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Abstract

Inheritances oneof the key issuesf object-orientation Theinheritancemechanismallows for
the definition of a subclasswhich inheritsthe featuresof a specificsuperclass Whenadapting
a workflow procesdlefinitionto specificneeds(ad-hocchange)or changingthe structureof the
workflow processasaresultof reengineeringfforts (evolutionarychange)jnheritanceconcepts
areusefulto checkwhetherthe new workflow processnherits somedesirablepropertiesof the
old workflow process.Today's workflow managemergystemshave problemsdealingwith both
ad-hocchangesndevolutionarychangesAs aresult,aworkflow managemergystenis notused
to supportdynamicallychangingworkflow processesr the workflow processearesupportedn
arigid manner i.e., changesare not allowed or handledoutsideof the workflow management
system.In this paper we proposeinheritance-preservingansformatiorrulesfor workflow pro-
cesseandshaow thattheserulescanbeusedto avoid problemssuchasthe“dynamic-changéug”
The dynamic-changeug refersto errorsintroducedby migratinga case(i.e., a processnstance)
from anold procesdefinitionto a new one. A transferfrom anold procesgo a new processan
leadto duplicationof work, skippingof tasks,deadlocksandlivelocks.Restrictingchangeto the
inheritance-preservingansformatiorrules guaranteesransferswithout arny of theseproblems.
Moreover, thetransformationmulescanalsobeusedto extractaggrejatemanagemerinformation
in casemorethanoneversionof aworkflow processannotbe avoided.
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1 Intr oduction

Workflow-managementechnologyaimsat the automatedsupportand coordinationof businesgro-
cesseso reducecostsandflow times,andto increaseguality of serviceandproductvity [31, 43, 44].
A critical challengéfor workflow managemergystemss theirability to responceffectively to process
change$42, 63]. Changesnayrangefrom ad-hocmodificationsof the procesdor a singlecustomer
to acompleterestructuringof theworkflow procesgo improve efficiencgy [5]. Today’s workflow man-
agemensystemaareill suitedto dealingwith change.They typically supportamoreor lessidealized
versionof the preferredprocessHowever, therealrun-timeprocesss oftenmuchmorevariablethan
the processspecifiedat design-time. The only way to handlechangesds to go behindthe systems
back. If usersareforcedto bypasshe workflow managemensystemquite frequently the systemis
morealliability thananasset.

Adaptive workflow aimsat providing processsupportsimilar to contemporaryorkflow systems,
but in sucha way thatthe workflow systemis ableto dealwith processchangesRecentpapersand
workshopsshav thatthe problemsrelatedto workflow changearedifficult to solve[3, 5, 8, 10, 20, 26,
27,36, 37,42,52,54, 60, 63]. Thereforewe take upthechallengeo find techniqueso addflexibility
without loosingthe supportprovided by todays systems.

Typically, therearetwo typesof processhanges(1) ad-hocchangsand(2) evolutionarychanges

Ad-hoc changesrehandledon a case-by-casbasisandaffect only onecase(i.e., processnstance)
or aselectedyroupof cases.The changes the resultof anerror, arareevent, or specialdemandof

thecustomerExceptionoftenresultin ad-hocchangesA typical exampleof anad-hocchangéds the
needto skip ataskin caseof anemegeng. A workflow procesgefinitionresultingfrom anad-hoc
changes calleda variant of the workflow process.Ad-hoc changetypically leadsto mary variants
of agivenworkflow processunningin parallel. Evolutionarychangeis of a structuralnature:From



acertainmomentin time, theworkflow changedor all newv casedo arrive atthesystem.The change
is the resultof a new businessstratgy, reengineeringfforts, or a permanentlterationof external
conditions(e.g., a changeof law). Ewvolutionary changeis typically initiated by the management
to improve efficiengy or responsienessor is forcedby legislatureor changingmarket demands.A
workflow procesglefinitionresultingfrom anevolutionarychanges calleda version of theworkflow
processNew casesarehandledaccordingo themostrecentversionof aprocessExistingcasegi.e.,
work-in-progress)nay alsobe influencedby an evolutionary change.Sometimest is acceptableo
handlerunningcasegheold way. However, in mary situations caseseedto betransferredrom the
old versionto the new version.

Both ad-hocandevolutionary changeinevitably leadto one of the following two situations: Ei-
thertherearemultiple variantsand/orversionswhich areactive at the sametime or caseseedto be
migratedfrom onevariant/ersionto another Todays workflow managemergystemshave problems
dealingwith bothsituations We usethetermdynamic-tbang problem(cf. [26]) to referto theanoma-
lies causedby transferringcasesfrom one processto another The term mangement-information
problemis usedto referto the problemof providing an aggreateovervien of the work-in-progress
in caseof multiple versionsand/orvariants. The trendis towardsan increasinglydynamicsituation
wherebothad-hocandevolutionarychangesareneededo improve customerserviceandreducecosts
continuously Thereforetheseproblemsarerelevantfor thenext generatiorof workflow management
systems.

