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While Web applications evolve towards ubiquitous, enterprise-wide or multi- enterprise informa-
tion systems, they face new requirements, such as the capabilit y of managing complex processes
spanning multiple users and organizations, by interconnecting software provided by di�eren t or-
ganizations. Signi�can t e�orts are currently being invested in application integration, to support
the composition of business processesof di�eren t companies, so as to create complex, multi-part y
business scenarios. In this setting, Web applications, which were originally conceived to allow
the user-to-system dialogue, are extended with Web services, which enable system-to-system in-
teraction, and with processcontrol primitiv es, which permit the implementation of the required
business constrain ts. This paper presents new Web engineering methods for the high-lev el speci-
�cation of applications featuring business processesand remote services invocation. Pro cess-and
service-enabled Web applications bene�t from the high-lev el modeling and automatic code genera-
tion techniques that have been fruitfully applied to conventional Web applications, broadening the
class of Web applications that take advantage of these powerful software engineering techniques.
All the concepts presented in this paper are fully implemented within a CASE tool.

CategoriesandSubjectDescriptors:D.2.2[SoftwareEngineering]: DesignToolsandTechniques;D.2.12[Soft-
ware Engineering]: Interoperability;D.1.7 [Programming]: VisualProgramming;H.5.4 [Information Inter -
facesand Presentation]: Hypertext/Hypermedia;J.2[Computer Applications]: Administrative DataProcess-
ing

General Terms: Design
Additional Key Words and Phrases: Web applications, worfklo ws, Web engineering, conceptual
modeling

1. INTRODUCTION

The�rst generationof Webapplications,dedicatedto e-commerce,contentpublicationand
management,focusedon enablingusersto performsimpleoperations,like searches,data
uploads,andbrowsingof large volumesof datastructuredin hypertexts. More recently,
theWebhasbecomeapopularimplementationplatformfor B2B applications,whosegoal
is not only the navigation of content,but also the enactmentof intra- andinter- organi-
zationbusinessprocesses.Web-basedB2B applicationsexhibit muchmoresophisticated
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interactionpatternsthantraditionalWebapplications:they aredevelopedto supportawell-
de�ned process,consistingof activities andtheir executionconstraints,servingdifferent
userroleswhosejoint work is coordinated.They maybedistributedacrossdifferentpro-
cessornodes,dueto organizationalconstraints,designopportunity, or existenceof legacy
systemsto bereused.B2B Webapplicationsdemandnovel methodologiesfor theiranaly-
sis,speci�cationandimplementation,becausethey aremorecomplex thaneitherprocess-
basedsystems,or puredata-centricWebapplications.

Work�o w modelsanddesignmethods[BPML 2006;White2004a;2004b;WfMC 2006]
providecomplex B2B applicationswith notationscapableof expressingprocessspeci�ca-
tions,capturingactivity executionconstraintsandspecialprocessfeatureslikepro-activity,
exceptionhandling,anderrorscompensation.Thesemodelsarebackedby a classof spe-
cializedproducts,Work�o w ManagementSystems,whichpermitthede�nition of thepro-
cessschemes,their administration,andguaranteeperformance,scalability, anddistribu-
tion; but many applicationsdonot justify theinvestmentinto specializedprocessadminis-
trationsoftware.

Therefore,it is becomingcustomaryto assistthedesignof theseapplicationsby means
of general-purposedesignsupportenvironments(seeRAD from IBM-Rational or BEA
Workshop)which start their speci�cation with processmodelingabstractions,typically
supportedby graphicalrepresentations,andendup with their encodingin programming
languagessuchasC++ or Java.

Webapplicationdesign[SchwabeandRossi1998;Fernandezet al. 1998;Meccaet al.
1999; Merialdo et al. 2003; Ceri et al. 2000; Ceri et al. 2002; Gómezet al. 2001] has
primarily addresseddata-centricapplications,like WebInformationSystems,focusingon
designmethodscapableof expressingarich varietyof navigationpatterns,on therelation-
shipsbetweencontentmodelingandhypertext modeling,andon specialclassesof appli-
cationslike multi- channel,collaborative,andadaptive Webapplications.Thesemethods
alreadysupportdynamicWeb pagegenerationandpersonalization,by usinginformation
describingthe userandthe executioncontext of the userat a given moment. However,
thesemethodsdo not providecomprehensivedesignmethodologies,integratingadvanced
techniquesfor Web applicationdesignandclassicalbusinessprocessanalysismethods.
Moreover, thepull-basednatureof theHTTP protocolunderlyingWebapplicationslacks
convenientmeansfor interactionsinitiated by the server; this intrinsic dif�culty mustbe
overcomeby usingmethodsandtechniqueswhich incorporateserver- initiatedoperations
andasynchrony.

In this paper, we presenta uni�ed designnotationandmethodology, which integrates
themostusefulfeaturesof hypertext andprocessmodeling.Thestartingpointof ourwork
is anexisting Webmodelingnotation,WebML [Ceri et al. 2000],anda consolidatedde-
velopmentapproach[Ceri et al. 2002],�eld-testedfor many yearsin the implementation
of data-centricWebapplications.We show how to extendWebML with standardprocess
modelingconcepts(the BusinessProcessModeling Notation [White 2004b])andwith
standardapplicationdistribution primitives(basedon Web Services).Theuseof process
modelingconceptsenablesdesignersto specifyprocessrequirementsin termsof interac-
tionson theWeb,enactedby humanagents.Theuseof WebServicesenablesdesignersto
modelprocessdistribution requirementsstemmingfrom organizationconstraints,design
opportunity, or existing legacy systems.

Theoriginal contributionsof thepresentedwork aremanifold. (i ) We discusstheway
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in which a processmodel can be usedasa guide to derive the Web interfacesfor pro-
cessenactment.(ii ) In particular, we contrastan ”implicit” way of modelingprocesses
by meansof links and shareddata,which is more or lessunconsciouslyused,with an
”explicit” way, which integratesprocessmodelingprimitivesin thedesign,andwe argue
that the latter approachyields solid, reusableapplications.(iii ) We comparealternative
”explicit” designstylesresultingfrom our experiencein building B2B Web applications.
(iv ) We show how processdistribution affectshypertext design,by discussingalternative
waysof implementingthecoordinationamongthepeersinvolvedin theenactmentof the
distributedprocess,andshow how thesecoordinationparadigmsarere�ected in thedata
andhypertext model. (v) All theprocessandcommunicationmodelingprimitives,illus-
tratedin thepaperthroughexamples,areimplementedwithin acommercialCASEtool for
data-centricWeb applicationdevelopment,calledWebRatio [Ceri et al. 2003;WebRatio
2006]. We presentthearchitectureof the tool, highlighting themodi�cations requiredin
orderto supportprocessmodeling.

Developerscanmodeltheir businessprocessesusingtheir favorite BPMN editor, man-
ually transformthe processmodelsinto a setof WebML speci�cationsaccordingto the
desireddistribution architectureand co- ordinationpolicy, and then useWebRatiofor
specifyingthe hypertexts andautomaticallygeneratethe codethat implementssuchap-
plicationsto be installedat thevariousnodesof theselectedarchitecture.The”explicit”
designstylesareamenableto automation,thereforewe envision theconstructionof a tool
capableof turningaBPMN diagraminto asetof WebML diagramsrepresentingskeletons
of theWebapplicationssupportingtheprocess.

Thepaperis structuredasfollows.Section2 givesabriefoverview of model-drivenWeb
applicationdesign,andsketchesthemainconceptsof theWebML model.Then,Section3
describestheessenceof businessprocessesandSection4 discusseshow their mainingre-
dientscanbeembodiedwithin conventionalhypertexts - andtheir conceptualmodelscan
be representedin WebML, at thecostof a numberof disadvantagesin modelreadability
andmodi�ability . Next, Section5 illustratestheWebML extensionsthatenabletheexplicit
supportof processenactmentoperationsandof processreferencemodel.Theseextensions
transform”pure” hypertextsinto well- organizedprocess-drivenhypertexts.Section6 con-
sidersthecasewhenthebusinessprocessexecutionis distributedoverseveralsites,thusits
implementationconsistsof asetof interactingWebapplications.All themodelingoptions
of Sections3-6 areshown ”at work” in a runningcasestudy, describingthe administra-
tive procedurefor a bankloan. Section7 illustrateshow we have extendedWebRatio,a
WebML-basedComputerAidedSoftwareEngineering(CASE)tool, to supportwork�o ws
andWebservices.The�nal sectionsareconcernedwith relatedwork, conclusions,andan
outlookon thefuturework.

2. MODEL-DRIVEN DESIGN OF WEB APPLICATIONS

The�rst generationof conceptualmodelsfor theWeb[SchwabeandRossi1998;Fernan-
dezet al. 1998; Meccaet al. 1999; Ceri et al. 1999; Ceri et al. 2000; Ceri et al. 2002;
Gómezet al. 2001]essentiallyconsideredWebapplicationsasa variantof traditionalhy-
permediaapplications,with theparticularitythatthepublishedcontentsareextractedfrom
a database,anduserinteractionwith the applicationtakesplacevia the mediumof the
Internet.Therefore,thesemodelingapproacheshave focusedoncapturingthestructureof
theapplicationcontents,e.g.,asasetof objectclassesor entitiesconnectedby associations
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or relationships,andthenavigationprimitives,representedby suchconceptsaspages,con-
tentnodes,andlinks. Onesuchmodelis WebML, describedin [Ceri etal. 2002].WebML
allowsspecifyinga Websiteon top of existing datasources.A conceptualmodelconsists
of a dataschema,describingapplicationdata,andof oneor morehypertexts (calledsite
views),expressingtheWebinterfaceusedto publishandmanipulatesuchdata.

2.1 Running Example

In thesequel,we will usea runningexampleto illustratethehypertext andprocessmod-
eling primitivesat thebaseof theproposedapproach.Therunningcaseconsistsof a loan
brokeringWebapplication.Theoverall processfor loanrequestsmanagementis enacted
by threeclassesof users:bankclients,who mayapply for loans,receive responsesfrom
the bank,andchooseamongthe approved requeststhe actualloan optionsto purchase;
bankemployees,who mustperformin parallela �nancial anda job statuscheckon each
submittedloan request;andmanagers,who performa preliminaryvalidationof eachre-
questat thebeginningof theprocess,andultimatelyapprove or rejectthe request,based
on theoutcomeof �nancial andjob statuschecksperformedby thebankemployees.The
processmodelsketchedherewill bepreciselyspeci�edin Section3.2.

2.2 Data model

The WebML datamodel is the standardEntity-Relationshipmodel,widely usedin data
design.We useasimpli�ed Entity-Relationshipnotation,in whichentitiesarerepresented
asrectangles(including the entity nameandthe list of attributes)andareconnectedby
binaryrelationships,representedasstraightlines labeledwith therelationshipname.Re-
lationshipspeci�cation includesthe minimum andmaximumcardinalityof participation
of eachentity to therelationship,denotedby thecardinalityvalues(0, 1, or N) attachedto
therelationshipline (cardinalityconstraintsarepositionedcloseto theentity to whichthey
refer).

As anexample,Fig. 1 showstheEntity-Relationshipschemadescribingpartof thelocal
databaseof the loan broker site, containingthe entity Loan, describingthe categoriesof
loanthatcanbeissuedby thevariouscompanies,andentity LoanProposals,representing
speci�c installmentplansfor refundingthemoney. TheschemaalsocomprisesentityUser,
describingtheusersof theWebapplications,andentityGroup,denotinggroupsuserswith
similarcharacteristics:eachusermaybelongto multiplegroups(denotedby arelationship
betweenentityUserandGroup),andonegroupis thedefaultone(denotedby relationship
Default). TheLoan Proposalrelationshipspeci�esthataLoanmaybeassociatedwith var-
iousLoanProposals,andthateachLoanProposalrefersto justoneLoan.Relationshipsare
characterizedalsoby relationshiproles(usuallyomittedfor lackof space),representingthe
two directionsin which therelationshipcanbenavigated.In Fig. 1, theLoan Proposalre-
lationshipcomprisesthetwo rolesLoanToProposal(from aLoanto its relevantProposals)
andProposalToLoan(for retrieving theLoanassociatedto aspeci�c Proposal).

2.3 Hypertext model

The main ingredientsof the WebML hypertext modelaresite views, areas,pages,units,
operations,linksandsession/applicationvariables.A siteview is agraphof pages,possibly
groupedinto areas,allowing usersof a given group to perform their speci�c activities
(e.g.usersbrowsetheinformation,while managersupdateit). Pagescontaincontentunits
connectedby links, which representatomicpiecesof informationto bepublished.
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Fig. 1. Thedatamodelfor theloanrequestsapplication.

Fig. 2. WebML speci�cationof asimplehypertext for browsingloaninformation.

Considerfor instancea simplescenario:usersbrowsea HomePage,from wherethey
cannavigateto a pageshowing anindex of loanproducts.After choosingoneloan,users
areleadto a pagewith the loandetailsandthe list of proposalsfor thechosenloan. The
WebML speci�cationfor thedescribedhypertext is depictedin Fig. 2.

TheHomePagecontainsonly somestaticcontent,which is not modeled.A link from
thispageleadsto theLoanspage,containinganindex of all loans,graphicallyrepresented
by meansof an index unit labeledLoansIndex. Whenthe userselectsa loan from the
index, heis takento theChosenLoanpage,showing the loandetails. In this page,a data
unit, labeledLoanDetails,displaystheattributesof the loan (e.g. thecompany, the total
amountandtherate),andis linkedto anotherindex unit, labeledProposalsIndex, which
displaysall theplanoptionsof the loan. In general,a unit displayssomeof theattributes
of oneor moreinstancesof agivenentity; theentitynameis speci�edat thebottomof the
unit. Below theentitynameapredicate(calledselector)canbespeci�ed,to expressa�lter
conditionon theinstancesof theentity to beshown.

