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ABSTRACT

Thegrowing infrastructurefor Web Servicesassumes "program-
merin theloop” thathardcodeshe connectionbetweenNeb Ser
vices and directly programsWeb Servicecomposition. Emeg-
ing technologybasedon DAML-S andthe SemanticWeb allows
Web Serviceso connectandtransactautomaticallywith minimal
or no interventionfrom programmersin this paperwe discusshe
problemgelatedwith autonomousVeb Servicesandhow DAML-
S provides the information to solve them. Furthermore we de-
scribethe implementatiorof two demonstratiorsystemshat use
suchtechnology: the first systemis a B2B applicationin which
a businessthat assemblegsomputersautomaticallyfinds partners
providing partsandautomaticallytransactsith them;the second
describeane-commerceapplicationthathelpsa userto organizea
trip to a meetingautomaticallyinteractingwith differentWeb Ser
vicesandthecalendanof theuserstoredn MS Outlook. Theresults
of theseexperimentsshav how Web Servicescanbe deplo/ed on
the Webto interactandprovide informationdynamically;second,
how the transactioncan be carriedon automaticallywith no pro-
grammelintervention.
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1. INTRODUCTION

Webservicesaredefininganew paradigmfor the Webin which
a network of computerprogramsbecomethe consumerf infor-
mation. The growing infrastructurefor Web Servicesis basedon
SQAP [20] andWSDL [2] assumeXML [19] asunifyinglanguage
to guarante&Veb Servicesnteroperability XML guaranteesyn-
tactic interoperabilityby providing a standardor a commonsyn-
tax that is sharedacrossthe Web, with the resultthat Web Ser
vicescanparseeachothermessageverify whetherthey adhereto
the expectedformats,andlocateeachpieceof informationwithin
the message. Unfortunately the two Web Servicesdo not have
ary meando extractthe meaningof the messageexchangedThe
two Web Servicesarein theawkwardpositionof understandinghe
structureof eachothermessagebhut not understandinghe content
of thosemessagesThe limitation requiresprogrammergo hard-
codeWeb Serviceswith information abouttheir interactionpart-
ners,the messagethatthey exchangeandthe interpretatiorof the
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messagethatthey receve. Theresultis asetof rigid WebServices
thatcannotreconfiguredynamicallyto adapto changesvithoutdi-
recthumanintervention.

Ideally, we would like Web Servicego actautonomouslyto re-
quire the minimal humaninternventionas possible. Web Services
shouldbe able to register autonomouslywith infrastructureReg-
istriessuchasUDDI [17], in additionthey shouldusethe infras-
tructure Registriesto locate providers of servicesthat they need,
andfinally, they shouldbe ableto transactvith theseéWebServices
sendingtheminformationformattedin a way thatthey canunder
stand,andbe ableto interpretthe informationthatthey receive as
aresponse AutonomousWeb Servicesnot only minimize the hu-
man intervention by automatinginteractionwith other Web Ser
vices, allowing programmergo concentraten applicationdevel-
opment,but alsothey shouldbe ableto recover from failuresmore
efficiently by automaticallyreconfiguringheirinteractionpatterns.
For example,if oneof their partnerss failing or it is becomingun-
reliable,they maybeableto find othermorereliablepartnerssim-
ilarly, if a new andcheaperor aryway better provider comeson
line, Web Servicesshouldbe ableto switch to work with the new
provider.

AutonomousWeb Servicesneedto be ableto find partnerWeb
Services,in orderto do thatthey needto be ableto describeand
registertheir own capabilitieswith public registries,aswell aslo-
cateotherWeb Serviceswith specifiedcapabilities.Capabilityin-
formationis crucial for Web Servicesto locateeachotheron the
basewf the serviceshatthey provide ratherthanon the basesof
theirnameor of thenameof thecompalry thatdeplg/stheWebSer
vice. In addition,a Web Serviceshouldhave informationon how
to interactwith the provider, which meanshatit shouldknow the
interactionprotocolof the provider, andbindinginformation. Most
crucially, this information should allow the requestingWeb Ser
vicesaswell asthe provider to decodehe informationexchanged,
soit shouldspecifynotonly theformatof themessagew exchange
or the remoteprocedurego call, but alsothe semanticype of the
informationto exchange This view is embracedy DAML-S [16]
which definesa DAML [4] ontology for the descriptionof Web
Serviceghat attemptsto bridgethe gapbetweenaninfrastructure
of Web Serviceshasedessentiallyon WSDL [2] and SQAP [20],
andthe SemanticWeb [1]. In otherwords, DAML-S bridgesthe
gap betweenthe specificationof the format of the informationto
be exchangedandthe specificatiorof its meaning.

