowledge base
can have logically implied role fillers whose presence
is enforced in the logical models of the knowledge
base. Let us assume that we asserted at some point
that Anna Grau is a professor then Anna must have
a PhD but this information might not be explicitly
present in the DL knowledge base. In nRQL, it is
possible to identify those individuals which have a
certain role filler that is not explicitly modeled in the
knowledge base using a negation as failure (neg) and
a project-to operator. In CNL, we use the specific
keyword show to trigger the same functionality:

38. Show which professor has a PhD.

This imperative construction returns individuals
which have an implicit role filler which is not explicitly
modeled in the knowledge base. Note that the answer
set of (38) is different from that of question (39):

39. Find all professors who have a PhD.

The answer to (38) returns only the implicit in-
stances while (39) returns all instances.

5.3.6 Concrete Domains

In nRQL, the concrete domain part of an ABox can
be queried using concrete domain predicates. In CNL,
we can use questions such as:

40. Who’s age is 18?

41. Who is the oldest student?

for this purpose. Note that the relation between the
adjective oldest and the concrete domain attribute
age needs to be handled in the linguistic lexicon of
the CNL processor.

5.3.7 Synonyms

In nRQL it is possible to check whether two instances
are individual synonyms or not. In CNL we can check
this using the expression same as in a question, for
example:

42. Is Kylie Johns the same as Kylie
Johns-Pedersen?

43. Is Kylie Johns not the same as Kylie
Johns-Pedersen?

That means synonyms need not to be modeled in
the linguistic lexicon. As we will see in the next sec-
tion, only orthographic variants of content words are
modeled in the linguistic lexicon but not synonyms.

Proc, of the Knowledge Representation Ontology Workshop (KROW-2008), Sydney, Australia

Page 75



5.3.8 Conjunctive Queries

A conjunctive query is a complex nRQL query that is
constructed from unary and binary query atoms with
the help of the query body constructor and. As soon
as we work with a DL knowledge base that relies on
reification of relations we will end up with conjunc-
tive queries in the translation. The following CNL
questions are complex (conjunctive) questions:

44. On what day does Kylie Johns take
COMP101?

45. Where does Kylie Johns take COMP101?

46. Which student who takes COMP101 does
not take MATH102?

Note that the processing of the two questions (44)
and (45) relies on a DL knowledge base that reifies
relations as discussed in Section 4.3 while (46) does
not. However, all three CNL questions are complex
questions and their translation results in three con-
junctive nRQL queries.

6 The CNL Processor

The task of the CNL processor is to translate ABox
and TBox statements as well as questions written in
controlled natural language into the input format of
the DL reasoner, and to generate answers in CNL
from the output of the reasoner.

The CNL processor uses for this task a bidirec-
tional unification-based grammar and a linguistic lex-
icon that contains syntactic constraints and informa-
tion about the mapping between the linguistic expres-
sions and the terms of the DL.

The kernel of the grammar is implemented as a
definite clause grammar that can either run inde-
pendently or be processed by a chart parser (Kay
1980) that stores processed substrings and hypothe-
ses about substrings. Storing processed substrings
reduces redundancies during the parsing process, and
the maintained hypotheses can be used to predict the
next possible processing steps. As we will see later,
the chart parser implements a meta-interpreter that
generates lookahead information that can be used to
support the writing process of the user in a predictive
way.

The CNL processor first translates the input sen-
tences into TPTP notation (Sutcliffe & Suttner 1998)
and then further into the DL reasoner’s target for-
mat. TPTP is a widely used notation for represent-
ing problems for automated theorem proving in first-
order logic. The use of TPTP as an intermediate rep-
resentation language has the advantage that we can
extend the grammar of the CNL processor later and
interface the processor easily with other (first-order)
reasoning services. TPTP gives us the necessary flex-
ibility to translate statements and questions into a
suitable target format.

In our case, the CNL processor translates ABox
and TBox statements via TPTP notation into Racer-
Pro’s KRSS format and adds the resulting formulas
to the DL knowledge base. Questions too are first
translated into TPTP notation but then transformed
into nRQL syntax, and finally answered over the DL
knowledge base using RacerPro’s reasoning engine.
The TPTP representation of a question is stored by
the language processor and used as a template for an-
swering questions. This is possible because the syn-
tactic structure of questions and statements is related
in a systematic way in CNL. That means that the
same CNL grammar can be used as a processor and
as a generator.

6.1 The CNL Lexicon

The lexicon of the CNL processor distinguishes be-
tween two main categories of words: content words
and function words. Content words (nouns, ad-
jectives, verbs, prepositions, and proper nouns) are
closely related to concept names, role names, and
names for individuals; while function words (conjunc-
tion, disjunction, negation, quantifiers, cardinals, and
operators) are closely related to DL constructors –
provided that we model the DL knowledge base in a
linguistically motivated way. Function words are pre-
defined in the lexicon and build the scaffolding of the
CNL while content words can be added by the user
to the lexicon.

