
Three Theses of Representation in the Semantic Web

Ian Horrocks
University of Manchester

Manchester, UK

horrocks@cs.man.ac.uk

Peter F. Patel­Schneider
Bell Labs Research
Murray Hill, NJ, USA

pfps@research.bell­labs.com

ABSTRACT
TheSematicWebis vitally dependanton a formal meaningfor the
constructsof its languages.For SemanticWeb languagesto work
well togethertheir formal meaningsmustemploy a commonview
(or thesis)of representation,otherwiseit will not be possibleto
reconciledocumentswritten in differentlanguages.The thesisof
representationunderlyingRDF andRDFSis particularly trouble-
somein thisregard,asit hasseveralunusualaspects,bothsemantic
andsyntactic.A more-standardthesisof representationwould re-
sult in theability to reuseexisting resultsandtoolsin theSemantic
Web.

Categoriesand SubjectDescriptors
I.2.4 [Knowledge Representation Formalisms and Methods]:
Representationlanguages;F.4.1 [Mathematical Logic]: Model
theory.

GeneralTerms
Languages,Standardization,Theory

Keywords
SemanticWeb,representation,model-theoreticsemantics

1. INTRODUCTION
In the shortspanof its existence,the World Wide Web hasre-

sultedin arevolution in theway informationis transferredbetween
computerapplications.It is no longernecessaryfor humansto set
up channelsfor inter-applicationinformationtransfer;this is han-
dledby TCP/IPandrelatedprotocols.It is alsonolongernecessary
for humansto de�ne thesyntaxandbuild parsersusedfor eachkind
of informationtransfer;thisis handledby HTML, XML andrelated
standards.However, it is still not possiblefor applicationsto inter-
operatewith otherapplicationswithout somepre-existing,human-
created,andoutside-of-the-webagreementsas to the meaningof
theinformationbeingtransferred.

Thenext generationof theWebaimsto alleviatethisproblem—
makingWeb resourcesmorereadily accessibleto automatedpro-
cessesby adding information that describesWeb content in a
machine-accessibleandmanipulablefashion.This coincideswith
thevision thatTim Berners-Leecalls theSemanticWeb in his re-
centbook“Weaving theWeb” [5].

If suchinformation(oftencalledmeta-data) is to makeresources
moreaccessibleto automatedagents,it is essentialthatits meaning
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Figure 1: Semantic Web architecture http://www.w3.org/
2000/Talks/1206- xml2k- tbl/

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

A commonunderpinningis especiallyimportantfor theSeman-
tic Webasit is envisionedto containseveral languages,asin Tim
Berners-Lee's “layer cake” diagram(Figure 1) �rst presentedat
XML 2000. Thediagramdepictsa SemanticWebArchitecturein
which languagesof increasingpower arelayeredoneon top of the
other. Unfortunately, therelationshipsbetweenadjacentlayersare
not speci�ed,eitherwith respectto syntaxor semantics.

The basisof a particularway of providing meaningfor meta-
datais embodiedin the modeltheoryfor RDF [22], the language
at thebaseof theSemanticWeb. However, this basisis built on an
unusualthesisof representation,onethat is differentfrom therep-
resentationthesisbuilt into mostlogical languages.Moreover, the
RDF thesisof representationhasotherunusualaspectsthat make
its useas the foundationof representationin the SemanticWeb
dif�cult at best.In particular, RDF hasa very limited collectionof
syntacticconstructs,andthesearetreatedin averyuniformmanner
in thesemanticsof RDF. TheRDFthesisrequiresthatnoothersyn-
tacticconstructsareto beusedandthattheuniformsemantictreat-
mentof syntacticconstructscannotbechanged,only augmented.

Wearguethatit wouldbebetter, at leastin thebeginningsof the
SemanticWeb,to employ amore-standardthesisof representation.
This would permit theuseof muchexisting work on (knowledge)



representationandallow thedirectemploymentof existing reason-
ing tools.

1.1 Ontology Languages
A currentfocusof activity in theSemanticWebis theconstruc-

tion of an ontologylanguagefor the SemanticWeb. An ontology
typically consistsof a hierarchicaldescriptionof importantcon-
ceptsin a domain,alongwith descriptionsof thepropertiesof (the
instancesof) eachconcept.Ontologieswill play a pivotal role in
the SemanticWeb by providing a sourceof sharedandprecisely
de�ned termsthatcanbeusedin meta-data.Thedegreeof formal-
ity employedin capturingthesedescriptionscanbequitevariable,
rangingfrom naturallanguageto logical formalisms,but increased
formality andregularity clearlyfacilitatesmachineunderstanding.

The recognitionof the key role that ontologiesare likely to
play in the future of the web has led to the extensionof web
markuplanguagesin orderto facilitatecontentdescriptionandthe
developmentof web basedontologies,e.g., XML Schema[12],
RDF (ResourceDescriptionFramework) [26], and RDF Schema
(RDFS) [7]. RDFS in particular is recognisableas an ontol-
ogy/knowledgerepresentationlanguage:it talksaboutclassesand
properties(binary relations), range and domain constraints(on
properties),andsubclassandsubproperty(subsumption)relations.

RDFSis, however, a very limited language(at leastin somere-
spects),andmoreexpressive power is clearly both necessaryand
desirablein orderto describeresourcesin suf�cient detail. For ex-
ample,it is usefulto beableto statethatapropertyis functionalor
transitive andit is extremelyuseful to be ableto describeclasses
in termsof the propertiesof the individuals that belongto them.
Moreover, suchdescriptionsshouldbeamenableto automatedrea-
soningif they are to be usedeffectively by automatedprocesses,
e.g.,to determinethe semanticrelationshipbetweensyntactically
differentterms.

