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t. Ontologies provide expli
it models of shared 
on
eptualiza-tions, and are useful for modeling formal, semi-formal, and informalknowledge needed for 
ommuni
ation within a 
ompany. As there is typ-i
ally more than one ontology used in a 
ompany (for instan
e one inea
h department), te
hniques are needed to merge ontologies in order toassure 
ross-
ompany 
ommuni
ation. In this paper, we summarize onesu
h approa
h, 
alled FCA{Merge. During its development, it turnedout that a formal de�nition of `ontology' is needed. The resulting de�ni-tion is presented for the �rst time in detail in this paper.11 Introdu
tionOntologies have been established for knowledge sharing and are widely used asa means for 
on
eptually stru
turing domains of interest. They have turned outto be a su

essful approa
h for stru
turing informal, semi-formal, and formalknowledge. Ontologies provide an expli
it model of a shared 
on
eptualizationof some 
ommunity of interest. Therefore ontologies are a promising formalismfor supporting 
ommuni
ation with 
ompanies and organizations. However itwill not be possible in general to agree on one 
ompany-wide ontology, as thedivergen
e in the aims of the di�erent players in the 
ompany is usually too large.A natural way is to have several ontologies in a 
ompany, for instan
e one for ea
hdivision, or even one for ea
h department. With the growing usage of ontologies,the problem of overlapping knowledge in a 
ommon domain o

urs more oftenand be
omes 
riti
al. Domain-spe
i�
 ontologies are modeled by multiple authorsin multiple settings (e. g., by di�erent departments of a 
ompany). In order tosupport overall 
ommuni
ation, methods are needed to bring together these lo
alontologies, in order to allow for global (
ross-department) 
ommuni
ation.In the DFG-proje
t `OntoWise { Wissensmanagement mit multiplen Ontolo-gien', we have developed FCA{Merge, an algorithm for merging ontologies,whi
h o�ers a global stru
tural des
ription of the merging pro
ess. The algo-rithm is based on Formal Con
ept Analysis, a mathemati
al theory formalizingthe 
on
ept of `
on
ept' ([Wi82,GW99℄, see also [Wi01℄).1 This work has been �nan
ed by the Deuts
he Fors
hungsgemeins
haft (DFG) undergrant STU 170/11{1.



