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1 Introduction

TheC-Web(CommunityWeb)1 project[2] aimsat supportingthesharing,integrationandretrieval of informationin
a specificdomainof interestfor a groupof peoplewho desireto accessandexchangeknowledgeandinformationin
this domain.A C-Webportal (or mediator) providestheinfrastructurefor (1) publishinginformationsourcesand(2)
formulatingstructuredqueriesby takinginto considerationtheconceptualrepresentationof aspecificdomainin form
of anontology.

Querymediationhasbeenextensively studiedin the literaturefor differentkinds of mediationmodelsand for
varioussourcecapabilities.Tsimmis[14], YAT [5], Infomaster[9], InformationManifold [13], Tukwila [15, 12] and
PICSEL[10] areamongthe mostprominentexamplesof mediationsystems.In C-Web,querymediationis closely
relatedto thelastthreeof themwhich follow the local asview approach.Thesesystemsdescribethesourcecontents
in termsof themediatorschemaandtheresultingqueryrewriting algorithmsarebasedon efficient implementations
for evaluatingquerysubsumptionandsatisfiability. Similar to theabove systems,in C-Web usersformulatequeries
in termsof theontologyandthemediatortranslatesthesequeriesaccordingto thesourcedescriptionsandthesource
queryfacilities.

In this paperwe areinterestedin thepublicationandqueryingof XPath [6] enabledXML resources.More pre-
cisely, we want to take advantageof the structureof XML documents(generallydescribedby a DTD) for mapping
piecesof informationcontainedin XML fragments[11] to domainspecificontologies. The objective hereis to be
ableto forwarduserqueriesto diverseXML repositorieswhile hiding their DTD heterogeneityto theend-user. Our
contribution is two-fold : (1) we proposea simplemappinglanguagedescribingsourcesby a setof rules relating
XPath locationpathsto theconceptsandrolesof anontologyand(2) a queryrewriting algorithmfor translatinguser
queriesinto queriesexpressedin anXML querylanguage[3, 4, 16] thataresendfor evaluationto XML sources.

XPath[6, 17] is a treepatternlanguagewhich allows to characteriseXML fragmentsaccordingto their position
in thedocumenttree,their typeandtheir contents.WhereasXPathdoesnot have thefull expressive power of XML
query languages,the choiceof usingXPath as part of a mappinglanguagefor XML documentsis interestingfor
severalreasons.First,XPathis alreadypartof severalXML-relatedlanguages[1] for the transformation(XSLT [8]),
linkage (XLink [7]) andquerying(XQL [16], XQuery[3] andQuilt [4]) of XML documents.This impliesthatXPath
is usedby an importantnumberof XML developerswho do not have to learna new languagefor writing mapping
rulesandthatit is implementedin avarietyof toolsandcanbeintegratedveryeasilyin astandardWebserver2.

In thispaperwe illustrateourapproachconsideringtheintegrationof culturalinformationsourcesaccessiblefrom
Web servers. We show how suchWeb resourcescanbe describedaccordingto an ontology(Section2) by creating
mappingrulesbetweenXML fragments(identifiedby XPathexpressions)andontologyconceptsandroles(Section3).
Finally weillustratein Section5 how thesemappingscanbeusedfor therewriting of arestrictedclassof OQL queries
presentedin Section4.

1http://cweb.inria.fr
2Seefor examplefragserver, http://www.xml.com/pub/r/676.
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2 Ontologies and Schema Paths

Ontologies : An ontology is a quintuple
���������
	��
�������������
�������������! �����"

, where: (i)
�

is a setof concepts,(ii)
	

is a setof binaryrolesbetweenconceptsin
�

, (iii) functions
�����#�$�%�

and
�������&���

maprolesto their domainandtarget
concepts,respectively, and(iv)

 ����
is aninheritancerelationshipon

�
with theusualproperties(hierarchyon

�
).

