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Abstract

Supportingbusinesgprocessewith the help of workflow managemengystemss
a necessaryrerequisitefor mary companiedo stay competitve. An important
taskis the specificatiorof workflow, i.e. thesepartsof a businesgprocesghatcan
be supportedby a computersystem. A workflow specificationmainly refinesa
businesgrocesslescriptionjncorporatingdetailsof theimplementationDespite
thecloserelationbetweerthetwo processiescriptionghereis still no satishctory
link betweertheir modeling.This factmainly reliesontheassignmento different
peolpe(IT- vs. domainexperts)having a differentmodelingculture.

Thethesisprovidesamethodicallywell-foundedapproacHor thespecification
of functionalworkflow requirementslt supportsdlomainexpertsin their modeling
of businesgprocesse a semiformalmannerand guidesthemstepwisetowards
a formal workflow specificationj.e. helpingto bridgethe gapbetweenbusiness
processnodelingandworkflow specification.

The proposedpproachacknavledgesthe needto describebusinesgprocesses
atdifferentlevelsof abstractiorandcombinedheadwantage®f differentmodeling
languageghat proved to fit the respectie requirements A semiformalmodeling
languageis proposedo be usedby the domainexpert. As a prominentexample,
widely acceptedn practice areEvent-driven Proces<Chains(EPCs).For the def-
inition of the workflow specificationwe usea particulartype of Petrinets. The
strengthof Petri-netsis their formally founded,operationalsemanticsvhich en-
ablestheir useasinputformatfor workflow managemenrgystems.

The key conceptfor the proposedprocesanodelis the useof pragmaticcor
rectnesgriteria, namelyrelaxedsoundnesandrobustness They fit the correct-
nessrequirementsvithin thisfirst abstractiodevel andmale it possibleto provide
afeedbackto themodeler

To supportthe executionof the businesgprocesst runtime, theresultingpro-
cesdlescriptiormustberefinedto fit therequirementsf aworkflow specification.
Theproposegrocessnodelsupportghis refinemenstep,applyingmethodfrom
controller synthesis. A soundWF-systemis automaticallygeneratedn the ba-
sis of a relaxed soundand robust processdescription. Only within this stepdo
performancdssueshecomerelevant. Informationthatis incorporatedelatesto a
certainschedulingstratgy. The late determinationof performancdssuesis es-
pecially desirableas correspondingnformation (the occurrenceprobability of a
certainfailure, costsof failure compensationgr priorities)will oftenonly become
availableat run-time. Theirincorporationtowardsthe endof the proposedrocess
modelextendsthe possibilityto reusemodelingresultsunderchangingpriorities.

Theresultingprocesslescriptions sound.Usingit asabasisfor theexecution
supportduringrun-timereliableprocessinganbe guaranteed.



Zusammenfassung

Der Einsatzvon Workflow ManagemengystemerfWFMS) in Unternehmerder
Verwaltungermit einfachstrukturierterundautomatisierbareRrozessehietetein
hohedPotenziafur die OptimierungderGesclaftsprozesserur die Koordinierung
von Gescliftsprozessernur LaufzeitberdtigenWFMS Workflow-Spezifikationen,
die den automatisierbare\nteil der Gesclaftsprozessén einer maschinenles-
barenForm beschreiben. In der Praxis werden Workflow-Spezifikationenbis-
lang oft unablangig von bereitsexistierendenGesclaftsprozessmodelh erstellt.
Es existiert kein methodischfundiertesVorgehensmodelldassdie Modellierung
von Gecléftsprozessennd die Weitenerwendungder erstelltenModelle fiir die
Workflow-Spezifikationunterstitzt [GHS95,AH024].

DieseArbeit schigtein durchgehendegorgehensmodefiir die Spezifikation
von Workflowsin Formvon Petrinetzemwor. In demfiinfstufigenvorgehensmodell
wird der Schwerpunkiauf die Modellierungder Kontrollflussaspektgelegt. Im
Rahmender Modellierungwerdendie folgendenSchritteuntersiitzt: 1. Model-
lierungder Gesclaftsprozess@. FormalisierungdurchPetrinetze3. Korrektheits-
testund Fehlerlorrektur4. Festlgungund Integration einer Ausfuhrungsstrate-
gie 5. Kontrollverfeinerung.Das Ergebnisist ein Prozessmodelhit formal fun-
dierter und operationalerSemantik,das zudemsound[Aal98] ist. Ein solches
Modell entsprichidenAnforderungeran eine Workflow-SpezifikationderenVer-
wendungfir ein WFMS eine zuverlassigeAusfuhrungder Gesclaftsprozesseur
Laufzeitgarantiert. In demerstenSchritt "Modellierung der Gesclaftsprozesse”
wird die VerwendungsemiformalerModellierungstechiken untersiitzt. Diese
raumendem Modellierer Spielraumin der Beschreibbng der Prozesseein. Im
nachsterSchrittwird daserstellteModell internformalisiert. Die Formalisierung
basiertauf einer Abbildung in Petrinetze.DabeiwerdenMehrdeutigleiten nicht
eliminiert sondernexplizit gemacht.Im dritten Schrittwird dasModell auf Kor-
rektheit Uberpiift. Dafiir werdenneue, pragmatischeKriterien eingefihrt. Es
werdenpraziseFehlermeldungenuriickgeyeben die einiteratvesVerbesseraer
Gesclaftsprozessmodel erniglichen. In Schrittvier und funf wird daserstellte
Modell auf eine Workflow-Spezifikationabgebildet.Dazuwird auf die bereitser-
stellte Petrinetz-Brmalisierungzuriickgegriffen. Die Petrinetzewerdenzurachst
so erweitert,dasseine Ausfiihrungsstratge festgelgt wird. Durch die Integra-
tion der Stratgyie werdenalle vorhernochenthaltenemMehrdeutigleitenbeseitigt.
AbschlieBendverdenAktivitatenverfeinert.

Dasvorgeschlagen¥orgehensmodebindetin derPraxisbewvahrteTechnilen
ein und stellt angemessenkriterien fur die Fehlerlorrektur zur Verfigung. Das
gesamte/orgehensmodellist methodischunterlgyt und greift auf Ergebnisseader
Petrinetztheorieger Spieltheorieundder ControllerSynthesisuriick.
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Chapter 1

Intr oduction

In this thesisa methodicallywell-foundedprocessnodelis presentedor the spec-
ification of functionalworkflow requirementsilt is intendedto supportdomainex-

pertsmodelingtheir businesgprocessef a semiformalmannerandguidesthem
stepwiseowardsa formal workflow specification.Thekey of the processnodelis

theintroductionof a pragmaticcorrectnessneansvhich is graduallyrefined.

In Sectionl.1 someterminologyis introduced.Then,in Sectionl.2 the problem
is defined. In Section1.3, the problemsolving approachis explained. This is
followed by anoverview of the structureof thethesis.

1.1 Background

In every compary thereare proceduresimedat providing increasecefficiency,
consisteng, andquality. Amongthemare conceptssuchasbusinesgprocesse-
engineeringandworkflow management T heir objectve is to clarify, improve, and
coordinatecomple activities andinteractions.

Businessprocessre-engineeringprojectsare concernedwith the designand re-
designof businessprocesses.A businessprocessis an orderedsetof business
activities Thegoalof abusinesgrocesss to deliver specificproductsor services
while ensuringthe organizations overall interests. Examplesfor businesspro-
cesseqreprocessingurchaserdersoverthephone processingnsuranceclaims,
andprocessing carregistration. A businessactivity is anatomicamountof work
thatis performedoy someprocessingentity or actor. Actorsareindividualsand/or
software components Examplesof actiities include updatinga file or database,



generating bill, andassemblingartsof a product.

The coreof businesgprocesge-engineeringrojectsarethe businesgprocessde-
scriptions A businesgprocesslescriptiorspecifiesn asemiformalmannemwhich
actiities areexecutedin whatorder It may be enrichedby informationaboutthe
associatea@ctors their organizationabssignmentgocumentsisedandprocessed,
and other relatedaspects. For an overvien of aspectgpossiblyrelevant for the
modelingof businesgprocessesee[JB96.

Thereis atrade-of betweerthenumberof aspectshatareincorporatednto abusi-

nesgprocesgslescriptiorandthe usability of theresultingmodel. Clearly, themore
complex adescriptionbecomeshe harderto make significantstatementgboutits

behaior. Dependingnthegoalof themodeling,e.g. purecommunicatiorand/or
analysisdemandsa suitablelevel of abstractiormustbe chosen.In this work we

concentratean the functionalor control flow aspectsi.e. the actvities andtheir

ordering(sequentialconditional,parallelanditerative routing). Theseaspectsare
coreof ary businesgprocesslescriptionasthey provide a conceptuabasisfor the

integrationof otheraspectsThis restrictionallows for theuseof analysismethods
checkingsomedesiredbehaioral propertiesa processdescriptionshouldsatisfy

However, it is clearthat other properties,e.g. describingdependenciebetween
resourcesmaynot beinvestigated.

Besidefinding a suitableabstractiorievel, anothelissuein modelingbusinesspro-
cessess the level of uncertaintyreflectedby the description. Businessprocess
descriptionoftenremainvagueor cover only partsof theactualprocessesThisis
dueto variousreasons Oftenthereis only partialknowledgeaboutthe processes
onthesideof theperformingactors- theknowledgemayeitherbedistributedover
severalactors,or (alwaysoftener)hiddenin theapplicationaised.Someprocesses
arejust difficult to describeasthey are only looselystructuredor subjectof con-
stantchange suchas processeicorporatinga lot of communicatioror negotia-
tion (c.f. ad-hocand/orcollaboratve processepAal98]). Somelevel of uncertainty
may evenbeintended]eaving roomfor interpretationwhichin turn facilitatesthe
effort of differentpeopleto agreeon acommonmodelingresult.

Therearemodelingapproacheaccentinguncertainty Ideasto expressuncertainty
rangefrom gradualrefinementconceptdo the useof fragments partial descrip-
tionsof the businesgprocesseswithin thiswork a certaindegreeof uncertaintyis
acceptedndspecificrefinementonceptsareintroducedor their coverage.

Theobjective of workflowmanayements to supportthe executionof businesspro-
cessesThe partsof a businessprocesghat canbe supportedoy a computersys-
temarecalledworkflows In the glossaryof the Workflow Managemen€Coalition



[Coa0q aworkflow is explainedastheautomatiorof a businesgprocess.

A workflowspecificatioh is a representationvhich supportsautomatednanipu-
lation, suchas modeling or enactmenty a workflow managemensystem. A
workflow specificationmainly containsthe sameinformation as a businesspro-
cesgdescriptionbut at a moreelaboratedevel of abstraction.

It definesa collectionof taskg andthe orderof taskinvocation. Furthermorejt
containgnformationrelevantto controllingandcoordinatiorof theexecutionof its
constituentasks(e.g. requiredskills, possibleactors,associatedT applications,
processedata,andexecutionrequirements).

An instanceof a workflow specificationis denotedasa case(e.g. [Aal9g]). In a
case concretedocumentsinformationand/ortasksare passedo processingnti-
tiesfor action,accordingto the proceduratulesdeterminedn the workflow spec-
ification. An exampleof a cases the processhathandlesanorderfrom Marie K.

The casemay be distributed over several processingentities. Thus, the creditwor-

thinessof Marie K. may be checled in the accountang while the ordereditemis

alreadybeingassembledby emplo/eesfrom the productiondepartmentCasesare
handledby a workflowmanajementsystem

A workflow managememngystem(WFMS) is a computersystemthatimplements
workflow managemenfunctionality This coversthe definitionof workflow spec-
ifications,their analysistheir simulationandthe monitoringof the corresponding
casegcf.[Law97, Fis0]]). Definition, analysisandsimulationare doneat design
time. However, the coreof the WFMS-functionalityis the monitoringat run-time.

Monitoring of casesomprisegheir controlandtheir coordination.For eachmon-
itoredcasethe WFMS ensureshatthetasksof the caseareperformedn theright
order attheright time andby the right processingentities. This is doneby acti-
vating tasks,assigningthe embeddedctiities to processingentitiesandwaiting
for the actiity to be completed Which tasksareenabledat a certainpointin time
depend®ntheworkflow specification Enforcementf rulesin aworkflow specifi-
cationby aWFMSis calledenactmenfCoa0q. It is doneby theworkflow engine,
sometimeslsocalledworkflow controller

A WFMS systemthat is instantiatedwith one or more workflow specifications
is calleda workflowsystemjust like a databasegnanagemensysteminstantiated
with oneor moredatabaseschemass calleda databaseystem.Until now, when
we usedWFMS we sometimesctuallymeanta workflow system.Fromnow on,

In the vocalulary of the Workflow Managemen€oalition (WFMC) aworkflow specificatioris
aprocesdgefinition[Coa0(Q
2Tasksstandfor actiities assignedo someactor



we will usethe termworkflow systemwheneer we meana WFMS instantiated
with aworkflow specification.

“Businessprocesge-engineeringndworkflow managemendrenaturalpartners.
Therise of workflow managemensystemss an “essentialenabler’for business
procesge-engineeringfforts. Corversely somebusinesse-engineeringefforts

resultin the purchasef aworkflow managemerdgystem”[AH02a].

1.2 Problem statement

A descriptionof a businesgprocessandthe correspondingvorkflow specification
arevery similar. They both referto the samesetof actvities andtheir ordering,
but at differentlevelsof abstractionThedifferencesaredueto differentobjectives
andadiverseperspectie.

A businesgrocessdescriptionis madeby domainexperts. It describeghe pro-
cessedrom a userperspectie. Activities aredepictedasactive bits thatare exe-
cutedby actors.

Theobjective of a businesgprocessescriptionis to provide a basisfor communi-
cation. The descriptionsare usedfor variouspurposes.In the everydaylife of a
compayn they sene asmanualdor procesgarticipantsor aslearningmaterialfor
nevcomers. In businesgprocesse-engineeringrojectsthey provide a basisfor
discussiorin orderto detectoptimizationpotential.In preparatiorfor the useof a
WFMS they provide a basisfor agreeingonthe processeto be supported.

Thebusinesgprocessiescriptiormustbe understandabltor peoplefrom very dif-

ferentbackgroundsnd“knowledgecultures”,e.g. headsof departmentsgepart-
mentstaf, andIT experts. A businesgprocesglescriptionshouldbe intuitive and
leave roomfor interpretation:the morewaysthereareto interpreta certaincon-
structthemorelikely it is thatagreementvill bereached.

A workflow specificationjn contrastjs madeby IT-experts. It describeghe pro-
cessto be supportedrom a monitoring perspectie. Activities areno longerthe
active bits but areembeddedvithin tasks.A taskcomprisegheinitiation of anac-
tivity (e.g.someonembasletis filled) andthewaiting for its completion.A work-
flow specificationis usedas input for a WFMS and must thereforebe machine
readable.The descriptionhererefinesrepresentatiof behaior for subsequent
monitoring. A workflow specificatiormustbe unambiguousind may not contain
ary uncertainties.This is a necessaryequiremenin orderto analyzeand simu-
late the describedorocesseandto monitor their executionat run-time. A work-



flow specificatiomalsocontainsdetailsthatarecloseto implementation Whereas
it is sufficient for a businessprocessdescriptionto cover the setof desiredpro-
cessexecutions,a workflow specificationalso determineshowv theseexecutions
areachieved. Thus,the workflow specificationincorporates stratgy fixing the
efficiengy of the executionssupportedat run-time.

Both processiescription? cover thesamematterof interest:theinvolvedactities
andtheir order Thecloserelationbetweerthetwo descriptionsuggestsleriving
onefrom the otherby changingthe level of abstraction.Modeling workflows, it
would begoodto enhancexisting businesgprocesslescriptionsuchthatthey can
be usedasinputsfor aWFMS.

Sofar, thereis no methodicallywell-foundedprocessamodelthat bridgesthe gap
betweerbusinesgprocessaandworkflow modeling. Onereasoncanbe foundin a
badlyorganizedcommunicatiorbetweerdomain-andi T-experts.But evenif those
involvedwork closelytogetherthe continuoususeof businesgprocessiescriptions
for the modelingof workflow is impossibleasthereis neithera standardnodel-
ing languagesupportingthe differentabstractiordevels nor an exchangeformatin
combinationwith transformatiorrulesto transformbusinessprocesslescriptions
into workflow specifications.

Thereare languageghat have proved to be understandabléor the averageuser
They provide asetof graphicaimodelingelementsvhicharecombinedn astraight-
forward manner Their semanticss “intuitive” but not formally founded.

On the otherhand, thereis a variety of languageghat satisfy the requirements
posedby a workflow specification.They have formal, operationakemanticsand
provide conceptdo specifyaspectsloseto implementation.Still, wherethe one
languagesupportsunderstandablenodelingit lacks formal semanticsthe other
hasformal semanticdut meetswith rejectionfrom modelers. Therehave been
mary attemptsto bridgethe gapbetweenthe two concerns:the needfor a plain
communicatiorbasisontheonesideandanelaboratg@rocesslescriptioncovering
detailsof theimplementationpnthe otherside.

ExistingWFMSsfollow a pragmaticapproachThey oftenusea proprietarymod-
eling languagewith anintuitive graphicallayout. The underlyingsemanticdacks
aformalfoundation.As a consequenceanalysisissuessuchasthe warrantyof a
correctandreliableexecutionarenot supportedat designtime. Failuredetections
only possiblewhile monitoringthe processexecution. It is clearthatfailuresthat
areonly detectedat run-timemaybe very costlyandmaynot pleasecustomers.

3The genericterm processdescriptionwill be usedfor both businessprocessdescriptionand
workflow specification.
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Many researctapproachesddresshis dravbackof practicalsystems.Consider
able efforts wentinto the formalizationof semiformalmodelinglanguagessuch
as Activity diagramsg[Esh02 EWO00, EW01H, Statechart$Har87, Ww97], and
Event-drivenProces€haingAal99, CS94 LSW98 MR00, NR02,Rit00b, Rum99
WWKD*97]. Still, theseapproacheso not provide a solution. Theformalization
removesambiguitiesandrestrictsthe expressieness.This movesthe derived de-
scription more towards a suitableinput for workflow managemensystems but
doesnot meetwith acceptancérom modelers.Variousinterpretationsvhich sup-
portedreachinganagreemenbetweerthedifferentparticipantsverediscarded.

Otherapproachesry to adaptand/orfacilitate the useof formal languagessuch
asPetrinets[Pet63 or CCS(Calculusof CommunicatingSystems]Mil80]. Here
the mostcommonapproachis the introductionof intuitive graphicalpatternsre-
placingconstructsf the primarylanguagdAal98, AHKBO03, Mil99]. Thegoalis
to facilitatethe understandin@f the determinednterpretation.

Comingfrom eitherdirection,themainideais to defineacomprehensie modeling
languagewhich meetsall requirementsj.e. provides conceptsthat supportthe
differentlevelsof abstractionAs muchassuchageneralanguagevould simplify

life, sofarnoneof the proposedanguageprovidesconceptgo cover thedifferent
levelsof abstractiorseparatelye.g.throughasuitablerefinementelation. Instead,
aspectof bothabstractionevelsgetmingled.

The goal of this thesisis not to propose'yet anothemrmodelinglanguage” which
couldbridgethe gap,but to take a differentandmorepragmaticapproach.

Theideais to proposea cross-languagprocessnodelwhich graduallyguidesthe

modelertowardsa soundworkflow specification Sucha processnodelwould not

be basedupononegeneraimodelinglanguagebut would supportthe combination
of different, existing, and acceptedechniques. The proposedprocedurewould

startwith the modelingof a businesgprocesaisingan “intuitive”, but semiformal
modelinglanguage. The procedurewould finally guide the modelertowardsa

soundworkflow specificationwhichis givenin termsof aformal language.

In the following we will discusshe requirementshat sucha cross-languagpro-
cessmodelmustsatisfy

Transformation rules Theuseof differenttechniquegor differentconcerngro-
videsa goodbasisto meetthe suitablelevel of abstraction.However, it requires
paying particular attentionto a smoothtransformationbetweenthe techniques
used.Within the procesamodel,rulesshouldbe provided to supportthe transfor
mationof a semiformaldescriptioninto a formal one. The transformatiorshould
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maintainthevariousinterpretation®f thefirst processlescriptiorbut shouldmade
themexplicit.

Suitable correctnesscriteria  The gradualrefinementof a processdescription
should also cover a refinementof correctnes<riteria. It is clearthat the final
workflow specificationrmustbe sound. This is a hecessaryequirementn order
to guaranteeeliable processexecutionat run-time. Still, sucha strongcorrect-
nesscriterion restrictsthe modeling capabilitiesat the level of businessprocess
descriptions.Therefore alleviated correctnesgriteria mustbe introducedwhich
fit therequirementposedwithin businesgprocessnodeling.Here,in orderto sup-
port the communicatiorbetweenparticipants differentinterpretationsshouldbe
allowed. Only wronginterpretationshouldbe excluded.

Enhancementof implementation-closedetails Thegraduakefinemenbf abusi-
nessprocesglescriptiontowardsa workflow specificationshouldfurthermorein-

cludethe enhancementf detailsthatarecloseto implementationg.g. efficiency

aspects.Whereasa businessprocesglescriptiononly determinegshe relevant ac-
tivities andtheir order a workflow specificationshouldalso containinformation
determininghow theorderis enforced.

Change of perspective Finally, the procesamodel shouldcover the changeof
perspectie. Fromausersperspectie, whereactvities weredepictedasthe active
bits, the processspecificatiormustbe changedowardsa monitoringperspectie.
Activities mustbe embeddednto tasks. Fromthe machineperspectie, actvities
areseenaspassie. Theworkflow engineonly initiatestheir executionandawaits
their completion.

Having sketchedhebackgroundandthe problemstatementywe now formulatethe
goalof thisthesisasfollows.

Basedon existing modelinglanguageghat eachfulfill their specific
purposewe will provide a methodicallywell-foundedprocessmodel
guiding the modelerfrom a businessprocessdescriptiontowards a
soundworkflow specification.
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1.3 Problemsolving approach

As languagefor the workflow specificationwe chosePetri nets. Their suitability
for this applicationdomainhasbeenexaminedand discussedxtensvely in the
literature(e.g. [Aal98, AAH98]). They combinea graphicalrepresentatiomvith
a preciseformal foundation. Their operationakemanticsallow the useof the de-
rived procesglescriptiongight away asinput formatof a WFMS. Exampleof ex-
isting WFMSsworking on the basisof Petrinetdescriptionsare COSA (Software
Ley/COSA Solutions[SL99]) or Income(GetProcesG [Inc)).

As modelinglanguagdor thebusinesgrocesslescriptiorwe referto Event-driven
Proces<hains(EPCs) which arefairly widespreadReasongor their acceptance
canbefoundin theirusefor therepresentationf the SAPreferencenodeldKT97]
andtheirtool-supporthroughthe ARIS tool set[SJ03.

But, EPCsarejust one of a rich variety of acceptedousinessprocessmodeling
languagesWe emphasizehatthe proposedprocessnodelis not restrictedo that
choice,but maybe adaptedor othersemiformaltechniques.

Five stepshave to becompletedvhenguidingthemodelerfrom a semiformabusi-
nessprocesgescription(basedon EPCs)towardsa soundworkflow specification
basedon Petrinets:

Businesgprocessnodeling(EPCs),
Transformationnto WF-nets,
Correctnessheckandfeedback,

Stratgyy determinatior& implementationand

a & W npoR

Controlrefinement.

Thewhole processnodelis illustratedin Figurel1.1. It hasbeendesignedo sup-
portamodelemwhois probablya domainexpertbut doesnot necessariljhave high
modelingexpertise.

Thefirst threestepscover the modelingandthe revision of the businessprocess.
Only whenthe resultingprocessdescriptionis correctit is refineduntil it fits the
requirement®f a workflow specification.The intermediatestep“T ransformation
into WF-nets”"wasintroducedto provide a formal basisfor the applicationof cor
rectnes<riteria.
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Stepfour coversthe determinatiorof efficiengy aspectsHere,anexecutionstrat-
egy is determinedand implemented. In stepfive, the descriptionis refinedto-
wardsa monitoringperspectie. Tasksarerefinedby decomposingheminto three
phasescovering the initiation of the embeddedactiity, its processingandthe
waiting for theactiity to complete.

Set of activities &
control flow
dependencies

1st Step

(not ok)
List of deficient
activities/
control flow

Business
process modeling
(EPCs)

Business process
description
based on EPCs

2nd Step

Transformation
into WF-nets

dependencies

Correctness
check &
feedback

3rd Step

Business
process description
based on WF-nets

(ok)
Correct business
process description

4th Step

Strategy
determination &
implementation

Sound process
description

5th Step

Control
refinement

Sound workflow
specification

Figurel.1: A processnodelfor workflow modeling

Thekey of the proposedorocessnodellies in the correctnessriteriafor the busi-
nessprocessdescriptions. As mentionedearlier the soundnesgriterion is only
practical for workflow specifications. Applying soundnesalreadyon business
processdescriptionstheir expressie power would be restricted. Insteadof var
ious possibleinterpretationsonly one would be consideredcorrect. Therefore,
lessstringentcorrectnessriteriawereintroduced hamelyrelaxedsoundnesand
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robustness Thesetwo criteria, which describea subsetof soundnessprovide an
adequatecorrectnessinderstandindor businesgprocesslescriptions.Within the
describedorocesamodel, relaxed soundandrobust processdescriptionaretrans-
formedinto a soundspecification.This is donein stepfour “Strategy Determina-
tion & Implementation”.

1.4 Thesisstructure

The objective of this thesisis to provide a processnodelfor workflow modeling.
Startingwith aninformal descriptionof the activities involved andtheir functional
relation,the modelerwill be guidedtowardsa soundprocesslescription.There-
sultwill beusedasa basisfor the executionsupportof the modeledprocess.The
structureof the thesismainly follows the orderof thefive proposedsteps(cf. Fig-
urel.l).

In Chapter2 we review relevantconceptsandresultsfrom Petrinettheory Work-
flow netsareintroduced.a subclasof Petrinetssuitablefor workflow modeling.
Existing correctnessriteriaareproposedandcompared.

Chapter3 focuseson the modeling,analysis,andrevision of businesgrocesses.
We presentanev methodappraisinghequality of thederived processlescriptions
andproviding correspondindeedbackfor the modeler The methodincorporates
mappingeEPCsto Petrinetsandcheckingthe correctnessf derived WF-netsusing
a new correctnessriterion, namelyrelaxed soundnessAt the endof the chapter
it is shavn that the proposedmethodalso appliesto other modelingtechniques,
especiallythoseusedwithin realworkflow applications.

In Chapted thenew criterionrelaxedsoundness embeddedhto Petrinettheory
Relationsbetweerexisting propertiesandrelaxed soundnesareconsidered.

Chapter5 describesa further part of the procesamodel. Looking at a workflow
systemasareactie systemit is arguedfor anothercorrectnessriterionindicating
thattheprocessanreactrobustly to possiblesventscomingfrom theernvironment.
A correspondingropertyis introducedandan algorithmis provided for its veri-
fication. The algorithmis provento be correctand complete. Finally, relations
betweerrobustnessaindotherpropertiesarediscussed.

Chapter6 focuseson the generatiorof soundprocessdescriptions.It startswith
anintroductionof thetheoreticabackgroundelatedto thetheoryof regions. Ap-
plying existing results,variousways are consideredo generatea soundprocess
descriptionon the basisof only relaxed soundandrohbustspecifications.
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Chapter7 focuseson theimplementatiorof differentschedulingstratgies. Trans-
forming a relaxed soundand robust processdescriptioninto a soundprocessde-
scription,oneschedulingstratgly becomedixed. Possiblestratgiesandtheirim-
plementatiorarediscussed.

In Chapte8 thewhole processnodelis describedn detail. The newly introduced
conceptareembeddedThroughouthe chaptetthe proposedrocedurds applied
to a running example. At the end of this chapter we discussthe applicationof

the derived procesglescriptionasinput for real WFMSs. This is illustratedby an
exampleusingStafware,oneof theleadingworkflow managemergystems.

The conclusionsarepresentedn Chapterd. The proposedorocessnodelbridges
the gap betweenbusinessprocessand workflow modeling. It enableghe useof
processlescriptionsnadein businesge-engineeringrojectsfor the modelingof
workflow specifications.Passingthroughfive steps,the domainexpertis guided
throughrefining a businesgprocessdescriptionuntil it canbe usedasinput for a
WFMS. Therearevariousbenefitshatcomewith the proposedrocedureThese,
and major resultsof the researchoutcomesare summarizedn the last chapter
Finally topicsfor futureresearclareidentified.
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Chapter 2

Preliminaries

Within this work Petrinetsareusedto modelworkflows. Petrinetsareoneof the
mostpopularformal modelsof concurrentsystems.Their introductiongoesback
to the early 1960s([Pet6]). Sincethen, there have beentremendousievelop-
mentsin boththeoryandapplications.The latestcompilation(March 2003)of the
scientificliteraturerelatedto Petri nets(http://wwwdaimi.au.dk/PetriNets/blio-
graphies/pnbibl.htmigontainanorethan8000entriesfrom hundredof authorsall
aroundtheworld. Well-known introductionsto the applicationandtheoryof Petri
netsare[Mur89, Rei8g and[Jen92 Jen9%. A morerecentsuney canbefoundin
[RR983 RR98b].

Petrinetshave beena popularchoicefor mary applicationdomains.This develop-
mentis basedon their graphicalrepresentatiortheir excellentformal foundation,
andtherich variety of existing analysisgechniguesandtools.

In this chapter conceptsandresultsfrom Petrinettheoryarereviewed which will
beusedaterin thethesis.In thefirst section Place/Tansitionnetsaredefinedand
their structuraland dynamicalpropertiesare outlined. Someresultsrelatingthe
propertiesarerecalledfrom Petrinettheory In Section2.2, WF-nets,a subclass
of Place/Tansitionnets,areintroducedandrelevantpropertiesarediscussedThe
chapteffinisheswith a sectiononrelatedwork.

2.1 Place/Transition nets

A Petrinetis a directedbipartitegraph. The two sortsof nodesare called places
andtransitions.Placesarerepresentedly circles,andtransitionsby boxes.
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Definition 2.1 (Place/Transition net).

A Place/Tansitionnet(P/T net) isatriple (P, T, F'): P is afinite setof places,
T is afinite setof transitions(PNT = (), F C (P x T) U (T x P) is a setof
arcs (flow relation)..

Givenanodez of P UT, theset*z = {y|(y,z) € F} isapresetof z. Theset
z* = {y|(z,y) € F} is apostsebf . The elementsn the preset(postsetjof a
placearecalledits input (output)transitions.Similarly, the elementsn the preset
(postsetof atransitionareits input (output)places.

GivenasetX of nodes X C PUT,wedefine*X = |J,.x *z and
X* = Uzex z°. Giventwo setsof nodesX andY, X \ Y denoteshesetof nodes
of X thatdonotbelongto Y.

2.1.1 Structural propertiesof nets

In this section,conceptsdescribingstructuralpropertiesof Petri netsare intro-
duced. Structuralpropertiesare propertieghat dependonly on the network struc-
tureof thenet. Since Petrinetscanbeviewedasspecialgraphsgraphterminology
alsoappliesto nets.

Definition 2.2 (Path in PN).

In the Petri net PN = (P, T, F'), a pathfroma nodez, to a nodex,, is a non-
emptysequencézy, . . . , z,) sud that (z;, z;41) € Ffor0 <i <n — 1. Apath
(zg,...,zy) Is saidto lead from z, to z,,. Notethata sequenceontainingone
elemenis an emptypath.

Elementarypathsareof specialinterest.

Definition 2.3 (Elementary).
Apath(zo,...,z,) inthePetrinetPN = (P, T, F) is elementaryff z; # x; for
anytwonodesr;,z;,0 <7 < j < n.

Definition 2.4 (Strongly connected).
A Petri netis strongly connectedff for everypair of nodesr andy, theris a path
leadingfromz to y.

Specialcombinationf elementarypathsarecalledhandles.The conceptof han-
dleshasbeenintroducedirstin [ES90].

lUnlessstatedotherwisewe alwaysreferto ordinaryPlace/Fansitionnetswith arcweightsequal
to one.
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Definition 2.5 (PT-handle, TP-handle).

In the Petri net PN = (P, T, F), a place-tansitionpair (p,t) € P x T isaPT
handleif there are two elementarypathsfrom p to ¢ sharingonly the two nodes
p andt; a transition-placepair (¢,p) € T x P is a TP-handleif there are two
elementanpathsfromp to ¢ sharingonly thetwo nodesp andt.

As handlesoften denotepotentialproblemsin the designflow, a conceptfor their
non-istenceis needed.

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

Anotherimportantgraphpropertyconcernghe existenceof cycles.

Definition 2.7 (Cycle-free,pure).
A Petri net (P, T, F) is cycle-fee, if for any nodez there is no non-emptypath
leadingfromz to . A Petri net(P, T, F) is pureiff F N F~ = (2.

In apurenet,for eachtransitiont holds:*t N ¢* = () (noselfloops). This property
is importantfor the analysisof nets,becauset meansthatthereis a one-to-one
correspondenceetweerthe netandits incidencematrix (seeDef. 2.24).

Thenext definition providesa way to expressthe absencef redundang
Definition 2.8 (t-simple).

A Petri netis t-simplewhenno two transitionst andt’ havethe samesetsof input
andoutputplaces,i.e. Vi, t' *t # *t' or t* £ t'*

Importantsubclassesf Petri netsare statemachinesmarked graphs,and free-
choicenets,eachwith specificconstraintson the graphicalstructure.

In a statemachineall transitionshave exactly oneinputandoneoutputplace.

Definition 2.9 (Statemachine).
APetrinetPN = (P, T, F) is astatemadineiff V¢ € T : |*t| = [t*| = 1.

A Petrinetis calleda marked graphif all placeshave exactly oneinput andone
outputtransition.

Definition 2.10(Mark ed graph).
APetrinetPN = (P, T, F) isamarkedgraphiff Vp € P : |*p| = |p®| = 1.

’F!' = {(y,z)|(z,y) € F}istheinverseof F
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In free-choicenets|[DE95], bothsynchronizatiomndconflictareallowed, but may
notinterfere,i.e. eithera choiceis precededy a synchronizatioror synchroniza-
tionis precededy achoice.Thiswaytheresultof achoicebetweertwo transitions
is notinfluencedby therestof the net.

Definition 2.11(Free-choicenets).
A Petrinet PN = (P, T, F) is a free-toice net (basically extendedree-doice)
iffve,t' e T:*tN*t =0V °t="t.

The next definition introducesthe subnetconcept. It is usedto defineS-and T-
componentandrelatedPetrinetproperties.

Definition 2.12(Subnet).
ThePetri net PN’ = (P',T', F') is a subnetof net PN = (P, T, F) iff P! C
P,T'CT,andF'=FN((P' xT")U(T'x P')).

Definition 2.13(S-component).
SubnetPN' = (P',T', F') is an S-componenf the Petri net PN = (P, T, F) iff
PN' is a stronglyconnectedtatemadinesud thatVp € P' : *pUp®* C T".

Definition 2.14(S-coverability).
A Petrinet PN = (P, T, F) is S-coverable iff for ead placep € P thereis an
S-componenPN' = (P!, T', F') of PN sucthatp € P'.

Definition 2.15(T-component).
SubnetPN’ = (P!, T', F') is a T-componenbf the Petri net PN = (P, T, F) iff
PN' is a stronglyconnectednarkedgraphsud thatVvt € T' : *t U t* C P'.

Definition 2.16(T-coverability).
A Petri net (P, T, F) is T-coverable iff for ead transitiont € T theris a T-
componentP’, T, F') of PN sudh thatt € T".

2.1.2 Executionof Petri nets

In this sectionmarkingsareintroducedandthefiring rule, by meansf whichanet
is transformednto a dynamicsystem. A placecancontainzeroor moretokens
Tokensarerepresentetby black dots. The global stateof a Petrinetis calledthe
marking

Definition 2.17 (Markings).

Themarkingof a Petri net(P, T, F') is thedistribution of tokensover places

M : P — IN thatassigngo everyplacethe numberof tokens M (p) thatreside
in p. A placep is markedat a marking M iff M (p) > 0.
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A marking M changedy firing atransitiont. A transitiont mayfire only if it is
enabled A transitiont is enabledin marking M, written M Ly iff every input
placeof ¢ containsat leastonetoken. If atransitiont is enabledn marking M, it
may fire: onetokenis removed from every input placeandonetokenis addedto
every outputplace.

Definition 2.18(Firing rule).

Atransitiont € T is saidto beenabledby themarking M iff Vp € *t : M(p) > 1.
In this caset canfire. Firing of transitiont leadsfrommarking M to marking M’,
whee

M(p) —1 ifpe°t\t°,
M'(p)=4 M(p)+1 ifpet\*t,
M(p) otherwise

writtenas M —*s M.

Wewrite M — M’ to indicatethatby firing onetransitionin M marking M’ can
bereachedNext, we definethe conceptdiring sequenceandreachablenarkings.

Definition 2.19((Finite) Firing sequence).
A sequenceof transitionso = t1tots... is a firing sequenceenabledat M, if

there are markingsMa, Ms..., sud that M; -2 M, -2 My 25 ... We write
M; 5. A finite sequenceof transitionso = tity...t,_1 givesa finite firing
sequenceenabledat M. Here, wewrite M; -5 M,,.

Note,theemptysequence is enablecatary marking M andsatisfiesM — M.
Definition 2.20(Reachablemarking).

A marking M,, is reachablérom M; (notation M; — M,,) if ther is a finite
firing sequence sud that M; —— M,,.

The setof markingsreachablérom amarking M is denotedasRpy (M ):
Rpn(M) = {M'|M =5 M'}.

Net system

To emphasizehe differencebetweerthe staticandthe dynamiclevel of a net, the
concepof anetsystemis introduced.

21



Definition 2.21(Net system).
AnetsystemS (or justa system)s a pair (PN, M;), obtainedby associatingan
initial marking M; to the Petri net PN.

Note, thatin this thesispropertiesare sometimedransferedrom netsto systems,
e.g.sayingthata systemis well-handledalsoimpliesthatthe underlyingPetrinet
is well-handled.

Reachability graph

The behaior of a Petrinet canbe describedvia a labeledtransitionsystem. A
labeledtransitionsystemis a directedgraphwith nodesrepresentingstatesand
edgegepresentingtatetransitions.The edgesof the grapharelabeled.Thelabel
denoteswhat happenswvhen the action representedby the edgeis taken. Most
transitionsystemshave a distinguishedhode,indicatingtheinitial state.

Definition 2.22(Transition system).

A Transition System(TS) is a quadrupleTS = (V,L,FE,v;,), whee V is a
nonemptysetof states,L is a setof labels,E C V x L x V is a transitionre-
lation, andv;, € V isaninitial state A transitionsystenis finiteif V and L are
finite

Thereachabilitygraphof a systemS = (PN, M;) is the transitionsystemwhere
the statesare the reachablemarkings, the labels are the transitions,the distin-
guishedinitial stateis the initial marking and the labelededgesare all triples

(M, t, M') suchthat M, M' arereachablenarkingssatisfyingM s M.
Definition 2.23(Reachability graph).