Contextual links. The contentof units displayedin a pageis often relatedto that of
other units; this connectionis achieved by contextual links, carrying databetweenthe
relatedunits. An exampleof contextual link is the link from theLoansIndex unit to the
LoanDetailsunit in Fig. 2: it transportsthe ID of the loanchosenin the index unit and
displayedin the dataunit. The datacarriedby a contextual link is not alwaysshown in
a WebML diagramexplicitly, becausein many casesit canbe inferredfrom thecontext.
For example,a link exiting from an index unit alwayscarriesthe identi�er of thechosen
object,a link goingout from adataunit carriestheidenti�er of theobjectdisplayedby the
unit etc. Thus,links exiting from theLoansIndex andLoanDetailsunits in theexample
implicitly carryascontext aLoanID.
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Transportlinks. WebML distinguishesbetweennormallinks (denotedby solid arrows)
andtransportlinks (denotedby dashedarrows). Normal links enablenavigation andare
renderedashypertext anchorsor form buttons;they canbecontextualor not. For example,
from theHomepagein Fig. 2, ausercanfollow thelink to theLoanspage.Thisparticular
link is notcontextual,sinceit carriesno information,andsimplyenablesachangeof page.
In contrast,transportlinks arealwayscontextual. For example,the link from the Loan
Detailsdataunit to theProposalsIndex unit is a transportlink: whentheuserentersthe
ChosenLoan page,theLoan Detailsunit is displayedand,at thesametime, thecontent
of the ProposalsIndex unit is computedand displayedwithout user's intervention. No
navigableanchoris renderedfor transportlinks.

Selectors. Thecontentof a unit maydependonselectors,whichare(possiblyparamet-
ric) predicates.TheLoanID transportedfrom theLoanDetailsto theProposalsIndex unit
is usedto selecttheoptionsassociatedwith the loanby therelationshiprole LoanToPro-
posal. This selectionis expressedby the selectorcondition[LoanToProposal]below the
unit's entity, which ensuresthatonly theLoanProposalinstancesconnectedto thechosen
Loanvia theLoan Proposalrelationshipareretrievedto build the index. In general,con-
junctive logicalconditionscanbeused,whereeachconjunctis apredicateoveranentity's
attributeor relationshiprole.

Operations. WebML allows specifyingupdateoperationson the dataunderlyingthe
Web application.Basicupdateoperationsare: thecreation,modi�cation anddeletionof
instancesof an entity, or the creationanddeletionof instancesof a relationship. Other
operationsmay includesendinge-mailor, aswe will see,invoking Webservices.Unlike
units,operationsdonotdisplaydata,therefore,they arenot includedin a page.

Fig. 2 illustratesalsoan exampleof entity creation. The ChosenLoan Pagecontains
an entry unit, representinga form collectinguserdata. Whenthe usersubmitsthe data
by clicking on the outgoinglink of the entry unit, the entereddata is usedto createa
new LoanProposalinstancein thedatarepository. Datacreationis representedby a create
operation.After thecreation,thenew instanceis connectedto thecurrentlyselectedLoan,
by meansof aconnectunit. Connectunitscreatea new instanceof a relationship.

WebML includesseveral otherunits andoperations(suchasModify unit for dataup-
dates,andDisconnectunit for relationshipremoval), a customizablemechanismfor deal-
ing with run-time failures, and is extensibleby the user, who can add his/hercustom
units[Ceri etal. 2002].

3. INTEGRATING BUSINESS PROCESSES AND WEB APPLICATION DEVEL-
OPMENT

In this section,we discusshow to extend conceptualmodelingfrom data-centric Web
applicationsto data-andprocess-centricones.

We start by presentingdevelopmentlifecycle extensionsin order to incorporatepro-
cessmodelinginto thedesignof Webapplications(Section3.1). Then,Section3.2brie�y
presentstheprocessdesignnotationadoptedin thepaper, i.e., BPMN [White 2004b]. In
Section3.4,wedemonstratethat,evenif existingdata-centricWebdesignmethodsdopos-
sessenoughexpressive power to capturethe requirementsof businessprocessmodeling,
describingprocess-awareWebapplicationssolelyin termsof dataandhypertext modeling
conceptsleadsto a poor separationof concernsandhard-to-maintainspeci�cationsand
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Fig. 3. Phasesin thedevelopmentprocessof data-andprocess-intensive Webapplications.

implementations.This opensthe way to the discussionof Section4, which shows how
to extendhypertext designnotationswith adhocprimitivesfor explicitly representingthe
process-relatedissuesof a multi-actorbusinessprocess.

3.1 Development lifecycle of process-centric Web applications

The phasesof the developmentprocessof a Web applicationcenteredon processesand
dataareshown in Fig. 3. In line with theclassicBoehm's Spiralmodelandwith modern
methodsfor Webandsoftwareengineering,thedevelopmentphasesmustbeappliedin an
iterativeandincrementalmanner, in which thevarioustasksarerepeatedandre�ned until
resultsmeetthebusinessrequirements.At eachiteration,thecurrentversionof thesystem
is testedandevaluated,andthenextendedor modi�ed.

Requirementsspeci�cationis theactivity in which theapplicationanalystcollectsand
formalizestheessentialinformationabouttheapplicationdomainandexpectedfunctions.
This aspectdoesnot signi�cantly differ from requirementcollectionfor traditionalappli-
cations.

Datadesignis thephasein whichthedataexpertorganizesthemaininformationobjects
identi�ed duringrequirementsspeci�cationinto acomprehensiveandcoherentconceptual
datamodel.Datamodelingis awell- establisheddisciplineandmaybeaddressedthrough
well known modelslike Entity-RelationshipandUML. Datamodelingfor Web applica-
tions doeshave a special�a vor, due to the role that informationobjectsplay in sucha
context, but wedonotaddressthis issuein thispaper;see[Ceri etal. 2002]for details.

Hypertext designis the activity that transformsthe functional requirementsidenti�ed
duringrequirementsspeci�cationinto oneor moresiteviewsembodyingtheneededinfor-
mationdeliveryanddatamanipulationservices.Hypertext designoperatesat theconcep-
tual level, possiblyexploiting high level models,which let thehypertext architectspecify
how contentelementsarepublishedwithin pages,andhow hypertext elementsarecon-
nectedby links to form a navigablestructure.Of theentirelifecycle, hypertext designis
the phasethat mostbene�ts from a conceptualapproach,becauseits applicationresults
into a moreconsistentandqualitative design. Additional tools, like designpatternsand
bestpractices,furtherfacilitatethetaskof thehypertext designer[Ceri et al. 2002].
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With respectto a purelydata-centricWebapplication,theConceptualDesignphaseof
process-intensiveapplicationsincludestheProcessdesigntask,focusingon thehigh-level
schematizationof the processesunderlyingthe application,and the Processdistribution
task,which addressestheallocationof sub-processesto differentpeers,andthereforeoc-
cursonly whenthereareseveralWeb serversinvolvedin theprocessenactment.Process
designanddistributionin�uencedataandhypertext design,whichshouldtakeinto account
processrequirements.However, dependingon designersensibility, processdesigncanbe
postponedwith respectto datadesign,if dataassumeamorecentralrole in theapplication.
Processdesignexploitsthediagrammaticrepresentationof processesby meansof standard
work�o w notations,like BPML / BPMN andothers[White 2004a;WfMC 2006;vander
Aalst et al. 2004]. The notationadoptedin this paperis presentedin the next Section.
Issues,methodsandtechniquesfor processdistributionarediscussedin Section5.

Theotherphasesof Fig. 3 areoutsidethescopeof this paper, andwe brie�y cite them
for completeness.Architecturedesignde�nes the hardware,network andsoftwarecom-
ponentsthatmake up thephysicalarchitecture,by establishingthemix of theseelements
thatbestmeetstheapplicationrequirements;implementationis theactivity of producing
thesoftwaremodulesanddatabaseschemasnecessaryto transformthedataandhypertext
designinto an applicationrunningon the selectedarchitecture;�nally , testingandeval-
uationis theactivity of verifying theconformanceof the implementedapplicationto the
functionalandnon-functionalrequirements.Maintenanceandevolutioncomprisesall the
modi�cations effectedafter theapplicationhasbeendeployedin theproductionenviron-
ment.

We point out that the developmentcycle illustratedin Fig. 3 is just an abstractionof
what happensin real contexts, wherethe differentdevelopmentactivities arenot totally
independentof eachotherandhaveblurredboundaries.However, areferencedevelopment
lifecyclebasedona formalmethodologyandonappropriatehigh level modelingconcepts
is useful to betterincorporatechangemanagementinto the productionmainstream,and
greatlyreducestherisk of breakingthesoftwareengineeringprocessdueto theoccurrence
of changes.This is fundamentalin theWebenvironment,whereapplicationsaresubjectto
fastevolution.

3.2 Process modelling with BPMN

Many high-level notationshave beenproposedto expressprocessstructure. In this pa-
per, we adopttheBusinessProcessManagementNotation[W+04], which comprisesthe
following concepts:

—Processes:high-level descriptionsof thework to begloballyperformed.
—Actors: theusersperformingthework.
—Activities: theunitsof workscomposingaprocess,typicallyperformedby asingleactor.
—Constraints: thelogicalprecedenceamongactivities. BPMN constraintsassumeavari-

etyof forms:
—Sequence:asequenceisacombinationof two (ormore)activitiesthatcanbeexecuted

only in sequentialorder(i.e., oneafteranother).Oneactivity must�nish beforethe
next onecanstart.

—AND-split/ AND-join: at thesplit point, theexecution�o w is spawn in two (or more)
parallelbranches,thusenablingmandatoryparallelexecutionof two (or more)activi-
ties.All thebranchesmustbeexecuted.Parallelexecutionis notconsideredin astrict

ACM JournalName,Vol. , No. , 20.



Process Modeling in Web Applications � 9

TableI. BPMN mainconstructs

temporalsense,but only requirestheparallelactivationof all thebranches,whichcan
beexecutedeithersimultaneouslyor with somedelay. In particular, parallelbranches
thatmustbeexecutedby thesameactorareverylikely to beexecutedin sequentialor-
der;however, theexecutorhasthepossibilityof choosingany order. At thejoin point,
two (or more)parallelexecutionbranchesmergeinto a single�o w, afterall branches
arecompleted.This meansthatAND join is a blockinggateway, in thesensethatall
thebranchesmustcompletefor theprocessto advance.

—OR-split/ OR-join: at thesplit point,asinglethreadof controlmakesadecisionupon
which branchesto take amongseveralalternative branches.Notice thatan arbitrary
(non-empty)subsetof the availablebranchescanbe executed,in any order. At the
join point two or morealternative branchesconvergeto a uniquethreadof control in
a non-blockingway, in thesensethat the �rst branchthat completescantrigger the
prosecutionof theprocess.

—XOR-split/ XOR-join:asinglethreadof controlmakesadecisionuponwhichbranch
to take amongseveralalternative branches.In this case,only onealternative canbe
triggered,andall theotherbranchesaredisabled.TheXOR-join operatorbehavesin
a similarway to theOR-join.

—Iterations: therepeatedexecutionof oneor moreactivities.
—Pre- andpost-conditions:entryandexit criteriato/from a particularactivity, respec-

tively.

—Cases:thespeci�c executionsof anindividualprocessinstance.
—Activity instances:thespeci�c executionsof anactivity within a case.

Processescan be pictorially representedwith the BusinessProcessManagementNo-
tation [White 2004a],which is adoptedby the BPML standard[BPML 2006] issuedby
theBusinessProcessManagementInitiative. TheBPMN notationvisually representsall
theprocessconceptsde�ned above,andprovidesfurtherconstructs,suchasmorepower-
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Fig. 4. BPMN speci�cationof theloanrequestprocess.

ful conditionalgateways,eventandexceptionmanagement,freecombinationof split/join
points,andotherminor extensions.BPMN andUML behavioral diagrams(usecasesand
activity diagrams)havesimilaritiesin boththeirpurposesandnotations.However, UML is
focusedonobjectbehavior andprimarily devotedto supportingthesoftwaredevelopment
process,from architecturedesignto implementationandis conceived for useby techni-
cally skilled developers. Conversely, BPMN is more centeredaroundprocessesand is
moresuitedto the businessanalysts.The main visual constructsof BPMN aresumma-
rizedin TableI. Additional informationonwork�o w primitivesandBPMN semanticscan
be found in [Brambilla 2005a],a generalcomparisonwith UML canbe found in [Owen
andRaj 2003],anda comparisonbetweentheexpressive power of BPMN andUML 2.0
activity diagramsin representingwork�o w patternscanbefoundin [White 2004b].

Eventsoccur during the processexecution. They are categorizedby their type (not
shown in thetable),whichdistinguishesmessages,time events,andrule �rings; appropri-
atesymbolscanbeput into thecircle representingtheeventto denotethetype. Gateways
areprocess�o w control elements;typical gateways includedecision,splitting, merging
andsynchronizationpoints. Variouslogical behaviors areallowed for thegateways. Ac-
tivitiesarethebasictasksof theprocess,andcanexpressvariousbehaviors(looping,error
compensation,internalsub-processstructuring,eventprocessing,andsoon). The�o w of
activities insidetheprocessis describedby meansof arrows,representingeithertheactual
execution�o w, or the �o w of exchangedmessages,or the �o w of dataobjectsbetween
activities. Groupingoperatorspermit theclusteringof activities into pools.Onepool con-
tainsall activities enactedby a givenprocessparticipant.In our context, we will consider
aparticipantto beapeerinvolvedin thedistributedprocess.Within apool,weuseBPMN
lanesto distinguishdifferentusertypesthatinteractwith a speci�c peer.

Fig. 4 showstheBPMN speci�cationof theprocessfor thevalidationof a loanrequest.
Theprocesstakesplacewithin asinglepool,consistingof threeparallellanes(represented
ashorizontalrectangularareas),onepertypeof user. Theprocessstartswith aloanrequest
issuedby an applicant,which is submittedfor preliminaryvalidationto a manager. The
managermayeitherrejectit (if theapplicationis not valid), which terminatestheprocess,
or assignit in parallelto two distinctemployeesfor checking.After bothchecksarecom-
plete,themanagerreceivestheapplicationbackandmakesthe�nal decision.Finally, the
customerchoosesamongtheoptionsthatareprovidedby for his request.
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Fig. 5. TheWebML If unit.

