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Abstract

To male the WWWmadine-undestandablethere is a
strongdemandothfor languagesdescribingmetadataand
for languages queryingmetadata. The Resouce Descrip-
tion Framevork (RDF), a language proposedoy W3C,can
be usedfor describingmetadataabout (Web) resouces.
RDF Sthema (RDFS) extendsRDF by providing means
for creatingapplicationspecificvocahularies (ontolagies).
While the two above languages are widely acknowledgd
asa standad meansfor describing\W\eb metadataa stan-
dardizedlanguage for querying RDF metadatais still an
openissue Reseath groupscomingfrombothindustryand
academiaare presentlyinvolvedin proposingseveral RDF
guerylanguages. Dueto thelack of an RDF algebra sudch
guerylanguagesuseAPIsto describetheir semanticsand
optimizationissuesare mostlyneglected. This paper pro-
posesRAL,an RDF algebra suitablefor defining(andcom-
paring)thesemantic®f differentRDF querylanguagesand
(at a future stage) for performingalgebraic optimizations.
After the definition of the data modelwe presentthe op-
erators by meansof which the modelcan be manipulated.
The operators comein threeflavors: extraction operators
retrieve the neededresoucesfrom the input RDF model,
loop opemators supportrepetition,and constructionopera-
tors build theresultingRDF model.

1. Intr oduction

The next-generationWeb, called the Semantic Web
(SW),aimsatmakingits contentnotonly machine-readable
but alsomachine-understandalg]. Thefinal goal of the
SW is to make machinedully exploit the Web knowledge
in anuncentralizednanner The W3C standarctcalledRe-
sourceDescriptionFramavork (RDF) [8, 24] is intendedto
sene asametadatdanguagdor the Webandtogethemwith
its extensiondays a foundationfor the SW. It hasa graph
notation,which canbe serializedin a triple notation(sub-

ject, predicatepbject)or in anXML syntax.

Comparedto XML, which is document-orientedRDF
takesinto consideratioraknowledge-orienteépproactde-
signedspecificallyfor the Weh One of the advantagef
RDF over XML is thatan RDF graphdepictsin a unique
form the informationto be corveyed while thereare ses-
eralXML documentso representhesamesemantigraph.
RDF's strengthis basedon its ability to definestatements
thatassigrvaluesto resourceproperties.

While object-orientedystemsareobject-centere(prop-
erties are definedin a class context), RDF is property-
centric, which makesit easyfor anyoneto “say anything
aboutarnything” [4], anarchitecturegrinciple of the SW. In
RDF, conceptdrom E-R modelingarebeingreusedor web
ontologymodeling,a commonunderstandingf topicsthat
allows applicationinteroperability[12].

RDF Schema(RDFS) [24] can be usedto define ap-
plication specificvocalularies. Thesevocahulariesdefine
taxonomiesof resourcesand propertiesusedby specific
RDF descriptions. RDFS is designedas a flexible lan-
guageto supportdistributed descriptionmodels. Unlike
XML DTD/SchemaRDFSdoesnotimposea strict typing
on descriptionge.g.one canusenew propertieshatwere
not presenin the schemaa resourcecanbe aninstanceof
morethanone classetc.). The setof primitive datatypes
in RDF is left on purposepoorly definedasit is ervisaged
thatRDFSwill reusethework donefor datatypingin XML
Schemd6]. We do hopethatfuture versionsof RDFSwill
bring clarificationregardingthis subjectandwill eliminate
severalothershortcoming®f the presenspecification(e.g.
missingsetcollection,difficult literalshandlingetc.).

In the XML world thereis already a winner in the
guestfor the mostappropriateXML query language,.e.
XQuery|[7]. Asthe SWinitiative startednot too long ago,
its supportingtechnologiesare still in their infang.. Re-
searchgroups coming from both industry and academia
arepresentlyinvolvedin proposingseveral RDF querylan-
guagesDueto thelack of an RDF algebrasuchquerylan-
guagesuseAPls to describetheir semanticsand the opti-



mizationissuesare mostly neglected. This paperproposes
RAL, an RDF algebrasuitablefor defining (and compar
ing) the semanticof different RDF querylanguagesand
(atafuture stage)for performingalgebraicoptimizations.