In this paper we usePetri netsto illustrate process-relatedoncepts. In fact, we mainly usea
restrictedclassof Petrinets,namelythe classof so-calledWF-nets[1, 2]. In a WF-net,thereis one
sourceplaceandonesink placeandall othernodesare on a pathfrom sourceto sink. Readershot
familiar with Petrinetsandworkflow modelingarereferredto Section2.
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Figurel.1l: Thedynamic-changbug.

Figure 1.1 shavs two workflow procesdefinitionsillustrating the dynamic-chang@roblem. If the
sequentialvorkflow procesgleft) is changednto theworkflow processvheretaskssendgoodsand
sendbill canbeexecutedn parallel(right), thereareno problemsj.e., it is alwayspossibleto transfer
acasdrom theleft to theright. Thesequentiaprocessasfive possiblestatesandeachof thesestates



correspond$o a statein the parallelprocess.For example,the statewith a tokenin s, is mapped
ontothe statewith atokenin p, and ps. In bothcasestasksprepae_shipmentandsendgoodshave

beenexecutedandsendbill andrecod_shipmensitill needto beexecuted Now considetthesituation
wherethe parallel processis changedinto the sequentialbbne, which meansthat casesneedto be
moved from the right-hand-sidgrocesgo the left-hand-sideprocess.For mostof the statesof the
right-hand-sidgrocessthisis noproblem,e.g.,astatewith atokenin p, andatokenin p, is mapped
ontoonetokenin s;, anda statewith a tokenin p, andatokenin ps is mappedonto onetokenin

s,. However, the statewith atokenin both p; and p4 (i.e., prepae_shipmentaindsendbill have been
executedauseproblemshecauséehereis no correspondingtatein the sequentiaprocesgwhereit

is not possibleto executesendbill beforesendgood3. Theexamplein Figurel.1lshavsthatit is not
straightforvard to migrateold casedo the new processafterachange.

Theproblemillustratedin Figurel.lis aresultof reducingthe degreeof parallelismby makingthe
processequential Similar problemsoccurwhentheorderingof tasksis changede.g.,two sequential
tasksare swapped. Extendingthe workflow with new tasks,remaoving parts,or aggr@atinga group
of tasksinto a singletaskmay resultin similar problems.Whenchanginga workflow on-the-fly i.e.,
runningcasesretransferredo the new processiefinition,the dynamic-changéugis likely to occur
Therefore the problemis very relevantfor workflow managemergystemdruly supportingadaptve
workflow. Todays workflow managemerdystemsarenotableto handlethis problem.Thesesystems
typically usea versioningmedanism i.e., every changdeadsto a new versionandcasegeferto the
appropriateversion.If a casestartsusinga versionof the processit will continueto usethis version.
Theversioningmechanisnmaybe suitablein somesituations An administratie processvith ashort
flow timeis agoodcandidatdor a versioningmechanismHowever, therearemary situationswhere
sucha mechanisnis not appropriate.lf a casehasa long flow time, thenit is often not acceptable
to handleexisting caseghe old way. Considerfor examplea procesdor handlingmortgageloans.
Mortgagegypically have adurationof 20 to 30 years.If the mortgageprocesshangeseveraltimes
per year this could leadto dozensof differentversionsrunningin parallel. To reducecostsand
to keepthe processesnanageablethe numberof active versions(i.e., versionsstill usedby cases)
shouldbe keptto a minimum. Also for processesvith a shorterflow time, it may be undesirabldo
have mary versionsrunning simultaneously In fact, theremay be legal reasongi.e., startingfrom
1-1-2000a new stepin the processs mandatory)forcing the transferof caseso the new process.
Unfortunately problemssuchasthe oneillustratedby Figure 1.1 malke a directtransferhazardous.
Note thatthe dynamic-chang@roblemis relevant for both ad-hocchangeandevolutionary change.
However, the problemis mostprominentfor evolutionarychangewvherepotentiallymary casesieed
to betransferred.

Anotherproblemrelatedto changes the problemthatit mayleadto multiple activeversions/ariants
of thesameprocesavhich makesit difficult to provide aggregatemanajementinformation Consider
againFigurel.l. Assumehatthetwo workflow processlefinitionsareversionsof the sameworkflow
process. At somepoint in time, the left-hand processmay containsix running casestwo in state
1, threein states,, andonein states;, whereasthe right-handprocessmay containfour running
casesiwo in the statewith tokensin p; and p, andtwo in the statewith tokensin p; and ps;. To
provide aggrg@ate managemeninformation, thesenumbersmust be combinedin sucha way that
the resultprovidesa meaningfulrepresentatiof the amountof work-in-progress.In the example,
the solutionis not very difficult becausesachstatein the left-handprocessdefinition of Figure1.1
hasa correspondingstatein the right-handprocessdefinition. As a result, aggrgate management
informationcanbecollectedby projectingthestateof all case®ntotheright-handprocesglefinition.
Doingsoyieldsthat,for four of thetotal of tencasestaskssendgoods sendbill, andrecod_shipment



still needto be executed;for two casessendgoodsandrecod_shipmentstill needto be performed;
threecasesarein a statethatsendbill andrecod_shipmenstill needto be done whereador onecase
only taskrecod_shipmenstill needdo be performed.lt is possibleto summarizehis informationby
countingthenumberof tokensresultingin eachplaceof theright-handorocesslefinitionof Figurel.l
whenprojectingthe ten caseonto this procesgdefinition: Places ando do not containary tokens,
place p; containssix tokens, place p, containsseven tokens, place ps containsfour tokens, and,
finally, ps containsthreetokens. Although this exampleis not very complicatedjn general,t is not
straightforvard to obtainaggrgate managemeninformationwhenthe different processlefinitions
aremorecomple or their numberis larger.

