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Abstract

XML is the W3C standarddlocumenformatfor writing andexchanginginformationonthe Weh RDF
is the W3C standardnodelfor describingthe semanticandreasoningaboutinformationon theWeh Un-
fortunately RDF andXML—although very closeto eachother—arebasedon two differentparadigmsWe
arguethatin orderto leadthe SemantidVebto its full potential thesyntaxandthe semantic®f information
needsto work together To this end,we develop a modeltheoryfor the XML XQuery 1.0 and XPath 2.0
DataModel, which providesa uni ed modelfor both XML andRDFE This uni ed modelcansene asthe
basisfor Web applicationsthat dealwith both dataand semantics.We illustrate the useof this modelon
a concreteinformationintegrationscenario. Our approachenableseachside of the fenceto bene t from
the other, notably we shov how the RDF world cantake advantageof XML querylanguagesandhow the
XML world cantake advantageof thereasoningapabilitiesavailablefor RDFE
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1 Intr oduction

As the W3C standaradlocumenformatfor writing andexchanginginformationonthe Web XML [6] is mostly
concernedaboutsyntax. However, syntaxdoesnot make sensewithout semanticsandmary recentactities
aim at addingmore semanticcapabilitiesto XML. Most notably the XML Infoset[10] offers an abstract
informationmodelfor XML; XML Schemd29] allows usersto describeXML vocalularies,structuresand
relationshipsandXQuery[8] allows usergto askquestionsmanipulatepr reasoraboutXML documents.

As the W3C standardmodelfor describingthe semanticsand reasoningaboutinformationon the Web,
RDF [18] is mostly concernedaboutsemantics However, semanticss not very usefulin a computersystem
without a syntax,and mary recentactvities aim at providing a syntacticgroundingfor RDF. Most notably
RDF usesan XML serialization;andseveralquerylanguage$or RDF[17, 24] have alreadybeenproposedas
well.

Many XML applicationscenariogequirethe useof semantidools. For instancedataintegrationrelieson
the ability to build a commonontologybetweermultiple sourceg20, 3, 1]. Developmentof adomains XML
dialect(e.g.,ebXML or VoiceXML [26]) is greatlysimpli ed by the useof modelingmethodologie®asedn
rich semantiadescriptiong7, 21]. Many RDF applicationscenariogequirethe accesgo existing information
sourceghat are providing XML interfaces. For instance semanticdescriptionsor Web servicescannotbe
madewithout takinginto accountheformatin which messagewill be exchangedetweertheseservices.
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Figurel: The SemantidVebLayerCake

Indeed the comingsemantidNebis usuallyervisionedasalayer cale, like the oneshavn on Figure1?, in
whichthesemantidayeris notindependenfrom, but is relyingonthesyntactidayer. Unfortunately XML and
RDF, whicharerespecitiely supposedo form thegroundfor thesyntactigor data) andsemanticgor meaning)
layer of the Web, arecurrentlybasedon differentmodels,andaredevelopedwithin separatectiities®. As a
result,very few tools canactuallybe usedjointly betweenXML andRDF

We arguethat syntaxand semanticsarethe Yin andthe Yangof the Web, andshouldbe complementary
to eachotherratherthanindependent—oworse,incompatible—fromone another Usersfacing the above
applicationmeedto dealwith syntaxandsemanticsn auni ed way. We arguethatratherthantwo Webs:one
SyntacticWebandoneSemantidNeb, theseusersneedoneWebthatencompassdsoth syntaxandsemantics:
theYin/YangWeh

In this paperwe proposeanarchitecturdor auni ed Webbasedon acommonmodeltheoryfor XML and
RDF AlthoughRDF andXML have beentwo distinctactivities, we will seethatthereis enoughcommonality
betweenthemto design,andimplement,sucha commonmodel. Thereare several dif culties in the way
though,dueto thefactthatRDFandXML viewpointsarenotfully compatible Notably XML is orderedwhile
RDFis not, XML usesatreemodelwhile RDF usesa graphmodel,RDF distinguishebetweerclassege.g.,a
compan) andpropertieqe.g.,the nameof acompan) while XML doesnot (e.g.,compar andnameswould

That gure wasextractedrom apresentatioiby Eric Miller atthe5th EuropearConferencenResearclandAdvancedlechnology
for Digital Libraries,but wasprobably rst presentedby Tim Berners-Lee.

20Onecouldalsofacetiouslynotethatthey arerepresenteéh two distinct WWW'2002 tracks!



bothbeelements)Our maincontrikution is amodeltheorythatencompassesML andRDF modelproperties
in orderto beableto representandreasorabout,bothuniformly. We call this modelthe Yin/Yangmodel. As
soonasa commonmodelexists, mary moreinterestingbut dif cult questionsarise. In particular how XML
Schemaand RDFSinteract,how onecanqueryboth XML andRDF, etc. A completesolutionwould indeed
addresghese,but is still beyond the scopeof this paper We will shav, however, how the Yin/Yang model
enablesomenaw exciting possibilitieswith respecto schematyping andquerying.

More preciselywe malke the following technicalcontritutions:

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

We explain therelationshipbetweerthatmodeltheoryandprevious RDF/Smodeltheories.Most of the
existing semanticss capturedandwe point outandexplain thefew existing discrepancies.

We shawv how onecanperformsemantiadeasoningn thatintegratedmodeltheory Notethattheseman-
ticsof RDFSonly supportdimited reasoningapabilities Althoughwe restrictoursehesto RDFSin this
paper moving toward more expressie models,e.g.,DAML+OIL, would certainlymake the Yin/Yang
approactandreasoningeaturesevenmoreusefulin practice.

