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ABSTRACT

The SematicWebis vitally dependanon a formal meaningfor the

constructsof its languagesFor SemanticWeb languageso work

well togethertheir formal meaningamustemplg/ a commonview

(or thesis)of representationptherwiseit will not be possibleto

reconciledocumentswritten in differentlanguages.The thesisof

representationinderlyingRDF and RDFSis particularly trouble-
somein thisregard,asit hasseveralunusuabspectshothsemantic
andsyntactic. A more-standarthesisof representatiomvould re-

sultin theability to reuseexisting resultsandtoolsin the Semantic
Weh

Categoriesand Subject Descriptors

I.2.4 [Knowledge Representation Formalisms and Methods):
Representatiomanguages;F.4.1 [Mathematical Logic]: Model
theory
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LanguagesStandardizationTheory
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1. INTRODUCTION

In the shortspanof its existence the World Wide Web hasre-
sultedin arevolutionin theway informationis transferreetween
computerapplications.It is no longernecessaryor humango set
up channeldor inter-applicationinformationtransfer;this is han-
dledby TCP/IPandrelatedprotocols.lt is alsonolongernecessary
for humango de ne thesyntaxandbuild parsersisedfor eachkind
of informationtransferihisis handlecoy HTML, XML andrelated
standardsHowever, it is still not possiblefor applicationgo inter-
operatewith otherapplicationsvithout somepre-eisting, human-
created,and outside-of-the-welagreementas to the meaningof
theinformationbeingtransferred.

Thenext generatiorof the Webaimsto alleviate this problem—
makingWeb resourcesnorereadily accessibléo automatedoro-
cessesby adding information that describesWeb contentin a
machine-accessibknd manipulablefashion. This coincideswith
thevision that Tim Berners-Leecallsthe SemanticNebin his re-
centbook“Weaving the Web” [5].

If suchinformation(oftencalledmeta-datd.is to make resources
moreaccessibléo automateagentsit is essentiathatits meaning
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Figure 1: Semantic Web architecture http://www.w3.org/
2000/Talks/1206- xmi2k- tbl/

canbeunderstoodby suchagents For thisto bethecasetheremust
be somecommonway of providing meaningfor meta-datan the
SemanticWeb, or at leasta commonunderpinningfor providing
suchmeaning.Otherwiseagentswill notbeableto combinemeta-
datafrom differentsourcesn the SemantidVeh

A commonunderpinnings especiallyimportantfor the Seman-
tic Web asit is ervisionedto containseverallanguagesasin Tim
Berners-Lees “layer cake” diagram(Figure 1) rst presentecat
XML 2000. The diagramdepictsa SemantidWeb Architecturein
which language®f increasingpower arelayeredoneon top of the
other Unfortunately therelationshipdetweeradjacentayersare
not speci ed, eitherwith respecto syntaxor semantics.

The basisof a particularway of providing meaningfor meta-
datais embodiedn the modeltheoryfor RDF [22], the language
atthe baseof the Semantideh However, this basisis built onan
unusuakhesisof representatiomnethatis differentfrom therep-
resentatiorthesisbuilt into mostlogical languagesMoreover, the
RDF thesisof representatiomasotherunusualaspectshat make
its use as the foundationof representationn the SemanticWeb
dif cult atbest.In particular RDF hasa very limited collectionof
syntacticconstructsandthesearetreatedn avery uniformmanner
in thesemantice®f RDF. TheRDFthesisrequireghatno othersyn-
tacticconstructareto beusedandthattheuniform semantidreat-
mentof syntacticconstructsannotbe changedpnly augmented.

We arguethatit would be better atleastin the beginningsof the
SemantidNVeb,to employ amore-standarthesisof representation.
This would permitthe useof muchexisting work on (knowledge)



representatioandallow thedirectemploymentof existing reason-
ing tools.

1.1 Ontology Languages

A currentfocusof actiity in the SemantidMebis the construc-
tion of an ontologylanguagefor the SemanticWeh An ontology
typically consistsof a hierarchicaldescriptionof importantcon-
ceptsin adomain,alongwith descriptionf the propertiesof (the
instanceof) eachconcept. Ontologieswill play a pivotal role in
the SemanticWeb by providing a sourceof sharedand precisely
de ned termsthatcanbe usedin meta-dataThe degreeof formal-
ity employedin capturingthesedescriptionscanbe quite variable,
rangingfrom naturallanguageo logical formalisms but increased
formality andregularity clearlyfacilitatesmachineunderstanding.

The recognitionof the key role that ontologiesare likely to
play in the future of the web hasled to the extensionof web
markuplanguagesn orderto facilitatecontentdescriptionandthe
developmentof web basedontologies,e.g., XML Schema[12],
RDF (ResourceDescriptionFrameavork) [26], and RDF Schema
(RDFS) [7]. RDFS in particular is recognisableas an ontol-
ogy/knavledgerepresentatiofanguageit talks aboutclassesand
properties(binary relations), range and domain constraints(on
properties)andsubclasandsubpropertysubsumptionjelations.

RDFSis, however, avery limited languaggat leastin somere-
spects),and more expressie power is clearly both necessanand
desirablan orderto describeresourcesn sufcient detail. For ex-
ample,it is usefulto beableto statethata propertyis functionalor
transitve andit is extremely usefulto be ableto describeclasses
in termsof the propertiesof the individuals that belongto them.
Moreover, suchdescriptionshouldbeamenabldo automatedea-
soningif they areto be usedeffectively by automatedprocesses,
e.g.,to determinethe semanticrelationshipbetweensyntactically
differentterms.

A recognitionof thelimitationsof RDFSled to the development
of new web ontology languagessuchas OIL [13, 14], DAML-
ONT [24] andDAML+OIL [35]. DAML+OIL hasnow beensub-
mitted to W3C?! andis being usedby the W3C Web Ontology
Working Groug? asthebasisof anew W3Cwebontologylanguage
calledthe OWL Web OntologyLanguagg10].

