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Résume

C-Web est un ensembled’outils pour une communaté d’
utilisateurs qui partagent desinformationsassocéesa un
domainespeécifiqguea travers le Weh Le composanessen-
tiel decesysémeestuneontologie qui estpartagéeentre les
membesdela communatéet utiliséecommaenterfacecom-
munpour I'int égration, interrogationet échange desinform-
ations. Danscet article nousdécrivonsun langage simple
maispuissantpour I'int égration de documentXML dansC-
Weh Pluspréciementnousillustronscommenbn peutex-
ploiter et intégrer de serveus WWeb capablede réponde &
desreqletesXPath. Cetintégration estfaite par desrégles
d’associationde cheminsd’éxpressionXPath aux concepts
et roles de I'ontologie. Nous décrivonsun algorithme de
reécriture de reqetesqui utilise cesreglespour reformuler
unereqeteutilisateura un ensemblelereqlétesXPath. En
outre, on décrit destedhniquesd’évaluationqui nous per-
mettenderéduire le volumedesfragmentsXML envoyéspar
lessourcespendant’ évaluationd’'unereqléte

Mots clés : communaw web, ontologies, XML,
XPath,réglesd’associationtraductiondereqétes

Abstract

A Community\eb portal is a setof tools for a community
of peoplewho want to share information on a certain do-
main via the Weh The badkboneof this systems an onto-
logy which is undeistoodby all membes of the community
and usedas the commoninterfacecomponenfor integrat-
ing, querying structuringand exchanginginformation. This
paperdescribes simplebut neverthelespowerfullanguage
for integrating XML documentsnto a CommunityW\eb sys-
tem. More precisely we describehow to add and exploit
XPath enabledWeb serves by mappingstandad XPath loc-
ation pathsto conceptuapathsin the systermontolagy. We
presenta queryrewriting algorithmusingsud mappings.t
transformsa userqueryinto a setof XML queriesbasedon
XPath patternsfor selectingKML fragments Finally, wede-
scribe someevaluation techniquesfor reducingthe size of
XML datareturnedby the XML sourcefor queryevaluation.

Keywords: communityweb, ontology, XML, XPath, map-
ping rules,querytranslation

1 Intr oduction

The C-Web (CommunityWeb) project? [3, 2] aimsat sup-
porting the sharing,integrationandretrieval of information
in a specificdomainof interest. The main objective is to
provide to a group of peoplewho desireto accessand ex-
changeknowledgeandinformationin this domain,theinfra-
structurefor publishinginformationsourcesandformulating
structued queriesby taking into consideratiorthe concep-
tual representationf the domainin form of anontology.

In our first C-Web prototype[3] we have proposeda (con-
tent) descriptionlanguage to describe(index) the contents
of Webresourcegidentifiedby URLS) in termsof adomain
specificontolagy extendedwith specializedhesauri[4]. Re-
sourcedescriptionsare storedin a descriptionbaseandthe
resultto someuserqueryis alist of URLs. Theactualsource
contentsand structureare completelyignoredduring query
evaluation. This hasthe advantagethatit is possibleto se-
manticallyindex ary kind of Web resourcegincluding im-
ages)which arenot necessarilystructuredXML documents
or databaseecords.But an obvious shortcomingof this ap-
proachis thatmanuallyindexing a large collectionof struc-
tureddocumentge.g. XML documentdn an XML repos-
itory) might be a difficult andtedioustask,whereassimilar,
andoften betterresults,could be obtainedby issuingstruc-
turedqueries(e.g. XML queries)againstthe XML reposit-
ory.

In this paperwe areinterestedn the queryingof XML re-
sources.More precisely we want to take advantageof the
structureof XML resourcesgenerallydescribedby a Doc-
umentType Definition (DTD) or an XML schemafor map-
ping XML fragmentgto conceptsandrolesin the ontology
Therearetwo orthogonalobjectiveshere: 1) to be ableto
translateandforward semanticuserqueriesto diverseXML
repositoriesvhile hiding their heterogeneityand2) to limit
the materializationof descriptionson the C-Web repository
whentheinformationis availableon the source.The second
point is particularly relevant when the valuesof someele-
mentschangeovertime.

In thefollowing, we will present

e amappinglanguagerelatingXML fragmentsdescribed
by XPath location pathsto the conceptsandrolesof an
ontology,
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e asimpletreequerylanguage for C-Webportals,

e aqueryrewriting algorithmfor translatingtreequeries
into XML queriesand

e aqueryevaluationstrategy for XPathenabledXML re-
sources.

The paperis organizedasfollows. In Section2 we present
aculturalapplicationexampleto illustrateour approachWe
informally describethe mappingrules that can be defined
betweenXML resourcesnda cultural ontologyandwe il-
lustratehow theserulescanbe exploited for translatingand
evaluatinguserqueries. Relatedwork is discussedn Sec-
tion 3. In Section4 we presentthe mappinglanguagefor
XML resourcesand the semanticsof mappingrules. Tree
gueriesandtherewriting algorithmfor translatingtreequer
ies accordingto a given setof mappingrulesare presented
in Section5. In Section6 we describea query evaluation
stratgyy for XPath enabledXML resources. Finally, Sec-
tion 7 containsa conclusionandfuturework.

2 System Overview through a Cul-
tural Example

Weiillustrateour approacttonsideringheintegrationof cul-
turalinformationsourcesaccessiblérom Web seners. Sup-
posethat http://wwwart.comis a web sener of XML doc-
umentsaboutartistsandart in general. An exampleof an
XML documentve would like to queryandthe correspond-
ing DTD areshavn in Figuresl and?2.

<ARTI ST SCHOOL=' DUTCH >
<NAME>Vi ncent Van Gogh</ NAMVE>
<NATI ONALI TY>Dut ch</ NATI ONALI TY>
<ARTI FACT FORMF' P’ >
<TlI TLE>Church at Auvers</ Tl TLE>
<MATERI AL>O | on Canvas</ MATERI AL>
<LOCATI ON>
Musee d’ Orsay, Paris France
</ LOCATI ON>
</ ARTI FACT>
<ARTI FACT FORME' P’ >
<TlI TLE>Vase Wth Fl owers</ Tl TLE>
<MATERI AL>O | on Canvas</ MATERI AL>
<LOCATI ON>
Van Gogh Museum Amsterdam
</ LOCATI ON>
</ ARTI FACT>
</ ARTI ST>

Figurel: XML documentboutVincentVanGogh

An exampleof anontologyfor culturalartifacts,whichis in-
spiredfrom the ICOM/CIDOC ReferencevlodeP, is shavn
in Fig. 3 asalabeledgraph.Nodesof thegraphcorrespondo
the conceptof the ontologywhich areconnectedy binary
rolesandsimpleinheritance(isa) links.

2http://cidoc.ics.forth.gr/on_intro.html

Ten conceptsand ten roles describeactors (persons)per

forming actwities for producingartifacts. Roles are rep-
resentedby solid arcs and eachrole has an inverserole

which is definedwithin parentheses.Dashedarcsrepres-
ent conceptinheritance. For example, conceptPerson is

a subconcepbf Actor andinheritsrole performed(inverse
role performedby) that relatesactors(instancesof concept
Actor) to actities (instance®f conceptActivity). Obsene
thatwe do not distinguishconcepfattributesfrom roles. For

example,role hasnamedefinedon conceptPerson returns
thenameof apersonin form of aninstanceof concepitype)
String.

1. <! ELEMENT ARTI ST
( NAVE, NATI ONALI TY, ARTI FACT*) >
<! ELEMENT NATI ONALI TY (#PCDATA) >
<I ATTLI ST ARTI ST SCHOOL
(1 TALI AN| DUTCH| OTHER) >
<! ELEMENT NANE (#PCDATA) >
<! ELEMENT ARTI FACT
(TI TLE, MATERI AL, LOCATI ON) >
<! ATTLI ST ARTI FACT FORM (P| S| © >
<! ELEMENT TI TLE (#PCDATA) >
<! ELEMENT LOCATI ON ( #PCDATA) >
<! ELEMENT MATERI AL (#PCDATA) >

I

S w©woXN

Figure2: An XML DTD for Artists

2.1 Mapping XML Resources

Typically sourcedescriptionsas describedn [3] are useful
for storinginformationwhich cannotbeextractedeitherfrom
the documentcontentsor its structure.Thenthe description
basemight help the userto discover sourcesof information
relevantto herquery But if we wantto take advantageof the
documentontentsn acollectionof XML documentsauser
gueryshouldbe translatednto an XML query This canbe
doneif thereexistsa mappingbetweerthe documentstruc-
ture on the onehandandconceptsandrolesin the ontology
ontheotherhand.

As mentionedn [10] thereexist differentwaysfor defining
suchmappingsdependingon the sizeandprecisenessf the
mappingdefinition but alsothe compleity of the queryre-
writing algorithm. Among the differentpossibilities(node-
to-node,path-to-pathtree-to-treegtc.), we have choserthe
path-to-pathapproachand introducerules that map XPath
location pathsto conceptuapathsin the conceptuaschema.
The choiceof XPathaspartof our mappinglanguagss jus-
tified in moredetailin Section3.