For the systemS = (PN, M;) with PN = (P, T, F), the reacdability graph
RGs = (V, L, E, v;,) is atransitionssystenwith:

V = Rpn(M;) assetofstatesL = T andE = {(M,t, M")|M, M' € Rpn(M;)A
teTAM - M'} assetof labelededges,andv;, = M; asinitial state

As the set of labelsand the initial stateare implicitly specifiedby the system
S = (PN, M;) the reachabilitygraph RGs is determinedby the setof reach-
ablemarkingsV togetherwith the setof edgesE. We thereforeusethe shortcut
notation: RGgs = (V, E).

Thereis a direct correspondencbetweena pathin the reachabilitygraphand a
firing sequenceén the Petrinet. A pathz of the reachabilitygraphis a sequence
(finite or infinite) of labelededges:
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T = (Ml,tl, MQ)(MQ, tg, M3)(M3,t3, M4)

As the path correspondgo the firing sequencetsts... enabledin My, we also
write M; . Correspondinglythe elementsof E will often be denotedby
M -4 M insteadof (M, ¢, M").

Throughthe edgesof the reachabilitygraphRG a predecessor/sucess relation-
shipis definedon the elementof V. M; is predecessoof M, if thereis a path
leadingfrom M; to M,, (M; — M,). We call M theimmediatepredecessoof
M' if thereis anedgeleadingfrom M to M’ (M — M").

Thefunctionspredrg, Predrg : V. — 2" denotethe setof (immediate)prede-
cessor®f astateM € V.

predra(M) .= {M'|M' e VAM — M}

Predpg(M) :={M'|M'e VANM" — M}

By analogy the functionssuccrg and Succgrg aredefined,denotingthe setsof
immediatesuccessorandsuccessorfor astateM € V.

succgra(M) = {M''M' e VAM — M'}
Succ(M)pg := {M'|M' € VAM =5 M'}

The setof successorsf a marking M in a systemS = (PN, M;) is of course
equivalentto the setof reachablenarkingsfrom M, Succra(M) = Rpn(M).

Predgg(o) denoteghe setof markingsM € Rpy(M;) suchthatthereis a path
from M to o, M - o. Clearly Predgg(o) is only definedif o € Rpy(M;).

The constructiorof thereachabilitygraphRG is straightforvard, althoughtermi-
nationcannotbe guaranteedbecausédt might be infinite. This is the caseif the
correspondingPetrinetis unboundedcf. Def. 2.33),i.e. containsplaceswhich
have no limit to the numberof tokens. As a consequencthe numberof markings
in thereachabilitygraphis infinite.

The incidencematrix of a net

A moreefficientwayto analyzethebehaior of a Petrinetis basedntheintroduc-
tion of the incidencematrix. The setsof transitionsand placeswithin a Petrinet
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arefinite. The definition of markingsthereforesuggestaisinga vector notation.
ThemarkingM : P — IN canberepresentedsavectorof length|P|.

Definition 2.24(Incidencematrix of a net).
For thePetrinet PN = (P, T, F'), theincidencematrix
C:(PxT)— {-1,0,1} is definecby

-1 ifpe‘t\t¢,
C(p,t) =¢ +1 ifpet®\*t,
0 otherwise

In anincidencematrix, therows representhe placesof a Petrinetandthecolumns
representhetransitions.ThecolumnvectorP — {—1,0, 1} of C associatetb a

transitiont is denotedby t. Similarly, therow vectorT — {-1,0, 1} associated
to aplacep is denotedvy p.

Theentry C(p, t) correspondso the changeof the markingof the placep caused
by the occurrenceof the transitiont. Henceif ¢ is enabledat a marking M and
M —L5 M'thenM' = M + t. For a generalizatiorof this equationto sequences
of transitionswe needthe following definition:

Definition 2.25(Parikh vectorsof transition sequences).

For thePetrinetPN = (P, T, F) andafinite sequenceftransitionss, theParikh
vectord : T — IN of o mapseverytransitiont of T' to thenumberof occurences
oftino.

With this definition,the Marking EquationLemmacanbe formulated.

Lemma 2.26(Marking equationlemma).
For everyfinitefiring sequencé/ =+ M’ ofaPetri netP N thefollowingmarking
eqguationholds:

M'=M+C-G

Oneof the structuralpropertiesof Petrinetsarethe netinvariants,namelytransi-
tion invariants(Def. 2.27)andplaceinvariants(Def. 2.30).

Transitioninvariantsarerelatedto firing sequencewhich reproduceamarking.A

transitioninvariantis a mappingthatassignsanintegerto eachtransitiondenoting
how mary timesthe correspondingransitionmustfire in orderfor a markingto
be repeated.Note thatthe orderof the transitionsin the firing sequences lost if

vectornotationis used.
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Definition 2.27(Transition invariant).
A transitioninvariant (T-invariant) of a Petri net PN = (P, T, F) is a vector
Y # 0 that satisfieghefollowing equation:

P
|P|
C-Y =(0,0,...0)

A T-invariantY of a Petrinetis called semi-positivef Y > 0 andY # 0 3.
A T-invariantis calledpositiveif Y > 0, i.e. Y (t) > 0 for every transitiont. The
supportof a semi-positie T-invariantY’, denotedoy (Y'), is the setof transitionst
satisfyingY (¢) > 0.

A semi-positre T-invariantY” is minimumif no semi-positre invariantX satisfies
(X) c (Y). T-invariantshave the following fundamentaproperty Let M and
M’ bemarkingsof a Petrinet PN, andlet o beasequencef transitionssuchthat
M % M'. Wehave M = M’ iff the Parikh vector is a T-invariantof PN .

The otherway arounddoesnot hold. Not every T-invariantcorrespondso afiring
sequence¢hatreproduces specificmarking. The T-invariantmustfurthermorebe
realizable[Lau0Z with respecto areachablanarkingof the netsystem.

Definition 2.28(RealizableT-invariant).

AT-invariantY > 0 ofasysten = (PN, M;) with PN = (P, T, F) isrealizable
in S iff there is a marking M readablefrom M; and a firing sequencer with
M Zsandd =Y.

A PetrinetPN = (P, T, F) is saidto be coveredby T-invariantsif forary ¢t € T
thereis a semi-positie T-invariantY” which supports, ¢t € (Y).

Proposition 2.29(T-componentsinduce minimum T-invariants).
LetN' = (P, T', F') bea T-componenbdf PN = (P, T, F). ThenY, with

N S 7 eT’
Y () _{ 0 : otherwise

is a minimumT-invariantof PN.

Placeinvariants are relatedto setsof placeswhoseweightedtoken sum always
remainsconstantPlaceinvariantsarerepresentetly ann-columnvector X, where
n isthenumberof placesf thenetwhosenon-zercentriescorrespondo theplaces
thatbelongto the particularplaceinvariant,with zeroseverywhereelse.

Wewrite X > V (X > Y)if X(a) > Y(a) (X(a) > Y (a)) for every element of afinite set
A, whereX andY aremappingsfrom A to Q, with Q denotingthe setof rationalnumbers.
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Definition 2.30(Placeinvariant).
A placeinvariant (P-invariant) of a Petri netis a vector X that satisfiesthe fol-
lowing equation:

XT.C =0, forall M € Rpn(M;)
whee X7 is thetransposef vector X .

A placeinvarianthasthefundamentapropertythatthe weightedtoken sumin the
placesof the invariantremainsconstantat all markingsandthis sumis invariant
giventheinitial marking M; of the net. Thereforeplaceinvariantssatisfythe fol-
lowing equation:

M-X=M-X

Theconceptsemi-positie andpositive P-irvariantaredefinedasfor T-invariants.

Therearetwo setsof placeshatareinterestingor specificanalysisssuessiphons
andtraps.

Definition 2.31(Siphon).

A setR of places,R C P, of aPetrinetPN = (P, T, F) is asiphonif *R C R*.
A siphonis calledproperif it is notthe emptyset. A siphonR is called minimumif
ther is nosiphonR’ with R’ C R.

Thecharacteristipropertyof asiphonis thatonceunmarledit remainsunmarted.

Definition 2.32(Trap).

A setR of places,R C P, ofaPetrinetPN = (P,T,F) isatrapif R* C *R.
Atrapis calledproperif it is nottheemptyset. A trap R is calledminimumif there
isnotrap R’ with R' C R.

Oncemarkedatrapremainamarked.

2.1.3 Dynamic propertiesof net systems
In this section,somedynamicpropertiesof net systemsboundednesdjveness,

andrelatedpropertiesiarereviewed, followed by selectedelationsbetweerstruc-
turalanddynamicpropertieof netsystems.
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Definition 2.33(Bounded,safe).

A system(PN, M;) is bounded iff for ead placep there is a natural numberb
sud that, for every reachable marking the numberof tokensin p is lessthan or
equalto b (b-bounded).Thesystenis safeiff for ead placethe maximunrmumber
of tokensdoesnot exceedl (1-bounded).

Definition 2.34(Structurally bounded).
A Petri net PN is structurlly boundedf it is boundedor anyinitial marking

Definition 2.35(Dead, live transition).
Let (PN, M;) bea systemA transitiont € T is

e dead if theris nomarking M readablefrom M; which enableg.

e live if ¢ canalwaysfire again. Fromeveryreadablemarking M a marking
M’ isreahable(M — M') which enables.

A system(PN, M;) is live if every transitionis live. A system(PN, M;) is
deadlock-freaf every reachablenarkingenablesat leastonetransition.

Definition 2.36(Structurally live).
A Petri net PN is structurlly live if there is a marking M; of PN sud that
(PN, M;) is alive system.

Definition 2.37(Well-formed).
A Petri net PN is well-formedif it is structumlly boundedand structually live.

Theresultspresentedh thefollowing describeelationsbetweerstructuralanddy-
namicpropertiesof netsystemsThefirst andthe secondesultstemfrom [ES90]
andpertainto theabsenc®f handles.

Theorem 2.38([ES90]Theorem 3.1).
Let PN = (P, T, F) beastrongly connectedet. If PN hasno TP-handle PNis
structuilly bounded.

Theorem 2.39([ES90] Theorem 3.2).
LetPN = (P, T, F) beastronglyconnectedPetri netwithoutTP-andPT-handles.

a) PNis structusmlly live.
b) PNis coveredby S-components

c) PNis coveredby T-components
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The next resultswere presentedn [DE95]. They refer to the dynamic beha-
ior thatcanbe deducedassumingestrictednet-structuressuchasstatemachines
(cf. Def. 2.9)andmarked graphg(cf. Def. 2.10).

Theorem 2.40(Livenesgheorem, [DE95] Theorem 3.3).
Let PN = (P,T, F) bea statemadine Thesystem(PN, M;) is live iff PN is
strongly connectecind M; marksat leastoneplace

Theorem 2.41(Boundednesgheorem, [DE95] Theorem 3.5).
LetPN = (P, T, F) bea statemadineandlet thesystemS = (PN, M;) belive.
(PN, M;) is b-boundedff 3° . p M;(p) < b.

Fromthistheorenthefollowing corollarywasderived(cf.[DE95 Corollary3.19).

Corollary 2.42(Placeboundsin live T-systems).
Let (PN, M;) bea live marked graph. (PN, M;) is boundedff PN is strongly
connected.

Theorem 2.43(Livenessn strongly connectedT-systems[DE95] Theorem 3.17).
Let PN = (P, T, F) bea strongly connectednarked graphand (PN, M;) bea
systemThefollowing statementsire equivalent:

(@) (PN, M;)islive.
(b) (PN, M;) is deadlo&-free

(c) (PN, M;) hasaninfinite firing sequence

Thefinal theorenrefersto free-choicenets.

Theorem 2.44(|[DE95] Theorem 5.8).
Let PN bea well-formedandfree-hoicenet.

(a) PN hasa positiveP-invariant.
(b) Everysystem PN, M) is bounded.

(c) Asystem(PN, M) is live iff every S-componentf PN is markedat M.

“Notethata T-system{DE95] is a stronglyconnectednarked graphwith aninitial marking.

28



2.2 Workflow nets

In [Aal97] Petrinettheoryis appliedto processamodelingandworkflow netsare
introduced(WF-net). A WF-netis a Petrinetwhich hasa uniquesourceplace(i)
anda uniquesink place(o). This correspondso the factthatary casehandled
by the procesglescriptionis createdf it entergshe WFMS andis deletedonceit is
completelyhandledby the WFMS.

In sucha net,ataskis modeledby atransitionandintermediatestatesaremodeled
by places.A tokenin the sourceplacei correspondso a casewhich needsto be
handled,a tokenin the sink placeo correspondso a casethathasbeenhandled.
The processstateis definedby the marking. In addition,a WF-netrequiresall
nodeg(i.e. transitionsandplaces}o beon somepathfromi to 0. Thisensureshat
every task(transition)or condition(place)contritutesto the processingf cases.

Definition 2.45(WF-net).

APetrinetPN = (P, T, F) isa WF-net,if:

(i) PN hastwo specialplaces; ando. Placei is theonly source (*i = () andplace
oistheonlysink(o®* = 0).

(i) Lett* ¢ T. Theshort-cicuitednet PN = (P, T U {t*}, F U {(o,t*), (t*,i)})
is strongly connected.

Figure 2.1 gives an example of a WF-net. It describeshe processingof com-
plaintS.

Consideringhebehaior of aWF-net,wewill alwaysinvestigatahelife-cycle of a
singlecasethusconsidersystemavhereinitially only thesourceplacei is marked
(M;(i) = 1andforallp € P\ {i} : M;(p) =0). Soif PN = (P, T, F) isaWF-

net, we will investigatethe behaior of the correspondingVF-system(PN, 7)8.

Therelationbetweerna WF-net PN anda WF-system(PN, i) is usedto transfer
propertiefrom netsto systemse.g. sayingthata WF-netis soundimpliesthatthe
correspondinyVF-systeris sound.

In the following, existing correctnessriteriafor WF-netsare presented We will
look atthestructuralpropertywell-structuednessndthedynamicpropertysound-
ness

SA differentversionof this examplewaspresentedn [Aal98].

5Notethatthereis anoverloadingof notation:the symbolsi ando areusedbothasidentifiersfor
the startandendplacesaswell asto depictthe markingswheretheseplacescontainonetoken. The
relevantmeaningcanbe derivedfrom the context.
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time_out

register

returning_ process_

questionnaire  questionnaire questionna

processing_NOK

Figure2.1: A WF-netmodelingthe processingf complaints

2.2.1 Structural and dynamic properties
of WF-nets

Many of the Petri net propertiesintroducedin Sections2.1.1and2.1.3hold for
strongly connectecdhets,e.qg.T- and S-coverability andliveness.WF-netsare not
stronglyconnectedut have oneinputandoneoutputplace.

A possibilityto applyexisting propertieso WF-netsconsistsn short-circuitingthe
netby addinga singletransitiont* (t* ¢ T'), which connectplaceo andplaces.
Theshort-circuitechet PN is usedto infer to the behaior of the primary WF-net,
e.g. sayingthata WF-netis live impliesthatthe short-circuitedhetis live. In this
way, mostof the propertiescanbe appliedto WF-nets.

The caseis differentfor propertiesthat do not refer to strongly connectedhets.
Here, it is not possiblein all casego infer from the validity of a propertyin the
short-circuitechetto its validity in the primary WF-net,but for mostof the proper
tiesthisrelationis easyto prove or to disprove. For example,it is obviousthatthe
WEF-netis free-choiceor t-simpleif the short-circuitedWF-netis. The additional
transitiont* establishesa new connectiorbetweertwo places Itsintroductionnei-
ther introducesa non-free-choiceonflict nor violatesthe t-simplecondition (see
Def. 2.8). But the relationdoesnot hold for the absencef cycles(cycle-fee or
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for boundednessThis canbe confirmedby a simplecounterexamplelike theone
shawvnin Figure2.2. TheprimaryWF-netPN is boundedandcycle-free whereas

Figure2.2: A simplecounterexample

theshort-circuitechet PN satisfiemeitherof theseproperties.

Since, thereis no proof (or disproof) that the short-circuitednet PN is well-
handledif the primary WF-net PN s, in [Aal97] a new concept,namelywell-
structuednessvasintroduced.

Definition 2.46 (Well-structur ed).
AWF-netPN is well-structued if the short-circuitednet PN is well-handled.

The WF-netof Figure 2.1 is not well-structured. There are both PT- and TP-
handles Examplesarethetransition-placgair AND_split/c5 andtheplace-transition
pair c5YAND_join.

An importantcorrectnessriteriafor WF-netss soundnesasintroducedn [Aal98].
Soundnesensureshatthe processanalwaysterminateproperly i.e with asingle
tokenin placeo andall theotherplacesempty in addition,it requireghatthereare
no deadtasks,i.e. eachexisting taskcanbe executed.

Next, we shov soundnesasdefinedin [Aal98].
Definition 2.47(Soundness).
AWF-systent = (PN, 1) is soundiff:

(i) For everystateM readablefromstates, there is a firing sequencéeading
fromstate M to stateo (optionto complete).
Formally: VM : (i — M) = (M - o).

(i) Stateoistheonlystatereahablefromstates with atleastonetokenin place
o (propertermination).Formally: VM : (i = M A M > 0) = (M = o)

(i) Thewe are nodeadtransitionsin S.
Formally: Vt € TaM, M" : (i = M -5 M)
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The WF-systemfrom Figure 2.1 is sound. In [Aal97] a necessanand sufiicient
conditionfor soundnesss given:

Theorem 2.48.
Let PN be an arbitrary WF-netand PN the correspondingshort-circuited net.
(PN, i) is soundiff (PN, 1) is live andbounded.

2.3 Relatedwork

The useof Petrinetsfor the applicationdomainworkflow managemenstartedin
the late 1970s([El79, EN93]). Their suitability for this applicationdomainhas
beenexaminedanddiscusseadxtensvely in theliterature(e.g. [Aal98, AHO2b)),
andtheinterestedeaderis referredto [Obe96 Aal97, AHO2b] for furtherreading.

For the analysisof the modeledprocesses wide variety of resultsfrom Petrinet
theoryareavailable. In generalit is checled whethera given processdescription
meetsa specificatiore.g. given by atemporalformula. As correctnessiotion for

WF-netswe referredto soundness In [Aal98] it was arguedthat this property
coversaminimumsetof requirementgvery procesglescriptionshouldsatisfy

SoundnesfAal98] is acombinationof threeconditions statingthat:

(i) option to complete it should always be possibleto completea casethat is
handledaccordingo the process,

(i) propertermination it shouldnot be possiblethat the workflow processsig-
nalscompletionof a casewhile thereis still work in progresdor this case,
and

(iif) no deadtasks for every task,thereshouldbe an execution(firing sequence)
of the procesghatexecutest.

In mostapproachesising WF-netsthesethreeconditionshave beenregardedas
pivotal with respecto a correctnesstatementHowever, in [Kin98] it wasamgued
thatin someapplicationsa strongerversionof soundnesss required. A fourth
conditionwasproposednamelysafenessTheenhancedersionwascalledstrong
soundnessThe conceptof strongsoundnessvasappliedfor examplein [AB02]
and[Aal02].

In thecontet of interorganizationalvorkflow, the soundnessriterionwascarried
over to compoundworkflow nets[Aal02] andcalledglobal soundnessThis con-
ceptwasadoptedandchangedslightly in [KMROO]. Here,a compound/NF-netis
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calledglobally soundif all the workflow moduleswhich were invoked (i.e. where
thetokenwasremovedfrom its startplace)will eventuallyterminateproperly

A lessstringentinterpretationof soundnessanbefind in [HSVO03]. Heresound-
nessonly refersto the first two requirementgoptionto completeand proper ter-

minatior). Thethird requiremen{absencef deadtask is omitted. Basedon this
interpretationsoundnesss generalizedo the notion of k-soundnessllowing the
obseration of morethanoneinstance(namelyk) atthe sametime. A WF-netis

calledk-soundif ary markingreachedrom & tokensin theinitial placecanreach
k tokensin the final place. Regardingthe original soundnesss 1-soundnessa
WEF-netis calledsoundiff it is k-soundfor eachk > 0.

For further correctnessiotionsappliedto processlescriptiongpossiblynot 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. Figure 1.1) is establishedIn
thefirst stepthe businesgprocesds modeledfrom a userperspectie. We assume
the personcarrying out the modelingto be a domainexpert but perhapswithout
modelingexpertise.A graphicalbut only semiformalmodelinglanguagés used.

As atypical representate of suchalanguagevewill referto Event-drivenProcess
Chains(EPCs). To appraisethe correctnes®f the modeledprocessesi-PCsare

provided with formal semantics.This is doneby defininga mappingfrom EPCs
onto Petri nets. Throughoutthe transformationthe ambiguitiescontainedin the

primary descriptionaremaintainecout madeexplicit. The correspondindPetrinet

will be checled for correctnessandfeedbackwill be givento revise the primary

EPC. As a measureof correctnessa pragmaticcorrectnes<riteriais proposed
which reflectstheremit for theinitial modeling.

The chapteris structuredaccordingly After a shortintroduction(Section3.1) the
syntaxof EPCsis introducedin Section3.2. Subsequentlythe currentdebate
abouttheir semanticsgs reviewed anda proposals made.In Section3.3,rulesare
provided for the transformatiorof EPCsinto Petrinets. The derived Petrinetis
checledfor correctnesin Section3.4. Thesuitability of existing Petrinetproper
tiesis discussedndan adaptecdcorrectnessriteriais proposed.In the following
sectionsthe stateof implementationis described Section3.5) anda casestudy
is evaluated(Section3.6). In Section3.7 the proposednethodis summarizedand
its applicationto other modelingtechniquess outlined. Finally relatedwork is
discussed.
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3.1 Intr oduction

Businesgrocessesplay a centralrole in thereoganizationof acompany. Their

modelinghasbeenat the heartof IS developmentfor mary years. The number
of differentlanguageshat have beenproposeds correspondinglyarge. Many of

thesemodelingtechniquedave beeninvestigatedjuite thoroughly Examplesare
Activity Diagramsand Statechartgbothfrom the UML), Petrinets,or EPCs.Be-

sidesthesetherearenumeroudanguageshathave beendevelopedindependently
oftenin anadhocstyle.

Thegenerabbjectie of all thesdanguagesvasto find a suitablelevel of abstrac-
tion which meetsthe intuition of the domainexperts. The meaningof a given
descriptionshould be evident. This supportsthe handling of the businesspro-
cessdescriptions.They shallbe madeandreadby an averageuserwithout high
modelingexpertise.A commonunderstandin@f businesgprocessdescriptionds
important,asthey areprimarily usedasbasisfor communicatiorbetweerthe par
ticipants. The communicatiorshouldalsobe possiblebetweermpeoplewith totally
differentbackgroundsndknowledgecultures suchasCEOs headf department,
departmenstaf, IT experts,andsoon.

The modelinglanguagesre often only semiformal. This way, thereis room for

interpretation:the more waysthereareto interpreta certainconstructthe more
likely it is thatanagreemenwill be reached.The participantsmight not (yet) be
readyto specifythefinal behaior in detailanddecideonthecorrectinterpretation.

A semiformallanguagecanintroduceambiguityandvagueness/hich constitutea

major problemif the processedescribedareto be supportedy a workflow man-
agemensystem.Whathasbeenan adwvantagefor the purposeof communication
thenbecomesa dravback in the designphaseof a workflow system. Here, an

unambiguougndmachine-readabldescriptionof the processs needed.

As away out of this dilemma,we proposethe useof a pragmaticcriterionto de-
terminethecorrectnessf thebusinesgprocesslescription.The proposedgroperty
describeshe capabilityof a processiescriptionto cover suficient usefulinterpre-
tations.If it comeso systemdevelopmentthe processiescriptionis enhancedby
furtherdetails,determiningthefinal interpretation.

To apply the proposedcorrectnesgriterion, the primary languagehasto be pro-
videdwith formal semanticsThisis doneby mappingit onto Petrinets.

As typical representate for a businessprocessmodelinglanguage we refer to
EPCsof the Architectureof IntegratedInformation Systems(ARIS) [Sch94.
EPCsarefairly widespread.Onereasonfor their acceptancdies in their usefor
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the representatiorof the SAP referencemodels[KT97]. EPCsare a graphical
andsemiformalmodelinglanguage.They areeasyto learnandto understandut
involve ambiguityandvagueness.

3.2 Modeling with EPCs

In thefollowing, EPCsaredescribedn detail. Firsttheir syntaxis presentedAfter
that, variousperception®f their semanticarereviewed anda proposais made.

3.2.1 EPC syntax

Thelanguageof EPCsprovidesthe userwith a setof graphicalnotationelements
for therepresentationf (business¥unctions,eventsandrouting constructdo de-
scribethe control-flov. Figure3.1 depictsthe EPC elementghat are usedto de-
scribethe control-flav of a businessprocess. Functionsare usedto model the
dynamicpartof the processTypical functionsareprocurementguality assurance,
or processingan invoice. Another constructve elementis the event An event
eithertriggersa function or marksthe terminationof it. For example,the event
not _ok triggersthe function conpl ai nt whereaghe eventdat a revi sed
marksthe terminationof conpl ai nt . Furthermoreto describemore comple
behaior, suchassequentialconditional,parallel,anditerative routing,connectos
areintroduced.Thesefall into two catgyories: splitsandjoins. In both cateyories
thereareAND (A), XOR (x), andOR (V) connectors.

— RY Y RY

Figure3.1: EPCelements

Theelementsareconnectedo form a complex processnodel. The compositionis
restrictedby somesyntacticakules,suchas:
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e Thereis atleastonestartandoneendevent.

e Eventsandfunctionshave exactly oneincomingandoneoutgoingarc (ex-
ceptstartandendevents).

e For every two elementghereis a pathbetweerthetwo (ignoringthe direc-
tion of arcs)

e An eventis alwaysfollowed by afunctionandvice versa(ignoringconnec-
tors).

Running example Weillustratethe modelingwith the help of anexample.Fig-
ure 3.2 shavs an EPCmodelingthe process'Handling of incominggoods”intro-
ducedin [LSW98].

goods
arrived
check
goods
XOR-split ;
............. T OR-join

record
receipt of
-oods

recorded
goods

AND-split (1)

complaint

XOR -join

20040

AND-split (I1)

distribution
goods
Figure3.2: EPC:“Handling of goods”

The processstartswith the eventgoods arri ved. After thatthe executionis
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splitinto two parallelpaths(AND- spl i t (1)), modelingthework of two depart-
ments.Theleft onecheckingthe goodsandperformingthe ensuingfunctions,the
right onedoingthe accounting.The checled goodsareeitherok or not _ok. In

the latter case,a complaintis compiled,in the former nothinghappens.In either
case(XOR-j oi n), the goodsare distributed afterwards (di st ri bution to

st ock). ConnectorOR- j oi n andAND-split (11) makesurethatin caseof

acomplaintthecorrecteddatais waitedfor beforethereceiptof goodsis recorded.
Otherwisethereceiptcanberecordedstraightawvay.

3.2.2 EPC semantics

EPCsare a semiformalmethodof businessprocessmodeling. Although, they
have beenappliedquite successfullytheir authorsdefinedneithera comprehen-
sive andconsistensyntaxnor the correspondingemantic§KNS92]. With their
widespreaduse,the needfor a formal foundationincreased.Several approaches
proposea formalization. Most of themsuggest mappingon existing techniques,
suchas Petri netsor Statecharts.This way it becomespossibleto use existing
analysisandverificationtechnigues Examplesare[CS94 vU97, LSW98, Aal99,
MRO0O, Rod9q for Petrinetsand[WWKD 97] for StatechartsOtherapproaches
to formalizationhave beendevelopedby [NR0O2, Rum99 ADKO02]. Here,seman-
tics aredefinedby meansof a transitionsystem.

All the approachesave onethingin common:they assignoperationakemantics
(executionsemanticsjo the EPCs.

This is the main differencebetweenexisting approachesnd the one proposed
here,wherenon-operationasemanticds assignedvith EPCs. Supportingnon-
operationalkemanticsve take the line of reasoningollowed in the first publica-
tionsaboutEPCs ([KNS92,Sch94).

We are confidentthat the non-operationainterpretationof EPCsfits anintuitive
modelingunderstandingndis onereasonwhy EPCsaresaidto be easyto learn
andto understand.Modeling businessprocessesthe modelernormally startsby
describing“what an execution (should)look like”, hencedescribesa setof ac-
cepted/goodaxecutions.This procedurdits the non-operationasemantics Here,
an EPCis interpretedas a patternthat describesacceptedexecutions. Deficient
executionsare only describedmplicitly, astheseexecutionswhich do notfit the
describedpattern.

LIn laterpublicationghesyntaxof EPCswasenhancedy whatis calledaprocesgolder. Process
foldersresembldokensin a Petrinetindicatingthe currentstate.
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In contrastto EPCs,Petri netsdo have operationalsemantics.A Petrinetspeci-
fication describesnorethanthe setof acceptedxecutions,andalsocovers“how

an executionis reached”.This differencehasbeenngglectedin previous attempts
of mappingEPCsto Petrinets. EPCshave beenconsideredieficientif the corre-
spondingPetri netswere deficient,cf. [Aal99, LSW98]. As a consequenceahe

modelingfacilitiesof EPCswererestrictedsothatthe Petrinetcorrectnessriteria
couldbetransferredo EPCs.

Startingwith non-operationasemanticalsohasanotheradwvantage. The modeler
doesnot have to think aboutthe “how” of the execution. Determiningthe “how”

of anexecutionis relatedto fixing the efficiengy of the execution. The problemis
thatrelatedinformationmay not yet be clearin an early designphase.lt is often
only availablelateron, or it maychangeduringthelifetime of aworkflow system.

Neverthelessye alsoformalizeEPCsby a mappingonto Petrinets.In contrasto
previous approacheshe ambiguitiesare deliberatelymaintained. Consequently
theresultingPetrinetwill not satisfytraditionalcorrectnessneasuresTheremay
befaultssuchasdeadlock@and/omresiduatokens.Wethereforeprovide anadapted
correctnessgriterion. The new criterion providesa pragmaticmeasuref the cor
rectnes®f the primary EPC.

Here, Petrinetsareusedfor the samereasonsasin otherapproachesThey have
a clearand precisedefinition [Mur89] and a graphicalnotationsimilar to that of
EPCs.In addition,they provide mary existing analysigechniquesndtools. In the
following, we will referto the classof Workflow nets(WF-nets). WF-netswere
introducedin Chapter2 andproposedn [Aal97, Aal98, AalOOh. WF-netswere
tunedto fit therequirementsvithin thedomainof workflow managemen®etrinet
theorywasexploited to assembleadequatgropertiesand efficient algorithmsfor
thatPetrinetclass[Aal97].

3.3 Transformation into workflow nets

Thetransformatiorof EPCsinto Petrinetsusesthreesteps.First, the elementsof
the EPCaremappednto Petrinet-modulesin the secondstep,rulesareprovided
to combinethe differentmodulesto form a complex procesamodel. A third step
becomesecessarif theprimaryEPChadmorethanonestartand/orendevent. In
thatcase the derived WF-netmustbe supplementetty someextrain- andoutput
placedo satisfythe WF-netsyntax.
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3.3.1 Stepl: Mapping EPC elementsto Petri net-modules

During the first stepevery EPC elementis mappedonto correspondingelements
on the Petri net-side. The mappingwasiillustratedin Figure 3.3. Eventsand

EPC — PN EPC — PN

- @ -7 4[!(8'
T, Gy W

Picem
-

- :SX% .

Figure3.3: Stepl: MappingEPCelementonto Petrinet-modules

functionsaretransformednto placesandtransitionsrespectiely includingin- and
outgoingarcs. Routing constructssuchasAND-split, AND-join, XOR-

split, XOR-join, ORsplit andOR-j oi n aremappedontosmall Petri
net-modulesThePetrinet-moduleslescribehebehaior of theroutingconstructs

explicitly. Thisis particularlyrelevant for the OR, becausets semantichasnot
beendescribedtonsistently

Figure 3.4 shavs an EPCwith an OR-join on the left andits Petrinet-translation
on the right side. The EPC aswell asthe Petri net have the semantics:C can

be reachedf either A or B or both occuf. In the EPCall thesedifferent cases
aredescribedhroughone connectar In the Petrinet-moduleall possibilitiesare

modeledexplicitly via thetransitionst 4, t 4 andtg. Thebehaior of theEPCand

the Petrinetareequivalentbecausédothaccepthe sameexecutions.

2Jf A andB occuroneaftertheotherC canalsobereachedwice.
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Figure3.4: Transformatiorof the OR-connector

3.3.2 Step2: Module combination

In the secondstep, the single Petri net-modulesare joined to form a connected
Petrinet. Dependingontheinterfaceof theadjacenmodules pneof thefollowing
combinatiorrulesis applied:

Casel:If input andoutputelementsareof the samekind (e.g. bothplaces)thenthe
elementsareunified.

Case2:If inputandoutputelementsaredifferent(placeandtransition)thenthearcs
arefused.

Figure 3.5 illustratesthe first and secondstepof the transformatiorof EPCsinto
Petrinets,shaving unificationof elementsandfusingof arcs.

The proposedransformatiorapproachis slightly more generatthanthe transfor
mationsdescribedn [Rod99 and[Aal99]. Therulespresentetherecanalsobeap-
pliedto transformEPCswhereconnectordollow eachotherimmediately e.g.the
XOR-joinandthe AND-split (II) in Figure3.2. Anotheradwantageof thisapproach
is thatthe resultingPetri netdoesnot containary placesor transitionsnot corre-
spondingto elementof the EPC.Thetransformatiorrulesby [Rod99, [LSW98]
and[Aal99] all containruleswhich explicitly introducenew pseudoplacesand
transitionsto meetthe Petri net syntax; the resulting Petri net may containele-
mentswhich have no counterparin the applicationdomain. In contrastto ary
otherapproacha simple mechanisnmwas provided to aggr@ateseveral startand
endeventswhich maybe connectedver differentpaths.
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3.3.3 Step3: Adding unique input/output places

Applying Stepl andStep2, anEPCis translatednto a Petrinetbut notnecessarily
into a WF-net. If the EPC containedmorethanone start,and/orend event, the
resultingnet may have morethanone startand/orsink place. Thereareno EPC
syntax-rulesthat restrictthe numberof startand end events. Moreover, if there
are several startevents(or end events),it is not clearwhetherthey are mutually
exclusive.

Then, a new startplaceand/ora new sink placeis added. Thesenew placesare
connectedo the Petrinet so thatthe placesrepresentinghe primary startevents
(or end events) of the EPC are initialized (cleanedup). The connectionof the
new placeswith the primaryplacess nottrivial but depend®n therelationof the
correspondingventsin the EPC.

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

Theconnectiorof the new placewith the primary placeswould thanbea Petrinet
modulethatcorrespond$o the connectoicomplementinghe onethatwasfound.

Considertwo starteventsthat are connectedvia an XOR-join. They aretreated
as mutually exclusive. The two correspondingstart placesin the Petri net will
be linked to the new insertedplace by a complementingKOR-split. This was
illustratedin the upperrow of Figure 3.6. The lower row of Figure 3.6 givesan
exampleconnectinga nenv end placeto existing end places. Here,an AND-join
wasinsertedcomplementinghe AND-split.

The generalcasemay be moredifficult. Therecould be morethanonly two dif-

ferentstartevents(endevents)with pathspossiblymeetingin variousconnectors
of differenttype. To avoid a lengthy procedurewe proposeto link differentstart
placesby a Petrinetmodulecorrespondingo an OR-splitanddifferentendplaces
by a Petrinetmodulecorrespondindgo an OR-join. This way all possibledepen-
denciesarecovered.Note thatsomeof themmay not reflectactualdependencies.

Applying the Stepsl to 3, anEPCis transformednto a WF-net. The transforma-
tion is unique,in the sensahateachEPCrefersto only oneWF-net.

Running example The transformationwas appliedto the example from Fig-
ure 3.2. The derived WF-netis shavn in Figure3.7. For convenience the Petri

3The pathsfinally join. The EPCsyntaxrulesstatethat: For every two elementshereis a path
betweerthetwo (ignoringthedirectionof arcs)
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Figure3.6: Step3: Adding new startandsink places
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net-modulesvhichcorrespondo theroutingconstruct®f theEPChave beerhigh-
lightedwith dottedrectanglesThesinkplaceo andthetransitiong 10, t 11, t 12,
correspondingo an OR-join, have beenaddedwithin Step3.

T R ---.. - record
[ |15 ORdoin ™ receipt of
i goods

recorded [ .
goods g )

goods |
arrived |

split (1) |
p6, ---------------------

H revised rrerererereees
yoopll data

e ok S =

Figure3.7: WF-net: “Handling of goods”

The Petri net-modulewhich replacesthe OR- j oi n explicitly describeghe be-
havior of this routing construct. Transitiont 5 modelsthe direct recording,and
transitiont 6 modelswaiting for therevision to be completed.Thealternatve t 7
hasbeenintroducedaspart of the correspondindPetrinet-modulebut hasno ex-
pressionin the original EPC.The EPCdoesnot describeary acceptedexecution
wherethetaskr ecord recei pt of goods istriggeredonly throughaneg-
ative resultof the check. The accountingdepartments alwaysinvolved. Thisis
ensuredby the first connectarthe AND-spl it (1) . Thus,the alternatve de-
scribedby thetransitiont 7 doesnot belongto ary of the acceptedxecutionsof
theEPC.Transforminghe OR-connectqrtheambiguityof the ORis carriedto the
WEF-net. Here,the decisionwhetherto executetransitiont 5, t 6 or transitiont 7
cannotberesoledlocally anymore.

3.4 Propertiesof the derived WF-nets

Applying the proposedules, an EPCis transformednto a WF-net. But which
structuralandbehaioral propertieshold for the resultingWF-nets?After a short
generaliscussionthis sectionexaminessoundnessWe will aguethatsoundness
doesnotalwaysprovide anadequateneandor the correctnessheckof translated
EPCs,andproposeheuseof alessstringentcorrectnessneasure.
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3.4.1 Generalproperties

First,somegenerabtructurabindbehaioral propertiesof Petrinetsareconsidered.

e TheresultingWF-netis pure, i.e. doesnot containary self-loops.Thisis a
resultof the EPCsyntax-rulestatingthat eventsandfunctionshave at most
oneincoming and one outgoingarc. Actually, thereare three syntactical
correctcombinationswhich would be transformednto non-purePetri net
modules(cf. Figure 3.8). Still the occurrenceof thesebizarrecombinations
canbe excludedasthereareno meaningfulinterpretation.

SR

\ \

Figure3.8: EPCsthataretransformednto nonpurePetrinets

e The syntacticalrulesfor the modelingwith EPCdo not precludethe intro-
ductionof cycles If thestructureof an EPCis cyclic, the resultingWF-net
will have cyclesaswell. Therefore anagyclic structurecannotbeassumed.

e TheresultingWF-netmaynotbebounded Unboundedness aconsequence
of theintroductionof badlymatchectycles,i.e. cyclesthatcontainan AND-
split followed by an XOR- or OR-join.

e If the EPC containsonly connectorsof type AND and XOR the resulting
WEF-netis free-doice The subnetdranslatingconnector®f thesetypesare
free-choice. Furthermore ary combinationof XOR-splitsand AND-joins
againresultin free-choicenets. The input andoutputelementsf the corre-
spondingsubnetsaredifferent. ThereforeCase2 of the secondransforma
tion stepis satisfied. The subnetsarealwaysjoined by fusion of arcs. The
argumentatioris illustratedin Figure3.9.

