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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 .



| S

Ii
i registered ) .
register O—r—3 classifycomplaint

contactdepartment

——1+—0) classified

COI’II&C[CUS&D

contactcustomer
[

1T 1 sendletter

pendingcomplaint()

custcontacte%

take_action

() ready

file_dossier

| —

5

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. connectednesN = (P, T U {t}, F U {(o, 1), (t,1)}, £ U {(f, 7)}) is stronglyconnected.

For ary WF-netN, the extendednet N usedto formulatethe connectednessonstraintis calledthe
short-circuitednet. Thelabelof the new transitionin the short-circuitedhetis notimportant. For the
sale of corveniencethelabelis setto z.

TheP/T-netshavn in Figure2.2is a WF-netsatisfyingthe requirementgivenin Definition 2.19.
Thereadeiis referredto [2] for moreinformationon modelingworkflow processlefinitionsin terms
of WF-nets.
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Theinput placei correspondso the initial stateandthe outputplaceo correspondso the final
state,i.e., a casestartsin marking[i] and completesin marking[o]. In the previous subsection,
we introducedbranchingbisimilarity which distinguishesuccessfuterminationand deadlock. A
workflow canonly terminatesuccessfullyin marking[o]. Therefore,for WF-nets,the termination
predicates definedasfollows.

Definition 2.20.The classof marked,labeledP/T-netsN is equippedwith the following termination
predicate:l = {(N, [0]) | N isaWF-net.

Note that the fact that a WF-netcontainsthe outputplaceo doesnot necessarilymeanthat, in the
initial marking,it hasthe optionto terminatesuccessfullyln the next subsectionwe addresamong
otherthingssuccessfuterminationof workflow processes.

2.5 Soundness

As mentioned,a workflow processdefinition specifiesthe life cycle of onecasein isolation. This
meanghatwe areinterestedn thebehaior of WF-netsthathave initially asingletokenin thespecial
placei. Therequirementgivenin Definition 2.19 (WF-net)only referto the structureof the P/T-net
modelingaworkflow processiefinition. Despitethesestructuralrequirementsthebehaior of a WF-
netcancontainproblemssuchasdeadlockslivelocks,danglingreferencesiponcompletionof acase,
andtasksthat cannever be executed. Considerfor examplethe WF-netshavn in Figure2.21. The
WF-netdescribeghe procedurefor handlingcomplaints. It is an extensionof the WF-net shavn
in Figure 2.2. However, while extendingthis WF-netan error hasbeenintroduced. If the task
sendletter is executed,a deadlockoccurs;the systemgetsstuckin the marking[pendingcomplaint
inform_mar]. The sourceof this problemis placeerror. This placeis depictedin bold andnamed
errorto highlight the crux of the problem.Anotherproblemoccursif ignore_complaintis executeda
tokengetsstuckin placeerror andthecasecompletedi.e.,atokenis putin placeo) withoutremoving
thistoken. Thetokenin error canbeseerasadanglingreferencdo thealreadycompletectase.Since
mostworkflow managemensystemshave no garbagecollection, sucha completionis undesirable.
Moreover, aftercompletinga casejt shouldbe guaranteethatno tasksareexecutedor this case.To
avoid these andother problemswe formulateadditionalrequirements.

Definition 2.22.(SoundnessA WF-netN is saidto be soundif andonly if thefollowing conditions
aresatisfied:

1. safeness(N, [i]) is safe,

2. propercompletion for ary reachablanarkings € [N, [i]), 0 € simpliess = [0],
3. absencef deadlock for ary reachablenarkings € [N, [i]), [0] € [N, s), and
4. absencef deadtasks (N, [i]) containsno deadtransitions.

Soundnesss the minimal requirementary workflow procesdefinition shouldsatisfy Thefirst re-
quiremenin Definition 2.22stateghata soundWF-netis safe. Thisis areasonablassumptiorsince
placesn aWF-netcorrespondo conditionswhichareeithertrue(markedby atoken)or false(empty).
The secondrequiremenstatesghatthe momentatokenis putin place[o] all the otherplacesshould
be empty which correspondso the completionof a casewithout danglingreferencesThe third re-
quirementstatesthat startingfrom the initial marking[i] it is alwayspossibleto reachthe marking
with onetokenin placeo, which meanghatit is alwaysfeasibleto completea casesuccessfullyThe
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Figure2.21: A WF-netthatis notsound.

last requirementwhich stateshatthereareno deadtransitions,correspondso the requirementhat
for eachtaskthereis anexecutionof theworkflow in which thetaskis performed.

The notion of soundnessisedin this paperis slightly strongerthanthe notion of soundnessised
in previous publications,i.e., thefirst requiremenis not presentn [1, 2]. The safenessequirement
hasbeenaddedo stresghefactthatplacescorrespondo conditionswhich eitherhold (onetoken) or
do not hold (no tokens). In addition,the requirementllows for the simplificationof the inheritance
rulespivotal to this paper

The WF-netshawn in Figure 2.2 is sound. This can easily be verified by inspectingthe seren
reachablestates. The WF-netshowvn in Figure 2.21is not soundbecausehe secondrequirement
(propercompletion: marking [o, error] is reachable)the third requirement(absenceof deadlock:
deadlockin marking[pendingcomplaint inform_mar]), andthefourth requiremen{absencef dead
tasks:inform.manaementwill neverfire) of Definition 2.22(Soundnessarenot guaranteed.

Thenotionof soundnessoincideswith livenessandsafenessf theshort-circuitechet.

Theorem 2.23.(Characterization of soundnessA WF-netN is soundif andonly if (N, [i]) is live
andsafe.

Proof. The proof is similar to the proof of Theorem11 in [1]. The only differenceis thatin this
papera strongemotion of soundnesss used,which implies safenessatherthanboundednessf the
short-circuitechet. |

Thistheorenmshavs thatstandardPetri-net-basednalysigechniqguesanbeusedto verify soundness.
Considerfor examplethe WF-netshavn in Figure2.2. We canuseoneof the mary standardPetri-
net-basedanalysistools (cf. [21]) to verify that the short-circuitednetis live and safe. The exact
compl«ity of decidingwhethera WF-netis soundis not knowvn thoughit is very likely —andin the
worst case— PSRACE-completgsee[29]). A very straightforvard approacho decidingsoundness
is the constructionof a coverability graph(see,for example,[53]) of the short-circuitednetin its
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initial marking. This approactrequires,in the worst case,non-primitive recursve space.However,

mostworkflow managemergystemsaisea modelinglanguagevhich correspondso free-choiceP/T-

nets([2]). For free-choiceWF-nets,soundnessanbe decidedin polynomialtime ([1]). Practical
experiencewith workflow managemerdgystemshatallow for thedesignof non-free-choic&VF-nets
(e.g.,COSA)shaws thateventhe morecomplex workflows have lessthan100.000statesandcanbe
checledusingtoolsthatarebasednthecoverability-graphalgorithmsuchasWoflan[59]. Woflanis

briefly describedn Section7; for moreinformation,theinterestedeadeiis referredto [58, 59].

Definition 2.24.(Workflow processdefinition) A workflow processdefinitionis a soundWF-net.
Thesetof all workflow processlefinitionsis denoted/V.

ClassWV is the classof labeledP/T-netsthatis interestingin the context of workflow management.
Membersof this classare called workflow processdefinitionsand are guaranteedo be correctwith
respecto the criteriamentionedn Definitions2.19 (WF-net)and2.22 (Soundness)Note that, for-
mally, a workflow procesglefinitionis definedasa P/T netwithoutaninitial marking. However, in
theremainderwe typically considemarkingsreachabldrom theinitial marking[i]. Thereforejf no
initial markingis given explicitly, theinitial markingof a workflow procesalefinitionis assumedo
beli].

In this paper branchingbisimilarity is usedasa behaioral equivalencerelation. Thereforejn the
remainderwe assumehatbranchingbisimilarity is the standardequivalencerelationfor comparing
workflow processiefinitions.

Definition 2.25.(Behavioral equivalenceof workflow processdefinitions) For ary two workflow
procesglefinitionsNg andNy in W, Ng = Ny if andonly if (Ng, [i]) ~p (Ng, [i]).

