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Abstract

XML is theW3C standarddocumentformat for writing andexchanginginformationon theWeb. RDF
is theW3C standardmodelfor describingthesemanticsandreasoningaboutinformationon theWeb. Un-
fortunately, RDF andXML—althoughverycloseto eachother—arebasedon two differentparadigms.We
arguethatin orderto leadtheSemanticWebto its full potential,thesyntaxandthesemanticsof information
needsto work together. To this end,we developa modeltheoryfor theXML XQuery1.0 andXPath2.0
DataModel, which providesa uni�ed modelfor bothXML andRDF. This uni�ed modelcanserve asthe
basisfor Web applicationsthat dealwith both dataandsemantics.We illustratethe useof this modelon
a concreteinformationintegrationscenario.Our approachenableseachsideof the fenceto bene�t from
theother, notably, we show how theRDF world cantake advantageof XML querylanguages,andhow the
XML world cantakeadvantageof thereasoningcapabilitiesavailablefor RDF.
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1 Intr oduction

As theW3Cstandarddocumentformatfor writing andexchanginginformationon theWebXML [6] is mostly
concernedaboutsyntax.However, syntaxdoesnot make sensewithout semantics,andmany recentactivities
aim at addingmore semanticcapabilitiesto XML. Most notably, the XML Infoset [10] offers an abstract
informationmodelfor XML; XML Schema[29] allows usersto describeXML vocabularies,structures,and
relationships;andXQuery[8] allows usersto askquestions,manipulate,or reasonaboutXML documents.

As the W3C standardmodel for describingthe semanticsandreasoningabout informationon the Web,
RDF [18] is mostlyconcernedaboutsemantics.However, semanticsis not very usefulin a computersystem
without a syntax,andmany recentactivities aim at providing a syntacticgroundingfor RDF. Most notably,
RDF usesanXML serialization;andseveralquerylanguagesfor RDF [17, 24] have alreadybeenproposedas
well.

Many XML applicationscenariosrequiretheuseof semantictools.For instance,dataintegrationrelieson
theability to build a commonontologybetweenmultiple sources[20, 3, 1]. Developmentof a domain's XML
dialect(e.g.,ebXML or VoiceXML [26]) is greatlysimpli�ed by theuseof modelingmethodologiesbasedon
rich semanticdescriptions[7, 21]. Many RDF applicationscenariosrequiretheaccessto existing information
sourcesthat areproviding XML interfaces. For instance,semanticdescriptionsfor Web servicescannotbe
madewithout takinginto accounttheformatin whichmessageswill beexchangedbetweentheseservices.
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Figure1: TheSemanticWebLayerCake

Indeed,thecomingsemanticWebis usuallyenvisionedasa layercake, like theoneshown onFigure11, in
whichthesemanticlayeris not independentfrom,but is relyingonthesyntacticlayer. Unfortunately, XML and
RDF, whicharerespectively supposedto form thegroundfor thesyntactic(or data),andsemantics(or meaning)
layerof theWeb,arecurrentlybasedon differentmodels,andaredevelopedwithin separateactivities2. As a
result,very few toolscanactuallybeusedjointly betweenXML andRDF.

We arguethat syntaxandsemanticsarethe Yin andthe Yangof the Web,andshouldbe complementary
to eachother ratherthan independent—orworse,incompatible—fromoneanother. Usersfacing the above
applicationsneedto dealwith syntaxandsemanticsin auni�ed way. Wearguethatratherthantwo Webs:one
SyntacticWebandoneSemanticWeb,theseusersneedoneWebthatencompassesbothsyntaxandsemantics:
theYin/YangWeb.

In thispaper, weproposeanarchitecturefor auni�ed Webbasedonacommonmodeltheoryfor XML and
RDF. AlthoughRDF andXML have beentwo distinctactivities,wewill seethatthereis enoughcommonality
betweenthem to design,and implement,sucha commonmodel. Thereare several dif�culties in the way
though,dueto thefactthatRDFandXML viewpointsarenot fully compatible.Notably, XML is orderedwhile
RDF is not,XML usesa treemodelwhile RDFusesagraphmodel,RDFdistinguishesbetweenclasses(e.g.,a
company) andproperties(e.g.,thenameof acompany) while XML doesnot (e.g.,company andnameswould

1That�gure wasextractedfrom apresentationbyEricMiller atthe5thEuropeanConferenceonResearchandAdvancedTechnology
for Digital Libraries,but wasprobably�rst presentedby Tim Berners-Lee.

2Onecouldalsofacetiouslynotethatthey arerepresentedin two distinctWWW'2002 tracks!
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bothbeelements).Ourmaincontribution is amodeltheorythatencompassesXML andRDFmodelproperties
in orderto beableto represent,andreasonabout,bothuniformly. We call this modeltheYin/Yangmodel.As
soonasa commonmodelexists,many moreinterestingbut dif�cult questionsarise. In particular, how XML
SchemaandRDFSinteract,how onecanqueryboth XML andRDF, etc. A completesolutionwould indeed
addressthese,but is still beyond the scopeof this paper. We will show, however, how the Yin/Yangmodel
enablessomenew exciting possibilitieswith respectto schema,typing andquerying.

Moreprecisely, we make thefollowing technicalcontributions:

� We develop an integratedmodelfor XML andRDF basedon a modeltheoryfor the XQuery 1.0 and
XPath2.0DataModel [12].

� We explain therelationshipbetweenthatmodeltheoryandpreviousRDF/Smodeltheories.Most of the
existing semanticsis captured,andwepointoutandexplain thefew existing discrepancies.

� Weshow how onecanperformsemanticreasoningin thatintegratedmodeltheory. Notethattheseman-
ticsof RDFSonly supportslimited reasoningcapabilities.Althoughwerestrictourselvesto RDFSin this
paper, moving toward moreexpressive models,e.g.,DAML+OIL, would certainlymake the Yin/Yang
approachandreasoningfeaturesevenmoreusefulin practice.

� We show severalnew possibilitiesofferedthroughthat integratedmodeltheory. Notably, we give some
ideasat how to capturesomeaspectsof theXML Schemain themodeltheoryfor reasoningpurposes.
We alsoshow how onecanapplyXQueryon a mix of RDF andXML descriptions,andwe explain how
XML queryingcanbene�t from anRDF reasoner.

� Finally we describeour implementationof thatmodeltheoryon topof theXQuerydatamodel.Because
our modelrelieson theXQuerydatamodel,building aYin/Yangimplementationwith a reasonercanbe
donein amuchsimplerfashionthanpreviousRDF implementationapproaches.

1.1 Ins and Outs

TheYin/Yangmodelprovidesaccessto bothdatastructures,throughtheXQuerydatamodel,andtheir corre-
spondingsemantics,throughthemodeltheory.

On the syntacticside,applicationshave full accessto the XQuery datamodel,hencethereis no lossof
informationfor data-orientedapplications.Applicationscaneventakeadvantageof someof thesemantic-based
featuresof themodelby treatingXQuerydatamodelconstructsin accordancewith themeaningprovidedby the
modeltheory. Syntacticprocessingis doneentirelywithin theXML framework, asaresult,theRDFparsetype
extensionis nothandled.Also, theRDFshorthandthatis inconsistentwith XML is treatedin theXML fashion,
not in RDF fashion.

On the semanticside,the modeltheory integratesthe two differentworld-views of XML andRDF with
minimal lossof information. The model theoryallows for both the orderedview of documentsfrom XML
and the unorderedview of information from RDF. It doesnot requirethe RDF distinctionbetweenclasses
andproperties,allowing arbitraryXML, but thedistinctionbetweenclassesandproperties,if present,canbe
recoveredfrom themodeltheory. It includesa completetreatmentof RDF typing,wheretypelinks aretreated
thesameasotherlinks,evenwhenthereis nodistinctionbetweenclassesandpropertiesandincorporatesXML
namesinto RDF types. It allows for the identi�cation of nodes,turning the treeview of XML into thegraph
modelof RDF.

