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Abstract. We shov how to reduceontology entailmentfor the OWL DL and
OWL Lite ontologylanguagego knowledgebasesatis ability in (respectiely)

theSHO | N (D) andSHI F (D) descriptionlogics. Thisis doneby rst estab-
lishing a correspondenclketweernOWL ontologiesanddescriptionlogic knowl-

edgebasesandthenby shaving how knowledgebaseentailmentcanbereduced
to knowledgebasesatis ability.

1 Intr oduction

The aim of the SemanticWeb is to make web resourcegnot just HTML pagesput a
wide rangeof web accessiblelataand servicesymorereadily accessibléo automated
processedl hisis to bedoneby augmentingxisting presentatiomarkupwith semantic
markup,i.e., meta-dataannotationshatdescribetheir content2]. Accordingto widely
known proposaldor a SemanticWeb architecturepntologieswill play a key role as
they will be usedasa sourceof sharedandpreciselyde®nedtermsthatcanbe usedin
suchmetadatd15].

The importanceof ontologiesin semanticmarkuphaspromptedthe development
of several ontology languagesspeci®callydesignedfor this purpose.Theseinclude
OIL [7], DAML+OIL [13] andOWL [4, 16]. OWL is of particularsigni®canceasit
hasbeendevelopedby the W3C Web Ontologyworking group,andis now an of®cial
W3C recommendation.

The OWL recommendatiomactually consistsof three languagesof increasing
expressie power: OWL Lite, OWL DL and OWL Full. Like OWL's predecessor
DAML+OIL, OWL Lite andOWL DL canbe viewed as expressve descriptionlog-
ics with an RDF syntax.They canthereforeexploit the considerablexisting body of
descriptionlogic researchln particular thesetwo languageganutilize previouswork
reportedon in the descriptionlogic literatureto de®netheir semanticsandto under
standtheir formal propertiessuchasthe decidabilityand complexity of key inference

? This is a revised and extendedversionof a paperof the samenamethat was presentedat
ISWC-2003in October2003.



problems[6]. OWL Full providesa more completeintegrationwith RDF, but its for-
mal propertiesarelesswell understoodandkey inferenceproblemswould certainlybe
mud harderto compute? This paper therefore concentratesn the provision of rea-
soningservicesor OWL Lite andOWL DL, anddoesnot considereasoningn OWL
Full.

1.1 OWL Reasoning

Reasoningvith ontologylanguagesvill beimportantin the SemantioVebif applica-
tionsareto exploit the semantic®f ontologybasednetadatannotationskor example,
if semanticsearchenginesareto ®nd pagedasedn thesemanticof theirannotations
ratherthantheir syntax,thenthey needto performsemantiaeasoningn thelanguage
of theannotationsAs well asproviding insightsinto OWL's formal propertiesOWL's
relationshipto expressie descriptioriogicsprovidesa sourceof algorithmsfor solving
key inferenceproblemsjn particularsatis®ability Moreover, in spiteof the high worst
casecompleity of reasonindn suchdescriptiorlogics, highly optimisedimplementa-
tions of thesealgorithmsareavailableandhave beenshowvn to work well with realistic
problemsTwo dif®cultiesarise however, whenattemptingo usesuchimplementations
to provide reasoningservicesfor OWL.:

1. OWL's RDF syntaxusesframe-like constructshat do not correspondiirectly to
descriptionogic axioms;and

2. asin RDF, OWL inferenceis de®nedin termsof ontologyentailmentratherthan
ontologysatis®ability

Notethatentailmentbetweerontologieqsimilarly, entailmenbetweerRDF graphs)s
abasicinferencetaskinto which mostotherinferencetaskscanbe transformedgiven
anontologyO, aclassC is subsumedy a classD with respecto O justin caseO
entailsthe ontologyf SubClassOf (C D)g, andi is aninstanceof C with respecto
O justin caseO entailsthe ontologyf Individual (i type (C)g. Moreover, trans-
forming theseinferencetasksinto ontology(graph)satis®abilityrequiresfull negation,
whichis not availablein eitherRDF or RDF Schemaandis not directly supportedn
OWL Lite.

The obvious solutionto the ®rst dif®culty is to de®nea mappingthatdecomposes
OWL framesinto oneor moredescriptionlogic axioms.It turnsout, however, thatthe
RDF syntaxusedin OWL cannotbedirectly translatednto ary “standard”description
logic becausét allows the useof anorymousindividualsin axiomsassertinghetypes
of andrelationshipsetweerindividuals. The obvious solutionto the seconddif®culty
is to reduceentailmento satis®ability Doing this naively would, however, requirerole
negation,andthisis not supportedn any implementedescriptionogic reasoner

In this paperwe will shaw that, in spite of thesedif®culties, ontology entailment
in OWL DL and OWL Lite canbe reducedto knowledge basesatis®ability in the
SHOI N (D) andSHI F (D) descriptioriogicsrespectiely. Thisis achievedby map-
ping OWL to anintermediatalescriptiorogic thatincludesanovel axiomassertinghe

% Inferencein OWL Full is clearlyundecidablesOWL Full doesnotincluderestrictionsonthe
useof transitve propertiesvhich arerequiredin orderto maintaindecidability[11].



non-emptinessf a class,andby usinga more sophisticatedeductionto satis®ability
thatboth eliminategthis constructormndavoidsthe useof role negation.

This is a signi®cantresultfrom both a theoreticaland a practical perspectie: it
demonstratethatcomputingontologyentailmenin OWL DL (respectrely OWL Lite)
hasthe samecompleity ascomputingknowledgebasesatis®abilityin SHOI N (D)
(SHI1 F (D)), and that descriptionlogic algorithms and implementations(such as
RACER[8]) canbe usedto provide reasoningservicesfor OWL Lite. The designof
“practical” algorithmsfor SHOI N (D) is still an openproblem,but onethatis the
subjectof active investigation.

2 The OWL Web Ontology Language

As mentionedabove, OWL [4, 16] is anontologylanguagehat hasrecentlybeende-
velopedby the W3C Web Ontology Working Group.OWL is de®nedasan extension
to RDFin theform of avocalulary entailmen{9], i.e., thesyntaxof OWL is thesyntax
of RDF andthe semantic®f OWL areanextensionof thesemanticof RDFE

OWL hasmary featuresn commonwith descriptionlogics, but alsohassomesig-
ni®cantdifferencesThe®rst differencebetweerOWL anddescriptiorogicsis thatthe
syntaxof OWL is the syntaxof RDF. OWL informationis thusencodedn RDF/XML
documentd1] andparsedinto RDF Graphs[14] composedf triples. BecauseRDF
Graphsare suchan impoverishedsyntax,mary descriptionlogic constructsin OWL
areencodednto severaltriples. Becaus&RDF Graphsaregraphs however, it is possi-
bleto createcircularsyntacticstructuresn OWL, which arenot possiblein description
logics. SubtleinteractionsbetweenOWL andRDF causeproblemswith someof these
circularsyntacticstructures.