3 Inheritance

Inheritanceis one of the cornerstone®f object-orientedorogrammingand object-orienteddesign.
The basicideaof inheritanceis to provide mechanismsvhich allow for constructingsubclasseghat
inherit certainpropertiesof agivensupeclass In our caseaclasscorrespond$o aworkflowprocess
definition (i.e., a soundWF-net; seeDefinition 2.24) and objects(i.e., instanceof the class)corre-
spondto cases In mostobject-orientedlesignmethodsa classis characterizetby a setof attributes
anda setof methods Attributesareusedto describepropertiesof an object. Methodsspecify oper
ationson objects(e.g.,create destry, andchangeattribute). Note that attributesand methodsonly
describehe staticaspect®f anobject. Thedynamicbehaior of anobjectis eitherhiddeninsidethe
methodsor modeledexplicitly. (In UML [19], thebehaior of anobjectis modeledn termsof a state
machine.)Althoughthedynamicbehaior of objectsis anintrinsic partof theclassdescription(either
explicit or implicit), inheritanceof dynamicbehaior is not well-understood(See[15] for anelabo-
ratediscussioron this topic andpointersto relatedwork.) Sinceevery object-oriente¢programming
languagesupportanheritancewith respecto the staticstructureof a class(i.e., theinterfaceconsist-
ing of attributesand methods) this is remarkable.Sinceworkflow managemerdimsat supporting
businesgprocesseggesultsoninheritanceof staticaspectarenotveryusefulin this context. However,
we canusethework presentedn [15, 14, 4, 16] whereinheritanceof dynamicbehaior is dealtwith
in a comprehense manner Otherapproachegitherfocuson very specificinheritancerelationsor
abstracfrom the causakelationsbetweertasks/methodsConsiderfor examplethe work by Malone
et al. [45] whereinheritanceis definedfor tasksand processesThey alsoprovide tool supportfor
navigatingthrougha spaceof processesisingspecializatiormandgeneralizationinks. Unfortunately
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the control or routing structureis not taken into account,.e., causalrelationsbetweentasksare not
considered.Someof the workflow managemensystemsavailable claim to be object-orientecand
thus provide somesupportfor inheritance.For example,the workflow managemengysteminCon-
cert[39] allows for building workflow classhierarchies.Unfortunately inheritanceis restrictedto
attributesandthe structureof a procesds not takeninto account.Many workflow managemergys-
temshave beenimplementedisingobject-orientegorogramminganguagesHowever, thesesystems
do not offer object-orientednechanismsuchasinheritanceto the workflow designeior the designer
hasto programcodeto benefitfrom the object-orientedeaturesprovided by the hostlanguage Nev-
erthelesswe think thatinheritancds avery usefulconcepffor workflow managemenfThereforewe
adwcatethe useof theinheritancenotionspresentedhn [15, 14, 4, 16] andillustratethe usefulnesdy
tacklingthe problemsrelatedto change.

3.1 Inheritance relations

In this subsectionwe definefour inheritancerelationsfor workflow processesConsidertwo work-
flow procesdlefinitionsx andy in W. Whenis x a subclas®f y? Procesglefinitionx is a subclass
of superclasy if x inheritscertainfeaturesof y. Intuitively, one could saythat x is a subclassof
y if andonly if x cando whaty cando. Clearly, all taskspresentin y shouldalsobe presentn x.
Moreover, x will typically addnew tasks.Thereforejt is reasonabléo demandhatx candowhaty
candowith respecto thetaskspresenin y. With respecto new tasks(i.e., taskspresenin x but not
in y), therearebasicallytwo mechanismsvhich canbe used. Thefirst mechanisnsimply disallovs
the executionof arny new tasksandthencomparegheresultingbehaior of x with the behaior of y.
This mechanisnteadsto the following notionof inheritance.

If it is not possibleto distinguishthe behaiors of x andy whenonly tasksof x thatare
alsopresenin y areexecutedthenx is asubclasofy.

Intuitively, this definition conformsto blocing tasksnew in x. The resultinginheritanceconceptis
calledprotocolinheritance x inheritsthe protocolof y.

Another mechanismwould be to allow for the executionof new tasksbut to consideronly the
effectsof old ones.

If it is not possibleto distinguishthe behaiors of x andy whenarbitrarytasksof x are
executedput whenonly the effectsof tasksthatarealsopresenin y areconsideredthen
X isasubclasofy.

Thisinheritancenotionis calledprojectioninheritance x inheritsthe projectionof workflow process
definition y ontothe old tasks. Projectioninheritanceconformsto hiding or abstiacting from tasks
new in Xx.

Recallfrom Section2.3 thatbranchingbisimilarity is the equivalenceusedto comparethe beha-
iors of marked P/T-netsand,thus,the behaiors of workflow procesdefinitions. Also recallthatthe
actionlabel r is usedto denoteinternalor unobserable actions. As a consequencdyiding tasksin
aworkflow procesglefinitioncanbe achiered by renamingthesetasksto z. In theremainderof this
paperwe assumehatthe setof actionor tasklabelsL usedin WF-nets(seeDefinition 2.19)is equal
to thesetO of obserabletasksextendedwith z,i.e.,L = {t} UO.

Althoughthedistinctionbetweerthetwo inheritancemechanismgresente@bo/e mayseensub-
tle, the correspondingnheritancenotionsarequite different. To illustratethis difference we usethe
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Figure3.1: Five workflow processlefinitions.

five workflow procesglefinitionsshavn in Figure3.1. Processlefinition Ng correspond$o asequen-
tial workflow processwhich consistsof threetasks:register, handle andarchive Eachof the other
workflow procesglefinitions(i.e., N1, No, N3, andN,4) extendsNg with anadditionaltaskched. In
procesglefinition Ny, taskched canbe executedarbitrarily mary timesbetweerregisterandhandle
Process\; is a subclas®f Ny with respecto protocolinheritance;if ched is blocked, then N, is
identicalto Np. ProcessN; is alsoa subclasof Ng with respectto projectioninheritance;if every
executionof ched is hidden,then N; is equivalent(asdefinedin Definition 2.25)to Ng. In Ny, task
chek canbeexecutednsteadof taskhandle Process\; is a subclas®f Ny with respecto protocol
inheritancejf ched is blocked, thenN; is equivalentto Nqo. Procesglefinition N, is not a subclass
of Ng with respectto projectioninheritance becausaet is possibleto skip taskhandleby executing
the (hidden)taskched. In procesdefinition N3, taskched is executedin parallelwith taskhandle
ProcesdN; is notasubclas®of Ny with respecto protocolinheritancejf ched is blocked, thentask
archivecannotbe executed.However, N3 is a subclas®f Ng with respecto projectioninheritanceIf
oneabstractsrom thenewly addedparalleltaskched, onecannotdistinguishN3 andNg. Taskched
is insertedbetweenhandleand archive in the remainingworkflow processdefinition N, shawvn in
Figure3.1. Process\, is notasubclas®f Ny with respecto protocolinheritanceijf ched is blocked,
thenthe procesgleadlocksafter executingtaskhandle However, N, is a subclas®f Ny with respect
to projectioninheritancelf oneabstractérom ched, onecannotobsere ary differencedetweerthe
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behaiors of N; and Ng.

The two mechanismgi.e., blocking and hiding) resultin two orthogonalinheritancenotions.
Therefore,we also considercombinationsof the two mechanisms.A workflow processdefinition
is asubclas®f anothemworkflow processiefinitionunderprotocol/pojectioninheritanceif andonly
if bothby hidingthenew methodsandby blockingthenen methodonecannotdetectary differences,
i.e.,it is asubclasainderboth protocolandprojectioninheritance.ln Figure3.1, N; is a subclas®f
No with respecto protocol/projectiorinheritance.The two mechanismganalsobe usedto obtaina
wealer form of inheritance A workflow processlefinitionis a subclas®f anothemworkflow process
definitionunderlife-cycleinheritanceif andonly if by blockingsomenewnly addedtasksandby hid-
ing someothersonecannotdistinguishbetweerthem. Life-cycle inheritances moregenerathanthe
otherthreeinheritancerelations.All workflow procesdefinitionsshavn in Figure3.1aresubclasses
of Ng with respecto life-cycle inheritance.A detailedstudyof the four inheritancerelationscanbe
foundin [15, 14]. For the purposeof this paper it suficesto formalizetherelations.We do not go
into muchdetailaboutthe propertiesof theinheritanceelations.