If the EPC containsan OR-join, the resultingWF-netdoesnot satisfy the
free-choiceproperty The subnetintroducedthroughthe translationof an
OR-joinintroduceson-free-choicdehaior to the WF-net.
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AND-join
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Figure3.9: Thecombinationof XOR- andAND- connectorgloesnotleadto non
free-choicesubnets

e Using EPCs,the modeleris not obligedto modelin a well-structuredway,
i.e. notevery split hasto be complementedby a correspondingoin. There-
fore, the derived WF-netmay not be well-handled Possibleconsequences
aredeadtransitionsand/ortokensthatremainin the netalthoughit already
terminated A consequencef residuatokensis thatevenif the WF-netitself
is boundedr safe,thisis not carriedforwardto the short-circuitedNF-net.

e Thederived WF-systemmay not belive*, astheremay be deadlocksand/or
deadtransitions.Non-livenessmay ariseif an AND-split is complemented
by anXOR- or OR-join.

e TheresultingWF-systemmay not be sound. A WF-systemis soundif the
short-circuitedWF-systemis live andboundedcf. Theorem2.48). As dis-
cussedabove, neitherof thesepropertiedoesnecessarilhold.

The next sectioninvestigatesvhethersoundnessf the resultingWF-netprovides
anadequateneando concludethe quality of theunderlyingePCandto helpwith
therevision of theprocesspecificatiorif necessaryit will beseerthattherestric-
tionsimposedon the WF-netandthereforeon the primary EPCaretoo strong.

3.4.2 Soundness

In [Aal97] soundneswasintroducedasa correctnessriterionfor WF-nets.It was
arguedthat this criterion coversa minimum setof requirementsvhich a process

‘Remembethata WF-systenis liveif the short-circuitedWF-systeris live.
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descriptiorshouldsatisfy A WF-netis soundf terminationis guaranteedndthere
areno residuattokensandneitherdeadlocksor livelocks. Furthermorethereare
no deadtransitions.Residuatokensdenotework thatremainedoendingalthough
the executionof the casehad alreadyterminated. Deadlocksindicate situations
wherethe executiongot stuck,andlivelocksarewhenthe executionmakesno real
progressary more. Deadtransitionsstandfor tasksthatdo not contritute to the
processingf workflow instancesasthey arenever executed.

We consideran EPCto be soundif thecorrespondingVF-netis sound.Thecheck
for soundnessvasimplementedvithin the Petrinet-toolWoflan [VA0O]. Woflan
not only stateswhetherthe processdescriptionis soundor not, but alsoprovides
the modelerwith furtherinformationin orderto supportthe locationof deficient
partsof the WF-net. Still, if the WF-netis not sound,it may not be possibleto
provide precisefeedbacksupportingthe redesignof the EPC. We will illustrate
this by meansof therunningexample.

Running example

TheWF-netthatresultedrom thetranslationof the EPC“Handling of goods”was
shawvn in Figure3.7. The WF-netis not sound.Therearefiring sequencethatdo
notterminateproperly e.g.thesequence:

e t1, check goods, t2, conplaint, t4, t5, record
recei pt of goods, t8, distribution to stock, t10.

Here,the caseterminatedout thereis aresidualtokenin placep4.

Figure3.10shaws the interfaceof Woflanreflectingthe diagnosidfor the running
processspecification. The modeleris provided with variouskinds of feedback.
Here,themodeleris pointedat four improperconditionsnamely p3, p4, p5, and
recorded goods. Furthermoretherearedeficientfiring sequencesalledim-

properscenariossuchastheonementionedabove.

Still, the feedbackdoesnot point preciselyto the deficientelementswithin the

processspecification. The OR-connectoin the primary EPCwasusedto assure
thatin caseof a complaint,the correcteddatais waitedfor. If the goodswere
acceptedtestresultis ok) the receiptwas recordedstraightaway. Thesetwo

interpretationsare reflectedby transitionst 5 andt 6 in the resulting Petri net.

Transitiont 7 doesnot have ary expressionn the process.Still, asit is notdead
thisis notdetectedn thetestfor soundness.
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In orderto receve a soundWF-net, the EPC specificationhasto be changedn
suchawaythatall executionsof the correspondinyVF-netterminateproperly i.e.
residualtokensareavoided,aswell aslivelocksanddeadlocks.

To changghe EPC"Handling of goods”accordinglythe EPChasto bere-arranged
in awell-structured way, avoiding the useof OR-connectorsThis changeis not
trivial andtheresultingePClooks completelydifferent.

o EPC Handling of goods - Woflan Mi=] E3

File “iew Diagnosis  Help

i [ o

1er

Diagnosis
------ I:;f The procezs definition iz a warkflow process definition
P Ee x Some conditions are improper
EI ﬂ Froperties
£ tg# Process definition
l Qy “workflow process definition
= 0 Condition properness
-3€ Threads of contral: 1
x nifarm invariants: 1
-3 weighted invariants: 1
x Improper conditions: 4

- 2 recorded _goods

[+ Confusions: 1
= AMND-0R mizmatches: 3

-
-
-

Faor Help. press F1

global [14.4]
global [4,18]
local [4.12]

EEI---x Improper zcenarios: 10
EEI---Q% Interim soundness

Soundness: #&

Figure3.10: Woflandiagnosidor process:Handling of goods”

Severy splitis complementedby a correspondingpin
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Impact of the soundnesg equirement

Theimpactof soundnesasthecorrectnesmeasurdor EPCss substantialSound-
nessmposesoperationasemanticsAs a consequenceahe modeleris requiredto
think aboutthe “how” of the execution,which involvesthe consideratiorof effi-
cieng aspectsin theintroduction(cf. Section3.1)it wasarguedthatthe specifi-
cationof businesgrocesseshouldbe asabstractaspossible. The consideration
of efficiency aspectsequiresdetailedinformationaboutthe processe.g. duration
andcostsof tasksaswell astheavailability of resourcesThisinformationrequires
a muchdeepeiinsightanda higherlevel of detailthanis available or desiredfor
the modelingof businesgprocessesHere, the focusis on communication. The
objective is to cometo a commonprocesainderstandindpetweerall participants.
All furtherinformationunnecessarilgomplicateghe description.

Soundnessanonly be achiezed througha restrictionof the EPCmodelingfacili-
ties. Therequirementor soundnesdemandshemodelerdo restrictthemselesto
well-structuredEPCsandavoiding theuseof the OR-connectorTheserestrictions
reduceheexpressienesof EPCsandfurthermoramposehigherrequirementsn
the modelingknowledgeof the domainexperts.

For thesereasonsan adjustedcorrectnesgriterion would be desirable. The new
correctnessneasuravould supportnon-operationasemanticslt would allow the
modelerto postponealecisionsconsideringhe efficiengy of the processexecution
aslongaspossiblej.e. closeto implementationFurthermoreit would notrestrict
the EPC modelingfacilities and hencereflectthe assumednodelingknowledge
adequatelySuchanew lessstringentcriterionis proposedn the next section.

3.4.3 Relaxedsoundness

Basedon the obsenationsin the previous section,we proposea new criterion: re-
laxed soundnessinitially, relaxed soundnessvasintroducedin [DDGJO01. The
new criterion is intendedto representa more pragmaticview of correctness.lIt
is wealer (in a formal senseandthereforeeasierto accomplish.Relaed sound-
nessdoesnot imposethe needto avoid situationswith residualtokensor live-
locks/deadlocksTherefore,it is suitableto checkWF-netswhich have beende-
rivedthroughthetransformatiorof (notnecessarilyvell-structuredEPCscontain-
ing OR-connectorsTheideabehindrelaxed soundnesss thatfor eachtransition
thereis a soundfiring sequencei.e. a sequencehatcanbe carriedforward such
thatit terminategroperly
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We will definetheterm soundfiring sequencédo explain the differenceshetween
thecriteriasoundnesandrelaxed soundness formalterms.

Definition 3.1 (Soundfiring sequence).
LetS = (PN,i) bea WF-systemA firing sequence is soundif i -~ M and

!
Jo', M 5 o.

A soundfiring sequenceanbe extended,suchthatmarkingo is reached.Corre-
spondingly anunsoundiring sequencés afiring sequencevhich endsin amark-
ing from which markingo is notreachable.

Whereasn asoundwF-netall firing sequencearesound relaxed soundnesenly
requiresthatthereareso mary soundfiring sequencethat eachtransitionis con-
tainedin oneof them.Note, thatsoundnessubsumeselaxed soundness.

Definition 3.2 (Relaxedsoundness).
A workflow systemS = (PN, 1) is relaxedsoundiff ead transitionof PN is

an elementof somesoundfiring sequenceVt € T 3IM, M' : (i — M N
*

M' = o).

Intuitively, relaxed soundnessneansthat thereare enoughexecutionswhich ter
minateproperly(i.e. stateo wasreachedandthereareno residualtokens)so that
every transitionis covered. A relaxed soundWF-net may have otherfiring se-
guencesvhich do notterminateproperly but deadlockbeforeterminationor leave
tokensin the net. In spiteof that, relaxed soundnesss still reasonablehecauset
requiresthatall relevantbehaior is describedtorrectly

We arguethat this criterionis closerto the intuition of the modeler It doesnot

forcethemodelerto think aboutall possibleexecutionsandthento carefor proper
termination. Using relaxed soundnesss a correctnessneasureor EPCs,non-
operationabemanticaresupported ThecorrespondinyVF-netis checledonly to

allow for reasonabldehaior. Interpretingrelaxed soundnessf a WF-netwithin

the termsof the primary EPC,every function canbe executedreachinga desired
setof endevents.

Theresultsfrom the correctnessheckof the WF-netcanbetransferredlirectly to
the primarymodel.If theresultof therelaxed soundnessheckis positve, we can
concludethatthe EPCrepresentseasonabl®dehaior.

If the resultis negative, the modelergetsa list of transitionswhich are not con-
tainedin ary soundfiring sequence.Accordingto the proposedransformation,
every deficienttransitioneithercorrespondso a taskor to a connectowithin the
EPC.This meanghat eitherthe task or one of the possiblechoicesdescribedoy
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a connectorare not includedin an executionthat terminatesproperly It canbe
concludedthat the correspondingartin the EPC needsimprovement. In other
words,asa generalrule we have to considertransitionsthat are not containedn

somesoundfiring sequencevhenwe arelooking for partsof the processhatneed
revision.

Thisway, precisefeedbacks providedwhichwill helpthemodelerto improve the
procesglescriptionuntil the correspondindVF-netfits the property

Note. Thefeedbackmaybecomeesspreciseif atransitionat the beginning of
the WF-netis not containedin ary soundfiring sequence.Then, all following
transitionswould be denotedas deficientaswell. This could happen,f e.g. a
split at the beginning is never followed by a correspondingoin. In sucha case
the modelershouldstartto checkthe failure proneEPC-elementin the orderof
occurrenceavithin thefailure messagefocusingon theinterplayof the connectors.

Running example

Theprocesspecificatiorfrom Figure3.7is notrelaxed sound.Thereareno sound
firing sequencesontainingtransitions 7, t 11, andt 12.

Transitiong 11 andt 12 arepartof the OR-join subnethatwasintroducedwithin
Step3 of thetransformationrules. The OR-join wasintroducedto cover all possi-
bledependencieamongheendevents but possiblyalsoreflectsdependenciethat
actuallydo not exist. Thetestfor relaxed soundnessletectsthe transitionwhich
do not matchary existing dependenc Correspondindransitions(heretransition
t 11 andt 12) neednot becommunicatedo the modeley but canbe omitted.

Transitiont 7 belongsto the subnetof the OR-connector Accordingly the feed-
backfor themodeleronthe EPCsidewould bethatthe OR-connectomcorporates
behaior (hamelythe XOR-branchfor the accounting)which never leadsto a set
of desirableend-&ents. Thefeedbackcould proposereplacingthe OR-join by an
AND-join anda XOR-join. TherevisedEPCis shavn in Figure3.11.

After thatreplacementthe translationof the revisedEPCcorrespondso the WF-
netshavn in Figure3.12,whichis relaxed sound.Thefollowing two soundfiring
sequencesontainall transitions:
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o t1,

check goods, t2, conplaint, t4, t13, t6, record

recei pt of goods, t8, distribution to stock, t10

o t1,

check goods, t5, t3, t9, record receipt of goods,

distribution to stock, t10

5
goods XOR-split (II)
XOR-split }
AR S ¢ AND-jo ‘

1 XOR-join (I1)

complaint | | record
: receipt of

goods

XOR-join (1) f

: AND-split (I1)
distribution
to stock

distributed
goods

Figure3.11: RevisedEPC

Although the revised WF-netis still not sound,we canconcludethat the revised
EPCrepresentseasonabldehaior andcanbe usedasbasisfor refinement.
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Figure3.12: RevisedWF-net

3.5 Implementation

For the transformatiorof EPCsinto WF-nets,a prototypicalframeavork hasbeen
implementedAs input format,an EPCdescriptionbasedon XML is used,which
malkes it possibleto exchangeprocessdescriptionwith othertools, suchasthe
ARIS tool set[SJ0J.

The EPC descriptionis transformednto PNML [WKO02], an XML input format
whichis alreadyacceptedy variousPetrinettools. In afirst stepthederived Petri
netis testedfor boundednessAfter that, the processdescriptionis checled for
relaxed soundnessThe relaxed soundnesgestwasimplementedvithin Petrinet
toolssuchasLoLA (Low Level PetriNet Analyzer)[Sch99 andWoflan[VAQO].

LoLA includesfeaturesuchas: analysisof reachabilityof a givenstateandfinding
deadtransitions. It coversthe useof extendedcomputationtree logic formulae
(eCTL) [Roc0d. Within eCTL it is possibleto quantify not only over statesbut
alsoover statetransitions.Thecombinatiorof PetrinetsandeCTL allows checking
for relaxed soundnessfor eachtransitiont the reachabilityof the end stateo is
verified while including transitiont in the pathfrom ¢ to 0. Sorelaxed soundness
is proved by enumeratiorof therequirednumberof soundfiring sequencesiorst
casecomplity occursif theresultis negative, thenthe whole reachabilitygraph
is scannedIn the positive case the performancevill be muchbetter

Unlike LoLA, thealgorithmimplementedn Woflan determinesvhich transitions
are covered by the subgraphof soundfiring sequences.The subgraphitself is
fairly simple: it consistsof all backwardspathsfrom o to . Whenall transitions
are covered, the algorithm stops. In the worst case,this would require visiting
every nodeand every arc in the subgraphonce. The algorithms compleity is
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computedthroughthe costsof computingthe subgraphandthe computingtime
neededor the searchon the subgraphThegenerakcompleity is againin the size
of thereachabilitygraph,but unlike in LoLA, the negative casemay have a better
performancehanthe positive one. Thealgorithmwill be availablein Woflan3.0.

Thefeedbacko the modelerfrom therelaxed soundnesgestis preciseandunder
standable.lt not only indicatesthe existenceof deficienciesput alsoshavs why
somethings wrongandhow it canberepaired.

Sofar, bothimplementation®nly work for boundedWF-nets. If the WF-netis
unboundedthe reachabilitygraphand possiblyalsothe soundsubgraptbecome
infinite. The traditionalway to copewith unboundedetswasthe notion of what
was calledthe coverability graphof a system. This is a variantof the reachabil-
ity graphwhereinfinite pathsarerepresentedy finite pathsof infinite markings.
Althoughthe coverability graphcanbe usedto decideboundednessf placesand
deadnessf 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.

Figure 3.13 shawvs a small net modelingthe interactionof a produceranda con-
sumer TheWF-netis unboundedastheplacebuf f er is unboundedlt is easyto
seethatthis WF-systenis relaxed sound.An exampleof a soundfiring sequence
containingall transitionsis:

einitiate, produce, consune, stop_producing,
finish, clean_up.

A partof thecorrespondingeachabilitygraphandits coverability graphareshavn
in Figure3.14.

The coverability graphcannotbe usedto prove relaxed soundnessThe graphin
Figure3.14(b)doesnot containarc ((p1b*ps3), consume, (p1p3)) Or arc
((p2b*p3), consume, (pap3)) althoughthesestatetransitionarepossiblen thecor
respondingNVF-net.

A pragmaticsolutionto testingunboundedVF-netsfor relaxed soundness using
only a finite part of the reachabilitygraph. If the choserfinite part of the reach-
ability graphcontainsenoughsoundfiring sequencesielaxed soundnes®sf the
correspondingVF-netis proven. Of coursea given WF-netmay still be relaxed
soundevenif asuitablefinite partof the reachabilitygraphhasnot beenfound.
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Figure3.13: WF-netmodelingtheinteractionbetweera produceranda consumer
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Figure3.14:(a) Part of thereachabilitygraph(b) Coverability graph
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Complity | Numberof EPCs SoundS) RelaxedsoundRS) RSbutnotS
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 0
>10 1 0 0 0
All 1300100%) 91(70%) 12204%) 3124%)

Table3.1: Propertiesat differentcompleities

3.6 Casestudy

Theobjective of theinvestigationwasacomparisorof the practicalapplicabilityof
relaxed soundnessersussoundnessin [Pie0g a numberof EPCswerechecled
for soundnesandrelaxed soundnessl30EPCsfrom an SAP R/3implementation
projectsenedascasestudyfor ourinvestigation.By following the proposedrans-
formationrulesall EPCsweretransformednto WF-nets. Theresultingnetshave
beentestedfor correctnessisingthemodelchecler LoLA.

Of the procesdescriptionsexamined,94 percentwererelaxed soundand 70 per

centweresound.Table3.1 presentghe results. Thefirst columnof thetablecon-
tainsthe numberof connectorsontainedn the EPCdescriptionusedto express
the compleity of the EPCspecification.The secondcolumncontainsthe number
of EPCsassignedo that classof complity. More than half of the EPCscon-
tainedno morethantwo connectors.Thus,evenif theseprocessdescriptionsn-

cludedmary tasks their structurewasmainly sequential. The remainingcolumns
shav the numberof EPCsthat satisfysoundnessielaxed soundnessandrelaxed
soundnessnly.

Themorecomple aprocesspecificatiorbecomesthemorelik ely thatthespecifi-
cationdoesnotsatisfysoundnesslthoughthemainimpedimento soundneswas
basedn theuseof the OR-connectorOnly 13 percent(4 processescriptionspf
theonly relaxedsoundprocessesnpedesoundnesbasecbn a badcombinatiorof
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AND- andXOR-connectorsilt is clearthatonecasestudydoesnotprovide enough
datato derive representate results.Also notethatthe EPCsaremainly from one
author Still, we think the high percentagef relaxed soundprocesslescriptions
indicatesthatthe propertyis appropriateor theintuition of themodeler

3.7 Application of concepts

In this chapterwe have proposedusing a semiformal,graphicallanguagefor the
modelingof businesgprocesseandintroducedanadjusteccorrectnessriterion.

A semiformallanguagés morelikely to meettheintuition of the domainexperts.
As a consequenceahe derived processdescriptionamnay provide a suitablebase
for communicationModelingwith a semiformallanguageusuallyinvolvesambi-
guitieswhich, seenasroom for interpretationare necessaryn the early stageof
analyzinga businesgprocess.In preparatiorfor later stagesof software develop-
ment,the usefulinterpretationsmustbe identified. This notionwasformalizedin
termsof therelaxed soundnessriterion.

Here,we usedevent-drivenProces£hainsfor theinitial modelingof businesgro-
cessesEPCsarewidely acceptediueto their tool supportthroughthe ARIS tool
set[SJ0F andtheir usein the SAP referencemodels[KT97]. However, thereare
mary morealternatvesfor the modelingof businesgrocessesOthertechniques
thatare usedto specifythe control-flov aspectsaree.g. Statechartaind Activity
Diagramsfrom the UML [Mar0(Q], variouskindsof Petrinets|Mur89], TaskStruc-
tures[HN93], andworkflow graphg[S0O99]. Thesetechniquesaremainly usedin
a similar settingas EPCs. The focusis on modelingand communicatiornissues.
A further, but minor role is playedby the formal analysisof the modeledprocess
descriptions. The abore mentionedmodelingtechniquesvere investigatedquite
thoroughlyin researchwith respecto their usefor workflow modeling.Still, these
languagesireonly usedsporadicallyin realsystems.

Most workflow managementystemsusea proprietaryworkflow language These
languagesombineanintuitive, graphicalappearancwith conceptghatareclose
to implementation.A majordravbackis the lack of formal semantics As a con-
sequenceanalysisissuessuchasthewarrantyof a correctandreliableexecution
are not supportedat designtime. Often, the appraisalof the processdescription
is checled only by inspectingthe behaior of the WFMS at run-time. It is clear
that failuresthat are detectedonly then may be very costly and may not please
customers.

We will concludethis partby shaving thatthe conceptsdevelopedin this chap-
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ter arealso applicablefor modelinglanguagesisedin practicalsystems.Using
Stafware as an example of a real WFMS, we will shav the relevanceof more
pragmaticcorrectnessriterion, suchasrelaxed soundness.

3.7.1 Staffware

Stafwareis oneof themostwidespreadvorkflow managemergystemswvith more
than 550,000usersworldwide [Cas98 Sta99 Sta0(Q. It doesnot supportary of
the modelinglanguagesliscussedut usesa proprietaryworkflow language.In
thefollowing, thelanguagewill be sketched.

Modeling within Staffware

The tasksin Stafware are called steps. In contraryto Petrinetsand EPCs,the
Stafware modelinglanguagedoesnot supporta notion of states,i.e. a concept
similarto placesin a Petrinetor eventsin anEPC.

Stafwareprocessealwaysstartwith a startstepdenotedy asymbolrepresenting
atraffic light. An endis denotedby a stopsign. A Stafware procesamusthave
only one startstep, but may have several stop steps. Normal tasksare denoted
by iconsthat resemblea sheetof paper The semanticsof suchstepsare rather
OR-join/AND-split than XOR-joinfAND-split; i.e a stepbecomesnabledf one
of the precedingstepsis completedandthe completionof the stepwill triggerall
subsequengteps.Sincethe OR-join/AND-split semanticss fixed, two additional
building blocks are provided: wait and condition. Wit is usedto synchronize
flows andhasAND-join/AND-split semanticslt is denotedoy anhouglass-icon.
To modelchoices the conditionbuilding block is used. Note that Stafware only
allows for binarychoicesof type XOR. Thebasicsemantic®f astel?, acondition,
andawait areshavn in Figure3.15.

Theprocesspecificatiorin Stafwareis supportedy acomponentalledStafware
ProcesDefiner A screen-shas shavn in Figure3.16.

Note that the subnetfor a normal step doesnot meetpreciselythe Stafware semantics. In
Stafware,astepthatgetsenableda secondime (beforeit wasexecuted)wvould still only beexecuted
once.Thesecondenablingis ignored.In the Petrinetthis situationis reflectedby two inputtokens.
If every input placecontainsa tokentherequiredbehaior could be matchedprioritizing the middle
transitionover the others. Still if the two token are containedin one of the input places,thereis
no suitablePetri netinterpretation,as meiging of tokensis not coveredby ary standardPetri net
semantics.
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Applying relaxedsoundness

Theobjectiveis againto supportthemodelemwith precisefeedbacKor therevision
of the processspecification. Applying the sameprocedureas for EPCswe will
investigatewhetherthe pragmaticcorrectnesriteria relaxedsoundnesss also
beneficiawwhenmodelingwith otherlanguages.

We againproposeto transformthe primary processdescriptioninto a WF-net,to
checktheresultingWF-netfor correctnessandto usethe analysisresultsfor revi-
sionof the primary specification.

We will not repeatthe whole procedurebut just illustrate the applicationof the
proposed:onceptaisingagaintherunningexample.

Running example

Figure3.16shavstheStafwaredescriptiori'similar” to theprimaryprocessHan-
dling of goods”(cf. Figures3.2,and3.7). Someof the connectordrom the pri-
mary descriptiondo not have to bemodeledexplicitly in Stafware. This concerns
e.g.the OR-connectqrwhosesemanticss coveredimplicitly by thestepr ecor d
recei pt of goods. Thecomputatiorof theresultsof taskcheck goods is
modeledvia a condition.

The processspecificationdrom Figure 3.2 or Figure 3.7 did not satisfy relaxed
soundnessilt is now consideredvhetherthis correctnesstatementanbe carried
forwardto the Stafwaredescription.

The ProcesDefiner doesnot supportary form of analysis. Therefore,another
componentbf Stafware, the Audit Trail (AT), is usedto monitor the executions
of individual cases. Using the AT for our purposewe will focuson soundand
unsoundexecutionsandcomparetheresultin the AT.

Figure 3.17 shaws the userinterface of the AT. In the upperpart of the window
the recordedprocesss denotedandthe caseis identified. In the lower part the
audit trail is given, shaving whenwhich taskswere assignedand completedoby
which actors. Thefirst is reflectedwith a line: “$date$$time$ $task$processed
to $actor$”. The completionis denotedby “$date$ $time$ Stask$releasedoy
$actor$”.

Note, the actualtime, at which the actorstartsprocessinghe assignedaskis not
recorded. To determinethe orderingof taskswithin a casethe releasetime was
used.
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The audit trail of Figure 3.17 reflectsan executionwherethe resultof the task
check goods wasok. Thedisplayedaudittrail correspondsto the following
firing sequencef the WF-netfrom Figure3.7:

e t1, check goods, t3, t9, distribution to stock, t5,
record recei pt of goods, t10.

In the primary WF-netthis firing sequencés sound.As expectedtheresultof the
audittrail says‘Caseterminatechormally”.

™% Audit Trail Case: 3 - epclike

Frint  Edit Help

Procedure: |H andling of goods Close |

Case: |3 - epclike Help |
— dwidit Trail:
1 ]
19/11./2002 14:42 “"AMD =split CE" processed to swanne@staffw_edbp
19/11/2002 14:42 "AMD zplit CE" releazed by swanne@staffw_edlbp
194112002 14:42 "record receipt of gonds'' processed to swanne@staffu_edlbp
19/11/2002 14:42 “check goods'' proceszed to swanne@staffw_edbp
19/411/2002 14:43 "check goods' releazed by swanne@staffw_edlbp
19/11/2002 14:43 “distribution to stock processed to swanne@staffw_edlbp
19/11/2002 14:44 “distribution to stock'' released by swannet@staffw_edlbp
19/11/2002 14:44 “record receipt of goods' releazed by swannei@staffw_edlbp
19/11/2002 14:44 Case terminated nomally

Evpand I Filter BRefresh

r Exzpand all sub-cases on entry/refresh by default,

Figure3.17: Stafware Audit Trail (I) shaving soundexecution

A furtheraudittrail is givenin Figure3.18. It shavs anexecutionwheretheresult
of taskcheck goods wasnot _ok. Notethatthetaskr ecord recei pt of
goods is completedast. The displayedaudittrail correspondso the following
firing sequencef the WF-netfrom Figure3.7:

e tl, check goods, t2, conplaint, t4, t8, distribution
to stock, t6, record receipt of goods, t10.

In the WF-netthis firing sequences sound. As expected the resultof the audit
trail againsays‘Caseterminatechormally”.

"Correspondencis meantin termsof the notion of observatiorequivalencealsoweakbisimu-
lation equivalenck[Mil80, GW96]
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™% Audit Trail Casze: 2 - epclike

Frint  Edit Help

Procedure: |H andling of goods Llose |
Case: |2 - epelike e |
Help
— Audit Trail:

1 b

19/11/200214:18 “AMD =plit CE" processed to swanne@staffw_edlbp
19/11/2002 14:18 "AMND split CE" released by swanne@staffv_edlbp
19/11/200214:18 "record receipt of goods'' processed to swannei@staffw_edlbp
19/11/200214:18 "check goods" processed to swanne@staffv_edlbp
19/11/200214:19 "check goods" releazed by swanne@staffv_edbp
1941172002 14:19 "complaint'' processed to swanne@staffw_edbp
19/11/2002 14:29 "complaint' releazed by swannei@staffw_edlbp

19/11/2002 14:29 "distribution to stock'' processed to swanne@staffv_edlbp
19/11/2002 14:29 “distribution to stock' released by swannet@staffw_edlbp
19/411./2002 14:29 "record receipt of goods' released by swanne@statfu_edlbp
19/11/2002 14:29 Caze terminated nomally

Erpand | FEilter BRefresh

r Expand all sub-cazes on entw/refresh by default,

Figure3.18: StafwareAudit Trail (II) shaving soundexecution

Probablythe mostinterestingaudit trail is shavn in Figure 3.19. Within this ex-
ecution,thetaskr ecord recei pt of goods is completedbeforetheresult
of taskcheck goods wascomputed.Theresultturnsoutto benot _ok which
entailsasecond ecord recei pt of goods. Theaudittrail correspondso
thefollowing firing sequencef the WF-netfrom Figure3.7:

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

Thisfiring sequencés not sound.It doesnot satisfythe propertyof propertermi-
nation.But theresultof theaudittrail againsays‘Caseterminatechormally”. The
resultindicateghatrelaxed soundnesdoesnot matchexactly with the correctness
understandingf Stafware. Here,an even morealleviated correctnessneasurds
requiredto assesmodelingresults.It would requireevery transitionto be partof a
terminatingfiring sequencevhich neednotnecessarilypesound.Therequirement
for properterminationis abandonedT heresultshavs againthatthe trendtowards
lessstringentcorrectnessneasuress reasonable.
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®8 Audit Trail Caze: 1- epclike
Print  Edit Help

Procedure: |H andling of goods Llose |
Case: [1 - epclike e |
Help
— Audit Trail:
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19411/2002 14:37 “AMD zplit CE" processed to swanne@staffw_edlbp
159411/2002 14:37 "aMD split CE" released by swanne@staffv_edlbp
1941142002 14:37 “record receipt of goods'' processed to swannei@staffw_edbp
19411/2002 14:37 "check goods' processed to swanne@istaffv_edlbp
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19/11/2002 14:38 “complaint' processed to swanne@stafiv_edlbp
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19/11/2002 14:38 “distribution to stock' processed to swanne@staffw_edlbp
194112002 14:38 "record receipt of gonds'' processed to swanne@staffu_edlbp
19/11/2002 14:39 "record receipt of goods' releazed by swannei@staffw_edlbp
19/11/2002 14:39 “distribution to stock'' released by swanned@staffw_edlbp
19/11/2002 14:39 Case terminated nomally

Erpand I FEilter Befrezh

r Expand all sub-cazes on entry/refresh by default.

Figure3.19: Audit resultof anunsoundexecution

3.8 Relatedwork

Themodelingof businesgprocessesmegedasaresearctareawell overadecade
ago. Sincethenawide varietyof differentmodelinglanguage$fiasbeendeveloped.
Mostof themfocusonthecontrolflow aspecti.e. thetasksandtheirordering.This
is naturalastheir specificationprovides a conceptuabasisfor the integration of
otheraspectsApart from this no consensubasbeenreachedsto whatshouldbe
essentiaingredientsof abusinesgprocessnodelinglanguageOnly recently there
areefforts collectingall possiblyrelevantconceptscompiling a pattern-libraryfor
workflow modelingandto establisha formal foundationfor control-flov aspects
of processpecificatiolanguagesseee.qg.[AHKB03, AHO2b].

Thefollowing sectionis subdvidedinto threeparts.First we provide anovervien
of selectechpproacheto modelingbusinesgprocessesWe focussemn languages
that provide a graphicalrepresentatioin combinationwith formally foundedse-
manticsallowing for verification of specificproperties,suchastermination,ab-
senceof deadlocksand deadtasks. In the secondpart we will examinethe ad-
vancedcontrol-flav patterndn the provided pattern-libraryandclassifythosethat
are coveredby the relaxed soundnesgroperty In the third part, we single out
onespecificpattern,namelythe OR-join andinvestigatenow differentapproaches
resole its inherentambiguity
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3.8.1 Main trendswithin businessprocessnodeling

UML techniques Therearesomeapproachesuchas[Esh03 and[WWKD +97],
usingUML techniguegor the modelingof businesgprocessesTheseapproaches
focus on the descriptionof control-flov aspects.In orderto provide additional
supportfor the modeley formal semanticss introducedfor Activity Diagrams
[EWO00, EW01H and Statechart$WWW97]. The dravback of the approachedie
in the disagreementvithin the UML community Thereis not a commonunder
standing,but every new applicationcreatesits new tailored semantics.[Esh03
lists four generalrequirementsvhich a processspecificationshouldsatisfy The
combinationof the four resemblesn even stricterversionof soundnesgthanthe
oneusedfor WF-nets[Aal98]) requiringadditionallythe absencef divergence.
[WW97] doesnot focuson a specialcorrectnesgriterion for businessprocesses
but considergyeneralsafetyandlivenesgproperties suchasthe absencef dead-
locksandthereachabilityof certainstates.

Petri nets Numerousapproachesise Petri nets for the modeling of business
processesExamplesare[Aal98, AAH98, BP98 DEOO, DFZ02 DGS95,KG98,

LOO02, Obe96 Sim0g. As well asthe control-flov aspectshey also concern
resourceaspectq[BP98, DFZ02, KG99]), dataflow ([LO02]) andtime aspects
(JAAH98, DE00,DFZ02 Obe96 Sim02]).

Still, the useof Petrinetsfor businesgprocessnodelingoften meetswith there-
fusal of modelers.The procesglescriptiongequirea level of detailwhich is not
alwaysnecessarandwhich posedifficulties communicatinghe processspecifi-
cationamongpeopleof differentknowledgecultures. Furthermorethe mapping
of domainartefactsonto Petrinetelementsieedssomemodelingexpertise.A ba-
sic exampleis illustratedin Figure3.20. Applicationexpertsfind it moreintuitive
to useEPC-like elementqdepictedin the secondrow of Figure3.20). Here, the
semanticof theconnectorseemo beclear ThecorrespondindPetrinetnotation
(depictedn thefirst row) oftencausezonfusion.Someapproachesy to facilitate
the useof Petrinetshy introducingabbreiations[Aal98], or separatenodelsfor
differentconcerngDFZ02].

For the analysisof the modeledprocesses wide variety of resultsfrom Petrinet
theory are available. The soundnesgriterion [Aal98] was introducedas useful
conglomeratappraisinghe control-flov of businesgprocesglescriptions.

Workflow Graphs In [SO99 workflowgraphsareintroducedo modelthe con-
trol-flow of businesgprocessesA workflow graphis a simple, directed,acyclic
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AN

Figure3.20: Simplepatternin Petrinets(up) andEPCs(down)

graphconsistingof a finite setof nodes(tasksand conditions)anda finite setof
controlflowsrepresentinglirectedarcsbetweenwo nodes Workflow graphswere
introducedas a more direct way of modelingworkflow processesStill the lim-
ited numberof elementstogetherwith the assemblyrulesrestrictthe modeling
power of workflow graphs(cf. [AHV02] correspondingVF-netsarefree-choice).
Structuralconflictsin workflow graphs suchasthe absencef deadlocksarede-
tectedby applyingspecialgraphreductiontechniquesNotetheresultspresentedh
[SO99 areincorrectasthereductiorrulespresente@renotcomplete.ln [AHV02]
analternatve algorithmwaspresentedndit wasshavn thatthe absencef struc-
tural conflictscoincideswith soundnessf the correspondinyVF-net.

Task Structures Anotherrepresentate of a processcontrol specificationlan-

guageare TaskStructureqsee,e.g. [HN93]). In TaskStructurediagramssequen-
tial composition,choice,iteration, parallelexecutionand synchronizatiorcanbe

expressed.

A formalsemanticgor TaskStructurehasbeenprovidedin termsof Proces#\lge-
bra[HN93] andPetrinets[AH98]. The mappingof TaskStructureontoPetrinets
(namely WF-netsextendedwith arc weights)allows for the verification of Task
StructureausingPetrinetbasedanalysistechniqueslt wasshavn thatsoundness
of TaskStructuregorrespondso livenesf the correspondin@VF-net.

Others Approachesusing againdifferent modelingtechniquesare [CCPP95]
and[RD98]. In [CCPP95]a workflow descriptionlanguageis proposedwhere
a processmodel comprisegasksandrouting tasks. The latter conceptcancarry
differentsemanticslependingnthetypeof theroutingtask,of which particularly
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interestingare partial and iterative joins. The semanticshasbeenillustratedby
statediagrams However, verificationissuesareneglected.

In [RD98] fundamentalsof the ADEPT Workflow Model are presented. This

modelis basedon the conceptof symmetricalcontrol structureswherevarious
structuressuchassplits, joins andloopsare specifiedas symmetricalblockswith

explicit startandendpoints. Theseblocksmay be arbitrarily nested put they are
not allowed to overlap,i.e. the nestingmustbe regular The ADEPT languageds

formally foundedsupportingheanalysisof the control-flov. Besidethereachabil-
ity of all nodesgvery processnodelshouldsatisfythatfrom every reachablestate
of theprocesgerminationcanbe guaranteed.

Most workflow managemensystemsusea proprietaryworkflow language. Ex-
amplesare the Flow Definition Languaye of the IBM approach(FlowMark/MQ
SeriesWorkflow), the Web ServiceFlow Languaye [Ley01] afurtherdevelopment
designedo modelbusinesprocessebasednWebServicesor XLANG[Tha0] a
similar approachkenforcedby Microsoft. A commonstandarchasbeenfoundwith
theBusines$roces€ExecutiornLanguaye for WebServicegBPEL4AWS)[BEAO3].
Thereare also the internal modeling languagesf other workflow management
systemse.g. BusinessProcessMaps usedwithin Action Workflow, the specific
modelinglanguageusedwith Stafware, Verwe, or InConcert,and mary others.
Thesdanguagegsombineanintuitive, graphicalmodeling(basedn theassembly
of predefinedvorkflow patterns)with conceptghatare closeto implementation.
Analysisissuesaremostly neglected.

The modelingcapabilitiesof severalworkflow managemergystemsvereinvesti-
gatedin [Kie02]. Thedifferentmodelinglanguagesupportechave beenclassified
in termsof four evaluationstratgies used. Furthermorea mappingof workflow

patternto Petrinetsis provided, capturingtheir interpretatiorformally. Applying

standardPetrinetanalysistechniqueghe procesgdescriptionsanbe checled for

(strict) terminationandtheabsencef deadlocksaindlivelocks.A processlescrip-
tion is consideredo bewell-behavedf it is safeand(strictly) terminating.

3.8.2 Workflow-patterns

Investigatingcontemporarworkflow productsa wide rangeof workflow patterns
hasbeenidentified[AHKBO03]. Therearebasiccontrolpatternssuchassequence,
parallel split (AND-split), synchronizatioAND-join), exclusive choice (XOR-
split), and simple meige (XOR-join) that shouldbe supportedoy ary conceptual
procesdanguageBesidethemsomeadwancedbranchingandsynchronizatiompat-
ternshave beenidentified: multiple choice(OR-split), multiple memge, discrimina-
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Figure3.21:a) Patterndiagram“Multiple Merge”; b) Relaxed soundwWF-net

tor, N-out-of-M join, andsynchronizingmege (OR-join). The basiccontrol pat-
ternsaswell asthe multiple choiceandthesynchronizingneige have alreadybeen
usedwithin EPCs. In Figure 3.3 a translationinto Petri net moduleswas shovn
which could beintegratedinto WF-netsshaving relaxed soundness.

We will now shaw thatalsofor theremainingadvancedcontrol-flav patternghere
is an explicit modelingin termsof Petri netswhich could be integratedinto a
relaxed soundWF-net.

