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Abstract:- Evena singledomaincancontaina tremendousnumberof localontologieswith semanticheterogeneity, thusone
of the basicproblemsin the developmentof techniquesfor the semanticweb is the integrationof ontologies.This paper
dealswith the problemof unificationamongsortsfor the sake of ontology integrationandcoherentinformationretrieval
in semanticweb applications.In this context, a knowledgerepresentationformalism,in orderto unify two arbitrarysorts
into one, is important. We provide a sortedsignaturefor ontologyspecificationregardingsubsumptionconsistency in a
sort hierarchy. In our approach,taxonomiesarestructuredby the set-theoreticalinclusionof identity conditionsthrough
inheritance.An identity condition(IC) canjudgewhethertwo individualsof a sort areidenticalor not. First, we address
somefundamentalsemanticrelationsbasedon the IC setsof sorts. Next, we introducetheown IC of a sort, that is, an IC
originatedby thatsort,for our sortunificationframework. We dealwith theequalityof sortsby usingsamenessandmutual
substitutionbetweentheir own ICs, concerningthe views of terminologyandsubsumptionlevel betweenlocal ontologies.
We alsoillustrateasemanticintegrationmodelamongindependentworlds.
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1. Intr oduction

Oneof the basicproblemsin the developmentof tech-
niquesfor the semanticweb is the integration of ontolo-
gies. Indeed,the web incorporatesa variety of informa-
tion sources,andin orderto extract informationfrom such
sources,their semanticintegrationandreconciliationis re-
quired. In this paper, we deal with a situation in which
we have variouslocal ontologies,developedindependently
from eachother. Wearerequiredto extractinformationasa
meanof integratingtheselocal ontologies.Thus,themain
purposesof this paperare to provide a knowledgerepre-
sentationsystemfor ontologiesandto defineheuristicsfor
ontologymappingandintegrating(seeSection3).

Most of the work carriedout on ontologiesfor the se-
manticweb concernswhich ontology languageto usefor
integrationon thebasisof localones.For example,theOn-
tology InferenceLayer(OIL) [5, 13] proposesto useanex-
pressiveDescriptionLogic (DL) form of ontologylanguage
for informationexchangein thesemanticweb.

Therearea tremendousnumberof local ontologieson
theweb,andfor efficient informationretrieval in response
to a query, we often needto integrate them. A few ex-
ampleswill illustrate the scenario. A web marketplace
like �������
	�� R



1 mayneedto combinepublicationsfrom

1http://www.amazon.com

multiple publishingsitesinto its own. A web portal like� 	�	������ R



2 may needto proceeda query throughmulti-
ple ontologiesin orderto fulfill theuser’s requirements.A
stockexchangeagentlike �������
��� R



3 mayneedto analyze

the dynamicstatisticsof market changesbasedon several
databasesacrossdifferentschemas.

If all ontologyengineersanddomainexpertsagreedona
universalstandard,theunificationof sortsmightbenotnec-
essary. However, thewebhasevolvedwithout centraledi-
torshipandconsensus.Sincethe correspondencebetween
any two communitiesis inevitably fuzzy even for a single
domain,aknowledgerepresentationformalismwhichdeals
with thesemanticheterogeneityamongdatarepositoriesas
well aswith semanticmappingbetweenontologiesis criti-
cal.

According to [1], ontological propertiesare generally
classifiedas:� sortals: No part of the entity hasthe property. e.g.,

person,desk,university, book

� Non-sortals: Part of the entity hasthe property. e.g,
water, air, gold, red,small,level

The sortal propertiesare representedas the primitive
conceptsof a knowledgemodel andnon-sortalproperties

2http://www.google.com
3http://www.nasdaq.com



becometherelationsof concepts.In our approach,ontolo-
giesarestructuredby anorder-sortedcalculus[12] in which
conceptsare definedas sortsand relationsare treatedas
predicates.We createacorrespondencebetweenontologies
anddatabaseschemasby interpretingeachsortasaclass.

The organizationof this paperis asfollows. In Section
2,wepresentthespecificationof ontologiesandontological
databaseswith respectto thesortedsignature� . In Section
3, we statethe semanticrelationsamongsortsconcerning
their IC sets. Then, we discussa framework of sort uni-
fication basedon own ICs regardingterminologicaldiffer-
encesandsubsumptionlevelsamonglocalontologiesin in-
dependentworlds.In Section4,wecompareourknowledge
representationformalismwith otherrelatedtechniques.Fi-
nally, in Section5, we summarizeour contribution anddis-
cussour futureresearch.

2 Specificationof Ontologiesin Order-Sorted
Calculus

Order-sortedlogic is a first-orderpredicatelogic with
many orderedsorts,which leadsto the efficient reasoning
methodsfor structuralknowledgethat ordinaryfirst-order
logic lacks.Theadvantagesof order-sortedlogic areasfol-
lows.� All formulaswith sortedtermscanbe checked more

or lesssyntacticallywhethera logic programis well-
typed4 or not.

