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Abstract

Supportingbusinessprocesseswith thehelpof workflow managementsystemsis
a necessaryprerequisitefor many companiesto staycompetitive. An important
taskis thespecificationof workflow, i.e. thesepartsof a businessprocessthatcan
be supportedby a computersystem. A workflow specificationmainly refinesa
businessprocessdescription,incorporatingdetailsof theimplementation.Despite
thecloserelationbetweenthetwo processdescriptionsthereis still nosatisfactory
link betweentheirmodeling.This factmainly relieson theassignmentto different
peolpe(IT- vs. domainexperts)having adifferentmodelingculture.

Thethesisprovidesamethodicallywell-foundedapproachfor thespecification
of functionalworkflow requirements.It supportsdomainexpertsin theirmodeling
of businessprocessesin a semiformalmannerandguidesthemstepwisetowards
a formal workflow specification,i.e. helpingto bridgethe gapbetweenbusiness
processmodelingandworkflow specification.

Theproposedapproachacknowledgestheneedto describebusinessprocesses
atdifferentlevelsof abstractionandcombinestheadvantagesof differentmodeling
languagesthatproved to fit the respective requirements.A semiformalmodeling
languageis proposedto be usedby thedomainexpert. As a prominentexample,
widely acceptedin practice,areEvent-drivenProcessChains(EPCs).For thedef-
inition of the workflow specificationwe usea particulartype of Petri nets. The
strengthof Petri-netsis their formally founded,operationalsemanticswhich en-
ablestheiruseasinput formatfor workflow managementsystems.

The key conceptfor theproposedprocessmodelis theuseof pragmaticcor-
rectnesscriteria, namelyrelaxedsoundnessand robustness. They fit the correct-
nessrequirementswithin thisfirst abstractionlevel andmake it possibleto provide
a feedbackto themodeler.

To supporttheexecutionof thebusinessprocessat run time, theresultingpro-
cessdescriptionmustberefinedto fit therequirementsof aworkflow specification.
Theproposedprocessmodelsupportsthis refinementstep,applyingmethodsfrom
controller synthesis.A soundWF-systemis automaticallygeneratedon the ba-
sis of a relaxed soundand robust processdescription. Only within this stepdo
performanceissuesbecomerelevant. Informationthat is incorporatedrelatesto a
certainschedulingstrategy. The late determinationof performanceissuesis es-
pecially desirableas correspondinginformation (the occurrenceprobability of a
certainfailure,costsof failurecompensation,or priorities)will oftenonly become
availableat run-time.Their incorporationtowardstheendof theproposedprocess
modelextendsthepossibilityto reusemodelingresultsunderchangingpriorities.

Theresultingprocessdescriptionis sound.Usingit asabasisfor theexecution
supportduringrun-timereliableprocessingcanbeguaranteed.



Zusammenfassung

Der Einsatzvon Workflow ManagementSystemen(WFMS) in Unternehmenoder
Verwaltungenmit einfachstrukturiertenundautomatisierbarenProzessenbietetein
hohesPotenzialfür dieOptimierungderGescḧaftsprozesse.Für dieKoordinierung
vonGescḧaftsprozessenzurLaufzeitben̈otigenWFMSWorkflow-Spezifikationen,
die den automatisierbarenAnteil der Gescḧaftsprozessein einer maschinenles-
barenForm beschreiben. In der Praxis werdenWorkflow-Spezifikationenbis-
lang oft unabḧangigvon bereitsexistierendenGescḧaftsprozessmodellen erstellt.
Es existiert kein methodischfundiertesVorgehensmodell,dassdie Modellierung
von Gecḧaftsprozessenund die Weiterverwendungder erstelltenModelle für die
Workflow-Spezifikationuntersẗutzt [GHS95,AH02a].

DieseArbeit schl̈agteindurchgehendesVorgehensmodellfür dieSpezifikation
vonWorkflows in FormvonPetrinetzenvor. In demfünfstufigenVorgehensmodell
wird der Schwerpunktauf die Modellierungder Kontrollflussaspektegelegt. Im
Rahmender Modellierungwerdendie folgendenSchritteuntersẗutzt: 1. Model-
lierungderGescḧaftsprozesse2. FormalisierungdurchPetrinetze3. Korrektheits-
testund Fehlerkorrektur 4. Festlegungund Integration einerAusführungsstrate-
gie 5. Kontrollverfeinerung.DasErgebnisist ein Prozessmodellmit formal fun-
dierter und operationalerSemantik,daszudemsound[Aal98] ist. Ein solches
Modell entsprichtdenAnforderungenaneineWorkflow-Spezifikation,derenVer-
wendungfür ein WFMS einezuverlässigeAusführungderGescḧaftsprozessezur
Laufzeit garantiert. In demerstenSchritt ”Modellierung der Gescḧaftsprozesse”
wird die VerwendungsemiformalerModellierungstechniken untersẗutzt. Diese
räumendem Modellierer Spielraumin der Beschreibung der Prozesseein. Im
nächstenSchrittwird daserstellteModell intern formalisiert. Die Formalisierung
basiertauf einerAbbildung in Petrinetze.DabeiwerdenMehrdeutigkeiten nicht
eliminiert sondernexplizit gemacht.Im dritten Schrittwird dasModell auf Kor-
rektheit überpr̈uft. Dafür werdenneue,pragmatischeKriterien eingef̈uhrt. Es
werdenpräziseFehlermeldungenzurückgegeben,die ein iterativesVerbessernder
Gescḧaftsprozessmodelle ermöglichen. In Schritt vier und fünf wird daserstellte
Modell auf eineWorkflow-Spezifikationabgebildet.Dazuwird auf die bereitser-
stelltePetrinetz-Formalisierungzurückgegriffen. Die Petrinetzewerdenzun̈achst
so erweitert,dasseineAusführungsstrategie festgelegt wird. Durch die Integra-
tion derStrategie werdenallevorhernochenthaltenenMehrdeutigkeitenbeseitigt.
AbschließendwerdenAktivitätenverfeinert.

DasvorgeschlageneVorgehensmodellbindetin derPraxisbewährteTechniken
ein und stellt angemesseneKriterien für die Fehlerkorrekturzur Verfügung. Das
gesamteVorgehensmodellsist methodischunterlegt undgreift auf Ergebnisseder
Petrinetztheorie,derSpieltheorieundderControllerSynthesiszurück.
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Chapter 1

Intr oduction

In this thesisamethodicallywell-foundedprocessmodelis presentedfor thespec-
ificationof functionalworkflow requirements.It is intendedto supportdomainex-
pertsmodelingtheir businessprocessesin a semiformalmannerandguidesthem
stepwisetowardsa formalworkflow specification.Thekey of theprocessmodelis
theintroductionof apragmaticcorrectnessmeanswhich is graduallyrefined.

In Section1.1 someterminologyis introduced.Then,in Section1.2 theproblem
is defined. In Section1.3, the problemsolving approachis explained. This is
followedby anoverview of thestructureof thethesis.

1.1 Background

In every company thereareproceduresaimedat providing increasedefficiency,
consistency, andquality. Among themareconceptssuchasbusinessprocessre-
engineeringandworkflow management.Their objective is to clarify, improve,and
coordinatecomplex activities andinteractions.

Businessprocessre-engineeringprojectsare concernedwith the designand re-
designof businessprocesses.A businessprocessis an orderedset of business
activities. Thegoalof abusinessprocessis to deliver specificproductsor services
while ensuringthe organization’s overall interests. Examplesfor businesspro-
cessesareprocessingpurchaseordersover thephone,processinginsuranceclaims,
andprocessinga carregistration.A businessactivity is anatomicamountof work
thatis performedby someprocessingentityor actor. Actorsareindividualsand/or
softwarecomponents.Examplesof activities includeupdatinga file or database,
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generatingabill, andassemblingpartsof aproduct.

Thecoreof businessprocessre-engineeringprojectsarethebusinessprocessde-
scriptions. A businessprocessdescriptionspecifiesin asemiformalmannerwhich
activities areexecutedin whatorder. It maybeenrichedby informationaboutthe
associatedactors,their organizationalassignment,documentsusedandprocessed,
and other relatedaspects.For an overview of aspectspossiblyrelevant for the
modelingof businessprocesses,see[JB96].

Thereis atrade-off betweenthenumberof aspectsthatareincorporatedinto abusi-
nessprocessdescriptionandtheusabilityof theresultingmodel.Clearly, themore
complex a descriptionbecomestheharderto make significantstatementsaboutits
behavior. Dependingon thegoalof themodeling,e.g.purecommunicationand/or
analysisdemands,a suitablelevel of abstractionmustbechosen.In this work we
concentratedon the functionalor controlflow aspects,i.e. theactivities andtheir
ordering(sequential,conditional,parallelanditerative routing). Theseaspectsare
coreof any businessprocessdescriptionasthey provide aconceptualbasisfor the
integrationof otheraspects.This restrictionallows for theuseof analysismethods
checkingsomedesiredbehavioral propertiesa processdescriptionshouldsatisfy.
However, it is clear that otherproperties,e.g. describingdependenciesbetween
resources,maynotbeinvestigated.

Besidefindingasuitableabstractionlevel, anotherissuein modelingbusinesspro-
cessesis the level of uncertaintyreflectedby the description. Businessprocess
descriptionsoftenremainvagueor coveronly partsof theactualprocesses.This is
dueto variousreasons.Oftenthereis only partialknowledgeabouttheprocesses
onthesideof theperformingactors- theknowledgemayeitherbedistributedover
severalactors,or (alwaysoftener)hiddenin theapplicationsused.Someprocesses
arejust difficult to describeasthey areonly looselystructuredor subjectof con-
stantchange,suchasprocessesincorporatinga lot of communicationor negotia-
tion (c.f. ad-hocand/orcollaborativeprocesses[Aal98]). Somelevel of uncertainty
mayevenbeintended,leaving roomfor interpretation,which in turn facilitatesthe
effort of differentpeopleto agreeonacommonmodelingresult.

Therearemodelingapproachesaccentinguncertainty. Ideasto expressuncertainty
rangefrom gradualrefinementconceptsto the useof fragments,partial descrip-
tionsof thebusinessprocesses.Within thiswork a certaindegreeof uncertaintyis
acceptedandspecificrefinementconceptsareintroducedfor their coverage.

Theobjectiveof workflowmanagementis to supporttheexecutionof businesspro-
cesses.Thepartsof a businessprocessthatcanbesupportedby a computersys-
temarecalledworkflows. In theglossaryof theWorkflow ManagementCoalition
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[Coa00] aworkflow is explainedastheautomationof abusinessprocess.

A workflowspecification1 is a representationwhich supportsautomatedmanipu-
lation, suchas modelingor enactmentby a workflow managementsystem. A
workflow specificationmainly containsthe sameinformationas a businesspro-
cessdescriptionbut at amoreelaboratedlevel of abstraction.

It definesa collectionof tasks2 andthe orderof taskinvocation. Furthermore,it
containsinformationrelevantto controllingandcoordinationof theexecutionof its
constituenttasks(e.g. requiredskills, possibleactors,associatedIT applications,
processeddata,andexecutionrequirements).

An instanceof a workflow specificationis denotedasa case(e.g. [Aal98]). In a
case,concretedocuments,informationand/ortasksarepassedto processingenti-
tiesfor action,accordingto theproceduralrulesdeterminedin theworkflow spec-
ification. An exampleof acaseis theprocessthathandlesanorderfrom Marie K.
Thecasemaybedistributedover severalprocessingentities.Thus,thecreditwor-
thinessof Marie K. maybechecked in theaccountancy while theordereditem is
alreadybeingassembledby employeesfrom theproductiondepartment.Casesare
handledby a workflowmanagementsystem.

A workflow managementsystem(WFMS) is a computersystemthat implements
workflow managementfunctionality. This coversthedefinitionof workflow spec-
ifications,their analysis,their simulationandthemonitoringof thecorresponding
cases(cf.[Law97, Fis01]). Definition, analysisandsimulationaredoneat design
time. However, thecoreof theWFMS-functionalityis themonitoringat run-time.

Monitoringof casescomprisestheir controlandtheir coordination.For eachmon-
itoredcase,theWFMSensuresthatthetasksof thecaseareperformedin theright
order, at the right time andby the right processingentities. This is doneby acti-
vating tasks,assigningtheembeddedactivities to processingentitiesandwaiting
for theactivity to becompleted.Which tasksareenabledat acertainpoint in time
dependsontheworkflow specification.Enforcementof rulesin aworkflow specifi-
cationby aWFMSis calledenactment[Coa00]. It is doneby theworkflow engine,
sometimesalsocalledworkflow controller.

A WFMS systemthat is instantiatedwith one or more workflow specifications
is calleda workflowsystem, just like a databasemanagementsysteminstantiated
with oneor moredatabaseschemasis calleda databasesystem.Until now, when
we usedWFMS we sometimesactuallymeanta workflow system.Fromnow on,

1In thevocabulary of theWorkflow ManagementCoalition(WFMC) a workflow specificationis
a processdefinition[Coa00]

2Tasksstandfor activities assignedto someactor.
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we will usethe term workflow systemwhenever we meana WFMS instantiated
with aworkflow specification.

“Businessprocessre-engineeringandworkflow managementarenaturalpartners.
The rise of workflow managementsystemsis an “essentialenabler”for business
processre-engineeringefforts. Conversely, somebusinessre-engineeringefforts
resultin thepurchaseof aworkflow managementsystem”[AH02a].

1.2 Problemstatement

A descriptionof a businessprocessandthecorrespondingworkflow specification
arevery similar. They both refer to the samesetof activities andtheir ordering,
but atdifferentlevelsof abstraction.Thedifferencesaredueto differentobjectives
andadiverseperspective.

A businessprocessdescriptionis madeby domainexperts. It describesthe pro-
cessesfrom a userperspective. Activities aredepictedasactive bits thatareexe-
cutedby actors.

Theobjective of a businessprocessdescriptionis to provide a basisfor communi-
cation. The descriptionsareusedfor variouspurposes.In the everydaylife of a
company they serve asmanualsfor processparticipantsor aslearningmaterialfor
newcomers. In businessprocessre-engineeringprojectsthey provide a basisfor
discussionin orderto detectoptimizationpotential.In preparationfor theuseof a
WFMS they provide abasisfor agreeingon theprocessesto besupported.

Thebusinessprocessdescriptionmustbeunderstandablefor peoplefrom verydif-
ferentbackgroundsand“knowledgecultures”,e.g. headsof departments,depart-
mentstaff, andIT experts.A businessprocessdescriptionshouldbeintuitive and
leave room for interpretation:the morewaysthereareto interpreta certaincon-
structthemorelikely it is thatagreementwill bereached.

A workflow specification,in contrast,is madeby IT-experts.It describesthepro-
cessto be supportedfrom a monitoringperspective. Activities areno longerthe
active bitsbut areembeddedwithin tasks.A taskcomprisestheinitiation of anac-
tivity (e.g.someonesinbasket is filled) andthewaitingfor its completion.A work-
flow specificationis usedas input for a WFMS and must thereforebe machine
readable.The descriptionhererefinesrepresentationof behavior for subsequent
monitoring. A workflow specificationmustbeunambiguousandmaynot contain
any uncertainties.This is a necessaryrequirementin orderto analyzeandsimu-
late the describedprocessesandto monitor their executionat run-time. A work-
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flow specificationalsocontainsdetailsthatarecloseto implementation.Whereas
it is sufficient for a businessprocessdescriptionto cover the setof desiredpro-
cessexecutions,a workflow specificationalso determineshow theseexecutions
areachieved. Thus,the workflow specificationincorporatesa strategy fixing the
efficiency of theexecutionssupportedat run-time.

Bothprocessdescriptions3 cover thesamematterof interest:theinvolvedactivities
andtheir order. Thecloserelationbetweenthetwo descriptionssuggestsderiving
onefrom the otherby changingthe level of abstraction.Modeling workflows, it
wouldbegoodto enhanceexistingbusinessprocessdescriptionssuchthatthey can
beusedasinputsfor aWFMS.

So far, thereis no methodicallywell-foundedprocessmodelthatbridgesthegap
betweenbusinessprocessandworkflow modeling. Onereasoncanbe found in a
badlyorganizedcommunicationbetweendomain-andIT-experts.But evenif those
involvedwork closelytogetherthecontinuoususeof businessprocessdescriptions
for the modelingof workflow is impossibleasthereis neithera standardmodel-
ing languagesupportingthedifferentabstractionlevelsnor anexchangeformatin
combinationwith transformationrulesto transformbusinessprocessdescriptions
into workflow specifications.

Thereare languagesthat have proved to be understandablefor the averageuser.
They provideasetof graphicalmodelingelementswhicharecombinedin astraight-
forwardmanner. Their semanticsis “intuiti ve” but not formally founded.

On the other hand, thereis a variety of languagesthat satisfy the requirements
posedby a workflow specification.They have formal, operationalsemanticsand
provide conceptsto specifyaspectscloseto implementation.Still, wheretheone
languagesupportsunderstandablemodelingit lacks formal semantics;the other
hasformal semanticsbut meetswith rejectionfrom modelers. Therehave been
many attemptsto bridgethe gapbetweenthe two concerns:the needfor a plain
communicationbasisontheonesideandanelaborateprocessdescription,covering
detailsof theimplementation,on theotherside.

ExistingWFMSsfollow a pragmaticapproach.They oftenuseaproprietarymod-
eling languagewith anintuitive graphicallayout. Theunderlyingsemanticslacks
a formal foundation.As a consequence,analysisissues,suchasthewarrantyof a
correctandreliableexecutionarenotsupportedatdesigntime. Failuredetectionis
only possiblewhile monitoringtheprocessexecution. It is clearthat failuresthat
areonly detectedat run-timemaybevery costlyandmaynotpleasecustomers.

3The genericterm processdescriptionwill be usedfor both businessprocessdescriptionand
workflow specification.
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Many researchapproachesaddressthis drawbackof practicalsystems.Consider-
ableefforts went into the formalizationof semiformalmodelinglanguages,such
asActivity diagrams[Esh02, EW00, EW01b], Statecharts[Har87, WW97], and
Event-drivenProcessChains[Aal99, CS94, LSW98, MR00, NR02,Rit00b, Rum99,
WWKD

�
97]. Still, theseapproachesdo notprovide asolution.Theformalization

removesambiguitiesandrestrictstheexpressiveness.This movesthederived de-
scription more towardsa suitableinput for workflow managementsystems,but
doesnot meetwith acceptancefrom modelers.Variousinterpretationswhich sup-
portedreachinganagreementbetweenthedifferentparticipantswerediscarded.

Otherapproachestry to adaptand/orfacilitatethe useof formal languages,such
asPetrinets[Pet62] or CCS(Calculusof CommunicatingSystems)[Mil80]. Here
the mostcommonapproachis the introductionof intuitive graphicalpatternsre-
placingconstructsof theprimarylanguage[Aal98, AHKB03, Mil99]. Thegoalis
to facilitatetheunderstandingof thedeterminedinterpretation.

Comingfrom eitherdirection,themainideais to defineacomprehensive modeling
languagewhich meetsall requirements,i.e. provides conceptsthat supportthe
differentlevelsof abstraction.As muchassuchagenerallanguagewouldsimplify
life, sofarnoneof theproposedlanguagesprovidesconceptsto cover thedifferent
levelsof abstractionseparately, e.g.throughasuitablerefinementrelation.Instead,
aspectsof bothabstractionlevelsgetmingled.

Thegoalof this thesisis not to propose“yet anothermodelinglanguage”,which
couldbridgethegap,but to take adifferentandmorepragmaticapproach.

Theideais to proposeacross-languageprocessmodelwhichgraduallyguidesthe
modelertowardsa soundworkflow specification.Suchaprocessmodelwouldnot
bebasedupononegeneralmodelinglanguagebut would supportthecombination
of different, existing, and acceptedtechniques.The proposedprocedurewould
startwith themodelingof a businessprocessusingan“intuiti ve”, but semiformal
modeling language. The procedurewould finally guide the modelertowardsa
soundworkflow specification,which is givenin termsof a formal language.

In the following we will discusstherequirementsthatsucha cross-languagepro-
cessmodelmustsatisfy.

Transformation rules Theuseof differenttechniquesfor differentconcernspro-
videsa goodbasisto meetthesuitablelevel of abstraction.However, it requires
paying particular attentionto a smoothtransformationbetweenthe techniques
used.Within theprocessmodel,rulesshouldbeprovided to supportthe transfor-
mationof a semiformaldescriptioninto a formal one. The transformationshould

11



maintainthevariousinterpretationsof thefirst processdescriptionbut shouldmade
themexplicit.

Suitable correctnesscriteria The gradualrefinementof a processdescription
shouldalso cover a refinementof correctnesscriteria. It is clear that the final
workflow specificationmustbe sound. This is a necessaryrequirementin order
to guaranteereliableprocessexecutionat run-time. Still, sucha strongcorrect-
nesscriterion restrictsthe modelingcapabilitiesat the level of businessprocess
descriptions.Therefore,alleviatedcorrectnesscriteria mustbe introducedwhich
fit therequirementsposedwithin businessprocessmodeling.Here,in orderto sup-
port the communicationbetweenparticipants,different interpretationsshouldbe
allowed.Only wronginterpretationsshouldbeexcluded.

Enhancementof implementation-closedetails Thegradualrefinementof abusi-
nessprocessdescriptiontowardsa workflow specificationshouldfurthermorein-
cludetheenhancementof detailsthatarecloseto implementation,e.g. efficiency
aspects.Whereasa businessprocessdescriptiononly determinesthe relevant ac-
tivities andtheir order, a workflow specificationshouldalsocontaininformation
determininghow theorderis enforced.

Changeof perspective Finally, the processmodelshouldcover the changeof
perspective. Froma usersperspective, whereactivities weredepictedastheactive
bits, theprocessspecificationmustbechangedtowardsa monitoringperspective.
Activities mustbeembeddedinto tasks.Fromthemachineperspective, activities
areseenaspassive. Theworkflow engineonly initiatestheir executionandawaits
their completion.

Having sketchedthebackgroundandtheproblemstatement,wenow formulatethe
goalof this thesisasfollows.

Basedon existing modelinglanguagesthat eachfulfill their specific
purpose,we will provide a methodicallywell-foundedprocessmodel
guiding the modelerfrom a businessprocessdescriptiontowardsa
soundworkflow specification.

12



1.3 Problemsolving approach

As languagefor theworkflow specificationwe chosePetri nets. Their suitability
for this applicationdomainhasbeenexaminedanddiscussedextensively in the
literature(e.g. [Aal98, AAH98]). They combinea graphicalrepresentationwith
a preciseformal foundation.Their operationalsemanticsallow theuseof thede-
rivedprocessdescriptionsright away asinput formatof a WFMS.Exampleof ex-
isting WFMSsworking on thebasisof PetrinetdescriptionsareCOSA(Software
Ley/COSASolutions[SL99]) or Income(GetProcessAG [Inc]).

As modelinglanguagefor thebusinessprocessdescriptionwerefertoEvent-driven
ProcessChains(EPCs),whicharefairly widespread.Reasonsfor theiracceptance
canbefoundin theirusefor therepresentationof theSAPreferencemodels[KT97]
andtheir tool-supportthroughtheARIS tool set[SJ02].

But, EPCsare just oneof a rich variety of acceptedbusinessprocessmodeling
languages.We emphasizethattheproposedprocessmodelis not restrictedto that
choice,but maybeadaptedfor othersemiformaltechniques.

Fivestepshaveto becompletedwhenguidingthemodelerfrom asemiformalbusi-
nessprocessdescription(basedon EPCs)towardsa soundworkflow specification
basedon Petrinets:

1. Businessprocessmodeling(EPCs),

2. Transformationinto WF-nets,

3. Correctnesscheckandfeedback,

4. Strategy determination& implementation,and

5. Controlrefinement.

Thewholeprocessmodelis illustratedin Figure1.1. It hasbeendesignedto sup-
portamodelerwhois probablyadomainexpertbut doesnotnecessarilyhavehigh
modelingexpertise.

The first threestepscover themodelingandthe revision of thebusinessprocess.
Only whenthe resultingprocessdescriptionis correctit is refineduntil it fits the
requirementsof a workflow specification.The intermediatestep“Transformation
into WF-nets”wasintroducedto provide a formal basisfor theapplicationof cor-
rectnesscriteria.
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Stepfour coversthedeterminationof efficiency aspects.Here,anexecutionstrat-
egy is determinedand implemented. In stepfive, the descriptionis refinedto-
wardsamonitoringperspective. Tasksarerefinedby decomposingtheminto three
phases,covering the initiation of the embeddedactivity, its processing,and the
waiting for theactivity to complete.

1st Step

3rd Step

4th Step

Set of activities & 
control flow 
dependencies

Business process 
description 
    based on EPCs

   (not ok)  
 List of deficient 
activities/  
control flow     
 dependencies

2nd Step

(ok)  
Correct business 
process description

5th Step

Sound workflow 
specification

Sound process 
description

Business 
process modeling 

(EPCs)

Transformation 
into WF-nets

Correctness 
check & 
feedback              Business  

process description 
based on WF-nets

Strategy 
determination & 
implementation

Control 
refinement

Figure1.1: A processmodelfor workflow modeling

Thekey of theproposedprocessmodellies in thecorrectnesscriteriafor thebusi-
nessprocessdescriptions.As mentionedearlier, the soundnesscriterion is only
practical for workflow specifications. Applying soundnessalreadyon business
processdescriptions,their expressive power would be restricted. Insteadof var-
ious possibleinterpretationsonly one would be consideredcorrect. Therefore,
lessstringentcorrectnesscriteriawereintroduced,namelyrelaxedsoundnessand
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robustness. Thesetwo criteria,which describea subsetof soundness,provide an
adequatecorrectnessunderstandingfor businessprocessdescriptions.Within the
describedprocessmodel,relaxed soundandrobust processdescriptionaretrans-
formedinto a soundspecification.This is donein stepfour “Strategy Determina-
tion & Implementation”.

1.4 Thesisstructur e

Theobjective of this thesisis to provide a processmodelfor workflow modeling.
Startingwith aninformaldescriptionof theactivities involvedandtheir functional
relation,themodelerwill beguidedtowardsa soundprocessdescription.There-
sult will beusedasa basisfor theexecutionsupportof themodeledprocess.The
structureof thethesismainly follows theorderof thefive proposedsteps(cf. Fig-
ure1.1).

In Chapter2 we review relevantconceptsandresultsfrom Petrinettheory. Work-
flow netsareintroduced,a subclassof Petrinetssuitablefor workflow modeling.
Existingcorrectnesscriteriaareproposedandcompared.

Chapter3 focuseson the modeling,analysis,andrevision of businessprocesses.
Wepresentanew methodappraisingthequalityof thederivedprocessdescriptions
andproviding correspondingfeedbackfor themodeler. Themethodincorporates
mappingEPCsto Petrinetsandcheckingthecorrectnessof derivedWF-netsusing
a new correctnesscriterion,namelyrelaxed soundness.At theendof thechapter
it is shown that the proposedmethodalsoappliesto othermodelingtechniques,
especiallythoseusedwithin realworkflow applications.

In Chapter4 thenew criterionrelaxedsoundnessis embeddedinto Petrinettheory.
Relationsbetweenexistingpropertiesandrelaxedsoundnessareconsidered.

Chapter5 describesa further part of the processmodel. Looking at a workflow
systemasa reactive systemit is arguedfor anothercorrectnesscriterionindicating
thattheprocesscanreactrobustly to possibleeventscomingfrom theenvironment.
A correspondingpropertyis introducedandanalgorithmis provided for its veri-
fication. The algorithmis proven to be correctandcomplete. Finally, relations
betweenrobustnessandotherpropertiesarediscussed.

Chapter6 focuseson thegenerationof soundprocessdescriptions.It startswith
anintroductionof thetheoreticalbackgroundrelatedto thetheoryof regions.Ap-
plying existing results,variouswaysareconsideredto generatea soundprocess
descriptionon thebasisof only relaxedsoundandrobustspecifications.
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Chapter7 focuseson theimplementationof differentschedulingstrategies.Trans-
forming a relaxed soundandrobust processdescriptioninto a soundprocessde-
scription,oneschedulingstrategy becomesfixed. Possiblestrategiesandtheir im-
plementationarediscussed.

In Chapter8 thewholeprocessmodelis describedin detail.Thenewly introduced
conceptsareembedded.Throughoutthechaptertheproposedprocedureis applied
to a runningexample. At the endof this chapter, we discussthe applicationof
thederivedprocessdescriptionasinput for realWFMSs.This is illustratedby an
exampleusingStaffware,oneof theleadingworkflow managementsystems.

Theconclusionsarepresentedin Chapter9. Theproposedprocessmodelbridges
the gapbetweenbusinessprocessandworkflow modeling. It enablesthe useof
processdescriptionsmadein businessre-engineeringprojectsfor themodelingof
workflow specifications.Passingthroughfive steps,the domainexpert is guided
throughrefining a businessprocessdescriptionuntil it canbe usedasinput for a
WFMS.Therearevariousbenefitsthatcomewith theproposedprocedure.These,
and major resultsof the researchoutcomesare summarizedin the last chapter.
Finally topicsfor futureresearchareidentified.
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Chapter 2

Preliminaries

Within this work Petrinetsareusedto modelworkflows. Petrinetsareoneof the
mostpopularformal modelsof concurrentsystems.Their introductiongoesback
to the early 1960s([Pet62]). Sincethen, therehave beentremendousdevelop-
mentsin boththeoryandapplications.Thelatestcompilation(March2003)of the
scientific literaturerelatedto Petri nets(http://www.daimi.au.dk/PetriNets/biblio-
graphies/pnbibl.html)containsmorethan8000entriesfrom hundredsof authorsall
aroundtheworld. Well-known introductionsto theapplicationandtheoryof Petri
netsare[Mur89, Rei85] and[Jen92, Jen95]. A morerecentsurvey canbefoundin
[RR98a, RR98b].

Petrinetshavebeenapopularchoicefor many applicationdomains.Thisdevelop-
mentis basedon their graphicalrepresentation,their excellentformal foundation,
andtherich varietyof existinganalysistechniquesandtools.

In this chapter, conceptsandresultsfrom Petrinettheoryarereviewedwhich will
beusedlaterin thethesis.In thefirst section,Place/Transitionnetsaredefinedand
their structuralanddynamicalpropertiesareoutlined. Someresultsrelating the
propertiesarerecalledfrom Petri net theory. In Section2.2, WF-nets,a subclass
of Place/Transitionnets,areintroducedandrelevantpropertiesarediscussed.The
chapterfinisheswith a sectiononrelatedwork.

2.1 Place/Transition nets

A Petri net is a directedbipartitegraph. The two sortsof nodesarecalledplaces
andtransitions.Placesarerepresentedby circles,andtransitionsby boxes.
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Definition 2.1(Place/Transition net).
A Place/Transitionnet(P/Tnet) is a triple

�������	��

�
:
�

is a finite setof places,�
is a finite setof transitions

�������������
,

�������������������� �
�

is a setof
arcs(flow relation)1.

Givena node ! of
�"���

, theset #$! ��%'&)(*�+&,� ! �.-/
.0 is a presetof ! . Theset! # �1%'&)(*� ! �2&3�4-5
40 is a postsetof ! . The elementsin thepreset(postset)of a
placearecalledits input (output)transitions.Similarly, theelementsin thepreset
(postset)of a transitionareits input (output)places.

Givenaset 6 of nodes,6 �5�7�8� , we define # 6 ��9	:<;>= # ! and6 # ��9 :<;?= !,# . Giventwo setsof nodes6 and @ , 6BAC@ denotesthesetof nodes
of 6 thatdo notbelongto @ .

2.1.1 Structural propertiesof nets

In this section,conceptsdescribingstructuralpropertiesof Petri netsare intro-
duced.Structuralpropertiesarepropertiesthatdependonly on thenetwork struc-
tureof thenet.Since,Petrinetscanbeviewedasspecialgraphs,graphterminology
alsoappliesto nets.

Definition 2.2(Path in
�ED

).
In the Petri net

�FDG�H�������I��
J�
, a path from a node !,K to a node !ML is a non-

emptysequence
� !,K �ONONONP� !QL � such that

� !MR � !QR �TS �I-U
 for VXWZY[WZ\^]7_ . A path� !QK �ONONONP� !QL � is said to lead from !,K to !QL . Notethat a sequencecontainingone
elementis an emptypath.

Elementarypathsareof specialinterest.

Definition 2.3(Elementary).
A path

� !,K �ONONONP� !QL � in thePetri net
�ED`���������	��
J�

is elementaryiff !MRba� !dc for
anytwonodes!QR � !ec � VfW/YhgjikW/\ .

Definition 2.4(Strongly connected).
A Petri netis stronglyconnectediff for everypair of nodes! and

&
, there is a path

leadingfrom ! to
&
.

Specialcombinationsof elementarypathsarecalledhandles.Theconceptof han-
dleshasbeenintroducedfirst in [ES90].

1Unlessstatedotherwisewealwaysreferto ordinaryPlace/Transitionnetswith arcweightsequal
to one.
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Definition 2.5(PT-handle,TP-handle).
In thePetri net

�EDl�m�������I��
J�
, a place-transitionpair

�onC�2p��q-r���^�
is a PT-

handleif there are two elementarypathsfrom
n

to
p

sharingonly the two nodesn
and

p
; a transition-placepair

�+ps��nt�8-u�v�w�
is a TP-handleif there are two

elementarypathsfrom
n

to
p

sharingonly thetwonodes
n

and
p
.

As handlesoftendenotepotentialproblemsin thedesignflow, a conceptfor their
non-existenceis needed.

Definition 2.6(Well-handled).
A Petri netis well-handledif it hasno PT-handlesandno TP-handles.

Anotherimportantgraphpropertyconcernstheexistenceof cycles.

Definition 2.7(Cycle-free,pure).
A Petri net

�������	��
J�
is cycle-free, if for any node ! there is no non-emptypath

leadingfrom ! to ! . A Petri net
�������	��
J�

is pure iff

7�X
.x S �y� 2.

In apurenet,for eachtransition
p

holds: # pt�kp # �y� (noself loops).Thisproperty
is importantfor the analysisof nets,becauseit meansthat thereis a one-to-one
correspondencebetweenthenetandits incidencematrix (seeDef. 2.24).

Thenext definitionprovidesaway to expresstheabsenceof redundancy.

Definition 2.8(t-simple).
A Petri net is t-simplewhenno two transitions

p
and
p{z

havethesamesetsof input
andoutputplaces,i.e. | ps�2p{z # p a� # p}z or

p # a�7p}z #
Importantsubclassesof Petri netsare statemachines,marked graphs,and free-
choicenets,eachwith specificconstraintson thegraphicalstructure.

In astatemachineall transitionshave exactlyoneinput andoneoutputplace.

Definition 2.9(Statemachine).
A Petri net

�ED~���������	��
J�
is a statemachineiff | ph-8�"��( # p�(���( p # (�� _ .

A Petri net is calleda marked graphif all placeshave exactly oneinput andone
outputtransition.

Definition 2.10(Mark ed graph).
A Petri net

�ED~���������	��
J�
is a markedgraphiff | n -����Q( # n�(���( n # (�� _ .

2 �h���Q�^�'���������������d���>�Q����� is theinverseof �
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In free-choicenets[DE95], bothsynchronizationandconflictareallowed,but may
not interfere,i.e. eithera choiceis precededby a synchronizationor synchroniza-
tion isprecededbyachoice.Thiswaytheresultof achoicebetweentwo transitions
is not influencedby therestof thenet.

Definition 2.11(Free-choicenets).
A Petri net

�FD��~�������	��

�
is a free-choicenet (basicallyextendedfree-choice)

iff | p$�2p z -X�"� # p)� # p z ���b� # p�� # p z .
The next definition introducesthe subnetconcept. It is usedto defineS- and T-
componentsandrelatedPetrinetproperties.

Definition 2.12(Subnet).
ThePetri net

�ED z ����� z ��� z ��
 z �
is a subnetof net

�ED ���������	��
J�
iff
� z ������	zt���	�

and

qz��y
Z�U�2���qz)�8�	z��)�����Iz,���Ez��2�

.

Definition 2.13(S-component).
Subnet

�ED z ����� z ��� z ��
 z �
is an S-componentof thePetri net

�ED ���������I��
J�
iff�ED^z

is a stronglyconnectedstatemachinesuch that | n^-��qz�� # n
�Jn # ���	z .
Definition 2.14(S-coverability).
A Petri net

�FD¡�`�������I��
J�
is S-coverable iff for each place

nu-Z�
there is an

S-component
�ED¢z3�����qz����	z+��
qz£�

of
�ED

such that
n¢-��qz

.

Definition 2.15(T-component).
Subnet

�ED z ����� z ��� z ��
 z �
is a T-componentof thePetri net

�ED¤�m�������	��
J�
iff�ED^z

is a stronglyconnectedmarkedgraphsuch that | p¥-X�Iz,� # p)�kp # �5�qz .
Definition 2.16(T-coverability).
A Petri net

�������	��

�
is T-coverable iff for each transition

pj-¦�
there is a T-

component
���qz����	z+��
qz£�

of
�ED

such that
ph-§�	z

.

2.1.2 Executionof Petri nets

In thissectionmarkingsareintroducedandthefiring rule,by meansof whichanet
is transformedinto a dynamicsystem.A placecancontainzeroor more tokens.
Tokensarerepresentedby blackdots. Theglobalstateof a Petrinet is calledthe
marking.

Definition 2.17(Markings).
Themarkingof a Petri net

�������I��
J�
is thedistribution of tokensover places¨ �e� ],©�ª D that assignsto everyplacethenumberof tokens

¨ �ont�
that reside

in
n
. A place

n
is markedat a marking

¨
iff
¨ �on���« V .
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A marking
¨

changesby firing a transition
p
. A transition

p
mayfire only if it is

enabled. A transition
p

is enabledin marking
¨

, written
¨ ¬],© if f every input

placeof
p

containsat leastonetoken. If a transition
p

is enabledin marking
¨

, it
mayfire: onetoken is removed from every input placeandonetoken is addedto
every outputplace.

Definition 2.18(Firing rule).
A transition

p[-X�
is saidto beenabledby themarking

¨
iff | n^- # ph� ¨ �on���­ _ .

In thiscase
p

canfire. Firing of transition
p

leadsfrommarking
¨

to marking
¨ z

,
where

¨ z �ont�®� ¯°± °² ¨ �on�� ]5_ if
n¢- # p A p # �¨ �on��)³ _ if
n¢-§p #®A[# p´�¨ �on��

otherwise

written as
¨ ¬]M© ¨ z .

Wewrite
¨ ]M© ¨ z to indicatethatby firing onetransitionin

¨
marking

¨ z
can

bereached.Next, wedefinetheconceptsfiring sequencesandreachablemarkings.

Definition 2.19((Finite) Firing sequence).
A sequenceof transitions µ ��p S p{¶$p�·?N�N�N is a firing sequence,enabledat

¨ S if

there are markings
¨ ¶ � ¨ · N�N�N

, such that
¨ S ¬ �]Q© ¨ ¶ ¬£¸],© ¨ · ¬�¹]Q© N�N�N

We write¨ S º]M© . A finite sequenceof transitions µ ��p S p ¶ N�N�N�p L x S givesa finite firing
sequence,enabledat

¨ S . Here, wewrite
¨ S º]Q© ¨ L .

Note,theemptysequence» is enabledatany marking
¨

andsatisfies̈
¼]Q© ¨ .

Definition 2.20(Reachablemarking).
A marking

¨ L is reachablefrom
¨ S (notation

¨ S ½]M© ¨ L ) if there is a finite
firing sequenceµ such that

¨ S¤º],© ¨ L .
Thesetof markingsreachablefrom amarking

¨
is denotedas ¾À¿)Á � ¨ � :¾À¿)Á � ¨ ���Â% ¨ zÃ( ¨ ½]M© ¨ z+0 .

Net system

To emphasizethedifferencebetweenthestaticandthedynamiclevel of a net,the
conceptof anetsystemis introduced.
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Definition 2.21(Net system).
A netsystemÄ (or just a system)is a pair

���ED¢� ¨ R � , obtainedby associatingan
initial marking

¨ R to thePetri net
�ED

.

Note, that in this thesispropertiesaresometimestransferedfrom netsto systems,
e.g.sayingthata systemis well-handledalsoimpliesthattheunderlyingPetrinet
is well-handled.

Reachability graph

The behavior of a Petri net canbe describedvia a labeledtransitionsystem. A
labeledtransitionsystemis a directedgraphwith nodesrepresentingstatesand
edgesrepresentingstatetransitions.Theedgesof thegrapharelabeled.Thelabel
denoteswhat happenswhen the action representedby the edgeis taken. Most
transitionsystemshave adistinguishednode,indicatingtheinitial state.

Definition 2.22(Transition system).
A Transition System(TS) is a quadruple

� Ä � �ÆÅ���Ç	��Èf�2É R*L � , where
Å

is a
nonemptysetof states,

Ç
is a setof labels,

Èl�mÅ1�rÇ"��Å
is a transitionre-

lation, and
É R*L -jÅ is an initial state. A transitionsystemis finite if

Å
and
Ç

are
finite.

Thereachabilitygraphof a systemÄ �����FD^� ¨ R � is the transitionsystemwhere
the statesare the reachablemarkings,the labelsare the transitions,the distin-
guishedinitial stateis the initial marking and the labelededgesare all triples� ¨ �2p$� ¨ z �

suchthat
¨ � ¨ z

arereachablemarkingssatisfying
¨ ¬]Q© ¨ z .

Definition 2.23(Reachability graph).
For the systemÄ � ���ED^� ¨ R � with

�ED �Ê���b���	��
J�
, the reachability graph¾FËqÌ ���ÆÅ®��Çb��ÈÍ�2É RÎL � is a transitionssystemwith:ÅÏ� ¾À¿)Á � ¨ R � assetof states,

Ç/�7�
and
È��Â%�� ¨ �2p$� ¨ z��O( ¨ � ¨ zt- ¾�¿)Á � ¨ R �2Ðph-X�/Ð ¨ ¬],© ¨ z�0 assetof labelededges,and

É R*L � ¨ R asinitial state.