As a secondanguagefor the SemanticWeb, a decisionhasto
be madeasto whetherOWL is to usethe thesisof representation
employed by RDFSor whetherOWL shouldusea differentthesis
of representationSomekind of languagdayeringcertainlyseems
to beareasonablgoalfor RDFSandOWL, giventhatthey sene
similar functionsand sharemary features(e.g., the ability to de-
scribea hierarcly of classedasedon the sub-clasgelationship).
In persuancef this objectve, OWL (like DAML+OIL) usesthe
samesyntaxasRDF (andRDFS)to represenpntologies Whatthis
meansn practiceis thatOWL usesRDFSresourceslirectlywhere
therequiredfunctionality alreadyexistsin RDFS,e.g.,OWL uses
rdfs:subClassOfo assertsub-clasgelationshipsand usesOWL-
speci ¢ classesandpropertiesto extend RDFSfunctionality, e.g.,
theowl:complementOpropertyis usedto addcomplementatioof
classego thelanguageMoreover, all OWL-speci ¢ syntacticcon-
structsarewritten ascombination®©f RDF syntacticconstructs.

Althoughthis solutionsatis esthelayeringobjective fromasyn-
tactic perspectie, the semanticlayering of the two languagess
more problematical. The dif culty stemsfrom the factthat OWL
(like DAML+OIL) is largely basedon a DescriptionLogic [2], the
semanticof which would normally be givenby a “classical” rst-

lhttp://www.w3.org/Submiss:ion/2001/12/
2http://www.w:%c.0rg/2001/sw/WebOnt/

ordermodeltheoryin whichindividualsareinterpretecaselements
of somedomain(aset),classesreinterpretecassubset®f thedo-
main and propertiesare interpretedas binary relationson the do-
main. The semanticof RDFS, on the otherhand,aregivenby a
non-standaranodeltheory whereindividuals,classesandproper
tiesareall elementsn the domain,propertyelementshave exten-
sionswhich are binary relationson the domain,and classexten-
sionsare only implicitly de ned by the extensionof the rdf:type
property Moreover, RDFSsupportge ection onits own syntax:it
is de ned in termsof classesand propertieswvhich areinterpreted
in thesameway asotherclasseandpropertiesandwhosemeaning
canbeextendedby statementi thelanguageAs hasbeendiscor-
eredin the OWL effort, languagdayeringis muchmorecomplex
whendifferentlayerssubscribeo thesetwo differentapproaches.
A third approachwhich lies somavherebetweerclassical rst-

orderandRDFS,is takenby a groupof (relatively) new languages
including SKIF [23], Lpase [20] and CommonLogic [8]. Like
RDFS, theselanguageshave a non-standardnodel theory with
predicatesbeing interpretedas elementsof the domain. Unlike
RDFS,however, classesretreatedasunarypredicatesvhoseex-
tensionsaresubset®f thedomain,andre ection onlanguagesyn-
taxis notsupportedlt hasbeensuggestethatthis approackcould
solve thelayeringproblemby providing acommonsemantidasis
for all SemantidMeblanguage$20].

In the remainderof this paperwe will study thesethree ap-
proachesn more detail, discusstheir advantagesand disadwan-
tages presentifferentvisionsfor languagdayeringbasedon the
variousapproachesndillustratethe consequencesf eachchoice,
both for OWL andfor further layersthat may cometo be added
on top of OWL. In particular we will demonstratesomeof the
problemsassociatedvith the RDFS limited-syntaxand limited-
semanticapproacho the SemantidNVeb, illustratehow it compli-
categhesemantice®f OWL, andshaov how someof theseproblems
canbe partially overcome.

We will take the rst-order subsetof SKIF (i.e., no row vari-
ables,andno variably polyadicpredicatespsour exemplarof the
third approaclasits syntaxandsemantichiave beerclearlyde ned
in [23]. For conveniencewe will referto the threeapproachess
the FOL approachthe RDFSapproactandthe SKIF approactre-
spectvely.

2. BACKGROUND

Representatiolyy whichwe meantherelationshiphetweercon-
structsin alanguageandentitiesin theworld, is aninherentlydif-
cult notion. Philosophersandothers have wrestledwith this no-
tion for millenia, sheddingnuchheat,andsomelight, on the sub-
ject. Althoughthe entirenotion of representatiors a fundamental
questiorfor theSemantidVeb,wewill only concerrourseheshere
with partof the subject,namelythe relationshipbetweersyntactic
constructsn a formal languageand objectsin someotherformal
systenthatis supposedo beananalogueof (partof) theworld.

For mary languagesghis representatiomelationshipis handled
by meansf datamodels,suchasthethe XQueryDataModel[15]
for XML. Herethemeaningof anXML documents alabelledtree,
whichis supposedo have somecloserrelationshipo someportion
of theworld thanthe documenitself.

Datamodelsadequatelyhandlethis partof therepresentatiore-
lationshipfor simplelanguage$ike XML. However, for languages
with moreexpressve power it is not possibleto have a singledata
modelthat captureghe meaningof a documentor othersyntactic
construct. Insteadthe meaningof theselanguagess often cap-
turedby a model-theoretisemanticsin a model-theoreticseman-



tics thereis a mary-to-mary relationshipbetweendocumentgor
whatever) andinterpretations An interpretatioris similarto adata
modelin thatit hassomecloserrelationshipto the world, but it is
differentfrom a datamodelin thatit mayhave componentshatdo
not directly correspondo informationin a document. Insteadof
thevery closerelationshipbetweerdocumenanddatamodelthere
is insteada muchlooserrelationshipbetweena documentandan
interpretation,wherean interpretationis saidto be a model of a
documentf it is compatablevith the documentjn someway for-
mally speci ed by the modeltheory

Our threethesesf representatiouliffer, in fundamentalays,
onwhattheinterpretation®f their model-theoreticsemanticzon-
tain andhow thesecomponentnteract.In addition,the RDFSthe-
sisdiffersfrom theothertwo in how statementsanbe made.

