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Abstract. Ontologies provide explicit models of shared conceptualiza-
tions, and are useful for modeling formal, semi-formal, and informal
knowledge needed for communication within a company. As there is typ-
ically more than one ontology used in a company (for instance one in
each department), techniques are needed to merge ontologies in order to
assure cross-company communication. In this paper, we summarize one
such approach, called FCA-MERGE. During its development, it turned
out that a formal definition of ‘ontology’ is needed. The resulting defini-
tion is presented for the first time in detail in this paper.’

1 Introduction

Ontologies have been established for knowledge sharing and are widely used as
a means for conceptually structuring domains of interest. They have turned out
to be a successful approach for structuring informal, semi-formal, and formal
knowledge. Ontologies provide an explicit model of a shared conceptualization
of some community of interest. Therefore ontologies are a promising formalism
for supporting communication with companies and organizations. However it
will not be possible in general to agree on one company-wide ontology, as the
divergence in the aims of the different players in the company is usually too large.
A natural way is to have several ontologies in a company, for instance one for each
division, or even one for each department. With the growing usage of ontologies,
the problem of overlapping knowledge in a common domain occurs more often
and becomes critical. Domain-specific ontologies are modeled by multiple authors
in multiple settings (e.g., by different departments of a company). In order to
support overall communication, methods are needed to bring together these local
ontologies, in order to allow for global (cross-department) communication.

In the DFG-project ‘OntoWise — Wissensmanagement mit multiplen Ontolo-
gien’, we have developed FCA-MERGE, an algorithm for merging ontologies,
which offers a global structural description of the merging process. The algo-
rithm is based on Formal Concept Analysis, a mathematical theory formalizing
the concept of ‘concept’ ([Wi82,GW99], see also [Wi01]).
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Related work often approaches the task of ontology merging from a software-
engineering point of view, rather than from a structure-theoretic point of view.
Our approach is based on the latter, with the aim to provide formal semantics
for the operations which are independent from the actual implementation. The
FCA-MERGE algorithm was presented at the 17th International Joint Con-
ference on Artificial Intelligence (IJCAI ’01), see [StuMO01]. In this paper, we
summarize the results.

Our first attempts to provide a formalization for merging ontologies showed
that, at a technical level, some sensitive decisions have to be made. The exact
definition of what an ontology is, and the specification of the constraints influ-
ences the limitation of the power of the merging mechanism on the one hand,
and allows to derive structural results about the target ontology on the other
hand. These structural results can be used to infer properties which the target
ontology inherits from the source ontologies. More general one can say that the
commitment to a specific formal definition will influence all future development
in the domain.

Therefore, a first step in the project was to develop a precise definition of what
we understand under ‘ontology’. We emphasize on a mathematical definition
which allows to describe the semantics of all ontology operations explicitly. In
the definition, we deliberately abstract from implementation details. Those latter
are subject to current research within the development of the Karlsruhe Ontology
Tool Suite KAON.

1.1 Organization of the Paper

In the next section, we discuss the problems of modeling business knowledge
with ontologies. Section 3 gives a summary of our merging approach, and moti-
vates the need for a formal definition of ontologies. In Section 4, we provide the
definition of ‘ontology’ as developed within the project. Section 5 concludes the

paper.

2 Business Knowledge and Ontologies

Business processes are typically treated in a cooperation of several departments
of a company or even across company boundaries. This requires the management
of knowledge related to the business processes across department and company
boundaries. Ontologies are a means for structuring such informal, semi-formal,
and formal knowledge.

Nevertheless it is impossible in practice to provide a single, company-wide
ontology satisfying all users with regard to coverage, precision, actuality, and
individualization. Different departments need specific approaches and vocabu-
laries for describing and solving their specific tasks (see Figure 1). Hence the
balance between the two conflicting objectives of providing a common knowl-
edge core on the one hand and sufficient influence of the different departments
on its structure and content on the other hand has to be maintained.
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Fig. 1. The hierarchy of departments/sub-processes of a company or organization

A solution to this problem is to provide multiple ontologies which are orga-
nized along the organizational structure of the company (departments, working
groups, etc.) and/or the structure of the business processes (see Figure 2). There
may be a general, company-wide ontology which specifies the common vocabu-
lary. Subdivisions will then have their own, more specific ontologies with different
levels of granularity. The smaller a unit is, the more (task-)specific will be its
ontology.