Themodeltheorydoes,however, eliminateasirrelevantXML commentsandprocessinstructionsaswell
asthelexical form of typedtext nodes,anddoesnotdistinguishbetweenXML elementsandattributes.Further,
it doesnothandlemostof theXML Schemastructuralinformation,at leastfor now.
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1.2 Relatedwork

This discussionaboutthe relationshipbetweensyntaxandsemanticsis not new. Several attemptshave been
madeto provide a uni�ed view of XML andRDF. Tim Berners-Lee[4] wasoneof the �rst to point out the
reasonsfor thedifferencesbetweenXML andRDF. Also we acknowledgethe fact thatRDF andXML serve
differentpurposes,we believe this differencemustnot preventsyntacticandsemanticsinteroperability, which
is an importantuserneed.Sergey Melnik [23] createda versionof RDF that canhandlearbitraryXML, but
usesinformationon how to handlethe partsXML constructsthat don't �t well into theRDF model. Harold
Boley [5] hasa datamodelthatcanbeusedfor bothXML andRDF. However, his approachrequireschanges
to XML to unify it with RDF. He alsostopsat the datamodelanddoesnot proceedon to a model theory.
Fundulakietal [14] acknowledgetheneedfor integratingsyntaxandsemantics,but requirethedevelopmentof
user-de�ned rulesin orderto copewith thediscrepancy betweenXML andRDF. Robieetal [28] alsoaddresses
theneedfor applicationsto querysemantics,but mapsthesyntaxinto thesemantics,hencerequiringtheneed
to hard-codesomeof thesemanticaspectsin functions.To thebestof our knowledge,our approachis the�rst
onethatallows XML dataaccessandRDFsemanticreasoningin acommonframework.

2 Using syntaxand semanticson the Web

We start by giving an applicationscenariothat illustratesthe needfor tight integrationbetweensyntaxand
semanticson theWeb. In this scenario,a computerretailerwantsto build its store's informationsystemfrom
multiplehardwareandsoftwarevendorscatalogs(e.g.,Sony, IBM), andaproduct's review databasemaintained
by a third party(e.g.,http://www.epinions.com/).

Information integration is an importantapplicationof XML. Recently, a numberof companies[11, 25]
andresearchprojects[27, 13, 9, 2, 22] have beenworking on building XML-baseddataintegrationsystems.
Thesesystemsrely on the ability to representany kind of legacy information in XML, andon XML high-
level languages,suchasXQuery[8], to mergetheir informationundera commonschema.Figure2 shows the
architectureof atypicaldataintegrationsystem,wherewrappersareusedto maplegacy informationinto XML,
anda mediatoris usedto performtheintegration. We refer thereaderto therelatedwork at how to useXML
querylanguagesto specifysuchdataintegration[27, 13, 9, 2, 22].

Still, informationintegrationcannotbefully solvedwithout addressingsemanticissues.For instance,one
needsto de�ne aglobalontologyfor all informationinvolvedin thesources,andalsoto understandhow similar
informationis representedin differentwayson eachsource[20, 3, 1]. In our scenario,theretailermight want
to organizehisdataaccordingto aproducthierarchywhereProduct wouldbetherootof thehierarchy. Then
Portable andDesktop would representmajorcategoriesof products,PDAandLaptop besub-categories
of Portable , etc. Eachproductswould have a nameanda referencenumber, while portableswould have
anautonomy. In orderto work on theweb,modernsemanticintegrationplatforms[14] arerelying on RDF/S,
to describesuchanontology. However, eachvendor's catalogprovidesa differentsetof informationfor their
products,for instancetheSony catalogindicatestheautonomyof eachlaptop,while theIBM indicatesabattery
reference.Also theclassi�cationswithin thecatalogsdiffer, for instanceSony hasseparatecategoriesfor laptop
andpalmtop,while IBM hasasinglecategory for portablecomputers,etc.Thisoftenimpliesthattheresulting
globalontologywill beafairly complex hierarchywith many differentclasses,andpropertiesfor theseclasses.
Understandingtherelationshipbetweentheseclassesthenbecomesessential.

As sourcesexport their datain XML, integrationinto thatcommonontologyis moreeasilyspeci�edusing
anXML languagelikeXQuery. Thisresultsin amismatchbetweenthedataproducedin XML andtheontology
descriptionin RDF/S.Figure3 shows anexampleof anRDFSgraphdescribingthetargetsemantics,andof an
integratedXML documentgeneratedfrom thesources.A �rst useof a uni�ed XML andRDF modelis to be
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code="#1321"; in_stock="true";
price="3000";autonomy="3h"

code="#1412";in_stock="false";
price"500";weight="33"

code="#1311";price="2599";
in_stock="true";weight="22";
autonomy="2h30";

Legacy Sources Relational
Database

XML-based
Data Integration
System

Target Application

...................

Review Table

<catalog vendor="Sony>
   <item type="Vaio">
      <code>1321-A</code>
      <in_stock>true</in_stock>
      <price>3000</price>
      <autonomy>3h</autonomy>
   </item>
   <item type="Battery">
      <code>333-B<code>
      <in_stock>false</in_stock>
      <price>500</price>
      <weight>33</weight>
   </item>
......
</catalog>

<desc_table>
   <desc>
         <ref>1312�A/Sony</name>
         <name>Vaio</name>
         <review>Pretty smart</review>
   </desc>
   </desc>
         <ref>Jim</ref>
         <name> ADAFAS</name>
         <review>.....</review>
  </desc>
   ....
</desc_table>  

<catalog>
   <portable ref="Sony 1321�A">
      <name>Vaio</name>
      <vendor>Sony</vendor>
      <in_stock>true</in_stock>
      <price currency="USD">3000</price>
      <autonomy>180</autonomy>
      <review rid="00977">Pretty Smart</review>
   </portable>
......
</catalog>

ref                      name     review

1312-! / Sony       ....         ....
....

Figure2: XML-baseddataintegration

ableto relatetheintegratedXML informationto its intendedmeaningin RDF. In section4 wewill seehow our
modeltheorycanbeusedto understandtherelationshipbetweentheXML documentandits intendedsemantics
in RDF.

It is importantto note that the XML documentresultingfrom integration re�ects someof the semantic
hierarchyof theontology. Assumingthetargetapplicationwantsto accessall thecomputersthathave certain
characteristics,oneshouldbeableto write anXML queryto dothat.HoweverattheXML level, theconnection
betweentheelementnames(e.g.,desktop , laptop andcomputers ) would not beavailableto anXML
queryprocessorwithoutknowledgeof thesemanticslayer. In section5 wewill seehow onecanuseourmodel
theoryto performsuchsemanticsqueryingfor XML documents.

2.1 Other Scenariosfor the Yin/YangWeb

We took the dataintegrationexamplefor easeof exposureandthe striking needfor interactionbetweenthe
semanticandthedataworlds.But thereis no shortageof importantapplicationsfor theYin/YangWeb.

2.1.1 XML Dialects

Thedevelopmentof domain-speci�cdialectsis animportantactivity areaaroundXML. Witnessof thatactivity,
theOasisconsortium[26] hostsseveral dozensof dialectsthat describeinformationfrom almostall possible
domainsof humanknowledge(e.g.,music,theology),industrysegments(e.g.,carmanufacturing,voice inter-
face),or speci�c transversalactivities (e.g.,Webpresentationwith XHTML, calendars).