The seconddifferencebetweenOWL anddescriptionlogicsis that OWL contains
featuresthat do not ®t within the descriptionlogic framework. For example, OWL
classesreobjectsin the domainof discourseandcanbe madeinstance®f othercon-
cepts,ncludingthemseles.Thesetwo featuresalsopresenin RDF, make a semantic
treatmenbf OWL quitedifferentfrom the semantidreatmenf descriptionlogics.

2.1 OWL DL and OWL Lite

Fortunatelyfor our purposethereareof®cially-de®nedsubsetof OWL thataremuch
closerto descriptioriogics. Thelargerof thesesubsetsgalledOWL DL, restrictsOWL
in two ways. First, unusualsyntacticconstructs suchas descriptionswith syntactic
cyclesin them,arenotallowedin OWL DL. Second¢lassespropertiesandindividuals
(usuallycalledconceptsrolesandindividualsin descriptiorogics) mustbedisjointin
the semanticfor OWL DL. Thesetwo restrictionsmake OWL DL muchcloserto a
descriptionogic.

Becausef thesyntactiarestrictiongn OWL DL, it is possiblgo developanabstract
syntaxfor OWL DL [16] thatlooks muchlike anabstrackyntaxfor a powerful frame
languageandis notvery differentfrom descriptionlogic syntaes.This is very similar
to the approachtakenin the OIL languagg7]. The abstractsyntaxfor OWL DL has
classesand dataranges which are analoguef conceptsand concretedatatypesn
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Fig. 1. OWL DL DescriptionConstructors

descriptionogics,andaxiomsandfacts,which areanalogue®f axiomsin description
logics. Axioms andfactsaregroupednto ontologiesthe analoguenf descriptiorlogic
knowledgebaseswhich arethe highestievel of OWL DL syntax.Ontologiescaninput
otherontologiesn OWL, but thisimportingshouldbe handledoutsideof thesemantics
for OWL andthusdoesnot affectthereductionto descriptionogics.

Theconstructorsisedto form OWL DL descriptionanddatarangesareprovidedin
Figurel;in the®gureA is aclassname C (possiblysubscriptedjs aclass,o (possibly
subscripted)s anindividualname R (possiblysubscripted)s anobjectproperty(also
calledabstractor individual-valuedproperties),T (possiblysubscripted)s a datatype
property* B is a datatypeD (possiblysubscripted)s a datarange,v (possiblysub-
scripted)is a datavalue,and *; m; n arenon-ngjative integers.A datavalueis either
of theform " """d , whered is the nameof a supporteddatatypeand is a lexical
form in that datatypeor an untypedstring with an optionallanguagetag. For exam-
ple,"1""xsd:integer denotegheintegerl, whereadoth"1""xsd:string
and"1" denoteone-charactestrings.An OWL DL or OWL Lite reasonemay sup-
port mary datatypesbut mustsupportat leastthe XML Schemadatatypexsd:intager
and xsd:string.Data valuesof the form "$\ell$""d , Whered is not a supported
datatypeare alsoallowedin OWL DL andOWL Lite. The denotationof thesedata
valuesareunconstrained.

Elementsenclosedn braceg(i.e., f elemeng)) canbe repeatedzeroor moretimes
andelement®nclosedn squarebraclets(i.e., [element])areoptional. A moreleisurely
descriptionof theseconstructorganbefoundin the OWL documentation, 16].

4 An objectpropertyis onethatassociatepairsof individuals;a datatypgpropertyassociatean
individual with adatavalue.



ClassAxioms
Class@ partialC; ...Cy)
Classf completeC; ...Cy)
EnumeratedClas&(o; ...0n)
DisjointClassest: ...Cn)
EquivalentClasse§: ...Cn)
SubClassOft; Cy)
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Individual([o] type(C1) ...typeCm)
valuep: x1) ...valuefn xn))
Samelndiidual(0; ...0n)
Differentindviduals; ...on)

Fig.2. OWL DL Axioms andFacts

Namesin OWL areof®cially URI referencesbut all that mattershereis thatthey
aretreatedn our semanticasatomicnames.

Classesainddatarangesanbeusedin OWL DL axiomsandfactsto provide infor-
mationaboutclassespropertiesandindividuals.Figure?2 providesthe syntaxof these
axiomsandfacts.In this ®gure,the samecorventionsareusedasin Figurel with the
additionthat valuef; x;) is a value conditionwherep; is eithera datatypeproperty
in which casex; is a datavalue,or an objectproperty in which casex; is eitheran
individual nameor anindividualfact.

To preseredecidabilityof reasoningn OWL DL, comple objectpropertiecannot
be speci®edo betransitive. An objectpropertyis compleif either

1. it is speci®edasbeingfunctionalor inverse-functional,
2. thereis somecardinalityrestrictionthatusest,

3. it hasaninversethatis comple, or

4. it hasasuperpropertythatis complex.

Again,amoreleisurelydescriptionof theseconstructorganbe foundin the OWL
documentatior4, 16]. Figure2 ignoresannotationsanddeprecationywhich allow un-
interpretednformationto be associateavith classesandpropertiesput which arenot
interestingfrom alogical point of view.

Becaus@f thesyntacticrestrictionan OWL DL, metaclasseasndothernotionsthat
do not ®t into the descriptionlogic semantidramewnork canbeignored.In fact, OWL



DL hasa semanticghatis very muchin the descriptionlogic style,andthathasbeen
shown to beequivalentto the RDF-stylesemanticgor all of OWL [16]. Thesemantics
for OWL DL will bepresentedbelow.

Thereis a subsetof OWL DL, called OWL Lite, the motivation for which is in-
creaseaaseof implementationThisis achiezedby supportingewer constructorghan
OWL DL, andby limiting theuseof someof theseconstructorsin particular OWL Lite
doesnot supportthe oneOf constructor(equivalentto descriptionlogic nominalg, as
this constructois known to increaseheoreticacompleity andto leadto dif®cultiesin
thedesignof practicalalgorithmg[10]. In Section5 wewill examinethedifferencede-
tweenOWL DL andOWL Lite in moredetail,andexploretheirimpactonthereduction
from OWL entailmento descriptionogic satis®ability

2.2 Semanticsfor OWL DL

OWL DL hastwo forms of semanticspeci®cation:a direct model-theoreticseman-
tics, and an RDF-compatiblemodel-theoreticsemanticg[16]. The two are said to
have “a strongcorrespondence’hut the speci®cationexplicitly statesthat the direct
model-theoreticemanticgakes precedencele will, therefore only considerthe di-
rect model-theoreticemanticsand from now on whenwe refer to the semanticgor
OWL DL (or OWL Lite), this canbetakento meanthe directmodel-theoreticeman-
tics.