We shav several new possibilitiesofferedthroughthatintegratedmodeltheory Notably we give some
ideasat how to capturesomeaspectof the XML Scheman the modeltheoryfor reasoningourposes.
We alsoshav how onecanapply XQueryonamix of RDF andXML descriptionsandwe explain how
XML queryingcanbene t from anRDF reasoner

Finally we describeour implementatiorof thatmodeltheoryontop of the XQuerydatamodel.Because
our modelrelieson the XQuery datamodel,building a Yin/Yangimplementatiorwith areasonecanbe
donein amuchsimplerfashionthanprevious RDF implementatiorapproaches.

1.1 Ins and Outs

The Yin/Yangmodelprovidesaccesgo both datastructuresthroughthe XQuerydatamodel,andtheir corre-
spondingsemanticsthroughthe modeltheory

On the syntacticside, applicationshave full accesgo the XQuery datamodel, hencethereis no loss of
informationfor data-oriente@pplications Applicationscaneventake advantageof someof thesemantic-based
featuresof themodelby treatingXQuerydatamodelconstructsn accordancgith themeaningorovidedby the
modeltheory Syntacticprocessings doneentirelywithin the XML framework, asaresult,the RDF parsetype
extensionis nothandled Also, the RDF shorthandhatis inconsistentvith XML is treatedn the XML fashion,
notin RDF fashion.

On the semanticside, the modeltheoryintegratesthe two differentworld-vievs of XML and RDF with
minimal loss of information. The modeltheoryallows for both the orderedview of documentdrom XML
andthe unorderedview of informationfrom RDF. It doesnot requirethe RDF distinction betweenclasses
and propertiesallowing arbitrary XML, but the distinctionbetweernclassesaandpropertiesjf presentcanbe
recoveredfrom themodeltheory It includesa completetreatmenbf RDF typing, wheretype links aretreated
thesameasotherlinks, evenwhenthereis no distinctionbetweerclassesandpropertiesandincorporateXML
namesinto RDF types. It allows for the identi cation of nodesturningthe treeview of XML into the graph
modelof RDF

The modeltheorydoes,however, eliminateasirrelevant XML commentsandprocessnstructionsaswell
asthelexical form of typedtext nodesanddoesnotdistinguishbetweenXML elementandattributes.Further
it doesnot handlemostof the XML Schemastructuralinformation,atleastfor now.



1.2 Relatedwork

This discussioraboutthe relationshipbetweensyntaxand semanticgs not new. Several attemptshave been
madeto provide a uni ed view of XML andRDF. Tim Berners-Led4] wasoneof the rst to point out the
reasondor the differencesetweenXML andRDF. Also we acknavledgethefactthatRDF and XML sene
differentpurposeswe believe this differencemustnot prevent syntacticandsemanticsnteroperability which
is animportantuserneed. Segey Melnik [23] createda versionof RDF that canhandlearbitrary XML, but
usesinformationon how to handlethe partsXML constructghatdon't t well into the RDF model. Harold
Boley [5] hasa datamodelthatcanbe usedfor both XML andRDF. However, his approachrequireschanges
to XML to unify it with RDF. He also stopsat the datamodeland doesnot proceedon to a modeltheory
Fundulakietal [14] acknavledgethe needfor integratingsyntaxandsemanticshut requirethe developmeniof
userde ned rulesin orderto copewith thediscrepang betweenXML andRDF. Robieetal [28] alsoaddresses
the needfor applicationgo querysemanticsbut mapsthe syntaxinto the semanticshencerequiringthe need
to hard-codesomeof the semantiaspectdn functions.To the bestof our knowledge,our approacthis the rst
onethatallows XML dataaccesandRDF semantiaceasoningn acommonframenork.

2 Usingsyntaxand semanticson the Web

We startby giving an applicationscenariothat illustratesthe needfor tight integration betweensyntaxand
semanticon the Weh In this scenarioa computerretailerwantsto build its stores informationsystemfrom
multiple hardwareandsoftwarevendorscatalogge.g.,Sory, IBM), andaproducts review databasenaintained
by athird party (e.g.,http://www.epinions.com/).

Information integrationis an importantapplicationof XML. Recently a numberof companieq11, 25]
andresearctprojects[27, 13, 9, 2, 22] have beenworking on building XML-baseddataintegration systems.
Thesesystemsrely on the ability to representry kind of legag informationin XML, andon XML high-
level languagessuchasXQuery[8], to mege their informationundera commonschemalkFigure2 shaws the
architecturef atypical dataintegrationsystemwherewrappes areusedto maplegag informationinto XML,
anda mediatoris usedto performtheintegration. We referthe readerto therelatedwork at how to useXML
guerylanguageso specifysuchdataintegration[27, 13, 9, 2, 22).

Still, informationintegrationcannotbe fully solved without addressingemantidssues.For instancepne
needdo de ne aglobalontologyfor all informationinvolvedin thesourcesandalsoto understandhow similar
informationis representeth differentwayson eachsource[20, 3, 1]. In our scenariotheretailermight want
to organizehis dataaccordingo a producthierarchywhereProduct wouldbetherootof thehierarchy Then
Portable andDesktop wouldrepresenimajorcateoriesof productsPDAandLaptop besub-catgories
of Portable , etc. Eachproductswould have a nameand a referencenumbey while portableswould have
anautonomy In orderto work on theweb, modernsemantidntegrationplatforms[14] arerelyingon RDF/S,
to describesuchanontology However, eachvendors catalogprovidesa differentsetof informationfor their
productsfor instanceghe Sory catalogindicatesheautonomyof eachlaptop,while thelBM indicatesabattery
referenceAlso theclassi cationswithin thecatalogdiffer, for instanceSory hasseparateateyoriesfor laptop
andpalmtop,while IBM hasa singlecateyory for portablecomputersetc. This oftenimpliesthattheresulting
globalontologywill beafairly complex hierarchywith mary differentclassesandpropertiedor theseclasses.
Understandingherelationshipbetweertheseclasseshenbecomegssential.