2. Related Work

At presentthere already exist a few RDF query lan-
guageshut to our knowledgethereis no full-fledged RDF
algebra.Theonly algebraicdescriptionof RDF thatwe en-
counteredso far is the RDF datamodel specification[28]
doneby Segey Melnik (Stanford).lt is basedntriplesand
providesaformal definitionof resourcesdljterals,andstate-
ments.Despitebeingnicely defined the specificatiordoes
not include URIs, negglectsthe RDF graphstructure,and
doesnot provide operationdor manipulatingRDF models.
Anotherformal approachwhich aimsnotonly at formaliz-
ing the RDF datamodelbut alsoat associating formal se-
manticsto it, is theRDF Model Theory(RMT) [18]. It does
not however, qualify asanalgebraicapproactbut rather as
the namesuggestsa modeltheoreticone. As RMT is cur-
rently beingconsidereda main referencevhenit comesto
RDF semanticsye triedto make our algebraespeciallythe
datamodelpart)compatiblewith RMT.

Asimplementatiorof RDF toolkits startedbeforehaving
anRDF querylanguagetherearealot of RDF APIs present
today Threemainapproachefor queryingRDF (meta)data
have beenproposed.

Thefirst approach{supportedn theW3C working group
by Stanford)is to view RDF dataas a knowledgebaseof
triples. Triple [33], the successoof SiLRI (SimpleLogic-
basedRDF Interpreter]11], mapsRDF metadatdo aHorn
Logic (replacingFramelLogic) knowledgebase.A similar
approachs takenin Metalog[26], which matchegriplesto
Datalogpredicatega subsebf Hornlogic). In thisway one
canquery RDF descriptionsat a high level of abstraction,
i.e. atalogical layerthatsupportanference17].

The secondapproachproposecby IBM builds uponthe
XML serializationof RDF In the “RDF for XML" project
(recentlyremoved),an RDF API is proposedn top of the
IBM AlphaWbrk’s XML 4 Java parser In theframeof the
sameprojecta declaratve query languagefor RDF (RDF
Query) [25] was createdfor which both input and output
are resourcecontainers. One of the nice featuresof this
querylanguages thatit proposesperatorssimilar to the
relationalalgebra,leaving the possibility to reusesomeof
the 25 yearsexperiencewith relationaldatabasedJnfortu-
natelyit fails to includethe inferencerulesspecificto RDF
Schemaloosingdescriptionsemantics.

Stefan Kokkelink goeseven furtherwith the secondap-
proachproposingRDF queryandtransformatiofanguages
that extend existing XML technologies.With this respect
he definesRDFPRath [22], similarly to XPath, for locating

informationin anRDF graph.Thelocationstepandthefil-
ter constructswere presentalsoin XPath, but the primary
selectionconstructis new. With the RDF graphbeing a
forest,oneneedgo specifyfrom which treesthe selection
will be made.RDFT is an RDF declaratve transformation
languageala XSLT [21], while RQuery anRDF querylan-
guagejs obtainedby replacingXPath[3] with RDFPRathin
XQuery[7]. Howeverthisapproachs notusingthefeatures
specificfor RDF, asthe RDF Schemais beingcompletely
neglected.

The third approach (coming from ICS-FORH in
Greece)usesthe RDF GraphModel for definingthe RDF
query languageRQL [20]. It extendsprevious work on
semistructuredjuery languagege.g. path expressionsfil-
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 inferencegivenin the RDF Schema
(e.g. multiple classificationof resources,taxonomiesof
classes/propertiegc.) beingthemostadvancedRDF query
languageproposedsofar.

Other query languageshave beenproposedduring the
last years: Algae [31] (W3C) and rdfDB query language
[16] (NetscapepsgraphmatchingquerylanguagesRDF
guerylanguagesimilar to rdfDB are: RDFQL [19], David
Allsop’s RDF query language[1], SquishQL [30], and
RDQL [32] (HP Labs)animplementatiorof SquishQLon
top of theJenaRDF API [27] of Brian McBride (HP Labs).
SomeotherproposedRDF APls are: Wilbur [23] (Nokia),
the RDF API of Segey Melnik [29] (Stanford),and Red-
land [2]. DQL, the querylanguagefor DAML+OIL Web
ontology languag€[9] (built on top of RDF), is currently
underdevelopment.

All the proposedapproacheslisregard the reconstruc-
tion of the output: they leave the outputasa “flat” RDF
containerof inputresourcesAn RDF algebraneedgo take
into accountlsotheconstructiorpart,astheresultingRDF
graphcancontainnew verticesandedgesot presenin the
original RDF graph.This constructiorpartis not only nec-
essaryto expressRDF queries but alsofor their optimiza-
tion. Query optimizationcan be achieved not only in the
extraction part but alsoin the constructionpart whenthe
actualoutputis goingto be produced.