3.3 WebML primitives for conditional navigation

Enforcing processconstraintsvia hypertexts requiresconditional navigation. This is
needed,for instance,to implementXOR andAND gateways(seeTableI) andto evalu-
atelogicalconditionsbefore/afteractivity execution.

The basicWebML primitives introducedin Section2 do not provide this capability.
Therefore,we introducetwo new WebML units: the If unit, shown in Fig. 5, and the
Switch unit (thelatterbeing,of course,syntacticsugarbasedon theformer).

Thebehavior of theIf andSwitchunit is similarto theequivalentprogramminglanguage
constructs,but they governthenavigation in a WebML hypertext. The If unit hasoneor
moreincominglinks andoneassociatedlogical expression;only oneof thetwo outgoing
links is activated,dependingon whetherthe logical expressionevaluatesto trueor false.
Noticethatthereis noguardconditionontheoutgoinglinks,but asingleBooleancondition
is associatedto theunit; thereforeonly oneof thetwo outgoinglinks canbeenabled.The
Switch unit hasan associatedexpressionandeachoutgoinglink hasa guardcondition
testingthe equality of the expressionto a given value; only one of the outgoinglinks
whoseguardconditionis trueis followedastheresultof thenavigation,possiblyselected
non-deterministically.

4. MODELLING PROCESSES IMPLICITLY WITH HYPERTEXT DESIGN PRIM-
ITIVES

Whenbuilding applicationsinvolving processandhypertext constructs,processenactment
rules(theprocessstructure)is in many caseshard-wiredin variouswayswithin theWeb
interfaceitself and/or the applicationdata. We call suchan approachimplicit process
control.Theimplicit encodingof processcontrolmayusethetopologyof hypertext links,
tocontroltheuserinteractionin simplesequentialprocesses,anddatasharing,for encoding
morecomplex multi-actorprocesses.We now discusseachmechanismin detail.

4.1 Implicit process control by link topology

A naturalmeansof controllingprocesseswithin Webapplicationsreliesonhypertext links.
Theprincipleis to associateeachactivity with oneor moreWebpages,andthenshow the
usersa link to thestartingpageof theactivity only whentheprocessspeci�cationallows
theuserto performthatactivity. This is theusualsolutionfor enforcingsequentialnavi-
gation: thetopologyof thehypertext is usedto enforcethedesiredprecedenceconstraint
betweenactivities. This simpleconstraintenforcementmechanismis built into many use-
ful applicationswherethe businessprocessis performedby a singleuser, in a ”linear”
manner, by following awell-de�ned sequenceof steps.This is thecaseof on-linewizards,
questionnaires,andapplicationforms.

Other structuresare allowed by this approach:OR splits may be modeledby using
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oneanchorfor eachpossibleprocessbranchto follow; joins areobtainedby makingthe
navigationconvergeto a samepage;iterations,pre-andpost-conditionscanbeexpressed
too, whenconditionalunitsareused.Links areinsteadinsuf�cient to enforceAND-split
andAND-join processconstraints.Thereasonis that,within a givensiteview, theuser's
navigation always follows a single path at a given time, thus, parallel executionis not
possible. More in general,the main limitation of link-basedcontrol is that it cannotbe
usedaloneto enforceconstraintsbetweenactivities assignedto different users,as link
topologyis relative to thesetof pagesbrowsedby aspeci�c user.

4.2 Implicit process control by data sharing

An alternativemechanismfor implicitly enforcingmulti-actorprocessconstraintsin aWeb
applicationrelieson thesharedinformationrepository, e.g.,thedatabase,underlyingthe
application.Thekey ideais toencodecaseadvancement,i.e.,theactivationandcompletion
of activity instances,in theapplicationdata.Thus,synchronizationwithin eachsiteview
canbeachievedvia hypertext links asin thepreviouscase,while synchronizationacross
siteviews is obtainedby having activities recordtheir progressin thedatabase,andusing
conditionalnavigation(basedon thevaluesactuallyfoundin thedatabase).

The preciseway in which processadvancementinformation can be encodedin the
databasedependsultimatelyon therelationshipbetweentheprocessandthedatamodel.
As a consequence,thereareasmany possibleway of encodingprocessadvancementas
therearewaysof modelingthe applicationdata. In this Section,we will discusssome
frequently-useddesignpatternsandshow how processcontrolcanbeachievedusingsuch
datamodels.

Processcontrol usingactivity-isomorphicentities. In someprocesses,for any activity
A that is part of the processspeci�cation, thereexists an entity EA that is part of the
applicationdatamodel, suchthat an instanceof EA is createdexactly as the effect of
successfullyexecutingan instanceof activity A. Suchentity is activity-isomorphic,and
theWebapplicationsimply testsfor theexistenceof its instancesin orderto understandif
activities following A canbestartedin a givencase.

Processcontrol using case-isomorphicentities. In somecases,the applicationdata
modelcontainsa singleentity thatencapsulatesall informationaboutcaseadvancement.
Eachcaseis associatedwith exactlyoneinstanceof suchentity, andeachactivity modi�es
thatentity instanceto markactivity completion. In this case,theentity is saidcase-iso-
morphic.An examplecanbedrawn from theloanrequestprocessdescribedin Fig. 4. In
thedatamodel,theLoanRequestentityencodesall thedataassociatedto thecase,andcase
evolution is representedby the attributeStatusof the LoanRequest,which cantake only
onevalueamong:”ToBeValidated”,”Validated”,”Checked”, ”Accepted”and”Rejected”.
Thestatusof theLoanRequestinstancerecordsthecaseadvancement.

4.3 Evaluation

Implicit controlenforcestheprocessconstraintsby exploiting thetopologyof links among
pagesand by extending the applicationdata with statusinformation representingthe
progressof thecase.Both techniquesaresimple,anddo not requireprocess-speci�cex-
tensionsto the dataandhypertext conceptualmodeling. However, they alsosuffer from
severaldrawbacks:
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—Link topologyalonecannotexpressmulti-actorconstraints.

—Datasharingembedsprocess-orienteddatawithin applicationdata,makingit moredif-
�cult to understandthedataschema.

—Bothtechniquesexploit navigationlinks (eitherexplicit inter-pagelinks or thelinks em-
anatingfrom index units listing objectson which someactivity is pending).Thus,the
hypertext mixes”normal” navigationlinks for browsingcontentandlinks for progress-
ing thoughtheprocess.However, this distinctionis not markedin thehypertext model,
whichbecomeshardto readandmaintain,asthecomplexity grows.

—Datasharingembedsin the hypertext additionaloperations(dataupdates,relationship
creations/deletionsetc),motivatedby theneedof recordingcaseadvancement.Again,
theseoperationsarenotclearlyassociatedwith theprocessmodel,andreducetheoverall
readabilityof thehypertext model.

—Changingtheprocessmodel(e.g.,alteringtheorderof executionof two activities) im-
pactsboth the dataandhypertext modelextensively, and in ways that arenot clearly
comprehensiblefrom thespeci�cations,whichhamperstheevolutionof thehypertext.

In summary, implicit control is suitablefor simpleprocesses,but thelack of anexplicit
representationof thedataandhypertext featuresstemmingfrom theprocessmodelmakes
it dif�cult to reasonaboutcases,andto maintainandextendtheapplicationevenfor small-
scaleprocesses.If the processto be controlledis large, distributed,andwith frequently
changingenactmentrules,implicitly controlledprocessesquickly becomeunmanageable.

5. EXTENDING HYPERTEXT MODELING WITH PROCESS-AWARE PRIMI-
TIVES

In this Section,we presentexplicit processmodeling. Section5.1 describesan explicit
processreferencemodel,representingcaseadvancementandfactoringtheinformationrel-
evant to the processout of applicationdata. Application andprocessdataareconnected
only whenthe needarisesto correlatean activity with the datainstanceson which it is
performed. In Section5.2, the hypertext model is extendedwith ad hoc WebML primi-
tivesfor delimiting thestartandendof activities, assigningwork itemsto activities, and
retrieving theapplicationdatarelevant to the executionof a givenactivity. Theseexten-
sionscanberegardedasmacros,i.e., combinationsof elementaryWebML concepts(e.g.,
operationunits,andunit's selectorconditions)for retrieving andupdatingtheinstancesof
theprocessreferencemodel,whichencapsulatesthehypertext featuresstemmingfrom the
processmodel.

Theprocessreferencemodelandtheprocessmanagementunitsendow WebML with a
clearmethodfor specifyinganddeploying process-drivenhypertexts assetsof intercon-
nectedWebpagesandoperations.In Section5.3,we illustratetheprocedurefor deriving
a hypertext model from a BPMN processspeci�cationanddemonstrateits usageon the
runningcasein Section5.4. Section5.5discussesasetof alternativestylesfor encodinga
givenbusinessprocessin aWebapplication.Thesestylesassigndifferentlevelsof aware-
nessandcontrol to the processactors. We alsomapeachdesignstyle to the classesof
applicationsmoresuitedto it. Finally, Section5.6 evaluatesexplicit processcontrol and
shows how it helpsreducethe problemsraisedby the implicit processcontrol methods
discussedin Section4.
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Fig. 6. Processreferencemodelandits interconnectionwith theapplicationdatamodel.

5.1 Process reference model

Theentitiesandrelationshipsof theprocessreferencemodelareshown in Fig. 6: Entity
Processis associatedwith entity ActivityType, representingthe kinds of activities that
can be executedin a process. Both entitiesdescribegeneraldataaboutprocessesand
activities,whichneednotbereplicatedfor eachprocess/activity instantiation.Entity Case
denotesan instanceof a process,which hasa name,usedasa label for communicating
with theuser, astarttime,anendtime,andastatus.Entity Caseis relatedto entityProcess
(relationshipInstanceOf)andto entityActivityInstance(via relationshipPartOf),denoting
theoccurrencesof anactivity instancein thecase.

Entity ActivityInstanceis associatedwith entity ActivityType (via relationshipIn-
stanceOf),to denotetheclassof anactivity instance.

EntitiesUserandGrouprepresenttheprocessactors,asindividualsclusteredin groups.
A usermay belongto differentgroups,andoneof suchgroupsis chosenashis default
group, to facilitateaccesscontrol whenthe userlogs in. Entity ActivityType is related
to entity Group, (via relationshipAssignedTo) to denotethat the usersof the groupare
entitledto performthespeci�c kind of activity. Concreteactivity instancesareassociated
with individualusers(via relationshipAssignedTo) to expressthemorere�ned assignment
of activity instancesto the individual userswho canexecutethem;anactivity instanceis
alsoconnectedto thespeci�c userwhoactuallyexecutesit (via relationshipExecutedBy).

Advancementinformationis encodedin statusattributes. The statusof a casecanbe:
initiated, active (whenat leastoneactivity hasstarted),or completed.The statusof an
activity instancecanbe: inactive, active, or completed.The designercanspecifyan ar-
bitrary numberof relationshipsbetweenthe processreferencemodelandthe application
data,whichmayberequiredto connecttheprocessactivities to thedataitemsthey use.
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5.2 Process management units

TheWebML hypertext modelcanbeextendedwith primitives(calledprocessmanagement
units) for recordingtheadvancementof a particularcasein theprocessreferencemodel.
Processmanagementunitsareconvenientmacrosthat simplify thehypertext; they could
equivalentlybeexpressedwith conventionalunitsappliedto thereferencemodel.

Threeoperationunitsareintroduced:

—StartActivity / EndActivity: respectively usedto denotethe initiation andtermination
of anactivity instancewithin acase.

—Assign: to modeltheallotmentof work items,representedby suitableapplicationentity
instances,to activity instances.

—Process-aware contentunits: usedto denotethe retrieval of contentthatdependsboth
on theapplicationdataandon theprocessreferencemodel.

TheStartActivityprimitive,whosenotationis reportedin theleft partof Fig.7,startsthe
executionof anactivity instance.Thetypeof theactivity instancebeingstartedis speci�ed
asa labelbelow theoperationicon. TheStartActivity operationhastwo (optional)input
parameters:

—The �rst parameteris anactivity instanceidenti�er. Whenthis is not null, theactivity
instanceto startalreadyexists(astheeffectof thecompletionof apreviousactivity); the
StartActivity operationsimplyrecordstheactivationtimestampof theactivity instance,
andsetsthestatusto ”active”. Whentheparameteris null, theactivity instanceto start
doesnot exist when the operationis executed,but is createdby the Start operation,
andconnectedto theproperActivity TypeandCase.Then,theStartActivity operation
recordstheactivationtimestampof thenewly createdactivity instance,marksits status
to ”active”, andsetsthesessionvariableCurrentActivity to theID of thenewly created
andactivatedactivity instance.

—Thesecondparameteris acaseidenti�er. Whenthisparameteris notnull, anew activity
instancemustbecreatedin thecontext of an alreadyexisting case;therefore,thecase
ID is exploited to connectthe activity instanceto thecaseit belongs.If both thecase
ID andtheactivity instanceID arenull, a new caseanda new activity instancemustbe
created(asin the”start case”situationexplainednext).

Two examplesof StartActivity usagecanbefoundin Fig.11. The�rst operationcreates
theRequestactivity andconnectsit to theappropriateactivity type; it alsocreatesa new
case.ThesecondoperationstartstheChoiceactivity (which alreadyexistsaseffect of an
Assignoperationin Fig. 13, discussednext); the operationreceivesan activity instance
identi�er asinput,andits effect is to setthecorrespondingstatusto ”active”.

TheEndActivity primitive,shown in theright partof Fig. 7, recordstheterminationof
anactivity instancein theprocessreferencemodel.Theoperationicon is labeledwith the
nameof theactivity typebeingterminated.The operationrequiresasinput the ID of an
activity instance;its executionsetsthestatusof theactivity instanceto ”complete”,records
thecompletiontimestamp,andresetstheCurrentActivity sessionvariableto NULL.