As the set of labelsand the initial stateare implicitly specifiedby the systemÄ �Ñ���FD^� ¨ R � the reachabilitygraph ¾FËEÌ is determinedby the set of reach-
ablemarkings

Å
togetherwith thesetof edges

È
. We thereforeusetheshortcut

notation: ¾FËqÌ ���ÆÅ���È.� .
Thereis a direct correspondencebetweena path in the reachabilitygraphanda
firing sequencein the Petri net. A path Ò of the reachabilitygraphis a sequence
(finite or infinite) of labelededges:
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Ò ��� ¨ S �2p S � ¨ ¶P��� ¨ ¶<�2p{¶<� ¨ ·P��� ¨ ·<�2p{·<� ¨jÓ �sN�N�N
As the pathcorrespondsto the firing sequence

p S p ¶ p · N�N�N enabledin
¨ S , we also

write
¨ S Ô]M© . Correspondingly, the elementsof

È
will often be denotedby¨ ¬]M© ¨ z insteadof

� ¨ �2ps� ¨ z �
.

Throughtheedgesof thereachabilitygraph ¾FË a predecessor/successor relation-
ship is definedon theelementsof

Å
.
¨ S is predecessorof

¨ L if thereis a path
leadingfrom

¨ S to
¨ L (

¨ SG½]Q© ¨ L ). We call
¨

the immediatepredecessorof¨ z
if thereis anedgeleadingfrom

¨
to
¨ z

(
¨ ]Q© ¨ z ).

Thefunctions
nMÕ�ÖP×�Ø,Ùh���qÕ�Ö'×�Ø,Ù/�3Å ]Q©�Ú�Û denotethesetof (immediate)prede-

cessorsof astatë
-¢Å

.nMÕ�ÖP×�Ø,Ùh� ¨ �h�o�Â% ¨ z ( ¨ z -¢ÅuÐ ¨ z ]Q© ¨ 0�qÕ�ÖP×�Ø,Ùh� ¨ �[�o�Ï% ¨ zÃ( ¨ z�-^ÅuÐ ¨ z ½]Q© ¨ 0
By analogy, the functions ÜPÝQÞ�Þ ØQÙ and Ä�ÝQÞ�Þ ØQÙ aredefined,denotingthe setsof
immediatesuccessorsandsuccessorsfor a statë

-¢Å
.

ÜPÝQÞ�Þ ØQÙ�� ¨ �h�o�Â% ¨ z ( ¨ z -¢ÅZÐ ¨ ]Q© ¨ z 0Ä�Ý,Þ�Þ � ¨ ��Ø,Ù��o�Â% ¨ zÆ( ¨ zt-¢ÅZÐ ¨ ½],© ¨ z+0
The setof successorsof a marking

¨
in a system Ä �����ED^� ¨ R � is of course

equivalentto thesetof reachablemarkingsfrom
¨

, Ä�Ý,Þ$Þ Ø,Ù�� ¨ ��� ¾�¿)Á � ¨ � .�qÕ�Ö'×�Ø,Ù���ß��
denotesthesetof markings̈

- ¾�¿)Á � ¨ R � suchthat thereis a path
from

¨
to
ß
,
¨ ½]M© ß . Clearly,

�qÕ�Ö'×dØQÙ���ß��
is only definedif

ß.- ¾�¿)Á � ¨ R � .
Theconstructionof thereachabilitygraph ¾FË is straightforward,althoughtermi-
nationcannotbe guaranteed,becauseit might be infinite. This is the caseif the
correspondingPetri net is unbounded(cf. Def. 2.33), i.e. containsplaceswhich
have no limit to thenumberof tokens.As a consequencethenumberof markings
in thereachabilitygraphis infinite.

The incidencematrix of a net

A moreefficientwayto analyzethebehavior of aPetrinetis basedontheintroduc-
tion of the incidencematrix. Thesetsof transitionsandplaceswithin a Petri net
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arefinite. The definition of markingsthereforesuggestsusinga vectornotation.
Themarking

¨ �à� ]Q©¤ª D canberepresentedasavectorof length
( �8(

.

Definition 2.24(Incidencematrix of a net).
For thePetri net

�ED~���������	��
J�
, theincidencematrixá �Q�����X�q� ]Q© % ]E_ � V � _ 0 is definedby

á �onT�2p2��� ¯°± °² ]F_ if
n¢- # p A p # �³ _ if
n¢-Xp #®Ab# p$�V otherwise

In anincidencematrix,therowsrepresenttheplacesof aPetrinetandthecolumns
representthetransitions.Thecolumnvector

� ]Q© % ]E_ � V � _ 0 of
á

associatedto a
transition

p
is denotedby â . Similarly, therow vector

� ]M© % ]E_ � V � _ 0 associated
to aplace

n
is denotedby ã .

Theentry
á �onC�2p2�

correspondsto thechangeof themarkingof theplace
n

caused
by the occurrenceof the transition

p
. Henceif

p
is enabledat a marking

¨
and¨ ¬]Q© ¨ z then

¨ z � ¨ ³ â . For a generalizationof this equationto sequences
of transitions,we needthefollowing definition:

Definition 2.25(Parikh vectorsof transition sequences).
For thePetri net

�FD~�����b���	��
J�
anda finitesequenceof transitionsµ , theParikh

vector äµ ��� ©¤ª D of µ mapseverytransition
p

of
�

to thenumberof occurrences
of
p

in µ .

With thisdefinition,theMarking EquationLemmacanbeformulated.

Lemma 2.26(Marking equation lemma).
For everyfinitefiring sequencë º],© ¨ z ofaPetri net

�ED
thefollowingmarking

equationholds:¨ z � ¨ ³ áÂå äµ
Oneof thestructuralpropertiesof Petrinetsarethenet invariants,namelytransi-
tion invariants(Def. 2.27)andplaceinvariants(Def. 2.30).

Transitioninvariantsarerelatedto firing sequenceswhichreproduceamarking.A
transitioninvariantis amappingthatassignsanintegerto eachtransitiondenoting
how many timesthe correspondingtransitionmustfire in orderfor a markingto
be repeated.Note that theorderof the transitionsin thefiring sequenceis lost if
vectornotationis used.
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Definition 2.27(Transition invariant).
A transition invariant (T-invariant) of a Petri net

�ED �æ�������I��
J�
is a vector@�a� äV that satisfiesthefollowing equation:

á"å @ � ç ¿ çè é�ê ë� V � V �ONONON V �
A T-invariant @ of a Petri net is called semi-positiveif @ ­ äV and @ a� äV 3.
A T-invariantis calledpositiveif @ « äV , i.e. @ �+p2�I« V for every transition

p
. The

supportof asemi-positive T-invariant @ , denotedby ì�@fí , is thesetof transitions
p

satisfying @ �+p2�h« V .
A semi-positive T-invariant @ is minimumif nosemi-positive invariant 6 satisfiesì+6Uí4î�ì�@.í . T-invariantshave the following fundamentalproperty. Let

¨
and¨ z

bemarkingsof aPetrinet
�ED

, andlet µ beasequenceof transitionssuchthat¨ º]M© ¨ z . Wehave
¨ � ¨ z

if f theParikhvector äµ is aT-invariantof
�ED

.

Theotherway arounddoesnot hold. Not every T-invariantcorrespondsto a firing
sequencethatreproducesa specificmarking.TheT-invariantmustfurthermorebe
realizable[Lau02] with respectto a reachablemarkingof thenetsystem.

Definition 2.28(RealizableT-invariant).
AT-invariant @ ­ äV ofasystemÄ �����ED¢� ¨ R � with

�FD~�����b���	��
J�
is realizable

in Ä iff there is a marking
¨

reachable from
¨ R and a firing sequenceµ with¨ º]M© and äµ � @ .

A Petrinet
�EDï�v�������	��

�

is saidto becoveredby T-invariantsif for any
pI-��

thereis asemi-positive T-invariant @ whichsupports
p
,
p[- ì�@fí .

Proposition 2.29(T-componentsinduceminimum T-invariants).
Let
D¢zM�����qz+���	z���
qz£�

bea T-componentof
�ED~���������	��
J�

. Then@ , with

@ �+p R �®�¦ð _ �Hp R -X�	zV �
otherwise

is a minimumT-invariant of
�ED

.

Place invariants arerelatedto setsof placeswhoseweightedtoken sumalways
remainsconstant.Placeinvariantsarerepresentedby ann-columnvector 6 , where\ is thenumberof placesof thenetwhosenon-zeroentriescorrespondto theplaces
thatbelongto theparticularplaceinvariant,with zeroseverywhereelse.

3Wewrite ñuò8ó ( ñyôÍó ) if ñ ��õ>� òkó ��õ>� ( ñ ��õ>� ôÍó ��õ?� ) for every elementõ of a finite setö
, whereñ and ó aremappingsfrom

ö
to ÷ , with ÷ denotingthesetof rationalnumbers.
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Definition 2.30(Placeinvariant).
A placeinvariant (P-invariant) of a Petri net is a vector 6 that satisfiesthe fol-
lowing equation:

6^ø å�á � V � for all
¨ - ¾À¿)Á � ¨ R �

where 6 ø is thetransposeof vector 6 .

A placeinvarianthasthefundamentalpropertythattheweightedtokensumin the
placesof the invariantremainsconstantat all markingsandthis sumis invariant
giventhe initial marking

¨ R of thenet. Thereforeplaceinvariantssatisfythefol-
lowing equation:¨ å 6 � ¨ R å 6
Theconceptssemi-positive andpositive P-invariantaredefinedasfor T-invariants.

Therearetwo setsof placesthatareinterestingfor specificanalysisissues:siphons
andtraps.

Definition 2.31(Siphon).
A set ¾ of places,¾ �Z� , of a Petri net

�EDï�¦�������	��
J�
is a siphonif # ¾ � ¾ # .

A siphonis calledproperif it is not theemptyset.A siphon¾ is calledminimumif
there is nosiphon ¾ z with ¾ z î5¾ .

Thecharacteristicpropertyof asiphonis thatonceunmarkedit remainsunmarked.

Definition 2.32(Trap).
A set ¾ of places,¾ ��� , of a Petri net

�ED��~�������I��
J�
is a trap if ¾ # � # ¾ .

A trapis calledproperif it is not theemptyset.A trap ¾ is calledminimumif there
is no trap ¾ z with ¾ z îù¾ .

Oncemarkeda trapremainsmarked.

2.1.3 Dynamic propertiesof net systems

In this section,somedynamicpropertiesof net systems(boundedness,liveness,
andrelatedproperties)arereviewed,followedby selectedrelationsbetweenstruc-
tural anddynamicpropertiesof netsystems.
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Definition 2.33(Bounded,safe).
A system

���ED¢� ¨ R � is bounded iff for each place
n

there is a natural number ú
such that, for every reachablemarking, thenumberof tokensin

n
is lessthan or

equalto ú (b-bounded).Thesystemis safeiff for each placethemaximumnumber
of tokensdoesnotexceed1 (1-bounded).

Definition 2.34(Structurally bounded).
A Petri net

�ED
is structurally boundedif it is boundedfor anyinitial marking.

Definition 2.35(Dead,live transition).
Let
���FD^� ¨ R � bea system.A transition

p[-X�
is� dead if there is nomarking

¨
reachablefrom

¨ R which enables
p
.� live if

p
canalwaysfireagain. Fromeveryreachablemarking

¨
a marking¨ z

is reachable(
¨ ½]Q© ¨ z ) which enables

p
.

A system
���ED¢� ¨ R � is live if every transitionis live. A system

���ED¢� ¨ R � is
deadlock-freeif every reachablemarkingenablesat leastonetransition.

Definition 2.36(Structurally live).
A Petri net

�ED
is structurally live if there is a marking

¨ R of
�ED

such that���ED^� ¨ R � is a live system.

Definition 2.37(Well-formed).
A Petri net

�ED
is well-formedif it is structurally boundedandstructurally live.

Theresultspresentedin thefollowing describerelationsbetweenstructuralanddy-
namicpropertiesof netsystems.Thefirst andthesecondresultstemfrom [ES90]
andpertainto theabsenceof handles.

Theorem 2.38([ES90]Theorem 3.1).
Let
�ED`���������I��
J�

bea stronglyconnectednet. If
�ED

hasno TP-handle, PN is
structurally bounded.

Theorem 2.39([ES90]Theorem 3.2).
Let
�FD~�����b���	��
J�

beastronglyconnectedPetri netwithoutTP-andPT-handles.

a) PN is structurally live.

b) PN is coveredby S-components

c) PN is coveredby T-components
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The next resultswere presentedin [DE95]. They refer to the dynamicbehav-
ior thatcanbededucedassumingrestrictednet-structures,suchasstatemachines
(cf. Def. 2.9)andmarkedgraphs(cf. Def. 2.10).

Theorem 2.40(Li venesstheorem, [DE95] Theorem 3.3).
Let
�EDl�û�������	��
J�

bea statemachine. Thesystem
���ED¢� ¨ R � is live iff

�FD
is

stronglyconnectedand
¨ R marksat leastoneplace.

Theorem 2.41(Boundednesstheorem, [DE95] Theorem 3.5).
Let
�FD~�����b���	��
J�

bea statemachineandlet thesystemÄ �����ED^� ¨ R � belive.���ED^� ¨ R � is b-boundediff ü�ý ; ¿ ¨ R �on�� Wùú .
Fromthistheoremthefollowing corollarywasderived(cf.[DE95] Corollary3.19).

Corollary 2.42(Placeboundsin live T-systems).
Let
���ED^� ¨ R � be a live marked graph.

���FD^� ¨ R � is boundediff
�ED

is strongly
connected4.

Theorem 2.43(Li venessin strongly connectedT-systems,[DE95] Theorem 3.17).
Let
�EDæ�~���b���	��
J�

bea strongly connectedmarked graph and
���ED^� ¨ R � be a

system.Thefollowingstatementsare equivalent:

(a)
���ED¢� ¨ R � is live.

(b)
���ED¢� ¨ R � is deadlock-free.

(c)
���ED¢� ¨ R � hasan infinite firing sequence.

Thefinal theoremrefersto free-choicenets.

Theorem 2.44([DE95] Theorem 5.8).
Let
�FD

bea well-formed,andfree-choicenet.

(a)
�ED

hasa positiveP-invariant.

(b) Everysystem
���ED¢� ¨ �

is bounded.

(c) A system
���ED¢� ¨ �

is live iff everyS-componentof
�ED

is markedat
¨

.

4NotethataT-system[DE95] is astronglyconnectedmarkedgraphwith aninitial marking.
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2.2 Workflow nets

In [Aal97] Petri net theoryis appliedto processmodelingandworkflow netsare
introduced(WF-net). A WF-netis a Petrinetwhich hasa uniquesourceplace(i)
anda uniquesink place(o). This correspondsto the fact that any casehandled
by theprocessdescriptionis createdif it enterstheWFMSandis deletedonceit is
completelyhandledby theWFMS.

In suchanet,a taskis modeledby a transitionandintermediatestatesaremodeled
by places.A token in thesourceplace Y correspondsto a casewhich needsto be
handled,a token in thesink place

ß
correspondsto a casethat hasbeenhandled.

The processstateis definedby the marking. In addition,a WF-net requiresall
nodes(i.e. transitionsandplaces)to beonsomepathfrom i to o. Thisensuresthat
every task(transition)or condition(place)contributesto theprocessingof cases.

Definition 2.45(WF-net).
A Petri net

�ED~���������	��
J�
is a WF-net,if:

(i) PNhastwospecialplaces,Y and
ß
. Place Y is theonlysource( # Y ��� ) andplaceß

is theonly sink(
ß # �y� ).

(ii) Let
p ½fþ-X� . Theshort-circuitednet

�ED ���������/� %'p ½ 0���
Z� %���ß��2p ½ �s�P�+p ½ � Y �´0?�
is stronglyconnected.

Figure 2.1 gives an exampleof a WF-net. It describesthe processingof com-
plaints5.

Consideringthebehavior of aWF-net,wewill alwaysinvestigatethelife-cycleof a
singlecase,thusconsidersystemswhereinitially only thesourceplaceY is marked
(
¨ R � Y �¥� _ andfor all

n -^� A % Y 0
� ¨ R �on���� V ). Soif
�EDH���������I��
J�

is aWF-
net, we will investigatethe behavior of the correspondingWF-system

���ED¢� Y � 6.
Therelationbetweena WF-net

�ED
anda WF-system

���ED¢� Y � is usedto transfer
propertiesfrom netsto systems,e.g.sayingthataWF-netis soundimpliesthatthe
correspondingWF-systemis sound.

In the following, existing correctnesscriteria for WF-netsarepresented.We will
look atthestructuralpropertywell-structurednessandthedynamicpropertysound-
ness.

5A differentversionof this examplewaspresentedin [Aal98].
6Notethatthereis anoverloadingof notation:thesymbolsÿ and � areusedbothasidentifiersfor

thestartandendplacesaswell asto depictthemarkingswheretheseplacescontainonetoken. The
relevantmeaningcanbederivedfrom thecontext.
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Figure2.1: A WF-netmodelingtheprocessingof complaints

2.2.1 Structural and dynamic properties
of WF-nets

Many of the Petri net propertiesintroducedin Sections2.1.1and2.1.3hold for
stronglyconnectednets,e.g.T- andS-coverability andliveness.WF-netsarenot
stronglyconnectedbut have oneinputandoneoutputplace.

A possibilityto applyexistingpropertiesto WF-netsconsistsin short-circuitingthe
netby addinga singletransition

p ½ (
p ½ þ-�� ), which connectsplace

ß
andplace Y .

Theshort-circuitednet
�FD

is usedto infer to thebehavior of theprimaryWF-net,
e.g. sayingthata WF-netis live impliesthat theshort-circuitednet is live. In this
way, mostof thepropertiescanbeappliedto WF-nets.

The caseis different for propertiesthat do not refer to strongly connectednets.
Here, it is not possiblein all casesto infer from the validity of a propertyin the
short-circuitednetto its validity in theprimaryWF-net,but for mostof theproper-
tiesthis relationis easyto prove or to disprove. For example,it is obviousthatthe
WF-netis free-choiceor t-simpleif theshort-circuitedWF-netis. Theadditional
transition

p ½ establishesanew connectionbetweentwo places.Its introductionnei-
ther introducesa non-free-choiceconflict nor violatesthe t-simple-condition(see
Def. 2.8). But the relationdoesnot hold for theabsenceof cycles(cycle-free) or
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for boundedness. This canbeconfirmedby a simplecounter-examplelike theone
shown in Figure2.2. TheprimaryWF-net

�ED
is boundedandcycle-free,whereas

t*

i

p1

p2 ot1

t1
t3

PN PN

i ot1

t1
t3

t4 t4

p3 p1

p2

p3

Figure2.2: A simplecounter-example

theshort-circuitednet
�ED

satisfiesneitherof theseproperties.

Since, there is no proof (or disproof) that the short-circuitednet
�ED

is well-
handledif the primary WF-net

�ED
is, in [Aal97] a new concept,namelywell-

structurednesswasintroduced.

Definition 2.46(Well-structured).
A WF-net

�FD
is well-structured if theshort-circuitednet

�ED
is well-handled.

The WF-net of Figure 2.1 is not well-structured. Thereare both PT- and TP-
handles.Examplesarethetransition-placepairAND split/c5andtheplace-transition
pairc5/AND join.

An importantcorrectnesscriteriafor WF-netsissoundnessasintroducedin [Aal98].
Soundnessensuresthattheprocesscanalwaysterminateproperly, i.e with asingle
tokenin place

ß
andall theotherplacesempty, in addition,it requiresthatthereare

no deadtasks,i.e. eachexisting taskcanbeexecuted.

Next, we show soundnessasdefinedin [Aal98].

Definition 2.47(Soundness).
A WF-systemÄ �����ED¢� Y � is soundiff:

(i) For everystate
¨

reachablefromstate Y , there is a firing sequenceleading
fromstate

¨
to state

ß
(optionto complete).

Formally: | ¨ �M� Y ½]Q© ¨ ��� � ¨ ½]Q© ß��sN
(ii) State

ß
is theonlystatereachablefromstateY with at leastonetokenin placeß

(propertermination).Formally: | ¨ �Q� Y ½]M© ¨ Ð ¨ ­ùß���� � ¨ �yß��
(iii) Thereare nodeadtransitionsin Ä .

Formally: | p¥-X��� ¨ � ¨ z �M� Y ½]Q© ¨ ¬]Q© ¨ z �
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The WF-systemfrom Figure2.1 is sound. In [Aal97] a necessaryandsufficient
conditionfor soundnessis given:

Theorem 2.48.
Let
�ED

be an arbitrary WF-netand
�ED

the correspondingshort-circuitednet.���ED^� Y � is soundiff
� �EDj� Y � is live andbounded.

2.3 Relatedwork

Theuseof Petri netsfor theapplicationdomainworkflow managementstartedin
the late 1970s([Ell79, EN93]). Their suitability for this applicationdomainhas
beenexaminedanddiscussedextensively in the literature(e.g. [Aal98, AH02b]),
andtheinterestedreaderis referredto [Obe96, Aal97, AH02b] for furtherreading.

For theanalysisof themodeledprocessesa wide varietyof resultsfrom Petrinet
theoryareavailable. In generalit is checked whethera givenprocessdescription
meetsa specificatione.g. givenby a temporalformula. As correctnessnotionfor
WF-netswe referredto soundness. In [Aal98] it was arguedthat this property
coversaminimumsetof requirementsevery processdescriptionshouldsatisfy.

Soundness[Aal98] is acombinationof threeconditions,statingthat:

(i) option to complete it should always be possibleto completea casethat is
handledaccordingto theprocess,

(ii) proper termination it shouldnot be possiblethat the workflow processsig-
nalscompletionof a casewhile thereis still work in progressfor this case,
and

(iii) no deadtasks for every task,thereshouldbe anexecution(firing sequence)
of theprocessthatexecutesit.

In mostapproachesusingWF-netsthesethreeconditionshave beenregardedas
pivotal with respectto a correctnessstatement.However, in [Kin98] it wasargued
that in someapplicationsa strongerversionof soundnessis required. A fourth
conditionwasproposed,namelysafeness.Theenhancedversionwascalledstrong
soundness. The conceptof strongsoundnesswasappliedfor examplein [AB02]
and[Aal02].

In thecontext of inter-organizationalworkflow, thesoundnesscriterionwascarried
over to compoundworkflow nets[Aal02] andcalledglobal soundness. This con-
ceptwasadoptedandchangedslightly in [KMR00]. Here,a compoundWF-netis
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calledglobally soundif all theworkflow moduleswhich were invoked (i.e. where
thetokenwasremovedfrom its startplace)will eventuallyterminateproperly.

A lessstringentinterpretationof soundnesscanbefind in [HSV03]. Heresound-
nessonly refersto the first two requirements(option to completeandproper ter-
mination). Thethird requirement(absenceof deadtask) is omitted.Basedon this
interpretation,soundnessis generalizedto thenotionof k-soundness, allowing the
observation of morethanoneinstance(namely � ) at thesametime. A WF-netis
called � -soundif any markingreachedfrom � tokensin theinitial placecanreach� tokensin the final place. Regardingthe original soundnessas1-soundness,a
WF-netis calledsoundiff it is � -soundfor each� « V .
For furthercorrectnessnotionsappliedto processdescriptions(possiblynot spec-
ified in termsof WF-nets)the readeris referredto the relatedwork sectionof
Chapter3.
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Chapter 3

Modeling businessprocesses

In this chapter, the basisfor the processmodel(cf. Figure1.1) is established.In
thefirst stepthebusinessprocessis modeledfrom a userperspective. We assume
the personcarryingout the modelingto be a domainexpert but perhapswithout
modelingexpertise.A graphicalbut only semiformalmodelinglanguageis used.

As atypicalrepresentativeof suchalanguagewewill referto Event-drivenProcess
Chains(EPCs). To appraisethe correctnessof the modeledprocesses,EPCsare
provided with formal semantics.This is doneby defininga mappingfrom EPCs
onto Petri nets. Throughoutthe transformation,the ambiguitiescontainedin the
primarydescriptionaremaintainedbut madeexplicit. ThecorrespondingPetrinet
will bechecked for correctness,andfeedbackwill be given to revise theprimary
EPC.As a measureof correctness,a pragmaticcorrectnesscriteria is proposed
which reflectstheremit for theinitial modeling.

Thechapteris structuredaccordingly. After a shortintroduction(Section3.1) the
syntaxof EPCsis introducedin Section3.2. Subsequently, the currentdebate
abouttheir semanticsis reviewedandaproposalis made.In Section3.3,rulesare
provided for the transformationof EPCsinto Petri nets. The derived Petri net is
checkedfor correctnessin Section3.4. Thesuitability of existing Petrinetproper-
ties is discussedandanadaptedcorrectnesscriteria is proposed.In the following
sections,the stateof implementationis described(Section3.5) anda casestudy
is evaluated(Section3.6). In Section3.7 theproposedmethodis summarizedand
its applicationto othermodelingtechniquesis outlined. Finally relatedwork is
discussed.

34



3.1 Intr oduction

Businessprocessesplay a centralrole in thereorganizationof a company. Their
modelinghasbeenat the heartof IS developmentfor many years. The number
of differentlanguagesthathave beenproposedis correspondinglylarge. Many of
thesemodelingtechniqueshave beeninvestigatedquitethoroughly. Examplesare
Activity DiagramsandStatecharts(bothfrom theUML), Petrinets,or EPCs.Be-
sidesthese,therearenumerouslanguagesthathavebeendevelopedindependently,
oftenin anadhocstyle.

Thegeneralobjective of all theselanguageswasto find asuitablelevel of abstrac-
tion which meetsthe intuition of the domainexperts. The meaningof a given
descriptionshouldbe evident. This supportsthe handlingof the businesspro-
cessdescriptions.They shall be madeandreadby an averageuserwithout high
modelingexpertise.A commonunderstandingof businessprocessdescriptionsis
important,asthey areprimarily usedasbasisfor communicationbetweenthepar-
ticipants.Thecommunicationshouldalsobepossiblebetweenpeoplewith totally
differentbackgroundsandknowledgecultures,suchasCEOs,headsof department,
departmentstaff, IT experts,andsoon.

The modelinglanguagesareoften only semiformal. This way, thereis room for
interpretation:the moreways thereare to interpreta certainconstructthe more
likely it is thatanagreementwill bereached.Theparticipantsmight not (yet) be
readyto specifythefinal behavior in detailanddecideonthecorrectinterpretation.

A semiformallanguagecanintroduceambiguityandvaguenesswhichconstitutea
majorproblemif theprocessesdescribedareto besupportedby a workflow man-
agementsystem.Whathasbeenanadvantagefor thepurposeof communication
then becomesa drawback in the designphaseof a workflow system. Here, an
unambiguousandmachine-readabledescriptionof theprocessis needed.

As a way out of this dilemma,we proposetheuseof a pragmaticcriterion to de-
terminethecorrectnessof thebusinessprocessdescription.Theproposedproperty
describesthecapabilityof aprocessdescriptionto cover sufficientusefulinterpre-
tations.If it comesto systemdevelopment,theprocessdescriptionis enhancedby
furtherdetails,determiningthefinal interpretation.

To apply the proposedcorrectnesscriterion, the primary languagehasto be pro-
videdwith formal semantics.This is doneby mappingit ontoPetrinets.

As typical representative for a businessprocessmodelinglanguage,we refer to
EPCsof the Architectureof IntegratedInformation Systems(ARIS) [Sch94].
EPCsarefairly widespread.Onereasonfor their acceptancelies in their usefor

35



the representationof the SAP referencemodels[KT97]. EPCsare a graphical
andsemiformalmodelinglanguage.They areeasyto learnandto understandbut
involve ambiguityandvagueness.

3.2 Modeling with EPCs

In thefollowing, EPCsaredescribedin detail.First theirsyntaxis presented.After
that,variousperceptionsof their semanticsarereviewedandaproposalis made.

3.2.1 EPC syntax

Thelanguageof EPCsprovidestheuserwith a setof graphicalnotationelements
for therepresentationof (business)functions,eventsandroutingconstructsto de-
scribethecontrol-flow. Figure3.1 depictsthe EPCelementsthatareusedto de-
scribethe control-flow of a businessprocess. Functionsare usedto model the
dynamicpartof theprocess.Typical functionsareprocurement,qualityassurance,
or processingan invoice. Another constructive elementis the event. An event
either triggersa function or marksthe terminationof it. For example,the event
not ok triggersthe functioncomplaint whereasthe eventdata revised
marksthe terminationof complaint. Furthermore,to describemorecomplex
behavior, suchassequential,conditional,parallel,anditerative routing,connectors
areintroduced.Thesefall into two categories:splitsandjoins. In bothcategories
thereareAND (

Ð
), XOR (

�
), andOR (

�
) connectors.

<

<<

X <

Function:

Connectors:

Event:

X

Figure3.1: EPCelements

Theelementsareconnectedto form acomplex processmodel.Thecompositionis
restrictedby somesyntacticalrules,suchas:
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� Thereis at leastonestartandoneendevent.� Eventsandfunctionshave exactly oneincomingandoneoutgoingarc (ex-
ceptstartandendevents).� For every two elementsthereis a pathbetweenthetwo (ignoringthedirec-
tion of arcs)� An event is alwaysfollowedby a functionandvice versa(ignoringconnec-
tors).

Running example We illustratethemodelingwith thehelpof anexample.Fig-
ure3.2shows anEPCmodelingtheprocess“Handling of incominggoods”intro-
ducedin [LSW98].

  record 
receipt of  
  goods

 goods 
arrived

AND-split (I)

check 
goods

X

ok not_ok

<

complaint

not_ok

X

distribution 
to stock

distributed 
   goods

recorded 
  goods

<

<

XOR-split

AND-split (II)

XOR-join

OR-join

Figure3.2: EPC:“Handlingof goods”

The processstartswith the eventgoods arrived. After that the executionis
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split into two parallelpaths(AND-split(I)), modelingthework of two depart-
ments.Theleft onecheckingthegoodsandperformingtheensuingfunctions,the
right onedoing theaccounting.Thechecked goodsareeitherok or not ok. In
the lattercase,a complaintis compiled,in the formernothinghappens.In either
case(XOR-join), the goodsare distributed afterwards (distribution to
stock). ConnectorsOR-join andAND-split(II) makesurethatin caseof
acomplaintthecorrecteddatais waitedfor beforethereceiptof goodsis recorded.
Otherwise,thereceiptcanberecordedstraightaway.

3.2.2 EPC semantics

EPCsare a semiformalmethodof businessprocessmodeling. Although, they
have beenappliedquite successfully, their authorsdefinedneithera comprehen-
sive andconsistentsyntaxnor the correspondingsemantics[KNS92]. With their
widespreaduse,the needfor a formal foundationincreased.Several approaches
proposea formalization.Most of themsuggesta mappingon existing techniques,
suchas Petri netsor Statecharts.This way it becomespossibleto useexisting
analysisandverificationtechniques.Examplesare[CS94, vU97, LSW98,Aal99,
MR00, Rod99] for Petrinetsand[WWKD

�
97] for Statecharts.Otherapproaches

to formalizationhave beendevelopedby [NR02, Rum99, ADK02]. Here,seman-
tics aredefinedby meansof a transitionsystem.

All theapproacheshave onething in common:they assignoperationalsemantics
(executionsemantics)to theEPCs.

This is the main differencebetweenexisting approachesand the one proposed
here,wherenon-operationalsemanticsis assignedwith EPCs. Supportingnon-
operationalsemanticswe take the line of reasoningfollowed in the first publica-
tionsaboutEPCs1 ([KNS92,Sch94]).

We areconfidentthat the non-operationalinterpretationof EPCsfits an intuitive
modelingunderstandingandis onereasonwhy EPCsaresaidto beeasyto learn
andto understand.Modeling businessprocesses,the modelernormally startsby
describing“what an execution(should) look like”, hencedescribesa set of ac-
cepted/goodexecutions.This procedurefits thenon-operationalsemantics.Here,
an EPCis interpretedasa patternthat describesacceptedexecutions. Deficient
executionsareonly describedimplicitly, astheseexecutionswhich do not fit the
describedpattern.

1In laterpublicationsthesyntaxof EPCswasenhancedby whatis calledaprocessfolder. Process
foldersresembletokensin a Petrinetindicatingthecurrentstate.
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In contrastto EPCs,Petri netsdo have operationalsemantics.A Petri net speci-
ficationdescribesmorethanthesetof acceptedexecutions,andalsocovers“how
anexecutionis reached”.This differencehasbeenneglectedin previousattempts
of mappingEPCsto Petrinets.EPCshave beenconsidereddeficientif thecorre-
spondingPetri netsweredeficient,cf. [Aal99, LSW98]. As a consequence,the
modelingfacilitiesof EPCswererestrictedsothatthePetrinetcorrectnesscriteria
couldbetransferredto EPCs.

Startingwith non-operationalsemanticsalsohasanotheradvantage.Themodeler
doesnot have to think aboutthe “how” of theexecution.Determiningthe “how”
of anexecutionis relatedto fixing theefficiency of theexecution.Theproblemis
that relatedinformationmaynot yet beclearin anearlydesignphase.It is often
only availablelateron,or it maychangeduringthelifetime of aworkflow system.

Nevertheless,we alsoformalizeEPCsby a mappingontoPetrinets.In contrastto
previous approaches,the ambiguitiesaredeliberatelymaintained.Consequently,
theresultingPetrinetwill not satisfytraditionalcorrectnessmeasures.Theremay
befaultssuchasdeadlocksand/orresidualtokens.Wethereforeprovideanadapted
correctnesscriterion. Thenew criterionprovidesa pragmaticmeasureof thecor-
rectnessof theprimaryEPC.

Here,Petri netsareusedfor thesamereasonsasin otherapproaches.They have
a clearandprecisedefinition [Mur89] anda graphicalnotationsimilar to that of
EPCs.In addition,they providemany existinganalysistechniquesandtools. In the
following, we will refer to the classof Workflow nets(WF-nets). WF-netswere
introducedin Chapter2 andproposedin [Aal97, Aal98, Aal00b]. WF-netswere
tunedto fit therequirementswithin thedomainof workflow management.Petrinet
theorywasexploited to assembleadequatepropertiesandefficient algorithmsfor
thatPetrinetclass[Aal97].

3.3 Transformation into workflow nets

Thetransformationof EPCsinto Petrinetsusesthreesteps.First, theelementsof
theEPCaremappedontoPetrinet-modules.In thesecondstep,rulesareprovided
to combinethedifferentmodulesto form a complex processmodel. A third step
becomesnecessaryif theprimaryEPChadmorethanonestartand/orendevent. In
thatcase,thederivedWF-netmustbesupplementedby someextra in- andoutput
placesto satisfytheWF-netsyntax.
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3.3.1 Step1: Mapping EPC elementsto Petri net-modules

During the first stepevery EPCelementis mappedonto correspondingelements
on the Petri net-side. The mappingwas illustrated in Figure 3.3. Eventsand

<

EPC PN

<

EPC PN

<
<

X

X

Figure3.3: Step1: MappingEPCelementsontoPetrinet-modules

functionsaretransformedinto placesandtransitionsrespectively includingin- and
outgoingarcs. Routing constructssuchasAND-split, AND-join, XOR-
split, XOR-join, OR-split andOR-join aremappedontosmallPetri
net-modules.ThePetrinet-modulesdescribethebehavior of theroutingconstructs
explicitly. This is particularlyrelevant for the OR, becauseits semanticshasnot
beendescribedconsistently.

Figure3.4 shows anEPCwith anOR-join on the left andits Petri net-translation
on the right side. The EPC as well as the Petri net have the semantics:C can
be reachedif eitherA or B or both occur2. In the EPCall thesedifferent cases
aredescribedthroughoneconnector. In the Petri net-moduleall possibilitiesare
modeledexplicitly via thetransitions

p��
,
p	��


and
p	


. Thebehavior of theEPCand
thePetrinetareequivalentbecausebothacceptthesameexecutions.

2If A andB occuroneaftertheotherC canalsobereachedtwice.
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  tA  tAB   tB

Figure3.4: Transformationof theOR-connector

3.3.2 Step2: Module combination

In the secondstep,the single Petri net-modulesare joined to form a connected
Petrinet.Dependingontheinterfaceof theadjacentmodules,oneof thefollowing
combinationrulesis applied:

Case1:If input andoutputelementsareof thesamekind (e.g.bothplaces)thenthe
elementsareunified.

Case2:If inputandoutputelementsaredifferent(placeandtransition)thenthearcs
arefused.

Figure3.5 illustratesthefirst andsecondstepof the transformationof EPCsinto
Petrinets,showing unificationof elementsandfusingof arcs.

The proposedtransformationapproachis slightly moregeneralthanthe transfor-
mationsdescribedin [Rod99] and[Aal99]. Therulespresentedherecanalsobeap-
plied to transformEPCswhereconnectorsfollow eachotherimmediately, e.g. the
XOR-join andtheAND-split (II) in Figure3.2.Anotheradvantageof thisapproach
is that the resultingPetri netdoesnot containany placesor transitionsnot corre-
spondingto elementsof theEPC.Thetransformationrulesby [Rod99], [LSW98]
and [Aal99] all containrules which explicitly introducenew pseudoplacesand
transitionsto meetthe Petri net syntax; the resultingPetri net may containele-
mentswhich have no counterpartin the applicationdomain. In contrastto any
otherapproach,a simplemechanismwasprovided to aggregateseveral startand
endeventswhichmaybeconnectedoverdifferentpaths.
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3.3.3 Step3: Adding unique input/output places

Applying Step1 andStep2,anEPCis translatedinto aPetrinetbut notnecessarily
into a WF-net. If the EPCcontainedmore thanonestart,and/orendevent, the
resultingnet may have morethanonestartand/orsink place. Thereareno EPC
syntax-rulesthat restrict the numberof start andendevents. Moreover, if there
areseveral startevents(or endevents),it is not clearwhetherthey aremutually
exclusive.

Then,a new startplaceand/ora new sink placeis added.Thesenew placesare
connectedto thePetri net so that theplacesrepresentingthe primary startevents
(or end events)of the EPC are initialized (cleanedup). The connectionof the
new placeswith theprimaryplacesis not trivial but dependson therelationof the
correspondingeventsin theEPC.

Oneway to determinethe relationwould be to track the paths,startingfrom the
differentstartevents(endevents),until they join3.

Theconnectionof thenew placewith theprimaryplaceswould thanbea Petrinet
modulethatcorrespondsto theconnectorcomplementingtheonethatwasfound.

Considertwo starteventsthat areconnectedvia an XOR-join. They are treated
as mutually exclusive. The two correspondingstart placesin the Petri net will
be linked to the new insertedplaceby a complementingXOR-split. This was
illustratedin the upperrow of Figure3.6. The lower row of Figure3.6 givesan
exampleconnectinga new endplaceto existing endplaces.Here,an AND-join
wasinsertedcomplementingtheAND-split.

The generalcasemay be moredifficult. Therecould be morethanonly two dif-
ferentstartevents(endevents)with pathspossiblymeetingin variousconnectors
of differenttype. To avoid a lengthyprocedurewe proposeto link differentstart
placesby aPetrinetmodulecorrespondingto anOR-splitanddifferentendplaces
by a Petri netmodulecorrespondingto anOR-join. This way all possibledepen-
denciesarecovered.Notethatsomeof themmaynot reflectactualdependencies.

Applying theSteps1 to 3, anEPCis transformedinto a WF-net.Thetransforma-
tion is unique,in thesensethateachEPCrefersto only oneWF-net.

Running example The transformationwas applied to the example from Fig-
ure 3.2. The derived WF-net is shown in Figure3.7. For convenience,the Petri

3Thepathsfinally join. TheEPCsyntaxrulesstatethat: For every two elementsthereis a path
betweenthetwo (ignoringthedirectionof arcs)
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net-moduleswhichcorrespondto theroutingconstructsof theEPChavebeenhigh-
lightedwith dottedrectangles.Thesinkplace

ß
andthetransitionst10,t11,t12,

correspondingto anOR-join,have beenaddedwithin Step3.
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Figure3.7: WF-net:“Handling of goods”

The Petri net-modulewhich replacesthe OR-join explicitly describesthe be-
havior of this routing construct. Transitiont5 modelsthe direct recording,and
transitiont6 modelswaiting for therevision to becompleted.Thealternative t7
hasbeenintroducedaspartof thecorrespondingPetri net-modulebut hasno ex-
pressionin theoriginal EPC.TheEPCdoesnot describeany acceptedexecution
wherethetaskrecord receipt of goods is triggeredonly througha neg-
ative resultof the check. The accountingdepartmentis alwaysinvolved. This is
ensuredby the first connector, the AND-split (I). Thus, the alternative de-
scribedby the transitiont7 doesnot belongto any of theacceptedexecutionsof
theEPC.TransformingtheOR-connector, theambiguityof theORis carriedto the
WF-net. Here,thedecisionwhetherto executetransitiont5, t6 or transitiont7
cannotberesolvedlocally anymore.

3.4 Propertiesof the derived WF-nets

Applying the proposedrules,an EPCis transformedinto a WF-net. But which
structuralandbehavioral propertieshold for the resultingWF-nets?After a short
generaldiscussion,thissectionexaminessoundness.Wewill arguethatsoundness
doesnotalwaysprovide anadequatemeansfor thecorrectnesscheckof translated
EPCs,andproposetheuseof a lessstringentcorrectnessmeasure.
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3.4.1 Generalproperties

First,somegeneralstructuralandbehavioral propertiesof Petrinetsareconsidered.


 TheresultingWF-netis pure, i.e. doesnot containany self-loops.This is a
resultof theEPCsyntax-rulestatingthateventsandfunctionshave at most
one incoming and one outgoingarc. Actually, thereare threesyntactical
correctcombinationswhich would be transformedinto non-purePetri net
modules(cf. Figure3.8). Still theoccurrenceof thesebizarrecombinations
canbeexcludedasthereareno meaningfulinterpretation.

X

X

<
<

a) b) c)

Figure3.8: EPCsthataretransformedinto nonpurePetrinets


 Thesyntacticalrulesfor themodelingwith EPCdo not precludethe intro-
ductionof cycles. If thestructureof anEPCis cyclic, theresultingWF-net
will have cyclesaswell. Therefore,anacyclic structurecannotbeassumed.


 TheresultingWF-netmaynotbebounded. Unboundednessisaconsequence
of theintroductionof badlymatchedcycles,i.e. cyclesthatcontainanAND-
split followedby anXOR- or OR-join.