Multiple merge is a point in a workflow processwheretwo or more branches
recowverge without synchronizationlf morethanonebranchgetsactivated,
possibly concurrently the actiity following the mege is startedoncefor
every incoming branchthat getsactivated [AHKBO3] (i.e. in the pattern
diagramshawn in Figure3.21a, D will beinstantiatedwice). The Petrinet
moduledescribingthis behaior coincideswith thetranslationof thenormal
XOR-join shawn in Figure 3.3. The respectie behaior dependson the
contet. If thememgewasprecededy aparallelsplit (AND-split) it mustbe
followed by a synchronizatiofAND-join). Only thenrelaxed soundnessf
the correspondingVF-netmay be satisfied.Figure 3.21b) shavs a relaxed
soundWF-netincorporatinga multiple meige. Note thatthereis no sound
WEF-netincorporatingatranslatiorof this patternasit alwaysintroduceghe
possibilityto deadlock.

Discriminator The discriminatoris a pointin a workflow procesghatwaits for
oneof theincomingbranchego completebeforeactivating the subsequent
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Figure3.22: a) Patterndiagram”“Discriminator”; b) Correspondingietmodule

activity. Fromthat momenton it waits for all remainingbranchegso com-
pleteand“ignores” them. Onceall incomingbranchesave beentriggered,
it resetdtself sothatit canbe triggeredagain[AHKBO03]. The patterndia-
gramis givenin Figure3.22a). A Petrinet-moduledescribingthis behaior
explicitly is shavn in Figure3.22b). Clearly, incorporatinghis moduleinto
aWF-netrelaxed soundnesgswell assoundnessjanbe satisfied.

N-out-of-M join isapointin aworkflow processvhereM parallelpathscorverge
into one. The subsequentiaskshouldbe activatedonceN pathshave com-
pleted. Completionof all remainingpathsshouldbe ignored. Similarly to
the discriminatoy onceall incoming brancheshave “fired”, the join resets
itself sothatit canfire again.This controlpatterncanbe depictedascombi-
nationof synchronizatioranddiscriminatofAHKBO03]. Figure3.23shavs
the original and the refined patterndiagram. Thereare Petri net modules
describinghebehaior of synchronizatioranddiscriminator Both couldbe
incorporatedn a WF-netshaving relaxed sound(or even sound)behaior.
We concludethatalsoa combinationof both patternsj.e. the “N-out-of-M
join”, canbe partof a (relaxed) soundWF-net.

The possibilityto cover the above translationsof advancedworkflow patternges-
pecially the multiple mege) within relaxed soundWF-netsprovide a further evi-

dencefor thereasonabilityof the new criterion.
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Figure 3.23: a) Patterndiagram“N-out-of-M join”; b) Refinedpatterndiagram
usinga combinationof synchronizatioranddiscriminator

Thesolutionsfor the mentionedvorkflow patternsareratherstraightforvard. Pat-
ternsthatposemoredifficultiesaremultiple-doiceandsyndironizingmeige. These
patternsarealreadyknown from the modelingwith EPCs,referredto asOR-split
and OR-join connectors. Translations possibly covered by relaxed soundWF-
nets,have beenshavn in Figure 3.3. In the next paragraptwe will referto other
approacheproviding formal semanticgor thesepatterns.

3.8.3 Resolvingthe ambiguity of the OR-connector

Many modelingtechniquesprovide constructssuchas multiple choice and syn-
chronizingmeige [AHKBO03]. The multiple-choicepattern(OR-split) canchoose
multiple alternatves from a given setof alternatves. The synchronizingmeige

(OR-join) shouldhave the capabilityto synchronizeparallelthreadsandto melge

alternatve threads.Thedifficulty hereis to decidewhento synchronizeandwhen
to mege. This decisioncannotbe madelocally. Thoughthe non-locality of the

OR-join hasits complicationsit is a patternfrequentlyusedin a wide variety of

workflow processes.

Many workflow managemensystemssupportpragmaticsolutionsresolvingthe
ambiguity of the OR-connector For the individual processingof the OR-join
within systemssuchasInConcert,Eastman MQSeriesWorkflow, eProcessand
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DominoWorkflow, we referto [ADK02, AHKBO03, Kie02].

We will look morecloselyat the formalizationapproachesvithin EPCs. Regard-
ing the OR-connectgrtherearealmostasmary solutionsasapproachesstill, in
contrastto our formalizationthey all tendto resohe the inherentambiguity In
[Rit0O04 the ambiguity of the OR-connectoiis handledthrougha syntaxexten-
siononthesideof the EPC.Theconnectorareextendedby commentflagswhich
describehedesiredoehaior explicitly (wait-for-all, first-come every-time).

[Rod99 and [MROQ] resolhe the ambiguity by adding places(communication
channels)o the Petrinet. Their taskis to keepthe informationaboutthe choice

madeby the OR-split. This informationis usedto synchronizehe corresponding
OR-joinaccordingly [CS94 and[LSW98] introducedifferenttokensfor thesame
reasonAll theseapproachesequirewell-structurednodeling,i.e. every split has

to be complementedby a correspondingoin. This restrictsthe modelerconsid-

erablyandalsoplacessubstantiademandson the modelingexpertise. Modeling

with awell-structuredePCis basedn a strict top-davn designprocessvhich can

hardlybe enforcedn practice.

New ideasto handlethe ambiguousneaningof the OR-connectorsveresketched
in [ADKO2]. The approachrevealsdifficulties with the formalization provided
in [NRO2]. In [NRO2Z] EPCsemanticsvere definedbasedon a transitionsystem
but containacyclic definitionof thetransitionrelation. Thereforehesemanticsare
subjecto multipleinterpretationsfADK02] pointsattwo solutionsto theproblem.
Onerefersto a fixed-pointinterpretationof the transitionrelation. Anotherway
wasthe definition of two transitionrelations;the first would be completelylocal,
the secondwould be non-local,but would only usethe first for checkingwhether
the OR-join shouldwait for anotherthreadto be synchronized.
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Chapter 4

Embeddingrelaxedsoundness
Into Petri nettheory

Having definedthe naew criterionof relaxedsoundnesghe purposeof this chapter
is to raisetheunderstandingf thenew criterionby investigatingrelationsbetween
existing Petrinetpropertiesandrelaxed soundness.

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

4.1 Review of intr oducedcorrectnes<criteria

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

Definition 4.1 (Soundness).
A processspecifietby a systemS = (PN, i) is soundiff:

(i) For everystateM readablefromstates, there is a firing sequencéeading
fromstate M to stateo (optionto complete).
Formally: VM : (i — M) = (M — o).

(i) Stateoistheonlystatereadablefromstate; with atleastonetokenin place
o (propertermination).Formally: VM : (i = M A M > 0) = (M = o)
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(i) There are nodeadtransitionsin S.
Formally: V¢t € TIM, M’ : (i = M - M)

Soundnes&nsureghat the processcan always terminatewith a single token in
placeo andwith all the otherplacesempty In addition,it requireshatthereareno
deadtasks,.e. eachtaskcanbeexecuted.

Soundnessequiresall firing sequencesf the correspondingVF-netto be sound.
Remembethata soundfiring sequencécf.Def. 3.1)is asequencéhatcanbecome
extendedsuchthatit terminategproperly

Definition 4.2 (Soundfiring sequence).
LetS = (PN, 1) bea systemA firing sequence leadingto a markingM : i -~

M is soundif 30", M % o.

In Chapter3, Def. 3.2 relaxed soundnessvasintroducedasanewn correctnesstri-
terionfor WF-nets. Relaved soundnessnly requiresthatthereareenoughsound
firing sequencesothateachtransitionis covered.

Definition 4.3 (Relaxedsoundness).

A processspecifiedby a systemS = (PN, ) is relaxedsoundiff everytransition
of PN is elemenbf a soundfiring sequenceVt € T 3IM, M' : (i = M N
M' =5 o).

In contrastto a soundWF-net,a relaxed soundWF-netmay have firing sequences
which do notterminateproperly but deadlockoeforeor leave tokensin the net.

Relaxed soundnessvasderived from soundnesslt poseswealer requirementso
a procesdescriptionthansoundnessFrom the given definitionsit caneasilybe
seenthata soundWF-systenmwill alsonecessarilyperelaxedsound

Lemma 4.4 (Soundnessmplies relaxedsoundness).
LetS = (PN, 1) bea WF-systemlf S is soundthenS is relaxedsound.

It is equally clearthat relaxed soundnessloesnot necessarilymply soundness.
For abetterunderstandingf the new criterion,we will considemwhetherthereis a
propertyX, suchthatrelaxed soundnesandX imply soundness.

We will prove thata “missing piece” betweenrelaxed soundnessind soundness
is well-handlednessr well-structurednessRemembel(cf. Sectior2.6) thatthe
structuralpropertywell-handledneséwell-structurednessjtatesthat thereareno
PT- andno TP-handlesn PN (PN).
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Theclaimis comprisedn thefollowing proposition:

Proposition4.5.
Let S = (PN,i) bea WF-system.Let S be relaxedsoundand PN be well-
structued. S is sound.

The proof of this claimwill be providedin several steps.We startby proving the
propositionfor special WF-netssuchas statemachinesor marked graphs. The
resultis thenappliedto the classof free-choiceVF-nets.In the last steptheresult
is provedfor generaMWF-nets.

4.2 Relaxedsoundness/ersussoundness

To prove the given proposition,we first look at simple WF-nets,suchasstatema-
chinesandmarkedgraphs.

4.2.1 Statemachines

Statemachinesare alwayswell-handled. This canbe easily concludedfrom the
definition. Statemachinesnly containbranchingplacesbut no branchingtransi-
tions. Both would be necessaryo build a PT- or TP-handle.

Theorem4.6. Let PN bea WF-netwith input places. If PN is a statemadine
thenPN is sound.

Proof The short-circuitednet PN is a statemachine. The transitiont* being

addedto short-circuitthe WF-netagainsatisfies|*t| = [t*| = 1. Takinginto

accountTheorem2.40we know thatthe initially marked andstrongly connected
statemachine(PN, i) is live andbounded(Theorem2.41). With Theorem2.48

we canconcludethat PN is sound.

a

4.2.2 Mark edgraphs
Marked graphsare alwayswell-handled. In contrastto statemachinegshey only

have branchingtransitionsbut no branchingplaces.Again, bothwould be neces-
saryto build aPT- or TP-handle.
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Theorem4.7. Let PN bea WF-netwith input place:. Let PN berelaxedsound
andtheshort-cicuitednet PN bea markedgraph. PN is sound.

Proof PN is amarked graph. As PN with input places is relaxed sound,we
canconcludethe existenceof aninfinite firing sequencén (PN, ). For its con-
struction,we take oneof thesoundfiring sequencethatexistin PN, subsequently
fire t* andrepeathisinfinitely often. Takinginto accountTheoren2.43,we know
that (PN, i) is live. With Corollary 2.42 we furthermoreknow that (PN, i) is
bounded With Theorem2.48,we canconcludethat PN is sound.

a

We will now broadenthe scopeof the propositionand prove its validity for the
classof free-choicenets.

4.2.3 Free-choiceWorkflow-nets

Free-choicenetsare not per se well-structured. Both branchingtransitionsand
branchingplacesexist andmay be combinedto TP- or PT-handles.We therefore
extendthe propositionandadditionallyrequirethe free-choiceWF-netto be well-
structured.

Theorem4.8. Let PN be a free-hoice and well-structued WF-netwith input
places:. Let PN berelaxedsound.ThenPN is sound.

Proof PN is well-structured. Therefore,the short-circuitednet PN is well-

handledandstrongly-connecté UsingTheoren.38/2.349t canbeconcludedhat
PN is well-formed(structurallyboundedandstructurallylive). Soundnessf PN

coincideswith livenessand boundednessf (W,i), Theorem?2.48. Therefore,
PN needdo belive andboundedn theinitial markings.

Boundednessf (PN, i) follows from thefactthat PN is structurallybounded.It
remaingo prove that (PN, i) is live. Figure 4.1illustratestherelationsdescribed.

PN with input places is relaxed sound.Thus, it canbe concludedhatthereis an
infinite firing sequence of (PN, ) which supportsachtransition.

Let {01, 09,...,0,} beasetof soundfiring sequencem (PN, i) containingeach
transitionat leastonce. For the constructionof an infinite firing sequence they
arelinked throughfiring of transitiont*. This againis doneinfinitely often. The
constructednfinite firing sequenceés:
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PN well-structured,

free-choice (PN.i) sound
l[Esgo] I [Aal97]

_ [by definition] _
PN structurally ——Pp (PN,i)is bounded,

bounded,

structurally —Pp (BN,)islive

Iive remains to

be proved

Figure4.1: Proofrelations:A free-choicenetshaving relaxed soundness sound

o = o1tfoot*. . troptt ottt oot troy,...

With Theorem2.39we know that PN is coveredby S-components.

Every S-componenis a minimumsiphonanda minimumtrapof PN. As PN is
coveredby S-componentglaces is partof aminimumtrap. Theinitial markings
thereforemarksa minimumtrap.

The infinite firing sequencer is enabledat : and containsall transitions. Since
every transitionhasaninput placeandanoutputplace(stronglyconnected)every
placeandthereforeevery trap is marked during the occurrenceof the sequence.
Sincemarkedtrapsremainmarked, every trap andthereforeevery S-componenis
marked in 7. With Theorem2.44(c),it canbe concludedthat (PN, 1) is live and
PN isthereforesound.

a

4.2.4 \Well-structur ed Workflow-nets

In this sectionwe will shav that the validity of the theoremcanalsobe carried
forward to non-free-choiceVF-nets. We first establishsomeprerequisites.We

recallatransformatiorrule ([DE95, Hac73) thattransformsanon-freechoicenet
PN into afree-choicenet PN'. We thereforereplaceeveryarc(p,t) € F in PN

by asequencép, t')(t',p')(p',t) € F' andextendthe setsP andT accordingly
With the introductionof theseadditionalsequenceghe decisionpoints become
localizedwhichcharacterizefee-choicenets.Figure4.2illustratesherule which

is appliedto transfemon-free-choic@etsinto free-choicenets.
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Figure4.2: Free-choicdransformatiorrule

Althoughonewouldthink thattheintroductionof thesesimplesequencegreseres
propertiessuchasboundednesandlivenessthis doesnot hold in every case.Fig-
ure 4.3 shavs an exampleillustrating that the forward direction of the proposed
transformationrdoesnot maintainliveness.The exampleis a counterexampleto
thereductionrule 9 in [Sta9(Q wherethe contraryis claimed.

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

Figure4.3: A counterexamplevitiating the consistencelaim of rule 9 in [Sta9(Q

However, every live andboundedree-choicenetremaindive andboundedf it is
transformednto a non-free-choicaet(retracingthe free-choiceransformation).

Lemma4.9. LetPN = (P,T, F) beaPetrinetandp € P,t € T, and(p,t) € F.
Lett',p’ ¢ TUPandPN' = (PU{p'},T U{t'},

(F\{(p,t) HU{(p,t"), (t',p"), (»',t)}), and M beamarkingof PN. If thesystem
(PN', M) is live andboundedthen(PN, M) is live andbounded.

Proof In PN’ atransitiont’ andaplacep’ have beenadded.Theirintroduction
enhanceshe behaior of the primary system. Still, ary behaior of the primary
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system(PN, 1) canbe simulatedby the enhancedsystem(PN’,4). Simulation
alsoworksin theoppositedirection. Regarding thefiring of transitiont’ asasilent
move (cf. e.g.[GW98), ary executionof thesystem(PN’, ) canbe mappednto
anexecutionin (PN, 1).

bounded: We know the enhanceaystem(PN’, ) is bounded.As it is possible
to simulateall behaior of the primary system(PN, ), it mustbe bounded
aswell.

live: The enhancedystem(PN', i) is live. As it is possibleto simulateall be-
havior of theenhancedystemby the primarysystem(PN, 3), regardingthe
firing of transitiont’ asasilentmove, (PN, i) mustbelive aswell.

We canconcludethat (PN, ) is live andboundedf (PN, 1) is.
0

Furthermoreijt is apparenthat propertiessuchas well-handlednesand relaxed
soundnesarepreseredthroughouthefree-choicdransformation.

Lemma4.10. LetPN = (P, T, F) beaWF-netandp € P,t € T,and(p,t) € F.
Lett’,p' ¢ TUPandPN' = (PU{p'},T U {t'},

(F\{(p,t) Hu({(p,t"), (", p"), (p',1)}), and M beamarkingof PN. If thesystem
PN iswell-structued, then PN' is well-structued.

Proof PN is well-structuredj.e. thereareno PT- or TP- handlesin the short-
circuitednet PN. PN and PN’ only differ with respecto the insertionof what
wascalleda SISO-sequencfl-re03 (SingleInput Single Output),betweerplace
p andtransitiont. This insertiondoesnot introducea new pathto PN but just
extendsanexisting one. Thereforejt canbe concludedhat PN’ doesnot contain
ary PT- or TP-handles.e. PN’ is well-structured.

a

Lemma4.11. LetPN = (P, T, F) beaWF-netandp € P,t € T,and(p,t) € F.
Lett',p’ ¢ TUPandPN' = (PU{p'},T U{t'},

(F\{(p,t) HU{(p,t"), (t',p"), (»',t)}), and M beamarkingof PN. If thesystem
(PN, M) is relaxedsoundthen(PN’, M) is relaxedsound.

Proof (PN, M) isrelaxedsound,.e. every transitionis coveredby a soundfir-
ing sequencelet o beasoundfiring sequenceontainingransitiont: o = o1 t o9.
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The differencebetweenPN and PN’ only relatesto the insertionof a SISO-
sequencéetweerplacep andtransitiont. To shav relaxed soundnessf the sys-
tem (PN', M) it mustthereforeonly be shavn thatthe extendedfiring sequences
o' = o1 't o9, isasoundfiring sequencef (PN’, M). Thisfollowsdirectly from
the constructiorof PN'.

a

We arenow readyto prove the primaryproposition.

Theorem4.12. Let PN beawell-structued WF-netwith inputplacei. Let(PN, 1)
berelaxedsound.(PN, ) is sound.

Proof Let PN beanon-free-choicehut well-structuredNVF-netwith inputplace
i. Letthe WF-system(P N, i) berelaxed sound. We apply the free-choicetrans-
formationrule andwith Lemmata4.10and4.11obtaina relaxed soundandwell-
structuredNVF-system( PN’, 1) whichis additionallyfree-choice We short-circuit
PN' and obtainthe strongly connectedwell-handledand free-choicenet PN”.
Using Theorem?.38/2.39we canconcludethat PN’ is well-formed (structurally
boundedand structurallylive). With Theorem4.8, we caninfer that (PN", i) is
live andbounded.As the reversedirectionof the free-choiceransformatiorpre-
senesthesepropertieswe canconcludethat (PN, i) is alsolive and bounded.
Therefore (PN, 1) is sound.

a

Figure4.4illustratestherelationsusedin the proof.

As a consequencef this result,a WF-systemcan be proved soundif it satisfies
somestructuralpropertiefnamelyhaving nohandlesandrelaxedsoundnesg-ur-
thermorewe canconcludethatif the WF-netis relaxed soundbut not sound there
mustbe PT- or TP-handlesn PN. As soundnes®f a net PN correspondso
livenessandboundednessf PN, it canbe concludedhatif PN is boundedit is
not live, andvice versa. To illustratethe level of understandingnow attainedthe
relationsbetweerthe Petrinetclassesnvestigatecareshavn in Figure4.5.

Let (PN, 1) be arelaxed soundWF-system. With Theorem4.12 we know that
well-structurednessf PN is sufficient to concludesoundnessf (PN, ). Still,
it is not a necessargondition. An examplefor a soundWF-systemwhich is not
well-structuredvasgivenin Figure2.1.

So far, the relation betweenrelaxed soundnessind soundnes$asbeeninvesti-
gated.In therestof this chapterrelationsto otherPetrinetpropertieq T-invariants,
T-coverability) areconsidered.
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(PN,i) well-structured,

relaxed sound,
non-free-choice (PN,i) sound

free-choice Lemma 4.10 &
transformation | Lemma 4.11 [Aal97]
(PN’,i) well-stuctured, (mi) is bounded
relaxed sound, ' & live
free-choice

short-
circuit Lemma 4.9

Theorem 38 (BN',i) is bounded

(m,i) well-formed,
& live

relaxed sound,
free-choice

Figure4.4: A well-structuredchetshaving relaxed soundnesg sound

/" well-structured \
WEF-nets

marked
graphs

~

state

. 1 .
machines ifree- choice

i WF-nets

y relaxed sound':
WF-nets ¢

-

Figure4.5: RelationsbetweerdifferentPetrinet-properties
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4.3 Other relations

Relaxed soundnesstateshat every transitionwithin a WF-netcontritutesto the
desiredbehaior of the correspondingVF-system,.e. is coveredby one of the
soundfiring sequencedt is obviousthatthereis arelationbetweenrelaxed sound-
nessandthe numberof T-invariants.

We will now prove thefollowing theorem:

Theorem4.13. Let PN = (P, T, F) be a WF-netwith input place:. Letthe
system( PN, i) berelaxedsound.Theshort-circuitednet PN is covered by T-in-
variants.

Proof Relaxedsoundnesstateghateachtransitiont € T is containedn asound
firing sequenceleto = t1...t...1, beafiring sequencéadingfrom statei to state
0. i -%5 0. In PN the additionaltransitiont* returnsthe token from placeo to
places, resettingthe systemto its initial state.PN is coveredby transitioninvari-
antsbecausdor eachtransitiont the vector (¢;...t...t,,t*) denotesa T-invariant
coveringt.

a

Theexistenceof enoughT-invariantsis thereforea necessargonditionfor relaxed
soundnessThetestfor acover of T-invariantswasimplementedn theverification
tool Woflan[VA0OQ]. Woflancancomputewvhetheranetis coveredby semi-positie

T-invariants.Worst-case&omplity of thecomputatioris exponentialin thenum-
ber of transitions. Typically, the compl«ity will be muchbetter Oncethe setof

semi-positie T-invariantshasbeencomputedt is alsonecessaryo checkwhether
all transitionsarecovered. From Theoremé.13,it follows thattransitionsthatare
not coveredby ary invariantarenot containedn ary soundfiring sequenceThey

arethereforecandidatesor revision.

Theconversedoesnothold. Thecoverability of PN by T-invariantsis anecessary
but nota sufficient conditionfor relaxed soundnessf (PN, ¢). Evenif weassume
that PN hasno deadtransitionsit is not possibleto concluderelaxed soundness.
A counterexampleis shawvn in Figure4.6. The short-circuitednetis coveredby
T-invariants,e.g. the positve T-invariantY = (2,1, 1,1, 2,2). Furthermorethere
arenodeadtransitions.But theunderlyingWF-systermis notrelaxedsound.There
is no soundfiring sequence.

Thereis a relationbetweenT-components@nd T-invariants(cf.Proposition2.29).
Exploiting this relation one could assumethat the T-coverability of the WF-net
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Figure 4.6: Counterexample: The short-circuitedWF-net is covered by T-
invariantsand there are no deadtransitions. Neverthelesshe underlying WF-
systemis not relaxed sound.

togethemwith theassumptiorof no deadtransitionsn PN is suficientto conclude
relaxed soundness.

By providing counterexampleswe will shawv thatthe T-coverability of a WF-net
is neithersufficientnornecessaryo concluderelaxedsoundnessrigure4.7 shaws
two WF-nets. The first WF-net(a) is coveredby T-componentandhasno dead
transitions. Still it is not relaxed sound,as thereare no soundfiring sequences
covering transitiont and#’. The problemis thatthe inducedT-invariantsare not
realizable.The secondNF-net(b) is relaxed soundbut not T-coverable.

b)

Figure4.7: Exampleglisproving arelationshipbetweerrelaxed soundnesandthe
T-coverability of a WF-net
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4.4 Relatedwork

The sectionon relatedwork is subdvided into two parts. First we searchthe lit-
eratureon propertiegelatedto relaxed soundnessThenonespecificapproactis
sketchedwherefurther correctnessotionsrelevantfor processlescriptionshave
beenidentified.

Relaxedsoundness In the available literaturethereare no criteria within Petri
net theorythat resemblerelaxed soundnesslit doesnot represent classicPetri
net property as relaxed soundnesss formulatedwith respectto the underlying
transition system. Our investigationssuggestthat relaxed soundnesgannotbe
restatedisingacombinatiorof classicaPetrinetpropertiesanalogouso theresult
providedin [Aal97] statingthata WF-netis soundif andonly if theshort-circuited
netis live andbounded.

In an approachdescribedecentlyin [Sim02], a similar notionto the term sound
firing sequenceés provided. The approachdealswith a specialclassof Petrinets
with onestart transitions (the only transitionwith emptypreset) onegoal transi-
tion g (theonly transitionwith emptypostset)andinitially unmarled. In [HSVO03]

astronglyconnectedetof this kind hasbeencalledtWF-net. Herethe concepiof

a WF-nethasbeengeneralizedo cover tWF-netsandsWF-netswheretWF-nets
startand end eachwith onetransitionand sWF-netsstartand end eachwith one
place.

In the approachdescribedin [Sim02Z, a firing sequenceeproducingthe empty
markinghasbeencalleda processwherebythe starttransitions andthegoaltran-
sition g occurexactly once. The latter requirementould easily be implemented
by addingoneinput placei to the starttransitions andoneoutputplaceo to the
goal transitiong. This way the netis transformednto a WF-net (or sWF-net).
What was called a processin the primary net would then correspondo a sound
firing sequencéreachingstateo) in the extendednet, initially markedin 7. Cor
respondinglyin this specificnet-classyrelaxed soundnessould be reformulated
w.r.t. whatwascalleda process

Serializability and separability Only recently anotheattemptwvasmadeto find
further correctnessotionsrelevant for processdescriptiondHSV03]. The clas-
sical formulation of soundnesgcf. [Aal98]) doesnot combinewith refinement.
Problemsmay occurif new firing sequencesrise. The latter may happenif the
insertedWF-netis triggeredmorethanonce.

82



Therefore,in [HSV03] soundnessvas generalizedo the notion of k-soundness
allowing the obsenration of morethanoneinstance(namelyk) at the sametime,

cf. Section2.3. Here,a WF-netis called k-soundif arny markingreachedrom

k tokensin theinitial placecanreachk tokensin the final place. Regardingthe

original soundnessas 1-soundnessa WF-netis called soundiff it is k-soundfor

eachk > 0.

Extendingthe applicability of WF-netsfor theinvestigationof compositionapro-
cessesfurthercorrectnessonceptgjetnecessaryfirst, the notionof serializabil-
ity is introduced,a behaioral propertystatingthatthe behaior of a WF-netwith
k initial tokenscanbe seenin somesenseasa combinationof the behaior of &
copiesof theneteachof which hasoneinitial token[HSV03]. Only looking atthe
markingsof the netthis notionis softenedo the notion of weaksepaability. It is
proventhataweakseparabilityis sufiicient to reducethe problemof soundnesso
1-soundnesdrinally, sepaability a notionstrongerthanweakseparabilitybut not
asrestrictive asserializabilityis introduced.For a subclas®f WF-net,it is proven
thatthis notioncombinesw.r.t. to refinement.

In contrastto soundnessgvery relaxed soundWF-netgainedby refinementwill
satisfy relaxed soundnessgain, as soonas the primary WF-netswere relaxed
sound.Thisfollowsimmediatelyasnew andpossiblyproblematidiring sequences
thatarisethroughthereplacementf a transitionor placeby atWF-netor a sSWF-
netrespectrely, maybeignored.
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Chapter 5

Non-controllable choice
robustness

Sofar, themodelewasguidedtowardsa processlescriptiorthatis relaxed sound.
It is clearthatrelaxed soundnesss too weakfor the correspondingpecification
to be usedasbasisfor executionsupport. The criterion doesnot exclude badex-
ecutionsbut just makes a statemengboutthe existenceof good ones. The next
guestionis whetherrelaxed soundnesprovides a sufficient prerequisitefor the
generatiorof a soundspecification.

Until now, a workflow systemhasbeenregardedasa stand-alonepplication,but
workflow systemsare reactve systems.They run in parallelwith their erviron-
ment, respondto inputs from the ervironmentand produceoutputeventswhich
take effect backin the ervironment. It is assumedhat the knowledgeaboutthe
behaior of the ervironmentis low. At best,possibleactionsof the ervironment
areknown but nottheir order

Startingat theseassumptiondt will turn out thatrelaxed soundnessgloesnot suf-
fice asthebasisto generate soundspecification A furthercorrectnessriterionis
neededindicatingthatthe processanactrobustly to (all) possibleeventscoming
from the ervironment.

In this chapterthe quality measurdor processiescriptionss extended.The prop-
ertyintroduceds callednon-contollable choicerobustnesslt providesameango
describaobustnes®f asystemagainstll possiblerequest$rom theenvironment.

Thechaptelis organizedasfollows: First,therequirementsor thenew perspectie
aredescribedand our modelingparadigmis introduced. In Section5.2 we shav
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by exampledeficienciesof the previous correctnessriteria. The new propertyis
introducedin Section5.3. In Section5.4, an algorithmis proposedverifying the
property andits correctnesss proven. Thenew criteriais embeddedhnto Petrinet
theoryin Section5.5. Finally, relatedwork is discussed.

5.1 Workflow systemsare reactive systems

In this sectionmodelingrequirement®f reactve systemsareinvestigatedthe ca-
pabilitiesof WF-netsareconsideredandWF-netsarerefinedin orderto describe
thebehaior of reactve systemsn anadequatenanner

5.1.1 Modeling requirementsof reactive systems

Workflow systemsarereactve systems.They runin parallelwith their erviron-
ment,respondo inputsfrom the ervironmentandproduceoutputeventsthathave
impacton the ervironment. The interactionwith the ervironmenttakesplacevia
incomingexternaleventsor via theevaluationof externalinformation. Thereactve
systemhasto respondo externaleventsandto incorporatethe possibleoutcomes
of theinformationevaluation.

An external event could be anincoming query an acknaviedgmentfrom a cus-
tomer a messagdrom anothercompary, informationfrom a businesgpartneror
just a timeout. Examplesfor the evaluationof externalinformationarethe ques-
tion aboutavailable capacitiesthe checkfor creditworthinessof a customerand
theidentity checkof a co-operatingpartner

Possibleresultsof aninformationevaluationaswell asthe occurrenceof external
eventsshouldbe reflectedwithin the processspecification.This is essentiahsthe
furtherexecutiondifferswith respecto variousresultsor differentexternalevents.

5.1.2 Capabilities of Workflow-nets

In a WF-netthe interactionwith the ervironmentis not reflectedexplicitly. As
statedin Section2.2, tasksare modeledby transitionsand intermediatestates
aremodeledvia places. Looking at WF-netsandincorporatingthe discussionn
[Aal9g], it canbe seenthat transitionsare also usedfor other purposeghanthe
modelingof tasks.
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process_
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Figure5.1: A WF-netmodelingthe processingf complaints

Transitionsareusedin four differentways:

Tasks Mostly, transitionsare usedto modeltasks. Tasksstandfor actiities that
areexecutedby someactor(a humanor amachine).Tasksin the procesf
Figureb.1arer egi st er, send_questi onnai r e, eval uat e, pr o-
cess_questionnai re,process _conpl ai nt ,check_processi ng
andar chi ve.

Decisions Transitionsarealsousedto depictthe outcomeof decision-makingpro-
cessesAlternative decisionsareassumedo be mutually exclusive. Exam-
plesin Figure5.1arepr ocessi ng_OK, andpr ocessi ng NOK, aswell
asno_pr ocessi ng, andpr ocessi ng.r equi r ed. Transitionsreflect-
ing a decisionalways occurimmediatelyafter a task transition,e.g. here
eval uat e andcheck_pr ocessi ng.

External events Sometimedransitionsrepresentexternal events. Examplesof
suchtransitionsin the processshavn in Figure5.1 aret i me_out , model-
ing atimeevent,orr et ur ni ng_quest i onnai r e (modelingtheincome
of anansweredjuestionnaire).lt cannotalways be assumedhat external
eventsaremutually exclusive. Considertheexamplein Figure5.2 modeling
apartof alibrary processPossibleaxternaleventsarer eader ret urns
books (e.g.in person)r eader asks for extension (e.g.usinga
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webinterface)andt i me el apsed. Although,it is unlikely thatmorethan
oneeventarisesthis cannotbeexcluded.However, areasonablassumption
is that conflicting externaleventsdo not occurat exactly the samepointin
time. This way a systemwaiting for an externaleventis ableto determine
which taskis scheduledext.

Routing Finally, transitionsare usedfor the sole purposeof routing a case.This
usually occurswhen a caseneedsto be split into parallel partsor parallel
partsof a caseneedto be meilged. Examplesn Figure5.1areAND.spl i t
andAND_j oi n.

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

type : T — {task, event, decision, routing}.

5.1.3 Reflectingthe interaction with the ernvironment

Theprocesslescriptionwill beusedto supportthe executionof acaseatrun-time.
Thenaworkflow engine alsoreferredio asworkflow controller is usedto schedule
the caseaccordingo therulesspecifiedn the procesglescription.

Operatingon the processdescription,the workflow controllerdecideswhich en-
abledtransitionis executedandwhen. Still, the workflow controllermay not en-
force thefiring of ary type of transitions. Transitionsthat are beyond the control
of aworkflow enginearetransitionsof thetype eventanddecision

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

Furthermorethe workflow controllercannotforce the evaluationof externaldata
to endwith aspecificresult. It is clearthatwhethere.g.a customeis creditworthy
or not, is beyondthe controlof theworkflow engine.

Transitionsof type eventanddecisionarecallednon-controllable Their firing can
not beforcedby thelocal workflow controlbut dependeitheron the evaluationof
externaldataor onthekind of incomingevent.

!Notethattransitionsmodelinga time-outareof type event expressinghe inability of the WF-
controllerto influencethe elapseof time.
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To referto thesetwo types,the setof transitionsT’ of aWF-netPN = (P, T, F)

is split into disjoint setsof contwollable and non-contollable transitions: T =

Tne UTcony andTye N Tecon = @. Contollable transitions(Tox) model
transitionswhoseexecutionsjn contrasto the executionof non-contollable tran-
sitions(T'y¢), arecoveredby thelocal workflow control. Contollable transitions
will be denotedby white boxes, and non-contollable transitionswill be repre-
sentecby grayboxes.

In theprecedingliscussiorit wasassumedthatalternatve outcome®f onedecision-
makingprocessaremutually exclusive. Furthermoreijt wasstatedthatconflicting
externaleventsdo not occurat the sametime. Following theseassumptionsnon-
controllabletransitionsare modeledas part of a choicewhich satisfiesthe free-
choicepropertyanddoesnot containary controllabletransitions. This restricted
modeling reflectsthe fact that the behaior of the ervironmentcannotbecome
disabledthroughthe local control. We refer to thesechoicesasnon-contollable
choices Cornversely we speakaboutcontollable choicesif the choiceonly con-
tainscontrollabletransitionsj.e. transitionsof typeroutingandtypetask

Furtherassumptionfor anon-controllableehoiceareprogressandstrongfairness

Progress: We assumehatif a systemwaitsfor the outcomeof anon-controllable
choice,oneof thenon-controllablgransitionswill eventuallyfire.

Strong fair ness: Weassumehatif thesamenon-controllabldransitionis enabled
infinitely oftenit will fire infinitely often.

An exampleof a non-controllablechoiceis shawvn in Figure5.2.

reader
returns books return books to shelf

reader asks

for extension renew the term

Legend:
send controllable transition: I:l
time elapsed reminder non-controllable transition: I:l

Figure5.2: Partof alibrary process

In the following we will only considetWF-netswhosechoicesarecontrollableor
non-controllable TheseéWF-netsarecalledchoice-consistenfThey aredefinedas
follows:
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Definition 5.1 (Choice consistentWF-net).

A WF-netPN = (P, T, F), withT = Tcon U Tye andToon N Tye = 0 is
choiceconsistentff:

(i) Contollable transitionsdo not conflictwith non-contollable transitions:
*Tcon N*Tyc = 0.

(i) Non-contollable transitionsare free-toice:

Vi, t' € Tyc :*tN*t' =0 Vvt ="t.

Usingtheterm WF-netin the following, we alwaysreferto the refinedversionof
achoiceconsistentWF-net

5.2 Ability to control a process

Thegenerabbjective wasto provide acriteriondescribinghepossibilityto control
aprocessndependentlyrom the behaior of theenvironment.It is clearthatnon-
controllablechoiceshave to beconsideredvhendefiningsuchacriterion,because
non-controllablgransitionscannotbeinfluencedoy acontroller A processanbe
controlledif thereis away to terminateproperly independentlfrom the outcome
of thenon-controllablechoicegbut assumingrogressaandstrongfairness) A bad
combinationof non-controllablepr controllableandnon-controllableehoicesnay
inhibit propertermination. This could happengvenwhenthe processlescription
satisfiesrelaxed soundnesswhich only makes a propositionaboutthe existence
of properexecutions,but doesnot necessarilycover all possiblecombinationsof
choices.

In the following, two examplesare discussedor which properterminationcan-
not be guaranteed.The processdescriptionin Figure 5.3 modelsthe planningof
atrip. It consistsof parallel booking queriesfor flights and hotels. One possi-
bility of terminationis modeledvia the transitionf i ni sh. Here, both booking
taskssucceededf : ok, h: ok). Thetrip canbestarted.The otherpossibilityis
modeledvia thetransitioncancel _t ri p. Thetrip is canceledf neithera hotel
(h: not _ok) nor aflight (f : not _ok) canbefound. The resultsof the booking
gueriesaremodeledasnon-controllablechoiceshecaus¢he decisioncomputation
relieson externaldata.

The processdescriptionin Figure 5.3 is relaxed sound. There are soundfiring
sequencesontainingall transitions:
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plan_trip

h:not_ok

Figure5.3: Example:“Planningtrip”

Example “Planning trip”

e plantrip, bookflight, book hotel, h:ok,f: ok,
finish

e plantrip, bookflight, book_hotel, f:not_ok,
h: not ok, cancel trip

Althoughtheprocesss relaxedsoundjt cannotalwaysbecontrolledproperly The
resultsof the bookingscannotbeinfluencedby a controller Thesystenmdeadlocks
if oneof thebookingssucceedsut the otheronefails.

Another exampleis shavn in Figure 5.4. It describeshe work of a cashief.

Predictingthe behaior of the customerthe cashieralreadyholds an amountof

changewaiting for thecustometo pay Thisis modeledvia thecontrollablechoice
hol d_changeA or hol d_changeB. The paymentof the customeris modeled
via actiities pay A andpayB. The cashiethadguessedorrectlyif theamountof

changeheld correspondso the sum provided by the customer Only thenis the
moneg exchangedThisis modeledvia transitionscol | ect Aandcol | ect B.

The choiceof the customempayA andpay B is hon-controllable The amountthe
customertenderscannotbe influencedbut only dependn the moodandmonegy
of the customer

The processdescriptionin Figure 5.4 is relaxed sound. There are soundfiring
sequencesontainingall transitions:

2Notethattheexampledoesnot matcharealisticbusinesgprocessut only illustratesthe concept
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hold_changeA

hold_changeB p5 collectB

Figure5.4: Example:“Provide change”

Example “Pr ovide change”

e hol d changeA, payA, collectA
e hol d_changeB, payB, collectB

Neverthelesst cannotbe scheduledproperly for ary case. This is becausehe
controllablechoicehol d_changeA or hol d_changeB takes placebeforethe
non-controllablechoice.Hence the cashiercannotreactif a differentamountwas
chosenby the customer The modeledprocessdoesnot terminateproperly but
deadlocks.