The startactivity operationcanbe taggedasthestartof the case,whentheactivity to
be startedis the �rst oneof the entireprocess.Similarly, the endactivity operationcan
be taggedastheendof thecase,whentheactivity to be terminatedis the lastoneof the
process.Thegraphicdecorationof theStartActivity andEndActivity operationsusedfor
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Fig. 7. Startactivity andendactivity operations.

denotingthestarting/ endingof casesconsistin asmallwhitedotandin asmallblackdot
respectively. At casestart,a new activity instanceis createdandconnectedto theactivity
typespeci�edin theoperationlabel,anew caseinstanceis createdwith ”active” status,an
internalcasename,anda properstarttime. The caseinstanceis connectedto thenewly
createdactivity instance(usingthe relationshipPartOf) andto theprocessof theactivity
type(usingtherelationshipInstanceOf).ThesessionvariableCurrentCaseis setto theID
of the newly createdcase. At casetermination,the activity instancestatusandthe case
statusaresetto ”complete”,theterminationtimestampsarerecorded,andtheCurrentCase
variableis resetto NULL. Examplescanbefoundin Fig. 11 theStartActivity of Request
is markedasStartCase,andthusit createsthenew Case(togetherwith thenew Activity
Instance);theEndActivity of ChoiceismarkedasEndCase,thussettingthecorresponding
casestatusto ”complete”.

Theassignoperationassociatesactivity instanceswith instancesof applicationentities,
or with instancesof theUserentity. Its purposeis to recordthework itemsassociatedto a
speci�c activity instanceor theusersin chargeof executingit. If theactivity instancetarget
of theassignmentdoesnotexist, theoperationcreatesit andconnectsit to therelevantparts
of theprocessreferencemodel. Theoperationicon (shown in Fig. 8) is labeledwith the
nameof theinvolvedactivity type;it receivesasinputparameterstheID of thecurrentcase,
theID of anactivity instance(optional),theID of anapplicationentity instance(optional),
andtheID of a user(optional).

Thefollowing situationsarepossible:

—If theactivity instanceID parameteris null, theoperationcreatesanew activity instance,
with statussetto ”inactive”, andconnectsit to theappropriateActivity TypeandCase.
Thecreationof anew activity instancemodelsthefrequentcasewhen,in thecontext of a
givenactivity, it is possibleto anticipatethenext activity to beperformedin thecase,and
to assignapplicationobjectsto it. Thecreationof theactivity instanceenablesits future
selection(from atasklist of ”inactive” activitiesor from thelisting of applicationobjects
connectedto ”inactive” activities)andactivation(by astartoperation).For example,the
AssignUnit of Fig. 12 allocatesa dataobject(the LoanRequest)to the activity called
PreliminaryValidation.Sinceno instanceof this activity existsyet for thecurrentcase,
theActivity Instanceis createdandthentheLoanRequestis assignedto thatinstance.

—If theoperationreceivesasinput theOID of anapplicationentity, it connectsthetarget
activity instanceandtheinput entity instance(usingtheRelatedTo relationship).

—If theoperationreceivesasinput theID of a user, it connectsthetargetactivity instance
andtheinputuserinstance(usingtheAssignedTo relationship).

The assignmentof an application entity instanceand of a user are not exclusive;
eachof them is denotedby an assignmentexpressionbelow the activity name(”[En-
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Fig. 8. Graphicalnotationof theassignoperation:a) assignmentof work item to anactivity instance;b) assign-
mentof userto anactivity instance;c) assignmentof work item anduserto anactivity instance.

tity=EntityName]”and”[AssignedTo=UserID]” respectively).
Process-awarecontentunitsareregularWebML contentunits(e.g.,index anddataunit)

augmentedwith special-purposeselectorconditionsexpressingin a conciseway the re-
trieval of dataobjectsrelatedto theprocessreferencemodel.The iconsof process-aware
contentunits are identical to thoseof the correspondingregular WebML contentunits,
but iconsof process-awareunitsaretaggedwith a ”W” symbol,denotingtheretrieval of
process-relateddata.For example,a process-awareindex unit canretrieve:

All theactivity instancesthatareof a particularactivity type(usingthe InstanceOfre-
lationship),belongto casesin a speci�c state(usingthePartOf relationship),areassigned
to speci�c users(via theAssignedTo relationship),andareexecutedby thespeci�c users
(via theExecutedByrelationship).Theunit will be renderedasan index over the identi-
�ers of theactivity instancesmatchingits inputparametersandselectorconditions,andits
outgoinglink hasanoutputparameterassociatedwith theidenti�er of theselectedactivity
instance.Fig. 9 (a)showsaprocess-awareindex unit retrieving all theactivity instancesof
thetypespeci�edby theActivityNamelabel.

All theapplicationentity instancesthatarerelatedto activity instancesin aspeci�c state
(via relationshipRelatedTo), of a speci�c activity type (via the InstanceOfrelationship),
belongingto casesin a speci�c state(via thePartOf relationship),areassignedto speci�c
users(via theAssignedTo relationship),andareexecutedby thespeci�c users(via theExe-
cutedByrelationship).Theunitwill berenderedasanindex overtheidenti�ers of theentity
instancesmatchingthe input parametersandselectorconditionsandits outgoinglink has
anoutputparameterassociatedwith theidenti�er of theselectedentity instance.Fig. 9(b)
showsa process-awareindex unit retrieving all theinstancesof entityEntityName.1

Note that, in both cases,the unit providesasan outputparameteran ActivityInstance
identi�er, but theselectorconditionscanbeappliedeitherto theEntity or to theActivity
connectedto the Activity Instance.For example,process-awareindex units depictedin
Fig. 13 show the identi�ers of LoanRequestassignedto instancesof a speci�c Activity
(i.e.,PreliminaryValidationin the�rst caseandFinalApproval in thesecondcase).

1Process-awareunitsmakeaslightabuseof notationwith respectto theto syntaxof selectorconditions,presented
in Section2.3; they mentionattributesof theentityandactivity instancesthatarenotde�ned locally to theentity
in theprocessreferencemodel,but canbederivedby traversingoneor morerelationshippaths.This is ashortcut
for describingcomplex querieson theprocessreferencemodelwith asimplenotation.
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Fig. 9. Process-awarecontentunit notation.

5.3 Guidelines for deriving an hypertext model from a process model

Processdiagrams,expressedin an abstractnotationsuchasBPMN, canbe exploited to
derive dataandhypertext speci�cationsin a structuredmanner. The designtasksin the
developmentof data-andprocess-centricWebapplicationsareorganizedin the threeac-
tivities of process,dataandhypertext design,asillustratedin the lifecycle of Fig. 3. In
thenext sections,we review eachstep,with specialfocuson how to translatetheprocess
modelinto thedataandhypertext modelsof theWebapplicationfor processenactment.

5.3.1 ProcessModeling. Processmodelingamountsto specifyingtheprocessandits
usersor usergroups.Standardtechniques,presentede.g. in [Ashok et al. 1988],areused;
theWebcontext doesnotalterthetypicalmethodsandtechniquesbeingusedfor thisphase.
After processmodeling,a high-level view of the processis de�ned, and the identi�ed
activities areassignedto the relevant groupsof users: eachsub-processassociatedto a
speci�c groupof userswill be implementedby meansof a dedicatedsite view. As an
additionalresultof processmodeling,theactualinstancesof theentitiesActivityTypeand
Processbecomede�ned. Fig. 4 presentsthe resultof processmodelingappliedto the
runningexample.

5.3.2 Data Modeling. Data modelingfollows the generalguidelinesfor conceptual
databasedesign[Batini et al. 1992], possiblyre�ned with proceduresfor data-intensive
Webmodeling(see[Ceri et al. 2001]and [Ceri et al. 2002]).

To copewith processrepresentation,thedatamodelis extendedwith theentitiesandre-
lationshipsin theprocessreferencemodeldepictedin Fig. 6 andtherelationshipsbetween
process-relatedandapplicationdataareestablished.

The completedatamodelof the runningcasestudy is shown in Fig. 10. In the data
model,aLoanis associatedwith asetof possibleLoanProposals.TheLoanRequestentity
(representingthe loan requestsubmittedby a customer)is associatedwith the LoanPro-
posalentityby meansof two relationships:theProposedrelationshipdescribesthefactthat
someLoanProposalshavebeenofferedto theapplicant;theChosenrelationshipdescribes
thechoiceof theapplicantamongthevariousproposals.TheJobDataentity characterizes
thejob pro�le of loanapplicants.NotethattheLoanRequestentity is process-related,and
thushasaRelatedTo associationwith theActivityInstanceentity.

5.3.3 Hypertext Modeling. Thehypertext designprocessconsistsof two mainphases:
high-level hypertext design,wherethe overall structureof the hypertext is sketched,and
detailedhypertext design,wheretheoperationaldetailsof thehypertext arefully speci�ed.
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Fig. 10. Completedatamodelfor thesampleloanrequestprocess.

High-level hypertext design.High-level hypertext designidenti�es themainsiteviews
and pagesof the applicationfront end. In this phase,the contentof pagesin termsof
unitsandlinks canbesketchedatavariabledegreeof precision,to pointoutonly themost
importantaspectof the interfaceand delimiting the areasof the hypertext that support
the executionof activities. Typically, high-level hypertext designproducesa hypertext
”skeleton” for eachsite view, highlighting the entry andexit pointsof eachactivity, and
omitting the detailsof the pagesand units necessaryto build the interfacefor activity
execution.

As anexample,Fig. 11 shows a high-level hypertext designof theApplicantsiteview.
Theloanapplicantmaystarttheprocessfrom theHomePage,by following thelink ”Apply
now”. This link triggersthe”StartActivity” operationfor theRequestactivity. Sincethis
activity startsthewholeprocess,theprocess-relatedunit is labeledasastartcaseoperation.
Thedashedbox pointedat by theoutgoinglink of theStartActivity operationrepresents
thedetailedhypertext designfor theRequestactivity, which is left unspeci�ed. The link
emanatingfrom the dashedbox representingthe Requestactivity shows that when the
activity ends,the useris led to a page(namedRequestDetails)containingthe detailsof
thesubmittedrequest.Fromthere,hecanreturnto theHomePage,wherehecanchoose
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Fig. 11. High-level applicantsiteview.

to view the statusof his requestsby following the Your Requestslink, or to changehis
pro�le data,following the Modify Pro�le link. In the Requestspage,the applicantcan
accessthe list of his submittedrequestsand then con�rm the loan proposalassociated
with a speci�c request,by startingthe Choiceactivity. The detailsof the hypertext for
performingtheChoiceactivity areleft unspeci�ed,asdenotedby theseconddashedbox.
Theterminationof theChoiceactivity alsoendsthecurrentcaseandleadstheclient to a
page(LoanAccepted)with thefull detailsof theacquiredLoan.

The coreideaof the high-level designphaseis to specify: (i ) thehypertext fragments
thatdealwith requirementsnot relatedwith processenactment,suchasthepagesallowing
customersto modify their pro�le in Fig. 11; (ii ) thehypertext fragmentsproviding aux-
iliary informationpreliminaryto theexecutionof activities, suchastheHome,Requests
andProposalCon�rmation pagesin Fig. 11; (iii ) process-orientedunits that delimit the
entry and exit points of activities. This high-level model servesas a startingpoint for
detailedhypertext design(seenext) andallows the designerto concentrateon hypertext
featuresthatdealwith non-processorientedinteraction�rst, andaddhypertext fragments
for performingactivities later.
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DetailedHypertext Design. Detailedhypertext designis concernedwith the top-down
re�nementof the hypertext modulesleft unspeci�edduring high- level design. The de-
tailedapplicantsiteview, shown in Fig. 12,includestheunitsandlinks thatimplementthe
interfacefor theactivitiesperformedby applicants(RequestandChoice).In thehypertext
implementingtheRequestactivity, after the activity start,the client may �ll a form with
hispersonalinformationandall thedatarequiredfor grantinga loan.A new LoanRequest
containingthe datainsertedby theuseris thencreated,andassignedto thePreliminary-
Validationactivity. LoanRequestsassignedto the PreliminaryValidationactivity will be
retrievedlaterby meansof a process-awareindex unit in themanager'ssiteview. Finally,
whentheRequestactivity ends,theuseris led to a pagecontainingthedetailsof his re-
quest.FromtheRequestspage,theclient canselectanoffer approvedby themanagerfor
a speci�c loan request,seethe detailsof the offer andcon�rm it by startingthe Choice
activity. Theterminationof theChoiceactivity alsoendsthecase,andtheuseris led to a
detailedview of thecon�rmed loan. Theexecutionof theChoiceactivity simplyamounts
to: (i ) updating(via a modify unit) theAccepted�ag of theLoanRequestentity instance;
and(ii ) connectingthechosenLoanProposalto theLoanRequest(throughtheChosenre-
lationship),by meansof a connectunit, whichcreatesa new relationshipinstance.

Fig. 13 shows thedetailedhypertext for themanagersiteview. WhenthePreliminary-
Validationactivity starts,the managermay eitherstopthe processif the LoanRequestis
not valid, or �ll in a form with his notesto continuethe process.If the LoanRequestis
rejectedoutright,both theactivity andthecaseareended.If theLoanRequestpassesthe
preliminaryvalidation,the manager's notesareaddedto it usinga modify unit, thenthe
LoanRequestis assignedto the subsequentcheckingactivities, and �nally , the Prelimi-
naryValidationactivity ends.In theFinalApproval activity, themanagereitherrejectsthe
request,terminatingboththeactivity andthecase,or approvesit by �lling in a form with
theacceptancedata.Theform submissionupdatestheapprovedLoanRequestandoption-
ally connectsto it asetof loanproposals;�nally , theLoanRequestis assignedto theChoice
activity andtheFinalApproval activity ends.

Thedesignof thehigh-levelanddetailedhypertextsis guidedby theprocessconstraints,
but thehypertext designerhasvariousdegreesof freedom:

—A �rst degreeof freedomconcernstheorganizationof contentandoperationunitsin the
pagesthatsupporttheexecutionof eachactivity. To composesuchpages,thedesigner
relieson theapplicationrequirements,interpretedaccordingto his/herpersonalexperi-
enceandmodelingtaste. Thus,incorporatinga processmodelin the Web application
doesnot poseunnecessaryrestrictionson the Web applicationdesign,suchashaving
exactly oneWeb pageper processactivity (this is the case,for instance,for the Web
interfacesof commercialWfMS, aswell asin someresearch-derivedmodelssuchas
PMS[Noll andScacchi2001]).Thisdegreeof freedomis similar to theoneavailableto
thedesignerof a regulardata-intensiveWebapplication.