To formalizethefour formsof inheritancewe introducetwo operatorson P/T-nets,namelyencap-
sulationandabstraction Encapsulatioris usedto block tasks;abstractioris usedto hidetasks.The
two operatorsareinspiredby the encapsulatiorand abstractioroperatorsknown in processalgebra
[12]. Theoperatorsanbedefinedon labeledP/T-netsasfollows.

Definition 3.2. (Encapsulation)Let N = (P, Ty, Fg, £0) bean L-labeledP/T-net. Forary H C O,
the encapsulatioroperatordy is a function that removes from a given P/T-net all transitionswith
alabelin H. Formally, o4(N) = (P, Ty, F1, £1) suchthatT, = {t € To | £o(t) ¢ H}, F1 =
FonN ((P x Ty) U(Ty x P)),and¢; = N (Ty x L).

Notethatremoving transitionsfrom a WF-netasdefinedin Definition 2.19mightyield aresultthatis
nolongera WF-net.

Definition 3.3. (Abstraction) Let N = (P, T, F, £g) be an L-labeledP/T-net. Forary I < O,
the abstractioroperatorr, is a functionthatrenamesll transitionlabelsin | to the silentactionz.
Formally, 7, (N) = (P, T, F, £;) suchthat,forarny t € T, £o(t) € | implies£(t) = T and{g(t) & |
implies£4(t) = £q(t).

Giventhesetwo operatorsthefour notionsof inheritancecanbe definedasfollows:

Definition 3.4.(Inheritance relations)

1. Protocolinheritance
For ary workflow processdefinitions Ng and N; in W, workflow processdefinition N; is a
subclas®f Np underprotocolinheritancedenotedN; <y No, if andonly if thereisanH € O
suchthat 9y (N1), [i1) ~b (No, [i]).

2. Projectioninheritance
For ary workflow processdefinitions Ng and N; in W, workflow processdefinition N; is a
subclas®f No underprojectioninheritancedenotedN; <; No, if andonly if thereisanl € O
suchthat(z; (Ny), [i]) ~b (No, [i]).

3. Protocol/projectiorinheritance
For ary workflow processdefinitions Ng and N; in W, workflow processdefinition N; is a
subclas®f Ny underprotocol/projectia inheritancedenotedN; <p, No, if andonly if thereis

anH C Osuchthat(dy (Ny), [i])~p (No, [i]) andan| C O suchthat(z, (Ny), [i]) ~b(No, [i]).
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4. Life-cycle inheritance
For ary workflow processdefinitions Ng and N; in W, workflow processdefinition N; is a
subclas®f Np underlife-cycle inheritancedenotedN; <. N, if andonly if thereareanl € O
andanH C Osuchthatl N H =@ and(t; o a4 (Ny), [i]) ~p (No, [i]).

=pp

TN

=pt =pj

<Ic
Figure3.5: An overview of thefour inheritancerelationsfor behaior.

Thefour inheritanceelationsarebasecn theequivalencenotion (branchingoisimilarity) introduced
in Definition 2.16. Note thatfor life-cycle inheritancethe new tasksare partitionedinto two setsH
and | : Tasksthatare blocked by meansof the operatordy andtasksthat are hiddenby meansof
7,. Figure3.5givesanovervien of the four inheritancerelations. The arravs depictstrict inclusion
relations. It is easyto seethat protocol/projectiorinheritanceimplies both protocoland projection
inheritance.Moreover, protocolinheritancamplieslife-cycle inheritanceandalso projectioninheri-
tanceimplies life-cycle inheritance.However, life-cycle inheritancedoesnot imply protocolor pro-
jectioninheritance.Considerfor examplethe workflow processlefinitionshavn in Figure3.6. This
workflow procesdefinition extendsthe procesgdefinition shavn in Figure2.2 with four new tasks:
inform_customeyrcontactmanaementinform manajementandignore_complaint It correspondso
the WF-netof Figure2.21withouttheplaceerror. (Notethatin contrasto the WF-netof Figure2.21
thesoundnespropertyis satisfied.)Thequestioris whethertheextendedworkflow processlefinition
shawvn in Figure3.6is a subclas®of the workflow procesdefinition shavn in Figure2.2. It is nota
subclassinderprotocolinheritance plocking contactmanayementresultsin a potentialdeadlock.It
is alsonot a subclasaunderprojectioninheritance by executingignore_.complaint the original task
sendletter is skipped. Since protocol/projectioninheritancerequiresboth protocol inheritanceand
projectioninheritance the extendedworkflow procesdefinitionis clearly not a subclassinderpro-
tocol/projectioninheritance However, the extendedworkflow procesglefinitionshavn in Figure3.6
is a subclas®of the workflow procesdefinition of Figure 2.2 underlife-cycle inheritance py hiding
contactmanaementandinform.manaementblockingignore_.complaint andhiding or blockingin-
form_customer one obtainsa workflow procesglefinition thatis branchingbisimilar to the original
one.

Thefour inheritancerelationsintroducedn this subsectiohave a numberof desirableproperties.
For example,the relationsare preorderdi.e., they arereflexive andtransitive; seeProperty6.21in
[15]). Furthermorejf oneworkflow processdefinition is a subclasof anotherworkflow process
definition underary of the four inheritancerelationsandvice versa,thenthe two workflow process
definitionsareequivalentasdefinedin Definition 2.25(i.e., the two workflow procesdefinitionsare
branchingbisimilar; seeProperty6.23in [15]). In otherwords, the four inheritancerelationsare
anti-symmetric A relationthatis reflexive, anti-symmetricandtransitve is a partialorder Thus,the
following propertyis givenwithout further proof.

Property 3.7. Assuming=, asdefinedin Definition 2.25, asthe equivalenceon workflow process
definitions,<c, <pt, <pj, and=<p, arepartialorders.
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Figure3.6: An extendedworkflow processilefinition.

Anotherobsenrationis thatthedefinitionof life-cycle inheritancedoesnotallow thatsomeexecutions
of ataskareblocked while otherexecutionsof the sametaskare hiddenor left untouchedn deter
mining asubclasselationshigbetweertwo workflow procesglefinitions.To illustratethis restriction,
consideraworkflow processiefinition Ns. Processlefinition Ns is anextensionof workflow process
definition Ng of Figure3.1thatcombineghetwo extensionsof procesdefinitionsN, and N3 in the
samefigure. Procesdlefinition Ns is not a subclasainderlife-cycle inheritanceof N, whereaghe
workflow procesdefinitionsN, and N3 are. Thereasoris thatlife-cycle inheritancedoesnot allow
the encapsulatiomf taskched whenit is executedasan alternatve to taskhandleandthe abstrac-
tion of taskchedk whenit is executedin parallelto handle However, it is not difficult to generalize
the definition of life-cycle inheritancepr ary of the otherthreeinheritancerelationsfor that matter
in sucha way thatit is allowed to treatdifferentexecutionsof the sametaskin a differentway. It
simply requiresthe useof temporarytask namesto distinguishthe different executionsof a single
task. For example,suchavariantof life-cycle inheritancecould be definedasfollows. If aworkflow
procesdefinitionis a subclassinderthe currentdefinition of life-cycle inheritanceof anothemwork-
flow procesddefinition, thenarny renamingof the tasksnew in the subclassyields a subclassunder
the variantof life-cycle inheritance.Consider for example,the variant Ng of the workflow process
definition Ns introducedabove in which thetwo checkshare namesched, andcheds, respectrely.
It is not difficult to seethatblocking one of thesetasksandhiding the otheroneprovesthat Ng is a
subclas®f Ny underthe currentdefinition of life-cycle inheritance.Renaminghe two tasksched;
andched; to ched provesthat N5 is a subclas®f Ng underthe proposedrariantof life-cycle inheri-
tance.However, in this paperwe do notformalizethe generalizationsf thefour inheritanceelations
alongthelinesdiscussedh this paragraphThegoalis to focuson theimportantconceptghatplay a
role whenapplyinginheritancenotionsin the context of workflow managementAlthoughthe above
generalizationsnight be usefulin someoccasionsthey distractfrom the essentiatoncepts.
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Finally, thequestiorremainswvhich inheritanceelationis appropriate Theansweto this question
dependon the contet. For someapplicationsa very liberal notion of inheritanceis suitable(i.e.,
life-cycle inheritance). For other applications,a more restrictive notion is desirable.In Section4,
we discusghe usefulnes®f the inheritancerelationsin differentapplicationareasin the contet of
workflow management.