The semanticfor OWL DL is fairly standardoy descriptionlogic standardsThe
OWL semanticddomainis a setwhoseelementsanbe disjointly divided into abstract
objects(theabstracdomainwritten ') anddatatypevalues(thedatatypeor concrete
domain,written |, andoftencalledconcreteobjects).Datatypesn OWL arederived
from the built-in XML Schemadatatyped3], with inappropriatedatatypesemoved,
althoughas mentionedin Section2.1, an OWL DL or OWL Lite reasonemay not
supportall of thesedatatypesDatatypevaluesaredenotedoy specialliteral constructs
in the syntax,asindicatedabove.

In orderto becloserto the RDF semantic$9], aninterpretatiorin thesemanticgor
OWL DL is of®cially a sextupleconsistingof theabstractiomain theconcretedomain,
a mappingfrom classnamesinto subsetsof the abstractdomainand from datatype
namesnto subset®f the concretedomain,a mappingfrom objectpropertiegdo setsof
pairsover the abstractdomainand from datatypepropertiesto setsof pairsfrom the
abstractlomainandthe concretedomain® a mappingfrom individual nameso values
in the abstractdomain,anda mappingfrom literals to valuesin the concretedomain.
This doesnot quite matchup with the descriptionlogic methodof using a two-tuple
consistingof the domain(written ') anda singlemapping(written ') for concepts,
propertiesandindividuals,with datatypesiandledasan externalparameterThereis,
however, an obviousisomorphisnmbetweerthe two methodsandso eitheronecanbe
usedfor our purposes.

In OWL DL all classesareinterpretedas subsetof the abstractdomain,and for
eachconstructothesemantic®f theresultingclassis de®nedn termsof thesemantics

5 Thismappingis alsousedto provide meaningor annotationswhich arenotconsideredn this
paper



of its componentskor example,giventwo classesC; andC,, theinterpretatiorof the
intersectionof C; andC; is de®nedto bethe intersectionof the interpretationof G
andC, (i.e.,C;' \ C,').

OWL DL axiomsand factsresultin semanticconditionson interpretationsFor
example,anaxiomassertinghatD ; is a subclas®f D, resultsin the semanticcondi-
tion thattheinterpretatiorof D; mustbe a subsebf the interpretatiorof D ,, (written
D' D,'), while a factassertinghat o hastype D resultsin the semanticcondi-
tion thatthe interpretationof o mustbe an elementof the setthatis the interpretation
of D (writtend' 2 D'), justashappensn descriptionlogic semanticsAn OWL DL
ontologyO is satis®edby aninterpretation justwhenall of the semanticconditions
resultingfrom theaxiomsandfactsin O aresatis®eddy | , justasis thecasen descrip-
tion logic knowledgebasesBecausehis partof semanticsor OWL DL is socloseto
thesemantic®f descriptiorlogics, it will notbefurtherprovidedhere;insteadwe will
usethe descriptionlogic semanticslirectly, aswe will mainly beinterestedn descrip-
tion logic knowledgebasesderived from OWL ontologies.More detailsof OWL DL
semanticeanbefoundin the OWL documentatiofl6].

Themainsemantiaelationshipin OWL DL is entailment—aelationshipbetween
pairsof OWL ontologies.An ontologyO; entailsanontologyO,, written O; F Og,
exactly whenall interpretationghatsatisfyO; alsosatisfyO,. This semantiaelation-
shipis differentfrom the standarddescriptionlogic relationshipssuchasknowledge
baseand conceptsatis®ability The main goal of this paperis to shov how OWL DL
entailmentcanbe transformednto DL knowledgebase(un)satis®ability andthatthe
two problemshave the samecomplexity.

3 SHO I N (D) and SHI F (D)

The maindescriptionlogic thatwe will beusingin this paperis SHOI N (D), which
is similar to the well known SHOQ(D) descriptionlogic [10], but is extendedwith
inverseroles(l ) andrestrictedto unquali®ednumberrestrictions(N ).

In descriptionlogics, a datatypetheory D is a mappingfrom a set of datatypes
to a set of values,e.g., from xsd:integer to the integers, plus a mapping from
datavaluesto their denotationwhich must be one of the set of values,e.g., from
"I'""xsd:integer to the integer 1. The datatype(or concrete)domain,written

L , is theunion of the mappingsof the datatypes.

GivenadatatypeheoryD, letA, R o, Rp, andl bepairwisedisjointsetsof concept
namesabstact role namesdatatype(or conciete)role namesandindividual names®
The setof SHOI N (D)-rolesisRa [ TR j R 2 Rag[ Rp. In orderto avoid
consideringolessuchasR ~ wewill de®nelnv(R) s.t.Inv(R) = R andIinv(R ) =
R. The setof SHOI N (D)-conceptsis the smallestsetthat can be built using the
constructorsn Figure3.

Figure 3 also gives the axiom syntax for SHOI N " (D), an extension of
SHOI N (D) with the conceptexistenceaxiom (the last axiom in Figure 3), which

6 Datatyperolesnamesaregenerallyreferredto asconcreterole namesn the descriptionlogic
literature.



Constructor Name Syntax Semantics
atomicconceptA A Al '
datatypeD D DP !
abstracrole R s R R ! :
datatypeoleRp u u' ! 5
individuals| ) o2 !
datavalues v vl =P
inverserole R (R =(R")
top > >t =T
bottom ? ?' = 1g
conjunction Ciu C (CiuCy)' =cCi\ C}
disjunction Cit C; (C1t C)' =cCl [ C}
negation 1 C ¢cc)Y = 'ncC
oneOf for;:::;0onglfor;iiiong = fol;iii;ohg
existsrestriction 9R:C (9R:C)' = fxj9y:

h;yi 2 R' andy2 C'g
valuerestriction 8R:C (8R:C)' = fxj 8y:
hyi2 R'! y2C'g
atleastrestriction >nR (>nR)' = fxj](fy:
h; yi 2 R' g) > ng
atmostrestriction 6 nR (6 nR) = fxj](fy:
h;yi 2 R'g) 6 ng
datatypesxists 9uU:D (9U:D)' = fxj9y:
hx;yi 2 U' andy 2 DPg
datatypevalue 8U:D (8U:D)' = fx | 8y:
h;yi2U' | y2DPg
datatypeatleast >nU (>nU) = fxj](fy:
hx;yi 2 U' g) > ng
datatypeatmost 6 nuU 6 nU) =fxjl(fy:
hx;yi 2 U' g) 6 ng
datatypeoneOf fvi;:i:g fvi;iiig = fviiig
Axiom Name Syntax Semantics
concepinclusion Civ C, cl C}
objectroleinclusion | Ri v R» R RS
objectroletransitiity | TrangR) R' = (R")*
datatyperoleinclusior| Uz v U Ul U
individual inclusion a:C a 2cC'
individual equality a=b a =bp
individual inequality a6 b a 6b
concepiexistence oC (CT)>1

