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Abstract. Recentresearchhasshown thatRDF Schema,asa schemalayerSemanticWeb language,
hasa non-standardmetamodelingarchitecture.As a result,it is difficult to understandandlacksclear
semantics.Thispaperproposesafixedlayermetamodelingarchitecturefor RDFSchema(RDFS(FA))
anddemonstrateshow the problemsof RDF Schemacanbe solved underRDFS(FA). Basedon this
metamodelingarchitecture,a clear model-theoreticsemanticsof RDFS(FA) is given. Interestingly,
RDFS(FA) also benefitsDAML+OIL by offering a firm semanticbasisand by solving the “layer
mistake” problem.

1 Intr oduction

TheSemanticWeb,with its visionstatedby Berners-lee[1], aimsatdevelopinglanguagesfor express-
ing informationin amachineunderstandableform. Therecentexplosionof interestin theWorld Wide
Webhasalsofuelledinterestin ontologies.It hasbeenpredicted(Broekstraet al. [3]) thatontologies
will playapivotalrolein theSemanticWebsinceontologiescanprovideshareddomainmodels,which
areunderstandableto bothhumanbeingandmachines.

Ontology(UscholdandGruninger[20]) is, in general,a representationof a sharedconceptualiza-
tion of a specificdomain.It providesa sharedandcommonunderstandingof a domainthat canbe
communicatedbetweenpeopleandheterogeneousanddistributedapplicationsystems.An ontology
necessarilyentailsor embodiessomesort of world view with respectto a given domain.The world
view is usuallyconceivedasa hierarchicaldescriptionof importantconcepts(is-ahierarchy), a setof
crucialproperties,andtheir inter-relationships.

Berners-lee[1] outlinedthe architectureof SemanticWeb. We would like to call it a functional
architecture becausethe expressive primitives are incrementallyintroducedfrom languagesin the
lowestlayer(i.e. matadatalayer)to thosein thehigherlayer(e.g.logical layer),sothatthelanguages
in eachlayercansatisfytherequirementsof differentkinds(or levels)of applications:

1. In themetadatalayer, asimpleandgeneralmodelof semanticassertionsof theWebis introduced.
Thesimplemodelcontainsjusttheconceptsof resourceandproperty, whichareusedto expressthe
metainformationandwill beneededby languagesin theupperlayers.TheResourceDescription
Framework (RDF) (Lassilaand R.Swick [13]) is believed to be the generalmodel in metadata
layer.

2. In theschemalayer, simpleWebontology languagesareintroduced,whichwill defineahierarchi-
cal descriptionof concepts(is-ahierarchy) andproperties.Theselanguagesusethegeneralmodel
in metadatalayerto definethebasicmetamodelingarchitectureof Webontologylanguages.RDF
Schema(RDFS)(Brickley andGuha[2]) is acandidateschemalayerlanguage.



3. In the logical layer, morepowerful Webontology languagesareintroduced.Theselanguagesare
basedonthebasicmetamodelingarchitecturedefinedin schemalayer, anddefinesamuchricherset
of modellingprimitivesthatcane.g.bemappedto very expressive DescriptionLogics(Horrocks
et al. [11], Horrocks[10]) to supplyreasoningservicesfor theSemanticWeb. OIL (Horockset al.
[9]) andDAML+OIL (vanHarmelenetal. [22]) arewell known logical layerlanguages.

This paperwill focuson themetamodelingarchitecture otherthanthefunctionalarchitecture.We
shouldpointoutthat“metamodeling”andthe“metadatalayer” in thefunctionalarchitecturearenotthe
same.Metadatameansdataaboutdata.Metamodelingconcernsthedefinitionof themodellingprim-
itives(vocabulary) usedin a modelling language.Many softwareengineeringmodelling languages,
including UML, arebasedon metamodels.Among the SemanticWeb languages,the schemalayer
languagesareresponsibleto build themetamodelingarchitecture.

In this paper, we arguethatRDFS,asa schemalayer language,hasa non-standardandnon-fixed
layer metamodelingarchitecture,which makes someelementsin the model have dual roles in the
RDFSspecification.Therefore,it makestheRDFSspecificationitself quitedifficult to understandby
themodellers.Theevenworsething is thatsincethelogical layer languages(e.g.OIL, DAML+OIL)
are all basedon the metamodelingarchitecturedefinedby schemalayer languages(RDFS), these
languagesthereforehave thesimilar problems,e.g.the“layer mistake” discussedin Section2.3.

We proposea fixed layer metamodelingarchitecturefor RDFS(we call it RDFS(FA)) which is
similar to the metamodelingarchitectureof UML. We analysethe problemsof the non-fixed meta-
modelingarchitectureof RDFSanddemonstratehow theseproblemscanbesolvedunderRDFS(FA).
Furthermore,Wegive aclearsemanticsto RDFS(FA).

Therestof thearticleis organizedasfollows.In Section2 weexplainthedatamodelof RDF, RDFS
andDAML+OIL, thelanguagesbelongingto thematadatalevel, schemalevel andlogical level of the
SemanticWeb Architecturerespectively. We will focuson the metamodelingarchitectureof RDFS
andlocatewhat theproblemsareandwherethey comefrom. In Section3 we discusstheadvantages
anddisadvantagesof fixedandnon-fixedlayermetamodelingarchitectureandthenbriefly explain the
metamodelingarchitectureof UML. In Section4 we proposeRDFS(FA), andgive a clearsemantics
to RDFS(FA). We alsodemonstratehow the “layer mistake” problemwith DAML+OIL is solved in
RDFS(FA). Section5 briefly discusstheadvantagesof RDFS(FA) andour attitudeson how to make
useof UML in theWebontologylanguages.

2 Curr ent Data Modelsof SemanticWebLanguages

2.1 RDF DataModel

As a SemanticWeb languagein the metadatalayer of the functionalarchitecture,RDF is a founda-
tion for processingmetadata.It providesinteroperabilitybetweenapplicationsthatexchangemachine-
understandableinformationon the Web. The foundationof RDF is a model for representingnamed
propertiesandpropertyvalues.TheRDF datamodelprovidesanabstract,conceptualframework for
definingandusingmetadata.Thebasicdatamodelconsistsof threeobjecttypes:

Resources: All thingsbeingdescribedby RDF expressionsarecalledresources. A resourcemaybe
anentireWebpage,apartof aWebpage,awholecollectionof pages(Website);or anobjectthat
is notdirectlyaccessiblevia theWeb,e.g.aprintedbook.Resourcesarealwaysnamedby URIs.