3.2 Inheritance-presewing transformation rules

Theinheritancerelationsof the previous subsectiorby themselesarenotalwaysimmediatelyuseful.
Theworkflow designercanonly benefitfrom theinheritancerelationsif thereis amethodor atool to
supportworkflow changesvhich presere inheritance For this purposewe presenfour inheritance-
preservingransformationmules. Eachof theseransformationulescanbeusedto constructasubclass
of agivenworkflow procesdglefinitionby extendingit. Therulesarelocal andrelatively easyto check
(from acomputationapoint of view). Furthermorethey correspondo typical designconstructsised
by aworkflow designetto extendor changea workflow.

Therulespresentedhn this paperareslightly differentversionsof therulespresentedn [15, 14, 4,
16]. The maindistinctionis the requirementhatworkflow processdefinitions(calledlife cyclesin
[15, 14, 4, 16]) have to be safe. Therefore therulesarenamedPPS PTS PJS andPJ3Sratherthan
PP, PT, PJ, andPJ3 Thesafenessequiremensimplifiestheformulationof the rulesandallows for
generalizationsvith respecto thefree-choicerequirementstatedn [15].

Two auxiliary definitionsareneededor the definition of thetransformatiorrules.

Definition 3.8. (Alphabet) The alphabetoperatoris a functiona : N' — P(O). Let (N,s) bea
marked, L-labeledP/T-netin A/, with N = (P, T, F, £). Thealphabebf (N, s) is definedasthe set
of visible labelsof all transitionsof the netthatarenotdead: «(N,s) = {£(t) |t € T A L) #
T Atisnotdeadin (N, s)}.

Sinceworkflow procesglefinitionsdo notcontaindeadtransitionsthealphabebf aworkflow process
definitionequalgthe setof its obserabletransitionlabels.

Property 3.9. (Alphabet of a workflow processdefinition) Forary N = (P, T, F,£) € W, the
alphabet:(N, [i]) equalsit(t) |t € T A L(L) # 1}

Proof. It followsimmediatelyfrom Definitions2.24 (Workflow processlefinition),2.22(Soundness),
and3.8 (Alphabet). O

For the sale of simplicity, thealphabebf aworkflow procesgefinitionN € W is denotedx(N).

Definition 3.10.(Union of labeled P/T-nets) Let Ng = (Pq, To, Fo, £o) and Ny = (P, Ty, Fq, £1)
betwo L-labeledP/T-netssuchthat (Py U P;) N (To U T;) = @ andsuchthat,for allt € Ty N Ty,
Lo(t) = £4(1). TheunionNgU N; of Ng andNj is thelabele(P/T-net(POU Py, ToUTy, FoUF4, £0ULY).
If two P/T-netssatisfythe aborementionedwo conditions their unionis saidto be well defined

Therule thatis the easiesbneto understands presentedirst. It is namedPPSand preseresboth
protocoland projectioninheritance. Transformatiorrule PPSis illustratedin Figure3.11. Let Ng
be a workflow procesdefinition. Let N be a (connectedP/T-netsuchthattheunionN; = Ng U N
is well defined. The workflow processdefinition N, is a subclasof processdefinition Ng under
protocol/projectiorinheritancef thefollowing four conditionsaresatisfied:(1) Ng andN only share
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asingleplacep, (2) all transitionsof N have a labelwhich doesnot appearin the alphabetof Ng,
(3) eachtransitionof N with p asoneof its input placeshasa visible label,and(4) (N, [p]) is live
andsafe. Transformatiorrule PPSshaws that underprotocol/projectiorinheritancejt is allowedto
postponebehaior. When(Ng, [i]) reaches statein which placep is marked, it is possibleto iterate
thebehaior definedby N anarbitrarynumberof timesbeforecontinuingwith the original behaior.
Therequirementhat (N, [p]) is live andsafeguaranteethatevery tokenconsumedrom placep by
atransitionof N canalwaysbereturnedo p. This propertyof N is crucialfor thecorrectnessf rule
PPS

PPS

Figure3.11: A protocol/projectia-inheitane-presening transformatiorrule.

Theorem 3.12. (Protocol/projection-inheritance-preserving transformation rule PP Let Np =
(Po, To, Fo, £0) beaworkflow procesgefinitionin W. If N = (P, T, F, £) is alabeledP/T-netwith
placep € P suchthat

1. pg{i,o}, RNP={p}, ToNT =9,
2. (Vt:iteT:L21) € a(Nog)),

3. (Vt:teT Apeet:l(t) #1),

4. (N, [p)) isliveandsafe,and

5. N; = Np U N is well defined,

thenN, is aworkflow procesglefinitionin W suchthatN; <p, No.

Proof. Transformatiorrule PPSis a specialcaseof two rulesthat are presentedn the remainder
namelythe rules PTS of Theorem3.14 and PJSof Theorem3.16. Since PTS preseres protocol
inheritanceandPJSpreseresprojectioninheritanceit is shavn thatrule PPSpreseresbothprotocol
andprojectioninheritanceand, thus, protocol/projectiorinheritance. The proof is a simplificationof
the proof of Theorem7.3in [15]. (The free-choicerequiremenin [15] is replacedby the condition
thatboth Np andN aresafe.) |

In Figure3.1, N; canbe constructedrom Ng usingtransformatiorrule PPS place p; is the place
sharedby Ny andthe extensioncontainingtransitionched.
Theremainingthreetransformatiorrulesof this subsectiorareall basedn the sameprinciplesas
rule PPS The secondransformatiorrule of this subsectionnamedPTS preseres protocolinheri-
tance.lt isillustratedin Figure3.13. Transformatiorrule PTScanbeusedto extenda givenworkflow
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procesglefinitionwith alternatve branche®f behaior. Let Ng beaworkflow procesglefinition. The
extensionof Ny is basedona P/T net N with aplacep; suchthat(N, [p;]) is live andsafe.Nets Ng
andN sharetwo placesp; and p, andno othernodes.FurthermoreN containsatransitiony with p,
asits only input placeand p; asits only outputplace. The P/T net N; resultingfrom transformation
rule PTSis definedasthe union of Ng and N afterthe removal of transitiony. Placep; functions
asthe entry point of the alternatve brancheof behaior addedto Ng, whereasp, functionsasthe
exit point. Therequirementhat (N, [pi]) is live andsafeensureghatary tokenthattransitionsin N
consumdrom placep; is eventuallyreturnedo p,. Two additionalrequirementguaranteg¢hat N, is
aworkflow processlefinition. First, it is requiredthat Np extendedwith afreshtransitionx with input
placep; andoutputplacep, is a workflow procesdlefinition. Transitionx emulateghe behaior of
N in N;. Notethatx is only introducedo formulatethe requirement®f rule PTS it is not presenin
the original procesglefinition N, the extensionN, or the subclassN;. Secondtransformatiorrule
PPSis a specialcaseof transformatiorrule PTS Rule PTSreducedo rule PPSwhenplacesp; and
Po coincide.If placesp; and p, aredifferent,thenit is assumedhatthe only input transitionof place
pi in N is transitiony andthatthe only outputtransitionof p, in N is y. This assumptiorexcludes
the possibility of iterationsbeginning andendingin place p; or place p,, thusguaranteeinghatthe
modificationof the original procesglefinitiontruly hasplace p; asits entry pointandplace p, asits
exit point. A final requiremenguaranteethat N; is asubclas®f Ng underprotocolinheritance:All
transitionsof N with inputplacep; musthave avisible labelnotappearingn thealphabebf Ng. This
requiremenmeanghattransitionsof N with inputplacesn Ny actasso-calledguards Encapsulating
theguarddeadsto a netwhosebehaior is identicalto the behaior of the original processiefinition,
thusguaranteeinghat N, is a subclas®f Np underprotocolinheritance.