—A seconddegreeof freedomconsistsin thede�nition of how theprocessis controlled
andexposedto theprocessactors.This degreeof freedomis speci�c to process-driven
hypertexts; several alternative processmodelingstylesareavailable,describedin the
next section.
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Fig. 12. Detailedhypertext for theapplicantsiteview.

5.4 Process modeling styles

In this section,we identify alternative stylesfor encodinga given businessprocessin a
Web application.Thesestylesdiffer in the degreeof awarenessof the processreference
modeland in the kind of processcontrol grantedto the processactors. In somesense,
thedifferentstylescorrespondto alternative waysof modelinga TaskManager(a regular
componentof a WfMS) asa hypertext interface.Eachprocessmodelingstylecanbeseen
asa processdesignpattern,andassociatedwith the classof applicationsfor which it is
moreappropriate.

5.4.1 Representationof pendingtask lists. Process-awareindex units, introducedin
Section4.2,provide�e xibility in presentingto theuserthelist of hispendingtasks,which
canberepresentedeitherby meansof theapplicationdataassociatedwith theactivity in-
stancesto executeor with theactivity instancesthemselves.Thetwo optionsareillustrated
in Fig. 14, appliedto thecaseof theemployeesin chargeof performinga job checkon a
loanrequest.

The formerway of designingthehypertext is moreintuitive andsimpler, sinceit does
notmaketheprocessreferencemodelvisible to theuser. Thisstyleis preferablefor appli-
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Fig. 13. Detailedhypertext for themanagersiteview.

cationsdirectedto non-skilledusers,suchascustomersof ane-commercesite; typically,
suchcustomersarepresentedwith anindex overapplication-dependentobjects,likeorders
awaitingpayment,ordersalreadyshipped,etc.However, suchhypertext designpatternap-
plies only to processesfeaturingan entity isomorphicto someactivity (as explainedin
Section3.3).

Conversely, thelatterhypertext designstyleis moreappropriatein applicationdirected
to userswell awareof their role in the work�o w, especiallythosewho usethe process-
drivenhypertext applicationto performtheir daily tasks.Examplesinclude: accountants
processingreimbursementsfor businesstrips, clerksregisteringnew entriesin theSocial
Securitysystem,supplydepartmentclerksfollowing theadvancementof agivenorderetc.

5.4.2 Time of creation of activity instances.Activity instancescan be createdand
startedin two ways:
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Fig. 14. Representingthe list of pendingtasks: asapplicationentity instances(left), or asactivity instances
(right).

—By generatinganactivity instancejust at thestartof theactivity. This is thecaseof Fig.
12: whenaclient followsthelinkednamed”Apply now” in theHomePage,this triggers
a StartActivity operation,which createsan instanceof theRequestactivity andsetsits
statusto ”active”.

—By generatingan activity instanceasthe resultof theexecutionof a previousactivity;
theactivity instanceis createdandits stateis setto ”inactive”. Later, whena userstarts
theexecutionof theactivity, thestatusof theactivity is setto ”active”. In the running
example,instancesof activities JobCheckandFinancialCheckarecreatedby managers
whenthey performthepreliminaryvalidationof a loanrequest;beforeterminatingthe
PreliminaryValidationactivity, anAssignoperationis executed,which createsthenext
activity instances(JobCheckandFinancialCheck)andassignsthemtheLoanRequestto
bechecked,asshown in Fig. 13. Thenewly createdactivity instancesaretakenup by
employees.

Activity instancesarecreatedbeforehandwhenapplicationdatamustbe passedfrom
a precedingactivity to a subsequentone, and when the numberof instancesneededto
completean activity canbe preciselydeterminedin advance. Whenthe executionof an
activity is optional(e.g.,a branchof anOR split or anactivity with preconditions)or the
numberof instancesneededto completetheactivity is not known a priori, thejust in time
creationof activity instancesis preferable.

5.4.3 Pushvs. Pull styleof work assignment.In thecasewhereactivities arecreated
beforehand,therearetwo waysof assigningactivity instancesto the userswho actually
executethem. The �rst option is to assignan activity instanceto a speci�c user(”push”
style); in this case,thatuseris theonly onethatcanactuallyexecutethetask.Thesecond
possibility is to (implicitly) assignthe activity instanceto a usergroup,andlet any user
within the grouppick an instanceandexecuteit (”pull” style). This is the casethe run-
ningexample,wheremanagersassigntheJobCheckandFinancialCheckactivitieswithout
specifyingtheresponsibleemployee,whichmeansthatall theusersof theemployeegroup
areeligible (seeFig. 13).

Push-styleassignmentis appropriateif differentusershavealternativecompetences,and
canalsobeusedto makesurethatall usersof a groupareloadedequally(for instance,by
picking the userin charge in a round-robin fashion,or basedon the currentnumberof
assignments).An exampleof applicationwherepush-basedassignmentis appropriateis
a Web-basedcomputermanufacturercustomerservice,wherecustomers�le complaints
aboutparticularsubsystemsof their computer. The activity instancethat correspondsto
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answeringthecomplaint(e.g.,by writing furtherdirectionsto theuser, or calling him on
thephone)shouldbeassignedto thetechnicalrepresentativethatis mostcompetentonthe
particularproblemmentionedin theclaim.

Pull-basedwork assignmentis more�e xible,andit allowsany userof agroupto execute
any pertinentactivity instance.This styleof assignmentis moresuitedto processeswhere
multiple usersareequallyquali�ed to executetasks,andthereis no specialconstrainton
how many activity instancesareexecutedby eachuser.

5.5 Evaluation

Explicit processmodelingin the dataandhypertext diagramsenforcesthe processcon-
straintsby exploiting ad hoc portionsof the datamodel,calledprocessreferencemodel,
anddedicatedunits in thehypertext model,which encapsulatetheupdateandretrieval of
process-relatedinformation.Explicit processmodelingalleviatesseveraldrawbacksof the
implicit processencodingdiscussedin Section4:

Expressivepowerfor processcontrol. All themostfrequentlyusedprocessconstraints
canbe representedusingtheprocessreferencemodelandthe hypertext modelingprimi-
tives,without makingany assumptionabouttheapplicationdatamodel. A detailedcom-
parisonof the expressive power of processmodelingproposalsis presentedin [Bram-
billa 2005b],wherea setof 22 work�o w patterns,initially de�ned by VanderAalst et al.
in [vanderAalst et al. 2003],areexploitedto benchmarktheprocessmodelingnotations.
Theevaluationshows that theexplicit WebML processcontrolcoversmostpatterns,with
few exceptions:somepeculiarprocessterminationcases,simultaneousactivity execution
at thesamepeerby asameuser, andsomeloopingcases.

Datamodelreadability. Thedatamodeldoesnotmix processcontrolinformationwith
applicationinformation,andthereforeis morereadable.

Hypertext readability. Hypertext readabilityis improvedthanksto a modularhypertext
structureinducedby the top down re�nementof thehigh level designinto a detailedde-
sign;furthermore,theseparationof theupdateandretrieval of theprocessreferencemodel
from thepublishingandmanipulationof applicationdatamakesthehypertext speci�cation
easierto understand.

Automatichypertext generation. Especiallythehigh-level hypertext designschemadis-
cussedin Section5.3.3canbe derived automaticallyfrom the processmodelby a tool.
Furthermore,a draft of the detailedhypertext schemacould be generatedby usingsim-
ple wizards,basedon hypertext designpatternsembodyinga few typical interfacesfor
performingstandardactivities (e.g.,datapublication,variouskindsof dataupdates,etc).
This possibility is currentlyunderinvestigation(seeour ongoingandfuturework agenda
in Section9).

Impact of changes in the processonto the data model. Changingthe processmodel
(e.g.,addinga new activity, changinganOR-split/join into anAND split /join etc.) does
not requirechangingthe applicationdatamodel. Conversely, with the implicit process
control changesto theprocessmay impactthedatamodel,becausethereis no guarantee
thata datamodelusablefor encodingtheadvancementof a givenprocessis suitablefor a
differentprocess.
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Hypertext model
Sequence StartActivity operationandAssignoperation;pull or pushmodelingstyles
AND-split Startactivity operationandassignoperationto startall parallelexecutionbranches
AND-join Conditionalunit for startingsubsequentactivity only whenall precedingbranches

arecomplete.
OR-split StartActivity operationandAssignoperationto starteachexecutionbranch.

Conditionalunit for startingsubsequentactivity only whenat leastonebranch
is completed.

XOR-split Conditionalunit for startingoneactivity (with StartActivity operation)only if
XOR-join theotheroneshave notbeenstartedyet
Iteration Conditionalunit for repeatingexecutionuntil thestopconditionis met;

whentheconditionis metthelink to theStartActivity operationtriggeringthenext activity
is followed.

Pre-condition Conditionalunit for startingtheexecutionof anactivity (with theStartactivity
operation)only if thepre-conditionis met.

Post-condition Conditionalunit for terminatingtheexecutionof anactivity (with theEndactivity
operation)only if thepost-conditionis met.

TableII. Representationof processconstraintsby explicit hypertext modeling.

Impact of changes in the processonto the hypertext model. Changesin the process
model can be propagatedin a regulatedmannerto the hypertext model. If the change
appliesto theprocessconstraints,thedetailedhypertext implementinga givenactivity is
not affected;only theprocess-relatedunitsconnectingthedetailedhypertexts areas(left
unspeci�ed in Fig. 11) needto be revised. Similarly, a changein the de�nition of an
activity propagatesonly within thedetailedhypertext implementingthatactivity, without
affectingtheglobalstructureof thehypertext.

Processveri�cation. Verifying that theprocessenactedby a givenhypertext coincides
with adesiredprocessspeci�cationis averydif�cult problem[Deutschetal. 2004;Bram-
billa et al. 2005], tackledmore effectively when the processcontrol featuresare made
explicit in thehypertext model.

In summary, explicit control is suitablefor complex multi-actorprocesses,wherethe
presenceof an explicit representationof the dataandhypertext featuresstemmingfrom
the processmodelmakesit easierto reasonaboutcases,andto maintainandextendthe
application.TableII summarizesthevariousprocessconstraintsandthewayin whichthey
arerepresentedwith theprocess-relatedhypertext modelingprimitives.

6. PROCESS DISTRIBUTION

The discussionso far hasbeenimplicitly basedon theassumptionthatall the site views
implementingthe Web interfacesofferedto the variousprocessactorsusea singleWeb
server and can accessa central repositorycontainingthe dataof the processreference
model, which encodein a declarative and application-independentway the progressof
theongoingcases.In thissection,wediscussprocessdistribution,which is requiredwhen
processesmaybeexecutedatdifferentserversandnotnecessarilyshareacommonprocess
referencemodelrepository.

Processdistribution consistsin the(design-time)assignmentof activities to thevarious
serversthat canexecutethem. Activities areatomicunits of distribution, executedby a
singleserver; in otherwords,tasksrequiringtwo or moreserversmustbebrokenup into
smalleractivities. The overall processis implementedby meansof severalWeb applica-
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Fig. 15. Exampleof distributedwork¯ow.

tionsrunningat thesitesof differentorganizations.
From a technologicalstandpoint,we assumethat databaseservers in businessenvi-

ronmentsdo not supporttransparentdistributeddatabasequeriesandupdates(especially
whendataof differentorganizationsareinvolved); eachorganizationinsteadprovidesto
requestorsa setof Web servicesto accessandmanipulateits local datain a controlled
manner. Ontheotherhand,possibledatadistributionpolicieslocal to agivenorganization
do not affect the subsequentdiscussion,sincewe supposethat in this caseordinarydata
distribution transparency mechanismscanbe reliedupon. Therefore,from an infrastruc-
turepoint of view, eachnodeparticipatingto theimplementationof a distributedbusiness
processhostsaWebserver(andthusis capableof publishinghypertext interfacesandWeb
Servicesaccessiblevia HTTP) anda local or transparentlydistributeddatabase(andthus
is capableof storingapplicationdataandtheprocessreferencemodel).

Underthesehypotheses,managingdistributedprocessesrequirestwo extensionsof the
approachdiscussedsofar:

—Expressingdistribution requirementsin theprocessmodel: we copewith this requisite
by leveragingtheBPMN notation,which allows theexplicit assignmentof activities to
multiple processingnodes.

—Integratingdistribution into thehypertext model: we facethis requisiteby introducing
appropriatehypertext primitivesfor representingremoteserviceinvocations.

6.1 Expressing distribution requirements in the process model

Westartby showing how aprocessspeci�cationin BPMN canbeusedto expressdistribu-
tion requirements.

Weassumethatinter-servercommunicationis basedonWebServices.Thischoicedoes
not hamperthe validity of the methodologicalconsiderationsillustratedin this Section,
which remainvalid alsofor otherforms of distribution, like RPC-basedcommunication,
andis alignedwith thetrendof evolutionof distributedsystemson theWeb.

To make inter-server communicationevident in theprocessmodel,thespawning of an
activity to a differentserver is representedby meansof additionalBPMN primitives,ex-
empli�ed in Fig. 15,which illustratesa modi�ed versionof theloanrequestcasestudyin
which job checkactivity is performedby anexternalagency.
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Fig. 16. WebML Webserviceunits.

—Eachpeerin thedistributedprocessis representedbyadistinctseparatepool,throughthe
useof differentpoolsfor eachpeer;in Fig.15therearetwo suchpools,onerepresenting
theBank(top)andtheotherrepresentingtheServiceAgency (bottom).

—The delivery of requestandresponsemessagesis representedby sendactivities in the
pool representingtheserver triggeringthecommunicationandby message�o w arrows
crossingthelaneborders;in Fig.15thereis onemessageexchange,from theJobCheck-
Requestactivity in the manager's role to the JobCheckactivity in the ServiceAgency
employeerole.

—A sub-processis triggeredat a differentpeerby a messagecausingthe ”start” of its
initial activity andis closedby amessagesentat the”end” of thelastactivity. In Fig. 15
thereis onemessagetrigger(JobCheckS)in theServiceAgency employeerole, which
causestheexecutionof theinitial activity (JobCheck).