2.1 DAML+OIL and OWL

Both DAML+OIL andOWL arecloselyrelatedto very expres-
sive DescriptionLogics (DLs), with a DAML+OIL or OWL on-
tology correspondingo a DL terminology DLs are built around
individuals, which have membershign classesand arerelatedto
otherindividualsor datavaluesvia properties Datavaluesin DLs
play a muchmore limited role thanindividuals, but do belongto
datatypesAsin aDL, DAML+OIL andOWL classeganbenames
(URI referencesn the caseof DAML+OIL andOWL) or expres-
sions anda variety of constructos areprovidedfor building class
expressions.

The meaning of such DLs (and the natve meaning of
DAML+OIL®) is given by a standardmodel-theoreticseman-
tics [34]. An interpretatiorconsistsof apairh '; 'i, where '
is the domainof discoursgaset)and ' is aninterpretatiorfunc-
tion. Whendatatypesresupportedasin DAML+OIL andOWL),
the domainis divided into two disjoint sets,the “object domain”

4 andthe“datatypedomain” 5 suchthat ' = L[ L.
Theinterpretatiorfunctionl mapsindividualsinto elementof the
objectdomain,classesnto subset®f the objectdomain,datatypes
into subsetof the datatypedomainanddatavaluesinto elements
of the datatypedomain.In addition,two disjoint setsof properties
aredistinguished:object propertiesand datatypeproperties. The
interpretatiorfunctionmapsthe formerinto subsetof 5 5
andthelatterinto subsetof 4 L . Theinterpretationfunc-
tion is extendedtio compositesyntacticconstructsmuchasis done
in FOL, e.g.,the extensionof a conjunctionof classess given by
thesetintersectiorof theinterpretation®f the classes.

In this framework, individuals and data values correspond
to FOL constants,classesand datatypescorrespondto unary
predicates,propertiescorrespondto binary predicatesand sub-
class/propertyrelationshipscorrespondo implication. As DLs
include a notion of equality they are only truely embeddablen
FOLs with equality* For example, assertiongthat John is of
type Person, Mary is the mother of John, John is the same
individual as Jack, and that Person is a subclassof Animal
correspond respectiely, to the FOL sentencedPerson(John),
isMotherOf(Mary; John), John = Jack, and8x : Person(x) !
Animal(x).

2.2 SKIF

SKIF [23] derives from efforts to formalise the KIF lan-
guage[16]. Like KIF, SKIF usesa LISP-compatiblesyntax, but

30OWL hastwo differentbut closelyrelatedsemanticspnein this
styleandonein anRDF style.

“As equalityis presentin mostrepresentatiotanguagesve will
assumehe presencef a notion of equalityin ary semantidoun-
dation.

otherwisdooksalot like corventionalFOL. In commorwith Com-
mon Logic [8], andLpase [20], the coreof SKIF is standard-OL
syntaxextendedwith the ability to usepredicatesindvariablesin-
terchangeably This meansthat it is possibleto usevariablesin
predicateposition, e.g., to write sentencedike 9x : x(John) "

x(Mary) (thereexists somepredicatehatis true of bothJohn and
Mary), andto usepredicatesn variableposition,e.g.,to write sen-
tencedike P (John) » Q(P) (P is true of John andQ is true of
P),orevenP (P) (P istrueof P).

Like mary other logics, the semanticsof SKIF is basedon
interpretations. In SKIF, however, an interpretationis a triple
hD; ext; Vi, whereD is the domain(a set);V is a function that
mapspredicatesyariablesandconstantdo element®f D ; andext
is afunctionthatmapsD to setsof tuplesover D. Theinterpreta-
tion of predicatesymbolsis differentin SKIF thanin corventional
FOLs. In corventionalFOLs (andin DLs) thereis a mappingdi-
rectly from predicatesymbols(classand propertynamesin DLs)
into asetof tuples.In SKIF, ontheotherhand,meanings givento
predicatesaspredicatedy rst mappingthe predicatesymbolinto
anelementof thedomainof discoursevia V. Thedomainelement
is thenmappednto setsof tuplesvia ext.

Becausef this doublemappingSKIF sentencedo not have the
samemeaningasthe correspondindg-OL (or higherorderlogic in
the casethat a variableoccursin predicateposition). Hayesand
Menzel[23] give a transformatiorfrom SKIF sentence@to FOL
sentencewhich, it is claimed,is truth preservingi.e., theresulting
FOL sentenceshould have an (FOL) interpretationiff the origi-
nal SKIF sentencéada (SKIF) interpretation Thetransformation
usesawell known techniquefor embeddinchigherordersyntaxin

It is easyto see,however, that the transformationis not truth
preservingor FOL with equality: the sentencéx;y : (x = y)
P(x) * : Q(x) is FOL satis able, but the transformedsentence
8x;y : (x = y)”" Holds; (P; x)” : Holds1(Q; X) is notsatis able
(becaus® = Q, giving Holds1(P;x) ~ : Holds; (P;x).

2.3 RDF, RDFS, and the RDF Model Theory

The ResourceDescription Framevork (RDF) [26] and its
schemaextension, the RDF SchemaSpeci cation (RDFS) [7],
form the lowestsemantidayer of the SemanticWeh (The lower
layersin the SemantidWeb Architectureareonly syntacticlayers,
in that any semanticgprovided thereinis not carriedover to the
SemantidVeh)

Initially RDF and RDFS had no formal modeltheory nor ary
formalmeaningatall. This madethemunlikely foundationdor the
SemanticWeb, andeven led to disagreementaboutthe meaning
of partsof the languageg.g.,whethermultiple rangeanddomain
constraint®nasinglepropertyshouldbeinterpretecconjunctvely
or disjunctiely. Recently however, a modeltheory[22] hasbeen
proposedor RDF andRDFSaspartof the workingsof the W3C
RDF CoreWorking groug.