A recognitionof thelimitationsof RDFSled to thedevelopment
of new web ontology languagessuchas OIL [13, 14], DAML-
ONT [24] andDAML+OIL [35]. DAML+OIL hasnow beensub-
mitted to W3C,1 and is being usedby the W3C Web Ontology
WorkingGroup2 asthebasisof anew W3Cwebontologylanguage
calledtheOWL WebOntologyLanguage[10].

As a secondlanguagefor the SemanticWeb, a decisionhasto
be madeasto whetherOWL is to usethe thesisof representation
employedby RDFSor whetherOWL shouldusea differentthesis
of representation.Somekind of languagelayeringcertainlyseems
to bea reasonablegoal for RDFSandOWL, giventhat they serve
similar functionsandsharemany features(e.g., the ability to de-
scribea hierarchy of classesbasedon the sub-classrelationship).
In persuanceof this objective, OWL (like DAML+OIL) usesthe
samesyntaxasRDF(andRDFS)to representontologies.Whatthis
meansin practiceis thatOWL usesRDFSresourcesdirectlywhere
therequiredfunctionalityalreadyexists in RDFS,e.g.,OWL uses
rdfs:subClassOfto assertsub-classrelationships,andusesOWL-
speci�c classesandpropertiesto extendRDFSfunctionality, e.g.,
theowl:complementOfpropertyis usedto addcomplementationof
classesto thelanguage.Moreover, all OWL-speci�c syntacticcon-
structsarewrittenascombinationsof RDFsyntacticconstructs.

Althoughthissolutionsatis�esthelayeringobjectivefrom asyn-
tactic perspective, the semanticlayering of the two languagesis
moreproblematical.The dif�culty stemsfrom the fact that OWL
(like DAML+OIL) is largely basedon a DescriptionLogic [2], the
semanticsof which would normallybegivenby a “classical”�rst-

1http://www.w3.org/Submission/2001/12/
2http://www.w3c.org/2001/sw/WebOnt/

ordermodeltheoryin whichindividualsareinterpretedaselements
of somedomain(aset),classesareinterpretedassubsetsof thedo-
main andpropertiesareinterpretedasbinary relationson the do-
main. The semanticsof RDFS,on the otherhand,aregiven by a
non-standardmodeltheory, whereindividuals,classesandproper-
tiesareall elementsin thedomain,propertyelementshave exten-
sionswhich arebinary relationson the domain,andclassexten-
sionsareonly implicitly de�ned by the extensionof the rdf:type
property. Moreover, RDFSsupportsre�ection on its own syntax:it
is de�ned in termsof classesandpropertieswhich areinterpreted
in thesamewayasotherclassesandpropertiesandwhosemeaning
canbeextendedby statementsin thelanguage.As hasbeendiscov-
eredin theOWL effort, languagelayeringis muchmorecomplex
whendifferentlayerssubscribeto thesetwo differentapproaches.

A third approach,which lies somewherebetweenclassical�rst-
orderandRDFS,is takenby a groupof (relatively) new languages
including SKIF [23], Lbase [20] and CommonLogic [8]. Like
RDFS, theselanguageshave a non-standardmodel theory, with
predicatesbeing interpretedas elementsof the domain. Unlike
RDFS,however, classesaretreatedasunarypredicateswhoseex-
tensionsaresubsetsof thedomain,andre�ection on languagesyn-
tax is notsupported.It hasbeensuggestedthatthisapproachcould
solve thelayeringproblemby providing a commonsemanticbasis
for all SemanticWeblanguages[20].

In the remainderof this paperwe will study thesethree ap-
proachesin more detail, discusstheir advantagesand disadvan-
tages,presentdifferentvisionsfor languagelayeringbasedon the
variousapproaches,andillustratetheconsequencesof eachchoice,
both for OWL and for further layersthat may cometo be added
on top of OWL. In particular, we will demonstratesomeof the
problemsassociatedwith the RDFS limited-syntaxand limited-
semanticsapproachto theSemanticWeb,illustratehow it compli-
catesthesemanticsof OWL, andshow how someof theseproblems
canbepartiallyovercome.

We will take the �rst-order subsetof SKIF (i.e., no row vari-
ables,andno variablypolyadicpredicates)asour exemplarof the
thirdapproachasits syntaxandsemanticshavebeenclearlyde�ned
in [23]. For convenience,we will refer to the threeapproachesas
theFOL approach,theRDFSapproachandtheSKIF approachre-
spectively.

2. BACKGROUND
Representation,by whichwemeantherelationshipbetweencon-

structsin a languageandentitiesin theworld, is aninherentlydif-
�cult notion. Philosophers,andothers,have wrestledwith this no-
tion for millenia, sheddingmuchheat,andsomelight, on thesub-
ject. Althoughtheentirenotionof representationis a fundamental
questionfor theSemanticWeb,wewill onlyconcernourselveshere
with partof thesubject,namelytherelationshipbetweensyntactic
constructsin a formal languageandobjectsin someotherformal
systemthatis supposedto beananalogueof (partof) theworld.

For many languagesthis representationrelationshipis handled
by meansof datamodels,suchasthetheXQueryDataModel [15]
for XML. Herethemeaningof anXML documentis alabelledtree,
whichis supposedto havesomecloserrelationshipto someportion
of theworld thanthedocumentitself.