As sourcesexporttheirdatain XML, integrationinto thatcommonontologyis moreeasilyspeci edusing
anXML languagdike XQuery Thisresultsn amismatchbetweerthedataproducedn XML andtheontology
descriptionn RDF/S.Figure3 shavs anexampleof anRDFSgraphdescribinghetargetsemanticsandof an
integratedXML documenigeneratedrom the sources. A rst useof auni ed XML andRDF modelis to be
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<catalog>
<portable ref="Sony 1321 A">

<name>Vaio</name>
<vendor>Sony</vendor>
<in_stock>true</in_stock>
<price currency="USD">3000</price>

Target <autonomy>180</autonomy>

Application <review rid="00977">Pretty Smart</review>

</portable>

Target Application

T 2/5&1ta|0g>

l

<catalog vendor="Sony>

<item type="Vaio"> Mediator
XML-based <code>1321-A</code> ediato <desc_table>
Data Integration <in_stock>true</in_stock> <desc>
System :prl[ce>3000§£1p<r}cet> - <ref>1312 A/S/ony</name>
autonomy>3h</autonomy: <name>Vaio</name>
<litem> <review>Pretty smart</review>
<item type="Battery"> </desc>
<code>333-B<code> </desc>
<in_stock>false</in_stock> <ref>Jim</ref>
<price>500</price> Wrapper | Wrapper <name> ADAFAS</name>
<weight>33</weight> <review>.....</review>
<litem> </desc>
Q}éétalog> </Hésc_table>
code="#1321"; in_stock="true"; Document . Review Table
Legacy Sources price="3000";autonomy="3h" Management Relational ref name [review
) System Database
code="#1412";in_stock="false";

1312-!/ Son
price"500";weight="33" Y

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

Figure2: XML-baseddataintegration

ableto relatetheintegratedXML informationto its intendedmeaningn RDF. In sectiond we will seehow our
modeltheorycanbeusedo understandherelationshipbetweerthe XML documengandits intendedsemantics
in RDF.

It is importantto note that the XML documentresultingfrom integrationre ects someof the semantic
hierarchyof the ontology Assumingthetargetapplicationwantsto accessll the computerghathave certain
characteristicggneshouldbeableto write an XML queryto dothat. Howeveratthe XML level, theconnection
betweenthe elementmamege.g.,desktop , laptop andcomputers ) would not be availableto an XML
qgueryprocessowithoutknowledgeof the semanticgayer In section5 we will seehow onecanuseour model
theoryto performsuchsemanticgjueryingfor XML documents.

2.1 Other Scenariosfor the Yin/Yang Web

We took the dataintegration examplefor easeof exposureandthe striking needfor interactionbetweenthe
semantiandthe dataworlds. But thereis no shortageof importantapplicationdor the Yin/YangWeh

2.1.1 XML Dialects

Thedevelopmenbf domain-speci cdialectss animportantactivity areaaroundXML. Witnessof thatactiity,
the Oasisconsortium[26] hostsseveral dozensof dialectsthat describeinformationfrom almostall possible
domainsof humanknowledge(e.g.,music,theology),industrysegments(e.g.,car manufcturing,voice inter
face),or speci c trans\ersalactvities (e.g.,Webpresentationvith XHTML, calendars).

Thesedialectsallow communitieso shareinformationin a commonsyntax. Yet, this commonsyntaxis
only a meansto shareinformationwith an agreedupon semantics.lt is thereforeessentiato develop that
dialectbasedon a mutually sharedunderstandingSemantianodelingtools[7, 21] provide servicedo de ne
ontologiedfor a givenapplicationor domain.After the modelingphasethis usuallyresultsin a concreteXML



RDF Schema

ref

vendor

Product

Company

contract

autonopr

<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="Compag 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 Schemars. XML Data




Schemain which partof thesemanticss eitherlost(e.qg. thedistinctionbetweeranentityandarelationship)r

deprecatede.g. typedreferenceso objectcanbepreseredonly asintegrity constraints)In theYin/YangWeb,

the applicationscanbe given full accesgo the data(XML), structure(XML Schema)hut alsoit's complete
intendedsemantic§RDF/S).

2.1.2 Websewices

High-level servicedescriptionlanguagesgcan be written in a semanticlanguage(for instanceDAML-S in
DAML+OIL). Lowerlevel actvities, includingpassingnessagebetweerservicesinsteaduseXML, possibly
including XML Schemavalidation. In the Yin/YangWeb, thesetwo levels canbe rmly joined andclearly
relatedto eachother

3 TheYin/YangApproach

3.1 Processingnformation onthe Web

When an applicationgatherssomeinformationfrom the Web, this informationis usuallyaccessedsa le,
mostoftenin XML syntax.This le goesthroughsereral stagedeforethe actualmeaningof the information
is accessibldo the application. Accordingto currentW3C architecturesinitial stagedall into the cateyory
of producingan abstractsyntaxtreefor a documentresultingin one of the variousdatamodels,suchasthe
XQuerydatamodel[12] for dataor documentsor the RDF model[18], for semantidnformation. Eachstage
in theseprocesseproduceanabstractiorof the original documentandcanbothremove informationthatthey
deemirrelevant(suchasnonsigni cant white space andaddimpliedinformation(suchastypinginformation).
Althoughthey performvery similartaskstherearesigni cant differencesetweertheinitial processingtages
of XML documentsandof RDF documents.

After parsing XML documentareusuallyvalidatedagainsea DTD or XML SchemaAs well ascheck-
ing thatall andonly the indicatedconstraintsareveri ed, this processalsoaddssomeimportantinfor-
mationto the documentssuchasdefault valuesdatatypessomederiationinformation,etc. This result
in a post-sbhemavalidationinfoset which canthenbeloadedinto the XQuery datamodelfor querying.
XQuerydatamodelstructuregprovide atreerepresentationf the XML documentandcanbe accessed
by applicationsvia a functionalinterface.