Fig. 3. Syntaxandsemantic®f SHO I N * (D)

is usedinternallyin our translation Conceptxistenceaxiomswill beeliminatedin the
®nal stepof ourtranslationjeaving only SHOI N (D) axioms.

A SHOI N * (D) knowledg baseK is a ®nite setof SHOI N* (D) axioms.We
will use v todenotehetransitivere exiveclosureof v onroles,i.e.,for tworolesS;R
inK,S¥RinKifS=R,Sv R2K,In«S) v Inv(R) 2 K, or thereexistssome



role Q suchthatS v Q in K andQ v R in K. A role R is calledsimplein K if for each
roleSs.t.Sv RinK, TrangS) 62K andTrangInv(S)) 6. To maintaindecidability
aknowledgebasemusthave no numberrestrictionson non-simpleroles[11].

The semanticsof SHOI N * (D) is given by meansof an interpretationl =
( '; ") consistingof anon-emptydomain ', disjointfrom thedatatypedomain |,
andamapping' , which interpretsatomicandcomplex conceptsroles,andnominals
accordingo Figure3. (In Figure3,] is setcardinality)

An interpretation = ( '; ') satisesaSHOI N * (D)-axiomunderthe condi-
tions givenin Figure 3. An interpretationsatis®esa knowledgebaseK iff it satis®es
eachaxiomin K; we will oftencall suchaninterpretatiora modelof K. A knowledge
baseK is satis able (unsatis ablg iff thereexists (doesnot exist) a modelof K. A
SHOI N * (D)-conceptC is satis®ablewith respecto aknowledgebaseK iff thereis
amodell of K with C' 6 ;.A concepfC is subsumetby aconcepD with respecto
Kiff C' v D' ineverymodell of K. Two conceptsaresaidto be equivalentwith re-
spectto K iff they subsume=achotherwith respecto K. A knowledgebaseK ; entails
aknowledgebaseK ; iff every modelof K is alsoamodelof K.

Although this is not usuallydonein descriptionlogics, we de®nea notion of en-
tailmentin SHOI N * (D) in the sameway as it was de®nedfor OWL DL. One
SHOI N * (D) knowledgebaseentailsanothey written K F KO if every modelof
the ®rst knowledgebase K is alsoa modelof the secondK°. It is easyto show that
K F KOiff K E A for everyaxiomA in K°.

The descriptionlogic SHI F (D) is just SHOI N (D) without the oneOf con-
structorand with the atleastand atmostconstructordimited to 0 and 1. We de®ne
SHIF* (D) asSHI F (D) extendedwith the concepiexistenceaxiom.

4 From OWL DL Entailmentto SHO | N (D) Unsatis ability

We will now shov how to translateOWL DL entailmentinto SHOI N (D) unsat-
is®ability. The ®rst stepof our processis to translatean entailmentbetweenOWL
DL ontologiesinto an entailmentbetweenknowledgebasesn SHOI N * (D). Then
SHOI N * (D) entailments transformednto unsatis®abilityof SHOI N (D) knowl-
edgebasesNote that conceptexistenceaxiomsareeliminatedin this laststep,leaving
aSHOI N (D) knowledgebase.

Fromnow on D will be a particularkind of datatypetheory namelyfor the well-
behared XML Schemadatatyped3] plus a datatypefor untypedOWL literals plus
oneotherdatatypewhoseextensionis the entiredatatypedomain,andusingthe OWL
syntaxfor datavalues.(Seethe OWL documentatior16] for the particularsof which
XML Schemalatatypesarewell-beharedandwhy.) The extra datatypewhich cannot
occurin the ontologiesbeingtranslatedwill be usedasa way to write unknovn data
values.

It is easyto seethatthesedatatypesomprisea datatypetheory



OWL fragmentF TranslationV(F)

A, OWL classname A

B, OWL datatypename B

R, OWL objectpropertyname R

T, OWL datatypepropertyname |T

0, OWL individual name o]

v, OWL datavalue Y

intersectionOfC; ...Cy) V(Ci)u :::u V(Cyn)
unionOfCsy ...Cy) V(Ci)t :::t V(Cn)
complementOfC) 'V (C)

oneOf; ...0n) fV (01);:::;V(on)g
restrictionR r1 rz ...rn) V(restrictionR r1)) u :::u V(restrictionR rn))

restrictionR allValuesFromC)) |8V(R):V(C)
restrictionR some\aluesFromC))|9V(R):V(C)
restrictionR value@)) 9V(R):fV (0)g
restrictionR minCardinalityq)) |> nV(R)
restrictionR maxCardinalityQ)) |6 nV(R)
restrictionR cardinalityf)) >nV(R)u6 nV(R)
restrictionT ryra...rn) V(restriction{ r1)) u :::u V(restriction{ rn))
restriction{ allValuesFromD)) |8V(T):V(D)
restriction some\aluesFromC))|9V(T):V(D)
restriction{T valueg)) IV(T):V (v)g
restrictionT minCardinality)) |> nV(T)
restrictionT maxCardinality)) (6 nV(T)
restriction{ cardinalityf)) >nV(T)u6 nV(T)
oneOf1 ...vn) fV (v1);:::;V(va)g

Fig. 4. Translationfrom OWL classesndnamedo SHO I N (D)

4.1 FromOWL DL to SHO I N * (D)

An OWL DL ontologyis translatednto a SHOI N * (D) knowledgebaseby taking
eachaxiomandfactin the ontologyandtranslatingit into one or moreaxiomsin the
knowledgebase.