For example, the rulesillustratedin Fig. 4 map XML re-
sourcesas describedby the DTD of Fig. 2 to pathsin the
ontology of Fig. 3. Theleft handside of a mappingrule is
calledthesourcepathof therule andconsidersanXPathloc-
ationpath[8] (seeSectiond.1for moredetailsaboutXPath)
evaluatedonthecontet definedby aconcretdJRL or avari-
able. The right handside of a mappingrule is a pathin the
conceptuakchemaalledthe schemapath of therule.
Informally, given suchrules,the interpretationof a concept
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Figure4: Setof MappingRules

in the ontologyis a setof XML fragments.More formally,
aruler : a/q as b «— p wherea is a URL or a vari-
able,b is a variable,q is an XPath locationpathandp is a
schemaath,is interpretedas“the XML fragmentsbtained
by XPath ¢ starting from URL or variable a are boundto
variable b and belongto the setof instancegpopulation)of
the conceptreached by schemapath p” . For example,the
first mappingrule statesthat all elementsof type ARTI ST
anddescendantsf theroot elementof the XML documents
in http://wwwart.comare boundto variablew,; andarein-
stance®f conceptPerson.

In thesameway, rule Rg stateghatall elementof type AR-

Tl FACT anddescendantsf therootelementf XML doc-
umentsin http://wwwart.comareinstancef conceptMan
Made Object.

Rulesalsodefinerole instances.For example,rule R, spe-
cifies that all sub-elementbtainedby evaluating XPath

INAME on somefragmentz obtainedby rule R, correspond
to a string (instanceof conceptString) which is the name
of personz (fragmentsobtainedby rule R, aredefinedas
instancesof conceptPerson). Rule R; createsinstances
of role per formed.has_produced connectingeachelement
(person)z obtainedby rule R; to all fragments(artifacts)
thatcanbeobtainedrom z by applyingXPath/ARTIFACT.

Obsere that, in orderto be consistentwith the conceptual
schemathe concatenatiorof the schemgpathsof rules R,
and R, mustbeapathin the conceptuaschemaandby con-
catenatingsourcepathsof rules R; and Rz, we obtainanen
rule Ri.Ry : http://ww. art. com / ARTI ST/ NAMVE
—Person.has_name. In generalasetof k; rulesthatbind
thevariableu, andasetof k5 rulesthatuseit canbeextended
by asetof k; x ky rules. Thatis, theresultingsetof mapping

rulesafterexpansiormaybeexponentiallylargerthantheset
of ruleswith variables.

Theuseof variableds apowerful tool thathelpsto reducethe
sizeof mappingssometimeguite drastically while making
the structureeasierto understandThe useof differentvari-
ablesenableseparatingontextsin which differentmapping
rulescanapply, or to mapdifferentXPathsto the samevari-
able.To illustratethelatter, considerules Rg and R3 which
have beenbothassignedo variableuy. By this multiple as-
signment,rules R4 and R5 canbe appliedto all fragments
found by usingrule R3 andrule Rg. On the otherhand,if
Rg hadbeenassignedinew variable,sayu, # us, rulesRy
and Ry couldnotbe usedfor finding thetitle andtechniques
of man-madebjectsfoundby rule Rg.

2.2 Query Rewriting and Evaluation

Thebasicmotivationbehind(i) describingsourceor/and(2)

producingmappingsis to provide userswith more power-

ful queryfacilities. Queriesare formulatedin an OQL-like

syntax(Section5.1) consideringthe ontology asa standard
object-orientedlatabasechema.

The following exampleillustratesthe evaluationof a user
qguery Supposehe userasksthe titles of artifactscreated
by theartist PicassoThe userqueryis illustratedin Fig. 5.

select a.performed.haproduced.hasitle

from Persom
where «a.name=“Picasso”

Figure5: Query@1

We illustrate query rewriting with the mappingshown in



Fig. 4. The systemneedsto rewrite the original queryinto
one or more queriesthat find all paintingsof Picassoin
sourcehttp://wwwart.com The resultingqueriesare XML
querieshatusethe XPathlocationpathsdefinedin the map-
pingrules.

Basically a userquery rangesover a setof schemapaths
that have to be decomposednto the schemapathsof the
mappingrules. For example,query @1 in Fig. 5 is com-
posedof three paths: Person, name and performed.-
has_produced.has_title. The algorithm presentedn Sec-
tion 5 tries to matcheachquery path with concatenations
of rule schemagpaths. For examplequery pathperformed.-
has_produced.has_title is obtainedby concatenatinghe
schemgpathsof rules Rz and R4. By replacingthe schema
pathsby the correspondingconcatenationsf sourcepaths
we obtaintherewriting illustratedin Fig. 6.

select a/ ARTI FACT/ TI TLE
from http://ww. art.com /ARTI STa
where a/ NAME = “Picasso”

Figure6: Query@S1

Query@S1 canthenbetranslatednto an executableXML
query(e.g. the Quilt queryof Fig. 7). Query@S1' is eval-

FOR $a IN document(“http://wwwart.com”)//ARTIST
WHERE $a/NAME='Picasso’
RETURN  $a/ARTIFACT/TITLE

Figure7: Query@S1’

uatedby the mediatoron the XML documentobtainedby
the URL in the documenfunction-callof the query In most
casesthe sizeof this documenis very importantcompared
to the final queryresult(thetitles of Picassas artifactsonly
represent small part of the documenthttp://wwwart.con)
anda bettersolutionwould be to filter asmuchdataaspos-
sible alreadyat the sourcelevel beforeforwardingit to the
mediator Sucha filtering is possibleif the sourceis XPath
enabled For example,query@S1” in Fig. 8 returnsthesame
resultasthe previousone,but is completelyevaluatedat the
sourcelevel andthe mediatoronly hasto forward the result
to theuser

Obsene thata “complete” rewriting of our treequeriesinto
XPath is not always possibleand some more query pro-
cessingmight be necessarat the mediatorlevel. Thisissue
will bedescribedn moredetailin Section6.

3 RelatedWork

C-Webis basedon the standardnodelfor querymediation:

usersformulatequeriesin termsof the ontology (mediation
schema)and the portal (mediator)translateshesequeries
andthe obtainedresultsaccordingto the mappingrulesand
thesourcequeryfacilities. Querymediationhasbeenextens-
ively studiedin theliteraturefor differentkindsof mediation
modelsand for various sourcecapabilities. Tsimmis [20],

YAT [7], Infomaster[14], Information Manifold [19], Tuk-
wila [21, 17] andPICSEL[15] areamongthe mostpromin-
entexamplesof mediationsystems Our approacthis closely
relatedto the last three of them which follow the local as
view approachwheresourcesaredefined(independenthof
othersourcespsrelationalviews on the mediatorschema.
In our case,sourcesare describedby simple mappingrules
relatingXML fragmentgo anontologyof conceptonnec-
tedby rolesandorganizedn aconcept/subconcepterarchy
More preciselyamappingruleis definedasa coupleof paths
P and(@ whereP is a standardXPath locationpathand @)
is apathin theontology Thedefinitionof abstractiews for
XML documentsasdescribedn [10] is a similar approach
adaptedor large-scaleXML repositoriesThis approachdif-
fersfrom oursin two points: (i) themappingrulesdonotuse
variablesn their definitionand(ii) querytranslations based
on anefficient bottom-uprewritting algorithm.

Other query rewriting algorithms[18] are basedon effi-
cientimplementationg$or evaluatingquerysubsumptiorand
satisfiability Among theseimplementations,our rewrit-
ing algorithm might be bestcomparedto the MiniCon al-
gorithm [21] which improvesthe bucket algorithm[19] by
consideringthe interactionof variableswith the available
views (rules) during query rewriting (insteadof generating
rewritings (buckets)for eachsubgoalindependentlybefore
combiningtheminto final queryrewritings).
Ourapproacttonsiders<Path[8, 24] enabledXML sources.
XPathis a tree patternlanguage which allows to character
ize XML fragmentsaccordingto their positionin the docu-
menttree,theirtypeandtheir contents Whereas<Pathdoes
nothave thefull expressie powerof XML querylanguages,
the choice of using XPath as part of a mappinglanguage
for XML documentss interestingfor severalreasonsFirst,
XPathis alreadypartof otherXML-relatedlanguage$l] for
the transformation(XSLT [12]), linkage (XLink [11]) and
querying(XQL [22], XQuery[5] andQuilt [6]) of XML doc-
uments.Second XPathis alreadyimplementedandusedin
avarietyof tools,for example for extendinga standard\Veb
senerinto anXPathsener. Finally, it is usedoy animport-
antnumberof XML developerswho do not have to learna
new languagédor writing mappingrules.

4 A Path Mapping Language for
XML

MappingrulesdescribeXML resource$y associatingKPath
locationpathsto pathsin the conceptuakchemaof anonto-
logy, denotedin the following as schemapaths Givena
setof sourcestherulescanbe viewed asdefininga virtual

databas¢hat conformsto the conceptuakchemapopulated
by XML fragmentsand relationshipsbetweenthem. This

providesthe basisfor answeringgueriesposedon the con-

ceptualschemay appropriatesetsof XML fragments.