When a business process passes from one unit to another, the need for com-
munication arises. At that moment, the underlying ontologies have to be made
compatible. Compatibility can be obtained by merging the ontologies into a
unique one, or by aligning them. Merging two ontologies means creating a new
ontology in a semi-automatic manner by using the concepts of both ontologies
and by identifying some of them. Aligning two ontologies means defining a map-
ping between the two ontologies which translates concepts of the first ontology
into the second one. In this paper, we focus on the task of ontology merging.
Our approach will be discussed in the next section.

3 Ontology Merging Based on Formal Concept Analysis

The process of ontology merging takes as input two (or more) source ontologies
and returns a merged ontology based on the given source ontologies. Manual
ontology merging using conventional editing tools without support is difficult,
labor intensive and error prone. Therefore, several systems and frameworks for
supporting the knowledge engineer in the ontology merging task have recently
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Fig. 2. Ontologies organized along the organizational structure of the com-
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been proposed [Ho98,Ch00,NM00,MFRWO00]. The approaches rely on syntactic
and semantic matching heuristics which are derived from the behavior of ontol-
ogy engineers when confronted with the task of merging ontologies, i. e., human
behavior is simulated. Although some of them locally use different kinds of log-
ics for comparisons, these approaches do not offer a structural description of the
global merging process.

FCA-MERGE is a method for merging ontologies following a bottom-up ap-
proach and offering a global structural description of the merging process. For
the source ontologies, it extracts instances from a given set of domain-specific
text documents by applying natural language processing techniques. Based on
the extracted instances we use the TITANIC algorithm [STBPLOI1] to derive a
concept lattice. The concept lattice provides a conceptual clustering of the con-
cepts of the source ontologies. It is explored and interactively transformed to the
merged ontology by the ontology engineer. The approach is described in detail
in [StuMO01].

FCA-MERGE is based on application-specific instances of the input ontolo-
gies O; and O, that are to be merged. The overall process of merging two
ontologies is depicted in Figure 3 and consists of three steps, namely (i) in-
stance extraction and computing of two formal contexts K; and Ka, (i) the
FCA-MERGE core algorithm that derives a common context and computes a
concept lattice, and (4ii) the generation of the final merged ontology based on
the concept lattice.

The method takes as input the two ontologies and a set D of natural lan-
guage documents. The documents have to be relevant to both ontologies, so
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Fig. 3. Ontology Merging Method

that the documents are described by the concepts contained in the ontology.
The documents may be taken from the target application which requires the
final merged ontology. From the documents in D, we extract instances. This au-
tomatic knowledge acquisition step returns, for each ontology, a formal context
indicating which ontology concepts appear in which documents.

The extraction of the instances from documents is necessary because there
are usually no instances which are already classified by both ontologies. However,
if this situation is given, one can skip the first step and use the classification of
the instances directly as input for the two formal contexts.

The second step of the approach comprises the FCA—-MERGE core algorithm.
The core algorithm merges the two contexts and computes a concept lattice from
the merged context using the TITANIC algorithm. More precisely, it computes
a pruned concept lattice which has the same degree of detail as the two source
ontologies.

Instance extraction and the FCA-MERGE core algorithm are fully automatic.
The final step of deriving the merged ontology from the concept lattice requires
human interaction. Based on the pruned concept lattice and the sets of relation
names R; and R, the ontology engineer creates the concepts and relations of
the target ontology. The ontology engineering environment OntoEdit provides
graphical means for supporting this process.