Datamodelsadequatelyhandlethispartof therepresentationre-
lationshipfor simplelanguageslikeXML. However, for languages
with moreexpressive power it is not possibleto have a singledata
modelthatcapturesthemeaningof a document,or othersyntactic
construct. Insteadthe meaningof theselanguagesis often cap-
turedby a model-theoreticsemantics.In a model-theoreticseman-



tics thereis a many-to-many relationshipbetweendocuments(or
whatever)andinterpretations. An interpretationis similar to adata
modelin that it hassomecloserrelationshipto theworld, but it is
differentfrom adatamodelin thatit mayhavecomponentsthatdo
not directly correspondto informationin a document.Insteadof
theverycloserelationshipbetweendocumentanddatamodelthere
is insteada muchlooserrelationshipbetweena documentandan
interpretation,wherean interpretationis said to be a modelof a
documentif it is compatablewith thedocument,in someway for-
mally speci�edby themodeltheory.

Our threethesesof representationdiffer, in fundamentalways,
onwhattheinterpretationsof theirmodel-theoreticsemanticscon-
tain andhow thesecomponentinteract.In addition,theRDFSthe-
sisdiffersfrom theothertwo in how statementscanbemade.

2.1 DAML+OIL and OWL
Both DAML+OIL andOWL arecloselyrelatedto very expres-

sive DescriptionLogics (DLs), with a DAML+OIL or OWL on-
tology correspondingto a DL terminology. DLs arebuilt around
individuals,which have membershipin classesandarerelatedto
otherindividualsor datavaluesvia properties.Datavaluesin DLs
play a muchmorelimited role thanindividuals,but do belongto
datatypes.As in aDL, DAML+OIL andOWL classescanbenames
(URI referencesin the caseof DAML+OIL andOWL) or expres-
sions, anda varietyof constructors areprovidedfor building class
expressions.

The meaning of such DLs (and the native meaning of
DAML+OIL 3) is given by a standardmodel-theoreticseman-
tics [34]. An interpretationconsistsof a pair h� I ; �I i , where� I

is thedomainof discourse(a set)and�I is an interpretationfunc-
tion. Whendatatypesaresupported(asin DAML+OIL andOWL),
the domainis divided into two disjoint sets,the “object domain”
� I

O andthe “datatypedomain” � I
D suchthat � I = � I

O [ � I
D .

TheinterpretationfunctionI mapsindividualsinto elementsof the
objectdomain,classesinto subsetsof theobjectdomain,datatypes
into subsetsof thedatatypedomainanddatavaluesinto elements
of thedatatypedomain.In addition,two disjoint setsof properties
aredistinguished:objectpropertiesanddatatypeproperties.The
interpretationfunctionmapstheformerinto subsetsof � I

O � � I
O

andthe latter into subsetsof � I
O � � I

D . The interpretationfunc-
tion is extendedto compositesyntacticconstructsmuchasis done
in FOL, e.g.,theextensionof a conjunctionof classesis givenby
thesetintersectionof theinterpretationsof theclasses.

In this framework, individuals and data values correspond
to FOL constants,classesand datatypescorrespondto unary
predicates,propertiescorrespondto binary predicatesand sub-
class/propertyrelationshipscorrespondto implication. As DLs
include a notion of equality, they are only truely embeddablein
FOLs with equality.4 For example, assertionsthat 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,respectively, to the FOL sentencesPerson(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

3OWL hastwo differentbut closelyrelatedsemantics,onein this
styleandonein anRDFstyle.
4As equality is presentin most representationlanguageswe will
assumethepresenceof a notionof equalityin any semanticfoun-
dation.

otherwiselooksalot likeconventionalFOL. In commonwith Com-
monLogic [8], andLbase [20], thecoreof SKIF is standardFOL
syntaxextendedwith theability to usepredicatesandvariablesin-
terchangeably. This meansthat it is possibleto usevariablesin
predicateposition, e.g., to write sentenceslike 9x : x(John) ^
x(Mary) (thereexistssomepredicatethatis trueof bothJohn and
Mary), andto usepredicatesin variableposition,e.g.,to write sen-
tenceslike P(John) ^ Q(P) (P is trueof John andQ is trueof
P ), or evenP(P) (P is trueof P ).

Like many other logics, the semanticsof SKIF is basedon
interpretations. In SKIF, however, an interpretationis a triple
hD ; ext; V i , whereD is the domain(a set); V is a function that
mapspredicates,variablesandconstantsto elementsof D ; andext
is a functionthatmapsD to setsof tuplesover D . Theinterpreta-
tion of predicatesymbolsis differentin SKIF thanin conventional
FOLs. In conventionalFOLs (andin DLs) thereis a mappingdi-
rectly from predicatesymbols(classandpropertynamesin DLs)
into asetof tuples.In SKIF, on theotherhand,meaningis givento
predicatesaspredicatesby �rst mappingthepredicatesymbolinto
anelementof thedomainof discoursevia V . Thedomainelement
is thenmappedinto setsof tuplesvia ext.

Becauseof thisdoublemappingSKIF sentencesdonot have the
samemeaningasthecorrespondingFOL (or higher-orderlogic in
the casethat a variableoccursin predicateposition). Hayesand
Menzel[23] give a transformationfrom SKIF sentencesinto FOL
sentenceswhich,it is claimed,is truthpreserving,i.e.,theresulting
FOL sentenceshouldhave an (FOL) interpretationiff the origi-
nalSKIF sentencehada (SKIF) interpretation.Thetransformation
usesawell known techniquefor embeddinghigher-ordersyntaxin
FOL. EachSKIF termof theform P(x1 ; : : : ; xk ) (andrecursively
its sub-terms)is replacedwith a term Holdsk (P; x1 ; : : : ; xk ),
whereHolds0 ; : : : ; Holdsn arenewly introducedpredicateswith
arity 1; : : : ; n + 1 respectively.