Thesedialectsallow communitiesto shareinformationin a commonsyntax. Yet, this commonsyntaxis
only a meansto shareinformationwith an agreedupon semantics.It is thereforeessentialto develop that
dialectbasedon a mutuallysharedunderstanding.Semanticmodelingtools [7, 21] provide servicesto de�ne
ontologiesfor a givenapplicationor domain.After themodelingphase,thisusuallyresultsin aconcreteXML
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<catalog>
<portable ref="Sony 1321-A">

<vendor co="Sony"/>
<name>Vaio</name>
<in_stock>true</in_stock>
<price currency="USD">3000</price>
<autonomy>180</autonomy>
<review rid="00977">Pretty Smart</review>
<accessories>

<battery ref="IBM X111"/>
<docking_station ref="IBM X112"/>
<battery ref="Sony 333-B"/>

</accessories>
</portable>
<PDA ref="Compaq 4XDF">

<name>iPAQ</name>
<vendor co="IBM"/>
<in_stock>inorder</in_stock>
<price currency="USD">500</price>
<weight>33</weight>

</PDA>
.....

<catalog>

<companies>
<company co="Sony">

<name>Sony<name/>
<tel>555-13-13</tel>

</company>
<partner>

<name>IBM<name/>
<tel>555-13-13</tel>
<contract>013</contract>

</partner>
...

</companies>

Figure3: RDF Schemavs. XML Data
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Schema,in whichpartof thesemanticsis eitherlost(e.g.,thedistinctionbetweenanentityandarelationship)or
deprecated(e.g.,typedreferencesto objectcanbepreservedonly asintegrity constraints).In theYin/YangWeb,
the applicationscanbe given full accessto thedata(XML), structure(XML Schema),but alsoit' s complete
intendedsemantics(RDF/S).

2.1.2 Webservices

High-level servicedescriptionlanguages,can be written in a semanticlanguage(for instanceDAML-S in
DAML+OIL). Lower-level activities, includingpassingmessagesbetweenservices,insteaduseXML, possibly
including XML Schemavalidation. In the Yin/YangWeb, thesetwo levels canbe �rmly joined andclearly
relatedto eachother.

3 The Yin/YangApproach

3.1 Processinginformation on the Web

Whenan applicationgatherssomeinformationfrom the Web, this information is usuallyaccessedasa �le,
mostoftenin XML syntax.This �le goesthroughseveralstagesbeforetheactualmeaningof theinformation
is accessibleto the application. Accordingto currentW3C architectures,initial stagesfall into the category
of producingan abstractsyntaxtreefor a document,resultingin oneof the variousdatamodels,suchasthe
XQuerydatamodel[12] for dataor documents,or theRDF model[18], for semanticinformation.Eachstage
in theseprocessesproduceanabstractionof theoriginaldocument,andcanbothremove informationthatthey
deemirrelevant(suchasnonsigni�cant whitespace)andaddimpliedinformation(suchastypinginformation).
Althoughthey performverysimilar tasks,therearesigni�cant differencesbetweentheinitial processingstages
of XML documentsandof RDF documents.

� After parsing,XML documentsareusuallyvalidatedagainstaDTD or XML Schema.As well ascheck-
ing thatall andonly the indicatedconstraintsareveri�ed, this processalsoaddssomeimportantinfor-
mationto thedocuments,suchasdefault values,datatypes,somederivationinformation,etc.This result
in a post-schemavalidationinfoset, which canthenbeloadedinto theXQuerydatamodelfor querying.
XQuerydatamodelstructuresprovide a treerepresentationof theXML documentandcanbeaccessed
by applicationsvia a functionalinterface.

� ParsingRDF documentsresultsin an RDF graphstructure,similar to the XQuery datamodel, but a
graphinsteadof a tree.This graphstructureis givensemanticsby meansof a modeltheory[16]. Many
RDFSconstructs,suchasits subclassproperty, resultin constraintsin themodeltheory, suchasrequiring
thatcertainkindsof relationshipsaretransitive. Themodeltheorydoesnot specifyhow thesesemantic
constraintsareto be implemented.Themodeltheoryalsodoesnot provide a datastructurethatcanbe
accessed.On the otherhand,accessto the semanticinformationin a documentcanbe performedvia
softwarethatimplementslogicaloperationson thethemodeltheory, suchasentailment.

Theexistenceof thesetwo distinctmodels,alongwith distinctprocessingstagesfor XML andfor RDF is
themainreasonthatpreventsapplicationsfrom dealingwith informationbothat a datalevel andat a semantic
level. In addition,dueto thesimilarity of processingin bothcases,thereis importantduplicationof work. Our
approachis to reuseasmuchXML processingaspossiblebeforeaddingsemanticlayers.In anutshell,we �rst
build aninstanceof theXQuerydatamodelfor XML, RDF andevenRDFSdocuments.This alreadysupports
structuralmanipulationfor data-orientedapplicationsover XML, RDF or RDF schemainformation.Then,we
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Figure4: Yin/Yangmodel

usethatdatamodelin amodeltheoryin orderto supportsemanticreasoning.Thestagesin theYin/Yangmodel
aredescribedonFigure4.

This processingarchitecturehasthe following advantages.First, it builds on existing XML processorsas
muchaspossible,which reducesthework requiredto developa semanticprocessor. It providestight coupling
betweenthedatalayersandthesemanticlayers.It allows dataapplicationsto bene�t from semanticreasoning.
It allows semantic-basedapplicationsto accessdataconsistently. Beforewe explain moreabouttheYin/Yang
modelitself, we brie�y give somebackgroundinformationon theXQuerydatamodelandon modeltheory.

3.2 From Syntax to Data Model

For our purposesa datamodelis a collectionof datatypesthatcanbeusedto constructanabstractview of a
webdocument(or collectionof documents),alongwith functionsthatallow accessto theinformationcontained
in valuesbelongingto thesetypes.Datamodelsgenerallyalsohave constructionfunctions,but we will not be
talkingmuchabouttheconstructionof thedatamodelandsowill mostlyignorethem.

TheXQuery1.0andXPath2.0DataModel (henceforth“datamodel”) representsanXML documentasa
collectionof nodesof differentkinds,arrangedin atree.For example,anelementnodein thedatamodel,which
correspondsto an XML elementinformationitem hasaccessorsfor its name,parent,namespaces,attributes,
andchildren,asonewould expect. The datamodel includesother typesof nodes,suchasattribute nodes,
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namespacenodes,commentnodes,andtext nodes.
Onereasonthatwe areusingthis datamodelis thatit containssupportfor DTD andXML Schemavalida-

tion. To accessinformationgatheredfrom validation,thedatamodelprovidesaccessorsfor theXML Schema
typeassociatedwith many kindsof nodes,and,if thetypeis a simpleXML Schemadatatype,to thesequence
of typedvaluesresultingfrom XML Schemaprocessingof thetext within thenode(for elementnodes)or the
valueof thenode(for attributenodes).

So the �rst phaseof the processingof an XML documentor collectionof documents,so far aswe are
concerned,resultsin thetreeor forestof nodesin thedatamodel.Thisprocessingincludesnotonly theparsing
of thedocument,but alsoDTD andXML Schemavalidationanddecoration.

3.3 From Data Model to Semantics

Thenext phaseof ourapproachis to movefrom thedatamodelinto thesemanticrealm.Wedothisby adopting
conventionsfrom modeltheory, a branchof mathematicsthat is usedto provide meaningfor many logicsand
representationformalisms,andhasrecentlybeenappliedto severalweb-relatedformalisms,namelyRDF[16].
andDAML+OIL [30].

Oneof theparticularitiesof our approachis the choiceof relying on two distinctparadigms:datamodel
for data,andmodeltheoryfor semantics.Thereareseveral fundamentaldifferencesbetweendatamodelsand
modeltheoryapproachesthatjustify thatchoice.