Recallthatwe use. _ and_{ to denotethe presetandpostsefunctionsof N. Without this notation
it is not possibleto distinguishthe presetandpostsefunctionsof the extensionN from thoseof the
original workflow processiefinition Ny andtheresultingsubclassN;.

PTS

Figure3.13: A protocol-inheritane-presening transformatiorrule.

Theorem 3.14.(Protocol-inheritance-presering transformation rule PTS Let Ng = (Pg, To, Fo,
£o) be aworkflow procesglefinitionin W. LetN = (P, T, F, £) bealabeledP/T net. Assumethat
x € U is afreshidentifiernot appearingn Po U ToU P U T. If N containsplacesp;, p, € P anda
transitiony € T suchthat

l' PoﬂP:{pi, pO}rToﬂTzﬂy

2.0y =1{Po}, Yo={Pi}, Pi # Po =+ Pi = Poe= 1Y},
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3. (Vt:tepoe L) e O\a(Ny)),
4. (N, [pi) is live andsafe,
5. Ny = No U (P, T\{y}, F\{(Y: P), (Po, Y}, E\{(Y, £(Y)}) is well defined,and

6. NJ = (Po. ToU {x}, Fo U {(pi, X), (X, Po)}, £o U {(X, 7)}) is aworkflow processlefinition,

thenN, is aworkflow processiefinitionin W suchthatN; <p: No.

Proof. The proofis similar to the proof of Theorem7.17. in [15]. (The free-choicerequiremenin
[15] is replacedby the conditionthatboth Ng andN aresafe.) O

To illustratetransformatiorrule PTS we usethe workflow processdefinitionsshavn in Figure 3.1.
Procesdefinition N; canbe constructedrom Ny usingtransformatiorrule PTS net N is the net
containingplace p; andtransitionched. Note that,in this particularcase,p; and p, coincide. Net
N, canalsobe constructedrom Ny usingtransformatiorrule PTS Sincethe remainingworkflow
procesdefinitions(i.e., N3 and Ng) areno subclassesf Ny with respectto protocolinheritancejt
makesno senseo try andapply PTSto obtaineitherof theseworkflow processlefinitions.

The next transformatiorrule of this subsectionPJS preseres projectioninheritance. Theorem
3.16given belov formalizestransformatiorrule PJS Figure3.15illustratesthe rule. It shaws that
rule PJScorrespondso a sequentiatomposition.New behaior maybeinsertecbetweersequential
partsof aworkflow procesglefinition,yielding a subclassinderprojectioninheritance In contrasto
theprevioustwo transformatiorrules,theoriginal workflow procesglefinitionis modified. Basically
transformationrule PJS saysthatit is allowed to replacean arc in the original workflow process
definitionby anentireP/T-net. The original workflow processiefinition Ng containsa placep which
hasa transitiont, asoneof its input transitions. The modificationof Ny is basedupona P/T-netN
sharingplace p andtransitiont, with No. Placep is the only input placeof t, in N. Theresultof
the transformatiorrule is the P/T-net N; obtainedby taking the union of No and N after removing
boththe arc betweert, and p from No andthe arc betweenp andt, from N. Therequirementhat
(N, [p]) is live andsafeguaranteethat N; alwayshasthe optionto move every tokenthattransition
tp, would normally have putinto place p to place p by only firing transitionsof N. Therequirement
thatall transitionsof N otherthant, arelabeledwith taskidentifiersnotappearingn the alphabebf
No guaranteethathiding thesetasksdoesnotinfluencethebehaior of theoriginal workflow process
definition.

PJS

Figure3.15: A projection-inheritace-presening transformatiorrule.
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Theorem 3.16. (Projection-inheritance-preserving transformation rule PJS Let Ng = (Py, To,
Fo, £o) be aworkflow procesdefinitionin W. If N = (P, T, F, £) is alabeledP/T-netwith place
p € P andtransitiont, € T suchthat

1. PBoNP ={p}, ToNT = {tp}, (tp, P) € Fo, otp = {p}, andp = 0 = pe= {tp},
2. (Vt:teT\To: £(t) € a(Np)),

3. (N, [p]) islive andsafe,and

4. Ny = (Po, To, Fo\{(tp, P)}. £0) U (P, T, F\{(p, tp)}, £) is well defined,

thenNy is aworkflow processiefinitionin VW suchthatN; <p; No.

Proof. Theproofis similarto the proofof Theorem7.13in [15]. (Thefree-choiceequirementn [15]
is replacedby the conditionthatboth Ng andN aresafe.) O

In Figure3.1, N4 canbeconstructedrom Ny usingtransformatiomule PJS thearcbetweertransition
handleandplacep, is replacedy the netcontainingplace ps andtransitionched.

As mentionedn the proof of Theorem3.12,transformatiorrule PPSof Theorem3.12is aspecial
caseof transformatiorrule PJSof Theorem3.16. For moredetails,the readelis referredto [15]. (It
is aninterestingexerciseto prove this claim.)

To formulatethe last transformatiorrule of this subsectionthe following auxiliary definitionis
needed.A placeof a marked P/T-netis saidto be redundantor implicit if andonly if it doesnot
dependon the numberof tokensin the placewhetherary of its outputtransitionsis enabledoy some
reachablenarking.

Definition 3.17.(Implicit place)Let (N, s) with N = (P, T, F, £) beamarked,labeledP/T-net. A
placep € P is calledimplicit in (N, s) if andonly if, for ary reachablenarkingss' € [N, s) andary
transitiont € pe, ' > ot\{p} = S > eot.

Implicit placesandtheir propertieshave beenstudiedin [17, 22].

Transformatiorrule PJ3Sis formalizedin Theorem3.19 given below. It shavs underwhatre-
strictionsit is allowedto extendaworkflow processlefinitionwith a parallelbranchof behaior. The
resultof rule PJ3Sis a subclasof the original workflow processdefinition underprojectioninheri-
tance.lt isillustratedin Figure3.18. As before,Ny is theoriginal workflow procesglefinition. Again,
the modificationof Ny is basedon a P/T-net N containinga place p suchthat (N, [p]) is live and
safe.Thetwo netstructuredNp andN sharetwo transitionst; andt,. In N, placep is theonly input
placeof t; andthe only outputplaceof t,. Furthermore,p hasno otherinput or outputtransitions.
The net structureN; resultingfrom transformatiorrule PJ3Sis definedasthe union of Ng and N
aftertheremoval of place p. Theseassumptionsneanthattransitionst; andt, functionastheinput
and outputtransitionof the extra parallelbranchmodeledby N. The basicideais thatthe P/T-net
(N1, [i]) satisfiesthe propertythat every firing of transitiont; is eventually followed by a firing of
transitiont,. Therequirementhat(N, [ p]) is live andsafeguaranteethateachtime transitiont; fires
the resultingtokensin placesof N canbe movedto the input placesof transitiont, in N by only
firing transitionsof N otherthant; andt,. In addition,to guarante¢hat(N,, [i]) satisfieghedesired
property also(Ng, [i]) mustbe suchthatevery firing of t; is followed by exactly onefiring of t;. To
achieve this goal, assumehat N is extendedwith a placeq with t; asits only input transitionand
t, asits only outputtransition. Requiringthat placeq is implicit in this extensionguaranteeghata
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firing of transitiont, is alwaysprecededy a firing of t;. It is not difficult to seethatthe numberof

tokensin g (zeroor one)correspond$o the numberof firings of transitiont; which have notyetbeen
followedby afiring of t,. To guarante¢hat(Ny, [i]) cannotterminatewithoutfiring t, asmary times
ast;, theextensionof Ny with placeq mustbe suchthatit cannotputatokenin placeo while leaving

tokensin g. Clearly, thisis achisredwhentheextensionof Ny with g yieldsanothemvorkflow process
definition. The combinationof the requirement®n Ng and N impliesthat N, is a workflow process
definition satisfyingthe propertythat every firing of t; is eventuallyfollowed by a firing of t,. The

attentve reademight noticethe duality betweerrulesPTSandPJ3S

PJ3S

0O

Figure3.18: A projection-inheritace-presening transformatiorrule.