For OWL DL axioms,this translationis very natural,and is almostidentical to
the translationof OIL describedby Decler et al. [5]. For example,the OWL DL
axiom ClassA completeC;...C,) is translatedinto the pair of SHOI N * (D) ax-
iomsA v V(Cy)u:::iu V(Cy) andV(Cy) u :::u V(C,) v A, whereV is the
obvious translationfrom OWL classedo descriptionlogic conceptsagainvery sim-
ilar to the transformationdescribedby Decler et al. [5]. Similarly, an OWL DL ax-
iom DisjointClasses( Ci... GC,) istranslatednto the SHOI N * (D) axioms
V(C) v V(C)forl i< n. The translationfrom OWL DL classedo
SHOI N (D) classess givenin Figure4 andthetranslationfrom OWL DL axiomsto
SHOI N (D) axiomsis givenin Figure5.

The translationof OWL DL factsto SHOI N * (D) axiomsis more comple.
This is becausedacts can be statedwith respectto anorymousindividuals, and can
includerelationshipgo other(possiblyanorymous)individuals.For example,the fact
Individual(typeC) valueR Individual(typeD)))) stateghatthereexists anindividual

10



OWL fragmentr

TranslationV(F)

Class@ partialCy ...Cp)
Classf completeC; ...Chp)
EnumeratedClas&(o; ...0n)
DisjointClassesti ...Cn)
EquialentClasse€ls ...Cy)
SUbC|aSSOfC1 Cz)

Av V(Ci)u:::uV(Ch)
Av V(C))u:::uV(Ch),V(Cl)u:::uV(Ch) Vv A

Av fV(o);::5V(0n)g, V (01);:::;V(on)gv A
V(C)v IV (Cj),1 i<j n
V(Ci) = V(Ci+1),1 i<n

V(Cy) v V(C2)

DatatypePropert§i{ ri rz2 ...rn)
DatatypePropertyi{ super{1))
DatatypePropertyi{ Functional)
DatatypePropertji{ domainC))
DatatypePropertyi{ rangeD))
ObjectPropertyR ri rz ...rn)
ObjectPropertyR superR1))
ObjectPropertyR inverseOfRo))
ObjectPropertyR Functional)
ObjectPropertyR InverseFunctional
ObjectPropertyR Symmetric)
ObjectPropertyR Transitve)
ObjectPropertyR domainC))
ObjectPropertyR rangeC))
EquialentPropertied( ... Tn)
SubPropertyOf{; T)
EquialentProperties: ...Rn)

SubPropertyOR1 R2)

V(DatatypePropertyi{ r1))
V(T) v V(T1)

>v 6 1V(T)

> 1V(T) v V(C)

> v 8V(T):V(D)

V(DatatypePropertyfi{ rn))

V(R) v V(R1)
V(R) v V(R)
>v 6 1V(R)

y v 6 1V(R)
V(R) v V(R)
TrangV(R))

> 1V(R) v V(C)
> v 8V(R):V(C)

V(Ti)v V(T;), L §;j n
V(Ty) v V(T1)
V(Ri) v V(R;),1 i5j n

V(Rl) \" V(Rl)

Fig.5. Translationfrom OWL axiomsto SHO I N (D)

thatis aninstanceof classC andis relatedvia the propertyR to anindividual thatis an
instanceof theclassD, without namingeitherof theindividuals.

The need to translate this kind of fact is the reason for introducing the
SHOI N * (D) existenceaxiom. For example,the above fact can be translatedinto
theaxiom 9(C u 9R:D), which statesthat thereexists someinstanceof the concept
C u 9R:D, i.e., anindividual thatis aninstanceof C andis relatedvia therole R to
aninstanceof the conceptD . Figure6 describes translationF thattransformsOWL
Individual factsinto SHOI N * (D) existenceaxioms(andthe other OWL factsinto
SHOI N (D) axioms).

Theorem 1. Thetranslationfrom OWL DL to SHOI N * (D) preservessatis ability.
Thatis, an OWL DL axiomor factis satis ed by an interpretation| if andonly if the
translationis satis edby| .’

Proof. A simple recuisive argument based on the semanticsof OWL DL and
SHOI N * (D) showsthat the extensionof OWL DL classesdataranges,and pieces

" Thestatemenbf thetheoremhereignoresthe minor differencesetweerOWL DL interpreta-

tionsandSHO | N * (D) interpretationsA stricteraccountwould have to worry aboutthese
stylistic differences.
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OWL fragmentF TranslationF (F)

Individual(X1...Xn) 9(F (x1) u :::u F(xn))
type(C) V(C)

valueR x) 9IR:F (X)

value{l v) 9T:fV (v)g

0 fV (0)g

Samelndridual(O; ...0n) V(o) = V(g),1 i<j n
DifferentindvidualsQ; ...on)|V(0i) 6 V(g),1 i<j n

Fig. 6. Translationfrom OWL factsto SHO | N * (D)

Axiom A |TransformatiorG(A)
cvd |x:cu:d

9c >v:cC

Trangr) x : 9r:9r:fygu :9 r:fyg
rvs |x:9r:fygu:9 s:ifyg

x :9f :fbgu :9 g:fbg

fvg for b afreshdatavalueof the extra datatype
a=b |a6 b
a6b |a=b

Fig. 7. Translationfrom Entailmentto Unsatis ability

of Individual factsis maintainedn thetranslation.Similarly, a simplesemanticbased
argumentshowsthat the translationof OWL DL axiomsand facts preservessatisfac-
tion.

The above translationincreaseshe size of anontologyto at mostthe squareof its
size. It caneasily be performedin time linearin the size of the resultantknowledge
base.

4.2 From Entailment to Unsatis ability

Thenext stepof our processs to transformSHOI N * (D) knowledgebaseentailment
to SHOI N (D) knowledgebaseunsatis®ability We do this to relateour new notion
of descriptiorlogic entailmento thewell-known operationof descriptionogic knowl-
edgebaseunsatis®ability

We recall from Section3 thatk F KOiff K A for every axiomA in K% We
thereforede®ne(in Figure7) a translation,G, suchthatK F A iff K[ fG(A)g is
unsatis®ablefor K aSHOI N* (D) knowledgebaseandA aSHOI N * (D) axiom.
In this transformatiorwe have needof namesof varioussortsthatdo not occurin the
knowledgebaseor axiom; following standardoracticewe will call thesefreshnames.
Throughouthetranslationx andy arefreshindividual names.

Most of thetranslationsn G arequite standarcandsimple.For example,anobject
role inclusionaxiomr v s is translatednto an axiomx : 9r:fygu :9 s:fyg that
requiresthe existenceof anindividual thatis relatedto someotherindividual by r but
notby s; aknowledgebaseK [ fx : 9r:fygu :9 s:f yggwill clearlybeunsatis®abléff
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K F r v s. Theonly unusuatranslationis for datatypeoleinclusionsf v g. Wehave
includedan extra datatypewhosesemanticare purposelyeft underde®nedprecisely
to sene asa sourceof freshvalueswhosedenotatiorcanbe arbitrarily adjusted.

