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Abstract

Thispaperintroducesa methodfor automaticcomposi-
tion of SemanticWebservicesusingLinear Logic (LL) the-
oremproving. ThemethodusesSemanticWeb servicelan-
guage(DAML-S)for externalpresentationof Webservices,
while, internally, the servicesare presentedby extralogi-
cal axiomsandproofsin LL. We usea processcalculusto
presentthecompositeserviceformally. Theprocesscalcu-
lus is attachedto theLL inferencerules in thestyleof type
theory. Thustheprocessmodelfor a compositeservicecan
be generateddirectly from the proof. The subtypingrules
thatare usedfor semanticreasoningare presentedwith LL
inference�gur es.We proposea systemarchitecture where
theDAML-Stranslator, theLL theoremprover and these-
manticreasonercanoperatetogetherto ful�ll thetask.This
architecturehasbeenimplementedin Java.

1. Intr oduction

Recentprogressin the �eld of Web serviceshasmade
it practicallypossibleto publish,locate,andinvoke appli-
cationsacrossthe Web. This is a reasonwhy more and
more companiesand organizationsnow implement their
corebusinessandoutsourceotherapplicationservicesover
Internet.The ability for ef�cient selectionand integration
of inter-organizationaland heterogeneousserviceson the
Web at runtimebecomesan importantrequirementto the
Web serviceprovision. In particular, if no singleWeb ser-
vice cansatisfy the functionality requiredby a user, there
shouldbeapossibilityto combineexistingservicestogether
in orderto ful�ll therequest.This trendhastriggeredacon-
siderablenumberof researchefforts on Webservicescom-
positionbothin academiaandin industry.

SeveralWebservicesinitiativeshaveprovidedplatforms
andlanguagesthatshouldallow easyuseof Web services.
In particular, UniversalDescription,Discovery, and Inte-
gration (UDDI) [3], Web ServicesDescriptionLanguage
(WSDL) [6], Simple Object AccessProtocol (SOAP) [4]
andpartsof DAML-S [14] ontology(includingServicePro-
�le and ServiceGrounding)de�ne standardways for ser-
vice discovery, descriptionand invocation(messagepass-
ing). SomeotherinitiativesincludingBusinessProcessEx-
ecution Languagefor Web Service(BPEL4WS) [2] and
DAML-S ServiceModel,are focusedon representingser-
vice compositionswherea process�o w andbindingsbe-
tweenservicesareknown apriori.

The problem of Web servicecompositionis a highly
complex task. Here we underlineonly the following two
sourcesof its complexity. First, Web servicescanbe cre-
atedandupdatedon the �y , andit is a problemto analyze
a hugeamountof dynamicservicesandto composethem.
Second,the Web servicesareusuallydevelopedby differ-
entorganizationsthatusedifferentsemanticmodelfor pre-
sentingservices'characteristicsandthis requiresutilization
of relevantsemanticinformationfor matchingandcompo-
sitionof Webservice.

In this paper, we proposea solution that allows de-
creasingthe complexity of Web servicescompositiontask
emerging from theabove-mentionedsources.

First, we presenta methodfor automatedWeb service
compositionwhich is basedon the proof searchin a frag-
ment of propositionalLinear Logic (LL) [8]. The main
idea of the methodis as follows. Given a set of existing
Webservices,themethod�nds acompositionof atomicser-
vices that satis�es the userrequirements.The reasonwhy
we use propositionalLL here is that it provides the ex-
pressive power that allows us to describeboth functional-
itiesandnon-functionalattributesof Webservices.Because
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Figure 1. The architecture of the service com-
position system.

of soundnessof the logic fragmentusedthecorrectnessof
compositeservicesis guaranteedwith respectto the initial
speci�cation.Completenessof the logic fragmentensures
thatif a composablesolutionexiststhenit will befound.

Second,the compositionapproachwe presentallows
reasoningwith typesfrom a servicespeci�cationusingSe-
manticWeblanguage.Weintroduceasetof subtypingrules
thatde�ne avalid data�ow for compositeservices.Thesub-
typingrelationshipbetweentheclassesor propertiesarede-
�ned in thedomainontology. Becausewede�ne thesubtyp-
ing rulesaslogical implications,the interoperabilityis en-
suredbetweentheLL theoremproverandthesemanticrea-
soner.

