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Abstract

This paper discusses steps towards an order-theoretic foundation for maintaining
and merging ontologies. We claim that the commitment to ontologies having
certain structural properties allows a semantically founded (semi-)automation of
operations on ontologies. We provide a list of research questions and give first
answers. In particular we argue for the use of Formal Concept Analysis for
maintaining ontologies.

1 Introduction

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 have turned out to be a successful approach for structur-
ing 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 in-
dividualization. Different departments need specific approaches and vocabularies
for describing and solving their specific tasks. Hence the balance between the two
conflicting objectives of providing a common knowledge 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.

The approach presented in this paper attacks that problem by providing mul-
tiple ontologies which are organized along the organizational structure of the
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company (departments, working groups, etc.) and/or the structure of the busi-
ness processes. There may be a general, company-wide ontology which specifies
the common vocabulary. 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.

There is quite some research on the problems which come along with merging
and aligning ontologies. References are given in Section 2. Many of them present
tools which support the interactive process of merging/aligning. The presentation
is mostly done 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.

Our first attempts to provide such a formalization showed that at this techni-
cal level some sensitive decisions have to be made. The exact definition of what
an ontology is, and the specification of the constraints influences 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.

In this paper, we present our first steps towards an order-theoretical founda-
tion for maintaining and merging ontologies. As the research project is at its very
beginning, we present our approach, and the research program to be followed in
the next future.

2 Related Work

A first approach for supporting the merging of ontologies is described in [Ho98|.
There, several heuristics are described for identifying corresponding concepts in
different ontologies, e.g. the NAME heuristic compares the names of two concepts,
the DEFINITION heuristic uses linguistic techniques for comparing the natural
language definitions of two concepts, or the TAXONOMY heuristic checks the
closeness of two concepts to each other. Whereas such heuristics may be used as
building blocks in an overall framework, the described approach does not support
a task- and thus goal-oriented integration of ontologies.



The OntoMorph system [Ch00] offers two kinds of mechanisms for translating
and merging ontologies: syntactic rewriting supports the translation between two
different knowledge representation languages, semantic rewriting offers means for
inference-based transformations that exploit the PowerLoom knowledge repre-
sentation system. OntoMorph puts emphasis on the transformation of ontologies
into a common format. This may be seen as one step in the merging process of
ontologies. OntoMorph explicitly allows to violate the preservation of semantics
in trade-off for a more expressive, flexible transformation mechanism.

In [Mc+00] the Chimaera system is described that provides support for merg-
ing of ontological terms from different sources, for checking the coverage and cor-
rectness of ontologies and for maintaining ontologies over time. Chimaera handles
OKBC [C+98] compliant ontologies and supports the merging of ontologies (i) by
coalescing two semantically identical terms from different ontologies and (ii) by
identifying terms that should be related by subsumption or disjointness relation-
ships. Chimaera offers a broad collection of commands and functions to support
the merging and diagnostic process. However, the underlying assumptions about
structural properties of the ontologies at hand are not made explicit.

ProMPT [NMOO] is an algorithm for ontology merging and alignment that
is able to handle ontologies that are specified in a OKBC compatible format
[C+98]. PROMPT starts with the identification of matching class names. Based
on this initial step an iterative approach is carried out for performing automatic
updates, finding resulting conflicts, and making suggestions to remove these con-
flicts. PROMPT is implemented as an extension to the Protégé-2000 knowledge
acquisition tool and offers a collection of operations for merging two classes and
related slots. However, the description of PROMPT in [NMO0O] does not specify
the structural constraints that have to be met by the source ontologies as well as
by the target ontology resulting from the merging process.

3 Formalization of the Problem

The references given in the last section provide techniques for maintaining, merg-
ing, and aligning ontologies. However, most of these approaches focus more on
the software engineering aspects involved in these tasks, rather than on structural
aspects of the ontologies. In this paper, we outline our approach which is guided
by ideas from order and lattice theory. We believe that structural properties of
ontologies can be used to support their maintenance. In this section, we outline
the problems which shall be investigated in the light of order and lattice theory.

3.1 Maintaining Ontologies

We discuss two questions: the first deals with the definition of what an ontology
is, and the second with various topics for the maintenance of ontologies.



3.1.1 What do we consider as an ontology?

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 ontol-
ogy is an explicit specification of a conceptualization” [Gr94]. Common to all
these definitions is their level of generalization. The reason is that the definition
should cover all different kinds of ontologies, and should not be related to a par-
ticular 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 the sequel of
this paper, we will consider only the common core of all ontologies, namely the
IS_A relation. We plan to extend this approach to ontologies based on F-Logic
[KLW95] as used for instance in Ontobroker [D+99] and OntoEdit [SMO00].