The modeltheorystartswith RDF triples [19], anintermediate
form (or abstractsyntax)for RDF knowledgebaseswheremary
of thesyntacticpeculiaritiesof the XML syntaxfor RDF have been
eliminated. An RDF triple consistsof a subject,a predicate,and
anobject. The subjectis eithera URI referenceor a blanknode—
essentiallyeither a constantor a globally existentially quanti ed

5A morecomple translationappearso solve theseproblems.
Shttp:/Avww.w3.0rg/2001/sw/RDFCore/



variable. Thepredicates alsoa URI reference—essentiallycon-
stantrepresentingbinarypredicatecalledapropertyin RDF. The
objectis eithera URI referenceablanknode,or adatavalue,e.g.,
aninteger RDF triplesaregenerallywritten in subject,predicate,
objectorderasin John loves Mary.

An interpretation in the RDF model theory is a triple
H R;IEX T;ISi,” wherel R is thedomain(of resources)t S is a
functionthatmapsURI referencego elementof | R; and| EX T
isafunctionfrom R to IR | R. Theinterpretationof proper
tiesin RDF is similar to the interpretationof predicatesn SKIF,
aspropertiesare rst mappedo domainelementsandonly thento
a setof tuples. However, the RDF modeltheoryhasonly binary
predicatesnot predicate®f varyingarity, asdoesSKIF.

BecauseRDF hasonly triplesin its syntaxandthusonly binary
propertiesn its semanticsit hasto encodemary of whatonemight
expectto be its logical constantsand syntacticconstructs. This
shavs up mostvividly in RDFS.

RDFSis built aroundthe notion of a collection of interrelated
classes.Classmembershign RDFS,which might be expectedto
be representeds unary predication,is encodedn triples whose
predicates the specialURI referencesdfitype  , whosesubject
is the classmember and whoseobjectis the classitself. Inclu-
sion betweenclasseswhich might be expectedto be represented
asimplication, is encodedn tripleswhosepredicates the special
URI referenceadfs:subClassOf , whosesubjectis thesmaller
class,andwhoseobjectis thelarger class.Supplyingdomainsand
rangesfor RDFS propertiesis handledby triples whosepredicate
isrdfs:domain  orrdfsirange , respecitiely.

To make all theseencodingsvork, anextensionto thebasicRDF
modeltheoryis needed This extensionincorporatesonditionson
interpretationshatforcethe meaningof thespecialURI references
usedto encodethe above notionsto have the appropriatecharac-
teristics. For example,l EX T (I S(rdfs:subClassOf )) isre-
quiredto betransitive in the modeltheoryextension.

Thistrick of encodingworksrelatively well for RDFandRDFS,
but, as we well seebelown, causessevere problemsfor more-
expressie languages.

3. THE FOL THESIS

The layering of languagess not a new idea. FOL itself could
be describedasbeinglayeredon top of propositionallogic: it ex-
tendspropositionallogic with nev syntaxfor quanti ers, it ex-
tendspropositionallogic semanticswith interpretationsof quan-
tied terms,andit preseresthe meaningof propositionallogic
sentences.

The extensionof propositionallogic to FOL gives greatly in-
creasedxpressie power, but atthe costof greatlyincreasedcom-
putationalcost: determiningthe satis ability of a propositional
logic sentencés known to be decidableandto have NP-complete
compleity with respectto the size of the input [9], whereasfor
FOL thisproblemis known to beundecidabl&[32]. Many interme-
diate“layers” have beenstudied,however, with Horn clausesthe
two variablefragment[18], the guardedragment[1], andnumer
ousdescriptionmodalanddynamiclogics known to be decidable
andto have compleities (for the satis ability problem)ranging
from Polynomialto NExpTime-completd11, 29].

"Recentchangego the RDF speci cationhave modi ed thetech-
nical detailsof theRDF modeltheorysothisis nolongerquitetrue.
However, the pointspresentedn this paperdo notdependnthese
changessothis old (andsimpler)versionis still used.

81t isimpossibleto deviseanalgorithmthatwill determineghetruth
valueof arbitraryFOL sentence# a nite numberof steps.

[John Mary Sam WomanPerson knows Iikes]

|

® <jj> ® <

® <m,j> ® <m,..j>
® <m,m> ® <m,...,m>
® <m,s> ® <m,..s>

Figure 2: The FOL Universe

This establishedhierarcly of languagesouldbetakenasastart-
ing pointfor alayeredarchitectureof SemantidVeblanguagesin
this framework, classesand propertiesare alwaystaken to corre-
spondto unaryandbinary predicatesasdescribedn Section2.1.
The main differencebetweenthe variouslayerswould be in the
available syntax: higher layerswould provide more (or lessre-
stricted) syntax, and increasedexpressie power, right up to full
FOL. (It would evenbe possibleto go further, e.g.,to higherorder
logic or othermore-paverful logics that are extensionsof FOL.)
Languagesn this framavork could be given a semanticwia a be-
spole (FOL style) modeltheory or couldsimply rely on their cor
respondencwith FOL.

The basicthesisof this FOL vision of the SemantidNebis that
individual nameglenoteslement®f adomainof discourseNames
usedin otherways,i.e., aspredicatesncluding classesand prop-
erties,do not denoteelementf thedomainof discourselnstead,
suchnamesdenotesetsof tuplesover this domain. Thus,in the
FOL thesis,the only elementsf the domainof discoursearethe
individuals. This stateof affairsis illustratedin Figure2.

