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Abstract

Weproposearequirements-drivenapproachto thedesignandveri�cation of Webservices.
The proposedmethodologystartsfrom a requirementsmodel, which de�nes a business
domainata“strategic” level,describingtheparticipatingactors,theirmutualdependencies,
goals,requirements,andexpectations.This businessrequirementsmodel is thenre�ned
into a businessprocessmodel. In this re�nement,de�nitions of theprocessescarriedout
by theactorsof thedomainareaddedto themodelin theformof BPEL4WScode.Weshow
how to exploit modelcheckingtechniquesfor theveri�cation of thespeci�cation,bothat
therequirementsandattheprocesslevel. At therequirementslevel, modelcheckingis used
to validatethespeci�cationagainstasetof queriesspeci�edby thedesigner;at theprocess
level, it is usedto verify if theBPEL4WSprocessessatisfytheconstraintsdescribedin the
requirementsmodel.

1 Intr oduction

BPEL4WS[1] is quickly emergingasthelanguageof choicefor Webservicecom-
position. It providesa coreof processdescriptionconceptsthatallow for thedef-
inition of businessprocessesinteractions.This coreof conceptsis usedboth for
de�ning the internalbusinessprocessesof a participantto a businessinteraction
andfor describingandpublishingthe externalbusinessprotocol that de�nes the
interactionbehavior of aparticipantwithout revealingits internalbehavior.

BPEL4WSopensup the possibility of applyinga rangeof formal techniques
to the veri�cation of the behavior of Web services.For instance,it is possibleto
checkthe internalbusinessprocessof a participantagainstthe externalbusiness
protocol that the participantis committedto provide; or, it is possibleto verify
whetherthecompositionof two or moreprocessessatis�esgeneralproperties(such
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asdeadlockfreedom)or application-speci�cconstraints(e.g.,temporalsequences,
limitationson resources).Thesekinds of veri�cations areparticularlyrelevant in
thedistributedandhighly dynamicworld of Webservices,whereeachpartnercan
autonomouslyrede�ne businessprocessesand interactionprotocols. In the long
term,we envision anenvironmentwhereanagentexecutingoneor morebusiness
processescanautonomouslydiscover new typesof servicesandextendsits own
processesaccordingly. Beforebeingintegratedin theactor'sprocesses,discovered
resourcesmustbeveri�ed againsttheagent's own requirementsandconstraints.

Dif ferenttechniqueshave beenalreadyappliedto the veri�cation of business
processes(see,e.g.,[4,6,7,8]). However, currentapproachesdo not addresstheis-
suesof how to modeltherequirementsthattheBPEL4WSprocessesaresupposed
to satisfy, andof how to managetheevolution of processesandrequirements.To
this purpose,we proposeto extenda BPEL4WSspeci�cationwith a businessre-
quirementsmodel. This providesa “strategic” descriptionof the differentactors
in the businessdomainwith their goalsandneedsandwith their mutualdepen-
denciesandexpectations,andprovidesthemotivationsbehindbusinessprocesses.
Thebusinessrequirementsmodeldrivesthedesignof businessprocessesandthe
veri�cation that they achieve desiredgoals. It allows for theselectionof partners
andexternalservicesthatsatisfytheexpectedconstraints.Also, it permitsto trace
changesin therequirementsandin theprocesses.In thelongterm,it will givease-
manticdescriptionto anautonomousagentof whatit hasto achieveandwhatmay
beprovidedby externalpartners,thusenablingdynamiccompositionof services.

Thispaperpresentssomepreliminaryresultsof our�rst stepstowardsthevision
outlined above. Our startingpoint is a modelinglanguage,called Tropos[10],
whoseobjective is to capturethebusinessrequirementsof theactorsof a domain,
their dependenciesandexpectations.The formal counterpartof Tropos,Formal
Tropos[5] supportsthe de�nition of temporalconstraintson the evolution of the
modeleddomain,andenablestheapplicationof a wholesetof formal techniques
to Troposmodels. In this paper, we show how a businessrequirementsmodel
expressedin Troposcanbe progressively re�ned into a businessprocessmodel.
In this re�nement, BPEL4WScodeis addedto de�ne the processescarriedout
by the actorsof the domain. This BPEL4WScodeis a proceduralcounterpart
of the temporalconstraintsof the requirementsmodel. We show how to apply
modelcheckingtechniquesfor verifying that there�ned processactuallysatis�es
theoriginal requirements.

