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Abstract

To make the WWWmachine-understandablethere is a
strongdemandbothfor languagesdescribingmetadataand
for languagesqueryingmetadata.TheResource Descrip-
tion Framework (RDF),a language proposedby W3C,can
be usedfor describingmetadataabout (Web) resources.
RDF Schema(RDFS) extendsRDF by providing means
for creatingapplicationspecificvocabularies(ontologies).
While the two above languagesare widely acknowledged
asa standard meansfor describingWebmetadata,a stan-
dardizedlanguage for queryingRDF metadatais still an
openissue. Research groupscomingfrombothindustryand
academiaare presentlyinvolvedin proposingseveral RDF
querylanguages. Due to the lack of an RDF algebra such
querylanguagesuseAPIs to describetheir semanticsand
optimizationissuesare mostlyneglected. This paperpro-
posesRAL,anRDFalgebra suitablefor defining(andcom-
paring)thesemanticsof differentRDFquerylanguagesand
(at a future stage) for performingalgebraic optimizations.
After the definition of the data modelwe presentthe op-
erators by meansof which the modelcan be manipulated.
Theoperators comein threeflavors: extraction operators
retrieve the neededresourcesfrom the input RDF model,
loop operators supportrepetition,andconstructionopera-
torsbuild theresultingRDFmodel.

1. Intr oduction

The next-generationWeb, called the SemanticWeb
(SW),aimsatmakingits contentnotonly machine-readable
but alsomachine-understandable[5]. Thefinal goalof the
SW is to make machinesfully exploit the Web knowledge
in anuncentralizedmanner. TheW3C standardcalledRe-
sourceDescriptionFramework (RDF) [8, 24] is intendedto
serveasametadatalanguagefor theWebandtogetherwith
its extensionslaysa foundationfor the SW. It hasa graph
notation,which canbe serializedin a triple notation(sub-

ject,predicate,object)or in anXML syntax.
Comparedto XML, which is document-oriented,RDF

takesinto considerationaknowledge-orientedapproachde-
signedspecificallyfor the Web. Oneof the advantagesof
RDF over XML is that an RDF graphdepictsin a unique
form the information to be conveyed while therearesev-
eralXML documentsto representthesamesemanticgraph.
RDF’s strengthis basedon its ability to definestatements
thatassignvaluesto resourceproperties.

Whileobject-orientedsystemsareobject-centered(prop-
erties are defined in a class context), RDF is property-
centric, which makes it easyfor anyone to “say anything
aboutanything” [4], anarchitectureprincipleof theSW. In
RDF, conceptsfrom E-Rmodelingarebeingreusedfor web
ontologymodeling,a commonunderstandingof topicsthat
allowsapplicationinteroperability[12].

RDF Schema(RDFS) [24] can be usedto define ap-
plication specificvocabularies. Thesevocabulariesdefine
taxonomiesof resourcesand propertiesusedby specific
RDF descriptions. RDFS is designedas a flexible lan-
guageto supportdistributed descriptionmodels. Unlike
XML DTD/Schema,RDFSdoesnot imposea strict typing
on descriptions(e.g.onecanusenew propertiesthat were
not presentin theschema,a resourcecanbeaninstanceof
more thanoneclassetc.). The setof primitive datatypes
in RDF is left on purposepoorly definedasit is envisaged
thatRDFSwill reusethework donefor datatyping in XML
Schema[6]. We do hopethat futureversionsof RDFSwill
bring clarificationregardingthis subjectandwill eliminate
severalothershortcomingsof thepresentspecification(e.g.
missingsetcollection,difficult literalshandlingetc.).

In the XML world there is already a winner in the
questfor the most appropriateXML query language,i.e.
XQuery [7]. As theSW initiative startednot too long ago,
its supportingtechnologiesare still in their infancy. Re-
searchgroupscoming from both industry and academia
arepresentlyinvolvedin proposingseveralRDF querylan-
guages.Dueto thelack of anRDF algebrasuchquerylan-
guagesuseAPIs to describetheir semanticsand the opti-



mizationissuesaremostlyneglected.This paperproposes
RAL, an RDF algebrasuitablefor defining (and compar-
ing) the semanticsof different RDF query languagesand
(ata futurestage)for performingalgebraicoptimizations.

2. RelatedWork

At presentthere alreadyexist a few RDF query lan-
guagesbut to our knowledgethereis no full-fledgedRDF
algebra.Theonly algebraicdescriptionof RDF thatwe en-
counteredso far is the RDF datamodelspecification[28]
doneby Sergey Melnik (Stanford).It is basedontriplesand
providesaformaldefinitionof resources,literals,andstate-
ments.Despitebeingnicely defined,thespecificationdoes
not include URIs, neglectsthe RDF graphstructure,and
doesnot provide operationsfor manipulatingRDF models.
Anotherformalapproach,which aimsnot only at formaliz-
ing theRDF datamodelbut alsoat associatinga formal se-
manticsto it, is theRDFModelTheory(RMT) [18]. It does
not however, qualify asanalgebraicapproachbut rather, as
thenamesuggests,a modeltheoreticone. As RMT is cur-
rently beingconsidereda mainreferencewhenit comesto
RDFsemantics,wetriedto makeouralgebra(especiallythe
datamodelpart)compatiblewith RMT.

As implementationof RDFtoolkitsstartedbeforehaving
anRDFquerylanguage,therearealot of RDFAPIspresent
today. Threemainapproachesfor queryingRDF(meta)data
havebeenproposed.