Theseexamplesshav combinationsof controllableand non-controllablechoices
which preventthe possibility of guaranteeingrropertermination.lt is not possible
to forcethe procesgso choosebetweenalternatie transitionscorrectlybecausehe
non-controllablehoicescannotbeinfluenced.Thereforerelaxed soundnesdoes
not cover controllability. It is not possibleto guaranteg@roperterminationassoon
as eventsfrom outsidethe systemare consideredpr a datadependentiecision
influenceghebehaior of the system.

5.3 Non-controllable choicerobustness

In thissectionafurthercorrectnessriterionfor processlescriptionss introduced,
denotedasnon-contollable choicerohustness It providesa further meango de-
scribethe correctnes®f a system. If a systemis non-controllablechoicerobust
(short: robust), it is possibleto controlits executionsothatit terminategproperly
Thisis possibledespiteall interactionwith theervironment.

Todefinethecriterion,wewill look atour problemasagamebetweertheworkflow
controllerandthe ervironmentasan opponentwho is trying to interferewith the
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processxecution,so thatan unsoundiring sequencés generated.The question
is whethertheworkflow controllercanwin thegame,i.e. reactto the movesof the
adwersaryandthusterminateproperly

Looking at our settingfrom this perspectie we canreferto numerousesultsof

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 beenadaptedrom the conceptsisedin [Tho95.

A gameis definedasatuple (G, ¢) consistingof a gamegraphg anda temporal
formula ¢ (winning condition).

A gamegraphis of theform G = (@, Qo, Q1, F, ¢;, F'), where( is afinite setof
statesQo, @1 definesa partition of @ (depictingthe stateswhereit is the turn of
playerj, j = 0,1 to performanaction),andE C (Qy X Q1) U (@1 X Qo) isaset
of edges.Theunderlyinggraphis requiredto be bipartitewith respecto the state
transitions.g; € @ is theinitial stateof thegameand F' C @ is a setof accepting
states.

A play onagamegraphg correspond$o a pathp in G startingin ¢;. Thewinner
of a play is fixed by the winning condition¢. Thefirst playerwins aplay p if p
satisfies¢. We only focuson the mostbasiccondition on readability, which is
satisfiedif the first playercanforce a visit of somestatein F. For a suney of
possiblewinning conditionsthe readeris referredto [Tho95.

A stratgy for a given gameis arule that tells a playerhow to choosebetween
several possibleactionsin ary gameposition. A stratgy is a winning stratay if
the playeP alwayswins no matterwhatthe ervironmentdoes[PR89].

A stratgyy* for player0in thegame(G, ¢) canbedepictedasfragment (SG C G)
of thegamegraph.

A stratgy SG is awinning strat@y for playerO if all theplayson SG win, i.e. all
pathsp in SG satisfyé.

3All termsaredefinedfrom the perspectie of player0 - theworkflow controller

“We only considemo-memorystratgjies,wherethe next move only dependon the currentstate
cf. [Tho95.

SSG = (Q’) Q(]: Qlli E’) qis F) is afragmentOf a gamegraphg = (QJ Q07 Qla E: qi, F) if
Q' CQ,Q CQ,Q1 CQi,andE = EN((Qo x Q1) U(Q1 x Qp)).
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A winning stratgly SG is called maximumiff thereis no winning stratgy SG’
suchthatSG c SG'.

5.3.2 Adaption for workflow modeling

In the following, we will adaptthe new conceptdor applicationin the domainof
workflow modeling. It would be naturalto definethe gamegraphon the basisof
thereachabilitygraphRG of asystemS = (PN, i), whereg; correspond$o 7 and
the setof acceptingstatesF' to {o}. As the definitionof a gamegraphrequiresa
finite setof stateswe only considetboundedsystemsij.e. systemshaving a finite
reachabilitygraph.Boundednesef WF-systemganbe checled by standardPetri
nettools. Thegamegraphis thenof theform Gre = (Vra, Era, i,0).

This adaptionis not straightforvard, asthe setof statesin V¢ is not bipartite.
Thisis introducedthroughthe possibleconcurrentbehaior describedn the Petri
net. The players(workflow controllerand ernvironment)do not have to move in

turn andin somestateseither could make the next move. But the moves of the
differentplayersarereflectedthroughthelabelsatthe statetransitions If thelabel
t of a statetransitionis a controllabletransitiont € Tcon thenacontrollermove
is representedlf the statetransitionis labeledwith a non-controllabléransition
t € Ty it correspondso amove by theervironment.With regardto thelabels the
statetransitionsarereferredto ascontrollableor non-controllablestatetransitions.

Using this distinction, a stratgy for the workflow controller canthen againbe
definedas a fragmentof the gamegraph, (Vrg, Erg,i,0) Where Ere canbe
decomposewith respecto thelabeling.

Definition 5.2 (Strategy).

Let (Gra, ¢) bea game LetGrg = (Vrg, Erg,i,0) bea gamegraph, whee
RG = (Vga, Erg) is thereatability graphof a WF-systent = (PN, ).

SG C RG, with SG = (Vsg, Esa), Vsa C Vra, andEsg C Egg, IS a stratggy
if:

1. 1€ Vgg

2. Foreadh M € Vsq thereis a directedpathfroms to M.

3. SG is self-containedvith respecto the possiblemovesof theadvesary:
forall M € Vsg,t € Tne,M' € Vgg : if (M,t,M') € Egg then
(M,t,MI) € Egg.
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Usingthewinning conditionof “propertermination”(¢ = O<o - in LTL parlance
[MP92]) awinning stratgy for theworkflow controlleris definedasfollows:

Definition 5.3 (Winning strategy).

Let (Grg, ¢) be a gamedefinedon the readability graph RG of a systemS =
(PN, i) with ¢ = OCo. Let SG be a strategy for the WF-contoller. SG is a
winningstrategy if it only containgpathsthatsatisfyg. Theefore, SG additionally
meetghefollowing requirements:

1. 0 € Vse

2. Foreadh M € Vsq thereis a directedpathfrom M to o in SG.

This definition of the term stratgy, which is usualin controller synthesis(e.g.
[Tho95)) is notverystrong.lt meanghatcertainchoicesmayneverbepresentedo
theervironment.For our setting,a strongemunderstandings necessaryA stratgy
shouldincorporategherequirementhatall possiblanovesby theervironmenthave
to be coveredat leastonce. This correspondso the requirementhatit shouldbe
possibleto reactto all possiblemovesof theenvironment.

Definition 5.4 (Complete strategy).

Let(Gra, ¢) bea gamedefinedonthereadability graph RG of a WF-system

S = (PN,1). Let SG be a strategy for the WF-contoller. The strategy SG is
calledcompleteif all possiblemovesof the advesary are covered.

Formally: Vt € Tye : AM, M' € Vsg, (M, t, M') € Esg.

Basedon thesenotions,it is now possibleto expressnon-controllablechoicero-
bustnesof a WF-system.

Definition 5.5 (Non-controllable choicerobustness).

Let (Gra, ¢) be a gamedefinedon the readability graph RG of a WF-system
S = (PN,i) with ¢ = OCo. ThesystemS is non-contollable choice robust

(short: rokust) iff there existsa completewinning strategy SG for the workflow

contoller.

A WEF-systemis rohust if thereis a fragmentof the reachabilitygraph which
startsin 7, endsin o, containsat leastone t-labeledstatetransitionfor ary non-
controllabletransitionst € T ¢, andhasonly controllablestatetransitionleading
out of the fragment. Assumingprogressfor non-controllablechoices,the exis-
tenceof sucha fragmentguaranteeghatit is possibleto reachstateo (terminate

5Sometimeswe will referto this fragmentas“robustfragment”
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properly)independenbf the outcomeof non-controllablechoices.While all non-
controllabletransitions(all possiblemaoves of the adwersary)are coveredby the
fragment,thereis always a way to reactandto terminateproperly Hence,if a
WF-systemis robust, the workflow controller can guaranteegpropertermination
independentlyrom all possiblemovesby theadwersary

The procesdescriptionf Figure5.3 and5.4 are not robust becausehereis no
robustfragment.Figure5.5 shavs thereachabilitygraphsof bothprocessesNon-
controllablechoiceshave beendepictedas curvesaroundthe correspondingstate
transitions.

EA =) () ()

collectA collectB

Figure5.5: RGsfor examples:“Planningtrip” and“Provide change”

The fragmentsdepictedby shawving associatedtatetransitionsin bold satisfyall
requirementgxceptRequiremen8 in Definition 5.2. Therearenon-controllable
statetransitiondeaving thefragment.

In the following, we will addsomebehaior to the processdescriptiondo make
them robust. Figures5.6 and 5.7 shav the modified WF-nets. In the exam-
ple “Planning trip”, one further controllabletask is introduced. The new task
abort _hot el _booki ng is executedf theflight bookingdid notsucceed.

In the procesdescriptionof the secondexample(Figure5.7) we addedtwo fur-
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h:not_ok cancel _trip

Figure5.6: Revisedexample:“Planningtrip”

thertasksto copewith the possibledeadlocks.They areexecutedif the predicted
changedoesnotfit thesumprovided by the customerThetransitionschangeBA
andchangeAB modelthe behaior of thecashier

hold changeB p5  collectB

Figure5.7: Revisedexample:“Provide change”

Both specificationsrenow robust. Thegraphsareshovn in Figure5.8. Therohust
fragmentshave beendepictedby shawing the associatedtatetransitionsin bold.
Note,thestratgy for theexample“Planningtrip” (cf. Figure5.8)restrictsthepos-
siblebehaior. It suggestslelayingthebookingof thehoteluntil theflight booking
succeededlf theresultof theflight bookingwasnegatie (f : not _ok), the hotel
bookingandthusthetrip arecanceledlirectly (abor t _hot el _booki ng).

The sstratgy for the example“Provide change”(cf. Figure5.7) doesnotformulate
ary restrictionsasit coincideswith thereachabilitygraph.

In the following section,a constructie algorithmis provided. The algorithm
checkswhethera boundedWF-systemis rohust. In the positive case,the maxi-
mumandcompletewinning stratgy for theworkflow controlleris returned.
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plan_trip

book hotel

hold changeA

change
BA

collectA

Figure5.8: RGsfor revisedexamples:“Planningtrip” and“Provide change”
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5.4 An algorithm verifying robustness

Therearevariousalgorithmsin theliteraturethatdetermingheexistenceof astrat-

egy in an effective mannere.g.[NYY92, McN93, AMP94, Tho9]. Still, these
algorithmswork on a propergamegraph(bipartite graph)anddo not necessarily
computea completestratgy. For the domainof workflow modelingwe adopted
thealgorithmicalideaandprovide analgorithmthatoperate®n afinite reachabil-
ity graph.

The algorithm is given in Figure 5.9. It decideswhethera given WF-system
S = (PN,1) is robustandin the positve casereturnsthe maximumand com-

pletewinning strat@y SG = (Vsg, Esg). Let PN = (P,Tcon UTn¢, F) bea

choice-consisterVF-netand (PN, 1) bebounded.Let RGs = (Vgg, Erg) be

the (finite) reachabilitygraphof the WF-systemS = (PN, 7). As prerequisitdor

thecomputatiorof SG = (Vsg, Esq), furthermorethesetPredrg (o) C Vgg of

predecessorsf stateo (seeSection2.1.2for definition)is computedbeforehand.

The algorithmworks asfollows. It initially marksall statesthat potentially be-
long to the desiredfragmentandthenprogressiely removesmistalen candidates.
Potentialstatesareall lying on a pathfrom state; to stateo. Consequentlythe
algorithm startsby marking all elementsof the predecessoset of o: Vgg =
Predgpg(0)’. The correspondingstatetransitionsare determinedhereafter Fur-
thermorethe setof illegal statesis computed(denotedby the auxiliary variable
X). lllegal statesarestatesrom wherenon-controllablestatetransitiondeave the
fragment.

The coreof thealgorithmis Step(ii). By passinghe while-loop the currentfrag-
mentis diminisheduntil it eithersatisfiesthe propertiesof a winning stratgy or
coincideswith the empty fragment. In the entry-conditionof the while-loop, it
is testedwhetherthereareillegal states(while X # () indicatingthat the cur
rent fragmentdoesnot satisfy Requiremens of a stratgy. Within the loop, the
setof statesof the fragmentis diminishedby theillegal statesand corresponding
statetransitionsarecut (al/a2).Subsequent){theremainingfragmentis computed
(b1/b2). Finally the set X of illegal statesis recomputed.The loop will eventu-
ally terminate,asthe empty fragmentdoesnot satisfy the entry-conditionof the
while-loop.

In thenext step(Step(iii) in Figure5.9)it is checlkedwhethertheresultingfragment
is empty which is the caseif the intersectionof Succsg(z) and Predsg (o) was

"ThesetPredrc (o) isfinite asthereachabilitygraphis finite.
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(i)

(ii)

(al)
(a2)

(b1)
(b2)

(iif)

(iv)

Vsa := Predpg(0);

Esc = Erc N (Vse x T X Vsq);
(* Initially, fragmentSG is setto the soundsubgaph. *)

X :={M € Vsg|(M,t,M') € Erg ANt € Tyc N M' ¢ Vsa};
(* lllegal statesare computed¥)

while X # 0;
do
Vsa :=Vsa \ X;

Esc = Erc N (Vse X T x Vsg);
(* lllegal statesand correspondingstatetransitionsare cut. *)
Vsg := {M € ng|M € Succsa(i) N P’I‘edgg(o)};
Esg = Epc N (Vsg X T x Vsg);
(* Coheentfragmentis recomputed¥)
X :={M € Vsg|(M,t,M') € Erg ANt € Tnc N M' ¢ Vsa};
(* Currentsetofillegal statess computed)
od
if Vsg = 0;
then print (S is notrobust, thereis no winning stratey); abort;
fi
Y :=Tne \ {t|(M,t, M') € Esg At e Tnc}s
if Y > 0;
(* Thestratggy is testedto becomplete *)
then print (S is notrobust, thereis no completestratey); return Y;
elseprint (S is robust);return (Vsg, Fsq);
fi

Figure5.9: Rolustnesalgorithm
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empty In thiscasehealgorithmabortswith theinformation“ S is notrobust,there
iS nowinning stratgy”.

Finally, Step(iv) checkswhetherthe derived winning stratgy is complete,i.e.
containsat leastonet-labeledstatetransitionsfor any non-controllabldransition
t € Tne. Theauxiliary variableY determineghe setof non-controllabletran-
sitions not coveredby the fragment. If this setis non-empty the algorithmter-
minates,returningY” togetherwith the information“S is not robust, thereis no
completestratgy”. If Y is empty the algorithm terminateswith the statement
“S is robust” andreturnsthe derived fragment.

5.4.1 Correctnessf the algorithm

We will now investigatethe correctnessand completenessf the proposedalgo-
rithm. We will first prove thefollowing:

Theorem5.6. LetS = (PN, i) beaboundedandrobustWF-systemThewinning
strategy computedvithin Stepg(i) and(ii) of therobustnesalgorithmis maximum.

Proof Let SGy bethe maximumandcompletewinning stratey for the work-
flow controller As the WF-systenis robustwe know that SGy is a fragmentof
thereachabilitygraphRG g satisfyingthefollowing properties:

1. It containsstatei: i € Vs¢ (cf. Requirement of Def. 5.2),

2. ForeachM e Vgg thereis adirectedpathfrom ¢ to M (cf. Requiremeng
of Def. 5.2),

3. VM € Vsg,t € Tne, M' € Vig : if (M,t,MI) € Era then(M,t,M’) €
Es¢ (cf. Requiremen8 of Def. 5.2)

4. o € Vg (cf. Requirement of Def. 5.3)

5. ForeachM € Vi thereis adirectedpathfrom M to o in SG (cf. Require-
ment2 of Def. 5.3)

6.Vt e Tne:IM, M' e Vsa, (M,t, M’) € Eg¢ (cf. Def.5.4)
The algorithm operateson the reachabilitygraph RGs andcomputesa fragment

SG 4. We will prove thatthe fragmentcomputedasa resultof Steps(i) and (ii)
coincideswith the maximumwinning stratgy: SG4 = SGw .
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SG 4 = SGw holdsif thefollowing two propositionshold:

I) SG 4 only containselementghatbelongto SGyy .

) SGw only containselementghatbelongto SG 4.

Thisis shawvn in thefollowing.

Propositionl: SG 4 only containselementsthat belongto SGw

Initially, setVsq , is setto Predpra (o). As thereexist acompletewinning strategy
for the WF-controllerwe know that Predrg (o) is notempty Furthermoret can
be concludedhatthe setVs, satisfiesPropertiesl,2,4,and5. In casethereare
non-controllablestatetransitionsthat leave the fragment(Property3 is violated)
thewhile-loopis entered.

Within thewhile-loop the currentfragmentis diminishedby theillegal stateqsee
line (al)) andcorrespondingtatetransitions(seeline (a2)). After thatthe coher
entfragmentis recomputedcf. Figure5.9(b1)and(b2)). Theresultingfragment
satisfiesagainPropertiedl,2,4,and5. Thewhile-loopis reenteredislong asProp-
erty 3is not satisfied. The while-loop will eventuallyterminateasthe emptyfrag-
mentdoesnot satisfy the entry-condition. The resultingfragmentSG 4 satisfies
the Propertiesl-5 of awinning strateyy.

BecauseS Gy is, by definition,the maximumwinning strategy, SGy necessarily
embedsSG4.

Propositionll: SGyw only containselementsthat belongto SG 4

Initially, setVsq , is setto Predgg (o) (Step(i)). It holdsthatVsg,, C Predra(o)
(follows from Property5). Therefore the propositionholdsinitially. During the
while-loop (Step(ii)) thesetof Vs , is possiblydiminished.

We have to shaw thatno elementsareremoved from Vs, thatbelongto Vsg,, .

Thereareonly two placeswereelementsaareremoved from thesetVsg , , namely
in thelinesindicatedby (al)and(bl). The elementsemoredin Line (al)do not
belongto Vsg,, asthey violate Property3. The elementsemovedin Line (b1)

do not belongto Vs, asthey violate Property2 and/orProperty5. Thusboth
removalsaresafe.As furthermoreno new elementsreaddedjt canbeconcluded
thatthe propositionalsoholdsafterthe while-loop.

a
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Theorem5.7. TheWF-systen = (PN, 1) is robustiff the algorithmterminates
returning“S is robust”.

Wefirst prove thedirection:If theWF-systemS = (PN, 1) is robust,thealgorithm
terminateswith theresult“S is robust”.

Proof TheWF-systemS = (PN, 1) is rohust,i.e. thereis a completewinning
stratgy for the workflow-controller The winning stratgy is notempty(includes
at leaststatei and stateo) and containsa t-labeledstatetransitionfor ary non-
controllabletransitiont € Ty ¢ (satisfiedProperty6).

Thefragmentcomputedvithin Stepg(i) and(ii) is maximum.It especiallyembeds
theaforementionevinning stratg)y. Thereforetheconditionsin Step(iii) and(iv)
aremetandthealgorithmreturns'S is robust”.

We will now prove the otherdirection: If thealgorithmterminateseturning“s is
robust”, theWF-systemS = (PN, i) is robust.

Proof Themaximumwinning stratgyy computedn Step(i) and(ii) is notempty
(cf. Step(iii)) and complete(cf. Step(v)), i.e. satisfiesall propertiesof a robust
fragment(seeDef. 5.5).

O

Applying this algorithm, a choice-consistentVF-systemcan be revised until it
satisfieghe propertynon-controllablechoicerobustness.

5.5 Embeddingrobustnessnto Petri nettheory

In this sectionwe will investigatethe relationshipbetweenthe new criterion ro-
bustnessaindotherpropertiefrom Petrinettheory

Thethreecriteriasoundnesandrelaxedsoundnesandrobustnessarecloselyre-
lated. Soundnessmplies non-controllablechoicerobustnessas well as relaxed
soundness. The subsetdiagramin Figure 5.10 illustratesthe relation between
the threedifferent criteria. Note that non-controllablechoicerobustnessmplies
soundnes$f the WF-netonly containsnon-controllablechoices. In contrast,if

the WF-systemcontainsno non-controllablechoices,relaxed soundnessmplies
robustness.
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Revised example:
"Planning trip"

Figure 5.6 ><
)

relaxed sound

non-controllable WF-nets
choice robust WF-nets sound
WEF-nets
Example: Revised example: \
“Robust but not "Provide change” Example:
relaxed sound " Figure 5.7 Example: "Planning trip"
Figure 5.11 "Provide change” Figure 5.4
Figure 5.3

Figure5.10: Relationof thethreecriteria

‘ In theprevioussub-sectionssomeexamplesverepresentedhatillustratethe dif-
ferentsubsetslepictedin Figure5.10. The processhavn in Figure5.7 (Page96)
is soundandthereforealso relaxed soundand robust. An exampleof a process
whichis relaxed soundandrobustbut not soundis shavn in Figure 5.6 (Page96).
Furthermore thereare processeshat are relaxed soundbut not robust and vice
versa. Examplesfor the first casehave beendiscussedat the beginning of this
chaptercf. Figure5.4 (Page91) andFigure5.3(Page90). A processwhichis ro-
bustbut not relaxed soundcontainsinternaltransitionsthatarenot partof a sound
firing sequenceThis impliesthatthe processcanbe controlledbut someexecu-
tionsdetermineddy internalchoicesarenot choserbecausehey do notterminate
properly An exampleis givenin Figure5.11.

The depictedWF-systemis robust asthereis a completewinning stratey for the
workflow controller but the WF-netis notrelaxedsoundasthereis nosoundfiring
sequenceontainingtaske.

Thereis one phenomenaonsideringWF-systemswhich are relaxed soundand
robust. One would expect that the robust fragmentcomputedby the proposed
algorithmcontainsa t-labeledstatetransitionfor everytransitiont € T, i.e. espe-
cially alsot-labeledstatetransitiongfor all controllabletransitiont € Toon. Still,
therearecounterexampleswerecontrollabletransitionshave beenremoved from
the fragmentas a consequencef a dependencéo non-controllabletransitions.
Considertheexampleshawvn in the Figure5.12.

Here, a choicewhich was consideredo be controllable(t1 and¢2), is followed
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Figure5.11: A robust WF-systemwhichis notrelaxed sound

Figure5.12: A relaxed soundandrobust WF-system
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by a non-controllablechoice(t4 andt5). In orderto terminateproperlythe non-
controllablechoicemust(in casetl waschosernbefore)revoke the first choicein
orderto terminateproperly Clearly sucha dependencbetweercontrollableand
non-controllablechoicesdenotesa modelingdeficieng. To provide the modeler
with feedbackthe robustnessalgorithmcould be enlagedwith a testconstructed
in analogyto Step(iv) reportingthe controllabletransitionsnot coveredby the
robustfragment.

In generalwe will assumehatthe robustfragmentcomputedor a relaxed sound
androbust WF-systemcoversall transitions. Still the particularcasewill not be
ignored.Consequenceabatarisefor the proposedroceduranodel,cf. Figurel.1
will bediscussedn Chapters, 7 and8.

5.6 Relatedwork

The relatedwork sectionis subdvided into threeparts. First somegeneralrefer
encesaregivenon controllersynthesisln the secondhartwe investigatethe taken
assumptionsegardingthe ervironmentandcomparghemwith otherapproaches.
Finally, the classificatiorof choicesinto controllableandnon-controllablechoices
is comparedvith anothempossibleclassificatiorfrom theliterature.

Theory on games- Controller synthesis In this chapterwe looked at a work-
flow systemasa reactie systemwhosebehaior dependn the interactionwith
the ervironment. Studyingreactive systemsgcontroller synthesisproblemsarise
naturally In theliteraturethereactive systemis often calleda plant It is viewed
asan existing programwhich specifieghe waysin which the systemcanreactto
its inputs. Given a specificatione.g. a temporallogic formular, the goal is now
to comewith a stratgy to interactwith the ervironment(in away thatis allowed
by the plant), suchthat the behaior satisfiesthe specification. In otherwords,
the stratgy actsasa controllerfor the plant, restrictingits behaior so that the
specificationis met.

For reactve systemghe synthesigroblemhasbeenposedasearlyas1957in the
contet of digital circuits[Chu63. The problemwassolved by [BL69]. Herean
algorithm was presentedvhich decidesthe realizability of a given specification
andin this casesynthesizes circuit (or finite-statereactve program)from the
specification.

A lot of progresdasbeenmadesincethen. Thisis evidencedby awealthof litera-
tureon controllersynthesigproblemdor reactve systemssuchas[PR89 ALW89,
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McN93, AMP94, Tho95 ES98].Besidefinding (efficient) algorithmsfor thecom-
putationof a winning stratgy on a finite gamegraph([PR89,ALW89, McN93],
the scopeof the researcthroadenedowards otherdirections. Examplesare the
shift of resultsto gameglayedon infinite graphg/AMP94, ES98],the considera-
tion of reactve ervironments(which areableto disablesomeof their responses)
[KMTVO00], andthesynthesif distributedcontrollers]PR90]and[MTO01].

For atutorial review on commonconceptsve referto [NYY92] and[Tho02.

Assumptionsregarding the environment Most approaches modelingwork-
flow processesssumereasonablédehaior of the ervironment. Hence,they do
not provide the modelerwith a meansto checkwhethertheir processeseactro-
bustly to any possiblerequestfrom the erwvironment. Theseapproacheslisregard
maliciousrequestdrying to misusethe services.

An issuethat hasbeenapproachedy several researchersoncernsco-operation
betweencompanies. The correspondingkeywords are cross-and inter-organi-
zationalworkflow [Aal00a DDGJO01 Mar0l1, EW01a,GAOQ1]. In this settingthe
ervironmentis representedby the co-operatingpartners. An importantquestion
tackledin mostof theseapproachess whethertwo or more processegmay) in-
teractin a soundmanner In contrastto our startingpoint, they originatefrom the
assumptionghat the co-operatingpartnerssharea commoninterest,and at least
partsof their processearerevealedto the public. [Aal00a DDGJ0] and[GAO01]
considerdifferentviews of the processlescriptionsof the partiesinvolved. They
distinguishedetweerapublic view [Aal004 (externallevel [GAO01]) andaprivate
view (conceptualevel [GAO1]). The public view containsa generalizegrocess
description,with communicatioractiities, aswell asactvities that might be of
valuefor the otherparties.The privateview containsa refinedprocesgescription
which is usedfor the intra-enterpriseccommunication. Specificcorrectnessnea-
suresareprovided for the differentviews. They guaranteeonsistentooperation
betweertheindividual processeaswell assoundintra-enterprisg@rocessing.

Theapproachearebasedn co-operatiorandthe (partial)disclosureof processes.
Theseassumptionsare usedfor the validation of the interoperabilitywherethe
externalviews areassemble@ndthe compoundspecificatioris checled for some
desiredproperties.

The approachproposedhereis basedon more generalassumptions.The knowl-

edgeaboutthe behaior of the ervironmentis assumedo beonly partial. At best,
possibleactionsof the environmentare knowvn but not their order Furthermore,
the systemand the ervironmentare not co-operatingpartnersrevealing to each
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othertheir processedyut separatglayersor even opponents . Startingwith these
assumptionsa correctnesgriterion was soughtindicatingthat the proceson its
own is robustto (all) possibleinteractionfrom outside.

Approacheshasedon a similar setting are [Mar01, AHT02] and [EW014. In

[Mar01], the focusis on the collaborationof differentweb servicesin orderto

generatea new compoundservice. The questionis whetherit canbe decidedlo-

cally thattheinterfaceof onesingleservicefits to possibleinterfacesof otherweb
services.A web serviceis modeledasa Petrinet-moduleconsistingof a WF-net
and a set of interface places. The ervironmentof a web serviceis modeledas
a WF-nettoo. Both netscanbe connectedvia the interfaceplaces. In [Mar01]

a criterionis definedto statethe usability of sucha Petri net-module.Generally
speakingamoduleis usabléf thereis atleastoneernvironmentthatformsasound
closedsystemtogethermwith the module. The approacidoesnot assumeary pos-
sible ervironmentbut checkswhetherthereis one, suchthat the servicecanbe
executedproperly

In [AHTO02] theinteroperabilityof differentcomponentss investigatedaiming at
the identificationof certainrulesfor the constructionof componentbasedarchi-
tectures.Componentsreconsideredisindependenpartsof anarchitecturegach
with their own threadof controlandcollaborating(by messagexchange}o form
a working system. Componentsare describedwith the help of component-nets
(C-nets) labeledP/T-netshaving the samestructureasWF-nets.

The interoperability of two componentds organizedvia an interface, a set of

placesthatis connectedo transitionsin bothcomponentsThe constructiorrules
proposeto combinecomponentgollowing a client serverapproach.This implies

thatin the relation-shipbetweenconnecteccomponentshereis alwaysonecom-

ponentwhich hasthe role of control componenaind one componenthat hasthe

role of servercomponent Applying further rules, theseelementaryclient-serer

compositiongwhich areagainC-nets)arecombinedo form thefinal architecture,
which correspond$o atreeof connecteccomponents.

The approachposesconsiderablaestrictionsto the structureof componentand
their combination.Thisiis justified asapplyingthe proposedulesconsisteng® of
thederived architecturecanbe concludedoy construction.

Applying this approachto modelthe interactionof a systemandits ervironment,
clearly the environmentwould be consideredasa sener providing somerequired
information, or interactingvia externalevents. Consequentlythe behaior of the

8Thevisible behaior of the compoundarchitecturecorrespondso the behaior of its specifying
rootcomponent.
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environmentmustbe describedollowing the proposedimitations. Furtherinves-
tigationsarenecessarin orderto prove whetherthisis possiblematchingrealistic
scenarios.

In [EWO013 Esh032 adifferentmodelingtechniqués usedto modelworkflow pro-
cessesnamelyactivity diagramsfrom the UML. The authorsarguethattheir se-
manticsprovide a more adequatavay to modelreactive behaior. They tailor a
formal semanticdor actiity diagramsfaithfully fitting the requirementsof the
applicationdomain. However, they have so far not provided a specificway of
determiningrobustnessagainstinteractionsfrom outside.

A further classificationof choices In this chaptemwe classifiedchoicesw.r.t. to
the controllability of theoutcome Non-controllablechoicesdepictchoiceswhose
outcomedependson interactionwith the ervironment, whereasthe outcomeof
controllablechoicescanbe decidedocally. An orthogonalcriterionto distinguish
choices,is the momentof choice. The momentof choicecoincideswith the mo-
mentoneof thealternatve transitionss executed. The momentof choicedepends
onwheretheinitiative to executethe containedransitiondies.

Event transitionsdepict behaior of the ervironment, hencethe initiative of a
choice consistingof eventtransitionslies with the ervironment. Sucha choice
wascalledimplicit choice(alsoreferredto asthe deferredchoicepattern)[Aal98,
AHKBO03]. Herethe momentof choiceis deferreduntil the externaleventoccurs.
An exampleis the choicewithin thelibrary procesf Figure5.2.

In contrastanexplicit choice[Aal98, AHKBO03], is madethemomentall previous
tasksare completed. The initiative for an explicit choicelies with the workflow
control. All choicesthatconsistof transitionsof type decision task, and/orrout-
ing areexplicit choices. They are madethe momentall previous tasksare com-
pleted.

Figure 5.13 gives examplesfor explicit choices;they have beenhighlighted by
shawing correspondingransitionsn bold. Theprocesgartsof Figure5.13(a)and
(c) depictclippingsof the complaintsprocessingrom Figure5.1. Figure5.13(b)
depictsaclipping of the processHandling of incomingorder”from Figure8.9(b).

Thechoicein Figure5.13(a) is a choicebetweertransitionsof type decision The
transitionspr ocessi ng_OK and pr ocessi ng_NOK model the possibleout-
comesof the evaluationof task check _pr ocessi ng. The uppernotationin

9Note thata taskis initiated by the workflow control but executedby someexternalactor This
distinction will be addressedn the last step of the proposedprocedure(“Control Refinement”),
cf. Figurel.1
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Figure5.13: Examplesof explicit choices

Figure5.13(a) is a shortcutfor explicit choices.It wasintroducedin [Aal9§]. It
canbeusedonly if the momentof choicedepend®n just oneprevioustask. The
choicein Figure5.13(b) depictsa choicebetweentransitionsof type task. After
thecompletionof taskr ecor d_or der anddependingntheresultof someeval-
uation(deci ded: not ok ordeci ded: ok) eithertaskpi ck ortaskcancel
is initiated.

Thelastchoice,depictedin Figure5.13(c), modelsthe choicebetweertransitions
of typeroutingandtask Herethe caseis eitherroutedvia an AND- j oi n or the
taskpr ocess _conpl ai nt isinitiated.

The possibleinfluencesof workflow controlandervironmenton differentchoices
aresummarizedn Table5.1.

| Initiati ve Outcome
Choiceof eventtransitiongfree-choice) ervironment ervironment
Choiceof decisiontransitions(free-choice)| workflow control ervironment
Choiceof taskand/orroutingtransitions workflow control  workflow control

Table5.1: Choiceclassification

Wewill comebackto this classificatiorin Chaptei8. Transitionswith theinitiative
on the side of the workflow control have to be consideredwithin the “Control
refinement” thelaststepof the proposedroceduranodel(cf. Figurel.1).
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Chapter 6

Generating soundprocess
specifications

The modelerhasso far beenguidedtowardsa relaxed soundandrobust process
specification. Relaved soundneséndicatesthe existenceof enoughsoundfiring

sequenceRolustnesindicategheexistenceof astratgy whichguaranteesound
executionindependentlyfrom the moves of the ervironment. Still, the modeled
procesmeedsot be sound. Theremay befiring sequencethatdo not terminate

properly
Within this chapter several waysare proposedo transforma relaxed soundand

robustspecificatiorinto asoundspecification.Thepossiblesolutionsarecompared
with respecto their suitability in the context of workflow modeling.

In orderto transforma relaxed soundprocessdescriptioninto a soundprocess
descriptionjt is necessaryo restrictthe setof all possiblefiring sequenceto only
soundones.Therestrictedsetof firing sequencemustnotonly besoundbut must
alsobelongto awinning stratgyy thatcanbe enforcedagainsipossibleinteractions
from the environment. Assumethereis a completewinning stratgy thatcoversall
desiredsoundfiring sequencesThenthe goalis reachedassoonaswe find a Petri
netwith areachabilitygraphisomorphicto therobustfragment.

Applying methoddrom theareaof Petrinetsynthesi§GRX02g BDC02,CKLY98,
DR96,NRT92, ER90],therearetwo solutionsto the problem.

Thefirst appliesthe methodproposedn [NRT92, CKLY98] andgenerates Petri
net on the basisof the robust fragment. The resultis a WF-netwith a behaior
isomorphicto the fragment. The disadwantageof this approachs the differences
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betweerthederivedandtheprimaryWF-net. They only coincidein theirtransition
inscriptions;placelabelsaswell asthelayoutis lost.

Thesecondapproachs basedntheapplicationof resultsof [GRX02a,GRX02b].

Here, approache$rom Petri net synthesiswere adaptedfor Petri net controller

synthesis.Ratherthanconstructinga new net, it is proposedo computechanges
of the primary netso asto restrictits behaior to the onedescribedy the robust

fragment.Thissolutionincreaseshepossibilityof recognizingheprimaryprocess
descriptionwithin theresultingone.

This chapteris organizedasfollows. First, mainresultsfrom Petri net synthesis
arereviewed. In Section6.2 theseresultsareappliedto workflow modeling. They
areusedto synthesizesoundWF-netswith isomorphicor bisimilar behaior w.r.t.
the computedragment(first solution).

In Section6.3the synthesisapproachs refinedfor controllersynthesis Its appli-
cationto workflow modelingis describedn Section6.4. Here,the focusis onthe
changeof the primary WF-net,makingit asoundWF-net(secondsolution).At the
endof thechaptetthetwo approachearecomparedSection6.5) andrelatedwork
is discussedSection6.6). To supporta betterunderstandingf the revised the-
ory, we againintroducea runningexample. Applying thesemethodsto workflow
modeling,we will alsoreferto anexampleintroducedn Chapters.

6.1 Petri netsynthesis

The synthesigproblemfor Petrinetsis tackledby decidingwhethera givengraph
is isomorphicto thereachabilitygraphof somePetrinet.

The synthesigproblemwasfirst addresseih [ER9(. Subsequentlyin [NRT92]
it was shavn that an elementarynet systemcan be synthesizedn the basisof
regionsfrom a(sequentialjransitionsystensatisfyingsomeseparatiorconditions,
namelyfrom an elementarytransitionsystem. Thereafterthe synthesisproblem
hasbeensolvedfor otherclasse®f PetrinetsiMuk92, BDC02 BBD95,YMLA96,
BMPV96]. Thesolutionsall useregions.

Regions may be interpretedas atomicnets,i.e. netsconsistingof a singleplace
togetherwith its input andoutputtransitions.A Petrinetcanbe composedising
atomicnetsandjoining themat commontransitions.

Every transition systemcan be broken down into a finite numberof subsetsof
regions. Fitting togethetthe atomicnetswhich correspondo theregions,however,
doesnot necessarilyresultin Petri netswith isomorphicbehaior to the primary
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transitionsystem. The challengewasto decideconstructiely the existenceof a
Petrinetwith a reachabilitygraphisomorphicto a giventransitionsystem.Here,
themainideasfor Petrinetsynthesisnthe basisof regionsareintroduced.

6.1.1 Preliminaries

We will start by recalling transition systemsand providing various conceptsto
comparghem.

Transition system

A TransitionSystem(TS) wasdefined(Def. 2.22)asa quadruple

TS = (V,L, E,vy,), whereV is a nonemptysetof states,L is a setof events
(labels),E C V x L x V is atransitionrelation,andv;,, is aninitial state.A TSis
finite if V and L arefinite.

In the following we will only consideffinite transitionsystems.Furthermoret is
assumedhatevery transitionsystem?'S = (V, L, E, v;,,) satisfiesthe following
axioms:

(A1) Noself-loopsV(v,l,v") € E:v #;
(A2) Everyeventhasanoccurrencey! € L : 3(v,l,v') € E;

(A3) Every stateis reachabldrom theinitial state:vv € V : v;, — v.

An exampleof atransitionsystemis shavn in Figure6.1.

Someconceptsare introducedfor the comparisonof the behaior describedoy
transitionsystems.

Definition 6.1 (Split-morphism).

LetTS, = (Vi, L1, E1,v4,) and TSy = (Va, Lo, E9,vip,) be two transition
systemsA split-morphisnh fromT'S; to T'S, isa pair (hy, hy,) of total mappings,
hy beingbijectiveand b, beingsurjective

hv:V1—)Vé
hL:Ll—)LQ

which satisfies:((v,1,v") € E1 < (hy (v),hr(l), hy (v')) € Es.
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Figure6.1: A transitionsystem

Definition 6.2 (Isomorphism).
A split-morphismh = (hy,hz) fromTS; to T'Sy is an isomorphismif hy, is
bijective

Two transitionsystemsare saidto be isomorphicif thereis anisomorphismbe-
tweenthem. The conceptof split-morphismwill be usedwhenan eventis repre-
sentedby differentinstancesn a transitionsystem.Lateron, whenderving Petri
nets,this splitting will resultin differenttransitionswith the sameabel.

Anotherconcepbf equivalencebetweertransitionsystemss the concepof bisim-
ulation[GW96, Mil80].

Definition 6.3 (Bisimulation).