This paperis structuredasfollows. In Section2 we introducetheTroposlan-
guage;we show how to useit to modelbusinessrequirements;andwe describe
how modelcheckingtechniquesareappliedto thevalidationof therequirements.
In Section3 we illustratethere�nementof therequirementsmodelinto a business
processmodel; we alsoshow how modelcheckingtechniquescanbe appliedto
verify whetherthe BPEL4WSprocessessatisfythe requirements.Section4 ends
thepaperwith concludingremarksandfuturework directions.
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Fig. 1. High level businessrequirementsmodel.

2 BusinessRequirementsModeling in Tropos

In this sectionwe proposea languagefor describingbusinessrequirementsin a
Web Serviceframework. This language,called Tropos[10], provides graphical
notationsanda formal speci�cationlanguagethathave beenspeci�cally designed
for requirements.It hasbeenadoptedto modelrequirementsof a varietyof soft-
wareandorganizationsystems(seehttp://www.troposproject.org/ for
someexamples).

2.1 ModelingBusinessRequirements:A Case-Study

TheTroposmodelinglanguageis foundedon thepremisethatduring therequire-
mentsanalysisphaseof thesoftwaredevelopmentprocessit is importantto under-
standandmodelthestrategic aspectsunderlyingtheorganizationalsettingwithin
which thesoftwaresystemwill eventuallyfunction.By understandingthesestrate-
gic aspects,one can betteridentify the motivationsfor the software systemand
the role that it will play inside the organizationalsetting. For instance,in order
to developa softwaresystemthat supportstheeldercitizensin receiving sanitary
assistancefrom thepublic administration,we need�rst to understandthe interde-
pendenciesamongthecitizensandthedifferentactorsin thepublic administration
thatunderlytheprocessof receiving assistance.In thispaperweconsideranexten-
sion of Tropos,which is calledTropos4WS,andwhich is suitablefor integration
with businessprocessmodels.

We introduceTropos4WSin the context of a case-studyin the �eld of public
welfare,extractedfrom a largerdomainanalysisconcerningthe local government
of Trentino (Italy). Figure 1 is a Troposdiagramthat providesa high-level de-
scriptionof thecase-studydomain. It representsthemainactors andgoalsof the
domain:theCitizen thataimsatbeingassisted;theSanitaryAgency whichaims
at providing a fair assistanceto the citizens;the TransportsInc which provides
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Fig. 2. Requirementsmodelre�nement.

transportationservices;theMealsInc which deliversmealsat home;andtheBank

which handlesthe government's �nances. The picturealsodescribesthe depen-
denciesandexpectationsthat exist amongtheseactors. For instance,the citizen
dependson the sanitaryagency for being assisted,and this is formulatedin the
modelwith dependency ReceiveAssistance from Citizen to SanitaryAgency .

Startingfrom this high-level view of theorganizationalor businesssystem,the
Troposmethodologyproceedswith an incrementalre�nement process(seeFig-
ure 2). Goalsaredecomposedinto sub-goals,or operationalizedinto tasks,tak-
ing into accountthe dependenciesexisting amongthe different actors. For in-
stance,thegoalsBeingAssisted andProvideFairAssistance arere�ned in or-
der to re�ect the “contract” that governsthe way the assistanceis provided by
the SanitaryAgency to the Citizen . More precisely, the Citizen re�nes the
goalBeingAssisted into the threesub-taskof DoRequest , ReceiveService and
Pay. DoRequest is further re�ned into InitialRequest , ProvideInformation ,
WaitAnswer . On the other side, the SanitaryAgency re�nes the goal
ProvideFairAssistance into thetaskHandleAssistanceRequest , which is fur-
therre�ned into ReceiveRequest , EvaluateRequest andActivateAssistance .