 If the EPCcontainsonly connectorsof type AND andXOR the resulting
WF-netis free-choice. Thesubnetstranslatingconnectorsof thesetypesare
free-choice.Furthermore,any combinationof XOR-splitsandAND-joins
againresultin free-choicenets.Theinput andoutputelementsof thecorre-
spondingsubnetsaredifferent. ThereforeCase2 of thesecondtransforma-
tion stepis satisfied.Thesubnetsarealwaysjoinedby fusionof arcs. The
argumentationis illustratedin Figure3.9.

If the EPCcontainsan OR-join, the resultingWF-netdoesnot satisfy the
free-choiceproperty. The subnetintroducedthroughthe translationof an
OR-join introducesnon-free-choicebehavior to theWF-net.
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Figure3.9: Thecombinationof XOR- andAND- connectorsdoesnot leadto non
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 UsingEPCs,themodeleris not obligedto modelin a well-structuredway,
i.e. not every split hasto becomplementedby a correspondingjoin. There-
fore, thederived WF-netmay not be well-handled. Possibleconsequences
aredeadtransitionsand/ortokensthat remainin thenetalthoughit already
terminated.A consequenceof residualtokensis thatevenif theWF-netitself
is boundedor safe,this is not carriedforwardto theshort-circuitedWF-net.


 ThederivedWF-systemmaynot be live4, astheremaybedeadlocksand/or
deadtransitions.Non-livenessmayariseif anAND-split is complemented
by anXOR- or OR-join.


 The resultingWF-systemmay not be sound.A WF-systemis soundif the
short-circuitedWF-systemis live andbounded(cf. Theorem2.48). As dis-
cussedabove,neitherof thesepropertiesdoesnecessarilyhold.

Thenext sectioninvestigateswhethersoundnessof theresultingWF-netprovides
anadequatemeansto concludethequalityof theunderlyingEPCandto helpwith
therevisionof theprocessspecificationif necessary. It will beseenthattherestric-
tionsimposedon theWF-netandthereforeon theprimaryEPCaretoostrong.

3.4.2 Soundness

In [Aal97] soundnesswasintroducedasacorrectnesscriterionfor WF-nets.It was
arguedthat this criterion coversa minimum setof requirementswhich a process

4Rememberthata WF-systemis live if theshort-circuitedWF-systemis live.
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descriptionshouldsatisfy. A WF-netissoundif terminationisguaranteedandthere
areno residualtokensandneitherdeadlocksnor livelocks.Furthermore,thereare
no deadtransitions.Residualtokensdenotework thatremainedpendingalthough
the executionof the casehadalreadyterminated. Deadlocksindicatesituations
wheretheexecutiongot stuck,andlivelocksarewhentheexecutionmakesnoreal
progressany more. Deadtransitionsstandfor tasksthat do not contribute to the
processingof workflow instances,asthey arenever executed.

WeconsideranEPCto besoundif thecorrespondingWF-netis sound.Thecheck
for soundnesswasimplementedwithin thePetrinet-toolWoflan[VA00]. Woflan
not only stateswhethertheprocessdescriptionis soundor not, but alsoprovides
the modelerwith further informationin orderto supportthe locationof deficient
partsof the WF-net. Still, if the WF-net is not sound,it may not be possibleto
provide precisefeedbacksupportingthe redesignof the EPC.We will illustrate
thisby meansof therunningexample.

Running example

TheWF-netthatresultedfrom thetranslationof theEPC“Handlingof goods”was
shown in Figure3.7. TheWF-netis not sound.Therearefiring sequencesthatdo
not terminateproperly, e.g.thesequence:


 t1, check goods, t2, complaint, t4, t5, record
receipt of goods, t8, distribution to stock, t10.

Here,thecaseterminatedbut thereis a residualtokenin placep4.

Figure3.10shows the interfaceof Woflanreflectingthediagnosisfor therunning
processspecification. The modeleris provided with variouskinds of feedback.
Here,themodeleris pointedat four improperconditionsnamely, p3,p4,p5, and
recorded goods. Furthermore,therearedeficientfiring sequences,calledim-
properscenarios,suchastheonementionedabove.

Still, the feedbackdoesnot point preciselyto the deficientelementswithin the
processspecification.The OR-connectorin the primary EPCwasusedto assure
that in caseof a complaint, the correcteddatais waited for. If the goodswere
accepted(test result is ok) the receiptwas recordedstraightaway. Thesetwo
interpretationsare reflectedby transitionst5 andt6 in the resultingPetri net.
Transitiont7 doesnot have any expressionin theprocess.Still, asit is not dead
this is notdetectedin thetestfor soundness.

47



In order to receive a soundWF-net, the EPCspecificationhasto be changedin
suchawaythatall executionsof thecorrespondingWF-netterminateproperly, i.e.
residualtokensareavoided,aswell aslivelocksanddeadlocks.

TochangetheEPC“Handlingof goods”accordingly, theEPChastobere-arranged
in a well-structured5 way, avoiding theuseof OR-connectors.This changeis not
trivial andtheresultingEPClookscompletelydifferent.

Figure3.10:Woflandiagnosisfor process:“Handling of goods”

5everysplit is complementedby a correspondingjoin
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Impact of the soundnessrequirement

Theimpactof soundnessasthecorrectnessmeasurefor EPCsissubstantial.Sound-
nessimposesoperationalsemantics.As a consequence,themodeleris requiredto
think aboutthe “how” of the execution,which involves theconsiderationof effi-
ciency aspects.In theintroduction(cf. Section3.1) it wasarguedthat thespecifi-
cationof businessprocessesshouldbeasabstractaspossible.Theconsideration
of efficiency aspectsrequiresdetailedinformationabouttheprocess,e.g.duration
andcostsof tasksaswell astheavailability of resources.This informationrequires
a muchdeeperinsight anda higherlevel of detail thanis availableor desiredfor
the modelingof businessprocesses.Here, the focus is on communication.The
objective is to cometo a commonprocessunderstandingbetweenall participants.
All furtherinformationunnecessarilycomplicatesthedescription.

Soundnesscanonly beachieved througha restrictionof theEPCmodelingfacili-
ties.Therequirementfor soundnessdemandsthemodelersto restrictthemselvesto
well-structuredEPCsandavoiding theuseof theOR-connector. Theserestrictions
reducetheexpressivenessof EPCsandfurthermoreimposehigherrequirementson
themodelingknowledgeof thedomainexperts.

For thesereasons,an adjustedcorrectnesscriterion would be desirable.Thenew
correctnessmeasurewould supportnon-operationalsemantics.It would allow the
modelerto postponedecisionsconsideringtheefficiency of theprocessexecution
aslongaspossible,i.e. closeto implementation.Furthermore,it wouldnot restrict
the EPCmodelingfacilities andhencereflect the assumedmodelingknowledge
adequately. Suchanew lessstringentcriterionis proposedin thenext section.

3.4.3 Relaxedsoundness

Basedon theobservationsin theprevioussection,we proposea new criterion: re-
laxedsoundness. Initially, relaxed soundnesswasintroducedin [DDGJ01]. The
new criterion is intendedto representa more pragmaticview of correctness.It
is weaker (in a formal sense)andthereforeeasierto accomplish.Relaxed sound-
nessdoesnot imposethe needto avoid situationswith residualtokensor live-
locks/deadlocks.Therefore,it is suitableto checkWF-netswhich have beende-
rivedthroughthetransformationof (notnecessarilywell-structured)EPCscontain-
ing OR-connectors.The ideabehindrelaxed soundnessis that for eachtransition
thereis a soundfiring sequence,i.e. a sequencethatcanbecarriedforwardsuch
thatit terminatesproperly.
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We will definethe term soundfiring sequenceto explain thedifferencesbetween
thecriteriasoundnessandrelaxedsoundnessin formal terms.

Definition 3.1(Soundfiring sequence).
Let ��������������� bea WF-system.A firing sequence� is soundif ����! #" and$ � z � " �&%�! (' .
A soundfiring sequencecanbeextended,suchthatmarking ' is reached.Corre-
spondingly, anunsoundfiring sequenceis afiring sequencewhichendsin amark-
ing from whichmarking ' is not reachable.

Whereasin asoundWF-netall firing sequencesaresound,relaxedsoundnessonly
requiresthat therearesomany soundfiring sequencesthateachtransitionis con-
tainedin oneof them.Note,thatsoundnesssubsumesrelaxedsoundness.

Definition 3.2(Relaxedsoundness).
A workflow system�)�*���+�����	� is relaxedsoundiff each transition of �+� is

an elementof somesoundfiring sequence. |!,.-0/ $ " � " z � �1� 2�� " 3�4 " z 2�! 5' �76
Intuitively, relaxed soundnessmeansthat thereareenoughexecutionswhich ter-
minateproperly(i.e. state' wasreachedandthereareno residualtokens)so that
every transitionis covered. A relaxed soundWF-net may have other firing se-
quenceswhichdonot terminateproperly, but deadlockbeforeterminationor leave
tokensin thenet. In spiteof that,relaxedsoundnessis still reasonable,becauseit
requiresthatall relevantbehavior is describedcorrectly.

We argue that this criterion is closerto the intuition of the modeler. It doesnot
forcethemodelerto think aboutall possibleexecutionsandthento carefor proper
termination. Using relaxed soundnessas a correctnessmeasurefor EPCs,non-
operationalsemanticsaresupported.ThecorrespondingWF-netis checkedonly to
allow for reasonablebehavior. Interpretingrelaxedsoundnessof a WF-netwithin
the termsof theprimaryEPC,every functioncanbeexecutedreachinga desired
setof endevents.

Theresultsfrom thecorrectnesscheckof theWF-netcanbetransferreddirectly to
theprimarymodel.If theresultof therelaxedsoundnesscheckis positive,we can
concludethattheEPCrepresentsreasonablebehavior.

If the result is negative, the modelergetsa list of transitionswhich arenot con-
tainedin any soundfiring sequence.According to the proposedtransformation,
every deficienttransitioneithercorrespondsto a taskor to a connectorwithin the
EPC.This meansthat eitherthe taskor oneof thepossiblechoicesdescribedby
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a connectorarenot includedin an executionthat terminatesproperly. It canbe
concludedthat the correspondingpart in the EPCneedsimprovement. In other
words,asa generalrule we have to considertransitionsthat arenot containedin
somesoundfiring sequencewhenwearelooking for partsof theprocessthatneed
revision.

Thisway, precisefeedbackis providedwhichwill helpthemodelerto improve the
processdescriptionuntil thecorrespondingWF-netfits theproperty.

Note. The feedbackmay becomelesspreciseif a transitionat thebeginning of
the WF-net is not containedin any soundfiring sequence.Then, all following
transitionswould be denotedas deficientas well. This could happen,if e.g. a
split at the beginning is never followed by a correspondingjoin. In sucha case
the modelershouldstartto checkthe failure proneEPC-elementsin the orderof
occurrencewithin thefailuremessage,focusingontheinterplayof theconnectors.

Running example

Theprocessspecificationfrom Figure3.7is notrelaxedsound.Therearenosound
firing sequencescontainingtransitionst7,t11, andt12.

Transitionst11 andt12 arepartof theOR-joinsubnetthatwasintroducedwithin
Step3 of thetransformationrules.TheOR-join wasintroducedto cover all possi-
bledependenciesamongtheendevents,but possiblyalsoreflectsdependenciesthat
actuallydo not exist. The testfor relaxed soundnessdetectsthe transitionwhich
do not matchany existing dependency. Correspondingtransitions(heretransition
t11 andt12) neednotbecommunicatedto themodeler, but canbeomitted.

Transitiont7 belongsto thesubnetof theOR-connector. Accordingly, the feed-
backfor themodelerontheEPCsidewouldbethattheOR-connectorincorporates
behavior (namelytheXOR-branchfor theaccounting)which never leadsto a set
of desirableend-events.ThefeedbackcouldproposereplacingtheOR-join by an
AND-join andaXOR-join. TherevisedEPCis shown in Figure3.11.

After thatreplacement,thetranslationof therevisedEPCcorrespondsto theWF-
netshown in Figure3.12,which is relaxedsound.Thefollowing two soundfiring
sequencescontainall transitions:
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 t1, check goods, t2, complaint, t4, t13, t6, record
receipt of goods, t8, distribution to stock, t10


 t1, check goods, t5, t3, t9, record receipt of goods,
distribution to stock, t10
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Figure3.11:RevisedEPC

Although the revisedWF-net is still not sound,we canconcludethat the revised
EPCrepresentsreasonablebehavior andcanbeusedasbasisfor refinement.
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3.5 Implementation

For the transformationof EPCsinto WF-nets,a prototypicalframework hasbeen
implemented.As input format,anEPCdescriptionbasedon XML is used,which
makes it possibleto exchangeprocessdescriptionwith other tools, suchas the
ARIS tool set[SJ02].

The EPCdescriptionis transformedinto PNML [WK02], an XML input format
which is alreadyacceptedby variousPetrinettools. In afirst stepthederivedPetri
net is testedfor boundedness.After that, the processdescriptionis checked for
relaxed soundness.The relaxed soundnesstestwasimplementedwithin Petri net
toolssuchasLoLA (Low Level PetriNetAnalyzer)[Sch99] andWoflan[VA00].

LoLA includesfeaturessuchas:analysisof reachabilityof agivenstateandfinding
deadtransitions. It covers the useof extendedcomputationtree logic formulae
(eCTL) [Roc00]. Within eCTL it is possibleto quantify not only over statesbut
alsooverstatetransitions.Thecombinationof PetrinetsandeCTLallowschecking
for relaxed soundness:for eachtransition , the reachabilityof the endstate ' is
verifiedwhile includingtransition , in thepathfrom � to ' . Sorelaxedsoundness
is provedby enumerationof therequirednumberof soundfiring sequences.Worst
casecomplexity occursif theresultis negative, thenthewholereachabilitygraph
is scanned.In thepositive case,theperformancewill bemuchbetter.

Unlike LoLA, thealgorithmimplementedin Woflandetermineswhich transitions
are coveredby the subgraphof soundfiring sequences.The subgraphitself is
fairly simple: it consistsof all backwardspathsfrom ' to � . Whenall transitions
are covered, the algorithm stops. In the worst case,this would requirevisiting
every nodeand every arc in the subgraphonce. The algorithm’s complexity is
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computedthroughthe costsof computingthe subgraphandthe computingtime
neededfor thesearchon thesubgraph.Thegeneralcomplexity is againin thesize
of thereachabilitygraph,but unlike in LoLA, thenegative casemayhave a better
performancethanthepositive one.Thealgorithmwill beavailablein Woflan3.0.

Thefeedbackto themodelerfrom therelaxedsoundnesstestis preciseandunder-
standable.It not only indicatestheexistenceof deficiencies,but alsoshows why
somethingis wrongandhow it canberepaired.

So far, both implementationsonly work for boundedWF-nets. If the WF-net is
unbounded,the reachabilitygraphandpossiblyalsothe soundsubgraphbecome
infinite. The traditionalway to copewith unboundednetswasthenotionof what
wascalledthe coverability graphof a system.This is a variantof the reachabil-
ity graphwhereinfinite pathsarerepresentedby finite pathsof infinite markings.
Althoughthecoverability graphcanbeusedto decideboundednessof placesand
deadnessof transitions[DR98] it doesnot provide enoughinformationto testfor
relaxed soundness.The problemis that the coverability graphmay not contain
enougharcs. By definition, a coverability graphdoesnot allow pathsbetween
infinite andfinite markings.

Figure3.13shows a small net modelingthe interactionof a produceranda con-
sumer. TheWF-netis unbounded,astheplacebuffer is unbounded.It is easyto
seethat this WF-systemis relaxedsound.An exampleof a soundfiring sequence
containingall transitionsis:


 initiate, produce, consume, stop producing,
finish, clean up.

A partof thecorrespondingreachabilitygraphandits coverabilitygraphareshown
in Figure3.14.

The coverability graphcannotbe usedto prove relaxed soundness.The graphin
Figure3.14(b)doesnotcontainarc ���:9<;>= 2 9!?@�7�BA 'DCFE&G4H�I �&�:9<;J9!?@��� or arc���:9!K@= 2 9!?@�7�BA 'DCFE&G4H�I �&�:9!K�9!?@��� althoughthesestatetransitionarepossiblein thecor-
respondingWF-net.

A pragmaticsolutionto testingunboundedWF-netsfor relaxedsoundnessis using
only a finite part of the reachabilitygraph. If thechosenfinite part of the reach-
ability graphcontainsenoughsoundfiring sequences,relaxed soundnessof the
correspondingWF-net is proven. Of coursea given WF-netmay still be relaxed
soundevenif asuitablefinite partof thereachabilitygraphhasnotbeenfound.
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Complexity Numberof EPCs Sound(S) Relaxedsound(RS) RSbut notS
0 22 22 22 0
1 25 22 25 3
2 29 22 29 7
3 13 7 12 5
4 13 4 11 7
5 16 10 15 5
6 4 1 3 2
7 3 1 3 2
8 1 0 0 0
9 3 2 2 0L
10 1 0 0 0

All 130(MONPNRQ ) 91(SDNRQ ) 122(TDUVQ ) 31(WDUVQ )

Table3.1: Propertiesatdifferentcomplexities

3.6 Casestudy

Theobjectiveof theinvestigationwasacomparisonof thepracticalapplicabilityof
relaxed soundnessversussoundness.In [Pie02] a numberof EPCswerechecked
for soundnessandrelaxedsoundness.130EPCsfrom anSAPR/3 implementation
projectservedascasestudyfor our investigation.By following theproposedtrans-
formationrulesall EPCsweretransformedinto WF-nets.Theresultingnetshave
beentestedfor correctnessusingthemodelchecker LoLA.

Of theprocessdescriptionsexamined,94 percentwererelaxedsoundand70 per-
centweresound.Table3.1presentstheresults.Thefirst columnof thetablecon-
tainsthenumberof connectorscontainedin theEPCdescription,usedto express
thecomplexity of theEPCspecification.Thesecondcolumncontainsthenumber
of EPCsassignedto that classof complexity. More thanhalf of the EPCscon-
tainedno morethantwo connectors.Thus,even if theseprocessdescriptionsin-
cludedmany tasks,their structurewasmainly sequential.Theremainingcolumns
show thenumberof EPCsthat satisfysoundness,relaxed soundness,andrelaxed
soundnessonly.

Themorecomplex aprocessspecificationbecomes,themorelikely thatthespecifi-
cationdoesnotsatisfysoundness,althoughthemainimpedimentto soundnesswas
basedon theuseof theOR-connector. Only 13 percent(4 processdescriptions)of
theonly relaxedsoundprocessesimpedesoundnessbasedonabadcombinationof
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AND- andXOR-connectors.It is clearthatonecasestudydoesnotprovideenough
datato derive representative results.Also notethat theEPCsaremainly from one
author. Still, we think the high percentageof relaxed soundprocessdescriptions
indicatesthatthepropertyis appropriatefor theintuition of themodeler.

3.7 Application of concepts

In this chapterwe have proposedusinga semiformal,graphicallanguagefor the
modelingof businessprocessesandintroducedanadjustedcorrectnesscriterion.

A semiformallanguageis morelikely to meettheintuition of thedomainexperts.
As a consequence,the derived processdescriptionsmay provide a suitablebase
for communication.Modelingwith a semiformallanguageusuallyinvolvesambi-
guitieswhich, seenasroom for interpretation,arenecessaryin theearly stageof
analyzinga businessprocess.In preparationfor laterstagesof softwaredevelop-
ment,theusefulinterpretationsmustbeidentified. This notionwasformalizedin
termsof therelaxedsoundnesscriterion.

Here,weusedEvent-drivenProcessChainsfor theinitial modelingof businesspro-
cesses.EPCsarewidely accepteddueto their tool supportthroughtheARIS tool
set[SJ02] andtheir usein theSAPreferencemodels[KT97]. However, thereare
many morealternativesfor themodelingof businessprocesses.Othertechniques
that areusedto specifythecontrol-flow aspectsaree.g. StatechartsandActivity
Diagramsfrom theUML [Mar00], variouskindsof Petrinets[Mur89], TaskStruc-
tures[HN93], andworkflow graphs[SO99]. Thesetechniquesaremainly usedin
a similar settingasEPCs. The focusis on modelingandcommunicationissues.
A further, but minor role is playedby theformal analysisof themodeledprocess
descriptions.The above mentionedmodelingtechniqueswereinvestigatedquite
thoroughlyin researchwith respectto theirusefor workflow modeling.Still, these
languagesareonly usedsporadicallyin realsystems.

Most workflow managementsystemsusea proprietaryworkflow language.These
languagescombineanintuitive, graphicalappearancewith conceptsthatareclose
to implementation.A majordrawbackis the lack of formal semantics.As a con-
sequence,analysisissues,suchasthewarrantyof a correctandreliableexecution
arenot supportedat designtime. Often, the appraisalof the processdescription
is checked only by inspectingthe behavior of the WFMS at run-time. It is clear
that failuresthat aredetectedonly then may be very costly andmay not please
customers.

We will concludethis part by showing that the conceptsdevelopedin this chap-
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ter arealsoapplicablefor modelinglanguagesusedin practicalsystems.Using
Staffware as an exampleof a real WFMS, we will show the relevanceof more
pragmaticcorrectnesscriterion,suchasrelaxedsoundness.

3.7.1 Staffware

Staffwareis oneof themostwidespreadworkflow managementsystemswith more
than550,000usersworldwide [Cas98, Sta99, Sta00]. It doesnot supportany of
the modelinglanguagesdiscussedbut usesa proprietaryworkflow language.In
thefollowing, thelanguagewill besketched.

Modeling within Staffware

The tasksin Staffwarearecalledsteps. In contraryto Petri netsandEPCs,the
Staffwaremodelinglanguagedoesnot supporta notion of states,i.e. a concept
similar to placesin aPetrinetor eventsin anEPC.

Staffwareprocessesalwaysstartwith astartstepdenotedby asymbolrepresenting
a traffic light. An endis denotedby a stopsign. A Staffwareprocessmusthave
only one start step,but may have several stop steps. Normal tasksaredenoted
by icons that resemblea sheetof paper. The semanticsof suchstepsare rather
OR-join/AND-split thanXOR-join/AND-split; i.e a stepbecomesenabledif one
of theprecedingstepsis completedandthecompletionof thestepwill triggerall
subsequentsteps.SincetheOR-join/AND-split semanticsis fixed,two additional
building blocks are provided: wait and condition. Wait is usedto synchronize
flows andhasAND-join/AND-split semantics.It is denotedby anhourglass-icon.
To modelchoices,theconditionbuilding block is used.Note thatStaffwareonly
allowsfor binarychoicesof typeXOR. Thebasicsemanticsof astep6, acondition,
andawait areshown in Figure3.15.

Theprocessspecificationin StaffwareissupportedbyacomponentcalledStaffware
ProcessDefiner. A screen-shotis shown in Figure3.16.

6Note that the subnetfor a normal stepdoesnot meetpreciselythe Staffware semantics. In
Staffware,astepthatgetsenabledasecondtime(beforeit wasexecuted)wouldstill only beexecuted
once.Thesecondenablingis ignored.In thePetrinetthis situationis reflectedby two input tokens.
If every input placecontainsa tokentherequiredbehavior couldbematchedprioritizing themiddle
transitionover the others. Still if the two token arecontainedin oneof the input places,thereis
no suitablePetri net interpretation,asmerging of tokensis not coveredby any standardPetri net
semantics.
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Figure3.16:Themodelingtool of Staffware
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Applying relaxedsoundness

Theobjective is againto supportthemodelerwith precisefeedbackfor therevision
of the processspecification. Applying the sameprocedureas for EPCswe will
investigatewhetherthe pragmaticcorrectnesscriteria relaxedsoundnessis also
beneficialwhenmodelingwith otherlanguages.

We againproposeto transformtheprimaryprocessdescriptioninto a WF-net,to
checktheresultingWF-netfor correctness,andto usetheanalysisresultsfor revi-
sionof theprimaryspecification.

We will not repeatthe whole procedurebut just illustrate the applicationof the
proposedconceptsusingagaintherunningexample.

Running example

Figure3.16showstheStaffwaredescription“similar” to theprimaryprocess“Han-
dling of goods”(cf. Figures3.2, and3.7). Someof theconnectorsfrom the pri-
marydescriptiondo nothave to bemodeledexplicitly in Staffware.This concerns
e.g.theOR-connector, whosesemanticsis coveredimplicitly by thesteprecord
receipt of goods. Thecomputationof theresultsof taskcheck goods is
modeledvia acondition.

The processspecificationsfrom Figure3.2 or Figure3.7 did not satisfy relaxed
soundness.It is now consideredwhetherthis correctnessstatementcanbecarried
forwardto theStaffwaredescription.

The ProcessDefiner doesnot supportany form of analysis. Therefore,another
componentof Staffware, the Audit Trail (AT), is usedto monitor the executions
of individual cases.Using the AT for our purposewe will focus on soundand
unsoundexecutionsandcomparetheresultin theAT.

Figure3.17 shows the userinterfaceof the AT. In the upperpart of the window
the recordedprocessis denotedand the caseis identified. In the lower part the
audit trail is given, showing whenwhich taskswereassignedandcompletedby
which actors. The first is reflectedwith a line: “$date$$time$$task$processed
to $actor$”. The completionis denotedby “$date$$time$ $task$releasedby
$actor$”.

Note, theactualtime, at which theactorstartsprocessingtheassignedtaskis not
recorded.To determinethe orderingof taskswithin a casethe releasetime was
used.
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The audit trail of Figure 3.17 reflectsan executionwherethe result of the task
check goods wasok. Thedisplayedaudit trail corresponds7 to the following
firing sequenceof theWF-netfrom Figure3.7:


 t1, check goods, t3, t9, distribution to stock, t5,
record receipt of goods, t10.

In theprimaryWF-netthis firing sequenceis sound.As expected,theresultof the
audittrail says“Caseterminatednormally”.

Figure3.17:StaffwareAudit Trail (I) showing soundexecution

A furtheraudittrail is givenin Figure3.18.It shows anexecutionwheretheresult
of taskcheck goods wasnot ok. Notethatthetaskrecord receipt of
goods is completedlast. The displayedaudit trail correspondsto the following
firing sequenceof theWF-netfrom Figure3.7:


 t1, check goods, t2, complaint, t4, t8, distribution
to stock, t6, record receipt of goods, t10.

In the WF-net this firing sequenceis sound. As expected,the resultof the audit
trail againsays“Caseterminatednormally”.

7Correspondenceis meantin termsof thenotionof observationequivalence(alsoweakbisimu-
lation equivalence) [Mil80, GW96]
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Figure3.18:StaffwareAudit Trail (II) showing soundexecution

Probablythemostinterestingaudit trail is shown in Figure3.19. Within this ex-
ecution,the taskrecord receipt of goods is completedbeforetheresult
of taskcheck goods wascomputed.Theresultturnsout to benot ok which
entailsa secondrecord receipt of goods. Theaudit trail correspondsto
thefollowing firing sequenceof theWF-netfrom Figure3.7:


 t1, t5, record receipt of goods, check goods, t2,
complaint, t4, t8, t7, record receipt of goods, dis-
tribution to stock, t10, t11

This firing sequenceis not sound.It doesnot satisfythepropertyof propertermi-
nation.But theresultof theaudittrail againsays“Caseterminatednormally”. The
resultindicatesthatrelaxedsoundnessdoesnotmatchexactlywith thecorrectness
understandingof Staffware.Here,anevenmorealleviatedcorrectnessmeasureis
requiredto assessmodelingresults.It wouldrequireevery transitionto bepartof a
terminatingfiring sequencewhichneednotnecessarilybesound.Therequirement
for properterminationis abandoned.Theresultshowsagainthatthetrendtowards
lessstringentcorrectnessmeasuresis reasonable.
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Figure3.19:Audit resultof anunsoundexecution

3.8 Relatedwork

Themodelingof businessprocessesemergedasa researchareawell overadecade
ago.Sincethenawidevarietyof differentmodelinglanguageshasbeendeveloped.
Mostof themfocusonthecontrolflow aspect,i.e. thetasksandtheirordering.This
is naturalastheir specificationprovidesa conceptualbasisfor the integrationof
otheraspects.Apart from thisnoconsensushasbeenreachedasto whatshouldbe
essentialingredientsof abusinessprocessmodelinglanguage.Only recently, there
areefforts collectingall possiblyrelevantconceptscompilinga pattern-libraryfor
workflow modelingandto establisha formal foundationfor control-flow aspects
of processspecificationlanguages,seee.g.[AHKB03, AH02b].

Thefollowing sectionis subdividedinto threeparts.First we provide anoverview
of selectedapproachesto modelingbusinessprocesses.Wefocussedon languages
that provide a graphicalrepresentationin combinationwith formally foundedse-
manticsallowing for verificationof specificproperties,suchas termination,ab-
senceof deadlocksanddeadtasks. In the secondpart we will examinethe ad-
vancedcontrol-flow patternsin theprovidedpattern-libraryandclassifythosethat
are coveredby the relaxed soundnessproperty. In the third part, we single out
onespecificpattern,namelytheOR-join andinvestigatehow differentapproaches
resolve its inherentambiguity.

63



3.8.1 Main tr endswithin businessprocessmodeling

UML techniques Therearesomeapproaches,suchas[Esh02] and[WWKD X 97],
usingUML techniquesfor themodelingof businessprocesses.Theseapproaches
focus on the descriptionof control-flow aspects.In order to provide additional
supportfor the modeler, formal semanticsis introducedfor Activity Diagrams
[EW00, EW01b] andStatecharts[WW97]. The drawbackof the approacheslie
in the disagreementwithin the UML community. Thereis not a commonunder-
standing,but every new applicationcreatesits new tailoredsemantics.[Esh02]
lists four generalrequirementswhich a processspecificationshouldsatisfy. The
combinationof thefour resemblesanevenstricterversionof soundness(thanthe
oneusedfor WF-nets[Aal98]) requiringadditionallythe absenceof divergence.
[WW97] doesnot focuson a specialcorrectnesscriterion for businessprocesses
but considersgeneralsafetyandlivenessproperties,suchastheabsenceof dead-
locksandthereachabilityof certainstates.

Petri nets NumerousapproachesusePetri nets for the modeling of business
processes.Examplesare[Aal98, AAH98, BP98, DE00,DFZ02, DGS95,KG98,
LO02, Obe96, Sim02]. As well as the control-flow aspectsthey also concern
resourceaspects([BP98, DFZ02, KG98]), dataflow ([LO02]) and time aspects
([AAH98, DE00,DFZ02, Obe96, Sim02]).

Still, theuseof Petri netsfor businessprocessmodelingoften meetswith the re-
fusal of modelers.Theprocessdescriptionsrequirea level of detail which is not
alwaysnecessaryandwhich posesdifficultiescommunicatingtheprocessspecifi-
cationamongpeopleof differentknowledgecultures. Furthermore,the mapping
of domainartefactsontoPetrinetelementsneedssomemodelingexpertise.A ba-
sic exampleis illustratedin Figure3.20. Applicationexpertsfind it moreintuitive
to useEPC-like elements(depictedin the secondrow of Figure3.20). Here,the
semanticsof theconnectorsseemto beclear. ThecorrespondingPetrinetnotation
(depictedin thefirst row) oftencausesconfusion.Someapproachestry to facilitate
theuseof Petri netsby introducingabbreviations[Aal98], or separatemodelsfor
differentconcerns[DFZ02].

For theanalysisof themodeledprocessesa wide varietyof resultsfrom Petrinet
theory are available. The soundnesscriterion [Aal98] was introducedas useful
conglomerateappraisingthecontrol-flow of businessprocessdescriptions.

Workflow Graphs In [SO99] workflowgraphsareintroducedto modelthecon-
trol-flow of businessprocesses.A workflow graphis a simple,directed,acyclic
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Figure3.20:Simplepatternin Petrinets(up)andEPCs(down)

graphconsistingof a finite setof nodes(tasksandconditions)anda finite setof
controlflowsrepresentingdirectedarcsbetweentwo nodes.Workflow graphswere
introducedasa moredirect way of modelingworkflow processes.Still the lim-
ited numberof elements,togetherwith the assemblyrules restrict the modeling
power of workflow graphs(cf. [AHV02] correspondingWF-netsarefree-choice).
Structuralconflictsin workflow graphs,suchastheabsenceof deadlocks,arede-
tectedby applyingspecialgraphreductiontechniques.Notetheresultspresentedin
[SO99] areincorrectasthereductionrulespresentedarenotcomplete.In [AHV02]
analternative algorithmwaspresentedandit wasshown thattheabsenceof struc-
tural conflictscoincideswith soundnessof thecorrespondingWF-net.

Task Structur es Another representative of a processcontrol specificationlan-
guageareTaskStructures(see,e.g. [HN93]). In TaskStructurediagramssequen-
tial composition,choice,iteration,parallelexecutionandsynchronizationcanbe
expressed.

A formalsemanticsfor TaskStructureshasbeenprovidedin termsof ProcessAlge-
bra[HN93] andPetrinets[AH98]. Themappingof TaskStructuresontoPetrinets
(namelyWF-netsextendedwith arc weights)allows for the verificationof Task
StructuresusingPetrinetbasedanalysistechniques.It wasshown thatsoundness
of TaskStructurescorrespondsto livenessof thecorrespondingWF-net.

Others Approaches,usingagaindifferentmodelingtechniques,are [CCPP95]
and [RD98]. In [CCPP95]a workflow descriptionlanguageis proposedwhere
a processmodelcomprisestasksandrouting tasks. The latter conceptcancarry
differentsemanticsdependingonthetypeof theroutingtask,of whichparticularly
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interestingarepartial and iterative joins. The semanticshasbeenillustratedby
statediagrams.However, verificationissuesareneglected.

In [RD98] fundamentalsof the ADEPT Workflow Model are presented. This
model is basedon the conceptof symmetricalcontrol structures,wherevarious
structuressuchassplits, joins andloopsarespecifiedassymmetricalblockswith
explicit startandendpoints. Theseblocksmaybearbitrarily nested,but they are
not allowed to overlap,i.e. thenestingmustberegular. TheADEPT languageis
formally foundedsupportingtheanalysisof thecontrol-flow. Besidethereachabil-
ity of all nodes,every processmodelshouldsatisfythatfrom every reachablestate
of theprocessterminationcanbeguaranteed.

Most workflow managementsystemsusea proprietaryworkflow language.Ex-
amplesare the Flow Definition Language of the IBM approach(FlowMark/MQ
SeriesWorkflow), theWebServiceFlow Language [Ley01] a furtherdevelopment
designedto modelbusinessprocessesbasedonWebServicesor XLANG[Tha01] a
similarapproachenforcedby Microsoft. A commonstandardhasbeenfoundwith
theBusinessProcessExecutionLanguage for WebServices(BPEL4WS)[BEA03].
Thereare also the internal modeling languagesof other workflow management
systems,e.g. BusinessProcessMapsusedwithin Action Workflow, the specific
modelinglanguageusedwith Staffware, Verve, or InConcert,and many others.
Theselanguagescombineanintuitive,graphicalmodeling(basedon theassembly
of predefinedworkflow patterns)with conceptsthat arecloseto implementation.
Analysisissuesaremostlyneglected.

Themodelingcapabilitiesof severalworkflow managementsystemswereinvesti-
gatedin [Kie02]. Thedifferentmodelinglanguagessupportedhavebeenclassified
in termsof four evaluationstrategiesused. Furthermorea mappingof workflow
patternto Petrinetsis provided,capturingtheir interpretationformally. Applying
standardPetrinetanalysistechniquestheprocessdescriptionscanbechecked for
(strict) termination,andtheabsenceof deadlocksandlivelocks.A processdescrip-
tion is consideredto bewell-behavedif it is safeand(strictly) terminating.

3.8.2 Workflow-patterns

Investigatingcontemporaryworkflow productsa wide rangeof workflow patterns
hasbeenidentified[AHKB03]. Therearebasiccontrolpatterns,suchassequence,
parallel split (AND-split), synchronization(AND-join), exclusive choice(XOR-
split), andsimplemerge (XOR-join) that shouldbe supportedby any conceptual
processlanguage.Besidethemsomeadvancedbranchingandsynchronizationpat-
ternshavebeenidentified:multiplechoice(OR-split),multiplemerge,discrimina-
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Figure3.21:a)Patterndiagram“Multiple Merge”; b) RelaxedsoundWF-net

tor, N-out-of-M join, andsynchronizingmerge (OR-join). Thebasiccontrol pat-
ternsaswell asthemultiplechoiceandthesynchronizingmergehavealreadybeen
usedwithin EPCs. In Figure3.3 a translationinto Petri net moduleswasshown
whichcouldbeintegratedinto WF-netsshowing relaxedsoundness.

Wewill now show thatalsofor theremainingadvancedcontrol-flow patternsthere
is an explicit modeling in termsof Petri netswhich could be integratedinto a
relaxedsoundWF-net.

Multiple merge is a point in a workflow processwheretwo or more branches
reconvergewithoutsynchronization.If morethanonebranchgetsactivated,
possiblyconcurrently, the activity following the merge is startedoncefor
every incoming branchthat getsactivated [AHKB03] (i.e. in the pattern
diagramshown in Figure3.21a,D will beinstantiatedtwice). ThePetrinet
moduledescribingthisbehavior coincideswith thetranslationof thenormal
XOR-join shown in Figure 3.3. The respective behavior dependson the
context. If themergewasprecededby aparallelsplit (AND-split) it mustbe
followedby a synchronization(AND-join). Only thenrelaxedsoundnessof
thecorrespondingWF-netmaybesatisfied.Figure3.21b) shows a relaxed
soundWF-netincorporatinga multiple merge. Note that thereis no sound
WF-netincorporatingatranslationof thispattern,asit alwaysintroducesthe
possibilityto deadlock.

Discriminator The discriminatoris a point in a workflow processthat waits for
oneof the incomingbranchesto completebeforeactivating thesubsequent
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Figure3.22:a)Patterndiagram“Discriminator”; b) Correspondingnetmodule

activity. From that momenton it waits for all remainingbranchesto com-
pleteand“ignores” them. Onceall incomingbrancheshave beentriggered,
it resetsitself so that it canbetriggeredagain[AHKB03]. Thepatterndia-
gramis givenin Figure3.22a). A Petrinet-moduledescribingthis behavior
explicitly is shown in Figure3.22b). Clearly, incorporatingthismoduleinto
aWF-netrelaxedsoundness(aswell assoundness)canbesatisfied.

N-out-of-M join is apoint in aworkflow processwhereM parallelpathsconverge
into one. ThesubsequenttaskshouldbeactivatedonceN pathshave com-
pleted. Completionof all remainingpathsshouldbe ignored. Similarly to
the discriminator, onceall incomingbrancheshave “fired”, the join resets
itself sothatit canfire again.Thiscontrolpatterncanbedepictedascombi-
nationof synchronizationanddiscriminator[AHKB03]. Figure3.23shows
the original and the refinedpatterndiagram. TherearePetri net modules
describingthebehavior of synchronizationanddiscriminator. Bothcouldbe
incorporatedin a WF-netshowing relaxed sound(or evensound)behavior.
We concludethatalsoa combinationof bothpatterns,i.e. the“N-out-of-M
join”, canbepartof a (relaxed)soundWF-net.

Thepossibilityto cover theabove translationsof advancedworkflow patterns(es-
pecially themultiple merge) within relaxed soundWF-netsprovide a furtherevi-
dencefor thereasonabilityof thenew criterion.
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Figure 3.23: a) Patterndiagram“N-out-of-M join”; b) Refinedpatterndiagram
usingacombinationof synchronizationanddiscriminator

Thesolutionsfor thementionedworkflow patternsareratherstraightforward. Pat-
ternsthatposemoredifficultiesaremultiple-choiceandsynchronizingmerge. These
patternsarealreadyknown from themodelingwith EPCs,referredto asOR-split
and OR-join connectors.Translations,possiblycoveredby relaxed soundWF-
nets,have beenshown in Figure3.3. In thenext paragraphwe will refer to other
approachesproviding formal semanticsfor thesepatterns.

3.8.3 Resolvingthe ambiguity of the OR-connector

Many modelingtechniquesprovide constructssuchas multiple choice and syn-
chronizingmerge [AHKB03]. Themultiple-choicepattern(OR-split) canchoose
multiple alternatives from a given set of alternatives. The synchronizingmerge
(OR-join) shouldhave thecapabilityto synchronizeparallelthreadsandto merge
alternative threads.Thedifficulty hereis to decidewhento synchronizeandwhen
to merge. This decisioncannotbe madelocally. Thoughthe non-localityof the
OR-join hasits complications,it is a patternfrequentlyusedin a wide variety of
workflow processes.

Many workflow managementsystemssupportpragmaticsolutionsresolvingthe
ambiguity of the OR-connector. For the individual processingof the OR-join
within systemssuchas InConcert,Eastman,MQSeriesWorkflow, eProcess,and
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DominoWorkflow, wereferto [ADK02, AHKB03, Kie02].

We will look morecloselyat the formalizationapproacheswithin EPCs.Regard-
ing theOR-connector, therearealmostasmany solutionsasapproaches.Still, in
contrastto our formalizationthey all tend to resolve the inherentambiguity. In
[Rit00a] the ambiguity of the OR-connectoris handledthrougha syntaxexten-
sionon thesideof theEPC.Theconnectorsareextendedby commentflagswhich
describethedesiredbehavior explicitly (wait-for-all, first-come,every-time).

[Rod99] and [MR00] resolve the ambiguity by adding places(communication
channels)to thePetri net. Their taskis to keepthe informationaboutthe choice
madeby theOR-split. This informationis usedto synchronizethecorresponding
OR-joinaccordingly. [CS94] and[LSW98] introducedifferenttokensfor thesame
reason.All theseapproachesrequirewell-structuredmodeling,i.e. every split has
to be complementedby a correspondingjoin. This restrictsthe modelerconsid-
erablyandalsoplacessubstantialdemandson the modelingexpertise.Modeling
with awell-structuredEPCis basedonastrict top-down designprocesswhichcan
hardlybeenforcedin practice.