Webservicecompositionusingtheoremproving is arel-
atively new topic,andit hasbeenmostlymentionedin quite
recentpublications.However, theideaof softwareconstruc-
tion from proofsis notnew. In particular, deductiveprogram
synthesisis basedonanobservationthatconstructiveproofs
areequivalentto programswhereeachstepof aproofcanbe
interpretedasa stepof a computation.Thekey ideasof the
softwarecompositionapproach,aswell ascorrespondence
betweentheoremsandspeci�cationsandbetweenconstruc-
tiveproofsandprograms,arepresentedin [13].

Therestof this paperis organizedasfollows: Section2
describesa systemarchitecturefor compositionof Seman-
tic Webservices.Section3 presentsa methodfor transfor-
mation of DAML-S ServicePro�le to extralogical axioms
in LL. Section4 discusseshow to extracta processfrom a
proof.Section5 introducestheprototypeandits implemen-
tation.Finally, relatedwork andconclusionarepresented.

2. The servicecompositionarchitecture

A generalarchitectureof theproposedWebservicecom-
positionsystemis depictedon Figure1. Thebasiccompo-
nentsof thesystemareasfollows:

Translator performsa transformationbetweenan exter-
nal presentationof Web servicesandextralogicalax-
iomsin LL. In our system,DAML-S ServicePro�leis
usedexternally for presentationof SemanticWebser-
vicespeci�cation,while LL axiomsareusedinternally
for planningandcomposition.Theprocessmodelis in-
ternallypresentedby a processcalculus.Thecalculus
canbetranslatedinto eitherDAML-S or BPEL4WS.

GUI visualizesservices(bothcomposedandatomic).The
graphicalpresentationincludesvisualizationof func-
tionalitiesandnon-functionalattributes.

LL theoremprover proveswhethertheuser's requestfor
servicecanbeachievedby a compositionof theavail-
ableatomicservices.If theansweris positive,thepro-
cessmodelfor thecompositeserviceis automatically
extractedfrom theproof.

Semanticreasoner detectsthesubtypingandsomeother
relationshipsbetweenconceptsin service descrip-
tion. The formal logics used in semanticreasoner
could be logics developed for expressing knowl-
edgeandreasoningaboutconceptsandconcepthier-
archies,for example,DescriptionLogic [9]. A trans-
formationbetweenDescriptionLogic andLL is done
by theadapter.

Adapter performstranslationbetweenLL andtheinternal
presentationusedby thesemanticreasoner.

A compositionprocessin our caseis asfollows.First, a
semanticdescriptionof existing Web services(in the form
of DAML-S ServicePro�le) is translatedinto extralogical
axiomsof LL and the user's requestfor a compositeser-
vice is speci�ed in the form of a LL sequentto be proven.
Second,the adapterasksthe semanticreasonerto analyse
thesubtyperelationsof theclassesandpropertiesin thedo-
mainontologyandsendstherelationsasLL axiomsto the
LL theoremprover. Third, the LL theoremprover checks
whetherthe requestcanbe satis�ed by compositionof ex-
isting atomic services(this is done by performing theo-
remproving in LL). If thesequentcorrespondingto there-
questedcompositeservicehasbeenprovenandtheproof is
generatedthena processcalculuspresentationis extracted
from theproofdirectly. Thelaststepis constructionof �o w
models- theprocesscalculusis translatedto eitherDAML-
SServiceModelor BPEL4WSupontherequest.Duringthe
compositionand executionprocesses,the user is able to
monitorthesystemvia GUI.



3. Transforming fr om DAML-S Pro�le to
Linear Logic Axioms

3.1. Linear Logic

LL is a re�nement of classicallogic introducedby J.-
Y. Girard [8] to provide a meansfor keeping track of
“resources”—inLL two assumptionsof a propositional
constantA aredistinguishedfrom a single assumptionof
A. AlthoughLL is not the�rst attemptto developresource-
orientedlogics (well-known examplesare relevancelogic
[7] and Lambekcalculus [11]), it is by now one of the
most investigatedone. Therefore,becauseof its maturity
andwell-developedsemantic,LL is usefulasa declarative
languageandaninferencesystem.