Related work often approa
hes the task of ontology merging from a software-engineering point of view, rather than from a stru
ture-theoreti
 point of view.Our approa
h is based on the latter, with the aim to provide formal semanti
sfor the operations whi
h are independent from the a
tual implementation. TheFCA{Merge algorithm was presented at the 17th International Joint Con-feren
e on Arti�
ial Intelligen
e (IJCAI '01), see [StuM01℄. In this paper, wesummarize the results.Our �rst attempts to provide a formalization for merging ontologies showedthat, at a te
hni
al level, some sensitive de
isions have to be made. The exa
tde�nition of what an ontology is, and the spe
i�
ation of the 
onstraints in
u-en
es the limitation of the power of the merging me
hanism on the one hand,and allows to derive stru
tural results about the target ontology on the otherhand. These stru
tural results 
an be used to infer properties whi
h the targetontology inherits from the sour
e ontologies. More general one 
an say that the
ommitment to a spe
i�
 formal de�nition will in
uen
e all future developmentin the domain.Therefore, a �rst step in the proje
t was to develop a pre
ise de�nition of whatwe understand under `ontology'. We emphasize on a mathemati
al de�nitionwhi
h allows to des
ribe the semanti
s of all ontology operations expli
itly. Inthe de�nition, we deliberately abstra
t from implementation details. Those latterare subje
t to 
urrent resear
h within the development of the Karlsruhe OntologyTool Suite KAON.1.1 Organization of the PaperIn the next se
tion, we dis
uss the problems of modeling business knowledgewith ontologies. Se
tion 3 gives a summary of our merging approa
h, and moti-vates the need for a formal de�nition of ontologies. In Se
tion 4, we provide thede�nition of `ontology' as developed within the proje
t. Se
tion 5 
on
ludes thepaper.2 Business Knowledge and OntologiesBusiness pro
esses are typi
ally treated in a 
ooperation of several departmentsof a 
ompany or even a
ross 
ompany boundaries. This requires the managementof knowledge related to the business pro
esses a
ross department and 
ompanyboundaries. Ontologies are a means for stru
turing su
h informal, semi-formal,and formal knowledge.Nevertheless it is impossible in pra
ti
e to provide a single, 
ompany-wideontology satisfying all users with regard to 
overage, pre
ision, a
tuality, andindividualization. Di�erent departments need spe
i�
 approa
hes and vo
abu-laries for des
ribing and solving their spe
i�
 tasks (see Figure 1). Hen
e thebalan
e between the two 
on
i
ting obje
tives of providing a 
ommon knowl-edge 
ore on the one hand and suÆ
ient in
uen
e of the di�erent departmentson its stru
ture and 
ontent on the other hand has to be maintained.2
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Fig. 1. The hierar
hy of departments/sub-pro
esses of a 
ompany or organizationA solution to this problem is to provide multiple ontologies whi
h are orga-nized along the organizational stru
ture of the 
ompany (departments, workinggroups, et
.) and/or the stru
ture of the business pro
esses (see Figure 2). Theremay be a general, 
ompany-wide ontology whi
h spe
i�es the 
ommon vo
abu-lary. Subdivisions will then have their own, more spe
i�
 ontologies with di�erentlevels of granularity. The smaller a unit is, the more (task-)spe
i�
 will be itsontology.When a business pro
ess passes from one unit to another, the need for 
om-muni
ation arises. At that moment, the underlying ontologies have to be made
ompatible. Compatibility 
an be obtained by merging the ontologies into aunique one, or by aligning them. Merging two ontologies means 
reating a newontology in a semi-automati
 manner by using the 
on
epts of both ontologiesand by identifying some of them. Aligning two ontologies means de�ning a map-ping between the two ontologies whi
h translates 
on
epts of the �rst ontologyinto the se
ond one. In this paper, we fo
us on the task of ontology merging.Our approa
h will be dis
ussed in the next se
tion.3 Ontology Merging Based on Formal Con
ept AnalysisThe pro
ess of ontology merging takes as input two (or more) sour
e ontologiesand returns a merged ontology based on the given sour
e ontologies. Manualontology merging using 
onventional editing tools without support is diÆ
ult,labor intensive and error prone. Therefore, several systems and frameworks forsupporting the knowledge engineer in the ontology merging task have re
ently3
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ture of the 
om-pany/organizationbeen proposed [Ho98,Ch00,NM00,MFRW00℄. The approa
hes rely on synta
ti
and semanti
 mat
hing heuristi
s whi
h are derived from the behavior of ontol-ogy engineers when 
onfronted with the task of merging ontologies, i. e., humanbehavior is simulated. Although some of them lo
ally use di�erent kinds of log-i
s for 
omparisons, these approa
hes do not o�er a stru
tural des
ription of theglobal merging pro
ess.FCA{Merge is a method for merging ontologies following a bottom-up ap-proa
h and o�ering a global stru
tural des
ription of the merging pro
ess. Forthe sour
e ontologies, it extra
ts instan
es from a given set of domain-spe
i�
text do
uments by applying natural language pro
essing te
hniques. Based onthe extra
ted instan
es we use the Titani
 algorithm [STBPL01℄ to derive a
on
ept latti
e. The 
on
ept latti
e provides a 
on
eptual 
lustering of the 
on-
epts of the sour
e ontologies. It is explored and intera
tively transformed to themerged ontology by the ontology engineer. The approa
h is des
ribed in detailin [StuM01℄.FCA{Merge is based on appli
ation-spe
i�
 instan
es of the input ontolo-gies O1 and O2 that are to be merged. The overall pro
ess of merging twoontologies is depi
ted in Figure 3 and 
onsists of three steps, namely (i) in-stan
e extra
tion and 
omputing of two formal 
ontexts K 1 and K 2 , (ii) theFCA-Merge 
ore algorithm that derives a 
ommon 
ontext and 
omputes a
on
ept latti
e, and (iii) the generation of the �nal merged ontology based onthe 
on
ept latti
e.The method takes as input the two ontologies and a set D of natural lan-guage do
uments. The do
uments have to be relevant to both ontologies, so4
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uments are des
ribed by the 
on
epts 
ontained in the ontology.The do
uments may be taken from the target appli
ation whi
h requires the�nal merged ontology. From the do
uments in D, we extra
t instan
es. This au-tomati
 knowledge a
quisition step returns, for ea
h ontology, a formal 
ontextindi
ating whi
h ontology 
on
epts appear in whi
h do
uments.The extra
tion of the instan
es from do
uments is ne
essary be
ause thereare usually no instan
es whi
h are already 
lassi�ed by both ontologies. However,if this situation is given, one 
an skip the �rst step and use the 
lassi�
ation ofthe instan
es dire
tly as input for the two formal 
ontexts.The se
ond step of the approa
h 
omprises the FCA{Merge 
ore algorithm.The 
ore algorithm merges the two 
ontexts and 
omputes a 
on
ept latti
e fromthe merged 
ontext using the Titani
 algorithm. More pre
isely, it 
omputesa pruned 
on
ept latti
e whi
h has the same degree of detail as the two sour
eontologies.Instan
e extra
tion and the FCA{Merge 
ore algorithm are fully automati
.The �nal step of deriving the merged ontology from the 
on
ept latti
e requireshuman intera
tion. Based on the pruned 
on
ept latti
e and the sets of relationnames R1 and R2, the ontology engineer 
reates the 
on
epts and relations ofthe target ontology. The ontology engineering environment OntoEdit providesgraphi
al means for supporting this pro
ess.Certainly, high quality results of the merging pro
ess will always need somehuman involved, who is able to make judgments based on ba
kground knowl-edge, so
ial 
onventions, and purposes. Thus, all merging approa
hes aim atsupporting the knowledge engineer, and not at repla
ing him. Our approa
h dif-fers from the related work stated above in that it provides, for one part of themerging pro
ess, an algorithm with a well-de�ned des
ription of the output interms of the input. If the knowledge engineer 
ommits to this des
ription, he isguaranteed to obtain the expe
ted results. FCA{Merge may of 
ourse also bein
luded in a heuristi
s-based approa
h as a reliable building blo
k.5