Inf ormation retention: Datamodelstendto retainalmostall of the informationin the input document,such
ascommentsandtheexactform of typedvalues.In modeltheory, on theotherhand,thereis a decision
madeon just which kind of informationto retain,andwhich kind of informationis ignored.It is typical
in modeltheoriesto usesetsinsteadof sequencesandthusto ignoretheorderin which informationis
presented.

Dir ection of �o w: In datamodelsthereis a processof generatinga datamodelfrom an input documentand
thustheresultis constructedfrom the input. In modeltheory, on theotherhand,the interpretationsare
simplymathematicalobjectsthatarenotconstructedatall. Insteadthereis a relationshipbetweensyntax
constructsand interpretationsthat determineswhich interpretationsare compatiblewith a document.
Generallytherearemany interpretationsthataresocompatible,not justone.

Schemavs. Data: Datamodelapproachesusuallymake a fundamentaldistinctionbetweenschemaanddata.
In model theory, both schemaanddataarepart of a modelon which onecanperformreasoning.As
shown on Figure 4, this allows us to deal with both RDF and RDFS in a commonway, while some
aspectsof XML Schemawill remainoutof thescopeof theinferencesystem.

3.4 Using model theory for reasoning

In a modeltheory, we endup with not just a singleinterpretationor model,but insteada collectionof inter-
pretationsor models.Thesemodelscanbe thoughtof asthedifferentwaysthat theworld canbeandstill be
compatiblewith theinformationin theinputdocument.

What is generallydonenext in modeltheoryis to de�ne a relationshipbetweeninput syntaxcalledentail-
ment,which canbereadas“follows from”. A collectionof sentences(or documents),calledtheantecedents,
entailsasentence(or document),calledtheconsequent,if every interpretationthatis amodelfor eachelement
of thecollectionis alsoa modelfor theconsequent.This relationshipcanbereadas“if theworld is compat-
ible with eachantecedent,thenit is alsocompatiblewith the consequent”or “if eachantecedentis true then
so is theconsequent.” It is possibleto think of entailmentasa versionof relationalretrieval wherethequery
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speci�esexplicit valuesfor all elementsof thetuple,i.e, thereis at mostonepossibleanswer. Generalizations
of entailmenthave beenusedthatallow openvariablesin theconsequent,resultingin a versionof entailment
closeto retrieval.

Noteagain,thatthekindof reasoningthatcanbeachieveddependsontheexpressivepowerof thesemantics
descriptionlanguage.Again, in this paperwe arelimited in functionalityby theexpressivenessof RDFS,but
we intendto investigatemoreexpressive formalismsin thefuture.

4 The Yin/YangModel Theory

4.1 Processingof input documents

Our modeltheorystartswith a treestructurecomposedof a setof nodes,N, in theXQuery1.0andXPath2.0
DataModel [12]. This treestructurecorrespondsto anXML or RDF document(or collectionof documents)
thathave alreadybeenthrougha seriousamountof processing,notablyparsingandschemavalidation. Each
treenode,� , is assumedto have a mapping,

�������

�
	 which is themapfrom stringsto quali�ed names,given
thenamespacedeclarationsin scopeat thenode.

4.2 Example

Considerthefollowing piecesof anXML document(actuallyRDF with anXML Schemadatatypeextension):

<Laptop rdf:about="Vaio505G">
<manufacturer rdf:resource="Sony"/>
<price xsi:type="xsd:integer">3000</price>

</Laptop>

<rdf:Description rdf:about="Sony"
home="www.sony.com">

<rdf:type>
<rdf:Description rdf:about="Company">

</rdf:type>
</rdf:Description>

This documentis parsedandthenloadedinto the XQuerydatamodel. This resultsin the following data
set,writtenherein asimpledatastructurewherenodesarerepresentedastuplescontainingtherelevantbitsof
informationpre�xedwith anodeidenti�er:

1:<Laptop,attributes=[ 2:<rdf:about,"Vaio505G">],
elements=

[ 3:<manufacturer,
attributes=

[ 4:<rdf:resource,"Sony">]>,
5:<price,

attributes=
[ 6:<xsi:type,"xsd:integer">],

elements=
[ 7:<"3000">]>]>

8:<rdf:Description,
attributes=

[ 9:<rdf:about,"Sony">,
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10:<home,"www.sony.com">],
elements=

[ 11:<rdf:type,
elements=

[ 12:<rdf:Description,
attributes=

[ 13:<rdf:about,"Company">]>]>]>

This structurecan thenbe accessedusing the XQuery datamodelaccessoroperationson nodes,canbe
queriedusingXQuery, etc.

4.3 Resources,Names,Values,and Datatypes

The Yin/Yang model theoryassumesa universeof resourcesanddatavalues. For simplicity, we make the
assumptionthatQNamesaresuitableasRDFidenti�ers, but readerscouldreadthedocumentsubstitutingRDF
identi�ers for QNames.(A full treatmentof RDF identi�ers is somewhatmessysoa simplertreatmentis used
here.)Theconstructionrdf: ����
�� refersto theQNamewith local name����
�� andURI (therdf URI):
http://www.w3.org/1999/02/22-rdf-syntax-ns.

De�nition 4.1 We call � the lexical spaceof strings,and
�

the valuespaceof QNames,i.e., pairsof URIs
andlocal parts.We call �

�

thesubsetof
�

correspondingto XML Schemaprimitive datatypes,and ��� the
unionof thevaluespacesof theXML Schemaprimitivedatatypes.In RDFelementsof ��� aregenerallycalled
literals.Thefunction �

�����

�

�������

����	 , (where
�

is thepowersetoperator)mapsXML Schemaprimitive
datatypesto theirvaluespacesand �

��� �

�

���!�

�

�

���"	 , mapsXML Schemaprimitivedatatypesto their
lexical to valuemaps.Wede�ne theunionof thedatatypemappings#

��� �

�

�����

���$	 , where%�&�#

�����('

	

if f %$)*�

���+�(,.-

	

�('

	 for someXML Schemadatatype
,/-

.

4.4 Yin/Yang Inter pretations

Interpretationsare the essentialcomponentof our model theory. An interpretationcorrespondsto onepos-
sible way the world canbe, henceencodinga certainmeaningfor the informationmanipulatedby an appli-
cation. Interpretationsgive informationaboutresourcesand relatedresourcesthroughrelationshipsandse-
manticconstraints.For instance,oneresourcemaybe a �0�21

-43

1 , relatedto anotherresource
�53

�76 througha

8���79;:<�>=

-

9@?.�A? property. We now de�ne a notion of interpretationthat is suitablefor both XML andRDF
documents,throughtheXQuerydatamodel.

De�nition 4.2 An interpretation B is asix-tuple:
C(D�EGFHEGF

#

�

E

�

F

#

�

EJI�E

�LK

, where:
D

is asetof resources,
F

is asetof relationships,
F

#

�M�

F

�

D�N

�

DPO

���"	

mapsrelationshipsto theresourcesthey relate,
�

F

#

�Q�

D

�R���

DSO

���"	

mapsclassresourcesto theirextensions,
I

�

D

�R���

FTN8F

	

providesa localorderon therelationships,and
�U�V�*�

D

is apartialmapfrom QNamesto resources.
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An interpretationcanbe thoughtof asa multigraphwith an orderingon the edges.Resources(
D

) form
the nodesof the graph. Edgesof the graphare formed from relationships(

F

) and
F

#

�

. For instance,a
relationship:

�.W�&

F

with
F

#

�"�

�.W2	X)

C

�Y�/Z

3\[^].[._

E


8�/�79<:<��=

-

9@?.�`?