Therewould be no needfor atotal orderingof languagesvithin
thisframework: e.g.,Horn-andDL-basedsubset®f FOL couldex-
ist side-by-sideeachlessexpressie (andmoretractable)thanfull
FOL, but neithercontainedwithin the other All languagesvould,
however, subscribao the FOL modeltheoryandbe subset®f full
FOL. In the caseof two languagesvhereoneis containedwithin
theother sentencef thelessexpressve languagecould betrans-
fereddirectly into the moreexpressve one;otherwisesentencem
two languagesould be comparedn the leastexpressve language
thatincludedboth of them,which, by de nition, would alwaysbe
asubsebf FOL.

A big advantagewith this framework is that a greatdealis al-
readyknown aboutFOL andits various sub-languagesFor ex-
ample, DLs de ne decidablefragmentsof FOL with complexi-
ties rangingfrom Polynomial (for CLASSIC [6]) to NExpTime-
hard(for SHOI Q [33]). Moreover, highly optimisedimplemen-
tationsareavailablefor mary of theselanguagege.g.,CLASSIC,
FaCT[25] andRacer[21]); theseimplementationgxploit the fea-
turesof the particularlanguagesndof typical ontologybasedea-
soningproblemsin orderto achieve betterperformance.Similar



claimscanbemadefor “rule” languages,e., thosebasedonHorn
claused3].

Highly optimisedmplementationsf full FOL arealsoavailable
(e.g.,Vampire[31], E-SETHEQ[28]) andcanbeexploitedin anef-
fective mannerueto thedirectcorrespondencef ontologieswith
FOL sentences.

3.1 RDFSandFOL

Oneproblemwith the abore architectures that RDFS already
falls outsidethe proposedframenork: aswe have seenin Sec-
tion 2.3,it hasa SKIF stylemodeltheorythatdiffersfrom the FOL
modeltheory RDFScan,hawever, be transformednto FOL, us-
ing the standardrick of emplgying a Holds predicate.This trick,
however, takesthe translationof RDFS ontologiesoutsidethe de-
cidablefragmentsamentionedabore. Fromthe FOL point of view,
this is a seriousdesigndefect: althoughRDFS seemgo be a very
simplelanguaggmuchtoo simplefor mary SemantidWeb appli-
cations),its transformatiorinto FOL is not includedin ary of the
above mentioneddecidabldragments.

It isinterestinghowever, to considethe“FOL subset’of RDFS.
Thislanguagevould correspondo RDFSwith areinterpretatiorof
themeta-classeandotherstructuralvocalulary of RDFS.Classes
suchasrdfs:Classandrdf:Propertywould beremoved. Vocalulary
suchasrdf:typeandrdfs:domainwould simply be away of stating
the appropriate=OL statement@ndwould no longerdenoteele-
mentsof the domainof discourse.The resultinglanguagewould
be equivalentto avery simpledescriptionogic, andwould alsobe
expressiblan Horn languagesThis languagevould form anideal
baselayer within the FOL framavork andwould, via progressie
extensionsof the syntax,allow for a full semantidayeringof lan-
guagesuchasDAML+OIL andOWL.

3.2 Beyond FOL

For applicationsvhereeventhefull powverof FOL is notenough,
it would be naturalto extendthe frameavork to higherorderlogics
(HOL). This would also provide for someof the featuresseenin
RDFS,in particulartheuseof predicatesn variableposition,while
still maintainingthedesirablesyntacticandsemantidayeringchar
acteristicoof theframavork: FOL sentencearesyntacticallyvalid
and semanticallyequivalentHOL sentencesMoreover, although
HOLs are computationallyhighly intractable,they are relatively
well understoodandreasoningystemgor HOLs do alreadyexist,
e.g.,HOL [17] andlsabel[30].

4. THE SKIF THESIS

In the SKIF thesis,oneof the SKIF stylelanguagege.g.,Lpase )
is takento be the semantidoundationfor all other SemanticWeb
languagesln the sameway asfor the FOL architecturelanguages
within the SKIF framework could be giventheir own (SKIF style)
model theoreticsemantics,or could simply rely on their corre-
spondencavith SKIF. This thesisis beingpromotedby Hayesand
Guha,who state

Thesemantic®f each[SemantidMebLanguagel.; is
de ned by specifyinghow expressionsn theL; map
into equivalentexpressionsn Lpase [20].

This thesisis very closeto the FOL thesisof the previous section,
but with standard=OL replacedy Lpase -
Thedifferencebetweerthe FOL andSKIF visionsof theSeman-
tic Webis thusconstitutedust of the differencedetweerthe fun-
damentabssumption# their modeltheories.In bothmodeltheo-
riesindividual namesdenoteelementof the domainof discourse.
However, in SKIF thedomainof discoursealsoincludeselements

[John Mary Sam WomanPerson knows Ilkes]

\

® <j..,.m>

® <j..s>

® <p,s> ® <p,.s>

® <pw> ® <p,..w>

® <pp> ® <p,..p>

Figure 3: The SKIF Universe

thatcorrespondo predicatesandpredicatenamesare rst mapped
into thesedomainelementsandonly thenmappednto setsof tu-
ples. This stateof affairsis illustratedin Figure3.

Oneobvious advantageof using SKIF ratherthan FOL to pro-
vide meaningfor the SemanticWeb is that SKIF seemsto be a
bettert with RDFSin thatit supportshe useof predicatesn vari-
ableposition(e.qg.,classesasinstance®f otherclasses)However,
aswe will seebelov, RDFSdoesnotreally t within SKIF.

Oneproblemwith usingSKIF is thatlittle is knovn aboutSKIF
andeven lessis known aboutsub-languagesf SKIF, exceptfor
thosethat completelycorrespondnot just in syntax, but alsoin
semantics)o sub-languagesf FOL. Therehasbeenlittle or no
studyof DL-basedsubset®f SKIF, for example.