� Sortingreducesthesearchspaceof the inferencesys-
tem.Wecouldseetheadvantageof reasoningmethods
on sortedpredicatesand knowledge derivation with
multipleknowledgebasesin [8].

Wealsoagreetheconsistency of subsumptionrelationin
asorthierarchyis importantfor thoseadvantages[10].

2.1 Overview of Order-SortedCalculusand Mul-
tiple ICs

In [12], we provided the signatureand semanticsof
an order-sortedcalculusto formalizetaxonomiesin sorted
logic. Here,we representanoverview of sortedcalculusas
ashortreferencefor laterspecification.

The alphabetof a first-orderlanguage,� , is definedby
atuple( �! #" "$ &%' )(� +*-,. 0/1, ) with asetof rigid ( 2 ) andnon-
rigid ( 3 ) sortsincluding the greatestsort 4 , subsumption
relations( " ) on sorts,constants,variables,� -ary functions
andpredicatesrespectively. Thereafter, a sortedsignature�65879�� �" ": );=< is designatedwhere ; is a setof formu-
las with sortedterms( > ) suchthat ?�@A�CBD>FE , if GHBI>FE

4A programis well-typediff eachargumentpositionof a function or
predicateis of anappropriatetype.

and �:"J��K , then GLBM>FEON . Wegive thesemanticsof sortsand
predicatesin termsof apossibleworld becausetheinterpre-
tationof sortscandiffer from oneworld to thenext. Thus,
we attachP in eachinterpretation.However, all ontologies
givenon � sharethealphabet� .

As we have discussedin [10, 11], a sort canhave more
thanoneIC throughsubsumptionrelation.Wecall thatcon-
ceptmultipleICsandintroduceit asanIC setfor eachsort.
In a formal way, the IC setof a sort � existing in world P
is QSR17���<:5UT�VXW� YV[Z\ #]^]^]_]^]a` where V!Bb*!W is a unaryfunction
which providestheuniqueidentifier for eachindividual of
asort.For example,QSR17dce��f���	��g<A5hT�ij���k mleno�p����fmcqf�nX�SGm`
wherelenX�p����f)c.f�no�SGr7^s
	utF�v@#c.��fu��	��g< returnsauniqueiden-
tifier for a specificfingerprintpatternof person“john”.

A unaryfunction V is an identitycondition(IC) if f:wex  0ySz x 5{y=|8V07 x @\��<A5IV07[y}@
��<O~o] (1)

We classify ICs into local ICs andglobal ICs with re-
spectto thepossibleworld semantics,givenaKripkeframe.
An IC V is� a Global IC if f z z V+7���@���<O~ ~ R 5�z z V+7[��@F��<X~ ~ R N for any � inP���P�K , and� a Local IC if f it is not a globalIC.

The differenceis that a global IC can retain its value
throughall accessibleworlds. For example,fingerprint is
a global IC andstudentIDis a local IC. The ICs areinter-
twinedwith rigidity thatcandecidethescopeof essentiality
for a sort. Formally, a sort � is rigid if f � 5U� wpx z^7 x @p��<!��!7 x @���<X~ (+R); otherwisenon-rigid ( � R). For example,
“personis rigid” meansevery personis a personin every
world, and“studentis non-rigid” meanseverystudentis not
necessarilya studentin every world. Thus,we divide sorts
into two categories:rigid sorts( ����� ) andnon-rigidsorts
( �{��� ) suchthat �H���b5I� and �H�}��5�� .

2.2 Specificationof Formal Ontologies

Now, wegivethespecificationof ontologieswith respect
to thesortedsignature� .

Definition 1 (Ontology) An ontology � is a tuple79�� �" "$ +�. );=< where � is a setof identityconditionson � .

Definition 2 (Local Ontology) A local ontology �$��579�gRL #" " R  +�#R� m;�R�< is an ontology designedin a specific
world PhB�� .

For any sort �}B�� R , thereis anIC set Q R 7���< thatconsists
of carriedICs inheritedfrom parentsorts,aswell asownIC
originatedby itself. WediscussownICs in thenext section.
The subsumptionrelation ( "-R ) betweenany two sorts is
consistentlydefinedby IC inheritance.