ParsingRDF documentgesultsin an RDF graphstructure,similar to the XQuery datamodel, but a

graphinsteadof atree. This graphstructureis given semanticdby meansof a modeltheory[16]. Many

RDFSconstructssuchasits subclasproperty resultin constraintsn themodeltheory suchasrequiring
thatcertainkinds of relationshipsaretransitve. The modeltheorydoesnot specifyhow thesesemantic
constraintsareto be implemented.The modeltheoryalsodoesnot provide a datastructurethatcanbe

accessedOn the otherhand,accesgo the semantidnformationin a documentcan be performedvia

softwarethatimplementdogical operation®n thethe modeltheory suchasentailment.

The existenceof thesetwo distinctmodels,alongwith distinct processingtagedor XML andfor RDF is
the mainreasorthat preventsapplicationdrom dealingwith informationboth at a datalevel andat a semantic
level. In addition,dueto the similarity of processingn both casesthereis importantduplicationof work. Our
approachs to reuseasmuchXML processin@spossiblebeforeaddingsemantidayers.In anutshellwe rst
build aninstanceof the XQuerydatamodelfor XML, RDF andeven RDFSdocumentsThis alreadysupports
structuralmanipulationfor data-orienteépplicationsover XML, RDF or RDF schemanformation. Then,we
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Figure4: Yin/Yangmodel

usethatdatamodelin amodeltheoryin orderto supportsemanticeasoningThestagesn theYin/Yangmodel
aredescriben Figure4.

This processingrchitectureéhasthe following advantages First, it builds on existing XML processorss
muchaspossible which reduceghework requiredto developa semantigorocessorlt providestight coupling
betweerthe datalayersandthe semantidayers.It allows dataapplicationgo bene t from semantiadeasoning.
It allows semantic-basedpplicationdo accesslataconsistently Beforewe explain moreaboutthe Yin/Yang
modelitself, we brie y give somebackgroundnformationon the XQuerydatamodelandon modeltheory

3.2 From Syntaxto Data Model

For our purposesa datamodelis a collectionof datatypesthatcanbe usedto constructan abstracwiew of a
webdocumentor collectionof documents)alongwith functionsthatallow accesso theinformationcontained
in valuesbelongingto thesetypes. Datamodelsgenerallyalsohave constructiorfunctions,but we will notbe
talking muchaboutthe constructiorof the datamodelandsowill mostlyignorethem.

The XQuery 1.0 and XPath 2.0 DataModel (henceforti'datamodel”) representan XML documen@sa
collectionof nodesof differentkinds,arrangedn atree.For example anelemennhodein thedatamodel,which
correspondso an XML elementinformationitem hasaccessor$or its name,parent,namespacesttributes,
and children, as one would expect. The datamodelincludesothertypesof nodes,suchas attribute nodes,



namespacaodescommeninodesandtext nodes.

Onereasorthatwe areusingthis datamodelis thatit containssupportfor DTD andXML Schemavalida-
tion. To accessnformationgatheredrom validation,the datamodelprovidesaccessorfor the XML Schema
type associateavith mary kindsof nodesand,if thetypeis asimpleXML Schemalatatypeto the sequence
of typedvaluesresultingfrom XML Schemaprocessingf thetext within the node(for elementnodes)or the
valueof the node(for attribute nodes).

Sothe rst phaseof the processingof an XML documentor collectionof documentsso far aswe are
concernedresultsin thetreeor forestof nodesn thedatamodel. This processingncludesnotonly the parsing
of thedocumentput alsoDTD andXML Schemavalidationanddecoration.

3.3 From Data Model to Semantics

Thenext phaseof our approachs to move from thedatamodelinto the semantiadealm.We do this by adopting
corventionsfrom modeltheory a branchof mathematicshatis usedto provide meaningfor mary logicsand
representatioformalisms,andhasrecentlybeenappliedto severalweb-relatedormalisms namelyRDF [16].
andDAML+OIL [30].

Oneof the particularitiesof our approachs the choiceof relying on two distinct paradigms:datamodel
for data,andmodeltheoryfor semanticsThereareseveral fundamentatlifferencesetweerdatamodelsand
modeltheoryapproachethatjustify thatchoice.

Information retention: Datamodelstendto retainalmostall of the informationin theinputdocumentsuch
ascommentsandthe exactform of typedvalues.In modeltheory on the otherhand,thereis a decision
madeon justwhich kind of informationto retain,andwhich kind of informationis ignored.lIt is typical
in modeltheoriesto usesetsinsteadof sequenceandthusto ignorethe orderin which informationis
presented.

Directionof o w: In datamodelsthereis a procesf generatinga datamodelfrom aninput documentand
thustheresultis constructedrom the input. In modeltheory on the otherhand,the interpretationsre
simply mathematicabbjectsthatarenot constructedhtall. Insteadthereis arelationshipgbetweersyntax
constructsand interpretationghat determineswvhich interpretationsare compatiblewith a document.
Generallytherearemary interpretationgshataresocompatible notjustone.

Schemavs. Data: Datamodelapproachessuallymalke a fundamentatlistinctionbetweenschemaanddata.
In modeltheory both schemaand dataare part of a modelon which one can performreasoning.As
shavn on Figure 4, this allows us to dealwith both RDF and RDFSin a commonway, while some
aspect®f XML Schemawill remainout of the scopeof theinferencesystem.

3.4 Using modeltheory for reasoning

In a modeltheory we endup with not just a singleinterpretationor model, but insteada collection of inter
pretationsor models. Thesemodelscanbe thoughtof asthe differentwaysthatthe world canbe andstill be
compatiblewith theinformationin theinputdocument.

Whatis generallydonenext in modeltheoryis to de ne arelationshipbetweennput syntaxcalledentail-
ment,which canbereadas“follows from”. A collectionof sentencegor documents)calledthe antecedents,
entailsa sentencéor document)calledtheconsequenif every interpretatiorthatis a modelfor eachelement
of the collectionis alsoa modelfor the consequentThis relationshipcanbe readas“if theworld is compat-
ible with eachantecedentthenit is alsocompatiblewith the consequentbr “if eachantecedenis true then
sois the consequerit. It is possibleto think of entailmentasa versionof relationalretrieval wherethe query



speci esexplicit valuesfor all elementof thetuple,i.e, thereis at mostonepossibleanswer Generalizations
of entailmenthave beenusedthat allow openvariablesin the consequentiesultingin a versionof entailment
closeto retrieval.