DAML-S assumes view of Web Serviceshatis wildly shared
in the community It assumeshata transactiorbetweenWeb Ser
vices involves at leastthreeparties: a provider of the service,a
requestenf the service,and someinfrastructurecomponentsuch
asUDDI that facilitatesthe location of the provider and possibly
facilitatesthe transactiorbetweerprovider andrequesterfFurther



more,DAML-S allows for a flexible assignmenbf rolesin which
a Web Servicecan be both a the provider in a transactionand a
requestein anotherandalsoit allows for arole switchwithin the
sametransaction. DAML-S is constructedn three modulesthat
provide adescriptiorof differentaspect®f WebServices Thefirst
one,calledProfile,is anabstractiescriptiorof theWebServiceand
of the transformatiorit implementsdescribedasa transformation
from the inputsthe Web Servicerequiresto the outputsit gener
ates. The secondmoduleis the ProcessModel that characterizes
the Web Service specifically it describeshe interactionflow with
theWebService whatfunctionis producedoy eachstep.Thethird
module,called Groundingspecifieshow theinput/outputof each
steparemappedon WSDL specification®f messagethatthetwo
Web Servicessxchange.

DAML-S providesall the informationWeb Servicesneedto in-
teracton the Weh DAML-S supportdiscovery by allowing Web
Servicedo describetheir capabilitiesin the ServiceProfile sothat
they canbe matchedwith requestsof capabilities. DAML-S ca-
pability descriptionandthe capabilitymatching [12], extendsthe
UDDI registry[11] allowing Web Servicedo registertheir own ca-
pabilities and to locate providers of the functionality they seek.
Oncethe provider is located the requestingagentcanusethe Pro-
cessModel andthe Groundingto interactwith the provider. The
ProcesdModel describedhe interactionworkflow of the provider
sotherequestecanderive whatinformationthe provider needsat
ary giventime. Throughthe Groundingthe requestecompilesthe
message® exchangewith the provider.

We testedDAML-S in two applicationsthat stressdifferentas-
pectsof DAML-S. The first systemis a B2B applicationin which
a hypotheticalcomputemanugcturerlooks for providersof com-
puter parts. The goal of the computermanufctureris to locate
providersof partsof a computer andnegotiatepricesof partsand
ascheduleof delivery. Thesecondapplicationis a variantof travel
managemenapplicationthatis often usedasusecaseof applica-
tion of Web Services.In this latter applicationthe goal of the re-
guestelis to locatea travel agentWeb Serviceandbooka flight to
a meetingwhile synchronizingthe scheduleof the flight with the
scheduleof theuserstoredin MS Outlook.

In theremainingof the paperwe will discussn detailthearchi-
tectureof theapplications Specifically in section2 we discusghe
challenge®f automaticcompositionof Web Servicesjn section3
we discusshowv DAML-S meetsthosechallengesin section4 we
discussthe architectureof the Web Service;in section5 we dis-
cussthe computationatequirementon a DAML-S Web service;
in section6 we discusgletailsof theimplementationandfinally in
section7 we conclude.

2. COMPOSITION CYCLE

A transactiorbetweenWeb Servicegypically involvesthreeor
moreparties:arequesteroneor moreprovidersandaregistry, such
asUDDI, thatsupportghe WebServicesluringthetransactiorand
possiblymediatebetweertherequesteandtheprovider. Roughly
speakingthe requesterccorrespondso the client, andthe provider
correspondso the sener, with the cavia thatwe expectWeb Ser
vicesto beableto play bothroles,for instancea Web Servicemay
beaclientin onetransactiorwhile a sererin anotherttransaction.
Furthermoregevenwithin the sametransactiorthe client sener re-
lation mayswitchwhenthesener askstheclientto decidebetween
alternatves,or to provide additionalinformation.

Web Servicescompositionfollows the cycle describedin fig-
ure 1 andit canbe seggmentedin two phasegphases:the location
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Figure 1: The compositioncycle.

of the provider, andthe interactionbetweernthe requesteandthe

provider. Consistentlywith registrieslike UDDI, we assumehat

wheneer a provider comeson line, it adwertiseswith the Registry

to male itself known andavailableto requestersStrictly speaking,
the adwertisemenbf a provider is not a partof a transactionsince

the sameregistrationis usedin multiple transactionsnevertheless
it is anessentiapreconditionfor thetransactiorto take place.

2.1 Location of Providers

The processf locatinga provider is composedf threestages,
firsttherequestehasto compilearequesfor aprovider andsendit
to the Registry. Secondthe Registry hasto matchtherequestvith
adwertisements storedof WebServicesvailableontheWeb,third
therequesteselectghe provider thatmorecloselyfits its needs.

The requestenat this point knows that problemit expectsthe
providerto solwe, but hasno ideaof whatprovidersareavailableto
solve that problem. In orderto find a provider it needsto be able
to inquire the registry to locate\Web Serviceswith a given capa-
bility. The automaticcompilationof a requestequiresanabstrac-
tion from the problemthe requestefacesto the capabilitiesthe
requesterexpectsthe provider to have in orderto solve the prob-
lem. Crucially, the solution of the problemalso requiresan ad-
vertisemenandquerylanguageahatsupportshe representatioof
capabilitiesof Webservicessothatthe Registry recevescapability
informationandprocesses.