K

indicatesthattheresource�a��Z

3\[^].[._

is relatedto theresource
8�/�79<:<��=

-

9@?.�`? , anda relationship:

�2b�&

F

with
F

#

�"�

�2b.	X)

C


8���79;:<�>=

-

9c?\�A?

E

�d3

�76

K

indicatesthat the resource
8���79;:<�>=

-

9@?.�A? is relatedto the resource
�53

�76 . We remarkthat thereis no
distinctionat this point between

�53

�76 , asan instanceof a class,and 
8�/�79<:<��=

-

9@?.�`? , which is a property.
Thisallows themodeltheoryto representarbitraryXML documents,while wewill seewecanstill recover the
traditionalRDF semantics.

�

provides a mappingbetweensyntax(QNames)and their denotation(resources).
�

gives a meansto
identify theseentitiesusingQNames.Thereis no requirementthatall resourceshave correspondingQNames,
nor is therea requirementthatQNamesareall mappedto differentresources.

�

F

#

�

providestyping informationfor resources.For instance,if
�53

�76 is in
�

F

#

�"�e�a3


�1c�/�76f	 then
theresource

�53

�76 is of type
��3


�1c���76 . Looselyspeaking,in RDFterms
�

F

#

�

servesfor bothpropertyand
classextensions.Or, consideredanotherway, apropertyis presentedasa typewhosevaluesandrelatedtuples
identify arcsin thetraditionalRDF graphstructure.

Finally,
I

providesorderinginformationbetweentherelationshipsthatarerelatedto a commonresource.
This informationis not usuallypartof RDF modeltheories[16], but it is importantto capturedocumentorder
in XML documents.We addonespecialattribute to RDF, rdf:order , to indicatethat a nodeshouldnot
have its outgoingrelationshipsordered.This is not anidealsolution.We have consideredaddinga �ag to the
semanticsto indicateordering,but decidedto usethissimplemethodfor now.

De�nition 4.3 In order for an interpretationto to be an RDF interpretation, the above six-tuple must also
satisfythefollowing additionalconditions:

�

I

�

?/	 is a strictpartialorder.

� If
ChgiE

6

K

&

I

�

?/	 then
F

#

���

g

	 and
F

#

�"�

6f	 have ? astheir �rst element.

�

�

F

#

�"�e���hjVk�lm�\nfofp�qrjcsutVvcs\w\x

	y	L)

D

�

�

F

#

�"�e���hjVk�lm�.z>jVw\tfo/j>v�{

	y	}|

D

�

�+�hj>k>l��/v�{/tfo

	~&

�

F

#

�"�e�+�hj>k>l��/z�j•w^t@o/j�v>{

	y	

� If
ChgiE

6

K

&

F

#

�

, 6€&

�

F

#

�"�e�+�hj>k>l€�\v�{/tfo

	y	 ,
and

C

6

EG•

K

&

F

#

�

then
g

&

�

F

#

�"�

•

	 .

� If
g

&

�

F

#

�"�

•

	 and
g

&

D

then
‚

6m&

D

�

CƒgiE

6

K

&

F

#

�

„

6m&

�

F

#

�"�e���hjVk�lm�.v>{.t@o

	y	

„

C

6

EG•

K

&

F

#

�

.

� If
,

&…�

�

then
�

F

#

�"�e���(,

	y	X)†�

���H�(,

	 , providedthat
�

is de�ned on
,

.
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The�rst andsecondconditionssaythat
I

�

?/	 is a strict orderingover therelationshipsemanatingfrom ? .
Thethird, fourth,and�fth conditionsprovide partof themeaningfor someof thebuilt-in RDF vocabulary.

Thesixthandseventhconditionsrelatethetwo waysof providing typingfor resources,onevia
�

F

#

�

and
onevia rdf:type links. This is neededbecauserdf:type is partof boththetheoryandthemetatheoryof
RDF. As partof thetheoryof RDF, rdf:type is givena denotation,andrelationshipsimpingeon it. As part
of the metatheoryof RDF, theserelationshipsimposeconditionson the extension(

�

F

#

�

) of RDF classes.
Thesixthconditiongoesfrom rdf:type links to CEXTfor all resourcesanddatavalueswhereastheseventh
conditiongoestheotherway, but not for datavalues.

Theeighthconditionsprovidesmeaningfor XML Schemaprimitivedatatypes.It ensuresthattheextension
of a resourcethatcorrespondsto anXML Schemaprimitive datatypeis thevaluespaceof thatdatatype.

4.5 Example

In Figure5wepresentanRDFgraph(theoriginalmethodfor providingmeaningtoRDFdocuments)andpartof
aninterpretation.Theinterpretationis presentedin theform of agraph.Mostnodesareresources,i.e.,elements
of

D

; thenodewith 3000next to it is theinteger3000andthenodewith “www.sony.com” next to it is astring,
bothdatavalues.(Thelabelson resourcenodesarejust sothatthey canbereferredto in thetext below.) The
mapping

�

is givenby thedashedarrowsfrom QNamesto thenodes.Relationshipsin theinterpretation(
F

and
F

#

�

) areshown aslinks betweenthe resources.Finally
�

F

#

�

contains
�

F

#

�"�('

	‡)‰ˆA%@Š ,
�

F

#

���

=`	�)

ˆu‹.Š ,
�

F

#

�"�

1<	L)Mˆy1@%fŠ ,
�

F

#

�"�


…	L)QˆA
�%@Š ,
�

F

#

�"�ƒŒ

	X)Qˆ

Œ

‹.Š ,
�

F

#

���h-

	~•Žˆ

-

%

E

-

‹

E

-


�%

E

-

1c%

E

-yŒ

‹

E

-•-

Š .
This is only a partial representationof an interpretationasit doesnot incorporaterdf:Descriptio n

andrdf:Property , relationshipsto them,and
�

F

#

�

for them. Nor doesthegraphspecifytheordering
relationshipsthatcomefrom thedocumentorder.

As anabbreviation,wewill useatriple notation,sayingthat
C

‹

E

1

E

3.K

is in B if f thereis someresource?•&

D

suchthat
C

‹

E

?

K

&

F

#

�

,
C

?

E

3.K

&

F

#

�

, and?�&

�

F

#

�"�

17	 . For exampleto indicatethat �a��Z

3\[^].[._

is related
to

�d3

�76 througha 
8���79;:<�>=

-

9c?.�`? resourcewewill use
C

�a��Z

3\[^].[._

E


8���79;:<�>=

-

9c?\�A?

E

�d3

�76

K

.

4.6 Recovering RDF meaning

As onecanseein Figure5, RDFgraphsmakeacleardistinctionbetweenclassesandproperties,while thisdis-
tinction is notpresentin ourmodeltheoryin orderto dealwith XML documents.Still, RDFgraphscorrespond
to a precisesubsetof our interpretations.In a nutshell,RDF graphscorrespondsto interpretationsin which a
properalternationbetweenclassesandpropertiesexists.

Thisstatementis mademorepreciseby thefollowing de�nition.