An ontologyusually reflectsa commonunderstandingof a certaindomain. In our casewe are interestedwith
domain-specificinformationstoredin oneor severalXML databasesandwe definethesemanticsof anontologyby
thedatabasesthatconformto it : a databasefor anontology

�
containsa setof objects(instances) for eachconcept

in
�

which arerelatedby instancesof rolesin
	

. The
 ����

componentof
�

is interpretedwith asubsetsemantics,and
we saythattwo concepts

�
and

��'
areisa-relatedif

�
=
�%'

or
�( ����)�%'

or
�%'� ����)�

holds.
An exampleof an ontology for cultural artifacts is shown in Figure 1. Ten conceptsand nine roles describe

actors(persons)performingactivities for producingartifacts.For example,conceptPerson collectsall persons,is a
subconceptof Actor andinheritsrole performedrelatingactorsto activities.
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Figure1: An Ontologyfor CulturalArtif acts

It is possibleto follow schemapathsbetweenconceptsin theontologygraph.For example,theartifactsproduced
by an actorareobtainedby traversingrole performed(activities performedby actors),andthenrole hasproduced
(artifactsproducedby theseactivities). Observe also,that this traversaldefinesthesubsetof all artifactsproducedby
someactor. We distinguishbetweenrole pathsdefiningderivedrolesandconceptpathsdefiningvirtual concepts.

Role paths and derived roles : A rolepathof length * ( *,+.- ) is asequence
�/�0�$132�2�24��5

, where
��6

areroles,such
that for all -�7  98 * ,

�������&���%�:��6;"
and

�������������<��6>=?1�"
are

 ;���
-related.Thesourceandtargetof a role patharedefined

by thesourceandthe targetof its extremities:
�������������<�@"A�B�������$�%�&�:��1�"

and
�����������%�<�@"A�C�����������%�<��5D"

. Clearly, the
compositionof a role path

�
andarole path

� '
, denoted

�FEG� '
, is well-definedprovidedthat

�������&���%�<�$"
and

�������������<� ' "
are
 ����

-related.Roleperformedis arolepathof length1 with sourceActor andtargetActivity. A rolepath
�

of lengthH - definesa derivedrole,
�$�$I!�<�@"

from instancesof its sourceconceptto instancesof its targetconcept.For example,
rolepathtechnique.usedmaterialof length2 definesaderivedrole,

�$�$I!�:������J *  ;K�����2 �L����M NO�������� ;�&IP" betweenconcept
Man Made Object andconceptMaterial. A sequence

� 1 2 ��Q
canbe viewedasa derived role whoseevery instance

connectsan instance
�

of
�������$�%�&�:� 1 "

with an instance
�$'

of
�������&���%�<��Q�"

, throughan intermediary
�$' '

thatmustbean
instanceof both

�����������%�<� 1 "
and

�����#�$�%�&�:��Q�"
. Instance

�$' '
canonly exist if

�����������%�:� 1 "��R�������$�%�&�:��Q�"
areisa-related,and�$' '

mustbeaninstanceof bothconcepts
�������&���%�<� 1 "

and
�������$�%�&�:��Q�"

.

Concept paths and virtual concepts : A conceptpath S is eitherof theform
�
, or asequence

�$2 �
, where

�
is aconcept

and
�

is a role path,suchthat
�����#�$�%�&�<�$"

and
�

are
 ����

-related.Thelengthof S is T in thefirst case,andthelengthof
therole path

�
in thesecondcase.The

�����#�$�%�
and

�����������
of
�

are
�
. Thesourceandtargetof S �U�$2 � aredefinedas:�����#�$�%�&� S "V�W� and

�����������%� S "9�.�����������%�<�@" . Thecompositionof a conceptpath S anda role path
�
, denotedS EF� , is

well-definedprovidedthat
�����������%� S " and

�������������<�@"
are
 ����

-related.A conceptpathS �X�$2 � canbeviewedasdefining
a virtual conceptdenotedby

�%� * � S " , standingfor “the instancesof
�������&���%� S " that canbereachedfrom

�������$�%�&� S " by
following the rolesin S , in order” . For example,conceptpathPerson.performed.hasproduceddenotesthe artifacts
(instancesof conceptMan Made Object) producedby someperson.We alsoconsiderthat thesuffixesof a concept
pathS definesuperconceptsof thevirtual conceptdefinedby S : asuffix of aconceptpathS is obtainedby removing a
prefix, andaddinganappropriateconceptin thebeginning. For example,if S �Y� 1 2 � 1 2 ��Q@2 ��Z , then

�����#�$�%�&�:��Z�"%2 ��Z
and�����#�$�%�&�<��Q�"�2 ��Q�2 ��Z

areits suffixes.It is evidentthattheextentof S is a subsetof theextentof any of its propersuffixes.
Thus,wealsorelateaconceptpathandits suffixes(asvirtual concepts)by

 ;���
.