The resource-orientedfeatureof LL providesmoreex-
pressivepowerfor Webservicespeci�cation.First,because
theconjunctionof two propositionalconstantA is notequal
to a singleoccurrenceof A in LL, this allows speci�cation
of both countedresourcesandmultiple serviceparameters
having thesametype.For example,two serviceparameters
of theintegertypecanbespeci�edasI nt 
 I nt . Onthecon-
trary, in classicallogic, this speci�cation is equalto a sin-
gle I nt andwelosethecomputationalmeaningof thespec-
i�cation. Second,by using “of course”modality, we can
distinguishtheconsumabletype(e.g.time andmoney) and
non-consumabletype(e.g.information)in thedescriptions
of Webservices.

Thesyntaxof theLL fragmentthatwe usein this paper
is presentedby thefollowing grammar:

A ::= PjA ( AjA 
 AjA � Aj!Aj1:

The logic fragmentA consistsof propositionP, multi-
plicative conjunction
 , additive disjunction� , linear im-
plication ( and “of course”(!) modality. In termsof re-
sourceacquisitionthelogicalexpressionA 
 B ( C 
 D
meansthat resourcesC andD areobtainableonly if both
A andB areavailable to be consumed.Thus the connec-
tive 
 de�nesdeterministicrelationsbetweenresources.In
that way we can encodedifferent behaviors of computa-
tions.ThedisjunctionA � B de�nes thateitherA or B is
consumedor generated.Theformula!A meansthatwe can
useor generatea literal A asmuchaswewant—theamount
of theresourceis unbounded.While in classicallogic liter-
alsmaybecopiedby default, in LL thishasto bestatedex-
plicitly.

After theavailableservicesarespeci�ed in the form of
LL extralogicalaxiomsanda requestedserviceis speci�ed
asatheoremto beproven,weuseLL theoremprovingtode-
terminewhethertherequestedservicecanbecomposed.If
aproofof thetheoremexiststhenacomposedserviceis ex-
tractedfrom theproof.A structureof thecomposedservice
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Figure 2. The upper ontology for Web ser-
vices.

re�ects thestructureof theproof. Sincethecomposedser-
vice is guaranteedto meetthespeci�cation,no furtherver-
i�cation is needed.

3.2. The upper modelof Webservicesand LL

Figure2 is theupperontologyof Web services.A Web
service is either an atomic service or a compositeser-
vice.Thecompositeservicecontainsa collectionof atomic
servicesin addition to the processmodel describingthe
control- and data-�ow among the atomic services.Both
atomic servicesand compositeservicesare speci�ed by
functionalitiesandnon-functionalattributes.The function-
alities arerepresentedasa transformationfrom the inputs
requiredby the serviceto the outputproducedby the ser-
vice.They includeinputs,outputsandexceptions.Thenon-
functionalattributesareotherpropertiesthanfunctionalities
thatcanbeusedto describeaservice(for example,price,lo-
cation,quality of theservice).They areclassi�ed into four
categories:consumablequantitative,non-consumablequan-
titative,qualitativeconstraintsandqualitativeresults.

Generally, a requirementto compositeWeb service(in-
cludingfunctionalitiesandnon-functionalattributes)canbe
expressedby thefollowing LL formula:

�; � c ` (I ( (O � E)) 
 � r

where � is a set of extralogical axioms representing
available atomic Web services.� c is a conjunction of
non-functionalconstraints.� r is a conjunction of non-
functionalresults.I ( (O � E) is a functionalitydescrip-
tion of the requiredcompositeservice.Both I andO are
conjunctionsof literals,I representsa setof input parame-
tersof theserviceandO representsoutputparameterspro-



ducedby the service.E is a presentationof an exception.
Intuitively, the formula canbe explainedasfollows: given
a set of available atomic servicesand non-functionalat-
tributes,try to �nd acombinationof servicesthatcomputes
O from I . If thecomputationfails, anexceptionis thrown.
Everyelementin � is in form � c ` (I ( (O � E)) 
 � r ,
wheremeaningsof � c, � r , I , O andE arethesameasde-
scribedabove.

In the following we will discussthe detail of transfor-
mationfrom theWebservicedocumentsto theLL axioms.
This paperfocuseson thetransformationof thefunctional-
ities.Thenon-functionalparthasbeendiscussedin a sepa-
ratepublication[18].