Thetaskof theregistryis to locateanadwertisementhatmatches



arequestThematchingof therequestaindtheadvertisemenshould
guarantedhat the selectedWeb Serviceproduceshe effectsthat
the requesteexpects. It is crucialto stresghatthe matchingpro-
cessshouldtake into accountthat different partieswith different
perspectiesmayprovideradicallydifferentdescription®f thesame
service. The matchingprocesshereforeshouldnot be restricted
to anexact matchbetweerthe requestaindthe provided advertise-
ments,ratherit shouldallow for degreeof matchingin which Web
Serviceghatprovide a servicesimilar to the onerequestedrese-
lected,while Web Servicesthat definitely do not provide the ser
vice arediscardedTheresultis alist of potentialprovidersamong
which therequestehasto selecta provider.

The selectionof the providersrequiresa type of registry thatis
outsidethe registriesofferedby the growing Web Servicesinfras-
tructure,namelyUDDI. UDDI storesa hostof usefulinformation
aboutWebServicesuchasinformationaboutthe organizatiorthat
fielded the Web Service; binding informationto allow Web Ser
vicesto interact,andanunboundedetof propertiescalledTMod-
els, thatallow to attachary additionalinformationto a Web Ser
vice. Theproblemof UDDI is thatit doesnot have anexplicit rep-
resentatiorof whatthe WebServicedoes.ThereforethesearcHor
aWebServicewith agivencapabilitybecomewery difficult. Asan
example,to locatea Web Servicethatreportsweatherinformation
within the US, a requestemay look for all the Web Servicesthat
containa TModel associatedvith a classificationof servicessuch
asNAICS [18] which arespecifiecasweatherproviders,andall the
Web Serviceglescriptionghatcontaina TModel thatassociate¢he
WebServicewith theUS,andthenlook in theintersectiorof there-
sultsof thetwo searchesThe problemof coursels thatthistype of
searchcannotdistinguishbetweenveatherserviceshatprovide in-
formationaboutthe US, from US basedwveatherservicegshatmay
provide informationaboutthe weatherin othercountries.Overall,
becauseJDDI missesary form of capability representatiorand
capabilitymatching,it is extremelydifficult to find Web Services
with adesiredcapabilityusingUDDI.

2.2 Selectionof Provider

The resultof the matchingbetweenthe requestandthe adwer-
tisementswill resultin a numberof matchesamongwhich there-
questemwill have to selectthe provider it wantsto use. In general
thereis no hardandfastrule for the selectionof the provider, and
it soonturnsout to be adomainspecificdecision.

Thesimplestthingis to selecthe providerwith thehighestscore
amongthe Web Serviceseportedby the Registry. A moregeneral
approaclcouldbe basen decisiontheoreticreasoningin which
therequesteselectghe provider thatmaximizessomeutility func-
tion, but, in practice,t is unlikely thatWeb Serviceswill make use
of anexplicit utility modelthatthey canleverageon.

Othertypesof informationthat are not containedneitherin the
requestnor in the adwertisementsuch as the credit history of a
provider, or the amountof work the requestetlestimatego do in
orderto satisfy all the inputs and preconditionsexpectedby the
provider andin generalthelik elihoodthattherequestecangather
all theinputinformationandachieve all the preconditionsexpected
by the provider.

The stratgjiesproposedabore assumeéhattherequestewill se-
lect only onepravider to interactwith. This decisionmay be ex-
tremelyrisky andinefficientin theworld of WebServicesOnenice
partof Web Servicesis thatthey run on the sametime on differ-
entmachinesmplementingactualparallelism.As a consequence,
therequestemayattemptto interactwith multiple providersin the
sametime; with theadwantagethatby delayingthe selectionof the
provider it reduceghe risks of an early decision. Of course,the

problemof this strat@y is that the requestemay committo buy
the sameservicefrom multiple providers, incurring in additional
costsat no gain[5]. Therefore this strat@y canbe followed only
whenthe requesteis aware of the placein the transactiorwhere
it commitsto buy, at which point the requestemay commiton a
provider. For example,arequestemterestedn buying booksmay
try to interactwith morethanonebooksellingWeb Servicein the
attemptto find the cheapermne. This will be a good strategy as
long astherequesteselectdrom which Web Serviceto buy before
it commitsto buy the samebookfrom all the providers.

2.3 Interaction with Provider

Oncethe provider hasbeenselectedhe requesteshouldiniti-
atethetransactiorwith it. To supportthe interactionthe provider
hasto male public its own interactionprotocoldeclaringwhatin-
formationit expectsfrom the requesterin what order the format
of suchinformationandbindinginformationthatspecifythe ports
theprovider andtherequestewill useduringthetransactionStill,
the declarationof the sequencef messagess not enoughfor the
provider. Ratherit needsalsoto declarethe materialconsequences
of eachstepin the protocol.