Thefirst approach(supportedin theW3Cworkinggroup
by Stanford)is to view RDF dataasa knowledgebaseof
triples. Triple [33], thesuccessorof SiLRI (SimpleLogic-
basedRDFInterpreter)[11], mapsRDFmetadatato aHorn
Logic (replacingFrameLogic) knowledgebase.A similar
approachis takenin Metalog[26], which matchestriplesto
Datalogpredicates(asubsetof Horn logic). In thiswayone
canqueryRDF descriptionsat a high level of abstraction,
i.e. ata logical layerthatsupportsinference[17].

Thesecondapproachproposedby IBM builds uponthe
XML serializationof RDF. In the “RDF for XML” project
(recentlyremoved),anRDF API is proposedon top of the
IBM AlphaWork’s XML 4 Java parser. In theframeof the
sameprojecta declarative query languagefor RDF (RDF
Query) [25] was createdfor which both input and output
are resourcecontainers. One of the nice featuresof this
query languageis that it proposesoperatorssimilar to the
relationalalgebra,leaving the possibility to reusesomeof
the25 yearsexperiencewith relationaldatabases.Unfortu-
natelyit fails to includetheinferencerulesspecificto RDF
Schema,loosingdescriptionsemantics.

StefanKokkelink goesevenfurtherwith thesecondap-
proachproposingRDFqueryandtransformationlanguages
that extendexisting XML technologies.With this respect
he definesRDFPath [22], similarly to XPath, for locating

informationin anRDF graph.Thelocationstepandthefil-
ter constructswerepresentalsoin XPath, but the primary
selectionconstructis new. With the RDF graphbeing a
forest,oneneedsto specifyfrom which treestheselection
will bemade.RDFT is anRDF declarative transformation
languagea la XSLT [21], while RQuery, anRDFquerylan-
guage,is obtainedby replacingXPath[3] with RDFPathin
XQuery[7]. Howeverthisapproachisnotusingthefeatures
specificfor RDF, asthe RDF Schemais beingcompletely
neglected.

The third approach (coming from ICS-FORTH in
Greece)usesthe RDF GraphModel for definingthe RDF
query languageRQL [20]. It extendsprevious work on
semistructuredquerylanguages(e.g.pathexpressions,fil-
tering capabilitiesetc.) [14] with RDF peculiarities. Its
strengthlies in the ability to uniformly query both RDF
descriptionsand schemas.Comparedto the previous ap-
proachit exploits the inferencegiven in the RDF Schema
(e.g. multiple classificationof resources,taxonomiesof
classes/propertiesetc.)beingthemostadvancedRDFquery
languageproposedsofar.

Other query languageshave beenproposedduring the
last years: Algae [31] (W3C) and rdfDB query language
[16] (Netscape)asgraphmatchingquerylanguages.RDF
querylanguagessimilar to rdfDB are:RDFQL [19], David
Allsop’s RDF query language[1], SquishQL [30], and
RDQL [32] (HP Labs)an implementationof SquishQLon
topof theJenaRDFAPI [27] of BrianMcBride (HPLabs).
SomeotherproposedRDF APIs are: Wilbur [23] (Nokia),
the RDF API of Sergey Melnik [29] (Stanford),andRed-
land [2]. DQL, the query languagefor DAML+OIL Web
ontology language[9] (built on top of RDF), is currently
underdevelopment.

All the proposedapproachesdisregard the reconstruc-
tion of the output: they leave the output as a “flat” RDF
containerof input resources.An RDFalgebraneedsto take
into accountalsotheconstructionpart,astheresultingRDF
graphcancontainnew verticesandedgesnot presentin the
original RDF graph.This constructionpart is not only nec-
essaryto expressRDF queries,but alsofor their optimiza-
tion. Queryoptimizationcanbe achieved not only in the
extraction part but also in the constructionpart when the
actualoutputis goingto beproduced.

3. Data Model

An RDF model is similar to a directedlabeledgraph
(DLG). However, it differsfrom a classicalDLG definition
sinceit allows for multiple edgesbetweentwo nodes. It
alsodiffers from a multigraphbecausethe differentedges
betweentwo nodesarenot allowedto sharethesamelabel.
The graphis not necessarilyconnectedandit cancontain
cycles.



Thegraphnodesrepresentresourcesor literals(strings).
Resourcescan be further classifiedas URI referencesor
blank nodes.Eachblank node(alsocalledan anonymous
resource)is uniquein the graphdespitethe fact that it has
no labelassociatedto it. Non-blanknodesarelabeledwith
resourceidentifiersor stringvalues.Thegraphedgesrepre-
sentpropertiesandare labeledby propertynames.Edges
betweendifferent pairs of nodesmay sharethe samela-
bel andthe samepropertycanbe appliedrepetitively on a
certainresource.This RDF featureenablesmultiple clas-
sificationof resources,multiple inheritancefor classes,and
multipledomains/rangesfor properties.Both resourcesand
propertiesarefirst classcitizensin theproposedRDF data
model.

We identify the following sets: � (setof resources),�
(setof URI references),� (setof blanknodes),� (setof lit-
erals),and � (setof properties).At RDFlevel thefollowing
holdsfor theabove sets: ���	��
�� , 
���������
�������
���� �!� ,�#"$� , 
������ �����%�&�'� , and � , � , and � are pair-wise
disjoint.