4.1 XPath Location Paths

We rely on XPath-enabledXML resourcesto uniformly
qguery and retrieve (fragmentsof) XML documents. The

3Seefor examplefragserver http://wwwxml.com/pub/r/676.



FOR $a IN document(“http://wwwart.com//ARTIST[NAME="Picasso’]//-

ARTIFACT/TITLE")
RETURN  $a

Figure8: Query@S1”

XML Path Language(XPath) [8] is a W3C Recommenda-
tion for addressingartsof an XML documentusing loca-
tion paths A locationpathis a sequencef locationsteps.
Eachlocation stepis evaluatedin somecontet, which is
a setof XML nodes(elementsor attributes)definedby the
previouslocationstep.ln generalthecontext of thefirst loc-
ationstepis definedby theroot nodeof the XML document,
specifiedoy a URL. Locationstepscanbe decomposeihto
threeparts:

1. an axis which specifiesthe structural relationship
(child, descendanfaincestagrattribute etc.) betweerthe
nodesselectedy thelocationstepandthecontect node,

2. a nodetest which specifiesthe nodetype (node, pro-
cessinginstruction,comment,text) and the expanded
nameof the nodesselectedy thelocationstep,and

3. optional predicates which usearbitrary expressiongo
further refinethe set of nodesselectedby the location
step.

Location paths can be used in different ways. First,

a location path can be consideredas a pattern for se-
lecting XML fragments. For example, location path
http://wwwart.com/descendant::ARTIS$elects all XML

elementsof type ARTI ST which are descendant®f the
root elementof the XML documentsn http://wwwart.com

Here, http://wwwart.comis a URL defining the context

for location step descendant::ARTISTin which descend-
ant is an axis and ARTISTis a nodetest. Second,loc-

ation pathscan be consideredas a way to navigatefrom

some node to other nodesin the document. In gen-
eral, an axis may specify not only a step down from a
node,asin the child and descendanaxesillustratedabove,

but also sidewvays (axes following/preceding/following-
sibling/preceding-sibliny and upwards steps (axes par-

ent/ancestoy.

Predicates: An importantfeatureis the possibilityto use
location pathsin predicatessinceit allows to selectnodes
accordingto the propertiesof related nodesin the docu-
menttree. For example,predicate[child::NATIONALITY =

‘Spain’andchild::ARTIFACT/child::TITLE = ‘Guernica’] is

truefor all nodeswith a child of type NATI ONALI TY with

content'Spain’ anda child of type ARTI FACT with a child

of type Tl TLE with contentGuernica’.

Abbreviated syntax : Since child and descendantare
the most frequently used axes, there also exists an ab-
breviated syntax which takes the child axis by default
(if no axis is specified) and representsthe descend-
ant axis by a double-slash(//). For example, location
path child::A/descendant::B/uild::C can be abbreviated to

/AIIBIC. In thefollowing, we will usethis abbreviatedsyn-
tax whenever possible.

In this paper we focus on location pathsusing only the
child/descendanéxis and conjunctivetest predicatescon-
structedon node(element/attrinte) namesandattribute val-
ues. Thefirst restrictionguaranteeshat eachlocation path
canbeevaluated‘ocally” onarny XML fragmentof adocu-
mentwithout consideringthe restof the document.In Sec-
tion 6, we will seethatthis constrainis usefulfor querypro-
cessingwith XPath enabledWeb senersand could be dis-
cardedwith the price of higher datacommunication. The
secondrestriction reducesthe compleity of the query re-
writing algorithmasdescribedn Section5.

4.2 Ontologiesand SchemaPaths

An ontolagy is a 5-tuple O = (C, R, source, target,isa),
where(i) C is asetof concepts(ii) R is asetof binaryroles,
(iii) source andtarget maprolesto theirdomainandtarget
in C, respectiely, and(iv) isa is aninheritancerelationship
betweenconceptdn C'. We assumehe usualpropertiesof
isa. In particularit definesa hierarchyon C'. We alsocon-
siderontologiesto be symmetric: eachroler € R hasan
inverserole, denotedr—, in R (in Fig. 3 inverseroles are
within parentheses)Obviously, target(r—) = source(r),
andsource(r—) = target(r).

Thesemantic®f anontologyis definedby thedatabase® B
thatconformto it : DB containsa setof objects(instances)
for eachconcepin C. Theseobjectsarerelatedby instances
of rolesin R, which satisfy the typing constraintsmplied
by source andtarget. Rolesaremulti-valued,i.e. ary in-
stanceof conceptsource(r) canbe relatedto zeroor more
instance®f conceptarget(r) by roler. Theisa component
of O isinterpretedassubsetelationshipandroleinheritance.
Namely if ¢ isa ¢!, thenthe setof objectsof ¢ is a subsebf
the setof objectsof ¢’ andall roles definedbetweensome
concepts: and¢” arealsodefinedbetweenall subconcepts
of ¢ andc¢” respectiely. We saythatc, ¢’ areisa-relatedif
eitherc = ¢/, ¢ isa ¢ or ¢ isa c. We alsodefinelow(c, ¢')
to denotethe concepthatis lower in theisahierarchyasfol-
lows : low(c,c') = cif eitherc = ¢ or cisa ¢'. We also
assumehat,in generalall pairsof conceptghatarenotisa-
relatedaredisjoint.

Role paths and derived roles: A role path of lengthn
(n > 1) isasequence = ry ... r,, Wherer; areroles,
suchthatfor all 1 < ¢ < n, target(r;) andsource(r;4+1) are
isa-related. The sourceandtargetof arole patharedefined
by the sourceandthetametof its extremities: source(r) =
source(ry) andtarget(r) = target(ry). Clearly thecom-
positionof arole pathr andarole pathr’, denotedr o r’,
is well-definedprovided that target(r) and source(r') are
isa-related.



Fromthe definitionit resultsthatall rolesin R arealsorole
pathsof length1. For example,role performeds arole path
of length1 with sourceActor andtargetActivity. A role path
r of length> 1 definesa derivedrole denotedby role(r),
from instancesof its sourceconceptto instancesof its tar
getconcept.For example,role pathtechniqueusedmaterial
defines a derived role, role(technique.used_material),
betweerconceptMan Made Object andconceptMaterial.
To understandhe secondconstraintin the definition of role
paths,let us considerrole pathsof lengthtwo. A sequence
r1.r9 canbe viewed asa derivedrole whoseevery instance
connectsaninstanceo of source(r;) with aninstanceo’ of
target(rs), throughanintermediaryo” thatmustbe anin-
stanceof bothtarget(r,) andsource(rs) whichis only pos-
sibleif target(r1) andsource(rs) areisa-related.

Conceptpathsand virtual concepts. A concepipathp is

eitherof theform ¢, or a sequence.r, wherec is a concept
andr is arole path,suchthatsource(r) andc areisa-related.
Thelengthof p is 0 in the first case,andthe length of the
role pathr in the secondcase. The source andtarget of

conceppathce is c itself. Thesourceandtargetof p = c.r are
definedas: source(p) = ¢ andtarget(p) = target(r). The
compositionof a conceptpathp anda role pathr, denoted
p o r, is well-definedprovidedthattarget(p) andsource(r)

areisa-related.

A conceptpathp = c.r canbeviewed asdefininga virtual

concept standingfor “the instancesof target(p) that can
be reachedrom source(p) by following the rolesin p, in

order”. We denotethe virtual conceptdefinedby a concept
pathp by conc(p). Given a databasehat conformsto O,

extentsof virtual conceptsareuniquely-defined.

Obsene that conceptscan only appearat the beginning
of a conceptpath andit is not possibleto restrict derived
rolesto subconcepts.For example,we could specializea
conceptpathp = c.r;.r2 by introducinga subconcept’ of

low(target(ry), source(rs)) : p' = e.ri.c'.ro. Thevirtual

conceptconc(p') definedby pathp’ would obviously be a
subconcepbf the virtual concepteonc(p) definedby pathp

(in asimilarway, this holdsfor derivedroleswith intermedi-
ate concepts).Whereaghis introducesexpressve power to

themodel(mappingrulesandqueriescanbemore“precise”)
it complicateshot only definitionsandbut alsoqueryrewrit-

ing. In this paper for the sale of simplicity andclarity, we
presenta simplemodelwhereintermediateconceptsarenot
consideredheitherin conceptpathsnorin derivedroles.

View ontologies: GivenanontologyO, asetof role paths
‘R anda setof conceptpathsP in O, we candefinea view
ontolagy Oy = (Cv, Ry, sourcey, targety,isay). The
setof conceptLy is initialized by the setof all virtual con-
ceptsdefinedby conceptpathsin P. As in the original onto-
logy, the sub/superconceptlationshipisay hassubsetse-
mantics. Clearly, given a databasehat conformsto O, the
extentof conc(p) is a subsebf the extentof target(p) and
all of its superconcepts 1 O. Hence,by extensionwe say
thatconc(p) is asubconcepbf target(p). In thesequelwe
alsodefineconcepinheritancebetweervirtual conceptsand
their “suffix”. A sufix of aconceptpathp is obtainedby re-
moving aprefix,andaddinganappropriateoncepin thebe-

ginning. For example,if p = ¢;.r1.72.73, thensource(rs).r3

andsource(rs).ro.r3 aresufiixesof p. It canbeseerthatthe
extentof p is a subsebf the extentary of its propersufiixes
(andconsequentha sub-concepthereof).