CurrentWeb Servicesstandardsaddresdifferent parts of the
problem.Protocoldike XLang[15], WSFL [10] andmorerecently
BPEL4WS[3] addresshe problemof describinghetemporalpart
of theinteractionprotocolby specifyingworkflow modelsthatde-
scribethesequencef message® beexchangedWSDL [2] maps
descriptionof abstractinformationto be exchangedy Web Ser
vicesinto messagéormatsandbindingthatspecifywherethemes-
sageis deliveredandthetransmissiorprotocol.

The specificatiorof the interactprotocolis not really enoughto
allow a successfutransaction ratherthe requesteishouldderive
from the interactionprotocolwhat the provider doeswith the in-
formationit receves. The discussionaboutcommitmentsin the
previoussectionprovidesanargumentin favor of thisrequirement:
in orderto computeits commitmentsthe requesteishouldunder
standwhat are the consequencesf the stepsin the protocol, so
the requestemwill avoid expensve commitmentsthat it doesnot
need.Expressinghe consequencesf thetransactioris notonly a
problemfor parallelinteractionwith multiple Web Servicesrather
it is a problemeven whenthereis a single provider and a single
requester For example,a requestemwill wantto malke surethat
the goodswill be deliveredafterit providespaymentinformation,
or thatthe monegy will berefunded.Thesetypesof inferencesare
impossibleunlessthe provider specifiesalsowhat are the conse-
guence®f themessagexchangewith therequester

3. IMPLEMENTING WEB SERVICES WITH
DAML-S

The analysisof the compositioncycle we did above led us to
establishwhatwe expectfrom alanguagethatdescribedNVeb Ser
vices. The first requirementis that the languagesupportsthe de-
scription of capabilitiesof Web Services,or in otherwordsa de-
scription of what function the Web Serviceaccomplishes. Fur-
thermore,thereshouldbe an algorithmfor indexing descriptions
andfor comparingthemto infer whetherthey describethe same
function. The secondrequiremenis that the languageallows the
specificatiorof the interactionprotocolof the provider, but alsoit
shouldsupportthe specificatiorof theactualconsequencesf each
interaction.Lastly, it shouldsupportmappingof abstracinforma-
tion aboutinputsexpectecdby the provider andoutputsgeneratedo
a schemeof informationtransferthat allows the requesteandthe
provider to exchangeactualmessagesWhentheserequirements



aresatisfiedjt shouldbe possibleto constructaninfrastructurefor
Web Serviceshatis centerecarounda Registry that performsca-
pability matching. OnceWeb Servicedind eachother the infras-
tructureprovidessuficientinformationfor themto interact.
DAML-S andthe growing infrastructurearoundit attemptsto
satisfyall the requirementglescribedabore. DAML-S is emep-
ing asa Web ServicesdescriptionlanguagdhatenrichesWeb Ser
vicesdescriptiondbasednWSDL with semantiénformationfrom
DAML ontologiesandthe SemanticWeh DAML-S is organized
in threemodules the first oneis a Profile that describesapabili-
ties of Web Servicesaswell asadditionalfeatureshathelpto de-
scribethe service. The secondmoduleof DAML-S describeghe
ProcessModel of the Web Service,specificallyit providesa de-
scription of the activity of the Web Servicepravider from which
the Web Servicerequestecanderive the interactionprotocoland
the consequencesf eachmessagexchange.The third featureof
DAML-S is the Grounding: a descriptionof how abstractinfor-
mationexchangesiescribedn the ProcessModel is mappedonto
actualmessagethatthe provider andtherequesteexchange.

3.1 SewiceProfile

Therole of the DAML-S Profileis to describethe Web Service
capabilitiesaswell asadditionalfeatureof Web Serviceghatpro-
videsarich descriptiorof theWebService. DAML-S describega-
pabilities of Web Servicesasfunctionsthat producea transforma-
tion. This transformatiorhappensttwo levels: attheinformation
level a setof inputsaretransformedn a setof outputs;ata more
concretdevel asetof conditionsbecomerue,while othershecome
false.For example,if we considertravel bookingWeb Service at
theinformationlevel it mayrequiredepartureandarrival informa-
tion andprovidesandusingthatit generates flight scheduleand
a confirmationnumber;while at a more concretelevel it booksa
flight, generataticket,andchagesa creditcardsothatthemoney
available on the accountis reduced.Capabilitiesin DAML-S are
representedt both levels, at the information level they are rep-
resenteddy the inputsthat they requireandthe outputsthat they
generateatthestatelevel by thepreconditiongor theWebService
to executeandthe effectsthatthe Web Servicegenerates.

Sincedifferent Web Serviceswith very differentfeaturesmay
have the samecapabilities DAML-S allows the specificationof a
hostof additionalinformationaboutthe Web Servicethatmayhelp
duringthe selectionprocessTheseadditionalinformationconsists
of the category of theWeb Serviceasdescribedn theclassification
of the servicewithin someclassificationschemaparametershat
restrictthe useof the Web Service,and quality rating to specify
how goodis the Web Serviceprovided.