Themanagement-informatigoroblemexplainedaborve occursif multiple versionsand/orvariants
of the workflow processcannotbe avoided. For evolutionary change the numberof versionsis of-
tenlimited. In fact,if all casesaretransferredthenthereis just oneactive version(i.e., all running
caseausethe sameversion). However, in somesituations,it is not possiblenor desirableto transfer
casedo themostrecentprocess.Therecanbelegal, managerialpr practicalreasonghatpreventthe
transferof cases.n suchasituation,therearemultiple active versionsof the sameprocess.Ad-hoc
changamayleadto thesituationwherethe numberof variantsmaybe of the sameorderof magnitude
asthe numberof cases.The variantsare customizedo accommodatespecificneeds.To managea
workflow processwith differentversions/ariants,it is desirableto have an aggrgatedview of the
work-in-progress.Note thatin a manufcturingprocesshe managercanget a goodimpressionof
the work-in-progressy walking throughthe factory For a workflow processhandlingdigitizedin-
formation,this is not possible.Therefore,t is of the utmostimportanceto supplythe managemwith
tools to obtaina condensedbut accurateview of the workflow processesAlthoughthe problemof
extractingaggrgatemanagemennformationis relevantfor both ad-hocandevolutionarychangeijt
is mostprominentfor ad-hocchange.

To tackle the dynamic-changeroblemand the management-informatioproblem, we proposean
approachbasedon theinheritance-pesening transformatiorrulesintroducedin [15, 14, 4, 16]. In-
heritanceis one of the key conceptsof object-orientation. Classesand objectsin object-oriented
designcorrespondo workflow processlefinitionsandcasesn a workflow managementontet. In
object-orientedlesign,inheritancds typically restrictedto the staticaspectge.g.,dataandmethods)
of anobjectclass.For workflow managementhe dynamicbehaior of casesds of primeimportance.
Theinheritance-presemg transformatiorrulesusedin this paperfocuson workflow processiefini-
tionsin a Petri-net-basedetting. Thefour inheritancerelationspresentedn this paperusebranching
bisimilarity (to compareprocessesin combinationwith the notionsof encapsulatiorand abstac-
tion. Encapsulatiorcorrespondso blockingtaskswhereasabstractiorcorrespondso hiding taskst
Restrictingprocesshangedo theinheritance-preseing transformatiorrulespresentedn this paper
makesa direct transferpossiblein ary statewhile avoiding problemssuchasthe oneillustratedby
Figurel.1l. Notethattheinheritancerulescanonly be usedto avoid the dynamic-changéug, i.e., it
is a preventive treatmenbf the problem.If changesuchastheoneshavn in Figurel.1areallowed,
theonly cureis to postpondhetransferin caseof problems.As aresult,in sucha casetheremaybe
severalactive versionsof the sameworkflow processTheremaybe otherreasongor having multiple
active versions e.g.,by law, casesreforcedto be handledthe old way. In caseof ad-hocworkflow,
therearealsomultiple active versionsof the sameprocesqcalledvariants). The presencef multi-
ple active versionsand/orvariantsof the sameprocessanobscurethe statusof the whole workflow.

1The notionsof encapsulatiorand abstractiorin this paperareinspiredby process-algbraic conceptgsee[12]). In
processalgebratheterms‘encapsulationand“abstraction’have adifferentmeaninghanthesametermsin object-oriented
design.



Fortunately the inheritance-preseing transformatiorrulescanalsobe usedto constructaggreate
managemernitformation. Theinheritancenotionsallow for thedefinitionof conceptsuchasa Max-
imal/Greates€CommonDivisor (MCD/GCD) andMinimal/LeastCommonMultiple (MCM/LCM) of
asetof variants/ersions.Theseconceptanbeusedto createa condensedverviev of thework-in-
progressClearly thedynamic-changproblemandthemanagement-informatigoroblemarerelated.
By solvingthe dynamic-chang@roblem(i.e., instantlymigratingall casego a singleversionof the
process)thereis no needto constructaggrgate managemeninformationbecauséhereis just one
active version. However, ad-hocchangesnevitably leadto multiple variantsand, asillustratedby
Figurel.1, multiple active versionsof aworkflow processaresometimesinavoidable.

The remainderof this paperis organizedasfollows. In Section2, we introducethe basicconcepts
andthe techniquesve aregoing to use. The approachpresentedn this paperis basedon a special
subclas®of Petrinets(WF-nets)anda notionof correctnessiamedsoundnesgl, 2]. Section3 intro-
ducesthe inheritancenotionsandthe inheritance-preseing transformatiorrulesusedin this paper
In Section4, the useof inheritancen a workflow-managementontext is discussedSection5 tack-
lesthe problemsrelatedto dynamicchangeusingthe inheritance-preseing transformatiorrules. In
Section6, it is shavn thattheresultscanalsobeusedto createaggregatemanagemerihformation.in
Section7, we considetheuseof toolsto supporthenotionspresentedh this paper Finally, Section8
summarizesheresults.