The property 
������ �����%� definesthe type of a particular
resourceinstance. At RDF level any resourcecanbe the
targetof 
������ ������� . RDF supportsmultiple classificationof
resourcesbecause
������ ������� , (asany otherproperty)canbe
repeatedona particularresource.

Definition 1. An RDF model ( is a finite set of triples
(statements) ()"*�,+-�	+!./�0
1�32
Definition 2. Thesetof propertiesof anRDF model ( is

�4�657��89.;:=<;�><7�?2@�A(6BC.D�E<F
������ �������G<F
������ ��
����%��
����H2C�A(,I
Formally thedatamodel(graphmodel)correspondingto

anRDFmodel ( isJ �6./K-<7LM<ONQPR<ONQST2U<ONQP6�VKXW$�*
1�Y<7NQS*�=L	W$�
using the following constructionmechanism: for each.;:=</�E<7�?20�X( add nodes Z>[�<7Z>\4�]K (different only if:�^�_� ) with NQP`.aZ>[b2c�d: , NQP`.aZ>\e2c�X� , andadd �gf0�hL
asa directededgebetweenZ>[ and Z>\ with NQSi.;�gfV2j�k� . In
casethat : and/or�l�A� then NQPl./Z>[b2 and/orNQPl./Z>\g2 arenot
defined.Thefunction NQPR.Fm 2 is an injective partial function,
while NQSj.nm�2 is a (possiblynon-injective)total function.

We use quotes for strings that represent literal
nodes to make a syntactical distinction between them
and URI nodes. A URI can be expressedby quali-
fied names(e.g. :V� �poGqrZs��qtZvu ) or in absoluteform (e.g.w ���Q�E� xVx?��y%oGzl��N/�Gm {b��zAxV:�{ w ��z�oH|R�poGqrZs��qrZvu ). Blanknodes
do not have a properidentifierwhich implies that they can
bequeriedonly througha propertypointingto them.Com-
paredto XML, which definesan order betweensubele-
ments,in RDF the propertiesof a resourceareunordered

unlessthey representitems in a sequencecontainer. Not
having theburdenof preservingelementordereasesthedef-
inition of algebraoperatorsandtheir laws.

Eachnodehasthreebasicpropertiesasdescribedin Ta-
ble 1. The q�� of a noderepresentsthe label associatedto
it. Thenodesfrom thesubsetof resourcesthatrepresentthe
blanknodesdonothavean q�� associatedto them.Thereare
two �����%� sof nodes:
����s:V������:���}%
�{b� and 
��r�s:=� �~qr�n��
�oGN . TheZ����=���G� givestheuniqueinternalidentifierof eachnodein
the graph. Z����=���G� hasthe samevalue as the q�� for the
nodesthat have a label, but in addition it gives a unique
identifierto theblanknodes.Theinternalidentifier Z����G���=�
is not availablefor externaluse,i.e. it is not disclosedfor
querying.

Table 1. Basic properties for nodes
Basicproperty Result Result

for resources for literalsq�� NQPl./}v2b<F}-�-� NQPR.;:�2b<O:R�1������%� ����:���}�
�{g� �~qr�n��
�o�NZ����=���G� internalID internalID

Eachedgehasthreebasicpropertiesasdescribedin Ta-
ble2. Comparedwith nodes,whichhaveuniqueidentifiers,
edgeshavea Z�oGz1� (label),whichmaybenotunique.There
canbeseveraledgessharingthesameZ�oGz�� but connecting
differentpairsof vertices. The Z�oGz�� of an edgeis (lexi-
cally) identifiedwith the q�� of the resourcecorresponding
to thatproperty. The :e}v�F�=��{U� of anedgegivestheresource
nodefrom which theedgeis startingand �?�n�G��{U� returnsthe
resourceor literal node(i.e. thevalueof theproperty)where
theedgeends.

Table 2. Basic properties for edges
Basicproperty ResultZ�oGz�� NQSY.D��2b</�A���:e}s�n�G��{U� 
�<7
l����?�F�=��{U� ��<O�R�A�0
��

Definition 3. Two non-blanknodesare consideredto be
equalif they have the sameq�� . Two blank nodesarecon-
sideredto beequalif they have thesame(RDF) properties
andthecorresponding(RDF) propertyvaluesareequal.

All equalnon-blanknodesare internally mappedinto
onenodein thegraph.

Definition 4. Two graphsareconsideredto beequalif they
differ only by re-namingthe Z����=���G� of their blanknodes.



Notethattwographsthathaveall theirnodesequal(node
equality)maybenotequal(graphinequality)if somecorre-
spondingnon-blanknodeshave differentpropertiesand/or
differentpropertyvalues.