Properties: A property is a specificaspect,characteristic,attribute, or relation usedto describea
resource.

Statements: A specificresourcetogetherwith a namedpropertyplus the valueof that propertyfor
thatresourceis anRDF statement.
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Figure1: An Exampleof RDF in aDirectedLabeledGraph

In a nutshell,the RDF datamodel is an object-property-valuemechanism.The metadatainfor-
mation is introducedby a set of statementsin RDF. Thereare several ways to expressRDF state-
ments.First,we canusethebinarypredicateform Property(object,value),e.g.Title(‘http://img.
cs.man.ac.uk/jpan/Zhilin ’, “Home Pageof Jeff Z. Pan”). Secondly, we can diagraman
RDF statementpictorially usingdirectedlabeledgraphs:‘[object ]-Property-� [value]’ (seeFigure1).
Thirdly, RDF usesanExtensibleMarkupLanguage(XML) encodingasits interchangesyntax:
�

rdf:Description rdf:ID ="http://img.cs.man.ac.uk/jpan/Zhilin" ��
Title � Home Page of Jeff Z. Pan

�
/Title ��

/rdf:Description �
The RDF datamodel is so called“property-centric”.We canusethe “about” attribute to addmore
propertiesto the existing resource.Generallyspeaking,with the object-property-value mechanism,
RDF canbeusedto express:

� attributesof resources:in this case,the‘value’ is a literal (e.gthe“Title” propertyabove);

� relationshipsbetweenany two resources:in this case,the ‘value’ is a resource,andthe involved
propertiesrepresentdifferentrolesof thetwo resourceswith this relationship;in thefollowing ex-
ample,thereexistsa“creator-homepage”relationshipbetween“http://img.cs.man.ac.uk/jpan/Zhilin”
and“http://img.cs.man.ac.uk/memberlist#jpan”(seealsoFigure1):
�

rdf:Description rdf:ID ="http://img.cs.man.ac.uk/memberlist#jpan" ��
Homepage rdf:resource ="http://img.cs.man.ac.uk/jpan/Zhilin"/ ��

/rdf:Description ��
rdf:Description about ="http://img.cs.man.ac.uk/jpan/Zhilin" ��

Creator rdf:resource ="http://img.cs.man.ac.uk/memberlist#jpan"/ ��
/rdf:Description �

� weaktypeof resources:the ‘type’ is weakbecauseRDF itself hasno standardway to definea
Class,sothetypehereis regardedonly asaspecialattribute;for example,
�

rdf:Description about ="http://img.cs.man.ac.uk/memberlist#jpan" ��
rdf:type rdf:resource ="#Person"/ ��

/rdf:Description �
� statementaboutstatement: RDF canbeusedfor makingstatementsaboutotherRDF statements,

whicharereferredto ashigher-orderstatements. This featureof RDFhasyet to beclearlydefined
andis beyondthescopeof thispaper.

2.2 RDF SchemaDataModel

As wehaveseen,on theonehand,RDFdatamodelis enoughfor definingandusingmetadata.On the
otherhand,themodellingprimitivesofferedby RDF arevery basic.Althoughyou candefine“Class”
and“subClassOf” asresourcesin RDF (no onecanstopyou doing that),RDF providesno standard
mechanismsfor declaringclassesand (global) properties,nor doesit provide any mechanismsfor
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Figure2: DirectedLabeledGraphof RDF Schema

definingtherelationshipsbetweenpropertiesor betweenclasses.Thatis theroleof RDFS–aSemantic
Weblanguagein theschemalayer.

RDFSis expressedby usingRDF datamodel.It extendsRDF by giving an externally specified
semanticsto specificresources.In RDFS,rdfs:Classis usedto defineconcepts,i.e. every classmust
be an instanceof rdfs:Class.Resourcesthat aredescribedby RDF expressionsareviewed to be in-
stancesof the classrdfs:Resource.The classrdf:Propertyis the classof all propertiesusedto char-
acterizeinstancesrdfs:Resource.Therdfs:ConstraintResourcedefinestheclassof all constraints.The
rdfs:ConstraintPropertyis a subsetof rdfs:ConstraintResourceand rdf:Property, all of its instances
arepropertiesusedto specifyconstraints,e.g.rdfs:domainandrdfs:range.For example,thefollowing
RDFSexpressions
�

rdfs:Class rdf:ID ="Animal" ��
rdfs:comment � This class of animals is illustrative of a number of

ontological idioms.
�

/rdfs:comment ��
/rdfs:Class ��
rdfs:Class rdf:ID ="Person" ��

rdfs:subClassOf rdf:resource ="#Animal"/ ��
/rdfs:Class ��
rdf:Description rdf:ID ="John" ��

rdf:type rdf:resource ="#Person"/ ��
rdfs:comment � John is a person.

�
/rdfs:comment ��

/rdf:Description ��
rdf:Description rdf:ID ="Mary" ��

rdf:type rdf:resource ="#Person"/ ��
rdfs:comment � Mary is a person.

�
/rdfs:comment ��

/rdf:Description �
definethe classes“Animal” and“Person”,with the latter beingthe subclassof the former, andtwo
individuals“John” and“Mary”, which areinstancesof theclass“Person”.Individual “John” canalso
bedefinedin thisway,
�

Person rdf:ID ="John" ��
rdfs:comment � John is a person.

�
/rdfs:comment ��

/Person �
which is animplicit way to definerdf:typeproperty. Notethathere“Person”is aclass.
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Figure3: A “Person–hasFriend”Exampleof RDF Schema

Figure2 picturesthe subclass-ofand instance-ofhierarchy of RDFS: rdfs:Resource,rdfs:Class,
rdf:Property, rdfs:ConstraintResourceandrdfs:ConstraintPropertyareall instancesof rdfs:Class,while
rdfs:Class,rdf:Propertyandrdfs:ConstraintResourcearesubclassof rdfs:Resource.It is confusingthat
rdfs:Classis a sub-classof rdfs:Resource,while rdfs:Resourceitself is aninstanceof rdfs:Classat the
sametime. It is alsostrangethatrdfs:Classis aninstanceof itself.