It is easyto see,however, that the transformationis not truth
preservingfor FOL with equality: thesentence8x; y : (x = y) ^
P(x) ^ : Q(x) is FOL satis�able, but the transformedsentence
8x; y : (x = y) ^ Holds1(P; x) ^ : Holds1(Q; x) is notsatis�able
(becauseP = Q, giving Holds1(P; x) ^ : Holds1(P; x).5

2.3 RDF, RDFS,and the RDF Model Theory
The ResourceDescription Framework (RDF) [26] and its

schemaextension, the RDF SchemaSpeci�cation (RDFS) [7],
form the lowestsemanticlayer of the SemanticWeb. (The lower
layersin theSemanticWebArchitectureareonly syntacticlayers,
in that any semanticsprovided thereinis not carriedover to the
SemanticWeb.)

Initially RDF andRDFShadno formal model theory, nor any
formalmeaningatall. Thismadethemunlikely foundationsfor the
SemanticWeb, andeven led to disagreementsaboutthe meaning
of partsof the language,e.g.,whethermultiple rangeanddomain
constraintsonasinglepropertyshouldbeinterpretedconjunctively
or disjunctively. Recently, however, a modeltheory[22] hasbeen
proposedfor RDF andRDFSaspartof theworkingsof theW3C
RDFCoreWorkinggroup6.

The modeltheorystartswith RDF triples [19], an intermediate
form (or abstractsyntax)for RDF knowledgebases,wheremany
of thesyntacticpeculiaritiesof theXML syntaxfor RDFhavebeen
eliminated. An RDF triple consistsof a subject,a predicate,and
anobject.Thesubjectis eithera URI referenceor a blanknode—
essentiallyeither a constantor a globally existentially quanti�ed

5A morecomplex translationappearsto solve theseproblems.
6http://www.w3.org/2001/sw/RDFCore/



variable.Thepredicateis alsoa URI reference—essentiallya con-
stantrepresentingabinarypredicate,calledapropertyin RDF. The
objectis eitheraURI reference,ablanknode,or adatavalue,e.g.,
an integer. RDF triplesaregenerallywritten in subject,predicate,
objectorderasin John loves Mary.

An interpretation in the RDF model theory is a triple
hI R; I E X T; I Si ,7 whereI R is thedomain(of resources);I S is a
functionthatmapsURI referencesto elementsof I R; andI E X T
is a function from I R to I R � I R. The interpretationof proper-
ties in RDF is similar to the interpretationof predicatesin SKIF,
aspropertiesare�rst mappedto domainelementsandonly thento
a setof tuples. However, the RDF model theoryhasonly binary
predicates,notpredicatesof varyingarity, asdoesSKIF.

BecauseRDF hasonly triplesin its syntaxandthusonly binary
propertiesin its semantics,it hasto encodemany of whatonemight
expect to be its logical constantsand syntacticconstructs. This
showsupmostvividly in RDFS.

RDFSis built aroundthe notion of a collectionof interrelated
classes.Classmembershipin RDFS,which might be expectedto
be representedas unary predication,is encodedin triples whose
predicateis thespecialURI referencesrdf:type , whosesubject
is the classmember, and whoseobject is the classitself. Inclu-
sion betweenclasses,which might be expectedto be represented
asimplication, is encodedin tripleswhosepredicateis thespecial
URI referencerdfs:subClassOf , whosesubjectis thesmaller
class,andwhoseobjectis thelargerclass.Supplyingdomainsand
rangesfor RDFSpropertiesis handledby triples whosepredicate
is rdfs:domain or rdfs:range , respectively.

To makeall theseencodingswork,anextensionto thebasicRDF
modeltheoryis needed.This extensionincorporatesconditionson
interpretationsthatforcethemeaningof thespecialURI references
usedto encodethe above notionsto have the appropriatecharac-
teristics. For example,I E X T(I S(rdfs:subClassOf )) is re-
quiredto betransitive in themodeltheoryextension.

This trick of encodingworksrelatively well for RDFandRDFS,
but, as we well see below, causessevere problemsfor more-
expressive languages.

3. THE FOL THESIS
The layeringof languagesis not a new idea. FOL itself could

bedescribedasbeinglayeredon top of propositionallogic: it ex-
tendspropositionallogic with new syntax for quanti�ers, it ex-
tendspropositionallogic semanticswith interpretationsof quan-
ti�ed terms,and it preserves the meaningof propositionallogic
sentences.

The extensionof propositionallogic to FOL gives greatly in-
creasedexpressive power, but at thecostof greatlyincreasedcom-
putationalcost: determiningthe satis�ability of a propositional
logic sentenceis known to bedecidable,andto have NP-complete
complexity with respectto the size of the input [9], whereasfor
FOL thisproblemis known to beundecidable8 [32]. Many interme-
diate“layers” have beenstudied,however, with Horn clauses,the
two variablefragment[18], theguardedfragment[1], andnumer-
ousdescription,modalanddynamiclogicsknown to bedecidable
and to have complexities (for the satis�ability problem)ranging
from Polynomialto NExpTime-complete[11, 29].

7Recentchangesto theRDF speci�cationhave modi�ed thetech-
nicaldetailsof theRDFmodeltheorysothisis nolongerquitetrue.
However, thepointspresentedin thispaperdonotdependon these
changes,sothisold (andsimpler)versionis still used.
8It is impossibleto deviseanalgorithmthatwill determinethetruth
valueof arbitraryFOL sentencesin a �nite numberof steps.
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Figure2: The FOL Universe

Thisestablishedhierarchy of languagescouldbetakenasastart-
ing point for a layeredarchitectureof SemanticWeblanguages.In
this framework, classesandpropertiesarealwaystaken to corre-
spondto unaryandbinary predicatesasdescribedin Section2.1.
The main differencebetweenthe variouslayerswould be in the
available syntax: higher layerswould provide more (or less re-
stricted)syntax,and increasedexpressive power, right up to full
FOL. (It would evenbepossibleto go further, e.g.,to higher-order
logic or othermore-powerful logics that areextensionsof FOL.)
Languagesin this framework couldbegivena semanticsvia a be-
spoke (FOL style)modeltheory, or couldsimply rely on their cor-
respondencewith FOL.