Givenan ontology, a setof role paths[ , anda setof conceptpaths\ definedon this ontology, we candefinea
view ontology,

�)]C�^���F]9�
	_]9�
�����#�$�%�@]V�!�������&���
]9�! �����]G"
where

�F]
is the setof virtual conceptsdefinedby each
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conceptpathin \ alongwith its superconcepts(aspreviously defined),
	_]

is thesetof derivedrolesdefinedby each
role pathin [ , and

 ����`]
is the

 ����
relationshipbetweenvirtual concepts.

3 A Mapping Language for XML

In the following we presenta languagefor establishingmappingsbetweenXML fragmentsandontology concepts
androles. Supposethathttp://www.art.comis a webserver of XML documentsaboutartistsandart in general.The
correspondingDTD is shown in Figure2.

<!ELEMENT ARTIST (NAME,NATIONALITY,ARTIFACT*)> <!ELEMENT NAME (#PCDATA)>
<!ELEMENT ARTIFACT (TITLE,PROCEDURE,LOCATION)> <!ELEMENT NATIONALITY (#PCDATA)>
<!ELEMENT TITLE (#PCDATA)> <!ELEMENT MATERIAL (#PCDATA)>
<!ELEMENT LOCATION (#PCDATA)> <!ELEMENT STYLE (#PCDATA)>
<!ELEMENT PROCEDURE (MATERIAL,STYLE)>

Figure2: A simpleXML DTD for Artists andArt in general

Themappingrulesin Figure3 mapXPathlocationpathsto schemapathsin theontologyof Figure1 :

acb
: http://www.art.com//ARTIST as d b e

PersonaFf
: d b /NAME e

has namea(g
: d b /ARTIFACT as d f e

performed.has produceda(h
: d f /TITLE e

has titleaFi
: d f /PROCEDURE as d g e

techniquea(j
: d g /MATERIAL e

used materialaFk
: d b /NATIONALITY e

born.took place ata(l
: http://www.art.com//ARTIFACT as d f e

Man Made Objecta(m
: d f /LOCATION e

located at

Figure3: Setof MappingRules

For example,rule
	_1

statesthat all fragmentsof elementtype ARTIST which are descendantsof the root of
documenthttp://www.art.com(see[6, 17] for thedefinitionof XPathpatterns/locationpaths)areinstancesof concept
Person. In the sameway, rule

	�n
statesthat all elementsof elementtypeARTIFACT, descendantsof the root of

documenthttp://www.art.com, areinstancesof conceptMan Made Object. Rule
	 Z

createsinstancesof thederived
role,

���$I
� S ���@oL����NO��M#2pJD��� S �$�$M�������M&" connectingeachelementq of typeARTIST obtainedby rule
	A1

, to all elements
of typeARTIFACT thatcanbeobtainedfrom q by applyingXPath/ARTIFACT.

Mapping Rules : A mappingrule is anexpressionof theform
	srD�4t$Kvu ���_w�xzy S , where1)

	
is therule’s label,

2)
�

, therule’s root, 3)
K

is anXPathlocationpath,4)
u ���cw�x

is anoptionalbindingof variable
w

and5) S is a schema
path.Moreprecisely, theroot (

�
) is eitheravariable,or aURL andS is a rolepathif

�
is avariableandaconceptpath

otherwise.Rule
	

is calleda relativemappingrule if its root is a variable,andanabsolutemappingrule otherwise.
Let

I S �<	_"%�
� S �<	_" denote
	

’s locationpath
K

andschemapathS , respectively.
A rule

��r@�4t$Kc���9wYy S , is interpretedasfollows: (1) applylocationpath
K

to all instances( q 1 ) of variable
�
; (2)

theobtainedfragments( q Q ) areaddedto thesetof instancesof variable
w
; (3) if

�
is a variable,add

� q 1$� q Q " to theset
of instancesof thederivedrole S ; (4) if

�
is aURL, add q Q to thesetof instancesof virtual conceptS . Observethatwe

allow multiple bindingsfor thesamevariable.Suchbindingsreducethenumberof mappingrules,while makingthe
structureeasierto understand.In theoppositeway, it is possibleto mapthesamelocationpathto differentvariables
in orderto distinguishbetweentwo interpretationsof thesamesetof fragments.Observe thatrule

	 Z
bindsthesame

variable(
� Q

) asrule
	�n

which allows the applicationof rules
	c{

and
	�|

on the instances“found” by both rulesto
obtaintheartifacts’title andtechnique.