In RDFS,all propertiesare instancesof rdf:Property. The rdf:type propertymodelsinstance-of
relationshipsbetweenresourcesandclasses.The rdfs:subClassOfpropertymodelsthe subsumption
hierarchy betweenclasses,andis transitive.Therdfs:subPropertyOfpropertymodelsthesubsumption
hierarchy betweenproperties,andis alsotransitive.Therdfs:domainandrdfs:rangepropertiesareused
to restrictdomainandrangeproperties.For example,thefollowing RDFSexpressions
�

rdf:Property rdf:ID ="hasFriend" ��
rdfs:domain rdf:resource ="#Person"/ ��
rdfs:range rdf:resource ="#Person"/ ��

/rdf:Property ��
rdf:Description about ="#John" ��

hasFriend rdf:resource ="#Mary"/ ��
/rdf:Description �

definea property“hasFriend”betweentwo “Person”sand � ‘John’, ‘Mary’ � is an instanceof “has-
Friend” (seeFigure3).

In RDFS,propertiesareregardedassetsof binaryrelationshipsbetweeninstancesof classes,e.g.
a property“hasFriend”is a set of binary tuplesbetweentwo instancesof the class“Person”.One
exceptionis therdf:type,sinceit is just the instance-ofrelationship.In this sense,rdf:typeis regarded
asaspecialpredefinedproperty.

Figure2 alsoshows the rangeanddomainconstraintsin RDFS–rdfs:domainandrdfs:rangecan
be usedto specify the two classesthat a certainpropertycanassociatewith. So the rdfs:domainof
rdfs:domainandrdfs:rangeis the classrdf:Property, the rdfs:rangeof rdfs:domainandrdfs:rangeis
theclassrdfs:Class.Therdfs:domainandrdfs:rangeof rdfs:subClassOfis rdfs:Class.Therdfs:domain
andrdfs:rangeof rdfs:subPropertyOfis rdf:Property. Therdfs:rangeof rdf:typeis theclassrdfs:Class.
Therdf:typepropertyis regardedasa setof binarylinks betweeninstancesandclasses(asmentioned
above),while thevalueof therdfs:domainpropertyshouldbeaclass, thereforerdf:typedoesnothave
therdfs:domainproperty(cf. Brickley andGuha[2]).

As we have seen,RDFSusesomeprimitive modellingprimitivesto defineothermodellingprim-
itives(e.g. rdf:type, rdfs:domain,rdfs:range,rdf:type andrdfs:subClassOf).At the sametime, these
primitivescanbeusedto defineontologiesaswell, which makesit ratheruniquewhencomparedto
conventionalmodelandmetamodelingapproaches,andmakestheRDFSspecificationverydifficult to
readandto formalize(Nejdl et al. [16], Broekstraet al. [3]). For example,in Figure3, it is confusing
thatalthoughrdfs:Classis therdf:typeof “Animal”, both“Animal” andrdfs:Classarerdfs:subClassOf



rdfs:Resource,whererdfs:Classis a modellingprimitive and “Animal” is an user-definedontology
class.

2.3 DAML+OIL DataModel

DAML+OIL is an expressive Web ontology languagein the logical layer. It builds on earlierW3C
standardssuchasRDFandRDFS,andextendstheselanguageswith muchrichermodellingprimitives.
DAML+OIL inheritsmany aspectsfrom OIL, andprovidesmodellingprimitivescommonlyfoundin
frame-basedlanguages.It hasacleanandwell definedsemanticsbasedondescriptionlogics.

A completedescriptionof the data model of DAML+OIL is beyond the scopeof this paper.
However, we will illustrate how DAML+OIL extendsRDFS by introducingsomenew subclasses
of rdfs:Classand rdf:Property. One of the most important classesthat DAML+OIL introducesis
daml:Datatype.DAML+OIL dividesthe universeinto two disjoint parts,the objectdomainandthe
datatypedomain.The object domain consistof objectsthat are membersof classesdescribedin
DAML+OIL. Thedatatypedomainconsistsof thevaluesthatbelongto XML Schemadatatypes.Both
daml:Class(objectclass)anddaml:Datatypearerdfs:subClassOfrdfs:Class.Accordingly, properties
in DAML+OIL shouldbeeitherobjectproperties,which relateobjectsto objectsandareinstancesof
daml:ObjectProperty;or datatypeproperty, whichrelateobjectsto datatypevaluesandareinstancesof
daml:Datatype-Property. Both daml:ObjectPropertyanddaml:DatatypePropertyarerdfs:subClassOf
rdf:Pro-perty. For example,wecandefineadatatypepropertycalled“birthday”:
�

daml:DatatypeProperty rdf:ID ="birthday" ��
rdf:type rdf:resource ="http://www.daml.org/2001/03/daml+oil#UniqueProp-

erty"/ ��
rdfs:domain rdf:resource ="#Animal"/ ��
rdfs:range rdf:resource ="http://www.w3.org/2000/10/XMLSchema#date"/ ��

/daml:DatatypeProperty �
Besidesbeinganinstanceof daml:datatypeProperty, the“birthday” propertyis alsoaninstanceof

daml:UniqueProperty, whichmeansthat“birthday” canonly haveone(unique)valuefor eachinstance
of the“Animal” class.In fact,daml:UniquePropertyis sousefulthatsomepeopleevenwant to useit
to refineDAML+OIL predefinedproperties,e.g.daml:maxCardinality:
�

rdf:Property rdf:about ="#maxCardinality" ��
rdf:type rdf:resource ="http://www.daml.org/2001/03/daml+oil#UniqueProp-

erty"/ ��
/rdf:Property �

This statementseemsobviously right, however, it is wrongbecausethesemanticsof daml:Uniq-ue-
Propertyrequiresthatonly theontologypropertiescanberegardedasits instances(cf. vanHarmelen
et al. [21]). This is the so called“layer mistake”. The reasonthat peoplecaneasilymake the above
“layer mistake” lies in thefactthattheschemalayerlanguageRDFSdoesn’t distinguishthemodelling
informationin theontologylevel andthatin thelanguagelevel. Anotherexampleis whatwehadmen-
tionedbeforein Figure3, it is not appropriatethatbothrdfs:Classand“Animal” arerdfs:subClassOf
rdfs:Resource.

