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Executive Summary

The importanceof ontologiesin the SemanticWeb has promptedthe developmentof
severalproposedxtensiongo the OWL ontologylanguage Thesencludeextensiondor
rules,fuzzy conceptsgatatypesndmultiple contexts. In thisreportwe will studyseveral
of the moreprominentproposalsn detail,andalsogive anovervien of arangeof other
work in this area.
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1 Intr oduction

Giventhatontologiesaresetto play a key role in the SemantidVeDb, it is reasonabléhat
oneof the rst tasksto be tackledin the developmentof SemanticWeb infrastructure
wasthe developmentandstandardisationf a suitableontologylanguage.This taskwas
nally completedon Februaryl0th2004with therecommendatioby W3C of the OWL
WebOntologyLanguagd71].

Like its predecessor®IL [22] and DAML+OIL [38], on which it was based,the
OWL languageés closelyrelatedto an expressve DescriptionLogic (DL), in this case
SHOI N (Dp) [35]. The decisionto baseall of theselanguage®n DLs was motivated
by the mary advantageghatderive therefrom! the languagesomewith awell de ned
semanticstheir formal propertiesare well understoodin particularwith respecto the
decidabilityand complity of key reasoningasks;soundand completealgorithmsfor
performingthesereasoningasksare well known; and reasoningsystemsusing highly
optimisedimplementation®f thesealgorithmsarealreadyavailable[38, 39].

Anotherimportantin uence on the designof OWL wasthedecisionto layerthelan-
guageon top of RDF [6], andto exploit as much as possibleof the existing RDF in-
frastructure. Of particularsigni cance in this regard was the decisionto rely on RDF
Datatypeswhich arethemselesbasedn XML Schemalatatype$10].

Basingthe designon DLs and on RDF conferredimportantadvantageson OWL.
Theseadwantagesio not, however, comewithout cost: retainingthe decidability of rea-
soningrequiresthe expressve power of the “abstract” part of the languageto be con-
strainedandrelying on RDF for datatypesesultsin the “concrete”partof the language
(i.e., the datatypespeingvery weak[55]. While acceptablen mary contexts, this lack
of expressve power canbe problematicain mary applicationsfor examplein describ-
ing web services,whereit may be necessaryo relateinputs and outputsof composite
processe$o the inputsandoutputsof their componenprocesse$§/3], or in medicalin-
formatics,whereit maybenecessaryo transfercharacteristicacrosartitive properties
(aninjury to part of an anatomicalstructuremay be consideredo be aninjury of the
structureasawhole) [63]. More expressve datatypesnay alsoberequiredin mary ap-
plications,e.g.,to constrainvaluesto be in aninteger sub-ranggthe value of agemay
be constrainedo bein the range0 to 150) or to usehigherarity datatypepredicatego
constrairnrelationshipdbetweermultiple values(the valueof incomemay be constrained
to be greaterthanthevalueof expenditure).

Therecognitionof theseandotherlimitations hasmotivatedresearcton several pos-
sibleextensiongo OWL. In thisdocumentve will describehreeof themostwell formed
proposaldn detail: the OWL RulesLanguage(ORL) [36], comple role inclusion ax-
ioms [40], anddatatypepredicateg53]. We will alsogive pointersto otherresearclon
extensiongo OWL, includingalternatve rulesproposalg20, 23], a“fuzzy” extensionto
OWL [77], acontext extensionto OWL (C-OWL) [13] andaproposafor anOWL query
language.

LSeehttp:/llists.w3.org/Archives/Public/www- webont- wg/
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2 A Horn RulesExtensionto OWL

2.1 Background and Motivation

Many of the limitations of OWL stemfrom the fact that, while the languagancludesa
relatively rich setof classconstructorsthelanguagerovidedfor talking aboutproperties
is muchwealer. In particular thereis no compositionconstructor soiit is impossible
to capturerelationshipsetweena compositepropertyandanotherpossiblycomposite)
property Thestandardexamplehereis the obviousrelationshipbetweerthe composition
of the “parent” and“brother” propertiesandthe “uncle” property i.e., we would like to
asserthatthe compositionof parentandbrotherimpliesuncle.

Oneway to addresshis problemwould beto extendthe DL underlyingOWL with a
morepowerful languagdor describingoropertiesin Section3 we will examinein detail
a recentproposalfor suchan extension. In orderto maintaindecidability however, the
usageof compositionmustbe limited, andthis meanghatnot all relationshipsetween
composegbropertiecanbe captured—irfacteventherelatively simple“uncle” example
cannotnot be capturedbecauséuncle” is not oneof “parent” or “brother”).

An alternatve way to overcomesomeof the expressie restrictionsof OWL would be
to extendit with someform of “rules language”.In factaddingrulesto descriptionogic
basedknowledgerepresentatiotanguagess far from beinga new idea. Several early
descriptionlogic systemse.g.,Classic[59, 12], includeda rule languagecomponentlin
thesesystemshowever, ruleswere given a wealer semanticireatmenthanaxiomsas-
sertingsub-andsuperclassrelationshipsthey wereonly appliedto individuals,anddid
not affect classbasedinferencessuchasthe computationof the classhierarcty. More
recently the CARIN systemintegratedruleswith a descriptionlogic in sucha way that
soundandcompletereasoningvasstill possibleg[47]. This couldonly beachiered, how-
ever, by usinga ratherweakdescriptionlogic (mud wealer thanOWL), andby placing
severe syntacticrestrictionson the occurrenceof descriptionlogic termsin the (heads
of) rules. Similarly, the DLP languageproposedn [24] is basedon theintersectiorof a
descriptionogic with hornclauserules;theresultis obviously a decidabldanguagebut
onethatis necessarilyessexpressie thaneitherthe descriptionlogic or ruleslanguage
from whichit is formed.

In this sectionwe will presenta proposalfor an OWL RulesLanguaggORL) which
addsa simpleform of Horn-stylerulesto OWL. In ORL, rulesaresyntacticallyandse-
mantically coherentwith the ontologylanguagethe basicideabeingto addHorn rules
asanew kind of axiomin OWL DL with similar semanticso OWL subClassO&xioms.
Thisproposahasrecentlybeenadoptedy theDAML JointCommitteeon AgentMarkup
Languagegpart of the DARPA DAML programme)renamedhe SemanticWeb Rules
LanguaggSWRL) andpublishedasa W3C note[37]. As suchi,it will form animportant
inputto anew W3C “SemanticWeb Rules”working groupthatis likely to be established
within the next twelve months.
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2.2 Overview

Thebasicideaof the proposalis to extendOWL DL with aform of ruleswhile maintain-
ing maximumbackwardscompatibility with OWL's existing syntaxand semantics.To
this end,we adda new kind of axiomto OWL DL, namelyHorn clauserules,extending
the OWL abstracisyntaxandthe direct model-theoreticemanticsor OWL DL [58] to
provide aformal semanticandsyntaxfor OWL ontologiesincludingsuchrules.

The proposedulesare of the form of animplication betweenan anteceden{body)
andconsequenthead). The informal meaningof a rule canbe readas: wheneer (and
however) the conditionsspeci edin the antecedentold, thenthe conditionsspeci edin
theconsequenmustalsohold.

Both the antecedenfbody) and consequenthead)of a rule consistof zeroor more
atoms.Atomscanbeof theform C(x), P(x,y),sameAs(x,ypr differentFrom(x,y)where
CisanOWL DL description,Pis an OWL property andx,y areeithervariables,OWL
individualsor OWL datavalues.Atomsaresatis ed in extendedinterpretationgto take
careof variables)n theusualmodel-theoretiavay, i.e., the extendednterpretatiommaps
thevariableso domainelementsn away thatsatis esthedescriptionproperty sameAs,
or differentFromjustasin theregular OWL modeltheory

Multiple atomsin anantecedendretreatedasa conjunction.An emptyantecedents
thustreatedastrivially true(i.e. satis ed by everyinterpretation)sothe consequenmnust
alsobesatis ed by everyinterpretation.

Multiple atomsin aconsequerdretreatedasseparateonsequencese.,they mustall
be satis ed. In keepingwith the usualtreatmenin rules,anemptyconsequenis treated
astrivially false(i.e.,notsatis edby ary extendednterpretation) Suchrulesaresatis ed
if andonly if theantecederis notsatis edby arny extendednterpretationNotethatrules
with multiple atomsin the consequentould easilybe transformedvia the Lloyd-Topor
transformation$48]) into multiple ruleseachwith anatomicconsequent.

It is easyto seethat OWL DL becomesundecidablevhenextendedin this way as
rules canbe usedto simulaterole value maps[69] and make it easyto encodeknown
undecidablgroblemsasan ORL ontologyconsisteng problem(seeSection2.6).

2.3 Abstract Syntax

The syntaxfor ORL in this sectionabstractdrom ary exchangesyntaxfor OWL and
thusfacilitatesaccesd$o andevaluationof the language This syntaxextendsthe abstract
syntaxof OWL describedn the OWL SemanticandAbstractSyntaxdocumen{58].

Like the OWL abstracsyntax,we will specifytheabstracsyntaxfor rulesby means
of aversionof ExtendedBNF, very similar to the ExtendedBNF notationusedfor XML
[15]. In this notation terminalsarequoted;non-terminal@renotquoted.Alternativesare
eitherseparatedby verticalbars(j ) or aregivenin differentproductions.Components
thatcanoccurat mostonceareenclosedn squarebraclets(]. ..]); componentshatcan
occurarny numberof times(includingzero)areenclosedn braceqf ... g). Whitespaces
ignoredin the productionggivenhere.

Namesin the abstractsyntaxare RDF URI referenceg43]. Thesenamesmay be
abbreviatedinto quali ed namesusingoneof the following namespacaames:
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rdf  http://www.w3.0rg/1999/02/22- rdf- syntax- ns#
rdfs http://www.w3.0rg/2000/01/rdf- schema#

xsd  http://www.w3.0rg/2001/XMLSchema#

owl http://www.w3.0rg/2002/07/owl#

Themeaningof eachconstructin theabstracsyntaxfor rulesis informally described
whenit is introduced.Theformal meaningof theseconstructss givenin Section2.4 via
anextensionof the OWL DL model-theoreticemantic$58].

2.3.1 Rules

Fromthe OWL SemanticandAbstractSyntaxdocumen{58], an OWL ontologyin the
abstracsyntaxcontainsa sequencef annotationsaxioms,andfacts.Axioms may be of
variouskinds, for example,subClassaxiomsandequvalentClassxioms. This proposal
extendsaxiomsto alsoallow rule axioms,by addingthe production:

axiom::=rule
ThusanORL ontologycouldcontainamixtureof rulesandotherOWL DL constructsin-
cludingontologyannotationsaxiomsaboutclassesandpropertiesandfactsaboutOWL
individuals,aswell astherulesthemseles.

A rule axiomconsistf anantecedentbody)andaconsequenthead)eachof which
consistsof a (possiblyempty) setof atoms. Justasfor classand propertyaxioms,rule
axiomscanalsohave annotations.Theseannotationsan be usedfor several purposes,
includinggiving alabelto therule by usingtherdf:labelannotatiorproperty

rule ::="Implies('f annotatiog antecedentonsequent’)’

antecedent:='Antecedent(f atong’)’

consequent="Consequentf atong’)'

Informally, arule maybereadasmeaninghatif theantecedentolds(is “true”), then
the consequenmustalsohold. An emptyantecedenis treatedastrivially holding(true),
andanemptyconsequens treatedastrivially notholding(false).Non-emptyantecedents
andconsequentkold iff all of their constituentatomshold. As mentionedabove, rules
with multiple consequentsouldeasilytransformedvia the Lloyd-Toportransformations
[48] into multiple ruleseachwith a singleatomicconsequent.

Atoms in rules can be of the form C(x), P(x,y), Q(x,z), sameAs(x,y)or different-
From(x,y),whereC isanOWL DL descriptionPis anOWL DL individual-valuedProp-
erty, Q isanOWL DL data-valuedPropertyx,y areeithervariablesor OWL individuals,
andz is eitheravariableor anOWL datavalue.In the contet of OWL Lite, descriptions
in atomsof theform C(x) mayberestrictedo classnames.

atom::= description(" i-object’)’
j individualvaluedPropertylD(' i-objecti-object’)’
j datavaluedPropertylD(' i-objectd-object’)’
j sameAs(' i-objecti-object’)’
j differentFrom(" i-objecti-object")’

Informally, an atom C(x) holdsif x is aninstanceof the classdescriptionC, an atom
P(x,y) (resp.Q(x,z)) holdsif x is relatedto y (z) by propertyP (Q), anatomsameAs(X,y)
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holdsif x is interpretedasthe sameobjectasy, andanatomdifferentFrom(x,yholdsif x
andy areinterpretedasdifferentobjects.

Atoms may refer to individuals, dataliterals, individual variablesor datavariables.
Variablesaretreatedasuniversallyquanti ed, with their scopeimited to agivenrule. As
usual,only variableghatoccurin theantecedendf arule mayoccurin theconsequenta
conditionusuallyreferredto as“safety”). As we will seein Section2.6, this safetycon-
dition doesnot, in fact,restrictthe expressive power of thelanguagebecausexistentials
canalreadybe capturedusingOWL some\aluesFronrestrictions).

I-object ::=i-variablej individuallD

d-object::= d-variablej dataLiteral

I-variable ::="l-v ariable(' URIreference)’

d-variable::='D-variable(' URIreference)'

2.3.2 Human ReadableSyntax

While theabstracExtendedBNF syntaxis consistentvith the OWL speci cation,andis
usefulfor de ning XML andRDF serialisationsit is ratherverboseandnot particularly
easyto read. In thefollowing we will, therefore often usearelatively informal “human
readable’form similar to thatusedin mary publishedwvorksonrules.

In this syntax,arule hastheform:

antecedent consequent

whereboth antecedentand consequenare conjunctionsof atomswrittenai ™ ::: " ap.

Variablesareindicatedusingthe standardcorventionof pre xing themwith a question
mark (e.g., ). Using this syntax,a rule assertinghat the compositionof parent and
brother propertiesmpliesthe unclepropertywould be written:

parent(?a; ?b) » brother(?b;?c) ! unclg?a; 7c): Q)

If JohnhasMary asa parentandMary hasBill hasa brother, thenthis rule requiresthat
JohnhasBill asanuncle

2.4 DirectModel-Theoretic Semantics

The model-theoreticemanticdor ORL is a straightforvard extensionof the semantics
for OWL DL givenin [58]. Thebasicideais thatwe de ne bindings—extensionof OWL
interpretationghatalsomapvariablesto elementf the domainin the usualmanner A
rule is satis ed by an interpretationiff every binding that satis es the antecedenalso
satis esthe consequentThe semanticconditionsrelatingto axiomsandontologiesare
unchangedsoaninterpretatiorsatis esanontologyiff it satis esevery axiom(including
rules)andfactin the ontology
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2.4.1 Interpreting Rules

Fromthe OWL SemanticandAbstractSyntaxdocumen{58] we recallthatan abstract
OWL interpretations atupleof theform

| = REC,ERL:SLVi:

whereR is a setof resourcesLV  Ris a setof literal values,EC is a mappingfrom

classesnddatatypeso subset®f RandLV respectrely, ERis amappingfrom properties
to binaryrelationson R, L is a mappingfrom typedliteralsto elementof LV, andSis a

mappingfrom individual namego elementof EC(owl:Thing ).

GivenanabstracOWL interpretation , abindingB(l ) is anabstractOWL interpre-
tationthatextendsl suchthatS mapsi-variablesto elementsof EC(owl:Thing ) andL
mapsd-variablesto elementf LV respectiely. An atomis satis ed by a binding B(l )
underthe conditionsgivenin Table1, whereC is anOWL DL descriptionP is an OWL
DL individual-valuedProperty Q is anOWL DL data-valuedPropertyx;y arevariables
or OWL individuals,andzis avariableor anOWL datavalue.

Atom Conditionon Interpretation
C(x) S(xX) 2 EC(C)

P(xy) hS(x); y)i 2 ER(P)
Q(x;2) hS(x);L(2)i 2 ER(Q)
sameA$x;y) Sx) = )
differentFronfx;y) | S(x) 6 Sy)

Tablel: InterpretationConditions

A binding B(l ) satis esanantecedend iff A is emptyor B(l ) satis esevery atom
in A. A bindingB(l ) satis esa consequen€ iff C is notemptyandB(l ) satis esevery
atomin C. A ruleis satis ed by aninterpretatiorl iff for every binding B suchthatB(l )
satis estheantecedenB(l ) alsosatis estheconsequent.

Thesemanticonditionsrelatingto axiomsandontologiesareunchangedin particu-
lar, aninterpretatiorsatis esanontologyiff it satis esevery axiom(includingrules)and
factin the ontology;anontologyis consistentff it is satis ed by atleastoneinterpreta-
tion; anontology O, is entailedby anontology O; iff every interpretatiorthat satis es
0O, alsosatis esO,.