The re�nement procedureendsoncewe have identi�ed all basic tasksthat
de�ne the businessprocess.To thesebasictaskswe associatemessagesthat de-
scribethe basic interactionsamongactors. For instance,task InitialRequest

requiresto senda messageRequest to theSanitaryAgency . This messageis re-
ceived and processedby the SanitaryAgency task ReceiveRequest . The task
AskAdditionalInfo requiresto senda messageInfoRequest to the Citizen

which receives and processesit with task ProvideInformation and responds
with an Info message. Once suf�cient information has been gathered,the
SanitaryAgency sendsa Response messageto theCitizen . Figure2 shows the
re�nement for the interactionsbetweenCitizen and SanitaryAgency . Similar
re�nementsneedto bedonealsofor theothertasksandinteractionsin thedomain.
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ENTITY AssistanceNeed
ENTITY Query

ACTORCitizen
ACTORSanitaryAgency

GOAL DEPENDENCYReceiveAssistance
Mode maintain
Depender Citizen
Dependee SanitaryAgency
Creation condition EXISTS ba: BeingAssisted (ba.actor = depender)
Invariant F EXISTS pfa: ProvideFairAssistance (pfa.actor = dependee & Fulfilled(pfa))
Fulfillment condition FORALL dr: DoRequest (

(dr.actor = depender & Fulfilled(dr) & dr.result) ->
F EXISTS rs: ReceiveService (rs.actor = depender & Fulfilled(rs)))

TASK DoRequest
Mode achieve
Actor Citizen
Super BeingAssisted
Attribute constant need: AssistanceNeed

result: boolean
Invariant F EXISTS ir: InitialRequest (ir.super = self)
Invariant EXISTS ir: InitialRequest (ir.super = self & Fulfilled(ir))

-> F EXISTS pi: ProvideInformation (pi.super = self)
Invariant EXISTS pi: ProvideInformation (pi.super = self & Fulfilled(pi))

-> F EXISTS wa: WaitAnswer (wa.super = self)
Invariant Fulfilled(self) -> EXISTS wa: WaitAnswer

(wa.super = self & Fulfilled(wa) & (result <-> wa.result))
Fulfillment definition EXISTS wa: WaitAnswer (wa.super = self & Fulfilled(wa))

TASK InitialRequest
Mode achieve
Actor Citizen
Super FareRichiesta
Invariant F EXISTS r: Request (r.sender = actor & r.need = super.need)
Fulfillment definition EXISTS r: Request (r.sender = actor & r.need = super.need)

MESSAGERequest
Sender Citizen
Receiver SanitaryAgency
Attribute constant need: AssistanceNeed
Creation condition Exists dr: DoRequest (dr.actor = sender & dr.need = need)

Fig. 3. FormalTroposspeci�cation.

2.2 FormalSpeci�cationof BusinessRequirements

The Troposgraphicalmodelshave a formal counterpartdescribedin the Formal
Troposspeci�cationlanguage.FormalTropos(hereafterFT) hasbeendesignedto
supplementTroposmodelswith a precisedescriptionof their dynamicaspects.In
FT the focus is on the circumstancesin which the goalsand tasksarise,andon
theconditionsthat leadto their ful�llment. In this way, thedynamicaspectsof a
requirementsspeci�cationare introducedat the strategic level, without requiring
an operationalizationof the speci�cation. A precisede�nition of FT and of its
semanticscanbe found in [5]. Herewe presentthe mostrelevant aspectsof the
languagebasedon thecase-study. An excerptof its FT speci�cationcanbefound
in Figure3.

An FT speci�cationdescribestherelevantobjectsof adomainandtherelation-
shipsamongthem.Thedescriptionof eachobjectis structuredin two layers.The
outerlayeris similar to aclassdeclarationandde�nesthestructureof theinstances
togetherwith their attributes.Theinnerlayerexpressesconstraintson thelifetime
of theobjects,usinga typed�rst-order linear-time temporallogic (hereafterLTL).
Severalinstancesof eachelementmayexist duringtheevolutionof thesystem.To
distinguishamongthe differentinstances,a list of attributesis associatedto each
class.Eachattributehasa sort which canbeeitherprimitive (boolean,integer. . . )
or classes.For instance,booleanattribute result of taskDoRequest determines
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whethertheresponseto therequestof thecitizenhasbeenpositiveor not. Attribute
need of goal DoRequest is usedto distinguishbetweenthedifferentneedsof the
samecitizen. Entity classeslike AssistanceNeed areaddedto theFT speci�ca-
tion to representthe “passive” elementsof the domainthat areusedasattributes
in otherclasses.An attributemaybemarkedasconstant , which meansthat the
valueof theattributedoesnotchangeduringthelifetime of theclassinstance.