Ry is the setof derivedroles, definedby the role pathsin

R. Letp bearole pathin R. Then,role(p) is aderivedrole
in Oy betweensource(p) andtarget(p). Similarly, extents
(i.e. setsof pairs)aredefinedfor therolesof Oy . Thus,a
databasehat conformsto O inducesin a naturalmannera
databas¢hatconformsto Oy, .

4.3 Mapping Rules

Let V be a setof variables,and U be a setof URLs. A
mappingrule is anexpressiorof theform R : a/q [as v] <
p, Where

e Ristherule’'slabel,

e ¢ € VUU,therule'sroot, is eitheravariableor aURL,

g is an XPathlocationpath,

[as v] is an optional binding of v, wherev € V is a
variable,and

p is aschemaath: morepreciselyp is arole pathif a
is avariableanda conceptpathotherwise.

Rule R is calledarelative mappingrule if its rootis a vari-
ablev, andanabsolutemappingrule otherwise.In the first
case,v is the root variable of R, andthis occurrenceof v
is a useof thevariable. If the optionalcomponentis v oc-
cursin R, thentheruleis calledabindingrule for variablev.
Let ip(R), sp(R) denoteR’s locationpathandschemapath,
respectiely.

Givenasetof mappingrules,we definereacability for rules
andvariablesasfollows: Eachrule whoserootisaURL ora
reachablevariableis reachableandeachvariableboundin a
reachableuleis reachable.A mappingM over O is asetof
mappingrulessuchthat 1) labelsareunique(thatis, no two
ruleshave the samelabel), 2) all rulesarereachablghence
soareall variables)and3) the conceptsandrolesusedin its
rulesoccurin O.

Note thatthe binding-userelationshipdetweenvariablesin
amappingmay be cyclic. The simplestcaseof acycleis a
rule whoseleft-hand-sidecontainsv/A as v (provided that
v canbereachedrom a URL by otherrules). A mappingis
cyclicif it containsabinding-usecycle.

Although we have allowed the binding clauseas v in rules
to be optional, for mary of the definitionsin the sequel,it
is corvenientthateachrule hassucha clause andfrom now
we assuméhatthisis thecase Obviously, new (anddistinct)
dummyvariablescanbe addedto M, to satisfythis require-
ment. However, this assumptioris purely for presentation
purposes.A designerof a mappingmay includethemonly
whenthey areusefulfor thedesign.

Concatenation of mapping rules : Two rules Ry
a/q1 as v1 < p1, Ry : v1/¢2 [as vs] < p2, canbecon-
catenatedif the compositionof their schemagpaths,p; o ps



is well defined. Note the constraintthat the root of R, is

boundin R; andthat concatenations possibleonly if p,

is a role path. The result of the concatenatioris the rule

Ri.Rs :a/q1/q2 [as va] < p1 © pa.

Givenamapping)/, its closureis thesetof all rulesthatcan
beobtainedrom M by repeatedoncatenationlt is denoted
by M*. Its expansiondenoted/, is thesetof absolutaules
in M* (M C M™). Notethatif M is cyclic, thenM™ andM

areinfinite, andthesesetscanbe computedby a bottom-up
fixpoint computatiorotherwise(when M is agyclic).

Finite representationof cyclic mappings: Although M
itself canbeviewedasa finite representatioof M * and},
when M hascycles,the following alternatye representation
is usefulin the sequel.Recallthata rule of M* is the con-
catenatiorof a sequencef rulesof M. Sinceeachof these
bindsa variable,thereis a sequencef variablesassociated
with intermediatepointsin the concatenatedules. For ex-
ample,if R; bindswv;, R, bindswv,, and R3 alsobindswvy,
thenif R;.R».R3 is defined,it hasa cycle, sinceit visits vy
twice. For arelative rule, thereis alsoa variableassociated
with its startingpoint. We call arule of M* (absoluteor rel-
ative) acyclicif it hasno cycle,i.e. it doesnotvisit the same
variabletwice. We call arelative rule of M* aminimalcycle
for variable if its rootaswell asboundvariableis v andit
doesnot occurin betweerandno othervariableoccursin it
morethanonce.

Obviously, if M is agyclic, thenall rulesin M* are agyc-
lic, andthe setof minimal cyclesis empty If M is cyclic,
then the closureof the setof agyclic rulesin M is afinite
andpropersubsef M*. Now, considerarule R = R;.R>
of M*, whereR;,i = 1,2 aresequencesf rulesin M, and
assumehe boundvariableof R; isv. If R' is a minimal
cyclefor v, thenR canbeexpandedo anew rule, by insert-
ing R’ betweenR; and R, providedthatthe conceptpaths
of Ry, R', R, canbe composed.lt is easy to seethatary
rule of M* canbe obtainedfrom agyclic rulesby repeated
expansions.Thus, the collectionsof agyclic rulesandmin-
imal cyclesof M* areafinite representationf A/ * with re-
spectto expansion(theinformationaboutwhich shortrule or
minimal cycle canbe expandedat a given point with which
minimal cycle canalsobefinitely represented).

Inter pretation of mapping rules : Given an ontology
O, a mapping M over O defines a view ontolagy
Om = (Cwm, R, sourcen, targetyr,isanr) where Cyy
is defined by the conceptpaths of absoluterules in M
and Rjs is the set of derived roles of relative rules in
M*. For example,rule R;.R3 definesa virtual concept,
conc(Person.per formed.has_produced), and rule Rj
definesa derived role, role(per formed.has_produced),
betweenconceptPerson andconceptMan Made Object.
Clearly, if M hascycles,thenOjs hasaninfinite setof con-
ceptsandroles.

A mappingM allowsusto view a collectionof fragmentof
XML documentseachabléromtheURLsin U asadatabase
thatconformsto Q. To definethis databasethe population

“We do not defineary restrictionon the concatenatiomf locationpaths
(rule left-hand-sides).

of eachvirtual concept,conc(p), is definedasthe union of
the setof fragments‘returned” by all absoluterules R in
M wheresp(R) = p or p is asufix of sp(R). The setof
fragmentsXy returnedby someabsoluterule R is defined
inductively asfollows. Initially, X r is emptyfor all absolute
rules R. We startwith the setof absoluterulesin M. The
rootof anabsolutaule R isaURL u and X is assignedhe
setof XML fragmentgthatcanbe obtainedby applyingthe
location pathip(R) to the XML documentdentified by w.
Now, we repeatthe following stepuntil no further changes
occur: selectan absoluterule R and a relative rule R' :
af/q as v « pin M suchthatthe concatenatiom?.R’ is
definedandaddto X i g all the XML fragmentghatcanbe
reachedrom thefragmentsn thecurrentvalueof X i by the
locationpathip(R').

Similarly, the relative rules of A are interpretedasroles
of Oy in this databasef XML fragments representedby
location paths. For an absoluterule R and a relative rule
R' : a/q as v «— pin M suchthatthe concatenatior?. R’
is defined,ip(R') representshe role of sp(R') betweerthe
extentof conc(sp(R)) andthatof conc(sp(R.R')).

Before leaving this subject,we note that as mappingrules
may be addedto a mapping,for examplewhennew sources
areaddedtheXML extentsdefinedasabovefor theconcepts
canbeviewednotasthefull extents,but ratherassubset®of
thereal (but unknown) extents.However, sincequeryevalu-
ationmayonly usecurrentlyknown information,this hasno
realimpactonit.

5 TreeQueriesand Query Rewriting

The userviews the community-webportal asa single data-
baseof fragmentsvithoutknowledgeof the sourceon which
eachfragmentis located.We might thenconsidereachfrag-
mentasan objectwhoseidentity is the locationpath of the
fragment. Given a mapping M, we have seenabove that
it allows usto organizeXML fragmentsinto collectionsof
instancesof conceptsO,s, and alsoto view certain XML
pathsasrepresentingolesof Oy,. It followsthatonecanin
principle querythis databasef fragmentasinga querylan-
guage,suchasOQL, the standardor queryingobjectdata-
basesTheanswerof aqueryis definedin the standardnan-
ner, usingthe semantic®f querieson objectbases.
However, eventhoughtheansweiis well-defined anefficient
evaluationrequireghatwe useeffectively themappingM to
translatethe queryinto oneor morequerieson the sources.
Our ability to do so may dependon the form of the query
This subjectis taken up in the next sectionwherewe intro-
ducea querylanguagefor C-Web portalsand discusshow
mappingrules canbe usedin the evaluationof queriesex-
pressedn thislanguage.