Noteagainthatthekind of reasoninghatcanbeachieveddepend®ntheexpressie powver of thesemantics
descriptionlanguage Again, in this paperwe arelimited in functionality by the expressienessof RDFS, but
we intendto investigatanoreexpressie formalismsin thefuture.

4 TheYin/YangModel Theory

4.1 Processingof input documents

Our modeltheorystartswith atreestructurecomposedf a setof nodes N, in the XQuery 1.0 andXPath2.0

DataModel[12]. This treestructurecorresponds$o an XML or RDF document(or collectionof documents)
that have alreadybeenthrougha seriousamountof processingnotably parsingandschemavalidation. Each

treenode, , is assumedo have a mapping, which is the mapfrom stringsto quali ed namesgiven

thenamespacdeclarationsn scopeatthenode.

4.2 Example

Considetthefollowing piecesof anXML documen{actuallyRDF with anXML Schemalatatypeextension):

<Laptop rdf:about="Vaio505G">
<manufacturer rdf:resource="Sony"/>
<price  xsiitype="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 documents parsedandthenloadedinto the XQuery datamodel. This resultsin the following data
set,written herein a simpledatastructurewherenodesarerepresentedstuplescontainingtherelevantbits of
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 structurecanthen be accessedising the XQuery datamodel accessopperationson nodes,can be
qgueriedusingXQuery; etc.

4.3 Resources,Names,Values,and Datatypes

The Yin/Yang model theory assumes universeof resourcesand datavalues. For simplicity, we malke the
assumptiorthatQNamesaresuitableasRDF identi ers, but readersouldreadthedocumensubstitutingRDF
identi ers for QNames (A full treatmenbf RDF identi ers is somavhatmessysoa simplertreatmenis used
here.)Theconstructiorrdf: refersto the QNamewith local name andURI (therdf URI):
http://www.w3.0rg/1999/02/22-rdf-syntax-ns.

De nition 4.1 We call thelexical spaceof strings,and the value spaceof QNamesi.e., pairsof URIs
andlocal parts. We call thesubsebf correspondingo XML Schemarimitive datatypesand the
unionof thevaluespace®f the XML Schemarimitive datatypesin RDF elementof aregenerallycalled
literals. Thefunction , (where isthepowersetoperatormapsXML Schemaprimitive
datatypeso theirvaluespacesnd , mapsXML Schemarimitive datatypeso their
lexical to valuemaps.We de ne theunionof thedatatypemappings , Where

iff for someXML Schemalatatype .

4.4 Yin/YangInter pretations

Interpretationsare the essentiacomponenof our modeltheory An interpretationcorrespondso one pos-
sible way the world canbe, henceencodinga certainmeaningfor the information manipulatedby an appli-
cation. Interpretationggive informationaboutresourcesand relatedresourceghroughrelationshipsand se-
manticconstraints.For instance pneresourcanay be a , relatedto anotherresource througha

property We now de ne a notion of interpretationthatis suitablefor both XML and RDF
documentsthroughthe XQuerydatamodel.

De nition 4.2 An interpretation is asix-tuple:
, Where:

is asetof resources,
is asetof relationships,

mapsrelationshipgo theresourceshey relate,
mapsclassresourceso their extensions,
providesalocal orderontherelationshipsand

is apartialmapfrom QNamedo resources.
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An interpretationcan be thoughtof asa multigraphwith an orderingon the edges.Resourceg ) form

the nodesof the graph. Edgesof the graphare formed from relationshipy ) and . For instancea
relationship:
with
indicateshattheresource is relatedto theresource , andarelationship:
with
indicatesthat the resource is relatedto the resource . We remarkthat thereis no
distinction at this point between , asaninstanceof a class,and , Which is a property

This allows themodeltheoryto represenarbitraryXML documentswhile we will seewe canstill recoverthe
traditionalRDF semantics.
provides a mappingbetweensyntax (QNames)and their denotation(resources). givesa meansto

identify theseentitiesusingQNames.Thereis no requirementhatall resource$ave corresponding)Names,
noris therearequirementhatQNamesareall mappedo differentresources.

providestyping informationfor resourcesFor instance jf isin then
theresource is of type . Looselyspeakingin RDFterms senesfor bothpropertyand
classextensions Or, considere@nothemway, a propertyis presentedsatypewhosevaluesandrelatedtuples
identify arcsin thetraditionalRDF graphstructure.

Finally, providesorderinginformationbetweertherelationshipghatarerelatedto acommonresource.
Thisinformationis notusuallypartof RDF modeltheorieq16], but it is importantto capturedocumenorder
in XML documents.We add one specialattribute to RDF, rdf:order , to indicatethat a nodeshouldnot
have its outgoingrelationshipsrdered.This is not anideal solution. We have consideredddinga ag to the
semanticgo indicateordering,but decidedo usethis simplemethodfor now.

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

is astrictpartialorder

If then and have astheir rst element.
If , ,

and then

If and then

If then , providedthat isde nedon .

12



The rst andsecondconditionssaythat is a strictorderingover the relationshipsemanatingrom .
Thethird, fourth,and fth conditionsprovide partof the meaningfor someof the built-in RDF vocalulary:

Thesixth andseventhconditionsrelatethetwo waysof providing typing for resourcespnevia and
oneviardfitype  links. Thisis neededecausedf.type is partof boththetheoryandthe metatheoryof
RDEF As partof thetheoryof RDF, rdfitype  is givenadenotationandrelationshipsmpingeonit. As part
of the metatheoryof RDF, theserelationshipamposeconditionson the extension( ) of RDF classes.
Thesixth conditiongoesfrom rdf:type  links to CEXTfor all resourceganddatavalueswhereashe seventh
conditiongoesthe otherway, but notfor datavalues.