LetTS; = (Vi,L, E1,vip,) and TSy = (Va, L, B9, vy,) betwo transitionsys-
temswith the samesetof events.T'S; andT'Sy showbisimulationif there existsa
binary relation R betweerd; andV,, R C V; x V5 sudh that

e Theinitial statesof T'S; andT'S, arerelatedby R: (vip, , vin,) € R
e If R(v1,v2) and(vy,l,v]) € Eq, thentheris a statev), sud that (ve, 1, v4) € Es.

o If R(v1,v2) and(ve,l,vh) € Es, thentheris a statev] sud that (v1,7,v}) € Ej.
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Two transitionsystemsaresaidto be bisimilar if they cansimulateeachother i.e.
thereis a bisimulationbetweerthem.

Regions

The corenotionwithin Petrinetsynthesiss the conceptof aregion. Variousver
sionsare usedto differentiatebetweenseveral classesof transitionsystems. A
comprehense suney describinghe gradualdevelopmentof thetheoryof regions
canbefoundin [BD98].

Thebasicnotionof aregionis thefollowing:

Definition 6.4 ((elementary)region).

LetTS = (V, L, E, v;,) beatransitionsystemThenr C V isaregionof T'S
iff the following two conditionsare satisfied:

event ] alwaysexitsr:

(v,,v') eENveEerAv ¢r=Y(v,l,v) EE:v €rAv] ¢r
event ] alwaysentersr:

(v,l,v') EENvETrAvETr=>V(v,l,v]) EE:vi ¢rAviEr

A region is a subsetof states. The fundamentabpropertyof a region is that all

transitionslabeledwith the sameevent! have the same’entry/exit” relationship.
The event may eitheralwaysenterthe region, or alwaysexit the region, or never
crosstheregionsboundaries.

EachtransitionsystemT'S hastwo trivial regions: the setof all states,V, and
the empty set. Furtheron, we will consideronly nontriial regions. The setof
nontrivial regionsof T'S will bedenotediy Rrs. For eachstatev € V, we define
the setof nontrivial regionscontainingv, denotedby R,. A region’ is saidto be
a subrgion of r iff ¥/ C r. A regionr is minimumif thereis no otherregion r’
whichis a subregion of .

Let us consideragainthetransitionsystemshavn in Figure6.1. The setof states
ro = {vl,v2,v4,v6} is aregion, sinceall transitionslabeledwith « andm enter
r9, andall transitiondabeledwith b andk exit ro. Otherregionsarer; = {v_in},

rg = {vl,v3}, rq4 = {v2,v10}, r5 = {v5}, r¢ = {v6,v8}, r7 = {v4,v7}, rg =

{v3,v7,v8,v10} andrg = {v9}. All of theseregionsare minimum, but arenot

necessarilynutually exclusive. Correspondinglythe setsR,; for i = in, 1..10 are
asfollows: Rv_in = {Tl},va = {7‘2,’1"3},R112 = {7"2,7"4},R1)3 = {Tg,?"g},RM =

{ra,r7}, Rys = {rs}, Rue = {r2,76}, Ror = {r7,78}, Rys = {76, 78}, Ryo =

{ro}, Ry10 = {ra, 78},
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We will furthermoredefinepre-regionsandpost-iegionsof anevent. A region

r € Rrg isapre-rayion of eventl, if thereis atransitionlabeledwith [ which exits

r:3(v,l,v") € E:v erAv ¢r. Thesetof pre-rgionsof anevent! is denoted
by ol. A regionr € Rrg is apost-rgion of eventl, if thereis atransitionlabeled
with [ whichentersr : 3(v,l,v') € E : v ¢ r Av' € r. Thesetof post-rgionsof

ananevent! is denotedby Jo.

Pre-rgionsandpost-rgionsfor thetransitionsystemin Figure6.1 areasfollows:

pre-regions: oca = {r; },ob = {ra},0c = {r3},od = {r3},of = {rs},
og = {rg},oh = {r7,rs},ok = {rqe,r4} andom = {rs}

post-regions: ac = {ry,r3},bo = {rg},co = {rr},do = {rs}, fo = {rs},
go = {r7},ho = {ro}, ko = {rs} andmo = {ry, 76}

With the notion of a region we are now ableto definean elementarytransition
system

Definition 6.5 (Elementary transition system).
A transitionsysteml’S = (V, L, E, v;,) is elementaryfETS)[NRT92] if in addi-
tion to (A1)-(A3),it satisfieghefollowing two axiomsaboutregions:

(A4) Statesepanation axiom(SSA)Vv,v' € V: R, = R, => v =1'

(A5) EventSepaation axiom(ESA):Vo € VVI € L: ol C Ry = v —

The stateseparatioraxiom (A4) implies thattwo different statesmustbelongto
differentsetsof regions. The event separatioraxiom (A5) implies thatif statev
is includedin all pre-rggions of an event suchas/, then/ mustbe enabledin v.
Corversely if anevent! is not enabledin a statev thenthereis a pre-reion of

l
event! which doesnot containstatev: Yv € VVI € L : v/— = v ¢ r for some
pre-rgjionof [: r € ol.

The transitionsystemin Figure6.1is elementarysinceall axioms(A1)-(A5) are
satisfied.For example,statev1 is separatedrom ary otherstate(A4). This state
is includedin regionsr, andrs andthereis no otherstatewhichis coveredby the
samesetof regions. To illustrate (A5), let us considereventc with oc = {r3},

rg = {vl,v3}, Ry1 = {re,r3}, andRy3 = {rs,rs}. Thetwo statespl andv3

satisfyconditionoc C R,; andoc C R,3 respectiely. (A5) holdsasbhoth states
v1 andv3 have anexit arclabeledby eventc.
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Anotherclassof transitionsystemss basednexcitationregions[CKLY98]. These
areregionsthatarerelatedto transitionswhile normalregionsin a transitionsys-
temarerelatedto placesin thecorrespondindPetrinet. An excitationregion (ER)
for eventl is amaximumsetof statesn which transition! is enabled:

Definition 6.6 (Excitation region (ER)).
A setof statesV’ is calledan excitationregion for eventl, denotedE’R(1), if it is a

maximunsetof statessud that, for everystatev € V' ther s a transitionw Ly

Referringagainto the transitionsystemin Figure6.1, examplesfor excitationre-
gionsareER(a) = {vin}, ER(b) = {vl,v2,v6} andER(c) = {vl,v3}.

Basedon this region-notation the classof excitation-closedransitionsystemss
defined. Therefore the axioms(A4) and (A5) arereplacedby axioms(A4’) and
(A5).

Definition 6.7 (Excitation-closedTS (ECTS)).
Atransitionsysten?'S = (V, L, E, v;,) is calledexcitation-closedCKLY98]if in
additionto (A1)-(A3),it satisfieghefollowingtwoaxiomsaboutexcitationregions:

(A4") Excitationclosue: For eadh eventl : (., r = ER(l)

(A5") EventeffectivenessFor eat eventl : ol #

The TS from Figure6.1is excitation-closed.If we considere.g. eventh: Its pre-
regionsarenon-empty:oh = {r7,rg}, therefore,axiom (A5’) is satisfied. The
excitation region ER(h) = {v7} coincideswith r; Nrg (r7 = {v4,v7},rg =
{v3,v7,v8,v10}), thereforeaxiom (A4’) is alsosatisfied.

The relationbetweenETS and ECTSis very close. The following theorem,cf.
[CKLY98], establishea connectiorbetweerthem.

Theorem 6.8 (Relation ETS and ECTS).

1. If aTS is elementarythenit is excitation-closed.

2. LetTS = (V, L, E,v;,) bean ECTS.Then,ther is an elementarytransition
systeni’S’, andT'S andT'S’ are bisimilar.

Besideelementaryand excitation closedtransitionsystem,we will alsorefer to
geneal transitionsystemsFor their definitionwe introducethe notionof ageneal
region. Generalregions, which have beenintroducedin variousforms [Muk92,
DS93,BMPV96] and[KCK T96], aremultisetswhereregionsaresets.
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Definition 6.9 (Generalregion).
A geneal region of a transitionssystemV, L, E, v;,, ) is amultisetr : V. — IN
iff: V(v1,1,v1"), (v2,l,v2") € E : r(vl) —r(vl’) = r(v2) — r(v2).

In otherwords,a multisetr is aregion if andonly if every transitionlabeledwith
event/ changeghe “rank of membership’uniformly; Vi € L,V(v,l,v") € E :
r(v) — r(v") = k, wherek is aconstant.

If r(v) —r(v') = k <0, it is saidthattransition(v,,v') increases by k. If
r(v) — r(v') = k > 0, it is saidthattransition(v, l,v") decreases by k.

A regionr is saidto beak-preregion of event! if thereis atransitionlabeledwith ]
which decreases by k. A regionis ak-postegion of event!/ if thereis atransition
labeledwith [ whichincreases by k.

Basedon this region-notationthe classof generaltransitionssystemss defined.
Here,axioms(A4) and(A5) arereplacedoy axioms(A4") and(A5").

Definition 6.10(General TS).
A transitionsystenl’S = (V, L, E,vy,) is calleda geneal TSif in additionto
(A1)-(A3),it satisfieghefollowing two axiomsaboutgenegl regions:

(A4™) Statesepaationaxiom(SSA)Vv,v' € V: R, =R, = v =1
(A5") Eventsepaation axiom(ESA):v 7/l—):> r(v) < k for somek-preregion of /.

Generalregions are an extensionof the conceptof elementaryregions; every el-
ementaryregion is a generalregion which changeghe rank of membershigby
k = 1. Thereforegvery elementaryTSis agenerall S. Settingk = 1, the separa-
tion axioms,characterizinga generalT S, correspond$o the separatioraxiomsof
elementaryl Ss.

The following sub-sectionrecapitulatediow differenttypesof Petri netsare syn-
thesizedon the basisof correspondingransitionssystems.

6.1.2 SynthesizingsafePetri nets

LetTS = (V, L, E,vy,) beatransitionsystem.If TSis elementaryi.e. it satisfies
the stateandthe event separatioraxioms(A4) and (A5), thenTS is isomorphic
with thereachabilitygraphof a safeandpurePetrinet. In [NRT92] the following

theoremwasproved correct.
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Theorem 6.11(Elementary TS/Petri net).

Thereadability graph of a safeand purePetri netis alwaysan elementarytransi-
tion systemandviceversa,i.e. if atransitionsystemnis elementarythena Petri net
with a readability graphisomorphicto the transitionsystentanbe constructed.

Thekey ideabehindthe synthesiof a correspondindPetrinetis theinterpretation
of regions as atomic netswith a single place,filled by enteringtransitionsand
emptiedby exiting transitions.The atomicnetsarecomposedy joining common
labeledtransitions forming the desiredPetrinet.

Incorporatingall regionsof the transitionsystem the synthesizedet hasthe pe-
culiar propertythatit is maximumwith respecto the numberof placesamongall
the net systemswvhosereachabilitygraphis isomorphicto the primary transition
system.In [DR96] an admissiblesetof regionsis saidto be sufiicient to derive a
Petrinetwith isomorphicbehaior to the transitionsystem.An admissiblesetof
regionsis a subsebf regionslarge enoughto satisfybothseparatioraxioms(SSA
andESA). In [Ber93 it wasshawn thatthe setof minimumregionsis anadmis-
sible setof regions. The netconstructedrom all minimum regionsis uniqueand
calleda minimumsaturateaet.

Synthesisalgorithm

The algorithm for synthesizinga minimum saturatedPetri net, as proposedin
[NRT92], works asfollows. For every event! € L atransitionlabeledwith [ is
generatedn the Petrinet. For eachminimumregionr; € Rypg, aplaceis gener
atedin the Petrinet. Theflow relationof the Petrinetis derived from the pre-and
post-rgion of theevents: Frs = {(r,l)|r € Rrs Al € LAr € ol} U{(l,r)|r €
Rrs ANl e LAr€lo}.

Placer; containsa token in the initial marking iff the correspondingegion r;
containgheinitial statev;,, of theETS.

The TS shavn in Figure6.1is elementaryThe synthesizedPetrinetcomputedon
the subsebf minimumregionsis shavn in Figure6.2.

The algorithm doesnot provide a solutionif the given transition systemis not
elementary|n this case a safePetrinetwith isomorphicbehaior cannotbe syn-
thesized.

In [CKLY98] the scopeof the algorithmwasbroadenedowardsexcitation closed
TS. This implies an optimization of the algorithm and, even more importantly
malkesit possibleto cover the full classof TSsby meansof transitionsplitting.
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Figure6.2: A synthesizedPetrinet

The useof ETSsproduceda Petrinetwith areachabilitygraphisomorphicto the
TS.Changinghedeagreeof correspondencetheextendedmethodproduces Petri
netswhosereachabilitygraphis bisimilar to the primary TS.

Theinputof thenew algorithmisaTS. Theoutputis asafeandpurePetrinetwhose
reachabilitygraphis bisimilar to the TS. In afirst step,the TS is transformednto

a split-morphicECTS.This is doneby splitting labelsof transitions.On the basis
of thederived ECTS,a minimumsaturatedPetrinetis synthesized.

The new algorithm was describedn detail in [CKLY98] and was implemented
within the tool Petrify [CKK 797]. An exampleillustrating the approactis given
in the Appendix,seeSection9.5.

Anotherpossibilityto copewith non-elementary'Sis the useof geneal regions.

6.1.3 SynthesizinggeneralPetri nets

The approactproposedn [NRT92] hasbeenextendedto geneal regionsin order
to copewith the synthesiof generaPetrinets, e.g.[Muk92, BDC02,KCK196].

It is apparenthatevery placep of netsystemS = (PN, M;) determinesanasso-
ciatedgeneralregion of the reachabilitygraphRG = (V, E), suchthatr(M) =

M (r) for everyreachablenarking M € V. Conversely every generakegion r of
atransitionsystem(V, L, E, v;,,) determinegnatomicnetN' = ({r}, L, F', M)

whereF'(r,l) = k iff r is ak-preregion of [, F'(l,r) = k iff r is ak-postegion of
lLandMy(r) = r(Mp).

Hereagain,the netassembledn this way is a Petrinet with a reachabilitygraph

Place/Tansitionnetswith arcweights:F : (P x T) U (T x P) — IN

119



isomorphicto the primary transitionsystemif and only if the transitionsystem
satisfieghetwo separatioraxioms(A4”) and(A5")

Theorem 6.12(General TS — Petri net).

Atransitionsysteni’S = (V, L, E, v;,,) isisomorphicto thereadability graph of
somemarked generl Petri netif andonlyif it satisfieghe stateand eventsepaa-
tion axioms(A4”) and(A5”).

For a proof of thistheoremthereadetis referredto [Muk92, BDCO02].

The setof generalizedregions has particularly good algebraicpropertieswhich
madeit possibleto develop polynomialalgorithmssolving the synthesigproblem
for boundedplace/transitiometswithout loops[BBD95]. Thealgorithmicideais
basedntherelationbetweergeneraregionsandrow-vectorsin theincidencema-
trix of thecorrespondindPetrinet. Thealgorithmicsolutionwasextendedateron
to generalPetrinets [BD96] andwasimplementedvithin thetool Syne{Cai97].

Having introducedexisting resultsfrom Petri net synthesisthe actualbenefitis
their applicationfor the modelingof workflow. In the next sectionwe will exploit
the describedmethods,generatinga soundprocessdescriptionon the basisof a
relaxed soundandrobust processiescription.

6.2 Applying Petri net synthesisto workflow modeling

We arenow in a positionto generatea soundWF-systenon the basisof arelaxed
soundand robust WF-system. The soundWF-systemonly supportspartsof the
behaior of the relaxed soundWF-systemnamelythosefiring sequencethatare
soundand belongto the winning stratgyy that can be enforcedagainstpossible
interactiondrom the ervironment.

Constructinga soundWF-system(PN’, i) on the basisof the relaxed soundand
robust WF-system(PN, 7) comesdown to synthesizinga Petri net on the basis
of a robust fragmentSG = (Vsg, Esg). The only further assumptionis that
PN = (P,T,F) is pure(i.e. no selfloops). This is no restrictionasary non-
purePetrinetcanbetransformednto a purenetwithoutalteringrelevantbehaior
[Lau02).

Let SG = (Vsg, Esg) be arobust fragmentof the reachabilitygraph RGs =
(Vra, Era) of the WF-systemS = (PN,i) : SG C RGg. SG is atransi-
tion system(V, L, E, v;,) with: V = Vsg C Rpy(M;) assetof states,and
E = Esg = Ercg N (Vsg x T x Vgg) assetof labelededgesandv;, = i is
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the initial state. The setof labelsL correspond$o a subsetof the transitionsof
PN: L ={t|(M,t,M'") € E'}. Notethat L includesat leastall non-controllable
transitionsL N Tv¢ = T, follows asSG is complete.

Thefragmentsatisfieghe standardaxiomsof a TS (A1)-(A3).

(A1) no self-loops:thisfollows asthe WF-netwasassumedo be pure
(cf. Section3.4.1).

(A2) every event hasan occurrence: follows from the definitionof SG.

(A3) every stateis reachablefrom the initial state: follows asthe fragmentis
robust(cf. Requiremenb.2 from Def. 2).

Two casesare differentiated. If the computedfragmentSG is elementarythe
basicalgorithm[NRT92] canbe appliedsynthesizinga Petrinetwith isomorphic
behaior. If thecomputedragments notelementarythe extendedalgorithmfrom
[CKLY98] is applied. Note, if the fragmentis not excitation closed,transition
splitting is carriedout beforethe actualsynthesisThis procedurdeadsto a sound
WEF-systemWe will prove thefollowing theorem.

Theorem 6.13.

Let PN bea pure WF-netwith input place:. Let RGs bethereadability graph
of thesystemS = (PN, i) and SG = (Vsq, Esi) bearobustfragment,SG C
RGs. Let PN’ = (P',T', F') be the Petri netsynthesizethasedon SG. Then
PN'isaWF-netand S’ = (PN', i) is sound.

Proofa) PN’ isa WF-net

One source-and onesink place: Theexistenceof onesourceandonesink place
canbe deducedrom the construction. The fragmentdoescontaina state
i anda stateo which have eitheronly outgoingarcs(z) or only incoming
arcs(o). Thereforetherearetwo minimumregionsr; = {i} andr, = {o}
reflectingthis “entry/exit” relationship. The labelsof the statetransitions
exiting states (or enteringo) mustnot occur a secondtime asthis would
meanthatplacei (o) would be marked again.Minimum regionsaremapped
on placeswithin the synthesizedPetrinet. As furthermorethe flow relation
is derived from the pre-andpost-rgion of the events,P N’ hasexactly one
sourceplaceandonesink place.

Strongly connected: The systemS’ = (PN’, i) doesnot containary deadtran-
sitions, i.e. for every transitiont € T" thereis a marking M’ reachable
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from ¢ which enableg. This follows asfor every transitionof PN’ thereis
acorrespondingabelin therobustfragment.

The reachabilitygraph RG g/ is isomorphicor bisimilar to the robust frag-
ment SG which containssoundfiring sequencesnly, i.e. every marking
reachabldrom theinitial markingi eventuallyleadsto o (i — M — o).
We short-circuitthe derived Petrinet by addinga transitiont* ¢ T", such
thatPN' = (P',T' U {t*}, F' U {(o,t*), (t*,4)}). Firing this transitionthe
systemis resetto its initial state.

For the short-circuitedsystemS = (PN’,1) it now holdsthatfrom every
reachablemarking M a marking M’ is reachablgM — M') which en-
ablest, i.e. theshort-circuitedhetis live. ThesystemS = (PN’ i) is safe
(INRT92, CKLY98)). In its final markingplaceo containsonetokenandall

theotherplacesareempty(M (o) = 1 andfor all p € P\ {o} : M(p) = 0).

Short-circuitingthe net as describedabove, the systemremainsbounded.
SystemS = (PN',i) is live andbounded. With [DE95] Theoren®.25 it

canbeconcludedhat s is stronglyconnected.

No arc weights: follows asthe synthesizedPetrinetis safe.

Proofb) (PN’,4) issound Soundnessf (PN, 1) follows astheshort-circuited
system(PN', 1) is live andboundedcf. Theorem2.48.

Summarizingheabore points,it follows that(PN’, 7) is asoundWF-system.
O

Note Theremay be transitionsin the primary WF-net PN which do not occur
in the resulting Petrinet PN'. Startingfrom a transitionsystem,the synthesis
algorithmgenerates Petrinettransition(labeledwith [) for every event] € L. If
the setof labelsof the fragmentequalsthe setof transitionsof the primary WF-
system(L = T') thesetof generatedransitionsI” equalsT'. If somecontrollable
transitionswere not coveredby the robust fragment(Z. C T') theresultingsound
WEF-systemP N’ will have lesstransitionshanthe primaryWF-systemThereare
exampleswere L C T. Thereadelis referredto theappendix(cf. Section9.5) for
anlllustration.

Using the generatedoundWF-systemo supportthe executionof the actualpro-
cessatrun-timeareliableexecutioncanbe guaranteed.
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Example: Consideragainthe revisedexamplein Figure5.6 (cf. Page96). The
WEF-net“Planning trip” was robust, and relaxed soundbut was not sound. The
robust fragmentSG = (Vsg, Esg) wasshavn in Figure5.8 on Page97. The
fragmentcontainsa t-labeledstatetransitionfor every transitiont € T: L = T.

The fragmentis an ETS. The WF-netsynthesizean the basisof the fragmentis
shawn in Figure6.3. The WF-netwasgeneratedisingthe tool Petrify [CKK +97].

h:ok r5 cancel _trip

0 plan_trip

abort_
hotel_booking

Figure6.3: ThesynthesizedPetrinet“PlanningTrip”

The resultingWF-systemis soundcovering partsof the behaior of the primary
procesglescription.This is a necessarprerequisiteo usethe derved WF-netas
workflow specification.

Still, thederived WF-netis possiblyinadequatdor communicatiorpurposesThe
behaior of theprimaryWF-systenbecameestricted. Thederivedbehaior should
be confirmedby a domainexpert beforethe workflow-specificationis put to use.
Thereforethefinal procesglescriptiorshouldbediscusse@gainbetweerdomain
experts. This may causedifficulties asthe derived WF-net probablybearslittle
resemblancavith the primaryWF-net. Thisis dueto a numberof points:

Lossof place names: Within region computationthe labelsof the old placesare
replacedoy new arbitraryregion names.

Lossof places Implicit place$ which have beenpart of the primary WF-netare
omittedin thesynthesizechet.

Augmentation of elements Synthesizedhetsarealwayssafe. Synthesizedound
WF-netmay becomequite large. This is becausdor a k-boundedplacein
theprimary WF-net,k placeswould be synthesizedn theresultingWF-net.

2Implicit or redundanplacesareplacesthatdo notrestrictthefiring of transitions
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Lossof layout Startingfrom the reachabilitygraphof the WF-net,furtherimpor
tantinformationsuchaslayoutandpositionof net-elementss notincorpo-
ratedin thedrawing of the new WF-net.

Changeof order In the resulting WF-net even the ordering of transitionsmay
have changed.Transitionsthat were primarily orderedwith respecto their
appropriateorganizationalinit arereorderedvith respecto their actualoc-
currence Theseaearrangementsanalsobeobseredcomparingheprimary
WEF-net“Planningtrip” (cf. Figure5.6) with the synthesizedVF-netshovn
in Figure6.3.

Theonly guaranteedorrespondencieetweerprimary andresultingWF-netis for
the transitionlabels. But if transitionsplitting was necessatya transitionin the
primary WF-netmay be replacedby several transitionswhich are assignedwith
deviatedlabels.Furthermoreif thesetof labelsof thefragmentdoesnotequalthe
setof primarily usedtransitions(Z. C T'), sometransitionlabelswill be missingin
thegeneratedVF-net.

Thealteredappearancef the resultingprocesslescriptioncomplicategherecog-
nition of the primary modeledprocess.The domainexpertshave to understandh
new processlescriptionin orderto discussandagreeon thefinal behaior.

The growth of the resultingWF-netcould be circumentedby the useof general
regions. Thenthe scopeof the algorithmis broadenedowardsthe synthesisof
generalPetrinets. The dravbackis thatstartingfrom a WF-netwhich hasno arc-
inscriptionsthederived Petrinetmayhave arc-inscriptionsandmaythusno longer
beaWF-net.Changeslueto lossof information(placenameslayout,appropriate
organizationalnit) couldstill notbe avoided.

To remedythis problema secondprocedures proposed.The objective is not to
generatenew soundprocesslescriptiorbut to enhancehe primaryWF-net,such
thatthe behaior is restricted. The latter approacthasthe adwvantagethat domain
expertscanrecognizethe WF-netmore easily asonly somechangesave to be
considered.

In orderto identify thesechangeswe again considermethodsproposedin the

literature;this time regardingthe synthesiof Petrinetscontrollers.This research
field appliesresultsfrom Petri net synthesiggeneratingonly thesepartsof a net

which guarantesomeconstraintspecifiedn adwance.
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6.3 Petri netcontroller synthesis

Theobijective of Petrinetcontrollersynthesidss to computea setof newv placesor
a given Petrinetwhich superviseor controlthe behaior of the Petrinet,avoiding
theentryinto forbiddenstated. Theintroducedplacesarecalledcontrollerplaces
(e.g.[YMLA96]) or monitors(e.g.[GDS92]).

Contraryto Petrinetsynthesiswherea whole netis synthesizedin this applica-
tion domainonly somedesignateclaces,namelythe controller places,have to
be synthesizedAdding theseplacesto the primary net, the behaior is restricted.
As theseplacesarenot containedn theprimarynetthereareno correspondinge-
gionssofar. Theinformationneededor theircomputatiorcanbegainedn various
ways,e.g. from placeinvariantslYMLA96], generaimutualexclusionconditions
(GMECs)[GDS92], or setsof forbiddenmarkings[GRX02h. We will herelook
morecloselyattheapproachproposedn [GRX02b,GRX02a].

The information neededor the computationof regionsis derived from the state
transitionstransgressinthe legal behavior Thelegal behaior correspondso the
partialreachabilitygraphfrom whereall desiredstatesemainreachable.

It is clearthat statetransitionsleaving the legal behaior have to be prevented.
Remembethe event separatioraxiom (A5/A5”) statingthatif anevent! is not
enabledin a statev thenthereis a pre-raggion of event! which doesnot contain
statev. Thereforethecontrollerplaces,, correspondo thesepre-reions.

Let usconsideronecontrollerplacep.. If thelegal behaior is anETSit holdsfor
region rp, thatit is pre-reggion of event/ andr (M) = 0. If thelegal behaior is a
generall'S, region r,, mustbeak-prergyion of event! andr (M) < k.

In thefollowing wewill sketchthealgorithmthatwasproposedGRX02b,GRX024
to computethe correspondingegions. Thealgorithmis basedon the useof gene-
ral regionsandexploitstherelationbetweergenerafregionsandrow-vectorsin the
incidencematrix of the correspondindpPetrinet.

Let SG C RG beasubgraphof thereachabilitygraph,describinghelegal beha-
ior. Let 2 bethesetof pairs(M,t) correspondindo statetransitionsthat leave
the subgraph.(2 is called the setof separatiorinstances.lIt is assumedhat for
eachseparationnstanceg M, t) € Q oneadditionalcontrolplacep, is necessarin
orderto preventits occurrencelt will be seenthatin practicethe numberof nev
placess muchsmallerthanthe numberof statetransitionsto be inhibited.

3An additionalplacecanonly restrictthe behaior becauséhe placecanblock transitionsbut it
cannotenabletransitionswhich arenot enabledn the netwithoutthe place.
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In orderto influencethe firing of transitiont it is clearthatthe control placep,
mustbein its preset.In orderto inhibit theenablingof ¢ in M, it musthold that

M(p.) + C(pe,t) < 0. [Eventseparatiortondition]6.1)

whereC is theincidencematrix of the system(P N, i) andtheentry C(p,, t) cor
responddo the changeof the markingof the placep. causedy the occurrencef
transitiont.

Relation6.1 is the event separatiorconditionof (M, t). Notethatdifferentevent
separationstancesnayhave commonsolutions.As aresult,thenumberof places
neededo solve all event separatiorinstanceds generallymuchsmallerthanthe
numberof eventseparationnstances.

Theintroductionof new placesneedotchangehelegalbehaior. Thereforepther
equationssuchasthe Marking equationlemma(cf. Lemma2.26), aswell asthe
generalpropertyof T-invariants(cf. Definition2.27)shouldstill hold. Restricted
to the controllerplacep,. it musthold:

M'(p.) = M(p.) + pe-d > 0,5 : M -5 M' [Marking equatioemma]6.2)
Pc 'Y =0,V T-invariantsY of PN [Generalpropertyof T-invariants]6.3)

Solving the given setof equations.1, 6.2, and 6.3, a solutionis derived for the
row vectorp.. Note,thatthe equationsystemhasa solutiononly if the subgraph
satisfieghe two separatioraxiomsSSA (A4”) andESA (A5”).

A row-vectorof the incidencematrix describeghe in- and outputrelationof one
place. Therefore,the solution provides all information neededto introducethe
controllerplacep.. The aggrgationof all controller placesis calleda synchro-
nization pattern: SP = (P, T, F,) where P, is the setof controller places, T’
is the setof transitions,and F, : (P. x T) U (T x P.) — IN s the flow
relation, F.(p,t) = |p(t)| if p(t) < 0 (0 otherwisg and F.(t,p) = pc(?), if
pc(t) > 0 (0 otherwise.

Thealgorithmcomputinga synchronizatiorpatternby solvingthe abose equation
systemwasimplementedvithin thetool SynefCai97].

Integratingthe synchronizatiorpatterninto the primary Petrinet PN = (P, T, F)
a new Petrinetis derived with a behaior isomorphicto the partial reachability
graphdenotingthedesirecbehaior: PNy, = SPUPN = (PUP,, T, FUF,)*

*We assumeP N to be a generalPetrinet. This is no restrictionas every Petri netwithout arc
weightscanbereformulatedasa generalPetrinetsettingall arcweightsto 1.
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Example: Thetransitionsystemin Figure6.4 a) denoteshe reachabilitygraph
of the Petrinetfrom Figure6.2. Let the legal behaior be the subgraphgivenin
Figure6.4b). Thesubgraphs anETS.

Figure6.4: a) ThereachabilitygraphRG b) An assumedegal behaior SG C RG

The deducedsetof separatiorinstanced?, is Q = {(Ma,b), (M3,d), (Ms, f)}.
Thefollowing threeeventseparatiortonditionsarederived:

1. Mg(pcl) + C(pclab) <0
2. Mg(p63) + C(pcsad) <0
3. Mg(p@) + C(p02>f) <0

Accordingto the Marking equationemma(cf. Equation6.2), thefollowing equa-
tionsmusthold for all p.; with s = 1,2, 3:
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o Mi(pe;) = i(pe;) + C(pe;,a) >0 o Ms(pc;) = Mes(pe;) + C(pe;,b) >0
o My(pe;) = Mi(pe;) + Clpe;,d) >0 o My(p.;) = Me(pe;) + C(pe;,9) >0
o Ms(pe;) = Mi(pe;) + Clpe;;b) >0 o My(pe;) = My(p;) + C(pe;, b) >0
o My(pe;) = Mi(pe;) + Clpe;,c) >0 o My(pe,) = Mz(pe;) + C(pe;,c) >0
® Ms(pe;) = Ma(pe;) + C(p.isk) >0 o Mr(pe;) = Ms(pe;) + C(pe;,g) >0
o Ms(pe;) = Ms(pe;) + C(pe;,m) >0 o o(pe;) = Mr(pe;) + C(peis h) >0

Accordingto the T-invariants(cf. 6.3) of the primary system the following equa-
tionsmusthold for all p.; withi = 1,2, 3:

De;ya +C(pcla )+C(pci,c)+0(pci,h) =0

(pe;s a)
Epczaa)) + C(pe;; b) + C(pe;,d) + Clpe;, k) + C(pe;; m) + Clpe;, 9) +
(Peis k)

C
C
Cpcl,h
e C

pcmk +C(pcza )+C(pcwf)20

Solving the setof equationdor eitherof the threeseparatiorinstancegesultsin
onecontrolplacep.. Onesolutionof the equationsystemis:

C(pc;a) = 1,C(pc,b) = —1,C(pc, d) = —1,C(pe,m) = 1.
A secondsolutionfor p, is:

C(pe;a) = 1,C(pc,b) = —1,C(pe, d) = —1,C(pc, k) = 1.
Theresultingsynchronizatiompatterr (first solution)is

P = ({pc}, T, {(a,pc), (M, pe), (Pe, b), (Pe, d), (Pe, £)})

Thesameresultproducedhroughthetool Synetis shavn in Figure6.5

IntegratingthesynchronizatiorpatternS P with the Petri-netfrom Figure6.2leads
to the new netshawvn in Figure6.6. The behaior of theresultingprocessiescrip-
tion is isomorphicto thelegal behaior SG.

SNote,arcweightshave beenomittedin this notation,becausehey areall equalto 1.
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Sync-pattern.net

Figure6.5: Thesynthesizedynchronizatiompattern

Figure6.6: Integratingthe derived patterninto the primary WF-net
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6.4 Applying controller synthesisto workflow modeling

The useof the proposedalgorithmfor the synthesisof a soundWF-netis obvi-
ous. Whatwas calledlegal behaior correspondso the behaior describedoy a
robust fragmentSG. We furthermorerequirethat the robust fragmentcoversall
controllabletransitionsj.e. containsat-labeledstatetransitionfor every transition
t € Tcon- Consequentlyhe setof labelsof the robust fragmentcoincideswith
the setof transitionsof the primary WF-system:L = T'. This furtherrequirement
is reasonablasin Section5.5 it wasarguedthat controllabletransitionsthat are
not coveredby therohustfragmentprobablydenotea modelingdeficieng.

Applying the algorithmto thatfragment,a setof controllerplacesis synthesized,
which determineghe desiredsynchronizatiorpatternSP = (P., T, F,). Finally
the synchronizatiorpatternis joined with the primary WF-netin orderto obtain
thecontrolledPetrinet: PNy, = SPUPN = (PUP,,T,F UF,).

Figure6.7 illustratesthe applicationof controller synthesisfor workflow model-
ing. Startingwith a relaxed soundand robust processdescriptiona Petri netis
constructedulfilling the conditionsthatcharacterizex soundprocesslescription:
optionto completepropertermination andno deadtransitions seeDef. 2.47.

We will prove thefollowing theorem.

Theorem6.14. Let S = (PN, 1) be a relaxedsoundand robust WF-systemLet
SG = (Vsg, Esq) be a robustfragmentof the readhability graph: SG C RGg
with L = {t|(M,t,M') € Esg} = T. Let PN’ bethe Petri netthat wascon-
structedinserting the computedsyndronizationpattern SP = (P,, T, F.) into
PN. Then(PN', 1) fulfills thethreepropertiescharacterizinga soundWF-net:

(i) For everystateM readablefromstates, there is a firing sequencéeading
fromstate M to stateo (optionto complete).

(i) Stateoistheonlystatereahablefromstates with atleastonetokenin place
o (propertermination)

(i) There are nodeadtransitionsin S.

Proof Thefirst andsecondconditionhold, asthe behaior of the resultingPetri
netwasrestrictedto therobustfragment,.e. containssoundfiring sequencesnly.
Thethird propertyrequiringno deadtransitionscanbe assuredsit wasaddition-
ally requiredthatall transitionsarecoveredby thefragment(L = T').

O
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(general) WF-system:

®! (PN'}i) O

Sync.-
pattern

(d) Sound process specification

WEF-system: (PN,i)

(a) Relaxed sound and robust
process specification

(b) Reachability graph RGpn; iy (c) Fragment SG C RG(pn,jand set
of separation instances Q

Figure6.7: Applying controllersynthesigor workflow modeling
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TheresultingPetrinetis not necessarilya WF-net. Remembethatit wasderived
by unifying the primary net with a synchronizatiorpattern. The resultingPetri
netdiffersfrom the primarynetonly w.r.t to someadditionalplacesandthe corre-
spondingflow relation. Thesecontrollerplaceslimit the behaior of the primary
netsystemto soundfiring sequencesenly. Following ananalogousmgumentation
as usedin the proof of Theorem6.13 we can concludethat short-circuitingthe
synthesizedsystem,we derive a live, boundedand thereforestrongly connected
net-systermrhaving one sourceandone sink place. Still, the arc inscriptionsbe-
longing to the newly insertedplacesmay be greaterthan1. This follows asthe
synthesiof the controllerplacesgoesbackto the useof generalregions. An ex-
ampleillustrating the case wherea Petrinetwith arc-inscriptionss generatedis
givenin the Appendix9.5.

Applying the algorithmto the “Planningtrip”- example(cf. Figure5.8 a) the fol-
lowing synchronizatiorpatternis generated:

SP = ({p.},T,{(f : ok,pc), (pc,book_hotel) }. Figure6.8 shaws its integration
into the revised processdescriptionfrom Figure 5.6 on Page96. The resulting

ancel_hotel
booking

Figure6.8: WF-net“Planningtrip” with integratedsynchronizatiorpattern
specificatioris sound.Thereareno firing sequencethatdeadlockor do hottermi-

nateproperly Usingthis processpecificatiorasbasisfor theworkflow-controller
areliableprocessexecutionat run-timecanbeguaranteed.

6.5 Appraisal of results

Theobijective of this chaptemwasthegeneratiorof asoundwWF-systenonthebasis
of arelaxed soundandrobust WF-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 bestresultis achieved if the controllersynthesis
approachfGRX02H is appliedto an elementaryTS which additionally satisfies
therequirementl, = T'. Theresultis a WF-systenwhich differsfrom the primary

specificationonly by someadditionalplaces. Its behaior is isomorphicto the

robustfragmentof the primary WF-system.

Thesameapproachappliedto anon-elementarput generalT S resultsin a poten-
tially generalPetrinet. Advantages againthe high resemblancavith the primary
WF-net. The resultingnetis still in accordanceavith the structuralWF-netprop-
erties. It hasexactly one source-and one sink placeand the short circuited net
is stronglyconnected.Theresultingnet differs from the primary WF-netonly by
someadditionalplaces Still, theintroducedlaceanaybelinkedby weightedarcs.
The behaior of the resultingPetrinetis againisomorphicto the robust fragment
of theprimaryWF-net.

An approachhatalwaysleadsto a soundWF-netis thefull synthesisasdescribed
in [CKLY98]. It is appliedif therobustfragmentof the WF-system

e is non-elementananda changetowardsgeneraMWF-netsis consideredn-
adequate,

e doesnotsatisfytherequirement, = T, or

e doesnot satisfythe separatioraxiomsof ageneralTS

Theresultis a safeWF-netwith a behaior bisimilar to the robustfragment. The
disadwantageof this approachs the possiblyhigh dissimilarity with the primary
WEF-net.

Assertions about possibleassignmentsof a robust fragment The robust be-
havior of arelaxed soundandrobustWF-system( PN, 1) wascomputedvithin the
robustnesalgorithm,cf. Chapters andcoincideswith afragmentof thereachabil-
ity graph. The computedragmentis a transitionsystemasit satisfiegtheaxioms
(A1)-(A3).