The translationG increaseghe size of anaxiom by at mosta constantamount.lt
caneasilybe performedn time linearin the sizeof theaxiom.

ThetranslationG eliminatesconceptexistenceaxiomsfrom theknowledgebasek ©
ontheright-handsideof the entailmentOur laststepis to eliminateconceptexistence
axiomsfrom the knowledgebaseK on the left-handsideof the entailmentWe do this
by applyingatranslationE(K) thatreplacessachaxiomof theform 9C 2 K with an
axioma : C, for a afreshindividual name.lt is obviousthatthis translationpreseres
satis®ability canbe easilyperformed.andonly increaseshe sizeof a knowledgebase
by alinearamount.

Theorem?2. LetK andK®be SHOI N * (D) knowledg basesThenK E KCiff the
SHOI N (D) knowledg@baseE(K) [ fG(A)gis unsatis ablefor everyaxiomA in K°.

Proof. Firstly, K £ KCiff E(K) F K Thisfollows fromthe obviouscorrespondence
betweermodelsof K and modelsof E(K): a modell of E(K) is alsoa modelof K,
becausdor every axiomof the form 9C 2 K theris anaxioma : C 2 E(K), so
a 2 C' and#( C')> 1;amodell ofK canbetrivially extendedo a modelof E(K)
by interpretingead freshindividual a in an axioma : C in E(K) asan elemenbfC'
(sudh an elemenmustexistasthereis a correspondingaxiom9cC in K).

GiventhatE(K) F KCiff E(K) | A for everyaxiomA in K° weonly needto show
that E(K) F A iff E(K) [ fG(A)g is unsatis ablefor any givenaxiomA. We cando
this on a caseby casebasisfor the serenkindsof axiomdescribedn Figure 7. In most
caseghe proofis a trivial consequencef the semanticsand of thefact thatthe fresh
individualsintroducedby the transformationcan be interpretedas any elemeniof
(becausehey are notmentionecelsavhere in E(K)). In thefollowing, c; d are concepts,
r;s areroles,a; b are individuals,d is a datavalue x; y are freshindividuals,v; w; z
areelement®f ' andiisanelemenbf L .Wewill oftenreferto anextensionof an
interpretation! , meaninganinterpretation! ®inwhich '°= ! and '’ is extended
to interpret freshindividuals.

— E(K) F cv diff E(K)[ fx:cu: dgisnotsatis able If E(K) F cv dthenin
everymodell of E(K),c¢ d' and(cu: d)! = ;,sol cannotsatisfyx : cu: d.
For thecorverseg if | is a modelof E(K) in whichc' 6 d', thenthere existssome
w 2 (cu:d),andl canbeextendedto | °sud thatx'’ = w. | © therefore
satis esx : cu : d, andit is still a modelof E(K) becausex is not mentionedn
E(K), sol ®isamodelof E(K) [ fx :cu : dg.

— E(K) F 9ciff E(K) [ f> v : cgis notsatis able. If E(K) F 9c, thenin every
modell of E(K),c' 6 ;,so(: ¢)' ' andl doesnotsatisfy> v : c. For the
corversg if E(K) [ f> v : cgis notsatis able, then(: c)' I"andc 6 ; in
everymodell of E(K).

— E(K) F Trangr) iff E(K)[ fx : 9r:9r:fygu:9 r:fyggisnotsatis able. If E(K)
Trangr), thenin everymodell of E(K), r' = (r')*, andf(x' ;w); (w;y' )g
r' implies(x' ;y') 2 r', sol cannotsatisfyx : 9r:9r:fygu:9 r:fyg. For thecon-
verseg if | isamodelof E(K) in whichin which for somev; w; z, f (v; w); (w; z)g

13



r! but(v:z) 62", thenl canbeextendedo ! °sudithatx'® = vandy' ’ = z,so
x'° 2 (9r:9r:fyg) °, x' " 2 (:9 r:fyg)' “andx'® 2 (9r:9r:fygu :9 rifyg)' " 10
therefore satis esx : 9r:9r:fygu :9 r:fyg, andit is still a modelof E(K) because
x is notmentionedn E(K), sol %isamodelof E(K) [ fx : 9r:9r:fygu :9 r:fygg.

— E(K) F rv siffE(K) [ fx : 9r:fygu :9 s:ifyggis notsatis able. If E(K)
r v s, thenin everymodell of E(K), (x';y') 2 r' implies(x';y') 2 s', so
| cannotsatisfyx : 9r:fygu :9 s:fyg. For thecorverse if | is a modelof E(K)
in which for somev;w, (v;w) 2 r' but (v;w) 62s', thenl canbe extendecto
| Osuchthatx' " = vandy'® = w, sox'° 2 (9r:fyg)'°, x'* 2 (:9 s:fyg)' * and
x'° 2 (9r:fygu :9 s:fyg) *. 1 Otherefore satis esx : 9r:fygu :9 s:fyg, andit
is still a modelof E(K) becauseneitherx nory is mentionedn E(K), sol %is a
modelof E(K) [ fx : 9r:fygu :9 s:fygg.

—-EK) g f v giff E(K)[ fx : 9f :fdgu :9 g:fdgg is not satis able, whee
d is a freshdata value of the extra datatype(i.e., a data value not mentionedn
E(K)). If E(K) F f v g, thenin everymodell of E(K), (x';d") 2 f' implies
(x';d")2d,so(9f:fdgu :9 g:fdg)' = ; foranyvalued, andl cannotsatisfy
x : 9f :fdgu :9 g:fdg. For the corversg if | is a modelof E(K) in which for
somev;i, (v;i) 2 f' but (v;i) 62d' , thenl can be extendedto | ° sud that
x'° = vandd® = i,sox'" 2 (9f:fdg) "’ x'" 2 (:9 gfdg) "’ andx'’ 2
(9f :fdgu :9 g:fdg)' °. I Otherefore satis esx : Of :fdgu :9 g:f dg, andit is still a
modelof E(K) becauseneitherx nor d is mentionedn E(K), sol °is a modelof
E(K)[ fx:9f:fdgu :9 g:ifdgg.