New ideasto handletheambiguousmeaningof theOR-connectorsweresketched
in [ADK02]. The approachrevealsdifficulties with the formalizationprovided
in [NR02]. In [NR02] EPCsemanticsweredefinedbasedon a transitionsystem
but containacyclic definitionof thetransitionrelation.Thereforethesemanticsare
subjectto multipleinterpretations.[ADK02] pointsattwosolutionsto theproblem.
Onerefersto a fixed-pointinterpretationof the transitionrelation. Anotherway
wasthedefinitionof two transitionrelations;thefirst would becompletelylocal,
thesecondwould benon-local,but would only usethefirst for checkingwhether
theOR-join shouldwait for anotherthreadto besynchronized.
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Chapter 4

Embedding relaxedsoundness
into Petri net theory

Having definedthenew criterionof relaxedsoundness, thepurposeof this chapter
is to raisetheunderstandingof thenew criterionby investigatingrelationsbetween
existing Petrinetpropertiesandrelaxedsoundness.

In Section4.1 the classicalsoundnessnotion is reviewed and interrelationsbe-
tweensoundnessandrelaxedsoundnessarediscussed.In Section4.2theproposed
relationswill be proven correct. Section4.3 focuseson relationsto other Petri
net-criteria.In thelastsectionrelatedwork is discussed.

4.1 Review of intr oducedcorrectnesscriteria

We start reviewing the introducedcorrectnesscriteria for WF-nets. At first we
comebackto soundnessasintroducedin [Aal97], cf. Def. 2.47.

Definition 4.1(Soundness).
A processspecifiedbya system�Y�Z���+�����	� is soundiff:

(i) For everystate " reachablefromstate � , there is a firing sequenceleading
fromstate " to state' (optionto complete).
Formally: | " � �1�(2�! (" ��[\� " 2�! 5' �76

(ii) State' is theonlystatereachablefromstate� with at leastonetokenin place' (propertermination).Formally: | " � �1�52�4 ("\]^" L ' ��[\� " � ' �
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(iii) Thereare nodeadtransitionsin � .
Formally: |!,_-`/ $ " � "ba � �1�52�! c" 3�! c"da �

Soundnessensuresthat the processcanalways terminatewith a single token in
place' andwith all theotherplacesempty. In addition,it requiresthatthereareno
deadtasks,i.e. eachtaskcanbeexecuted.

Soundnessrequiresall firing sequencesof thecorrespondingWF-netto besound.
Rememberthatasoundfiring sequence(cf.D̃ef. 3.1)is asequencethatcanbecome
extendedsuchthatit terminatesproperly.

Definition 4.2(Soundfiring sequence).
Let �e�f���+�g����� bea system.A firing sequence� leadingto a marking " � �h��4 " is soundif

$ � a � " � %�! 5' .
In Chapter3, Def. 3.2 relaxedsoundnesswasintroducedasa new correctnesscri-
terion for WF-nets.Relaxedsoundnessonly requiresthat thereareenoughsound
firing sequencessothateachtransitionis covered.

Definition 4.3(Relaxedsoundness).
A processspecifiedby a system�i�j���+�g����� is relaxedsoundiff every transition

of �+� is elementof a soundfiring sequence. |!,k-l/ $ " � "ba � �1�m2�4 \" 3�4 " a 2�! 5' �76
In contrastto a soundWF-net,a relaxedsoundWF-netmayhave firing sequences
whichdo not terminateproperly, but deadlockbeforeor leave tokensin thenet.

Relaxedsoundnesswasderived from soundness.It posesweaker requirementsto
a processdescriptionthansoundness.From the given definitionsit caneasilybe
seenthatasoundWF-systemwill alsonecessarilyberelaxedsound.

Lemma 4.4(Soundnessimplies relaxedsoundness).
Let �e�f���+�g����� bea WF-system.If � is sound,then � is relaxedsound.

It is equallyclear that relaxed soundnessdoesnot necessarilyimply soundness.
For abetterunderstandingof thenew criterion,wewill considerwhetherthereis a
propertyX, suchthatrelaxedsoundnessandX imply soundness.

We will prove that a “missing piece” betweenrelaxed soundnessandsoundness
is well-handlednessor well-structuredness.Remember(cf. Section2.6) that the
structuralpropertywell-handledness(well-structuredness)statesthat thereareno
PT- andno TP-handlesin ��� ( �+� ).
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Theclaim is comprisedin thefollowing proposition:

Proposition 4.5.
Let ���n���+�����	� be a WF-system.Let � be relaxedsoundand �+� be well-
structured. � is sound.

Theproof of this claim will beprovided in severalsteps.We startby proving the
propositionfor specialWF-netssuchas statemachinesor marked graphs. The
resultis thenappliedto theclassof free-choiceWF-nets.In thelaststeptheresult
is provedfor generalWF-nets.

4.2 Relaxedsoundnessversussoundness

To prove thegivenproposition,we first look at simpleWF-nets,suchasstatema-
chinesandmarkedgraphs.

4.2.1 Statemachines

Statemachinesarealwayswell-handled. This canbe easilyconcludedfrom the
definition. Statemachinesonly containbranchingplacesbut no branchingtransi-
tions.Both wouldbenecessaryto build aPT- or TP-handle.

Theorem 4.6. Let �+� bea WF-netwith input place � . If �+� is a statemachine,
then �+� is sound.

Proof The short-circuitednet �+� is a statemachine. The transition , 2 being
addedto short-circuit the WF-net againsatisfies o p7,Ooq�#o ,	pPok�rM . Taking into
accountTheorem2.40we know that the initially marked andstronglyconnected
statemachine � ���e����� is live andbounded(Theorem2.41). With Theorem2.48
we canconcludethat �+� is sound. s

4.2.2 Mark ed graphs

Marked graphsarealwayswell-handled. In contrastto statemachinesthey only
have branchingtransitionsbut no branchingplaces.Again, bothwould beneces-
saryto build aPT- or TP-handle.
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Theorem 4.7. Let �+� bea WF-netwith input place � . Let �+� berelaxedsound
andtheshort-circuitednet �+� bea markedgraph. �+� is sound.

Proof �+� is a marked graph. As �+� with input place � is relaxed sound,we
canconcludetheexistenceof an infinite firing sequencein � ���t���	� . For its con-
struction,wetakeoneof thesoundfiring sequencesthatexist in �+� , subsequently
fire , 2 andrepeatthis infinitely often.Takinginto accountTheorem2.43,weknow
that � �+�e���	� is live. With Corollary 2.42 we furthermoreknow that � ���e����� is
bounded.With Theorem2.48,wecanconcludethat �+� is sound. s
We will now broadenthe scopeof the propositionandprove its validity for the
classof free-choicenets.

4.2.3 Free-choiceWorkflow-nets

Free-choicenetsare not per se well-structured. Both branchingtransitionsand
branchingplacesexist andmaybecombinedto TP- or PT-handles.We therefore
extendthepropositionandadditionallyrequirethefree-choiceWF-netto bewell-
structured.

Theorem 4.8. Let ��� be a free-choice and well-structured WF-netwith input
place � . Let �+� berelaxedsound.Then �+� is sound.

Proof �+� is well-structured. Therefore,the short-circuitednet �+� is well-
handledandstrongly-connected. UsingTheorem2.38/2.39it canbeconcludedthat�+� is well-formed(structurallyboundedandstructurallylive). Soundnessof �+�
coincideswith livenessandboundednessof � �+�e���	� , Theorem2.48. Therefore,�+� needsto beliveandboundedin theinitial marking � .
Boundednessof � �+�t����� follows from thefactthat �+� is structurallybounded.It
remainsto prove that � �+�e���	� is live. Figure 4.1illustratestherelationsdescribed.

�+� with input place� is relaxedsound.Thus,it canbeconcludedthatthereis an
infinite firing sequence� of � �+�t����� whichsupportseachtransition.

Let u&�v;O�B�!Kw�O6x6x6x�B�zy�{ bea setof soundfiring sequencesin ���+�g����� containingeach
transitionat leastonce. For theconstructionof an infinite firing sequence� they
arelinked throughfiring of transition , 2 . This againis doneinfinitely often. The
constructedinfinite firing sequenceis:
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PN  well-structured, 
       free-choice 

PN  structurally    
       bounded,  
       structurally 
       live

(PN,i) sound

(PN,i) is bounded,  
 
(PN,i) is live

[ES90]
[Aal97]

[by definition]

remains to 
be proved

Figure4.1: Proofrelations:A free-choicenetshowing relaxedsoundnessis sound

���|�<;�, 2 �!K7, 2 6x6x6}, 2 �4yR, 2 �v;�, 2 �!K~, 2 6x6x6}, 2 �zy!6x6x6
With Theorem2.39we know that ��� is coveredby S-components.

Every S-componentis a minimumsiphonanda minimumtrapof �+� . As �+� is
coveredby S-components,place� is partof aminimumtrap.Theinitial marking �
thereforemarksaminimumtrap.

The infinite firing sequence� is enabledat � andcontainsall transitions. Since
every transitionhasaninputplaceandanoutputplace(stronglyconnected),every
placeand thereforeevery trap is marked during the occurrenceof the sequence.
Sincemarkedtrapsremainmarked,every trapandthereforeevery S-componentis
marked in � . With Theorem2.44(c),it canbe concludedthat � ���e����� is live and�+� is thereforesound. s

4.2.4 Well-structured Workflow-nets

In this sectionwe will show that the validity of the theoremcanalsobe carried
forward to non-free-choiceWF-nets. We first establishsomeprerequisites.We
recalla transformationrule ([DE95, Hac72]) thattransformsanon-freechoicenet�+� into a free-choicenet ��� a . We thereforereplaceevery arc �:9F��,B��-g� in �+�
by a sequence�:9F��, a �~�1, a ��9 a �~�:9 a ��,���-�� a andextendthesets� and / accordingly.
With the introductionof theseadditionalsequences,the decisionpointsbecome
localized,whichcharacterizesfree-choicenets.Figure4.2illustratestherulewhich
is appliedto transfernon-free-choicenetsinto free-choicenets.
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Althoughonewouldthink thattheintroductionof thesesimplesequencespreserves
propertiessuchasboundednessandliveness,thisdoesnothold in everycase.Fig-
ure 4.3 shows an exampleillustrating that the forward directionof the proposed
transformationdoesnot maintainliveness.The exampleis a counter-exampleto
thereductionrule9 in [Sta90] wherethecontraryis claimed.

(PN,i) is live and bounded 
but not free-choice

(PN’,i) is  free-choice 
but not live

p
t3

1

2

p
1

t

i

o

t*

t2

p
3

p
4

t0

t4 t3

1

2

p
1

t

i

o

t*

t 2

p
3

p
4

p
t4

t 0

Figure4.3: A counter-examplevitiating theconsistenceclaim of rule9 in [Sta90]

However, every live andboundedfree-choicenetremainslive andboundedif it is
transformedinto a non-free-choicenet(retracingthefree-choicetransformation).

Lemma 4.9. Let �+���f�����	/��B��� bea Petri netand9g-�����,�-^/ , and �:9F��,���-�� .
Let , a ��9 a��-`/��`� and �+� a �f���0�gu�9 a {��	/���u@, a {��������uV�:9���,��>{D�~�k��uV�:9F��, a �7�&�1, a ��9 a �7�&�:9 a ��,B�>{D�7� and " bea markingof �+� . If thesystem���+� a � " � is live andbounded,then ������� " � is live andbounded.

Proof In �+� a a transition , a anda place9 a have beenadded.Their introduction
enhancesthe behavior of the primary system. Still, any behavior of the primary
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system ���+�����	� canbe simulatedby the enhancedsystem ���+� a ����� . Simulation
alsoworksin theoppositedirection.Regarding,thefiring of transition, a asasilent
move (cf. e.g.[GW96]), any executionof thesystem���+� a ����� canbemappedonto
anexecutionin ���+�g����� .
bounded: We know theenhancedsystem ���+� a ����� is bounded.As it is possible

to simulateall behavior of theprimarysystem���+�g����� , it mustbebounded
aswell.

live: The enhancedsystem ���+� a ����� is live. As it is possibleto simulateall be-
havior of theenhancedsystemby theprimarysystem���+�����	� , regardingthe
firing of transition, a asasilentmove, ���+�g����� mustbeliveaswell.

Wecanconcludethat ���+�g����� is live andboundedif ���+� a ���	� is. s
Furthermore,it is apparentthat propertiessuchaswell-handlednessandrelaxed
soundnessarepreservedthroughoutthefree-choicetransformation.

Lemma 4.10. Let �+�h�f�����	/��B��� beaWF-netand9g-�����,�-`/ , and �:9F��,���-�� .
Let , a ��9 a �-`/��`� and �+� a �f���0�gu�9 a {��	/���u@, a {��������uV�:9���,��>{D�~�k��uV�:9F��, a �7�&�1, a ��9 a �7�&�:9 a ��,B�>{D�7� and " bea markingof �+� . If thesystem�+� is well-structured,then �+� a is well-structured.

Proof �+� is well-structured,i.e. thereareno PT- or TP- handlesin the short-
circuitednet �+� . �+� and �+� a only differ with respectto the insertionof what
wascalleda SISO-sequence[Fre02] (SingleInput SingleOutput),betweenplace9 andtransition , . This insertiondoesnot introducea new path to �+� but just
extendsanexisting one.Therefore,it canbeconcludedthat �+� a doesnot contain
any PT- or TP-handlesi.e. �+� a is well-structured. s

Lemma 4.11. Let �+�h�f�����	/��B��� beaWF-netand9g-�����,�-`/ , and �:9F��,���-�� .
Let , a ��9 a��-`/��`� and �+� a �f���0�gu�9 a {��	/���u@, a {��������uV�:9���,��>{D�~�k��uV�:9F��, a �7�&�1, a ��9 a �7�&�:9 a ��,B�>{D�7� and " bea markingof �+� . If thesystem���+��� " � is relaxedsound,then ���+� a � " � is relaxedsound.

Proof ���+�g� " � is relaxedsound,i.e. every transitionis coveredby a soundfir-
ing sequence.Let � beasoundfiring sequencecontainingtransition, : ���0� ; ,�� K .
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The differencebetween�+� and �+� a only relatesto the insertionof a SISO-
sequencebetweenplace9 andtransition , . To show relaxedsoundnessof thesys-
tem ���+� a � " � it mustthereforeonly beshown that theextendedfiring sequences� a ���v;z, a ,��4K , is asoundfiring sequenceof ���+� a � " � . This followsdirectlyfrom
theconstructionof �+� a . s
Wearenow readyto prove theprimaryproposition.

Theorem 4.12. Let �+� beawell-structuredWF-netwith inputplace� . Let ���+�g�����
berelaxedsound. ����������� is sound.

Proof Let �+� beanon-free-choice,but well-structuredWF-netwith inputplace� . Let theWF-system���+�g����� berelaxed sound.We apply the free-choicetrans-
formationrule andwith Lemmata4.10and4.11obtaina relaxedsoundandwell-
structuredWF-system���+� a ����� which is additionallyfree-choice.Weshort-circuit�+� a andobtain the stronglyconnected,well-handledand free-choicenet ��� a .
UsingTheorem2.38/2.39,we canconcludethat �+� a is well-formed(structurally
boundedandstructurallylive). With Theorem4.8, we caninfer that � ��� a ����� is
live andbounded.As the reversedirectionof the free-choicetransformationpre-
serves theseproperties,we canconcludethat � ���t���	� is also live andbounded.
Therefore,����������� is sound. s
Figure4.4 illustratestherelationsusedin theproof.

As a consequenceof this result,a WF-systemcanbe proved soundif it satisfies
somestructuralproperties(namelyhaving nohandles)andrelaxedsoundness.Fur-
thermore,wecanconcludethatif theWF-netis relaxedsoundbut notsound,there
must be PT- or TP-handlesin �+� . As soundnessof a net �+� correspondsto
livenessandboundednessof �+� , it canbeconcludedthatif �+� is bounded,it is
not live, andvice versa.To illustratethe level of understandingnow attained,the
relationsbetweenthePetrinetclassesinvestigatedareshown in Figure4.5.

Let ����������� be a relaxed soundWF-system. With Theorem4.12 we know that
well-structurednessof �+� is sufficient to concludesoundnessof ���+�g����� . Still,
it is not a necessarycondition. An examplefor a soundWF-systemwhich is not
well-structuredwasgivenin Figure2.1.

So far, the relation betweenrelaxed soundnessand soundnesshasbeeninvesti-
gated.In therestof thischapter, relationsto otherPetrinetproperties(T-invariants,
T-coverability)areconsidered.
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Figure4.4: A well-structurednetshowing relaxedsoundnessis sound
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Figure4.5: RelationsbetweendifferentPetrinet-properties
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4.3 Other relations

Relaxed soundnessstatesthatevery transitionwithin a WF-netcontributesto the
desiredbehavior of the correspondingWF-system,i.e. is coveredby oneof the
soundfiring sequences.It is obviousthatthereis arelationbetweenrelaxedsound-
nessandthenumberof T-invariants.

Wewill now prove thefollowing theorem:

Theorem 4.13. Let �+� �*�����	/��B��� be a WF-netwith input place � . Let the
system���+�g����� berelaxedsound.Theshort-circuitednet �+� is coveredby T-in-
variants.

Proof Relaxedsoundnessstatesthateachtransition,�-^/ is containedin asound
firing sequence.Let �g�0, ; 6x6x6},76x6x6}, y beafiring sequenceleadingfrom state� to state' : �r��! ' . In ��� the additionaltransition , 2 returnsthe token from place ' to
place � , resettingthesystemto its initial state. �+� is coveredby transitioninvari-
antsbecausefor eachtransition , the vector �1,>;O6x6x6},�6x6x6},�y���, 2 � denotesa T-invariant
covering , . s
Theexistenceof enoughT-invariantsis thereforeanecessaryconditionfor relaxed
soundness.Thetestfor acoverof T-invariantswasimplementedin theverification
tool Woflan[VA00]. Woflancancomputewhetheranetiscoveredby semi-positive
T-invariants.Worst-casecomplexity of thecomputationis exponentialin thenum-
berof transitions.Typically, thecomplexity will bemuchbetter. Oncethesetof
semi-positive T-invariantshasbeencomputedit is alsonecessaryto checkwhether
all transitionsarecovered.FromTheorem4.13,it follows that transitionsthatare
not coveredby any invariantarenot containedin any soundfiring sequence.They
arethereforecandidatesfor revision.

Theconversedoesnothold. Thecoverabilityof �+� by T-invariantsis anecessary
but notasufficient conditionfor relaxedsoundnessof ���+�g����� . Evenif weassume
that ��� hasno deadtransitionsit is not possibleto concluderelaxed soundness.
A counter-exampleis shown in Figure4.6. The short-circuitednet is coveredby
T-invariants,e.g. thepositive T-invariant ������W��@Mw�@Mw�@Mw�>W��>W�� . Furthermore,there
arenodeadtransitions.But theunderlyingWF-systemis not relaxedsound.There
is nosoundfiring sequence.

Thereis a relationbetweenT-componentsandT-invariants(cf.Proposition2.29).
Exploiting this relation one could assumethat the T-coverability of the WF-net
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Figure 4.6: Counter-example: The short-circuitedWF-net is covered by T-
invariantsand there are no deadtransitions. Neverthelessthe underlyingWF-
systemis not relaxedsound.

togetherwith theassumptionof nodeadtransitionsin �+� is sufficient to conclude
relaxedsoundness.

By providing counter-exampleswe will show that theT-coverability of a WF-net
is neithersufficientnornecessaryto concluderelaxedsoundness.Figure4.7shows
two WF-nets. The first WF-net(a) is coveredby T-componentsandhasno dead
transitions. Still it is not relaxed sound,as thereareno soundfiring sequences
covering transition , and , a . The problemis that the inducedT-invariantsarenot
realizable.ThesecondWF-net(b) is relaxedsoundbut notT-coverable.

b)

o

i

t’

oi

t

a)

Figure4.7: Examplesdisproving arelationshipbetweenrelaxedsoundnessandthe
T-coverability of a WF-net
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4.4 Relatedwork

The sectionon relatedwork is subdivided into two parts. First we searchthe lit-
eratureon propertiesrelatedto relaxed soundness.Thenonespecificapproachis
sketched,wherefurthercorrectnessnotionsrelevant for processdescriptionshave
beenidentified.

Relaxedsoundness In the available literaturethereareno criteria within Petri
net theory that resemblerelaxed soundness.It doesnot representa classicPetri
net property, as relaxed soundnessis formulatedwith respectto the underlying
transitionsystem. Our investigationssuggestthat relaxed soundnesscannotbe
restatedusingacombinationof classicalPetrinetproperties,analogousto theresult
providedin [Aal97] statingthataWF-netis soundif andonly if theshort-circuited
netis live andbounded.

In an approachdescribedrecentlyin [Sim02], a similar notion to the term sound
firing sequenceis provided. Theapproachdealswith a specialclassof Petri nets
with onestart transitions (theonly transitionwith emptypreset),onegoal transi-
tion g (theonly transitionwith emptypostset),andinitially unmarked. In [HSV03]
astronglyconnectednetof this kind hasbeencalledtWF-net.Heretheconceptof
a WF-nethasbeengeneralizedto cover tWF-netsandsWF-nets,wheretWF-nets
startandendeachwith onetransitionandsWF-netsstartandendeachwith one
place.

In the approachdescribedin [Sim02], a firing sequencereproducingthe empty
markinghasbeencalledaprocess, wherebythestarttransitionE andthegoaltran-
sition � occurexactly once. The latter requirementcould easilybe implemented
by addingoneinput place � to thestarttransition E andoneoutputplace ' to the
goal transition � . This way the net is transformedinto a WF-net (or sWF-net).
What wascalleda processin the primary net would thencorrespondto a sound
firing sequence(reachingstate ' ) in theextendednet, initially marked in � . Cor-
respondingly, in this specificnet-class,relaxed soundnesscould be reformulated
w.r.t. whatwascalledaprocess.

Serializability and separability Only recently, anotherattemptwasmadeto find
further correctnessnotionsrelevant for processdescriptions[HSV03]. The clas-
sical formulation of soundness(cf. [Aal98]) doesnot combinewith refinement.
Problemsmay occur if new firing sequencesarise. The latter may happenif the
insertedWF-netis triggeredmorethanonce.
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Therefore,in [HSV03] soundnesswasgeneralizedto the notion of k-soundness,
allowing the observation of morethanoneinstance(namely � ) at thesametime,
cf. Section2.3. Here,a WF-net is called � -soundif any marking reachedfrom� tokensin the initial placecanreach � tokensin the final place. Regardingthe
original soundnessas1-soundness,a WF-net is calledsoundiff it is � -soundfor
each�`� N .
Extendingtheapplicabilityof WF-netsfor theinvestigationof compositionalpro-
cesses,furthercorrectnessconceptsgetnecessary. First, thenotionof serializabil-
ity is introduced,a behavioral propertystatingthat thebehavior of a WF-netwith� initial tokenscanbe seenin somesenseasa combinationof the behavior of �
copiesof theneteachof whichhasoneinitial token[HSV03]. Only lookingat the
markingsof thenetthis notionis softenedto thenotionof weakseparability. It is
proventhata weakseparabilityis sufficient to reducetheproblemof soundnesstoM -soundness.Finally, separability anotionstrongerthanweakseparabilitybut not
asrestrictive asserializabilityis introduced.For asubclassof WF-net,it is proven
thatthisnotioncombinesw.r.t. to refinement.

In contrastto soundness,every relaxed soundWF-netgainedby refinementwill
satisfy relaxed soundnessagain,as soonas the primary WF-netswere relaxed
sound.This follows immediatelyasnew andpossiblyproblematicfiring sequences
thatarisethroughthereplacementof a transitionor placeby a tWF-netor a sWF-
netrespectively, maybeignored.
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Chapter 5

Non-controllable choice
robustness

Sofar, themodelerwasguidedtowardsaprocessdescriptionthatis relaxedsound.
It is clearthat relaxed soundnessis too weakfor the correspondingspecification
to beusedasbasisfor executionsupport.Thecriteriondoesnot excludebadex-
ecutionsbut just makesa statementaboutthe existenceof goodones. The next
questionis whetherrelaxed soundnessprovides a sufficient prerequisitefor the
generationof asoundspecification.

Until now, a workflow systemhasbeenregardedasa stand-aloneapplication,but
workflow systemsarereactive systems.They run in parallelwith their environ-
ment, respondto inputs from the environmentandproduceoutputeventswhich
take effect back in the environment. It is assumedthat the knowledgeaboutthe
behavior of the environmentis low. At best,possibleactionsof theenvironment
areknown but not theirorder.

Startingat theseassumptions,it will turn out thatrelaxedsoundnessdoesnot suf-
ficeasthebasisto generateasoundspecification.A furthercorrectnesscriterionis
needed,indicatingthattheprocesscanactrobustly to (all) possibleeventscoming
from theenvironment.

In thischapter, thequalitymeasurefor processdescriptionsis extended.Theprop-
erty introducedis callednon-controllablechoicerobustness. It providesameansto
describerobustnessof asystemagainstall possiblerequestsfrom theenvironment.

Thechapteris organizedasfollows: First,therequirementsfor thenew perspective
aredescribedandour modelingparadigmis introduced.In Section5.2 we show

84



by exampledeficienciesof theprevious correctnesscriteria. Thenew propertyis
introducedin Section5.3. In Section5.4, an algorithmis proposedverifying the
property, andits correctnessis proven.Thenew criteriais embeddedinto Petrinet
theoryin Section5.5. Finally, relatedwork is discussed.

5.1 Workflow systemsare reactivesystems

In this sectionmodelingrequirementsof reactive systemsareinvestigated,theca-
pabilitiesof WF-netsareconsidered,andWF-netsarerefinedin orderto describe
thebehavior of reactive systemsin anadequatemanner.

5.1.1 Modeling requirementsof reactive systems

Workflow systemsarereactive systems.They run in parallelwith their environ-
ment,respondto inputsfrom theenvironmentandproduceoutputeventsthathave
impacton theenvironment. The interactionwith theenvironmenttakesplacevia
incomingexternaleventsor via theevaluationof externalinformation.Thereactive
systemhasto respondto externaleventsandto incorporatethepossibleoutcomes
of theinformationevaluation.

An externalevent could be an incomingquery, an acknowledgmentfrom a cus-
tomer, a messagefrom anothercompany, informationfrom a businesspartneror
just a timeout. Examplesfor theevaluationof externalinformationaretheques-
tion aboutavailablecapacities,the checkfor creditworthinessof a customerand
theidentity checkof aco-operatingpartner.

Possibleresultsof aninformationevaluationaswell astheoccurrenceof external
eventsshouldbereflectedwithin theprocessspecification.This is essentialasthe
furtherexecutiondifferswith respectto variousresultsor differentexternalevents.

5.1.2 Capabilities of Workflow-nets

In a WF-net the interactionwith the environmentis not reflectedexplicitly. As
statedin Section2.2, tasksare modeledby transitionsand intermediatestates
aremodeledvia places.Looking at WF-netsandincorporatingthe discussionin
[Aal98], it canbe seenthat transitionsarealsousedfor otherpurposesthanthe
modelingof tasks.
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Figure5.1: A WF-netmodelingtheprocessingof complaints

Transitionsareusedin four differentways:

Tasks Mostly, transitionsareusedto modeltasks.Tasksstandfor activities that
areexecutedby someactor(a humanor a machine).Tasksin theprocessof
Figure5.1 areregister, send questionnaire, evaluate, pro-
cess questionnaire,process complaint,check processing
andarchive.

Decisions Transitionsarealsousedto depicttheoutcomeof decision-makingpro-
cesses.Alternative decisionsareassumedto bemutuallyexclusive. Exam-
plesin Figure5.1 areprocessing OK, andprocessing NOK, aswell
asno processing, andprocessing required. Transitionsreflect-
ing a decisionalways occur immediatelyafter a task transition,e.g. here
evaluate andcheck processing.

External events Sometimestransitionsrepresentexternal events. Examplesof
suchtransitionsin theprocessshown in Figure5.1 aretime out, model-
ing atimeevent,orreturning questionnaire (modelingtheincome
of an answeredquestionnaire).It cannotalwaysbe assumedthat external
eventsaremutuallyexclusive. Considertheexamplein Figure5.2modeling
apartof a library process.Possibleexternaleventsarereader returns
books (e.g. in person),reader asks for extension (e.g. usinga
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webinterface)andtime elapsed. Although,it is unlikely thatmorethan
oneeventarises,thiscannotbeexcluded.However, areasonableassumption
is that conflicting externaleventsdo not occurat exactly thesamepoint in
time. This way a systemwaiting for an externalevent is ableto determine
which taskis schedulednext.

Routing Finally, transitionsareusedfor thesolepurposeof routinga case.This
usuallyoccurswhena caseneedsto be split into parallelpartsor parallel
partsof a caseneedto bemerged.Examplesin Figure5.1areAND split
andAND join.

To differentiatethe differentpurposesfor which a transitionis usedit canbe as-
signedto oneof thefollowing types:

,�¡&9 I � /  u@,	¢ E ��� I@£�IOC ,��B¤ I A�� E � '¥C ��¦ 'DG ,�� C �z{�6

5.1.3 Reflectingthe interaction with the envir onment

Theprocessdescriptionwill beusedto supporttheexecutionof acaseat run-time.
Thenaworkflow engine,alsoreferredto asworkflow controller, is usedto schedule
thecaseaccordingto therulesspecifiedin theprocessdescription.

Operatingon the processdescription,the workflow controllerdecideswhich en-
abledtransitionis executedandwhen. Still, theworkflow controllermaynot en-
force thefiring of any typeof transitions.Transitionsthatarebeyond thecontrol
of aworkflow enginearetransitionsof thetypeeventanddecision.

It is clearthata workflow controllercannotforceanexternaleventto occur1. The
kind of external event, as well as its occurrencetime, are beyond control. For
example,in thelibrary it is clearthattheworkflow controlleris not ableto forcea
readerto returnbooksto thelibrary.

Furthermore,theworkflow controllercannotforce theevaluationof externaldata
to endwith aspecificresult.It is clearthatwhethere.g.acustomeris creditworthy
or not, is beyondthecontrolof theworkflow engine.

Transitionsof typeeventanddecisionarecallednon-controllable.Their firing can
not beforcedby thelocal workflow controlbut dependeitheron theevaluationof
externaldataor on thekind of incomingevent.

1Notethattransitionsmodelinga time-outareof typeevent, expressingtheinability of theWF-
controllerto influencetheelapseof time.
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To refer to thesetwo types,thesetof transitions/ of a WF-net ���(�j�����	/��B���
is split into disjoint setsof controllable and non-controllable transitions: /m�/v§�¨©�ª/<¨v«<§ and /v§�¨t¬Y/<¨v«<§­�(® . Controllable transitions( /<¨v«<§ ) model
transitionswhoseexecutions,in contrastto theexecutionof non-controllable tran-
sitions( /<§_¨ ), arecoveredby thelocal workflow control. Controllable transitions
will be denotedby white boxes, and non-controllable transitionswill be repre-
sentedby grayboxes.

In theprecedingdiscussionit wasassumedthatalternativeoutcomesof onedecision-
makingprocessaremutuallyexclusive. Furthermore,it wasstatedthatconflicting
externaleventsdo not occurat thesametime. Following theseassumptions,non-
controllabletransitionsaremodeledaspart of a choicewhich satisfiesthe free-
choicepropertyanddoesnot containany controllabletransitions.This restricted
modeling reflectsthe fact that the behavior of the environmentcannotbecome
disabledthroughthe local control. We refer to thesechoicesasnon-controllable
choices. Conversely, we speakaboutcontrollable choicesif thechoiceonly con-
tainscontrollabletransitions,i.e. transitionsof typeroutingandtypetask.

Furtherassumptionsfor anon-controllablechoiceareprogressandstrongfairness.

Progress: Weassumethatif asystemwaitsfor theoutcomeof anon-controllable
choice,oneof thenon-controllabletransitionswill eventuallyfire.

Strong fair ness: Weassumethatif thesamenon-controllabletransitionisenabled
infinitely oftenit will fire infinitely often.

An exampleof anon-controllablechoiceis shown in Figure5.2.

reader 
returns books

send 
reminder

return books to shelf

renew the term

time elapsed

reader asks 
for extension 

Legend:

controllable transition:

non-controllable transition:

Figure5.2: Partof a library process

In thefollowing we will only considerWF-netswhosechoicesarecontrollableor
non-controllable.TheseWF-netsarecalledchoice-consistent. They aredefinedas
follows:
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Definition 5.1(ChoiceconsistentWF-net).
A WF-net ¯+°²±´³�¯�µ	¶�µB·�¸ , with ¶)±¹¶vºv»<¼0½g¶<¼_º and ¶<ºv»<¼i¾�¶<¼_º¿±)À is
choiceconsistentiff:
(i) Controllable transitionsdonot conflictwith non-controllable transitions:Á ¶vºv»<¼©¾ Á ¶v¼�ºY±�À .
(ii) Non-controllable transitionsare free-choice:Â!Ã µ Ã�Ä�Å ¶v¼�º � Á�Ã ¾ Á7Ã�Ä ±�À�Æ Á7Ã ± Á�Ã�Ä .
UsingthetermWF-netin thefollowing, we alwaysrefer to therefinedversionof
achoiceconsistentWF-net.

5.2 Ability to control a process

Thegeneralobjectivewasto provideacriteriondescribingthepossibilityto control
aprocessindependentlyfrom thebehavior of theenvironment.It is clearthatnon-
controllablechoiceshave to beconsideredwhendefiningsuchacriterion,because
non-controllabletransitionscannotbeinfluencedby acontroller. A processcanbe
controlledif thereis away to terminateproperly, independentlyfrom theoutcome
of thenon-controllablechoices(but assumingprogressandstrongfairness).A bad
combinationof non-controllable,or controllableandnon-controllablechoicesmay
inhibit propertermination.This couldhappen,evenwhentheprocessdescription
satisfiesrelaxed soundness,which only makesa propositionaboutthe existence
of properexecutions,but doesnot necessarilycover all possiblecombinationsof
choices.

In the following, two examplesarediscussedfor which properterminationcan-
not be guaranteed.The processdescriptionin Figure5.3 modelsthe planningof
a trip. It consistsof parallelbookingqueriesfor flights andhotels. Onepossi-
bility of terminationis modeledvia the transitionfinish. Here,both booking
taskssucceeded(f:ok, h:ok). Thetrip canbestarted.Theotherpossibility is
modeledvia thetransitioncancel trip. The trip is canceledif neithera hotel
(h:not ok) nor a flight (f:not ok) canbe found. The resultsof the booking
queriesaremodeledasnon-controllablechoicesbecausethedecisioncomputation
relieson externaldata.

The processdescriptionin Figure 5.3 is relaxed sound. Thereare soundfiring
sequencescontainingall transitions:
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Figure5.3: Example:“Planningtrip”

Example “Planning trip”

Ç plan trip, book flight, book hotel, h:ok,f:ok,
finishÇ plan trip, book flight, book hotel, f:not ok,
h:not ok, cancel trip

Althoughtheprocessis relaxedsound,it cannotalwaysbecontrolledproperly. The
resultsof thebookingscannotbeinfluencedby acontroller. Thesystemdeadlocks
if oneof thebookingssucceedsbut theotheronefails.

Another example is shown in Figure 5.4. It describesthe work of a cashier2.
Predictingthe behavior of the customer, the cashieralreadyholdsan amountof
changewaitingfor thecustomerto pay. This is modeledvia thecontrollablechoice
hold changeA or hold changeB. The paymentof the customeris modeled
via activitiespayA andpayB. Thecashierhadguessedcorrectlyif theamountof
changeheld correspondsto the sumprovided by the customer. Only thenis the
money exchanged.This is modeledvia transitionscollectA andcollectB.

Thechoiceof thecustomerpayA andpayB is non-controllable.Theamountthe
customertenderscannotbe influencedbut only dependson themoodandmoney
of thecustomer.

The processdescriptionin Figure 5.4 is relaxed sound. Thereare soundfiring
sequencescontainingall transitions:

2Notethattheexampledoesnotmatcharealisticbusinessprocessbut only illustratestheconcept
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Figure5.4: Example:“Provide change”

Example “Pr ovide change”

Ç hold changeA, payA, collectAÇ hold changeB, payB, collectB

Neverthelessit cannotbe scheduledproperly for any case. This is becausethe
controllablechoicehold changeA or hold changeB takes placebeforethe
non-controllablechoice.Hence,thecashiercannotreactif a differentamountwas
chosenby the customer. The modeledprocessdoesnot terminateproperly but
deadlocks.

Theseexamplesshow combinationsof controllableandnon-controllablechoices
whichpreventthepossibilityof guaranteeingpropertermination.It is notpossible
to forcetheprocessto choosebetweenalternative transitionscorrectlybecausethe
non-controllablechoicescannotbeinfluenced.Therefore,relaxedsoundnessdoes
not cover controllability. It is not possibleto guaranteeproperterminationassoon
as eventsfrom outsidethe systemare considered,or a datadependentdecision
influencesthebehavior of thesystem.

5.3 Non-controllable choicerobustness

In thissection,afurthercorrectnesscriterionfor processdescriptionsis introduced,
denotedasnon-controllable choicerobustness. It providesa furthermeansto de-
scribethe correctnessof a system. If a systemis non-controllablechoicerobust
(short: robust), it is possibleto control its executionsothat it terminatesproperly.
This is possibledespiteall interactionwith theenvironment.

Todefinethecriterion,wewill lookatourproblemasagamebetweentheworkflow
controllerandtheenvironmentasanopponentwho is trying to interferewith the
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processexecution,so thatanunsoundfiring sequenceis generated.Thequestion
is whethertheworkflow controllercanwin thegame,i.e. reactto themovesof the
adversaryandthusterminateproperly.

Looking at our settingfrom this perspective we canrefer to numerousresultsof
controller synthesisusing termsand notionsfrom gametheory [PR89, McN93,
AMP94,Tho95]. In thenext sub-sectionwe will referto thesenotionsanddeduce
resultsfor workflow modeling.

5.3.1 Game,play, and winning strategy

To startwith, termsgame, play, strategy andwinning strategy arereviewed. The
definitionshave beenadaptedfrom theconceptsusedin [Tho95].

A gameis definedasa tuple ³�È_µ7É�¸ consistingof a gamegraph È anda temporal
formula É (winningcondition).

A gamegraph is of theform È�±�³JÊËµ7Ê�ÌDµ7Ê�Í@µBÎ�µBÏOÐ	µB·�¸ , where Ê is a finite setof
states,Ê Ì µ7Ê Í definesa partitionof Ê (depictingthestateswhereit is the turn of
player ÑPµÒÑË±|Ó�µ@Ô to performanaction),and ÎÖÕb³JÊ Ì�× Ê Í ¸<½Y³JÊ Í�× Ê Ì ¸ is aset
of edges.Theunderlyinggraphis requiredto bebipartitewith respectto thestate
transitions.Ï Ð Å Ê is theinitial stateof thegameand ·ØÕdÊ is a setof accepting
states.

A play on a gamegraph È correspondsto a path Ù in È startingin Ï Ð . Thewinner
of a play is fixed by thewinning condition É . The first playerwins a play Ù if Ù
satisfiesÉ . We only focuson the mostbasicconditionon reachability, which is
satisfiedif the first playercan force a visit of somestatein · . For a survey of
possiblewinning conditionsthereaderis referredto [Tho95].

A strategy for a given gameis a rule that tells a playerhow to choosebetween
several possibleactionsin any gameposition. A strategy is a winning strategy if
theplayer3 alwayswinsno matterwhattheenvironmentdoes[PR89].

A strategy4 for player0 in thegame³�È_µ7É�¸ canbedepictedasfragment5 ( Ú�ÛfÕ�È )
of thegamegraph.

A strategy Ú�Û is awinningstrategy for player0 if all theplayson Ú�Û win, i.e. all
pathsÙ in Ú�Û satisfy É .

3All termsaredefinedfrom theperspective of player Ü - theworkflow controller.
4Weonly considerno-memorystrategies,wherethenext move only dependson thecurrentstate

cf. [Tho95].
5 ÝzÞdß¿àâáäãæå�á�ãç>åJáäã è�åJéäãæå�ê	ëJåJì�í is a fragmentof a gamegraph î ßfàâá�å�á ç å�á è åJé�å�ê�ë�åJì�í ifá ã�ï á�å�á ãçðï á ã ç åJá ã è<ï á ã è å and é ã ß^é`ñ+à�àâá ã çäò á ã è íRó�àâá ã è<ò á ã ç í�í .
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A winning strategy Ú�Û is calledmaximumif f thereis no winning strategy Ú�Û Ä
suchthat Ú�ÛõôiÚ�Û Ä .
5.3.2 Adaption for workflow modeling

In thefollowing, we will adaptthenew conceptsfor applicationin thedomainof
workflow modeling. It would benaturalto definethegamegraphon thebasisof
thereachabilitygraphö�Û of asystemÚe±f³�¯+°gµ�÷�¸ , whereÏ Ð correspondsto ÷ and
thesetof acceptingstates· to ø&ùVú . As thedefinitionof a gamegraphrequiresa
finite setof states,we only considerboundedsystems,i.e. systemshaving a finite
reachabilitygraph.Boundednessof WF-systemscanbecheckedby standardPetri
nettools.Thegamegraphis thenof theform È�û�üY±f³Jý!û!ü�µBÎqû!ü�µ�÷>µBùP¸ .
This adaptionis not straightforward, as the setof statesin ý û�ü is not bipartite.
This is introducedthroughthepossibleconcurrentbehavior describedin thePetri
net. The players(workflow controllerandenvironment)do not have to move in
turn andin somestateseithercould make the next move. But the movesof the
differentplayersarereflectedthroughthelabelsat thestatetransitions.If thelabelÃ

of a statetransitionis a controllabletransition
ÃqÅ ¶vºv»<¼ thena controllermove

is represented.If thestatetransitionis labeledwith a non-controllabletransitionÃ�Å ¶<¼�º it correspondstoamoveby theenvironment.With regardto thelabels,the
statetransitionsarereferredto ascontrollableor non-controllablestatetransitions.

Using this distinction, a strategy for the workflow controller can then againbe
definedas a fragmentof the gamegraph, ³Jý û!ü µBÎ û!ü µ�÷>µBùP¸ where Î û�ü can be
decomposedwith respectto thelabeling.

Definition 5.2(Strategy).
Let ³�È û!ü µ7É�¸ be a game. Let È4þ�ÿ�±c³Jý û�ü µBÎ û�ü µ�÷BµBù�¸ be a gamegraph, whereö�Ûb±f³Jý û!ü µBÎ û!ü ¸ is thereachability graphof a WF-systemÚt±f³�¯+°gµ�÷�¸ .Ú�ÛZÕiö�Û�µ with Ú�Ûb±Ö³Jý�� ü µBÎ�� ü ¸ , ý�� ü Õiý û!ü µ and Î�� ü Õ�Î û!ü , is a strategy
if:

1. ÷ Å ý�� ü
2. For each

� Å ý � ü there is a directedpathfrom ÷ to
�

.