Sofar, thereis no resultshaving thatthefragmentalwayssatisfiedurtheraxioms,
andhencecoincideswith a specialTS, e.g. a generalTS. The robust fragmentis
not necessarilglementaryevenif thereachabilitygraphwaselementaryFurther

more,the robustfragmentdoesnot necessarilycontaina ¢t-labeledstatetransition
for everytransitiont € Tcon. Therearecounterexamplesfor bothcaseslthough
artificially constructeanes.Thereadelis referredto the Appendixfor illustration.
The counterexamplesdo not matchary known, realisticprocessiescription.All
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relaxed soundand robust WF-systemsdnvestigatedn the courseof the work on

the thesisproducedragmentssatisfyingthe axiomsof elementantransitionsys-
temsandcoveredall controllabletransitions. Sincewe only have two artificially

constructeccounterexamplesit is not possibleat this stageto make ary general-
izationsaboutthe classof non-compliantWF-nets. This could be aninteresting
topic for furtherresearch.

6.6 Relatedwork

The following sectionis subdvided into threeparts. The first two partsreview
literatureon Petri net synthesisand Petri net controllersynthesis.In the last part
we investigatetwo otherapproachegor the synthesisof processcontrollersand
outlineshortcoming®f the provided algorithms.

Petri netsynthesis Thesynthesigproblemwasfirstaddressed [ER90]. Subse-
guently in [NRT92] it wasshavn thatanelementannetsystencanbesynthesized
on the basisof regionsfrom a (sequentialjransitionsystemsatisfyingsomesepa-
rationconditions,namelyfrom anelementaryransitionsystem.

The approachwas enhancedn [CKLY98] to synthesizesafenet systemson the
basisof excitationregions. Theseareregionsthatarerelatedto transitionswhile
normalregionsin a transitionsystemare relatedto placesin the corresponding
Petrinet. This approachs notlimited to elementaryT S but coversthefull classof
TS by meansof transitionsplitting. The behaior of the resultingPetrinetis not
necessarilysomorphicto the TS but bisimilar.

Furthermorethe synthesigproblemhasbeensolvedfor otherclasse®f Petrinets,
cf. [Muk92, DS93,BBD95, BMPV96, KCK 96, Dar0(J and[BDCO02]. Herethe
conceptof a generalregion is used. Generalregions are multisetswhereregions
aresets.A comprehense review of thetheoryof regionscanbefoundin [BD98].

Petri netcontroller synthesis Theobjective of thisresearctareais thesynthesis
of acontrollersupervisinga plant(e.g. givenin termsof a discreteeventsystems
(DES)),sothatthe enteringof forbiddenstatess avoided.

In the original work [RW87], controllersynthesiss basedn finite statemachines
(FSM). FSMs provide a generalframavork for establishingundamentabroper
ties of DES control problems. However, they are not corvenientor intuitive to
model practical systems becauseof the large numberof statesthat have to be
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introducedto presentsereral interactingsubsystemsand becauseof the lack of
structure[HK94]. More efficient modelshave beenintroducedin the DES litera-
ture,amongthemPetrinets.For asurwey of DEScontrolusingPetrinetsthereader
is referredto [HK94],[Giu96], andmorerecently[CDLX02].

Thereareseveralapproachethat synthesizecontrollersfor specificsubclassesf
Petrinets,suchas[HK94] for marked graphs[BNRL +95] for statemachinesand
[HGZ96] for netssatisfyingsometransitionconflict condition(similar to thefree-
choiceproperty).In [GDS92]it wasproventhatfor thesubclas®f safeandconser
vative Place/Tansitionnetsary forbiddenmarking specificationcanbe enforced
by asetof additionalplacescalledmonitors.Theforbiddenmarkingspecifications
areformulatedin termsof generaimutualexclusionconstraint{GMEC). A differ-
entapproachwasproposedn [YMLA96]. Herea setof monitorsis computedon
the basisof the net’s placeinvariants.It is shavn thata wide variety of forbidden
markingspecificationsanbe reformulatedn termsof placeinvariants. Still, for
sometransformationshe approachis limited to safePetrinetsonly.

In [GRX02b]anapproachis presentegynthesizingontrollersfor generaPlace/
Transitionsnets.Specificationshatcanbe enforcecby theapproactareexpressed
as setsof forbiddenstates. The proposedapproachconsistsof two main steps.
It first determineghe desiredbehaior of the reactve systemusinga Ramadge-
Wonham-lile approachlt thenuseshetheoryof regionsasproposedn [BBD95]
to designa Petrinetcontroller which is againa setof control (or monitor) places.
ThePetrinetcontrolleris synthesizedf thedesiredbehaior of thereactve system
(partial reachabilitygraph) satisfiesthe event- and stateseparatioraxioms of a
generalTS. No statemenhasbeenmadehow this requirementestrictsthe setof
enforceablespecifications.

Algorithms computing the setof separationinstances The applicationof the
controller synthesiamethodis basedon the prior computationof the setof sep-
arationinstances§2. Within the describedsetting{2 could easily be determined
as statetransitionsleaving the rohust fragmentSG. Thereare two further ap-
proachegproposingthe useof controllersynthesidor theimprovementof process
descriptionsnamely[GRX02a] and[Pet0Q. Here,slightly differentprocedures
areproposedo determinghe setof separatiorinstances.

The separatiorinstancesare computedoy a backwardssearchstartingin the for-
biddenstatessuchasdeadlock®r otherstatedorbiddenby thespecificationge.qg.
morethanoneobjectusinga certainresource).Note that forbiddenstatesin our
settingwould refer to statesfrom which no extensiontowardsstateo (properter-
mination)exists.
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Startingfrom the forbiddenstates so-called dangerousnarkingsaredetected.In
[GRX021 a dangerousnarkingis definedasa markingthatis forbiddenor that
is reachabldrom aforbiddenmarkingvia thefiring of only non-controllabldran-
sitions. In [Pet0Q a dangerousnarkingis the markingthatenableghe last con-
trollable transition,beforeenablinga sequencef uncontrollabletransitions that
leadsto aforbiddenstate.The separationnstanceshencorrespondo statetransi-
tionsleadinginto dangerousnarkings([GRX02H]) or statetransitiondeaving the
dangerousnarkings([Pet0qQ).

In both approacheshe dangerousnarkingsare markingsthat leadto forbidden
markingsvia a sequencef uncontrollabletransitions. Markings reachablevia

several controllabletransitionsare not consideredlangerousThis causes prob-

lem ascontrollabletransitionsmayleadinto dangerousnarkingsaswell. In these
casedothprocedureseadto animpropersetof separatiorinstances.
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Chapter 7

Installing differ ent scheduling
strategies

Transforminga relaxed soundWF-systeminto a soundWF-systemthe behaior
is restrictedto a subsetof the soundfiring sequences.The choicefor a certain
subsetletermines strateyy, whichin turn determinesheefficiengy of theprocess
execution. The fragmentcomputedhroughthe robustnessalgorithmin Chapters
sofaronly determinegessimisticstratgies. Implementinghe computedstratayy,
applyingthetechniquegpresentedh Chapter6the processxecutionis sequential-
ized. In thischaptemwe will discussalternatve stratgiesandtheirimplementation.

Thechapterstartswith agenerabverview of factorsaffectingthe efficiency of the
processexecution.Section7.2 addressethe determinatiorandimplementatiorof
differentschedulingstratgies. In Section7.3 the installmentof optimistic strate-
giesis describedn moredetail. In Section7.4 the proposednethodis appraised
w.r.tits supportin finding optimizationpotential.Finally, relatedwork is discussed.

7.1 Optimization potential

One of the mostsignificantobjectives of workflow managemenis the improve-
mentof theoverall performancef thesystem Both the qualitatve propertieqe.qg.
preventionof congestiorof remainingorders preventionof deadlocks)andquan-
titative properties(e.g. maximumthroughput,minimum averagedelay optimum
employmentof resourceshave to be considered.

The qualitative propertiesare closely relatedto the correctnes®f the underlying
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procesglescription.To guarantee smoothprocessingf the processat run-time,
the workflow specificationshouldbe sound. The quantitatve propertiesare de-
terminedthroughthe selectionof a schedulingstratgy andthe determinatiorof
systemparameters.

7.1.1 Determination of systemparameters

Systenparameterareadjustablgparameterthatinfluencetheefficiengy of theex-

ecution.Importantexamplesarenumberandassignmentf emplo/edresourceslt

is clearthattheexecutionof aprocessanbeimprovedif morepeoplework onit or

afastermachines used but highercostsmustbe acceptedHowever, thequestion
of resourcallocationwasbeyondthe scopeof thisthesis.It wasdeterminedatthe
outsetthatthefocuswould be onthecontrolflow aspectsHowever, theauthorhas
emphasizedomeresourceallocationissuesn [DFZ02, DFZ00h DFZ00a].

7.1.2 Schedulingstrategies

Anotherpotentialfor the optimizationof the processexecutionis the choiceof a
suitableschedulingstratgy fixing the final dispatchingrule. The choiceis diffi-
cult becausan mostcasest will not be possibleto find a stratgy that suitsall
situations.

In general strat@ies canbe optimistic or pessimistic. Pessimisticstratgieswait
for decisiongo betakenin adwvancein orderto avoid faulty situations.Following a
pessimisticstrat@y, the processxecutionis sequentializedin contrastpptimistic
stratgies supportparallel executionof dependingthreadsbut acceptadditional
costsin somecaseghroughthe needfor recovery.

Thedecisionfor a certainstratgy is basedon expertknowledgeor long term sta-
tistical evaluations It dependsamongotherthings,on costsanddurationof tasks.
Making useof the operationalsemanticof WF-nets,the decisionfor a specific
stratgy canbe supported. Therefore,the processdescriptionmustbe enhanced
with further information suchasthe durationand costsof tasks. Simulatingthe
behaior of theworkflow systematradeoff is possiblebetweerincurredcostsand
duration.

Theinstallmentof acertainstrategyy shouldpreferablybeoneof thelaststepsn the
modelingof workflows, ascorrespondingnformation (the occurrenceprobability
of a certainfailure, costsof failure compensationpr priorities) will often only
becomeavailablethen,andmayevenchangeduringtherun-time. Theirlateincor
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porationallows flexibility if prioritieschangelt will notbenecessaryo revisethe
whole procedurestartingfrom new requirementshut modelingresultsfrom earlier
phasesnaybereused.

Startingfrom a relaxed soundprocessdescription,we will now investigatehow
differentschedulingstratgiesbecomemplementedBesidetheimplementatiorof
afixed stratgy, the proposedrocedurealsofacilitatesthe identificationof useful
strat@ies.

7.2 Strategy determination and implementation

A relaxedsoundprocessiescriptiondetermines setof desiredexecutions . Still, it
doesnot describé'how” the desiredexecutionsareachieved. This decisionis left
to astratgy.

We have seenthata strat@y correspondso a specialfragmentof the reachability
graph(cf. Def. 5.2). In Chapter6 it wasshaovn how a stratgy wasimplemented,
restrictingthebehaior of therelaxed soundWF-systemo thecorrespondindrag-
ment. The derived WF-systemcan be usedasinput for a WF-controller If the
implementedstratgy wascompleteandwinning, the WF-controllercould, by fol-
lowing the prescribedules,guarante@ soundprocessexecutionat run-timeinde-
pendentfrom the movesof the environment.

If the primary relaxed soundWF-systemis rohust, thereis a completewinning
stratgy, i.e. afragmentof thereachabilitygraphwhich satisfieghe corresponding
requirementgcontainsonly soundfiring sequencesgovers all non-controllable
transitions hasonly controllablestatetransitiondeadingout, cf. Def. 5.2,5.3and
Def. 5.4).

Still, theremaybe soundfiring sequencem the primary WF-systenwhich arenot
supportedoy ary rohust fragment. Theseexecutions,althoughsound,would not
be supportedf the correspondingtratgy becomesmplemented. The problem
with theseexecutionsis that properterminationcannotbe guaranteedbecausdf
theervironmentinterfereshe systemmayendin a deadlock.

We will illustratethis by meansof an example. Considerthe processdescription
givenin Figure7.1(a).Therearetwo choices:Theupperchoicebetweern ask Al
andt askBL1 is controllable. Thelower choice whichis non-controllabledecides
betweent askA2 andt askB2. But the choicesare not independent.The fol-
lowing two transitionseitherjoin the A-tasks(j oi nA) or the B-tasks(j oi nB). A
mixed executionof A- andB-tasksleadsto a deadlock.
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taskB2

taskB2 ~ P®

Figure 7.1: (a) Relaxed sound & robust WF-system(b) Reachabilitygraph
(c) SoundwWF-system
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TheWF-systenis relaxedsoundandrobustandcoversall transitions Figure7.1(b)
shaws the reachabilitygraphof the WF-system highlighting the robust fragment.
Implementingthe stratgy that correspondgo the robust fragment(applyingthe
controllersynthesisapproactdescribedn Section6.4), the WF-systemshawvn in

Figure7.1(c)is derved. TheresultingWF-systemis sound,so it may be usedas
basisfor the executionsupportof the processat run-time.

Implementingthe strateyy, asynchronizatiompatternwasincorporatednto thepri-

mary WF-net. Throughthe synchronizatiorpattern,the two transitionst ask Al

andt askA2, andtransitionst askB1 andt askB2 becomesynchronized.As
a consequenceall soundbut parallelfiring sequencesf the relaxed soundWF-
systemhave beeneliminated.Usingthis processlescriptiorasinputfor aWFMS,
the execution of the processbecomesserialized. The non-controllablechoice
would alwaysbe awaitedbeforethe controllablechoiceis processed.

Scenariol:  Assumethatthe determinatiorof the non-controllablechoicetakes
alongtime. Thenthis pessimisticschedulingvould beannging. It couldbemore
efficient to supportthe parallelsoundfiring sequenceandto considercompensa-
tion of tasksif adeadlockis reached.

Scenarioll:  Assumethatthe determinatiorof the non-controllablechoicetakes
alongtime andoneof theoutcomef thenon-controllableehoice(sayt askA2)
is muchmorelikely thanthe othertask(t askB2). In this casea suitablestratgy
would supportonly oneof the parallelbut soundfiring sequencesgainconsider
ing compensatiomvhena deadlockis reached.

In thefollowing we will discusshow anoptimisticapproachs implemented.

7.3 Installing an optimistic strategy

Investigatingthe behaior of the relaxed soundand robust WF-systemthereare
soundfiring sequencewhich arenot coveredby the robustfragment. Theseex-
ecutions althoughsound,would not be supportedf the stratgyy thatcorresponds
to therobustfragmentecomesmplemented!f thedomainexpertsconsidetthese
executionsto be considerablymore efficient thanthe onescovered,anotherstrat-
egy mustbefound. The new stratgy shouldcover thesesoundexecutions.It does

This holdsalsofor soundfiring sequencesontainingcontrollabletransitionsnot coveredby the
robustfragment seeSection5.5.
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not suffice to merelycombinethe desiredexecutions.Thecorrespondindgragment
will not satisfythe propertiesof a stratgy. It is not self-containedvith respect
to non-controllabldgransitionscf. Def 5.2. Therearenon-controllabldransitions
thatleadfrom the fragmentto stateghatindicatea deadlock.

In orderto supportthe desiredsetof soundexecutions the fragmentmustbe en-
hancedNew behaior mustbeincorporatedhatmakesit possibleto recorer from
deadlocksThisis achiered by addingtasksto the processiescriptionwhich com-
pensatehe resultsof previous tasks. For their specificationfurther information
mustbe compiled,regarding:

¢ thestatedrom which compensatioiis possible,
e compensatingasks,and

e statego whichtheprocesss rolled backaftercompensation.

The specificatiorof the compensatingaskscannotbe automatedut mustbedone
by domainexperts. The knowvledgefor the recovery behaior is basedon the ap-
plication context in combinationwith efficiengy considerationandcannotbe de-
terminedby a predefinedsetof rules.

Oncethe recovery behaior hasbeenspecifiedit is incorporatednto the primary
WF-net. Theresultof this enhancemennustagainbe a relaxed soundandrobust
processiescription.

The robust fragmentis computedon the basisof the enhancedVF-system. It

now containgthe desiredfiring sequencedt alsocontainssomenew soundfiring

sequencewhich enablerecovery if a (former)deadlockis reachedlmplementing
the stratgy that correspondso the derived robust fragment,a soundWF-system
is computed.We will illustratethis againby meansof examples. Reviewing the
two scenariosve will adaptthe processiescriptionshavn in Figure7.1suchthat,
thedemandedxecutionsaresupportedy a stratgyy. Wewill startwith thesecond
scenario.Here,it wasassumedhatoneresultof the non-controllablechoicewas
moreprobablethanthe otherone.

Scenarioll:  Figure 7.2(a) shaws the WF-systemfrom Figure 7.1(a) now en-
hancedby a compensationtaskchangeAB. By meansof this taskit is possible
to recover from the statep6p3, which wasa deadlockin the primary WF-system.
The WF-systenis relaxed soundandrobust. Thereachabilitygraphof the system
andtherobustfragment(highlighted)areshavn in Figure7.2(b).
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Implementingthe strategyy thatcorrespondso therobustfragmentthe WF-system
shawvn in Figure7.2(c)is derived. The nen systemsupportshe optimistic execu-
tions demandedn the secondscenario.As a consequencesomeadditional,less
efficient executionsareacceptedoo.

taskAl p3

Figure7.2: (a) WF-systemwith integratedrecovery behaior
(b) Reachabilitygraph(c) SoundwF-system

Scenariol: In this caset wasassumedhatcompensatiolis not very expensve
and parallel executionsshould be generallysupported. Figure 7.3(a) shawvs the
WE-systenfrom Figure7.1(a)now enhancedby two compensatioiaskschan-
geAB andchangeBA. Thesawo tasksreversethedecisionmade.If adeadlocks
reachedn the primary descriptiononeof the compensatiotaskcanbe executed,
leadingto a statefrom which properterminationis guaranteed Herethe robust
fragment,depictedin Figure7.3(b)coincideswith the reachabilitygraph. There-
fore, no synchronizatiorpatternhasto be computed. The WF-systemis already
sound.
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CY

taskB2

Figure7.3: (a) WF-systemwith recovery behaior
(b) Correspondingeachabilitygraph

In both caseswe have seenthatthroughthe appropriateadaptionof the primary
procesglescriptionotherthanpessimisticstratgiescanbe supported.Therecor-
ery integrationwasonly shavn exemplarily As necessarynformationis specific
for ary processthis cannotbecomeautomatedStill, the investigationof the pos-
sible behaior of the relaxed soundprocesamay help to find an optimum set of
executions. If the setdoesnot alreadyform a robust fragment,the userneedsto
adaptthe processlescriptionsuchthat, the desiredsetof executionsdeterminesa
robust fragment. New tasksmustbe incorporatedo ensurethat non-controllable
transitionsthat were not coveredby ary strat@y are incorporated. This canbe
achieved e.g. by compensatiorf controllabletasks. After the enhancemerthe
WEF-systenmustbe againrelaxed soundandrobust.

Note that the introductionof additionalbehaior canalsobe usedto improve re-
laxed soundand robust processdescriptionsvherethe robust fragmentdoesnot
cover all controllabletransitionsg( L C T).

As soonasthe WF-systemis relaxed soundandthe setof desiredexecutionsde-
terminesa robust fragment,the fragmentcanbe implementedautomatically The
resultis asoundWF-system.

In this chapterwe have seenhow existing results,e.g. the implementationof a
stratgy (cf. Chapter6) andthe modelingtowardsrelaxed soundandrobust pro-
cesdescriptiongcf. Chaptei3 to Chaptel5) canbereusedo detectandimplement
optimizationpotential. Therelaxed soundprocessiescriptioncanbeseenasanin-
completebody that mustbe enhancedor further use. The way of enhancement
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determineghefinal executionpolicy. The benefitof the methodis increasedlex-
ibility in the modelingof workflow. Existing processdescriptionscanbe reused
underchangingpriorities or differentprerequisites.Only the schedulingstrategy
hasto beadapted.

7.4 Appraisal of results

Theoptimizationof existing processess thecoreof all businesprocesse-engineer-
ing projects.Theflexible adaptiorof workflow specificationsccordingo changes
in the applicationdomainis anotherimportantissue.However, thereis hardlyary
methodthat supportsthe userin finding optimizationpotential. Most approaches
merely proposeinvestigatingthe performanceevaluationof processdescriptions
undervarying parametersn a trial and error process. We could summarizethe
dravbacksof this wide rangeof existing methodsn thefollowing points:

in box-solutionswhich play only within a given setting

trial anderror

realimprovementis left to themodelers

supportis limited to invitationssuchasto look for possibleparallelism

Thekey problemhereis thatcreative importis left solelyto themodeler While this
inputwill alwaysbeimportant,by introducingsupportasdescribedn theprevious
chapter(sthe modelerwill alsobe ableto find non-immanensolutions(outside
thebox).

The proposedapproachpresentsubsetof possibleexecutionsamongwhich the
applicationdevelopermay choosea suitableone. If a non-rolust subseis chosen
thatrelatesto anoptimistic stratgy we canassumehatthis stratgy hadnotbeen
thoughtof before. Its implementatiomneedssomefurther investigation,namely
the enhancementf the primary specificationby somerecovery behaior. Even
here theusercancountof somesupporthroughthe provided processnodel. The
compensationasksto be addedneedleadto stateshatare coveredby the robust
fragment.Feedbaclks provided againthroughthetestsfor relaxed soundnesand
robustness.

We areconfidenthatthestratgyy implementatiorontop of arelaxedsoundprocess
descriptionprovidesa goodstartingpoint for thedevelopmentof atool supporting
theidentificationof optimizationpotentialin amethodicaimanner
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7.5 Relatedwork

Transactional workflows In the presentedapproachthe recovery specification
wasleft to themodeler Specificknowvledgeaboutthe statesrom which compen-
sationis possible,compensatindasks,and statesto which the processis rolled

backaftercompensatioris assumed.

The specificationanalysisand supportof recovery is a core aspectwithin trans-
actionmanagementintroducingthe possibilityto recover from deficientstatesby
compensatingorrespondingransitionstransactionapropertiede.g. ACID) have
to be considered.Transactiormodelsdeterminea setof transactionaproperties
anddescribenow they areenforced.Transactiormodelshave beeninitially devel-
opedto beusedin databassystemsSince,in [SR93]transactionalvorkflows are
introducedasworkflowswith transactiorsupportalot of work hasbeendonetoin-
tegrateworkflows andtransactiormodels.Much effort wasputin theinvestigation
of advancedransactiormodels|[EIm92] andtheir capabilitiesto supportworkflow
applicationse.g. [AAEA 796, KMO98, GPS99]. The generalidea, exploited in
the mentionedapproachesds to assignexisting transactiorpropertieso workflow
actwities. Theuseof seseraltransactiormodels,e.g. SAGA or nestedransaction
provides high flexibility becauseactiities canbe groupedasdesired. However,
propertiedik e atomicity isolationandrecovery cannotbe definedindependently
but mustfollow eitherthe SAGA or nestedransactiormodel.

Other approachesaiming at the integration of workflows and transactionmod-
els,focuson the specificationanalysisandsupportof transactiorstatedependen-
cies,e.g. [ASSR93,GH94, GHM96, RSS97 AAH98, LR99, DDGJ01]. Within
theseapproachedransactionabpropertiescan be definedindependentlyfrom a
specifictransactionmodel. The transactionstate dependenciesare usedto de-
scribetransactionapropertiesof singletasksbut alsoof intertaskdependenciedn
[Reu89 ASSR93 GH94, GHM96, AAH98] intertaskdependenciearealsoused
to implicitly specifythe control-flov dependenciesetweertasks.

In contras{DDGJ0]] and[LR99] proposdo specifythetransactionahndcontrol-
flow dependencieseparately Here transactionapropertiesare annotatedo the
workflow specification,introducingthe conceptof sphees All taskscontained
in acommonspheresharethe samecorrespondindransactionaproperty e.g. an
atomicity spheredescribeghe propertythatthe containedaskseitherall execute
successfullyor all have to becompensated.

In casethe transactionaproperties(as well asthe workflow) are specifiedin a
formal manner e.g. using Petri nets (JAAH98, DDGJO0T) or CTL (JASSR93)),
the enforceabilityof the intertaskdependenciesan be verified. In our termino-
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logy this would correspondagainto robustnessf the correspondingVF-system.
This means,in the positive case,a controllercanbe constructedsupervisingthe
complianceof thetransactionapropertiesat run-time. For the constructionof the
controlleragainthe adaptedsynthesismethods(describedn Chapter6) could be
applied.
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Chapter 8

The procesamodel

We arenow in apositionto tie togetherall theelementsntroducedn the previous
chaptersn afinal processnodelfor the specificatiorof workflow processes.

The processmodel was designedo guide the modelerfrom an intuitive but in-
formal processiescriptiontowardsa formal workflow specification.Theresulting
processdescriptionprovides a soundspecificationof the functional processas-
pects. By addingfurtheraspectsthe resultingprocesalescriptioncanbe usedas
inputfor aWFMS.

Theprocessnodelbridgesthegapbetweerdifferentabstractiorievels. In contrast
to otherapproacheshis is donenot only by refining tasksbut also by refining
appliedcorrectnesseasures.

The chapteris organizedasfollows. In thefirst part, cf. Section8.1, we motivate
theobjective, illustratethe processnodelon a generalevel andexplain modeling
decisions. In the secondpart, cf. Section8.2, we describethe proposedorocess
modelin moredetail. The single stepsareillustratedusing a running example.
Finally, relatedwork is discussed.

8.1 Objectiveand Overview

Themainobjective of the proposedgrocedurds to supportthe modelerin defining
thefunctionalaspect®f aworkflow specification.

The modelersare expertswithin their domain,but areassumedo have relatively
little modelingknowledge. Thereforegheproposegrocessnodelinitially supports
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the useof anintuitive but semiformalmodelinglanguage Suchlanguagegrovide
asetof graphicalelementsanddo notrestricttheir combinatiorby too mary rules.
A greaterfreedomin modelingraisesthe acceptabilityof languagesut imports
ambiguityandvaguenesto the derived processiescription.

At thestartof processnodelingthisis anadwantage Herethe objective is to find a
commonlevel of understandingSemi-formalsemanticsnake it easielto agreeon
aprocesslescription asdifferentinterpretationsrepossible In contrastthefinal
procesglescriptionto be usedasbasisfor a WFMS, shouldsupporta consistent
andunambiguousnterpretation Here,the modelingtechniqueusedshouldhave a
formal foundation.

The proposedorocessnodelsupportshe useof differentmodelinglanguagegor
differentpurposesilt is clearthatthis placesconsiderablemphasi®nthetransfor
mationbetweerthe differentprocesslescriptions.The proceduresupportedcstarts
with modelingbusinesgprocessefrom a userperspectie. For this purpose the
useof a semi-formalmodelingtechniques proposed.The resultof this first step
is a processiescriptionwhich possiblycontainsambiguitiesand/ordeficiencies.

The revision of the primary specificationis supportedapplyinga pragmaticcor
rectnesheck. In preparatiorfor this, the primary processlescriptionis mapped
ontoPetrinets.Thisway formal semanticss attachedo the primaryspecification.
Note, the transformationdoesnot eliminate ambiguitiesinherentto the primary
modelingtechniguebut makesthemexplicit.

Thetransformedprocessiescriptions testedfor somepragmaticcorrectnessrite-
ria, namelyrelaxed soundnesandrobustnessBy applyingthem,we refrainfrom
the claim of producingprocesspecificationghatsatisfysoundnessight from the
beginning.

If the primary processdescriptioncontaineddeficienciesthe analysiswill give
precisefeedbackio the modeler This way revision of the processdescriptionis
supporteduntil therequiredcorrectnespropertiesaresatisfied.

In the next stepsof the procesamnodel, the descriptionis enhancedo fit the re-
guirementgposedby the usein a WFMS. The modeleris guidedin eliminating
ambiguities fixing an executionstratgy, andchangingthe perspectie of the de-
scriptiontowardsmonitoring.

Altogether theproposedrocessnodelconsistof five stepgFigure8.1), namely
1. “Businessprocessnodeling(EPCs)”,2. “Transformatiorinto WF-systems” 3.
“Correctnesgheckandfeedback” 4. “Strategy determinatior& implementation”,
and5b. “Control refinement”.They arenow reviewed.
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Figure8.1: A processnodelfor workflow modeling
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1ststep: Businessprocesanodeling (EPCs) For the modelingof businesgro-
cessesywe choseEvent-driven ProcessChains(EPCs)of the Architectureof Inte-
gratedinformation SystemgARIS) describedn [Sch94. Theuseof EPCsis not
essential.Any othersemiformalmodelingtechniquecould be usedequallywell.
EPCswerechoserasthey arewidely acceptedn practice. This is basedon their
useto describethe SAP referencemodels[KT97] andtheir comprehense tool
supportthroughthe ARIS tool set.

EPCsprovide a setof graphicalelements.Thesecanbe combinedin afairly free
manner Theresultis a processlescriptionproviding a patterndescribinga setof
desiredorocessexecutions.

In the original publicationsconcerningePCsneithera comprehense andconsis-
tentsyntaxnor correspondingemanticaredefined. EPCdeave roomfor interpre-
tation andhenceambiguities. An ambiguousprocesslescriptionmay be desired
in thebaginning, wherethe mainfocusis on communication.

2nd step: Transformation into WF-systems In the secondstep,the primary
specificationis transformednto a Petrinet. This way the processdescriptionis
provided with formal semantics.As a suitablePetri net-typewe choseWorkflow
nets(WF-nets),cf.[Aal98]. In contrastio otherexisting approacheshe proposed
transformatiorbetweerthetwo techniguesloesnotresole ambiguitiesbut makes
themexplicit i.e. all intendedbehaior is presered. The transformatioris well
definedandthereforeenableghetransferof propertieof the WF-netto theoriginal
procesglescription.

3rd step: Correctnesscheck & feedback Petrinetsare supportedby a wide

variety of analysisechniquesindtools. Thesecannow beappliedto theresulting
WEF-net. Besidestandardestssuchasthe checkfor livenessandboundednessye

particularlyproposechecksfor relaxed soundnesandrobustnessRelaxed sound-
nessguaranteesomeminimumrequirementshatthe resultingWF-systenshould
satisfy Dueto the possiblypureinput, this criterion providesan adequateneans
to concludethe correctnes®f the primary processdescription. Whereagelaxed

soundnesmalkesastatemenabouttheinternalbehaior, robustnesstatesvhether
theinteractionwith the ervironmentcanbe managedn a satisfyingmanner
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4th step: Strategy determination & implementation Thederived processle-
scriptionis a relaxed soundand robust WF-system. WF-systemsare generally
suitablefor workflow specificatiorandthey provide apreciseformal foundationin

combinatiorwith operationakemantics.

However, it is notadvisablao usethederivedrelaxedsoundandrobustWF-system
asinput format for a workflow managemensystem. Relaed soundnessndro-
bustnesonly statethatat leastall intendedoehaior hasbeendescribedcorrectly
They do notguaranteghatdeficientexecutionsdo not exist.

To guaranteareliableexecutionof the processat runtime,the processlescription
will be augmenteduchthat, it becomesound. The necessargnhancementare
determinedy the choiceof a certainschedulingstratgy. Thedecisionin favor of
acertainstrat@y (pessimistior optimistic)is madeby themodeler Theenhance-
mentsarecomputedautomatically Theresultingprocesslescriptionis sound.

5th step: Control refinement A workflow managemergystemmonitorsactiv-
ities performedby actors(peopleor software). Monitoring comprisesactivating
tasksby assigninghemto certainactorsandwaiting for thetasksto complete. To
usethe soundprocessdescriptionasinput format for the workflow management
systemijt hasto berefined,reflectingthe changefrom modelingto monitoring.In
the last step,task-modelingransitionsare replacedby a refining subnet. Within
the subneta distinctionis madebetweerthe initiation of the task, the processing
of the correspondingctivity andthe completionof thetask.

The derived specificationis a soundWF-systenspecifyingthe functionalaspects
of a process. By addingfurther aspectsthe processdescriptioncan be usedas
input for a WFMS. Operatingon the basisof the derived workflow specification,
smoothandreliableexecutionof the processanbe guaranteed.

We will now provide detailedinformationof eachstepandillustratethesewith the
helpof anew runningexample.

8.2 Detailed description and illustration

8.2.1 1ststep: Businessprocesamodeling (EPCs)
The graphicalelementsandthe modelingrulesof EPCswereintroducedn Chap-

ter 3. We will notrepeatthis but merelyrecallsomeinformationaboutthe seman-
tics. We referto the primary publicationsconcerningePCs[Sch94 andactonthe
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assumptiorthat EPCsdo not have operationabemanticsIn our interpretationan

EPCspecificationdescribes setof acceptedxecutions.Deficientexecutionsare

only describedmplicitly asthe setof executionswhich do not fit the described
pattern.

Modeling with EPCs, the applicationdeveloper describes‘what the execution
(should)look like”, i.e. a setof acceptedxecutions.The modelerdoesnot think
aboutall possibleexecutionsbut merelyspecifiesa setof acceptedexecutions.In
otherwords: EPCsdo not state“how” the describedexecutionsare achieved but
justwhich executionsaredesirable We will explainthe EPCsemanticsve useby
meansf anexample.

Fig. 8.2 shavs an EPC modelingthe process'Handling of incomingorder”. It
represents reducedversionof a real-life processof a telephonecompay. The
procesanodelsthe orderingof a mobile phonewhich involvestwo departments:
accountsandsales.

The processstartswith the eventnew or der . The executionis split into two

parallelthreads(AND_spl i t ), the right onemodelsthe accountingwhereashe

left one modelsthe sales. In the accountsdepartmentfirst the creditworthiness
of the custometis checled (check _cr edi t ). Theresultof this is eitherok or

not _ok. If theresultis positive the payments arrangedar r ange _paynent ).

Otherwise the orderis canceled.Theleft pathmodelsthe taskson the salesside.
After theorderwasrecordedr ecor d_or der ), it eitherfollows the pathspi ck,

wr ap, anddel i ver ,orcancel .

Thetwo AND-connectorsat the endmalke surethatonly executionsareaccepted
whereboth the accountsandthe salesdepartmentseithercancelor proceedwith
theorder The process'Handling anincomingorder” is finishedby archiving the
information(ar chi ve).

An acceptedxecutionof the EPCfrom Figure8.2is

e check_ credit,arrange_paynent,record_order,pick,
wr ap,del i ver,archive
but also

e record.order,cancel ,check_credit,notify_cancel,
archi ve.

The EPConly describesxecutionswherethetwo departmentsvork togethercor

rectly: they eitherbothaccepttheorder(AND_accept ) or bothrejectit
(AND_cancel ). Hence,the executioncheck_credit, notify_cancel,
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recordorder, pick, wap, deliver, archive isnotdescribedy
theEPC.

The EPCdoesnot determiné'how” the acceptedxecutionsareachieved. It does
not stipulatethe orderof the two possiblechoices. So, the EPCfrom Figure 8.2
acceptsxecutionswherethe two departmentsvork in parallelaswell asexecu-
tionswherethe two departmentsvork sequentially In an early designphasethis
abstractionis beneficial,asit relievesthe designeifrom thinking aboutefficiency
aspectof theexecutionfor thetime being.

To investigatethe correctnes®f the processdescription,we transformthe EPC
into a WF-net.

8.2.2 2nd step: The transformation of EPCsinto WF-nets

The transformatiorof EPCsinto WF-netswasintroducedin Chapter3. It takes

placein threesteps First, element®f theEPCaremappedntoPetrinet-modules.
Secondthe modulesarecombinedto form a complex processlescription.In the

last stepthe resultingPetrinetis enhancedo fit the WF-netdefinition. The last

stepis only necessaryf the EPC hasmore than one input and/oroutputevent.

Thetransformatioris well-defined. By applyingthe proposedules,eachEPCis

assignedo exactly oneWF-net.

Figure8.3 shavs the applicationof therulesto the EPCfrom Figure8.2.

In contrasto EPCs Petrinetsdohave operationabemanticgexecutionsemantics).
A Petrinet specificationalsodescribeshow” an executionis reached.Whereas
anEPConly describes setof acceptedixecutionsa Petrinetdescribesll possi-

ble behaior. This differencehasbeenneglectedin previous attemptsof mapping
EPCsto Petrinets. As a result, all EPCshave beenconsidereddeficientif the

correspondindPetrinetsweredeficient,cf. [Aal99, LSW98,MR00]. As a conse-
guencethe modelingfacilities of EPCshave oftenbeenrestrictedsuchthat,it was

possibleto give usefulfeedbackn caseof errors.

The EPCin Figure 8.2 describeghe setof executionswhereeitherboth depart-
mentsproceedor both departmentgancelthe order which describeseasonable
behaior. The EPCshouldthereforebe consideredcorrect. Previous approaches
would rejectthis procesgdescription becausef deficiencieof thecorresponding
Petrinet. In thefollowing we seethatthe Petrinetis vulnerableto deadlocks.
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8.2.3 3rd step: Correctnescheck& feedback

As WF-netsarea specialtype of Petrinets,mary analysistechniquesanbe ap-
plied. The questionis which correctnespropertiesarereasonabléo check. The
WF-netis the resultof the transformatiorof an EPC. Sofar, we only know that
the WF-netderived is pure (cf. Section3.4.1). EPCsmale it possibleto model
sequencegarallelthreadsalternatvesandcycles,andtheseconstructsaarefound
againin the WF-net. A possiblefailurethatmay occurthroughthe introductionof
cyclesis theunboundednessf the resultingWF-net. Sincemodelergry to match
realisticscenariosvithin their descriptionsye canassumehatunboundedeha-
ior is notdesired.Unboundelacesn the WF-netshouldthereforebe discovered
throughtheanalysigphaseandthefunctionwhich correspondso thefaulty transi-
tion shouldbe notifiedto themodeler Boundednessanbeverifiedusingstandard
Petrinettechniquegcoverability analysis).

In the next step,we checkthe WF-systemfor relaxed soundnessin Chapter3 it

wasshavn thatin the context of modelingwith EPCs,relaxed soundnesss more
useful than the checkfor soundness.Requiring soundnesstatherthan relaxed

soundnessneansthat mary EPCsarediscardedalthoughthey representeason-
ablebehaior.

Relaxedsoundness

As we have seen,relaxed soundnesss a more pragmaticcriterion which only
checkgheresultingWF-systenfor someminimumrequirementsRelaxed sound-
nesgequiresinding enoughsoundfiring sequencesothateachtransitionis con-
tainedin oneof them.If the WF-systemis notrelaxed sound,it is notsoundeither

Applying the new criterion, we do not claim to be ableto modelin a preciseand
soundmannerright from the beginning. Having looked at variousprocessspec-
ifications by domainexperts,we are corvinced that suchan approachwill find
acceptancérom themodelers.

Thecheckfor relaxedsoundneshasbeenmplementedvithin Petrinettools,such
asLoLA [Sch99 (Low Level Petri Net Analyzer) or Woflan[VAQO]. Theal-
gorithms determinewhetherthe WF-systemis relaxed soundor not andin the
negative casereturnalist of deficienttransitions.

Theresultsof thecorrectnessheckof theWF-netcanbetransferrediirectly to the
primary specification.If the resultof the relaxed soundnessheckis positive, we
canconcludehattheEPCrepresentseasonablbéehaior. If the WF-netis further

157



morewell-structuredwe canconcludewith Theoremd.12thatthe specificationis
sound.