RDF Schema(RDFS) provides a richer modelinglan-
guageon top of RDF. RDFSaddsnew modelingprimitives
by introducingRDFresourceswith anadditionalsemantics.
If onechoosestodiscardthisspecialsemantics,RDFSmod-
elscanbeviewedas(plain) RDF models.Figure1 depicts
graphicallytheRDF/RDFSprimitives.

rdfs:Resource

rdf:Property rdfs:Class

rdf:type

rdfs:Literal

rdfs:subClassOf

rdfs:subPropertyOf rdfs:range

rdfs:domain

rdfs:subClassOf

rdf:type

Figure 1. RDF/RDFS primitives

RDFS supportstaxonomiesof resources/propertiesus-
ing the inheritancemechanismat both class level (us-
ing the property 
����s:=�D:g}s�b��N;o�:�:��p� ) and property level
(using the property 
����s:=��:g}s�U��
����%��
����H�p� ). It also de-
finesconstraints(e.g.namesto be usedfor properties,do-
main and rangefor propertiesetc.) that needto be ful-
filled by RDF descriptions(lateron calledinstances)in or-
der to validate them accordingto the associatedschema.
RDFS provides a type system built on the following
primitives: 
����s:=������:���}�
�{g� , 
���������
�������
���� , 
����s:=����N;o�:�: ,
����s:=� �~qr�n��
�o�N , 
����s:V�D:e}s�b��N/o�:�:��p� , 
��r�s:=�D:e}v�b��
�������
����H�p� ,
����s:=� �=��z�oGqtZ , and
����s:=� 
�oGZvu�� Thedistinctionbetween
����
and 
����s: namespacesto be usedfor differentresourcesis
moredueto historicalreasons(RDF wasdevelopedbefore
RDFS)thandueto semanticalones.

Every resource that has the 
��r��� �����%� equal to
����s:=����N/o�:�: , representsa type (or class) in the RDF(S)
type system. Typescan be classifiedas primitive types:
����s:=� ����:���}�
�{g� , 
��r��� ��
����%��
���� , 
����s:=����N;o�:�: , 
����s:=���~qr�n��
�o�N
or user-defined types (resourcesdefined explicitly by a
particular RDF model to have the 
������ ������� equal to
����s:=����N/o�:�: ). The type of the resource
��r�s:=�D��N/o�:�: is de-
finedreflexively to be 
��r�s:=�D��N/o�:�: . 
��r�s:=�D��N/o�:�: containsall
the types,which is not the samething assayingthat it in-
cludesall thevalues(instances)representedby thesetypes.

We extend the data model with the set C (set of
classes). At RDFS level the following holds: ��"�� ,
��r�s:=������:e��}�
�{b����� , 
���������
����%��
�������� , 
����s:=�D��N/o�:�:-�� , and 
����s:=� �Tqr�n�e
�o�N���� .

Definition 5. Thesetof classesof anRDFmodelM is

�h�65�{V89./{�<7
��r��� �����%�G<F
����s:=� ��N;o�:�:�23�-(,I
The most general types are 
����s:V� ����:e��}�
�{b� and
��r�s:=���~qr�n��
�o�N which representall resourcesandliterals re-

spectively. Accordingto thedatamodelthesetypesaredis-
junctive. Subclassesof 
��r�s:=� ����:���}�
�{b� are 
����s:V�D��N;o�:�: and
��r�s:=����
����%��
���� , 
����s:=�D��N/o�:�: representingall types(already
statedabove)and 
��r�s:=����
����%��
���� containingall properties.
The distinction betweenpropertiesand resourcesis not a
clear cut one as propertiesare resourceswith someaddi-
tional (edge)semanticsassociatedto them.A propertycan
beusedrepetitively betweennodes(somehow similar to re-
peatinga particulartype in the definition of its instances)
which justifiestheexistenceof an ��y%�n�eZs� function(defined
later on) for properties(aswell as for classes).Moreover
propertyinstancescanhave the 
����s:V�D:e}s�U��
����%��
������p� de-
finedin thesamewayasonecanusethe 
����s:=��:e}s�b��N/o�:�:��p�
for classes.

From all RDFSpropertiesthe mostimportantonesare:
��r�s:=�D:e}v�g��N/o�:�:��p� , 
����s:=� :e}s�U��
����%��
������p� , 
����s:=���=��z�oGqtZ ,
and 
����s:=� 
�oGZvu�� (all being instancesof 
��r������
����%��
���� ).
��r�s:=�D:e}v�g��N/o�:�:��p� and 
����s:=�D:g}s�U��
����%��
����H�p� areusedto
defineinheritancerelationshipsbetweenclassesandprop-
ertiesrespectively. Accordingto the RDF TestCases[15]
��r���D:e}s�b��N/o�:�:��p� and 
��r���D:e}s�U��
����%��
������p� can produce
cycles,a usefulmechanismif we think aboutclassor prop-
erty equivalence. A resourceof type 
���������
����%��
���� may
definethe 
����s:V���G��z1oGqrZ andthe 
��r�s:=� 
�oGZvu�� associatedto
thatproperty(i.e. thetypeof thesubject/objectnodesof the
propertyedgein an RDF instance). Inspiredby ontology
languages,like OWL [10], 
����s:=� �G��z�o=qrZ and 
����s:=� 
�oGZvu��
canbemultiply definedfor oneparticularpropertyandwill
haveconjunctivesemantics.

There is one particular classcalled 
����s:=���~qr�n��
�o�N that
representsall strings. Note that the RDF Model Theory
[18] providesa morecomplex definition of the literal asa
triplet (bit, characterstring, languagetag),wherethebit is
usedto flag if thecharacterstringrepresentsanXML frag-
mentor not. In the datamodelwe simplify the literal def-
inition consideringjust thecharacterstring from theabove
triple. Note that literals arenot resources,i.e. onecannot
associatepropertiesto them.Ontheotherhandtherearere-
sourcesthathavetype 
��r�s:=���~qr�n��
�o�N andthuscanhaveprop-
ertiesattachedto them.Neverthelessonecannotsaywhich
literal this resourcedenotes. RDF definesalso container
classes:
��r���D����� , 
��������Ro=u , and 
��������YN/� to modelordered
sequences,setswith duplicates,andvaluealternatives.The



properties
������ 
��r� � , 
������ 
���� � , 
��r��� 
���� � etc.refer to the
containermembers.