3.1.2 How to support the maintenance of ontologies?

It is a common understanding that in most applications the maintenance of an on-
tology has to involve a human expert who is responsible for the structure and the
content of the ontology. Since the maintenance is tedious and time-consuming,
and the domain expert risks to loose orientation in large ontologies, tool support
is needed which makes reasonable suggestions to the expert or automates cer-
tain tasks based on principles the expert confirmed beforehand. In this paper we
present an approach based on Formal Concept Analysis [GW99] which suggests
new concepts to the domain expert. Future research shall include the integration
of approaches for generating ontologies from text with linguistic methods, and
for evaluating them with data mining techniques [MS00a, MS00b].

3.2 Merging Ontologies

Merging ontologies mean producing a target ontology out of two (or more) source
ontologies. We discuss some questions about how a structural approach can
improve the merging process.

3.2.1 Which consistency conditions should ontologies verify in order to be
allowed to be merged?

Agreeing on a number of fixed consistency conditions allows the user a better
understanding of the relationship between the source ontologies and the target
one. For instance, if one requires that each concept in a source ontology has a
counterpart in the target ontology, then the user knows that he can formulate all
his queries in the target ontology only. On the other hand, if there are conflicting
entries in the two ontologies, then it may not be possible to include all concepts.
Other questions are: Shall it be allowed to assign different concepts of one source
ontology to the same concept in the target ontology? And, vice versa, shall it



be possible that there is a concept in a source ontology which is represented by
more than one concept (or none at all) in the target ontology?

3.2.2 Can the merging of ontologies be described as a (parametrized)
operation on the set of ontologies?

The aim is to reach a structural description of the merging process by providing
a denotational semantic instead of a purely operational one. While the latter
one is implementation-dependent, the former allows to deduce general proper-
ties of the relationship between source and target ontologies. The research on
this topic will include a comparison and eventually an integration with the Scal-
able Knowledge Composition project of Stanford University ([Mi+00], see also
http://www-db.stanford.edu/SKC).

3.2.3 Which properties does the target ontology have in function of the
source ontologies?

Using the description obtained in the last paragraph, one can analyze which prop-
erties of the source ontologies are inherited by the target one. This information
allows to provide a consistent dialogue with the user based on explicitly stated
assumptions. In particular one can choose appropriate knowledge visualization
tools which rely on these assumptions.

3.2.4 How can the merging operation be embedded in an interactive method
for determining its parameters?

Merging ontologies by hand is a time-consuming process. The tools presented in
Section 2 provide heuristics for making suggestions to the user. We anticipate that
structural knowledge about the merging operation can enhance these heuristics.

3.2.5 How can the definition of the operation be used for a (semi-)automatic
update of the target ontology when the source ontologies change?

Enterprises constantly adapt themselves to new business conditions. This implies
that the ontologies of their units undergo constant change as well. The target
ontology also has to be adapted in function of these changes. Because the adap-
tation is a permanent process, it is desirable to automate it as much as possible.
The stronger the information about relationships between the source and the
target ontologies is, the easier will it be to realize the automation.

3.2.6 How can other relations beside the is_a relation be integrated?

We start our research project with the 1S_A relation in order to benefit from the
results of many years of research in order theory. Nevertheless ontologies consist



of more than this relation, with decreasing amount of structural properties. The
PART_OF relation for instance is a relatively common relation in ontologies. Al-
though treated as a partial order in many implementations, there are numerous
examples showing that the assumption of its transitivity is not always justified.
The fewer information is given about the specific relations, the more one has to
fall back on heuristics. The interplay between structural information and the
heuristics has to be studied.

3.2.7 How can meta-knowledge about concepts and relations provided by
axioms be exploited for the merging process?

Relationships between different kinds of relations can be expressed in logical ax-
ioms. In a skill management application, for instance, such an axiom can state
that a person who worked in a chemistry project has to be in the HAS_EXPERTISE
_IN relation to the concept CHEMISTRY. Using this information in an inference
engine like OntoBroker [D+99], one can overcome some of the drawbacks of re-
lationships with few structural properties.

3.3 Aligning Ontologies

Aligning two ontologies means constructing a function between the ontologies
which assigns concepts of the first ontology to ‘similar’ concepts in the second one.
The following questions arise from formally analyzing the alignment scenario.