Theeighthconditionsprovidesmeaningor XML Schemaprimitive datatypeslt ensureshatthe extension
of aresourcahatcorrespondso anXML Schemarimitive datatypds thevaluespaceof thatdatatype.

4.5 Example

In Figure5 we presenanRDF graph(theoriginalmethodfor providing meaningo RDFdocumentsandpart of
aninterpretationTheinterpretations presentedh theform of agraph.Mostnodesareresources, e.,elements
of ;thenodewith 3000next toit is theinteger3000andthe nodewith “www.sory.com” next to it is a string,
both datavalues.(Thelabelson resourcenodesarejust sothatthey canbereferredto in thetext belon.) The
mapping isgivenbythedashedrravsfrom QNamedo thenodes Relationshipsn theinterpretatio( and

) areshavn aslinks betweerthe resourcesFinally contains ,

This is only a partial representatiof aninterpretationasit doesnot incorporaterdf:Descriptio n
andrdf:Property , relationshipgo them,and for them. Nor doesthe graphspecifythe ordering
relationshipghatcomefrom thedocumenbrder

As anabbreiation, wewill useatriple notation,sayingthat isin iff thereis someresource
suchthat , , and . For exampleto indicatethat is related
to througha resourcave will use

4.6 Recovering RDF meaning

As onecanseein Figure5, RDF graphamalke a cleardistinctionbetweerclassesandpropertieswhile this dis-
tinctionis not presentn our modeltheoryin orderto dealwith XML documentsSitill, RDF graphscorrespond
to a precisesubsebf our interpretationsin a nutshell, RDF graphscorrespondso interpretationsn which a
properalternationbetweerclasseandpropertiesexists.

This statements mademorepreciseby thefollowing de nition.

De nition 4.4 Givenaninterpretation:

let
If makes bipartite,i.e.,all for eitheroriginateor terminate put notboth,in , and
alsofor each thereis exactly one with of theform for some andexactly one
with of theform for some , then is abipartiteinterpretation

13
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A bipartiteinterpretatiorcanbeturnedinto aninterpretatiorin the RDF modeltheory[16] by:

takingeachpair of relationships

where , ,and in
replacingit with in for each suchthat
thenadding foreach in for notin

4.7 Modelsof XML and RDF documents

Now thatwe have de ned our notion of interpretationwe needto explain how instancef the XQuery data
modelcorrespondo theseinterpretationsin otherwords, how correspondso dataset above. Intu-
itively, eachnodein the XQuery datamodelis mappedo a resourcén theinterpretationand relation-
shipsarebuilt accordingo theoriginaltreestructureof theXQuerydatamodelinstance Ontop of thatthespe-
cic XML SchemaandRDF attributesxsi:type , rdf:ID |, rdf:about |, rdfitype , rdfiresource ,
andrdf:order aretreatedspeciallyin orderto build atheoryof RDF documentghatre ect theirintended
meaning.

De nition 4.5
An interpretation is amodelfor adataset if isde nedonall namesn
, andtherearemappings and ,where consistof theattributenodes

in . Further theinterpretatiorandmappinghave to satisfythefollowing conditions.Althoughtherearea lot
of conditionshere they all really boil down to doingthe obviousthing.

For each anelemeniode,

- and
— If hasanattributewith namerdf:ID  andstring-\alue then

— If hasanattribute with namerdf:about  andstring-\alue then .
(Thistreatsrdf:ID  andrdf:about  asexactly the samewhich is not quite correctbut a full
treatmentvould have to addresshe messydifferencedetweerQNamesandRDF identi ers.)

— If hasanattribute with namerdf:.resource andstring-\alue thenthereis an with
— If  hasan attribute with namerdf:type andstring-value then

— For eachattribute node, , of , exceptfor attributeswith ary of the speci ¢ namesabove, then
thereis an with

— If hasasimpletype, ,then
for eachof the typed-walues, , of thereisan with:

if hasnoattribute with namerdf:order andvalue"false"  then:
for

— If doesnothave asimpletype,then

for eachof the elemenbr text childrennodes, , of ,in documenbrderthereis an
with
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if  hasno attribute with namerdf:order andvalue"false" then for

For each atext node and

For each anattribute node exceptfor attributeswith ary of the speci c namesabore,
- and
- and
— Thereis some with:

If hasasimpletype, ,then:

For each areferencenode,

De nition 4.6 An RDFmodel for isanRDFinterpretation thatis amodelfor

4.8 Example

Now theinterpretationin Figure5 is a modelfor the documentbore underthe mapping ,

) 1 ) b ) and
. Theothernodesare“structuralnodes”andthusdo nothave amapping.As XML Schema
datatype®nly shav upin the“structural” nodesthey don't needto bepresent.

) ’

4.9 Entailment

Finally, we arenow readyto de ne anotionof entailmentfor XML andRDF datasets.

De nition 4.7 A dataset entailsanothedataset iff everyRDFmodelof isalsoanRDF modelof
A collectionof datasetsentailsanotherdataset  iff every RDF modelof every elementof the collectionis
alsoanRDF modelof

As we will seein Section5, entailmentis the mainreasoningool thatwe will useatthe applicationlevel.
Entailmentcapturesvalid reasoningin thatif adataset is entailedby another , theinformationin in
implicitly presenin

4.10 Dealingwith RDF Schema

RDF SchemaRDFS)is an extensionof RDF that hasa vocalulary for statingrelationshipsbetweenclasses
andpropertiesaswell assomebuilt-in meaningfor this vocalulary.