�:"-Rv� K if f QSRL7o� K <1�CQSR17���< (2)



Example1 Suppose�����:5U7��gRp�� #" " R �  +�rRS�� m;�Rp�#< is a lo-
cal ontology in world P�W for the university domain. The
specificationof � � � is asfollows.� R � = T professor, staff, student,human,university, course,4 `" " RS� 5 T+c.f�	ulp������	�f " R � tF¡e���
�' m�#GO¡p�
���SG¢" R �tF¡e���
�v" R �14£ 0¡e�SnX¤
��fu��nXGOy¥" R �14£ +?#	�¡.fu���k" R �14 `�rRp� = T fingerprint, professorID,studentID,courseID, uni-
versityID ` such thatQSRp��7otF¡e���\�g<¦5hT�lenX�p����f)c.f�no�SGm` ,QSRp��7acqf�	ulp������	�fu<L5§T�leno�p����fmcqf�nX�SGY [cqf�	ulp������	�f��
i�` ,QSRp��7o��GO¡e�
���SG0<¦5§T�leno�p����fmcqf�nX�SGY )��GO¡e�
���SG&�\iM` ,QSRp��7[¡.�SnX¤���f���nXGOyF<¦5DT�¡.�SnX¤���fu��nXGOy��\i�` ,QSRp��7�?r	�¡ef�����<A5hT�?r	�¡efu�����
i�` .;£RS�15§T�¨Y���[	��p� G&	� +G&���
?�t© m�#GO¡p�\ye )���ª¤
n&���\` in theformsof«�x  +y belongto(x:human,y:university),«�x  +y teach(x:professor, y:course),«�x  +y study(x:student,y:course),wex

advise(supervisorof(x:student):professor,
x:student).

There may be a numberof databases(or knowledge
bases)which apply the local ontologyin a specificworld.
We call themontological databases.

Definition 3 (Ontological Database) Givena local ontol-
ogy ��� , an ontological databaseis a tuple �$¬¦­ 57o���O 0®:RL �z z\~ ~ R < where ®kR is the domainof �$¬A­ such that®:R¯�J° (° is a universal setof individuals)and z z�~ ~ is the
interpretationof � � in world P .

In any ontologicaldatabase� ¬¦­ , thefollowing interpreta-
tionsareconsistent.

n&lS�$Bj� R then z z±�r~ ~ R �Dz z ®k~ ~ R (3)

�:"�� K if f z z±�r~ ~ R �Dz z � K ~ ~ R (4)

Next, we considera globalontologyfor all local ontolo-
giesgivena well-definedKripke frame.

Definition 4 (Global Ontology) A global ontology in
world P is a tuple ��²�5³7[�¦ �" "$ +�. );=< in which all sortsare
rigid and ��²£��� � in everyaccessibleworld Pµ´¦BM� such
that P���P ´ .
Example2 Consideranontological modelgivenin a well-
definedKripke frame ¶[�� &·}¸ where �¹5§T�Pk 0P�Wu 0PµZu +P1ºª`
with ·»5¼T�P���P ´ `
 #½=¾§n�¾§¿ . By Definition4, there is a
global ontology ( � ² ) in world P which is appliedto every
local ontology ( ��� ) in world P ´ B¯� . For any rigid sort2�B���R , QSR1792©<¦5�QSReÀY792©< .

Additionally, the following set-theoretical inclusion is
satisfiedamongall ontological databasesin the above ex-
ample.

z z 2e~ ~ R�Á z z 2.~ ~ ReÀ �
�©� z z ®k~ ~ R�Á z z ®k~ ~ ReÀ (5)
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Figure 1. An Example Application Model for
Ontology Integration

The upper part of Figure 1 illustratesa model of on-
tologiesandrelateddatabaseslocally designedin different
worlds. If theaccessibilityrelations( · ) areknown among
worlds PÂBh� , the conceptof a global ontology is very
usefulfor ontologymappingandintegrationprocess.How-
ever, ontologiesmaybedesignedin eachlocal world with-
out any accessibilityrelation betweeneachother. There-
fore, equation(5) may not be applicablein sucha knowl-
edgemodel. We needto consideranothersolutionto inte-
gratesemanticheterogeneityamonglocal ontologieswith
unknownaccessibilityrelationsto eachother. Thenext sec-
tion presentsa detaileddiscussionof ontology integration
givenaKripke frame 7[�� &·}< with �ÃT�Pµ´0` , ½$¾JnA¾�� , and·Ä5hT�P ´ �!P ´ ` .
3 Framework of SortsUnification

Concerningontologymappingandintegratingamongin-
dependentworlds, threekinds of semanticrelationcanbe
generallyidentifiedasfollows.

� Disjoint Relation: Thereis no intersectionbetween
theIC setsof two givensorts � ´ B}�gR.À and �YÅ:B��gRqÆ .

��´�Ç�� Å if f Q R À#7���´o<g� Q R Æª7�� Å <¦5I� (6)

� Overlap Relation: Thereis an intersectionbetween
theIC setsof two givensorts � ´ B}�gR.À and �YÅ:B��gRqÆ .