Theorem 3.19. (Projection-inheritance-presewring transformation rule PJ3S Let Ng = (Py, To,
Fo, £o) beaworkflow procesdefinitionin W. LetN = (P, T, F, £) be alabeledP/T-net. Assume
thatq € U is a freshidentifier not appearingn P, U To U P U T. If N containsa placep € P and
transitiond;, t, € T suchthat

PoNP =0, ToNT = {t, t,},

ep = {to}, po= {ti}, ot = {p}, toe={p},

Vt:teT\Tp: £(t) € a(Np)),

(N, [p]) is live andsafe,

Ni = No U (P\{p}, T, F\{(p, 1), (to, p)}, £) is well defined,

q isimplicit in (Ng, [i]) with Ng = (Po U {q}, To, Fo U{(ti, ). (0. to)}, £o), and

N o a0 A LW N R

Ng is aworkflow procesglefinition,

thenNy is aworkflow processiefinitionin VW suchthatN; <p; No.

Proof. Theproofis similarto the proofof Theorem7.23in [15]. (Thefree-choiceequirementn [15]
is replacedby the conditionthatboth Ng andN aresafe.) O

Thetransformatiorrule definedin Theorem3.19is namedPJ3Sfor historicalreasongsee[15]). It is

easyto seethatworkflow net N3 in Figure3.1 canbe constructedrom Ny usingtransformatiorrule
PJ3S
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In Section3.1,we concludedhattheworkflow procesglefinitionshavn in Figure3.6is asubclass
of theworkflow processiefinitionshavn in Figure2.2with respecto life-cycle inheritancelt is not
difficult to seethatthetransformationrulespresentedn this sectioncanbe usedto constructhe sub-
classof Figure3.6from the superclassf Figure2.2. Transformatiorule PTScanbe usedto addthe
alternatve taskignore_complaint Rule PJScanbe usedto addtaskinform manajementin-between
sendletter andready The paralleltaskcontactmanajementcanbe addedusingtransformatiorrule
PJ3S Taskinform customeicanbeaddedusingeitherPPS PTS or PJS

In this subsectionfour transformatiorruleshave beenpresentedo constructsubclassesf work-
flow processdefinitionsunderdifferentforms of inheritance. The rules correspondo designcon-
structsthatareoften usedin practice,namelychoice,iteration,sequentiatomposition,andparallel
composition.If adesigneisticksto theserules,inheritances guaranteedin theremainderwe shav
that the transformatiorrules canbe usedto avoid the problemsdiscussedn the introduction. The
rulesare alsointerestingfrom a computationapoint of view. By usingthe inheritance-preseing
transformatiorrulesratherthan making arbitrary changesthe compleity of checkingwhetherthe
extendedworkflow procesdlefinitionis a subclas®f the original procesdefinitionis reducedcon-
siderably Notethatall requirementspecifiedfor thetransformationulescanbeverifiedlocally, i.e.,
eachrequirementvhichinvolvesthe evaluationof dynamicbehaior is aconstrainon eithertheorig-
inal workflow procesaefinition Ny or the extensionN. For noneof therules, it is requiredto verify
the dynamicbehaior (e.g.,livenesssafenessandreachability)of the combinednet N;. Soundness
of thesubclassN; follows from local requirementsNeverthelessthe compleity of mary of there-
quirementsn the transformatiorrulesappeardo be PSRACE-completdsee[29]). Froma practical
point of view, this is not an unconquerabl@roblem. The requirementsare of the samecomplexity
ascheckingsoundnessAs amguedin Section2.5, existing tools suchas Woflan can alreadyverify
thesoundnespropertyfor complex workflows encounteredh practice.Moreover, if only free-choice
WF-netsareallowed, asis the casein mostof the workflow managemengystemsall requirements
canbeverifiedin polynomialtime. Seg[14, 15] and[2] for moredetails.

4 Inheritance in the workflow-managementdomain

In this sectionwe discusghe usefulnes®f inheritanceconceptsn the contect of workflow manage-
ment. To addresghisissue,it is worthwhileto considerthefollowing two trends:

e Theshift from a“Sellers’ Market” to a“Buyers’ Market” in thelast30 yearshasresultedin an
increasen the numberof productsandservicesofferedto the customer Considerfor example
mortgagdoans;today mostfinancialinstitutionsoffer varioustypesof mortgagdoans.More-
over, the customeexpectsflexibility, i.e., the standardroductor servicehasto be customized.

e Todays enterprisehave a comple and rapidly changingstructure. Communicatiormecha-
nismssuchasElectronicDatalnterchang€EDI) andthe Internethave enablecElectroniccom-
merce(E-commerceand extended/virtualenterprises.As a result, mary businesgprocesses
have becomdnteroiganizationabr intraoiganizational.

Theimpactof thesetwo trendson workflow managemeris significant. As a resultof thefirst trend,
the numberof workflow processeandvariantsfor theseprocessebasincreasedonsiderably The
secondrendhasresultedin inter/intraoganizaional workflows distributed over serseral sitesandin-
volving heterogeneouresources.Workflow processesire maving from long-lasting,well-defined,
centralizedbusinessprocesseso dynamically changing,distributed businessprocessesvith mary
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variants.Giventhesedevelopmentsandthe associategroblemsjnheritanceconceptsareof particu-
lar relevancefor the next generatiorof workflow managemensystems.To illustratethis, we give a
numberof situationswheretheinheritanceconcepicanbe usedto tacklecertainproblems.

4.1 Ad-hoc change

It is widely recognizedhat workflow managemensystemsshouldprovide flexibility. However, as
indicatedin the introduction, todays workflow managemensystemshave problemsdealing with
changeA particularkind of changes ad-hocchange. Ad-hocchangeaffectsindividual casesi.e., it
refersto change®n a case-by-casbasisratherthanstructuraimodificationsof the workflow process
definition. An ad-hocchangsds typically theresultof anerror, arareevent,or specialdemand®f the
customerExceptionftenresultin ad-hocchangesA typical exampleof ad-hocchangés skipping
ataskin caseof anemegeng. This kind of changeis ofteninitiated by someexternalfactor A
typical dilemmarelatedto ad-hocchanges the problemto decidewhatkinds of changesreallowed
andthefactthatit is impossibleto foreseaall possiblechanges.

The inheritanceconceptpresentedn this papercan offer somesupportfor ad-hocchange.The
predefinedvorkflow procesddefinitionis the superclassThe modifiedworkflow procesglefinition
resultingfrom an ad-hocchangeshouldbe a subclassof this superclassinderone of the four in-
heritancerelations. By enforcingthis requirement,certainpropertiesare presered. In a process
resultingfrom anad-hocchangehatis a subclas®f the predefinedvorkflow processunderprotocol
inheritancenew alternatvesareofferedbut every sequencef taskspossiblein the superclasss also
possiblein the subclassFor example,underprotocolinheritanceijt is possibleto skip existing tasks
by introducing“bypass”tasks.Whenprojectioninheritances usedi,it is not allowedto skip existing
tasks.However, it is possibleto addnew tasksin-betweeror in parallel. Which notionof inheritance
is mostappropriatedependson the situation. It is alsopossibleto usedifferentinheritancenotions
for differentpartsof the workflow processe.g., subflavs without interactionoutsidethe compary
may be changedunderlife-cycle inheritanceand subflavs which communicatewith externalactors
canonly bechangedunderprojectioninheritance Notethatin generalt is not possibleto foreseeall
potentialchangesTheinheritancerelationsallow for formulatingruleswith respecto changerather
thanenumeratingll possibleexceptions.