While DAML-S is justaWeb Servicesepresentatioandthere-
fore doesnot imply ary form of processingit is relatively easy
to implementa matchingalgorithmto recognizewhich Web Ser
vices adwertisementgnatcha given request. Thereis at leastone
suchmatchingengine[12] thattakes adwvantageof the underlying
DAML logic to infer thethelogic relationshetweertheinput and
outputsof the requestwith the input andoutputsof the adwertise-
ments. While a completedescriptionof this algorithmis outside
the scopeof this paper the mainideais that a the outputsof the
requestshouldbe subsumedy the outputsof the selectedadwer-
tisementsthis conditionguaranteethatthe selectedVeb Services
provide the expectedinformation. Furthermorethe matchingen-
gineranksthe adwertisement®n the basef theirinput matching,
where,inputsmatchif inputsof the requessubsumeheinputsof
theadwertisementThis conditionselectserviceghattherequester
hasenoughinformationto invoke.

DAML-S Profilesplay a role thatis very similar to the role of

UDDI entriesin the UDDI registry. Both datastructuresprovide

a descriptionof Web Services;indeedit is possibleto constructa

mappingbetweerDAML-S recordsandUDDI [11] usingTModels
to encodethe capabilityinformation. Oncethe capabilitiesareen-

codedin UDDI, a matchingenginebasedon the DAML-S match-
ing algorithmcanbe usedto retrieve Web Servicesrom UDDI on

the baseof their capabilities.An initial versionof sucharegistry

hasbeenimplementedandit is usedin the experimentsdescribed
below.

3.2 ProcesdViodel

TheProces#odelfulfills two tasksthefirst oneis to specifythe
interactionprotocolin thesensehatit allowstherequesteto know
whatinformationto sendto the provider andwhatinformationwill
be sentby the provider at a given time during the transaction.In
addition, to the extentthatthe provider makes public its own pro-
cessesit allowstheclientto know whatthe provider doeswith the
information.

A Proces®Modelis definedasanordereccollectionof processes.
The DAML-S ProcessModel distinguisheshetweentwo typesof
processescompositeprocesseandatomicprocessesAtomic pro-
cessesorrespondo operationghat the provider canperformdi-
rectly,. Compositeprocessesre usedto describecollectionsof
processegeitheratomic, or composite)organizedon the basisof
somecontrol flow structure.For example,a sequencef processes
is definedas a compositeprocessof type sequence.Similarly, a
conditionalstatementor choiceasdefinedin DAML-S) is alsoa
compositeprocess.The DAML-S processnodelallows ary type
of control flow structureincluding loops,sequences;onditionals,
non-deterministichoiceandconcurreng. Becauseof its expres-
sivity, the DAML-S ProcessModel can be usedto representry
arbitraryworkflow.

Processearedefinedastransformationdetweeraninitial state
andafinal state.Theinitial stateis definedoy theinputsof thepro-
cessanda setof preconditiongfor the processo run successfully
Inputsrepresentheinformationthatthe Web Serviceneedgo col-
lectto executethe processorrectly;while preconditiongepresent
conditionsthat have to be true for the executionof the procesgo
succeed.Theresultof a processs describedas a setof outputs,
or informationthat resultsfrom the executionof the processand
a setof effectsthatrepresenphysicalchangeghatresultfrom the
executionof theprocessDAML-S distinguisheswo typesof input
andoutputs:thefirst type areinternalinput andoutputs,in sucha
casethe outputof oneproceswwill feedinto theinput of a follow-
ing process.The secondype areexternalinput and outputs: they
defineinformationthat will be provided by a requesterand that
will bereportedto arequester

During the interactionwith the provider, the requesteanalyzes
the processmodelto infer what processthe provider is currently
executing. The requesteis particularlyinterestedn the input the
provider needsandthe outputsthatresultfrom the executionof the
process sincemostlikely the requestemwill have to provide the
inputinformationandinterpretthe outputinformation.

By following theprocessnodel,andinterpretingtheinformation
recevved by the provider, the requesterccaninfer whatinformation
the provider expectsatthattime, or whatinformationthatprovider
will sendnext. Implicitly, the processnodelof the provider speci-
fiestheinteractionprotocolbetweerthe provider andtherequester
providing details of what information the provider needsandin
what order The messagdormat and the binding informationis
insteadspecifiedby the DAML-S Grounding.

The specificationof preconditionsand effects of processesl-
low the specificationof the consequencesf their execution. The
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Figure 2: Description of DAML-S Web Service architecture

preconditionsspecifyunderwhat conditionsa processanbe exe-
cuted,while the effects specifywhatresultsfrom the executionof
theprocessAs anexample,the preconditiorto a buy actionis that
thecreditcardusedis avalid oneandthatit is notoverdravn, while
the effect is that the credit cardis chaged. The role of precondi-
tionsis to provide a way to the requesteto reducethe likelihood
of failures: the requesteiknows thatif the preconditionsare not
satisfiedthe provider will notbeableto executecorrectlythepro-
cess.Thedescriptionof the effectsof the processpecifythe con-
sequencesf the executionof the processsofor instancea buying
processwvill have asaconsequencthetransferringof ownershipof
somegoodsandthe requesteknow that afterthe executionof the
processt will own thegoods.