As the aim of our approa
h was to provide a stru
tural des
ription of themerging pro
ess, it soon be
ame 
lear that we would need formal de�nitions ofall stru
tures involved. Hen
e a �rst step in the proje
t was to 
ome up with apre
ise, expli
it de�nition of our understanding of ontologies. This formalizationis presented in the next se
tion.4 The Karlsruhe Perspe
tive on OntologiesThere are di�erent `de�nitions' in the literature of what an ontology should be.Some of them are dis
ussed in [Gu97℄, the most prominent being \An ontologyis an expli
it spe
i�
ation of a 
on
eptualization" [Gr94℄. A `
on
eptualization'refers to an abstra
t model of some phenomenon in the world by identifying therelevant 
on
ept of that phenomenon. `Expli
it' means that the types of 
on
eptsused and the 
onstraints on their use are expli
itly de�ned. This de�nition isoften extended by three additional 
onditions: \An ontology is an expli
it, formalspe
i�
ation of a shared 
on
eptualization of a domain of interest". `Formal'refers to the fa
t that the ontology should be ma
hine readable (whi
h ex
ludesfor instan
e natural language). `Shared' re
e
ts the notion that an ontology
aptures 
onsensual knowledge, that is, it is not private to some individual, buta

epted as a group. The referen
e to `a domain of interest' indi
ates that fordomain ontologies one is not interested in modeling the whole world, but ratherin modeling just the parts whi
h are relevant to the task at hand.Common to all these de�nitions is their high level of generalization, whi
his far from a pre
ise mathemati
al de�nition. The reason is that the de�nitionshould 
over all di�erent kinds of ontologies, and should not be related to aparti
ular method of knowledge representation [HSW97℄. However, as we wantto study stru
tural aspe
ts, we have to 
ommit ourselves to one spe
i�
 ontologyrepresentation framework, and to a pre
ise, detailed de�nition. In a modular waywe 
onsider �rst the 
ommon 
ore of all ontologies, and then introdu
e di�erentextensions. Our approa
h is independent of a spe
i�
 logi
al language. It 
an forinstan
e be used with F-Logi
 [KLW95℄, as it is e. g. implemented in Ontobroker[D+99℄ and OntoEdit [StaM00℄, but is open to other languages.De�nition 1. A 
ore ontology is a stru
tureO := (C;�C ; R; �;�R)
onsisting of{ two disjoint sets C and R whose elements are 
alled 
on
ept identi�ers andrelation identi�ers, resp.,{ a partial order �C on C, 
alled 
on
ept hierar
hy or taxonomy,{ a fun
tion �:R! C+ 
alled signature,{ a partial order �R on R, 
alled relation hierar
hy, where r1 �R r2 impliesj�(r1)j = j�(r2)j and �i(�(r1)) �C �i(�(r2)), for ea
h 1 � i � j�(r1)j.6