Ad-hocchangetypically leadsto mary variantsof a givenworkflow process Sincesuchchanges
often correspondo exceptionsiit is not desirableto combineall thesevariantsin a single complex
workflow. By usinginheritanceratherthancreatinga copy andmodifying it eachtime a changeis
neededpnly changeseedto be stored. Moreover, asshavn in Section®, it is possibleto provide
aggrgatemanagemennformation.

4.2 Evolutionary change

New technologynew laws, andnen market requirementseadto modificationsof the workflow pro-

cesdefinitionsat hand. Evolutionarychange refersto change®f a structuralnature:Froma certain
momentin time, the processchangedor all newv casedo arrive at the system. This type of change
is the resultof a new businessstratgy, reengineeringfforts, or a permanenglterationof external

conditions(e.g.,a changeof law). Evolutionarychangeis initiated by the managemento improve

efficiency or responsienesspr is forcedby legislatureor changingmarket demands.Evolutionary
changealwaysaffectsnew casesut it mayalsoinfluenceold casesBasically therearefour waysto

dealwith existing cases:
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e Restart
All existing casesareabortedandrestartedn the new process.At ary time, all caseausethe
samerouting definition. For mostworkflow applications,it is not acceptabldo restartcases
becausdt is not possibleto rollbackwork or it is too expensve to flushcases.

e Abort
All existing casesare stoppedand are not processedary further, i.e., all pendingcasesare
abortedandconsideredo beready Thisapproachs usedif all existing casesarecompletecby
hand.In generalthis solutionis notacceptable.

e Proceed
Eachcaserefersto a specificversionof theworkflow processNewerversionsdo not affectold
casesMostworkflow managemergystemsupportsuchaversioningmechanismA dravback
of thisapproachsthatold casesannotbenefitfrom animprovedroutingdefinition. In addition,
it mightbea complex taskto managdgoo mary versions.

e Transfer
Existingcasearetransferredo thenew processi.e., they candirectlybenefitfrom evolutionary
changes. Often, the transferof casesis the preferredsolution. The term dynamicchange,
introducedn theintroduction refersto the problemof transferringcasego a consistenstatein
thenew process.

Evolutionarychangecancauseproblemsnternalto thecompaly suchasthedynamic-changproblem
illustratedin Figurel.1. In addition,it canalsocauseconfusionfor the outsideworld. If acustomer
is usedto receving goodsbeforethebill andnow startsreceving the bill beforethe goods,this may
resultin irritation. Therefore changeneedgo berestrictedandthe designemeedgo be awareof the
factthatthe ervironmentcanbe affectedby certainchanges.The inheritancerulespresentedn the
previoussectioncanbe usedto restrictchangesSinceobserablebehaior is oneof thecornerstones
of the definedinheritancenotions(seeSections3.1 and 2.3), the degree of changeas obsered by
the ervironmentcanbe quantified.If externalbusinesgartnersareinvolvedin a changewhich does
not satisfycertaininheritancerequirementsthey needto agreeon sucha changebecausehe change
might have externally noticeableeffects. As a consequenceéqusinesgartnerswill be ableto notice
thedifferencesandneedto actaccordingly

In Sectionb, we shaw thatby restrictingevolutionarychangeo thefour inheritanceulespresented
in the previous sectionthe dynamicchange-problersanbe avoided.

4.3 Workflow templates

Althoughworkflow processesvithin differententerprisediave commonelementsthey aretypically
designedrom scratch.Also within large companiesit is oftennotpossibleto specifyaworkflow pro-
cesgdefinitiononceandreplicateit acrossall partsof thecomparny thatarein needof sucha process.
Local differenceshave to betakeninto accounandprohibit theuseof oneuniform solution. As are-
sult, workflow processearetypically designedrom scratchandthe“wheel” is re-inventedevery day.
To avoid re-inventingthe wheel,onecanuseworkflowtemplates A workflow templateis a standard
designof a commonworkflow process.An enterpriseor a departmentvithin the enterprisecanuse
suchaworkflow templateasthe startingpointfor the designof anew workflow processThestandard
solutionprovided by the templateis changedo accommodatspecificneeds.The useof templates
allows the designerdo reflectlocal differences(resultingfrom specificregulations,organizational
structuresandotherparticularities)andstill re-usethe commonparts.
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The idea of using templatesfor workflow processess not nev. Malone et al. defineda large
numberof procesgemplatesn the so-called‘processhandbook’[45]. Moreover, todays Enterprise
ResourcePlanning(ERP) systemssuchas SAP R/3 (SAP AG, Walldorf, Germary, [38]) andBaan-
ERP (BaanCompan, Barnereld, The Netherlands[49]) offer hundredsof ready-madeworkflow
templategoften namedbusinesanodelsor referencemodels)thatcanbe usedasa startingpoint for
configuringthe system. Theseworkflow templatesare often basedon “best businesspractices’and
reflectthe experiencef leadingenterprisesAlthough the setof workflow templateofferedby to-
day's workflow managemergystemss still limited, it is clearthatthe useof templateswill increase
to avoid startingfrom scratchevery time a newv workflow hasto be designed.

CurrentERP and workflow managemensystemsprovide limited supportfor templates. A de-
signerhasto make a copy of atemplateandcustomizet to accommodatspecificneeds.This “copy
andmodify” approachs not very sophisticatedary changeis allowed andchange®f the template
do not affect the workflow processeslesignedisingthetemplate.lnsteadof the “copy andmodify”
approachpnecouldalsousean approactbasedon inheritance.By establishinganinheritancerela-
tionshipbetweenthe customizedwvorkflow processandthe correspondingemplate,it is possibleto
restrictchangeandcertainchange®f thetemplatecanbetransferredo the customizedprocess.

4.4 E-commerce

Traditional Electionic commece (E-commerce)mainly using Electionic Data Interchange (EDI),
is rapidly moving to the Internet. Moreover, E-commercas moving from long-lastingwell-defined
businesgelationshipgo a moredynamicsituation,wherepartieshaving no prior tradingrelationship
engagen a commonbusinessprocess.Consequentlythe operationaboundariedbetweenorganiza-
tions have becom€fluid. As aresult,it is difficult to separaténteroganizationabusinesgprocesses
from the intraoganizationalones. E-commercehascomplicatedthe managementf businesspro-
cessesThe processesare scatterecver multiple organizationsandare subjectto frequentchanges.
Thereare mary problemswhich needto be solved to enablethe enactmenof workflows crossing
organizationaborders. Theseproblemsare of a conceptuale.g.,how to designinteroganizationh
workflows), a technical(e.g.,how to exchangedataover the internet),a financial (e.g.,how to dis-
tribute the benefits)and/ora manageria(e.g.,whois responsiblehature. Two interestingconceptual
problemsthatmaybenefitfrom theinheritanceconceptresentedh this paperarethe following.

e How to agreeon a commonworkflow without having to know all the detailsof eachothers
businesgprocesses?

e How to allow for local changege.g.,oneof thebusinesgpartnersnvolved optimizesits internal
processwithoutthe needfor globalcoordination?

To solwe thefirst problemonecould designa simplecommonworkflow whereonly the taskswhich
arerelevantfor all partnersarespecified. Then,thecommonworkflow is partitionedoverthebusiness
partnerdnvolved, i.e., the globalworkflow processs split into local parts. Eachbusinesgpartnerex-
tends/refinethelocal workflow processauntil it canbemadeoperational However, changinghelocal
workflow cancauseproblemsg.g.,swappingtwo taskscanleadto deadlock®f the sharedvorkflow.
To avoid suchproblems,threeof the four inheritance-preseing transformatiorrules can be used
(PPS PJS andPJ39. If thechange®f thelocalworkflow presere projectioninheritance the other
businesgpartnerscannotdetectary differencesandthereforeproblemssuchasdeadlocksandlive-
locks canbe avoided. The notion of projectioninheritanceis appropriatebecausdt only allows for
changesaving internal effects. Note that protocolinheritanceandlife-cycle inheritancearenot suit-
ablefor this application.An alternatve routein oneof thelocal workflows mayleadto adeadlockof
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the overall workflow processThe secondoroblemcanbe solved by usingthe samemechanisnii.e.,
projectioninheritance)if local changeis restrictedto the transformatiorrulespreservingorojection
inheritancethenthe otherbusinesgartnerscannotdetectary differencesandthereis no needfor a
new agreemenbn theglobalprotocols.