We handlethe RDFSvocalulary by requiringthat an RDFS interpretationinclude the following triples.
(Actually thereis moreRDFSvocalulary thangivenbelow, but it is notimportant.)
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<S(rdf:Description),S(rdf:type),

<S(rdf:Description),S(rdfs:subClassOf),S(rdf

<S(rdfs:Resource),
<S(rdfs:Resource),
<S(rdf:Property),
<S(rdfs:Class),
<S(rdfs:Literal),
<S(rdf:type),
<S(rdfs:subClassOf),
<S(rdfs:subPropertyOf),
<S(rdfs:Class),
<S(rdf:type),
<S(rdfs:subClassOf),
<S(rdfs:subClassOf),
<S(rdfs:subPropertyOf),
<S(rdfs:subPropertyOf),
<S(rdfs:range),
<S(rdfs:range),
<S(rdfs:domain),
<S(rdfs:domain),

S(rdf:type),
S(rdf:type),
S(rdf:type),
S(rdf:type),
S(rdf:type),
S(rdf:type),
S(rdf:type),

S(rdfs:subClassOf),
S(rdfs:range),

S(rdfs:domain),
S(rdfs:range),
S(rdfs:domain),
S(rdfs:range),
S(rdfs:domain),
S(rdfs:range),
S(rdfs:domain),
S(rdfs:range),

S(rdfs:Class)>

s:Resou rce)>
S(rdfs:subClassOf),S(rdf:Description)>

S(rdfs:Class)>
S(rdfs:Class)>
S(rdfs:Class)>
S(rdfs:Class)>
S(rdf:Property)>
S(rdf:Property)>
S(rdf:Property)>
S(rdfs:Resource)>
S(rdfs:Class)>
S(rdfs:Class)>
S(rdfs:Class)>
S(rdf:Property)>
S(rdf:Property)>
S(rdf:Property)>
S(rdfs:Class)>
S(rdf:Property)>
S(rdfs:Class)>

RDFSinterpretationglsomustmeetthefollowing additionalconstraints:

If
and
then

If
and
then

If
and
then

If
and
then

If
and
then

If
and
then

Now the RDFSanalogue®f RDF modelsandRDF entailmentarede ned in the obviousway.

De nition 4.8 An RDFSmodelfor a dataset
RDFS-entailanotherdataset
datasetsRDFS-entailsanotherdataset

RDFSmodelof
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4.11 Caveats

This is quite a bit of machinery Someof it is requiredto handlethe two ways, XML andRDF, of looking at
theworld, andsomeof it is requiredto handlethe vocalulary of RDF. We feel thatthis modeltheorycaptures
theimportantpartsof XML andRDF, but therearesomeaspect®f both XML andRDF thatit is missing.

The modeltheoryexplicitly discardsasirrelevant mostof the formattingaspectof the initial document.
Similarly it alsodiscardsasirrelevantthelexical form of elementghathave XML SchemadatatypesThereis
no way of recaveringthe exactcharactesequencef theinitial documenfrom the modeltheory

Justaboutthe only signi cant aspeciof XML documentghat arenot handledin the modeltheoryis the
distinctionbetweerattributesandelementsThis is discardedo obtainconsisteng with RDF,

Onthe RDF sideour schemealoesnot handlecertainRDF constructs.The meaningof rei cation in RDF
and RDF containershave not yet beendetermined so the modeltheory doesnot addresgshem. One RDF
shorthandorm is counterto XML practiceandthusis not handledn the modeltheory As syntaxprocessing
is completelyhandledby XML, ourschemecannothandlethe RDF parsetype  extension.

5 Applications

We cannow go backto our catalogexamplefrom Figure2. Remembethatthe dataintegrationis donein two
steps.On the semanticside,oneneeddo designandbuild a global ontologyfor theinformationmanipulated
by the tamet application. On the dataside, he accessedatafrom variousinformationprovidersusing XML,
resultingin amismatchbetweerdataandsemanticsasillustratedon Figure3.

5.1 SemanticConsequences

The rst resultof our integrationis thatthe semanticconsequencesf the RDF Schemanformationare ap-
plied to the the XML data. For example,the Compaq 4XDF is a portable  becausdhat informationis
entailedfrom thefactthatit is a PDAandthe classrelationshipsn the RDF Schemanformation. This entailed
informationis availableto applicationghataccesshe datamodelview.

We arestill exploring the variouscapabilitiesthat a powerful inferencesystemcan supportin the XML
world. Still, therearetwo importantremarkso bemade.First, it is alwayspossibleo importmoreinformation
for reasoningFor instanceit is quite commonthatvariousterminologiesor vocalularieswill beusedbetween
thedatasourcesandin theontology Following Fundulaki[1], RDFS—henceour modeltheory—is expressie
enoughto capturestandardthesaurusdescriptionsand incorporatethemin the reasoning. For instance,if
onewould usemanufacturer  insteadof vendor , the systemwould still be ableto gure our semantics
relationshipsandinconsistencieassuminghesearedeclarecashomorymsin thethesaurus.

5.2 Querying RDF

A secondimportantapplicationof the Yin/Yang modelis relatedto queryingRDF with XQuery. Robie et
al [28] proposeoneapproacho queryRDF andtopic mapsdocumentsisingXQuery Oneof thebene tsthey
gainis theability to queryboth XML andRDF informationin anuniformframework. Still, adif culty of their
approachreliesin lack of understandingf the semantideaturesof RDF in the XQuery datamodel. To solwe

thatproblem,[28] usesspecial-purpostunctionsin XQuerythatperformsomepartof thereasoning.