Somespecialattributesareassociatedto eachkind of classin theFT speci�ca-
tion. Goalsandtasksareassociatedto thecorrespondingactorwith thespecialat-
tributeActor . Similarly, Depender andDependee attributesof dependenciesrepre-
sentthetwo partiesinvolvedin adelegationrelationship.AttributeSuper for goals
andtasksdenotesthe parentgoal or task. For messageswe usespecialattributes
to characterizetheactorinstancescorrespondingto thesender(Sender ) andto the
receiver (Receiver ). All thesespecialattributesareconstantby de�nition.

An importantaspectof FT is its focuson the conditionsfor the ful�llment of
goalsand tasks. Theseare characterizedby a Mode, which declaresthe modal-
ity of their ful�llment. The two most commonmodalitiesare achieve (which
meansthattheactorexpectsto reachastatewhere,e.g.,thegoalhasbeenful�lled)
andmaintain (which meansthat the ful�llment conditionhasto becontinuously
maintained).For instance,dependency ReceiveAssistance is of typemaintain,to
capturethe fact that this “contract” betweencitizenandsanitaryagency hasto be
maintainedover time. On theotherhand,taskDoRequest is of typeachieve,since
thecitizenaimsat reachingastatewherethis taskis terminated.

Theinner layerof anFT classdeclarationconsistsof constraintsthatdescribe
the dynamicaspectsof entities,actors,goals,anddependencies.In FT we dis-
tinguishamongCreation , Invariant , andFulfillment constraints.Creation

constraintsde�ne conditionsthat shouldbe satis�ed when a new instanceof a
classis created.In the caseof goalsandtasks,the creationis interpretedasthe
momentwhen the associatedactor begins to desirethe goal or to perform the
task. Invariant constraintsde�ne conditionson the life of all classinstances.
Fulfillment constraintsshouldholdwheneveragoalis achievedor ataskis com-
pleted. Creationandful�llment constraintsarefurther distinguishedassuf�cient
conditions(keyword trigger ), necessaryconditions(keyword condition ), and
necessaryandsuf�cient conditions(keyword definition ).

In FT, constraintsaredescribedwith formulasin a typed�rst-order linear-time
temporallogic. Besidesthe standardbooleanandrelationaloperators,the logic
provides the quanti�ers Forall and Exists , which rangeover all the instances
of a given class,anda standardsetof linear-time temporaloperators.The latter
includeoperatorX, which de�nes a conditionthat hasto hold in the next stateof
theevolution of thesystem,operatorF, which de�nes a conditionthathasto hold
eventuallyin thefuture,andoperatorG, which de�nesa conditionthathasto hold
in all futurestates.

In theFT speci�cationof Figure3, the�rst threeinvariantsof taskDoRequest

describe the expected evolution of the task and its relations with the sub-
tasks. Namely, if the task DoRequest is started, then eventually sub-task
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POSSIBILITY P1
Exists dr: DoRequest (Fulfilled(dr))

ASSERTION A1
Forall c: Citizen (

Forall r: Response (r.receiver = c -> ! r.result) ->
Forall rs: ReceiveService (rs.actor = c -> ! Fulfilled(rs)))

ASSERTION A2
Forall dr: DoRequest (

(Exists ra: ReceiveAssistance (ra.depender = dr.actor & Fulfilled(ra)
& Forall r: Request (r.sender = dr.actor & r.need = dr.need -> r.receiver = ra.dependee)))

-> (F Fulfilled(dr)))

Fig. 4. Validationpropertieson therequirementsmodel.

InitialRequest is entered(1stinvariant).After InitialRequest hasended,sub-
taskProvideInformation is eventuallyentered(2ndinvariant).Andafteralsothis
sub-taskhasended,WaitAnswer is eventuallystarted(3rd invariant). The fourth
invariantconstrainsthe valueof attribute result of the task to the valueof the
sameattributeof sub-taskWaitAnswer oncethis sub-taskhasended.Finally, the
Fulfillment definition tells us that thesub-taskWaitAnswer hasto complete
beforewecanconsidertheDoRequest taskful�lled (necessarycondition)andthat,
if WaitAnswer hascompleted,thenDoRequest will eventuallybe ful�lled (suf�-
cientcondition).

We remarkthat sometemporalconstraintsareimplicit in thesemanticsof FT
and do not needto appearexplicitly in the classdeclarations.For instance,an
implicit creationconstraintfor eachsub-goalis that the parentgoal hasnot yet
beenful�lled — if thegoalhasbeenful�lled thereis no reasonto createthesub-
goal. Also, we do not allow two identicalinstancesof thesamegoal for thesame
actor.