Throughthe specificationof input, outputs, preconditionsand
effectsof processeshe DAML-S procesanodelprovidesthein-
formationtherequesteneeddo interactwith theprovider: specifi-
cally, it specifiegheinteractionprotocolwith theprovider by spec-
ifying the abstracmessagethe the provider andthe requesteex-
change,on the othersideit also providesinformation on the re-
quirementso be satisfiedby therequesteto executethe Web Ser
vice correctly andwhatwill resultfrom the executionof the pro-
cesseslt will beupto therequesteto make useof thisinformation
to decidewhetherto usea givenprovider, knowing whatit requires
andwhatarethe consequencesf this choice.

3.3 DAML-S Grounding

The DAML-S Groundingtransformsthe abstractdescriptionof
theinformationexchangedetweerthe provider andthe requester
into messageshat canbe asynchronouslyxchangedor through
procedurecall. Specifically the DAML-S Groundingis definedas
a oneto one mappingfrom atomic processeso WSDL specifica-
tionsof messages-romWSDL it inheritsthedefinitionof abstract

messagandbinding,while theinformationthatis usedto compose
themessages extractedby the executionof the processmodel.

The integration of WSDL in the DAML-S specificationfacili-
tatestheinteractionbetweemon-DAML-S WebServiceswith Web
Servicesthatrely on DAML-S to describethe workings. Froma
moretheoreticalview point, it describeghe positionof DAML-S
within the growing Web Servicesnfrastructurethroughthe speci-
fication of therole is playedby DAML-S andwhatrole is played
by WSDL.

4. A WEB SERVICE ARCHITECTURE

Thediscussiorabore shavs thatDAML-S providesapromising
framework to control Web Servicesnteraction. It providesall the
informationthat Web Servicemeedto negotiateautonomoushon
theInternetminimizinginterventionsof programmersvhile main-
taininga very flexible andreliableconnectiorwith their providers.
Still, it leavesopenthe problemof hanestingall the information
available and male useof it in real implementedWeb Services.
Thisis thecenterof ourwork aswe aretrying to developaWebSer
vice architecturghat cantake advantageof the informationavail-
ablein DAML-S descriptionsandto producea DAML-S toolkit
thatfacilitatesthe implementatiorof DAML-S enabledWeb Ser
vices.

The first requiremenif a DAML-S enabledWeb Serviceis to
understandhestructureandtheinformationcontainedn a DAML-
Sdescription.Thisrequiremenentailstheability of compilingcor
rectrequestdor service processinghedescriptionof theservices
retrievedandfinally, correctlyfollowing the workflow describedn
the processmodelaswell asdrawing the correctinferenceson the
preconditionsandeffectsof the processe the ProcesdModel.

A preconditiorfor thefirst requirements thatWeb Serviceaun-
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derstandontologiesencodedn DAML. Dealingwith DAML on-
tologiesis fundamentabecauset allows the Web Serviceto de-
rive inferenceson the differentstatementéncludedin a DAML-S
description. Furthermoreijt is requiredto extract the information
includedin the messagesxchangedwith otherWeb Services,as
long asthisinformationis compiledin DAML

Finally, the Web Serviceneedsto include waysto useWSDL
descriptionsof the Groundingto sendand receive messagesor-
rectly. Thislastmoduleshouldberesponsibldor the exchangeof
messagewith otherWeb Servicesmanagingnot only the WSDL
description put alsomanaginghe network protocolandthetrans-
missionof informationor thereceptionof suchinformation.

The architecturethat we adoptedis displayedin figure 2. It
shaws that a DAML-S Web servicecan be divided in two main
parts: a DAML-S Port which correspondso the threemodulesin
the centercolumn,whichis responsibldor the managementf the
interactionwith other Web services;andthe actual Service rep-
resentedby the box on theright, which determineswvhatthe Web
servicedoes. Examplesof servicesmay include a stock report-
ing Web service,in which casethe Servicemodulewould monitor
the stock marlet, or an airline booking Web service,the Service
moduleinteractswith theairlinesto bookseatsgatherinformation
aboutairplanesandsoon. Ultimately, DAML-S is silentaboutthe
applicationof the Webservice sowe displayit asablackbox.

The DAML-S Portconsistof threemoduleswhich areroughly
usedin a sequence.The DAML Parser is usedto load DAML-
S specificationof Web services specificallytheir ProcessModel
and Grounding,aswell asloadingother DAML ontologiesfrom
theWeh The DAML Parsertransformsthe DAML files into lists
of predicatesto be processedy the DAML-S Virtual Machine
(DAML-SVM). The DAML-S VM definesa knowvledgebasethat
is basedon the JessTheorem[8], but it specializeswvith rulesthat

implementthe DAML axiomaticsemanticq9, 7] aswell asthe
semanticsof the DAML-S ProcessModel and the semanticsof
the Grounding. Finally, the Web servicelnvocationmoduletakes
responsibilityfor transformingabstractnformationto the sentto
other Web services,into concretemessagespr RPC calls, to be
exchange®. During the interaction, Web servicesexchangein-
formation throughthe Web serviceinvocationmodule,incoming
messagearetranslatednto DAML throughthe GroundingRules
andaddedto the Knowledge Basewherethe new knowledgecan
interactwith therestof theknowledgeof the Webservice.