3. Data Model

An RDF modelis similar to a directedlabeledgraph
(DLG). However, it differsfrom a classicalDLG definition
sinceit allows for multiple edgesbetweentwo nodes. It
alsodiffers from a multigraphbecausehe differentedges
betweertwo nodesarenot allowedto sharethe sameabel.
The graphis not necessarilyconnectedandit cancontain
cycles.



Thegraphnodesrepresentesourcesr literals (strings).
Resourcesan be further classifiedas URI referencesor
blank nodes. Eachblank node (also called an anorymous
resourcejs uniquein the graphdespitethe factthatit has
no labelassociatedo it. Non-blanknodesarelabeledwith
resourcadentifiersor stringvalues.Thegraphedgegsepre-
sentpropertiesand are labeledby propertynames. Edges
betweendifferent pairs of nodesmay sharethe samela-
bel andthe samepropertycanbe appliedrepetitively on a
certainresource. This RDF featureenableanultiple clas-
sificationof resourcesmultiple inheritancefor classesand
multiple domains/rangefor properties Both resourcesind
propertiesarefirst classcitizensin the proposedRDF data
model.

We identify the following sets: R (setof resources){J
(setof URI references)B (setof blanknodes) L (setof lit-
erals),andP (setof properties) At RDF level thefollowing
holdsfor theabove sets:R = U U B, rdf :Property € U,
P C R, rdf:type € P, andU, B, and L are pairwise
disjoint.

The propertyrdf:type definesthe type of a particular
resourceinstance. At RDF level ary resourcecan be the
targetof rdf :type. RDF supportanultiple classificationof
resourcebecausedf:type, (asary otherproperty)canbe
repeatedn a particularresource.

Definition 1. An RDF model M is a finite setof triples
(statements)
MCRxUx (RUL)

Definition 2. Thesetof propertiesof anRDF model M is
P = {p|(s,p,0) € MV(p,rdf:type,rdf:Property) € M}

Formally thedatamodel(graphmodel)correspondingo
anRDF modelM is

G= (N,E,ZN,IE),IN:N—)RUL,lE:E—)P

using the following constructionmechanism: for each
(s,p,0) € M addnodesns,n, € N (differentonly if
s # o) with Ix(ns) = s, In(n,) = o, andadde, € E
asadirectededgebetweenn andn, with lg(ep) = p. In
casethats and/oro € B theniy(n,) and/orlx(n,) arenot
defined.Thefunctionin(.) is aninjective partial function,
while Ig(.) is a (possiblynon-injective) total function.

We use quotes for strings that represent literal
nodesto make a syntactical distinction betweenthem
and URI nodes. A URI can be expressedby quali-
fied names(e.g. s:Painting) or in absoluteform (e.qg.
http:/ [example.com [ schema+t Painting ). Blanknodes
do not have a properidentifier which impliesthatthey can
be queriedonly througha propertypointingto them. Com-
paredto XML, which definesan order betweensubele-
ments,in RDF the propertiesof a resourceare unordered

unlessthey represenitemsin a sequenceontainer Not
having theburdenof preservingglemenbrdereaseshedef-
inition of algebraoperatorsandtheir laws.
Eachnodehasthreebasicpropertiesasdescribedn Ta-
ble 1. Theid of a noderepresentshe label associatedo
it. Thenodesfrom thesubsebf resourceshatrepresenthe
blanknodesdonothave anid associatetb them.Thereare
two typesof nodes:rdf s: Resource andrdf s:Literal. The
nodel D givestheuniqueinternalidentifierof eachnodein
the graph. nodeI D hasthe samevalue asthe id for the
nodesthat have a label, but in additionit givesa unique
identifierto theblanknodes Theinternalidentifiernodel D
is not availablefor externaluse,i.e. it is not disclosedfor

querying.

Table 1. Basic properties for nodes

Basicproperty | Result Result

for resources| for literals
id In(u),u €U | In(s),s € L
type Resource Literal
nodel D internallD internallD

Eachedgehasthreebasicpropertiesasdescribedn Ta-
ble 2. Comparedvith nodeswhich have uniqueidentifiers,
edgedhaveaname (label),whichmaybenotunique.There
canbeseveraledgesharingthesamename but connecting
differentpairs of vertices. The name of an edgeis (lexi-
cally) identifiedwith the id of the resourcecorresponding
to thatproperty The subject of anedgegivestheresource
nodefrom which the edgeis startingandobject returnsthe
resourcer literal node(i.e. thevalueof theproperty)where
theedgeends.