2 Preliminaries

This sectionintroduceghe techniquesisedin the remainder Standarddefinitionsfor bagsandPetri
netsaregiven. Moreover, moreadwancedconceptsuchasbranchingoisimilarity, workflow nets,and
soundnessire presented.Thesepreliminariesare requiredto definethe inheritanceconceptsn an
unambiguousvay.

2.1 Notationsfor bags

In this paper bagsare definedas finite multi-setsof elementsfrom somealphabetA. A bagover
alphabetA canbe consideredasa functionfrom A to the naturalnumberdN suchthatonly afinite
numberof elementdrom A is assigneda non-zerofunctionvalue. For somebag X over alphabetA
anda € A, X(a) denotegshe numberof occurrencesf a in X, oftencalledthe cardinalityof a in X.
Thesetof all bagsover A is denoted3(A). For theexplicit enumeratiorf a bag,anotationsimilarto
thenotationfor setsis used but usingsquaredracletsinsteadof curly bracletsandusingsuperscripts
to denotethe cardinalityof the elements For example,[a?, b, c®] denoteshe bagwith two elements
a, oneb, andthreeelementsc; the bag[a®? | P(a)] containstwo elementsa for every a suchthat
P(a) holds,where P is somepredicateon symbolsof the alphabetunderconsideration.To denote
individual elementf abag,the samesymbol“€” is usedasfor sets:For ary bag X over alphabetA
andelementa € A a € X if andonly if X(a) > 0. Thesumof two bagsX andY, denotedX + Y, is
definedas[a" | a € AAn = X(a) + Y(a)]. Thedifferenceof X andY, denotedX — Y, is defined
as[a" | ae AAn = (X(a — Y(a)max0]. Thebindingof sumanddifferenceis left-associatie.
Therestrictionof X to somedomainD C A, denotedX [ D, is definedas[a*® | a € D]. Restriction
binds strongerthan sumanddifference. The notion of subbagss definedas expected:Bag X is a
subbagof Y, denotedX < VY, if andonly if, foralla € A, X(a) < Y(a). Notethatary finite setof
elementdrom A alsodenotesa uniquebagover A, namelythe functionyielding 1 for every element
in the setand0 otherwise.Thereforefinite setscanalsobe usedasbags.If X is abagover A andY



is afinite subsebf A, thenX — Y, X +VY,Y — X, andY + X yield bagsover A. Moreover, X <Y
andY < X aredefinedin a straightforvard manner

2.2 LabeledPlace/Transition nets

In this section,we definea variant of the classicPetri-netmodel, namelylabeledPlace/Tansition
nets. For a moreelaboratdntroductionto Petrinets,the readeris referredto [24, 46, 53]. LetU be
someuniverseof identifiers;let L besomesetof actionlabels

Definition 2.1.(Labeled P/T-net) An L-labeledPlace/Tansitionnet,or simply labeledP/T-net,is a
tuple (P, T, F, £) where:

1. P C U isafinite setof places
2. T C U is afinite setof transitionssuchthatP N T = @,
3. FC (P xT)U(T x P)isasetof directedarcs,calledthe flowrelation and

4. ¢ : T — L isalabelingfunction

In the Petri-netliterature,the classof Petrinetsintroducedin Definition 2.1 is sometimeseferredto
astheclassof (labeled)ordinary P/T-netsto distinguishit from the classof Petrinetsthatallows more
thanonearcbetweera placeandatransition.

Let (P, T, F, £) bealabeledP/T-net. Elementof PUT arereferredto asnodes A nodex € PUT
is calledaninputnodeof anothemodey € PUT if andonly if thereexistsadirectedarcfromx to y;
thatis, if andonly if xFy. Nodex is calledanoutputnodeof y if andonly if thereexistsadirectedarc
from y to x. If x isaplacein P, it is calledaninput placeor anoutputplace;if it is atransition,it is
calledaninputor anoutputtransition.Thesetof all inputnodesof somenodex is calledthe presetof
X; its setof outputnodesis calledthe postset Two auxiliary functionse_, ¢ : (PUT) - P(PUT)
are definedthat assignto eachnodeits presetand postsetrespectiely. For any nodex € PU T,
ox = {y | yFx} andxe = {y | xFy}. Note thatthe presetand postsetfunctionsdependon the
contet, i.e., the P/T-netthe function appliesto. If a nodeis usedin several nets,it is not always
clearto which P/T-netthe preset/postsdtinctionsrefer Thereforewe augmenthe presetandpostset
notationwith the nameof thenetwhenever confusionis possible:\ x is the preseif nodex in netN
andx . is the postsebf nodex in netN.