3. Ú�Û is self-containedwith respectto thepossiblemovesof theadversary:
for all

� Å ý�� ü µ Ã�Å ¶<¼_º_µ � ÄgÅ ý û!ü � if ³ � µ Ã µ � Ä ¸ Å Î û�ü then³ � µ Ã µ �bÄ ¸ Å Î�� ü .
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Usingthewinning conditionof “propertermination”( É`±����+ù - in LTL parlance
[MP92]) awinning strategy for theworkflow controlleris definedasfollows:

Definition 5.3(Winning strategy).
Let ³�È�û!ü�µ7É�¸ be a gamedefinedon the reachability graph ö�Û of a systemÚf±³�¯+°�µ�÷	¸ with Éd±	���+ù . Let Ú�Û be a strategy for the WF-controller. Ú�Û is a
winningstrategy if it onlycontainspathsthatsatisfyÉ . Therefore, Ú�Û additionally
meetsthefollowing requirements:

1. ù Å ý�� ü
2. For each

� Å ý � ü there is a directedpathfrom
�

to ù in Ú�Û .

This definition of the term strategy, which is usual in controller synthesis(e.g.
[Tho95]) is notverystrong.It meansthatcertainchoicesmayneverbepresentedto
theenvironment.For oursetting,astrongerunderstandingis necessary. A strategy
shouldincorporatetherequirementthatall possiblemovesby theenvironmenthave
to becoveredat leastonce.This correspondsto the requirementthat it shouldbe
possibleto reactto all possiblemovesof theenvironment.

Definition 5.4(Completestrategy).
Let ³�È û�ü µ7É�¸ bea gamedefinedon thereachability graph ö�Û of a WF-systemÚ�± ³�¯+°�µ�÷	¸ . Let Ú�Û be a strategy for the WF-controller. Thestrategy Ú�Û is
calledcomplete if all possiblemovesof theadversaryare covered.
Formally:

Â!Ã�Å ¶<¼_º ��
 � µ � Ä�Å ý�� ü µ&³ � µ Ã µ � Ä ¸ Å Î�� ü .

Basedon thesenotions,it is now possibleto expressnon-controllablechoicero-
bustnessof aWF-system.

Definition 5.5(Non-controllable choicerobustness).
Let ³�È û�ü µ7É�¸ be a gamedefinedon the reachability graph ö�Û of a WF-systemÚj±\³�¯+°gµ�÷�¸ with Éõ±
���+ù . The systemÚ is non-controllable choice robust
(short: robust) iff there existsa completewinning strategy Ú�Û for the workflow
controller.

A WF-systemis robust if there is a fragmentof the reachabilitygraph which
startsin ÷ , endsin ù , containsat leastone

Ã
-labeledstatetransitionfor any non-

controllabletransitions
Ã�Å ¶ ¼�º , andhasonly controllablestatetransitionleading

out of the fragment6. Assumingprogressfor non-controllablechoices,the exis-
tenceof sucha fragmentguaranteesthat it is possibleto reachstate ù (terminate

6Sometimes,we will referto this fragmentas“robustfragment”
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properly)independentof theoutcomeof non-controllablechoices.While all non-
controllabletransitions(all possiblemovesof the adversary)arecoveredby the
fragment,thereis alwaysa way to reactand to terminateproperly. Hence,if a
WF-systemis robust, the workflow controller can guaranteepropertermination
independentlyfrom all possiblemovesby theadversary.

The processdescriptionsof Figure5.3 and5.4 arenot robust becausethereis no
robustfragment.Figure5.5shows thereachabilitygraphsof bothprocesses.Non-
controllablechoiceshave beendepictedascurvesaroundthecorrespondingstate
transitions.
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Figure5.5: RGsfor examples:“Planningtrip” and“Provide change”

The fragmentsdepictedby showing associatedstatetransitionsin bold satisfyall
requirementsexceptRequirement3 in Definition 5.2. Therearenon-controllable
statetransitionsleaving thefragment.

In the following, we will addsomebehavior to the processdescriptionsto make
them robust. Figures5.6 and 5.7 show the modified WF-nets. In the exam-
ple “Planning trip”, one further controllabletask is introduced. The new task
abort hotel booking is executedif theflight bookingdid not succeed.

In the processdescriptionof the secondexample(Figure5.7) we addedtwo fur-

95



book_flight
f:ok

i o

book_hotel

h:ok

f:not_ok

h:not_ok

abort_ 
hotel_booking

finishp1

p2

p3

p4

p5

p6

p7

p8

cancel _trip

plan_trip

Figure5.6: Revisedexample:“Planningtrip”

ther tasksto copewith thepossibledeadlocks.They areexecutedif thepredicted
changedoesnot fit thesumprovidedby thecustomer. ThetransitionschangeBA
andchangeAB modelthebehavior of thecashier.
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p5

hold changeA

hold changeB

payA

payB

collectA

collectB

change 
BA

change 
AB

Figure5.7: Revisedexample:“Providechange”

Bothspecificationsarenow robust.Thegraphsareshown in Figure5.8.Therobust
fragmentshave beendepictedby showing theassociatedstatetransitionsin bold.
Note,thestrategy for theexample“Planningtrip” (cf. Figure5.8)restrictsthepos-
siblebehavior. It suggestsdelayingthebookingof thehoteluntil theflight booking
succeeded.If theresultof theflight bookingwasnegative (f:not ok), thehotel
bookingandthusthetrip arecanceleddirectly (abort hotel booking).

Thestrategy for theexample“Providechange”(cf. Figure5.7)doesnot formulate
any restrictionsasit coincideswith thereachabilitygraph.

In the following section,a constructive algorithm is provided. The algorithm
checkswhethera boundedWF-systemis robust. In the positive case,the maxi-
mumandcompletewinning strategy for theworkflow controlleris returned.
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5.4 An algorithm verifying robustness

Therearevariousalgorithmsin theliteraturethatdeterminetheexistenceof astrat-
egy in an effective manner, e.g. [NYY92, McN93, AMP94, Tho95]. Still, these
algorithmswork on a propergamegraph(bipartitegraph)anddo not necessarily
computea completestrategy. For the domainof workflow modelingwe adopted
thealgorithmicalideaandprovide analgorithmthatoperateson afinite reachabil-
ity graph.

The algorithm is given in Figure 5.9. It decideswhethera given WF-systemÚ¹± ³�¯+°gµ�÷�¸ is robust and in the positive casereturnsthe maximumandcom-
pletewinning strategy Ú�Ûf±�³Jý�� ü µBÎ�� ü ¸ . Let ¯�° ±�³�¯�µ	¶<ºv»<¼�½.¶<¼_º_µB·�¸ bea
choice-consistentWF-netand ³�¯�°�µ�÷�¸ bebounded.Let ö�Û��e±h³Jý û�ü µBÎ û�ü ¸ be
the(finite) reachabilitygraphof theWF-systemÚ©±�³�¯+°gµ�÷�¸ . As prerequisitefor
thecomputationof Ú�Û ±f³Jý � ü_µBÎ � üð¸ , furthermore,theset ¯������Vû�ü�³�ù�¸�Õiý!û!ü of
predecessorsof stateù (seeSection2.1.2for definition)is computedbeforehand.

The algorithmworks as follows. It initially marksall statesthat potentiallybe-
long to thedesiredfragmentandthenprogressively removesmistakencandidates.
Potentialstatesareall lying on a pathfrom state ÷ to state ù . Consequently, the
algorithm startsby marking all elementsof the predecessorset of ù : ý�� ü�� ±¯������ û�ü ³�ù�¸ 7. Thecorrespondingstatetransitionsaredeterminedthereafter. Fur-
thermore,the setof illegal statesis computed(denotedby the auxiliary variable�

). Illegal statesarestatesfrom wherenon-controllablestatetransitionsleave the
fragment.

Thecoreof thealgorithmis Step(ii). By passingthewhile-loop thecurrentfrag-
ment is diminisheduntil it eithersatisfiesthe propertiesof a winning strategy or
coincideswith the empty fragment. In the entry-conditionof the while-loop, it
is testedwhetherthereare illegal states(while

� �±5À ) indicating that the cur-
rent fragmentdoesnot satisfyRequirement3 of a strategy. Within the loop, the
setof statesof the fragmentis diminishedby the illegal statesandcorresponding
statetransitionsarecut(a1/a2).Subsequently, theremainingfragmentis computed
(b1/b2). Finally the set

�
of illegal statesis recomputed.The loop will eventu-

ally terminate,asthe emptyfragmentdoesnot satisfy the entry-conditionof the
while-loop.

In thenext step(Step(iii) in Figure5.9)it is checkedwhethertheresultingfragment
is empty, which is the caseif the intersectionof Ú������ � ü�³1÷�¸ and ¯������ � ü�³�ùP¸ was

7Theset  "!$#&%�')( à+*�í is finite asthereachabilitygraphis finite.
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(i) ý�� ü,� ±|¯������ û!ü ³�ù�¸ ;Î � ü � ±dÎ û�ü�¾l³Jý � ü × ¶ × ý � üð¸ ;
(* Initially, fragment-/. is setto thesoundsubgraph.*)� � ±¿ø � Å ý�� ü10 ³ � µ Ã µ � Ä ¸ Å Î û!ü32 Ã�Å ¶<¼�º 2 � Ä54Å ý�� ü ú�6
(* Illegal statesare computed.*)

(ii) while
�7�±dÀ ;

do
(a1) ý�� ü,� ± ý�� ü98 � ;
(a2) Î � ü � ±�Îqû!ü�¾l³Jý � ü × ¶ × ý � üð¸ ;

(* Illegal statesandcorrespondingstatetransitionsarecut. *)
(b1) ý�� ü,� ±õø � Å ý�� ü�0 � Å Ú�������� ü ³1÷�¸<¾`¯�������� ü ³�ù�¸>ú ;
(b2) Î�� ü,� ±�Î û!ü ¾l³Jý�� ü�× ¶ × ý�� ü ¸ ;

(* Coherentfragmentis recomputed.*)� � ± ø � Å ý � ü 0 ³ � µ Ã µ � Ä ¸ Å Î û�ü 2 Ã�Å ¶ ¼_º 2 � Ä54Å ý � ü�ú ;
(* Currentsetof illegal statesis computed*)

od
(iii) if ý�� ü ±|À ;

then print ( Ú is not robust,thereis no winningstrategy); abort;
fi

(iv) : � ±|¶v¼�º 8 ø Ã 0 ³ � µ Ã µ � Ä ¸ Å Î�� ü;2 Ã�Å ¶<¼_º�ú ;
if :=<�À ;

(* Thestrategy is testedto becomplete. *)
then print ( Ú is not robust,thereis no completestrategy); return : ;
elseprint ( Ú is robust); return ³Jý�� ü µBÎ�� ü ¸ ;
fi

Figure5.9: Robustnessalgorithm
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empty. In thiscasethealgorithmabortswith theinformation“ Ú is notrobust,there
is nowinning strategy”.

Finally, Step(iv) checkswhetherthe derived winning strategy is complete,i.e.
containsat leastone

Ã
-labeledstatetransitionsfor any non-controllabletransitionÃ.Å ¶<¼�º . The auxiliary variable : determinesthe setof non-controllabletran-

sitionsnot coveredby the fragment. If this set is non-empty, the algorithmter-
minates,returning : togetherwith the information “S is not robust, thereis no
completestrategy”. If : is empty, the algorithm terminateswith the statement
“ Ú is robust” andreturnsthederivedfragment.

5.4.1 Corr ectnessof the algorithm

We will now investigatethe correctnessandcompletenessof the proposedalgo-
rithm. Wewill first prove thefollowing:

Theorem 5.6. Let ÚY±f³�¯�°�µ�÷�¸ bea boundedandrobustWF-system.Thewinning
strategycomputedwithin Steps(i) and(ii) of therobustnessalgorithmis maximum.

Proof Let Ú�Û�> be themaximumandcompletewinning strategy for thework-
flow controller. As theWF-systemis robust we know that Ú�Û�> is a fragmentof
thereachabilitygraph ö�Û�� satisfyingthefollowing properties:

1. It containsstate÷ : ÷ Å ý�� ü (cf. Requirement1 of Def. 5.2),

2. For each
� Å ý�� ü thereis a directedpathfrom ÷ to

�
(cf. Requirement2

of Def. 5.2),

3.
Â � Å ý � ü�µ Ã�Å ¶ ¼�º µ � Ä<Å ý4û�ü � if ³ � µ Ã µ � Ä ¸ Å Î û�ü then ³ � µ Ã µ � Ä ¸ ÅÎ�� ü (cf. Requirement3 of Def. 5.2)

4. ù Å ý � ü (cf. Requirement1 of Def. 5.3)

5. For each
� Å ý�� ü thereis adirectedpathfrom

�
to ù in Ú�Û (cf. Require-

ment2 of Def. 5.3)

6.
ÂËÃ�Å ¶v¼�º � 
 � µ �dÄ Å ý�� ü µ&³ � µ Ã µ �bÄ ¸ Å Î�� ü (cf. Def. 5.4)

The algorithmoperateson the reachabilitygraph ö�Û�� andcomputesa fragmentÚ�Û@? . We will prove that the fragmentcomputedasa resultof Steps(i) and(ii)
coincideswith themaximumwinning strategy: Ú�Û@?l±dÚ�Û�> .
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Ú�Û ? ±dÚ�Û > holdsif thefollowing two propositionshold:

I) Ú�Û�? only containselementsthatbelongto Ú�Û�> .

II) Ú�Û > only containselementsthatbelongto Ú�Û ? .

This is shown in thefollowing.

Proposition I: Ú�Û ? only containselementsthat belongto Ú�Û >
Initially, set ý�� üBA is setto ¯������ û!ü ³�ù�¸ . As thereexist acompletewinningstrategy
for theWF-controllerwe know that ¯������ û!ü ³�ù�¸ is not empty. Furthermoreit can
beconcludedthat theset ý�� üBA satisfiesProperties1,2,4,and5. In casethereare
non-controllablestatetransitionsthat leave the fragment(Property3 is violated)
thewhile-loop is entered.

Within thewhile-loop thecurrentfragmentis diminishedby theillegal states(see
line (a1))andcorrespondingstatetransitions(seeline (a2)). After that thecoher-
ent fragmentis recomputed(cf. Figure5.9(b1)and(b2)). Theresultingfragment
satisfiesagainProperties1,2,4,and5. Thewhile-loop is reenteredaslongasProp-
erty 3 is not satisfied.Thewhile-loop will eventuallyterminateastheemptyfrag-
mentdoesnot satisfy the entry-condition. The resultingfragment Ú�Û@? satisfies
theProperties1-5of awinning strategy.

BecauseÚ�Û�> is, by definition,themaximumwinning strategy, Ú�Û�> necessarily
embedsÚ�Û@? .

Proposition II: Ú�Û�> only containselementsthat belongto Ú�Û@?
Initially, set ý�� üBA is setto ¯������ û!ü ³�ù�¸ (Step(i)).It holdsthat ý�� üDC Õ ¯������ û!ü ³�ù�¸
(follows from Property5). Therefore,the propositionholdsinitially. During the
while-loop (Step(ii)) thesetof ý�� üBA is possiblydiminished.

We have to show thatno elementsareremoved from ý�� üBA thatbelongto ý�� üDC .
Thereareonly two placeswereelementsareremovedfrom theset ý�� üBA , namely
in the linesindicatedby (a1)and(b1). Theelementsremovedin Line (a1)do not
belongto ý�� üDC asthey violate Property3. The elementsremoved in Line (b1)
do not belongto ý�� üDC asthey violate Property2 and/orProperty5. Thusboth
removalsaresafe.As furthermorenonew elementsareadded,it canbeconcluded
thatthepropositionalsoholdsafterthewhile-loop.

�
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Theorem 5.7. TheWF-systemÚ�±�³�¯+°�µ�÷	¸ is robust iff thealgorithmterminates
returning“S is robust”.

Wefirst provethedirection:If theWF-systemÚt±f³�¯+°gµ�÷�¸ is robust,thealgorithm
terminateswith theresult“S is robust”.

Proof TheWF-systemÚd±�³�¯�°�µ�÷�¸ is robust, i.e. thereis a completewinning
strategy for theworkflow-controller. Thewinning strategy is not empty(includes
at leaststate ÷ andstate ù ) andcontainsa

Ã
-labeledstatetransitionfor any non-

controllabletransition
Ã�Å ¶<¼_º (satisfiesProperty6).

Thefragmentcomputedwithin Steps(i) and(ii) is maximum.It especiallyembeds
theaforementionedwinningstrategy. Thereforetheconditionsin Step(iii) and(iv)
aremetandthealgorithmreturns“S is robust”.

We will now prove theotherdirection: If thealgorithmterminatesreturning“S is
robust”, theWF-systemÚe±Z³�¯+°�µ�÷	¸ is robust.

Proof Themaximumwinningstrategy computedin Step(i) and(ii) is notempty
(cf. Step(iii)) andcomplete(cf. Step(iv)), i.e. satisfiesall propertiesof a robust
fragment(seeDef. 5.5).

�
Applying this algorithm, a choice-consistentWF-systemcan be revised until it
satisfiesthepropertynon-controllablechoicerobustness.

5.5 Embedding robustnessinto Petri net theory

In this sectionwe will investigatethe relationshipbetweenthe new criterion ro-
bustnessandotherpropertiesfrom Petrinettheory.

Thethreecriteriasoundnessandrelaxedsoundnessandrobustnessarecloselyre-
lated. Soundnessimplies non-controllablechoicerobustnessas well as relaxed
soundness.The subsetdiagramin Figure 5.10 illustratesthe relation between
the threedifferentcriteria. Note that non-controllablechoicerobustnessimplies
soundnessif the WF-net only containsnon-controllablechoices. In contrast,if
the WF-systemcontainsno non-controllablechoices,relaxed soundnessimplies
robustness.
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WF-nets

Revised example: 
"Provide change" 
    Figure 5.7

non-controllable 
choice robust WF-nets

relaxed sound

WF-nets

Example:  
"Provide change"   
    Figure 5.3             

Example: 
"Planning trip" 
   Figure 5.4

Revised example: 
"Planning trip" 
  Figure 5.6

Example:  
"Robust but not 
relaxed sound " 
  Figure 5.11

Figure5.10:Relationof thethreecriteria

‘ In theprevioussub-sections,someexampleswerepresentedthatillustratethedif-
ferentsubsetsdepictedin Figure5.10.Theprocessshown in Figure5.7(Page96)
is soundandthereforealso relaxed soundandrobust. An exampleof a process
which is relaxedsoundandrobustbut notsoundis shown in Figure 5.6(Page96).
Furthermore,thereareprocessesthat are relaxed soundbut not robust and vice
versa. Examplesfor the first casehave beendiscussedat the beginning of this
chapter, cf. Figure5.4(Page91) andFigure5.3(Page90). A processwhich is ro-
bustbut not relaxedsoundcontainsinternaltransitionsthatarenotpartof a sound
firing sequence.This implies that the processcanbe controlledbut someexecu-
tionsdeterminedby internalchoicesarenot chosenbecausethey do not terminate
properly. An exampleis givenin Figure5.11.

ThedepictedWF-systemis robust asthereis a completewinning strategy for the
workflow controller, but theWF-netis notrelaxedsound,asthereis nosoundfiring
sequencecontainingtask � .
Thereis one phenomenaconsideringWF-systemswhich are relaxed soundand
robust. One would expect that the robust fragmentcomputedby the proposed
algorithmcontainsa

Ã
-labeledstatetransitionfor every transition

Ã�Å ¶ , i.e. espe-
cially also

Ã
-labeledstatetransitionsfor all controllabletransition

Ã�Å ¶<ºv»<¼ . Still,
therearecounter-exampleswerecontrollabletransitionshave beenremovedfrom
the fragmentas a consequenceof a dependenceto non-controllabletransitions.
Considertheexampleshown in theFigure5.12.

Here,a choicewhich wasconsideredto be controllable(
Ã Ô and

ÃFE
), is followed
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by a non-controllablechoice(
ÃHG

and
Ã&I

). In orderto terminateproperlythenon-
controllablechoicemust(in case

Ã Ô waschosenbefore)revoke thefirst choicein
orderto terminateproperly. Clearly, sucha dependency betweencontrollableand
non-controllablechoicesdenotesa modelingdeficiency. To provide the modeler
with feedbackthe robustnessalgorithmcould beenlargedwith a testconstructed
in analogyto Step(iv) reportingthe controllabletransitionsnot coveredby the
robustfragment.

In generalwe will assumethat the robust fragmentcomputedfor a relaxedsound
androbust WF-systemcoversall transitions.Still the particularcasewill not be
ignored.Consequencesthatarisefor theproposedproceduremodel,cf. Figure1.1
will bediscussedin Chapters6, 7 and8.

5.6 Relatedwork

The relatedwork sectionis subdivided into threeparts. First somegeneralrefer-
encesaregivenoncontrollersynthesis.In thesecondpartwe investigatethetaken
assumptionsregardingtheenvironmentandcomparethemwith otherapproaches.
Finally, theclassificationof choicesinto controllableandnon-controllablechoices
is comparedwith anotherpossibleclassificationfrom theliterature.

Theory on games- Controller synthesis In this chapterwe looked at a work-
flow systemasa reactive system,whosebehavior dependson the interactionwith
the environment. Studyingreactive systems,controllersynthesisproblemsarise
naturally. In the literaturethereactive systemis oftencalleda plant. It is viewed
asanexisting programwhich specifiesthewaysin which thesystemcanreactto
its inputs. Given a specification,e.g. a temporallogic formular, the goal is now
to comewith a strategy to interactwith theenvironment(in a way that is allowed
by the plant), suchthat the behavior satisfiesthe specification. In other words,
the strategy actsas a controller for the plant, restrictingits behavior so that the
specificationis met.

For reactive systemsthesynthesisproblemhasbeenposedasearlyas1957in the
context of digital circuits [Chu63]. Theproblemwassolved by [BL69]. Herean
algorithm was presentedwhich decidesthe realizability of a given specification
and in this casesynthesizesa circuit (or finite-statereactive program)from the
specification.

A lot of progresshasbeenmadesincethen.This is evidencedby awealthof litera-
tureoncontrollersynthesisproblemsfor reactivesystems,suchas[PR89, ALW89,
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McN93, AMP94,Tho95, ES98].Besidefinding(efficient)algorithmsfor thecom-
putationof a winning strategy on a finite gamegraph([PR89,ALW89, McN93],
the scopeof the researchbroadenedtowardsotherdirections. Examplesare the
shift of resultsto gamesplayedon infinite graphs[AMP94, ES98],theconsidera-
tion of reactive environments(which areableto disablesomeof their responses)
[KMTV00], andthesynthesisof distributedcontrollers[PR90]and[MT01].

For a tutorial review on commonconceptswe referto [NYY92] and[Tho02].

Assumptionsregarding the environment Most approachesin modelingwork-
flow processesassumereasonablebehavior of the environment. Hence,they do
not provide the modelerwith a meansto checkwhethertheir processesreactro-
bustly to any possiblerequestfrom theenvironment. Theseapproachesdisregard
maliciousrequeststrying to misusetheservices.

An issuethat hasbeenapproachedby several researchersconcernsco-operation
betweencompanies. The correspondingkeywords are cross-and inter-organi-
zationalworkflow [Aal00a, DDGJ01, Mar01, EW01a,GA01]. In this settingthe
environmentis representedby the co-operatingpartners.An importantquestion
tackledin mostof theseapproachesis whethertwo or moreprocesses(may) in-
teractin a soundmanner. In contrastto our startingpoint, they originatefrom the
assumptionsthat the co-operatingpartnerssharea commoninterest,andat least
partsof their processesarerevealedto thepublic. [Aal00a, DDGJ01] and[GA01]
considerdifferentviews of theprocessdescriptionsof thepartiesinvolved. They
distinguishedbetweenapublicview [Aal00a] (externallevel [GA01]) andaprivate
view (conceptuallevel [GA01]). The public view containsa generalizedprocess
description,with communicationactivities, aswell asactivities that might be of
valuefor theotherparties.Theprivateview containsa refinedprocessdescription
which is usedfor the intra-enterprisecommunication.Specificcorrectnessmea-
suresareprovided for thedifferentviews. They guaranteeconsistentcooperation
betweentheindividual processesaswell assoundintra-enterpriseprocessing.

Theapproachesarebasedonco-operationandthe(partial)disclosureof processes.
Theseassumptionsare usedfor the validation of the interoperabilitywherethe
externalviews areassembledandthecompoundspecificationis checkedfor some
desiredproperties.

The approachproposedhereis basedon moregeneralassumptions.The knowl-
edgeaboutthebehavior of theenvironmentis assumedto beonly partial.At best,
possibleactionsof the environmentareknown but not their order. Furthermore,
the systemand the environmentare not co-operatingpartnersrevealing to each
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othertheir processes,but separateplayersor evenopponents.Startingwith these
assumptions,a correctnesscriterion wassoughtindicatingthat the processon its
own is robustto (all) possibleinteractionfrom outside.

Approachesbasedon a similar settingare [Mar01, AHT02] and [EW01a]. In
[Mar01], the focus is on the collaborationof different web servicesin order to
generatea new compoundservice.Thequestionis whetherit canbe decidedlo-
cally thattheinterfaceof onesingleservicefits to possibleinterfacesof otherweb
services.A webserviceis modeledasa Petri net-moduleconsistingof a WF-net
and a set of interfaceplaces. The environmentof a web serviceis modeledas
a WF-net too. Both netscanbe connectedvia the interfaceplaces. In [Mar01]
a criterion is definedto statethe usability of sucha Petri net-module.Generally
speaking,amoduleis usableif thereis at leastoneenvironmentthatformsasound
closedsystemtogetherwith themodule.Theapproachdoesnot assumeany pos-
sible environmentbut checkswhetherthereis one,suchthat the servicecanbe
executedproperly.

In [AHT02] theinter-operabilityof differentcomponentsis investigatedaimingat
the identificationof certainrulesfor the constructionof componentbasedarchi-
tectures.Componentsareconsideredasindependentpartsof anarchitecture,each
with their own threadof controlandcollaborating(by messageexchange)to form
a working system. Componentsare describedwith the help of component-nets
(C-nets),labeledP/T-netshaving thesamestructureasWF-nets.

The inter-operability of two componentsis organizedvia an interface, a set of
placesthat is connectedto transitionsin bothcomponents.Theconstructionrules
proposeto combinecomponentsfollowing a client serverapproach.This implies
that in therelation-shipbetweenconnectedcomponentsthereis alwaysonecom-
ponentwhich hasthe role of control componentandonecomponentthat hasthe
role of servercomponent. Applying further rules,theseelementaryclient-server
compositions(whichareagainC-nets)arecombinedto form thefinal architecture,
whichcorrespondsto a treeof connectedcomponents.

The approachposesconsiderablerestrictionsto the structureof componentsand
their combination.This is justifiedasapplyingtheproposedrulesconsistency8 of
thederivedarchitecturecanbeconcludedby construction.

Applying this approachto modelthe interactionof a systemandits environment,
clearly theenvironmentwould beconsideredasa server providing somerequired
information,or interactingvia externalevents. Consequently, thebehavior of the

8Thevisiblebehavior of thecompoundarchitecturecorrespondsto thebehavior of its specifying
root component.
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environmentmustbedescribedfollowing theproposedlimitations. Furtherinves-
tigationsarenecessaryin orderto prove whetherthis is possiblematchingrealistic
scenarios.

In [EW01a, Esh02] adifferentmodelingtechniqueis usedto modelworkflow pro-
cesses,namelyactivity diagramsfrom theUML. Theauthorsarguethat their se-
manticsprovide a moreadequateway to model reactive behavior. They tailor a
formal semanticsfor activity diagramsfaithfully fitting the requirementsof the
applicationdomain. However, they have so far not provided a specificway of
determiningrobustnessagainstinteractionsfrom outside.

A further classificationof choices In this chapterwe classifiedchoicesw.r.t. to
thecontrollabilityof theoutcome. Non-controllablechoicesdepictchoiceswhose
outcomedependson interactionwith the environment,whereasthe outcomeof
controllablechoicescanbedecidedlocally. An orthogonalcriterionto distinguish
choices,is themomentof choice. The momentof choicecoincideswith the mo-
mentoneof thealternative transitionsis executed.Themomentof choicedepends
on wherethe initiative to executethecontainedtransitionslies.

Event transitionsdepict behavior of the environment, hencethe initiative of a
choiceconsistingof event-transitionslies with the environment. Sucha choice
wascalledimplicit choice(alsoreferredto asthedeferredchoicepattern)[Aal98,
AHKB03]. Herethemomentof choiceis deferreduntil theexternaleventoccurs.
An exampleis thechoicewithin thelibrary processof Figure5.2.

In contrast,anexplicit choice[Aal98, AHKB03], is madethemomentall previous
tasksarecompleted.The initiative for an explicit choicelies with the workflow
control. All choicesthatconsistof transitionsof typedecision, task9, and/orrout-
ing areexplicit choices.They aremadethe momentall previous tasksarecom-
pleted.

Figure 5.13 gives examplesfor explicit choices;they have beenhighlightedby
showing correspondingtransitionsin bold. Theprocesspartsof Figure5.13(a)and
(c) depictclippingsof thecomplaintsprocessingfrom Figure5.1. Figure5.13(b)
depictsaclippingof theprocess“Handlingof incomingorder” from Figure8.9(b).

Thechoicein Figure5.13(a) is achoicebetweentransitionsof typedecision. The
transitionsprocessing OK and processing NOK model the possibleout-
comesof the evaluationof taskcheck processing. The uppernotationin

9Note thata taskis initiatedby theworkflow controlbut executedby someexternalactor. This
distinction will be addressedin the last stepof the proposedprocedure(“Control Refinement”),
cf. Figure1.1
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Figure5.13:Examplesof explicit choices

Figure5.13(a) is a shortcutfor explicit choices.It wasintroducedin [Aal98]. It
canbeusedonly if themomentof choicedependson just oneprevious task. The
choicein Figure5.13(b) depictsa choicebetweentransitionsof type task. After
thecompletionof taskrecord order anddependingontheresultof someeval-
uation(decided:notok or decided:ok) eithertaskpick or taskcancel
is initiated.

Thelastchoice,depictedin Figure5.13(c), modelsthechoicebetweentransitions
of type routingandtask. Herethecaseis eitherroutedvia anAND-join or the
taskprocess complaint is initiated.

Thepossibleinfluencesof workflow controlandenvironmenton differentchoices
aresummarizedin Table5.1.

Initiati ve Outcome
Choiceof eventtransitions(free-choice) environment environment
Choiceof decisiontransitions(free-choice) workflow control environment
Choiceof taskand/orroutingtransitions workflow control workflow control

Table5.1: Choiceclassification

Wewill comebackto thisclassificationin Chapter8. Transitionswith theinitiative
on the side of the workflow control have to be consideredwithin the “Control
refinement”,thelaststepof theproposedproceduremodel(cf. Figure1.1).
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Chapter 6

Generatingsoundprocess
specifications

The modelerhasso far beenguidedtowardsa relaxed soundandrobust process
specification.Relaxed soundnessindicatesthe existenceof enoughsoundfiring
sequences.Robustnessindicatestheexistenceof astrategy whichguaranteessound
executionindependentlyfrom the movesof the environment. Still, the modeled
processneedsnot besound.Theremaybefiring sequencesthatdo not terminate
properly.

Within this chapter, several waysareproposedto transforma relaxed soundand
robustspecificationintoasoundspecification.Thepossiblesolutionsarecompared
with respectto their suitability in thecontext of workflow modeling.

In order to transforma relaxed soundprocessdescriptioninto a soundprocess
description,it is necessaryto restrictthesetof all possiblefiring sequencesto only
soundones.Therestrictedsetof firing sequencesmustnotonly besoundbut must
alsobelongto awinningstrategy thatcanbeenforcedagainstpossibleinteractions
from theenvironment.Assumethereis acompletewinningstrategy thatcoversall
desiredsoundfiring sequences.Thenthegoalis reachedassoonaswefind aPetri
netwith a reachabilitygraphisomorphicto therobustfragment.

Applyingmethodsfromtheareaof Petrinetsynthesis[GRX02a, BDC02,CKLY98,
DR96,NRT92, ER90],therearetwo solutionsto theproblem.

Thefirst appliesthemethodsproposedin [NRT92, CKLY98] andgeneratesaPetri
net on the basisof the robust fragment. The result is a WF-netwith a behavior
isomorphicto the fragment.Thedisadvantageof this approachis thedifferences
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betweenthederivedandtheprimaryWF-net.They only coincidein their transition
inscriptions;placelabelsaswell asthelayoutis lost.

Thesecondapproachis basedontheapplicationof resultsof [GRX02a,GRX02b].
Here, approachesfrom Petri net synthesiswere adaptedfor Petri net controller
synthesis.Ratherthanconstructinga new net, it is proposedto computechanges
of theprimarynetsoasto restrictits behavior to theonedescribedby the robust
fragment.Thissolutionincreasesthepossibilityof recognizingtheprimaryprocess
descriptionwithin theresultingone.

This chapteris organizedasfollows. First, main resultsfrom Petri net synthesis
arereviewed. In Section6.2 theseresultsareappliedto workflow modeling.They
areusedto synthesizesoundWF-netswith isomorphicor bisimilar behavior w.r.t.
thecomputedfragment(first solution).

In Section6.3 thesynthesisapproachis refinedfor controllersynthesis.Its appli-
cationto workflow modelingis describedin Section6.4. Here,thefocusis on the
changeof theprimaryWF-net,makingit asoundWF-net(secondsolution).At the
endof thechapterthetwo approachesarecompared(Section6.5)andrelatedwork
is discussed(Section6.6). To supporta betterunderstandingof the revisedthe-
ory, we againintroducea runningexample.Applying thesemethodsto workflow
modeling,we will alsoreferto anexampleintroducedin Chapter5.

6.1 Petri net synthesis

Thesynthesisproblemfor Petrinetsis tackledby decidingwhethera givengraph
is isomorphicto thereachabilitygraphof somePetrinet.

The synthesisproblemwasfirst addressedin [ER90]. Subsequently, in [NRT92]
it was shown that an elementarynet systemcan be synthesizedon the basisof
regionsfrom a(sequential)transitionsystemsatisfyingsomeseparationconditions,
namelyfrom an elementarytransitionsystem.Thereafter, the synthesisproblem
hasbeensolvedfor otherclassesof Petrinets[Muk92, BDC02, BBD95,YMLA96,
BMPV96]. Thesolutionsall useregions.

Regionsmay be interpretedasatomicnets,i.e. netsconsistingof a singleplace
togetherwith its input andoutputtransitions.A Petrinetcanbecomposedusing
atomicnetsandjoining thematcommontransitions.

Every transitionsystemcan be broken down into a finite numberof subsetsof
regions.Fitting togethertheatomicnetswhichcorrespondto theregions,however,
doesnot necessarilyresult in Petri netswith isomorphicbehavior to the primary
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transitionsystem. The challengewasto decideconstructively the existenceof a
Petri netwith a reachabilitygraphisomorphicto a given transitionsystem.Here,
themainideasfor Petrinetsynthesison thebasisof regionsareintroduced.

6.1.1 Preliminaries

We will start by recalling transitionsystemsand providing variousconceptsto
comparethem.

Transition system

A TransitionSystem(TS) wasdefined(Def. 2.22)asaquadruple¶kÚØ± ³Jý�µKJ�µBÎ�µ&L ÐNM ¸ , where ý is a nonemptysetof states,J is a setof events
(labels),Î�Õiý × J × ý is a transitionrelation,and LDÐNM is aninitial state.A TSis
finite if ý and J arefinite.

In the following we will only considerfinite transitionsystems.Furthermoreit is
assumedthatevery transitionsystem¶kÚd±­³JýäµKJ�µBÎ µ&L ÐNM ¸ satisfiesthe following
axioms:

(A1) No self-loops:
Â ³OL!µKP�µ&L Ä ¸ Å Î � L �±QL Ä ;

(A2) Everyeventhasanoccurrence:
Â P Å J � 
 ³OL4µKP�µ&L Ä ¸ Å Î ;

(A3) Everystateis reachablefrom theinitial state:
Â L Å ý � LwÐRM ST�U L .

An exampleof a transitionsystemis shown in Figure6.1.

Someconceptsare introducedfor the comparisonof the behavior describedby
transitionsystems.

Definition 6.1(Split-morphism).
Let ¶kÚ Íe± ³Jý�Í@µKJ�Í@µBÎ�Í@µ&LwÐNM è ¸ and ¶kÚBV�± ³Jý�VwµKJ5VDµBÎ�Vwµ&LDÐNM�WO¸ be two transition
systems.A split-morphismX from ¶kÚ Í to ¶kÚ V is a pair ³YX�Z�µ[X�\�¸ of total mappings,X�Z beingbijectiveand X]\ beingsurjective,

X�Z � ý Í T�U ý VX�\ � J Í T�U J V
which satisfies: ³�³OL4µKP�µ&L Ä ¸ Å Î�Í5^²³YX Z ³OL�¸7µ[X \ ³_P�¸7µ[X Z ³OL Ä ¸�¸ Å Î`V .
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Figure6.1: A transitionsystem

Definition 6.2(Isomorphism).
A split-morphismX�±#³YX Z µ[X \ ¸ from ¶kÚ Í to ¶kÚBV is an isomorphismif X \ is
bijective.

Two transitionsystemsaresaid to be isomorphicif thereis an isomorphismbe-
tweenthem. Theconceptof split-morphismwill beusedwhenanevent is repre-
sentedby differentinstancesin a transitionsystem.Lateron, whenderiving Petri
nets,this splitting will resultin differenttransitionswith thesamelabel.

Anotherconceptof equivalencebetweentransitionsystemsis theconceptof bisim-
ulation[GW96,Mil80].

Definition 6.3(Bisimulation).
Let ¶kÚ Í ±­³Jý Í µKJ�µBÎ Í µ&L ÐNM è ¸ and ¶kÚ V ±­³Jý V µKJ�µBÎ V µ&L ÐNM WO¸ be two transitionsys-
temswith thesamesetof events. ¶kÚ Í and ¶kÚ V showbisimulationif there existsa
binary relation ö betweený Í and ý V , öfÕiý Í�× ý V such that

Ç Theinitial statesof ¶kÚ Í and ¶kÚ V are relatedby ö : ³OL ÐRM è µ&L ÐRM�W ¸ Å ö
Ç If ö ³OL Í µ&L V ¸ and ³OL Í µKP�µ&L Ä Í ¸ Å Î Í , thenthere is a stateL ÄV such that ³OL V µKP�µ&L ÄV ¸ Å Î V .Ç If ö ³OL�Í@µ&LaV&¸ and ³OL�VwµKP�µ&L ÄV ¸ Å Î�V , thenthere is a stateL Ä Í such that ³OL�Í@µKP�µ&L Ä Í ¸ Å Î�Í .
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Two transitionsystemsaresaidto bebisimilar if they cansimulateeachother, i.e.
thereis abisimulationbetweenthem.

Regions

Thecorenotionwithin Petrinetsynthesisis theconceptof a region. Variousver-
sionsare usedto differentiatebetweenseveral classesof transitionsystems. A
comprehensive survey describingthegradualdevelopmentof thetheoryof regions
canbefoundin [BD98].

Thebasicnotionof a region is thefollowing:

Definition 6.4((elementary)region).
Let ¶�ÚY±f³Jý�µKJ�µBÎ µ&LwÐNM4¸ bea transitionsystem.Then�ËÕ�ý is a region of ¶kÚ
iff thefollowing twoconditionsaresatisfied:
event P alwaysexits � :

³OL4µKP�µ&L Ä ¸ Å Î 2 L Å � 2 L Ä 4Å ��b Â ³OL Í µKP�µ&L Ä Í ¸ Å Î � L Í Å � 2 L Ä Í 4Å �
event P alwaysenters � :

³OL4µKP�µ&L Ä ¸ Å Î 2 L 4Å � 2 L Å ��b Â ³OL Í µKP�µ&L Ä Í ¸ Å Î � L Í 4Å � 2 L Ä Í Å �
A region is a subsetof states. The fundamentalpropertyof a region is that all
transitionslabeledwith the sameevent P have the same”entry/exit” relationship.
The eventmayeitheralwaysenter the region, or alwaysexit the region, or never
crosstheregionsboundaries.

Eachtransitionsystem¶�Ú hastwo trivial regions: the set of all states,ý , and
the emptyset. Furtheron, we will consideronly nontrivial regions. The setof
nontrivial regionsof ¶kÚ will bedenotedby ö`cB� . For eachstateL Å ý , we define
thesetof nontrivial regionscontainingL , denotedby ö�d . A region � Ä is saidto be
a subregion of � if f � Ä ôe� . A region � is minimumif thereis no otherregion � Ä
which is asubregion of � .
Let usconsideragainthetransitionsystemshown in Figure6.1. Thesetof states� V ±¹ø�L!Ôwµ&L E µ&L G µ&LgfVú is a region, sinceall transitionslabeledwith h and i enter� V , andall transitionslabeledwith j and k exit � V . Otherregionsare � Í ±fø�L ÷mlðú ,��n�±�ø�L�Ôwµ&LgoVú , ��p�±�ø�L E µ&L�ÔOÓ�ú , �rq�±�ø�L I ú , �rs�±�ø�Lgf�µ&LutVú , �rv+±Øø�L G µ&LxwRú , ��y�±ø�Lgo�µ&LuwVµ&Lut�µ&L!ÔOÓ�ú and ��z ± ø�Lu{Vú . All of theseregionsareminimum,but arenot
necessarilymutuallyexclusive. Correspondingly, thesetsö d Ð for ÷ ±0÷mläµ@Ôa|+|âÔOÓ are
asfollows: ö�d ÐNM ±¿ø�� Í ú�µBö�d Í ± ø�� V µ&�rnDú�µBö�d V ± ø�� V µ&��pwú�µBö�d[nq± ø���nwµ&��yDú�µBö�dKp�±ø���Vwµ&� v ú�µBö d[q ± ø�� q ú�µBö d[s ±5ø���Vwµ&� s ú�µBö d$v ±5ø�� v µ&� y ú�µBö d[y ±5ø�� s µ&� y ú�µBö d[z ±ø���zDú�µBö�d ÍÒÌ ± ø���pPµ&��yDú ,
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We will furthermoredefinepre-regionsandpost-regionsof anevent. A region� Å ö`cB� is apre-regionof event P , if thereis a transitionlabeledwith P whichexits� :

 ³OL4µKP�µ&L Ä ¸ Å Î � L Å � 2 L Ä}4Å � . Thesetof pre-regionsof anevent P is denoted

by ~�P . A region � Å ö`cB� is a post-region of event P , if thereis a transitionlabeled
with P which enters� :


 ³OL!µKP�µ&L Ä ¸ Å Î � L 4Å � 2 L Ä Å � . Thesetof post-regionsof
ananevent P is denotedby Pm~ .
Pre-regionsandpost-regionsfor thetransitionsystemin Figure6.1areasfollows:

pre-regions: ~�h ± ø�� Í ú�µ$~aj�± ø�� V ú�µ$~�� ± ø���nDú�µ$~�� ± ø���nDú�µ$~a�g± ø���s¥ú�µ~5� ± ø���sDú�µ$~aX^± ø��rvDµ&��yDú�µ$~ak ± ø�� V µ&��pwú and ~ri ± ø���qDú
post-regions: hx~+± ø�� V µ&��nDú�µ[j�~+± ø���yDú�µK��~�±¿ø��rv¥ú�µK�g~�± ø���pwú�µ[�/~�± ø���pwú�µ�u~�± ø��rv¥ú�µ[X�~�± ø���zDú�µ[k]~+±¿ø���qDú and i�~+±¿ø�� V µ&��sDú
With the notion of a region we arenow able to definean elementarytransition
system.