Table 2. Basic properties for edges
Basicproperty | Result
name Ie(p),p€ P
subject r,r € R
object 0,0€ RUL

Definition 3. Two non-blanknodesare consideredo be
equalif they have the sameid. Two blank nodesare con-
sideredto be equalif they have the same(RDF) properties
andthe correspondingRDF) propertyvaluesareequal.

All equal non-blanknodesare internally mappedinto
onenodein thegraph.

Definition 4. Two graphsareconsideredo beequalif they
differ only by re-namingthenodeI D of their blanknodes.



Notethattwo graphghathave all theirnodessqual(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 introducingRDFresourcesvith anadditionalsemantics.

If onechooseso discardthis speciakemanticsRDFSmod-
elscanbeviewedas(plain) RDF models.Figure 1 depicts
graphicallythe RDF/RDFSprimitives.
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Figure 1. RDF/RDFS primitives

RDFS supportstaxonomiesof resources/propertiass-
ing the inheritancemechanismat both class level (us-
ing the property rdf s:subClassOf) and property level
(using the property rdf s:subPropertyOf). It also de-
finesconstraintde.g.namesto be usedfor propertiesdo-
main and rangefor propertiesetc.) that needto be ful-
filled by RDF descriptionglater on calledinstances)n or-

der to validate them accordingto the associatedschema.

RDFS provides a type system built on the following
primitives: rdfs:Resource, rdf:Property, rdfs:Class,
rdf s:Literal, rdf s:subClassOf, rdf s:subPropertyOf,
rdf s:domain, andrdf s:range Thedistinctionbetween-df
andrdfs namespace® be usedfor differentresourcess
moredueto historicalreason§RDF wasdevelopedbefore
RDFS)thandueto semanticabnes.

Every resource that has the rdf:type equal to
rdf s:Class, representsa type (or class)in the RDF(S)
type system. Typescan be classifiedas primitive types:
rdf s:Resource, rdf: Property, rdf s:Class, rdf s: Literal
or userdefined types (resourcesdefined explicitly by a
particular RDF model to have the rdf:type equal to
rdf s:Class). Thetype of the resourcerdfs:Class is de-
finedreflexively to berdf s:Class. rdf s:Class containsall
the types,which is not the samething assayingthatit in-
cludesall thevalues(instancesjepresentetly thesetypes.

We extend the data model with the set C (set of
classes). At RDFS level the following holds: C C R,
rdf s:Resource € C, rdf:Property € C, rdfs:Class €
C, andrdfs:Literal € C.

Definition 5. Thesetof classe®f anRDF modelM is
C = {c|(c, rdf type,rdf s:Class) € M}

The most general types are rdfs:Resource and
rdf s: Literal which representll resourcesandliterals re-
spectvely. Accordingto the datamodelthesetypesaredis-
junctive. Subclassesf rdf s: Resource arerdf s:Class and
rdf s:Property, rdf s:Class representingll types(already
statedabove) andrdf s: Property containingall properties.
The distinction betweenpropertiesand resourcess not a
clear cut one as propertiesare resourceswith someaddi-
tional (edge)semanticassociatedio them. A propertycan
beusedrepetitvely betweemodessomehav similarto re-
peatinga particulartype in the definition of its instances)
which justifiesthe existenceof anextent function (defined
later on) for properties(aswell asfor classes).Moreover
propertyinstancesanhave the rdf s:subPropertyO f de-
finedin thesameway asonecanusetherdf s:subClassO f
for classes.

From all RDFS propertieshe mostimportantonesare:
rdf s:subClassO f, rdf s:subPropertyO f, rdf s:domain,
and rdf s:range (all being instancesof rdf:Property).
rdf s:subClassO f andrdf s:subPropertyO f areusedto
defineinheritancerelationshipsbetweenclassesand prop-
ertiesrespectiely. Accordingto the RDF TestCaseq15]
rdf:subClassOf and rdf:subPropertyOf can produce
cycles,ausefulmechanisnif we think aboutclassor prop-
erty equivalence. A resourceof type rdf:Property may
definethe rdf s:domain andthe rdf s:range associatedo
thatproperty(i.e. thetype of thesubject/objechodesof the
propertyedgein an RDF instance). Inspiredby ontology
languageslike OWL [10], rdf s:domain andrdfs:range
canbemultiply definedfor oneparticularpropertyandwill
have conjunctive semantics.