Certainly, high quality results of the merging process will always need some
human involved, who is able to make judgments based on background knowl-
edge, social conventions, and purposes. Thus, all merging approaches aim at
supporting the knowledge engineer, and not at replacing him. Our approach dif-
fers from the related work stated above in that it provides, for one part of the
merging process, an algorithm with a well-defined description of the output in
terms of the input. If the knowledge engineer commits to this description, he is
guaranteed to obtain the expected results. FCA—MERGE may of course also be
included in a heuristics-based approach as a reliable building block.



As the aim of our approach was to provide a structural description of the
merging process, it soon became clear that we would need formal definitions of
all structures involved. Hence a first step in the project was to come up with a
precise, explicit definition of our understanding of ontologies. This formalization
is presented in the next section.

4 The Karlsruhe Perspective on Ontologies

There are different ‘definitions’ in the literature of what an ontology should be.
Some of them are discussed in [Gu97], the most prominent being “An ontology
is an explicit specification of a conceptualization” [Gr94]. A ‘conceptualization’
refers to an abstract model of some phenomenon in the world by identifying the
relevant concept of that phenomenon. ‘Explicit’ means that the types of concepts
used and the constraints on their use are explicitly defined. This definition is
often extended by three additional conditions: “An ontology is an explicit, formal
specification of a shared conceptualization of a domain of interest”. ‘Formal’
refers to the fact that the ontology should be machine readable (which excludes
for instance natural language). ‘Shared’ reflects the notion that an ontology
captures consensual knowledge, that is, it is not private to some individual, but
accepted as a group. The reference to ‘a domain of interest’ indicates that for
domain ontologies one is not interested in modeling the whole world, but rather
in modeling just the parts which are relevant to the task at hand.

Common to all these definitions is their high level of generalization, which
is far from a precise mathematical definition. The reason is that the definition
should cover all different kinds of ontologies, and should not be related to a
particular method of knowledge representation [HSW97]. However, as we want
to study structural aspects, we have to commit ourselves to one specific ontology
representation framework, and to a precise, detailed definition. In a modular way
we consider first the common core of all ontologies, and then introduce different
extensions. Our approach is independent of a specific logical language. It can for
instance be used with F-Logic [KLW95], as it is e. g. implemented in Ontobroker
[D+99] and OntoEdit [StaMO00], but is open to other languages.

Definition 1. A core ontology is a structure
0:= (C, SC: Ra g, SR)

consisting of

two disjoint sets C and R whose elements are called concept identifiers and
relation identifiers, resp.,

a partial order < on C, called concept hierarchy or taxonomy,

a function o: R — C* called signature,

a partial order <gp on R, called relation hierarchy, where ry <pg ro implies
lo(r1)| = |o(r2)| and mi(o(r1)) <¢ mi(o(re)), for each 1 < i < |o(r1)].



Often we will call concept identifiers and relation identifiers just concepts
and relations, resp., for sake of simplicity. Almost all relations in practical use
are binary. For those relations, we define their domain and their range.

Definition 2. For a relation r € R with |o(r)| = 2, we define its domain and
its range by dom(r) := w1 (o (r)) and range(r) := ma(o(r)).

If 1 <¢ c¢o, for c1,c0 € C, then ¢y is a subconcept of ¢y, and cs is a
superconcept of ¢;. If 11 <g ro, for ri,ro € R, then ry is a subrelation of ry,
and 75 is a superrelation of 7.

If ¢1 <¢ ¢o and there is no c3 € C with ¢1 <¢ c3 <¢ co, then ¢ is a direct
subconcept of ¢a, and cs is a direct superconcept of ¢;. We note this by ¢1 < co.
Direct superrelations and direct subrelations are defined analogously.

Relationships between concepts and/or relations as well as constraints can
be expressed within a logical language. We provide a generic definition, which
allows the use of different languages.

Definition 3. Let £ be a logical language. A L-axiom system for an ontology
O :=(C,<¢,R,0,<R) is a pair

A:= (Al o)
where

— AI is a set whose elements are called axiom identifiers and
— a: Al — L is a mapping.