Anotherproblemwith this framework is thatthereareno native
reasonerfor SKIF. It is truethatusingthetransformatiorinto FOL
allows FOL reasonerso be(mostlycorrect)reasonerfor SKIF, but
thistransformatiommayresultin very slow reasoningsit interferes
with mary of the optimisationsusedin FOL reasonersThereare
alsono native reasonergor Horn or DL subsetf SKIF, so the
only way of dealingwith suchsub-languagegould be to employ
a FOL reasonerand, moreover, to usean optimisation-destrying
transformation.

4.1 RDFSand SKIF

RDFS is even more “liberal” than SKIF in that it allows
for (and even employs in its own speci cation) re ection on
its own syntax. For example, in RDFS the type membership
and subclasgelationshipsare not distinguishedrom other pred-
icates, and can occur as argumentsof other predicates. This
meansthat RDFS triples such as John rdf:type Person
and Person rdfs:subClassOf Animal cannotbe mapped
into SKIF as Person(John) and8x:Person(x) ! Animal(x),
but insteadmust be mappedas rdf:type  (Person; John) and
rdfs:subClassOf  (Person; Animal).

Thisfeatureof RDFSmayseenrelatively harmlessat rst sight,
but in facthasseriousrepercussionsin particular the meaningof
predicatesuchasrdfs:subClassOf is not given directly by
the mappinginto SKIF (aslogical implication), but must be ex-
plicitly stated,or axiomatise¢gso thatthey canthemselesbe the
objectof otherpredicatesE.g.,thefactthatrdfs:subClassOf



is transitve andre exive mustbe statedn axiomssuchas:

(x; y) ™ rdfs:subClassOf
(%;2)

8x;y; z : rdfs:subClassOf
I rdfs:subClassOf
8x : rdfs:subClassOf (X; x)

while the relationship between rdfs:subClassOf and
rdf:type  mustbecapturedn anaxiomsuchas

8x;y : (8z:rdf:itype (z;x) ! rdfitype (z;y)) ()

rdfs:subClassOf  (x;y):

Whenlayeringa languagesuchasDAML+OIL or OWL ontop
of RDFS, a similar mapping must be usedif the semanticsof
DAML+OIL or OWL areto correspondwvith thoseof RDFS. As
DAML+OIL andOWL aremoreexpressve languageshanRDFS,
a larger and more comple axiomatisatioris requiredin orderto
capturethe meaningof its additionalconstructg(e.g., cardinality
constraintsandrestrictions). It is notoriouslydif cult to getsuch
axiorgatisationsight, andevenmoredif cult to provethatthey are
right.

While thisis notstrictly aproblemwith SKIF, somuchasaprob-
lem with RDFS,the factthatthe SKIF approachdoesnot provide
a directsolutionto the problemof layeringon top of RDFSdoes
reduceits attractveness.

5. THE RDFSTHESIS

As indicatedabore, RDFSdoesnot t within eitherthe FOL or
the SKIF thesis. InsteadRDFS hasits own thesisof knowledge
representationThis thesiscanperhapdestbe summedup as

All syntaxis RDFtriplesandall RDFtriplesareequal.
Thatis:

1. All SemantidVeblanguagesnustuseonly RDF syntax,ei-
therthe encodingof RDF in XML known asRDF/XML [4]
or RDFtriples.

2. Themeaningof RDF triplesin all SemanticWeb languages
mustbe compatiblewith the meaninggiven to themin the
RDFSmodeltheory

This thesishasdramaticconsequence$oth semanticand syn-
tactic. Thesemanticconsequencesf the RDFSthesisincludethat
all propertiegpredicatespreelementf thedomainof discourse,
asin the SKIF thesis,andall semantiaelationshipsarereducible
to properties Part of this stateof affairsis illustratedin Figure4.

Figure4 doesnot, hawever, capturethe entiretyof the semantic
portionof the RDF Sthesis.Thesemantigortionof theRDFSthe-
sisincludesthe encodingof unarypredicatesn the binaryrdf:type
propertyandthe encodingof ary trinary or higherarity predicates
asseveral (binary) properties.

Anotherportionof theRDFSthesiss thatall syntaxis (reducible
to) RDFtriples,and,morecer, thatall RDF triplesdenoteproperty
relationshipsbetweenelementsof the domainof discourse. This
partof theRDFSthesisis, of coursenotmuchof aburdenin RDF
andRDFS, but it doescauseserere problemsin more expressie
SemantidVeblanguages.

EvenlanguagesissimpleasDAML+OIL or OWL have consid-
erableproblemswith this requirementTo follow the RDFSthesis,

°FOL reasonersanbeusedto nd olviouserrorsin suchaxioma-
tisations[36], but failureto nd errorsdoesnot prove thatan ax-
iomatisationcorrectlycapturegheintendedsemanticgand,dueto
theincompletenesef FOL reasonersjoesnot even prove thatno
errorsexist).

(y;2)

[John Mary Sam WomanPerson knows likes rdf:itype rdfs:CIassrdf:Property]
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Figure 4: The RDFS Universe

the syntacticconstructof suchlanguagesave to be encodedn
RDF triplesandthesesyntacticRDF triplesendup having seman-
tic consequencesAn RDFS-compatiablenodel theory for such
a language(e.qg., the RDFS-compatiblenodel theory for OWL)
hasto treatthesesemanticconsequencesxtremely carefully, re-
sulting in a complex modeltheory In an attemptto sidestepary
negative consequencesf the complex modeltheorytherearetwo
views of OWL in the RDFS-compatiblenodeltheoryfor OWL—
onewherethe RDFtriplesthatcorrespondo OWL syntaxareout-
sideof thepurvien of OWL andonewheretheseRDF triplesarein
thepurview of OWL. The rst view of OWL correspondt amore-
standardstanceandhasbeenshowvn to beequivalentto anexpres-
sive but standarddescriptionlogic. In the secondview of OWL,
reasonings undecidableandwould have to be implementedoy a
general rst-order reasonefvia an optimisation-destrging trans-
formation).