If theresultis negative, thentherearetransitionghatarenotcontainedn ary sound
firing sequenceAccordingto theproposedransformationthedeficienttransitions
eithercorrespondo a function or to a connectomvithin the EPC.This meanghat
eitherthefunction or oneof the possiblechoicesdescribedoy a connectoarenot

includedin an executionthat terminatesproperly It canbe concludedthat the
correspondingpartin the EPCneedimprovement. This way, precisefeedbackis

providedwhich will helpthe modelerto improve the processdescriptionuntil the
correspondinyVF-systenfits the property

Non-controllable choicerobustness

As afurther criterion, we requirethe resultingWF-systemo be non-controllable
choicerobust(short: robust). A necessarprerequisitdor this secondcheckis the

indicationof non-controllabldgransitionan theWF-net.In generalthis stepneeds
the intervention of the modeler Using EPCsit cannotbecomeautomatediueto

theimpreciseaventconcept.Recallthataneventeithertriggersafunctionor marks
theterminationof it. Thereforethereis a distinctionbetweerthetriggereventand
the supply-e&ent [Sch94. Within the modeling,this distinctionis blurredby the

useof a simplifying event node (recall that eventsand functionsare depictedas
alternatingnodes).

This simplificationsuggestthat both eventscoincide. If this is not the case the
modeleroften emphasizeshe needfor an extra input (e.g. to indicatethe time
distancebetweentwo functions),by introducingan extra event. This input event
hasoneoutgoingandnoincomingarc,andthusbreaksoneof thesyntacticarules.

When trying to identify non-controllabletransitionsin the WF-net, theseextra
eventscanbe usedaspointer asthey indicatenon-controllabldransitionsof type
event This kind of pointerwasillustratedin Figure8.4 a) alsousingan example
from anearlierchapter

Non-controllabletransitionsof type decisionare introducedin the WF-netif a
decisionbasedon external information was modeledin the EPC. Within EPCs,
decisionsaremodeledwith the helpof an XOR-connectarA furtherhint to detect
decisionsbasedon externalinformationis given throughthe inscriptionsof the
function precedingand the eventsfollowing the XOR connectar Whereasthe
functionis denotedwith notionssuchas“test’or “check”, the succeedingvents

!Remembethatonly starteventshave noincomingarc
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often refer to the decisioncriteria (e.g. > amount). A pointerof this kind was
illustratedin Figure8.4b).

rent books rent books

rent books
reader
returns
books books
lent

books

expired
lent P

{1

reader T
reader expired
books returns
: H books
send return

remainder books
send
remainder

-

return send return
books remainder, books

i H v

a) Pointer for a non-controllbale choice containing transitions of type "event"

check ... check ...
ok not_ok ok not_ok

b) Pointer for a non-controllbale choice containing transitions of type "decision”

record
order record
order
cancel pick

cancel pick

-

L
4

c) Not every OR-connectors is a pointer
for a non-controllbale choice.

Figure8.4: Pointersthatcanbeusedto discoser non-controllablgransitions

Figure 8.4 c) gives an example of an XOR-connectomwhich is not transformed
into a non-controllablechoice. The XOR-connectomodelsthe decisionbetween
the functionspi ck andcancel . The transitionsderived throughthe EPC-PN
transformatiorareof typetask Hence thechoiceis controllable.

The order of the EPC-PNtransformationwas the following: 1. Mapping EPC
elementsto Petri net-modules2. Module combination,and 3. Adding unique

input/outputplaces.
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The describedstep,identifying the non-controllabletransitions,mustbe inserted
betweenstepstwo andthree. A benefitof the additionalstepis thatthe resulting
netmaybe smaller asplaceshatmustbe meigedin thelaststepwill bereduced.

Assumethat the non-controllablgransitionswereindicated. Thenthe algorithm
checkingrobustnesss applied.If thealgorithmabortswith theresult“not robust”,
thenthereare non-controllabldransitionswhich may inhibit propertermination.
The deficienttransitionsare notified to the modelerwho hasto revise the corre-
spondingelementswithin the primary specification.

Refinementof the 3rd step

Applying thedifferentteststhe EPCis reviseduntil thecorrespondinyVF-system
satisfiesthe desiredproperties. As a resultof the first three stepswe obtainan
EPCdescribingreasonabldehaior aswell asa correspondingelaxed soundand
robust WF-system.

Figure8.5shavs ahigh-resolutiorversionof the 3rd step“Correctnessheckand
Feedback”.

(not ok)
List of deficient
activities/
Control flow
dependencies (not ok)
List of deficient
activities/
Control flow
-...) dependencies

3rd Ste Correctness
check &

feedback

. (0k)
.. | Relaxed sound, B R -

*|- robust and pure -
. WF-system . (3. Robust-
. : ness
2. Relaxed
soundness
1. Bounded-
ness
(ok)

Relaxed sound,
robust, and pure
WF-system

Figure8.5: Refinemenbf the 3rd step:“Correctnessheckandfeedback”

On the basisof the WF-system the analysiscanbe extendedin ary desiredway
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by applyingavariety of resultsof the Petrinettheory Furthermorethe possibility
to executethe WF-netcanbe usedfor simulationof the processn orderto detect
optimizationpotential.

Running example

Boundedness The resultingWF-system(cf. Figure8.3)is bounded.lIt is even
safe,becauseo placecanhave morethanonetoken.

Relaxedsoundness TheresultingWF-systemis relaxed sound. A setof sound
firing sequencewhich containsall transitionss:

1. ANDsplit, recordorder, pick, wap, checkcredit,
ok, deliver, arrange_paynent, AND.accept, archive
and

2. ANDssplit, checkcredit, not_ok, notify_cancel,
record_order, cancel, AND.cancel, archive.

Following the proof of Theorem4.12 from Chapter4 we could concludethat if
the WF-netwas also well-structured,it was sound. But the WF-net containsa
TP-handleashighlightedin Figure8.6.

The WF-systenis not sound.Therearefiring sequencethatdeadlocke.g.

e ANDsplit, record.order, pick, wap, checkcredit,
not .ok, deliver, notify_cancel.

Robustness TheWF-systenis robust. The WF-netderivedthroughthetransfor
mation containsone non-controllablechoice. It consistof the two transitions(of
typedecision reflectingthe outcomeof thetaskcheck credi t .

The reachabilitygraph of the WF-systemis depictedin Figure 8.7. The non-
controllablestatetransitionsare marked with a bow. The robustfragmentSG C
RG washighlightedby shaving theassociatedtatesandstatetransitionsin bold.

The existenceof the robust fragmentSG statesthat, althoughthe WF-systemis
not sound,it is possibleto control the executionsuchthat, only soundexecutions
arechosen.Rolustnesstatesthatthis is possibleindependentf the outcomeof
the movesof the environment(modeledby the non-controllablechoices).
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8.2.4 A4th step: Strategy determination & implementation

At this point, the specificationdevelopedonly satisfiessomeminimum require-
ments. Relaed soundnesandrobustnessstatethat at leastall relevant behaior
hasbeendescribedcorrectly However, the derived specificationmay still allow
for unsoundexecutions astheresultingWF-systendoesnot have to be sound.

Within stepfour of the procesamodelthe procesadescriptionwill be augmented
sothatit becomesound.Thenecessargnhancementredeterminedhroughthe
choiceof a certainschedulingstratgy. The decisionin favor of a certainstratgy
is madeby themodeler

Strategy determination

Thebehaior of aWF-systemwhichis relaxed soundandrobustcoverssoundand
unsoundexecutions.To make the WF-systermsound the setof executionsmustbe
restrictecto only soundones.

The userchooses setof desiredexecutions. This setdetermines stratgy. The
choicefor a certain stratgyy cannotbecomeautomatedbut dependson expert
knowledge. Informationthat mustbe consideredconcernghe costsandduration
of actwities aswell asthe occurrenceprobability of certainexternaleventsor de-
cisions.

Stratgiescanbe optimisticor pessimisticA pessimisticstratgly would only sup-
portthe executionsthatguarantegroperterminationright from the beginning. In
contrast,an optimistic strategyy would also allow for executionsthat include the
resettingof tasks.

If anoptimistic stratgy is chosenthe modeleris requiredto additionally specify
possiblerecovery behaior, which can be addedeitherat EPC or WF-netlevel.
The only requirements that when addingnew tasksit mustbe guaranteedhat
the resultingWF-systemis againrelaxed soundandrobust. More detailson the
determinatiorof anoptimistic stratgy wereprovidedin Chapter7.

A certainstratgy wassuccessfullydeterminedf the setof choserexecutionsde-
terminesarobustfragment.

Strategy implementation

Implementinga stratgy coincideswith augmentinghe WF-systensothatits be-
havior is restrictedto the robust fragment. The elementghatareaugmentedaton-
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stitute a synchronizatiorpattern- this refersto a setof placestogetherwith the
correspondingdlow relationship.

For the computationof the synchronizatiorpatternwe referto resultsof Petrinet
(controller) synthesigNRT92, CKLY98, CDLX02, GRX02a],which is basedon
thetheoryof regions.

Thealgorithmsusedfor our purposewvereimplementedn thetools Synet[Cai97]

andPetrify [CKK +97]. If possiblewe favor the controllersynthesisapproactde-
scribedin Section6.4, asit only enhanceshe primary processdescription. The
algorithm, which is basedon the reachabilitygraphof a pureand boundedWF-

systemmainly works as follows. First, the setof forbidden statetransitionsis

determined. It consistsof all statetransitionswhich leave the robust fragment.
On the basisof this information, the algorithmcomputeghe synchronizatiorpat-
tern. Its incorporationinto the primary WF-systemdisablesthe forbiddenstate
transitions,but doesnot changethe restof the behaior. A precisedescriptionof

thealgorithm,its theoreticabackgroundandprerequisitesor its applicationwere
givenin Chapter6.

Bringing togetherthe differentcasesthe step“Strategy determinatiorandimple-
mentation”is refinedasshavn in Figure8.8. Note, thatin therefinementhe mod-
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Figure8.8: Refinemenbf “Strategy determinatiorandimplementation”
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elerwasassumedo revise the WF-net. If the modelerrevisesthe primary EPC,
the 2nd Step“Transformationnto WF-nets” shouldbe aswell containedin the
refinement.

Running example

We will applythe proposedstepsto therunningexample.

Strategy determination: The pessimisticcase Let usfirst assumehatit is too
expensve to resetary task. Thereforethe decisionis madefor a pessimisticstrat-
egy. The correspondingragmentof soundexecutionswas computedby the ro-
bustnesslgorithmandwasshavn in Figure8.7.

Strategy implementation In the next step,the setof forbiddenstatetransitions
is determined.It coincideswith the statetransitionsthatleave the fragment. The
setwasillustratedin Figure8.9(a),whereit correspondso the setof labeledstate
transitions.All forbiddenstatetransitionsin this exampleareeitherlabeledwith

taskpi ck orwith taskcancel .

Applying the algorithm describedin Section6.4 the computedsynchronization
patternconsistof two placespcl andpc2. Incorporatingheminto the primary

WF-netthe occurrencef taskspick andcancel in all indicatedstateswill bepre-

vented.The enhancedVF-netis shavn in Figure8.9(b). The derived WF-system
is sound. Throughintroductionof the synchronizatiorpattern both processebe-

camesynchronizeat thedecisionpoints.

Using this processdescriptionasbasisfor the workflow controller the execution
of the procesbecomeserialized.The customercheckwould alwaysbe executed
beforethe ordering. Here, all soundbut parallelfiring sequencesf the relaxed
soundwWF-systermrhave beeneliminated.

If thedelivery procesdook a long time andthe customerchecktook a long time,
thiswould bevery inefficient. Thisis especiallyundesirableéf it is very rarethata
customercheckresultsin anot _ok. Suchpessimisticschedulingvould beanngy-
ing. It would bemoreefficient justto startthedelivery of theorderto the customer
hopingthe customercheckwill be ok, i.e. following anoptimisticapproachOnly
in the rarecasethatnot _ok wasreported,shouldthe orderbe returnedto stock
andcanceledafterall.
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Strategy determination: The optimistic case If thedecisionwasmadein favor
of an optimistic schedulingstratgy, one additionalintermediatestep,“Modeling
recovery behaior”, hasto be performedbeforehandcf. Figure8.8). The restof
the procedurghenstaysthe same.

As describedn Chapter7, someadditionalinformationis necessaryo addthe
recovery behaior. For the running examplewe assumehat all taskswithin the
salesdepartmenthatoccurbeforethe delivery canbe resetwithout extraordinary
chages. This affectstaskspi ck andwr ap. Correspondingompensationasks
arer et ur n andunw ap. After theitem hasbeenreturnedto stock,theinstance
shouldbecanceledTaskdel i ver is consideredo benonresersible.

TheenhancedePC,incorporatingherecovery behaior, aswell asthecorrespond-
ing WF-netareshaovn in Figure8.10. Notice thatthe integratedtasksonly shav
onepossibleway of modelingtherecovery behaior.

The resultingWF-systemis againrelaxed soundandrobust. The fragmentthat
wascomputedapplyingtherobustnesslgorithm(cf. Chapters), is shawvn in Fig-
ure8.11(a).All soundfiring sequencesf therelaxed soundWF-systemaremain-
tained.Furthermoresomeadditional lessefficient executionsareacceptedoo.

Strategy implementation Thesynchronization-géern is computednthebasis
of therobustfragment.Finally, thesynchronizatiorpatternis addedo theprimary
WEF-net. TheresultingWF-systemooksasshavn in Figure8.11(b). Theresulting
procesglescriptionis sound.Thereareno firing sequencethatdeadlockor do not
terminateproperly Furthermorenoneof thetransitionsaredead.

Using the optimistic processdescriptionas the basisfor the execution support
throughaWFMS, thetwo departmentsanoperaten parallel. Thecustomercheck
by theaccountsiepartmen{check _cr edi t ) canbe executedconcurrentlywith
preparatie tasksof the saleshandling(pi ck andwr ap).

8.2.5 b5th step: Control refinement

A workflow systemis areactve systemsoit runsin parallelwith its environment
andtriesto enforcecertaindesirableeffectsin theervironment. To bemoreprecise,
the workflow controllermonitorstasksperformedby actors(peopleor software).
Monitoring comprisesnitiating tasksby assigninghemto certainactorsandwait-

ing for the taskbe completed. The role of the processdescriptionis to indicate
which tasksmustbe activatedat a certainpointin time.
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The procesdescriptiondevelopedso far doesnot fit theserequiremententirely
The reasonfor thatis twofold. It is basedon the chosenperspectie andon the
instantaneoufring of transitions.

Perspectve The processvasmodeledfrom a userpoint of view. So, activities
have beenmodeledby functions,which are transformednto transitionsof type
task Transitionsare the active part within a WF-system. This contradictsthe
perspectie of the workflow managemergystem.The systemdoesnot executean
actvity but merelyinitiatesandmonitorsits processing.

Instantaneousfiring  Transitionsfire instantaneousThis doesnot matchwith
therequiremento modelactiities (performedby externalactors)astime consum-
ing entities. To fit theserequirementghe perspectie of the processdescription
mustbe changedowardsmonitoring.

Refinementof tasks-transitions

Activities have beenmodeledby transitionsof type task To adaptto the reac-
tive setting,tasktransitionswill be refined. Reflectingthe embeddingof actii-

tieswithin tasks,transitionsof type taskaredepictedasa sequencef transitions
al l ocate_task, beginactivity,endactivity,andrecord_task._

conpl eti on. Figure8.12illustratesthe describedtransitionrefinement. The
transitional | ocat e_t ask modelsthe allocationof the taskto a possibleactor

This may eithermeanthatit is “pushed’into someones in-baslet or thatthe task
is put on acommonlist, from whereit canbe “pulled” by ary actor The precise
implementatiordepend®n the modeof the workflow managemergystem.

Thetransitionbegi n_acti vi ty andend_acti vi t y areof typeeventasthey
modelthe externaleventsindicatingthatan actorstartedor completedhe embed-
dedactuity.

The actual processingof the task startswith transitionbegi n_t ask andends
with end_t ask. Thesetransitionareof type eventandhencedesignategsnon-
contollable. They model the external eventsindicating that an actor startedor
completedthe correspondindask. The processingtself is modeledvia a place.
This way the instantaneougring of transitionscanbe retainedbut now matching
an acceptablabstraction.The durationimplicitly assignedo the executionof a
tasktransitionin aWF-netis now assignedo a placein therefinedWF-net.

If the primary tasktransitionis in conflict with someothercontrollabletransition
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Figure8.12: Transitionrefinement

andthereis a markingenablingboth, the choicefor oneof themis assumedo be
non-deterministic.

Refiningthetransitionsasproposedsoundnessf therefinedWF-systenis main-
tained. Note, the proposedefinements quite basic. Requiringprogressa task
is assumedo complete. A more elaboraterefinementcould allow a taskto fail
or to becomewithdrawvn, while it is processedSucha moreelaborateefinement
would encompasthe needfor (automatic)failure handling,in orderto guarantee
transactionapropertiessuchasfailureatomicity Neverthelessweincorporatehe
possibilityto compensatéasksin orderto recover from deficientstatesg.g.dead-
locks. Still, we do not provide ary automaticrecovery behaior, but requirethe
modelerto explicitly indicatetasksthatcanbecompensatedndto specifythecor-
respondingcompensatiotask(cf. Chapter7). Within workflow managementhis
procedurds reasonableObviously, not every tasksshouldbe automaticallycon-
sideredto bereversible.Referringto therunningexampletaskdel i ver maybe
regardedasnon-reversible,asit is unlikely (andunreasonablgxpensve) to getthe
item backunbrolen. Therefore the proposediroceduresupportshe requirement
to decideindividually on compensation.

Running example

Figure8.13shaws the result,refiningthe WF-netof Figure8.9(b). For simplicity,
ashort-cutnotationwaschoserdepictingtasktransitionsastransitionssubdvided
into threesections:startandendwhite, middlegrey.

2Refiningatransitionby asequencef transitionss oneof thebasicoperationgrovento presere
propertiesof livenessandboundednesf. [Mur89] andthereforesoundnes§Aal97].
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Figure8.13: TherefinedWF-net

8.3 Application of results

In this chapter a comprehense procesamodelfor the specificationof workflow
wasproposed .t leadsfrom a semiformaldescriptionof the businesgrocesdo a
soundworkflow specification.

Theprocedurestartswith the modelingof businesgrocessefrom a userperspec-
tive, usingan acceptedsemiformalmodelingtechnique. A specialfeatureof the
approachare the weak requirementson the first processdescription. In several
stepsincluding analysis revision, and automaticrefinementthe primary process
descriptionis transformednto a soundprocessiescriptionthatmaysene asinput
for aWFMS®,

3Theproposedrocessnodelcoversonegeneralssuewithin workflow managemenpamelythe
specificationof the control-flov aspectof a process.lt is clearthatif the processescriptionwill
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Note,for theuseof aPetrinetbasedrocesslescriptiorasinputformat,oneobsta-
cle remainsto be handled:the May-firing rule. In standardPetrinetsemantican
enabledransitionmaybedeferredndefinitely Clearly this doesnot matchrealis-
tic behaior of workflow managemergystemsyheretransitionswith theinitiative
on the controllerside (cf. Table5.1), shouldnot be delayedbut fire immediately
In continuatve work [EDO3] WF-netshave beenadaptedo the reactve setting
applyingreactive semanticslt hasbeenshavn thatsoundnesss presered under
certainconditions.

Still, mostof the existing workflow managemergystemsdo not supportPetrinets
asinput for the workflow controller Exceptionsare workflow managemensys-
tems,suchasCOSA (SoftwareLey/COSASolutions[SL99]) or Income(GetPro-
cessAG [Inc]). Mostotherworkflow managemergystemse.g. Action Workflow,

or Stafware,useproprietaryworkflow languageslin orderto apply the resultof

the proposedprocessnodel,it remainsnecessaryo supportthe transformatiorof

the derived processdescriptioninto the supportedfile-format. This is a vendor
dependentaskandwashencebeyond scopeof the proposedrocessnodel.

Still, to provide the reademwith anideaof the pointswhich needto beclarifiedon
acaseby casebasisin the courseof thedevelopmenftor practicalapplicationswe
againreferto Stafware. We will not proposeprecisetransformatiorrulestrans-
lating WF-netsinto Stafware descriptionsout only give animpressionusingthe
running example. The following versionsof the process'Handling anincoming
order” areexpressedn the Stafwarelanguage As in Chapter3, we againusethe
Audit Trail (AT) to obsenre interestingcases. The exampleswill shav that pro-
cessdescriptionscan be transferredwithout expenditure,matchingthe expected
behaior.

Figure8.14shavstherelaxed soundversionof the processHandlinganincoming
order”. The choicesare modeledvia two nodesof type condition. The upper
choicedepend=on the resultof the taskcheck cr edi t . The lower choiceis
madeindependentijpy theuser

The primary processdescription(cf. Figure 8.3) was only relaxed sound. The
following executionled to adeadlock.

e ANDsplit, record.order, checkcredit, not _ok,
notify_cancel, pick, wap, deliver

Expectedlythecorrespondingxecutionwithin StafwarealsodeadlocksThecor

be usedasinputfor a WFMS furtheraspectge.g. determinatiorandassignmenbf possibleactors,
definition of the data-flav) mustbeincorporated.
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respondingaudittrail is shavn in Figure8.15. Note, Stafwaredoesnot detectthe
deadlock,.e. thereis no messagéCasedoesnot terminate”or thelike. Instead,
the systemexpectsthe caseto complete.

The pessimisticcase Theprimary, only relaxed soundWF-netwasenhancedby
asynchronizatiompattern.Theresultof theincorporationwvasa soundwF-system.
Implementinghepessimisticstrategy restrictedhesetof soundexecutions.Sound
but parallelexecutionswereeliminated.Within Stafware,synchronizatioris mod-
eledvia wait-steps. The Stafwaredescriptionthat correspondso the pessimistic
procesgescriptionof Figure8.9(b)is shavn in Figure8.16.

Theintroducedwait-stepguaranteethatthe orderis only processedpicked,
wrapped,and delivered)if the checkresultwas positve. The evaluationof the
lower conditionrefersto theresultof thetaskcheck cr edi t . Thisis realized
with thehelpof aninternalvariable whichis setby taskcheck cr edi t andread
by the conditions.

The optimistic case The Stafware descriptionthat correspondgo the imple-
mentationof anoptimistic stratgy is shavn in Figure8.17. Within the optimistic
stratgy the synchronizatiorbetweenthe two departmentss only enforcedafter
taskwr ap. In the Stafware descriptionthis is expressedy the wait-stepincor
poratedbeforetaskdel i ver . The conditionsfollowing stepsr ecor d_or der

andpi ck_or der referto theresultof thetaskcr edi t check. If thecheckis
positive, or hasnot yet beenperformedthe optimistic processingroceedslf the
checkresultis negative, processedtepsarecompensated.

Figure 8.18 reflectsan audit, in which the taskcheck_credi t was executed

only aftertaskpi ck andwr ap werealreadyexecuted.Theresultof thecheckwas

negative. Taskspi ck andwr ap areresetby meansof executingthecompensation
tasksr et ur n andunwr ap. Thefinal reportis “Caseterminatechormally”.

In thefollowing, we will considerbriefly anextrafeatureof Stafware,namelythe
possibility to withdrav a taskwhile it is being executed. The withdraw relation
is modeledvia anarcthatentersthe accordingtaskfrom the top. Within the next
procesglescription(cf. Figure8.19)this featurewasusedto withdraw taskspi ck
andwr ap assoonasthe checkresultturnsoutto be negative. The new conditions
testwhethertaskswr ap andpi ck have alreadybeenprocessed.This way, the
point in time is determinedwhich malkesit possibleto withdrav either of these
tasks.

Figure 8.20reflectsan auditin which the outcomeof taskcheck _cr edi t was
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negative. This resultwascomputedwhile taskwr ap hasbeenprocessedby user
swanne Taskwr ap is withdravn andtaskpi ck is reset.Thefinal reportis “Case
terminatechormally”.

Fromthis auditit canbeobseredthatin Stafwareit is not distinguishedvhether
ataskis only allocatedor alreadyprocessedThenext visible stateafterallocating
the taskto an actoris the completionof the task. Thereforea withdraw, malkes
no differencebetweenremaoving a task from the in-baslet of someactorandthe
interruptionof a perhapsalmostfinishedtaskexecution.This involvesatleasttwo
disadwantagesFirst, it is not possibleto computeanaverageprocessingime for a
task,because¢heactualstartof theprocessings not monitored.Secondit ignores
that tasksthat are almostcompletedmay have to be compensated.To remedy
theseproblemsataskrefinementasproposedn the laststepof the processnodel
(cf. Section8.2.5)shouldbe supported.

By meansof Stafwareasan example,it wasshavn thatthe resultingsoundpro-
cessdescriptionsanbe transferredo processlescriptionssupportedy existing
WFMSs.

8.4 Relatedwork

Thereare mary generalpublicationsaboutworkflow managemente.g.[GHS95,
JB96G Law97, Fis01, AH02a,Mar02. In theliteraturethe scopeof the domainis
delimited,terminologyis standardizedo someextent, the requirementsre char
acterizedand stateof the art of the existing solutionsis outlined. The authors
indicatethecloserelationbetweenwvorkflow andbusinesprocessete.g.[AH024]
requiringthe re-useof existing businessprocesslescriptions.As a consequence
thereoftheneedfor differentlevelsof abstractiorwithin themodelingof processes
(e.g9.[GHS95))is emphasizedHowever, in existing approachethedifferentlevels
of abstractiorareeithermixedor only supportedhroughnestingof tasks.

Themajorcontritution of thisthesids it to provide aprocessnodelthatbridgesthe
gapbetweendifferentlevels of abstractiorproposinga cross-languagprocedure
which first-time usesarefinementoncepthasedn the correctnesseasures.
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Chapter 9

Conclusionand futur e work

9.1 Conclusion

The goal of this thesishasbeento provide a methodicallywell-foundedprocess
modelfor the modelingof functionalworkflow requirementsThe procesamodel
shouldsupportandguide the modelerfrom a semiformaldescriptionof business
processesowardssoundworkflow specificationsj.e. helpingto bridge the gap
betweerbusinesgprocessnodelingandworkflow specification.

We proposea processnodelthatis basedon a combinationof differentmodeling
languages.A semiformalmodelinglanguages usedasinterfaceto the domain
expert. As aprominentexample widely acceptedn practice we referredto Event-
driven ProcesChains(EPCs).For thedefinitionof theworkflow specificationye
have usedPetri nets,namelyWF-nets. The strengthof Petri-netsis their formal
foundationandthe rich backgroundf theoryandtools, which enablegprofound
analysis.

The proposedapproachacknavledgesthe needto describebusinesgprocessest
differentlevels of abstractiorand combineghe adwvantageof differentmodeling
languageshatprovedto fit therespectie requirements.

It is clearthatsucha cross-languagprocessnodelmustdirectparticularattention
to a smoothtransformatiorbetweenthe techniquesused. This was achieved by
providing a setof rules transformingthe semiformalprocessdescriptionsbased
on EPCsinto WF-nets. The proposedransformatiordoesnot restrictthe mode-
ling facilities of the primary techniqueand maintainsthe variousinterpretations,
makingthemexplicit.
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The key conceptfor the proposedorocesamodelis the useof pragmaticcorrect-
nesscriteria, namelyrelaxedsoundnessindrobustness They fit the correctness
requirementsvithin thisfirst abstractionevel andmake it possibleto provide pre-
cisefeedbacko themodeler

The resultingprocessdescriptioncannotyet be usedas a basisfor the execution
support. It may still containundesiredexecutions. Therefore,it mustbe refined
to fit the requirement®of a workflow specification. The proposedprocessmodel
supportghis refinemenstep,applyingmethoddrom PetrinetsynthesisA sound
WE-systemis automaticallygeneratean the basisof a relaxed soundandrobust
processiescription.

Only within this stepdo performancdssuesbecomerelevant. Information that
is incorporatedelatesto a certainschedulingstratgy. In preparatiorfor the re-
finementthe modelermustdeterminewhich of the describedexecutionsareto be
supportedoy aWFMS.

Thelatedeterminatiorof performancéssuesds especiallydesirableascorrespond-
ing information (the occurrenceprobability of a certainfailure, costsof failure
compensatiorgr priorities)will oftenonly becomevailable(andmayevenchange)
atrun-time.Theirincorporatiortowardstheendof the proposegrocessnodelex-
tendsthe possibilityto reusemodelingresultsunderchangingpriorities.

Thegradualrefinemenproposedvithin the processnodelalsocoversthesmooth
transformatiorfrom processedescriptiongepresentinguserperspectie towards
a monitoring perspectie. WF-netsare refinedto meetthe requirementgosed
by a reactve system. The new propertyrobustnessassureghat the processcan
interactrobustly with its environment. Finally, tasksarerefinedin orderto reflect
thereactve behaior of aWFMS appropriately

The resultingprocessdescriptiondefinesthe tasksinvolved and determinegheir
order The specificationis sound.Usingthe procesgescriptionasa basisfor the
executionsupportduringrun-timereliableprocessinganbe guaranteed.

9.2 Summary of main contributions

This sectionsummarizeshe main contrikutions. The resultsbenefitthe modeling
of workflow, i.e. supportthe developmentof practicalapplications.Furthermore
Petrinettheorywasenriched Both the practicalandthetheoreticakontrikutionis
basedon the developmentof the two new correctnesgriteria, relaxed soundness
androbustness. They do not describeperfectbehaior but provide a pragmatic
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measurdor the correctnes®of processdescriptions. The introductionof a less
stringentcorrectnesxonceptmakesit possibleto specify a processat different

levels of abstraction.The procesalescriptionaot only differ with respecto the

refinemenibf tasksbut alsoin the detail of the describedbehaior. The proposed
proceduranakesuseof this distinctionposingonly looserequirementsor thefirst

modeling.

A further contrikution lies in the identificationof existing Petrinettheoryto sup-
portthemissingrefinemenstep.Applying existing algorithmsit becomegpossible
to shift the procesglescriptionon a moreelaboratedevel of abstractiormeeting
strictercorrectnessriteria.

Thecontritutionsof thethesisaresummarizedn thefollowing list.

e A comprehensi processmodel hasbeenprovided, for the modeling of
workflow, focusingon the controlflow aspectgcf. Chapter8).

e Theprocessnodelsupportsa semiformalmodelinglanguageasinterfaceto
thedomainexpertmodelingthebusinesgprocessecf. Chapter3).

e A new alleviatedcorrectnessriterion, namelyrelaxedsoundnesshasbeen
introducedn orderto provide anadequateuality measurdor the resulting
procesglescriptiongcf. Section3.4). Its appropriatenessasconfirmedby
acasestudy/(cf. Section3.6).

e Preciseandunderstandablieedbacks providedwhenrelaxed soundnesss
not metby the processlescription(cf. Section3.4).

e Transformatiorrules have beenprovided, mappingEPCsonto Petri nets.
The transformationdoesnot restrictthe EPC modelingfacilities. It espe-
cially supportsthe useof the OR-connectoandthe looseEPCassembling
rules(cf. Section3.2).

e Transformatiorrules,relaxed soundnessheckandfeedbackhave beenim-
plementedin a supportingframevork which is basedon XML-notations
(cf. Section3.5).

¢ Relaxed soundneshasbeenembeddednto Petrinettheory Possiblerela-
tionsto existing propertiesverescrutinized(cf. Chapterd).

e A furthercorrectnessriteria,namelynon-controllablehoicerobustnessas
beenintroducedexpressingthe robust interactionof a WF-systemwith its
environment(cf. Chapterb).
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e An algorithmfor therobustnescheckhasbeenintroducedandprovedto be
correctandcomplete(cf. Section5.4).

e Existingresultsfrom Petrinetsynthesidiave beenappliedin orderto gener
atea soundprocesglescription(cf. Chaptel).

e Theconceptsntroducedin the thesishave beenusedto identify andinstall
differentschedulingstratgies(cf. Chapter7).

e Theapplicabilityof resultingprocesslescriptionssinputfor existingWFMSs
hasbeendiscussedaking Stafware as an example (cf. Section3.7.1and
Section8.3).

9.3 Futurework

Thereareseveralpossiblesxtensionf thiswork. First,thewholeprocedurecould
be embeddedhto a supportingframevork. Sofar, severalparts(transformatiorof
EPCinto WF-nets,checkfor relaxed soundnesdransformationinto a soundwF-
net)areonly availablewithin separateools.

Second,the failure feedbackfor the modelercould be improved. Deficiencies
andimprovementsuggestiongsould bereflecteddirectly in the primary EPC.Pre-
requisitefor thesefeatureds the translationof Petrinetsto EPCs.This backward
directionis anissueof currentresearch.

Third, we introducedwo new correctnessriteria,necessargsafirst quality mea-
surefor processdescriptions. In the discussionat the end of Chapter3, a third
propertywas identified. Within Stafware an acceptedorocessdescriptiononly
needgo terminate but not necessarilyroperly It would beinterestingto investi-
gatethis property andpossiblyembedit into the proposedgrocessnodel.

Fourth,the focusof the procesanodelcould be broadenedowardsotherthanthe
control-flav aspects.
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Appendix

In the appendixtwo artificially constructedVF-netsare investigated. The WF-
systemarerelaxed soundandrohbust, but comprisesomekind of bizarrebehaior
which complicateghe synthesiof asoundWF-system Sofar norealisticprocess
descriptioncould befound shawing similar behaior. Still, asthis behaior cannot
be excluded,methodsareprovided handlingtheseanomalies.

9.4 Synthesisof a WF-net not covering all controllable
transitions

In this sectionwe will investigatea relaxed soundand robust WF-systemwhich
containscontrollabletransitionsnot coveredby therobustfragment.

The WF-systemS = (PN, i) showvn in Figure 9.1a) was alreadydiscussedn
Section5.5. There,it wasstatedthatit probablydepictsdeficientbehaior, asa
choicewhich wasconsideredo be controllable(t1 andt2), is followed by a non-
controllablechoice(t4 andt5) which must(in caset1 waschosenyevoke thefirst
choicein orderto terminateproperly

TheWF-systenis relaxedsound;all transitionsarepartof asoundfiring sequence.
It is furthermorerohust; thereexist a robust fragment(completewinning strategy
for the WF-controller).

ThecorrespondingeachabilitygraphRG s (V, E) is depictedn Figure9.1b). The
robustfragmentSG C RGs hasbeenshavn in bold.

RemarkablytherobustfragmentSG = (Vs¢, Ese) doesnot containstatetransi-
tionslabeledwith ¢1 and¢8 althoughthey arecoveredby soundfiring sequences.
The winning strat@y suggestdo always choosetransitionz2 and transition 9,
as otherwiseproper termination cannotbe guaranteed. Here the set of labels
L = {t|(M,t,M') € Egq} of therobustfragments a propersubsebf thetransi-
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Figure9.1: A relaxed soundandrobust WF-system

tionsusedin theWF-system:L C T'.

Applying the synthesisalgorithm describedin [NRT92, CKLY98] to the robust
fragmentSG asoundWF-systenis generatedT heresultis shavn in Figure9.1c).
Note, asthe algorithmintroducesa transitionfor every label of the transitionsys-
tem,theresultingWF-systemP N’ doesnot containtransitionst1 and8.

9.5 Synthesisof a generalPetri net: Example

In this sectionan exampleis provided illustrating the synthesisof a generalPetri
net. Considetthe WF-system( PN, i) shavn in Figure9.2. The processlescrip-
tion is pure, safe,relaxed soundandrobust. The following setof soundfiring
sequencesoversall transitions:

e init, g a, c,clean
e init, g b, d, clean
e init, f, g, b, d, clean

e init, f, a, b, X, clean

Place/Tansitionnetswith arcweights:F : (P x T) U (T x P) — IN
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Figure9.2: A safe relaxed soundandrobust WF-system
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Still, the WF-system( PN, 4) is not sound,asit may deadlock.A firing sequence
thatdoesnot terminateproperlyis e.qg.

e init, e b,a

The WF-systemis robust. Therearenot ary non-controllablegransitions. There-
fore relaxed soundnessoincideswith robustness.

ThereachabilitygraphRG py is anelementarytransitionssystem(shavn in Fig-
ure9.3).

Figure9.3: ThereachabilitygraphRG pn
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The rotust fragmentSG C RG computedthroughthe robustnessalgorithmis
shavn Figure9.4. Thesetof minimumregionsis ro = {v_in},r; = {v12},ry =
{v1,v2,v3,v4},rs = {v8,v4,v3,v7},rs = {vl,v3,v5,v7,v9},r5 = {v9,v10},
re = {vd,v8,v7},rr = {vl,v2,v5},rg = {vll},r9 = {v4,v8,v2,v10}.

Figure9.4: TherobustfragmentSG

CorrespondinglythesetsR,; for i = in,1..11 areasfollows: R,,, = {ro},

Ry1 = {ra,r4,77}, Rya = {r2, 77,79}, Ry = {72, 73,74}, Rya = {72, 73,79},
Rys = {ra,m6,77}, Ry = {r3,74,76}, Rug = {r3,76,79}, Rog = {r4,75},

Ry10 = {rs,m9}, and R,11 = {rs}. The fragmentis not elementary It does
not satisfy the event separatioraxiom (ESA) for elementarytransitionsystems.
Consider for exampleeventa € L,oa = {ry}. Theregion ry is containedin
R,1, Ryo andR,4. Still, v1 andv2 do nothave anexit arclabeledby eventc. The
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fragmentis not excitation closedeither It doesnot satisfythe excitation closure
condition: VI € L : (N, = ER(l). Consideragainthe eventa € L with
ER(a) = {vl,v3,v4}. ro = {v1,v2,v3,v4} # ER(a).

This meansdt is not possibleto synthesizea safeWF-netwith areachabilitygraph
isomorphicto thefragment.

Still, usingthe circumwentionvia transitionsplitting it is possibleto synthesizea
safeWF-netwith bisimilar behaior. As thefragmentSG is not excitationclosed,
transitionsplitting is usedto derive a split-morphicECTS.The derived ECTSis
shawvn in Figure9.5.

Figure9.5: A split-morphicECTS

189



Onthe basisof the ECTS, a safePetrinetis synthesized.The reachabilitygraph
of thesynthesizedPetrinetis bisimilarto the subgraphSG. The synthesizedPetri
netis shavn in Figure9.7.

Anotherpossibilityis to abandorthe safenespropertyandto usegeneralregions
for the synthesis. The subgraphSG satisfiesthe separatioraxiomsfor general
transitionsystemsThereforea generalPlace/Tansitionnetcanbe synthesized.

Applying controllersynthesisas proposedn [GRX02h we first computethe set
of separatiorinstanced? on the basisof the robust fragmentof Figure9.4: Q =
{(8,b),(2,a),(5,9)}. In asecondstepthe controllerplacesaresynthesizedThis
is doneby solving the equationsystemdeterminedoy the eventseparatiorcondi-
tions (cf. Equation6.1), the markingequationlemma(cf. Equation6.2), andthe
generalpropertyof T-invariants(cf. Equation6.3). The synchronizatiompattern
SP = (P.,T,F,) is determinedby the sumof controllerplaces. It is shavn in
Figure9.6.

JoiningtheprimaryWF-netandthe synchronizatiompattern the Petrinetshavn in
Figure9.8is derived.

TheresultingPetrinetis notsafe.Theintroducedcontrol-placas markedwith two

tokens.Theresultingnetis furthermoreno WF-net. With anarcinscriptiongreater
thanone,it no longerbelongsto the classof ordinaryPlace/Tansitionnetsbut to

the classof generalPlace/Tansitionnets. Still, the resultingPetri netis sound.
It may thereforesere asbasisto supportthe executionof the actualprocessat

run-time.

CEsyncpattern.net E EI

Figure9.6: Synthesizedynchronizatiorpattern
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