— E(K) F a= biff E(K) [ fa 6 bgis notsatis able. If E(K) F a = b, thenin
everymodell of E(K),a = b, sol cannotsatisfya 6 b. For the corverseg if
E(K) [ fa 6 bgis not satis able, thenin everymodell of E(K),a" = b, so

E(K) F a= b
— E(K) F a6 biff E(K) [ fa= bgisnotsatis able Thisis atrivial variantof the
previouscase t

Theoremsl and2 imply:

Corollary 1. OWL DL entailmentcanbetransformednto knowled@ baseunsatis a-
bility in SHOI N (D).

4.3 Consequences

The overall translationfrom OWL DL entailmentto SHOI N (D) canbe performed
in polynomialtime andresultsin a polynomialnumberof knowledgebasesatis®ability
problemseachof which is polynomialin the size of the initial OWL DL entailment.
Thereforewe have shavn thatOWL DL entailments in the samecompleity classas
knowledgebasesatis®abilityin SHOI N (D).

Unfortunately SHOI N (D) is a dif®cult descriptionlogic. Most problemsin
SHOI N (D), including knowledge basesatis®ability arein NEXPTIME [17]. Fur
ther, thereareasyet no known optimizedinferencealgorithmsor implementedsystems
for SHOI N (D).

Thesituationis not, however, completelybleak.Thereis aninexacttranslatiorfrom
SHOI N (D) to SHI N (D) thatturnsnominalsinto atomic conceptnamesl.e., for
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OWL fragmentE  |TranslationF °(F)

Individual(xs...xn)|F%a: x1);:::;F%a: xn)
for a afreshindividual name

a: typeC) a:V(C)

a: valueR x) ha;bi 1 R, F%b:x)

for bafreshindividual name
:value( v) ha;vi : U
a:o a=o

QO

Fig. 8. Translationfrom OWL Lite factsto SHI F* (D)

eachnominal o, occurrence®f o arereplacedby a nev conceptP,, and an axiom
0: P, is addedo theknowledgebase;andfor eachaxioma 6 b, theaxiomP, v : Py
is addedo theknawledgebase This translationcouldbe usedto producea partial, but
still very capablereasonefor OWL DL. Moreover, asis shovn in the next sectionthe
situationfor OWL Lite is signi®cantlydifferent.

5 Transforming OWL Lite

OWL Lite is thesubsebf OWL DL that

1. eliminatesthe intersectionOf , unionOf , complementOf , and oneOf
constructors;

2. removesthevalue constructfrom therestriction constructors;

3. limits cardinalitiesto 0 and1;

4. eliminategtheenumeratedClass  axiom;and

5. requiresthat description-formingconstructorsnot occur in other description-

forming constructors.

Thereasorfor de®ningthe OWL Lite subseiof OWL DL wasto have aneasiertarget
for implementationThis wasthoughtto be mostly easierparsingand other syntactic
manipulations.

As OWL Lite doesnot have the analogueof nominalsit is possiblethatinference
is easielin OWL Lite thanin OWL DL. However, thetransformatiorabove from OWL
DL entailmentinto SHOI N (D) unsatis®abilityusesnominalseven for OWL Lite
constructslt is thusworthwhile to devise an alternatie translationthat avoids nomi-
nals.

Therearethreeplaceshatnominalsshav up in ourtransformation:

1. translationsnto SHOI N * (D) of OWL DL constructghatarenotin OWL Lite,
in particularthe oneOf constructor;
. translationsnto SHOI N * (D) axiomsof OWL DL Individual facts;and
3. thetransformatiorto SHOI N (D) unsatis®abilityof SHOI N* (D) entailments
whoseconsequentarerole inclusionaxiomsor role transitiity axioms.

N

The®rst of these of coursejs nota concernwhenconsideringOWL Lite.
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Axiom A |TransformatiorG(A)
a:C a::C

ha;b :R|b:B,a:8R: B

for B afreshconceptnam
ha;vi : Ula: 88UV

Fig. 9. ExtendedTransformatiorfrom Entailmentto Unsatis ability

The second place where nominals shov up is in the translation of OWL
Individual factsinto SHOI N (D) axioms (Figure 6). In orderto avoid intro-
ducing nominals,we can usethe alternatve translationF ° from OWL Lite factsto
SHI F* (D) givenin Figure8. Notethat, in this case the translationV(C) doesnot
introduceary nominalsaswe aretranslatingOWL Lite classes.

Thenew transformatiordoes however, introduceaxiomsof theforma: C, ha; bi :
R andha;vi : U thatwe will needto dealwith whentransformingfrom entailment
to satis®ability We cando this by extendingthe transformationG givenin Figure7
asshawn in Figure9. The extensiondealswith axiomsof theform ha;vi : U usinga
datatypederivedfrom the negationof a datavalue (written v), andwith axiomsof the
form ha; bi : R usinga simpletransformationdescribedn moredetail by Horrockset
al. [12]. Thistransformatiorexploits thefactthata freshconceptname(i.e.,a concept
namethatis not alreadymentionedn the knowledgebase)canbe usedto simulatea
nominalin somecasesln particular if B is a freshconceptname,andwe asserthat
a is aninstanceof B, thenany modell of aknowledgebaseK canbe extendedto a
modell °of K in whichB'° = fa' °g, i.e., amodelin whichB  fag. Whenusing
thistechniqueconceptsuchasB arecalledpseudammominals

Thethird and®nal placewherenominalsshowv upis in thetransformatiorof entail-
mentswhoseconsequentare objectrole inclusionaxiomsor role transitvity axioms.
Both thesecasescanalsobe dealtwith usingpseudonominals.Objectrole inclusion
axiomscanbe dealtwith usinga pseudaominaltransformatiorsimilar to thosegiven
in Figure 9. In this transformationan axiom of theform r v s is transformednto
theaxiomx : B u 9r(8s :: B), whereB is is afreshconcepthame.Similarly, tran-
sitivity axiomscan be dealtwith by transformingan axiom Trangr) into an axiom
X :Buo9r(9r(8r :: B)).

We will useGPto denotethe transformatiordescribedn Figures7 and9 with role
inclusionandtransitiity transformationsnodi®edasdescribedabove.

Theorem 3. The translationfrom OWL Lite to SHI F* (D) preservessatis ability.
Thatis, an OWL Lite axiomor factis satis ed by an interpretation| if andonly if the
translationis satis edby| .8

Proof. A simple recursive argument based on the semanticsof OWL Lite and
SHI F* (D) showsthat the extensionof OWL Lite classesdata ranges,and pieces
of Individualfactsis maintainedn thetranslation.Similarly, a simplesemantichased

8 Thisagainignoresthe minor differencesetweerOWL Lite interpretationandSHI F* (D)
interpretations.
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argumentshowsthat the translationof OWL Lite axiomsand facts preservesatisfac-
tion.