2.4.2 Example

Considey for example,the “uncle” rule (1) from Section2.3.2. Assumingthat parent,
brother and uncle are individualvaluedPopertyIDs, then given an interpretationl =
hR,EC;ER;L; S LVi, a binding B(l ) extendsS to map the variables?a, ?b, and ?c to
elementsof EC(owl:Thing ); we will usea, b, and c respectrely to denotetheseele-
ments.Theantecedendf theruleis satis edby B(l ) iff (a;b) 2 ER(parent) and(b;c) 2
ER(brother). Theconsequenof theruleis satis edby B(l ) iff (a;c) 2 ER(unclg. Thus
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the rule is satis ed by | iff for every binding B(l ) suchthat (a;b) 2 ER(parent) and
(b;c) 2 ER(brother), thenit is alsothe casethat(a; c) 2 ER(unclg, i.e.:

8a;b;c2 EC(owl:Thing ):
((&;b) 2 ER(parent) ™ (b;c) 2 ER(brothen)
' (ac) 2 ER(unclg

2.5 XML Concrete Syntax

Marny possibleXML encodingsouldbeimagined(e.g.,a RuleML basedsyntaxaspro-
posedin http://www.daml.org/listarchive/joint- committee/1460.html ), but
the mostobvious solutionis to extendthe existing OWL Web OntologyLanguageXxML
Presentatiosyntax[29], which canbestraightforvardly modi ed to dealwith ORL. This
hasseveraladvantages:

arbitraryOWL classege.g.,descriptionsyranbeusedaspredicatesn rules;
rulesandontologyaxiomscanbefreely mixed;

theexisting XSLT stylesheét caneasilybe extendedo provide amappingto RDF
graphshatextendsthe OWL RDF/XML exchangesyntax(seeSection2.8).

In the rst place,theontologyroot elements extendedsothatontologiescaninclude
rule axiomsandvariabledeclarationgaswell asOWL axioms,import statementgtc. We
thensimply needto addtherelevantsyntaxfor variablesandrules. (In this documeniwe
usetheunspeci edowlr namespacere x. This pre x would have to be boundto some
appropriatsnamespaceame eitherthe OWL namespaceameor somenen hamespace
name.)

Variabledeclarationsre statementsboutvariables,indicatingthatthe given URI is
to beusedasavariable,and(optionally) addingary annotationsFor example:

<owlr:Variable owlr:name ="x1" />,

stateghatthe URI x1 (in the currentnamespaces to betreatedasa variable.

Rule axiomsaresimilar to OWL SubClassOf axioms,exceptthey have owlr:Rule
astheir elementname. Like SubClassOf andotheraxiomsthey may include annota-
tions. Ruleaxiomshave anantecedenfowlr:antecedent ) componentandaconsequent
(owlr:consequent ) component.The antecedenandconsequentf a rule areboth lists
of atomsandarereadasthe conjunctionof the componenatoms.Atoms canbeformed
from unarypredicategclasses)binary predicategproperties)equalitiesor inequalities.

Classatomsconsistof adescriptiorandeitheranindividual nameor avariablename,
wherethe descriptionin a classatommaybea classname,or maybeacomplex descrip-
tion usingbooleancombinationsrestrictionsetc. For example,

<owlr.classAtom >
<owlx:Class  owlx:name ="Person" />
<owlr:Variable owlr:name ="x1" />
</owlr.classAtom >

2http://www.w3.org/TR/owl- xmisyntax/owlxml2rdf.xsl
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is aclassatomusinga classname(#Person), and

<owlr.classAtom >

<owlx:IntersectionOf >
<owlx:Class  owlx:name ="Person" />
<owlx:ObjectRestriction

owlx:property =" hasParent">
<owlx:someValuesFrom
owlx:property =" Physician" />
</owlx:ObjectRestriction >
</owlx:IntersectionOf >
<owlr:Variable owlr:name ="x2" />

</owlr:classAtom >

isaclassatomusingacomplex descriptiorrepresentingPersonsiaving atleastoneparent
whois a Physician.

Propertyatomsconsistof a propertynameandtwo elementghat canbe individual
namesyvariablenamesor datavalues(as OWL doesnot supportcomplex propertyde-
scriptions,a propertyatomtakesonly a propertyname).Note thatin the casewherethe
secondelementis an individual namethe propertymustbe an individual-valuedProp-
erty, andin the casewherethe secondelementis a datavalue the propertymustbe a
data-valuedProperty For example:

<owlr:individualPropertyAtom

owlx:property =" hasParent™>
<owlr:Variable owlr:name ="x1" />
<owlx:Individual owlx:name ="John" />
</owlr:individualPropertyAtom >

is apropertyatomusinganindividual-valuedProperty(the seconcelements anindivid-
ual),and

<owlr:datavaluedPropertyAtom owlr:property  ="grade">
<owlr:Variable owlr:name ="x1" />

<owlx:DataValue

rdf.datatype  ="&xsd;integer  ">4</owlx:DataValue = >
</owlr:datavaluedPropertyAtom >

is apropertyatomusinga data-valuedPropertydatavaluedproperty(the seconcelement
is adatavalue,in this caseaninteger).

Finally, same(different)individual atomsasserequality (inequality) betweersetsof
individual andvariablenames.Note that(in)equalitiescanbe assertedetweenrarbitrary
combination®f variablenamesandindividual names For example:

<owlr:samelndividualAtom >
<owlr:Variable owlr:name ="x1" />
<owlr:Variable owlr:name ="x2" />
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<owlx:Individual owlx:name ="Clinton" />
<owlx:Individual owlx:name ="Bill_Clinton" />
</owlr:samelndividualAtom >

assertshatthe variablesx1, x2 andtheindividual name<Clinton andBill_Clinton all refer
to thesameindividual.

2.5.1 Example

Theexamplerule from Section2.3.2canbewrittenin the XML concretesyntaxfor rules
as

<owlx:Rule >
<owlr:antecedent >
<owlr:individualPropertyAtom

owlr:property =" parent">
<owlr:Variable owlr:name ="a" />
<owlr:Variable owlrname ="b" />
</owlr:individualPropertyAtom >
<owlr:individualPropertyAtom
owlr:property =" brother">
<owlr:Variable owlr:name ="b" />
<owlr:Variable owlr:name ="c¢" />
</owlr:individualPropertyAtom >

</owlr:antecedent >
<owlr.consequent >
<owlr:individualPropertyAtom

owlr:property ~ ="uncle">
<owlr:Variable owlr:name ="a" />
<owlr:Variable owlr:name ="c" />
</owlr:individualPropertyAtom >

</owlr.consequent >
</owlr:Rule >

2.6 The Power of Rules

In OWL, theonly relationshiphatcanbe assertedetweerpropertiess subsumptiorbe-
tweenatomicpropertynamese.g.,assertinghathasktheris asubPropertyOhasRrent
In Section2.3.2we have alreadyseenhow arule canbe usedto asserimorecomple re-
lationshipsbetweenproperties. While this increasedexpressive power is clearly very
useful,it is easyto shaw thatit leadsto the undecidabilityof key inferenceproblems;n
particularontologyconsisteng.

For extensionsof languagesuchasOWL DL, the undecidabilityof the consisteng
problemis often proved by shaving that the extensionmakes it possibleto encodea
known undecidablelominoproblem[7] asan ontologyconsisteng problem. In partic-
ular, it is well known that suchlanguage®only needthe ability to representinin nite
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2-dimensionagrid in orderfor consisteng to becomeundecidabld3, 41]. With thead-
dition of rules,suchanencodings trivial. For example,giventwo propertie-succ and
y-succ, therule:

x-succ(?a; 2b) N y-succ(?b; 2c) A
y-succ(?a; 2d) N x-succ(?d;?%) ! sameAs(7c; %e);

alongwith the assertiorthatevery grid nodeis relatedto exactly oneothernodeby each
of x-succ andy-succ, allows sucha grid to be representedT his would be possibleeven
without the useof the sameAs atomin the consequent—itvould only be necessaryo
establishappropriateaelationshipsvith a*“diagonal” property:

x-succ(?a; 2b) ~ y-succ(?b;?2c) ! diagonal(?a; 2c)
y-succ(?a; 2d) N x-succ(?d; %) !  diagonal(?a; ?e);

andadditionallyasserthatevery grid nodeis relatedto exactly oneothernodeby diago-
nal.

Theproposedorm of OWL rulesseento go beyondbasicHorn clausesn allowing:
conjunctve consequents;
classdescriptionsaswell asclassnamesaspredicatesn classatoms;and
equalitiesandinequalities.

On closerexamination,however, it becomeslearthat mostof this is simply “syntactic
sugar’, anddoesnot addto the power of thelanguage.

In the caseof conjunctve consequentst is easyto seethatthesecouldbeeliminated
usingthe standard_loyd-Toportransformatiorj48]. For example,arule of theform

Al GG
canbetransformednto a semanticallyequivalentpair of rules

Al C
Al Cy:

In the caseof classdescriptionsit is easyto seethata descriptiond canbeeliminated
from arule simply by addinganOWL axiomthatintroducesanew classnameandasserts
thatit is equvalentto d, e.g.,

EquivalentClasses (D d):

Thedescriptioncanthenbereplacedvith thename herereplacingthedescriptiond with
classnameD.

In the caseof equalityatoms,the sameAs predicatecould easily be substitutedwith
a“userde ned” owl propertycalled,for example,Eq Sucha propertycanbe giventhe
appropriataneaningusingarule of theform

Thing (?X) ! Eq(?X;?X)

11



IST Project2001-33052Nonder\\éb:
OntologyInfrastructurefor the SemantidVeb

andby assertinghatit is functional.
The caseof inequalitiess slightly morecomplex. Whenthey occurin theconsequent
of arule they caneasilybeeliminated.For example,theatom

differentFrom  (X;y);

wherex andy areagain variablesor constantsgcanbereplacedwith

C(x) ™ D(y);

whereC andD arenew classnameghatareassertedo be disjoint. When(in)equalities
occur in antecedentshowever, this elimination does not work, becauseit would
strengtherthe conditionsthatmustbe metin orderfor abindingto satisfytheantecedent.

2.7 Examplesof ORL

We give two further examplesof ORL that sene to illustrate someof their utility, and
shav how the power of ORL goesbeyondthatof eitherOWL DL or Hornrulesalone.

2.7.1 Transferring Characteristics

The rst exampleis dueto GuusSchreiberandis basedon ontologiesusedin animage
annotatiordemo([27].

Artist(?x) © Stylg(?y) © artistStyle(?x; ?y) ~ creata(?x; 72)
I style=period(?z ?y)

Therule expresseshe factthat, given knowledgeaboutthe Style of certainArtists (e.g.,
van Goghis an Impressionistpainter), we can derive the style/periodof an art object
from the value of the creatorof the art object, where Style is a term from the Art and
ArchitectureThesaurugAAT),® Artist is a classfrom the Union List of Artist Names
(ULAN),* artistStyleis a propertyrelatingULAN Artiststo AAT Styles,andbothcreator
andstyle/periodarepropertiefrom the Visual ResourcegéssociatiorcatalogugVRA),°
with creatorbeinga subpropertyof the Dublin Coreelementdc:creataf

This rule would be expressedn the XML concretesyntaxasfollows (assumingap-
propriateentity declarations):

<owlr:Rule >
<owlr.antecedent >
<owlr:classAtom >
<owlx:Class  owlx:name =" &ulan;Artist" />
<owlr:Variable owlr:name ="x" />
</owlr:classAtom >

Shttp://www.getty.edu/research/tools/vocabulary/aat/
“http://www.getty.edu/research/conducting_research/vocabular ie slu la n/
Shttp://www.vraweb.org/

Shttp://dublincore.org/
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<owlr:.classAtom >
<owlx:Class  owlx:name =" &aat;Style" />
<owlr:Variable owlr:name ="y" />
</owlr.classAtom >
<owlr:individualPropertyAtom

owlr:property =" &aatulan;artistStyle">
<owlr:Variable owlr:name ="x" />
<owlr:Variable owlr:name ="y" />
</owlr:individualPropertyAtom >
<owlr:individualPropertyAtom
owlr:property =" &vra;creator">
<owlr:Variable owlr:name ="x" />
<owlr:Variable owlr:name ="z" />
</owlr:individualPropertyAtom >

</owlr:antecedent >
<owlr.consequent >
<owlr:individualPropertyAtom

owlr:property =" &vra;style/period">
<owlr:Variable owlr:name ="z" />
<owlr:Variable owlr:name ="y" />
</owlr:individualPropertyAtom >

</owlr:.consequent >
</owlr:Rule >

Theexampleis interestingbecausé showvs how rulescanbeusedto “transfercharac-
teristics”from oneclassof individualsto anothervia propertieotherthansubClassOf—
in this casethe Style characteristic®f an Artist (if any) aretransferredvia the creator
property)to the objectsthat he/shecreates. This idiom is muchusedin ontologiesde-
scribingcomplex physical systems suchas medicalterminologies,where partonomies
may be asimportantassubsumptiorhierarchiesandwherecharacteristiceften needto
be transferedacrossvariouspartitive propertieg52, 62, 66]. For example,the location
of atraumashouldbetransferedacrosshe partOf property sothattraumadocatedin a
partOfananatomicaktructurearealsolocatedin the structureitself [63]. This couldbe
expressedisingarule suchas

Location(?x) * Traumd?y) * isLacationOf(?2x; 2y) A
isPartOf (?2x; ?2)
I isLacationOf 7z ?y)

A similartechniquecouldbeusedto transferpropertieso compositgprocessefom their
componenprocessewhendescribingwebservices.

Terminologylanguagesiesignedspeci cally for medicalterminologysuchas Grail
[61] andSNOMED-RT [72] oftenallow this kind of idiom to be expressedbput it cannot
be expressedn OWL (notevenin OWL full). Thusthis kind of rule shavs oneway in
which ORL go beyondthe expressie power of OWL DL.
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2.7.2 Inferring the Existenceof New Individuals

The secondexampleis dueto Mike Dean,andillustratesa scenarian which we wantto
expresghefactthatfor every Airport thereis amapPointthathasthe samédocation(lati-
tudeandlongitude)astheAirport andthatis anobjectof “layer” (amapDrawingLayer)’
Moreover, thismappointhastheAirport asanunderlyingObjecandhasthe Airport name
asits Label. Notehow the expressie power of ORL allows “existentials”to be expressed
in the headof a rule—it is assertedhat, for every airport, theremustexist sucha map
point (usinganOWL some\aluesFronrestrictionin aclassatom).In thisway ORL goes
beyondthe expressve power of Hornrules.

The rst partof this exampleis backgrouncknowledgeaboutairportsand mapsex-
pressedn OWL DL. (A few libertieshave beentakenwith the OWL DL abstractsyntax
herein the interestsof betterreadability) In particular it is statedthat map:location and
map:object areindividual-valuedPropertiesvith inversepropertiesnap:isLocationOf and
map:isObjectOf respectrely; thatlatitude andlongitude are data-valuedPropertiesthat
map:Location is a classwhoseinstanceshave exactly onelatitude andexactly onelongi-
tude, both beingof type xsd:doublethatlayer is aninstanceof map:DrawingLayer; that
map is aninstanceof map:Map whosemap:name is "Airports” andwhosemap:layer is
layer; andthatairport:GEC is aninstanceof airport-ont:airport whosename is "Spokane
Int"  andwhoselocation is latitude 47.6197 andlongitude 117.5336 .