Definition 6.5(Elementary transition system).
A transitionsystem¶�Ú�±j³Jý�µKJ�µBÎ�µ&L ÐRM ¸ is elementary(ETS)[NRT92] if in addi-
tion to (A1)-(A3),it satisfiesthefollowing twoaxiomsaboutregions:

(A4) Stateseparation axiom(SSA):
Â L!µ&L ÄvÅ ý � ö�dq±|ö Äd b�LË±�L Ä

(A5) EventSeparation axiom(ESA):
Â L Å ý Â P Å J � ~�PäÕ ö�d�b�L �T�U

The stateseparationaxiom (A4) implies that two differentstatesmustbelongto
differentsetsof regions. The event separationaxiom (A5) implies that if state L
is includedin all pre-regionsof an event suchas P , then P mustbe enabledin L .
Conversely, if an event P is not enabledin a state L thenthereis a pre-region of

event P which doesnot containstateL : Â L Å ý Â P Å J � L ��T�U b7L 4Å � for some
pre-region of P : � Å ~�P .
The transitionsystemin Figure6.1 is elementary, sinceall axioms(A1)-(A5) are
satisfied.For example,stateL!Ô is separatedfrom any otherstate(A4). This state
is includedin regions � V and ��n andthereis no otherstatewhich is coveredby the
samesetof regions. To illustrate(A5), let us considerevent � with ~���± ø�� n ú ,��n�± ø�L!Ôwµ&LuoVú , ö�d Í ± ø�� V µ&�rnDú , and ö�d[n ± ø��rnwµ&��yDú . The two states,L!Ô and Lgo
satisfycondition ~�� Õ¿ö�d Í and ~��.Õ ö�d[n respectively. (A5) holdsasbothstatesL!Ô and Lgo have anexit arclabeledby event � .
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Anotherclassof transitionsystemsisbasedonexcitationregions[CKLY98]. These
areregionsthatarerelatedto transitionswhile normalregionsin a transitionsys-
temarerelatedto placesin thecorrespondingPetrinet. An excitationregion (ER)
for event P is amaximumsetof statesin which transitionP is enabled:

Definition 6.6(Excitation region(ER)).
A setof statesý Ä is calledanexcitationregion for event P , denotedÎ�ö ³_PJ¸ , if it is a

maximumsetof statessuch that, for everystateL Å ý Ä there is a transition L �T�U .

Referringagainto the transitionsystemin Figure6.1,examplesfor excitation re-
gionsare Î�ö ³_h�¸�± ø�L ÷mlðú�µBÎ�ö ³YjO¸_± ø�L!Ôwµ&L E µ&LgfVú and Î�ö ³_�O¸�± ø�L!Ôwµ&LuoVú�|
Basedon this region-notation,the classof excitation-closedtransitionsystemsis
defined. Therefore,the axioms(A4) and(A5) arereplacedby axioms(A4’) and
(A5’).

Definition 6.7(Excitation-closedTS (ECTS)).
A transitionsystem¶kÚY±Z³JýäµKJ�µBÎ µ&LwÐNMz¸ is calledexcitation-closed[CKLY98] if in
additionto (A1)-(A3),it satisfiesthefollowingtwoaxiomsaboutexcitationregions:

(A4’) Excitationclosure: For each event P ���`���a� � �+±|Î�ö ³_P�¸
(A5’) Eventeffectiveness:For each event P � ~�P �±dÀ
TheTS from Figure6.1 is excitation-closed.If we considere.g. event X : Its pre-
regionsarenon-empty: ~aX|±5ø�� v µ&� y ú , therefore,axiom (A5’) is satisfied. The
excitation region Î�ö ³YX!¸`±cø�LuwRú coincideswith �rv ¾���y ( �rv�±cø�L G µ&LuwRú�µ&��ye±ø�Lgo�µ&LuwVµ&Lut�µ&L!ÔOÓ�ú ), therefore,axiom(A4’) is alsosatisfied.

The relationbetweenETS andECTSis very close. The following theorem,cf.
[CKLY98], establishesaconnectionbetweenthem.

Theorem 6.8(Relation ETS and ECTS).
1. If a ¶kÚ is elementary, thenit is excitation-closed.
2. Let ¶kÚb±h³JýäµKJ�µBÎ µ&LwÐNM4¸ be an ECTS.Then,there is an elementarytransition
system¶kÚ Ä , and ¶kÚ and ¶�Ú Ä are bisimilar.

Besideelementaryandexcitation closedtransitionsystem,we will also refer to
general transitionsystems.For theirdefinitionweintroducethenotionof ageneral
region. Generalregions,which have beenintroducedin variousforms [Muk92,
DS93,BMPV96] and[KCK � 96], aremultisetswhereregionsaresets.
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Definition 6.9(General region).
A general region of a transitionssystem³Jý�µKJ�µBÎ�µ&L ÐNM ¸ is a multiset � � ý T�U
� °
iff:
Â ³OL�ÔwµKP�µ&L!Ô Ä ¸7µ&³OL E µKP�µ&L EDÄ ¸ Å Î � �z³OL!Ô&¸ T ��³OL�Ô Ä ¸ä±��z³OL E ¸ T �z³OL EDÄ ¸ .

In otherwords,a multiset � is a region if andonly if every transitionlabeledwith
event P changesthe “rank of membership”uniformly;

Â P Å J�µ Â ³OL4µKP�µ&L Ä ¸ Å Î ���³OL�¸ T �z³OL Ä ¸ä±�k , where k is aconstant.

If �z³OL�¸ T �z³OL Ä ¸ ±�k��)Ó , it is said that transition ³OL4µKP�µ&L Ä ¸ increases� by k . If��³OL�¸ T �z³OL Ä ¸ä±�k3��Ó , it is saidthattransition ³OL4µKP�µ&L Ä ¸ decreases� by k .
A region � is saidto beak-preregionof event P if thereis atransitionlabeledwith P
whichdecreases� by k . A region is ak-postregion of event P if thereis a transition
labeledwith P which increases� by k .
Basedon this region-notationthe classof generaltransitionssystemsis defined.
Here,axioms(A4) and(A5) arereplacedby axioms(A4”) and(A5”).

Definition 6.10(GeneralTS).
A transitionsystem¶kÚZ±5³Jý�µKJ�µBÎ�µ&L ÐRM ¸ is called a general TSif in addition to
(A1)-(A3),it satisfiesthefollowing twoaxiomsaboutgeneral regions:

(A4”) Stateseparation axiom(SSA):
Â L!µ&L Ä Å ý � ö�dq±|ö Äd b�LË±�L Ä

(A5”) Eventseparation axiom(ESA): L � �T�U b��z³OL�¸���k for somek-preregion of P .
Generalregionsarean extensionof the conceptof elementaryregions; every el-
ementaryregion is a generalregion which changesthe rank of membershipbyk ±fÔ . Therefore,every elementaryTS is a generalTS.Setting k�±ÖÔ , thesepara-
tion axioms,characterizinga generalTS,correspondsto theseparationaxiomsof
elementaryTSs.

The following sub-sectionrecapitulateshow differenttypesof Petri netsaresyn-
thesizedon thebasisof correspondingtransitionssystems.

6.1.2 SynthesizingsafePetri nets

Let ¶�ÚY±f³Jý�µKJ�µBÎ µ&L ÐNM ¸ bea transitionsystem.If TS is elementary, i.e. it satisfies
the stateandthe event separationaxioms(A4) and(A5), thenTS is isomorphic
with thereachabilitygraphof a safeandpurePetrinet. In [NRT92] thefollowing
theoremwasprovedcorrect.
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Theorem 6.11(Elementary TS/Petri net).
Thereachability graphof a safeandpurePetri netis alwaysanelementarytransi-
tion systemandviceversa,i.e. if a transitionsystemis elementary, thena Petri net
with a reachability graphisomorphicto thetransitionsystemcanbeconstructed.

Thekey ideabehindthesynthesisof acorrespondingPetrinetis theinterpretation
of regions as atomic netswith a single place,filled by enteringtransitionsand
emptiedby exiting transitions.Theatomicnetsarecomposedby joining common
labeledtransitions,forming thedesiredPetrinet.

Incorporatingall regionsof the transitionsystem,thesynthesizednethasthepe-
culiar propertythatit is maximumwith respectto thenumberof placesamongall
the net systemswhosereachabilitygraphis isomorphicto the primary transition
system.In [DR96] anadmissiblesetof regionsis saidto besufficient to derive a
Petri netwith isomorphicbehavior to the transitionsystem.An admissiblesetof
regionsis asubsetof regionslargeenoughto satisfybothseparationaxioms(SSA
andESA). In [Ber93] it wasshown that thesetof minimumregionsis an admis-
siblesetof regions. Thenetconstructedfrom all minimumregionsis uniqueand
calledaminimumsaturatednet.

Synthesisalgorithm

The algorithm for synthesizinga minimum saturatedPetri net, as proposedin
[NRT92], works asfollows. For every event P Å J a transitionlabeledwith P is
generatedin thePetri net. For eachminimumregion � Ð Å ö`cB� , a placeis gener-
atedin thePetrinet. Theflow relationof thePetrinetis derivedfrom thepre-and
post-region of theevents: · c�� ±¿øV³O�DµKPJ¸ 0 � Å ö cB� 2 P Å J 2 � Å ~�P�ú�½gøV³_P�µ&�R¸ 0 � Åö`cB� 2 P Å J 2 � Å PY~Rú .
Place � Ð containsa token in the initial marking iff the correspondingregion � Ð
containstheinitial stateL ÐNM of theETS.

TheTS shown in Figure6.1 is elementary. ThesynthesizedPetrinetcomputedon
thesubsetof minimumregionsis shown in Figure6.2.

The algorithm doesnot provide a solution if the given transitionsystemis not
elementary. In this case,a safePetrinetwith isomorphicbehavior cannotbesyn-
thesized.

In [CKLY98] thescopeof thealgorithmwasbroadenedtowardsexcitationclosed
TS. This implies an optimizationof the algorithm and, even more importantly,
makes it possibleto cover the full classof TSsby meansof transitionsplitting.

118



i
r1

r3

a

b

c

d k l g

f

h

r2

r4 r5

r7

r6

r8

r9
i
r1

r3

a

b

c

d k m g

f

h

r2

r4 r5

r7

r6

r8

r9

Figure6.2: A synthesizedPetrinet

Theuseof ETSsproduceda Petrinetwith a reachabilitygraphisomorphicto the
TS.Changingthedegreeof correspondences,theextendedmethodproducesaPetri
netswhosereachabilitygraphis bisimilar to theprimaryTS.

Theinputof thenew algorithmisaTS.TheoutputisasafeandpurePetrinetwhose
reachabilitygraphis bisimilar to theTS. In a first step,theTS is transformedinto
a split-morphicECTS.This is doneby splitting labelsof transitions.On thebasis
of thederivedECTS,aminimumsaturatedPetrinetis synthesized.

The new algorithm was describedin detail in [CKLY98] and was implemented
within the tool Petrify [CKK � 97]. An exampleillustrating theapproachis given
in theAppendix,seeSection9.5.

Anotherpossibilityto copewith non-elementaryTS is theuseof general regions.

6.1.3 SynthesizinggeneralPetri nets

Theapproachproposedin [NRT92] hasbeenextendedto general regionsin order
to copewith thesynthesisof generalPetrinets1, e.g.[Muk92, BDC02,KCK � 96].

It is apparentthatevery place� of netsystemÚ�±Ö³�¯�°�µ � Ð ¸ determinesanasso-
ciatedgeneralregion of the reachabilitygraph ö�Ûj±h³Jý�µBÎ�¸ , suchthat �z³ � ¸�±� ³O�R¸ for every reachablemarking

� Å ý . Conversely, every generalregion � of
a transitionsystem³JýäµKJ�µBÎ µ&L ÐNM ¸ determinesanatomicnet ° Ä ±f³�ø���ú�µKJ�µB· Ä µ � ÄÌ ¸
where · Ä ³O�¥µKPJ¸�±�k if f � is ak-preregion of P , · Ä ³_P�µ&��¸�±�k if f � is ak-postregion ofP and

� ÄÌ ³O�R¸ä±��z³ � Ì ¸ .
Hereagain,thenetassembledin this way is a Petri netwith a reachabilitygraph

1Place/Transitionnetswith arcweights: ì��Dà  ò�� í�ó�à �gò  í��a��� �
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isomorphicto the primary transitionsystemif and only if the transitionsystem
satisfiesthetwo separationaxioms(A4”) and(A5”)

Theorem 6.12(GeneralTS   Petri net).
A transitionsystem¡@¢�£e¤m¥§¦K¨©¦Kª«¦&¬a­R®�¯ is isomorphicto thereachability graphof
somemarkedgeneral Petri net if andonly if it satisfiesthestateandeventsepara-
tion axioms(A4”) and(A5”).

For aproof of this theorem,thereaderis referredto [Muk92, BDC02].

The set of generalizedregions hasparticularly good algebraicpropertieswhich
madeit possibleto developpolynomialalgorithmssolving thesynthesisproblem
for boundedplace/transitionnetswithout loops[BBD95]. Thealgorithmicideais
basedontherelationbetweengeneralregionsandrow-vectorsin theincidencema-
trix of thecorrespondingPetrinet.Thealgorithmicsolutionwasextendedlateron
to generalPetrinets [BD96] andwasimplementedwithin thetool Synet[Cai97].

Having introducedexisting resultsfrom Petri net synthesis,the actualbenefitis
their applicationfor themodelingof workflow. In thenext sectionwe will exploit
the describedmethods,generatinga soundprocessdescriptionon the basisof a
relaxedsoundandrobustprocessdescription.

6.2 Applying Petri net synthesisto workflow modeling

We arenow in a positionto generatea soundWF-systemon thebasisof a relaxed
soundandrobust WF-system.The soundWF-systemonly supportspartsof the
behavior of therelaxedsoundWF-system,namelythosefiring sequencesthatare
soundand belongto the winning strategy that can be enforcedagainstpossible
interactionsfrom theenvironment.

Constructinga soundWF-system¤_°²±´³_¦&µH¯ on thebasisof the relaxed soundand
robust WF-system ¤_°�±´¦&µF¯ comesdown to synthesizinga Petri net on the basis
of a robust fragment ¢§¶·£¸¤m¥�¹�º�¦Kª�¹)º»¯ . The only further assumptionis that°�± £¼¤_°�¦F¡`¦K½¾¯ is pure(i.e. no self loops). This is no restrictionasany non-
purePetrinetcanbetransformedinto apurenetwithoutalteringrelevantbehavior
[Lau02].

Let ¢5¶¼£	¤m¥�¹)º}¦Kª�¹)º§¯ be a robust fragmentof the reachabilitygraph ¿²¶�¹�£¤m¥�À�º�¦Kª�À�º5¯ of the WF-system¢Á£·¤_°²±´¦&µH¯ÃÂ�¢§¶ÅÄ�¿²¶�¹ . ¢5¶ is a transi-
tion system ¤m¥§¦K¨©¦KªÆ¦&¬a­N®�¯ with: ¥¸£Ç¥�¹)º�Ä¼¿@È/É²¤YÊÃ­Ë¯ as set of states,andªÌ£Íª�¹)ºÎ£Ïª�À�º�ÐÑ¤m¥�¹)º�Ò�¡ÓÒÔ¥�¹�º�¯ assetof labelededges,and ¬a­N®,£Õµ is
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the initial state. The setof labels ¨ correspondsto a subsetof the transitionsof°�± : ¨Ö£Î×�Ø�ÙN¤YÊ�¦&Ø�¦[Ê�³Ú¯1Û´ª�³ÚÜ . Note that ¨ includesat leastall non-controllable
transitions̈ÝÐÞ¡DÉ�ßà£á¡DÉ�ß , follows as ¢5¶ is complete.

Thefragmentsatisfiesthestandardaxiomsof aTS (A1)-(A3).

(A1) no self-loops: this follows astheWF-netwasassumedto bepure
(cf. Section3.4.1).

(A2) every event hasan occurrence: follows from thedefinitionof ¢§¶ .

(A3) every state is reachablefr om the initial state: follows asthe fragmentis
robust(cf. Requirement5.2 from Def. 2).

Two casesare differentiated. If the computedfragment ¢§¶ is elementary, the
basicalgorithm[NRT92] canbeappliedsynthesizinga Petrinetwith isomorphic
behavior. If thecomputedfragmentis notelementary, theextendedalgorithmfrom
[CKLY98] is applied. Note, if the fragmentis not excitation closed,transition
splitting is carriedout beforetheactualsynthesis.This procedureleadsto asound
WF-system.Wewill prove thefollowing theorem.

Theorem 6.13.
Let °�± bea pure WF-netwith input place µ . Let ¿²¶�¹ bethereachability graph
of thesystem¢�£Á¤_°�±�¦&µH¯ and ¢§¶Í£Á¤m¥�¹)º}¦Kª�¹�º»¯ be a robust fragment, ¢§¶âÄ¿²¶�¹ . Let °�± ³ £�¤_° ³ ¦F¡ ³ ¦K½ ³ ¯ be the Petri net synthesizedbasedon ¢§¶ . Then°�± ³ is a WF-netand ¢ ³ £e¤_°�± ³ ¦&µF¯ is sound.

Proof a) °�±�³ is a WF-net

One source-and onesink place: Theexistenceof onesourceandonesinkplace
canbe deducedfrom the construction.The fragmentdoescontaina stateµ anda state ã which have eitheronly outgoingarcs( µ ) or only incoming
arcs( ã ). Therefore,therearetwo minimumregions ä�­§£å×�µ&Ü and ä�æ@£å×�ã�Ü
reflectingthis “entry/exit” relationship. The labelsof the statetransitions
exiting state µ (or entering ã ) mustnot occura secondtime as this would
meanthatplaceµ ( ã ) wouldbemarkedagain.Minimum regionsaremapped
on placeswithin thesynthesizedPetrinet. As furthermoretheflow relation
is derivedfrom thepre-andpost-region of theevents,°�± ³ hasexactly one
sourceplaceandonesinkplace.

Strongly connected: Thesystem¢ ³ £ç¤_°�± ³ ¦&µF¯ doesnot containany deadtran-
sitions, i.e. for every transition ØàÛè¡`³ there is a marking Ê�³ reachable
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from µ which enablesØ . This follows asfor every transitionof °�± ³ thereis
acorrespondinglabelin therobustfragment.

The reachabilitygraph ¿²¶ ¹ ã is isomorphicor bisimilar to the robust frag-
ment ¢§¶ which containssoundfiring sequencesonly, i.e. every marking
reachablefrom theinitial marking µ eventuallyleadsto ã ( µêéë  7Ê éë  	ã ).
We short-circuitthe derived Petri net by addinga transition Ø éÔìÛá¡ ³ , such
that °�± ³ £è¤_° ³ ¦F¡ ³)í ×�Ø é Ü�¦K½ ³�í ×�¤_ãg¦&Ø é ¯$¦�¤OØ é ¦&µH¯[Ü�¯ . Firing this transitionthe
systemis resetto its initial state.

For the short-circuitedsystem¢�£�¤ °�± ³ ¦&µH¯ it now holdsthat from every
reachablemarking Ê a marking Ê ³ is reachable( Ê éë   Ê ³ ) which en-
ablesØ , i.e. theshort-circuitednet is live. Thesystem¢î£Õ¤_°�±�³Ú¦&µF¯ is safe
([NRT92, CKLY98]). In its final markingplaceã containsonetokenandall
theotherplacesareempty( Êï¤_ã�¯§£�ð andfor all ñ�Û3°�ò`×�ã�Ü²ÂgÊÓ¤óñB¯5£Qô ).
Short-circuitingthe net as describedabove, the systemremainsbounded.
System¢è£¼¤ °�± ³ ¦&µH¯ is live andbounded.With [DE95] Theorem2.25 it
canbeconcludedthat ¢ is stronglyconnected.

No arc weights: follows asthesynthesizedPetrinetis safe.

Proof b) ¤_°�± ³ ¦&µH¯ is sound Soundnessof ¤_°�± ³ ¦&µH¯ follows astheshort-circuited
system¤ °�± ³ ¦&µH¯ is live andbounded,cf. Theorem2.48.

Summarizingtheabove points,it follows that ¤_°�±�³_¦&µH¯ is asoundWF-system.õ

Note Theremay be transitionsin the primary WF-net °�± which do not occur
in the resultingPetri net °�± ³ . Startingfrom a transitionsystem,the synthesis
algorithmgeneratesa Petrinettransition(labeledwith ö ) for every event ö5ÛÝ¨ . If
the setof labelsof the fragmentequalsthe setof transitionsof the primary WF-
system( ¨á£�¡ ) thesetof generatedtransitions¡ ³ equals¡ . If somecontrollable
transitionswerenot coveredby the robust fragment( ¨è÷ø¡ ) the resultingsound
WF-system°�± ³ will have lesstransitionsthantheprimaryWF-system.Thereare
exampleswere ¨Q÷Ñ¡ . Thereaderis referredto theappendix(cf. Section9.5) for
anIllustration.

UsingthegeneratedsoundWF-systemto supporttheexecutionof theactualpro-
cessat run-timea reliableexecutioncanbeguaranteed.
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Example: Consideragainthe revisedexamplein Figure5.6 (cf. Page96). The
WF-net “Planning trip” was robust, and relaxed soundbut wasnot sound. The
robust fragment ¢5¶¼£	¤m¥�¹)º}¦Kª�¹)º§¯ wasshown in Figure5.8 on Page97. The
fragmentcontainsa Ø -labeledstatetransitionfor every transitionØ�Û9¡ : ¨Ö£á¡ .

The fragmentis an ETS.TheWF-netsynthesizedon thebasisof the fragmentis
shown in Figure6.3.TheWF-netwasgeneratedusingthetool Petrify [CKK ù 97].
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f:ok
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f:not_ok

h:not_ok

abort_ 
hotel_booking

finish

r1

r3

cancel _trip

plan_trip

book_hotel

r2

r4

r5

r6

r7 r8

Figure6.3: ThesynthesizedPetrinet“PlanningTrip”

The resultingWF-systemis soundcovering partsof the behavior of the primary
processdescription.This is a necessaryprerequisiteto usethederivedWF-netas
workflow specification.

Still, thederivedWF-netis possiblyinadequatefor communicationpurposes.The
behavior of theprimaryWF-systembecamerestricted.Thederivedbehavior should
be confirmedby a domainexpert beforetheworkflow-specificationis put to use.
Therefore,thefinal processdescriptionshouldbediscussedagainbetweendomain
experts. This may causedifficulties as the derived WF-netprobablybearslittle
resemblancewith theprimaryWF-net.This is dueto anumberof points:

Lossof placenames: Within region computation,thelabelsof theold placesare
replacedby new arbitraryregion names.

Lossof places Implicit places2 which have beenpart of the primary WF-netare
omittedin thesynthesizednet.

Augmentation of elements Synthesizednetsarealwayssafe.Synthesizedsound
WF-netmaybecomequite large. This is becausefor a ú -boundedplacein
theprimaryWF-net, ú placeswouldbesynthesizedin theresultingWF-net.

2Implicit or redundantplacesareplacesthatdonot restrictthefiring of transitions
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Lossof layout Startingfrom thereachabilitygraphof theWF-net,furtherimpor-
tant informationsuchaslayoutandpositionof net-elementsis not incorpo-
ratedin thedrawing of thenew WF-net.

Changeof order In the resultingWF-net even the orderingof transitionsmay
have changed.Transitionsthatwereprimarily orderedwith respectto their
appropriateorganizationalunit arereorderedwith respectto their actualoc-
currence.Theserearrangementscanalsobeobservedcomparingtheprimary
WF-net“Planningtrip” (cf. Figure5.6)with thesynthesizedWF-netshown
in Figure6.3.

Theonly guaranteedcorrespondencebetweenprimaryandresultingWF-netis for
the transitionlabels. But if transitionsplitting wasnecessary, a transitionin the
primary WF-netmay be replacedby several transitionswhich areassignedwith
deviatedlabels.Furthermore,if thesetof labelsof thefragmentdoesnotequalthe
setof primarily usedtransitions( ¨�÷Ö¡ ), sometransitionlabelswill bemissingin
thegeneratedWF-net.

Thealteredappearanceof theresultingprocessdescriptioncomplicatestherecog-
nition of theprimarymodeledprocess.Thedomainexpertshave to understanda
new processdescriptionin orderto discussandagreeon thefinal behavior.

The growth of the resultingWF-netcouldbe circumventedby theuseof general
regions. Then the scopeof the algorithm is broadenedtowardsthe synthesisof
generalPetrinets.Thedrawbackis thatstartingfrom a WF-netwhich hasno arc-
inscriptionsthederivedPetrinetmayhavearc-inscriptionsandmaythusno longer
beaWF-net.Changesdueto lossof information(placenames,layout,appropriate
organizationalunit) couldstill notbeavoided.

To remedythis problema secondprocedureis proposed.The objective is not to
generateanew soundprocessdescriptionbut to enhancetheprimaryWF-net,such
that thebehavior is restricted.The latterapproachhastheadvantagethatdomain
expertscanrecognizethe WF-netmoreeasily, asonly somechangeshave to be
considered.

In order to identify thesechanges,we againconsidermethodsproposedin the
literature;this time regardingthesynthesisof Petrinetscontrollers.This research
field appliesresultsfrom Petri net synthesisgeneratingonly thesepartsof a net
whichguaranteesomeconstraintsspecifiedin advance.
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6.3 Petri net controller synthesis

Theobjective of Petrinetcontrollersynthesisis to computeasetof new placesfor
a givenPetrinetwhich superviseor controlthebehavior of thePetrinet,avoiding
theentryinto forbiddenstates3. Theintroducedplacesarecalledcontrollerplaces
(e.g.[YMLA96]) or monitors(e.g.[GDS92]).

Contraryto Petri netsynthesis,wherea wholenet is synthesized,in this applica-
tion domainonly somedesignatedplaces,namelythe controllerplaces,have to
besynthesized.Adding theseplacesto theprimarynet,thebehavior is restricted.
As theseplacesarenotcontainedin theprimarynettherearenocorrespondingre-
gionssofar. Theinformationneededfor theircomputationcanbegainedin various
ways,e.g. from placeinvariants[YMLA96], generalmutualexclusionconditions
(GMECs)[GDS92],or setsof forbiddenmarkings[GRX02b]. We will herelook
morecloselyat theapproachproposedin [GRX02b,GRX02a].

The informationneededfor the computationof regionsis derived from the state
transitionstransgressingthe legal behavior. Thelegal behavior correspondsto the
partialreachabilitygraphfrom whereall desiredstatesremainreachable.

It is clear that statetransitionsleaving the legal behavior have to be prevented.
Rememberthe event separationaxiom (A5/A5”) statingthat if an event ö is not
enabledin a state ¬ then thereis a pre-region of event ö which doesnot contain
state¬ . Therefore,thecontrollerplacesñ�ûmü correspondto thesepre-regions.

Let usconsideronecontrollerplaceñ�û . If thelegal behavior is anETSit holdsfor
region ä[ý�þ that it is pre-region of event ö and ä]¤YÊø¯©£øô . If thelegal behavior is a
generalTS,region ä ý þ mustbeak-preregion of event ö and ä]¤YÊ�¯1ÿîú .
In thefollowing wewill sketchthealgorithmthatwasproposed[GRX02b,GRX02a]
to computethecorrespondingregions.Thealgorithmis basedon theuseof gene-
ral regionsandexploitstherelationbetweengeneralregionsandrow-vectorsin the
incidencematrixof thecorrespondingPetrinet.

Let ¢§¶è÷î¿²¶ beasubgraphof thereachabilitygraph,describingthelegalbehav-
ior. Let � be the setof pairs ¤YÊ�¦&Ø&¯ correspondingto statetransitionsthat leave
the subgraph. � is called the setof separationinstances.It is assumedthat for
eachseparationinstance¤YÊ�¦&ØK¯�Û�� oneadditionalcontrolplaceñ�û is necessaryin
orderto prevent its occurrence.It will beseenthat in practicethenumberof new
placesis muchsmallerthanthenumberof statetransitionsto beinhibited.

3An additionalplacecanonly restrictthebehavior becausetheplacecanblock transitionsbut it
cannotenabletransitionswhicharenotenabledin thenetwithout theplace.
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In order to influencethe firing of transition Ø it is clear that the control place ñ û
mustbein its preset.In orderto inhibit theenablingof Ø in Ê , it musthold that

Êï¤óñ�û[¯����Þ¤óñ�û$¦&ØK¯��îô	� [Eventseparationcondition](6.1)

where � is theincidencematrix of thesystem¤_°�±�¦&µH¯ andtheentry �Þ¤óñ�û�¦&ØK¯ cor-
respondsto thechangeof themarkingof theplaceñ�û causedby theoccurrenceof
transitionØ .
Relation6.1 is theevent separationconditionof ¤YÊ�¦&Ø&¯ . Note thatdifferentevent
separationinstancesmayhavecommonsolutions.As aresult,thenumberof places
neededto solve all event separationinstancesis generallymuchsmallerthanthe
numberof eventseparationinstances.

Theintroductionof new placesneednotchangethelegalbehavior. Therefore,other
equations,suchasthe Marking equationlemma(cf.Lemma2.26),aswell asthe
generalpropertyof T-invariants(cf. Definition2.27)shouldstill hold. Restricted
to thecontrollerplaceñ�û it musthold:

Ê ³ ¤óñ�û&¯5£�ÊÓ¤óñ�û[¯
����
������� ôu¦����� Â�Ê �ë  ¼Ê ³ [Marking equationlemma](6.2)

��
����è£�ôu¦�� T-invariants� of °�± [Generalpropertyof T-invariants](6.3)

Solving the given setof equations6.1, 6.2, and6.3, a solutionis derived for the
row vector ��
 . Note,that theequationsystemhasa solutiononly if thesubgraph
satisfiesthetwo separationaxiomsSSA(A4”) andESA(A5”).

A row-vectorof the incidencematrix describesthe in- andoutputrelationof one
place. Therefore,the solution provides all information neededto introducethe
controllerplace ñ�û . The aggregationof all controllerplacesis calleda synchro-
nization pattern: ¢"°7£·¤_° û�¦F¡`¦K½�û$¯ where °�û is the set of controller places,¡
is the set of transitions,and ½�û�Â3¤_°�ûÆÒÑ¡@¯ í ¤Ú¡ÁÒ�°�û[¯ ë   �N± is the flow
relation, ½�û�¤óñ ¦&ØK¯´£ Ù ��¤OØK¯�Ù if �1¤OØ&¯���ô�¤_ô otherwisē and ½�û�¤OØ$¦_ñD¯�£���
�¤OØ&¯ , if
� 
 ¤OØK¯! îô ¤_ô otherwisē.

Thealgorithmcomputinga synchronizationpatternby solvingtheabove equation
systemwasimplementedwithin thetool Synet[Cai97].

Integratingthesynchronizationpatterninto theprimaryPetrinet °�±Á£è¤_°�¦F¡`¦K½¾¯
a new Petri net is derived with a behavior isomorphicto the partial reachability
graphdenotingthedesiredbehavior: °²±#"�$ ®aû £�¢"° í °²±Á£e¤_° í ° û ¦F¡`¦K½ í ½ û ¯ 4.

4We assume%'& to be a generalPetri net. This is no restrictionasevery Petri net without arc
weightscanbereformulatedasageneralPetrinetsettingall arcweightsto ( .
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Example: Thetransitionsystemin Figure6.4 a) denotesthe reachabilitygraph
of thePetri net from Figure6.2. Let the legal behavior be the subgraphgiven in
Figure6.4b). Thesubgraphis anETS.
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Figure6.4: a)Thereachabilitygraph¿²¶ b) An assumedlegalbehavior ¢5¶eÄî¿²¶
The deducedsetof separationinstances� , is �Ï£Ì×�¤YÊ*)a¦,+�¯$¦�¤YÊ�-�¦/.u¯$¦�¤YÊ�0)¦,1/¯[Ü .
Thefollowing threeeventseparationconditionsarederived:

1. Ê*)�¤óñ�û è ¯
���Þ¤óñ�û è ¦,+�¯��îô
2. Ê*-�¤óñ�û32�¯
���Þ¤óñ�û�2�¦/.u¯��îô
3. Ê*0�¤óñ�û�4�¯
���Þ¤óñ�û54�¦,1/¯!�îô

Accordingto theMarking equationlemma(cf. Equation6.2), thefollowing equa-
tionsmusthold for all ñ ûmü with µ"£�ða¦,6g¦,7 :

127



8 Ê:9r¤óñ�ûmüË¯§£�µ$¤óñ�ûmüË¯��;�Þ¤óñ�ûËüF¦/<u¯ � ô
8 Ê�)�¤óñ�ûmüË¯§£�Ê=9�¤óñ�ûmüË¯����9¤óñ�ûmüH¦/.g¯ � ô
8 Ê�-�¤óñ�ûmüË¯§£�Ê=9�¤óñ�ûmüË¯����9¤óñ�ûmüH¦,+�¯ � ô
8 Ê?>)¤óñ ûmü ¯§£�Ê 9 ¤óñ ûmü ¯����9¤óñ ûmü ¦/@�¯ � ô
8 Ê�A�¤óñ�ûmüË¯§£�Ê*)�¤óñ�ûmüË¯����9¤óñ�þm­F¦[ú]¯ � ô
8 Ê�B�¤óñ ûmü ¯§£�Ê A ¤óñ ûmü ¯����9¤óñ ûmü ¦DC�¯ � ô

8 Ê�0�¤óñ�ûmüË¯§£QÊ B ¤óñ�ûmüË¯����9¤óñ�ûmüH¦,+�¯ � ô
8 Ê > ¤óñ�ûmüË¯§£QÊ B ¤óñ�ûmüË¯����9¤óñ�ûmüH¦FEu¯ � ô
8 Ê*G�¤óñ�ûmüË¯§£QÊ > ¤óñ�ûmüË¯����9¤óñ�ûmüH¦,+�¯ � ô
8 Ê G ¤óñ ûmü ¯§£QÊ - ¤óñ ûmü ¯����9¤óñ ûmü ¦/@�¯ � ô
8 Ê*G�¤óñ�ûmüË¯§£QÊ*0�¤óñ�ûmüË¯����9¤óñ�ûmüH¦FEu¯ � ô
8 ãx¤óñ ûmü ¯§£�Ê G ¤óñ ûmü ¯
�H�Þ¤óñ ûY­ ¦,I�¯ � ô

Accordingto theT-invariants(cf. 6.3) of theprimarysystem,thefollowing equa-
tionsmusthold for all ñ�ûmü with µ"£�ða¦,6g¦,7 :

8 �Þ¤óñ�ûmüH¦/<u¯��H�Þ¤óñ�ûmüF¦,+�¯����9¤óñ�ûmüH¦/@�¯J���Þ¤óñ�ûmüH¦,I�¯5£�ô
8 �Þ¤óñ ûmü ¦/<u¯'�K�Þ¤óñ ûmü ¦,+�¯'�K�Þ¤óñ ûmü ¦/.g¯'�K�9¤óñ ûmü ¦[ú]¯'�K�Þ¤óñ ûËü ¦DC�¯��K�9¤óñ ûmü ¦FEu¯'�
�Þ¤óñ�ûmüH¦,I�¯5£�ô

8 �Þ¤óñ�ûmüH¦[ú]¯����Þ¤óñ�ûËüF¦DC�¯����Þ¤óñ�ûËü ¦,1/¯5£Qô
Solving the setof equationsfor eitherof the threeseparationinstancesresultsin
onecontrolplaceñ�û . Onesolutionof theequationsystemis:

�Þ¤óñ û ¦/<x¯§£�ða¦L�9¤óñ û ¦,+�¯§£ ë ða¦L�Þ¤óñ û ¦/.g¯§£ ë ða¦L�Þ¤óñ û ¦DC�¯§£�ð .
A secondsolutionfor ñ�û is:

�Þ¤óñ�û$¦/<x¯§£�ða¦L�9¤óñ�û�¦,+�¯§£ ë ða¦L�Þ¤óñ�û�¦/.g¯§£ ë ða¦L�Þ¤óñ�û�¦[ú]¯§£�ð .
Theresultingsynchronizationpattern5 (first solution)is

¢"°ø£e¤ ×&ñ�û�Ü�¦F¡`¦�×�¤M<�¦_ñ�û�¯$¦�¤NCà¦_ñ�û$¯$¦�¤óñ�û�¦,+�¯$¦�¤óñ�û�¦/.u¯$¦�¤óñ�û�¦,1/¯[Ü�¯
Thesameresultproducedthroughthetool Synetis shown in Figure6.5

Integratingthesynchronizationpattern¢"° with thePetri-netfrom Figure6.2leads
to thenew netshown in Figure6.6. Thebehavior of theresultingprocessdescrip-
tion is isomorphicto thelegal behavior ¢5¶ .

5Note,arcweightshave beenomittedin this notation,becausethey areall equalto 1.
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6.4 Applying controller synthesisto workflow modeling

The useof the proposedalgorithmfor the synthesisof a soundWF-net is obvi-
ous. What wascalledlegal behavior correspondsto the behavior describedby a
robust fragment ¢§¶ . We furthermorerequirethat the robust fragmentcoversall
controllabletransitions,i.e. containsa Ø -labeledstatetransitionfor every transitionØ ÛÖ¡/ß
O/É . Consequentlythe setof labelsof the robust fragmentcoincideswith
thesetof transitionsof theprimaryWF-system:̈Ñ£�¡ . This furtherrequirement
is reasonableasin Section5.5 it wasarguedthat controllabletransitionsthat are
not coveredby therobust fragmentprobablydenotea modelingdeficiency.

Applying thealgorithmto that fragment,a setof controllerplacesis synthesized,
which determinesthedesiredsynchronizationpattern ¢"°ç£Á¤_°�û�¦F¡`¦K½ û�¯ . Finally
the synchronizationpatternis joined with the primary WF-net in orderto obtain
thecontrolledPetrinet: °²±#"�$ ®aû £�¢"° í °�±Á£è¤_° í ° û ¦F¡`¦K½ í ½ û ¯ .
Figure6.7 illustratesthe applicationof controllersynthesisfor workflow model-
ing. Startingwith a relaxed soundand robust processdescriptiona Petri net is
constructedfulfilling theconditionsthatcharacterizea soundprocessdescription:
optionto complete, propertermination, andno deadtransitions, seeDef. 2.47.

Wewill prove thefollowing theorem.

Theorem 6.14. Let ¢�£ç¤_°²±´¦&µH¯ bea relaxedsoundand robust WF-system.Let¢§¶Ï£Á¤m¥�¹)º}¦Kª�¹�º§¯ be a robust fragmentof the reachability graph: ¢5¶�Äe¿²¶�¹
with ¨å£Á×�Ø�ÙN¤YÊ�¦&Ø$¦[Ê ³ ¯ÆÛ�ª�¹�º5Ü3£Í¡ . Let °²± ³ be the Petri net that wascon-
structedinserting the computedsynchronizationpattern ¢"°7£Ç¤_° û�¦F¡�¦K½ û$¯ into°�± . Then ¤_°�± ³ ¦&µH¯ fulfills thethreepropertiescharacterizinga soundWF-net:

(i) For everystate Ê reachablefromstate µ , there is a firing sequenceleading
fromstate Ê to stateã (optionto complete).

(ii) Stateã is theonlystatereachablefromstateµ with at leastonetokenin placeã (propertermination)

(iii) Thereare nodeadtransitionsin ¢ .

Proof Thefirst andsecondconditionhold, asthebehavior of theresultingPetri
netwasrestrictedto therobustfragment,i.e. containssoundfiring sequencesonly.
Thethird propertyrequiringno deadtransitionscanbeassuredasit wasaddition-
ally requiredthatall transitionsarecoveredby thefragment( ¨Ñ£�¡ ). õ
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TheresultingPetrinet is not necessarilya WF-net.Rememberthat it wasderived
by unifying the primary net with a synchronizationpattern. The resultingPetri
netdiffersfrom theprimarynetonly w.r.t to someadditionalplacesandthecorre-
spondingflow relation. Thesecontrollerplaceslimit thebehavior of theprimary
netsystemto soundfiring sequencesonly. Following ananalogousargumentation
as usedin the proof of Theorem6.13 we can concludethat short-circuitingthe
synthesizedsystem,we derive a live, boundedandthereforestronglyconnected
net-systemhaving onesourceandonesink place. Still, the arc inscriptionsbe-
longing to the newly insertedplacesmay be greaterthan1. This follows as the
synthesisof thecontrollerplacesgoesbackto theuseof generalregions. An ex-
ampleillustrating thecase,wherea Petrinetwith arc-inscriptionsis generated,is
givenin theAppendix9.5.