3.3. Transformation of functionalities

In our systema Web serviceis presentedby DAML-S
ServicePro�le.The functionality attributesof the ”Servi-
cePro�le” specifythe computationalaspectof the service,
denotinginputs,outputsandexceptionof the service.The
functionalityattributesareusedin compositionfor connect-
ing atomic servicesby meansof inputs and outputs.The
compositionis possibleonly if outputof oneservicecanbe
transferredto anotherserviceasaninput.

Thefollowing DAML-S examplepresentsa servicethat
recommendsthe ski model accordingto the user's skill
level:
<profileHierarchy:InformationService rdf:ID="SelectModel">

<profile:serviceName>SelectModel</profile:serviceNam e>
<profile:textDescription>

The service outputs ski model given user's skill level
</profile:textDescription>
<profile:input>

<profile:ParameterDescription rdf:ID="sms">
<profile:parameterName> Ski_Skill_Level

</profile:parameterName>
<profile:restrictedTo rdf:resource="&onto;#Skill"/>
<profile:refersTo rdf:resource="&model;#sms"/>

</profile:ParameterDescription>
</profile:input>
<profile:output>

<profile:ParameterDescription rdf:ID="smm">
<profile:parameterName> Ski_Model

</profile:parameterName>
<profile:restrictedTo rdf:resource="&onto;#Model"/>
<profile:refersTo rdf:resource="&model;#smm"/>

</profile:ParameterDescription>
</profile:output>

</profileHierarchy:InformationService>

From the computationpoint of view, this service re-
quiresan input thathastype“&onto;#Skill ”(the value
of user's ski skill level) and producesan output that has
type “&onto;#Model ”(the recommendedski model).
Here,we useentity typesasa shorthandfor URIs. For ex-
ample,“&onto;#Skill ” refersto the URI of the de�-
nitions for the DAML classto measuretheski Skill level:
http://bromstad.idi.ntnu.no/Ontol ogy/
ski.daml#Skill . When translating the ServiePro-
�le to a LL formula, we translatethe �eld “restrictedTo”
(variabletype) insteadof theparametername,becausewe

regardthe parameters'typesastheir speci�cation.An ex-
ample of LL formula that describesthe above presented
DAML-S documentis asfollows:

` &onto;#Skill (&profile;#sms ) ( &profile;#SelectModel
&onto;#Model (&profile;#smm )

Theaboveformulais differentfrom theregularproposi-
tional LL formulaandprovidessomesupplementaryinfor-
mationfor generationof a process.First, thevalueof “pa-
rameterID”�eld ispresentedin parenthesesaftertheparam-
eter's type.Second,theserviceID is attachedto the impli-
cationsymbol.We would like to underlinethatthis supple-
mentaryinformationis not usedby theLL theoremprover
andit is utilized only for extractionof processmodelfrom
theproof.

3.4. Presentationof the domain ontology

For Web servicecomposition,the subtyperelation is
themostimportantsemanticrelation.In general,if anout-
put of one serviceis subtypeof an input of anotherser-
vice, it shouldbe safeto transferdatafrom the output to
the input. For the ontology languagesbasedon RDFS[5]
(for example,DAML andOWL) the subtyperelationships
arespeci�ed by the transitive andsymmetricpropertiesof
rdfs:subPropertyOfandrdfs:subClassOf. We expressthese
propertiesassubtypingrules.In orderto emphasizethatour
new inferencerulesareusedfor subtypingpurposes(butnot
for sequencingcomponents)wefurtherwrite ( < to denote
the subtyperelations.It shouldbe alsomentionedthat the
subtypingrulesare not an extensionto LL. Indeed,these
rulesarede�ned ascertaininference�gures in LL.

Someusefulsubtyperulesareasfollows.Thesmall let-
ters inside the parenthesesare the variablesthat have the
typeindicatedby thecapitallettersin front.

� ` T ( < S � ` S ( < U

� ; � ` T ( < U
Subtyping tr ansitivity

� ` T ( t ) � ` T ( < S

� ; � ` S( t )
Goal subtyping

� ; S(s) ` G � ` T ( < S

� ; � ; T (s) ` G
Resour ce subtyping

In our systemsubtyperelationsbetweenpropositional
variablesarediscoveredby the semanticreasoner. Several
available semanticreasoners(for example,FaCT [10] or
Jena[1]) canbeutilizedhere.