The DAML-S VM is the core of the architectureand it con-
trols the interactionwith otherWeb services.Thefirst taskof the
DAML-S VM is to follow the ProcessMlodel of the Provider, this
is accomplishedhroughthe implementatiorof the ProcessModel
semantiowith the ProcessModel Rules. Theserulessetcontains
rulesthe locationof the next procesdo execute,for the extraction
of inputsand outputsof eachprocessandfor the managemenof
non-deterministiacchoices. Similarly, the GroundingRules spec-
ify the correspondencbetweenatomic processe®f the Process
Modelandthe WSDL operationsandthe mappingbetweerthein-
putsandoutputsof theatomicprocessem thecorrespondingnput
andoutputsof the processnodel.

5. REQUIREMENTS ON THE WEB SER-
VICE

As describedabore, DAML-S is mute aboutthe application,
thereforeary type of applicationcouldin principle take this place.
Neverthelessthe applicationlevel is responsiblefor mary of the

2In thepicturewe referto SQAP to formatmessagesn theimple-
mentationthe messagdormatting dependsn the WSDL specifi-
cationloadedby the Webservice.



decisionghathave to be madewhile usingDAML-S. For instance,
the applicationlevel is responsiblefor the useof the information
extractedfrom the messageseceved from otherWeb Servicesor

to decidewhatinformationto sendto otherWeb Services.In or-

derto take advantageof the flexibility supportecdby DAML-S, the

applicationlevel shouldsupporta decisionsystemthatmakesnon-

deterministicchoiceswhile maintainingefficiency and control on

thebehaior of theWeb Service.

The Serviceis also responsibleof the non-deterministiadeci-
sionsthat have to be madeduring the interactionwith otherWeb
services.The DAML-S ProcessModel describesa workflow that
may containconditionalsaswell asnon-deterministichoices.The
DAML-S VM canfind theseselectionpoints, but it is up to the
Serviceto decidewhich choicesto male in thosesituations;since
they requiregheServiceto analyzewvhichbranchof achoicewould
leadto thegoalsit wantsto achieve. It is thereforeessentiathatthe
Serviceincludea decisionsystenthatcanmake non-deterministic
choiceswhile maintainingefficiengy andcontrolonthebehaior of
theWeb Service.

In addition,the Serviceis alsoresponsibléor Webservicexom-
positionduringthe solutionof a problem.Specifically the Service
moduleis responsiblefor the decisionof what goalsto subcon-
tractto otherWebservicesandasa consequencef compiling ca-
pability descriptionof potentialprovidersto submitto a DAML-
S/UDDI Ragistry; furthermoreijt is responsiblef the selectionof
the mostappropriategorovider amongthe providerslocatedby the
Ragistry. As a consequencehe neatand modularpicture shavn
in Figure?2 is only partially true, a Servicethat wantsto take ad-
vantageof the DAML-S VM shouldalsohave accesgo its DAML
inferencdayerandpossiblyto thewhole DAML-S virtual machine
to reasonaboutthe ProcesdModel, decidehow to dealwith non-
deterministicdecisionsor how to reactto unexpecteddecisionsof
theotherparties.

Ultimately, the programmethastwo choices,either hardcodes
mary of the decisionghatthe Web serviceshasto malke duringits
interactionwith otherWebservicespr it emplg/s acomputational
mechanismthat supportsthe non-deterministicdecision making
thatthe Web servicerequires.In ourimplementationyve followed
the secondpath,we emplo/ed the RETSINA planner[13] to con-
trol the applicationlevel. The RETSINA planneris basedon the
HTN planningparadigm[6] which provides a reliable aswell as
efficient planningscheme.The advantageof HTN planningover
otherplanningschemess thatHTN plansby decompositiorintro-
ducingsetof actionsin the planwhereotherplannersvould intro-
duceonly oneactionatatime. Furthermoreyhile HTN planning
hasin principle the samecompleity of plannersfrom first princi-
ples,in practiceit reducegshe numberof decisionghatthe planner
hasto male resultingin anoverarchingefficiengy gain.

The RETSINA plannerextendsHTN planningby addinginter-
leaving of planningandexecutionwhich basicallyallows the Web
Serviceto executebeforea planis completelyformed. Interleaving
of planningand executionhasa numberof adwantagesover tradi-
tional planning.For oneit allowsthe WebServiceto discover what
providersareavailableandplanits courseof actionsasa function
of thosefeatures Thesecondadvantages thatit allowsto replanto
reactto unexpectedsituations.For instancejf oneof theproviders
fails to respondtherequestemaylook for analternatve provider
to interactwith.