It is theexistenceof thedual rolesof someRDFSmodellingelements,e.g.rdfs:subClassOf,that
makesRDFShaveunclearsemantics.Thispartiallyexplainswhy Brickley andGuha[2] didn’t define
thesemanticsof RDFS.We shouldstressthatDAML+OIL is built on top of thesyntaxof RDFS,but
not the semanticsof RDFS.On the contrary, RDFS relieson DAML+OIL to give semanticsto its
modellingprimitives.In otherwords,DAML+OIL not only definesthesemanticsof its newly intro-
ducedmodellingprimitives,e.g.daml:UniqueProperty, daml:maxCardinalityetc.,but alsothe mod-
elling primitivesof RDFS,e.g.rdfs:subClassOf,rdfs:subPropertyOf,rdfs:domain,rdfs:rangeetc(van
Harmelenet al. [see21]). This breaksthe dependency betweenlogical layer languagesandschema



layer languagesandindicatesthatRDFSis not yet a fully qualifiedschemalayerSemanticWeblan-
guage.

3 Fixed or Non-fixedMetamodelingAr chitecture?

3.1 TheAdvantagesandDisadvantagesof Non-fixedMetamodelingArchitecture

The dual rolesof someRDFSmodellingelementsindicatethat somethingmight be wrong with the
metamodelingarchitectureof RDFS.The RDFShasa non-fixed metamodelingarchitecture,which
meansthatit canhavepossiblyinfinite layersof classes.Theadvantageis thatit makesitself compact.
However, it hasat leastthefollowing threedisadvantagesor problems:

1. Theclassrdfs:Classis aninstanceof itself. Usually, aclassis regardedasaset,andaninstanceof
theclassis amemberof theset.A Classof classescanbeinterpretedasasetof sets,whichmeans
its membersaresets.In RDFS,all classes(includingrdfs:Class)areinstancesof rdfs:Class,which
is suspiciousby closeto Russellparadox.Theparadoxariseswhenconsideringthesetof all sets
thatarenot membersof themselves.Sucha setappearsto bea memberof itself if andonly if it is
notamemberof itself, hencetheparadox.

2. Theclassrdfs:Resourceis a superclassandinstanceof rdfs:Classat thesametime, which means
thatthesuperset(rdfs:Resource)is amemberof thesubset(rdfs:Class).

3. The propertiesrdfs:subClassOf,rdf:type, rdfs:rangeandrdfs:domainareusedto defineboth the
other RDFS modelling primitives and the ontology, which makes their semanticsunclearand
makesit very difficult to formalizeRDFS.E.g. it is not clearthatthesemanticof rdfs:subClassOf
is asetof binaryrelationshipsbetweentwo setsof objectsor asetof binaryrelationshipsbetween
two setsof setsof objects,or else.

As a result,RDFShasno clearsemantics,it even rely on DAML+OIL to give itself semantics,
whichmakesRDFSanotsosatisfactoryschemalayersemanticWeblanguage.

3.2 TheAdvantagesandDisadvantagesof FixedMetamodelingArchitecture

Wecandemonstratetheadvantagesof fixedmetamodelingarchitectureby showing how theproblems
of RDF Schemamentionedin Section3.1aresolvedunderthefixedmetamodelingarchitecture.

The reasonthat problem1 exists is that RDFS usesa single primitive rdfs:Classto implicitly
representpossiblyinfinite layersof classes.Butdowereallyneedinfinitelayersof classes?In practice,
rdfs:Classusuallyactsasamodellingprimitivein theontologylanguageandis usedto defineontology
classes(e.g.“Person”).Onereasonablesolutionis to explicitly specifya certainnumberof layersof
classprimitives,with onebeinganinstanceof another, andtheclassprimitivesin thetop layerhaving
no typeat all, which meansthat it is not an instanceof anything. It isn’t becauseit can’t have a type,
but becauseit doesn’t haveto haveatype,from thepragmaticpointof view. This is themaindifference
betweenthefixedandnon-fixedmetamodelingarchitecture.

But how many classprimitivesdo we really need?Problem2 indicatesthatwe needat leasttwo
classprimitives in different metamodelinglayers–oneas the type of rdfs:Resource,the other as a
subclassof rdfs:Resource.In fact,in thefour-layermetamodelingarchitectureof UML, thereexist two
classprimitivesin differentmetamodelinglayers,which areClassin metamodellayerandMetaClass
in meta-metamodellayer(seeSection3.3).In practice,it hasnotbeenfoundusefulto have morethan
two classprimitivesin themetamodelingarchitecture(technologyInc. [19, pg.298]).Therefore,it is
reasonableto explicitly definetwo classprimitivesin differentmetamodelinglayersof RDF Schema,



one is MClassin MetalanguageLayer and the other is LClassin Ontology LanguageLayer1 (see
Section4.1). This makesRDFShave a similar metamodelingarchitectureto that of the well known
UML, sothatit is easyfor themodellersto understand.

Problem3 is mainly aboutpredefinedproperties.It canbe solved by specifyingwhich level of
classwe intendto referto whenweusethesepredefinedproperties.(seeSection4.1).

Fromthediscussionabove,we believe thatalthoughtheschemalayer languagewon’t beascom-
pactasit is, therewill beseveraladvantagesif it hasafixedmetamodelingarchitecture:

1. Wedon’t have to worry aboutRussell’sParadox.

2. It hasclearformalizedsemantics.

3. DAML+OIL andotherlogical layerSemanticWeblanguagescanbebuilt ontopof boththesyntax
andsemanticsof theRDFSwith fixedmetamodelingarchitecture.

4. It is similar to themetamodelingarchitectureof UML, easyto understandanduse.

3.3 UML MetamodelingArchitecture

The Unified Modelling Language(OMG [17]) is a general-purposevisual modelling languagethat
is designedto specify, visualise,constructand documentthe artifactsof a software system.It is a
standardobject-orienteddesignlanguagethathasgainedvirtually globalacceptance.UML hasafour-
layermetamodelingarchitecture.

1) TheMeta-metamodelLayer formsthefoundationfor themetamodelingarchitecture.Theprimary
responsibilityof thislayeris to definethelanguagefor specifyingametamodel.A meta-metamodel
candefinemultiplemetamodels,andtherecanbemultiplemeta-metamodelsassociatedwith each
metamodel.Examplesof meta-objectsin themetamodelinglayerare:MetaClass,MetaAttribute.

2) A Metamodelis an instanceof a Meta-metamodel.Theprimary responsibilityof theMetamodel
layeris to definealanguagefor specifyingmodels.Examplesof meta-objectsin themetamodeling
layerare:Class,Attribute.