3.3.1 Which properties should a function have which describes the align-
ment between two ontologies?

The alignment of two ontologies is considered as a mapping from the concepts
(and the relations) of one ontology to the concepts (relations) of the second
ontology. Should this mapping necessarily be a completely defined function? Or
may it be partially defined only, when the concepts of the first ontology do not
have a counterpart in the second one? Should the mapping preserve the order
of the 1S_A relation? Should it be injective, or should one allow to map two
different concepts of the first ontology on the same concept of the second? How
do these decisions influence recall, precision, and understandability of the result
of a retrieval process using this alignment function?

3.3.2 How can an interactive knowledge acquisition process support the
construction of the aligning function?

Depending on the properties required from the alignment function, an interactive
tool can make suggestions to the human expert which are coherent with the prop-
erties. This means in particular that when source and target ontology share some
property, it is a reasonable assumption for the aligning function to preserve that
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property. Systems like Chimaera or PROMPT can then reduce their suggestions
to those functions.

3.3.3 How can meta-knowledge about concepts and relations provided by
axioms be exploited for the aligning process?

As in the merging process, one can benefit from inferences derived from logi-
cal axioms. These decrease the number of possible alignment functions to be
considered.

4 Maintaining Ontologies by Applying Formal Con-
cept Analysis

Since concepts are necessary for expressing human knowledge the knowledge man-
agement process benefits from a comprehensive formalization of concepts. Formal
Concept Analysis [Wi82, GW99] offers such a formalization by mathematizing the
concept ‘concepts’ as a unit of thought constituted of two parts: its extension and
its intension. This understanding of ‘concept’ is first mentioned explicitly in the
Logic of Port Royal [AN68] and has been established in the German standards
DIN 2330 and DIN 2331. Here we apply this understanding of concepts to the
concepts given in ontologies.

4.1 Formal Concept Analysis

We recall the basics of Formal Concept Analysis as far as they are needed for this
paper. A more extensive overview is given in [GW99]. To allow a mathematical
description of extensions and intensions, Formal Concept Analysis starts with a
(formal) context defined as a triple K := (G, M, I), where G is a set of objects, M
is a set of attributes, and I is a binary relation between G and M (i.e. I C GxM).
(g,m) € I is read “the object g has the attribute m”.

Example. Figure 1 shows a formal context about dependencies of throughput
times in production processes (refer to [Sch97, p. 238]). The objects are seven
types of throughput times, and the attributes are four influence factors for the
duration of the types. The binary relation (i.e., the cross-table) indicates which
type is influenced by which factor.

For A C G, we define A" := {m € M | Vg € A:(¢9,m) € I} and, for B C M,
we define B' :={g € G |Vm € B:(g,m) € I}.

A formal concept of a formal context (G, M, I) is defined as a pair (A, B) with
ACG,BC M, A" =Band B'"=A. The sets A and B are called the eztent and

the intent of the formal concept (A, B). The subconcept—superconcept relation is
formalized by (Al,Bl) < (AZ, BQ) = A1 - A2 (<:> B; > BQ) The set of all
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Figure 1: A formal context about dependencies of time components of orders

concepts of a context K together with the order relation < is always a complete
lattice,! called the concept lattice of K and denoted by B(K). Figure 2 shows the
concept lattice of the context in Figure 1 by a line diagram.

In the line diagram, the name of an object ¢ is always attached to the circle
representing the smallest concept with ¢ in its extent; dually, the name of an
attribute m is always attached to the circle representing the largest concept with
m in its intent. This allows us to read the context relation from the diagram
because an object g has an attribute m if and only if there is an ascending path
from the circle labeled by g to the circle labeled by m. The extent of a concept
consists of all objects whose labels are below in the diagram, and the intent
consists of all attributes attached to concepts above in the hierarchy.

Example. In the concept lattice in Figure 2, the concept in the middle without
any label has {Vorbereitungszeit, Nacharbeitungszeit, Riistzeit} as extent, and
{Betriebsmittelgruppe, Arbeitsgang} as intent.

The concept lattice provides a conceptual clustering to the user. Each con-
cept extent is a cluster which is described by its intent. The line diagram shows
the hierarchical structure of the clusters. Furthermore it can be used to exam-
ine dependencies (implications) and independencies between the attributes: For
X,Y C M, we say that the implication X — Y holds in the context, if each
object having all attributes in X also has all attributes in Y.

Ezample. The implication {Losgrée, Arbeitsgang} — {Betriebsmittelgruppe}
holds in the context. It can also be read directly in the line diagram: the largest
concept having both ‘Losgrofle’ and ‘Arbeitsgang’ in its intent is the one labeled
by ‘Vorbereitungszeit’ and ‘Nachbereitungszeit’, and it has additionally ‘Betrieb-
smittelgruppe’ in its intent. Hence all throughput times influenced by ‘Losgrofie’

1. e., for each subset of concepts, there is always a greatest common subconcept and a least
common superconcept.
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Figure 2: The concept lattice of the formal context in Fig. 1

and ‘Arbeitsgang’ are necessarily also influenced by ‘Betriebsmittelgruppe’.