We alsoassumethattheontologyusedby theservicere-
questersandby theserviceprovidersareinteroperable.Oth-
erwise,theontologyintegrationshouldbedoneandthis is
beyondthescopeof thispaper.



4. Extract ProcessModel fr om the Proof

4.1. Proving in Linear Logic

After servicespeci�cationsin DAML-S are translated
into LL extralogicalaxiomsanda servicerequestfrom the
customeris translatedinto theform of theoremto beproven,
theLL prover is invoked.It triesto provethespeci�ed the-
oremusingLL inferencerules.In this paperwe aremostly
focusedon extractionof processmodelfrom theLL proof
rather than on the proving process.However, somehints
aboutLL theoremproving canbeobtainedfrom theexam-
pledescriptionin theSection4.3.

A compositeservicethat satis�es the customerrequest
will be found only if the theoremspecifyingthe customer
servicerequestcanbeproven.Otherwisetherequestshould
bere-formulatedor existentservicesspeci�cationshouldbe
modi�ed.

Finally, a processmodelof thecompositeserviceis ex-
tractedfrom thecompletedproof generatedby theLL the-
oremprover. Theprocessmodelis presentedformally by a
processcalculus.In thenext sectionwelink theproof to the
processcalculusby attachingproof termsdirectly to thede-
ductionrulesin thestyleof typetheory.

4.2. The processmodel

We usea processcalculusfor presentationof process
model.The processcalculusis built basedon the idea of
� -calculus[16] – a powerful modelof concurrency, which
canbe usedto designcommunication-basedprogramming
languages.The � -calculus is widely used for modeling
the compositeWeb services.One recentexample is the
XLANG Languageproposedby Microsoft [20]. This lan-
guageis explicitly build on a model from the � -calculus.
The most popularprocesslanguages,suchas BPEL4WS
and DAML-S ServiceModel,can be also adaptedto � -
calculus,althoughthey donotannounce� -calculusastheir
formality foundation.

Theprocesscalculusis built from theoperatorsof inac-
tion, inputpre�x, outputpre�x, parallelcomposition,global
choiceandrestriction.Theprocesscalculusgrammaris as
follows (wherethe namesstartingwith small lettersrange
from messagesto variables,and the namesstarting with
capitallettersreferto processes):

P ::= 0

�
�
�
� a(x ) :P

�
�
�
� ahx i :P

�
�
�
�P jP

�
�
�
� P + P

�
�
�
� ( � a)P

Themeaningof theoperatorscanbeexplainedin terms
of BPEL4WS.0 is the inactive processwhich is “empty”
activity in BPEL4WS.An inputpre�xedprocessa(x):P re-
ceivesa variableor messagex throughchannela thenexe-
cutesprocessP. This operationequalsto the“receive” ac-
tion in BPEL4WS.An outputahxi :P emitsmessagex at
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Figure 3. The upper ontology for the �o w
model.

channela. This is the“reply” actionin BPEL4WS.There-
striction (� a)P de�nes a namea local to P. The namea
is similar to the local variableinside the BPEL4WSpro-
cess.For therestof operations,: is asequence,j is a “�o w”
and+ is a “switch”.

At conceptuallevel the processcalculusis speci�ed by
the upper-ontologyshown in Figure 3. The multiple pro-
cessesare collectedby programmingconstructs,suchas,
“sequence”,“choice”, “split” and“loop”. Eachprocesshas
a set of activities. Someactivities, for instance“Assign”,
“Reply” and “Receive” can copy the dataamonginputs,
outputsand internal variables.The “Invoke” activity in-
vokesaprocess.