ObjectProperty  ( map:location)
ObjectProperty  ( map:isLocationOf
inverseOf  ( map:location))
ObjectProperty  ( map:object)
ObjectProperty  ( map:isObjectOf
inverseOf  ( map:location))

DatatypeProperty  ( latitude)

DatatypeProperty  ( longitude)

Class ( map:Location primitive
intersectionOf (

restriction (latitude allValuesFrom  ( xsd:double))
restriction (latitude minCardinality (1))

restriction (longitude allValuesFrom ( xsd:double))
restriction (longitude minCardinality (1))

Individual ~ (layer type ( map:DrawingLayer))
Individual ~ (map type ( map:Map)

value ( map:name "Airports)

value (map:layer layer))

Individual ~ (airport:GEC type (airport-ont:airport)

’http://www.daml.org/2003/06/ruletests/translation- 3.n3
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value (name "Spokane Intl")
value (location Individual  (value( latitude 47.6197)
value (longitude 117.5336))))

The rst rulein theexamplerequiresthatif amap:Location isthesamelLocation as
anothefocation , thenit hasthe samevaluesfor latitude  andlongitude

map:Location(?maploc) * sameLocation(? oc, 2maploc)”
latitude(?oc; Aat) ~ longitude(?oc; 2 on)
[

latitude(?maploc; Aat)  latitude(?maploc, 2Aon)

Thesecondule requireghatwherever anairport-ont:Airport is locatedthereis
somemap:Location  thatis the samelLocation astheairport's location,andthatis the
locationof amap:Point thatis anobjectof themap:DrawingLayer  “layer ”

airport-ont:Airport(?air port) ~ location(?air port; 2oc)®
latitude(?oc; Aat) ~ longitude(?oc; 2 on)
[
restriction (sameLoation
someValuesFrom (
intersectionOf (map: Location
restriction (isLacationOf
someValuesFrom (
intersectionOf (map: Point
restriction (map: isObjectOf
someValuesFrom (OneOf(layen)))))))))

(?oo)
The third rule requires that the map:Point  whose map:location IS
the map:Location of an airport-ont:Airport has the airport as a

map:underlyingObject andhasamap:label whichis thenameof theairport.

airport-ont:Airport(7air port)®
map:location(?air port; 2oc)”
sameLocation(? oc, 2maploc)®
map:Location(?point; ?2maploc)®
airport-ont:name(7air port; 7name

|
map:underlyingObject(?point; ?air port)”?
map:label(?point; 7name

2.8 Mapping to RDF Graphs

It is widely assumedhatthe SemantidVebwill be basedon a hierarcly of (increasingly
expressve) languageswith RDF/XML providing the syntacticandsemantidoundation
(see,e.q.,[9]). In accordancavith this designphilosoply, the charterof the W3C Web
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Ontology Working Group (the developersof the OWL language)explicitly statedthat
“The language will usethe XML syntaxand datatypeswvherever possible and will be
designedfor maximumcompatibility with XML and RDF language corventions’. In
pursuancef this goal,the working groupdevoteda greatdealof effort to developingan
RDF basedsyntaxfor OWL thatwasalsoconsistentvith the semanticof RDF [39]. It
is, thereforeworth consideringhow this designmight be extendedto encompassules.

Oneratherseriousproblemis that,unlike OWL, ruleshave variablessotreatingthem
asasemantiextensionof RDFis verydif cult. It is, however, still possibleto provide an
RDF syntaxfor rules—itis just thatthe semanticf the resultantRDF graphsmay not
beanextensionof the RDF Semantic$26].

A mappingto RDF/XML is mosteasilycreatecasanextensionto the XSLT transfor
mationfor the OWL XML Presentatiosyntax® This would introduceRDF classegor
ORL atomsandvariables,andRDF propertiesto link atomsto their predicategclasses
andpropertiesandargumentsvariablesjndividualsor datavalues)? The examplerule
givenin Section2.7.1 (that equateghe style/periodof art objectswith the style of the
artistthatcreatedhem)would be mappednto RDF asfollows:

<owlr:Variable rdf:ID =" x"/>
<owlr:Variable rdf:ID  ="y"/>
<owlr:Variable rdf:ID  ="z">
<owlr:Rule >

<owlr:antecedent rdf:parseType  ="Collection ">
<owlr:.classAtom >
<owlr:classPredicate
rdf:resource =" &ulan;Artist"/>
<owlr:argumentl  rdfrresource  ="#x" />
</owlr:classAtom >
<owlr:.classAtom >
<owlr:classPredicate

rdf:resource =" &aat;Style"/>
<owlr:argumentl  rdfresource  ="#y" />
</owlr:.classAtom >
<owlr:individualPropertyAtom >
<owlr:propertyPredicate
rdf:resource =" &aatulan;artistStyle"/>
<owlr:argumentl rdf:resource  ="#x" />
<owlr:argument2  rdfiresource  ="#y" />
</owlr:individualPropertyAtom >
<owlr:individualPropertyAtom >
<owlr:propertyPredicate
rdf:resource =" &vra;creator"/>
<owlr:argumentl  rdfrresource  ="#x" />
<owlr:argument2  rdfiresource  ="#z" />
8http://www.w3.org/TR/owl- xmisyntax/owlxmi2rdf.xsl

9Theresultis similar to the RDF syntaxfor representinglisjunctionandquanti ers proposedn [50].
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</owlr:individualPropertyAtom >
</owlr:antecedent >
<owlr:consequent rdf:parseType  ="Collection ">

<owlr:individualPropertyAtom >
<owlr:propertyPredicate

rdf:resource =" &vra;style/period"/>
<owlr:argumentl  rdfrresource  ="#z" />
<owlr:argument2  rdfiresource  ="#y" />
</owlr:individualPropertyAtom >

</owlr.consequent >
</owlr:Rule >

where&ulan; , &aat; , &aatulan; and&vra; areassumedo expandinto theappropriate
namespaceamesNotethatcomplex OWL classegsuchasOWL restrictionslaswell as
classnamescanbeusedasthe objectof ORL's classPredicatproperty

2.9 ReasoningSupport for ORL

AlthoughORL providesafairly minimalrule extensionto OWL, theconsisteng problem
for ORL ontologiesis still undecidabldaswe have seenin Section2.6). This raisesthe
questionof how reasoningupportfor ORL mightbe provided.

It seemdikely, at leastin the rst instancethat mary implementationsvill provide
only partial supportfor ORL. For this reason,usersmay want to restrict the form or
expressvenesof the rulesand/oraxiomsthey employ eitherto t within a tractableor
decidablefragmentof ORL, or sothattheir ORL ontologiescanbe handledby existing
or interimimplementations.

One possiblerestrictionin the form of the rulesis to limit antecedenaind conse-
guentclassAtomdo be namedclassesywith OWL axiomsbeingusedto asseradditional
constrainton the instanceof theseclassegin the samedocumentor in external OWL
documents)Adheringto thisformatshouldmake it easietto translateulesto or from ex-
isting (or future)rule systemsincludingProlog,productiorrules(descendettom OPS5),
event-condition-actiomulesandSQL (whereviews, queries andfactscanall be seenas
rules);it mayalsomale it easierto extendexisting rule basedreasonergor OWL (such
asEulert® or FOWLM) to handleORL ontologies Further sucha restrictionwould max-
imise backwardscompatibility with OWL-speakingsystemshatdo not supportORL. It
shouldbe pointedout, however, thattheremay be someincompatibility betweerthe rst
ordersemantic®f ORL andtheHerbrandmodelsemantic®f mary rule basedeasoners.

By further restrictingthe form of rulesand DL axiomsusedin ORL ontologiesit
would be possibleto staywithin DLP, a subsebf thelanguagehathasbeenshovn to be
expressiblan eitherOWL DL or declaratve logic programgLP) alone[24]. Thiswould
allow eitherOWL DL reasonersr LP reasonerto beusedwith suchontologiesalthough
theremay again be someincompatibility betweernthe semanticof ORL andthoseof LP
reasoners.

LOnhttp://www.agfa.com/w3c/euler/
Hhttp://fowl.sourceforge.net
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Anotherobviousstratgy would beto restricttheform of rulesandDL axiomssothat
a “hybrid” systemcould be usedto reasonaboutthe resultingontology This approach
hasbeenused,e.g.,in the CLASSIC [59] and CARIN systemgq47], wheresoundand
completereasonings madepossiblemainly by focusingon queryansweringpy restrict-
ing the DL axiomsto languageshataremud wealerthanOWL, by restrictingthe useof
DL termsin rules,and/orby giving a differentsemantidreatmento rules.

Finally, analternatve way to provide reasoningsupportfor ORL would beto extend
thetranslationof OWL into TPTP implementedn the Hooletsystem'3 andusea rst
orderprover suchasVampireto reasorwith theresulting rst ordertheory[64, 76]. This
techniquewould have several advantages:no restrictionson the form of ORL rulesor
axiomswould berequired;theuseof a rst orderprover would ensurehatall inferences
weresoundwith respecto ORL's rst ordersemanticsandthe useof the TPTPsyntax
would make it possibleto useary oneof arangeof stateof theart rst orderprovers.

2.10 Summary

In this sectionwe have presentedRL, a proposedxtensionto OWL to includeasimple
form of Horn-stylerules.We have providedformal syntaxandsemantic$or ORL, shavn
hov OWL's XML and RDF syntaxcan be extendedto dealwith ORL, illustratedthe
featuresof ORL with several examples,anddiscussedow reasoningsupportfor ORL
mightbe provided.

Themainstrength®f ORL areits simplicity andits tight integrationwith the existing
OWL languageAs we have seen ORL extendsowl with themostbasickind of Hornrule
(sweeteneavith a little “syntacticsugar”): predicatesarelimited to beingOWL classes
andpropertiegandsohave amaximumarity of 2), thereareno disjunctionsor negations
(of atoms),no built in predicategsuchasarithmeticpredicates)and no nonmonotonic
featuressuchasnegationasfailure or defaults. Moreover, rulesaregivena standardrst
ordersemanticsThis facilitatesthetight integrationwith OWL, with ORL beingde ned
asa syntacticandsemanticeextensionof OWL DL.

12 standardsyntaxusedby mary rst ordertheoremprovers—seéttp://www.tptp.org
B3nttp://ww.w3.0rg/2003/08/owl- systems/test-  results-  out
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3 Extending OWL with Complex Role Inclusion Axioms

3.1 Motivation

As we have alreadydiscussedthe OWL languageis basedon the SHOI N (D) DL
which is itself closelyrelatedto the well known SHI1 Q DL. The SHI Q DL [42, 32]
is anexpressie knowledgerepresentatioformalismthatextendsAL C [68] with quali-
fying numberrestrictions,inverseroles, role inclusionaxioms,andtransitve roles. The
developmenbf SH | Q wasmotivatedandinspiredby severalapplicationspneof which
wastherepresentationf knowledgeaboutcomplex physically structureddomainsound,
e.g.,in chemicalengineering65] andmedicalterminology[62].

For example,in SH 1 Q, we can describefracturesof the femur by the following
conceptwhich, intuitively, denotedracturesthatarelocatedin the femur or the neckof
thefemur:

FemurFracture = Fracture u 9hasLocation :(Femutt FemurNeck

To malke this de nition work, we also shoulddescribethe neck of the femur, e.g.,as
follows: .
FemurNeck: BodyPartu Proxima9isDivisionOf :Femur

SH1 Q allows mary importantpropertiesof applicationdomainsto be captured:e.g.,
we can state that hasLocation is transitve, and that LocatedIn is the inverse of
hasLocation . However, thereis one extremely usefulfeaturethat SH |1 Q cannotex-
press,namelythe “propagation” of one propertyalong anotherproperty[52, 60, 72].
Comingbackto our exampleabove, to capturethatalsoa fractureof the shaftof the fe-
muris a fractureof the femur, we needto addthis informationexplicitly thede nition of
FemurFracture. As such,thisis easilyfeasible.A moreelegantapproachwould beto
changeour de nition to

FemurFracture = Fracture u 9hasLocation :(Femutt 9isDivisionOf :Femuj):

Still, we have to have a similar disjunctionin the de nition of the fractureof thetibia,
andall otherfractures.Thus,it would be usefulif we could express,n generalthefact
thatcertainlocative propertiesaretransferedacrosscertainpartonomigpropertiessothat
afractureor traumalocatedin a partof abodystructures recognisedsbeinglocatedin
thebody structureasawhole. This would yield the highly desirablenferencesuchasa
fractureof theshaftof thefemurbeinginferredto beakind of fractureof thefemur, or an
ulcerlocatedin the gastricmucosébeinginferredto beakind of stomachulcer—without
thenecessityto repeathis statemenin thede nition of every singlesuchconcept.
Theimportanceof thesekinds of inferencesparticularlyin medicalterminologyap-
plications,is illustratedby the factthat threedifferentsuchapplicationsprovide means
to expresspropagtion. The Grail DL [61], which wasspeci cally designedor usewith
medicalterminology is ableto representhesekinds of propagtion (althoughit is quite
weakin otherrespects)In anothemrmedicalterminologyapplicationusingthe compara-
tively inexpressie DL AL C, arathercomplex “work around”is performedin orderto
represensimilar propagtions[70]: so-calledSEP-tripletsare usedbothto compensate
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for the absencef transitve rolesin AL C, andto expressthe propagtion of properties
acrossadistinguishedpart-of” role. In athird applicationuseis madeof so-calledight-
identities which correspondo our comple role inclusionaxioms[72]. Finally, similar
expressvenessvasalsoprovidedin theCycL languageby thetransfersThro  statement
[46]. To thebestof our knowledge,however, thereis no proof of the correcttreatmenof
propagtionin ary of theseapplications.

As we have seenin Section2, one way to addresshis problemis to extend the
languagewith Horn clauserules,but thatthis immediatelyleadsto the undecidabilityof
key inferenceproblems.An alternatve aproachis to extend SH | Q sothatthis kind of
role propagtioncanbe expressedsimply allow for role inclusionaxioms(RIAs) of the
formR Sv P, whichthenforcesall modelsl to interpretthe compositionof Rl with S
asasub-relatiorof P! . E.g.,theabose examplestranslatento

hasLocation isDivisionOf v haslLocation ;

whichimpliesthat
Fracture u 9hasLocation :(Necku 9isDivisionOf :Femuy;

i.e., aconceptdescribingfracturesof the neckof the femur, is indeedsubsumedy (is a
specialisatiorof)

Fracture u 9haslLocation :Femur

i.e.,aconcepidescribingracturesof thefemur.

Unfortunately this extensionalsoleadsto the undecidabilityof interestinginference
problemssuchasconceptsatis ability andsubsumptiorf78]. This undecidabilityis not
surprisingoncewe obsene the closerelationshipbetweenRIAs, GrammarLogics [4,
5, 18], androle value maps[14, 69]. This relationshipis discussedn more detail in
Section3.2.1. Here, it shouldsufce to mentionthata RIA RSv T canbe viewed as
a notationalvariantof the productionrule T ! RS of GrammarLogics or the concept
inclusion> v (RSv T) of adescriptioriogic allowing for role valuemaps.

On closerinspectionof our motivating examples,we obsere thatonly RIAs of the
form RSv Sor SRv S arerequiredin orderto expresspropagtion. To the bestof
ourknowledge,no (un)decidabilityresultsareknown for similar restrictionsof theabove
mentionedGrammarLogics or DLs with role value maps. In this paper we will showv
that SH | Q extendedwith this restrictedform of RIAs is still undecidable .Dueto the
syntacticrestrictionsimposedon RIAs, we cannotre-usetechniquesemplo/edto prove
undecidabilityof Grammar_ogicsor DLs with role valuemaps.Instead our proofis by
reductionof the undecidablelominoproblem[8], andusesa ratherspecialtechniqueto
ensureagrid structure.

Decidability can be regained, however, by further restrictingthe setof RIAs to be
regular, andthelogic obtainedby restrictingRIAs to regularonesis calledR | Q. From
a practicalpoint of view, therestrictionamposedby regularity do not seemto be severe:
regularRIAs shouldsufce for mary applicationsandnon-regularRIAs mayevenbean
indicatorof modelling a ws [60].

We prove the decidabilityof SH | Q with regular RIAs via a tableau-basedecision
procedurefor the satis ability of concepts. We rst translateregular RIAs into non-
deterministicautomataandthenusetheseautomatan the tableaualgorithm. More pre-
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cisely, thetableaualgorithmreplacexonceptof theform 8R.C (whereR is arole) with
expression®f theform 8Bg:C, whereBr is a non-deterministicnite automaton(NFA)
capturingexactly the restrictionsimposedon R by RIAs. Using theseexpressionswe
ensurethat the conceptC is indeed“pushed”to all thosenodesit hasto be pushedto,
evenif they arefar away from a nodethat hasto satisfy8R.C. The algorithmis of the
samecomplity asthe onefor SH | Q—in the size of Bg andthe length of the input
concept—~t, unfortunatelyBr canbeexponentiaiin the“depth” of R, i.e.,in thelength
of chainsof rolesdependingon eachother We also presenta syntacticrestrictionthat
avoidsthis blow-up; investigatingwhetherthis blow-up canbe avoidedin generalwill be
partof futurework.

As we have discusse@bove, theinteractionbetweerrolesin regularRIAs canbecap-
turedby NFAs, but we have notyetexplainedwhich RIAs areregular Thisis sobecause,
in the presenc®f inverseroles,thede nition of regularity becomeslightly tricky: each
“left-linear” RIA of theform RSv Sis equialentto a “right-linear” RIAS R v S .
Thuseachleft-linear RIA hasconsequencethat areinherentlya mixture of right- and
left-linear RIAs. Now it is well-known that grammarswith a sucha linear mixture are
strongerthanright-lineargrammarsor left-lineargrammarg28], andthis is true alsofor
RIAs, asour undecidabilityresultshavs. Thus,to enablethe transformatiorinto an au-
tomaton,we imposeanadditionalrestriction,which we have choserto be acyclicityin a
ratherloosesensej.e., we still allow for RIAs SSv S RSv S andSRv S but we do
notallow for combination®f RIAs suchasRSv SandSRv R.