Thereis one particular classcalled rdf s: Literal that
representsll strings. Note that the RDF Model Theory
[18] providesa more complex definition of the literal asa
triplet (bit, charactestring, languageag), wherethe bit is
usedto flag if the charactestringrepresentan XML frag-
mentor not. In the datamodelwe simplify the literal def-
inition consideringust the charactesstring from the above
triple. Note that literals are not resourcesi.e. one cannot
associat@ropertiego them.Ontheotherhandtherearere-
sourceshathavetyperdf s: Literal andthuscanhave prop-
ertiesattachedo them. Nevertheles®necannotsaywhich
literal this resourcedenotes. RDF definesalso container
classesrdf:Seq, rdf:Bag, andrdf: Alt to modelordered
sequencessetswith duplicatesandvaluealternatves. The



propertiesdf:rdf 1, rdf:rdf 2, rdf :rdf _3 etc.referto the
containemembers.

Eachnoderepresenting classhasthreeschemaprop-
ertiesas shavn in Table3. Schemapropertiesassociated
to nodesare shortnotations(lik e a macro)for expressions
doing the samecomputationbasedonly on basic proper
ties. Thetype of a classnodeis Class. The setof super
classegclassegrom which the currentclassnodeis inher
iting properties)is given by subClassOf. RDFS allows
multiple inheritancefor classedecausedf s:subClassO f
(asary otherproperty)canberepeateanaparticularclass.
Theextent of aclassnodeis the setof all instance®f this
class.

Table 3. Schema properties for class nodes

Schemaroperty | Result
type Class
subClassO f S,sccC
extent RI, R CR

Eachnoderepresenting propertyhasfive schemaprop-
ertiesasshavn in Table4. Thetype of a propertynodeis
Property. Thesetof superpropertiegropertiesvhich the
currentone is specializing)is given by subPropertyOf.
Note that the domainor rangeof a superpropertyshould
be superclassefor the domainor range,respectiely, of
the currentproperty The domain andrange returnsets
of classeghatrepresenthe domainandthe range,respec-
tively, of the propertynode. The extent of a nodeis the
setof resourcepairslinked by the currentproperty(which
is a subsebf the Cartesiarproductbetweenthe associated
domainandrangeextents).

Table 4. Schema properties for property

nodes
Schemaroperty | Result
type Property
subPropertyOf | S,S C Property
domain D,D c Class
range R,R C Class
extent E,E C domain X range

Oneshouldnotethat we assumen the datamodelthat
therecanbe severaledgeshaving the samename but link-
ing different pairs of resources.All thesepropertiescan
be seenas‘“instances”(akusingthe “instance”term, previ-
ouslyreferringto resourcenstance®f aparticularclass)of
the propertynodewith theid equalto theircommonname.

In the absenceof a schemaall RDF propertiesare of
typerdf: Property with domainequalto R andrangeequal

to RU L. In thisway onecandefinethe extent of anRDF
propertyevenif the propertyis not explicitly definedin a
schema.ln a schemales&®DF graphall resourcesre as-
sumedo beof typerdfs: Resource.

The RDF Model Theory[18] definesthe RDF-closure
and RDFS-closureof a certainmodel M by adding new
triples to the model M accordingto some given infer-
encerules. We call the original model M the exten-
sional dataand the newly generatedriples we call inten-
sionaldata. Therearetwo inferencerulesfor RDF-closure
andnine inferencerulesfor RDFS-closure.The inference
rules for RDF-closureare adding the rdf :type (pointing
to rdf: Property) for all propertiesin the model. Exam-
plesof inferencerulesfor RDFS-closurare:transitvity of
rdf s:subClassO f, transitivity of rdf s:subPropertyO f,
rdf :type inferencebasedon a rdf :type edgefollowed by
anrdfs:subClassO f edgeetc. One shouldnotethat the
outputof thesanferencerulesmaytriggerotherrules. Nev-
erthelesgheruleswill terminatefor any RDF input model
M, asthereis only a finite numberof triples that can be
formedwith thevocahlulary of M.