3) A Modelis aninstanceof aMetamodel.Theprimaryresponsibilityof theModelLayeris to define
a languagethatdescribesaninformationdomain.Examplesin Model layerareclass“Person”and
property“hasFriend”.

4) UserObjectsareaninstanceof a Model.Theprimaryresponsibilityof theUserObjectsLayer is
to describea specificinformationdomain.Examplesin UserObjectsLayer are“John”, “Mary”
and � ‘John’� ’Mary’ � .
Thefour-layermetamodelarchitectureis a provenmethodologyfor definingthestructureof com-

plex modelsthatneedto bereliably stored,shared,manipulatedandexchanged(Kobryn[12]). In the
next section,we will usethe metamodelingmethodsof UML to build a fixed layer metamodeling
architecturefor RDFS.

4 WebOntology LanguageData Model with Fixed MetamodelingAr chitecture

We will now illustratewhat the datamodelof an RDF-basedWeb ontologylanguagewill look like
underthefixedmetamodelingarchitecture.

1In this sense,therearethreekinds of classes:metaclassesin theMetalanguageLayer, languageclassesin theLanguage
Layerandontologyclasses,whichareinstanceof LClass,in OntologyLayer.
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4.1 RDF SchemaDataModelwith FixedMetamodelingArchitecture

Firstly, we will map the original RDFSinto RDFSunderthe Fixed metamodelingArchitecture(or
RDFS(FA) for short).Oneprinciple during this mappingis that we try to minimisethe changeswe
make to RDFS.

As we discussedin Section3.2, we believe it is reasonableto definea four-layer metamodeling
architecturefor RDFS(FA). Thesefour metamodelinglayersare:

1. TheMetalanguage Layer (M Layer, correspondingto theMeta-metamodelLayerin UML) forms
the foundationfor the metamodelingarchitecture.Its primary responsibilityis to definethe lan-
guagelayer. All themodellingprimitivesin this layerhave no types(seeSection3.2).Examples
of modellingprimitivesin this layerarerdfsfa:MClassandrdfsfa:MProperty.

2. TheLanguageLayer(L Layer, correspondingto theMetamodelLayerin UML), or OntologyLan-
guageLayer, is aninstanceof theMetalanguageLayer. Its primaryresponsibilityis to definealan-
guagefor specifyingontologies.Examplesof modellingprimitivesin this layerarerdfsfa:LClass,
rdfsfa:LProperty. Bothof themareinstancesof rdfsfa:MClass.

3. TheOntology Layer (O Layer, correspondingto theModel Layer in UML) is aninstanceof Lan-
guageLayer. Its primary responsibilityis to definea languagethat describesa specificdomain,
i.e.anontology. Examplesof modellingprimitivesin this layerare“Person”and“Car”, whichare
instancesof rdfsfa:LClass,and“hasFriend”,which is aninstanceof rdfsfa:LProperty.

4. The InstanceLayer (I Layer, correspondingto the User ObjectsLayer in UML) is an instance
of Ontology Layer. Its primary responsibilityis to describea specificdomain,in termsof the
ontologydefinedin theOntologyLayer. Examplesin this layerare“Mary”, “John” andhasFriend�
‘John’,‘Mary’ � .
RDFS(FA) is illustratedin Figure4. We mapthemodellingprimitivesof RDFSto theprimitives

in correspondingmetamodelinglayersof RDFS(FA), so that no modellingprimitiveswill have dual



rolesin themetamodelingarchitectureof RDFS(FA).
First, we maprdfs:Classandits instanceprimitivesin RDFSto themetamodelingarchitectureof

RDFS(FA) asfollows:

1. rdfs:Classis mappedto rdfsfa:MClassin MetalanguageLayer and rdfsfa:LClassin Language
Layer, sothatrdfsfa:LClassis aninstanceof rdfsfa:MClass.
�

rdf:Description rdf:ID ="MClass" ��
rdfs:comment � The concept of class in the Metalanguage Layer.�
/rdfs:comment ��
rdfsfa:msubClassOf rdf:resource ="#MResource"/ ��

/rdf:Description ��
rdfsfa:MClass rdf:ID ="LClass" ��

rdfs:comment � The concept of class in the Language Layer.
�

/rdfs:comment ��
rdfsfa:lsubClassOf rdf:resource ="#LResource"/ ��

/rdfsfa:MClass �
2. rdfs:Resourceis mappedto rdfsfa:MResourcein theMetalanguageLayerandrdfsfa:LResourcein

LanguageLayer, sothatrdfsfa:MResourceis thesuperclassof all themodellingprimitivesin the
MetalanguageLayer, while rdfsfa:LResourceis aninstanceof rdfsfa:MClassandthesuperclassof
rdfsfa:LClass.
�

rdf:Description rdf:ID ="MResource" ��
rdfs:comment � The most general resource in the Metalanguage Layer.�
/rdfs:comment ��

/rdf:Description ��
rdfsfa:MClass rdf:ID ="LResource" ��

rdfs:comment � The most general resource in the Language Layer.�
/rdfs:comment ��

/rdfsfa:MClass �
3. Therdfs:Propertyis mappedto rdfsfa:MPropertyin theMetalanguageLayerandrdfsfa:LProperty

in theLanguageLayer.
�

rdf:Description rdf:ID ="MProperty" ��
rdfs:comment � The concept of property in the Metalanguage Layer.�
/rdfs:comment ��
rdfsfa:msubClassOf rdf:resource ="#MResource"/ ��

/rdf:Description ��
rdfsfa:MClass rdf:ID ="LProperty" ��

rdfs:comment � The concept of property in the Language Layer.�
/rdfs:comment ��
rdfsfa:lsubClassOf rdf:resource ="#LResource"/ ��

/rdfsfa:MClass �
4. Therdfs:ConstraintResourceis in theMetalanguageLayer, whereit is rdfsfa:msubClassOfrdfsfa:

MResource.
�

rdf:Description rdf:ID ="ConstraintResource" ��
rdfsfa:msubClassOf rdf:resource ="#MResource"/ ��

/rdf:Description �
5. Therdfs:ConstraintPropertyis in theMetalanguageLayer, whereit is rdfsfa:msubClassOfrdfsfa:

MPropertyandrdfs:ConstraintResource.