Thebasicthesisof this FOL vision of theSemanticWebis that
individualnamesdenoteelementsof adomainof discourse.Names
usedin otherways,i.e., aspredicatesincluding classesandprop-
erties,do not denoteelementsof thedomainof discourse.Instead,
suchnamesdenotesetsof tuplesover this domain. Thus, in the
FOL thesis,the only elementsof the domainof discoursearethe
individuals.Thisstateof affairsis illustratedin Figure2.

Therewould beno needfor a total orderingof languageswithin
thisframework: e.g.,Horn-andDL-basedsubsetsof FOLcouldex-
ist side-by-side,eachlessexpressive (andmoretractable)thanfull
FOL, but neithercontainedwithin theother. All languageswould,
however, subscribeto theFOL modeltheoryandbesubsetsof full
FOL. In the caseof two languageswhereoneis containedwithin
theother, sentencesin thelessexpressive languagecouldbetrans-
fereddirectly into themoreexpressive one;otherwisesentencesin
two languagescouldbecomparedin theleastexpressive language
that includedbothof them,which, by de�nition, would alwaysbe
asubsetof FOL.

A big advantagewith this framework is that a greatdeal is al-
readyknown aboutFOL and its varioussub-languages.For ex-
ample, DLs de�ne decidablefragmentsof FOL with complexi-
ties rangingfrom Polynomial(for CLASSIC [6]) to NExpTime-
hard(for SH OI Q [33]). Moreover, highly optimisedimplemen-
tationsareavailablefor many of theselanguages(e.g.,CLASSIC,
FaCT[25] andRacer[21]); theseimplementationsexploit thefea-
turesof theparticularlanguagesandof typicalontologybasedrea-
soningproblemsin order to achieve betterperformance.Similar



claimscanbemadefor “rule” languages,i.e., thosebasedonHorn
clauses[3].

Highly optimisedimplementationsof full FOL arealsoavailable
(e.g.,Vampire[31], E-SETHEO[28]) andcanbeexploitedin anef-
fectivemannerdueto thedirectcorrespondenceof ontologieswith
FOL sentences.

3.1 RDFSand FOL
Oneproblemwith the above architectureis that RDFSalready

falls outsidethe proposedframework: as we have seenin Sec-
tion 2.3,it hasaSKIF stylemodeltheorythatdiffersfrom theFOL
modeltheory. RDFScan,however, be transformedinto FOL, us-
ing thestandardtrick of employing a Holds predicate.This trick,
however, takesthe translationof RDFSontologiesoutsidethede-
cidablefragmentsmentionedabove. FromtheFOL point of view,
this is a seriousdesigndefect:althoughRDFSseemsto bea very
simplelanguage(muchtoo simplefor many SemanticWebappli-
cations),its transformationinto FOL is not includedin any of the
abovementioneddecidablefragments.

It is interesting,however, to considerthe“FOL subset”of RDFS.
Thislanguagewouldcorrespondto RDFSwith areinterpretationof
themeta-classesandotherstructuralvocabulary of RDFS.Classes
suchasrdfs:Classandrdf:Propertywouldberemoved.Vocabulary
suchasrdf:typeandrdfs:domainwould simply bea way of stating
the appropriateFOL statementsandwould no longerdenoteele-
mentsof the domainof discourse.The resultinglanguagewould
beequivalentto averysimpledescriptionlogic, andwouldalsobe
expressiblein Horn languages.This languagewould form anideal
baselayer within the FOL framework andwould, via progressive
extensionsof thesyntax,allow for a full semanticlayeringof lan-
guagessuchasDAML+OIL andOWL.

3.2 Beyond FOL
For applicationswhereeventhefull powerof FOL is notenough,

it would benaturalto extendtheframework to higher-orderlogics
(HOL). This would alsoprovide for someof the featuresseenin
RDFS,in particulartheuseof predicatesin variableposition,while
still maintainingthedesirablesyntacticandsemanticlayeringchar-
acteristicsof theframework: FOL sentencesaresyntacticallyvalid
andsemanticallyequivalentHOL sentences.Moreover, although
HOLs are computationallyhighly intractable,they are relatively
well understood,andreasoningsystemsfor HOLsdoalreadyexist,
e.g.,HOL [17] andIsabel[30].

4. THE SKIF THESIS
In theSKIF thesis,oneof theSKIF stylelanguages(e.g.,Lbase )

is taken to be thesemanticfoundationfor all otherSemanticWeb
languages.In thesamewayasfor theFOL architecture,languages
within theSKIF framework couldbegiventheir own (SKIF style)
model theoreticsemantics,or could simply rely on their corre-
spondencewith SKIF. This thesisis beingpromotedby Hayesand
Guha,whostate

Thesemanticsof each[SemanticWebLanguage]L i is
de�ned by specifyinghow expressionsin the L i map
into equivalentexpressionsin Lbase [20].

This thesisis very closeto theFOL thesisof theprevioussection,
but with standardFOL replacedby Lbase .

ThedifferencebetweentheFOL andSKIF visionsof theSeman-
tic Webis thusconstitutedjust of thedifferencesbetweenthefun-
damentalassumptionsin their modeltheories.In bothmodeltheo-
ries individual namesdenoteelementsof thedomainof discourse.
However, in SKIF thedomainof discoursealso includeselements
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thatcorrespondto predicates,andpredicatenamesare�rst mapped
into thesedomainelementsandonly thenmappedinto setsof tu-
ples.Thisstateof affairsis illustratedin Figure3.