Theresultingdiagramsarefully compliantwith theBPMN standard:sendactivitiesare
modeledby meansof typedactivities (of type Send);Web servicemessageexchangeis
modeledthroughmessage�o w arrows from the senderto the receiver; the sub-process
instantiatedat thepremisesof theremoteserver is startedby amessagecausingthe”start”
of theactivity andis closedby a messagesentat the”end” of thelastactivity.

6.2 Modeling message-based interaction in the hypertext

The communicationamongdifferentservesaffects the hypertext model,which mustbe
able to expressthe assemblyand sendingof outboundmessagesand the receptionand
processingof inboundmessages.Thesefeaturesrequirethe useof appropriateWebML
unitsmodelingWebserviceinteractions,extensively presentedin otherworks[Manolescu
et al. 2005],andbrie�y summarizedhere.

Thebasicconceptis to encapsulateinto dedicatedoperationunits,calledWeb Service
units,themaintypesof messageexchangesinvolvedin inter- servercommunication.These
Web serviceunits arerepresentedin Fig. 16 andcorrespondto the primitivesofferedby
WSDL [WSDL 2001],which includerequest-responseandsolicit-responsemessagepairs,
andone-way andnoti�cation messages.Thede�nition of the iconsadoptstwo graphical
conventions:(i ) two-messagesoperationsarerepresentedasround-triparrows; (ii ) arrows
from left to right correspondto input messagesfrom the perspective of the service(i.e.,
messagessentby the Web applicationto the serviceprovider). Dependingon the com-
municationprotocol,request-responseandsolicit-responseoperationscanbe de�ned as
synchronousor asynchronousoperations.
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Fig. 17. Centralizedprocesscontrol.

6.3 Distribution and process control location

Processdistribution addsa new dimensionto the designactivity: thechoiceof whereto
implementthecontrolof thedistributedprocess.We referto this problemasprocesscon-
trol location. The designermustchoosewho andwherewill take careof managingthe
evolution of the processcasesat runtime. In principle, the managementof the process
canbe delegatedto any subsetof the involvedpeers.However, we claim that it is possi-
ble to envision typical designcon�gurationswith respectto processcontrol location. In
particular, we identify two main options: centralizedprocesscontrol (with oneWeb ap-
plicationmanagingtheentireprocess),anddistributedprocesscontrol (with severalWeb
applicationssharingthemanagementof theprocess).

6.3.1 Centralizedprocesscontrol. With centralizedprocesscontrol, for eachprocess
thereis oneserver (calledCaseManager)in charge of tracking the advancementof all
the casesof that process.The CaseManagerkeepsthe completeinformationaboutthe
executionof all theactivity instancesof theprocess,includingthosespawnedandexecuted
at otherservers. Activity completionandactivationmessagesareexchangedbetweenthe
CaseManagerandtheotherpeersfor eachactivity that is started/closedoutsidetheCase
Manager.

An exampleof thisbehavior is depictedin Fig.17,whichshows,in aUML sequencedi-
agram,thetraceof theWebservicecallsamongthreepeersenactinga distributedprocess
with centralizedprocesscontrol. Thevertical timeline denotesthe temporalevolution of
activities andeachnumberedsegmentrepresentstheexecutionof oneactivity. In theex-
ample,theCaseManagerperformsactivity 1, andthenenablesactivity 2 to beperformed
by peerA. Onceactivity 2 is �nished, peerA replieswith a completionmessage,andthen
the CaseManagerenablesactivity 3, which in turn communicatesits completionto the
CaseManager. Thesamehappensfor activity 4.

Every activationdecisionandcaseadvancementupdateis delegatedto theCaseMan-
ager. Thus,a peerexecutinganactivity cannotautonomouslystarta new one,or delegate
an activity to anotherpeer. Consequently, Web servicemessagesarealwaysexchanged
betweentheCaseManagerandonepeerat time, andno directcommunicationis allowed
betweenotherpeers.As aconsequenceof centralizedprocesscontrol,thereferencemodel
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Fig. 18. Nestedcoordinationsequencediagramandexampleof well-parenthesizedsub-processcomprisingan
OR gateway.

for caseadvancementis storedat theCaseManagersite.
Centralizedprocesscontrolsupportsanarbitrarydistribution of activities to peers,pro-

videdthattheCaseManageris noti�ed of theactivity start/endevents;sequentialexecution
of a setof activities is possible,bothat onepeeror at differentpeers;parallelexecutionat
differentpeersis alsosupported,becausetheactivities to beexecutedin parallelaccording
to theprocessmodelcanbe independentlyspawnedto theresponsiblepeersby theCase
Manager.

6.3.2 Distributedprocesscontrol. In distributedprocesscontrol,nosingleserver is at
all timesawareof the completestatusof the process.Oneserver, calledthe Main Peer,
is distinguishedas the onethat initiates the process.Typically, the server who initiates
the processalso completesit, as usual in most applicationsof practical relevance,but
suchsymmetryis not mandatoryfor distributedprocesscontrol to work. Any peercan
performoneor moreactivities,without theneedof notifying otherpeersabouttheirstatus.
Moreover, eachpeerexecutingoneor moreactivitiescanin turndelegateactivitiesto other
peers.This entailsthatprocessreferencemodelis distributedat thevarioussites,andthe
tracingof caseadvancement(e.g., retrieval of the currentstatusof a case)may require
queryingall theinvolvedpeers.

Distributedprocesscontrol requiresthe coordinationof the variouspeersthat govern
theevolution of thecase.Peerco-ordinationconsistsin the (run-time)enactmentof dis-
tributed activities, so as to guaranteethat caseadvancementproceedsaccordingto the
executionconstraintsspeci�edin theprocessmodel.Peerco-ordinationcanfollow several
patternscomprisedin a spectrumdelimitedby two mainvariants:nestedandgeneralized
co-ordination.

Nestedco-ordination. Nestedco-ordinationconsistsof the possibility for onepeerto
delegatea ”well-parenthesized”sub-processto anotherpeer;a ”well-parenthesized”sub-
processis a processwhoseBPMN schemeexposesonly oneentrypoint andonly oneexit
point. Basically, thesub-processesthatcanbelegally spawnedarethosethatcanbeseen
asindependentactivities internally structuredinto a hierarchyof sub-activities. Fig. 18
showsanexampleof BPMN speci�cationof aprocesscomprisinga”well- parenthesized”
sub-process.Parallelexecutionof JobCheckandFinancialCheckactivities is delegatedto
a remoteservice.
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Fig. 19. A sub-processwhich is not well-parenthesized.

Delegatinga well-parenthesizedsub-processdelimitedby OR/XOR/AND gatewaysis
possible,but requiresrespectinga well-formednesscondition: thegateway mustbecom-
pletely includedwithin the schemeof the delegatedsub-process.In this way, only one
input messageis sentby thedelegatingpeerto thedelegatedpeerto startthesub-process,
andonly oneoutputmessageis sentby thedelegatedpeerto thedelegatingpeerto notify
thecompletionof thesub-process.An exampleof thissituationis representedin Fig.18(b).

Fig. 18(a)shows the typical executiontimeline of activities in nestedco- ordination.
Themainpeerexecutesactivity 1, thenit spawnssomeactivities to peerA. In turn,peerA
performsactivities2 and3, with noneedof notifying themainpeerabouttheircompletion.
PeerA canstartactivitiesotherthanthosespawnedby theMain Peer(e.g.,activity 3) and
delegateactivities to otherpeers(e.g.,activity 4 to PeerB), without receiving permission
from theMain Peer. FromtheMain Peer'sviewpoint,someactivities(e.g.,activities3 and
4) areinvisible. Basically, theMain Peeris only awareof thewholesub-processdelegated
to PeerA andignoresits internalmanagement,which is responsibilityof PeerA.

In nested-coordination,thecommunicationamongpeershasanestedstructure:thepeer
thatspawnsthesub-processusesa (possiblyasynchronous)request-responseWebservice
call, involving two messages:the requestactivatesthe spawnedsub-processandthe re-
sponsenoti�es theconclusionof thesub-process.Tracinga casein nestedco-ordination
is inherentlya hierarchicalprocess:eachpeermay keepstatusinformationaboutits lo-
cal activities, and can keep locally summaryinformation about the statusof a whole
spawnedsub-process,seenasa black box. In particular, the peerknows the status(in-
active/active/completed)of a spawnedsub-process,but ignoresthedetailsaboutthestatus
of sub-activities.

Generalizedco-ordination. With generalizedco-ordination,any subsetof theactivities
in theprocessmodelcanbedelegatedto any peer, with no constraintson theshapeof the
spawnedsub-process.Fig. 19 shows an exampleof a distributedprocess,in which a not
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Fig.20. Hypertext fragmentfor LoanRequestsubmission(doneatPeerA) andfor enablingpreliminaryvalidation
at PeerB.

well-parenthesizedsub-processis delegatedfrom onepeerto anotherone. In this case,
it is not possibleto identify a uniqueentry andexit point for thedelegatedsub-process,
becausethe two branchesof theAND gateway areallocatedto differentpeers;theMain
Peer(thebankserver representedby the �rst pool in Fig. 19) mustbenoti�ed of at least
two events: the endof the PreliminaryValidationactivity (to enableJobCheckactivity
executionat thebanksite),andtheendof FinancialCheck(to allow themainprocessto
continuewith thestartof theFinal Approval activity).

Generallyspeaking,with generalizedco-ordination,multiple messagesareneededfor
achieving a correctcaseadvancementin presenceof delegatedsub-processes:a message
mustbeexchangedin correspondenceof eachcontrol�o w arrow crossingtheboundaryof
a pool,andthesearrowscanbemorethantwo for anotwell-parenthesizedsub-process.

With generalizedco-ordination,theprocessreferencemodelis againdistributedatvari-
oussites.As a consequence,tracingthestatusof a caserequiresqueryingthestatusof the
involvedsub-processesarbitrarily distributedat thevariousserversandreconstructingthe
globalstatusaccordingto theprocessmodel. Alternatively, an”observer” peerwilling to
tracetheglobalprocessstatusshouldfollow theactualmessage�o wsamongall peers.

6.4 Hypertext design for distributed processes

Hypertext designis affectedby thedistribution of theprocess,becausetheWeb applica-
tionsmustbepartitionedamongthe involvedpeersfollowing theprocessallocationdeci-
sionsestablishedin thedistributedprocessmodel.Sincetheprocessreferencemodelmay
not be globally available into a uniquecentralrepository, messagesmustbe exchanged
amongthedifferentpeers,ashighlightedby themessage�o wscrossingtheboundariesof
theserver poolsin theprocessdiagram.Messageexchangecanberepresentedusingthe
Webserviceprimitivesof WebML, whichseamlesslyintegratewithin thehypertext model.

In the following, we representthe hypertext designof the loan requestprocess,under
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Fig. 21. Hypertext fragmentfor PreliminaryValidationatPeerB.

thehypothesisthatdistribution follows thegeneralizedco- operationparadigmillustrated
in Fig. 19,andassumingthattheactivities in the�rst pool areimplementedat peerA (the
bank),andactivities of thesecondpoolareperformedat peerB (anexternalagency).

Fig. 20 shows thehypertext for loan requestsubmissionandtheWeb servicemessage
exchangethatenablesthePreliminaryValidationactivity. At PeerA, theusersubmitsthe
loan requestusing the Submissionpage. After the LoanRequestis submitted,an entity
instanceis createdin thelocal databaseof PeerA, a Webservicecall is placedto peerB,
andtheactivity LoanRequestis terminatedattheMain PeerA. At PeerB, asolicit response
unitdenotesthereceiptof theincomingmessagefrom PeerA. Themessagetriggersachain
of operations:a local copy of theLoanRequestis createdin the local databaseof PeerB
andanAssignoperationcreatesaninstanceof activity PreliminaryValidation,assignsthe
LoanRequestto it andstartsit; �nally anoti�cation messageis constructedwith theoutput
dataof theAssignoperationandreturnedto peerA (asdenotedby the link goingbackto
thesolicit-responseWebServiceunit).

Fig. 21shows thehypertext at PeerB thatimplementsthePreliminaryValidationactiv-
ity, assignstheloanrequestto thelocally performedFinancialCheckactivity, andcommu-
nicatestheoutcomeof validationto theMain PeerA. Thedispatchingof a messageback
to PeerA is neededbecauseof thepool-crossingcontrol �o w arrow betweenthePrelimi-
naryValidationactivity (doneatpeerB) andtheJobCheckactivity (doneatpeerA). Upon
receiptof thenoti�cation messagefrom PeerB, PeerA updatesthestatusof theLoanRe-
questinstanceandassignsit to theJobCheckactivity. NotethatadistributedAND-split is
achievedby enablingtwo activities (JobCheckandFinancialCheck)at differentpeers.

Fig. 22showsthehypertext for performingFinancialCheckat peerB andJobCheckat
peerA. Besidesactivity execution,peerB noti�es peerA of thecompletionof theactivity
with a Web servicecall. PeerA receives the Web servicecall, performsthe checksof
the AND-join gateway, and returnsa noti�cation messageto peerB. The AND-join is
evaluatedalsoin JobCheckactivity, whichupdatestheloanrequest,veri�es thecondition
of thegatewayandeventuallyenablestheFinalApprovalactivity, if bothcheckshavebeen
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Fig. 22. Hypertext fragmentfor �nancial checkandjob check(with theAND-join performedat peerA)

completed.
In conclusion,the hypertexts implementingdistributed processesare designedin the

sameway astheonesimplementingcentralizedprocesses,theonly differencesbeing:

—Thesubdivision of each”distributed” siteview into a presenceanda serviceinterface.
Thepresenceinterfacemodelsthehypertext requiredfor executingtheactivity andde-
liveringmessagesto theotherpeers.Theserviceinterfacemodelsthechainof actions
executeduponreceiptof amessagenotifying caseadvancementat otherremotepeers.

—Thepresenceof Webserviceoperationsthatmodelthedispatchingandreceiptof case
advancementeventat thevariouspeers.