��´�È5 � Å if f Q R À#7���´o<g� Q R Æª7�� Å <!É5I� (7)



� Equality Relation: Thereis anequivalentrelationbe-
tweenthe IC setsof two given sorts � ´ BU�gR.À and� Å B}� R Æ .

� ´gÊ �rÅ if f QSR.Àr7o� ´ <¦5�QSRqÆu7o�rÅ�< (8)

Therearetwo possibleissuesfor theabove relationses-
peciallywith regardto equation(8).

1. Terminological Difference: How do we make the
heuristicsdefinedfor eachrelationto be applicableif
thenames(or terms)of thesortsandtheir ICs do not
exactly match? For example,staff andemployeeare
terminologicallydifferentbut semanticallythesameas
thepersonwho is employedin anorganization.

2. Subsumptionlevel: The subsumptionlevel of a sort
amonglocal ontologiescan not always be the same.
For example, QSReÀr7dc.f�	ulp������	�fu<ËÉ5ÌQSR.Æu7dc.f�	ulp������	�fu<
where cqf�	ulp������	�fÍ"-ReÀÎ��G&��lSlÏ"-ReÀ�tq¡e���
� andcqf�	ulp������	�fÐ" R ÆÑlp��?Y¡e�[GOyÒ" R ÆÓ����c.��	�y����Ô" R Æc.��fu��	�� .

Our solution is basedon the notion of own IC because
the own IC of a sort is createdonly by that sort and it is
very limited. The role of own IC overcomesthe problem
causedby thesubsumptionlevel.

Definition 5 (Own IC) Let V�ÕgÖ�B×QSR17���< be an own IC of
sort � iff V ÕgÖ ÉB�QSR17�� K < where � K É"-Rv� .
Example3 According to Definition5, theIC setsof �$�^� in
example1 becomesQ R ��7otF¡e���\�g<¦5hT�lenX�p����f)c.f�no�SG&Õ�Ö�` ,Q R ��7acqf�	ulS<A5hT�lenX�p����fmc.f�nX�SGY �cqf�	ulp������	�f��
iHÕgÖ�` ,Q R ��7o��GO¡e�
���SG0<¦5§T�leno�p����fmcqf�nX�SGY )��GO¡e�
���SG&�\ijÕgÖ#` ,Q R ��7[¡.�SnX¤���f���nXGOyF<¦5DT�¡.�SnX¤���fu��nXGOy��\iHÕ�Ö�` ,Q R ��7�?r	�¡ef�����<A5hT�?r	�¡efu�����
iHÕgÖ�` .

Normally, each sort is identified by a single
own IC, for example, ?r	���cq¡eG&��f
T+cqf�	��\¡e?rG Ø���y�Õ�Ö�` ,¨Y	�	uØeT����'Ù£��ÕgÖ�` , tq	����)c.�\���\TuÚ$�$ÛAÕgÖ#` , etc. However,
some sorts can have more than one own IC, such asc.��fu��	���T�lenX�p����fmcqf�nX�SG&ÕgÖ� 0nXf�n&� c.�
GOG&��f��©Õ�Ö�` . In the former
case,we focuson the terminologicaldifferenceandshow
the samenessof own ICs for the equality relation. Each
individual of a sort could have the sameIC value as the
next own IC, if those ICs are semanticallyequivalent.
In the latter case,the IC valuesof eachown IC can be
totally differentsincethesemanticsof eachown IC is quite
different. However, the own ICs of sortsmay be able to
substitutemutually, if they areown ICsof thesamesort.

In order to show the samenessandmutualsubstitution
betweentwo own ICs, we usean approachin which the
own ICs of sorts � ´ and �rÅ aretemporarilysharedby each

sort interchangeably. Beforethat, the systemmustbesure
that V9Å¥ÉB�QSReÀr7o� ´ < and V ´ ÉB¥QSR.Æu7��rÅ�< . In thisapproach,weas-
sumethatnecessarydatasetsfor V ÕgÖ´ in P Å concerningwithz z � Å ~ ~ R.Æ and V Õ�ÖÅ in P1´ concerningwith z z±��´9~ ~ ReÀ arepossiblyto
becreated.

Let eachV�´oÕgÖ and V Å ÕgÖ beown ICsof two arbitrarysorts��´ and � Å from differentlocalontologies.