In theYin/Yangmodel,onenow hasaccesdo boththe datamodelrepresentatioandthe semanticof the
RDF information. Hence,onecanuseXQueryto accesghe datastructureof the RDF documentwhile using
entailmentto accessts semanticsFor instancethe following functionfrom [28] performsa recursie access
ontheclasshierarchyin orderto gure outwhetheranentity is aninstanceof a givenclass.
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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)) )

Thisfunctioncanbede ned directly throughentailmenin the following 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 thosedescriptionssd in $t suchthatthe currentsemanticqrepresentedsa

globalvariablesyin:iyang ) entailsthe statemengwritten herein rdf syntax)that$d is of class$base-name .
Indeed, model theory and entailmentprovide a preciseformal foundationfor the techniquesresented
in [28]. Entailmentalsoallows to performmore comple reasoningthat cannotbe capturedby a nite set
of functions. For instance pnecanaskwhetherall companieswith a contractare partnerswith the following
entailmentguery(notethe useof parenthesis the XQuerysyntaxto separat@arametersf 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 somavhatinterestingemarkis thatourwork would alsoallow a corverseapproacho theoneof Robieet
al, by usinganRDF querylanguagesuchasRQL [17] onthemodeltheoryrepresentationf XML documents,
henceallowing to querybothXML andRDFwith andRDF querylanguageNoteagainthatwe arejuststarting
to explorethe possibilitiesprovided by suchsemanticseasoningn RDF aswell asin XML. We cannofgointo
moredetailsdueto spacdimitation, but we believe thesesimple examplesaregiving someideasof the mary
interestingpossibilitiesopenby our approach.

5.3 Semanticintegrity

Anotherinterestingguestionto askasa useris whetherthe databuilt throughtheintegrationsystems seman-
tically consistentvith thetargetontology If thereareno modelsfor boththe RDF Schemanformationandthe
XML datathenthereis somesemantidnconsisteng betweerthem.
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Unfortunately RDF Schemais too weakto provide this sort of reasoning.For example,if a mistale in
theinput causes resourceo be botha Compary anda Product this is nota semanticerror, asCompary and
Productarenot necessarilyisjoint. This disjointnescannotbeenforcedn RDF SchemaAdding disjointness
reasoningo ourapproachwouldrequiremorepowerful semantidormalisms suchastheDAML+OIL ontology
languagd31].

Therearealsootherformsof reasoningve arenotableto do dueto theexpressie powver limitationsof RDF
Schema.We cannotperformary recognitionon the information, suchasdeterminingthatan IBM computer
thathasa portablepropertybelongsto the samecatayory asa SONY laptop. Again suchinferenceis available
in newer proposaldor the semantioveb,suchasDAML+OIL.

6 Implementation

Theapproactwe have outlinedhassereralimplementatioradwvantagesFirstandforemostastheinitial stages
of processingor both XML and RDF documentsarethe same thereis no needto have a syntaxprocessor
for RDFE. SecondtheapproactintegratesXML Schemalatatypeseliminatingthe needfor a separateatatype
implementatiorfor RDF,

As aresult,animplementatiorof theentireYin/Yangmodelcanbequickly andeasilywritten, by exploiting
tools for the XQuery datamodel. In fact, we have written aninitial referencamplementatiorof the scheme
in OCaml[19]. Thisimplementatiorbuilds on the GalaxXQueryengine[15] anddatamodelimplementation,
andourimplementatiorontop of it is only about300linesof code.

Althoughourimplementatioris not completejt providesthecoreof whatis neededor acompletesystem
basedn our schemethe mappingfrom the XQuerydatamodelandthe entailmentalgorithm. Thisimplemen-
tationis availableat®:

http://db.bell-labs.com/user/pfps/xmlirdf-semantics.ml.

Theimplementatiorusesthefactthata canonicaimodelexistsfor our schemeThis is atraditionalimple-
mentationtechniqueor semantiacgeasonersGivena collectionof XML andRDF documentstheimplementa-
tion builds a canonicalmodelfor them. This canonicalmodelcanthenbe usedto determinewhetheranother
documents entailedby the original documents.

7 Future Work and Conclusion

Ourwork aimsat providing boththedataandsemanticaccessequiredby mary of thenew Webapplications.
We have presentedn original framewvork andmodelfor a Web thatintegratesboth syntaxandsemanticsthe
Yin/YangWeh This uni ed Web is obtainedthrougha tighter integration betweenXML and RDF, andwe
believe suchintegrationis essentiafor the comingSemantidNebervisionedby matry.

We seethis work asfoundationalandatthis pointit is raisingmary new interestingbut probablydif cult,
guestions. The olbvious next stepis to understangreciselyhow muchof XML Schemacanand shouldbe
incorporatednto the semantidramevork. We only touchedthe problemby addressindgwo aspectof XML
Schemahatareeasyto capturein our semantidramevork: ID/IDREF andtype nameshierarchy Still, XML
Schemancludesa very large numberof constructghataremoredif cult to handlein a semantidramewvork
suchasregularexpressionsandarity constraints.

Also onthequeryingpart,we believe both XML andRDF userscouldbene t from the proposedramevork
andwe intendto explorethatin moredepth.Notably it is not clearto uswhetherit would be moresuitableto

3Thisis atemporaryplacemenfor review purposenly.
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querythe Yin/YangWeb by extendingan XML QuerylanguagesuchasXQuery, by extendingan RDF query
languagesuchasRQL, or by designinga uni ed languagehatwould provide somefeaturesof both.

Anotherinterestingdirectionis to extendthis schemdo more-epressie formalisms suchasDAML+OIL.
The problemhereis that DAML+OIL includesconstructghatviolate oneof the fundamentahssumption®sf
XML andRDF All constructandXML andRDF areconjunctve, in thatthe meaningof anentirecollection
of documentss the conjunctionof the meaningof eachof the pieces.Handlingnon-conjunctie constructsn
anupwardly-compatibldashionrequiresa differenttreatmenbf DAML+OIL thanin its semantics(Thebasic
changewould beto treatDAML+OIL syntaxin amoreXML-lik e fashionj. e.,asatree,ratherthanits current
RDF fashion.)

Otherextensiongo our schemeare alsopossible potentiallyleadingto a uni ed semanticgor the entire
semantiaveblayercale. As our modeltheoryis somavhatdifferentfrom the standardogical modeltheories,
somework will berequiredcreatea compatiblemodeltheoryfor logicslike rst-order logic.
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