Theproposedsolutionallowsthedesignerto modelany processschemeanddistribution
policy explicitly andin a conceptualway, leadingto a betterunderstandingandevolution
of the applicationspeci�cations,andpavesthe way to the automaticgenerationof code.
However, thebene�ts of conceptualmodelingrequiresuitablesoftwarearchitecturesand
appropriatedevelopmenttools,capableof transformingthedesignschemasinto Webap-
plications installableat the involved peers. In the next Section,we brie�y review the
runtimearchitectureanddesigntools of WebRatio,an extensibleCASE productthat we
haveexploitedto implementtheideasdescribedin thepaper.
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Fig. 23. TheWebratioArchitecture.

7. IMPLEMENTATION

Theapproachandprimitivespresentedsofar have beenimplementedin a CASEtool and
have been�eld-tested in variouscasestudiesand industrial applications. This section
overviewsthemainresultof theimplementationexperienceandtheapplicationsthathave
beendevelopedusingthemodels,methodsandtoolsdescribedin thispaper.

7.1 WebRatio architecture

WebRatio[WebRatio2006] is a commercialCASEtoolsfor designingdata-centricappli-
cationsusingWebML. The architectureof WebRatio(shown in Fig. 23) consistsof two
layers: a designlayer, providing functionsfor the visual editing of speci�cations,anda
runtime layer, implementingthe basicservicesfor executingWebML units on top of a
standardWebapplicationframework.

Thedesignlayerincludesgraphicaluserinterfacesfor dataandhypertext design,which
produceaninternalrepresentationin XML of theWebML models;asecondmodule(called
DataMappingModule)mapstheentitiesandrelationshipsof theconceptualdataschema
to oneormorephysicaldatasources,whichcanbeeithercreatedby thetool orpre-existing.
A third module(calledEasyStylerPresentationDesigner)offersfunctionalityfor de�ning
thepresentationstyleof theapplication,allowing thedesignerto createXSL stylesheets
from XHTML mockups,associateXSL styleswith WebML pages,andorganizepagelay-
out,by arrangingtherelativepositionof contentunitsin eachpage.

The designlayer is connectedto the runtime layer by the WebRatiocodegenerator,
whichexploitsXSL transformationsto translatetheXML speci�cationsvisuallyeditedin
thedesignlayer into applicationcodeexecutablewithin theruntimelayer, built on top of
theJava2EE,Struts,and.NET platforms.

7.1.1 Implementationof processreferencemodelandprocessmanagementunits. The
designlayer, codegenerator, andruntimelayerhave a plug-in architecture:new software
componentscanbewrappedwith XML descriptorsandmadeavailableto thedesignlayer
ascustomWebML units, the codegeneratorcanbe extendedwith additionalXSL rules
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Fig. 24. Architectureof WebML Webapplications,extendedfor Webservices.

to producethe codeneededfor wrappinguser-de�ned components,andthe components
themselvescan be deployed in the runtime applicationframework. Theseextensibility
featureshave beenexploited to embedWeb serviceinteractionandprocessmanagement
capabilitiesin thetool suite.

Theprocessreferencemodelsubschemahasbeenaddedto thetool suitein theform of
a new project template,encodedasa pre-editedXML �le. Whenthe useropensa new
projectandchoosesthe Process-awareWeb applicationtemplate,the datamodelof the
WebRatioproject is automatically�lled with the entity andrelationshipsof the process
referencemodel,whichareextractedfrom theprojecttemplate�le.

Processmanagementunitshave beenaddedwith no modi�cation to thearchitectureof
thedesignandruntimelayer. Indeed,theseunitsaresimplemacros(i.e., compositionof
basicWebML operationson the processreferencemodel),eachperforminga numberof
repetitive tasksneededfor bookkeepingand retrieval of information from the reference
model. Therefore,a setof new runtimecomponentsperformingthenecessaryoperations
hasbeendeveloped,wrappersfor thedesignlayershave beenproducedandinstalled,so
to maketheprocessmanagementunitsavailablein theWebML editor, andadditionalXSL
ruleshave beencreatedfor thecodegeneratorto beableto producethecodenecessaryto
invokethenew componentsat runtime.

7.1.2 Implementationof Web serviceinvocation. The Web Serviceunits for calling
externalWebservices(request-responseandnoti�cation) have beenseamlesslyintegrated
into the pre-existing architecture,by developinga new classof servicesin the business
tier, capableof decodingthe informationtransportedby the input link of a WebML unit,
assemblingthe messagefor invoking a remoteWeb service,collecting the XML result
of the invocation,anddecodingit to make it availableto otherWebML units. The Web
Serviceto call maybedeterminedeitheratcompiletime,asastaticpropertyof theWebML
unit, or at runtime,asa parameterdynamicallysuppliedby an input link pointing to the
unit.

7.1.3 Implementationof Web servicepublishing. The only featurethat requiredin-
terventionon the runtime architectureof WebRatiois the capability of publishingWeb
servicesacceptingmessagesfrom remotepeers.To copewith theneedof acceptingSOAP
requests,the Web front end of the WebRatioruntime framework hasbeenextendedas
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Fig. 25. XML-in, XML-out andAdapterunits.

shown in Fig. 24. A SOAP listener(speci�cally theApacheAxis SOAP listener)hasbeen
addedto thepre-existingWebpresentationframework, to supportbothhumanusersposing
regularHTTPrequestswith a browserandremoteapplicationssendingSOAP messages.

After suchintervention,theruntimeframework worksasfollows: eachrequestis inter-
ceptedby a front Controller(implementedasaservletin theJ2EE/Strutsplatform),which
dispatchesit to theruntimecomponentin chargeof servingit. If the requestis anHTTP
requestfor a page,a pagebuilding componentis invoked; if the requestis an HTTP re-
questfor anoperation,theControllerroutesit to anoperationcomponent,whichperforms
therequiredfunctionandreturnsa statuscodeto theController, who decideswhat to do
next. In particular, an operationfor makinga Web Servicecall requiresthe instantiation
of a componentcapableof triggeringa businessobject that interactswith a remoteWeb
service.

If therequestis a SOAP message,it is managedby theSOAP listener, which is waiting
for incomingSOAP requests.Oncetherequestis recognized,it is passedto thecomponent
implementingthe�rst operationof theoperationchainemanatingfrom thesolicit or solicit-
responseunit. After the chainof operationshasbeenexecutedcompletely, control goes
backto theWebServiceoperationat thebeginningof theoperationchain,which (in case
of asolicit-response)buildstheXML responsemessageanddeliversit backto theinvoker.

7.1.4 Implementationof XML management.As mostcommercialWeb development
tools,WebRatioassumesthatdynamicWebapplicationsbuild pagesfrom structureddata
sources,typically relationaldatabases.To representthe applicationcontent,WebRatio
adoptstheER model(or, equivalently, UML classdiagrams).Theunitscomposinga Web
applicationcommunicateby exchangingparameters,which are initially taken from the
HTTPrequestandthenpropagatedto all thecomponentsthatneedinput. IntegratingWeb
serviceoperationsinto theWebML framework required:1) couplingtheXML datamodel
underlyingWeb servicecommunicationandthe ER datamodelof the informationman-
agedby the application;2) extendingthe parameter-passingcapabilitiesto acceptXML
documentsasinput/outputparameters,in additionto theHTTPquerystringparameters.

We introduceda socalled”canonicalXML format”, anintermediateXML formatwith
a �x ed XML schemamediatingbetweenthe Entity-Relationshipdatarepresentationand
thearbitrarydatarepresentationassumedby theXML schemaof themessagesexchanged
with externalWeb services.The bene�ts of suchan intermediateencodingaretwofold:
it standardizesthe conversionof XML data into Entity-Relationshipdatastoredin the
native formatof WebML andit facilitatestheconstructionanddecodingof Webservices
messages.Thetransformationof Entity-Relationshipcontentinto XML andvice versais
speci�edat theconceptuallevel with thehelpof threeadditionalWebML units,illustrated
in Fig. 25.

TheXML-in unit takesin input a canonicalXML fragmentandstoresit into theunder-
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lying Entity-Relationshiprepository, eitherin mainmemory(with user-sessionlifespan)or
materializedinto thedatabase.TheXML-out unit allows theselectionof a setof objects
belongingto an Entity- Relationshipsub-schemafrom the datarepositoryandprovides
their contentin outputasan XML fragmentconformingto the canonicalXML schema.
TheAdapterunit mayreceivemultiple links carryingXML fragments,andemitsanoutput
XML fragmentwith the desiredschemaandcontent;the transformationsof inputs into
outputareexpressedasXSLT rules.

XML-in, XML-out, andadapterunitsarenecessaryto expressthedatatransformations
requiredby theexchangeof messageswith Webservices,but aresomehow lower-level than
theotherWebML units. Therefore,we omittedthemfrom theexamplesof Web Service
usagein thehypertextsof Fig. 20,Fig. 21,andFig. 22.

To facilitate the XML-ER datamappingtask and supportthe designerin the useof
Adapterunits, a visual XSL generatorhasbeendevelopedandaddedasa wizard to the
WebRatiointerfacefor editingthepropertiesof Adapterunits. TheXSLT rulesfor trans-
forming theinput XML fragmentsinto theoutputXML content(in particularinto a piece
of canonicalXML) aregeneratedby thewizard,without requiringany manualXSL pro-
gramming.

7.2 Process administration

Building process-centricWeb applicationsrequiresnot only modelingandimplementing
the interfacesfor theprocessactors,but alsodeliveringsuitabletools for theprocessad-
ministrators,asofferedby mostcommercialwork�o w engines.Similar applicationscan
be modeledusingWebML anddeployed asWeb-basedapplications.The main features
to be providedare: caseexecutiontrackingandvisualization;listing of executed,failed,
in-executionandto-be-executedactivities; percentageof completionof a case;statistics
on caseduration;productivity informationaboutexecutors;long term evolution of pro-
cessexecutionstatistics(e.g.,whethera processhasbecomemoreeffective andef�cient
in the years);reassignmentof tasksto actors,to balancethe workload; andso on. All
thesefeaturescanbemodeledanddeployedeffectively in theproposedapproach,because
the neededfunctionality canbe developedonceandfor all on top of the (�x ed) process
referencemodel,asa WebML siteview targetedto theprocessadministrators.Moreover,
application-speci�cmanagementtools,monitoringboth applicationdataandthe process
referencemodel,canbeseamlesslyintegratedby developingspecial-purposeareasof the
administratorsiteview. For example,in theloanrequestapplication,anadministrationsite
view could includestatisticslike theacceptancepercentageof requestsdependingon the
managerthatprocessedthemor statisticson thedurationof theevaluationprocess.

7.3 Implemented applications

Four industrial applicationshave beendevelopedusing the methodologyand tools pre-
sentedin this paper.

The Acer-Euro BusinessPortal is a multi-country, multi-lingual, multi-userhosted
Web applicationconnectingEuropeansubsidiariesand partnersto the servicesembed-
dedin the company's enterpriseapplications(e.g.,order tracking, technicalinformation
management,marketinginformationmanagement).Theportalextractsinformationfrom
heterogeneousdatasources,interactswith Webserviceswrappinglegacy applications,and
offerscentrallymanagedservicesto partnersdistributedthroughoutEurope.

TheHuelvaProvinceSellingPoint Application, developedby aSpanishCountyCoun-
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cil, ful�lls theneedsof smallshopsandsellingpointsdistributedin theProvinceterritory,
by providing themthepossibilityto createatwo-wayservice-orientedcommunicationwith
the centralbackof�ce, for providing servicesof job discovery andSME support. Func-
tionalitiescoveredby theapplicationincludework�o ws for providing start-upservicesto
smallshopsandfor linking themto theCountyCouncil,which will provide expertiseon
shopviability, tunedto favor the initial developmentof small businesses;all interactions
aremediatedby Webservices.

The Tiscover Tourism Services Application, developedby a leading international
tourism broker, extendsan existing DestinationManagementSystemwith feature-rich
Web-services.The deployed Web servicesaremadeavailableto travel agentsandhotel
managerson the Web, who can give their customersa personalized,accurateand con-
trolled accessto avastamountof tourisminformation,includingdatafrom heterogeneous
sources(likeweatherconditions,eventinformation,touristhighlights,museums,concerts,
exhibits,restaurants,sportandleisureobjects,etc.) .

The MetalC B2B Vertical Application aimsat allowing Italian companiesof the me-
chanical�eld to enactbusinessinteractionsby meansof their respective Web portals,
throughWebservicesconversations.In this way, long runningpurchaseprocesses,docu-
mentexchanges,anddatasharingcanbeachievedby meansof a Webbasedinteraction.

8. RELATED WORK

In thissection,wesurvey closelyrelatedmodelsandtechnologiesfor Websitedesign(Sec-
tion 8.1),integratedprocessandWebapplicationmodeling(Section8.2),webintefacesfor
work�o w systems(Section8.3),andWebservicework�o ws(Section8.4).Finally, weout-
line therelationshipof this paperwith our closelyrelatedworksin Section8.5.

8.1 Modeling and designing data-intensive Web applications

Severalmethodologiesandnotationshavebeendevelopedfor modelingandimplementing
data-intensive Web applications;for a survey, see[Fraternali1999]. Amongmorerecent
projects,WebML is closerto thosebasedonconceptualmethodologieslikeW2000[Baresi
et al. 2000] and OO-HMETHOD [Gómezet al. 2001] (basedon UML interactiondia-
grams),Araneus[Meccaetal. 1999;Merialdoetal. 2003],Strudel[Fernandezetal. 1998]
andOO-HDM [Rossiet al. 2003].With lessemphasison modeling,Weave [Yagoubet al.
2000] focusedon Web site performance. Qursed[Papakonstantinouet al. 2002] is an
all-XML projectfor visualizingandqueryingXML data;it doesnot considerinteraction
with remoteprocesses.Amongtheabovementionedmodels,only Araneus[Merialdoetal.
2003]hasbeenextendedwith a work�o w conceptualmodelanda work�o w management
system. Differently from our proposal,Araneusextensionsoffer a conceptualbusiness
processmodelandaim at allowing the interactionbetweenthehypertext andanunderly-
ing work�o w managementsystem.In otherwords,theWebsite is usedasaninterfaceto
theWFMS. With this philosophy, thedata-accessandtheprocess-executionlayersareat
thesamelevel, andareaccessedthroughthehypertext exactly in thesameway. This is a
goodsolutionfor all thecasesin whichaWFMSis alreadyin place,andonly theinterface
hasto beredesignedfor theWebcontext.