2.3 BusinessRequirementsValidation

In FT it is possibleto validatearequirementsspeci�cationby allowing thedesigner
to specifypropertiesthattherequirementsmodelis supposedto satisfy. We distin-
guishbetweenAssertion properties,which describeconditionsthat shouldhold
for all valid evolutionsof the speci�cation, and Possibility properties,which
describeconditionsthatshouldhold for at leastonevalid evolution.

Figure4 reportsanexcerptof desiredpropertiesfor theconsideredcase-study.
PossibilityP1aimsatguaranteeingthatthesetof constraintsof theformalbusiness
requirementsspeci�cationallow for the ful�llment of the taskof doing a request
in somescenarioof themodel.AssertionA1 requiresthat it is not possiblefor the
citizento ful�ll its goalof receiving assistanceservicesunlessapositiveanswertoa
requestfrom thesanitaryagency hasbeenreceived. Finally, assertionA2 requires
that the taskof doing a requestis eventuallyful�lled alongevery scenariounder
theconditionthat: thereis a sanitaryagency that is boundedto provide assistance
to theuser(citizen's dependency ReceiveAssistance ); and,thecitizensendsthe
requeststo thatparticularsanitaryagency.

Theveri�cation of theFT businessrequirementsmodelagainstthe properties
speci�ed is performedwith the T-TOOL [5]. The T-TOOL usessymbolicmodel
checkingtechniquesto performthe veri�cation. It is basedon the NUSMV [2]
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state-of-the-artsymbolicmodelchecker. The T-TOOL translatesan FT speci�ca-
tion into theinput languageof NUSMV, which is thenaskedto performtheactual
veri�cation. Sincemodel checkingrequiresa �nite statemodel, for translation
purposes,upperboundsneedto bespeci�ed to thenumberof instancesof thedif-
ferentclassesthatappearin the formal speci�cation. Giventhesebounds,a �nite
stateautomatonis built. Its statesdescribevalid con�gurationsof classinstances,
accordingto the classsignaturesandattributesthat appearin the formal speci�-
cation. Its transitionsde�ne valid evolutionsof thesecon�gurationsaccordingto
somegenericconstraintsthat capturethe semanticsof FT, e.g., that constantat-
tributesshouldnot changeover time, or that, onceful�lled, a goal staysful�lled
forever. The creation,invariant,andful�llment constraintsof the variousclasses
arecollectedin a setf Ci j i 2 I g of temporalconstraints.In this way, thevalid
behaviors of a modelare thoseexecutionsof the �nite-state automatonthat sat-
isfy all temporalconstraintsCi . Checkingif assertionA is valid correspondsto
checkingwhethertheimplication

V
i 2 I Ci ) A holdsin themodel,i.e., if all valid

scenariosalsosatisfythe assertionA. Checkingif possibilityP holdsamountto
checkwhether

V
i 2 I Ci ^ P is satis�able,i.e., if thereis somescenariothat satis-

�es the constraintsandthe property. In both cases,the veri�cation of a property
is translatedto theveri�cation of anLTL formula. In [5] we have shown how this
veri�cation canbeperformedef�ciently usingNUSMV.

All the propertiesin Figure 4 are true on the �nal versionof the formal re-
quirementsmodelof theconsideredcase-study. However, this resulthasrequired
severalrevision steps,whereboththemodelandthepropertieshave beenadjusted
to capturethe intendedbehaviors of thedomain.For instance,assertionA2 hada
crucialrole in theprocessof preciselyde�ning themutualexpectationsincarnated
by dependency ReceiveAssistance , andcapturedby the ful�llment constraints
speci�edfor thisdependency asit canbeseenin Figure3.

3 From BusinessRequirementsto BusinessProcesses

3.1 AddingProcessSpeci�cations

In this sectionwe show how to re�ne thebusinessrequirementsmodeldescribed
in the previous sectioninto a businessprocessmodel. The key idea is to asso-
ciate BPEL4WScodeto the high-level tasksof the actorsof the domain(e.g.,
task DoRequest of actor Citizen , or task HandleAssistanceRequest of the
SanitaryAgency ).