In order to exclude ungrammatical sentences in
CNL, the lexicon contains syntactic information that
enforces, for example, number agreement between the
subject and the verb of a sentence like (47) and the
subject and the auxiliary verb of a question like (48):

47. David Miller takes COMP101.

48. When does David Miller take?

Below are the lexical entries for the proper nouns
David Miller and COMP101:

49. lex(cat:[pn],wf:[‘David’,‘Miller’],
sn:[],
syn:[third,sg],sort:[person],
fol:X^named(X,john_miller)).

50. lex(cat:[pn],wf:[‘COMP101’],
sn:[[‘COMP’,101],[‘COMP-101’],

[comp,101],[comp-101]],
syn:[third,sg],sort:[entity],
fol:X^named(X,comp101)).

These two entries contain syntactic information,
sortal information and information that is required to
generate the TPTP representation. The syntactic in-
formation deals with number agreement between the
subject and the verb as explained above. There is also
orthographic information available that deals with ap-
proved variants of the input, for example: COMP-101
instead of COMP101, etc.

In order to resolve the ambiguity of prepositional
phrases in CNL, the lexicon includes sortal informa-
tion for nouns, proper nouns and prepositions so that
the correct role name can be derived for a preposi-
tional phrase, for example in:

51. David Miller takes COMP101 on Monday
on South Campus.

the preposition on is ambiguous on the surface level
of the CNL. The sortal information in the lexicon
for the proper noun and for the preposition disam-
biguates the two prepositional phrases on Monday
and on South Campus. This results in two different
role names in the DL representation:

52. (related e2 monday has_day)

53. (related e2 south_campus has_location)

Please note that the sortal information is not re-
quired, if we do not allow for this kind of prepositional
phrases in the CNL – it is in theory possible to con-
struct a reified version of a CNL sentence such as (51)
that does not use prepositional phrases but offers the
same expressivity, for example in the following way:

54. E1 is a take relation.
E1 has David Miller as an agent.
E1 has COMP101 as a theme.
E1 has Monday as a day.
E1 has South Campus as a location.
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Let us assume that an ontology has already been
constructed with the help of an ontology editor in
a linguistically motivated way and that we are only
interested in building an interface for querying the
DL knowledge base. If that it the case, then we can
automatically extract all concept names, role names,
and names for individuals from the ontology using the
following RacerPro functions:

55. (all-atomic-concepts)

56. (all-roles)

57. (all-individuals)

and populate the lexicon semi-automatically.

6.2 The CNL Grammar

The CNL grammar distinguishes three different
modes: a TBox mode for processing terminological
statements, an ABox mode for processing assertional
statements and for generating answers to questions,
and a query mode for processing questions. The
grammar rules of the ABox mode are bidirectional
(that means they can be used to analyse and gener-
ate statements) and some of these grammar rules can
also used to process questions.

6.3 Processing Statements

Below is an example of an ABox grammar rule that
gives a high-level overview about how sentences writ-
ten in CNL are parsed and translated during the pars-
ing process into TPTP formulas:

58. s0(mode:M,
fol:LF1,
gap:G1-G3,
para:P1-P3,
ant:A1-A3) -->

n3(mode:M,
syn:[subj,Per,Num],
sort:_,
fol:LF2^LF1,
gap:[]-G2,
para:P1-P2,
ant:A1-A2),

v3(mode:M,
syn:[fin,Per,Num,_,_,_],
fol:_E^LF2,
gap:G1-G3,
para:P2-P3,
ant:A2-A3).

This top-level grammar rule takes part in the
translation of the following ABox statement:

59. David Miller takes COMP101 on Monday.

The grammar rule (58) breaks this statement into
a noun phrase David Miller and into a verb phrase
takes COMP101 on Monday and combines the logi-
cal form of the noun phrase with the logical form of
the verb phrase in a compositional way. Each word
form in this sentence is associated with a partial logi-
cal form in the lexicon; these partial logical forms are
merged (via unification) during the parsing process
into a complete TPTP formula for the input sentence.
The grammar rule contains various feature structures
that are used for syntactic, semantic, and pragmatic
purposes; one of these feature structures (syn) guar-
antees for example that the noun phrase agrees in per-
son and number with the verb phrase; other feature
structures are used to deal with the different types of
sentences (mode), the composition of the logical form

(fol), discontinuous constituents in the input string
(gap), the construction of a paraphrase (para) that
makes the interpretation of the sentence clear, and
the collection of noun phrase antecedents (ant) for
anaphora resolution.