5.1 TreeQueries

While a key-word basedsearchis simple to use,it hasa
limited expressve power. On the otherhand,a full-fledged
qguerylanguagesuchas OQL is powerful but may prove to
betoo complex for mary users.We presenttreequerylan-
guage as an intermediarysolutionthat is easierto use,yet
sufficiently powerful for mostneeds.



Thetreequerylanguageis basecbnanOQL-like syntaxwith
select-from-where clauseson schemapaths. For example,
thequery@2 in Fig. 9 findsthe nameof the personthathas
produceda man-madebjectwith title “Mona Lisa”.

select b
from Persom,
a.hasnameb

a.performed.haproduced.hatitle ¢
where ¢ ="“MonaLisa”

Figure9: Query@2

More formally, atreequery( is anexpressiorof theform :

Q: select z;, z;, ...
from e; zy,
€2 T2,
€ Zi,

where ¢pande; and...

wherethe z;'s arevariablesandeache; in the from clause
is either(1) a conceptpathdefininga virtual concept(of the
form ¢; or ¢;.r;, whereg; is a conceptandr; is arole path)
or (2) avariablex; followed by a role pathr; (of the form
xj.r;). In thefirst casec;/c;.r;, andin thesecondcaser;, are
calledthebindingpathof z;, denotedp(z;). We distinguish
betweerthe two casessincein thefirst ¢; is a concept(pos-
sibly virtual) overwhoseextentz; rangesjn theseconctase,
x; rangesover the conceptdefinedby traversingtherole r;
from the concepif ;.

No restructuringis allowed in the selectclause. Although
this may addexpressive power to the languagewe feel it is
not strictly neededor our application.Furthermorerestruc-
turingis performedattheintegrationsite,hences orthogonal
to theissueof retrieving datafrom sourcesaddressedh this
paper

The where clauseis a conjunction of simple predicates,
wherea simplepredicatds of the form ¢;, = x;0d in which
0 € {=,<,>,<,>}andd is anatomicvalue. Thus,it is not
possibleto expresgoins by equalitiesbetweervariablesj.e.,
by predicate®f theform z; = z;. Thisrestrictsthe express-
ive power of the querylanguagebut simplifiesthe rewriting
andevaluationof queries.

Note that schemapaths appearexclusively in the from
clause. They do not appearin the selectclausenor in the
where clauseof aquery This syntaxsimplifiesthe presenta-
tion of ourrewriting algorithm. It is easyto shav thataquery
with schemgpathsin the selectandthe where clausecanbe
rewritten into anequialentqueryin which they appearonly
in thefrom clause.

Finally, the languagehasno quantifiers,aggreates,or sub-
queries. But, a variablez; presentin the from clausebut
notin the selector where clausesjs implicitly existentially
qguantified. Thus, querieswith certainkinds of existential
guantificationcanbetranslatedo the above form.

Treerepresentationof treequeries: We assumehe ex-
istenceof a partial order < on the variables,suchthat if
x;.r; =; occursin the from clause,thenz; < z;. Thus,
thefr om clausecanberepresentedsa forest,with thevari-
ablesasnodes andanedgeconnectingparentz; to child x;
if z;.r; ; occursin theclause In addition,sincenojoinsare
allowedin thewhere clause aquerycanberepresentetly a
forestanddecomposedhto a crossproductof severalquer
ies eachof which is representethy a tree. Therefore,n the
following andwithoutlossof generalitywe restrictattention
to treequerieswith exactly onevariableboundby a schema
path.

We representa query () as a labeled tree T(Q) =
(X, par, bp, ops) wherea nodeis labeledby a variablein X
(the setof variablesin @), par is the parentbinary relation
betweennodesdefinedby the partial orderon variables,bp
mapsthe nodeto thevariablebinding pathandops mapsthe
nodeto a setof operations

o for eachvariablez, add3 to ops(z),

e for eachvariablez in theselectclauseof ¢, addr to the
setof operation®ps(z),

o for eachpredicaterfd in thewhere clauseaddo g4 to
ops(x).

Fromtheabovedefinition, it resultsthatif avariablex occurs
onlyin thefrom clausethenops(z) = {3}.

5.2 Query Rewriting Algorithm

Treequeriesareevaluatedon the databasénducedby some
mapping M. In the following, we presenta binding al-

gorithmthatbindsvariablesn atreequery( to rulesin M*.

Theresultis a setof suchvariable/rulebindingsthatcanbe
usedto rewrite tree queriesinto standardXML queriesus-
ing XPath location pathsfor instantiatingvariables. Query
evaluationis describedn Section6.

Binding variablesto rules: Take,for example,query@2

in Fig. 9 andthe mappingshavn in Fig. 4. Intuitively, rule

R; mightbeusedto find persondor variablea, rule Ry can
be usedto find thenamesof thesepersondor variableb, and
the concatenatiomf rules R3. R4 canbe usedto find values
for the variablec. The setof associationda — R;,b —

R»,c — R3.R4} providestheinformationaboutwhichrules
from the closure M *® canbe usedfor translatingthe query
to queriesonthe XML sources.

First, let usintroducethe notionof prefix of atreeT’. We say
thatatreeT" is aprefixof atreeT if its setof nodess asubset
of the setof nodesof T, its setof edgeds therestrictionof

T’s setof edgesto that subset,andits root is the sameas
thatof T'. Notethatit follows from the definition thatif 7"

containsanon-rootnodeof T, thenit containghenodesand
edgesup to T"s root. Formally, a variable to rule binding,

or shortly variable binding, for a query @ is a mappingg

on a set,denoteddom(3), thatis eitherempty or is the set
of nodesof a prefix of T'(Q). A variablebindingis full if it

SRecallthat M* containsall concatenationef rulesin M.



is definedon all variablesof @), andpartial otherwise.The
emptybindingis denoted3,.

If dom(3) is notempty theng associategachvariablein it
with arule of M*, suchthatthefollowing holds:

1. if z is theroot of query @, then (z) is an absolute
mappingrule suchthatthe querybinding pathbp(x) of
variablez denotesa superconcepof conc(sp(8(x)))
in the view ontology Oy, i.e. conc(sp(B(x))) isan
cone(bp(x)).

2. else et par(z) = ', then

o the root variable of rule g(z) is boundin rule
Blz"),

¢ therole pathof rule 8(x) is equalto therole path
bp(x) and

e thecompositiorof therole pathsof therules3(z')
andg(z) is well-defined hencethe concatenation
of thetwo rulesis well-defined.

Regardingthefirst casejf z is therootof @, thenit is bound
to some,possiblyvirtual conceptby its binding pathbp(x),
that hasthe form ¢ or c.r. An absoluterule canprovide in-
stancegor this concepif its schemaath,viewedasavirtual
concept,s a sub-concepdf ¢ or c.r. In thefirst casec is a
conceptof O thatis a superconcepdf conc(sp(B(x))). In
the secondcasec.r is a virtual conceptandit is a suffix of
or equalto sp(B(x)). For the secondcase the assumption
thatif g is definedon z thenit is definedon the parentof
z follows from the requirementhatits domainis a prefix of
T(Q). In this case the declarationof z in @ hasthe form
z'.q z, andbp(z) = q. Answersfor z canbe obtainedfrom
answerdor z’, by following the binding pathq of z.

For example,for query@2 in Fig. 9, thequeryroot variable
a is boundin the queryto the (real) conceptPerson. In this
case,rule R1 with schemapath sp(R;)=Person provides
a binding for a. The binding path of variablebd in Q2 is
has name sowe needarelative rule whoseschemapathuses
thevariableboundby rule R; anddefinesgherole hasname
R, is sucha rule. Similar reasoningappliesto the binding
for variablec.

In query @3 illustrated in Fig. 10, the query root vari-
able @ is bound to a virtual concept. Instancesfor it
may be found from absoluterules that have the bind-
ing path of a as a sufiix; R;.R3 with schemapath Per-
son.performed.has_produced is sucharule.

select b

from  Activity.hasproduced,
a.consistsof b,
a.hastitle ¢

where c¢=“Mona Lisa”

Figure10: Query@3

Givena query we needto find all thefull variablebindings.
Indeed eachsuchbindingprovides,asshovn below, asubset
of the answer By taking the union of all theseanswerswe

have amaximalansweywith respecto thegivensourceand
the givenmapping.

Calculating variable bindings : A generalalgorithmfor
finding variable bindingsis sketchedin the following. It
startswith the uniqueemptypartialbinding. Thenit entersa
loop. In eachpassthroughtheloop, it selectsa partial bind-
ing on¢ variablesandextendsit to onemorevariable,using
somerule of M*®. Notethatto extendtheemptybinding3,,
we needto useanabsoluterule of M*, whereado extenda
non-emptybindingwe usearelativerule of M*. In thelatter
casethebindingcanbe extendedo a new variableonly if it
is alreadydefinedfor its parent.

Variable binding algorithm (sketch):
Input: queryQ, with rootvariablez; ;
mappingM ;
asetof variablebindings;
initialization: let B = {4}
loop: while B changeslo {
selecta partialbinding 8 from B
andarule R in M*
suchthat R extendsg to 8’
letB=BU{f'}

Output:
Algorithm:

Result: outputthefull bindingsin B.