�
rdf:Description rdf:ID ="ConstraintProperty" ��

rdfsfa:msubClassOf rdf:resource ="#MProperty"/ ��
rdfsfa:msubClassOf rdf:resource ="#ConstraintResource"/ ��

/rdf:Description �
As shown in Figure 4, modelling primitives are divided into threegroupsin the Metalanguage

Layer, LanguageLayerandOntologyLayer. rdfsfa:LClassis not aninstanceof itself, but aninstance
of rdfsfa:MClass.rdfsfa:LResourceis aninstanceof rdfsfa:MClassandasuperclassof rdfsfa:LClass.
In general,therearethreekinds of “classes”in the metamodelingarchitectureof RDFS(FA)2: meta
classesin the MetalanguageLayer (e.g. rdfsfa:MClass,rdfsfa:MProperty),language classesin the
LanguageLayer(instancesof rdfsfa:MClass,e.g.rdfsfa:LClass,rdfsfa:LProperty)andontology class
in theOntologyLayer(instanceof rdfsfa:LClass,e.g.“Person”,“Car”).

In orderto solve problem3 mentionedin Section3.1,we needto beableto specifywhich kind of
class(out of thethreekindsof “classes”mentionedabove) we wantto referto. In RDFS(FA), we add
the layerprefix (e.g.m- for MetalanguageLayer, l- for LanguageLayeretc.)on thepropertieswhen
we usethe predefinedpropertyprimitives.Basedon the above principle, we canmap the property
primitivesin RDFSto themetamodelingarchitectureof RDFS(FA) asfollows:

1. rdfs:domainis a setof binary relationshipsbetweeninstancesof rdf:Propertyandrdfs:Class.As
classesandpropertiesoccurin threedifferentlayersof RDFS(FA), rdfs:domainis mappedto three
differentpropertiesin RDFS(FA): rdfsfa:odomain,rdfsfa:ldomainandrdfsfa:mdomain.As shown
in Figure4, the rdfsfa:ldomainis definedin the MetalanguageLayer andusedin the Language
Layer, while rdfsfa:odomainis definedin theLanguageLayerandusedin theOntologyLayer(see
Figure5).
�

rdfs:ConstraintProperty rdf:ID ="odomain" ��
rdfs:comment � This is how we specify that all instances of a particular

ontology property describes instances of a particular ontology class.�
/rdfs:comment ��

/rdfs:ConstraintProperty ��
rdf:Description rdf:ID ="ldomain" ��

rdfs:comment � This is how we specify that all instances of a particular

language property describes instances of a particular language class.�
/rdfs:comment ��

/rdf:Description ��
rdf:Description rdf:ID ="mdomain" ��

rdfs:comment � This is how we specify that all instances of a particular

meta property describes instances of a particular meta class.�
/rdfs:comment ��

/rdf:Description �
2. Similarly, rdfs:rangeis mappedto rdfsfa:orange,rdfsfa:lrangeandrdfsfa:mrange.
�

rdfs:ConstraintProperty rdf:ID ="orange" ��
rdfs:comment � This is how we specify that all instances of a particular

ontology property have values that are instances of a particular ontolo-

gy class.
�

/rdfs:comment ��
/rdfs:ConstraintProperty ��
rdf:Description rdf:ID ="lrange" ��

rdfs:comment � This is how we specify the values of an instance of a

particular language property have values that are instances of a

particular language class.
�

/rdfs:comment �
2Accordingly, therearethreekindsof “properties”aswell.



�
/rdf:Description ��
rdfsfa:MProperty rdf:ID ="mrange" ��

rdfs:comment � This is how we specify the values of an instance of a

particular meta property should be instances of a particular meta class.�
/rdfs:comment ��

/rdf:Description �
3. rdf:type is a setof binary relationshipbetweenresourceandrdfs:Class.As RDFS(FA) hasmeta

classes,languageclassesand ontology classes,rdf:type is mappedto rdfsfa:otype,rdfsfa:ltype
and rdfsfa:mtype.E.g. in Figure 4, rdfsfa:MClassis the rdfsfa:mtypeof rdfsfa:LResourceand
rdfsfa:LClass.
�

rdfsfa:MProperty rdf:ID ="otype" ��
rdfs:comment � Indicates membership of an instance of rdfsfa:LClass�
/rdfs:comment ��
rdfsfa:lrange rdf:resource ="#LClass"/ ��

/rdfsfa:MProperty ��
rdf:Description rdf:ID ="ltype" ��

rdfs:comment � Indicates membership of rdfsfa:LClass or rdfsfa:LProperty�
/rdfs:comment ��
rdfsfa:mrange rdf:resource ="#MClass"/ ��

/rdf:Description ��
rdf:Description rdf:ID ="mtype" ��

rdfs:comment � Indicates membership of rdfsfa:MClass or rdfsfa:MProperty.�
/rdfs:comment ��

/rdf:Description �
4. rdfs:subClassOfisasetof binaryrelationshipbetweentwo instancesof rdfs:Class,sordfs:subClassOf

is mappedto rdfsfa:osubClassOfand rdfsfa:lsubClassOf. E.g. in Figure 4, rdfsfa:LClassis an
rdfsfa:lsubClassOfrdfsfa:LResourceandrdfsfa:MClassis anrdfsfa:msubClassOfrdfs:MResource.
�

rdfsfa:MProperty rdf:ID ="osubClassOf" ��
rdfs:comment � Binary relationship between two ontology classes.�
/rdfs:comment ��
rdfsfa:ldomain rdf:resource ="#LClass"/ ��
rdfsfa:lrange rdf:resource ="#LClass"/ ��

/rdfsfa:MProperty ��
rdf:Description rdf:ID ="lsubClassOf" ��

rdfs:comment � Binary relationship between two language classes.�
/rdfs:comment ��
rdfsfa:mdomain rdf:resource ="#MClass"/ ��
rdfsfa:mrange rdf:resource ="#MClass"/ ��

/rdf:Description ��
rdf:Description rdf:ID ="msubClassOf" ��

rdfs:comment � Binary relationship between two meta classes.�
/rdfs:comment ��

/rdf:Description �
5. Similarly, rdfs:subPropertyOfis a setof binaryrelationshipsbetweeninstancesof rdf:Property, so

it is mappedto rdfsfa:osubPropertyOf,rdfsfa:lsubPropertyOfandrdfsfa:msubPropertyOf.
�

rdfsfa:MProperty rdf:ID ="osubPropertyOf" ��
rdfs:comment � Binary relationship between two ontology properties.