A labeledP/T-netasdefinedabore is a staticstructure Figure2.2 shawvs thegraphicalrepresenta-
tion of a P/T-net. Placesarerepresentebly circles;transitionsarerepresentetly rectanglesAttached
to eachplaceis its identifier Attachedto eachtransitionis its label. Transitionlabelingis neededor
two reasons First, a P/T-netmodelinga workflow procesgnay containseveral transitionsreferring
to asingletask(identifiedby the label)in the workflow process.Secondwe usetransitionlabelsas
amechanismto abstracfrom tasks. For the sale of simplicity, we assumehattransitionlabelsare
identicalto transitionidentifiersunlessexplicitly statedotherwise.

LabeledP/T-netshave a dynamicbehaior. The behaior of a netis determinedoy its structure
andits state To expressthe stateof a net, its placesmay containtokens In labeledP/T-nets,tokens
arenothingmorethansimple markers(seeFigure 2.2). Thedistribution of tokensover the placesis
oftencalledthe markingof the net.

Definition 2.3.(Mark ed, labeled P/T-net) A marked, L-labeledP/T-netis a pair (N, s), whereN =
(P, T, F, ¢) isanL-labeledP/T-netandwheres is abagover P denotingthe markingof thenet. The
setof all marked, L-labeledP/T-netsis denotedV .
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Figure2.2: A labeledP/T-net.

The dynamicbehaior of marked, labeledP/T-netsis definedby a so-calledfiring rule, which is
simply atransitionrelationdefiningthe changen the stateof a marked netwhenexecutinganaction.
To definethefiring rule, it is necessaryo formalizewhenanetis allowedto executea certainaction.

Definition 2.4. (Transition enabling) Let (N, s) be a marked, labeledP/T-netin A/, whereN =
(P, T, F,¢). Atransitiont € T isenableddenoted N, s)[t), if andonly if eachof its input placesp
containsatoken. Thatis, (N, s)[t) < et <s.

Whena transitiont of a labeledP/T-netis enabledthe net canfire this transition. Upon firing, t
removes a token from eachof its input placesand addsa token to eachof its outputplaces. This
meanghatuponfiring t, themarkednet(N, s) changesnto anothemarkednet(N, s — ot -+ te).

Definition 2.5.(Firing rule) Thefiring rule _[_) - € N x L x N is the smallestrelationsatisfying
forany (N,s) in M,with N = (P, T, F,¢),andaryt € T,
(N, 9)[t) = (N, s) [£(1)) (N, s — ot +te).

ThelabeledP/T-netshowvn in Figure2.2is usedto illustratethefiring rule. The netmodelsthe pro-
cessingpf complaintsby the complaintsdeskof afictitious Company X. Thecomplaintsdeskhandles
complaintsof customersaboutthe productsproducedby Compary X. Eachcomplaintis registered
beforeit is classified.Dependingon theclassificatiorof the complaint,aletteris sentto the customer
or aninquiry is started. The inquiry startswith a consultationof the departmentnvolved, followed
by a discussionwith the customer Basedon this inquiry, the necessanactionsaretaken. Finally,
the dossieris filed. Figure2.2 shaws the procesglefinitionwhich is usedto configurethe workflow
managemergystemusedby theemplo/eesof thecomplaintsdesk. Themarkingshavn in Figure2.2
is [i], i.e., the statewith onetokenin placei. Transitionregisteris the only transitionenabledin
this marking. Firing register resultsin the state[ pendingcomplaint registeed, i.e., two tokensare



produced. Then, classifycomplaintwill fire followed by eithersendletter or contactdepartment
contactcustomerandtake_action Finally, file_dossierwill fire. Notethatfile_dossierconsumeswo
tokensandproduceonetoken.

Thefiring rule determineghe setof so-calledreadablemarkingsof amarked P/T-net. A marking
sis reachabldrom theinitial markingsy of amarkednet(N, s) if andonly if thereexistsa sequence
of enabledransitionswhoseexecutionleadsfrom s to s. This paperusesthefollowing notationsfor
sequenceslet A be somealphabetf identifiers. A sequenc®f lengthn, for somenaturalnumber
n € IN, overalphabetA is afunctiono : {0, ...,n — 1} — A. Thesequencef lengthzerois called
theemptysequencandwritten ¢. For the sale of readability asequencef positive lengthis usually
written by juxtaposingthe function values: For example,asequencer = {(0, a), (1, a), (2, b)}, for
a, b e A, iswrittenaab Thesetof all sequencesf arbitrarylengthover alphabetA is written A*.

Definition 2.6. (Firing sequence)let (N, s) with N = (P, T, F, £) be amarked, labeledP/T-net
in . A sequencer € T* is calleda firing sequencef (N, ) if andonly if, for somenatural
numbern € IN, thereexist markingss,, ..., s, € B(P) andtransitionsty,...,t, € T suchthat
o =1t...tyand,foralli withO <i < n, (N,s)[tiL1) ands 1 =S — eti;1 + ti;1e. (Notethat
n = 0 impliesthato = ¢ andthate is afiring sequencef (N, 5).) Sequence is saidto beenabled
in markingso, denoted(N, s9)[o). Firing the sequence resultsin the uniquemarkings,, denoted
(N, s0) [0) (N, ).