On the other hand the attributes ‘Losgrofie’, ‘Arbeitsgang’, and ‘Arbeitsgang-
folge’ are independent. This can be derived from the visualization in Fig. 2, where
these three concepts span a three-dimensional cube.

4.2 Supporting the Maintenance of Ontologies

In this section we discuss two ways how Formal Concept Analysis can support
the maintenance of ontologies. The first scenario is the creation of an ontology
from scratch, the second deals with the addition of new concepts to an existing
ontology. In both cases we restrict ourselves to the 1S_A relation.

4.2.1 Creating Ontologies from Scratch

The first scenario is based on the assumption that there exists a list of objects
of the domain (products, documents, web pages, etc.) and attributes describing
them. Then Formal Concept Analysis can be used to compute a concept lattice for
these data. The formal concepts are used as concepts of the new-built ontology.
It only remains to provide useful names for the concepts. The attributes provide



default names for the concepts labeled with them. The names for the other
concepts have to be determined by the user in an interactive dialogue.

From the resulting ontology we know that it is always a lattice which means
that for all pairs of concepts there always exist a unique least common super-
concept and a unique greatest common subconcept. This has two advantages.
Firstly, it allows us to compute with concepts, similar to the calculus with least
common multiples and greatest common dividers of natural numbers. One conse-
quence is that one can read implications between the attributes (and the ontology
concepts) in the concept lattice; another is the fact that the visualization like in
Figure 2 is always possible with never more than one label for each object and
each attribute [Wi82].

Secondly we can apply the whole methodology of lattice theory for operating
with such ontologies. In particular, lattice theory provides us with different
operations for dividing, factorizing, and constructing lattices.

Formal Concept Analysis can also deal with many-valued attributes, as for
instance found in relational databases. The technique applied is called conceptual
scaling. Tt is described in more detail in [GW99]. A first application of conceptual
scaling to ontologies is described in [St99].

4.2.2 Extending Given Ontologies to Lattices

Formal Concept Analysis can also be applied to ontologies when no instances
of the ontologies (i.e., no objects) are given. In this scenario, Formal Concept
Analysis is used for suggesting new concepts to the user. For any given ontology
with the only condition that the 1S_A relation verifies the axioms of a partial order
(which is almost always fulfilled), the resulting ontology is a lattice whenever the
user accepts all suggestions. Furthermore it is the smallest lattice in which the
original ontology can be embedded, thus it contains no unnecessary concepts and
offers the advantages described above.

The technique applied is the Dedekind-MacNeille-completion [Ma37] which
was first described in terms of Formal Concept Analysis in [Wi82]. It says that,
for each partially ordered set (P, <), the concept lattice B(P, P, <) is the smallest
lattice in which the partially ordered set can be embedded. Applied to ontologies
it means that, for a given ontology with a set C' of concepts and a partial order
1S_A on C, we compute the concept lattice B(C, C,15_A). We suggest all concepts
which are in the concept lattice but not in the source ontology as new concepts
to the user, and ask him to provide new names for them.

Example. Figure 3 shows part of an ontology in the logistics domain. It is not
a lattice, since for instance the two concepts StaudammJangtse and Kernkraftwerk
Hokkaido have two minimal common superconcepts (see Figure 4), namely Gross-
kunde and Auslandskunde. The Dedekind-MacNeille-completion inserts a new con-
cept in between (see Figure 5), which is then named by the user. He may for
instance name it “Grosskunde Ausland”. As most ontologies have basically tree
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Figure 3: An ontology about logistics

structures, the Dedekind-MacNeille-completion provides only few additional con-
cepts. Hence the interactive dialogue for determining new names will be kept
small in general.

5 Outlook

In this paper we have presented a list of research questions about a structural
approach to the maintenance of ontologies. Our future work in this project will
deal with solutions to the questions raised. One of the topics to keep in mind
is the trade-off between benefits from the structural approach on one hand and
its rigidness on the other hand. Further research is needed on how to close this
gap. The results shall be applied to a collection of ontologies (to be built) in the
domain of business processes.

11



Root

Unternehmen

Auslandskunde

Grosskunde

Siemens AG / \ NordicLife Ltd

StaudammJangtse KernkraftwerkHokkaido

Figure 4: “Customer” part in the logistics ontology
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Figure 5: Dedekind-MacNeille-completion of the “customer” part. (The new
bottom concept arises out of theoretical reasons and can be ignored in practice.)
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