Theformal businessrequirementsmodelalreadycontainsseveralpiecesof in-
formationthatcanbeexploitedto generateaBPEL4WSspeci�cation.For instance,
it is possibleto automaticallygeneratethe de�nition of messages,ports,andser-
vicesfor thebusinessdomains— theseelementsde�ne theWSDL documentas-
sociatedto theBPEL4WSspeci�cation. Thedescriptionof theprocessmodelhas
to becompletedby de�ning thebodyof thebusinessprocesscorrespondingto the
task. In Tropos4WS,this is achievedby associatingto thetaska businessprocess
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<variables>
<variable name="need" messageType="Need"/>
<variable name="result" type="boolean"/>
<variable name="vRequest" messageType="Request"/>
<variable name="vInfoRequest" messageType="InfoRequest"/>
<variable name="vInfo" messageType="Info"/>
<variable name="vResponse" messageType="Response"/>
<variable name="waitResponse" type="boolean"/></variables>

<sequence name="DoRequestBody">
<assign name="Initialization" event="Create ir: InitialRequest (ir.super = self)">

<copy><from expression="true()"/><to variable="waitResponse"/></copy>
<copy><from variable="need"/><to variable="vRequest" part="need"/></copy></assign>

<invoke name="SendRequest" operation="oRequest" inputVariable="vRequest"/>
<empty name="PhaseSwitch"

event="Fulfill ir: InitialRequest (ir.super = self) & Create pi: ProvideInformation (pi.super = self)"/>
<while name="Cycle" condition="getVariableData('waitResponse')">

<pick name="WaitMessage">
<onMessage name="InfoRequest" operation="oInfoRequest" outputVariable="vInfoRequest">

<sequence name="AnswerToInfoRequest">
<assign name="PrepareInfo">

<copy><from variable="vInfoRequest" part="query"/>
<to variable="vInfo" part="query"/></copy></assign>

<invoke name="Info" operation="oInfo" inputVariable="vInfo"/>
</sequence></onMessage>

<onMessage name="Response" operation="oResponse" outputVariable="vResponse"
event="Fulfill pi: ProvideInformation (pi.super = self) & Create wa: WaitAnswer (wa.super = self)">

<assign name="LeaveLoop">
<copy><from expression="false()"/><to variable="waitResponse"/></copy>
<copy><from variable="vResponse" part="result"/><to variable="result"/></copy></assign></onMessage>

</pick>
</while>
<empty name="DoRequestFulfilled" event="Fulfill wa: WaitAnswer (wa.super = self)"

constraint="Forall wa: WaitAnswer (wa.super = self -> G (wa.result <-> self.result))"/>
</sequence>

Fig. 5. BPEL4WSprocessfor taskDoRequest of actorCitizen .

de�ned in theBPEL4WSlanguage.For instance,thebusinessprocesscorrespond-
ing to thetaskof submittinga requestis describedby theBPEL4WSspeci�cation
in Figure5.

The processcontains the variables need and result , which are already
presentin the formal requirementsspeci�cation, and the additional variables
waitResponse , vRequest , vInfoRequest , vInfo , andvResponse . The process
behavesasfollows. First,aninitializationstepis performed,duringwhichthevari-
ablewaitResponse is setto true,andthemessageRequest is preparedby setting
its need �eld. TheRequest messageis sentin thefollowing hinvoke i command.A
hwhile i loop is thenentered,andits bodyis repeateduntil variablewaitResponse

becomesfalse. The bodyconsistsof a hpick i instructionwhich suspendsthe ex-
ecutionof the processuntil a InfoRequest or a Response messageis received.
If a InfoRequest messageis received,a correspondingInfo messageis prepared
andsent.TheemittedInfo messagerefersto thequery containedin thereceived
InfoRequest message.If a Response messageis received,thenthe result vari-
ableof theprocessis setto re�ect theresult �eld of thereceivedmessage.More-
over, thewaitResponse variableis setto false,sothatwecanexit from thehwhile i

loop.
Someadditionalattributes,which arespeci�c of Tropos4WS,areaddedto the

BPEL4WScommands.Theseattributesareusedto connectthe evolution of the
BPEL4WSprocesswith the evolution of the requirementsmodel. The event at-
tributesdescribewhich sub-tasksof DoRequest aresupposedto becreatedor ful-
�lled in the requirementsmodelwhena givenpoint is reachedin the BPEL4WS
code. For instance,sub-taskInitialRequest is createdduring the initialization
stepandis ful�lled aftertheRequest messagehasbeensent(theBPEL4WScom-
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mandhempty i is usedto placethis ful�llment event in the right position of the
process).Theconstraint attributesde�ne additionalconstraintsbetweenthere-
quirementslayerandtheprocesslayer. They aretypically usedto de�ne thevalues
of the attributesof the sub-tasks.For instance,the constraint attribute of Fig-
ure5 bindsthevalueof attribute result of theWaitAnswer sub-taskto thevalue
of variableresult of theBPEL4WSprocess.