As anexample,we will createthe setof variablebindingsB
for query Q2 of Fig. 9 in threesteps. The algorithm starts
with the singletonB = {8y} containingthe emptyvariable
binding. Thefirst stepextendsthe emptybindingwith bind-
ing 81 = {a — R;}: RuleR; istheonly (absoluteyulein
M* with schemaathsp(R;) thebinding pathof variablea
is asuffix of. Thesecondstepextendsbinding 5, by binding
rule Ry to variableb. Then,3; = 81 U {b — Rz}. The
third stepfinally resultsin binding8; = 82 U {¢ — R3.R4}
andB = {0y, 51, 82, 83} is thebinding setproducedy the
above algorithmfor query@2 andmappingM in Fig 4. The
algorithmreturnsthe only full variablebinding 33 in B (ob-
viously thealgorithmmightgeneratenorethanonefull vari-
ablebindings).

An obvious problemwith this algorithmis thatit may not
terminate. When M containscycles, M* is infinite, and
rulesof M* arerepresentedby arbitrarylong concatenable
sequencesf rulesof M.

Acyclic Mappings : Let ustemporarilyassumehat M is
agyclic. The algorithm can be optimizedin several ways.
First,sinceM* is finite andit is ratherstable henceusedfor
mary queriesjt canbecomputedn advance.We expectiM *
to be of tractablesizein mostpracticalcaseshut of course
weincurtherisk of a degeneratedasewhereit is not. In the
following we assumehe precomputatiorf A/ *. Recallthat
for eachrule in M*, its root is a variableor a URL, andit
bindssomevariable.

An obvious improvementof the previous generalnaive al-
gorithm is to computethe partial bindings using eachone
just onceto computeall its extensions.For that, we choose

6Therulesin M* aresequencesf rulesof M.



Input: thesequencef variablesof query@, in pre-order:xy, .. ., z,;

the setof mappingrulesM*;

Output: asetof full variablebindings;
Algorithm: initialization: let By = {B4}; B; = ¢,i =1,...,n
loop: for eachabsoluterule R of M*, if sp(R) is asub-concepof bp(z)
thenB1 = Bl U {.CL'1 — R}
loop:fori=2,...,n{
loop: for eachbinding 3 from B;_; andrule R in M* {
if R'srootis boundby therule associatedvith z;'s parentsayy in (3,
andsp(R) = bp(z:),
andthe compositionof sp(3(y)) andsp(R) is well-defined,
thenB; := B; U{8U {z; — R}}
}
now B;_; canbediscarded
}
Result: thesetB,,.

Figurell: Variable binding algorithm

for thevariablesof thequerytreeany orderin whichtheroot

is first, and every other node occursafter its parent. This

ensureghat whenwe try to extenda binding to a variable,
it is alreadydefinedon its parent. Without loss of general-
ity, let us assumehat the variablesof the treearearranged
in pre-order:xy,...,z,. A bindingis representedsa vec-

tor of associationsf variableso rules,in thatorder namely
{z1 — Ry,...z, — R,}. Hereis the new versionof the

algorithmiillustratedin Fig. 11.

In thefirst step,we extendtheemptybindingto therootvari-

ablez;. For eachabsoluterule R in M* suchthatsp(R) is

a subconcepof the binding pathbp(z,)’, we createa bind-

ing {z1 — R}. Then,we iteratethroughthe sequencef

variablesfrom theleft. Assumewe have lastvisitedvariable
x;—1 (@ > 1), andhave constructeda setof partial bindings
thataredefinedonall variablesupto andincludingz;—_; . Let

x; bethe next variable,andlet y beits parent. Necessarily
all the bindingswe have constructedare definedon y. For

eachbinding 3, assumet associatesule R’ with y, andthat
variablev is boundin R'. Then,for eachrelative rule R of

M* whoseroot is v, if the schemapathsof R’ and R can
be composedwe extend3 by z; — R. Notethatthe edge
from y to z; is ‘traversedin this step,andonly in this step’.

After all bindingsthataredefinedupto andincludingz; are
computedall previous partial bindingsthat are not defined
onz; canbedropped.

It is easyto provethatif g is afull variablebindingsuchthat
theconditionsdefinedin Sections.2hold, thentherestriction
of g to theprefixzy,...,z; (0 < k < n)isin B, andg is

in B,,. It is alsoobviousthateachmemberof B,, produced
by the algorithmsatisfiesconditionsin Section5.2, henceis

a legal binding. Thus,the algorithm producesreciselythe

setof legal bindings.

Denotethe maximumlength of bp(x;) by | bp(z;) |. We
obsenre that part of the conditionfor extendinga binding 8
with {z; — R}, wherez; is nottherootvariable,andwhere

"The (virtual) conceptdenotedy conc(sp(R))

R is arelative rule of M*, is thatbp(z;) = sp(R). Thus,
all we needto do for this caseis to computeall relative rules
of M™ for which the length of the role pathis limited by
| bp(z;) |. Recallthateachrelative rule is a concatenable
sequencef rulesof M, andthat relative rulesof M have
schemaathdongerthanzero. It followsthat| bp(z;) | isan
upperboundto the lengthof sequencewe needto consider
Thus, in the algorithm above, ratherthan usingall relative
rulesof M* in the loop, we useonly thosewhoseschema
path lengthis limited by | bp(z;) | and, asfar asrelative
rulesareconcernedwe neednot worry aboutwhetherM is
cyclic.

Cyclic Mappings: Now, considethecasethat M * is cyc-
lic, andthe caseof theroot variablex,. Here,an absolute
rule R in M* needsto satisfythe conditionthat bp(z;) is
asufiix of sp(R) (sp(R) definesa sub-concepbf (bp(z1)).
Now, sucharuleis theconcatenationf oneabsoluteule R’
of M, with a (possiblyempty)sequencer” of relative rules
in M. In thefirst case(R" is empty), R’ is a candidateule
for z;. In theseconccase,R" is arelativerulein M*. Then
letusfirst considerall relativerulesR" of M* (possiblywith
cycles),wherethelengthof their schemgathis at mostthat
of bp(x1) (it is obviousthatthesetof suchrulesis finite). For
eachsuchrule R", we try to matchsp(R'"), fromtheright,
with bp(z1). Therearetwo casedo consider:

1. sp(R") matchesa sufix of bp(z1), i.e. bp(r1) =
p-sp(R'") wherep is aschemaathof length> 0. Then,
for eachabsoluteule R’ of M suchthatp is asuffix of
sp(R"),if R'.R" is definedthenit is anabsoluteule of
M* suchthatbp(z;) is asufiix of sp(R'.R").

2. sp(R'") matchesall of bp(z;), i.e. bp(z1) is a suffix
of sp(R"). Let R"’srootvariablebev. Thenfor each
absoluterule R’ of M* that bindsw, if the concaten-
ation R'.R" is defined,thenbp(z,) is alsoa sufiix of
sp(R'.R"). Sucharule R’ is necessarilybtainedfrom
anagyclic rulethatbindswv, by expandingit ary number
of timeswith minimal cycles.



It canbe seenthat all candidaterulesfor z; fall into one

of the two cases.While we canprovide a full enumeration
of all the candidaterulesthat fall into the first case,in the

seconctaseall wecandoistolist the(finite) setof candidate
agyclic rules, andthe (finite) collection of minimal cycles

(seeSection4.3 for the definition of minimal cycles). The

latter canbe prunedto relevantcycles,asfollows : definea

minimal cycle to berelevantif its root (andbound)variable
occursin a candidateagyclic rule, or in a relevantminimal

cycle, andthe compositionof the relevant schemapathsis

well-defined.

Thefirst stepof thealgorithmfor theacyclic casecanbeeas-
ily adaptedo provide all bindingsthatfall into thefirst case,
andall bindingsusingthe concatenatiomf an agyclic abso-
lute rule with a relative rule whosederived role haslength

boundby | bp(z;) | (: > 1). Of coursewe expectthatwhen

bindingsthatfall into thesecondcasearefound,queryevalu-

ationwill needto dealwith minimal cycles,andthuscontain

someform of afixpoint computation.