Definition 6 (Samenessof own ICs) There is the same-
nessof ownICsbetweenV ´ ÕgÖ and V9Å�ÕgÖ :V ´ ÕgÖ ]5ÜV9Å�Õ�Ö iff

wex @×� ´ z±V ´ Õ�Öu7 x <Ã5ÝV9Å�ÕgÖª7 x <O~ andw yH@
�YÅ!z±V9Å�ÕgÖª7�yF<¦5IV ´ ÕgÖu7[yF<X~ .
Definition 7 (Mutual Substitution of Own ICs) There is
a mutualsubstitutionbetweenV ´ ÕgÖ and V9Å�ÕgÖ :V ´ ÕgÖ�Þoß�V9Å�ÕgÖ iff 7 wex ´  +y ´ @�� ´ z±V9Å�ÕgÖu7 x ´ <H5àV9Å�ÕgÖª7�y ´ <j|x ´ 5hy ´ ~ and

wex Åª +y�Å¥@e�rÅ z V ´ ÕgÖu7 x Å�<�5áV ´ ÕgÖ�7�y�Å�<!| x Å�5y�År~F< .
Now, wemodify theequalityrelation( Ê ) of thetwo sorts

in equation8 concerningwith their own ICs.

Definition 8 (Equality of Sorts) Sorts � ´ and �rÅ have
equalityof sortsby either a samenessor a mutualsubsti-
tution relationbetweentheir ownICs. In a formalway,

� Equalityof SortsbySameOwnICs7 Ê < :� ´gÊ �rÅ iff V ´ ÕgÖ-5DV9Å�ÕgÖ .
� Equalityof SortsbySameness7ãâÊ < :��´�âÊ � Å iff V�´�Õ�Ö ]5�V Å ÕgÖ .
� Equalityof SortsbyMutual Substitution7Oä^åÊ < :� ´ ä_åÊ �rÅ iff V ´ Õ�Ö1Þ�ßkV9Å�ÕgÖ .
Both âÊ and ä^åÊ arethevariationsof theequalityrelation

( Ê ) basedon the correspondencebetweentheir own ICs.
After having equality, the IC setof sortsbecomethe formQ R À#7���´�<-5{Q R Æª7o� Å <µ5áT�V ÕgÖ´ Å  �]_]^]^]_]_` for thesamenessrelation
(
]5 ) where V Õ�Ö´ Å is a transformedown IC of V ÕgÖ´ and V ÕgÖÅ , andQSR.À#7�� ´ <�5UQSR.Æª7o�YÅ�<�5ÂT�V ÕgÖ´  YV Õ�ÖÅ  �]_]^]_]^]_` for the equalityof

sortswith mutualsubstitutionrelation( Þoß ).
Regardingtheabove heuristics,we considerthefollow-

ing casesin our sort unificationalgorithm. Every caseis
labeledin Figure2.

1. Any two arbitrary sorts with samesort namesand
sameownIC names.

2. Anytwo arbitrary sortswith samesort namesanddif-
ferentownIC names.

3. Any two arbitrary sortswith differentsort namesand
sameownIC names.
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Figure 2. General Cases in Sor ts Unification

4. Any two arbitrary sortswith different sort namesand
different own IC names. In this case,both sameness
andmutualsubstitutionrelationsshouldbedetected.

Algorithm: Unificationof two sortsby their own ICs

Input æ+ç
with è ç[éFê�ëµì
í ÀYî æ+ç[ï , æoð with è ð�é�êLë1ì
í Æ�î æoð�ï

Outputæ+çqñ�æoð
or
æ+çkòñMæ�ð

or
æ+çFóaôñ�æoð

or
æ+çgõñMæ�ð

Begin
1. n ö pattern match(

æ+ç
,
æoð
);

2. m ö pattern match( è ç é�ê , è ð é�ê );
Note: ÷ 1=True/0=False ø

3. If (n=1 and m=1) Then caseno ö 1;
4. If (n=1 and m=0) Then caseno ö 2;
5. If (n=0 and m=1) Then caseno ö 3;
6. If (n=0 and m=0) Then caseno ö 4;
7. Switch (caseno)

Case 1,3:
æ+çFñMæ�ð

;

Case 2 :If ( è ç éFêMùú è ð é�ê ) Then
æ0ç£òñ�æoð

;
Else

æYû�õñ�æoð
;

EndIf.

Case 4 :If ( è ç éFê ùú è ð é�ê ) Then
æ0ç£òñ�æoð

;
Else If ( è ç é�êãü^ý è ð éFê )

Then
æ0ç�óaôñMæoð

;
Else

æYûAõñMæ�ð
;

EndIf
EndIf

SwitchEnd

8.If î æ0ç£òñMæoð#ï Then ì\í Àmî æ0çoï öþ÷)è ç ð éFê ,.... ø ;ì
í Æuî æoð�ï öþ÷)è ç ð é�ê ,.... ø ;
EndIf

9.If î æ0çqódôñMæoð#ï Then ì\í Àmî æ0çoï öþ÷)è ç é�ê�ÿ è ð é�ê ,.. ø ;ì í Æuî æoð�ï öþ÷)è ç é�ê ÿ è ð é�ê ,.. ø ;
EndIf

End.
Remark: If a sort has multiple own ICs in
each world, the system may pick up one own
IC of them in randomly for the sort unific
ation process.