Theorem4. LetK andK®beSHI F* (D) knowledg basesderivedfrom OWL Lite
ontolagies.ThenK E KCifftheSHI F (D) knowledgbaseE(K) [ fGYA)gis unsat-
is able for everyaxiomA in K°,

Proof. Asa SHI F* (D) knowledg baseis obviouslya SHOI N * (D) knowledg
base weonly needto considerthe new transformationsntroducedn G°

— E(K) F a: CiffE(K)[ fa:: Cgisnotsatis able If E(K) F a: C thenin every
modell of E(K),a' 2 C' andl cannotsatisfya: : C. For thecorversgif | isa
modelof E(K) inwhicha' 62C' ,thenl alsosatis esa:: C andE(K)[ fa:: Cg
is satis able.

— E(K) F ;b : RIffE(K)[ fb: B; a: 8R:: Bgis notsatis able, wheeB isa
concepthamenotmentionedn E(K). If E(K) F ha;bi : R, thenin everymodell
of E(K), (a' ;b)) 2 R', andif b : B is satis edthena : 8R:: B is not satis ed.
For the corverse if | is a modelof E(K) in which (a' b) 62R' then!l canbe
extendedtolosuch thatB' = fi g, soforany(a ;w) 2 R'",w 2 (: B)'’,
andthusa'° 2 (8R:: B)' .I°thereforesat|s esbothb: B anda 8R:: B, and
it is still a modelof E(K) because is notmentionedn E(K), sol Oisamodelof
E(K)[ fb:B; a:8R:: Bg.

— E(K) F ha;vi : U iff E(K) [ fa: 8U:vgis notsatis able, where v is a datatype
suhthat(v)P = L nfvPg. If E(K) F ha;vi : U, thenin every modell of
E(K), (' ;vP) 2 U' anda : 8U.v is not satis ed. For the corversg if | is a
modelof E(K) in which (a' ;vP) 62U', thenfor any(a' ;i) 2 U',i 2 (V)P and
a' 2 (8Uw)' . I therefore satis esa : 8U:v, andsoit is a modelof E(K) [ fa:
8u:vg.

— E(K)F rv siffE(K)[ fx :B u9r(8s :: B)gisnotsatis able, wheeB isa
conceptnamenot mentionedn E(K). If E(K) F r v s, then(v;w) 2 r' implies
(viw) 2 ¢ and(w;v) 2 (s )',sox' 2 (9r(8s :: B)) impliesx' 2 (: B)'
andx : B u 9r(8s :: B) is not satis ed. For the corversg if | is a modelof
E(K) in which for somev;w, (v;w) 2 r' but (v; w) 62s' (and so (w;v) 62
(s "), then| can be extendedto | Osun‘n thatx'* = v and B'" = fvg, so
x'°2B'", w2 (8 = B)  andx'’ 2 (9r(8s : B))I I°thereforesat|s es
Xx:Bu 9r(8$ i B), and it is still a modelof E(K) becauseneitherx nor B is
mentionedn E(K), sol ®isamodelof E(K) [ fx :B u 9r(8s : B)g.

— E(K) F Trangr) iff E(K)[ fx : Bu9r(9r(8r :: B))gisnotsatis able, wheeB
is a concepnamenotmentionedn E(K). If E(K) E Trangr), thenin everymodel
I of E(K), f(x';w);(w;z)g r' implies(x';z) 2 r' and(z;x')2 (r )',so
x' 2 (9r(9r(8r :: B)))' impliesx' 2 (: B)' andx : B u 9r(9r(8r :: B))is
not satis ed. For the corverse if | is a modelof E(K) in which for somev; w; z,
f(v;w);(w;2)g r' but (v z) 62r' gand so (z;v) 62(r 2 ), thenl can be
extendedo | Osuchthatx' = vandB' = fvg,sox' "2 B'",z2 (8r :: B)"’
andx'’ 2 (9r(9r(8r :: B)))I | Otherefore satis esx : B u 9r(9r(8r  B)),
andit is still amodelof E(K) becauseeitherx nor B is mentionedn E(K), sol ©
isamodelof E(K)[ fx:B u9r(9r(8r :: B))g. t
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Theorems3 and4 imply:

Corollary 2. OWL Lite entailmentanbetransformednto knowledg baseunsatis a-
bility in SHI F (D).

A simpleexaminationshaws thatthe transformationganbe computedn polynomial
time andresultin only alinearincreasen size.

As knowledge basesatis®abilityin SHI F (D) is in EXPTIME [17], this means
thatentailmentin OWL Lite canbe computedn exponentialtime. Further OWL Lite
entailmentcan be computedby the RACER descriptionlogic system[8], a heavily-
optimiseddescriptionlogic reasonerresultingin an effective reasoneffor OWL Lite
entailment.

6 Conclusion

Reasoningvith ontologylanguagesvill beimportantin the Semantid/Nebif applica-
tionsareto exploit the semantic®f ontologybasednetadatannotations.

We have shavn that ontology entailmentin the OWL DL and OWL Lite ontol-
ogy languagescan be reducedto knowledge basesatis®ability in, respectiely, the
SHOI N (D) andSHI F (D) descriptionlogics. This is so even thoughsomecon-
structsin thesdanguageg)o beyondthe standardiescriptiorlogic constructs.

Fromthesemappingswe have determinedhatthe compleity of ontologyentail-
mentin OWL DL andOWL Liteisin NEXPTIME andEXPTIME respectiely (thesame
asfor knowledgebasesatis®abilityin SHOI N (D) andSH|1 F (D) respectiely). The
mappingof OWL Liteto SHI F (D) alsomeanghatalready-knevn practicalreasoning
algorithmsfor SH1 F (D) canbeusedto determineontologyentailmentin OWL Lite;
in particular thehighly optimisedRACER systeni8], which candetermin&knowledge
basesatishctionin SHI1 F (D), canbe usedto provide ef®cientreasoningservicesor
OWL Lite.

Themappingfrom OWL DL to SHOI N (D) canalsobeusedto provide complete
reasoningservicedor alarge partof OWL DL, or partialreasoningservicesfor all of
OWL DL. Studiesdirectedtowardsthe developmentof complete practicalalgorithms
and systemdfor all of OWL DL are obviously a high priority within the description
logic and SemantidWeb researclcommunitieslf suchalgorithmscannotbe found, it
may be worthwhileto considemevising the speci®catiorof OWL DL to eliminate(or
at leastwealen) one of the constructorsvhoseinteractioncauseghe dif®culty, i.e.,
inversepropertiescardinalityconstraintsor oneOf.
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