6. EVALUATION AND IMPLEMENT ATION

To testour approachto DAML-S we implementedwo systems
with very differentcharacteristicshattake advantageof DAML-S
andthe Web Servicearchitecturedescribedabore. Thefirst oneis

Car Rental

DAML S
Matchmaker

DVL

PI Meeting
‘Web Service

MS Outlook Calendar Agent

Figure 4: Description of the systemfor schedulinga trip to the
DAML PI meeting

a B2B applicationin which a Web Servicelooksfor businesgart-
nersand automaticallynegotiate businessagreementsvith them.
Thesecondapplicationis aB2C applicationin thetravel domainin

which a Web Servicethat functionsaspersonahbssistanbf a user
organizesa trip to a conferenceby bookinga trip to the confer

enceverifying availabilities with the userschedulestoredon MS

Outlook.

The first systemdescribesa B2B applicationin which a Web
Servicethat is given the task of assemblingcomputerdooks for
providersof computerparts. The architectureof the Web Service
is describedn figure 3. The InterfaceAgentprovidesan operator
with away to interactwith the planningagentandto compareop-
tions of combinationsof businesartnersschedulesostsandso
on. The PlanningAgent emplagys the planningschemedescribed
above to achieve the goalsproposedy the operatoyin our caseto
find providers of computerpartsandorganizea supply chainthat
meetscostandtime limitations. To achiee its goalsthe planning
agentqueriesthe Matchmaler for potentialpartssuppliersthenit
usesthe Toshibaand Fuijitsu financial servicesto verify the like-
lihood thatthe supplierswill not bankruptduring productiontime
affecting the whole business.Finally, the planningagentcontacts
thesuppliersto negotiatescheduleandcosts.

The challengeof this systemis to supportinteractionbetween
Web Servicesprovided by very differentorganizationggeographi-
cally spreadvhichwe couldorchestratenly onthebaseof DAML-
Sinformation. Furthermoreijt allowed usto experimentwith sup-
pliersselectionusinginformationthatis erogenouso DAML-S. It
is unfeasibleto expectthat DAML-S Profileswill containall the
informationthattherequestersvill everneedabouttheprovider, in
this casethe requesteri.e. the PlanningAgent, usestwo financial
servicego gatherinformationaboutits providersbeforecontacting
them.

The Matchmaler usedin the systemis a DAML-S enhanced
UDDI, it usesa freely available UDDI sener 3 to store DAML-
S adwertisementsisingthe encodingdescribedn [11] allowing for
capabilitymatchingin UDDI.

The organizationof the secondexampleis displayedin figure
4; the goal is to book a trip to a conferencenamelythe DAML

3We usedinitially thelBM testUDDI site,thenwe switchedto the
SystinetUDDI sener



Pl meeting. We assumethat the organizersof the meetingpub-
lish a Web Servicewhich providesinformationaboutthe meeting,
suchastime, location, talks, participantsandso on. Throughthe
RETSINA CalendarAgent[14], the userplansa trip to the con-
ference.The CalendarAgent verifiesavailability checkingon the
scheduleof the userstoredin MS Outlook,andthenusesthe same
Matchmaler usedin the previous systemfind airlines, car rental
companiesandhotels. Finally, uploadsthe scheduleof the trip in
Outlook.

Thisexampleextendsthepreviousoneby usingcomplex process
modelsthatwe usedto implementhe Web Serviceaswell asto be
loadeddynamicallyto controltheinteractionon the client side.

7. CONCLUSIONS

In this paperwe outlinedthe differentchallengedacedby au-
tonomouswWeb Services.Furthermorewe shaved hov DAML-S
tacklesthesechallengesdy providing the informationthat allows
Web Servicesto connectandinteractautonomouslywith little in-
terventionfrom the programmersFinally, we proposea Web Ser
vice architecturethat takes advantageof DAML-S informationto
supporiautomatiadiscorery andinteractiorbetweenVebServices.

In our presentatiorandimplementationsve concentratedn the
feasibility of usingDAML-S for theinteractionwith Webservices.
While we shavedthatindeedit is possibleto useDAML-S to con-
trol suchinteractionwe alsoshaw thatto take full advantageof the
power of DAML-S the Web serviceneedsto incorporatea com-
putationalmodelthatsupportson-deterministiceasoningsuchas
the HITAP planner It is still anopenquestionwhatcompromises
we needto male to lower thecomputationatequirementsindpro-
ceedwith asimplercomputationamodel.

In the demonstrationsve presentedwe navely assumedhat
Webservicewill negotiateagreementandstrike deals.Ultimately,
we assumedh world of perfectlyhonestWeb serviceshatdeliver
every time they receve anorder andthat pay every time they re-
ceive goods. Suchan ideal world doesnot correspondo reality.
Ultimately, we will needto introducenotionslike commitments
and contractsto backthe transactiorwith legal guaranteesPre-
conditionsandeffectsof processesanbeusedto expresscontracts
andcommitmentsfor instancea preconditionto the executionof a
processs thatmay be thatthe recever signsa contract,while the
effectis acommitmento deliver goodsby anestablishedlate.We
arecurrentlyinvestigatinggheseproblems.
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