The elements of A := a(AI) are called axioms.
An ontology with L-axioms is a pair
(0, 4)
where O is an ontology and A is a L-axiom system for O.

In the sequel, ontology stands for either a core ontology or an ontology with
L-axioms.

According to the international standard ISO 704, we provide names for the
concepts (and relations). Instead of ‘name’, we call them ‘sign’ to allow for more
generality.

Definition 4. A lexicon for an ontology O := (C,<¢, R, 0,<Rg) is a structure
Lex := (S¢, Sk, Ref -, Ref )
consisting of

— two sets S¢ and Sp whose elements are called signs for concepts and rela-
tions, resp.,



— a relation Ref » C Sc x C' called lexical reference for concepts, where (¢, c) €
Ref - holds for all c € C'N Sc.

— a relation Ref 5 C Sg X R called lexical reference for relations, where (r,r) €
Ref i holds for all ™ € RN Sg.

Based on Ref -, we define, for s € Sc,
Refo(s) == {c € C | (s,0) € Ref )

and, for c € C,
Ref7'(c) :={s € S| (s,¢c) € Refs} .

Ref p and Refgl are defined analogously.
An ontology with lexicon is a pair
(O, Lex)
where O is an ontology and Lex is a lexicon for O.

Ontologies formalize the intentional aspects of a domain. The extensional
part is provided by a knowledge base, which contains assertions about instances
of the concepts and relations.

Definition 5. A knowledge base is a structure
KB := (Ckp,Rkp.1,tc;tR)
consisting of

— two sets Cxp and Rkp,

— a set I whose elements are called instance identifiers (or instances or objects
for short),

— a function tc: Cxp — P(I) called concept instantiation,

— a function 1g: Rgp — B(IT) called relation instantiation.

As for concepts and relations, we also provide names for instances.
Definition 6. An instance lexicon for a knowledge base KB := (Ckp, Rk, I, tc,tR)
1§ a pair
IL := (S1, Ry)
consisting of

— a set Sy whose elements are called signs for instances,
— a relation Ry C St; x I called lexical reference for instances.

A knowledge base with lexicon is a pair
(KB, IL)

where KB is a knowledge base and IL is an instance lexicon for KB.



When a knowledge base is given, we can derive the extensions of the concepts
and relations of the ontology, based on the concept instantiation and the relation
instantiation.

Definition 7. Let KB := (Ckp, Rkn,I,vc,vRr) be a knowledge base. The ex-
tension [c]xkp C I of a concept ¢ € C is recursively defined by the following
rules:

— [k < wc(c)
— [elkp « [c]lxkB U] kB, for ¢ < c.
— the azioms in A (if O is an ontology with L-azioms).

The extension [r]xkp C IT of a relation r € R is recursively defined by the
following rules:

- [[T]]KB < LR(T)
— [rlxs < [r]lxs U [r']xB, for r' <r.
— the azioms in A (if O is an ontology with L-azioms).

If the reference to the knowledge base is clear from the context, we also write
[c] and [r] instead of [c] ks and [r] k5.

The following definition tells us if a knowledge base is consistent with an
ontology.

Definition 8. A knowledge base KB := (I,1c,tg) is consistent with an ontol-
ogy O, if all of the following hold:

— O is consistent (if O is an ontology with L-azioms),

- Ckp CC,

- Rkp C R,

— [l CIleco(mlel, forallr € R

— KB is a model for AU{c; < co = [er] C [e2] | 1,00 € CYU{ry <19 —
[[’I‘l]] g [[’I‘Q]] ‘ ry,ro € R}

5 Conclusion

In this paper, we have analyzed the problems of modeling business knowledge
with ontologies. We have summarized FCA-MERGE, an algorithm for ontology
merging, which provides a structural description of the merging process. During
its development the need of a formal definition of what we understand under
‘ontology’ arose. The resulting formal definition is presented in this paper for
the first time in detail.
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