Eachnoderepresentinga classhasthreeschemaprop-
ertiesasshown in Table3. Schemapropertiesassociated
to nodesareshortnotations(like a macro)for expressions
doing the samecomputationbasedonly on basicproper-
ties. The ������� of a classnodeis ��N/o�:�: . Thesetof super-
classes(classesfrom which thecurrentclassnodeis inher-
iting properties)is given by :e}v�g��N/o�:�:��p� . RDFS allows
multiple inheritancefor classesbecause
����s:V�D:e}s�b��N/o�:�:��p�
(asany otherproperty)canberepeatedonaparticularclass.
The �ey%�n��Zs� of a classnodeis thesetof all instancesof this
class.

Table 3. Schema properties for class nodes
Schemaproperty Result������� ��N/o�:�::e}s�b��N/o�:�:��p� ��<���"����y%�n�eZs� ����<7����"��

Eachnoderepresentingapropertyhasfiveschemaprop-
ertiesasshown in Table4. The �����%� of a propertynodeis��
�������
���� . Thesetof superproperties(propertieswhich the
currentone is specializing)is given by :e}v�b��
�������
����H�p� .
Note that the domainor rangeof a superpropertyshould
be superclassesfor the domainor range,respectively, of
the currentproperty. The �=��z�oGqtZ and 
�oGZvu�� return sets
of classesthat representthedomainandtherange,respec-
tively, of the propertynode. The ��y��n��Zs� of a nodeis the
setof resourcepairslinkedby the currentproperty(which
is a subsetof theCartesianproductbetweentheassociated
domainandrangeextents).

Table 4. Schema properties for property
nodes

Schemaproperty Result�����%� ��
����%��
����:e}v�b��
�������
����H�p� ��<O�*"���
����%��
�����G��z1oGqrZ �A<7��"&��N/o�:�:
�oGZvu�� �`<7�6"&��N/o�:�:��y��n��Zs� LM<7L�"��=��z�oGqrZ�+1
�o=Zvu��
Oneshouldnotethat we assumein the datamodelthat

therecanbeseveraledgeshaving thesameZ�oGz1� but link-
ing different pairs of resources.All thesepropertiescan
beseenas“instances”(abusingthe “instance”term,previ-
ouslyreferringto resourceinstancesof aparticularclass)of
thepropertynodewith the q�� equalto their commonname.

In the absenceof a schema,all RDF propertiesare of
type 
���������
����%��
���� with domainequalto � andrangeequal

to �*
1� . In this way onecandefinethe ��y��n��Zs� of anRDF
propertyeven if the propertyis not explicitly definedin a
schema.In a schemalessRDF graphall resourcesareas-
sumedto beof type 
��r�s:=������:e��}�
�{b� .

The RDF Model Theory [18] definesthe RDF-closure
and RDFS-closureof a certainmodel ( by addingnew
triples to the model ( accordingto some given infer-
ence rules. We call the original model ( the exten-
sionaldataand the newly generatedtriples we call inten-
sionaldata.Therearetwo inferencerulesfor RDF-closure
andnine inferencerulesfor RDFS-closure.The inference
rules for RDF-closureare adding the 
������ ������� (pointing
to 
��r������
����%��
���� ) for all propertiesin the model. Exam-
plesof inferencerulesfor RDFS-closureare:transitivity of
��r�s:=�D:e}v�g��N/o�:�:��p� , transitivity of 
����s:V�D:e}s�U��
����%��
������p� ,
��r��� �����%� inferencebasedon a 
��r��� �����%� edgefollowed by
an 
����s:=��:e}s�b��N/o�:�:��p� edgeetc. Oneshouldnote that the
outputof theseinferencerulesmaytriggerotherrules.Nev-
erthelesstheruleswill terminatefor any RDF input model( , as thereis only a finite numberof triples that canbe
formedwith thevocabularyof ( .

Definition 6. An RDF model ( is completeif it contains
bothits RDF-closureandRDFS-closure.

In the proposeddatamodel we neglect reification and
built-in propertieslike 
����s:=��:������YNt:e� , 
����s:=� qn:e������qrZ����G��� ,
��r�s:=��{b��z1z1��Zs� , and 
����s:=��N/o��U��N without loosinggenerality.

4. RAL

Thepurposeof definingRAL is twofold: to supportthe
formal specificationof an RDF querylanguageandto en-
ablealgebraicmanipulationsfor queryoptimization. RAL
is analgebrafor RDF definedfrom a databaseperspective,
someof its operatorsbeinginspiredby their relationalalge-
bracounterparts.We usedasimilarapproachin developing
XAL [13], analgebrafor XML queryoptimization.