Finally, in orderto evaluatethe practicabilityof this algorithm,we have extendedthe
DL systemFaCT [30] to dealwith Rl Q. We discusshow the propertiesof NFAs are
exploitedin the implementationandwe presentsomepreliminaryresultsshaving that
the performancef the extendedsystemis comparablavith thatof the original, andthat
it is ableto computeinferenceof thekind mentionedabove w.r.t. thewell-known Galen
medicalterminologyknowledgebas€g62, 30].

3.2 Preliminaries

In this section,we introducethe DL SH "1 Q. This includesthe de nition of syntax,
semanticsandinferenceproblems.

De nition 1 LetC bea setof concepthamesandR a setof role names Thesetof roles
isR[ fR jR2 Rg. Aroleinclusionaxiomis anexpressiorof oneof thefollowingforms:

Riv R, RRVR;ooRRV Ry

for rolesR; (ead of which canbeinverse). A generalisedole hierarcly is a setof role
inclusionaxioms.
Aninterpretation| = (D'; ') associatesyith eac role nameR, a binary relation
R D D.lInverserolesareinterpretedasusual,i.e.,
(R) = fhyxijhyi 2 R'g foreahroleR2 R.
Aninterpretation| is a modelof a generlisedrole hierarchy R if it satis esead inclu-
sionassertionn R, i.e,, if
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R{L R'F foreah R v R, 2 R and
R R R, foreahRiRv R32 R,
whete standsfor the compositiorof binary relations.

Notethatwe did notintroducetransitiverole namessinceaddingRRv Rto thegen-
eralisedrole hierarcly is equvalentto sayingthatR is atransitve role.

To avoid consideringolessuchasR , we de ne afunction Inv on rolessuchthat
InvR) = R if Risarolename,andIinyR) = Sif R='S .

Sincewe will oftenwork with a stringof roles, it is convenientto extendboth ! and
InV( ) to suchstrings:if w= Ry:::R, for R roles,thenw' = R} ::: R, andInv(w) =
InV(Ry) :::Inv(Ry). It follows immediatelyfrom thede nition of the semanticghat

hyi 2 W iff by xi 2 Inv(w)!

Next, sinceeachmodelsatisfyingwv Salsosatis esiny(w) v In\(S) (andviceversa),
we canrestrictgeneralisedole hierarchiedo thosewith role nameson their right hand
sidewithout ary effect on the expressvity. For betterreadability we will notdo thisin
theundecidabilityproof of SH 1 Q, but we will doit for thedecidabldogic RI Q since
it makesthe constructionn the proofseasier

Finally, for a generalisedole hierarcly R, we de ne the relation v to be the
transitve-re exiveclosureof v overf Rv S In(R) v In\(S) j R;SrolesandRv S2 Rg.
A roleRis calledasub-ole (resp.supetrole) of arole Sif Rv+ S(resp.Sv R). Tworoles
RandSareequivalenftR S if Rv SandSv R.

Now we arereadyto de ne the syntaxandsemanticef SH 1 Q-concepts.

De nition 2 LetR bea genearlisedrole hierarchy. Arole Ris simplein R if, for each
ROv R, R containsno RIA of theform Ry R, v RPor Ri Ry v Inv(R9. If R is clear from
the context, we oftenuse“simple” insteadof “simplein R”.

Thesetof SH 1 Q-conceptss the smallessetsud that

everyconcepinameand>;? are conceptsand,

if C, D are conceptsR is a role (possiblyinverse), Sis a simplerole (possibly
inverse), and n is a non-n@ative integer, thenCu D, Ct D, : C, 8RC, 9RC,
(>nSC), and (6 nSC) are alsoconcepts.

A generalconceptinclusion axiom (GCI) is an expressionof the form C v D for two
SH *1 Q-concept< andD. A terminologyis a setof GCls.

An interpretationl = (D'; ') consistsof a setD', called the domainof |, and a
valuation ! which mapsevery conceptto a subsetof D' and every role to a subsetof
D' D sud that, for all conceptsC, D, rolesR, S, and non-ngative integers n, the
following equationsare satis ed,where |M denoteghe cardinality of a setM:
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>l =p 2l =0 (top and bottom)
(cubp) =c'\ D (conjunction)
(ctp)=c[D (disjunction)
¢: ¢! =D nc! (negation)
(9RC)! = fxj9y:hxyi 2 R andy2 Clg (existsrestriction)

(8RC)! = fxj8yhxyi 2 R impliesy2C'g  (valuerestriction)
(>nRC)' = fxj]fyhxyi 2 R andy2 C'g> ng (atleastrestriction)
(6nRC)! = fxj]fyhyi 2 R andy2 C'g6 ng (atmostrestriction)
An interpretation| is a modelof a terminolayy T (written| £ T)iffC! D' for
eahh GCICv DinT.
A concepC is calledsatis ableiff thereis aninterpretationl withC' 6 0. A concept
D subsumes concepC (writtenC v D) iff C! D! holdsfor ead interpretation. Two
conceptsare equvalent(writtenC D) if they are mutuallysubsumingTheaboveinfer-
enceproblemscanbede nedw.r.t. a generlisedrole hierarchy R and/ora terminolay
T in theusualway; i.e., by replacinginterpretatiorwith modelof R and/orT.
FclJr an interpretation| , an elementx 2 D' is called an instanceof a conceptC iff
x2C'.

Pleasenote that numberrestrictions(> nRC) and (6 nRC) are restrictedto simple
roles. Intuitively, theseare (possiblyinverse)rolesthat are not implied by the compo-
sition of otherroles. The reasonfor this restrictionis that, without it, satis ability of
SH | Q-conceptss undecidablg34], evenfor alogic withoutinverserolesandwith only
unqualifyingnumberrestrictionsthesearenumberrestrictionsof theform (> nR>) and
(6 NR>)).

For DLs thatareclosedundernegation,subsumptiorand(un)satis ability canbe mu-
tually reduced:Cv D iff Cu: D is unsatis able,andC is unsatis ableiff Cv ?. It is
straightforvardto extendthesereductiongo generalisedole hierarchiesandterminolo-
gies.In contrastthereductionof inferenceproblemsw.r.t. aterminologyto pureconcept
inferenceproblems(possiblyw.r.t. arole hierarcly), deseresspecialcare:in [1, 67, 2],
theinternalisationof GClsis introduced a techniquethatrealisesexactly this reduction.
For SH "I Q, this techniqueonly needsto be slightly modi ed. The following Lemma
shavs how generakoncepinclusionaxiomscanbeinternalisedusinga “universal’role
U, thatis, a transitive supefrole of all rolesoccurringin T or R andtheir respectie
inverses.

Lemma3 LetC;D beconcepts,I aterminolagy, and R a genearlisedrole hierarchy.
Wede ne
Cr= u :Gt Dy
GvDi2T

LetU bearolethatdoesnotoccurin T, C, D, or R. We set
Ry =R[ fuUv Ug[ fRv U;InMR) v U jRoccursinT,C, D, or Rg:
Cissatis ablew.r.t. T andR iff Cu Cy u 8U:Ct is satis ablew.r.t. Ry.

D subsume€ with respectto T andR iff Cu: Du Cy u 8U:Cy is unsatis able

wrt. Ry.
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The proof of Lemma3 is similar to the onesthat can be found in [67, 1]. Most
importantly it mustbe shovn that, (a) if a SH 1 Q-concep(C is satis ablewith respect
toaterminologyT andageneralisedolehierarcly R, thenC; T haveaconnecteanodel,
i. e.,amodelwhereary two elementareconnecby arole pathoverthoserolesoccurring
in C and T, and(b) if y is reachabldrom x via a role path (possiblyinvolving inverse
roles),thenhx;yi 2 U! . Theseareeasyconsequencesf the semanticsndthede nition
of U.

Theorem4 Satis ability andsubsumptiomf SH 1 Q-conceptsv.r.t. terminolagiesand
genealisedrole hierarchiesare polynomiallyreducibleto (un)satis ability of SH *1 Q-
conceptsv.r.t. generlisedrole hierarchies.

3.2.1 Relationshipwith Grammar Logics

It is well-known thatdescriptiorandmodallogicsarecloselyrelated:for example AL C
canbe viewed as a notationalvariant of the multi modallogic K [67, 17]. Relatedto
thelogicsinvesticgatedherearegrammarlogics[21], a classof propositionamulti modal
logicswherethe accessibilityrelationsare“axiomatised’througha grammar More pre-
cisely, for sj, t j modalparametergheproductionrules:::sm! ty:::ty canbeviewed
asanabbreiation for theaxioms

[si]:::[smlp) [ta]:::[tnlp;
or asbeinga notationalvariantfor therole inclusionaxiom
ti:ithVv S1:::Sm:

Analogouslyto thedescriptionogic casethe semantic®f agrammatdogic is de ned by
takinginto accountbonly thoseframes/relationastructureghat“satisfy thegrammar”.

Grammarsaretraditionally organisedn (re nementsof) the Chomsly hierarcly (see
ary textbook on formal languagese.g.,[28]), which alsoinducesclassesof grammar
logics. For example,the classof contet freegrammarogicsis the classof thosepropo-
sitional multi modal logics wherethe accessibilityrelationsare axiomatisedhrougha
context freegrammar Unsurprisingly the expressvenesof the grammarsn uencesthe
expressvenesf the correspondinggrammariogics. It wasshavn that satis ability of
regular grammarogicsis ExpTime-completg 18], whereaghis problemis undecidable
for context freegrammaiogics[4, 5]. Thelatterresultis closelyrelatedto the undecid-
ability proofin [78]. In this paperwe areconcernedvith

grammarghatarenot regular, but we do notallow for arbitrarycontext-freegram-
mars(or ary knowvn normalformsthereof),and

multi modallogics that provide a cornverseoperatoron modal parameters.That
is, for s a modal parameterboth[s]j and[s ]} areformulaeof our logic, and
we allow mixturesof cornverseand atomic modal parametersn the rules of the
grammar Moreover, SH 1 Q providesgradedmodalitiesthatrestrictthe number
of accessiblevorlds,seee.g.,[74, 44)].
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As a consequencef the rst point, we could not re-usethe techniquefrom [4, 5] for
our undecidabilityproof: we could not reducethe emptinesgproblemfor theintersection
of contet-free grammargo the satis ability of SH ™1 Q-conceptsbecauseSH 1 Q's
syntacticrestrictionon role inclusionaxiomsmeansthat we cannotcaptureall context-
free grammars. However, we can capture“*some” contect-freeness:our undecidability
proof in Section3.3 is by a reductionof the undecidabledomino problem|[8], andis
hearily basedon the languagef (ab)"(cd)"jn 0g to enforcea modelwith a “grid”
structure. Although we were not ableto constructa grammarfor this languagedirectly
usingonly production®f theformR! RSorR! SR, weusedagrammaiG suchthatthe
languageagenerateddy G, whenintersectedvith (ab) (cd) , equald (ab)"(cd)"jn Og.
ThisgrammairG containghefour productionrules

! AD:;
I AC;
I BC;
I BD; A! a:::D! d

wO>0

andcanbefoundin four versionsasthelastaxiomsof Rp in Figure2, wherewe usex;,

3.2.2 Rolevalue maps

Therole inclusionaxiomswe investigateherearecloselyrelatedto role valuemaps[14,
69], i.e.,conceptof theform Ry :::Rnv $:::§, for R, S roles. Thesemantic®f these
conceptss de ned asfollows:

(Ri:iiRqV S1::S)' = fx2 D j(Ri:Rm)' (0 (S1:::9)' (W

whereI(Rl :::Rm)! (X) denoteghe setof thosey 2 D' thatarereachabldérom x via R}
r R

Thustherole inclusionaxiomRSv T is equivalentto the generalconceptinclusion
axiom> v (RSv T), i.e.,bothaxiomshave the samemodels.Therole valuemapsused
to shav the undecidabilityof KL-ONE [69] areof a moregeneralform than(RSv T),
i.e., they userole chainsof unboundedengthon both sidesof v , andthereis no direct
translationof the undecidabilityproofin [69] to our logic.

3.3 SH*1Q isundecidable

Dueto the syntacticrestrictionon role inclusionaxioms,neitherthe undecidabilityproof
for AL C with contet-free or linear grammarsn [4, 5, 18] nor the onefor AL C with
role boxes[78] canbe adaptedo prove undecidabilityof SH *1 Q satis ability. In the
following, we reducethe (undecidable)Xdomino problem[8] to SH "1 Q satis ability.
This problemaskswhether for a setof dominotypes,thereexistsa tiling of anIN? grid
suchthat eachpoint of the grid is coveredwith exactly one of the dominotypes,and
adjacendominoesare“compatible”with respecto someprede nedcriteria.
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Figurel: A staircasenodelandtheimplicationsof thelastgroupof axiomsin Rp.

De nition 5 AdominosystenD = (D;H;V) consistof a non-emptysetof dominotypes
D = fDq;:::;Dng, and of setsof horizontallyand vertically matchingpairsH D D

andV D D. Theproblemis to determinef, for a givenD, there existsa tiling of an

IN IN grid sud that ead point of the grid is covered with a dominotypein D andall

horizontallyand vertically adjacentpairs of dominotypesare in H andV respectively
i.e., amapping

t:IN IN! D sudithat,forall myn2 IN; h(m;n);t(m+ 1;n)i 2 H and
H(m;n);t(m;n+ 1)i 2 V:

GivenadominosystemD, the problemof determiningf thereexistsatiling for D is
known to beundecidablg8].

In Figure2, for adominosystemD, we de ne aSH "I Q-concepCp, aterminology
Tp (thatcanbe internalised seeTheorem4), anda generalisedole hierarcly Rp such
thatD hasatiling iff Cp is satis ablew.r.t. Ry andTp. For betterreadability we use
C) D asanabbreiationfor: Ct D.

Ensuringthata point is associateavith exactly onedominotype, thatit hasat most
onevertical and at mostone horizontalsuccessorandthat thesesuccessorsatisfy the
horizontalandvertical matchingconditionsinducedby H andV is standardandis done
in the rst GCl of Tp.

The next stepis ratherspecial:we do not force a grid structure but a structurewith
“staircases”whichis illustratedin Figurel. To this purposewe introducefour sub-roles

andh; edgeswithoutary othervj- or hj-successorsiVe useconceptsd | andV1 for points
onthex-axisandy-axisrespectrely. At eachpointonthex-axis,two staircasestartthat
neednot meetagain, onei-staircasestartingwith v; andonei  1-staircasestartingwith
hi 1 (weuse and to denoteadditionand subtractionmodulofour); pointson the
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y-axis exhibit a symmetricabehaiour. The secondGCl in Tp introduceshe concept
for all “initial” points,andthenthethird GCI ensureghe staircasestructure.lt contains
four implications:onefor theverticalandonefor thehorizontalsuccessorshipandthese
two implicationsoncefor the “non-initial” points(i.e., instance®f : 1), andoncefor the
“Initial points”(i.e.,instance®f HI orVI).

It remaingto make surethattwo elements, brepresentinghe samepointin thegrid
have the samedomino type associatedvith them, whereb and b® “representthe same
point” if thereis ann andaninstancea of | suchthateachof themis reachabldollowing
astaircasestartingata for n stepsj.e., if thereis

avihj-path(resp.h;vi-path)of length2n from a to b, and

ah; 1vi 1-path(resp.vi 1hj 1-path)of length2n from a to b°

Tothispurposeweaddsupetrrolesx; of h; andy; of v; (for whichwe usedashedrrovs
in Figure 1), andthe last group of role inclusionaxiomsin Rp. Theserole inclusion
axiomsensureappropriateadditionalrole successorshigsetweerelementsandwe use
the additionalrolesx; andy; sincewe only wantto have at mostonev; or hj-successor
For each2 staircasestartingatthe sameelementon oneof theaxes,theserole inclusions
ensurethat eachpair of elementsepresentinghe samepoint is relatedby y;. Thatis,
eachelemenibnani 1-staircasehatis anx; j-successois relatedviay; to theelement
onthei-staircasgwhichis avj-successonepresentinghe samepoint (seeFigure 1).