6 Query Processing
6.1 Evaluating TreeQuerieswith Quilt

Let B beasetof full variablebindingscalculatedy thefore-
going algorithmfor somequery @ andmappingM. Then
eachvariablebinding 8 in B canbe usedto createa nen
query @S whereconceptpathsin ) arereplacedby XPath
location paths. More precisely we canobtaina first rewrit-
ing of @ by replacingeachconceptpathbp(z) in Q by the
correspondingXPath location pathip(3(z)). For example,
for query @2 in Fig. 9 and mapping M shaown in Fig. 4,
the previous binding algorithm returnsa completebinding
8 ={a~ Ry,b— Rsy,c+— Rs3.R,} whichcanbeapplied
to query@2 by replacingeachbindingpathbp(a), bp(b) and
bp(c) by the correspondindocationpathip(3(a)), Ip(5(b))
andlp(8(c)). Theobtainedqueryis illustratedin Fig. 12.

select b
from http://www.art.com//ARIST a,
a/NAME b,

a/ARTIFACT/TITLE ¢

where ¢=“Monalisa”

Figurel2: Query@S2

This querycaneasilybe expressedn ary XML querylan-
guageusing XPath for binding variablessuchas Quilt [6],
XQL [22] andXQuery[5]. For example thefollowing trans-
lation of treequery@ 52 into aFLWR expressiorof the Quilt
languages straightforvardandis illustratedin Fig. 13.
After loadingthe root of the documentreachedrom URL
http://wwwart.com query@.52’ could be directly evaluated
by a Quilt queryengine(e.g. Kweelt[23]) attheintegration
(mediator)site. It is evidentthatthis is not very efficient if
the sizeof thedocuments large comparedo the sizeof the
final result. Indeed,if the sourcehassomequery capabilit-
ies, it might be possibleto pushsomefiltering to the source
level. In the following, we assumeXPath enabledsources.

FOR $a IN document(“http://wwwart.comi)//ARTIST,
$5IN $a/NAME,
$c IN $a/ARTIFACT/TITLE

WHERE §

$

RETURN

¢ ="Mona Lisa”
b

Figure13: Query@ 52’

Then,for example,if http://wwwart.comis anXPathenabled
websener, therewriting of query@ 52’ into query@.52" of
Fig. 15 candirectly be evaluatedby the sourceitself.

The source location path in query Q52"
(http://lwwwart.com/ARTIST[ARTWCT/TITLE='"Mona
Lisa’)/NAME) returnsa setof XML fragments[16] which
areboundconsecutiely to variable$b andforwardedto the
user

This illustratesthat a query or at leasta part of it can be
evaluatedoy XPathenabledsourcesn orderto minimizethe
volume of dataexchangedetweenthe sourceand the me-
diator Becauseof the XPath particularities,t is not always
possibleto obtaina completerewriting of the initial query
into a single XPath expression. This is dueto the fact that
XPathis a patternlanguageor XML nodesbut cannotcre-
ate new nodes(asit is possiblein our tree query language
by using projection). For example, the sourcequery QS3
in Fig. 14 returnsa setof couples(d, e) whered is thetitle
ande is thematerialof anartifactcreatedoy VanGogh(each
couplecorrespondso a new nodewith two children).

FOR $a IN document(“http://wwwart.com”)//ARTIST,
$b IN $a/NAME, $c IN $a/ARTIFACT,
$d IN $c/TITLE, $e IN $c¢/MATERIAL
$b ="VanGogh’

$d, $e

WHERE
RETURN

Figure14: Query@.S3

Whereassource http://wwwart.com might return the title
and material of eachartifact “independently”by evaluat-
ing the two XPath patterng/ARTIST[MME="Van Gogh’]/-
ARTIFACT/TITLE and //ARTIST[MME='Van Gogh’]/-
ARTIFACT/MATERIAL, it is not possible to obtain the
titte and material of each artifact “together”. Neverthe-
less, the set of fragmentsreturned by the source loca-
tion path in @QS3 might be reducedby pushing selec-
tions and existential quantificationto this path and return-
ing only the ARTI FACT elementsinsteadof the artists. It
is easyto seethat, in orderto obtain the final result, it
is sufficient to projecton TI TLE and MATERI AL subele-
ments of the ARTI FACT elementsreturned by the new
document URL http://wwwart.com//ARTIST[MME="Van
Gogh'J/ARTIFACT[TITLE and MATERIAL].

6.2 Query Decomposition

Given the restrictionsenforcedby XPath mentionedprevi-
ously, our ideais to decompos¢heinitial tree queryinto a
guery(XPathexpression}o be evaluatedat the sourceanda



FOR $bIN document(“http://wwwart.com//AR IST[ARTIFACT/TITLE="Mona

Lisa’/NAME”)
RETURN  $b

Figurel5: QueryQ 52"

gueryto be evaluatedat the mediator The objective of the
following decompositioralgorithm,is to do asmuchaspos-
sibleof theevaluationatthesourcdevel. Ourgoalis to mini-
mizethesizeof the datafetchedby the mediatorby creating
asource(XPath)querythat(1) verifiesall selectionsandex-
istential quantificationin the original queryand (2) returns
the smallestfragmentsecessaryor evaluatingthe “rest” of
theoriginal queryatthe mediatorlevel.

Let T(QS) = (X,par,lp,ops) be the tree representation
(seeSections) of aquery@ S whereX is thesetof variables
andfor eachvariablev, par(v) is its parentvariable Ip(z) is
the XPathlocationpath(correspondindo somebinding 3),
andops(v) is thesetof operationsiefinedon v.

Query Composition : Query .51 is called a prefix of
query QS» (QS2 is a sufix of QSy) if they shareexactly
onevariablez satisfyingthe following conditions: (1) z is
therootnode(variable)of .S, (2) z is boundby the empty
XPathlocationpathsel f() in QS (Ip2(x) = sel f()) and(3)
x isaprojectionvariablein Q51 (w € ops1(x)). Variabler is
calledthepivotof ).S; and@.S>. Thecompositiorof aprefix
Q51 with its suffix Q.5 is denotedby ().51 0 Q S2 andreturns
anew query@S wherel) therootvariableof QS is theroot
variableof .51, 2) QS containsall nodegvariables)n Q.S;
and @S> and3) maintainsfor all variablesthe partial order,
locationpathsandoperationsn .5, and@S» respectiely.
More precisely for pivot (variable)z, query @S keepsthe
parentvariableandlocationpathof @.S; andall operations
definedin Q.51 and@.S; (ops(z) = opsi(x) U opsa(z)).

For example the compositionof thetwo queries).S3, (pre-
fix) and Q.53 (sufiix) illustratedin Fig. 16 is definedand
resultsin query@S3 of Fig. 14.

FOR  $a IN document(“http://wwwart.com”)//ARTIST,
$b IN $a/NAME, $c IN $a/ARTIFACT,
8d' IN $c¢/TITLE, $e' IN $¢/MATERIAL
WHERE $b="VanGogh’
RETURN $c¢
Query@S53,

FOR $cIN self(),
$d IN $c/TITLE, $e IN $¢/MATERIAL
RETURN  $d, $e

Query@S3,

Figure16: Queries) 53, andQ.S53y.

Query Equivalence: Queries@S and QS’ are called
equivalentff they returnthe sameresultfor any setof XML
sourcesS. Givenaquery@ S theremight exist severalequi-
valenttreequeriesQS’. For example,it is easyto seethat,

givena node(variable)v in Q.S onemight adda newvw node
(variablewhichis notin @ S) with the sameparentandloca-
tion pathasv andops(v') = {3} withoutchangingheresult
of @S (notethatall variablesn atreequeryareexistentially
guantified).

Query Decomposition : A sequenceof tree queries
(QSy,QS1), is a decompositiorof QS if (QSy o QS1) is
definedandequivalento ) S. For example the sequencef
queries(Q53,,QS53;) shavn in Fig. 16 is a decomposition
of query@S3 illustratedin Fig. 14.

In the context of queryevaluation,we considerdecomposi-
tionswhere@.S is a prefix of .S;. Then,from the defini-
tion of querycomposition|t follows thattheroot of Q.57 is
a projectedvariablein prefix Sy, i.e. the sufix subquery
()51 canbe evaluatedon the resultobtainedby query QSy
(thisis truesincewe only allow the descendant/chilexesin
variablebindinglocationpaths).In otherwords,prefix .Sy
canbesentto the sourcedor evaluation,andthesuffix query
(S1 canbeevaluatedatthe mediatorlevel onthefragments
resultingfrom the evaluationof ).Sy.

The problembecomedo find a decompositiorof Q.S such
that prefix @Sy filters asmuch XML fragmentsaspossible
at the sourcelevel beforethe evaluationof the suffix query
It is evidentthatthis decompositiorprocesss restrictedby
the capabilitiesof the sourcequerylanguagewhich in our
caseis XPath. As mentionedearlier XPath only allows to
projectononevariable,i.e. Sy only containsonevariablev
wherer € ops(v) and,asaconsequencef the definition of
guerydecompositionthe suffix query@S; shareghe same
variablew (its root).

6.3 DecompositionAlgorithm

In the following, we describea query decompositional-
gorithm for tree queriesinvolving XPath expressions. Let
QS beatreequeryandu be the variablethat corresponds
to theroot of the query The decompositioralgorithmstarts
with the trivial decomposition( @51, @S2) where@S; cor
respondso aprojectiononthelocationpathof v (X; = {u},
Ip1(u) = Ip(u) andops; (u) = {x}) and@S, corresponds
to thequeryobtainedrom @ S by replacingthelocationpath
of u with sel f() (Ip2(u) = self()). Forexample for decom-
posingquery@S3 of Fig. 14, the algorithmstartswith two
subquerieg).53.a (prefix) and Q.53.b (suffix) illustratedin
Fig.17. 1t is easyto seethat(Q 53.a, QS3.b) isadecompos-
ition of Q.53.