Often we will 
all 
on
ept identi�ers and relation identi�ers just 
on
eptsand relations, resp., for sake of simpli
ity. Almost all relations in pra
ti
al useare binary. For those relations, we de�ne their domain and their range.De�nition 2. For a relation r 2 R with j�(r)j = 2, we de�ne its domain andits range by dom(r) := �1(�(r)) and range(r) := �2(�(r)).If 
1 �C 
2, for 
1; 
2 2 C, then 
1 is a sub
on
ept of 
2, and 
2 is asuper
on
ept of 
1. If r1 �R r2, for r1; r2 2 R, then r1 is a subrelation of r2,and r2 is a superrelation of r1.If 
1 <C 
2 and there is no 
3 2 C with 
1 <C 
3 <C 
2, then 
1 is a dire
tsub
on
ept of 
2, and 
2 is a dire
t super
on
ept of 
1. We note this by 
1 � 
2.Dire
t superrelations and dire
t subrelations are de�ned analogously.Relationships between 
on
epts and/or relations as well as 
onstraints 
anbe expressed within a logi
al language. We provide a generi
 de�nition, whi
hallows the use of di�erent languages.De�nition 3. Let L be a logi
al language. A L-axiom system for an ontologyO := (C;�C ; R; �;�R) is a pair A := (AI; �)where{ AI is a set whose elements are 
alled axiom identi�ers and{ �:AI ! L is a mapping.The elements of A := �(AI) are 
alled axioms.An ontology with L-axioms is a pair(O; A)where O is an ontology and A is a L-axiom system for O.In the sequel, ontology stands for either a 
ore ontology or an ontology withL-axioms.A

ording to the international standard ISO 704, we provide names for the
on
epts (and relations). Instead of `name', we 
all them `sign' to allow for moregenerality.De�nition 4. A lexi
on for an ontology O := (C;�C ; R; �;�R) is a stru
tureLex := (SC ; SR;Ref C ;Ref R)
onsisting of{ two sets SC and SR whose elements are 
alled signs for 
on
epts and rela-tions, resp., 7



{ a relation Ref C � SC�C 
alled lexi
al referen
e for 
on
epts, where (
; 
) 2Ref C holds for all 
 2 C \ SC .{ a relation Ref R � SR�R 
alled lexi
al referen
e for relations, where (r; r) 2Ref R holds for all r 2 R \ SR.Based on Ref C , we de�ne, for s 2 SC,Ref C(s) := f
 2 C j (s; 
) 2 Ref Cgand, for 
 2 C, Ref �1C (
) := fs 2 S j (s; 
) 2 Ref Cg :Ref R and Ref �1R are de�ned analogously.An ontology with lexi
on is a pair(O;Lex )where O is an ontology and Lex is a lexi
on for O.Ontologies formalize the intentional aspe
ts of a domain. The extensionalpart is provided by a knowledge base, whi
h 
ontains assertions about instan
esof the 
on
epts and relations.De�nition 5. A knowledge base is a stru
tureKB := (CKB ; RKB ; I; �C ; �R)
onsisting of{ two sets CKB and RKB ,{ a set I whose elements are 
alled instan
e identi�ers (or instan
es or obje
tsfor short),{ a fun
tion �C :CKB ! P(I) 
alled 
on
ept instantiation,{ a fun
tion �R:RKB ! P(I+) 
alled relation instantiation.As for 
on
epts and relations, we also provide names for instan
es.De�nition 6. An instan
e lexi
on for a knowledge base KB := (CKB ; RKB ; I; �C ; �R)is a pair IL := (SI ; RI)
onsisting of{ a set SI whose elements are 
alled signs for instan
es,{ a relation RI � SI � I 
alled lexi
al referen
e for instan
es.A knowledge base with lexi
on is a pair(KB ; IL)where KB is a knowledge base and IL is an instan
e lexi
on for KB.8



When a knowledge base is given, we 
an derive the extensions of the 
on
eptsand relations of the ontology, based on the 
on
ept instantiation and the relationinstantiation.De�nition 7. Let KB := (CKB ; RKB ; I; �C ; �R) be a knowledge base. The ex-tension [[
℄℄KB � I of a 
on
ept 
 2 C is re
ursively de�ned by the followingrules:{ [[
℄℄KB  �C(
){ [[
℄℄KB  [[
℄℄KB [ [[
0℄℄KB , for 
0 < 
.{ the axioms in A (if O is an ontology with L-axioms).The extension [[r℄℄KB � I+ of a relation r 2 R is re
ursively de�ned by thefollowing rules:{ [[r℄℄KB  �R(r){ [[r℄℄KB  [[r℄℄KB [ [[r0℄℄KB , for r0 < r.{ the axioms in A (if O is an ontology with L-axioms).If the referen
e to the knowledge base is 
lear from the 
ontext, we also write[[
℄℄ and [[r℄℄ instead of [[
℄℄KB and [[r℄℄KB .The following de�nition tells us if a knowledge base is 
onsistent with anontology.De�nition 8. A knowledge base KB := (I; �C ; �R) is 
onsistent with an ontol-ogy O, if all of the following hold:{ O is 
onsistent (if O is an ontology with L-axioms),{ CKB � C,{ RKB � R,{ [[r℄℄ �Q
2�(r)[[
℄℄, for all r 2 R{ KB is a model for A [ f
1 � 
2 ! [[
1℄℄ � [[
2℄℄ j 
1; 
2 2 Cg [ fr1 � r2 ![[r1℄℄ � [[r2℄℄ j r1; r2 2 Rg.5 Con
lusionIn this paper, we have analyzed the problems of modeling business knowledgewith ontologies. We have summarized FCA{Merge, an algorithm for ontologymerging, whi
h provides a stru
tural des
ription of the merging pro
ess. Duringits development the need of a formal de�nition of what we understand under`ontology' arose. The resulting formal de�nition is presented in this paper forthe �rst time in detail.A
knowledgementMany thanks go to all members of our group, who 
ontributed to the formaliza-tion of our understanding of `ontology' in a series of lively dis
ussions.9