To seethis, startby consideringthe consequencesf the role inclusion axiomsfor
elementgepresentinghefour points(1;0), (2;0), (1;1) and(2;1). Theelementsepre-
senting(1;0) and(2;1) arerelatedvia hsvsz andvghy, andaswe cannotforce thesetwo
pathsto endin the sameelementwe might have two elementgepresenting2;1). From
theaxiomshs v X3, v3 Vv y3, Vo vV Yo andhg v Xg, we seethat(1;0) and(2;1) arealso
relatedvia xsyz andyoxp. Usingtheaxiomy, X3 v X3 rst, thenx, X3 v x,, and nally
Xy Y3 V ¥3, we alsoseethat, if therearetwo elementgepresentinghe point (2;1), then
they arerelatedvia ys. Next, considerelementsepresentinghefour points(2; 1), (2;2),
(3;1) and(3;2), startwith theaxiomy, y3 v Y, , andthencontinueto work throughthe
samerole inclusionaxiomsasabove. Repeatinghis agumentationall elementonthese
two staircaseshatrepresenthe samepoint canbe seento berelatedvia therelationys.
Froman analogousargumentatiorfor otherpairsof staircasesysingcorrespondingets
of role inclusionaxioms, it follows that the last GCI in Tp ensureghat two elements
representinghe samepointin the grid do indeedhave the samedominotype associated
with them.

The above obsenationsimply thatthe conceptCp is satis ablew.r.t. Tp andRp iff
D hasasolution.Hence togethemwith Theoremd, we have thefollowing:

Theorem6 Satis ability of SH *1 Q-conceptsn.r.t. generlizedrole hierarchiesis un-
decidable

As mentionedabove, the usageof inverseroleson theright handsidein RIAs of Rp
is of noimportance:we canreplacetheseRIAs with equivalentoneswith role nameson
their right handside, e.g.,we canreplacex, ;X v X ; with X, Xi 1 v X 1. However,
we have choserntherepresentatiom Figure2 to make therelationshipwith thegrammar
from Section3.2.1moreclear

27



IST Project2001-33052Nonder\\éb:
OntologyInfrastructurefor the SemantidVeb

Tp =f >= ((t D)u( u o (Diu D)) u
LU, (61>)uey L D)

u D) ((lh>ju(sh t D)

1 i

|2 HIt VI;
> = Y, (9v; >u:l)) (9h |Ul.j]8Vj:? u jLe{iShj:?))u
(9h :>u:l)) (v lu _lé8vj:? uus8h;j:?))u
j&i j
(9h, > uHI)) (9vii: lu9hy 1:HIu
U 8hj:? u U 8vj:?)u
j&i 1 |6
(9v; :>uVI)) (9hi:lu9y 1:VIiu
U 8vj:? u U 8h;:?);

jei 1 j6i
> = OliJ a1 lf n9xi 1->) (Dj) 8yi:Dj)g

Cp = HIuVIu9hg:HIu9v;:VI

Ro = fvivvhvhvvy hvxjo i 3g
fx o v ¥

X X VX g
Yi 1% VX,
Yi i Vv Yy 40 i 3g

3.4

Figure2: Reductionterminology generalisedole hierarcly, andconcept.

RI1 Q isdecidable

In this section,we shav that SH 1 Q with regular role hierarchiess decidable where
“regular” is botharestrictionanda generalisatioof “generalised”.Ontheonehand,we
restrictrole hierarchiedo be acyclic whereagyclic role hierarchiesstill allow for RIAs
of theform RSv § SRv § SSv S andR v R. Moreover, for corvenienceof proofs,
we restrictour attentionto RIAs with arole nameon their right handside. As mentioned
above, thisis of noimportance.On the otherhand,we alsoallow for axiomsof theform
Ri:::RSv SandSR;:::Ryv S(for SH "1 Q, werestrictedn to be 1). Finally, we also
allow for statementghatforcerolesto besymmetrigi.e.,in contrasto thedecidablecase
in [33], regularity alsoallows for RIAs of theform In(§) v S

We presenta tableau-basedalgorithm that decidessatis ability of Rl Q-concepts
w.r.t. regularrole hierarchiesandthereforealso subsumptiorin R1 Q and, with The-
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orem4, both inferencesw.r.t. terminologies. The FaCT system[30] was extendedto
usethealgorithmpresentedn this section,andthe empiricalresultsarereportedin Sec-
tion 3.5.

The algorithmtries to construct,for a Rl Q-conceptC, a tableaufor C, thatis, an
abstractionof a modelof C. Giventhe appropriatenotion of a tableaus,it is thenquite
straightforvardto prove thatthealgorithmis adecisionprocedurdor R 1 Q-satis ability.
Before specifyingthis algorithm, we translatethe role hierarcly into non-deterministic
automatawvhich areusedbothin thede nition of atableauvandin thetableaualgorithm.
Intuitively, an automatons usedto memorisethe path betweenan objectx that hasto
satisfy a conceptof the form 8R:.C and other objects,and thento determinewhich of
theseobjectsmustsatisfyC.1*

In the following de nition of generalrole hierarchiesye usea strict partial order
(irre e xive, transitve, andantisymmetriclon rolesto ensureagyclicity.

De nition 7 Let beastrict partial orderonrolenamesA RIAwv Ris -regularif

Risarolename

w= RR,

w=R,

w= S5 :::§andS§ R,foralll i n,
w=RS:::S§yandS R,foralll i n,or
w= 5§ :::SRandS R,foralll i n.

Arole hierarchy R is regularif there existsa strict partial order sud thatead RIAIn
R is -regular. Thesemanticss de nedanalogouslyto the semantic®f generlisedrole
hierarchies,i.e., | satisesaRIAwv Rifw R'.

RI Q is obtainedfromSH *1 Q by replacinggenerlisedrole hierarchieswith regu-
lar role hierarchies,whete simplerole namesare inductivelyde nedasfollows:®

everyrole namethat doesnot occurontheright handsideof a RIAis simple

a role nameSis simpleif, for eahhwv S2 R, w= Rfor R a simplerole or the
inverseof a simplerole.

Aninverserole S is simpleif Sis simple

Pleasenotethat, dueto the third restrictionin the de nition of R-compatibility we also
restrict v to beagyclic. However, thisis notaseriougrestrictionsince for R containing
v cycles,we cansimply chooseonerole R from eachcycle andreplaceall otherroles
onthis cyclewith R, bothin theinputrole hierarclty andtheinput concept.

For thefollowing considerationdf is worthwhileto recallthat,forw= Ry :::Ry and
R roles,Inv(w) = InV(Ry) :::Inv(Ry). Thefollowing Lemmais a directconsequencef
thede nition of thesemantics.

14This techniquetogetherwith the relationshipbetweenautomataand regular languagess the reason
why we calledtheserole hierarchiesregular”.
15We needto re-de ne“simple” rolesbecaus®f themoregeneraform of RIAs.

29



IST Project2001-33052Nonder\\éb:
OntologyInfrastructurefor the SemantidVeb

Lemmas8 If | isamodelofR withS v S2 R andwv S2 R, thenlnyw)! 3.

3.4.1 Translating RIAs into automata

Next, we will de ne, for aregularrole hierarcly R anda (possiblyinverse)role Soccur
ringin R, anon-deterministicnite automator(NFA) Bs which capturesll implications
betweenpathsof) rolesandSthatareconsequencesf R. To malke this clear beforewe
de ne Bs, we formulatethelemmawhich we aregoingto prove for it.

Proposition9 | isamodelof R if andonlyif, for eadh (possiblyinverse)role Soccurring
in R, eachword w2 L(Bg), andead hx;yi 2 w', wehavehxyi 2 S .

In [33], to constructa similar automatorfor a morerestrictedogic, we rst unfolded
R into a setof implicationsbetweenregular expressionsandthen constructedhe au-
tomatafrom theseimplications. Here, we shav how to build theseautomatadirectly;
whichyieldsaneasierconstruction.

In the following, we useNFAs with e-transitionsin a ratherinformal way (see,e.qg.,

[28] for amoredetails),e.g.,we usep R g to denotethatthereis atransitionfrom a state
p to a stateq with the letter R insteadof introducingtransitionrelationsformally. The
automataBg arede ned in threesteps.

De nition 10 LetCy bea Rl Q-conceptandR a regular role hierarchy.
For ead role nameR occurringin R or Cy, we r st de ne the NFA Ar as follows:

AR containsa stateir anda state fr with thetransitionir !R fr. Thestateir is theonly
initial stateand fris theonly nal state Moreover, foreahhwv R2 R, Ag containsthe
following statesandtransitions:

1. if w= RR,thenAg containsfg !° ir, and
2. ifw=R; R,andR; 6 R6 R, thenAg contains

ig1® iy M fIfe g2 fgne .

3. ifw=RR R, thenAg contains

fr1® iy 2 f208 304 . fogne o

4. ifw=R;, R, 1R,thenAg contains

iR 1 iy [ fLf g2 o Froogn1e ..

whee all f\}v; iw are assumedo bedistinct.
In the next step,we usea mirroredcopy of NFAs: thisis a copyof an NFA in which
we havecarried out thefollowing modi cations: we

male nal statesgo non- nal butinitial states,
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male initial statesto non-initial but nal states,

replaceead transitionp 1S g for Sa (possiblyinverse)role Swith q IrW!V(S) p, and
replaceead transitionp 1° gwith gq 1° p.

Secondlywede ne the NFAs Ag asfollows:
if R v R6R, thenAg:= Ag,

if R v R2 R, thenAg is obtainedasfollows: r st, take thedisjointunion'® of Ag
with a mirroredcopyof As. Secondlymaleir theonlyinitial state fg theonly nal

state Finally, for fQ the copyof fr andi the copyof ir, addtransitionsig !° £3,
f91° ig,i%1° fr,and fr!1° i2.

Thirdly, the NFAs Br are de nedinductivelyover
if Ris minimalw.r.t.  (i.e., thereisnoROWithR°  R),wesetBg = Ag.

otherwise Bg is the disjoint union of Ag With a copy Bg of Bs for ead transition

p 1S qin Ag with S6 R. Moreover, for each such transition,we add e-transitions
from p to theinitial statein B2 andfromthe nal statein Bto g, andwemale ig
theonlyinitial stateand fg theonly nal statein Bg.

Finally, theautomatorBg is a mirrored copyof Bg.

Pleasenotethatthe inductive de nition Bg is well-de ned sincethe agyclic relation
Is usedto restrictthe dependenciesetweerroles.

We have kepttheconstructiorof Bs assimpleaspossible If onewantsto constructin
equivalentNFA withoute-transitionsor whichis deterministicthentherearewell-known
techniquedo do this [28]. Recallthat elimination of e-transitionscan be carried out
without increasingthe numberof an automators stateswhereasdeterminisatiormight
yield anexponentialblow-up.

Lemma 11 For Rarole, thesizeof Bg is boundedexponentiallyin thedepth
dr ;= maXnjtherareS ::: SuiviwithuyS 1viv S2 Rg

andthusin thesizeof R. Moreover, there are R and R sud that the numberof statesin
BR is ZdR .

Proof: Obviously, thesizeof Ar andAR is linearin
br = maxj wij+ 1+ jwj j thereisSwithwj v S2 R foralll i ng:
EachautomatorBR is a “tree” of automatals whose

outdegreeis boundedoy br and

16A disjoint unionof two automatas the disjoint unionof their statestransitionrelations etc.
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whosedepthis boundedoy dr.

Hencethe numberof Bg's statesis boundedexponentiallyin dg and,sincedg is linear
in thesizeof R, alsoboundedsxponentiallyin thesizeof R.

Next, it is easilyveri ed that,for thefollowing regularrole hierarcly R,, theautoma-
ton Bs, has2"! statesandthesizeof R, is linearin n:

R\=fS 1SvS; SSi1vSjl i ng

Wewill considemaysto avoid thisexponentiablow-upin Section3.4.4,andcontinue
with the proof of Propositior9. In this proof, we will usethefollowing lemma,whichis
animmediateconsequencef thede nition of Bs andof mirroredcopiesof Bs.

Lemmal2 1. S2L(Bs) and,if wv S2 R,thenw2 L(Bs).
2. If Sisasimplerole, thenL(Bs) = fRj Rv Sg.

3. If A isamirroredcopyofanNFA A, thenL(A) = finvw) jw2 L(A)g:

Proof of Propositior®. The“if ” directionis easilyprovedby contraposition!f | is nota
modelof R, thenthereis someRIA wv S2 R notsatis edby | . Hencetherearesome
x;y suchthathx;yi 2 w' but hx;yi 65 . By Lemma12.1,w 2 L(Bg), andwe aredone.

For the“only-if ” direction,let] beamodelof R, Sarole,w2 L(Bs), andhx;yi 2 w' .
We prove hx;yi 2 S by well-foundedinductionon . Obviously, we canrestrictour
attentionto arole nameSdueto Lemmal2.3andsinceBs is de ned asamirroredcopy
of Bs.

First, we obsene thatw 2 L(Bs) inducesa decompositionrw = wj :::wx andword
W= § :::S suchthat

S SorS=Sforalll i Kk,
W2 L(Ag), and
w; 2 L(Bs).

Next, hx;yi 2 wh implies thattherearex; with x = Xo, y = X, andhxi;xi+1i 2 Wl ;, for
each0 i< k. By induction,hx;;yii 2 § andthushx;yi 2 W' .

1. If SSv S6R andS v S6R, then,by constructiony is of theform
W= Up::UpXVy:i:iVvyand uSv S2 R; foreachl i m
xv S2Rorx=S
Svjv S2 R; foreachl | n

Thusl beingamodelof R impliesthathx;yi 2 .
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2. 1f SSv S2 R andS v S62R, then,by constructionyv is of theform

W= (U U X OV vy ) ul)xOW ) 2 ovY) and
ui(k)Sv S2R; foreachl i m1 K

x®Wv S2 R orx® =S foreachl k
S/Ek)v S2R; foreachl | n 1 Kk

Again,| beingamodelof R impliesthathx;yi 2 S'.

3. If SSv S6R andS v S2 R, thenBsis thedisjointunionof Agwith amirrored
copy of As andadditionale-transitionsbetweernthe nal andinitial stateandtheir
copies.By constructionwe have

W= Ug:: UpXVy::iVp and
USv S2 RorSInv(uj))v S2R foreachl i m
xv S2RorInyx)v S2 R orx=Sorx=S
Svjv S2 RorInvvj)Sv S2 R, foreachl | n

In bothcases| beingamodelof R impliesthathyi 2 S'.

4. 1f SSv S2 R andS v S2 R, thenwe arein a mixture of the caseq2) and(3),
i.e.,
W= Wy W
andeachy is acceptedby arunthroughBs which neitheruseghee-transitionfrom
fsto is northe correspondingnein the mirroredcopy of As. We candecompose

eachw; aswe have decomposed in Case(3), andconcludethat! beinga model
of R impliesthathx;yi 2 S'. .

3.4.2 A Tableaufor RI Q

In the following, if not statedotherwise,C; D (possiblywith subscripts)denoteR | Q-
conceptsR; S (possiblywith subscriptsyoles,andR aregularrole hierarcly.

We startby de ning fclogCy; R), theclosue of aconcepC w.r.t. aregularrole hier-
archy R. Intuitively, this containsall relevantsub-conceptsf C togethemwith universal
valuerestrictionsover setsof role pathsdescribedoy an NFA. We useNFAs in univer
salvaluerestrictionsto memorisethe path betweenan objectthat hasto satisfya value
restrictionandotherobjects.To do this, we “push” this NFA-valuerestrictionalongthis
pathwhile the NFA gets“updated’with the pathtakensofar. For this “update”, we use
thefollowing de nition.

De nition 13 For B an NFA andq a stateof B, B(q) denotegshe NFA obtainedfrom B
by makingq the (only) initial stateof B, andwe useq 1° q°2 B to denotethat B hasa
transitionq !> o°
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Without loss of generality we assumeall conceptsto be in NNF, thatis, negation
occursin front of conceptnamesonly. Any R Q-conceptcan easily be transformed
into an equivalentonein NNF by pushingnegationsinwards using a combinationof
DeMoman's laws andthefollowing equivalences:

: (9RC) (8R:: C) . (8RC) (9R: C)
: (6 nRC) (>(n+ )RC) (> (n+ )RC) (6 nNRC)
. (>0RC) ?

We use: C for theNNF of : C. Obviously, thelengthof : C is linearin thelengthof C.
For aconcepCy, clogCy) is thesmallestsetthatcontainsCy andthatis closedunder
sub-conceptand: . ThesetfclodCp; R) is thende ned asfollows:

fclodCo; R) := cloqCy) [ f8 Bs(q):Dj 8SD 2 clogCy) and
Bs hasa stateqg:

It is not hardto shov andwell-known thatthe sizeof clogCy) is linearin the sizeof
Cyp. For thesizeof fclodCp; R), we have seenin Lemmall that,for arole S, the sizeof
Bs canbe exponentialin the depthof R. Sincethereareat mostlinearly mary concepts
8S.D, this yields a boundfor the cardinality of fclo{Cy;R) thatis exponentialin the
depthof R andlinearin the sizeof Cy. Investicating whetherthis exponentialblow-up
canbeavoidedwill bepartof futurework. Sofar, we only de ne in Section3.4.4afurther
syntacticrestrictionwhich avoidsthis exponentialblow-up.

We arenow readyto de ne tableauxasa usefulabstractiorof models.