Applying thealgorithmto the “Planningtrip”- example(cf. Figure5.8 a) the fol-
lowing synchronizationpatternis generated:¢"°Í£Ï¤ ×&ñ�û�Ü�¦F¡�¦�×�¤P1àÂ�ã�ú�¦_ñ�û[¯$¦�¤óñ�û�¦,+�ãaã�ú I�ã�ØFQ�öY¯[Ü . Figure6.8 shows its integration
into the revised processdescriptionfrom Figure 5.6 on Page96. The resulting
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Figure6.8: WF-net“Planningtrip” with integratedsynchronizationpattern

specificationis sound.Therearenofiring sequencesthatdeadlockor donot termi-
nateproperly. Usingthisprocessspecificationasbasisfor theworkflow-controller
a reliableprocessexecutionat run-timecanbeguaranteed.

6.5 Appraisal of results

Theobjectiveof thischapterwasthegenerationof asoundWF-systemonthebasis
of a relaxedsoundandrobustWF-system.This wasachieved by applyingresults
from Petri net synthesis.But the quality of the resultsdiffers dependingon the
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TS andthe approachused. The bestresult is achieved if the controllersynthesis
approach[GRX02b] is appliedto an elementaryTS which additionallysatisfies
therequiremenẗÔ£á¡ . Theresultis aWF-systemwhichdiffersfrom theprimary
specificationonly by someadditionalplaces. Its behavior is isomorphicto the
robustfragmentof theprimaryWF-system.

Thesameapproachappliedto a non-elementarybut generalTS resultsin a poten-
tially generalPetrinet. Advantageis againthehigh resemblancewith theprimary
WF-net. The resultingnet is still in accordancewith thestructuralWF-netprop-
erties. It hasexactly onesource-andonesink placeand the short circuitednet
is stronglyconnected.Theresultingnetdiffers from theprimaryWF-netonly by
someadditionalplaces.Still, theintroducedplacesmaybelinkedbyweightedarcs.
Thebehavior of theresultingPetrinet is againisomorphicto therobust fragment
of theprimaryWF-net.

An approachthatalwaysleadsto asoundWF-netis thefull synthesisasdescribed
in [CKLY98]. It is appliedif therobustfragmentof theWF-system

8 is non-elementaryanda changetowardsgeneralWF-netsis consideredin-
adequate,

8 doesnot satisfytherequiremenẗÔ£�¡ , or

8 doesnot satisfytheseparationaxiomsof ageneralTS

Theresultis a safeWF-netwith a behavior bisimilar to the robust fragment.The
disadvantageof this approachis the possiblyhigh dissimilarity with the primary
WF-net.

Assertionsabout possibleassignmentsof a robust fragment The robust be-
havior of arelaxedsoundandrobustWF-system¤_°�±�¦&µH¯ wascomputedwithin the
robustnessalgorithm,cf. Chapter5 andcoincideswith a fragmentof thereachabil-
ity graph.Thecomputedfragmentis a transitionsystem,asit satisfiestheaxioms
(A1)-(A3).

Sofar, thereis no resultshowing thatthefragmentalwayssatisfiesfurtheraxioms,
andhencecoincideswith a specialTS, e.g. a generalTS. Therobust fragmentis
notnecessarilyelementary, evenif thereachabilitygraphwaselementary. Further-
more,therobust fragmentdoesnot necessarilycontaina Ø -labeledstatetransition
for everytransitionØ�Û;¡Dß
O/É . Therearecounter-examplesfor bothcasesalthough
artificially constructedones.Thereaderis referredto theAppendixfor illustration.
Thecounter-examplesdo not matchany known, realisticprocessdescription.All
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relaxed soundandrobust WF-systemsinvestigatedin the courseof the work on
the thesisproducedfragmentssatisfyingtheaxiomsof elementarytransitionsys-
temsandcoveredall controllabletransitions.Sincewe only have two artificially
constructedcounter-examplesit is not possibleat this stageto make any general-
izationsaboutthe classof non-compliantWF-nets. This could be an interesting
topic for furtherresearch.

6.6 Relatedwork

The following sectionis subdivided into threeparts. The first two partsreview
literatureon Petri net synthesisandPetri net controllersynthesis.In the lastpart
we investigatetwo otherapproachesfor the synthesisof processcontrollersand
outlineshortcomingsof theprovidedalgorithms.

Petri net synthesis Thesynthesisproblemwasfirst addressedin [ER90]. Subse-
quently, in [NRT92] it wasshown thatanelementarynetsystemcanbesynthesized
on thebasisof regionsfrom a (sequential)transitionsystemsatisfyingsomesepa-
rationconditions,namelyfrom anelementarytransitionsystem.

The approachwasenhancedin [CKLY98] to synthesizesafenet systemson the
basisof excitation regions. Theseareregionsthatarerelatedto transitionswhile
normal regions in a transitionsystemare relatedto placesin the corresponding
Petrinet.Thisapproachis not limited to elementaryTSbut coversthefull classof
TS by meansof transitionsplitting. Thebehavior of the resultingPetri net is not
necessarilyisomorphicto theTS but bisimilar.

Furthermore,thesynthesisproblemhasbeensolvedfor otherclassesof Petrinets,
cf. [Muk92, DS93,BBD95, BMPV96, KCK ù 96, Dar00] and[BDC02]. Herethe
conceptof a generalregion is used.Generalregionsaremultisetswhereregions
aresets.A comprehensive review of thetheoryof regionscanbefoundin [BD98].

Petri net controller synthesis Theobjectiveof thisresearchareais thesynthesis
of a controllersupervisinga plant(e.g. givenin termsof a discreteeventsystems
(DES)),sothattheenteringof forbiddenstatesis avoided.

In theoriginal work [RW87], controllersynthesisis basedon finite statemachines
(FSM). FSMsprovide a generalframework for establishingfundamentalproper-
ties of DES control problems. However, they arenot convenientor intuitive to
model practicalsystems,becauseof the large numberof statesthat have to be
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introducedto presentseveral interactingsubsystems,andbecauseof the lack of
structure[HK94]. More efficient modelshave beenintroducedin theDES litera-
ture,amongthemPetrinets.Forasurvey of DEScontrolusingPetrinetsthereader
is referredto [HK94],[Giu96], andmorerecently[CDLX02].

Thereareseveralapproachesthatsynthesizecontrollersfor specificsubclassesof
Petrinets,suchas[HK94] for markedgraphs,[BNRL ù 95] for statemachinesand
[HGZ96] for netssatisfyingsometransitionconflict condition(similar to thefree-
choiceproperty).In [GDS92]it wasproventhatfor thesubclassof safeandconser-
vative Place/Transitionnetsany forbiddenmarkingspecificationcanbe enforced
by asetof additionalplacescalledmonitors.Theforbiddenmarkingspecifications
areformulatedin termsof generalmutualexclusionconstraints(GMEC).A differ-
entapproachwasproposedin [YMLA96]. Herea setof monitorsis computedon
thebasisof thenet’s placeinvariants.It is shown thata wide varietyof forbidden
markingspecificationscanbereformulatedin termsof placeinvariants.Still, for
sometransformationstheapproachis limited to safePetrinetsonly.

In [GRX02b]anapproachis presentedsynthesizingcontrollersfor generalPlace/
Transitionsnets.Specificationsthatcanbeenforcedby theapproachareexpressed
as setsof forbiddenstates. The proposedapproachconsistsof two main steps.
It first determinesthe desiredbehavior of the reactive systemusinga Ramadge-
Wonham-like approach.It thenusesthetheoryof regionsasproposedin [BBD95]
to designa Petrinetcontroller, which is againa setof control(or monitor)places.
ThePetrinetcontrolleris synthesizedif thedesiredbehavior of thereactivesystem
(partial reachabilitygraph)satisfiesthe event- and stateseparationaxiomsof a
generalTS. No statementhasbeenmadehow this requirementrestrictsthesetof
enforceablespecifications.

Algorithms computing the set of separation instances Theapplicationof the
controller synthesismethodis basedon the prior computationof the setof sep-
arationinstances,� . Within the describedsetting � could easilybe determined
as statetransitionsleaving the robust fragment ¢§¶ . Thereare two further ap-
proachesproposingtheuseof controllersynthesisfor theimprovementof process
descriptions,namely[GRX02a] and[Pet00]. Here,slightly differentprocedures
areproposedto determinethesetof separationinstances.

Theseparationinstancesarecomputedby a backwardssearchstartingin the for-
biddenstates,suchasdeadlocksor otherstatesforbiddenby thespecifications(e.g.
morethanoneobjectusinga certainresource).Note that forbiddenstatesin our
settingwould refer to statesfrom which no extensiontowardsstateã (properter-
mination)exists.
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Startingfrom theforbiddenstates,so-called,dangerousmarkingsaredetected.In
[GRX02b] a dangerousmarkingis definedasa markingthat is forbiddenor that
is reachablefrom a forbiddenmarkingvia thefiring of only non-controllabletran-
sitions. In [Pet00] a dangerousmarkingis themarkingthatenablesthe last con-
trollable transition,beforeenablinga sequenceof uncontrollabletransitions,that
leadsto a forbiddenstate.Theseparationinstancesthencorrespondto statetransi-
tionsleadinginto dangerousmarkings([GRX02b]) or statetransitionsleaving the
dangerousmarkings([Pet00]).

In both approachesthe dangerousmarkingsaremarkingsthat lead to forbidden
markingsvia a sequenceof uncontrollabletransitions. Markings reachablevia
severalcontrollabletransitionsarenot considereddangerous.This causesa prob-
lem ascontrollabletransitionsmayleadinto dangerousmarkingsaswell. In these
casesbothproceduresleadto animpropersetof separationinstances.
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Chapter 7

Installing differ ent scheduling
strategies

Transforminga relaxed soundWF-systeminto a soundWF-system,thebehavior
is restrictedto a subsetof the soundfiring sequences.The choicefor a certain
subsetdeterminesastrategy, which in turndeterminestheefficiency of theprocess
execution.Thefragmentcomputedthroughtherobustnessalgorithmin Chapter5
sofaronly determinedpessimisticstrategies.Implementingthecomputedstrategy,
applyingthetechniquespresentedin Chapter6,theprocessexecutionis sequential-
ized.In thischapterwewill discussalternativestrategiesandtheir implementation.

Thechapterstartswith ageneraloverview of factorsaffectingtheefficiency of the
processexecution.Section7.2addressesthedeterminationandimplementationof
differentschedulingstrategies. In Section7.3 the installmentof optimisticstrate-
giesis describedin moredetail. In Section7.4 theproposedmethodis appraised
w.r.t its supportin findingoptimizationpotential.Finally, relatedwork is discussed.

7.1 Optimization potential

Oneof the mostsignificantobjectives of workflow managementis the improve-
mentof theoverallperformanceof thesystem.Boththequalitative properties(e.g.
preventionof congestionof remainingorders,preventionof deadlocks),andquan-
titative properties(e.g. maximumthroughput,minimum averagedelay, optimum
employmentof resources)have to beconsidered.

The qualitative propertiesarecloselyrelatedto the correctnessof the underlying
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processdescription.To guaranteea smoothprocessingof theprocessat run-time,
the workflow specificationshouldbe sound. The quantitative propertiesarede-
terminedthroughthe selectionof a schedulingstrategy andthe determinationof
systemparameters.

7.1.1 Determination of systemparameters

Systemparametersareadjustableparametersthatinfluencetheefficiency of theex-
ecution.Importantexamplesarenumberandassignmentof employedresources.It
is clearthattheexecutionof aprocesscanbeimprovedif morepeoplework onit or
a fastermachineis used,but highercostsmustbeaccepted.However, thequestion
of resourceallocationwasbeyondthescopeof this thesis.It wasdeterminedat the
outsetthatthefocuswouldbeonthecontrolflow aspects.However, theauthorhas
emphasizedsomeresourceallocationissuesin [DFZ02,DFZ00b, DFZ00a].

7.1.2 Schedulingstrategies

Anotherpotentialfor theoptimizationof theprocessexecutionis thechoiceof a
suitableschedulingstrategy fixing the final dispatchingrule. The choiceis diffi-
cult becausein mostcasesit will not be possibleto find a strategy that suitsall
situations.

In general,strategiescanbe optimistic or pessimistic.Pessimisticstrategieswait
for decisionsto betakenin advancein orderto avoid faultysituations.Following a
pessimisticstrategy, theprocessexecutionis sequentialized.In contrast,optimistic
strategies supportparallel executionof dependingthreadsbut acceptadditional
costsin somecasesthroughtheneedfor recovery.

Thedecisionfor a certainstrategy is basedon expertknowledgeor long termsta-
tistical evaluations.It depends,amongotherthings,oncostsanddurationof tasks.
Making useof the operationalsemanticsof WF-nets,the decisionfor a specific
strategy canbe supported.Therefore,the processdescriptionmustbe enhanced
with further informationsuchas the durationandcostsof tasks. Simulatingthe
behavior of theworkflow system,atradeoff is possiblebetweenincurredcostsand
duration.

Theinstallmentof acertainstrategy shouldpreferablybeoneof thelaststepsin the
modelingof workflows, ascorrespondinginformation(theoccurrenceprobability
of a certainfailure, costsof failure compensation,or priorities) will often only
becomeavailablethen,andmayevenchangeduringtherun-time.Their lateincor-
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porationallowsflexibility if prioritieschange.It will notbenecessaryto revisethe
wholeprocedurestartingfrom new requirements,but modelingresultsfrom earlier
phasesmaybereused.

Startingfrom a relaxed soundprocessdescription,we will now investigatehow
differentschedulingstrategiesbecomeimplemented.Besidetheimplementationof
a fixedstrategy, theproposedprocedurealsofacilitatestheidentificationof useful
strategies.

7.2 Strategy determination and implementation

A relaxedsoundprocessdescriptiondeterminesasetof desiredexecutions.Still, it
doesnot describe“how” thedesiredexecutionsareachieved. This decisionis left
to astrategy.

We have seenthata strategy correspondsto a specialfragmentof thereachability
graph(cf. Def. 5.2). In Chapter6 it wasshown how a strategy wasimplemented,
restrictingthebehavior of therelaxedsoundWF-systemto thecorrespondingfrag-
ment. The derived WF-systemcanbe usedas input for a WF-controller. If the
implementedstrategy wascompleteandwinning, theWF-controllercould,by fol-
lowing theprescribedrules,guaranteeasoundprocessexecutionat run-timeinde-
pendentfrom themovesof theenvironment.

If the primary relaxed soundWF-systemis robust, thereis a completewinning
strategy, i.e. a fragmentof thereachabilitygraphwhichsatisfiesthecorresponding
requirements(containsonly soundfiring sequences,covers all non-controllable
transitions,hasonly controllablestatetransitionsleadingout,cf. Def. 5.2,5.3and
Def. 5.4).

Still, theremaybesoundfiring sequencesin theprimaryWF-systemwhicharenot
supportedby any robust fragment.Theseexecutions,althoughsound,would not
be supportedif the correspondingstrategy becomesimplemented.The problem
with theseexecutionsis that properterminationcannotbe guaranteedbecauseif
theenvironmentinterferesthesystemmayendin adeadlock.

We will illustratethis by meansof anexample. Considertheprocessdescription
givenin Figure7.1(a).Therearetwo choices:TheupperchoicebetweentaskA1
andtaskB1 is controllable.Thelowerchoice,which is non-controllable,decides
betweentaskA2 andtaskB2. But the choicesarenot independent.The fol-
lowing two transitionseitherjoin theA-tasks(joinA) or theB-tasks(joinB). A
mixedexecutionof A- andB-tasksleadsto adeadlock.
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Figure 7.1: (a) Relaxed sound & robust WF-system(b) Reachabilitygraph
(c) SoundWF-system
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TheWF-systemis relaxedsoundandrobustandcoversall transitions.Figure7.1(b)
shows thereachabilitygraphof theWF-system,highlightingtherobust fragment.
Implementingthe strategy that correspondsto the robust fragment(applyingthe
controllersynthesisapproachdescribedin Section6.4), theWF-systemshown in
Figure7.1(c) is derived. TheresultingWF-systemis sound,so it maybeusedas
basisfor theexecutionsupportof theprocessat run-time.

Implementingthestrategy, asynchronizationpatternwasincorporatedinto thepri-
mary WF-net. Throughthesynchronizationpattern,the two transitionstaskA1
andtaskA2, and transitionstaskB1 andtaskB2 becomesynchronized.As
a consequence,all soundbut parallelfiring sequencesof the relaxed soundWF-
systemhavebeeneliminated.Usingthisprocessdescriptionasinput for aWFMS,
the execution of the processbecomesserialized. The non-controllablechoice
wouldalwaysbeawaitedbeforethecontrollablechoiceis processed.

ScenarioI: Assumethat thedeterminationof thenon-controllablechoicetakes
a long time. Thenthispessimisticschedulingwouldbeannoying. It couldbemore
efficient to supporttheparallelsoundfiring sequencesandto considercompensa-
tion of tasksif adeadlockis reached.

ScenarioII: Assumethatthedeterminationof thenon-controllablechoicetakes
a long time andoneof theoutcomesof thenon-controllablechoice(saytaskA2)
is muchmorelikely thantheothertask(taskB2). In this case,asuitablestrategy
would supportonly oneof theparallelbut soundfiring sequences,againconsider-
ing compensationwhenadeadlockis reached.

In thefollowing wewill discusshow anoptimisticapproachis implemented.

7.3 Installing an optimistic strategy

Investigatingthe behavior of the relaxed soundandrobust WF-systemthereare
soundfiring sequenceswhich arenot coveredby the robust fragment1. Theseex-
ecutions,althoughsound,would not besupportedif thestrategy thatcorresponds
to therobustfragmentbecomesimplemented.If thedomainexpertsconsiderthese
executionsto beconsiderablymoreefficient thantheonescovered,anotherstrat-
egy mustbefound.Thenew strategy shouldcover thesesoundexecutions.It does

1Thisholdsalsofor soundfiring sequencescontainingcontrollabletransitionsnotcoveredby the
robustfragment,seeSection5.5.
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notsuffice to merelycombinethedesiredexecutions.Thecorrespondingfragment
will not satisfy the propertiesof a strategy. It is not self-containedwith respect
to non-controllabletransitions,cf. Def 5.2. Therearenon-controllabletransitions
thatleadfrom thefragmentto statesthatindicateadeadlock.

In orderto supportthedesiredsetof soundexecutions,the fragmentmustbeen-
hanced.New behavior mustbeincorporatedthatmakesit possibleto recover from
deadlocks.This is achievedby addingtasksto theprocessdescriptionwhichcom-
pensatethe resultsof previous tasks. For their specificationfurther information
mustbecompiled,regarding:

8 thestatesfrom whichcompensationis possible,

8 compensatingtasks,and

8 statesto which theprocessis rolled backaftercompensation.

Thespecificationof thecompensatingtaskscannotbeautomatedbut mustbedone
by domainexperts. Theknowledgefor the recovery behavior is basedon theap-
plicationcontext in combinationwith efficiency considerationsandcannotbede-
terminedby apredefinedsetof rules.

Oncethe recovery behavior hasbeenspecifiedit is incorporatedinto theprimary
WF-net.Theresultof this enhancementmustagainbea relaxedsoundandrobust
processdescription.

The robust fragmentis computedon the basisof the enhancedWF-system. It
now containsthedesiredfiring sequences.It alsocontainssomenew soundfiring
sequenceswhichenablerecovery if a (former)deadlockis reached.Implementing
the strategy that correspondsto the derived robust fragment,a soundWF-system
is computed.We will illustratethis againby meansof examples.Reviewing the
two scenarioswe will adapttheprocessdescriptionshown in Figure7.1suchthat,
thedemandedexecutionsaresupportedby astrategy. Wewill startwith thesecond
scenario.Here,it wasassumedthatoneresultof thenon-controllablechoicewas
moreprobablethantheotherone.

Scenario II: Figure 7.2(a) shows the WF-systemfrom Figure 7.1(a)now en-
hancedby a compensationtaskchangeAB. By meansof this taskit is possible
to recover from thestatep6p3, which wasa deadlockin theprimaryWF-system.
TheWF-systemis relaxedsoundandrobust. Thereachabilitygraphof thesystem
andtherobustfragment(highlighted)areshown in Figure7.2(b).
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Implementingthestrategy thatcorrespondsto therobustfragment,theWF-system
shown in Figure7.2(c)is derived. Thenew systemsupportstheoptimisticexecu-
tions demandedin the secondscenario.As a consequence,someadditional,less
efficient executionsareacceptedtoo.
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Figure7.2: (a) WF-systemwith integratedrecovery behavior
(b) Reachabilitygraph(c) SoundWF-system

ScenarioI: In this caseit wasassumedthatcompensationis not very expensive
and parallel executionsshouldbe generallysupported.Figure 7.3(a)shows the
WF-systemfrom Figure7.1(a)now enhancedby two compensationtaskschan-
geAB andchangeBA. Thesetwo tasksreversethedecisionmade.If adeadlockis
reachedin theprimarydescription,oneof thecompensationtaskcanbeexecuted,
leadingto a statefrom which properterminationis guaranteed.Here the robust
fragment,depictedin Figure7.3(b)coincideswith the reachabilitygraph. There-
fore, no synchronizationpatternhasto be computed.The WF-systemis already
sound.
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In both cases,we have seenthat throughtheappropriateadaptionof theprimary
processdescriptionotherthanpessimisticstrategiescanbesupported.Therecov-
ery integrationwasonly shown exemplarily. As necessaryinformationis specific
for any process,this cannotbecomeautomated.Still, theinvestigationof thepos-
sible behavior of the relaxed soundprocessmay help to find an optimumsetof
executions. If the setdoesnot alreadyform a robust fragment,the userneedsto
adapttheprocessdescriptionsuchthat,thedesiredsetof executionsdeterminesa
robust fragment.New tasksmustbe incorporatedto ensurethatnon-controllable
transitionsthat were not coveredby any strategy are incorporated.This canbe
achieved e.g. by compensationof controllabletasks. After the enhancementthe
WF-systemmustbeagainrelaxedsoundandrobust.

Note that the introductionof additionalbehavior canalsobe usedto improve re-
laxed soundandrobust processdescriptionswherethe robust fragmentdoesnot
cover all controllabletransitions( ¨�÷Ö¡ ).

As soonastheWF-systemis relaxed soundandthesetof desiredexecutionsde-
terminesa robust fragment,the fragmentcanbe implementedautomatically. The
resultis asoundWF-system.

In this chapterwe have seenhow existing results,e.g. the implementationof a
strategy (cf. Chapter6) andthemodelingtowardsrelaxed soundandrobust pro-
cessdescriptions(cf. Chapter3 to Chapter5) canbereusedtodetectandimplement
optimizationpotential.Therelaxedsoundprocessdescriptioncanbeseenasanin-
completebody that mustbe enhancedfor further use. The way of enhancement
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determinesthefinal executionpolicy. Thebenefitof themethodis increasedflex-
ibility in the modelingof workflow. Existing processdescriptionscanbe reused
underchangingprioritiesor differentprerequisites.Only theschedulingstrategy
hasto beadapted.

7.4 Appraisal of results

Theoptimizationof existingprocessesis thecoreof all businessprocessre-engineer-
ing projects.Theflexible adaptionof workflow specificationsaccordingto changes
in theapplicationdomainis anotherimportantissue.However, thereis hardlyany
methodthatsupportstheuserin finding optimizationpotential. Most approaches
merelyproposeinvestigatingthe performanceevaluationof processdescriptions
undervarying parametersin a trial anderror process.We could summarizethe
drawbacksof thiswide rangeof existing methodsin thefollowing points:

8 in box-solutionswhichplayonly within agivensetting

8 trial anderror

8 realimprovementis left to themodelers

8 supportis limited to invitationssuchasto look for possibleparallelism

Thekey problemhereis thatcreative importis left solelyto themodeler. While this
inputwill alwaysbeimportant,by introducingsupportasdescribedin theprevious
chapter(s)the modelerwill alsobe ableto find non-immanentsolutions(outside
thebox).

The proposedapproachpresentssubsetsof possibleexecutionsamongwhich the
applicationdevelopermaychoosea suitableone. If a non-robust subsetis chosen
thatrelatesto anoptimisticstrategy we canassumethatthis strategy hadnot been
thoughtof before. Its implementationneedssomefurther investigation,namely
the enhancementof the primary specificationby somerecovery behavior. Even
here,theusercancountof somesupportthroughtheprovidedprocessmodel.The
compensationtasksto beaddedneedleadto statesthatarecoveredby the robust
fragment.Feedbackis providedagainthroughthetestsfor relaxedsoundnessand
robustness.

Weareconfidentthatthestrategy implementationontopof arelaxedsoundprocess
descriptionprovidesagoodstartingpoint for thedevelopmentof a tool supporting
theidentificationof optimizationpotentialin amethodicalmanner.
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7.5 Relatedwork

Transactional workflows In the presentedapproachthe recovery specification
wasleft to themodeler. Specificknowledgeaboutthestatesfrom which compen-
sationis possible,compensatingtasks,andstatesto which the processis rolled
backaftercompensation,is assumed.

The specification,analysisandsupportof recovery is a coreaspectwithin trans-
actionmanagement.Introducingthepossibilityto recover from deficientstatesby
compensatingcorrespondingtransitions,transactionalproperties(e.g.ACID) have
to be considered.Transactionmodelsdeterminea setof transactionalproperties
anddescribehow they areenforced.Transactionmodelshave beeninitially devel-
opedto beusedin databasesystems.Since,in [SR93]transactionalworkflows are
introducedasworkflowswith transactionsupport,alot of workhasbeendoneto in-
tegrateworkflowsandtransactionmodels.Mucheffort wasput in theinvestigation
of advancedtransactionmodels[Elm92] andtheircapabilitiesto supportworkflow
applications,e.g. [AAEA ù 96, KMO98, GPS99]. The generalidea,exploited in
thementionedapproaches,is to assignexisting transactionpropertiesto workflow
activities. Theuseof several transactionmodels,e.g.SAGA or nestedtransaction
provideshigh flexibility becauseactivities canbe groupedasdesired. However,
propertieslike atomicity, isolationandrecovery cannotbedefinedindependently,
but mustfollow eithertheSAGA or nestedtransactionmodel.

Other approaches,aiming at the integration of workflows and transactionmod-
els,focuson thespecification,analysisandsupportof transactionstatedependen-
cies,e.g. [ASSR93,GH94, GHM96, RSS97, AAH98, LR99, DDGJ01]. Within
theseapproachestransactionalpropertiescan be definedindependentlyfrom a
specific transactionmodel. The transactionstatedependenciesare usedto de-
scribetransactionalpropertiesof singletasksbut alsoof intertaskdependencies.In
[Reu89, ASSR93, GH94, GHM96, AAH98] intertaskdependenciesarealsoused
to implicitly specifythecontrol-flow dependenciesbetweentasks.

In contrast[DDGJ01] and[LR99] proposeto specifythetransactionalandcontrol-
flow dependenciesseparately. Here transactionalpropertiesareannotatedto the
workflow specification,introducingthe conceptof spheres. All taskscontained
in a commonspheresharethesamecorrespondingtransactionalproperty, e.g. an
atomicityspheredescribesthepropertythat thecontainedtaskseitherall execute
successfully, or all have to becompensated.

In casethe transactionalproperties(as well as the workflow) are specifiedin a
formal manner, e.g. usingPetri nets([AAH98, DDGJ01]) or CTL ([ASSR93]),
the enforceabilityof the intertaskdependenciescanbe verified. In our termino-
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logy this would correspondagainto robustnessof thecorrespondingWF-system.
This means,in the positive case,a controllercanbe constructedsupervisingthe
complianceof thetransactionalpropertiesat run-time.For theconstructionof the
controlleragaintheadaptedsynthesismethods(describedin Chapter6) couldbe
applied.
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Chapter 8

The processmodel

Wearenow in apositionto tie togetherall theelementsintroducedin theprevious
chaptersin afinal processmodelfor thespecificationof workflow processes.

The processmodelwasdesignedto guide the modelerfrom an intuitive but in-
formal processdescriptiontowardsa formal workflow specification.Theresulting
processdescriptionprovides a soundspecificationof the functional processas-
pects.By addingfurtheraspects,the resultingprocessdescriptioncanbeusedas
input for aWFMS.

Theprocessmodelbridgesthegapbetweendifferentabstractionlevels. In contrast
to other approachesthis is donenot only by refining tasksbut also by refining
appliedcorrectnessmeasures.

Thechapteris organizedasfollows. In thefirst part,cf. Section8.1,we motivate
theobjective, illustratetheprocessmodelon a generallevel andexplain modeling
decisions. In the secondpart, cf. Section8.2, we describethe proposedprocess
model in more detail. The singlestepsare illustratedusing a running example.
Finally, relatedwork is discussed.

8.1 Objectiveand Overview

Themainobjective of theproposedprocedureis to supportthemodelerin defining
thefunctionalaspectsof aworkflow specification.

Themodelersareexpertswithin their domain,but areassumedto have relatively
little modelingknowledge.Thereforetheproposedprocessmodelinitially supports
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theuseof anintuitive but semiformalmodelinglanguage.Suchlanguagesprovide
asetof graphicalelementsanddonot restricttheircombinationby toomany rules.
A greaterfreedomin modelingraisesthe acceptabilityof languagesbut imports
ambiguityandvaguenessinto thederivedprocessdescription.

At thestartof processmodelingthis is anadvantage.Heretheobjective is to find a
commonlevel of understanding.Semi-formalsemanticsmake it easierto agreeon
aprocessdescription,asdifferentinterpretationsarepossible.In contrast,thefinal
processdescription,to beusedasbasisfor a WFMS, shouldsupporta consistent
andunambiguousinterpretation.Here,themodelingtechniqueusedshouldhave a
formal foundation.

Theproposedprocessmodelsupportstheuseof differentmodelinglanguagesfor
differentpurposes.It is clearthatthisplacesconsiderableemphasisonthetransfor-
mationbetweenthedifferentprocessdescriptions.Theproceduresupportedstarts
with modelingbusinessprocessesfrom a userperspective. For this purpose,the
useof a semi-formalmodelingtechniqueis proposed.Theresultof this first step
is aprocessdescriptionwhichpossiblycontainsambiguitiesand/ordeficiencies.

The revision of the primary specificationis supported,applyinga pragmaticcor-
rectnesscheck.In preparationfor this, theprimaryprocessdescriptionis mapped
ontoPetrinets.Thiswayformalsemanticsis attachedto theprimaryspecification.
Note, the transformationdoesnot eliminateambiguitiesinherentto the primary
modelingtechniquebut makesthemexplicit.

Thetransformedprocessdescriptionis testedfor somepragmaticcorrectnesscrite-
ria, namelyrelaxedsoundnessandrobustness.By applyingthem,we refrainfrom
theclaim of producingprocessspecificationsthatsatisfysoundnessright from the
beginning.

If the primary processdescriptioncontaineddeficiencies,the analysiswill give
precisefeedbackto the modeler. This way revision of the processdescriptionis
supporteduntil therequiredcorrectnesspropertiesaresatisfied.

In the next stepsof the processmodel, the descriptionis enhancedto fit the re-
quirementsposedby the usein a WFMS. The modeleris guidedin eliminating
ambiguities,fixing anexecutionstrategy, andchangingtheperspective of thede-
scriptiontowardsmonitoring.

Altogether, theproposedprocessmodelconsistsof fivesteps(Figure8.1), namely
1. “Businessprocessmodeling(EPCs)”,2. “Transformationinto WF-systems”,3.
“Correctnesscheckandfeedback”,4. “Strategy determination& implementation”,
and5. “Control refinement”.They arenow reviewed.
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1st step: Businessprocessmodeling (EPCs) For themodelingof businesspro-
cesses,we choseEvent-drivenProcessChains(EPCs)of theArchitectureof Inte-
gratedInformationSystems(ARIS) describedin [Sch94]. Theuseof EPCsis not
essential.Any othersemiformalmodelingtechniquecould be usedequallywell.
EPCswerechosenasthey arewidely acceptedin practice.This is basedon their
useto describethe SAP referencemodels[KT97] and their comprehensive tool
supportthroughtheARIS tool set.

EPCsprovide a setof graphicalelements.Thesecanbecombinedin a fairly free
manner. Theresultis a processdescriptionproviding a patterndescribinga setof
desiredprocessexecutions.

In theoriginal publicationsconcerningEPCsneithera comprehensive andconsis-
tentsyntaxnorcorrespondingsemanticsaredefined.EPCsleaveroomfor interpre-
tation andhenceambiguities.An ambiguousprocessdescriptionmaybe desired
in thebeginning,wherethemainfocusis on communication.

2nd step: Transformation into WF-systems In the secondstep,the primary
specificationis transformedinto a Petri net. This way the processdescriptionis
provided with formal semantics.As a suitablePetri net-typewe choseWorkflow
nets(WF-nets),cf.[Aal98]. In contrastto otherexisting approaches,theproposed
transformationbetweenthetwo techniquesdoesnot resolveambiguitiesbut makes
themexplicit i.e. all intendedbehavior is preserved. The transformationis well
definedandthereforeenablesthetransferof propertiesof theWF-netto theoriginal
processdescription.

3rd step: Correctnesscheck & feedback Petri netsaresupportedby a wide
varietyof analysistechniquesandtools.Thesecannow beappliedto theresulting
WF-net.Besidestandardtestssuchasthecheckfor livenessandboundedness,we
particularlyproposechecksfor relaxedsoundnessandrobustness.Relaxedsound-
nessguaranteessomeminimumrequirementsthattheresultingWF-systemshould
satisfy. Dueto thepossiblypureinput, this criterionprovidesanadequatemeans
to concludethe correctnessof the primary processdescription.Whereasrelaxed
soundnessmakesastatementabouttheinternalbehavior, robustnessstateswhether
theinteractionwith theenvironmentcanbemanagedin asatisfyingmanner.
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4th step: Strategy determination & implementation Thederivedprocessde-
scription is a relaxed soundand robust WF-system. WF-systemsare generally
suitablefor workflow specificationandthey provideapreciseformal foundationin
combinationwith operationalsemantics.

However, it is notadvisableto usethederivedrelaxedsoundandrobustWF-system
asinput format for a workflow managementsystem.Relaxed soundnessandro-
bustnessonly statethatat leastall intendedbehavior hasbeendescribedcorrectly.
They donotguaranteethatdeficientexecutionsdonotexist.

To guaranteeareliableexecutionof theprocessat runtime,theprocessdescription
will beaugmentedsuchthat, it becomessound.Thenecessaryenhancementsare
determinedby thechoiceof acertainschedulingstrategy. Thedecisionin favor of
acertainstrategy (pessimisticor optimistic)is madeby themodeler. Theenhance-
mentsarecomputedautomatically. Theresultingprocessdescriptionis sound.

5th step: Control refinement A workflow managementsystemmonitorsactiv-
ities performedby actors(peopleor software). Monitoring comprisesactivating
tasksby assigningthemto certainactorsandwaiting for thetasksto complete. To
usethe soundprocessdescriptionasinput format for the workflow management
system,it hasto berefined,reflectingthechangefrom modelingto monitoring.In
the last step,task-modelingtransitionsarereplacedby a refining subnet.Within
thesubneta distinctionis madebetweenthe initiation of the task,theprocessing
of thecorrespondingactivity andthecompletionof thetask.

Thederivedspecificationis a soundWF-systemspecifyingthefunctionalaspects
of a process.By addingfurther aspects,the processdescriptioncanbe usedas
input for a WFMS. Operatingon thebasisof thederived workflow specification,
smoothandreliableexecutionof theprocesscanbeguaranteed.

Wewill now providedetailedinformationof eachstepandillustratethesewith the
helpof anew runningexample.

8.2 Detaileddescription and illustration

8.2.1 1st step: Businessprocessmodeling (EPCs)

Thegraphicalelementsandthemodelingrulesof EPCswereintroducedin Chap-
ter 3. Wewill not repeatthisbut merelyrecallsomeinformationabouttheseman-
tics. Wereferto theprimarypublicationsconcerningEPCs[Sch94] andacton the
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assumptionthatEPCsdo not have operationalsemantics.In our interpretation,an
EPCspecificationdescribesa setof acceptedexecutions.Deficientexecutionsare
only describedimplicitly as the setof executionswhich do not fit the described
pattern.

Modeling with EPCs, the applicationdeveloper describes“what the execution
(should)look like”, i.e. a setof acceptedexecutions.Themodelerdoesnot think
aboutall possibleexecutionsbut merelyspecifiesa setof acceptedexecutions.In
otherwords: EPCsdo not state“how” the describedexecutionsareachieved but
just whichexecutionsaredesirable.Wewill explain theEPCsemanticswe useby
meansof anexample.

Fig. 8.2 shows an EPCmodelingthe process“Handling of incomingorder”. It
representsa reducedversionof a real-life processof a telephonecompany. The
processmodelsthe orderingof a mobile phonewhich involves two departments:
accountsandsales.

The processstartswith the event new order. The executionis split into two
parallelthreads(AND split), the right onemodelstheaccounting,whereasthe
left onemodelsthe sales. In the accountsdepartment,first the creditworthiness
of the customeris checked (check credit). The resultof this is eitherok or
not ok. If theresultis positive thepaymentis arranged(arrange payment).
Otherwise,theorderis canceled.Theleft pathmodelsthetaskson thesalesside.
After theorderwasrecorded(record order), it eitherfollows thepathspick,
wrap, anddeliver, or cancel.

The two AND-connectorsat theendmake surethatonly executionsareaccepted
whereboth theaccountsandthesalesdepartments,eithercancelor proceedwith
theorder. Theprocess“Handling an incomingorder” is finishedby archiving the
information(archive).

An acceptedexecutionof theEPCfrom Figure8.2 is

8 check credit, arrange payment, record order, pick,
wrap, deliver, archive
but also

8 record order, cancel, check credit, notify cancel,
archive.

TheEPConly describesexecutionswherethetwo departmentswork togethercor-
rectly: they eitherbothaccepttheorder(AND accept) or bothrejectit
(AND cancel). Hence,the executioncheck credit, notify cancel,
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record order, pick, wrap, deliver, archive is not describedby
theEPC.

TheEPCdoesnot determine“how” theacceptedexecutionsareachieved. It does
not stipulatethe orderof the two possiblechoices.So, theEPCfrom Figure8.2
acceptsexecutionswherethe two departmentswork in parallelaswell asexecu-
tionswherethetwo departmentswork sequentially. In anearlydesignphase,this
abstractionis beneficial,asit relievesthedesignerfrom thinking aboutefficiency
aspectsof theexecutionfor thetimebeing.

To investigatethe correctnessof the processdescription,we transformthe EPC
into a WF-net.

8.2.2 2nd step: The transformation of EPCsinto WF-nets

The transformationof EPCsinto WF-netswasintroducedin Chapter3. It takes
placein threesteps.First,elementsof theEPCaremappedontoPetrinet-modules.
Second,themodulesarecombinedto form a complex processdescription.In the
last stepthe resultingPetri net is enhancedto fit the WF-netdefinition. The last
stepis only necessaryif the EPC hasmore than one input and/oroutput event.
The transformationis well-defined.By applyingtheproposedrules,eachEPCis
assignedto exactlyoneWF-net.

Figure8.3shows theapplicationof therulesto theEPCfrom Figure8.2.

In contrasttoEPCs,Petrinetsdohaveoperationalsemantics(executionsemantics).
A Petri net specificationalsodescribes“how” an executionis reached.Whereas
anEPConly describesasetof acceptedexecutions,a Petrinetdescribesall possi-
ble behavior. This differencehasbeenneglectedin previousattemptsof mapping
EPCsto Petri nets. As a result, all EPCshave beenconsidereddeficient if the
correspondingPetrinetsweredeficient,cf. [Aal99, LSW98,MR00]. As a conse-
quence,themodelingfacilitiesof EPCshaveoftenbeenrestrictedsuchthat,it was
possibleto give usefulfeedbackin caseof errors.

The EPCin Figure8.2 describesthe setof executionswhereeitherboth depart-
mentsproceed,or bothdepartmentscanceltheorder, which describesreasonable
behavior. The EPCshouldthereforebe consideredcorrect. Previous approaches
would rejectthisprocessdescription,becauseof deficienciesof thecorresponding
Petrinet. In thefollowing we seethatthePetrinetis vulnerableto deadlocks.
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8.2.3 3rd step: Corr ectnesscheck& feedback

As WF-netsarea specialtypeof Petri nets,many analysistechniquescanbeap-
plied. Thequestionis which correctnesspropertiesarereasonableto check. The
WF-net is the resultof the transformationof an EPC.So far, we only know that
the WF-netderived is pure(cf. Section3.4.1). EPCsmake it possibleto model
sequences,parallelthreads,alternativesandcycles,andtheseconstructsarefound
againin theWF-net.A possiblefailurethatmayoccurthroughtheintroductionof
cyclesis theunboundednessof theresultingWF-net.Sincemodelerstry to match
realisticscenarioswithin theirdescriptions,wecanassumethatunboundedbehav-
ior is notdesired.Unboundedplacesin theWF-netshouldthereforebediscovered
throughtheanalysisphase,andthefunctionwhichcorrespondsto thefaulty transi-
tion shouldbenotifiedto themodeler. Boundednesscanbeverifiedusingstandard
Petrinettechniques(coverability analysis).

In thenext step,we checktheWF-systemfor relaxed soundness.In Chapter3 it
wasshown that in thecontext of modelingwith EPCs,relaxedsoundnessis more
useful than the checkfor soundness.Requiringsoundness,rather than relaxed
soundness,meansthat many EPCsarediscardedalthoughthey representreason-
ablebehavior.

Relaxedsoundness

As we have seen,relaxed soundnessis a more pragmaticcriterion which only
checkstheresultingWF-systemfor someminimumrequirements.Relaxedsound-
nessrequiresfindingenoughsoundfiring sequences,sothateachtransitionis con-
tainedin oneof them.If theWF-systemis not relaxedsound,it is notsoundeither.

Applying thenew criterion,we do not claim to beableto modelin a preciseand
soundmannerright from the beginning. Having looked at variousprocessspec-
ifications by domainexperts,we are convinced that suchan approachwill find
acceptancefrom themodelers.

Thecheckfor relaxedsoundnesshasbeenimplementedwithin Petrinettools,such
as LoLA [Sch99] (Low Level Petri Net Analyzer)or Woflan [VA00]. The al-
gorithmsdeterminewhetherthe WF-systemis relaxed soundor not and in the
negative casereturna list of deficienttransitions.