Referen
es[Ch00℄ H. Chalupsky: OntoMorph: A translation system for symboli
 knowledge.Pro
. 7th Intl. Conf. on Prin
iples of Knowledge Representation and Reasoning(KR'2000), Bre
kenridge, Colorado, USA, April 2000,471{482[D+99℄ S. De
ker, M. Erdmann, D. Fensel, R. Studer: Ontobroker: Ontology-baseda

ess to distributed and semi-stru
tured information. In: R. Meersman et al.(eds.), Database Semanti
s: Semanti
 Issues in Multimedia Systems, Pro
eedingsTC2/WG 2.6 8th Working Conferen
e on Database Semanti
s (DS-8), Rotorua,New Zealand, Kluwer A
ademi
 Publishers, Boston, 1999.[GW99℄ B. Ganter, R. Wille: Formal Con
ept Analysis: Mathemati
al Foundations.Springer, Heidelberg 1999. (Translation of: Formale Begri�sanalyse: Mathematis
heGrundlagen. Springer, Heidelberg 1996.)[Gr94℄ T. Gruber: Towards prin
iples for the design of ontologies used for knowledgesharing. Intl. J. of Human and Computer Studies 43(5/6), 1994, 907{928[Gu97℄ N. Guarino: Understanding, building and using ontologies. Intl. J. of Humanand Computer Studies 46(2/3), 1997, 293{310[HSW97℄ G. van Heijst, A. Th. S
hreiber, B. J. Wielinga: Using expli
it ontologies inKBS development. Intl. J. of Human and Computer Studies 46(2/3), 1997, 183{292[Ho98℄ E. Hovy: Combining and standardizing large-s
ale, pra
ti
al ontologies for ma-
hine translation and other uses. Pro
. 1st Intl. Conf. on Language Resour
es andEvaluation, Granada, Spain, May 1998[KLW95℄ M. Kifer, G. Lausen, J. Wu: Logi
al foundations of obje
t-oriented and frame-based languages, Journal of the ACM 42, 1995[MFRW00℄ D. L. M
Guinness, R. Fikes, J. Ri
e, and S. Wilder: An environment formerging and testing large Ontologies. Pro
. 7th Intl. Conf. on Prin
iples of Knowl-edge Representation and Reasoning (KR'2000), Bre
kenridge, Colorado, USA, April2000, 483{493[NM00℄ N. F. Noy, M. A. Musen: PROMPT: algorithm and tool for automated on-tology merging and alignment. Pro
. 17th Natl. Conf. on Arti�
ial Intelligen
e(AAAI'2000), Austin, TX, July/August 2000, 450{455[StaM00℄ S. Staab, A. M�ad
he: Ontology engineering beyond the modeling of 
on
eptsand relations. Pro
. ECAI'2000 workshop on appli
ation of ontologies and problem-solving methods, IOS Press, Amsterdam 2000[StuM01℄ G. Stumme, A. M�ad
he: FCA{Merge: Bottom-Up Merging of Ontologies.Pro
. 17th Intl. Conf. on Arti�
ial Intelligen
e (IJCAI '01). Seattle, WA, USA,2001, 225{230[STBPL01℄ G. Stumme, R. Taouil, Y. Bastide, N. Pasqier, L. Lakhal: Computing I
e-berg Con
ept Latti
es with Titani
. J. on Knowledge and Data Engineering (toappear)[Wi82℄ R. Wille: Restru
turing latti
e theory: an approa
h based on hierar
hies of
on
epts. In: I. Rival (ed.): Ordered sets. Reidel, Dordre
ht{Boston, 445{470[Wi01℄ R. Wille: Begri�i
he Wissensverarbeitung: Theorie und Praxis. InformatikSpektrum 23(6), 2000, 357{369
10