De nition 14 T = (S;L;E) is atableaufor Cy w.r.t. R iff
Sis anon-emptyset,
L :S! 2fcosCR) mapseac elemenin Sto a setof conceptsand
E:Rcyr! 2° Smapsead roleto a setof pairs of elementsn S,
Furthermoe, for all s;t 2 S, C;Cy;C; 2 fclogCo; R), andR; S2 R, R, T satis es:
(PO) thereissomes2 SwithCy 2 L(9),
(P1) ifC2 L(s),then: CZL(s),
(P2) ifCLuCy 2 L(9),thenCy 2 L(s) andCy 2 L(9),
(P3) iIfCyt Co2 L(9),thenCi2L(s)orCy2 L(9),
(P4a) if 8B(p):C2 L(s), Is;ti 2 E(S), andp 1° g2 B(p), then8B(q):C2 L(t),
(P4b) if 8B:C2 L(s) ande2 L(B),thenC2 L(9),
(P5) if 9SC 2 L (s), thenthere is somet with hs;ti 2 E(S) andC 2 L (t),
(P6) if 8SC2 L(s), then8BsC2 L (s),
(P7) hxyi 2 E(R) iff hy;xi 2 E(In(R)),
(P8) if (6 NSC) 2 L (s), then]S'(s,C) 6 n,

34



IST Project2001-33052Nonder\\éb:
OntologyInfrastructurefor the SemantidVeb

(P9) if (>nSC) 2 L(s), then]ST(s,C) > n,
(P10) if (6 NSC) 2 L(s) ands;ti 2 E(SY for someS°2 L(Bg), thenC 2 L(t) or : C2
L (t),

whee S'(s,C) := ft 2 Sj hs;ti 2 E(SY) for someS2 L(Bs) andC 2 L (t)g:

Lemma 15 ARI Q-concepC is satis ablew.r.t. R iff there existsa tableaufor Cy w.r.t.
R.

Proof: For theif direction,let T = (S;L;E) beatableaufor Cy w.r.t. R. We extend
therelationalstructureof T andthenprove thatthisindeedgivesamodel.More precisely
amodell = (D'; ') of D andR canbede ned asfollows: we setD' := S, Al := fsj
A2 L(9)gfor concepinamesA in clogCy), andfor rolesnamesR, we set

R = fhsysi 2 (D')?j thereares;;:::;s, 1 with hs;s1i 2 E(S 1)
for0 i n landS $2L(Br)g

Thesemantic®f complex conceptss giventhroughthede nition of theR | Q semantics.
Dueto Lemmal2.3and(P7), the semanticof inverserolescaneitherbe givendirectly
asfor role namespr by setting(R )! = fhy;xi j hcyi 2 R g.

First, we shav that| is a modelof R andCy. Dueto Proposition9, it sufces to
prove that,for each(possiblyinverse)role S, eachwordw 2 L(Bs), andeachhx;yi 2 w!,
wehavehqyi 2 3. Letw2 L(Bs) andhx;yi 2 W' . Forw= S;:::S,, thisimpliesthe
existenceof y; suchthatyg = x, yn = y, andhy; 1;Vyii 2 3 foreachl 1 n. Foreachi,
we de ne awordw; asfollows:

if hyi 1;yil 2 E(S), thensetw; .= S.

(M
. . . . . ]
v vi= v, and w§'>1;y§'>i 2 E(Tj(')) foreachl | ni. In thiscasewe set
W = V.

otherwisethereis somev; = Tl(i):::Tn(ii) 2 L(Bs) andtherearey;’ suchthaty; 1 =

LetW:= wy :::wy. By constructiorof Bs from Ag, w2 L(Bg) impliesthatw 2 L(Bg). For
W= Uj :::Up, we canthusre-nameheyy; andyg') to z suchthatwehave zy = x, z, = v,
andhz 1;zi 2 E(U;). Hence by de nition of |, wehaehx;yi 2 S .

Secondlywe prove that! is amodelof Cy. We shaw thatC 2 L (s) impliess2 C' for
eachs2 SandeachC 2 clogCy). Togethemith (P0), thisimpliesthatl is amodelof Cp.
This proof canbe given by inductionon the lengthof conceptswherewe countneither
negationnor integersin numberrestrictions.Theonly interestingcasesareC = (6 nSE)
andC = 8SE (for theothercasesseeg[42, 32)):

If (6NnNSE) 2 L(s), then(P8) implies that#S'(s;E) n. Moreover, sinceS is
simple,Lemmal2.2impliesthatL(Bs) = f ) v Sg, andthus(P10)impliesthat,
forallt,if hs;ti 2 S ,thenE 2 L(t) or: E2 L(t). ByinductionE! = ftjE2 L (t)g,
andthuss2 (6 nSE)' .
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Let8SE 2 L(s) andhs;ti 2 S . From(P6) we have that8Bs:E 2 L (s). By de ni-
tionof S , thereareS; ::: S, 2 L(Bs) ands withs= s,t = s,,andhs 1;si 2 E(S).
Applying (P4a)n times,thisyields8Bg(q):E 2 L (t) for g a nal stateof Bs. Thus
(P4b)impliesthatE 2 L (t). By induction,t 2 E!, andthuss2 (8SE)'.

For the converse,for | = (D'; ') amodelof Cy w.r.t. R, we de ne atableauT =
(S,L;E) for Cyp andR asfollows:

S = D';
E(R) := R;and
L(s) = fC2clogCy)js2C'g[

f8 Bs:Cj 8SC 2 clogCy) ands2 (8SC)' g[

f8 Br(q):C 2 fclogCp;R) j forall S $,2 L(Br(0Q));
s2 (85:8%: 85:C)! and
if e2 L(Br(q)); thens2 C'g

We have to shav thatT satis eseach(Pi). We restrictour attentionto the only new cases
(P4) and(P6).
For (P6), if 8SC 2 L (s), thens2 (8SC)! andthus8Bs:C 2 L (s) by de nition of T.
For (P4a),let8B(p):C 2 L(s) andhs;ti 2 E(S) = S . Assumethatthereis atransition

p 1S gin B(p) and8B(q):C 64 (t). By de nition of T, this canhave two reasons:

thereisaword $:::S, 2 L(B(q)) andt 628S::::85,:C)! . However, thisimplies
thatSS::: S, 2 L(B(p)) andthusthats2 (8S8S::::85:,:C)!, which contradicts,
togethemwith hs;ti 2 S, thede nition of thesemanticof RI Q concepts.

e2 L(B(g)) andt 6'. ThisimpliesthatS2 L(B(p)) andthuscontradictss 2
(8sC)'.

Hence8B(q):C 64 (t).
For (P4b),e2 L(B(p)) impliess2 C' by de nition of T, andthusC 2 L (s). .

3.4.3 The TableauAlgorithm

In this section,we presenta tableaualgorithmthattriesto constructfor aninput Rl Q-
conceptCy and a regular role hierarcly R, a tableaufor Cy w.r.t. R. We prove that
this algorithmconstructsa tableaufor Cy andR iff thereexists a tableaufor Cy andR,
andthusdecidessatis ability of Rl Q conceptsw.r.t. regularrole hierarchiesand,using
Lemmag3, alsow.r.t. terminologies.

This algorithmgenerates completiontrege a structurethatwill be unravelledto an
(in nite) tableauor theinputconcept.As usual,in thepresencef transitveroles,block-
ing is employed to ensureterminationof the algorithm. In the additional presenceof
inverseroles, blocking is dynamig i.e., blocked nodes(andtheir sub-branchesganbe
un-blocledandblocked again later. In thefurther, additionalpresencef numberrestric-
tions, pairs of nodesareblocked ratherthansinglenodes[42]. The blocking conditions
asthey arepresentedhereare,clearly, too strict. As a consequencdylockingmay occur
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laterthannecessaryandthuswe endup with a searclspacehatis largerthannecessary
In [32], we have shavn how to loosenthe blocking conditionfor SH | Q while retaining

correctnes®f the algorithm. Here, we focuson the decidabilityof Rl Q, anddefera

similarlooseningfor R1 Q to futurework.

De nition 16 AcompletiontreeT for aR1 Q concepCy andaregular role hierarchy R
is atreg whee eat nodexis labelledwithasetL (x) fclogCy; R) andead edee hx; yi
froma nodex to its successoy is labelledwith a non-emptysetL (hx;yi) of (possibly
inverse) rolesoccurring in Cy and R. Finally, completiontreescomewith an explicit
inequalityrelation& onnodeswhich is implicitly assumedo be symmetric.

If R2 L (hx;yi) for anodex andits successoy, theny is calledan R-successoof x and
x is called an Inv(R)-predecessoof y. If y is an R-successoor an Inv(R)-predecessor
of x, theny is called an R-neighbourof x. Finally, ancestoiis the transitiveclosure of
predecessaand descendarnis thetransitiveclosure of successor

For arole S, aconcepC andanodexin T wede ne S™(x;C) by

S'(x;C) := fyj for someSv S yis an S*neighbourof xandC 2 L (y)g:

A nodeis blocked iff it is either directly or indirectly blocked. A nodex is directly
blockediff noneof its ancestos are blocked,andit hasancestos x°, y andy®sud that

1. xis a successoof x?andy is a successoof y?and
2.L(X)=L(y) andL(x3 = L(y9 and
3. L(hCxi) = L(hvi).

If there are no descendants®? y?%f x0 and y° with theseproperties,thenwe saythat y
blocksx.

A nodey is indirectly blockedif oneof its ancestos is blodked.

For anodex, L (X) is saidto containa clashif

?2L(X) or

for someconcepinameA,fA;: Ag L(x) or

alo i<j n.

A completiontreeis clash-fredf noneof its nodescontainsa clash,andit is completef
norule fromFigure 3 canbeappliedto it.

GivenCy (in NNF)andR, thealgorithminitialisesa completiontreeconsistingonly
of arootnodexg labelledwith f Cpg. Thenthistreeis expandedyrepeatedhapplyingthe
expansiorrulesfromFigure 3, stoppingwhena clashoccuris. Thealgorithmanswes “ Cy
is satis ablew.r.t. R” iff theexpansiorrulescanbeappliedin sud a waythatthey yield
a completeandclash-feecompletiontree and*“ Cy is unsatis ablew.r.t. R” otherwise

All but the 8;-ruleshave beenusedbeforefor fragmentsof R1 Q, e.g.,SH I Q [34,
32], andthe three8;-rulesarethe obvious counterpartgo the tableauconditions(P4a).
(P4b),and(P6).
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u-rule: if

then

Ciu G 2 L(X), xis notindirectly blocked,and
fC1;C296 L(X)
LX) ! L[ FCi;C0

t -rule: if

then

Cit G 2 L(x), xis notindirectly blocked,and
fC;;Cg\ L(X)=10
L(X) ! L(X[ fEgforsomeE 2 fCy;Cyg

9-rule: if

then

9SC 2 L (x), xis notblocked,and

x hasno S-neighboury with C 2 L (y)
createa new nodey with

L(hxyi) := fSgandL(y) := fCg

81-rule: if

then

8S.C 2 L (X), xis notindirectly blocked,and
8Bs:C 64 (x)
L(x) ! L(X][ f8BsCg

8,-rule: if

then

8B(p):C 2 L(x), xis notindirectly blocked, p 1S gin B(p),
andthereis an S-neighbouty of x with 8B(q):C 2 L (y),
L(y) ! L(y)[ f8B(q):Cg

83-rule: if

then

8B:C 2 L(x), xis notindirectly blocked,e2 L(B),
andC 624 (x)
L(x) ' L(X][ fCg

X-rule: if

then

(6 nSC) 2 L(x), xis notindirectly blocked,and
thereis an S2neighboury of x with v S
andfC;: Cg\ L(y)=0

L(y) ! L(y)[ fEgforsomeE 2 fC;: Cg

> -rule: if

then

(>nSC) 2 L(x), xis notblocked,and

withy; 8 yjforeachl i< ] n
createn new nodesyy;:::;yn with L (hxy;i) = fSg,
L(y))=fCg,andy;6 yjforl i<j n.

6 -rule: if

then

(6 nSC) 2 L(x), xis notindirectly blocked,and

#S'(x;C) > n, therearey,z2 ST(x;C) with

noty 6 zandy is notanancestoof z,

1.L(2 ' L[ L(y)and

2. if zisanancestoof x
then L(hgxi) ! L(hgx)[ Inv(L(hxyi))
else L(hkz) ' L(xa)[ L(hxyi)

3. removey andthe sub-treebelow y

Figure3: TheExpansiorRulesfor the Rl Q TableauAlgorithm.
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As usual,we prove termination,soundnessand completenessf the tableaualgo-
rithm to shav thatit indeeddecidessatis ability of RI Q-conceptsw.r.t. regular role
hierarchies.

Lemma 17 Let Cy be a Rl Q-conceptand R a regular role hierarchy. The tableau
algorithmterminatesvhenstartedfor Cy andR.

Proof: Let m= ]fclogCy;R), n thenumberof rolesoccurringin Cy andR, andnmax :=
max nj (> nRC) 2 clogCy)g. Terminationis a consequencef thefollowing properties
of theexpansiorrules:

1. Nodesarelabelledwith subset®f fcloCy; R) andedgeswith setsof rolesoccur
ring in Cp andR, sothereareat most2?™ differentpossiblelabellingsfor a pair
of nodesandanedge.Thereforejf apathp is of lengthat least2?™, the pair-wise
blocking conditionimplies the existenceof a nodex on p suchthatx is blocked.
Sincea pathonwhich nodesareblocked cannotbecomdonger, pathsareof length
atmost22™n,

2. Theexpansionrulesnever remove labelsfrom nodesin the tree,andthe only rule
thatremovesanodefrom thetreeis the6 -rule.

3. Only the 9- or the> -rule generatenen nodesandeachgeneratioris triggeredby
a conceptof the form 9R.C or (> nRC) in the label of a nodex. Eachof these
conceptdriggersat mostoncethe generatiorof at mostnyax R-successorg; of x:
notethatif the 6 -rule subsequentlgausesan R-successoy; of x to be removed,
thenx will have someR-neighbourz with L(2) L (y;). This, togetherwith the
de nition of aclash,impliesthattherule applicationwhichled to thegeneratiorof
yi will not berepeated SincefclogCy; R) containsa total of at mostm 9R:C, the
out-degreeof thetreeis boundedoy mnyax. "

Lemma 18 LetCy bea RI Q-conceptand R a regular role hierarchy. The expansion
rulescanbeappliedto Cy andR sud thatthey yield a completeand clash-feecomple-
tion treeif andonlyif Cy hasatableauw.r.t. R.

For theif direction,we canunrasel a completeandclash-freecompletiontreeT in a
standardwvay into a tableauT, wherethe sametechniqueasfor SH 1 Q is usedto make
surethat (P9) is satis ed evenif two “sibling” nodesare blocked by the samenode. It
is easily seenthat the 8; expansionrules make surethat the resultingstructureindeed
satis esthenew tableaucondition(P4a),(P4b),and(P6).

For the only-if direction, we take a tableaul of Cy andR anduseit to steerthe
applicationof the non-deterministiqules, i.e., thet -, the X- andthe 6 -rule. To do
this, while building the completiontree, we de ne a mappingp from the nodesof the
completiontreeinto thetableauwhich satis esthefollowing threeconditions:

LX) L(p(x);
if yis anS-neighbourof x, thenhp(x); p(y)i 2 E(S), and ()

x6 yimpliesp(x) 6 p(y).
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We startwith p mappingtherootnodeto sometablealwelementsy with Cy in its label,and
prove that,if anexpansiorrule is applicableto T, thenthis rule canbe appliedin sucha
waythat( ) is presered. As aconsequencef thisclaim, (P1), (P8),andLemmal7,we
thusendwith acompleteandclash-freecompletiontree. For afull proof, see[31].

FromTheorem4, Lemmalbs, 17,18, and18, we thushave thefollowing theorem:

Theorem 19 The tableau algorithm decidessatis ability and subsumptiorof R1 Q-
conceptawvith respecto regular role hierarchiesandterminolaies.

3.4.4 Avoiding the blow-up

In the previous section,we have presentedan algorithm that decidessatis ability and
subsumptiomf R Q-conceptsith respecto regularrole hierarchiegndterminologies.
Unfortunately comparedo similar algorithmsthat are implementedn state-of-the-art
descriptionlogic reasoner$30, 57, 25] andbehae well in mary casesye have herean
exponentialblow-up: the closurefclogCy; R) is exponentialin the depthof R sincewe
have “unfolded” the regular role hierarcly R into treesof NFAs. While investigating
whetherand how this exponentialblow-up can be avoided, we obsenre that a further
restrictionof the syntaxof regularrole hierarchiesavoidsthis blow-up:

A regularrole hierarcly R is calledsimplewhen,for all §, T, n,m;1 i n,and
1 j mif

1. uySviv S;12R andu?ij?v T:12R,
2. 56 Sy andT; 6 Tjy,
3. $,= Tmandu, 6 W3,

thenS 6 T;.
For asimpleregularrole hierarcly R, the sizeof eachNFA Bg is only polynomialin
thesizeof R sinceeachNFA Bs occursat mostoncein Bg.