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

In the proposeddatamodel we neglect reification and
built-in propertiedike rdf s:see Also, rdf s:isDe fined By,
rdf s:comment, andrdf s:label withoutloosinggenerality

4. RAL

The purposeof definingRAL is twofold: to supportthe
formal specificationof an RDF querylanguageandto en-
ablealgebraicmanipulationsfor queryoptimization. RAL
is analgebrafor RDF definedfrom a databasgerspectie,
someof its operatordeinginspiredby their relationalalge-
bracounterpartsWe useda similar approactin developing
XAL [13], analgebrafor XML queryoptimization.

During the presentatiorof RAL operatorswe will use
the RDF datafrom the examplein Figure2 asinput. It is
assumedhat all operatorsknow aboutthe completeRDF
modelasit wasdefinedin Section3. Thatmeanshatthey
all have the completeknowledge (extensionaland inten-
sionaldata)presenin the givenmodel. Variantsof the pro-
posedoperatorscanbe definedusingthe suffix “*” which
will maketheoperatorsgglecttheintensionatata,i.e.data
derived by applying RDF(S) inferencerules to the input
modelis neglected(similar to the RQL ‘strict interpreta-
tion’). In orderto simplify Figure 2 we choseto present
only the extensionaldataandjust oneintensionaldataele-
mentgiven by the inferrededgerdf:type betweenr4 and
Creator.
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Figure 2. Example schema and instance

Figure 2 is an excerptfrom the RDF schemaand RDF
instance of some Web data describing different paint-
ing techniques. For reasonsof simplicity we consider
only onepaintingtechnique(“Chiaroscuro”), onepainter
(“Rembrandt”), and two paintingsof the samepainter
(“StoneBridge” and “Self Portrait”). The schema
does not presentthe RDFS primitives rdf s: Resource,
rdf: Property, rdf s:Class, andrdf s: Literal from which
all theresourcesndliteralsarederived.

We define RDF collectionsto be sets of nodes (re-
sources/literals) All RAL operatorsare closedfor collec-
tions, which implies that RAL expressionscan be easily
composed.The operatorscomein threeflavors: extraction
operatorgetrieve the neededesource$rom theinput RDF
model,loop operatorssupportrepetition,and construction
operatorsuild theresultingRDF model.

Thegeneraform of theoperatorss

o[fl(z1, 2, ...z, : expression)

Informally, this meansthe following. For eachbind-
ing of x to an elementin the input collection, given by
Z1,%Ta,---Tn, f(x) iscomputed.f is afunctionthatallows
to referto basic/denedpropertiesor to oneof theproposed
operators. Basedon the semanticsof operatoro a partial
resultfor the applicationof o to f(x) is computed.The op-
eratorresultis obtainedby combining(setunion)all partial
results. All unary operatorsusethis implicit mechanism,

the map operatorto computethe result. In the operators
generalform, f is optional. Oneshouldnotethatan n-ary
operatorcanbereducedo aunaryoneby having asinputa
sequenceype.

RAL operatorsare definedto work on ary RDF de-
scriptions, with or without an explicit schema. Note
that implicitly there is always a default schemabased
on the RDFS primitives rdf s:Resource, rdf:Property,
rdf s:Class, andrdf s: Literal. TheseRDFSprimitivescan
be usedto retrieve a particularscheman casethatsuchin-
formationis not known in advance. Oncethe application
schemais known, one canformulate queriesto returnin-
stancegrom theinput RDF model.

4.1 Extraction Operators

Theextractionoperatorgetrieve theresources/literalef
interestfrom theinput collectionof nodes If the operatoiis
not definedon nodesthatrepresentiterals, thesenodesare
simply neglected.

In the examplesthat illustratethe operatorsve will use
expressiongepresentingesourcegrom the exampleRDF
modelm of Figure2. The expressiore representshe col-
lection (set)of all resourcepresenin modelm.

Projection

w[re_name](e : expression)

Theinputof theprojectionis acollectionof nodeqspec-
ified by the expressiore) andthe projectionoperatorcom-
putesthe values(objects)of the propertieswith a name
givenby theregularexpressiornre_name over strings. The
stringthatmatchesall nameds denotedby #.

Examplel. «[(P|p)aint[s]#](r4) returnsthecollectionof
resourcedn our RDF graphpaintedby 4 (Rembrandtji.e.
r2 andr3).

Example2. «[rdf:type](rd) returnsthe resource(sjepre-
sentingthetypeof r4 (i.e. Painter).

Note that in theseexampleswe talk aboutresources,
whereactually the output of the operatorsare collections
of resources.