3.2 BusinessProcessesVeri�cation

The de�nition of businessprocesses,togetherwith the bindingsthat link themto
the correspondingtasksand messagesin the formal requirementsmodel, allow
for different forms of veri�cation. A �rst possibility consistsof re-checkingthe
formal queriesthatappearin Figure4 on themoredetailedmodel.Anotherpossi-
bility is checkingthatthere�ned modelsatis�estherequirementsdescribedby the
Creation , Invariant , andFulfillment constraintsenforcedin therequirements
modelfor taskDoRequest andits sub-tasks.

To supportthesekinds of veri�cation, we have extendedthe T-TOOL with a
translationof BPEL4WSprocessesin NUSMV �nite statemachines.At thetime
of writing, this translationconsidersonly a restrictedsubsetof BPEL4WS,which
coversall the constructsusedin Figure 5, but doesnot include �o w commands,
event-, fault-, compensation-handlers,andcorrelationsets. In the translation,the
currentpositionin theexecutionof theBPEL4WSprocessis tracedusingapc vari-
able,rangingoverthenameattributesassociatedto thecommandsin theBPEL4WS
code.Transitionsbetweenthesestatesarede�nedaccordingto thesemanticsof the
BPEL4WSconstructs.Fairnessconditionsareaddedto the�nite statemachinein
orderto guaranteethattheprocesseventuallyprogresseswhenever thenext action
to beexecutedis not blocked. In thecaseof theprocessin Figure5, for instance,
the only point wherethe processcanbe blocked forever is on the hpick i action,
andonly if no InfoRequest andResponse messagesarereceived.Theevent and
constraint attributesof theBPEL4WScommandsaremappedinto thesetof tem-
porallogic constraintsthatrestrictthevalid behaviorsof the�nite statemachine.

By applyingthis approachto theveri�cation of theBPEL4WSprocessof Fig-
ure5 we obtainthatall veri�cation tasksaresuccessful,andhencethis processis
acorrectimplementationof therequirementsof taskDoRequest . If we modify the
codeof theprocess,e.g.,by disallowing the receptionof oneof the two message
in thehpick i command,thentheveri�cation detectsproblems.If we disallow the
receptionof the InfoRequest message,for instance,assertionA2 turnsout to be
false. Indeed,if thesanitaryagency is requestingsomeinformation,thecitizen is
not able to answerto the requestanda deadlockin the processis reached.The
counter-exampleof Figure6 is generatedin this case. If we disallow the recep-
tion of theResponse , not only assertionA2, but alsopossibilityP1becomesfalse.
Indeed,if wedo not receive theresponse,it is not possibleto ful�ll DoRequest .

We remarkthat the approachdescribedin this paperallows also for another
kind of veri�cation. Namely, in orderto checkthat the processmodel is correct,
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-- Assertion A2 is false as demonstrated by the
-- following execution sequence
-> State 3.1 <- ProvideInformation_1.fulfilled = 0

Citizen_1.exists = 1 DoRequest_1.pc = PhaseSwitch
AssistanceNeed_1.exists = 1 Query_1.exists = 1
BeingAssisted_1.exists = 1 ProvideFairAssistance_1.exists = 1
BeingAssisted_1.actor = Citizen_1 ...
BeingAssisted_1.fulfilled = 0 ProvideFairAssistance_1.fulfilled = 1
DoRequest_1.exists = 1 ...
DoRequest_1.actor = Citizen_1 HandleAssistanceRequest_1.exists = 1
DoRequest_1.fulfilled = 0 ...
DoRequest_1.waitResponse = 0 HandleAssistanceRequest_1.fulfilled = 1
DoRequest_1.answer = 0 ReceiveRequest_1.exists = 1
DoRequest_1.pc = Initialization ...
DoRequest_1.need = AssistanceNeed_1 ReceiveRequest_1.fulfilled = 1
DoRequest_1.super = BeingAssisted_1 EvaluateRequest_1.exists = 1