Lemma 20 For a R1 Q-conceptCy and a simpleregular role hierarchy R, the sizeof
fclogCp; R) is polynomialin thesizeof Cy andR.

Thus,for simplerole hierarchiesthetableaualgorithmpresentedhereis of the same
worstcasecompleity asfor SH 1 Q, namely2NExpTime. A detailedinvesticationof the
exactcompleity will bepartof futurework.

3.5 Evaluation of the Rl Q algorithm in FaCT

In orderto evaluatethe practicability of the above algorithm,we have extendedthe DL
systemFaCT [30] to dealwith Rl Q, andwe have carriedout a preliminary empirical
evaluation.

From a practical point of view, one potential problemwith the Rl Q algorithmis
thatthe numberof statesof automataandhencethe numberof different8B:C concepts,
couldbevery large. Moreover, mary of theseautomatacould be equialent(i.e., accept
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the samelanguages).As blocking dependn nding ancestomodeslabelledwith the
samesetof conceptsthe discovery of blocks could be unnecessarilylelayed,andthis
canleadto a seriousdegradationn performancg32].

The FaCT implementatioraddressethesepossibleproblemsby transformingall of
theinitial NFAs into minimal deterministicnite automatgDFAS), usingthe AT&T FSM
Library™ for this purpose[51]. A minimal DFA is constructedor eachrole, the states
in eachDFA areuniquelynumberedandthe implementatiorusesconceptf the form
8B:C, whereB is the numberof a statein oneof the DFAs. Determinisingthe automata
allows standardminimisationtechniquego be used[28], and becausehe automataare
minimal, if 8B:C leadsto the presencef 8B%C in somesuccessonode(asa resultof
repeatedapplicationsof the 8,-rule), then8B:C is equivalentto 8B°C iff B = B (and
asB andBlarenumberssuchcomparisonsirevery easy).Unnecessarplockingdelays
arethusavoided.

The implementations still at the “beta” stage,but it hasbeenpossibleto carry out
somepreliminary testsusing the well-knovn GalenmedicalterminologyKB [62, 30].
This KB contains2,740namedconceptsand413roles, 26 of which aretransitve. The
rolesarearrangedn arelatvely comple hierarcly with a maximumdepthof 10. Clas-
sifying this KB usingFaCT's SH | Q reasonetakes 116son an 800 MHz Pentiumlll
equippedLinux PC. Classifyingthe sameKB usingthe new R Q reasonetook a total
of 275s0n the samemachine. This resultis encouragingasit shaws that, in the case
of the GalenKB at least, usingautomatain 8B:C conceptsdoesnot leadto a serious
degradationin performance.Moreover, the time taken by the Rl Q reasoneiincludes
approximatelyl 00sto computethe minimal deterministicautomatdor therole box. This
overheadcould becomeimportantif optimisationsof the Rl Q reasoneresultin even
betterperformancebut it shouldbenotedthat(a)thisis apreprocessingtepthatwill not
needto berepeatedvhentheremainderof the KB is extendedmodi ed or queried,and
(b) comparedo otherKBs we have seenthe GalenKB involvesanunusuallylarge and
comple role box.

The KB wasthenextendedwith severalrole inclusionaxiomsthatexpressthe propa-
gationof locationacrossvariouspartonomiaoles. Theseincluded

hasLocation isSolidDivisionOf v hasLocation

and
hasLocation isLayerOf v hasLocation :

Classifyingthe extendedKB took 280s,anincreaseof only 2% (3.5%if we excludethe
NFA computatiortime). Subsumptiomueriesw.r.t. this KB revealedthat,e.qg.,

Fracture u 9hasLocation :NeckOfFemur
wasimplicitly akind of
Fracture u 9hasLocation :Femur
(NeckOfFemurs a solid division of Femuy, and

Ulcer u 9hasLocation :GastricMucosa
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wasimplicitly akind of
Ulcer u 9hasLocation :Stomach

(GastricMucosa is alayerof Stomaclh). Noneof thesesubsumptiorrelationshipsheld
w.r.t. theoriginal KB. Thetimestakento computetheserelationshipsw.r.t. the classi ed
KB could not be measurediccuratelyasthey were of the sameorderasa systemclock
tick (10ms).

3.6 Summary and Outlook

In this sectionwe have presentedan extensionof of the well-known expressve DL,
SH 1 Q, with RIAs of theform RSv P. We have shawvn thatthis extensionis undecidable
evenwhenRIAs arerestrictedto theforms RSv Ror SRv R, but thatdecidabilitycan
beregainedby furtherrestrictingsetsof RIAs to regular ones.In the presencef inverse
roles, this is slightly tricky, andis realisedhereusing a partial order on role namesto
preventcyclic dependenciebetweerroles. The de nition of regularsetsof RIAs aimed
at beingasgeneralas possible,andstill allows for RIAs of theform RSv S SRv §
SSv SandR v R

We have presentec@tableawalgorithmfor this DL andreportedonits implementation
in the FaCT system. A preliminary evaluationsuggestghat the algorithmwill perform
well in realistic applicationsand demonstrateghat it can provide importantadditional
functionalityin a medicalterminologyapplication.

Given that SH | Q is the basisof the OWL ontology language this extensionto
SH 1 Q could be usedasthe foundationfor a similar extensionto OWL. Although this
extensionis not ableto captureall interestingcasege.g.,it cannotcapturethe “uncle”
example),it canbe seento addressnary of the mostcommoncasesandit hasthe great
bene t thatbothdecidabilityandempiricaltractabilityareretained.
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4 A Datatype PredicateExtensionto OWL

4.1 Background and Motivation

In this section,we presentan OWL compatiblerevision of the datatypegroupapproach
rst presentedn [54], in orderto extendOWL datatypingwith datatypepredicates.

De nition 21 (Datatype Predicate)A datatypegoredicatgor simplypredicaté p is char-
acterisedby an arity a(p), anda predicateextension(or simplyextensior) E(p).

Herearesomeexamplesof predicates:

1. integeris apredicatewith arity a(integer) = 1 andpredicatextensionE(integer) =
V(integer), whereV (integer) is the value spaceof integer. In general datatypes
canbeseenaspredicatewith arity 1 andpredicatesxtensionsequalto their value
spaces.

) 18
189. We canuse> 'Ts representa derved XML Schemadatatypederived from
xsdinteger, with 18 asthevalueof theminExclusive facet.

2. >i[2t8} is a unarypredicatewith a(> im}) = landE(> iﬂtg]) = fi2 E(integer) j i >

3. =" is a binary predicatewith arity a(="") = 2 andextensionE(="") = fhiy;ii
2 E(integer)?j iy = i»Q.

2 E(integen)"ji; = ip+ +ipganda(sun) 3.

In statingthe semanticsye assumehat datatypeinterpretationsarerelatvisedto a
predicatamap.

De nition 22 (PredicateMap) We considera predicatemapM p thatis a partial map-
ping frompredicateURI refeencedo predicates.

Example1l My, = fhxsdstring stringi ; ixsdinteger, integeri ; howlx:integerEquality

="t - howlx: integerLagerThanx&n> 'ﬁl g is a predicate map, whee xsdstring
xsdinteger, owlx:integerEqualityand owlx: integerLagerThanx&nare predicateURI ref-
erences gring, integer and > '[’r‘ﬁ are unary predicates,and = s a binary predicate

Note that, by "> '[ﬂf we meanthere exist a predicate> 'ﬁ for eadh integer n, which is

representedy the predicateURI owlx:integerLagerThanx&n }

Similar to supportecandunsupportediatatypeURIs, we have supportedcandunsup-
portedpredicatdJRIs accordingto a predicatemap.

De nition 23 (Supported and Unsupported Predicate URIS) Givena predicatemap
Mp, apredicateURI uis calleda supportegredicateJRI w.r.t. M , (or simplysupported
predicateURI), if there existsa predicatep s.t. M p(u) = p (in this case p is calleda
supportecpredicatewn.r.t. M p); otherwiseu is calledanunsupportegredicatéURI w.r.t.
My (or simplyunsupportegredicateURI).

43



IST Project2001-33052Nonder\\éb:
OntologyInfrastructurefor the SemantidVeb

E.g., owlx:integerEqualityis a supportedoredicateURI w.r.t. M p, presentedn Ex-
amplel, while owlIx:integerinequalityis anunsupportegredicateJRI w.r.t. M p, . There-
fore, accordingto M ,, we know neitherthe arity nor the extensionof the predicatethat
owlx:integerinequalityrepresentsNote thatwe make asfew asassumptionsspossible
aboutunsupportegredicatese.g.,we do notevenassumehatthey have a x edarity.

4.1.1 Datatype Groups

Informally speakinga datatypegroupis a groupof supportecpredicatdJRIs (‘wrapped'

arounda setof basedatatypeJRIs), which canpotentiallybe dividedinto differentsub-

groupssothatpredicatesn eachsub-groupreaboutthe basedatatypeof the sub-group.
This allows usto make useof knowvn decidabilityresultsaboutthe satis ability problems
of predicateconjunctionsf, e.g.,theadmissible/computablncretedomaingpresented
in Section2.40f [49]. Formally, adatatypegroupis de ned asfollows,andthesub-groups
arede nedin De nition 27.

De nition 24 (Datatype Group) A datatypegroup G is a tuple (M p,Dg,dom), whee
M, is the predicatemapof G, Dg is the setof basedatatypeURI refeencesof G, and
domis the declareddomainfunctionof G.

We call F g the setof supportedpredicateURI refeenceof G, i.e., foreahu 2 F g,
Mp(u) is de ned; werequie Dg  Fg. We assumehat there existsa unary predicate
URI refelenceowlx: DatatypeBotton® 2 .

The declared domainfunctiondomis a mappings.t. 8u2 Dg: dom(u) = u, and
8u2 Fg,dom(u) 2 (Dg)", wheren= a(M p(u)).

As we canseefrom the above de nition, supportedpredicateURIs in Dg arealso
treatedas basedatatypeURIs, thereforethey canbe usedin typedliterals!’ Supported
predicatdJRIsrelateto basedatatypes)RIsviathedeclaredlomainfunctiondom which
alsohelpsin de ning theinterpretatiorof therelatvisednegatedpredicatéURIsin De -
nition 25.

Example2 G, = (Mp,;Dg,;domy) is a datatypegroup, whee My, is de ned in
Example 1, Dg, = fxsdstring xsdintegey, and domy = fhxsdstring xsdstring,
hxsdinteger, xsdinteger ; howlx:integerEquality (xsdinteger, xsdintegeni, howlx: inte-
gerLargerThanx&n xsdinteger g.

Accodingto M p,, wehaveF g, = fXxsdstring xsdinteger, owlx:integerEquality
owlx:integer_argerThanx&ry. }

De nition 25 (Inter pretation of Datatype Group) A datatypeinterpretationl p of a
datatypegroup G = (M p; Dg; dom) is a pair (Dp; DY, whee Dp (the datatypedomain)
is a non-emptysetand P is a datatypeinterpretationfunction, which hasto satisfythe
following conditions

1. rdfsLiteral® = Dp;

oy

I Typedliteralsareof theform “v™"u, wherev is alexical form of a datavalueandu is a datatypeURI.
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2. for eadh plain literal I, IP = | 2 PL, whete PL is the valuespacefor plain literals
(i.e., theunionof the setof Unicodestringsandthe setof pairs of Unicodestrings
andlanguaye tags);

3. 8u2 Dg, letd = M p(u):

() uP=V(d) Dp,
(b) if v2 L(d), then(*v"™u)P = L2V(d)(V),
(c) if v6A (d), then(“v’~"u)P is notde ned:;

4. for anytwous;u, 2 Dg: P\ up = 0;
5. PL  Dp,and8u2 Dg;u® Dp;

6. owlx: DatatypeBottor = 0;
7.8u2 Fg, uP = E(Mp(u));
8.8u2 Fg, uP  (domu))P, whee (dom(u))P = dP d? for dom(u) =

9. 8u6F g, u° U, 1(Dp)",and“v’""u2 Dp.
Moreover, weextend P to (relativised)negatedpredicateURI refelencedi asfollows:

Dp nuP ifu2 Dg
@P={ (domu)®nuw® ifu2 FgnDg
Un 1(Dp)"nuP  if ubF g:

Condition4 requireghevaluespace®f thebasedatatypearedisjoint, whichis essen-
tial to dividing F g into sub-groupsCondition5 stateghatthe unionof the valuespaces
of plain literals and basedatatypeds a propersubsetof the datatypedomain,because
atypedliteral associateavith anunsupportegredicatecanbe interpretedas something
outsidetheabove valuespacesCondition6 stateghatowlx: DatatypeBottonis a negated
predicateJRI of rdfsLiteral. Condition7 and8 ensurehatthe supportecgredicatdURIs
areinterpretedasthe extensionsof the predicateghey representandare subsetof the
correspondingleclareddomains. Condition9 ensureghat unsupportegredicateURIs
arenotrestrictedo ary x edarity, andthattypedliteralswith unsupporteghredicatesre
interpretecassomememberof the datatypedomain.

Note that supportedoredicateURIs u 2 F g nDg have relatvised neggations(to their
declareddomains). E.g., owlx:integerLagerThanx&18 the negated predicateURI for
owlx:integerLagerThanx&18 is interpretedas V (integer) n (owlx:integerLagerThan
x&18)P; therefore,its interpretationincludesthe integer 5, but not the string “Fred”,
no matterif thereexist arny otherbasedatatypesn Dg.

Now we introducethe kind of basicreasoningmechanismgequiredin a datatype

group.
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De nition 26 (PredicateConjunction) LetV bea setof variables,G= (M p; Dg; dom)
a datatypegroup, we considerpredicateconjunctionof G of theform

AN . .
C= w5y, ()

Whelethevi(j) are variablesfromV, w; are (possiblynegated)predicateURI refeences
of theformu; or 5, andif u; 2 F g;a(M p(uj)) = n;. A predicateconjunctionCis called

satis ableiff there existsa functiond mappingthevariablesin Cto datavaluesin Dp s.t.

E.g., G = owlxiintegerLagerThanx&38v;) » owlx:integerLagerThanx&12v,)
owlx:integerEqualitfvy;v,) is a predicateconjunctionof G, presentedn Example2 on
page44. Thefunctiond= fv; 7! 26;v, 7! 26g is asolutionof G ; therefore G is satis -
able.

Thepredicateconjunctionover a datatypegroupG canpossiblybedividedinto inde-
pendensub-conjunctionsf sub-group®f G. Informally speakinga sub-groupncludes
abasedatatypdJRI andthesetof supportegredicatdJRIs aboutthe basedatatypdJRI.

De nition 27 (Sub-Group) Given a datatypegroup G = (M p; Dg;dom) and a base
datatypeURI refeencew 2 Dg, the sub-groupof win G, abbreviatedas sub-group(w),
isde nedas:

sub-group(w) = fuju2 F g anddom(u) = (w;:::;w)g
——
ntimes
wheen= a(Mp(u)).

Example 3 The sub-goup of xsdinteger in G, presentedin Example2 on page 44
is sub-group(xsdinteger) = fxsdinteger, owlx:integerEquality owlx:integerLagerTh
anx&ng. Accoding to the above de nition and condition4 of De nition 25, the pred-
icate conjunctionover sub-group(xsdinteger) andsub-group(xsdstring) canbe handled
sepaatelyif there are no commonvariables;if there are commonvariables,there exist
contradictions,dueto thedisjointnesof V (integer) andV (string). }

SincethedatatypadomainDp of adatatypegroupis not x ed,anadmissibleconcrete
domaincanno longerbe a conformingdatatypegroup(cf. Lemma4 in [54]). However,
asub-groupof a datatypegroupis very closeto a concretedomain;the following de ni-
tion, accordinglyde nesthecorrespondingoncietedomainof asub-grougn adatatype
group.

De nition 28 (Corresponding Concrete Domain) Given a datatype group G =
(Mp; DG, dom) and a basedatatypeURI refelencew 2 Dg, let Mp(w) = D, the cor
respondingconcretedomain of sub-group(w) is (Dp;Fp), whee Dp := V(D) and
Fp=1? pg[ fMp(u)ju2 sub-group(w)g, whee ? p correspondsgo w.
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Example4 The correspondingconciete domain of sub-group(xsdintegen) in G; pre-
sentedin Example2 is (Dinteger; Finteger), Whe® Dinteger := V(integer) and Finteger =
f? .meger,lnteger-'”t >'[”fg Notethat the predicate? integer COrrespondso xsdinteger,

the negatedform of xsdinteger. }

Thebene t of introducingthe correspondingoncretedomainfor a sub-groups that
if the correspondingoncretedomainis admissible jnformally speakingthe sub-group
is computable.