The decompositioralgorithmis basedon two simpleobser
vations. First, all existential quantificationsdefinedby the
FOR clauseandall conditionsin the WHERE clausecanbe
“pushed”into the prefix query(sourcdocationpath)without
changingheresultof thecomposition)) S, o Q S2. However,
the new prefix queryis more“optimal” sinceit selectsonly



FOR $a IN document(“http://wwwart.com”)//ARTIST

RETURN $a
PrefixQueryQS3.a

FOR $a N self(),

$b IN $a/NAME, $c IN $a/ARTIFACT
$d IN $c/TITLE, $e IN $c/MATERIAL
$b="VanGogh’

$d, Se

WHERE
RETURN

Suffix QueryQS3.b

Figurel17: Initial decompositiorof Q)53 to the prefix query
() 53.a andthesufix query@53.b.

thosefragmentsvherethe predicateson the sourcelocation
pathevaluateto true. Neverthelesswe would still needto
load the whole documentfor evaluatingprojection. In fact,
we would like to load, insteadof the whole documentthe
smallestpossiblefragmentghatallow to evaluateall projec-
tionsdefinedin the query This canbe obtainedby “narrow-
ing” projectionto the smallestsubtreescontainingall pro-
jectionsof theoriginal query(notethatour treequeriesonly
usethe child/descendardaxesandall instance®f a variable
v canbeobtainedrom theinstance®f its ancestowariable).
Thefollowing algorithmdescribeshepreviousdiscussiorin
threeconsecutie steps

StepS1: All variablesn atreequeryareexistentiallyquan-
tified, i.e. for all variablebindingsv suchthatv IN u/g
in the FOR clauseof Q.5, theremustexist at leastone
fragmentthat canbe obtainedfrom a fragmentin u by
evaluatinglocationpathg. Thisconditioncanbepushed
into the prefix queryby creatingfor eachnon-rootvari-
ablev in QS anew existentially quantifiedvariablev’
(ops1(v') = {exists}) in QS calledthe surrogate of
v and denotedv’ = surr(v). The partial order and
location pathsdefinedon the variablesin Q.S arealso
maintainedin QS : par(surr(v)) = surr(par(v))
andip(surr(v)) = Ip(v).

StepS2: As for existential quantification, it is possible
to copy all selectionpredicatesin Q.S to the prefix
query@S; : If oypq € ops(v) thenops(surr(v)) =
ops(surr(v)) U Osurr(v)fd-

After applyingstepsS1 andS2 we obtainthe new pre-
fix query@.S3.a’ illustratedin Fig. 18 (thesufiix query
@ 53.b hasnotbeenchangedset).

StepS3: The prefix queryshouldreturnthe smallestpos-
sible fragmentscontainingall information neededfor
gueryevaluation. This canbe obtainedby “narrowing”
projectionto the smallestsubtreescontainingall pro-
jectionsof @ S. In ourcontext, wherethelocationpaths
in the queryareformedusingonly the descendanand
child axes,thesolutionis to projectontheleastcommon

FOR $a IN document(“http://wwwart.coni)//ARTIST
$b' IN $a/NAME, $¢' IN $a/ARTIFACT

$d' IN $c'ITITLE, $e' IN $c'/MATERIAL
WHERE $V' ='VanGogh’

$a

RETURN

Figure18: Prefixquery@S53.a’ obtainedafterapplicationof
stepsS1 andS2.

ancestowariableof all projectionvariables Moreform-
ally, let o betheleastcommonancestopf all projection
variables(o is not necessarilya projectedvariable)in
QS. Then,first we will narronv projectionin .S; to
surr(o), i.e. move the projectionfrom the root u of
@51 to node surr(o) suchthat surr(o) will become
the new pivot variable: opsi(u) = opsi(u) — {=} and
opsy(surr(o)) = opsy(surr(o)) U {w}. Secondyari-
able o will becomethe new root of ().5,, i.e. we can
remove all variablesin @S> that are not descendants
of o andlpz(0) = self(). Obsene thatit is alsopos-
sibleto removeall directsubtreegchildren)of o in Q.S
containingno projections.This is possible sincethese
subtree®nly sene for filtering instance®f o, whichis
alreadydoneby @5, after applyingstepsS1 and S2.
Finally, in orderto composehe new prefix andsuffix,
all occurrencef surr(o) will be renamedinto o in
query@Sop.

After applyingstepS3 anddefiningvariable$c, asthe
new pivot between.S3.a’ and .53.b, we obtainthe
final prefix and suffix queriesillustratedin Fig. 19 de-
composingjuery@.S3.

FOR  $a IN document(“http://wwwart.coni)//ARTIST
$b' IN $a/NAME, $c IN $a/ARTIFACT

$d' IN $c/TITLE, $e' IN $¢/MATERIAL
WHERE $b' ='VanGogh’

RETURN  $c

Prefixquery@53.a"

FOR $cIN self()
$d IN $c/TITLE, $e IN $¢/MATERIAL
RETURN  $d, $e

Suffix query@S3.b"

Figure19: Final prefix (Q.53.a") andsuffix (Q53.b") quer
iesfor QS3.

Obsere that stepsS1 and S2 reducethe numberof frag-
mentsreturnedby the sourcelocation path, whereasS3 re-
ducesthe size of the fragmentsreturned. Obsere alsothat
83 mightincreasehe numberof fragmentsbut not the total
sizeof returneddata.

After these three steps, the prefix query @S3.a” can
be translated into a standard XPath location path



QsS3: FOR $c¢IN document(“http://wwwart.com//ARTISTINAME="VanGogh'])/-

ARTIFACTI[TITLE andMATERIAL]")

$d IN $c/TITLE, $e IN $c¢/MATERIAL

RETURN  $d, $e

Figure20: Finalquery@QS3'.

(“http://www.art.com//ARTIST[RME="Van Gogh')/-
ARTIFACT[TITLEandMATERIAL]"). Then,we replacethe
binding location path of the root variable of suffix query
QS53.0" with this path and the final queryis illustratedin
Fig. 20.

7 Conclusionand Futur e Work

In this paper we have presentedhe integration of XPath-
enabledXML resourcesccordingto high-level anddomain
specificontologies. Sourceintegrationis obtainedby map-
ping XPath location pathsto conceptuapathsin the onto-
logy. Our pathto pathmappingscanbe exploitedin several
ways. In this paperwe have focusedon therewriting of tree
gueries.The presentedewriting algorithmhasbeenaddedo
our prototypewhich is implementedon top of Java andthe
object-orientedlatabassystemO, [13]) andOQL [9] asthe
guerylanguage.

In the generalcase,the query may ask for datafrom sev-
eral sources. For example,it may askfor the biographical
detailsof the painterof a given painting. We may find the
nameof the painterfrom onesource giventhe painting,and
thenuseit to retrieve herbiographyfrom another Obviously,
this callsfor a stratgy thatdeterminesow to passinforma-
tion from theresultsobtainedrom onesourceto queriessent
to anothersource. We are currently studyinga query com-
positionalgorithmthatexploits partialvariable-rulebindings
for decomposinga query QS into a partially orderedsetof
XPath expressions(prefix queries)to be evaluatedby the
sourceswherethe partialorderimpliesinformationpassing,
followed by an XML query (suffix) to be evaluatedby the
mediatoron theresultsof thesesubqueries.

We arealsostudyinga secondapplicationof mappingrules
for the automaticcreationof sourcedescriptiond3]. Form-
ally speakingthis correspondso the materializationof the
view ontologyandtheresultingC-Webdatabaseanbe con-
sideredas a datawarehousdor XML resources.One ad-
vantageof view materializationis that it avoids query re-
writing and a standardquery evaluator(e.g. SQL or OQL
interpreter)canbe usedfor queryanswering.A secondad-
vantages thatthe C-Webrepositorycontainsa (partial) copy
of the sourceinformation and a certainnumberof queries
canbe answeredvithout accessinghe XML resourcege.g.
give me the URLSs of the resourcesontaininginformation
aboutPicassapaintings). Neverthelessjn the presenceof
large collectionsof XML document®volving with time, the
storageandmaintenancef materializedsiewsbecomewery
costly, unlesst is possibleto controlthesizeandthechanges
of the materializedinformation. Size control can be user
driven, for example,by preloadingdescriptionsorrespond-
ing to a query (partial view materialization)definedby the

user Changecontrol canbe source-dnen,for example,by
triggeringthecreation(updatepf descriptionsiponachange
in thedocumentontents.
Anotherimportantissueappearswith the combinedusage
of 1) query rewriting, 2) automaticallygenerateddescrip-
tions and 3) userdefineddescriptionsduring query evalu-
ation. For example,a C-Web repositoryfor scientificpaper
reviews might containa partial copy of the submittedpapers
(e.g.thetitle andthe namesof the authors) someadditional
informationaddedby thereviewers(e.g.thenamesf there-
viewersandthereviews) andsomemappingrulesthatallow
to extractthe abstraciandthe bibliographyof the submitted
paper Then,the query“Give methetitle of all papersthat
arereviewedby anauthorappearingn thebibliography”can
only beansweredy usingall threekinds of information.
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