-> State 3.2 <- ...
SanitaryAgency_1.exists = 1 EvaluateRequest_1.fulfilled = 0
InitialRequest_1.exists = 1 -> State 3.4 <-
InitialRequest_1.actor = Citizen_1 ReceiveAssistance_1.exists = 1
InitialRequest_1.fulfilled = 0 ReceiveAssistance_1.dependee = SanitaryAgency_1
InitialRequest_1.super = DoRequest_1 ReceiveAssistance_1.depender = Citizen_1
Request_1.exists = 1 ReceiveAssistance_1.fulfilled = 0
Request_1.need = AssistanceNeed_1 DoRequest_1.pc = Cycle
Request_1.initiator = InitialRequest_1 -> Loop starts here <-
Request_1.sender = Citizen_1 -> State 3.5 <-
Request_1.receiver = SanitaryAgency_1 InfoRequest_1.exists = 1
DoRequest_1.waitResponse = 1 InfoRequest_1.query = Query_1
DoRequest_1.pc = SendRequest InfoRequest_1.ref = Request_1

-> State 3.3 <- InfoRequest_1.sender = SanitaryAgency_1
InitialRequest_1.fulfilled = 1 InfoRequest_1.receiver = Citizen_1
ProvideInformation_1.exists = 1 ReceiveAssistance_1.fulfilled = 1
ProvideInformation_1.actor = Citizen_1 DoRequest_1.pc = WaitMessage
ProvideInformation_1.super = DoRequest_1 -> Loop <-

Fig. 6. An exampleof counter-examplegeneratedby NUSMV.

onecanshow that it is equivalentto the requirementsmodelaccordingto a suit-
ablebehavioral equivalence.TheNUSMV veri�cation engine,however, doesnot
supportthis kind of veri�cation.

4 Futur e Work and Concluding Remarks

This paperhasoutlineda methodologyfor thedesignandveri�cation of Webser-
vicesasprocessesgeneratedfrom businessrequirementsmodels. The latter are
expressedwith a language,calledTropos,whoseformal counterpartallows for the
precisede�nition of goalsandrequirementsof theactorsof thedomain.A setof
formal techniquesareused�rst to deriveprocessskeletonsin BPEL4WS,andthen
to verify that the re�nementsperformedby the designerstill satisfy the require-
ments.

A numberof other approachesthat useformal techniquesfor the de�nition
andcompositionof Webservicesarebeingproposedin theliterature(see[4,6,7,8]
to cite a few). Distinguishingfeatureof the approachpresentedhereis that we
startfrom ahigher-level, strategic domainmodel,whereprocessesassucharerep-
resentedat a very abstractlevel and other typesof requirements– for instance,
generalbusinessruleson resourceusageor engagementwith otherpartners– can
beeasilyrepresented.This givesusmore�e xibility in composingprocesses,and
let usperforma wider rangeof veri�cations thandirectly startingfrom a business
processor from elementaryservicede�nitions.

The work presentedhere is our �rst steptowardsa long term vision where
formal techniquesareappliedduringtheentirelife cycleof services,from require-
mentsanalysisto execution. Theobjective is providing agentswith suf�cient se-
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manticknowledgeandcapabilitiesto discoverandadaptto servicesandprocesses,
andpossiblyprovide feedbackto designersfor remodeling.

In the short term, we plan to experimentwith modelcheckingtools different
from NUSMV. In particular, we plan to adoptveri�cation tools thatarebasedon
� -calculus(e.g., [3,9]). This will allow for modelingBPEL4WSfeatures(most
notably, dynamiccreationof new executionthreads)thataredif�cult to modelin
NUSMV. Moving to toolsbasedon� -calculuswouldalsoallow for theapplication
of equivalencecheckingtechniquesto comparethebusinessprocessmodelwrt the
correspondingrequirementsmodel. The mostseriousobstaclein this directionis
that thepropertyspeci�cationlanguagescurrentlyavailablefor the � -calculusare
notadequatefor expressingtheFormalTroposconstraints.

In the longer term, we will investigateinto improving the generationof
BPEL4WSprocessskeletonsin order to capturemore details from the domain
model,suchasthetypeof long-termbusinesstransactionthat is required.An im-
provedBPEL4WSprocessshouldalsoenableanexecutionengineto relatefaults
andexceptionsto speci�c goalsor requirementsof thedomainmodel,in orderto
takeappropriateactionor provide feedbackto theuser.
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