Oneobvious advantageof usingSKIF ratherthanFOL to pro-
vide meaningfor the SemanticWeb is that SKIF seemsto be a
better�t with RDFSin thatit supportstheuseof predicatesin vari-
ableposition(e.g.,classesasinstancesof otherclasses).However,
aswewill seebelow, RDFSdoesnot really �t within SKIF.

Oneproblemwith usingSKIF is thatlittle is known aboutSKIF
andeven lessis known aboutsub-languagesof SKIF, except for
thosethat completelycorrespond(not just in syntax,but also in
semantics)to sub-languagesof FOL. Therehasbeenlittle or no
studyof DL-basedsubsetsof SKIF, for example.

Anotherproblemwith this framework is thatthereareno native
reasonersfor SKIF. It is truethatusingthetransformationinto FOL
allowsFOL reasonersto be(mostlycorrect)reasonersfor SKIF, but
thistransformationmayresultin veryslow reasoningasit interferes
with many of theoptimisationsusedin FOL reasoners.Thereare
alsono native reasonersfor Horn or DL subsetsof SKIF, so the
only way of dealingwith suchsub-languageswould beto employ
a FOL reasoner, and,moreover, to useanoptimisation-destroying
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
andsubclassrelationshipsarenot distinguishedfrom otherpred-
icates, and can occur as argumentsof other predicates. This
means that RDFS triples such as John rdf:type Person
and Person rdfs:subClassOf Animal cannot be mapped
into SKIF as Person(John) and 8x:Person(x) ! Animal(x),
but insteadmust be mappedas rdf:type (Person; John) and
rdfs:subClassOf (Person; Animal).

This featureof RDFSmayseemrelatively harmlessat �rst sight,
but in facthasseriousrepercussions.In particular, themeaningof
predicatessuchasrdfs:subClassOf is not given directly by
the mappinginto SKIF (as logical implication), but must be ex-
plicitly stated,or axiomatised, so that they canthemselvesbe the
objectof otherpredicates.E.g.,thefactthatrdfs:subClassOf



is transitiveandre�exivemustbestatedin axiomssuchas:

8x; y; z : rdfs:subClassOf (x; y) ^ rdfs:subClassOf (y; z)
! rdfs:subClassOf (x; z)

8x : rdfs:subClassOf (x; x)

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

8x; y : (8z:rdf:type (z; x) ! rdf:type (z; y)) ( )
rdfs:subClassOf (x; y):

Whenlayeringa languagesuchasDAML+OIL or OWL on top
of RDFS, a similar mappingmust be used if the semanticsof
DAML+OIL or OWL areto correspondwith thoseof RDFS.As
DAML+OIL andOWL aremoreexpressive languagesthanRDFS,
a larger andmorecomplex axiomatisationis requiredin order to
capturethe meaningof its additionalconstructs(e.g., cardinality
constraintsandrestrictions).It is notoriouslydif�cult to get such
axiomatisationsright, andevenmoredif�cult to provethatthey are
right.9

While thisis notstrictly aproblemwith SKIF, somuchasaprob-
lem with RDFS,the fact that theSKIF approachdoesnot provide
a direct solutionto the problemof layeringon top of RDFSdoes
reduceits attractiveness.

5. THE RDFSTHESIS
As indicatedabove, RDFSdoesnot �t within eithertheFOL or

the SKIF thesis. InsteadRDFS hasits own thesisof knowledge
representation.This thesiscanperhapsbestbesummedupas

All syntaxis RDFtriplesandall RDFtriplesareequal.

Thatis:

1. All SemanticWeblanguagesmustuseonly RDF syntax,ei-
ther theencodingof RDF in XML known asRDF/XML [4]
or RDF triples.

2. Themeaningof RDF triples in all SemanticWeblanguages
mustbe compatiblewith the meaninggiven to themin the
RDFSmodeltheory.

This thesishasdramaticconsequences,both semanticandsyn-
tactic.Thesemanticconsequencesof theRDFSthesisincludethat
all properties(predicates)areelementsof thedomainof discourse,
asin theSKIF thesis,andall semanticrelationshipsarereducible
to properties.Part of thisstateof affairsis illustratedin Figure4.

Figure4 doesnot, however, capturetheentiretyof thesemantic
portionof theRDFSthesis.Thesemanticportionof theRDFSthe-
sisincludestheencodingof unarypredicatesin thebinaryrdf:type
propertyandtheencodingof any trinary or higherarity predicates
asseveral(binary)properties.

Anotherportionof theRDFSthesisis thatall syntaxis (reducible
to) RDFtriples,and,moreover, thatall RDFtriplesdenoteproperty
relationshipsbetweenelementsof the domainof discourse.This
partof theRDFSthesisis, of course,notmuchof aburdenin RDF
andRDFS,but it doescausesevereproblemsin moreexpressive
SemanticWeblanguages.

EvenlanguagesassimpleasDAML+OIL or OWL have consid-
erableproblemswith this requirement.To follow theRDFSthesis,
9FOL reasonerscanbeusedto �nd obviouserrorsin suchaxioma-
tisations[36], but failure to �nd errorsdoesnot prove that an ax-
iomatisationcorrectlycapturestheintendedsemantics(and,dueto
the incompletenessof FOL reasoners,doesnot evenprove thatno
errorsexist).
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the syntacticconstructsof suchlanguageshave to be encodedin
RDF triplesandthesesyntacticRDF triplesendup having seman-
tic consequences.An RDFS-compatiablemodel theory for such
a language(e.g., the RDFS-compatiblemodel theory for OWL)
hasto treat thesesemanticconsequencesextremelycarefully, re-
sulting in a complex model theory. In an attemptto sidestepany
negative consequencesof thecomplex modeltheorytherearetwo
views of OWL in theRDFS-compatiblemodeltheoryfor OWL—
onewheretheRDFtriplesthatcorrespondto OWL syntaxareout-
sideof thepurview of OWL andonewheretheseRDFtriplesarein
thepurview of OWL. The�rst view of OWL correspondstoamore-
standardstance,andhasbeenshown to beequivalentto anexpres-
sive but standarddescriptionlogic. In the secondview of OWL,
reasoningis undecidableandwould have to be implementedby a
general�rst-order reasoner(via an optimisation-destroying trans-
formation).