Languageswith greaterexpressve power than DAML+OIL or
OWL wouldhave evenworseproblemsawith theRDFSthesis.They
would have to represensyntacticconstructsuchasdisjunctionas
collectionsof RDF triples, resultingin a modeltheorythatwould
have to accountfor the presenceof suchRDF triples in the se-
mantics.Evenworsewould betherepresentationf quanti cation.
Incompatibility with moreexpressve constructsvould seemto be
afundamentalandpossiblyfatal aw, in the RDFSthesis.

6. ANALYSIS

Having presentedhreedifferentthese®of (knowledge)represen-
tation, the questionnaturallyarisesasto which is mostsuitableas
thebasisfor the SemantidNeh

TheFOL thesishasmary obviousadwantagesPerhapshe most
importantof thesds thatit is basedn alogical formalismthathas
beenthe subjectof extensve andintensve studyover the courseof



nearlyacentury Thereexists,asaresult,agreatwealthof theoret-
ical knowledgeandpracticalexperiencewith respecto FOL.

From a theoreticalpoint of view, it is well known that reason-
ing is FOL is undecidable. Thereare, however, mary decidable
subsetsof FOL, and thesehave also beenthe subjectof exten-
sive investigations. As a result, not only is the theoretical(worst
case)xompleity known for mary of thesdanguageshut avariety
of algorithmshave beendevisedwith differentcharacteristicsvith
respecto completenessyorst caseperformanceandtypical case
performance.This knowvledgeis advantageousvhenit comesto
languagdayeringasit allows differentlayersto be designedsoas
to satisfyparticularrequirementsvith respecto, e.g.,decidability
andcompleity of reasoningandtheavailability of suitablereason-
ing algorithms.DAML+OIL, for example,wascarefully designed
sothat(subsumption/satis abilityyeasoningvasdecidable.

From a practical point of view, mary reasoningsystemshave
beenimplementedfor FOL and its sub-languages.Modernim-
plementationsare often highly optimised so that they perform
well with a wide rangeof problems. This meansthat applica-
tionsusing FOL basedanguageansave very signi cant imple-
mentationeffort by exploiting existing highly optimisedreasoners.
DAML+OIL applications for example,canexploit DL reasoners
suchasFaCT or Racerwhile moreexpressie languagesvould be
ableto exploit FOL reasonersuchasVampireor E-SETHEO.

Moreover, becausall thelanguagesvithin this framewvork sub-
scribeto the FOL modeltheory they canall be directly mapped
into FOL, i.e., with individual namesbeing mappedto constants,
andothernamege.g.,classesndpropertiesmappedo predicates.
Thismeanghatthemappinginto FOL providescompletesemantic
interoperabilitybetweenanguagesvithin the framewvork. For ex-
ample,a Horn clausebasedontologymight includea statemenbf
theform

uncle(x; z)  father(x; y) * brother(y; z);

which assertghatthe compositionof father andbrother relation-
shipsimplies an uncle relationship,while a DL basedontology
mightincludea statemenof theform

RichUncle  9uncle:Rich;

which assertshatRichUncle is the classof objectshaving atleast
oneuncle thatis Rich. The mappingof both statementinto FOL
sentencegives

8x; y; z:father(x; y) ~ brother(y;z) ! uncle(x; z)
8x:RichUncle(x) () 9y:uncle(x;y) ™ Rich(y);

which provides for complete semantic interoperability  For
example, from father(Mary; John), brother(John; Peter) and
Rich(Peter), we would be ableto concludeRichUncle(Mary).

The obvious disadwantageof the FOL thesisis that treating
classedike individuals (classesas instances)s not possibleun-
til the languages extendedbeyond FOL into HOL, andalthough
HOL reasonerareavailable,their performancenaynotbeaccept-
ablein ontologyapplications.

Moreover, FOL is a relatively poor t with RDFS due to
their fundamentallydifferent semanticfoundations. Although
RDFS can be mappedinto FOL via a suitable axiomatisa-
tion, this does not lead to semanticinteroperability with lan-
guagesthat have been directly mapped. For example, if
the RDF triples Mary father John, John brother Peter and
Peter rdf:type Rich, were mappedinto FOL using a holds
predicate(i.e., to give holds(father; Mary; John) etc.), thenwe
would obviously not be ableto concludeRichUncle(Mary).

The mostohvious advantageof the SKIF thesisis thatthe un-
restrictedmixing of classesandinstancess a basicfeatureof the
languageanddoesnot requireHOL extensions.This alsoseems
to make SKIF abettert with RDFS.

Like FOL, SKIF can be usedas the basisfor semanticinter-
operability with respectto a family of sub-languages.Little is
known, however, aboutSKIF sub-languagesAs we saw in Sec-
tion 4.1, even RDFScannotbe directly mappednto SKIF, andre-
quiressomekind of axiomatisationMoreover, althoughlanguages
like DAML+OIL andOWL would seemto beamenabléo adirect
mappinginto SKIF, suchamappingwould notleadto semantidan-
teroperabilitywith RDFSfor the samereasorthatdirectmappings
into FOL of its sub-languagesould not leadto semantidnterop-
erability with a holdsstyle mappingof RDFS.

An olvious disadantagewith SKIF is thatit is relatively new,
andits propertiesarenotnearlysowell understoodsthoseof FOL.
For example, it wasbelieved up until recentlythat SKIF sentences
that were also syntacticallyvalid as FOL had the samemeaning
whetherinterpretedas SKIF or asFOL. As we sav in section2.2,
this is not universallytrue1® The syntacticsimilarity of SKIF and
FOL could even be seenasdangeroushdeceptve—usersmay be
temptedto write SKIF believing thatit hasthe samemeaningas
FOL.