The marked, labeledP/T-net (N, [i]) shawvn in Figure 2.2 hasmary enabledfiring sequencesFor
example,firing sequenceggister classifycomplaintcontactdepartmenis enabled. Executingthis
sequenceesultsin marking[pendingcomplaint contactcusi.

As mentionedamarkingof alabeledP/T-netis reachabléf andonly if thereis a firing sequence
leadingfrom theinitial markingto thatmarking.

Definition 2.7. (Reachablemarkings) The setof readable markingsof a marked, labeledP/T-net
(N,s) e NwithN = (P, T, F, £), denoted N, s), is definedastheset{s' € B(P) | Qo :0 € T*:
(N, s) [o) (N, s))}.

Considerfor examplethe marked, labeledP/T-net (N, [i]) shavn in Figure2.2. Therearetwo firing
sequenceteadingto marking[o]. Therefore,[0] is reachable.In total, thereare seven markings
reachabldrom [i].

For the purposeof analyzingprocesseslefinedby P/T-nets,mary propertieshave beendefined
andstudied.Somepropertiegeferto thenetstructure while othersreferto the dynamicbehaior of a
marked P/T-net. The following two definitionsreferto structuralproperties.Thefirst definitionuses
the standarchotationsfor theinverseof arelation R (R™1) andthereflexive andtransitie closureof
R (R*).

Definition 2.8.(ConnectednessA labeledP/T-netN = (P, T, F, £) is weaklyconnectedor simply
connectedif andonly if, for every two nodesx andy in P U T, x(F U F~%)*y. Net N is strongly
connectedf andonly if, for everytwo nodesx andy in PU T, xF*y.

In the remainderof this paper we assumaeall netsto be weakly connectedMoreover, we assumeall
netsto have atleasttwo nodes.Netswithout placesor transitionsdo not make ary sense.
Anotherstructuralpropertyis the so-calledfree-toice property

Definition 2.9. (Free-choiceP/T-net) A free-thoice P/T-netis a (labeled)P/T-net (P, T, F, £) asin
Definition 2.1 suchthat,for all transitionst, u € T, eitheret N eu = (J Or ot = oU.



Free-choiceéP/T-netsare characterizedby the fact thattwo transitionssharinganinput placealways

shareall their input places. From a pragmaticpoint of view, the classof free-choiceP/T-netsis of

particularinterest;mary workflow managemersystemsausea diagrammingiechniquewhich corre-

sponddgo free-choicenets. The classof free-choiceP/T-netscombinesareasonablexpressie pover

with stronganalysistechniquesConsequent|yfree-choiceP/T-netshave beenextensvely studiedin

theliterature. The mostimportantresultson free-choiceP/T-netshave beenbroughttogetheiin [24].
An exampleof a propertywhichrefersto thedynamicsof a marked P/T netis boundedness.

Definition 2.10.(BoundednessA marked,labeledP/T-net(N, s) € A is boundedf andonly if the
setof reachablemarkings[ N, s) is finite.

In aboundedet,thenumberof tokensin ary placeis boundedlf the maximumnumberof tokensin
eachplaceis one,thenthenetis safe.

Definition 2.11.(SafenessA marked, labeledP/T-net(N, s) € N with N = (P, T, F, ¢) is safeif
andonly if, for ary reachablenarkings’ € [N, s) andary placep € P,s'(p) < 1.

Notethatsafenesgmpliesboundedness.
A transitionis deadif andonly if thereis no reachablenarkingenablingthattransition.

Definition 2.12.(Deadtransition) Let (N, s) beamarked,labeledP/T-netin N. A transitiont € T
is deadin (N, s) if andonly if thereis noreachablenarkings’ € [N, s) suchthat(N, s)[t).

A propertystrongerthanthe absencef deadtransitionsis liveness.A P/T-netis live if andonly if,
no matterwhatmarkinghasbeenreachedit is alwayspossibleto enableanarbitrary transitionof the
netby firing anumberof othertransitions.

Definition 2.13.(Liveness)A marked, labeledP/T-net(N, s) € N with N = (P, T, F, ¢) is live if
andonly if, for everyreachablenarkings’ € [N, s) andtransitiont € T, thereis areachablenarking
s” € [N, §') suchthat(N, s”)[t).

2.3 Branching bisimilarity

To formalizethe inheritanceconceptamentionedn the introduction,we needto formalize a hotion
of equivalence.LabeledP/T-netsare equippedwith anequialencerelationthat specifieswhentwo
differentmarked, labeledP/T-netshave the same(obsenrable)behaior. By choosingdifferentequi-
alencerelationsdifferentsemantic@reobtained.For moreinformationon thedifferentsemanticgor
concurrensystemghereadeiis referredto [32, 50]. In this paperwe usebranding bisimilarity [34]
asthe standarcequivalencerelationon marked, labeledP/T-netsin .

Thenotionof asilentactionis pivotal to thedefinitionof branchingpbisimilarity. Silentactionsare
actiong(i.e., transitionfirings) thatcannotbeobsered. Silentactionsaredenotedvith thelabelz, i.e.,
only transitionsin a P/T-netwith alabeldifferentfrom ¢ areobserable. Notethatwe assumehat ¢
is anelementof L. The r-labeledtransitionsareusedto distinguishbetweerexternal,or obserable,
andinternal,or silent,behaior, A singlelabelis sufiicient, sinceall internalactionsareequalin the
sensdhatthey do not have ary visible effects.