Thedatatransferringactivities for theservicecomposi-
tion problemin thecontext of processcalculusis presented
by threepartsincludingoutputchannel,input channeland
local variables.For example,if a serviceP outputsthere-
sult throughchannela, andthentheresultis passedto chan-
nel b that is an input channelof serviceQ thentheprocess
is presentedasfollows:

(� x)(P:�ahxi :b(x):Q)

Herex is a local variablethatindicatesthedatatransfer-
ring betweentheoutputchannela andinputchannelb, both
of whichareglobalaccessible.Whenthinkingabouttheab-
stractprocessmodel,thelocal variablescanbeassignedto
arbitrarynameandtheaboveprocesscanbesimpli�ed to:

P:�ab:Q

Suchpresentationis closeto a BusinessProcessCon-
tract in XLANG, or a “process:sameValues” in DAML-S
data�o w. Both of themusea setto show theconnectionof



Logical axiom and Cut rule:

A ` 0 : A ( I d)

� ` P : A (a1 ) �
0
; A (a2 ) ` Q : C

� ; �
0

` (P:f a1 a2 g:Q ) : C
(C ut )

Rulesfor propositionalconstants:

` 1
� ` A

� ; 1 ` A

� ; A; B ` P : C

� ; A 
 B ` P : C
(L 
 )

� ` P : A (a) �
0

` Q : B (b)

� ; �
0

` (P jQ) : A 
 B (a; b)
(R 
 )

� ` A ( P B

� ; A ` P : B
(Shif t )

� ; A (a) ` P : B (b)

� ` A ( a:P : b B
(R ( )

� ; P : A ` � � ; Q : B ` �

� ; (P + Q) : (A � B ) ` �
(L � )

� ` P : A
� ` P : A � B

(R � )( a)
� ` Q : B

� ` Q : A � B
(R � )( b)

Rulesfor exponential!:

� ` �
� ; !A ` �

(W !)
� ; A ` �

� ; !A ` �
(L !)

� ; !A; !A ` �

� ; !A ` �
(C !)

Structural congruencefor a processcalculus:
P jQ � QjP P + Q � Q + P (P jQ) jR � P j (QjR )

(P + Q) + R � P + (Q + R)
P � P j0 � P + 0 � P:0 � 0:P A (a) 
 B (b) � A 
 B (a; b)

(a1 ; a2 ; : : : ; an )(b1 ; b2 ; : : : ; bn ) � (a1 b1 ; a2 b2 ; : : : ; an bn )

Table 1. Inference rules.

oneoutputparameter(a) of aservice(P) with oneinputpa-
rameter(b) of anotherservice(Q).

In orderto make therelationshipbetweentheproof and
theprocessmodelmoreconcretewe attachprocesscalcu-
lus descriptiondirectly to theinferencerulesin thestyleof
typetheory. In this way theprocesscalculusdescriptionfor
thecompositeserviceis formedassoonastheproof is �n-
ished.TheextendedLL inferencerulesthatreferto thepro-
cesscalculusdescriptionarepresentedin Table1.

4.3. Example

In orderto illustrateour compositionmethodlet uscon-
sider a simpli�ed servicefor recommendingskies to the
customeraccordingto his/hersize and skiing skill level.
Weconsideronly thefunctionalitiesin theexample,but the
provingprocessis sameafterintroducingthenon-functional
attributes.

Availableatomicservicesarespeci�ed in DAML-S in a
way describedin theSection3.3.Theseservicesspeci�ca-
tions areautomaticallytranslatedto the following axioms
(for the sake of readability, we omit the namespaceof the
parameters):

Axioms:
` S k ill ( sms ) ( S electM odel M odel ( smm )
` M odel ( ssm ) 
 Leng th ( ssl ) ( S electS k i P r oductN r ( ssp ) 
 S por tS hop ( sss )
` H eig ht ( slh ) 
 W eig ht ( slw ) ( S electLeng th Leng th ( sll ))
` P r oductN r ( g pn ) 
 S hop ( g ps ) ( GetP r ice P r ice ( g pp )
` S por tS hop ( > S hop

Theaxiomscambeexplainedasfollows:

� SelectModel— givenaskill level, providesa brand;

� SelectLength— given body heightandbody weight,
providestherecommendedski length;

� SelectSki— givenamodelandaski length,providesa
sportshopnameandtheproductnumber(ProductNr)
of thespeci�c skis;

� GetPrice— given the productnumberand the shop
nameprovidesprice.Herethe shopis a generalshop
thatsubsumesthesportshop;

� > — speci�ed by the domainontologythat the sport
shopis asubtypeof shop;

The customerrequestfor price of skis accordingto
her/hisskill level andbodyheightandweight is translated
into thefollowing theorem:

Goal/Theorem

` Skil l 
 H eight 
 W eight ( Pr ice

Using the inferencerulesfrom theTable1 theLL theo-
rem prover generatesa proof of the theorem(this proof is
shown in Figure4).