Lemmal Givena datatypegroup G = (M p; Dg;dom) anda basedatatypeURI refer
encew 2 Dg, if the correspondingconcetedomainof w, (Dp; Fp), is admissiblethen
the satis ability problemfor nite predicateconjunctionsG, of the sub-group(w) is de-
cidable

Proof: Directconsequencef De nition 28 andDe nition 2.8on page28of [49]: (i) If
(Dp; Fp) isadmissiblethenF p is closeundemegation;henceBu 2 sub-group(w) nf wg,
thereexistsu®2 sub-group(w), suchthatt® = u®, Thereforepredicateconjunctionover
sub-group(w) canbe equivalently transformednto predicateconjunctionsof (Dp;Fp).
(i) Predicateconjunctionsover (Dp; F p) aredecidablejf (Dp;Fp) isadmissible. =

Now we provide the conditionsfor comforming/computabldatatypegroups.

De nition 29 (Conforming Datatype Group) A datatypegroup G is conformingiff

1. foranyu?2 F gnDg witha(Mp(u)) = n  2: dom(u) = (w;:::;w) forsomew 2 Dg,
H.,_/
ntimes
and
2. foranyu2 FgnDg: ther existu°2 F gnDg sud thatu® = TP, and

3. thesatis ability problemsfor nite predicateconjunctionsof each sub-goup of G
is decidableand

4. for eadh datatypeu;j 2 Dg, there existsw; 2 F g, s.t. M p(w;) =8, whee 6 , isthe
binary inequalitypredicatefor M p(u;).

In theabove de nition, conditionl ensurghatF g canbecompletelydividedinto sub-
groups. Condition2 and 3 andall the sub-groupsare computable.Condition4 ensures
thatnumberrestrictionscanbe handled.

Example5 G, presentedin Example2 is not conforming becauseit doesnt sat-
isfy condition2 and 4 of the above de nition. To male it conforming we should
extend My, as follows: My, = fhxsdstringstringi, howlx:stringEquality= sy

howlx: stringlnequality i, hxsdinteger,integeri, howlx:integerEquality= "
i, howlx: integerlnequality6 "M howlIx:integerLagerThanx&n> '[“Tl ,
howlx:integerLessThanOrEqualx&n 'ﬁl g. }
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Lemma2 If G= (Mp; Dg;dom) is a conformingdatatypegroup, thenthe satis ability
problemfor nite predicateconjunctionsof G is decidable

Proof: Let the predicateconjunctionbe C= G,,» " G, ~ Gy,where Dg =

conjunctionof C whereonly unsupportegredicateappear
Accordingto De nition 29,Gy,*  ~ G, is decidable.Accordingto De nition 24,

in Gy; otherwise Gy is satis able. Therefore C is satis ableiff bothG,,» "~ G and
G aresatis able otherwise Cis unsatis able .

4.1.2 Summary

Whenwe extendOWL datatypingo predicatedby datatypegroups,we considerthe sim-
ilarities anddifferencedetweerdatatypesandpredicatesontheonehand,datatypesan
beseenasunarypredicatespnthe otherhand,datatypesrecharacterisetly theirlexical
spacesyaluespacesandlexical-to-valuemappingswhile predicatearecharacterisety
their aritiesand extensions. For datatypeswe concernmore abouttheir membersj.e.,
datavalues;therefore we could usedatatypeJRI referencesn typedliterals. Predicates
aremoresuitableto representonstraintaboutdatavaluesthandatatypesn thatthey can
represennotonly unarybut alson-ary constraints.

In a datatypegroup, predicatesanbe divided into somesub-groupseachof which
is abouta basedatatypeof the datatypegroup. The motivationsof groupingcomefrom
the obsenation that the predicateconjunctionproblemof each(some)sub-group(s)s
(are)decidedby a datatypereasonerMore importantly the decidabilityof the predicate
conjunctionproblemof a datatypegroupdepend®f the decidabilityof the sub-problems
of all its sub-groups.

Basedon thedatatypegroupapproachwe proposeOWL-E [56], whichis alanguage
extendingOWL DL with datatypeexpressionaxioms, as well asthe datatypegroup-
basedlassconstructorgo allow the useof datatypesxpressionsn classrestrictions.The
novelty of OWL-E is thatit enhance®©WL DL with muchmoredatatypesxpressveness
andit is still decidable.

4.2 SWRL-P: Extending SWRL with Predicates

ThissectionpresentSWRL-P anextensionof SWRL0.5(SemantidMebRuleLanguage,
cf. Section2on page3) with datatypepredicateqor simply predicate$, basedon the
OWL predicateaxtensionpresentedn Section4.1 on page43. We will compareSWRL-
PandSWRLO0.7in Section4.2.3.

SWRL-P extendsthe set of SWRL atomsto include predicateatoms (or built-in
atomg;!® both the abstractsyntaxand the model-theoreticsemanticsare extendedac-

18We call predicateshuilt-ins, following SWRL 0.7, which is available at http://www.daml.org/
rules/proposal/
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in boththe antecedenfbody)andconsequenthead).

4.2.1 Abstract Syntax

SWRL-Pextendsaxiomsto alsoallow predicateatoms by addingthe production:
atom::= builtin (" dataPredicatel® d-objectg ')’

Example 6 We cande ne a businessule that one chargesno shippingfeesfor orders
(selectedtemsonly) over 50 dollars.

Implies(
Antecedent( pricelnDollars(l-variable(x1) D-variable(t1)),
Selecteditems(l-variable(x1)),
builtin(  owlxintegerGreaterThan
D-variable(t1), “50""" xsdintegen)
Consequent( shippingFeelnDollars(l-variable(x1) “0""™ xsdintegen)

)
In humanreadablesyntaxthis rule canbewritten as

pricelnDollars(?x1; 1) N Selectedltems(?x1)" owlxintegerGreaterThgt1;“50"" xsdintegen
! shippingFeelnDollars(?x1;“0" ™ xsdinteger)) }

4.2.2 DirectModel Theoretic Semantics

GivenadatatypegroupG, We extendan OWL interpretatiorto a tuple of theform
lp=fR;ECER EPL;SLVg

whereR is a setof resourcesLV R is a setof literal values(the datatypedomain
of G), EC is a mappingfrom classdescriptiongo subset®of R, ER is a mappingfrom
propertyURIs to binaryrelationson R, EP is a mappingfrom supportedredicateJRIs
u2 F g tothepredicateextensionsE(M p(u)) of thepredicateshey represerif andfrom
unsupportegredicatedJRIsu 6F g to subsetof |J,, 1(LV)", L isamappingfrom typed
literals to elementsof LV, and S is a mappingfrom individual namesto elementsof
EC(owl:Thing).

Given a datatypegroup G andan extendedabstractOWL interpretationl , a bind-
ing B(lp) is an extendedabstractOWL interpretationthat extendsl| , suchthatS maps
i-variablesto elementsof EC(avl: Thing) andL mapsd-variablesto elementsf LV re-
spectvely. An atomis satis ed by aninterpretationl , underthe conditionsgivenin the
InterpretatiorConditionsTable2, whereC isanOWL DL classdescriptionp isanOWL
DL individualvaluedpropertyURI, Q is an OWL DL dataraluedpropertyURI, u is a

or typedliterals.
A bindingB(l p) satis esanantecedernt iff A is emptyor B(l ) satis esevery atom
in A. A bindingB(l ,) satis esaconsequent iff C is notemptyandB(l ,) satis esevery

19¢f. De nition 21.
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Atom Conditionon Interpretation
C(X) S(x) 2 EC(C)
P(X;y) hS(x); y)i 2 ER(P)
Q(x2) hS(x); L(2)i 2 ER(Q)
u(zy;:iiizn) h.(z);:::;L(zn)1 2 EP(u)
sameAg;Y) Sx) = y)
dof feremtFrom(x;y) | SX) 6 Yy)

Table2: InterpretationConditionsTable

atomin C. A ruleis satis edby aninterpretation , iff for everybindingB suchthatB(] p)
satis estheantecedenB(l ;) alsosatis estheconsequent.

Thesemanticonditionsrelatingto axiomsandontologiesareunchangedin particu-
lar, aninterpretatiorsatis esanontologyiff it satis esevery axiom(includingrules)and
factin the ontology;anontologyis consistentff it is satis ed by atleastoneinterpreta-
tion; anontology O, is entailedby an ontology O, iff every interpretatiorthat satis es
0O, alsosatis esOs.

Example Considerfor example,the“shippingfee” rule from Section4.2.1. Assuming
thatpriceln Dollars andshippingFeelnDollars aredatavaluedPropertylDsSeleteditems is
a descriptionandowlx:integerGreaterThars a predicateURI, thengivenaninterpreta-
tion | = REC;ER,EP,L;S LVi, abindingB(l ) extendsS to mapthe variable ?x; to
an elementof EC(owl: Thing) and extendsL to mapthe variable?; to a datavaluein
LV: we will usex; to denotethe elementandt; to denotethe datavalue. The antecedent
of therule is satis ed by B(l ) iff (x;;t1) 2 ER(pricelnDollars), x; 2 EC(Seletedltems)
and (t1;L2V(integer)(“50"" xsdintegen) 2 EP(owlx:integerGreaterThan where
L2V (integer) is the lexical-to-value mappingof integer. The consequenof the rule is
satis edby B(l) iff (x; L2V (integer) (“0™" xsdintegen) 2 ER(shippingFeelnDo- llars).
Thus the rule is satised by | iff for every binding B(l)
such that (x3;t1) 2 ER(price InDollars), x;3 2 EC(Seleteditems) and
(t1; L2V (integer)(“50™ " xsdinteger)) 2 EP (owlx:integerGreaterThgn then it is
alsothe casethat(x;; L2V (integer) (“0"" xsdinteger)) 2 ER(shippingFeelnDollars), i.e.:

8x1 2 EC(owl: Thing);ty 2 LV:

((x1;t1) 2 ER(pricelnDollars) * x; 2 EC(Seleteditems)”

(t1; L2V (integer)(“50™ xsdinteger)) 2 EP(owlx:integerGreaterThan
I (x1; L2V (integer)(“50™" xsdintegen) 2 ER(shippingFeelnDollars)

4.2.3 SWRL-P vs.SWRL 0.7

In this section,we brie y comparethe SWRL-PandSWRL 0.72° SWRL-Pfollows the
syntaxof SWRL 0.7, exceptthat SWRL-Pallows the useof unsupportegredicateURI
referencessdataPredicatelDin this sense SWRL-Pis closerto the OWL datatyping.

20¢f. http://www.daml.org/rules/proposal/
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SWRL 0.7 is basedon a nave extensionof OWL datatyping. It doesnot distinguish
datatypedrom predicatessuchthatit is not clearwhetherpredicatesor builtins canbe
usedwith typedliteral or notin SWRL0.7. Furthermoreit doesnot considerthe seman-

tics of negatedpredicatdJRIs.
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5 Other ProposedExtensions

Thestandardisationf OWL, andits widesprea@gdoptionastheknowledgerepresentation
languagef choice hasmotivatedresearchnto awide rangeof extensionsaddressinghe
needf variousdifferentapplications.

5.1 Alternative Semanticsfor OWL Rules

As we have seenin Section2, althoughthe Horn rulesextensionproposedn ORL/SWRL
hastheadwantageof simplicity andatight integrationwith the existing OWL languageit
hasthedisadwantagehatkey reasoningproblemsarenolongerdecidable Thisis arather
seriousdisadantage:maintainingthe decidability of theseproblemswas an important
requirementn the designof OWL, andthelossof decidabilityindicatesthatdeveloping
effective implementationss likely to be muchmoreproblematical.

Theseconsiderationgamongstothers)have led several groupsto study alternatve
ways of integrating rules with (the DLs underlying) OWL without losing decidability
Oneobviousway to do this is to restrict(syntactically)the form of rules. A numberof
differentgroupshave studiedthis approachwith perhapghe bestknown work beingby
Levy etal in thedevelopmeniof the CARIN system[47]. More recently Calvaneseet al
have proposeda relatively weak conceptuaknowledgerepresentatiofanguagehatcan
be combinedwith rulesin sucha way that logical implication for groundliterals (i.e.,
individuals)is still decidableandhasrelatively low compleity (i.e., polynomialin data
compleity) [16]. Themaindif culty with boththeseapproachess thatthe conceptan-
guagesupporteds muchwealerthanOWL (even OWL Lite), andin the caseof CARIN
theintegrationbetweerrulesandthe conceptianguages alsoquite weak—itwould not,
for example,be possibleto usethe ruleslanguageto capturethe “uncle” propertydis-
cussedn Section2.

An alternatve approachs to wealenthe semantiacconnectiorbetweernrulesandthe
conceptlanguage. This can be done by restrictingthe effect of rulesto the Herbrand
universe,i.e., to individualsnamedin the ontology This approachthasa long historyin
DescriptionLogics,andwas,for example,usedn theClassicsysten11]. Morerecently
variationson this approachave beenstudiedwith a view to providing a decidablesolu-
tion for OWL rules. Of particularinterestis work by Eiter et al on the combinationof
answersetprogrammingwith DLs [20]. This would provide for a decidablelanguage,
but would have the disadwantagethatrule basednferencesvould only affect inferences
relatingto individuals(e.g.,retrieval queries) andwould not affect inferencegelatingto
classege.g.,subsumption).

In asimilar vein, anautoepstemisemanticxanbe appliedto rulesas rst proposed
by Donini et al [19], andmorerecentlyinvestigatedin the context of OWL by Franconi
et al [23]. In this approachis usedto limit the effects of rulesto inferencesrelating
to individuals. The decidability of key reasoningasksin the resultinglanguagecanbe
demonstratedyut their precisecompleity boundsarestill unknawvn.
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5.2 A FuzzyExtensionto OWL

In someapplicationst is importantto be ableto dealwith uncertain,impreciseand/or
vagueknowledge. This requirementhasled to a recentinvestication by Kollias et al
of a “fuzzy” extensionto both OWL and SWRL [77]. This approachis basedon the
“fuzzi cation” of the interpretationanddoesnot changethe syntaxof the conceptand
role constructors.

Thisis notthe rst timethatfuzzy extensiondo descriptionogicshave beenstudied.
Earlierwork by Yen[79] andby TrespandMolitor [75] alsosuggestedeaving the basic
DL syntaxunchangedalthoughTrespandMolitor proposednextensionto allow afuzzy
membershivalueto beappliedto concepts.

5.3 A Context Extensionto OWL

Someresearcherbave amguedthat OWL needdo be extendedo bettermeettherequire-
mentsarisingfrom the integratingmultiple heterogeneousntologieg13]. In particular
it is arguedthat interpretingall ontologiesin the samedomainis unsuitedto suchan
integrationscenario.

Theproposedsolutionis to allow for multiple interpretatiordomainswith ontologies
in differentdomainsbeing linked by bridging rules Thesebridging rules effectively
establishsubsumptiorrelationshipsetweenclassesn differentinterpretationdomains.
Notethatthis approachs rathersimilar in mary respectdo the work by Walteret al on
E-connection$45].

It is claimedthattheapproacltanbeadaptedotonly to OWL but alsoto SWRL and
to otherextensionf OWL (suchasthefuzzy extensionmentionedabove).
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6 Conclusion

As we have seentheimportanceof ontologiesn the SemantidVebhaspromptedhede-
velopmentbf several proposedxtensiongo the OWL ontologylanguageThesenclude
extensiondor rules,fuzzy conceptsdatatypesandmultiple contexts.

In this reportwe have describedn detailthreeof the moreprominentandwell devel-
opedproposalslt is likely thatthe ORL/SWRL proposalwill leadto theestablishmenbf
anev W3C standardisatiomorking groupwith a view to developinga new standardor
SemantidNVebrules. Theapproachusingcomple role inclusionaxioms,while attractve
in somerespectgi.e., theretentionof decidability)doesnot seemsolik ely to beadopted
asit doesnot offer the sameincreasein expressve power, andit seemsto be already
widely acceptedhat future extensionsto OWL will no longer be decidable. It seems
likely thatthe proposalto extend OWL with more expressie datatypeswill be meiged
into the SWRL proposalandmorerecentversionsof this proposaincludeawide range
of built in datatypepredicategsee[37]).

Otherextensiongo OWL andits underlyingDL, suchasthosedescribedn Section5,
aregenerallylesswell developed,andseemmuchlesslikely to nd their way into lan-
guagestandardisatioproposalsn the shortterm. Someof this work is, however, very
promisingandmight soonbegin to have animpacton the developmentof languagegor
the Semantid/Veh
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