The output of the grammar is a logical formula in
TPTP format, in our case the following one:

60. input_formula(university,axiom,
(? [A]: (named(A,david_miller) &

(? [B]: (property(B,has_agent,A) &
(event(B,take) & contemp(B,u)) &

(? [C]: (named(C,comp101) &
property(B,has_theme,C) &

(? [D]: (timex(D,monday) &
property(B,has_day,D)))))))))).

This logical formula is then further translated by
the CNL processor into RacerPro’s KRSS notation:

61. (instance e1 take)
(related e1 david_miller has_agent)
(related e1 comp101 has_theme)
(related e1 monday has_day)

Note that the TPTP representation (60) con-
tains additional information (contemp(B,u)) about
the time when the utterance occurred since the CNL
processor can handle tense (e.g. present tense and
past tense). This information does not appear in the
KRSS representation since DL can not deal with this
kind of information and therefore all verb forms must
be in present tense in a strict DL setting. However,
the information about tense is potentially useful in
other logical frameworks.

6.4 Processing Questions

The CNL processor distinguishes between wh-
questions, yes/no-questions, and imperative con-
structions. It is well-known that the structure of
questions in natural language is related in a system-
atic way to declarative sentences. For example, the
declarative sentence (59) has the following functional
structure:

62. Subject: (David Miller)
Verb: (takes)
Object: (COMP101)
Modifier: (on Monday)

In the case of wh-questions, the query word is re-
lated to one of these functional elements. For example
in:

63. On what day does David Miller take
COMP101?

a constituent in modifier position has been replaced
by a query expression (on what day) and this query
expression has been moved to the front of the sentence
where it functions as a filler and is used together with
a do-operator letting a gap behind:

64. [On what day]_filler does David Miller
take COMP101 [ ]_gap?

When the CNL grammar processes (63), the query
expression which acts as a filler for this gap is moved
back into its original position. Schematically, the re-
sult of this movement process looks as follows:

65. Subject: (David Miller)
Verb: (takes)
Object: (COMP101)
Modifier: (on what day)
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The TPTP representation for the question is con-
structed during the parsing process. That means at
the same time when the syntactic movement of the
query expression takes place. As already explained in
the previous section, each word form is related to a
partial logical form in the linguistic lexicon. For ex-
ample, the processing of the query expression on what
day triggers the following partial logical form:

66. (timex(F,G) & property(C,has_day,F))

and the processing of the entire question (63) results
in the subsequent conjunctive query which contains
the logical form for the query expression as a part:

67. input_formula(university,conjunctive_query,(
(? [A]: (named(A,david_miller) &

(? [B]: (named(B,comp101) &
(? [C]: ((property(C,has_agent,A) &

(event(C,take) &
(property(C,has_theme,B) &
contemp(C,u)))) & (timex(F,G) &
property(C,has_day,F))))))))

=> answer(F))).

The CNL processor takes this TPTP formula and
transforms it into a conjunctive nRQL query:

68. (retrieve (?2) (and (?1 david_miller
has_agent) (?1 take) (?1 comp101
has_theme) (?1 ?2 has_day)))

Note that yes/no-questions are treated in a similar
way as wh-questions. The CNL processor first gen-
erates a normalised TPTP representation that looks
similar to the representation of a declarative sentence,
and then translates this representation into a Boolean
conjunctive query, for example (69) into (70):

69. Does David Miller take COMP101?

70. (retrieve nil (and (?1 david_miller
has_agent) (?1 take) (?1 comp101
has_theme)))

The TPTP representation of a question is stored
by the CNL processor and can be used as a starting
point to answer questions as we will see in the next
section.

6.5 Generating Answers

The relationship between declarative sentences and
questions can be used for generating answers to ques-
tions in CNL. Internally, all TPTP formulas are anno-
tated with syntactic information during the parsing
process. For example, the TPTP formula (67) con-
tains additional annotations (#) for all predicates that
have been derived from content words, for example:

71. event(B,take)#[inf,_,_,pres,no,no]

Once the DL reasoner comes back with an answer
for a question, the stored TPTP representation of a
question is transformed into a TPTP representation
for a declarative sentence which contains an update
of the relevant syntactic annotations, for example:

72. event(B,take)#[fin,3rd,sg,pres,no,no]

That means the CNL processor can now generate
the correct verbal form (takes - fin) for the answer
string:

73. David Miller takes COMP101 on Monday.

Since the DL reasoner deals with subsumption hi-
erarchies and concept definitions, there is no need to
encode this ontological information in the linguistic
lexicon. We get this terminological information for
“free” from the DL reasoner during question answer-
ing. For example, the following questions:

74. Who studies COMP101?
75. Which person studies COMP101?
76. Which student studies COMP101?

return all the same answers because the query word
who is more general than person and person subsumes
student.