De�nition 4.4 Givenaninterpretation:
B")

�

D�EGFHEGF

#

�

E

�

F

#

�

EJI$E

�

	 let

� ‘

)’ˆ

g

�
‚

6

g

&

�

F

#

�"�

6f	

„

6€&

�

F

#

�"�hjVk>lH�.z>jVw\t@o.j>v�{

	“Š

�

FY”

)

F–•

ˆu�

�
‚

6

F

#

�"�

�r	0)

C

6

E

���hjVk�lm�\v�{/t@o

	

K

Š

•

ˆu�

�
‚

giE

6

E

�

”
F

#

�"�

�u	X)

ChgiE

6

K

„

F

#

�"�

�

”

	L)

C

6

E

���hjVk>l��.v>{/tfo

	

K

Š

If ‘ makes
FY”

bipartite,i.e.,all
F

#

�"�

�

”

	 for �

”

&

Fa”

eitheroriginateor terminate,but not both,in ‘ , and
alsofor each

g

&

‘ thereis exactly one �

”

&

F
”

with
F

#

�"�

�

”

	 of theform
�

giE

6f	 for some6 andexactly one
�

”

&

FY”

with
F

#

�"�

�

”

	 of theform
�

6

Eyg

	 for some6 , then B is abipartite interpretation.
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RDF/S
Graph

Interpretation

Viao505G Sony

Laptop Company

manufacturer

rdf:type rdf:type

price

Laptop

Viao505G

Company

Sony

rdf:type

3000
price

manufacturer

v

l
c

s

p

m

t

tt
tstv

pv

tpv

tmv

home

"www.sony.com"

h

hs

mv

"www.sony.com""3000"

home

ths

Figure5: RDFGraphandacorrespondinginterpretation
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A bipartiteinterpretationcanbeturnedinto aninterpretationin theRDFmodeltheory[16] by:

� takingeachpairof relationships
C

�

”—E

�

”˜”

K

&

Fa”

where
F

#

�"�

�

”

	d)

�

giE

17	 ,
F

#

���

�

”™”

	L)

�

1

EG•

	 , and1 in ‘

� replacingit with
�

giEG•

	 in B

F

#

�"�

?/	 for each? suchthat 1…&

�

F

#

�"�

?/	

� thenadding
�

g
E

=A	~&�B

F

#

�"�e�+�hj>k>l€�.v�{/t@o

	y	 for each
g

in
�

F

#

�"�

=A	 for
g

not in ‘ .

4.7 Modelsof XML and RDF documents

Now thatwe have de�ned our notionof interpretation,we needto explain how instancesof theXQuerydata
modelcorrespondto theseinterpretations,in otherwords,how

F

B correspondsto dataset
F

� above. Intu-
itively, eachnodein theXQuerydatamodelis mappedto a resourcein theinterpretation,and

F

#

�

relation-
shipsarebuilt accordingto theoriginal treestructureof theXQuerydatamodelinstance.Ontopof thatthespe-
ci�c XML SchemaandRDF attributesxsi:type , rdf:ID , rdf:about , rdf:type , rdf:resource ,
andrdf:order aretreatedspeciallyin orderto build a theoryof RDF documentsthat re�ect their intended
meaning.

De�nition 4.5
An interpretationB€)

C(D�EGF�EGF

#

�

E

�

F

#

�

EJI�E

�0K

is a modelfor a dataset š if
�

is de�ned on all namesin
š , andtherearemappings›

�

š

�

DUO

��� and ›Mœ

�

š

”

�

��� , whereš

”

consistsof theattributenodes
in š . Further, theinterpretationandmappinghave to satisfythefollowing conditions.Althoughtherearea lot
of conditionshere,they all reallyboil down to doingtheobviousthing.

� For each�•&�š anelementnode,

– ›

�

�
	~&

D

and ›

�

�
	~&

�

F

#

���e���

���/
��

�

�
	y	y	

– If � hasanattributewith namerdf:ID andstring-value 9 then ›

�

�
	0)

���•�������

�
	

�

9<	y	 .

– If � hasan attribute with namerdf:about andstring-value 9 then ›

�

�
	H)

���•�ž�����

�
	

�

9<	y	 .
(This treatsrdf:ID andrdf:about asexactly the samewhich is not quite correctbut a full
treatmentwouldhave to addressthemessydifferencesbetweenQNamesandRDF identi�ers.)

– If � hasan attribute with namerdf:resource andstring-value 9 thenthereis an ��&

F

with
F

#

�"�

�r	0)

C

›

�

�
	

E

���•�ž�����

�
	

�

9<	y	

K

.

– If � hasan attribute with namerdf:type andstring-value 9 then
C

›

�

�
	

E

���•�������

�
	

�

9<	y	

K

&

�

F

#

�

.

– For eachattribute node, �

”

, of � , exceptfor attributeswith any of thespeci�c namesabove, then
thereis an ��&

F

with
F

#

�"�

�u	0)

C

›

�

�
	

E

›

�

�

”

	

K

.

– If � hasasimpletype,
,/-

, then
Ÿ for eachof the   typed-values,%.¡ , of � thereis an �2¡5&

F

with:
F

#

�"�

�`¡•	d)

C

›

�

�
	

E

�

�����(,

	

�

‹

-

?^Ze�<¢

•

%��

'

9<�

�

%^¡£	y	

K

.
Ÿ if � hasnoattributewith namerdf:order andvalue"false" then:

C

�`Z

E

�J¤

K

&

I

for W�¥¦ZX§¨¤H¥P  .

– If � doesnothave asimpletype,then
Ÿ for eachof the   elementor text childrennodes,�

”

, of � , in documentorderthereis an �r¡©&

F

with
F

#

�"�

�A¡£	L)

C

›

�

�
	

E

›

�

�

”

	

K

.
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Ÿ if � hasno attributewith namerdf:order andvalue"false" then
C

�AZ

E

�“¤

K

&

I

for W�¥

ZX§¨¤�¥S  .

� For each�•&�š a text node›

�

�
	X&���� and ›

�

�
	~&�#

�����

‹

-

?rZ£�<¢

•

%��

'

9;�

�

�
	y	

� For each�•&�š anattributenode,exceptfor attributeswith any of thespeci�c namesabove,

– ›

�

�
	~&

D

and ›

�

�
	~&

�

F

#

���e���

���/
��

�

�
	y	y	

– ›Mœ

�

�
	}&���� and
›Mœ

�

�
	~&8#

�����

‹

-

?^Ze�<¢

•

%>�

'

9<�

�

�
	y	

– Thereis some�a&

F

with:
F

#

�"�

�r	0)

C

›

�

�
	

E

›Mœ

�

�
	

K

.

– If � hasasimpletype,
,/-

, then:
›Mœ

�

�
	L)��

�����(,.-

	

�

‹

-

?^Ze�<¢

•

%��

'

9<�

�

�
	y	

� For each�•&�š a referencenode,
›

�

�
	L)�›

�(,

�u:7�`?.�`��=`�

�

�
	y	 .

De�nition 4.6 An RDFmodelB for š is anRDF interpretationB thatis amodelfor š .

4.8 Example

Now theinterpretationin Figure5 is a modelfor thedocumentabove underthemapping›

�

W2	�)Ž% , ›

�ƒª

	})


�% , ›

�ƒ[

	�)«1@% , ›

�e¬

	�)

ª^]\]\]

, ›

�ƒ­

	�)R‹ , ›

�

W\W2	�)

-

‹ , ›

�

WAb.	�)®= , ›

�

W

]

	�)

Œ

‹ , and ›Qœ

�

W

]

	�)

¯^°�°ž°Y±

‹

3

�76

±

=

3




¯

. Theothernodesare“structuralnodes”andthusdo nothave a mapping.As XML Schema
datatypesonly show up in the“structural”nodes,they don't needto bepresent.

4.9 Entailment

Finally, wearenow readyto de�ne anotionof entailmentfor XML andRDF datasets.

De�nition 4.7 A dataset š entailsanotherdataset š

”

if f everyRDFmodelof š is alsoanRDFmodelof š

”

.
A collectionof datasetsentailsanotherdataset š

”

if f every RDF modelof every elementof thecollectionis
alsoanRDFmodelof š

”

.

As we will seein Section5, entailmentis themainreasoningtool thatwe will useat theapplicationlevel.
Entailmentcapturesvalid reasoning,in that if a dataset š

”

is entailedby anotherš , theinformationin š

”

in
implicitly presentin š .