During the presentationof RAL operatorswe will use
the RDF datafrom the examplein Figure2 asinput. It is
assumedthat all operatorsknow aboutthe completeRDF
modelasit wasdefinedin Section3. Thatmeansthat they
all have the completeknowledge(extensionaland inten-
sionaldata)presentin thegivenmodel.Variantsof thepro-
posedoperatorscanbe definedusingthe suffix “ � ” which
will maketheoperatorsneglecttheintensionaldata,i.e.data
derived by applying RDF(S) inferencerules to the input
model is neglected(similar to the RQL ‘strict interpreta-
tion’). In order to simplify Figure 2 we choseto present
only theextensionaldataandjust oneintensionaldataele-
mentgiven by the inferrededge 
������ �����%� between
�� and��
���oG�n��
 .
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Figure 2. Example schema and instance

Figure2 is an excerpt from the RDF schemaandRDF
instanceof some Web data describing different paint-
ing techniques. For reasonsof simplicity we consider
only onepaintingtechnique( �O� w q�o=
��?:�{U}�
���  ), onepainter
( �O����zA��
�oGZ��V�n  ), and two paintingsof the samepainter
( �����n��Z�����
�q��?u���  and �O����Nt�v�p��
���
�oGqr�n  ). The schema
does not present the RDFS primitives 
����s:=� ����:���}%
�{b� ,
������ ��
����%��
���� , 
��r�s:=�D��N/o�:�: , and 
��r�s:=� �~qr�n��
�oGN from which
all theresourcesandliteralsarederived.

We define RDF collections to be sets of nodes (re-
sources/literals).All RAL operatorsareclosedfor collec-
tions, which implies that RAL expressionscan be easily
composed.Theoperatorscomein threeflavors: extraction
operatorsretrieve theneededresourcesfrom theinputRDF
model, loop operatorssupportrepetition,andconstruction
operatorsbuild theresultingRDFmodel.

Thegeneralform of theoperatorsis

��¡ �%¢�.ayv£?<Fy�¤V<emgmemFy%¥��V��yV�%
���:�:eq���Z>2
Informally, this meansthe following. For eachbind-

ing of y to an elementin the input collection, given byy £ <7y ¤ <gmemgmny ¥ , ��.ayv2 is computed.� is a functionthatallows
to referto basic/derivedpropertiesor to oneof theproposed
operators.Basedon the semanticsof operator� a partial
resultfor theapplicationof � to ��./y�2 is computed.Theop-
eratorresultis obtainedby combining(setunion)all partial
results. All unary operatorsusethis implicit mechanism,

the z�o�� operator, to computethe result. In the operator’s
generalform, � is optional. Oneshouldnotethatann-ary
operatorcanbereducedto aunaryoneby having asinputa
sequencetype.

RAL operatorsare definedto work on any RDF de-
scriptions, with or without an explicit schema. Note
that implicitly there is always a default schemabased
on the RDFS primitives 
��r�s:=� ����:���}�
�{b� , 
���������
�������
���� ,
��r�s:=�D��N/o�:�: , and 
����s:V� �~qr�n��
�o�N . TheseRDFSprimitivescan
beusedto retrieve a particularschemain casethatsuchin-
formation is not known in advance. Oncethe application
schemais known, onecanformulatequeriesto return in-
stancesfrom theinputRDFmodel.

4.1. Extraction Operators

Theextractionoperatorsretrievetheresources/literalsof
interestfrom theinputcollectionof nodes.If theoperatoris
not definedon nodesthatrepresentliterals,thesenodesare
simply neglected.

In theexamplesthat illustratetheoperatorswe will use
expressionsrepresentingresourcesfrom the exampleRDF
model z of Figure2. Theexpression{ representsthecol-
lection(set)of all resourcespresentin model z .

Projection ¦
¡ 
�� Z�oGz��e¢r.;���V��yV�%
���:�:eq���Z>2

Theinputof theprojectionis acollectionof nodes(spec-
ified by theexpression� ) andtheprojectionoperatorcom-
putesthe values(objects)of the propertieswith a name
givenby theregularexpression
�� Z�oGz�� overstrings.The
stringthatmatchesall namesis denotedby | .

Example1.

¦
¡9.;�c8 �v2noGqrZs�b¡ :g¢/|�¢r./
���2 returnsthecollectionof

resourcesin ourRDFgraphpaintedby 
�� (Rembrandt)(i.e.
?� and 
�� ).
Example2.

¦
¡ 
������ �����%�e¢r./
��G2 returnsthe resource(s)repre-

sentingthetypeof 
�� (i.e. �poGqrZs�n��
 ).
Note that in theseexampleswe talk about resources,

whereactually the output of the operatorsare collections
of resources.

Selection §
¡ {g��Z��Vqr��q���Zv¢r.;���V��y=��
���:�:eq���Z>2

The {b��Z��=qt��q���Z is a Boolean function that uses as
constantsURIs and/or strings. The operatorsallowed in
the {g��Z��Vqr��q���Z are RAL operators,the usual comparison
operators( �l<g¨©�l<eª©�l<gªp<e¨p<gªp¨ ), and logical operators
( oGZ��%<7��
�<7Z���� ). The input of theselectionis a collectionof
nodesandtheoperatorselectsonly thenodesthatfulfill the{b��Z��=qt��q���Z .



Example3.