Givena setof mappingrules,we definereachability for rulesandvariables,asfollows: Eachrule whoseroot is
a URL, or a reachablevariableis reachable,andeachvariableboundin a reachablerule is reachable.A mapping}
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overanontology
�

is a setof mappingrulessuchthat1) labelsareunique(that is, no two ruleshave thesamelabel),
2) all rulesarereachable(hencesoareall variables)and3) theconceptsandrolesusedin its rulesoccurin

�
. Note

thatthebinding-userelationshipsbetweenvariablesin amappingmaybecyclic. Thesimplestcaseof acycle is a rule
whoseleft-hand-sidecontains

w`t�~����zw
(providedthat

w
canbereachedfrom aURL by someotherrules).A mapping

is cyclic if it containsa binding-usecycle.

Concatenation of mapping rules : Two rules
	A1�r���t@K�1(���Vw�1cy S 1 , 	 Q r�w�1�t@K Q u ���9w Q xLy S Q , canbeconcatenated,

if thecompositionof theirschemapaths,S 1DE S Q is well defined3. Notetheconstraintthattherootof
	 Q

is boundin
	_1

andthatconcatenationis possibleonly if S Q is a role path.Theconcatenationis therule
	A1$2 	 Q r&�`t@K�1�t@K Q u ����w Q x�y

S 1cE S Q . Given a mapping } , its closure, denotedby }Y� , is the setof all rules that canbe obtainedfrom } by
repeatedconcatenation.Its expansion, denoted �} , is thesetof absoluterulesin }Y� ( �}��X}Y� ). Givenanontology�

, a mapping} over
�

definesa view ontology,
�_���C�P�F���
	A�,�R�����#�$�%�$���!�������&���!�,�! ������v"

where
�F�

is theset
of virtual conceptsdefinedby theconceptpathsof absoluterulesin �} and

	A�
is thesetof derivedrolesdefinedby

therelative rulesin }Y� .

4 Tree Queries

The userviews the C-webportal asa singledatabaseof fragmentswithout knowledgeof the sourceon which each
fragmentis located. We might thenconsidereachfragmentasan objectwhoseidentity is the locationpathof the
fragment.A mapping } , allows us to organisethe fragmentsinto collectionsof instancesof conceptsin

� �
, and

alsoto view certainXML pathsasrepresentingrolesof
� �

. It followsthatonecanin principlequerythisdatabaseof
fragmentsusinga querylanguage,suchasOQL. Theanswerof a queryis definedusingthesemanticsof querieson
objectbases.However, eventhoughtheansweris well-defined,anefficientevaluationrequiresthatweuseeffectively
themapping} to translatethequeryinto oneor morequerieson thesources.Ourability to dosomaydependon the
form of thequery. We introducea treequerylanguage,asarestrictedversionof OQL, anddiscusshow mappingrules
canbeusedin theevaluationof queriesin this language.

Treequeriesarebasedon select-from-where clauseson schemapaths. Figure4 shows two treequeries� and
��- where � is thegeneralform of a treequeryand ��- is anexampleof sucha querythat looks for “the titles and
locationof all manmadeobjectswhere claywasusedin theappliedtechnique”.

Q: select q 6 , q`� , ... Q1: select � , M
from

�@1 q 1 , from Man MadeObject
�
,� Q q Q ,

�
.hastitle � ,

... ,
�
.technique.usedmaterial

�
,��6 q 6 , �

.locatedat
M

��6 q 6 , where
�

= “clay”
...

where
���

and
��1

and ...