Selection

olcondition](e : expression)

The condition is a Boolean function that uses as
constantsURIs and/or strings. The operatorsallowed in
the condition are RAL operators,the usual comparison
operators(=, >=, <=, <, >, <>), and logical operators
(and, or,not). Theinput of the selectionis a collectionof
nodesandthe operatorselectsonly the nodeghatfulfill the
condition.



Example3. o[r[tname] = “Chiaroscuro”](c) is a se-
lection operationapplied to the collection ¢ of all re-
sourcesfrom Figure 2. The expressionreturns the re-
source(syepresentinghe paintingtechniquewith thename
“Chiaroscuro” (i.e.rl).

Example4. The expressioro[n[rdf:type] = Creator](c)
returnsresourcesvith thevalueof rdf :type beingCreator
(i.e.r4, aresourceof type Painter with Painter beinga
subclas®f Creator).

Examples. Theexpressiorv*[n[rdf type] = Creator](c)

(different from the selectionin the previous example, as
it asksfor the use of only the extensionaldata) returns
the empty collection, as the inferred rdf :type of r4 (i.e.
Creator) from Figure 2 will not be availableto the oper

ator.

Cartesian Product

(z : expression) x (y : expression)

The Cartesiarproducttakesasinput two collectionsof
nodeson which it performsthe set-theoreticalCartesian
product. Eachpair of nodesbuilds ananorymousresource
that hasall the propertiesof the original resources.Thus,
sucha resourcewill have all the typesof the original two
resourcegRDF multiple classificationof resources).The
final outputis thecollectionof all theanorymousresources.
Notehow for binaryoperatorsve alsouseaninfix notation.

Example6. Theexpressioro|[r[rdf:type] = Technique]
(¢) x o[n[rdf type] = Painter](c) returnsananorymous
resourcéhaving all the propertiesof 1 andr4. As aconse-
guencehis anorymousresourcéhasbothtypesTechnique
andPainter.

Join
(z : expression) i [condition] (y : expression)

Thejoin expressions definedto be a Cartesiarproduct
followedby a selectionsoequivalentto

olcondition](z x y)

The expressiorhasasinputtwo collectionsof resources

that have their elementspaired only if they fulfill the
condition (relatingthe left and right operands). Anony-
mousresourcesre built for eachsuchpair. The outputis
thecollectionof all theanorymousresources.
Example?. (z : o[r[rdf:type] = Technique](c)) > [r[e-
xempli fied by|(x) = w[paints)(y)]|(y : o[x[rdf:type] =
Painter](c)) returnsananorymousresourcehaving all the
propertiesof r1 andr4. In casethat there would have
been painterswho didn’t use the “Chiaroscuro” tech-
nigue, thesepainterswould not be pairedwith this tech-
niguein theresultinganorymousresources.

Union
(z : expression) U (y : expression)

The union operatorcombinestwo input collectionsof
nodesreflectingthe set-theoreticalinion.

Differ ence
(z : expression) — (y : expression)

The differenceoperatorreturnsthe nodespresentn the
firstinput collectionbut notin thesecondnput collection.

Intersection
(z : expression) N (y : expression)
The intersectionoperatorreturnsthe nodespresentin
bothinput collections.

4.2 Loop Operators

Loop operatorareusedto controltherepetitve applica-
tion of a certainfunction or operator They expressrepeti-
tion atinput or function/operatotevel.

Map
map|f](e : expression)

Themapoperatoiis definedas

U(f(e1), f(e2), .. f(en))

if thecollectione containgheelementsy, es, ...e,,. So,the
mapoperatorexpressesepetitionatinputlevel. Theresults
of applyingthe function/operatorf to eachelementin the
input collectionarecombined(setunion)to obtainthefinal

result. All unary constructionoperatorshave an implicit

mapoperatorassociatedvith them.

Example8. maplid](c) computeghelabelsof all thenon-
blanknodesn the(input) model,i.e. of all resource$iaving
anid property

Kleene Star

*[f](e : expression)

TheKleenestaroperatoiis definedas

eUfle)U..f(f(.-(F(f(e)) V...

So, the Kleene star operatorexpressegepetitionat func-
tion/operatorevel. It repeatshe applicationof the func-
tion/operatorf onthe giveninput possiblyinfinite number



of times. For eachiterationthe resultis obtainedby com-
bining (setunion)the outputof thefunction/operatoappli-
cationon theinput with the input. If afteraniterationthe
resultis the sameastheinput, a fixed point is reachecand
therepetitionstops.In orderto ensurderminationavariant
of this operatorthat specifieshe numberof iterationsn is
definedbelow:

*[f,n](e : expression)

Notethatthe mapoperatordoesnotincludetheinputin
theresult,while the Kleenestaroperatordoes.