4.10 Dealingwith RDF Schema

RDF Schema(RDFS)is an extensionof RDF that hasa vocabulary for statingrelationshipsbetweenclasses
andpropertiesaswell assomebuilt-in meaningfor thisvocabulary.

We handlethe RDFSvocabulary by requiringthat an RDFSinterpretationincludethe following triples.
(Actually thereis moreRDFSvocabulary thangivenbelow, but it is not important.)
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<S(rdf:Description),S(rdf:type), S(rdfs:Class)>
<S(rdf:Description),S(rdfs:subClassOf),S(rdf s:Resou rce)>
<S(rdfs:Resource), S(rdfs:subClassOf),S(rdf:Description)>
<S(rdfs:Resource), S(rdf:type), S(rdfs:Class)>
<S(rdf:Property), S(rdf:type), S(rdfs:Class)>
<S(rdfs:Class), S(rdf:type), S(rdfs:Class)>
<S(rdfs:Literal), S(rdf:type), S(rdfs:Class)>
<S(rdf:type), S(rdf:type), S(rdf:Property)>
<S(rdfs:subClassOf), S(rdf:type), S(rdf:Property)>
<S(rdfs:subPropertyOf), S(rdf:type), S(rdf:Property)>
<S(rdfs:Class), S(rdfs:subClassOf), S(rdfs:Resource)>
<S(rdf:type), S(rdfs:range), S(rdfs:Class)>
<S(rdfs:subClassOf), S(rdfs:domain), S(rdfs:Class)>
<S(rdfs:subClassOf), S(rdfs:range), S(rdfs:Class)>
<S(rdfs:subPropertyOf), S(rdfs:domain), S(rdf:Property)>
<S(rdfs:subPropertyOf), S(rdfs:range), S(rdf:Property)>
<S(rdfs:range), S(rdfs:domain), S(rdf:Property)>
<S(rdfs:range), S(rdfs:range), S(rdfs:Class)>
<S(rdfs:domain), S(rdfs:domain), S(rdf:Property)>
<S(rdfs:domain), S(rdfs:range), S(rdfs:Class)>

RDFSinterpretationsalsomustmeetthefollowing additionalconstraints:

�

�

F

#

�"�e���hjVk�lcp•�.²•o@p^w\³•j@q.o

	y	L)

D

�

�

F

#

�"�e���hjVk�lcp•�/´@s^vVo/j•µ>¶

	y	0)����

� If
g

&

�

F

#

�"�

6f	

and
C

6

E

���hj>k>lcpY�fp2³�·@¸V¶/µ@p�p.¹/l

	

EG•

K

&�B

then
g

&

�

F

#

�"�

•

	 .

� If
ChgiE

�+�hj>k>l@p"�•p2³�·@¸>¶�µ@p�p.¹.l

	

E

6

K

&…B

and
C

6

E

���hj>k>lcpY�fp2³�·@¸V¶/µ@p�p.¹/l

	

EG•

K

&�B

then
ChgiE

�+�hj>k>l@p"�•p2³�·@¸>¶�µ@p�p.¹.l

	

EG•

K

&�B .

� If
ChgiE

?

E

6

K

&8B

and
C

?

E

���hj>k>lcp•�fp2³>·Vz>jVw\t@o.j>v�{f¹/l

	

E

‹

K

&�B

then
ChgiE

‹

E

6

K

&�B .

� If
ChgiE

�+�hj>k>l@p"�•p2³�·•z�j•w\tfo/j�v>{f¹.l

	

E

6

K

&�B

and
C

6

E

���hj>k>lcpY�fp2³�·•z>jVw\tfo/j>v�{f¹.l

	

EG•

K

&�B

then
ChgiE

�+�hj>k>l@p"�•p2³�·•z�j•w\tfo/j�v>{f¹.l

	

EG•

K

&�B .

� If
ChgiE

1

E

6

K

&…B

and
C

1

E

���hjVk>l@p•�.jVµ\xfº>o

	

E

=

K

&�B

then 6€&

�

F

#

�"�

=A	 .

� If
ChgiE

1

E

6

K

&…B

and
C

1

E

���hjVk>l@p•�/k>wr»;µ•sux

	

E

=

K

&�B

then
g

&

�

F

#

�"�

=A	 .

Now theRDFSanaloguesof RDFmodelsandRDFentailmentarede�ned in theobviousway.

De�nition 4.8 An RDFSmodelfor a dataset š is anRDFSinterpretationthat is a modelfor š . A dataset
š RDFS-entailsanotherdataset š

”

if f every RDFSmodelof š is alsoa RDFSmodelof š

”

. A collectionof
datasetsRDFS-entailsanotherdataset š

”

if f every RDFSmodelof every elementof thecollectionis alsoa
RDFSmodelof š

”

.

17



4.11 Caveats

This is quitea bit of machinery. Someof it is requiredto handlethe two ways,XML andRDF, of looking at
theworld, andsomeof it is requiredto handlethevocabulary of RDF. We feel thatthis modeltheorycaptures
theimportantpartsof XML andRDF, but therearesomeaspectsof bothXML andRDF thatit is missing.

The modeltheoryexplicitly discardsasirrelevant mostof the formattingaspectsof the initial document.
Similarly it alsodiscardsasirrelevant thelexical form of elementsthathave XML Schemadatatypes.Thereis
no wayof recoveringtheexactcharactersequenceof theinitial documentfrom themodeltheory.

Justaboutthe only signi�cant aspectof XML documentsthat arenot handledin the modeltheoryis the
distinctionbetweenattributesandelements.This is discardedto obtainconsistency with RDF.

On theRDF sideour schemedoesnot handlecertainRDF constructs.Themeaningof rei�cation in RDF
and RDF containershave not yet beendetermined,so the model theory doesnot addressthem. One RDF
shorthandform is counterto XML practiceandthusis not handledin themodeltheory. As syntaxprocessing
is completelyhandledby XML, ourschemecannothandletheRDF parsetype extension.

5 Applications

We cannow go backto our catalogexamplefrom Figure2. Rememberthatthedataintegrationis donein two
steps.On thesemanticside,oneneedsto designandbuild a globalontologyfor theinformationmanipulated
by the target application.On thedataside,he accessesdatafrom variousinformationprovidersusingXML,
resultingin amismatchbetweendataandsemantics,asillustratedon Figure3.

5.1 SemanticConsequences

The �rst resultof our integrationis that the semanticconsequencesof the RDF Schemainformationareap-
plied to the the XML data. For example,the Compaq 4XDF is a portable becausethat information is
entailedfrom thefactthatit is aPDAandtheclassrelationshipsin theRDFSchemainformation.Thisentailed
informationis availableto applicationsthataccessthedatamodelview.

We arestill exploring the variouscapabilitiesthat a powerful inferencesystemcansupportin the XML
world. Still, therearetwo importantremarksto bemade.First, it is alwayspossibleto importmoreinformation
for reasoning.For instance,it is quitecommonthatvariousterminologiesor vocabularieswill beusedbetween
thedatasources,andin theontology. Following Fundulaki[1], RDFS– henceourmodeltheory– is expressive
enoughto capturestandardthesaurusdescriptions,and incorporatethem in the reasoning. For instance,if
onewould usemanufacturer insteadof vendor , the systemwould still be ableto �gure our semantics
relationshipsandinconsistencies,assumingthesearedeclaredashomonymsin thethesaurus.

5.2 Querying RDF

A secondimportantapplicationof the Yin/Yang model is relatedto queryingRDF with XQuery. Robieet
al [28] proposeoneapproachto queryRDF andtopicmapsdocumentsusingXQuery. Oneof thebene�ts they
gainis theability to querybothXML andRDF informationin anuniformframework. Still, adif�culty of their
approachreliesin lack of understandingof thesemanticfeaturesof RDF in theXQuerydatamodel.To solve
thatproblem,[28] usesspecial-purposefunctionsin XQuerythatperformsomepartof thereasoning.