Languageswith greaterexpressive power thanDAML+OIL or
OWL wouldhaveevenworseproblemswith theRDFSthesis.They
would have to representsyntacticconstructssuchasdisjunctionas
collectionsof RDF triples, resultingin a modeltheorythatwould
have to accountfor the presenceof suchRDF triples in the se-
mantics.Evenworsewouldbetherepresentationof quanti�cation.
Incompatibilitywith moreexpressive constructswould seemto be
a fundamental,andpossiblyfatal�a w, in theRDFSthesis.

6. ANALYSIS
Having presentedthreedifferentthesesof (knowledge)represen-

tation,thequestionnaturallyarisesasto which is mostsuitableas
thebasisfor theSemanticWeb.

TheFOL thesishasmany obviousadvantages.Perhapsthemost
importantof theseis thatit is basedona logical formalismthathas
beenthesubjectof extensiveandintensivestudyover thecourseof



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

From a theoreticalpoint of view, it is well known that reason-
ing is FOL is undecidable.Thereare, however, many decidable
subsetsof FOL, and thesehave also beenthe subjectof exten-
sive investigations. As a result,not only is the theoretical(worst
case)complexity known for many of theselanguages,but avariety
of algorithmshave beendevisedwith differentcharacteristicswith
respectto completeness,worst caseperformanceandtypical case
performance.This knowledgeis advantageouswhen it comesto
languagelayeringasit allows differentlayersto bedesignedsoas
to satisfyparticularrequirementswith respectto, e.g.,decidability
andcomplexity of reasoning,andtheavailability of suitablereason-
ing algorithms.DAML+OIL, for example,wascarefullydesigned
sothat(subsumption/satis�ability)reasoningwasdecidable.

From a practicalpoint of view, many reasoningsystemshave
beenimplementedfor FOL and its sub-languages.Modern im-
plementationsare often highly optimised so that they perform
well with a wide rangeof problems. This meansthat applica-
tionsusingFOL basedlanguagescansave very signi�cant imple-
mentationeffort by exploiting existinghighly optimisedreasoners.
DAML+OIL applications,for example,canexploit DL reasoners
suchasFaCTor Racer, while moreexpressive languageswouldbe
ableto exploit FOL reasonerssuchasVampireor E-SETHEO.

Moreover, becauseall thelanguageswithin this framework sub-
scribeto the FOL model theory, they canall be directly mapped
into FOL, i.e., with individual namesbeingmappedto constants,
andothernames(e.g.,classesandproperties)mappedto predicates.
Thismeansthatthemappinginto FOL providescompletesemantic
interoperabilitybetweenlanguageswithin the framework. For ex-
ample,a Horn clausebasedontologymight includea statementof
theform

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

which assertsthat thecompositionof father andbrother relation-
ships implies an uncle relationship,while a DL basedontology
might includeastatementof theform

RichUncle � 9uncle:Rich;

whichassertsthatRichUncle is theclassof objectshaving at least
oneuncle that is Rich. Themappingof bothstatementsinto FOL
sentencesgives

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), wewouldbeableto concludeRichUncle(Mary).

The obvious disadvantageof the FOL thesis is that treating
classeslike individuals (classesas instances)is not possibleun-
til the languageis extendedbeyond FOL into HOL, andalthough
HOL reasonersareavailable,theirperformancemaynotbeaccept-
ablein ontologyapplications.

Moreover, FOL is a relatively poor �t with RDFS due to
their fundamentallydifferent semanticfoundations. Although
RDFS can be mapped into FOL via a suitable axiomatisa-
tion, this does not lead to semanticinteroperability with lan-
guages that 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.), then we
wouldobviouslynot beableto concludeRichUncle(Mary).

The mostobvious advantageof the SKIF thesisis that the un-
restrictedmixing of classesandinstancesis a basicfeatureof the
language,anddoesnot requireHOL extensions.This alsoseems
to makeSKIF abetter�t 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-languages.As we saw in Sec-
tion 4.1,evenRDFScannotbedirectly mappedinto SKIF, andre-
quiressomekind of axiomatisation.Moreover, althoughlanguages
likeDAML+OIL andOWL wouldseemto beamenableto adirect
mappinginto SKIF, suchamappingwouldnot leadto semanticin-
teroperabilitywith RDFSfor thesamereasonthatdirectmappings
into FOL of its sub-languageswould not leadto semanticinterop-
erabilitywith aholdsstylemappingof RDFS.

An obvious disadvantagewith SKIF is that it is relatively new,
anditspropertiesarenotnearlysowell understoodasthoseof FOL.
For example,it wasbelievedup until recentlythatSKIF sentences
that were also syntacticallyvalid as FOL had the samemeaning
whetherinterpretedasSKIF or asFOL. As we saw in section2.2,
this is not universallytrue.10 Thesyntacticsimilarity of SKIF and
FOL couldevenbeseenasdangerouslydeceptive—usersmaybe
temptedto write SKIF believing that it hasthe samemeaningas
FOL.