Exampled. maplid] (x[n[rdf s:subClassO f]](Painting))
givesthe id of all ancestorclassesn the type hierarchy
startingwith Painting. For our examplethe resultwill
contain three resourcesrepresentinghe types Arti fact,
Painting, andrdfs:Resource. If therewereloopsmade
by the rdf s:subClassO f propertyin the input model, the
above examplewould still terminate. Thefactthattheinput
modelhasa finite numberof classesmpliesthatatacertain
momentafixedpointis reachedwe obtainthe sameoutput
collectionasfor the previousiteration)andthusthe Kleene
staroperatoterminates.

4.3 Construction Operators

Queryingan RDF modelimplies not only extractingin-
terestingresources/literalfrom the input but alsobuilding
new resources/literal&ind associatingnen propertiesbe-
tweenresources/properties.

Beforeinsertingnew nodes/edgeghe RDF constraints
arechecled. If theseconstraintarenot met, the operation
aborts. Examplesof RDF constraintsare: the uniqueness
of resourceidentifiers, the value of rdf:type cannotbe a
literal, literals cannothave propertiesetc.

CreateNode
node[type, id)()

The createnodeoperatoraddsa new nodeto the graph.
The input collectionis not usedin the operatorsemantics.
The type of the node, specifiedby type, is a resourceof
type Class. Theid is aresourcddentifierif the noderep-
resentsiresourcepr astringif thenoderepresentalliteral.
As a sideeffect, an edgerepresentinghe type propertyis
addedbetweenthe createdresourceandits associatedype
resourceAll resourceandliteralsneedto definetheirtype
(evenif it is oneof the RDFS primitives rdf s: Resource
or rdf s:Literal). If theid operands emptya blanknode
is constructed. For theseblank nodesthe systemassigns
uniquenodel Ds. The createnodeoperatoreturnsthe cre-
atednode(a collectioncontainingonenode).

Example10. node[Painter,]() createsa blank node of
type Painter while node[Literal, “Caravagio”]() creates
aLiteral noderepresentinghestring “Caravagio”.

CreateEdge
edge[name, subject](object : expression)

The createedgeoperatoraddsnewn edgegproperties)o
the graph. The name(label) of the edges,as specifiedby
name, istheid of aresourcef type Property (propertyre-
source).The subject andthe object musthave typescom-
plying with the domainandthe rangeof the associatedby
name)propertyresource The subject is anode(or single-
ton collection)in thegraphandtheobject is a collectionof
nodes.Theedgesarebetweerthe subject nodeandeachof
thenodesin theobject collection. Thecreateedgeoperator
returnsthe subjectnode(a collectioncontainingonenode).

Examplell. If n1 andn2 arethe two nodesconstructed
in Examplel0, n1 denotingthe blank nodeandn2 denot-
ing the literal node, edge[name,nl1](n2) createsan edge
labeledname betweerthenodesn1 andn?2.

5. Conclusions

RAL is an RDF algebradefinedto supportthe formal
specificatiorof anRDF querylanguagelt presents setof
operationgo beusedn boththeextractionandconstruction
partsof a formally definedRDF querylanguage.lt is one
of the first RDF algebrasdevelopedfrom a databaseer
spectve. Comparedwith existing RDF query languages,
the constructionphaseis not neglectedandis part of the
languagespecification.

As futurework we will analyzethe expressive power of
RAL with respecto existing RDF querylanguages&ndits
completenessComparingthe expressve power of RAL to
that of otheralgebraslike relationalalgebraor objectal-
gebra,givessomeinsightinto the real strengthof the lan-
guage put the true testis the comparisorwith existing lan-
guagegimplementationsjor RDF: RQL is the prime can-
didate.

We would lik e alsoto investigateoptimizationlaws that
will enablealgebraiananipulationgor queryoptimization.
The lack of order(betweerresources)n RDF modelsand
RAL collections,aswell asthe simplicity andcomposabil-
ity of RAL operatorgsimilarto therelationalalgebraones)
seemto fosterthe definition of RAL optimizationlaws. A
translatorfrom a popularRDF querylanguagege.g. RQL)
to RAL andaRAL enginewill enableusto experimentwith
differentaspectof RDF queryoptimization.
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