Theresultsof thecorrectnesscheckof theWF-netcanbetransferreddirectlyto the
primaryspecification.If theresultof the relaxed soundnesscheckis positive, we
canconcludethattheEPCrepresentsreasonablebehavior. If theWF-netis further-
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morewell-structured,we canconcludewith Theorem4.12thatthespecificationis
sound.

If theresultisnegative,thentherearetransitionsthatarenotcontainedin any sound
firing sequence.Accordingto theproposedtransformation,thedeficienttransitions
eithercorrespondto a functionor to a connectorwithin theEPC.This meansthat
eitherthefunctionor oneof thepossiblechoicesdescribedby a connectorarenot
includedin an executionthat terminatesproperly. It can be concludedthat the
correspondingpart in theEPCneedsimprovement.This way, precisefeedbackis
providedwhich will help themodelerto improve theprocessdescriptionuntil the
correspondingWF-systemfits theproperty.

Non-controllable choicerobustness

As a furthercriterion,we requirethe resultingWF-systemto benon-controllable
choicerobust(short:robust). A necessaryprerequisitefor this secondcheckis the
indicationof non-controllabletransitionsin theWF-net.In general,thisstepneeds
the interventionof the modeler. Using EPCsit cannotbecomeautomateddueto
theimpreciseeventconcept.Recallthataneventeithertriggersafunctionor marks
theterminationof it. Thereforethereis adistinctionbetweenthetrigger-eventand
the supply-event [Sch94]. Within the modeling,this distinctionis blurredby the
useof a simplifying event node(recall that eventsand functionsaredepictedas
alternatingnodes).

This simplificationsuggeststhat both eventscoincide. If this is not the case,the
modeleroften emphasizesthe needfor an extra input (e.g. to indicatethe time
distancebetweentwo functions),by introducingan extra event. This input event
hasoneoutgoingandnoincomingarc,andthusbreaksoneof thesyntacticalrules1.

When trying to identify non-controllabletransitionsin the WF-net, theseextra
eventscanbeusedaspointer, asthey indicatenon-controllabletransitionsof type
event. This kind of pointerwasillustratedin Figure8.4 a) alsousinganexample
from anearlierchapter.

Non-controllabletransitionsof type decisionare introducedin the WF-net if a
decisionbasedon external information wasmodeledin the EPC.Within EPCs,
decisionsaremodeledwith thehelpof anXOR-connector. A furtherhint to detect
decisionsbasedon external information is given throughthe inscriptionsof the
function precedingand the events following the XOR connector. Whereasthe
function is denotedwith notionssuchas“test”or “check”, the succeedingevents

1Rememberthatonly starteventshave no incomingarc
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often refer to the decisioncriteria (e.g.  R<SC3ãUTWVDØ ). A pointerof this kind was
illustratedin Figure8.4b).
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Figure8.4: Pointersthatcanbeusedto discover non-controllabletransitions

Figure 8.4 c) gives an exampleof an XOR-connectorwhich is not transformed
into a non-controllablechoice.TheXOR-connectormodelsthedecisionbetween
the functionspick andcancel. The transitionsderived throughthe EPC-PN
transformationareof type task. Hence,thechoiceis controllable.

The order of the EPC-PNtransformationwas the following: 1. Mapping EPC
elementsto Petri net-modules,2. Module combination,and 3. Adding unique
input/outputplaces.
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The describedstep,identifying the non-controllabletransitions,mustbe inserted
betweenstepstwo andthree. A benefitof theadditionalstepis that the resulting
netmaybesmaller, asplacesthatmustbemergedin thelaststepwill bereduced.

Assumethat the non-controllabletransitionswereindicated. Thenthe algorithm
checkingrobustnessis applied.If thealgorithmabortswith theresult“not robust”,
thentherearenon-controllabletransitionswhich may inhibit propertermination.
The deficienttransitionsarenotified to the modelerwho hasto revise the corre-
spondingelementswithin theprimaryspecification.

Refinementof the 3rd step

Applying thedifferenttests,theEPCis reviseduntil thecorrespondingWF-system
satisfiesthe desiredproperties. As a result of the first threestepswe obtainan
EPCdescribingreasonablebehavior aswell asa correspondingrelaxedsoundand
robustWF-system.

Figure8.5shows ahigh-resolutionversionof the3rdstep“CorrectnessCheckand
Feedback”.

3rd Step Correctness 
check & 
feedback

   (not ok)  
 List of deficient 
activities/  
Control flow     
 dependencies

(ok)  
Relaxed sound,  
robust and pure   
      WF-system

   (not ok)  
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activities/  
Control flow     
 dependencies

1. Bounded- 
    ness

2. Relaxed 
soundness

3. Robust- 
    ness

(ok)  
Relaxed sound,  
robust, and pure 
WF-system

Figure8.5: Refinementof the3rdstep:“Correctnesscheckandfeedback”

On thebasisof theWF-system,the analysiscanbe extendedin any desiredway
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by applyingavarietyof resultsof thePetrinettheory. Furthermore,thepossibility
to executetheWF-netcanbeusedfor simulationof theprocessin orderto detect
optimizationpotential.

Running example

Boundedness The resultingWF-system(cf. Figure8.3) is bounded.It is even
safe,becausenoplacecanhave morethanonetoken.

Relaxedsoundness TheresultingWF-systemis relaxed sound.A setof sound
firing sequenceswhichcontainsall transitionsis:

1. AND split, record order, pick, wrap, check credit,
ok, deliver, arrange payment, AND accept, archive
and

2. AND split, check credit, not ok, notify cancel,
record order, cancel, AND cancel, archive.

Following the proof of Theorem4.12 from Chapter4 we could concludethat if
the WF-net was also well-structured,it was sound. But the WF-net containsa
TP-handle,ashighlightedin Figure8.6.

TheWF-systemis not sound.Therearefiring sequencesthatdeadlock,e.g.

X AND split, record order, pick, wrap, check credit,
not ok, deliver, notify cancel.

Robustness TheWF-systemis robust.TheWF-netderivedthroughthetransfor-
mationcontainsonenon-controllablechoice. It consistof the two transitions(of
typedecision) reflectingtheoutcomeof thetaskcheck credit.

The reachabilitygraphof the WF-systemis depictedin Figure 8.7. The non-
controllablestatetransitionsaremarked with a bow. The robust fragment Y[Z]\^ Z washighlightedby showing theassociatedstatesandstatetransitionsin bold.

The existenceof the robust fragment Y[Z statesthat, althoughthe WF-systemis
not sound,it is possibleto control theexecutionsuchthat,only soundexecutions
arechosen.Robustnessstatesthat this is possibleindependentof theoutcomeof
themovesof theenvironment(modeledby thenon-controllablechoices).
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8.2.4 4th step: Strategy determination & implementation

At this point, the specificationdevelopedonly satisfiessomeminimum require-
ments. Relaxed soundnessandrobustnessstatethat at leastall relevant behavior
hasbeendescribedcorrectly. However, the derived specificationmay still allow
for unsoundexecutions,astheresultingWF-systemdoesnothave to besound.

Within stepfour of theprocessmodelthe processdescriptionwill be augmented
sothatit becomessound.Thenecessaryenhancementsaredeterminedthroughthe
choiceof a certainschedulingstrategy. Thedecisionin favor of a certainstrategy
is madeby themodeler.

Strategydetermination

Thebehavior of aWF-systemwhich is relaxedsoundandrobustcoverssoundand
unsoundexecutions.To make theWF-systemsound,thesetof executionsmustbe
restrictedto only soundones.

Theuserchoosesa setof desiredexecutions.This setdeterminesa strategy. The
choice for a certainstrategy cannotbecomeautomated,but dependson expert
knowledge. Informationthatmustbe consideredconcernsthecostsandduration
of activities aswell astheoccurrenceprobabilityof certainexternaleventsor de-
cisions.

Strategiescanbeoptimisticor pessimistic.A pessimisticstrategy wouldonly sup-
port theexecutionsthatguaranteeproperterminationright from thebeginning. In
contrast,an optimistic strategy would also allow for executionsthat include the
resettingof tasks.

If anoptimisticstrategy is chosen,themodeleris requiredto additionallyspecify
possiblerecovery behavior, which can be addedeitherat EPC or WF-net level.
The only requirementis that when addingnew tasksit must be guaranteedthat
the resultingWF-systemis againrelaxed soundandrobust. More detailson the
determinationof anoptimisticstrategy wereprovidedin Chapter7.

A certainstrategy wassuccessfullydeterminedif thesetof chosenexecutionsde-
terminesa robustfragment.

Strategy implementation

Implementinga strategy coincideswith augmentingtheWF-systemsothat its be-
havior is restrictedto therobust fragment.Theelementsthatareaugmentedcon-
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stitutea synchronizationpattern- this refersto a setof placestogetherwith the
correspondingflow relationship.

For thecomputationof thesynchronizationpatternwe refer to resultsof Petrinet
(controller)synthesis[NRT92, CKLY98, CDLX02, GRX02a],which is basedon
thetheoryof regions.

Thealgorithmsusedfor our purposewereimplementedin thetoolsSynet[Cai97]
andPetrify [CKK _ 97]. If possible,we favor thecontrollersynthesisapproachde-
scribedin Section6.4, as it only enhancesthe primary processdescription. The
algorithm,which is basedon the reachabilitygraphof a pureandboundedWF-
systemmainly works as follows. First, the set of forbiddenstatetransitionsis
determined. It consistsof all statetransitionswhich leave the robust fragment.
On thebasisof this information,thealgorithmcomputesthesynchronizationpat-
tern. Its incorporationinto the primary WF-systemdisablesthe forbiddenstate
transitions,but doesnot changetherestof thebehavior. A precisedescriptionof
thealgorithm,its theoreticalbackgroundandprerequisitesfor its applicationwere
givenin Chapter6.

Bringing togetherthedifferentcases,thestep“Strategy determinationandimple-
mentation”is refinedasshown in Figure8.8. Note,thatin therefinementthemod-
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Figure8.8: Refinementof “Strategy determinationandimplementation”
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eler wasassumedto revise the WF-net. If the modelerrevisesthe primary EPC,
the 2nd Step“Transformationinto WF-nets”shouldbe aswell containedin the
refinement.

Running example

Wewill applytheproposedstepsto therunningexample.

Strategy determination: The pessimisticcase Let usfirst assumethat it is too
expensive to resetany task.Thereforethedecisionis madefor a pessimisticstrat-
egy. The correspondingfragmentof soundexecutionswascomputedby the ro-
bustnessalgorithmandwasshown in Figure8.7.

Strategy implementation In thenext step,thesetof forbiddenstatetransitions
is determined.It coincideswith thestatetransitionsthat leave the fragment.The
setwasillustratedin Figure8.9(a),whereit correspondsto thesetof labeledstate
transitions.All forbiddenstatetransitionsin this exampleareeitherlabeledwith
taskpick or with taskcancel.

Applying the algorithm describedin Section6.4 the computedsynchronization
patternconsistsof two places,pc1 andpc2. Incorporatingtheminto theprimary
WF-nettheoccurrenceof tasks̀ba�ced and cgfih�cej�k in all indicatedstateswill bepre-
vented.TheenhancedWF-netis shown in Figure8.9(b). ThederivedWF-system
is sound.Throughintroductionof thesynchronizationpattern,bothprocessesbe-
camesynchronizedat thedecisionpoints.

Using this processdescriptionasbasisfor theworkflow controller, theexecution
of theprocessbecomesserialized.Thecustomercheckwould alwaysbeexecuted
beforethe ordering. Here,all soundbut parallelfiring sequencesof the relaxed
soundWF-systemhave beeneliminated.

If thedelivery processtook a long time andthecustomerchecktook a long time,
thiswouldbevery inefficient. This is especiallyundesirableif it is very rarethata
customercheckresultsin anot ok. Suchpessimisticschedulingwouldbeannoy-
ing. It wouldbemoreefficient just to startthedelivery of theorderto thecustomer
hopingthecustomercheckwill beok, i.e. following anoptimisticapproach.Only
in the rarecasethatnot ok wasreported,shouldthe orderbe returnedto stock
andcanceledafterall.
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Strategydetermination: The optimistic case If thedecisionwasmadein favor
of an optimisticschedulingstrategy, oneadditionalintermediatestep,“Modeling
recovery behavior”, hasto be performedbeforehand(cf. Figure8.8). The restof
theprocedurethenstaysthesame.

As describedin Chapter7, someadditionalinformation is necessaryto add the
recovery behavior. For the runningexamplewe assumethat all taskswithin the
salesdepartmentthatoccurbeforethedelivery canberesetwithout extraordinary
charges. This affectstaskspick andwrap. Correspondingcompensationtasks
arereturn andunwrap. After theitem hasbeenreturnedto stock,theinstance
shouldbecanceled.Taskdeliver is consideredto benonreversible.

TheenhancedEPC,incorporatingtherecoverybehavior, aswell asthecorrespond-
ing WF-netareshown in Figure8.10. Notice that the integratedtasksonly show
onepossiblewayof modelingtherecovery behavior.

The resultingWF-systemis againrelaxed soundand robust. The fragmentthat
wascomputed,applyingtherobustnessalgorithm(cf. Chapter5), is shown in Fig-
ure8.11(a).All soundfiring sequencesof therelaxedsoundWF-systemaremain-
tained.Furthermore,someadditional,lessefficientexecutionsareacceptedtoo.

Strategy implementation Thesynchronization-pattern is computedon thebasis
of therobustfragment.Finally, thesynchronizationpatternis addedto theprimary
WF-net.TheresultingWF-systemlooksasshown in Figure8.11(b).Theresulting
processdescriptionis sound.Therearenofiring sequencesthatdeadlockor donot
terminateproperly. Furthermore,noneof thetransitionsaredead.

Using the optimistic processdescriptionas the basisfor the executionsupport
throughaWFMS,thetwo departmentscanoperatein parallel.Thecustomercheck
by theaccountsdepartment(check credit) canbeexecutedconcurrentlywith
preparative tasksof thesaleshandling(pick andwrap).

8.2.5 5th step: Control refinement

A workflow systemis a reactive system,soit runsin parallelwith its environment
andtriestoenforcecertaindesirableeffectsin theenvironment.Tobemoreprecise,
theworkflow controllermonitorstasksperformedby actors(peopleor software).
Monitoringcomprisesinitiating tasksby assigningthemto certainactorsandwait-
ing for the taskbe completed.The role of the processdescriptionis to indicate
which tasksmustbeactivatedat acertainpoint in time.
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Theprocessdescriptiondevelopedso far doesnot fit theserequirementsentirely.
The reasonfor that is twofold. It is basedon the chosenperspective andon the
instantaneousfiring of transitions.

Perspective Theprocesswasmodeledfrom a userpoint of view. So,activities
have beenmodeledby functions,which are transformedinto transitionsof type
task. Transitionsare the active part within a WF-system. This contradictsthe
perspective of theworkflow managementsystem.Thesystemdoesnot executean
activity but merelyinitiatesandmonitorsits processing.

Instantaneousfiring Transitionsfire instantaneous.This doesnot matchwith
therequirementto modelactivities (performedby externalactors)astimeconsum-
ing entities. To fit theserequirementsthe perspective of the processdescription
mustbechangedtowardsmonitoring.

Refinementof tasks-transitions

Activities have beenmodeledby transitionsof type task. To adaptto the reac-
tive setting,task transitionswill be refined. Reflectingthe embeddingof activi-
tieswithin tasks,transitionsof type taskaredepictedasa sequenceof transitions
allocate task, begin activity, end activity, andrecord task
completion. Figure8.12 illustratesthe describedtransitionrefinement. The
transitionallocate task modelstheallocationof thetaskto a possibleactor.
This mayeithermeanthat it is “pushed”into someone’s in-basket or that the task
is put on a commonlist, from whereit canbe“pulled” by any actor. Theprecise
implementationdependson themodeof theworkflow managementsystem.

Thetransitionbegin activity andend activity areof typeeventasthey
modeltheexternaleventsindicatingthatanactorstartedor completedtheembed-
dedactivity.

The actualprocessingof the task startswith transitionbegin task and ends
with end task. Thesetransitionareof typeeventandhencedesignatedasnon-
controllable. They model the external eventsindicating that an actor startedor
completedthe correspondingtask. The processingitself is modeledvia a place.
This way theinstantaneousfiring of transitionscanberetainedbut now matching
an acceptableabstraction.The durationimplicitly assignedto the executionof a
task-transitionin aWF-netis now assignedto aplacein therefinedWF-net.

If theprimary task-transitionis in conflict with someothercontrollabletransition
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andthereis a markingenablingboth,thechoicefor oneof themis assumedto be
non-deterministic.

Refiningthetransitionsasproposed,soundnessof therefinedWF-systemis main-
tained2. Note, theproposedrefinementis quite basic. Requiringprogress,a task
is assumedto complete. A moreelaboraterefinementcould allow a task to fail
or to becomewithdrawn, while it is processed.Sucha moreelaboraterefinement
would encompasstheneedfor (automatic)failurehandling,in orderto guarantee
transactionalproperties,suchasfailureatomicity. Nevertheless,weincorporatethe
possibilityto compensatetasksin orderto recover from deficientstates,e.g.dead-
locks. Still, we do not provide any automaticrecovery behavior, but requirethe
modelerto explicitly indicatetasksthatcanbecompensatedandto specifythecor-
respondingcompensationtask(cf. Chapter7). Within workflow managementthis
procedureis reasonable.Obviously, not every tasksshouldbeautomaticallycon-
sideredto bereversible.Referringto therunningexample,taskdeliver maybe
regardedasnon-reversible,asit is unlikely (andunreasonablyexpensive) to getthe
item backunbroken. Therefore,theproposedproceduresupportstherequirement
to decideindividually oncompensation.

Running example

Figure8.13shows theresult,refiningtheWF-netof Figure8.9(b).For simplicity,
ashort-cutnotationwaschosendepictingtask-transitionsastransitionssubdivided
into threesections:startandendwhite,middlegrey.

2Refiningatransitionbyasequenceof transitionsis oneof thebasicoperationsprovento preserve
propertiesof liveness,andboundedness,cf. [Mur89] andthereforesoundness[Aal97].
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8.3 Application of results

In this chapter, a comprehensive processmodelfor thespecificationof workflow
wasproposed.It leadsfrom a semiformaldescriptionof thebusinessprocessto a
soundworkflow specification.

Theprocedurestartswith themodelingof businessprocessesfrom auserperspec-
tive, usingan acceptedsemiformalmodelingtechnique.A specialfeatureof the
approachare the weak requirementson the first processdescription. In several
stepsincluding analysis,revision, andautomaticrefinement,the primary process
descriptionis transformedinto asoundprocessdescriptionthatmayserve asinput
for aWFMS3.

3Theproposedprocessmodelcoversonegeneralissuewithin workflow management,namelythe
specificationof thecontrol-flow aspectsof a process.It is clearthat if theprocessdescriptionwill
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Note,for theuseof aPetrinetbasedprocessdescriptionasinputformat,oneobsta-
cle remainsto behandled:theMay-firing rule. In standardPetrinetsemanticsan
enabledtransitionmaybedeferredindefinitely. Clearly, thisdoesnotmatchrealis-
tic behavior of workflow managementsystems,wheretransitionswith theinitiative
on thecontrollerside(cf. Table5.1), shouldnot be delayedbut fire immediately.
In continuative work [ED03] WF-netshave beenadaptedto the reactive setting
applyingreactive semantics.It hasbeenshown thatsoundnessis preservedunder
certainconditions.

Still, mostof theexistingworkflow managementsystemsdonotsupportPetrinets
as input for the workflow controller. Exceptionsareworkflow managementsys-
tems,suchasCOSA(SoftwareLey/COSASolutions[SL99]) or Income(GetPro-
cessAG [Inc]). Mostotherworkflow managementsystems,e.g.Action Workflow,
or Staffware,useproprietaryworkflow languages.In orderto apply the resultof
theproposedprocessmodel,it remainsnecessaryto supportthetransformationof
the derived processdescriptioninto the supportedfile-format. This is a vendor
dependenttaskandwashencebeyondscopeof theproposedprocessmodel.

Still, to provide thereaderwith anideaof thepointswhich needto beclarifiedon
acaseby casebasisin thecourseof thedevelopmentfor practicalapplications,we
againrefer to Staffware. We will not proposeprecisetransformationrulestrans-
lating WF-netsinto Staffwaredescriptionsbut only give an impressionusingthe
runningexample. The following versionsof the process“Handling an incoming
order” areexpressedin theStaffwarelanguage.As in Chapter3, we againusethe
Audit Trail (AT) to observe interestingcases.The exampleswill show that pro-
cessdescriptionscanbe transferredwithout expenditure,matchingthe expected
behavior.

Figure8.14showstherelaxedsoundversionof theprocess“Handlinganincoming
order”. The choicesare modeledvia two nodesof type condition. The upper
choicedependson the result of the taskcheck credit. The lower choiceis
madeindependentlyby theuser.

The primary processdescription(cf. Figure 8.3) was only relaxed sound. The
following executionled to adeadlock.

X AND split, record order, check credit, not ok,
notify cancel, pick, wrap, deliver

Expectedly, thecorrespondingexecutionwithin Staffwarealsodeadlocks.Thecor-

beusedasinput for a WFMS furtheraspects(e.g. determinationandassignmentof possibleactors,
definitionof thedata-flow) mustbeincorporated.
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respondingaudittrail is shown in Figure8.15.Note,Staffwaredoesnot detectthe
deadlock,i.e. thereis no message“Casedoesnot terminate”or the like. Instead,
thesystemexpectsthecaseto complete.

The pessimisticcase Theprimary, only relaxedsoundWF-netwasenhancedby
asynchronizationpattern.Theresultof theincorporationwasasoundWF-system.
Implementingthepessimisticstrategy restrictedthesetof soundexecutions.Sound
but parallelexecutionswereeliminated.Within Staffware,synchronizationis mod-
eledvia wait-steps.TheStaffwaredescriptionthatcorrespondsto thepessimistic
processdescriptionof Figure8.9(b)is shown in Figure8.16.

Theintroducedwait-stepguaranteesthattheorderis only processed(picked,
wrapped,anddelivered)if the checkresult was positive. The evaluationof the
lower conditionrefersto the resultof the taskcheck credit. This is realized
with thehelpof aninternalvariable,whichis setby taskcheck credit andread
by theconditions.

The optimistic case The Staffware descriptionthat correspondsto the imple-
mentationof anoptimisticstrategy is shown in Figure8.17. Within theoptimistic
strategy the synchronizationbetweenthe two departmentsis only enforcedafter
taskwrap. In theStaffwaredescriptionthis is expressedby the wait-stepincor-
poratedbeforetaskdeliver. The conditionsfollowing stepsrecord order
andpick order refer to theresultof the taskcredit check. If thecheckis
positive, or hasnot yet beenperformed,theoptimisticprocessingproceeds.If the
checkresultis negative,processedstepsarecompensated.

Figure 8.18 reflectsan audit, in which the taskcheck credit was executed
only aftertaskpick andwrap werealreadyexecuted.Theresultof thecheckwas
negative. Taskspick andwrap areresetby meansof executingthecompensation
tasksreturn andunwrap. Thefinal reportis “Caseterminatednormally”.

In thefollowing, wewill considerbriefly anextra featureof Staffware,namelythe
possibility to withdraw a taskwhile it is beingexecuted. The withdraw relation
is modeledvia anarc thatenterstheaccordingtaskfrom thetop. Within thenext
processdescription(cf. Figure8.19)this featurewasusedto withdraw taskspick
andwrap assoonasthecheckresultturnsout to benegative. Thenew conditions
testwhethertaskswrap andpick have alreadybeenprocessed.This way, the
point in time is determinedwhich makes it possibleto withdraw eitherof these
tasks.

Figure8.20reflectsan audit in which the outcomeof taskcheck credit was
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negative. This resultwascomputed,while taskwrap hasbeenprocessedby user
swanne. Taskwrap is withdrawn andtaskpick is reset.Thefinal reportis “Case
terminatednormally”.

Fromthisaudit it canbeobservedthatin Staffwareit is notdistinguishedwhether
a taskis only allocatedor alreadyprocessed.Thenext visiblestateafterallocating
the task to an actor is the completionof the task. Thereforea withdraw, makes
no differencebetweenremoving a taskfrom the in-basket of someactorandthe
interruptionof aperhapsalmostfinishedtaskexecution.This involvesat leasttwo
disadvantages.First, it is notpossibleto computeanaverageprocessingtime for a
task,becausetheactualstartof theprocessingis notmonitored.Second,it ignores
that tasksthat are almostcompletedmay have to be compensated.To remedy
theseproblemsa taskrefinementasproposedin thelaststepof theprocessmodel
(cf. Section8.2.5)shouldbesupported.

By meansof Staffwareasanexample,it wasshown that the resultingsoundpro-
cessdescriptionscanbe transferredto processdescriptionssupportedby existing
WFMSs.

8.4 Relatedwork

Therearemany generalpublicationsaboutworkflow management,e.g.[GHS95,
JB96, Law97,Fis01, AH02a,Mar02]. In the literaturethescopeof thedomainis
delimited,terminologyis standardizedto someextent, the requirementsarechar-
acterizedand stateof the art of the existing solutionsis outlined. The authors
indicatethecloserelationbetweenworkflow andbusinessprocesses(e.g.[AH02a]
requiringthe re-useof existing businessprocessdescriptions.As a consequence
thereoftheneedfor differentlevelsof abstractionwithin themodelingof processes
(e.g.[GHS95])is emphasized.However, in existingapproachesthedifferentlevels
of abstractionareeithermixedor only supportedthroughnestingof tasks.

Themajorcontributionof thisthesisis it toprovideaprocessmodelthatbridgesthe
gapbetweendifferent levels of abstractionproposinga cross-languageprocedure
whichfirst-timeusesa refinementconceptbasedon thecorrectnessmeasures.
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Figure8.14:Staffwaredescription“Handlinganincomingorder” (relaxedsound)

Figure8.15:Audit resultof anunsoundexecution(deadlock)
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Figure8.16:Staffwaredescription“Handlinganincomingorder” (sound)
(pessimisticstrategy)

Figure8.17:Staffwaredescription“Handlinganincomingorder” (sound)
(optimisticstrategy)
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Figure8.18:Audit of theoptimisticStaffwaredescription



Figure8.19:Enhancedversionof theoptimisticStaffwaredescription

Figure8.20:Audit of theenhancedStaffwaredescription



Chapter 9

Conclusionand futur ework

9.1 Conclusion

The goal of this thesishasbeento provide a methodicallywell-foundedprocess
modelfor themodelingof functionalworkflow requirements.Theprocessmodel
shouldsupportandguidethe modelerfrom a semiformaldescriptionof business
processestowardssoundworkflow specifications,i.e. helping to bridge the gap
betweenbusinessprocessmodelingandworkflow specification.

We proposea processmodelthat is basedon a combinationof differentmodeling
languages.A semiformalmodelinglanguageis usedas interfaceto the domain
expert.As aprominentexample,widely acceptedin practice,wereferredto Event-
drivenProcessChains(EPCs).For thedefinitionof theworkflow specification,we
have usedPetri nets,namelyWF-nets. The strengthof Petri-netsis their formal
foundationandthe rich backgroundof theoryandtools, which enablesprofound
analysis.

The proposedapproachacknowledgesthe needto describebusinessprocessesat
differentlevels of abstractionandcombinestheadvantagesof differentmodeling
languagesthatprovedto fit therespective requirements.

It is clearthatsuchacross-languageprocessmodelmustdirectparticularattention
to a smoothtransformationbetweenthe techniquesused. This wasachieved by
providing a set of rules transformingthe semiformalprocessdescriptionsbased
on EPCsinto WF-nets.The proposedtransformationdoesnot restrictthe mode-
ling facilities of the primary techniqueandmaintainsthe variousinterpretations,
makingthemexplicit.
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The key conceptfor the proposedprocessmodelis theuseof pragmaticcorrect-
nesscriteria, namelyrelaxedsoundnessand robustness. They fit the correctness
requirementswithin thisfirst abstractionlevel andmake it possibleto provide pre-
cisefeedbackto themodeler.

The resultingprocessdescriptioncannotyet be usedasa basisfor the execution
support. It may still containundesiredexecutions.Therefore,it mustbe refined
to fit the requirementsof a workflow specification.The proposedprocessmodel
supportsthis refinementstep,applyingmethodsfrom Petrinetsynthesis.A sound
WF-systemis automaticallygeneratedon thebasisof a relaxed soundandrobust
processdescription.

Only within this stepdo performanceissuesbecomerelevant. Information that
is incorporatedrelatesto a certainschedulingstrategy. In preparationfor the re-
finement,themodelermustdeterminewhich of thedescribedexecutionsareto be
supportedby aWFMS.

Thelatedeterminationof performanceissuesis especiallydesirableascorrespond-
ing information (the occurrenceprobability of a certainfailure, costsof failure
compensation,orpriorities)will oftenonlybecomeavailable(andmayevenchange)
atrun-time.Their incorporationtowardstheendof theproposedprocessmodelex-
tendsthepossibilityto reusemodelingresultsunderchangingpriorities.

Thegradualrefinementproposedwithin theprocessmodelalsocoversthesmooth
transformationfrom processesdescriptionsrepresentingauserperspective towards
a monitoring perspective. WF-netsare refinedto meet the requirementsposed
by a reactive system. The new propertyrobustnessassuresthat the processcan
interactrobustly with its environment.Finally, tasksarerefinedin orderto reflect
thereactive behavior of aWFMS appropriately.

The resultingprocessdescriptiondefinesthe tasksinvolved anddeterminestheir
order. Thespecificationis sound.Usingtheprocessdescriptionasa basisfor the
executionsupportduringrun-timereliableprocessingcanbeguaranteed.

9.2 Summary of main contributions

This sectionsummarizesthemaincontributions. Theresultsbenefitthemodeling
of workflow, i.e. supportthedevelopmentof practicalapplications.Furthermore
Petrinettheorywasenriched.Both thepracticalandthetheoreticalcontribution is
basedon thedevelopmentof the two new correctnesscriteria, relaxed soundness
and robustness.They do not describeperfectbehavior but provide a pragmatic
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measurefor the correctnessof processdescriptions. The introductionof a less
stringentcorrectnessconceptmakes it possibleto specify a processat different
levels of abstraction.Theprocessdescriptionsnot only differ with respectto the
refinementof tasksbut alsoin thedetailof thedescribedbehavior. Theproposed
proceduremakesuseof thisdistinctionposingonly looserequirementsfor thefirst
modeling.

A furthercontribution lies in the identificationof existing Petrinet theoryto sup-
port themissingrefinementstep.Applying existingalgorithmsit becomespossible
to shift theprocessdescriptionon a moreelaboratedlevel of abstractionmeeting
strictercorrectnesscriteria.

Thecontributionsof thethesisaresummarizedin thefollowing list.

X A comprehensive processmodel hasbeenprovided, for the modelingof
workflow, focusingon thecontrolflow aspects(cf. Chapter8).

X Theprocessmodelsupportsasemiformalmodelinglanguageasinterfaceto
thedomainexpertmodelingthebusinessprocesses(cf. Chapter3).

X A new alleviatedcorrectnesscriterion,namelyrelaxedsoundness, hasbeen
introducedin orderto provide anadequatequality measurefor theresulting
processdescriptions(cf. Section3.4). Its appropriatenesswasconfirmedby
acasestudy(cf. Section3.6).

X Preciseandunderstandablefeedbackis providedwhenrelaxedsoundnessis
notmetby theprocessdescription(cf. Section3.4).

X Transformationrules have beenprovided, mappingEPCsonto Petri nets.
The transformationdoesnot restrict the EPCmodelingfacilities. It espe-
cially supportstheuseof theOR-connectorandthe looseEPCassembling
rules(cf. Section3.2).

X Transformationrules,relaxedsoundnesscheckandfeedbackhave beenim-
plementedin a supportingframework which is basedon XML-notations
(cf. Section3.5).

X Relaxedsoundnesshasbeenembeddedinto Petrinet theory. Possiblerela-
tionsto existingpropertieswerescrutinized(cf. Chapter4).

X A furthercorrectnesscriteria,namelynon-controllablechoicerobustnesshas
beenintroducedexpressingthe robust interactionof a WF-systemwith its
environment(cf. Chapter5).
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X An algorithmfor therobustnesscheckhasbeenintroducedandprovedto be
correctandcomplete(cf. Section5.4).

X Existingresultsfrom Petrinetsynthesishavebeenappliedin orderto gener-
ateasoundprocessdescription(cf. Chapter6).

X Theconceptsintroducedin thethesishave beenusedto identify andinstall
differentschedulingstrategies(cf. Chapter7).

X Theapplicabilityof resultingprocessdescriptionsasinputfor existingWFMSs
hasbeendiscussedtaking Staffwareas an example(cf. Section3.7.1 and
Section8.3).

9.3 Futur e work

Thereareseveralpossibleextensionsof thiswork. First,thewholeprocedurecould
beembeddedinto asupportingframework. Sofar, severalparts(transformationof
EPCinto WF-nets,checkfor relaxedsoundness,transformationinto a soundWF-
net)areonly availablewithin separatetools.

Second,the failure feedbackfor the modelercould be improved. Deficiencies
andimprovementsuggestionscouldbereflecteddirectly in theprimaryEPC.Pre-
requisitefor thesefeaturesis thetranslationof Petrinetsto EPCs.This backward
directionis anissueof currentresearch.

Third, we introducedtwo new correctnesscriteria,necessaryasafirst qualitymea-
surefor processdescriptions.In the discussionat the endof Chapter3, a third
propertywas identified. Within Staffware an acceptedprocessdescriptiononly
needsto terminate,but not necessarilyproperly. It would beinterestingto investi-
gatethisproperty, andpossiblyembedit into theproposedprocessmodel.

Fourth,thefocusof theprocessmodelcouldbebroadenedtowardsotherthanthe
control-flow aspects.
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Appendix

In the appendixtwo artificially constructedWF-netsare investigated.The WF-
systemsarerelaxedsoundandrobust,but comprisesomekind of bizarrebehavior
whichcomplicatesthesynthesisof asoundWF-system.Sofarnorealisticprocess
descriptioncouldbefoundshowing similarbehavior. Still, asthisbehavior cannot
beexcluded,methodsareprovidedhandlingtheseanomalies.

9.4 Synthesisof a WF-net not covering all controllable
transitions

In this sectionwe will investigatea relaxed soundandrobust WF-systemwhich
containscontrollabletransitionsnotcoveredby therobustfragment.

The WF-systemYqporMsut�vDa�w shown in Figure 9.1a) was alreadydiscussedin
Section5.5. There,it wasstatedthat it probablydepictsdeficientbehavior, asa
choicewhich wasconsideredto becontrollable( xgy and xDz ), is followedby a non-
controllablechoice( x�{ and xD| ) whichmust(in casexLy waschosen)revoke thefirst
choicein orderto terminateproperly.

TheWF-systemis relaxedsound;all transitionsarepartof asoundfiring sequence.
It is furthermorerobust; thereexist a robust fragment(completewinning strategy
for theWF-controller).

Thecorrespondingreachabilitygrapĥ Z~}�r3�[v/�#w is depictedin Figure9.1b). The
robustfragmentYmZ�n ^ Z } hasbeenshown in bold.

Remarkably, therobust fragmentY[Z�p�r3�W}S�!v/��}S�'w doesnot containstatetransi-
tions labeledwith xLy and xD� althoughthey arecoveredby soundfiring sequences.
The winning strategy suggeststo always choosetransition xFz and transition xD� ,
as otherwiseproper terminationcannotbe guaranteed. Here the set of labels� p���x���rP��vDxgv,�K��w���� }i�m� of therobustfragmentis apropersubsetof thetransi-
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Figure9.1: A relaxedsoundandrobustWF-system

tionsusedin theWF-system:
� n�� .

Applying the synthesisalgorithm describedin [NRT92, CKLY98] to the robust
fragmentY[Z asoundWF-systemis generated.Theresultis shown in Figure9.1c).
Note,asthealgorithmintroducesa transitionfor every labelof thetransitionsys-
tem,theresultingWF-systemsut�� doesnot containtransitionsxLy and xD� .

9.5 Synthesisof a generalPetri net: Example

In this sectionanexampleis provided illustrating thesynthesisof a generalPetri
net1. ConsidertheWF-systemrMs�t�vDaFw shown in Figure9.2. Theprocessdescrip-
tion is pure,safe,relaxed soundandrobust. The following setof soundfiring
sequencescoversall transitions:

X init, e, a, c, clean

X init, e, b, d, clean

X init, f, g, b, d, clean

X init, f, a, b, x, clean
1Place/Transitionnetswith arcweights: ���U���������� u���¡�¢�[�W£¥¤K¦ §
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Figure9.2: A safe,relaxedsoundandrobustWF-system

186



Still, theWF-systemrMs�t¡vDa�w is not sound,asit maydeadlock.A firing sequence
thatdoesnot terminateproperlyis e.g.

X init, e, b, a

TheWF-systemis robust. Therearenot any non-controllabletransitions.There-
fore relaxedsoundnesscoincideswith robustness.

Thereachabilitygraph
^ Z~¨�© is anelementarytransitionssystem(shown in Fig-

ure9.3).
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Figure9.3: Thereachabilitygraph
^ Z ¨�©
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The robust fragment Y[Zªn ^ Z computedthroughthe robustnessalgorithm is
shown Figure9.4. Thesetof minimumregionsis «­¬�p���® a3h � vD«�¯°p���®Wy�z � vD«­±�p
��®Wy¥vD®²z²vD®	³²vD®S{ � vD«­´#p���®²�²vD®i{µvD®²³²vD®	¶ � vD«­·¸p���®Wy¥vD®	³²vD®²|²vD®	¶ivD®	� � v/«­¹up���®	�²vD®Wyeº � v
«­»¼p���®²|²vD®	�²vD®	¶ � vD«¾½~p���®¿y¥vD®²z²vD®	| � vD«­À�p���®WyÁy � vD«­Â¢p���®S{µvD®	�²vD®²z²vD®¿yeº � .
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Figure9.4: TherobustfragmentYmZ

Correspondingly, thesetŝ
�Ã/Ä

for a'pHa3h'v�y¥ÅÆÅ�yÁy areasfollows:
^�ÃDÇÉÈ p���« ¬U� v^ Ã ¯�p���«­±¥vD«�·¥vD«¾½ � v ^ Ã ±¢p���«­±¥vD«¾½¾vD«­Â � v ^ Ã ´¢p���«­±UvD«­´¥vD«�· � v ^ Ã ·¢p���«­±¥vD«­´¥vD«­Â � v^ Ã ¹�p���«�·ÁvD«­»UvD«¾½ � v ^ Ã ½�p���«­´¥vD«�·¥vD«­» � v ^ Ã À¢p���«­´UvD«­»¥vD«­Â � v ^ Ã Â�p���«�·ÁvD«­¹ � v^ Ã ¯�¬�pÊ��«­¹¥vD«­Â � v and

^ Ã ¯D¯?pÊ��«­À � . The fragmentis not elementary. It does
not satisfy the event separationaxiom (ESA) for elementarytransitionsystems.
Consider, for exampleevent f�� � vÌËUfHpÍ��«­± � . The region «­± is containedin^ Ã ¯­v ^ Ã ± and

^ Ã · . Still, ®Wy and ®²z do nothave anexit arclabeledby event c . The
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fragmentis not excitation closedeither. It doesnot satisfythe excitation closure
condition: Î¿kÏ� �ÑÐ�Ò¼ÓgÔ¥ÕFÖ «=p×� ^ rMk3w . Consideragainthe event f�� � with
� ^ rMfµw[p���®Wy¥vD®	³²vD®S{ � . «­±¼pØ��®Wy¥vD®²z²vD®	³²vD®S{ �¡ÙpH� ^ rMf	w .
This meansit is notpossibleto synthesizeasafeWF-netwith a reachabilitygraph
isomorphicto thefragment.

Still, usingthecircumventionvia transitionsplitting it is possibleto synthesizea
safeWF-netwith bisimilar behavior. As thefragmentY[Z is not excitationclosed,
transitionsplitting is usedto derive a split-morphicECTS.The derived ECTSis
shown in Figure9.5.
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Figure9.5: A split-morphicECTS
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On thebasisof theECTS,a safePetri net is synthesized.The reachabilitygraph
of thesynthesizedPetrinetis bisimilar to thesubgraphY[Z . ThesynthesizedPetri
netis shown in Figure9.7.

Anotherpossibility is to abandonthesafenesspropertyandto usegeneralregions
for the synthesis. The subgraphY[Z satisfiesthe separationaxiomsfor general
transitionsystems.ThereforeageneralPlace/Transitionnetcanbesynthesized.

Applying controllersynthesisasproposedin [GRX02b] we first computethe set
of separationinstancesÚ on thebasisof the robust fragmentof Figure9.4: Ú�p
�irP�²v,ÛLwÌv­rPz²v/fµwÌv­rP|²vFÜµw � . In a secondstepthecontrollerplacesaresynthesized.This
is doneby solvingtheequationsystemdeterminedby theeventseparationcondi-
tions (cf. Equation6.1), themarkingequationlemma(cf. Equation6.2), andthe
generalpropertyof T-invariants(cf. Equation6.3). The synchronizationpattern
YÝsÞpßrMs�àLvF�¼v/á�àgw is determinedby the sumof controllerplaces. It is shown in
Figure9.6.

JoiningtheprimaryWF-netandthesynchronizationpattern,thePetrinetshown in
Figure9.8 is derived.

TheresultingPetrinetis notsafe.Theintroducedcontrol-placeis markedwith two
tokens.Theresultingnetis furthermorenoWF-net.With anarcinscriptiongreater
thanone,it no longerbelongsto theclassof ordinaryPlace/Transitionnetsbut to
the classof generalPlace/Transitionnets. Still, the resultingPetri net is sound.
It may thereforeserve as basisto supportthe executionof the actualprocessat
run-time.

CEsyncpattern.net clean f

2

p_c

e ini c d x

g b a

Figure9.6: Synthesizedsynchronizationpattern
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Workflows in MENTOR . InformatikForschungundEntwicklung,
1997.

[YMLA96] K. Yamalidou,J. Moody, M. Lemmon, and P. Antsakli. Feed-
backcontrol of Petri netsbasedon placeinvariants. Automatica,
32(1):15–28,1996.

xviii