As explainedin the next subsectionin the context of workflow managementye wantto distin-
guishsuccessfulerminationfrom deadlo&. A terminationpredicatedefinesin whatstatesa marked
P/T-netcanterminatesuccessfullyIf amarked, labeledP/T-netis in a statewhereit cannotperform
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ary actionsor terminatesuccessfullythenit is saidto bein adeadlo& Assumethat| € N is some
arbitraryterminationpredicate.

To definebranchingoisimilarity, two auxiliary definitionsareneeded(1) arelationexpressinghat
a marked, labeledP/T-net canevolve into anothemarked, labeledP/T-net by executinga sequence
of zeroor moret actions;(2) a predicateexpressinghata marked, labeledP/T-netcanterminateby
performingzeroor moret actions.

Definition 2.14.Therelation. = _ € N x N is definedasthe smallestrelationsatisfying,for any
p.p.p" eN,p= pand(p= p' A p'[7) p") = p=p".

Definition 2.15.The predicatell - € N is definedasthe smallestsetof marked, labeledP/T-nets
satisfying,forary p, p' e N, p= U pand( pA p'[tr) p = |p.

Let, for any two marked, labeledP/T-netsp, p’ € N andactiona € L, p[(«)) p’ beanabbreiation
of thepredicatda = t A p = p) Vv pla) p'. Thus,p[(r)) p’ meandhatzeror actionsareperformed,
whenthefirst disjunctof the predicatds satisfied or thatoner actionis performedwhenthesecond
disjunctis satisfied.For ary obserableactiona € L\{r}, thefirst disjunctof the predicatecannever
besatisfied Hence,p[(a)) p’ is simplyequalto p[a) p’, meaninghatasinglea actionis performed.

Definition 2.16. (Branching bisimilarity) A binary relation’® € N x N is calleda brancing
bisimulationif andonly if, forary p, p’,q,q € N anda € L,

1. pRQApla) p'=
39.9": 9,9" e N: q=q"Aq"[(@) d" A PRY" A PRA),

2. pPRAAQ[a) g =
@Ap.p:p.peN:p=p' Ap'[(@)p Ap'RGA PRY), and
3. pRa=Up=Larla={p.

Two marked, labeledP/T-netsare called branching bisimilar, denotedp ~y q, if andonly if there
existsa branchingbisimulationR suchthat pRq.

P q b q
| |
N / \\q”
p a0’ =q p._

\\q,

Figure2.17: Theessencef a branchingbisimulation.

Figure2.17shavs theessencef abranchingbisimulation. Thefiring ruleis depictedby arravs. The
dashedinesrepresent branchingbisimulation. A marked, labeledP/T-netmustbe ableto simulate
ary actionof an equivalentmarked net after performingary humberof silent actions,exceptfor a
silentactionwhich it may or maynot simulate. Thethird propertyin Definition 2.16 guaranteethat
relatedmarked netsalwayshave the sameterminationoptions.

Branchingbisimilarity is an equivalencerelationon N, i.e., ~ is reflexive, symmetric,and
transitive.
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Property 2.18.Branchingbisimilarity, ~y , is anequialencerelation.
Proof. Seg[14] for adetailedproof. O

Branchingbisimilarity wasfirst introducedin [33]. Thedefinitiongivenin this subsections slightly
differentfrom the original definition. In fact, it is the definitionof semibranchingbisimilarity, which
wasfirst definedin [62]. It canbe shavn thatthe two notionsare equivalentin the sensethat they
definethe sameequialencerelation on marked, labeledP/T-nets[34, 13]. The reasonfor using
the alternatve definitionis thatit is more conciseandmoreintuitive thanthe original definition. A
comparisorof thetwo definitionscanbefoundin [13].

2.4 WF-nets

The useof Petrinetsfor workflow modelinghasbeensuggestedy mary authors(e.g.,[8, 9, 28,40,
47]) andseveralworkflow managemergystemsaisePetrinetsasadesignlanguagee.g.,COSA[56],
INCOME [51], and BaanWbrkflow [11]. In fact, mostcommercialworkflow managemensystems
usea modelinglanguagewhich correspondso a subsetf Petrinets(typically free-choiceP/T-nets
[2]).

Beforewe presenthe classof netswe usein the remainderof this paper we introducethe basic
conceptsandterminologyusedin the workflow-managementiomain. Theseare the conceptssup-
portedby todays workflow managemergystemsandalsorecognizedy standardizatiotodiessuch
asthe Workflow ManagemenCoalition [44].