�
/rdfs:comment ��
rdfsfa:ldomain rdf:resource ="#LProperty"/ ��
rdfsfa:lrange rdf:resource ="#LProperty"/ ��

/rdfsfa:MProperty ��
rdf:Description rdf:ID ="lsubPropertyOf" ��

rdfs:comment � Binary relationship between two language properties.�
/rdfs:comment ��
rdfsfa:mdomain rdf:resource ="#MProperty"/ ��
rdfsfa:mrange rdf:resource ="#MProperty"/ ��

/rdf:Description ��
rdf:Description rdf:ID ="msubPropertyOf" ��

rdfs:comment � Binary relationship between two meta properties.�
/rdfs:comment ��

/rdf:Description �
6. The rdfs:comment,rdfs:label,rdfs:seeAlsoandrdfs:isDefinedByaretreatedasdocumentationin

RDFS,andarenot relatedto thesemanticsof RDFS(FA), sowe arenot goingto discussthemin
thispaper.

Below is anRDFS(FA) versionof the“Person–hasFriend”example.As with otherWebontology
languages,thesestatementsdescriberesourcesin theOntologyLayerandtheInstanceLayer.
�

rdfsfa:LClass rdf:ID ="Animal" ��
rdfs:comment � This class of animals is illustrative of a number of

ontological idioms.
�

/rdfs:comment ��
/rdfsfa:LClass ��
rdfsfa:LClass rdf:ID ="Person" ��

rdfs:osubClassOf rdf:resource ="#Animal"/ ��
/rdfsfa:LClass ��
rdf:Property rdf:ID ="hasFriend" ��

rdfsfa:odomain rdf:resource ="#Person"/ ��
rdfsfa:orange rdf:resource ="#Person"/ ��

/rdf:Property ��
rdf:Description rdf:ID ="John" ��

rdfsfa:otype rdf:resource ="#Person"/ ��
rdfs:comment � John is a person.

�
/rdfs:comment ��

/rdf:Description ��
rdf:Description rdf:ID ="Mary" ��

rdfsfa:otype rdf:resource ="#Person"/ ��
rdfs:comment � Mary is a person.

�
/rdfs:comment ��

/rdf:Description ��
rdf:Description about ="#John" ��

hasFriend rdf:resource ="#Mary"/ ��
/rdf:Description �

In theOntologyLayer, “Animal” and“Person”areontologyclasses,sothey areinstancesof rdfsfa:L-
Class.The ontology class“Person” is the rdfsfa:odomainand rdfsfa:orangeof the property “has-
Friend”, so both the valuesof and resourcedescribedby instancesof “hasFriend”are instancesof
“Person”.In theInstanceLayer, therdfsfa:otypeof individualssuchas“John” and“Mary” is theon-
tology class“Person”.Figure5 is a directedlabeledgraphof theabove RDFS(FA) statements.Here
the rdfsfa:mtypeof rdfsfa:LClassis the metaclassrdfsfa:MClass,the rdfsfa:ltypeof “Person”is the
languageclassrdfsfa:LClassandthe rdfsfa:otypeof “John” is the ontologyclass“Person”.The lan-
guageclassrdf:Propertyis rdfsfa:lsubClassOfthe languageclassrdfs:Resourcewhile the ontology
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Figure5: A “Person–hasFriend”examplein RDFS(FA)

class“Person”is rdfsfa:osubClassOftheontologyclass“Animal”. Thisexampleclearlyshowsthatthe
modellingprimitivesin RDFS(FA) no longerhave dual roles.Thusa clearsemanticscanbegivento
them.

Note that,asin RDFS(seeSection2.2),we candefinerdfsfa:otype,rdfsfa:ltypeandrdfsfa:mtype
propertieswithin RDFS(FA) in animplicit wayaswell. E.g.,individual “John” canalsobedefinedas
�

Person rdf:ID ="John" ��
rdfs:comment � John is a person.

�
/rdfs:comment ��

/Person �
Here“Person”is anontologyclass,sotheaboveexpressionsuseanimplicit wayto definerdfsfa:otype
property.

4.2 DataModelSemanticsof RDFS(FA)

In this section,we usea Tarski style ([18]) modeltheoreticsemanticsto interpretthe datamodelof
RDFS(FA). Classesandpropertiesaretaken to refer to setsof objectsin thedomainof interestsand
setsof binaryrelationships(or tuples)betweentheseobjects.

In RDFS(FA), themeaningof individuals,pairsof individuals,ontologyclassesandpropertiesis
given by an interpretation	 , which is a pair
���
���� 
�� , where ��
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 is an
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 :
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In theLanguageLayer, theinterpretationfunction � 
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sothattheinterpretationof every possibleontologyclass(OC
 ) is anelementof theinterpretationof
rdfsfa:LClass(LC
 ), theinterpretationof everypossibleontologyproperty(OP
 ) is anelementof the
interpretationof rdf:Property(LP
 ). NotethatLR
 is interpretedastheunionof LC
 andLP
 , andnot
as &('-)/2/3 '-)/./'-)54 , so instancesof rdfsfa:LResourcemustbeeitherontologyclasses(setsof objects),
or ontologyproperties(setsof tuples),andcan’t be interpretedasa “mixture” of setsof objectsand
tuples.
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Figure6: Semanticsof PredefinedPropertiesin RDFS(FA)
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sothattheinterpretationsof rdfsfa:LClass(LC
 ), rdfsfa:LProperty(LP
 ) andrdfsfa:LResource(LR
 )
areall elementsof the interpretationof rdfsfa:MClass(MC
 ), andall thepossiblepairsof subsetsof
LC
 andsubsetsof LP
 areelementsof MP
 .

Unlike rdfs:Classin RDFS,classesin RDFS(FA) have clearsemantics.Cleansemanticscanalso
begivento thepredefinedpropertiesof RDFS(FA) asshown in Figure6, where

y , &;z <�)=. z <�) 0@&;z <�)/. z AB) 0@&;z A�)=. z <�) 0@&;z A�)=. z AB)
As mentionedabove, in order to specifywhich kind of classwe want to refer to whenwe usethe
predefinedproperties,weaddthelayerprefixesto theseproperties.Subclass-ofandsubproperty-ofare
thesubsetrelationshipbetweentheclassesor propertieswithin thesamelayer. Domainandrangeare
foundationmodellingprimitivesof RDFS(FA) properties,which canbe usedto specify two classes
thata certainpropertycandescribe/usein descriptionsin a certainlayer. Typeis a specialcross-layer
property, which is usedto link instancesto classes.