From a practical point of view, thereare no natve reasoners
for SKIF, andlittle or nothingis known aboutthe computational
propertiesof, or reasoningalgorithmsfor, sub-languagesf SKIF.
Applicationsusing SKIF-basedanguagesvould, therefore either
have to implementtheir own reasoner®sr usefull FOL reasoners
via a potentiallyperformance-damagingappingfrom SKIF.

The RDFS thesisis that interoperabilitybetweenlayeredlan-
guagesanbestbeachievedby usingRDFSsyntax.It is, however,
a grossover-simpli cation to imaginethat mappingsinto a single
languageautomaticallyprovide semanticinteroperability As we
have seenabove, this is not true whenusing either FOL or SKIF
asthe commonlanguage. The primitive natureof RDFS means
thatembeddingnoremoreexpressie languagesn RDFSwill re-
quire morecomplex mappingswith a wide rangeof differentand
semanticalljincompatiblemappingtechniquedeingpossible.

For example, both OIL and OWL have an RDF triple syntax.
Completelydifferentapproachesveretaken, however, to the map-
ping of the variouslogical constructs:setsof classesn a disjunc-
tion arerepresentedn OIL by usinga hasOperand propertyto
link themdirectly to asinglenodeof typeoil:OR , while in OWL
suchsetsarerepresentedsingalist syntaxwith first  andrest
properties Mixing the RDF triples obtainedvia the two mappings
would provide, atbest,very limited semantidnteroperability Sim-
ilarly, amappingof typedpredicatecalculusinto RDFtriplesusing
rei cation hasbeenproposed27] thatis not semanticallyjcompat-
ible with eitherthe OIL or OWL mappings.

As discussedn Section5, the requiremenbf the RDFSthesis
thatthe syntaxof all SemantidNeblanguagede encodecasRDF
triples, and have the semanticconsequencethat RDFS gives to
RDF triples, is basicallyincompatiblewith more-epressve lan-
guagesOnepossiblebene t of this approachs thatRDFtoolscan
be usedto parseall SemantidNeblanguagesilt is, however, dif -
cult to seeary greatbene t in the parsingof anencodingof com-
plex syntacticconstructs)et alonea bene t that would outweigh
the problemsinherentin this approach.

7. DISCUSSION

Evenif it is possibleo repairthis problemits discoveryis indica-
tive of therelatively new anduntestechatureof thelanguage.




As we have seen the formal meaningof SemanticWeb (ontol-
ogy) languagess of crucialimportancef automatedggentsareto
exchangeunderstandndexploit SemantidMeb metadataMore-
over, if the SemantidMebis to containseverallanguagdayers,as
is envisioned,a commonsemantiaunderpinningwill greatlyfacil-
itate interoperabilitybetweerthe differentlayers. In this paperwe
have studiedthreedifferentapproacheso providing sucha com-
monsemantiaunderpinning:onebasedon corventional rst order
logic, onebasedn SKIF/Lpase , andonebasedn RDF/RDFS.

Currently it seemgo be widely assumedhat RDF/RDFSwiill
provide suchanunderpinningRDF is alreadya W3C Recommen-
dation,andthe RDF/RDFSbhasedwveb architecturelayer cake” is
ubiquitous.As we have seenhowever, it is far from clearthatthis
representghebestsolution,andin factit leadsto seriougproblems
whentrying to layer more expressve language®n top of RDFS.
Moreover, this approachdoesnot lead directly to ary “computa-
tional pathway”, i.e., it is not clearif/how applicationswould be
ableto reasorwith language$ayeredon top of RDFS.

An alternatve approachs to usecorventional rst orderlogic
asthe semantiaunderpinning.As we have seenthis approacthas
mary adwantagesFOL is well establishedndwell understoodit
naturallylendsitself to the developmentof a family of languages
basedon variousFOL subsetoffering differenttradeofs with re-
spectto expressve power, compleity and computability;andthe
direct mappingof suchlanguagesnto (subsetof) FOL alsopro-
videsimmediatesemantidnteroperability(e.g.,betweerHorn and
DL basedanguages).The FOL approachalso providesthe most
straightforvard computationapathway: reasoningn FOL andits
sublanguagess well understoodandapplicationswould even be
able to exploit existing highly optimisedreasonergor FOL and
mary of its subsetanguages.This approacthis not directly com-
patiblewith RDFS, but it is compatiblewith a simpli ed version
of RDFS (the FOL subsetof RDFS). This languagewould form
an ideal baselayer within the FOL frameavork and would allow
for a full syntacticand semanticlayering of languagessuch as
DAML+OIL (andtheDL fragmentof OWL).

Thethird approachbasedn SKIF/Lpase , canbe seenasacom-
promisebetweenthe FOL and RDF/RDFSapproachesilt is sim-
ilar to the FOL approachwith SKIF/Lpase providing the seman-
tic underpinninginsteadof FOL. SKIF style languagesre, how-
ever, muchlesswell understoodhanFOL, andlittle or nothingis
known aboutSKIF sub-languagesSKIF doesprovide for the mix-
ing of classesndinstancesbut thisis notenoughto allow adirect
mappingof RDFSinto SKIF. Thereforejn orderto provide for se-
manticinteroperabilitypbetweerdanguagesayeredontop of RDFS,
eitherthe baselayerwould have to be a SKIF subsetof RDFS,or
all languagesvould have to be mappednto SKIF usinganRDFS
compatibleaxiomatisation.Moreover, the computationapathway
for SKIF is currentlyrestrictedo apotentiallyperformancelamag-
ing mappingnto FOL, aproblemthatwould befurtherexacerbated
if mappingsnto SKIF werevia anaxiomatisatior(aswould bethe
casefor RDFS).

It seemsglearthattheFOL approachs in mary respectshemost
attractive. It remainsto be seenhowever, if it is too late to issue
aproductrecallon the SemantidNMeb bandwagonin orderto carry
outasafetymodi cation onthe RDF/RDFScomponent.
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