§
¡
¦
¡ ��Z�oGz��g¢A�«�O� w q�oG
��?:�{U}�
��� �¢�./{g2 is a se-

lection operation applied to the collection { of all re-
sourcesfrom Figure 2. The expressionreturns the re-
source(s)representingthepaintingtechniquewith thename�O� w qroG
��?:�{U}�
���  (i.e. 
�� ).
Example4. Theexpression

§
¡
¦
¡ 
��r��� �����%�e¢3�¬��
���o=�n��
�¢�./{g2

returnsresourceswith thevalueof 
������ ������� being ��
���oG�n��

(i.e. 
�� , a resourceof type �po=qrZs�n��
 with �poGqrZs�n�e
 beinga
subclassof ��
���o=�n��
 ).
Example5. Theexpression

§
�V¡
¦
¡ 
������ �������g¢s�k��
���o=�n��
�¢�./{g2

(different from the selectionin the previous example, as
it asks for the use of only the extensionaldata) returns
the empty collection, as the inferred 
������ ������� of 
�� (i.e.��
���oG�n��
 ) from Figure2 will not be availableto the oper-
ator.

CartesianProduct

.ay-�=�ey=��
���:�:gq���Z>2C+!.a���V��yV�%
���:�:eq���Z>2
The Cartesianproducttakesasinput two collectionsof

nodeson which it performsthe set-theoreticalCartesian
product.Eachpair of nodesbuilds ananonymousresource
that hasall the propertiesof the original resources.Thus,
sucha resourcewill have all the typesof the original two
resources(RDF multiple classificationof resources).The
final outputis thecollectionof all theanonymousresources.
Notehow for binaryoperatorswealsouseaninfix notation.

Example6. Theexpression

§
¡
¦
¡ 
������������%�e¢��k­Y��{ w Zsqr��}v�e¢./{g2j+

§
¡
¦
¡ 
��r�����������g¢E�	�po=qrZs�n��
�¢r.;{g2 returnsananonymous

resourcehaving all thepropertiesof 
�� and 
�� . As a conse-
quencethisanonymousresourcehasbothtypes­Y��{ w Zsqr��}v�
and �po=qrZs�n��
 .
Join

.ay �V��yV��
���:�:eqr��Z>2-®;¯°¡ {b��Z��Vqr��q���Zv¢�.a���V��yV��
���:�:eqr��Z>2
The join expressionis definedto bea Cartesianproduct

followedby a selection,soequivalentto§
¡ {b��Z��=qr��qr��Zv¢�.ay +��H2

Theexpressionhasasinput two collectionsof resources
that have their elementspaired only if they fulfill the{b��Z��Vqr��q���Z (relating the left and right operands).Anony-
mousresourcesarebuilt for eachsuchpair. The output is
thecollectionof all theanonymousresources.

Example7. .ay-�
§
¡
¦
¡ 
������ �������e¢s�k­Y��{ w Zsq���}v�e¢r.;{g2F2�®t¯c¡

¦
¡ � -y%��zl��Naqn��q���� ���G¢r./y�2p�

¦
¡ ��oGqtZs�F:g¢�.a�H2r¢�.a�!�

§
¡
¦
¡ 
������������%�e¢~��po=qrZs�n��
�¢r.;{g2F2 returnsananonymousresourcehaving all the

propertiesof 
�� and 
�� . In casethat there would have
beenpainterswho didn’t use the �O� w q�o=
��?:�{U}�
���  tech-
nique, thesepainterswould not be pairedwith this tech-
niquein theresultinganonymousresources.

Union

.ay �V��yV��
���:�:eqr��Z>2s
±./���V��yV�%
���:�:eq���Z>2
The union operatorcombinestwo input collectionsof

nodesreflectingtheset-theoreticalunion.

Differ ence

.ay �V��yV��
���:�:eqr��Z>2�²0./���V��yV�%
���:�:eq���Z>2
Thedifferenceoperatorreturnsthenodespresentin the

first inputcollectionbut not in thesecondinput collection.

Intersection

.ay �V��yV��
���:�:eqr��Z>2s³±./���V��yV�%
���:�:eq���Z>2
The intersectionoperatorreturnsthe nodespresentin

bothinput collections.

4.2. Loop Operators

Loopoperatorsareusedto controltherepetitiveapplica-
tion of a certainfunctionor operator. They expressrepeti-
tion at input or function/operatorlevel.

Map

z1o��E¡ �%¢�./���=�ey=��
���:�:gq���Z>2
Themapoperatoris definedas


C.;��./�?£g2U<O��.;��¤e2U<em9m´m���./��¥H2F2
if thecollection � containstheelements�?£�<O��¤V<gm´m9m ��¥ . So,the
mapoperatorexpressesrepetitionat input level. Theresults
of applyingthe function/operator� to eachelementin the
inputcollectionarecombined(setunion)to obtainthefinal
result. All unary constructionoperatorshave an implicit
mapoperatorassociatedwith them.

Example8. z�o��E¡ qr�V¢�./{g2 computesthelabelsof all thenon-
blanknodesin the(input)model,i.e.of all resourceshaving
an qr� property.

KleeneStar µ
¡ �%¢�./���V��yV��
���:�:eqr��Z>2

TheKleenestaroperatoris definedas

�C
���.;��2>
-m´m9m���.;��.Fm9m´m¶.;��.;��.;��2F2F272F2E
 m´m´m
So, the Kleenestar operatorexpressesrepetitionat func-
tion/operatorlevel. It repeatsthe applicationof the func-
tion/operator� on thegiveninput possiblyinfinite number



of times. For eachiterationthe result is obtainedby com-
bining (setunion)theoutputof thefunction/operatorappli-
cationon the input with the input. If after an iterationthe
resultis thesameasthe input, a fixedpoint is reachedand
therepetitionstops.In orderto ensuretermination,avariant
of this operatorthat specifiesthe numberof iterationsZ is
definedbelow: µ

¡ ��<FZv¢�./���V��yV��
���:�:eqr��Z>2
Notethat themapoperatordoesnot includetheinput in

theresult,while theKleenestaroperatordoes.