And the following processcalculi is extractedfrom the
proof:

(sms; slh; slw ) :(SelectM odel jSelectLeng th ) :(smm ssm; sml ssl )
:S electS k i: (ssp gpn; sssgps) :GetP r ice: gpp

This processmodelcanbe illustratedby the following
script that is similar to thepresentationof BPEL4WS.The
processmodel is able to be translatedinto other compos-
ite Webservicemodels,suchasDAML-S ServiceModel.

<sequence>
<receive input="sms"/>
<receive input="slh"/>
<receive input="slw"/>
<split>

<invoke process="SelectModel"/>
<invoke process="SelectLength"/>

</split>
<copy from="smm" to="ssm"/>
<copy from="sml" to="ssl"/>
<invoke process="SelectSki"/>
<copy from="ssp" to="gpn"/>
<copy from="sss" to="gps"/>
<invoke process="GetPrice"/>
<reply output="gpp"/>

</sequence>

5. Prototype

A prototypeof thesystempresentedin Figure1 hasbeen
implementedin Java. In theprototype,Jena(a Java frame-
work for building SemanticWeb applications) [1] is used
to facilitate both the translatorand semanticreasoner. In



` S k ill ( sms ) ( S electM odel M odel ( smm )

S k ill ( sms ) ` S electM odel : M odel ( smm )
S hif t

` H eig ht ( slh ) 
 W eig ht ( slw ) ( S electLeng th Leng ht ( sll ))

H eig ht 
 W eig ht ( slh; slw ) ` S electLeng th : Leng ht ( sll )
S hif t

S k ill 
 H eig ht 
 W eig ht ( sms; slh; slw ) ` ( S electM odel j S electLeng th ) : M odel 
 Leng th ( smm; sll )
R 


. . .
` P r oductN r ( g pn ) 
 S hop ( g ps ) ( GetP r ice P r ice ( g pp )

P r oductN r ( g pn ) 
 S hop ( g ps ) ` GetP r ice : P r ice ( g pp )
S hif t

subtyping

` S por tS hop ( > S hop

P r uductN r ( g pn ) 
 S por tS hop ( g ps ) ` GetP r ice : P r ice ( g pp )
Resour ce subty ping

P r oductN r 
 S por tS hop ( g pn; g ps ) ` GetP r ice : P r ice ( g pp )
S tr uctual C ong r uence

. . .

` M odel ( ssm ) 
 Leng th ( ssl ) ( S electS k i P r oductN r ( ssp ) 
 S por tS hop ( sss )

M odel ( ssm ) 
 Leng th ( ssl ) ` S electS k i : ( P r oductN r ( ssp ) 
 S por tS hop ( sss ))
S hif t

M odel 
 Leng th ( ssm; ssl ) ` S electS k i : ( P r oductN r 
 S por tS hop ( ssp; sss ))
S tr uctual C ong r uence

M odel 
 Leng th ( ssm; ssl ) ` ( S electS k i: ( ssp ; sss )( g pn; g ps ) :GetP r ice ) : P r ice ( g pp ))
cut

S k ill 
 H eig ht 
 W eig ht ( sms; slh; slw ) ` (( S electM odel j S electLeng th ) : ( smm ; sll )( ssm; ssl ) :S electS k i: ( ssp; sss )( g pn; g ps ) :GetP r ice ) : P r ice ( g pp )
cut

S k ill 
 H eig ht 
 W eig ht ( sms; slh; slw ) ` (( S electM odel j S electLeng th ) : ( smm ssm; sllssl ) :S electS k i: ( sspg pn; sss g ps ) :GetP r ice ) : P r ice ( g pp )
S tr u: C ong :

` S k ill 
 H eig ht 
 W eig ht (
( sms;slh;slw ) : ( S electM odel j S electLeng th ) : ( smm ssm; sml ssl ) :S electS k i: ( sspg pn; sssg ps ) :GetP r ice: g pp

P r ice
R (

Figure 4. The example proof

particular, the “TransitiveReasoner”in Jenaprovidessup-
port for storingandtraversingclassandpropertylatticesas
graphstructures.