Workflows arecase-based.e., every pieceof work is executedfor a specificcase Examplesof
casesarea mortgage an insuranceclaim, a complaint,a tax declarationan ordet or a requestfor
information. Casesare often generatedy an external customer However, it is alsopossiblethat a
caseis generatedy anotherdepartmentvithin the sameorganization(internalcustomer).The goal
of workflow managemenis to handlecasesas efficiently and effectively as possible. A workflow
processs designedo handlesimilar cases.Casesarehandledby executingtasksin a specificorder
Theworkflowprocesdefinitionspecifiesvhich tasksneedto be executedfor a caseandin whatorder
(i.e.,thelife cycle of onecasein isolation). Alternative termsfor a workflow procesdlefinition are:
“proceduré, “flow diagrant, and“routing definition” Sincetasksareexecutedn a specificorder it
is usefulto identify conditionswhich correspondo causaldependencieBetweertasks.A condition
holdsor doesnothold (trueor false).Eachtaskhaspre-andpostconditionsThepreconditionshould
hold beforethetaskis executedandthe postconditionshouldhold after executionof the task. Many
casexanbe handledby following the sameworkflow procesddefinition. As a result,the sametask
hasto be executedfor mary cases A taskwhich needsto be executedfor a specificcaseis calleda
workitem An exampleof awork itemis theorderto executetask“sendrefundform to customerfor
case‘complaintsentby customeBaker” Mostwork itemsareexecutedoy aresouce A resourceds
eitheramaching(e.g.,a printeror afax) or a person(participantworker, emplo/ee). In mostoffices,
theresourcesremainly human.However, becausevorkflow managemeris not restrictedo offices,
we preferthe term resource.Resourcesre allowed to dealwith specificwork items. To facilitate
the allocationof work itemsto resourcestesourcesare groupedinto classes.A resouce classis a
groupof resourcesvith similar characteristicsTheremaybe mary resourcesn the sameclassanda
resourcanaybeamembermf multiple resourceclasseslf aresourceclassis basednthecapabilities
(i.e., functionalrequirementspf its membersit is calledarole. If the classificationis basedon the
structureof theorganization sucharesourceclassis calledanorganizationalunit (e.g.,team,branch,
or department) A work item which is beingexecutedby a specificresourcds calledan activity. If
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we take a photograplof the stateof a workflow, we seecaseswork items,andactvities. Work items
link casesandtasks.Activities link casestasks,andresources.

In this paper we abstractfrom the resourcesandfocus on the processaspect. In fact, we only
considerthe life cycle of onecasein isolation. Casesonly interactwith eachothervia competition
for resources.The problemsintroducedin Sectionl are not relatedto the allocationof resources
to tasksor the interactionbetweencases. Therefore,given the topic of this paper it is reasonable
to abstractfrom resourcesandto considerjust one caseat a time. We alsoabstractfrom workflow
attributes A workflow attributeis a specificpieceof informationusedfor therouting of a case.One
canthink of a workflow attribute asa control variableor a logistic parameter A workflow attribute
may be the ageof a customerthe departmentresponsibleor the registrationdate,andis usedto
make routing decisions. We abstractfrom theseworkflow attributesfor the following reasons.In
reality, the routing decisiongi.e., OR-splits)are basedon workflow attributeswhosevaluesdepend
on applicationdataand/orthe behaior of the personsand applicationsinvolved. Sinceworkflow
attributesaretypically setby externalentities(i.e., resourcesapplicationsor electronicmessages),
they cannotbemodeledaccurately Thereforewe considerachchoiceto beanon-deterministione.
We alsoabstractrom workflow attributesbecauseét allows usto useP/T-netsratherthanhigh-level
Petrinets.Fromananalysigointof view, theclassof P/T-netsis preferablebecausef theavailability
of efficient algorithmsandpowerful analysistools.

In theprocesslimensionijt is specifiedvhich tasksneedto beexecutedandin whatorder Model-
ing aworkflow procesglefinitionin termsof a P/T-netis ratherstraightforvard: Tasksaremodeledby
transitions conditionsaremodeledby places andcasesaremodeledoy tokens Considerfor example
Figure2.2. The P/T-netshavn specifieshe processingf complaints;eachcasecorresponds$o one
complaint. Therearesesentasks.Eachtaskis modeledby atransition.Placei modelsthe condition
thata new casehasbeencreated.Thetokenin placei refersto a newly createdcasefor which no
taskshave beenexecutedyet.

A marlked, labeledP/T-netwhich modelsa workflow procesdlefinitionis calleda WorkFlow net
(WF-net). A WF-netsatisfiestwo requirements First, a WF-nethasoneplacei without ary input
transitionsandoneplaceo without outputtransitions.A tokenin i correspond$o a casewhich needs
to be handled;a tokenin o correspondso a casewhich hasbeencompleted.Second,jn a WF-net
thereareno danglingtasks(transitions)and/orconditions(places).Every taskandconditionshould
contritute to the processingf cases Therefore gvery nodeof a WF-netshouldbelocatedon a path
from placei to placeo. The latter requirementorrespondso strongly connectednes$ placeo is
connectedo i via anadditionaltransitiont.

Definition 2.19.(WF-net) Let N = (P, T, F, £) beanL-labeledP/T-netandt € U afreshidentifier
notin P U T. Net N is aworkflownet(WF-net)if andonly if thefollowing conditionsaresatisfied:

1. casecreation P containsaninputplacei € U suchthatei = ¢,
2. casecompletion P containsanoutputplaceo € U suchthatoe = ¢, and
3. conne