Figure4: TreeQueries

Treequery � is definedasfollows. The q 6 ’s arevariables.Each
��6

in thefrom clauseis either(1) a conceptpath�%6
/
��6�2 K�6

defininga (virtual) conceptor (2) avariableq 6 followedby aderivedrole
K�6

. In thefirst case,
�%6

and
�%6�2 K�6

, and
in thesecondcase,

K�6
, arecalledthebindingpathof q 6 , denoted��S � q 6�" . 8 is apartialorderon thevariables,suchthat

if q�� 2 K�6 q 6 occursin the from clause,then q�� 8 q 6 ( q�� is calledtheparentof q 6 ). Thewhere clauseis a conjunction
of simplepredicates,of theform

���_� q 6P� M in which
����� ����8_� H � 7 � +A� and

M
is anatomicvalue.It is not possible

to expressjoins by equalitiesbetweenvariables.Schemapathsappearexclusively in the from clause,a syntaxthat
simplifiesthepresentationof our rewriting algorithm4. Thelanguagehasnoquantifiers,aggregates,or subqueriesbut
a variableq � , presentin thefrom clausebut not in theselect or where clauses,is implicitly existentiallyquantified.

3Wedonot defineany restrictionon theconcatenationof locationpaths(rule left-hand-sides).
4It is easyto show thata querywith schemapathsin the select andthewhere clausecanbe rewritten into anequivalentqueryin which they

appearonly in thefrom clause.
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5 Query Rewriting and Evaluation

We presentherea queryrewriting algorithmthat transformsa treequery � accordingto a givenacyclic mapping}
into a queryexpressedin anXML querylanguage.Thealgorithmconsistsof two phases,namelythebindingandthe
rewriting phases.In thefirst phasewe try to find all ruleswhoseschemapaths“map” to querypathsandin thesecond
phasewerewrite theinitial queryinto asetof XPathexpressions.

Binding Variables to Rules : Take, for example,query ��- andthe mappingshown in Figure3. Intuitively, rules	_1�2 	 Z
and

	�n
mightbeusedto find manmadeobjectsfor variable

�
. Theformerfindsall manmadeobjectsthathave

beenproducedby a personandthelattercanbeusedto find manmadeobjectsin general.Rule
	�{

canthenbeused
to find thetitles for thosemanmadeobjectsandvaluesfor variable � . In thesameway, rule

	�|�2 	��
findsthematerial

usedto producetheseobjectsandobtainsinstancesfor variable
�
.

Formally, a variable to rule binding, or shortly variable binding, for a query � is a mapping � on a subsetof
variablesin � , denoted

M���N�� � " . More precisely, if
M���N�� � " is not empty, then � associateseachvariablein

M���N�� � "
with a rule in closure}Y� , suchthatthefollowing holds:

1. if q is the root of query � , then � � q " is an absolutemappingrule suchthat the querybinding path ��S � q " of
variable q denotesa superconceptof thevirtual concept,

��� * �<� S � � � q "!"
" in
� �

, which is thecasewhen ��S � q "
is equalto or asuffix of

� S � � � q "!" or a superconceptof thetargetof � � q " ;
2. elsethedeclarationof q in � hastheform q '�2 K q , i.e. q is thechild of variableq ' andthebindingpathof q is

K
.

Answersfor q canbeobtainedfrom answersfor q ' , by following thebindingpath
K

of q if (1) theroot variable
of rule � � q " is boundin rule � � q '�" , (2) therole denotedby thederivedrole of therule � � q " , �$�$I!�<� S � � � q "
"!" , is
equalto theroledenotedby thebindingpathof q and(3) thecompositionof theschemapathsof therules � � q ':"
and � � q " is well-defined,i.e. theconcatenationof thetwo rulesis well-defined.

For example,for query ��- above,thequeryrootvariable
�

is boundin thequeryto the(real)conceptMan Made
Object. In this casethe conceptpathof �;S �<��" is a suffix of

� S �<	_1$2 	 Z " =Person.performed.has produced andis
equalto theconceptpathof

� S �<	�n�" . Now, thebindingpath ��S � � " of variable � in ��- is has title, sowe needa rule
whoseschemapathleadsfrom Man Made Object to the virtual conceptMan Made Object.has title; Rule

	 {
is

sucha rule. Similar reasoningappliesto thebindingfor variables
�
,
M
.