4.3 DAML+OIL DataModelwith FixedMetamodelingArchitecture

With afixedmetamodelingarchitecture,RDFS(FA) hasits own semanticsandmakesitself afully qual-
ified schemalayer SemanticWeb language.Thus,DAML+OIL (or any otherlogical layer Semantic
Weblanguage)canbebuilt onbothits syntaxandsemantics.

Fromthepoint of view of metamodelingarchitecture,themodellingprimitivesthatDAML+ OIL
introducesare mainly locatedin the LanguageLayer (a completedescriptionof the DAML+OIL
datamodelwith fixed metamodelingarchitecturewill be given in a forthcomingpaper).daml:Class
is rdfsfa:lsubClassOfrdfsfa:LClassanddaml:ObjectPropertyis rdfsfa:lsubClassOfrdfsfa:LProperty;
bothdaml:Datatypeanddaml:DatatypePropertyarerdfsfa:lsubClassOfrdfsfa:LResource.Theabove
four aredisjointwith eachother. The“birthday” propertyliesin theOntologyLayerandcanbedefined
in thefollowing way:
�

daml:DatatypeProperty rdf:ID ="birthday" ��
rdfsfa:ltype rdf:resource ="http://www.daml.org/2001/03/daml+oil#Unique-

Property"/ ��
damlfa:odatadomain rdf:resource ="#Animal"/ ��
damlfa:odatarange rdf:resource ="http://www.w3.org/2000/10/XMLSchema#da-

te"/ ��
/daml:DatatypeProperty �

wheredamlfa:odatadomainis asetof binaryrelationshipsbetweeninstancesof daml:DatatypeProperty
anddaml:Class,anddamlfa:odatarangeis asetof binaryrelationshipsbetweeninstancesof daml:Data-
typePropertyanddaml:Datatype.

On theotherhand,it is clearthatLanguageLayerprimitivescan’t beusedto define/modifyother
LanguageLayerprimitives,e.g.Uniquepropertycannot beusedto restrictthenumbersof valuesof
themaxCardinalityasfollows:
�

rdfsfa:MProperty rdf:about ="#maxCardinality" ��
rdfsfa:ltype rdf:resource ="http://www.daml.org/2001/03/daml+oil#Unique-

Property"/ ��
/rdfsfa:MProperty �

In RDFS(FA), LanguageLayerpropertiescanonly bedefinedusingMetalanguageLayerprimitives,
for which DAML+OIL doesn’t provide any semantics.This is not clear in RDFS,wheremodellers



might be temptedto think that they can modify DAML+OIL in the above manner, exploiting the
semanticsof DAML+OIL itself. To solve theabove problem,onecandefineMUniquePropertyin the
MetalanguageLayerandthensetdaml:maxCardinalityasits instance.

In short,RDFS(FA) notonly providesafirm semanticbasisfor DAML+OIL, it alsoeradicatesthe
possibilityof the“layer mistake” mentionedabove.

5 Discussion

A fixedlayermetamodelingarchitecturefor RDFSis proposedin this paper. We demonstratehow to
mapthe original RDFSto RDFSunderthe Fixed metamodelingArchitecture(RDFS(FA)) andgive
a clear model-theoreticsemanticsto RDFS(FA). We believe that althoughRDFS(FA) won’t be as
compactasRDFS,therewill beseveraladvantagesif RDFShasafixedmetamodelingarchitecture:

1. We don’t have to worry aboutRussell’s Paradox.(Otherwaysof thinking may includenonwell-
foundedsets.)

2. RDFS(FA) hasaclearformalizedsemantics.

3. DAML+OIL andotherlogical layerSemanticWeblanguagescanbebuilt ontopof boththesyntax
andsemanticsof RDFS(FA).

4. Themetamodelingarchitectureof RDFS(FA) is similar to thatof UML, so it is easierfor people
to understandanduse.

Someotherpapershave alsotalkedaboutUML andtheWebontologylanguage.Chang[4] sum-
marizedthe relationshipbetweenRDF-SchemaandUML. Melnik [14] tried to make UML “RDF-
compatible”,which allows mixing andextendingUML modelsandthe languageelementsof UML
itself on theWebin anopenmanner. CranefieldandPurvis[5] investigatedtheuseof UML andOCL
(ObjectConstraintLanguage)for therepresentationof informationsystemontologies.Cranefield[6]
proposedUML asa Web ontologylanguage.Cranefield[7] describedtechnologythat facilitatesthe
applicationof object-orientedmodelling,andUML in particular, to theSemanticWeb. However, none
of theseworksaddresstheproblemof themetamodelingarchitectureof RDFSitself.

It is well known thatUML hasa well-definedmetamodelingarchitecture(Kobryn[12]). It refines
the semanticconstructsat eachlayer, providesan infrastructurefor definingmetamodelextensions,
andalignstheUML metamodelwith otherstandardsbasedonafour-layermetamodelingarchitecture,
suchasthe CaseDataInterchangeFormat(EIA [8]), Meta ObjectFacility (MOF-Parners[15]) and
XMI Facility for modelinterchange(XMI-Parners[23]).

However, We believe SemanticWeb languagesandUML have differentmotivation andapplica-
tion domain.Besidesthemetamodelingarchitecture,SemanticWeblanguagesalsohave a functional
architecture. Within this functionalarchitecture,RDF is a goodcandidatefor themetadatalayer lan-
guage,while UML is obviously not designedasa metadatalanguage.The schemalayer languages
mustsupportglobal properties(anyonecansayanything aboutanything) ratherthanthe local ones,
while the considerationsof UML mainly focuson the local properties.The modellingprimitivesof
logical layer languages,e.g.OIL andDAML+OIL, arecarefullyselectedsothat they canbemapped
ontoveryexpressivedescriptionlogics(DLs), soasto facilitatetheprovisionof reasoningsupport;on
theUML side,reasoningoverOCL is still underresearch.

Therefore,we prefer to enhanceWeb ontology languagesby using the methodologiesin UML,
ratherthanmakingUML a componentin Web ontology languages.Accordingly, we have usedthe
metamodelingmethodsof UML to build a fixed layer metamodelingarchitecturefor RDFS in this
paper. Further researchwill include a detailedstudy of the datamodel of DAML+OIL basedon
RDFS(FA) andthereasoningsupportprovidedby correspondingDescriptionLogics.
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