In theYin/Yangmodel,onenow hasaccessto boththedatamodelrepresentationandthesemanticsof the
RDF information.Hence,onecanuseXQueryto accessthedatastructureof theRDF document,while using
entailmentto accessits semantics.For instance,thefollowing functionfrom [28] performsa recursive access
on theclasshierarchyin orderto �gure outwhetheranentity is aninstanceof agivenclass.
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define function rdf:instance-of-class
( ListOfDescription $t,

charstring $base-name )
returns ListOfDescription

{
( $t[rdf:type = $base-name],

for $i in $t[rdfs:subClassOf = $base-name]
return

rdf:instance-of-class($t, string($i/@rdf:about)) )
}

This functioncanbede�ned directly throughentailmentin thefollowing way:
define function rdf:instance-of-class

( ListOfDescription $t,
charstring $base-name )

returns ListOfDescription
{

for $d in $t
where

entails($yin:yang,
<rdf:Description rdf:about={$d}>

<rdf:type>
<rdf:Description rdf:about={$base-name}>

</rdf:type>
</rdf:Description>)

return $d
}

This function returnsonly thosedescriptions$d in $t suchthat the currentsemantics(representedasa
globalvariable$yin:yang ) entailsthestatement(writtenherein rdf syntax)that$d is of class$base-name .

Indeed,model theory and entailmentprovide a preciseformal foundationfor the techniquespresented
in [28]. Entailmentalsoallows to performmorecomplex reasoning,that cannotbe capturedby a �nite set
of functions.For instance,onecanaskwhetherall companieswith a contractarepartnerswith the following
entailmentquery(notetheuseof parenthesisin theXQuerysyntaxto separateparametersof thefunction).

entails( ( $yin:yang,
<rdf:Description rdf:about={$d}>

<rdf:type>
<rdf:Description rdf:about="Company">
<contract>{$c}</contract>

</rdf:type>
</rdf:Description> ) ,

( <rdf:Description rdf:about={$d}>
<rdf:type>

<rdf:Description rdf:about="Partner">
</rdf:type>

</rdf:Description> )
)

A somewhatinterestingremarkis thatourwork wouldalsoallow aconverseapproachto theoneof Robieet
al, by usinganRDFquerylanguagesuchasRQL [17] on themodeltheoryrepresentationof XML documents,
henceallowing to querybothXML andRDFwith andRDFquerylanguage.Noteagainthatwearejuststarting
to explorethepossibilitiesprovidedby suchsemanticsreasoningin RDFaswell asin XML. Wecannotgo into
moredetailsdueto spacelimitation, but we believe thesesimpleexamplesaregiving someideasof themany
interestingpossibilitiesopenby ourapproach.

5.3 SemanticIntegrity

Anotherinterestingquestionto askasa useris whetherthedatabuilt throughtheintegrationsystemis seman-
tically consistentwith thetargetontology. If therearenomodelsfor boththeRDFSchemainformationandthe
XML datathenthereis somesemanticinconsistency betweenthem.
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Unfortunately, RDF Schemais too weakto provide this sort of reasoning.For example,if a mistake in
theinput causesa resourceto bebotha Company anda Product,this is not a semanticerror, asCompany and
Productarenotnecessarilydisjoint. Thisdisjointnesscannotbeenforcedin RDFSchema.Addingdisjointness
reasoningtoourapproachwouldrequiremorepowerful semanticformalisms,suchastheDAML+OIL ontology
language[31].

Therearealsootherformsof reasoningwearenotableto dodueto theexpressivepowerlimitationsof RDF
Schema.We cannotperformany recognitionon the information,suchasdeterminingthatan IBM computer
thathasa portablepropertybelongsto thesamecategory asa SONY laptop.Againsuchinferenceis available
in newer proposalsfor thesemanticweb,suchasDAML+OIL.

6 Implementation

Theapproachwehaveoutlinedhasseveralimplementationadvantages.Firstandforemost,astheinitial stages
of processingfor both XML andRDF documentsarethe same,thereis no needto have a syntaxprocessor
for RDF. Second,theapproachintegratesXML Schemadatatypes,eliminatingtheneedfor aseparatedatatype
implementationfor RDF.

As aresult,animplementationof theentireYin/Yangmodelcanbequicklyandeasilywritten,by exploiting
tools for the XQuerydatamodel. In fact,we have written an initial referenceimplementationof thescheme
in OCaml[19]. This implementationbuildson theGalaxXQueryengine[15] anddatamodelimplementation,
andour implementationon topof it is only about300linesof code.

Althoughour implementationis not complete,it providesthecoreof whatis neededfor acompletesystem
basedonourscheme:themappingfrom theXQuerydatamodelandtheentailmentalgorithm.This implemen-
tationis availableat3:

http://db.bell-labs.com/user/pfps/xmlrdf-semantics.ml.
Theimplementationusesthefactthata canonicalmodelexistsfor ourscheme.This is a traditionalimple-

mentationtechniquefor semanticreasoners.Givenacollectionof XML andRDFdocuments,theimplementa-
tion builds a canonicalmodelfor them. This canonicalmodelcanthenbeusedto determinewhetheranother
documentis entailedby theoriginaldocuments.

7 Futur e Work and Conclusion

Ourwork aimsatproviding boththedataandsemanticsaccessrequiredby many of thenew Webapplications.
We have presentedanoriginal framework andmodelfor a Webthat integratesbothsyntaxandsemantics:the
Yin/YangWeb. This uni�ed Web is obtainedthrougha tighter integrationbetweenXML andRDF, andwe
believe suchintegrationis essentialfor thecomingSemanticWebenvisionedby many.

Weseethiswork asfoundational,andat thispoint it is raisingmany new interesting,but probablydif�cult,
questions.The obvious next stepis to understandpreciselyhow muchof XML Schemacanandshouldbe
incorporatedinto thesemanticframework. We only touchedtheproblemby addressingtwo aspectsof XML
Schemathatareeasyto capturein our semanticframework: ID/IDREF andtypenameshierarchy. Still, XML
Schemaincludesa very large numberof constructsthataremoredif�cult to handlein a semanticframework
suchasregularexpressionsandarity constraints.

Also onthequeryingpart,webelievebothXML andRDFuserscouldbene�t from theproposedframework
andwe intendto explorethatin moredepth.Notably, it is not clearto uswhetherit would bemoresuitableto

3This is a temporaryplacementfor review purposesonly.
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querytheYin/YangWebby extendinganXML QuerylanguagesuchasXQuery, by extendinganRDF query
language,suchasRQL, or by designingauni�ed languagethatwould provide somefeaturesof both.

Anotherinterestingdirectionis to extendthisschemeto more-expressive formalisms,suchasDAML+OIL.
Theproblemhereis thatDAML+OIL includesconstructsthatviolateoneof the fundamentalassumptionsof
XML andRDF. All constructsandXML andRDF areconjunctive, in thatthemeaningof anentirecollection
of documentsis theconjunctionof themeaningof eachof thepieces.Handlingnon-conjunctive constructsin
anupwardly-compatiblefashionrequiresadifferenttreatmentof DAML+OIL thanin its semantics.(Thebasic
changewouldbeto treatDAML+OIL syntaxin amoreXML-lik e fashion,i. e.,asa tree,ratherthanits current
RDF fashion.)

Otherextensionsto our schemearealsopossible,potentiallyleadingto a uni�ed semanticsfor theentire
semanticweblayercake. As ourmodeltheoryis somewhatdifferentfrom thestandardlogicalmodeltheories,
somework will berequiredcreateacompatiblemodeltheoryfor logicslike �rst-order logic.
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