Example9. z�o��E¡ q��?¢�.
µ
¡
¦
¡ 
��r�s:=�D:e}v�g��N/o�:�:��p�%¢´¢�./�poGqrZs��qtZvuH2F2

gives the q�� of all ancestorclassesin the type hierarchy
startingwith �poGqrZs��qtZvu . For our examplethe result will
contain three resourcesrepresentingthe types �Y
���qn�vo�{U� ,�po=qrZs��qrZvu , and 
����s:=� ����:���}%
�{b� . If therewereloopsmade
by the 
����s:=�D:e}v�b��N;o�:�:��p� propertyin the input model,the
aboveexamplewouldstill terminate.Thefactthattheinput
modelhasafinite numberof classesimpliesthatatacertain
momentafixedpoint is reached(weobtainthesameoutput
collectionasfor thepreviousiteration)andthustheKleene
staroperatorterminates.

4.3. Construction Operators

QueryinganRDF modelimpliesnot only extractingin-
terestingresources/literalsfrom the input but alsobuilding
new resources/literalsand associatingnew propertiesbe-
tweenresources/properties.

Before insertingnew nodes/edges,the RDF constraints
arechecked. If theseconstraintsarenot met, theoperation
aborts. Examplesof RDF constraintsare: the uniqueness
of resourceidentifiers,the value of 
������ ������� cannotbe a
literal, literalscannothavepropertiesetc.

CreateNode

Z����=��¡ �����%�G<Fq��V¢r.t2
Thecreatenodeoperatoraddsa new nodeto thegraph.

The input collectionis not usedin the operatorsemantics.
The type of the node,specifiedby ������� , is a resourceof
type ��N/o�:�: . The q�� is a resourceidentifier if thenoderep-
resentsaresource,or astringif thenoderepresentsaliteral.
As a sideeffect, an edgerepresentingthe �����%� propertyis
addedbetweenthecreatedresourceandits associatedtype
resource.All resourcesandliteralsneedto definetheir type
(even if it is one of the RDFS primitives 
����s:=������:���}�
�{g�
or 
����s:=���~qr�n��
�o�N ). If the q�� operandis emptya blanknode
is constructed.For theseblank nodesthe systemassigns
uniqueZ����G���G� s. Thecreatenodeoperatorreturnsthecre-
atednode(acollectioncontainingonenode).

Example10. Z����=��¡ �poGqtZs�n��
�<F¢r.t2 createsa blank node of
typePainter, while Z����=��¡ �~qr�n��
�oGNF<V����o=
�oG·�oVu�q��� �¢�.;2 creates
aLiteral noderepresentingthestring �O��oG
�oG·Go=u�qr��  .
CreateEdge

���Vu���¡ Z�oGz1�G<O:e}s�n�G��{U�r¢r.;�?�n�G��{U���=��yV�%
���:�:eq���Z>2
Thecreateedgeoperatoraddsnew edges(properties)to

the graph. The name(label) of the edges,asspecifiedbyZ�oGz1� , is theid of aresourceof type ��
����%��
���� (propertyre-
source).The :e}v�F�=��{U� andthe �?�n�G��{b� musthave typescom-
plying with thedomainandtherangeof theassociated(by
name)propertyresource.The :e}v�F�=��{U� is a node(or single-
toncollection)in thegraphandthe �?�n�G��{b� is acollectionof
nodes.Theedgesarebetweenthe :e}s�n�G��{U� nodeandeachof
thenodesin the �?�F�=��{U� collection.Thecreateedgeoperator
returnsthesubjectnode(a collectioncontainingonenode).

Example11. If Z�� and Z>� are the two nodesconstructed
in Example10, Z�� denotingthe blanknodeand Z>� denot-
ing the literal node, ���?u���¡ Z�oGz��G<FZ��b¢�.aZ>�=2 createsan edge
labeledZ�oGz1� betweenthenodesZ�� and Z>� .
5. Conclusions

RAL is an RDF algebradefinedto supportthe formal
specificationof anRDFquerylanguage.It presentsa setof
operationsto beusedin boththeextractionandconstruction
partsof a formally definedRDF querylanguage.It is one
of the first RDF algebrasdevelopedfrom a databaseper-
spective. Comparedwith existing RDF query languages,
the constructionphaseis not neglectedand is part of the
languagespecification.

As futurework we will analyzetheexpressive power of
RAL with respectto existing RDF querylanguagesandits
completeness.Comparingtheexpressive power of RAL to
that of otheralgebras,like relationalalgebraor objectal-
gebra,givessomeinsight into the real strengthof the lan-
guage,but thetruetestis thecomparisonwith existing lan-
guages(implementations)for RDF: RQL is theprimecan-
didate.

We would like alsoto investigateoptimizationlaws that
will enablealgebraicmanipulationsfor queryoptimization.
The lack of order(betweenresources)in RDF modelsand
RAL collections,aswell asthesimplicity andcomposabil-
ity of RAL operators(similar to therelationalalgebraones)
seemto fosterthedefinition of RAL optimizationlaws. A
translatorfrom a popularRDF querylanguage(e.g.RQL)
to RAL andaRAL enginewill enableusto experimentwith
differentaspectsof RDFqueryoptimization.
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