Thecomplexity of thesortunificationalgorithmdepends
onthenumberof individualsrelatedto eachsortin thegiven

ontologicaldatabases.Let themaximumnumberof individ-
ualsfor sort � ´ be � andthemaximumnumberof individu-
alsbelongsto sort � Å be � . Assumethat � ¾�� . Thetime
complexity to checkthesamenessormutualsubstitutionbe-
tweenthegivenown ICs of ��´ and � Å is

� 7��g< . Supposethe
maximumnumberof sortsin eachlocalontology( � � ) is Ø .
Also assumethat Øj¾J� . Thus,thetimecomplexity to unify
thesemanticsof any two local sortsis

� 7�� Z < .
Example4 Let �����þ5�7��gR��ª #" " R �  +�rR��u m;�R���< is a local
ontology in world PµZ for the university domain. The
specificationof � � � that distinguishesit from � � � is as
follows.� R � = T professor, faculty, employee, adminstaff, president,
student,person,institute, course, 4 `" " R�� 5 T+c.f�	ulp������	�fb" R ��lp��?Y¡p��GOy¯" R �M���£ce�[	�y�����" R �c.��fu��	��' [cqf�����nO�\���SG "-R�� �
�\��no� ��G&��lSl "-R��c.��fu��	��' )��GO¡e�
���SG "-R�� c.��fu��	��' �c.��fu��	�� "-R��4£ 0nX�g��GOnXGO¡.G&��"-R���4£ +?r	�¡efu���k"-R��-4 `�rR�� = T iris pattern, facultyID, employeeID,professorID,
adminID, presidentID, enrollID, instituteID, courseID̀
such that QSRS��7dce��f���	��g<A5hT�nXf�n&� ce�
GOG&��f�� ÕgÖ ` ,QSR��\7[����c.�[	�y�����<ã5hT�nXf�n&� ce�
GOG&��f��' )����c.��	�y������
iHÕgÖ�` ,QSR��\7�lp��?Y¡p��GOyF<�5§T�nof�n&� c.�
GOG&��f��' )���£ce�[	�y������
iM lp��?Y¡e�[GOy��\iHÕ�Ö�` , Q R �ª7acqf�	ulp������	�fu<A5hT�nXf�n&� ce�\GOG&��f��' ���£ce�[	�y������
iM mlp�
?r¡e�[GOy��
iM �cqf�	ulp������	�f��
iHÕgÖ#` ,Q R �\7[���\�}nX� ��G&��lSlS<¦5§T�nXf�n&� ce�\GOG&��f��' +����c.��	�y������
iM ���ª��nX�©�\iHÕ�Ö�` , Q R �ª7acqf�����nX�
���SG0<¦5§T�nXf�n&� c.�
GOG&��f��' ���£ce�[	�y������
iM )�
�\��no�©�
iM �cqf����#nO�
���SG&�\iHÕ�ÖY` ,Q R �\7���GO¡p�\���SG0< 5 T�nXf�n&� ce�\GOG&��f��' +���Sf�	��[���\i ÕgÖ ` ,QSR��\7�nX�g��GOnXGO¡.G&��<�5§T�no�g��GOnXGO¡eG&���
iHÕgÖ�` ,QSR��\7[?r	�¡efu����<¦5hT�?#	�¡.fu�����\iHÕ�Ö�` .;�R�� 5 T�¨Y���[	��p� G&	� 0G&����?#tg )��GO¡p�ªyp +���\¤\n&���
 0���
�©�ª���\`
where

«�x  +y manage(x:president,y:institute).
After theprocessof sortunificationbetween� � � and � � �

by consultingwith their relatedontologicaldatabases,the
equalityrelationsbetweenlabeledsortsin Figure2 canbe
identifiedasfollows.

1. cqf�	ulp������	�f Ê cqf�	ulp������	�f with cqf�	ulp������	�f��
i 5cqf�	ulp������	�f��
i in case1 by Definition8.

2. ��GO¡e�
���SGJâÊ ��GO¡p�\���SG with ��GO¡e�
���SG&�\i ]5h���Sf�	��[�[�
i in
case2 by Definition6.

3. ��G&��lSl Ê ����c.��	�y���� with ���£ce�[	�y������\i 5���£ce�[	�y������\i in case3 by Definition8.

4. ¡e�Sno¤���fu�#nXGOy âÊ no�g��GOnXGO¡eG&� with ¡.�SnX¤���fu��nXGOy��\i ]5nX�g��GOnoGO¡eG&���\i in case4 by Definition6.