From a practicalpoint of view, thereare no native reasoners
for SKIF, and little or nothing is known aboutthe computational
propertiesof, or reasoningalgorithmsfor, sub-languagesof SKIF.
ApplicationsusingSKIF-basedlanguageswould, therefore,either
have to implementtheir own reasonersor usefull FOL reasoners
via apotentiallyperformance-damagingmappingfrom SKIF.

The RDFS thesisis that interoperabilitybetweenlayeredlan-
guagescanbestbeachievedby usingRDFSsyntax.It is, however,
a grossover-simpli�cation to imaginethat mappingsinto a single
languageautomaticallyprovide semanticinteroperability. As we
have seenabove, this is not true whenusingeitherFOL or SKIF
as the commonlanguage. The primitive natureof RDFS means
thatembeddingmoremoreexpressive languagesin RDFSwill re-
quiremorecomplex mappings,with a wide rangeof differentand
semanticallyincompatiblemappingtechniquesbeingpossible.

For example,both OIL and OWL have an RDF triple syntax.
Completelydifferentapproachesweretaken,however, to themap-
ping of thevariouslogical constructs:setsof classesin a disjunc-
tion are representedin OIL by usinga hasOperand propertyto
link themdirectly to asinglenodeof typeoil:OR , while in OWL
suchsetsarerepresentedusingalist syntaxwith first andrest
properties.Mixing theRDF triplesobtainedvia thetwo mappings
wouldprovide,atbest,very limited semanticinteroperability. Sim-
ilarly, amappingof typedpredicatecalculusinto RDFtriplesusing
rei�cation hasbeenproposed[27] thatis not semanticallycompat-
ible with eithertheOIL or OWL mappings.

As discussedin Section5, the requirementof the RDFSthesis
thatthesyntaxof all SemanticWeblanguagesbeencodedasRDF
triples, and have the semanticconsequencesthat RDFS gives to
RDF triples, is basicallyincompatiblewith more-expressive lan-
guages.Onepossiblebene�t of thisapproachis thatRDFtoolscan
beusedto parseall SemanticWeblanguages.It is, however, dif�-
cult to seeany greatbene�t in theparsingof anencodingof com-
plex syntacticconstructs,let alonea bene�t that would outweigh
theproblemsinherentin thisapproach.

7. DISCUSSION
10Evenif it is possibleto repairthisproblem,its discovery is indica-
tiveof therelatively new anduntestednatureof thelanguage.



As we have seen,the formal meaningof SemanticWeb (ontol-
ogy) languagesis of crucial importanceif automatedagentsareto
exchange,understandandexploit SemanticWebmetadata.More-
over, if theSemanticWebis to containseveral languagelayers,as
is envisioned,a commonsemanticunderpinningwill greatlyfacil-
itateinteroperabilitybetweenthedifferentlayers.In this paperwe
have studiedthreedifferentapproachesto providing sucha com-
monsemanticunderpinning:onebasedon conventional�rst order
logic, onebasedonSKIF/Lbase , andonebasedonRDF/RDFS.

Currently, it seemsto be widely assumedthat RDF/RDFSwill
providesuchanunderpinning:RDF is alreadyaW3CRecommen-
dation,andtheRDF/RDFSbasedwebarchitecture“layer cake” is
ubiquitous.As we have seen,however, it is far from clearthatthis
representsthebestsolution,andin factit leadsto seriousproblems
whentrying to layer moreexpressive languageson top of RDFS.
Moreover, this approachdoesnot leaddirectly to any “computa-
tional pathway”, i.e., it is not clear if/how applicationswould be
ableto reasonwith languageslayeredon topof RDFS.

An alternative approachis to useconventional�rst order logic
asthesemanticunderpinning.As we have seen,this approachhas
many advantages:FOL is well establishedandwell understood;it
naturallylendsitself to the developmentof a family of languages
basedon variousFOL subsetsoffering differenttradeoffs with re-
spectto expressive power, complexity andcomputability;andthe
direct mappingof suchlanguagesinto (subsetsof) FOL alsopro-
videsimmediatesemanticinteroperability(e.g.,betweenHornand
DL basedlanguages).The FOL approachalsoprovidesthe most
straightforwardcomputationalpathway: reasoningin FOL andits
sublanguagesis well understood,andapplicationswould even be
able to exploit existing highly optimisedreasonersfor FOL and
many of its subsetlanguages.This approachis 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 framework and would allow
for a full syntacticand semanticlayering of languagessuch as
DAML+OIL (andtheDL fragmentof OWL).

Thethird approach,basedonSKIF/Lbase , canbeseenasacom-
promisebetweenthe FOL andRDF/RDFSapproaches.It is sim-
ilar to the FOL approach,with SKIF/Lbase providing the seman-
tic underpinninginsteadof FOL. SKIF style languagesare,how-
ever, muchlesswell understoodthanFOL, andlittle or nothingis
known aboutSKIF sub-languages.SKIF doesprovide for themix-
ing of classesandinstances,but this is notenoughto allow adirect
mappingof RDFSinto SKIF. Therefore,in orderto provide for se-
manticinteroperabilitybetweenlanguageslayeredontopof RDFS,
eitherthebaselayerwould have to bea SKIF subsetof RDFS,or
all languageswould have to bemappedinto SKIF usinganRDFS
compatibleaxiomatisation.Moreover, thecomputationalpathway
for SKIF is currentlyrestrictedto apotentiallyperformancedamag-
ing mappinginto FOL,aproblemthatwouldbefurtherexacerbated
if mappingsinto SKIF werevia anaxiomatisation(aswouldbethe
casefor RDFS).

It seemsclearthattheFOLapproachis in many respectsthemost
attractive. It remainsto be seen,however, if it is too late to issue
a productrecallon theSemanticWebbandwagonin orderto carry
outasafetymodi�cation on theRDF/RDFScomponent.
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