Our earlier developed LL theorem prover
that we use in the prototype supports reasoning
both with propositional and �rst-order LL spec-
i�cation. The prover can be downloaded from
http://www.idi.ntnu.no/˜peep/RAPS .

BasicGUI featuresof theprototypearedepictedin Fig-
ure5 thatillustratestheresultof theexamplefrom theSec-
tion 4.3. The interfaceof the requiredserviceis presented
in the ServicePro�le panel(upperright) andthe data�ow
of the componentatomicservicesis presentedin the Ser-
viceModel panel(lower right). This screenshotshows the
data�ow amongthethreeatomicservicesto ful�ll thefunc-
tionality of the requiredservice.For eachWebservice,the
detailedinformation of functionalitiesand non-functional
attributesis displayedin the left handsidepanel.The bot-
tom paneldemonstratesthesemanticrelationshipbetween
theparameters.

6. Relatedwork

AI planning has beenapplied for compositionof Se-
manticWebservices.In [15], theauthorsadaptandextend
theGologlanguagefor automaticconstructionof Webser-
vices.Golog is a high-level logic programminglanguage
built on topof situationcalculus.Theauthorsaddressedthe
Webservicecompositionproblemthroughtheprovisionof
high-level genericproceduresandcustomizingconstraints.
Gologis usedasanaturalformalismfor this problem.

SWORD[17] is a developer toolkit for building com-
posite Web services.SWORD doesn't deploy emerging
service-descriptionstandardssuchasWSDL andDAML-
S, instead,it usesER modelto specifythe inputsandout-

Figure 5. A screen shot.

putsof Webservices.As a result,thereasoningis basedon
theentityandattributeinformationprovidedby ER model.

[19] presentsa semi-automaticmethodfor Web service
composition.Whenever a userselectsa web services,all
servicesthatarepossibleto connectto theselectedservice
are presentedto the user. The choiceof the possibleser-
vicesis basedonbothfunctionalitiesandnon-functionalat-
tributes.The functionalities(parameters)arepresentedby
anOWL classandanOWL reasonerareusedto matchthe
services.Afterward,thesystem�lter theservicesbasedon
the non-functionalattributesthat arespeci�ed by the user
asconstraints.



7. Conclusionand futur e work

In this paperwe describean approachto automaticSe-
manticWebservicecomposition.Ourapproachhasbeendi-
rectedto meetthetwo mainchallengesin servicecomposi-
tion, namely, automatedcompositionandsemanticreason-
ing. First, DAML-S servicedescriptionsareautomatically
translatedinto LL axioms.Then the LL theoremprover
provesthepossibilityto composetherequiredservicefrom
availableatomicservices.A processmodelof thecomposed
serviceis constructedautomaticallyfrom a proof (if the
proofexists).Thesemanticreasoneris exploitedasanauxil-
iary componentto relaxtheservicematchingprocesswhile
selectingandconnectingatomicservices.Finally, theresult
is presentedto theuserthrougha graphicaluserinterface.

We arguethat LL theoremproving, combinedwith se-
manticreasoningoffersa�e xibleapproachto thesuccessful
compositionof Web servicesautomatically. Comparingto
therelatedwork,aninterestingfeatureof ourmethodis that
theserviceis composedby theoremproving. We alsopro-
poseanarchitectureto supportthewholecompositionpro-
cess.A prototypeof theapproachhasbeenimplemented.

Ourfuturework is directedtowardsimprovingef�ciency
of both the LL theoremprover andthe semanticreasoner.
Since the amountof the available servicesand the size
of ontologymodelsarehugeit is necessaryto reducethe
searchspaceduringproblemsolving.

Therearealsosomeotherextensionsof thecurrentcom-
positionmethodthatareunderour consideration.First,our
experiencewith the Web servicecompositionshows that
usersarenot alwaysableto completelyspecifythegoalof
requiredservice.We considerto applytheprincipleof par-
tial deduction[12] to provide more �e xibility to the user.
Second,thecompositionof servicesusuallyneedsbusiness
modelto specifytherelationshipbetweenmultipleservices.
Themethodpresentedin thepaperis to beextendedfor ser-
vicecompositionif thebusinessmodelis given.
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