5. tq¡.���
��ä_åÊ c.��fu��	�� with lenX�p����fmcqf�nX�SG�Þoß�nof�n&� c.�
GOG&��f��
in case4 by Definition7.
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Figure 3. Unified View on the Local Ontolo-
gies of P1´ and P Å

After the unificationof sorts,eachlocal ontology ��� is
necessarilyupdatedby equation(2). Thefollowing heuris-
tic is applied in the later ontology integration processas
regardssubsumptionrelation.
If 7��k" R À'��K KA�
�©�:�:" R Æ1��KL�
�©����K©" R Æµ��K K�<

� t.���Ä7��:" R ÀdÆµ� K �
�©�$� K " R ÀdÆµ� K K < (9)

Definition 9 (Integrated Ontology) Supposethere are a
local ontologyandits relatedontological databasesin each
world P B�� such that �����Ä5 7��gR1 #" " R  +�rRL );�R'< with� ,´
	 W � ¬¦­ À#7o� � �¦ &® R  �z zr~ ~ R < . For anytwoworlds Pµ´0 +P Å B� where nCÉ5 s , there is an integratedontology � Õ�FÀdÆ 579�gReÀdÆu �" " ´ Å  +�#R.ÀaÆ� );�R.ÀaÆ�< such that � Õ�Ö� ÀaÆ 5þ�$�aÀ©�����dÆ . Addi-
tionally,

� 	�f-�
�Sy:�kB��gR.ÀaÆ� Lz z �r~ ~ R ÀdÆ 5þz z �r~ ~ R À �Cz z �#~ ~ R Æ ] (10)

Therefore,we canextract all relevant informationfor a
querythroughan integratedontologyamonglocal worlds.
The unified view of the local ontologiesin worlds P ´ andPAÅ is shown in Figure 3. Our unification framework can
alsodefinetheaccessibilityrelationsamongworlds.

If 7o� ´gÊ �rÅC�
�©�hz z � ´ ~ ~ R À �Dz z �rÅY~ ~ R Æ <
� tq��� � ´  )�rÅ:B����
�©�{P ´ ��P�Å (11)

The equation(11) mentionsthat two given sorts � ´ BJ�gR.À
and �rÅ B��gR.Æ canbe identifiedas rigid sortsif they have
not only sort equality but also domain inclusion through
worlds. Consequently, they navigate the accessibilityre-
lation betweentheir worlds in order to constructa Kripke
frame.

Initially, a Kripke frame 7[�� 0·}< canbe definedfor the
independentworldsonly in a reflexive form where P���PþB· for any PÑBU� . After the unification process,other
accessibilityrelationsbetweenthemsuchastransitive, Eu-
clidean,etc.,areknown to completethegivenKripkeframe.

4 RelatedWork

We have argued that mapping betweenconcepts(or
sorts) is essentialfor the integration of local ontologies.
Prior relatedresearchcan be consideredfrom two differ-
entpointsof view. Oneperspective is therepresentationof
ontologiesandreasoningamongthem. The subject“what
featuresare important in representingontologiesfor rea-
soning” is addressedhere. OBSERVER [4] is a project
thatusesontologiesto allow queriesagainstheterogeneous
sources. It appliesontologiesrepresentedin Description
Logic (DL) to replacetermsin userquerieswith formalcon-
cepts.In thecaseof themappingprocess,thesemanticrela-
tionships(synonyms,hyponyms,andhypernyms)between
conceptsarepredefined.

Oneof theprojectsin the framework of SemanticWeb,
SHOE [6, 7], usesHTML tagsas its extensionsandpro-
vides its own representationformalismfor ontologiesand
reasoningbasedon semanticsearch.SHOEemploiesDL
to defineontologieswith ontologyextension.Ontobroker
[14] is similar to SHOE in many respects.It is basedon
frame-basedlogic. Although their work is comprehensive
for semanticsearchand information integration basedon
ontologies,theirweaknessis a lack of heuristicsto identify
semanticrelationsbetweenontologicalconcepts.

The next perspective concernsthe semanticintegration
of databaseschemas.It addressesthe issueof relatingon-
tologieswith existing databaseschemas5 for the purpose
of informationintegration. Theaim of the integrationpro-
cessis thedevelopmentof aglobalschemawhichintegrates
andsubsumesthelocal schemain sucha way thatusersare
provided with a uniform andcorrectview of the federated
databases.Recentworksin this field usea varetyof heuris-
tics to find mapping[2, 9]. A machinelearningtechnique,
supportvectormachine,is usedto automatethe ontology
mappingprocessin [3] by deriving a similarity between
conceptsbasedon their extensions.

In this paper, we have proposeda knowledgerepresen-
tationformalismin order-sortedlogic concerningheteroge-
neousschemas.The advantagesof this work comparedto
otherattemptsare:

� providing efficient reasoningcapabilitiesin semantic
integrationbecauseof the formalizationof ontologies
in termsof order-sortedlogic;

� presentingtwo approaches: a global ontology for
a well-definedKripke frame, and a sort unification
framework with prior unknown accessibilityrelations
amongworlds.