7 Writing in CNL

The writing of DL statements and questions in con-
trolled natural language can be supported with the
help of a predictive text editor that guides the writ-
ing process in CNL (see (Thompson et al. 2005,
Chintaphally et al. 2007) for an introduction). We
have implemented such editing techniques in the past
(Schwitter et al. 2003) which have some similarities
to editing techniques used in programming language
environments. The basic idea here is to process
the grammar rules with the help of a chart parser.
A chart parser stores information about well-formed
substrings as well as information about hypotheses of
substrings in a chart (Kay 1980, Gazdar & Mellish
1989) and avoids repetition of work by looking up
substrings in the chart instead of recomputing them.
Complete and incomplete analyses are stored as so-
called edges in the chart. Edges that correspond to
partially recognized substrings are said to be active,
while inactive edges represent completely recognised
substrings. In our case, an active edge is a term of
the form:

77. edge(Number,Pos1,Pos2,Category1,
Found,[Category2|Categories]).

This term consists of the actual sentence number
(Number) which serves as an index, a start position
(Pos1) and an end position (Pos2) of a substring,
the category (Category1) on the left-hand side of
the grammar rule, a list of categories that have been
found (Found) on the right-hand side of the grammar
rule, and a list of remaining categories to be found
([Category2|Categories]). Chart parsing allows us
– after processing of each new word form – to search
through the active edges in the chart in order to col-
lect the categories of those word forms that can follow
the current input string.

Let us assume that the user is working in the query
mode and plans to enter the following question into
the text editor:

78. Where does David Miller take COMP101?

At the beginning, the text editor will display the
initial lookahead information for questions. This in-
formation is grouped into three categories since the
number of possible lexical entries for these categories
is already large:

79. [ wh-question | yes/no-question |
imperative construction ]

After clicking on the hypertext link for the
wh-question, the editor will display the lookahead
information that falls under this category:

80. [ Who | What | Which | Where | ... ]
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The user can type (or select) one of these query
words – in our case where – that is then sent to the
CNL processor. The chart parser of the CNL proces-
sor initialises the chart, adds edges into the chart, and
activates rules in order to expand the chart. This re-
sults in a set of new hypothesis that can be harvested
for new lookahead information, in our case the editor
will display the following function words:

81. [ does | is ]

After entering the operator does, the editor will
display the following lookahead categories:

82. [ determiner | proper noun ]

At this point, the user has to make a decision
whether he or she wants to enter a determiner or a
proper noun. After entering the proper noun David
Miller (or selecting it from a list of approved proper
nouns) more lookahead information is displayed and
this process continues until the structure of the ques-
tion is complete.

Of course, an experienced user can switch off this
lookahead facility and rely on the error messages that
the parser generates if the user does not stick to the
rules of the CNL. These predictive interface tech-
niques guarantee that only sentences are added to the
DL knowledge base and that only questions are used
that conform 100% to the rules of the CNL.

8 Conclusions

This paper argued that a DL knowledge base should
be constructed in a linguistically motivated way in
order to support question answering in an optimal
way. To achieve this the naming conventions used for
constructing the ontology should be based on a set of
well-defined linguistic patterns and on a terminology
that occurs naturally in the application domain.

I showed that such a linguistically motivated nam-
ing convention makes it easier to create an ontology
on the level of a machine-oriented controlled natu-
ral language. The controlled natural language can be
used to express ABox and TBox statements as well
as a query and feedback language. The presented ap-
proach has a number of attractive features: the con-
trolled natural language looks like English and is easy
to understand by humans and easy to process by ma-
chines; furthermore, the language is so precisely de-
fined that it can be translated unambiguously into DL
and thus is in fact a formal language. A logic-based
grammar is used to process statements and questions,
and the same grammar can run “backwards” taking
logical formulas in TPTP notation as input and gen-
erate answers to questions in controlled natural lan-
guage. The user does not need to learn and remember
the rules of the controlled natural language since the
writing process is supported with the help of predic-
tive interface techniques.

It is important to note that not all parts of a DL
knowledge base need to be constructed in controlled
natural language. The aim of this paper was to il-
lustrate that this is in principle possible. However,
it might be the case that a knowledge engineer feels
more comfortable using an ontology editor such as
Protégé (Horridge et al. 2004) to develop the termi-
nological knowledge for an application domain. As
long as the knowledge engineer develops the TBox of
this knowledge base in a linguistically motivated way
– as sketched in this paper –, then this terminological
knowledge can be combined with assertional knowl-
edge expressed in controlled natural language. For
some applications, it might be possible to extract this

assertional knowledge from existing textual informa-
tion and represent it in controlled natural language
so that it can be checked easily and modified by a
human (and still be processed by a machine).

I am convinced that controlled natural languages
are a promising approach for creating DL knowledge
bases and that many applications can benefit from
such a high-level interface language. I am currently
investigating how controlled natural languages can be
used as an interface language to the Semantic Web,
as a language for expressing business rules, and as a
query and alert language in a decision-support sys-
tem.
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