Binding Algorithm : A variablebinding is full if it is definedon all variablesof � , andpartial otherwise.Givena
query, weneedto find all full variablebindingsaccordingto somemapping} . Indeed,eachsuchbindingprovides,as
shown below, asubsetof theanswer. By takingtheunionof all theseanswers,wehaveamaximalanswer, with respect
to thegivensourcesandthegivenmapping.We assume,w.l.g, that variablesarearrangedin pre-order: q 1$��2�2�2�� q 5 .
This ensuresthatwhenwe try to extenda bindingto a variable,it is definedon its parent.A bindingis representedas
avectorof associationsof variablesto rulesor concatenationof rules,in thatorder, namely

� q 1V����$1$��2�2�2 q 5 �����5 � .
We sketchherethe bindingalgorithmfor acyclic mappingrules. We assumethat sincethe closure }Y� is finite,

it hasbeencalculatedin advance.In thefirst stepof this algorithm,we extendtheemptybindingto theroot variable
q 1 . For eachabsoluterule

�
in }Y� suchthat

� S �<�$" is a subconceptof the bindingconceptpath ��S � q 1 " , we createa
binding

� q 1 �� � � . Then,we iteratethroughthesequenceof variables,from theleft. Assumewe have constructeda
setof partialbindingsthataredefinedon all variablesup to andincluding q 6 , we show how to extendit to q 6>=?1 . Let
q � (¡ 8W ?¢ - ) be q 6>=?1 ’s parent.Necessarily, eachbinding � we have constructedis definedon q � andassociatesa
rule

�$'4� � � q � " with q � . Supposethatvariable
w

is boundin
�$'

. Then,for eachrelative rule
�

of }Y� whoseroot is
w
,

if theschemapathsof
�$'

and
�

canbecomposed,we extend � by q 6£=?1��� �
. Note that theedgefrom q`� to q 6£=¤1 is

‘traversedin thisstep,andonly in thisstep.’ After all bindingsthataredefinedupto andincluding q 6>=?1 arecomputed,
all previouspartialbindingscanbedropped.

When } is cyclic, }Y� maybeinfinite. In a longerversionof this paperwe show how to computea usefulfinite
representationof }Y� thatcanbeusedto computeafinite representationof thesetof bindings.

We illustratevariablebinding for the mappingshown in Figure3 andfor query ��- above. In the first step,we
needto extendtheemptybindingwith a binding for theroot variable

�
, associatedwith virtual conceptMan Made

Object. An obviousoneis
� �� 	�n

, but sincePerson.performed.has produced definesa subconcept,thebinding����¥	 1 2 	�Z
is anothersolutionandweobtaintwo (partial)bindings� 1 and � Q definedon

�
. It is easyto seethateach

of themcanbeextendedafterwardsby � ��¦	 { �
�9��¦	 | 2 	 � �
M���¦	�§
to a completebinding.

Query Rewriting : Let ¨ bea setof full variablebindingscalculatedby theforegoingalgorithmfor somequery �
andmapping} . Thenfor eachof thevariablebindingsin ¨ , wecreateaquery �/© wherewereplacetheschemapath
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for aqueryvariablewith theXPathlocationpathof theruleassociatedto it. For example,for query ��- , thealgorithm
returnsbindings� 1 and � Q . For binding � 1V� � ����ª	A1$2 	 Z � � ��ª	c{��
�9��¦	�|@2 	����
M���«	 § � , theobtainedqueryis :

QS1: select � , M
from http://www.art.com//ARTIST/ARTIFACT

�
,�

/TITLE � , � /PROCEDURE/MATERIAL
�
,
�
/LOCATION

M
where

�
= “clay”

Thisquerycanbeeasilyexpressedin any XML querylanguageusingXPathfor bindingvariablessuchasQuilt [4],
XQL [16] andXQuery [3]. However, XPath is a restrictedlanguage.For example,an XPath querycanonly return
onekind of node(andfor eachnodeits XML subtree).Thus,thequery �/©F- cannotbeexpressedasa singleXPath
expressionsinceit returnsa setof pairs

� � �
M�" . But, we canexpressin XPatha requestfor thenodeof
�
, includingin

it theconditionsthat thepathsin theXML documentleadingto � �
�@�
M exist, andthat thevalueof nodefor
�

is equal
to “clay”. Whena subtreethatcorrespondsto

�
is returned,we canlocally projectit on thenodesfor � �
M .

An algorithmthat decomposesa query �/© into a partially orderedsetof XPath expressionsto be evaluatedby
the sources,wherethe partialorderimplies informationpassing,followedby an XML queryto be evaluatedby the
mediatoron theresultsof thesesubqueriesis presentedin a full versionof this paper.
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