5Schemasaredefinitionsthat specifythestructureof dataandarethe
resultof adatabasedesignphase.



� providing sortunificationutilities astheheuristicsfor
theontologyintegrationandmappingamongindepen-
dentworlds;

5 Conclusion

Our main contribution is to show that the specification
of ontologiesgiven on a sortedsignature� canbe effec-
tively exploited to boostontology integrationusinga sort
unificationalgorithm. In our futurework, we areplanning
to addressthefollowing problems:

� Weneedtoaccelerateourunificationalgorithmandex-
tendit to a full functionalontologyintegrationsystem
for semanticglobalization.

� Weneedto considerthespecificationof ontologyreuse
thatenhancestheachievementof a globalschema.

Acknowledgement

The authorsacknowledge with thanksthe supportby
FosteringTalentin EmergentResearchFields,SpecialCo-
ordinationFundsfor PromotingScienceand Technology,
Ministry of Education,Culture,Sports,ScienceandTech-
nology, Japan.

References:

[1] C.Welty andN. Guarino.SupportingOntologicalAnal-
ysis of TaxonomicRelationships.Data & Knowledge
Engineering, vol.39,pp.51-74,Elsevier 2001.

[2] D. L. McGuinness,R. Fikes, J. Rice, and S. Wilder.
TheChimaera Ontology Environment. In Proceedings
of The 17th National Conferenceon Artificial Intelli-
gence(AAAI), Austin,TX, pp.1123-1124,2000.

[3] D. ZhangandW. S.Lee.WebTaxonomyIntegrationus-
ing SupportVectorMachine. WWW2004,May 17-22,
New York, USA,ACM 1-58113-844-X/04/0005, 2004.

[4] E. Mena,V. Kashyap,A. Illarramendi,andA. Sheth.
DomainSpecificOntologies for SemanticInformation
Brokering on theGlobal InformationInfrastructure. In
Nicola Guarino, Editor, Formal Ontology in Informa-
tion Systems, IOS press,1998.

[5] I. Horrocks,D. Fensel,J.Broekstra,S.Decker, M. Erd-
mann,C. Goble,F. V. Harmelen,M. Klein, S. Stabb,
R. Studer, andE. Motta. TheOntology InferenceLayer
OIL. http://www.ontoknowledge.org/oil, 2000.

[6] J. Heflin and J. Hendler. SemanticInteroperability
on the Web. In Extreme Markup Languages 2000,
http://www.cs.umd.edu/projects/plus/SHOE/pubs/
extreme2000.pdf, 2000.

[7] J. Heflin and J. Hendler. Towards the Semantic
Web: Knowledge Representationin a Dynamic,Dis-
tributed Environment. Doctoral DissertationThesis,
http://www.cs.umd.edu/projects/plus/SHOE/pubs/
heflin-thesis-orig.pdf, 2001.

[8] K. KaneiwaandR.Mizoguchi.OntologicalKnowledge
BaseReasoningwith Sort-HierarchyandRigidity. In
Proceedingsof Knowledge Representation(KR2004),
2004.

[9] N. F. Noy andM. A. Musen.PROMPT: Algorithmand
Tool for AutomatedOntology Merging and Alignment.
In Proceedingsof TheNationalConferenceonArtificial
Intelligence(AAAI), Austin,TX, pp.450-455,2000.

[10] N. N. Tun andS. Tojo. ConsistencyMaintenancefor
Ontological Knowledge Updating. In Proceedingsof
IEEE International Conferenceon Information Reuse
andIntegration (IRI-2004),pp.388-393, 2004.

[11] N. N. TunandS.Tojo. Inheritanceof Multiple Identity
Conditionsin Order-SortedLogic. In Proceedingsof
17thAustralian Joint InternationalConferenceonArti-
ficial Intelligence(AI 2004),Springer, LNAI 3339: Ad-
vancesin Artificial Intelligence, pp.1187-1193, 2004.

[12] N. N. Tun andS.Tojo. ConsistentHybrid Knowledge
Representationin Order-SortedLogic. In Proceedings
of InternationalConferenceon ComputationalIntelli-
gence(ICCI 2004),IJCI Press,pp.349-353, 2004.

[13] S. Decker, D. Fensel, F. Van Harmelen, I. Hor-
rocks, S. Melnik, M. Klein, and J. Broekstra.
Knowledge Representationon the Web. In Pro-
ceedings of The 2000 Description Logic Work-
shop (DL 2000). http://sunsite.informatik.rwth-
aachen.de/Publications/CEUR-WS/Vol-33, pp.89-97
2004.

[14] V. RichardBenjaminsandDieter Fensel. TheOnto-
logical EngineeringInitiative. In Nicola Guarino,Ed-
itor, Formal Ontology in InformationSystems,pp.287-
301,IOSPress, 1998.