Commercialvendorsareproposingtools for Webdevelopment,however mostof them
haveonly adaptedto theWebenvironmentmodelingconceptsborrowedfrom other�elds.
Among them,OracleJDeveloper10g [OracleDev ] is a powerful modelingtool heavily
orientedto object-orientedanddatabasedesign;it providesUML-lik edatamodelinganda
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verybasicnavigationmodel;CodeChargeStudio[CodeCharge2005]providesaGUI for
designingWebapplicationsbasedonasetof prede�ned”pagetypes”,with corresponding
databasetables;BorlandEnterpriseStudiofor Java [Borland EnterpriseStudio] is basi-
cally anadvancedIDE tool, integratingsomemodelingfeaturesfrom TogetherJandbasic
WYSIWYG interfacesfor HTML and a few other scripting languages;RationalRapid
Developer[Rational2006]offersvery sophisticatedUML designprimitives,extendedto
supporta few Web-relatedconcepts.However, automaticcodegenerationis limited to the
businesslayer, whereasJSP(or analogous)pagesmustbe codedby hand,independently
from themodel.All thesetoolswork at a lower level with respectto WebRatio,providing
a gooddevelopmentsolutionfor the implementer, the Web designeror the programmer.
Moreover, noneof themaddressestheenactmentof businessprocessesandthesystematic
derivationof hypertext interfacefrom processmodels

8.2 Integrated hypertext and process modeling

Severalexistingplatformsandlanguagesallow integratingthedesignof Webapplications
and businessprocesses.Theseefforts are basedon the observation (sharedalso in our
work) thatthepopularityof theWeb-basedinteractionparadigmmakesit anexcellentcan-
didatefor a businessprocessfront-end.We brie�y discusstheseplatforms,andhighlight
themaindifferenceswith ourwork.

The ProcessModeling language(PML) describedin [Noll and Scacchi2001] is a
lightweight formalismfor processdescriptionthat allows describingwork�o w schemes
similar to thoseexpressiblein BPMN. Theauthorsshow how a PML speci�cationcanbe
automaticallycompiledinto asimpleWeb-basedapplicationthatallowsusersto enacttheir
participationto theprocessby following links, �lling in formsetc. Theprocess-oriented
hypertextsthatthey identify areconceptuallycloseto ourprocess-drivenhypertexts.Three
maindifferencesdistinguishthetwo proposals:(i ) our approachrelieson theWebML hy-
pertext modelinglanguage,endowed with a graphicalnotation,while the startingpoint
in [Noll andScacchi2001] is a (simpli�ed) processmodel,representedin an imperative
programming-stylesyntax;(ii ) the underlyingprocesscontrol mechanismsaredifferent,
becauseour proposalrelieson a processreferencemodel(coherentwith theWebML data
modelbasedonEntity-Relationship),while PML delegateswork�o w controlto anad-hoc
”lightweight processruntime”; (iii ) �nally , PML doesnot allow customizingtheWebin-
terfaceof a givenactivity: only onepageis generatedfor eachactivity, regardlessof how
complex theactivity is, whereasWebML allowsarbitrarily structuredactivity interfaces.

AmongtheWebdesignproposals,OO-H [CacheroandG�omez2002]andUWE [Koch
andKraus2002]havespeci�cally addressedtheintegrationof processandnavigationmod-
eling. OO-His apartiallyobject-orientedapproachoriginally conceivedfor data-intensive
Web applicationsandlater extendedto copewith businessprocesses.The methodology
comprisesthephasesof requirementsanalysisfollowedby conceptual,process,navigation
andpresentationdesign.NavigationdesignexploitsNavigationAccessDiagrams(NADs)
to expressthetopologyof thehypertext.

UWE [Koch andKraus2002] is an object-orientedWeb designmethod,in which hy-
pertext navigationis modeledby meansof UML classdiagrams,suitablyextendedwith a
numberof stereotypesaimedatbetterrepresentingthespeci�city of Webapplicationswith
respectto theobject-orientedapplicationsnatively targetedby UML.

In arecentpaper[Kochetal. 2004],theauthorsof OO-HandUWE advocatea joint ap-
proachto theintegrationof processandnavigationmodeling.In particular, bothmethod-
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ologiesconverge in the requirementsanalysisphase,whereUML UseCase,Class,and
Activity Diagramsareexploitedto capturethefunctional,businessprocess,andstructural
requirements.Then,themethodsslightly divergein thedesignphase:OO-H proposesthe
semi-automatictranslationof theprocessmodelinto thenavigationmodel,which results
in NAD diagramsmixing navigationalclasses/linksstemmingfrom theprocessmodeland
primitivesstemmingfrom purelynavigationalrequirements.Conversely, UWE preserves
alsoat thedesignlevel theprocessmodel,representedby meansof UML structuralclass
diagramsandbehavioral activity diagrams,andinterfacesthenavigationmodelto thepro-
cessmodelby meansof ad hocstereotypes(processclassesandprocesslinks), addedto
thenavigationdiagram.Our approachis somehow intermediatebetweenthetwo propos-
als: like in UWE, wepreservetheprocessmodel,whichweembedasa”processreference
model” within theapplicationdataschema;asin OO-H we advocatethesemi-automatic
transformationof the high-level processdiagram(expressedin BPMN insteadof UML)
into a skeletonof the navigation model,which canbe re�ned to expandthe interfaceof
activities. However, in our work we addressseveral issuespresentlynot treatedin OO-
H andUWE: implicit andexplicit processdesignstyles,multi-actorprocesses,process
distribution policiesacrossmultiple peers,andtheusageof webservicesasa distributed
processcoordinationmeans.Furthermore,theWebML extensionsfor integratingprocess
andhypertext modelinghavebeenfully implementedin anindustrial-strengthCASEtool
andexperimentedin a numberof real-world applications.

In OOHDM [Rossiet al. 2003], the contentandnavigation modelsareextendedwith
activity entitiesandactivity nodesrespectively, representedby UML primitives. Further-
more,theprocessexecutionoccurswithin a navigationalcontext thatspeci�estheaccess
rulesfor thecorrespondingprocess.Recently, domain-speci�cwork usingtheOODHM
methodhasaddressedprocessmodelingfor e-commerceapplications[SchmidandRossi
2004].

In WSDM [Troyer andCasteleyn 2003], the processdesignis driven by the userre-
quirementsandis basedon the ConcurTaskTreesnotation. The actualprocessmodel is
speci�edat theconceptualdesignlevel. In particular, duringthe�rst phaseof TaskMod-
eling, thetaskhierarchyis de�ned, thetemporalconditionsamongtasksareexpressedby
meansof suitableoperators,andthe informationand/ or functionality requiredby each
taskaremodeledby objectchunks.During thesecondphaseof theconceptualdesign,the
NavigationalDesign,theusernavigation structureis generatedby meansof components
andproject logic links, in order to performthe modeledtasks. The proposedapproach
is similar to ours in the sensethat a framework structureis generatedout of conceptual
processdescriptions,but authorsusea processdescriptionnotationwhich is not standard.

TheWAE UML extensionby Conallen[Conallen2002]focuseson implementationand
architecturalissues,anddoesnot explicitly addresstheintegrationof processandnaviga-
tion design.It dealswith architecturalaspects,but at a differentlevel with respectto the
processdistribution policiesandtechniquesdiscussedin this paper: in our casedistribu-
tion refersto assigningactivities to peersandmanagingcaseadvancementby meansof
message-basedcoordination;in WAE architecturalchoicesbasicallyconcernthe alloca-
tion of softwarecomponents(e.g.,businessobjects,serverandclientpages)to thetiersof
a multi-level Webarchitecture.
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8.3 Web interfaces for work�o w engines

An alternativescenariofor processandhypertext integrationconsistsof endowing awork-
�o w enginewith aWeb-enabledinterface.Many currentcommercialenterprisetool suites
includea Work�o w Managementsystem,suchas,for instance,IBM WebSphere(which
includesthe MQSerieswork�o w product) [IBM WebSphere2005] and Oracle Work-
�o w [Oracle]. Thesetoolsaim at integratingdifferententerpriseapplications,often de-
velopedby thesamevendor. In this scenario,applicationandwork�o w Web publishing
consistsin re- building theexisting applicationmodulesfor theWebcontext (e.g.,asJava
applets)andapplyingwork�o w rulesfor their cooperation.

This approachis completelydifferent from our proposal: industrialWFMSsextenda
full-�edged work�o w enginethroughWeb interfaces.Themaindrawbackof this philos-
ophy, besideshigh pricesand proprietarysoftware, is that the �e xibility of Web-based
hypertexts is scarcelyexploited. The Web is usedjust asa (thin) interfaceto proprietary
softwaremodules. In contrast,our work doesnot provide yet anotherwork�o w engine,
but a methodologyanda high-level modelingframework for the integratedspeci�cation
of Webapplicationsand(multi-actor, distributed)businessprocesses,which mayhelpthe
designerconceptualizeandorganizeanapplicationinvolving hypertext navigation,roles,
and work�o w-style interactionpatterns. Our approachcan be an effective solution for
lightweightprocess-drivenapplications,whichareverycommonon theWeb.

8.4 Web service work�o ws

Severalexisting worksaddressproblemsrelatedto Web servicesmodelingandcomposi-
tion. We brie�y survey themostrelevantones.

A �urry of activity is currently taking place in the �eld of Web service descrip-
tion [WSDL 2001]. The goal is to establisha commonplatform for expressingservice
semantics,but alsootherpropertieslike serviceguarantees,availability, etc. This effort
is takingplacewithin theW3C [RDF ; WSDL 2001]. Our work, aimingat declaratively
specifyingWeb applicationsfor consumingandbuilding services,is orthogonalto these
efforts,but wouldgreatlypro�t from anestablishedplatformfor semanticdescription.This
would easethedynamicidenti�cation of possiblepartners,thechoiceof themostsuitable
one,ad-hocprocessestablishment,etc.

Several XML languages for encoding work�o ws have been proposed
(see[Christophideset al. 2001]for a list). Amongthem,languageslike BPEL4WS[BPE
2003] specify work�o ws exclusively consistingof Web services. BPEL4WS includes
an XML Schemafor encodingcomplex work�o w-style interactionbetweenseveralWeb
services(sequence,test,split, join etc.). SuchXML processdescriptionsareconsumed
by a work�o w managementsystem(e.g., IBM MQSeries),which is responsiblefor the
enactmentof the work�o w. XL [Florescuet al. 2002] is an XML-basedprogramming
languagethat allows both de�ning and combiningservices. Another comparableWeb
servicecompositionproposalis E-Flow, developedat HP [CasatiandShan2001]. With
the extensionsillustrated in this paper, WebML is expressive enoughto captureany
BPEL4WS-styleservicecompositionpattern[Ceri et al. 2002]. Thus, for any given
BPEL4WS-styledescriptionof aWebserviceprocess,ourproposalallowsto declaratively
specifyandautomaticallydeploy an applicationenablingany participantto play his role
in theprocess.

DataandWebserviceintegrationis consideredin somerecentworks. In [Baresiet al.
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2000], XML event-condition-actionrulespushinformation to remotesitesby meansof
Webservices.TheActiveXML system[Abiteboul et al. 2003]managesXML documents
including calls to services. Theseworks do not considerWeb interfaces,complex pro-
cesses,anduserinteraction.

8.5 Relationship with our previous works

This paperhaspresentedour broadvision on the modeling,design,andimplementation
of process-drivenWeb applications.This work hasbeencarriedout during the last three
years,andpartof it is documentedin a numberof relatedpublications.

Someof the hypertext primitiveswe useto handlework�o w andWeb serviceswere
presentedin theshortpaper[Brambillaetal.2002];thispaperhasfurtherelaboratedonthe
usageof suchprimitives,andsettheminto thewidercontext of model-drivendevelopment
of Web-basedprocess-drivenapplications.

The tutorial [Ceri and Manolescu2003] laid out the initial ideasaboutWeb-enabled
work�o w design,followedby a�rst descriptionof ourapproachto process-drivenWebap-
plications[Brambilla et al. 2003]andsomemethodologicaldiscussion[Brambilla 2003].
We havesincemadesigni�cant progressin systematizingimplicit processmodeling(Sec-
tion 3 of thispaper),developedourown approachfor explicit processmodeling(Section4
of thispaper),andcarriedonacompletelynew work ondistributedprocessandnavigation
modeling(Section5 of this paper).

TheWebRatioarchitecturehasbeenthoroughlydescribedin [Ceri et al. 2003]; in this
paper, weexpandon theaspectsinvolvedin building distributedprocess-drivenhypertexts
exploiting web servicesfor message-basedprocesscoordination. Finally, the WebRatio
tool, enhancedwith supportfor Web servicesand work�o w, hasbeenrecentlydemon-
strated[Brambilla etal. 2004].

9. CONCLUSIONS AND FUTURE WORK

Thispaperhaspresentedacompletejourney onprocessmodelingfor Webapplications;we
havediscussedmodelingabstractions,methods,strategies,styles,andtrade-offs, emerged
astheresultof aboutthreeyearsof applicationandtechnologydevelopmentin thecontext
of several projects,fundedby the EU or by privatecompanies.While the modelingand
methodologicalwork is completedandanew collectionof unitshasbeenaddedto WebML
andWebRatio,wehaveonly startedto developtheframework requiredin orderto provide
a completesupportto process-basedWebapplicationslifecycle.

Thus,our futurework agendaencompassesa full integrationof processmodelingwith
BPML in the WebRatiotool suite,including modulesfor requirementcollection,for the
designandveri�cation of thehypertext modelwith respectto theprocessmodel,andthe
developmentof standardandextensible,albeitsimple,processmanagementandadminis-
trationinterfaces.Froma researchperspective,we still needto addressissues,suchasex-
ceptionhandlingandprocessveri�cation, whichariseafterbuilding Webapplicationsfrom
a”standard”transformationof BPML speci�cations.Wealsoplanto dedicateresearchef-
forts for understandingthe role that Web service”choreographies”and ”conversations”
play in thecontext of processmodeling.
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Bongiofrom Webratio;Jośe MuñozPlaton,AureoDiaz-CarrascoFenollar, Angel Garcia
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