The examplesgivenin this sectionillustratethatinheritanceconceptsanbe usedto supportad-hoc
changegvolutionarychangeworkflow templatesandE-commerceClearly, this paperis just a start-
ing pointfor augmentingvorkflow managemergystemswith inheritanceconceptsFor example,all

theexampleggivenin this paperfocuson the procesgperspectie, i.e., only the controlflow androut-
ing aspectareconsideredinheritancds equallyimportantfor the otherperspectiesdealingwith the
organization,data,applicationsandoperations However, sincethe procesgerspectie is dominant
in workflow managemerapplicationswe restrictourselhesto this perspectie. In theremainderwe
shaw thatinheritancecantruly assisin dealingwith the problemsidentifiedin Sectionl.

5 Dynamic change

The problemof dynamicchangewasintroducedusingFigurel.1. If asequentiaprocesss changed
to a parallelone,thereareno problems. However, if the degreeof parallelismis reducedthereare
statedn the old processwvhich do not correspondo statesn the new process.The statewith atoken
in both p; and p4 (right-handside of Figure 1.1) cannotbe mappedonto a statein the sequential
procesqleft-handside). Puttinga tokenin i, s, or s, will resultin the double executionof task
sendbill. Puttingatokenin s, s3, or o will resultin the skippingof (atleast)tasksendgoods The
problemidentifieddoesnotonly applyto thesituationwherethe degreeof parallelismis changedFor
example swappingor removing tasksmayleadto similar problems.Thisis thereasormostworkflow
managemensystemado not allow dynamicchange,.e., if a workflow processs changedthenall
existing casesare handledthe old way andthe new processonly appliesto new cases.Every case
hasa pointerto a versionof the workflow andeachversionis maintainedaslong astherearecases
pointingto it. For someapplicationsthis solutionwill do. However, if theflow time of acaseis long,
it may be unacceptabléo processunningcasegheold way. Considerfor examplethe changeof a
4-yearcurriculumat auniversityto a5 yearone. It is too expensve to offer both curriculafor along
time. Sooneror later, caseqi.e., studentsheedto betransferred Otherexamplesaremortgagdoans
andinsurancepolicy’s with atypical flow time of decadesMaintainingold versionsof a processs
oftentoo expensve andmay causemanageriaproblems.lt is alsopossiblethatthereareregulations
(e.g.,new laws) enforcinga dynamicchange.

Theinheritance-preseing transformatiorrulesdo not solvethe problemindicatedin Figure1.1.
Theonly way to avoid theincorrectexecutionof casess to postponahetransferof runningcasesn
state] p;, ps]. Theinheritance-presenvy transformatiorrulescanbeusedto avoidsuchproblemsby
restrictingchangeto thosechangesvherea correcttransferis alwayspossible.

Theremainderf this sectionis organizedasfollows. First, we introducethe notion of a transfer
rule, i.e., a rule to map casesfrom one workflow processdefinition to another Second,we give
concrete,generictransferrules to map casesfrom a superclasgo a subclasg(i.e., specialization).
Third, we provide genericrulesto supportgeneralizationj.e., mappingcasesrom a subclasgo a
superclasskourth,we discusgelatedwvork ondynamicchange Finally, we explainhow ourapproach
canbecombinedwith so-calledchangeregions. This combinedapproackcancopewith changesuch
astheonein Figurel.1thatprohibitanimmediatetransferof cases.
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5.1 Valid transfer rules

In this subsectionwe assumehe presencef two workflow procesglefinitions:the old oneandthe
new one. Casegresentn theold processat the momentof changeneedto be transferredrom the
old workflow procesdlefinitionto the new one,i.e., eachcasein the old processlefinition hasto be
removed andmappedontoa new casein the new procesglefinition. Sincethe stateof the casein the
new procesglefinitiondepend®n the stateof the casen the old procesglefinition,we needto define
atransferrule.

Definition 5.1.(Transfer rule) Let Ng = (Po, To, Fo, £g) andN; = (P4, Ty, F1, £1) betwo workflow
procesgefinitionsin W. A transferrule r from No to Ny (notationNg ~» Ny) is a partial function
mappingmarkingsof N ontomarkingsof Ny, i.e.,r : B(Py) /& B(Py).

A transferule mapsstatef anold workflow procesglefinitionontostatesof anew workflow process
definition. Note thatthefunction canbe partial (dom(r) c B(Py)), i.e.,if the stateof the caseis not
in the domainof thetransferrule, thenthe caseis not transferred.Clearly not every transferrule is
acceptableThetransferof a caseaccordingto a transferrule shouldnot resultin deadlockor other
anomalies.In this paper we considera transferrule to be acceptabléf andonly if every transfer
of a caseresultsin a statein the new workflow procesdefinitionwhich is alsoreachableoy nevly
initiated casesA transferrule satisfyingthis propertyis calledvalid.

Definition 5.2. (Valid transfer rule) Let No and N; be two workflow processdefinitionsin W and
r atransferrule Ng ~» N;. Transferruler is valid if andonly if, for all s € dom(r) N [No, [i]),
r(s) € [Ny, [i]).

Basically a valid transferrule makes surethat the soundnesgropertyof the target workflow netis
guaranteedor caseghataretransferredrom anothemworkflow processiefinition.

Property 5.3. Let Ng = (Pq, To, Fo, £g) andNy = (Py, Ty, F1, £1) be two workflow processdefi-
nitionsin W andr a valid transferrule Ng ~» N;. Forary s € dom(r) N [No, [i]), the following
conditionsaresatisfied:

1. safenessfor ary placep € Py, r(s)(p) <1,
2. propercompletion if o € r (s), thenr (s) = [0], and
3. absencef deadlock [0] € [Ny, r(S)).

Proof. It follows directly from Definitions2.24 (Workflow processiefinition),2.22(Soundnessiand
5.2 (Valid transferrule). O

Therearethreegenerictransferruleswhich areguaranteedo bevalid.

Definition 5.4.(r;, ro, and ry) Let No and N; be two workflow procesglefinitionsin W. Transfer
rulesNg ~» Ny, No ~% Ny, andNy ~% N; aredefinedasfollows:

e r; is the transferrule which mapsevery possiblemarkingonto[i], i.e.,for ary s € [No, [i]),
ri(s) =[i].

e I, is thetransferrule which mapsevery possiblemarkingonto[q], i.e.,for ary s € [No, [i]),
ro(s) = [0].
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e Iy isthetransferrule with theemptydomain,i.e.,dom(ry) = @.
Property 5.5.ri, ro, andry arevalid.

Proof. It follows directly from Definitions2.24 (Workflow procesdefinition),2.22(Soundness}.2
(Valid transferrule), and 5.4; stateg[i] and[o] are reachablen ary soundworkflow net andthe
transferrule with the emptydomainis trivially valid. O

Transferrulesr;, ro, andry correspondo threeof the four policiesdescribedn Section4.2. Rule
ri correspondso restartingall existing casesy, correspondgo abortingall existing casesandry

correspondso completingall running casesaccordingto the old procesgefinition (i.e., the useof

a versioningmechanism).ln the remainderof this section,we do not considerthesetrivial transfer
rules;we focuson transferruleswhich leadto a directtransfer(i.e., no postponemensuchasin ry)

to ameaningfulstate(i.e., notby defaultto [i] or [0]). Eachof therulespresentedorrespond$o one
of theinheritance-preseing transformatiorrulespresentedn Section3.2.

5.2 Transfer of casedrom superclassto subclass

In this paper we considerntwo typesof transferrules, namelyfrom a classto a subclassandfrom a
classto asuperclassln this subsectionwe presentransferrulesmappingstatesof a classontostates
of a subclassEachof the transferrulesis basedon oneof theinheritance-preseing transformation
rulesof Section3.2. Beforewe introducethe transferrulescorrespondingo respectiely PPS PTS
PJS andPJ3S weintroducetheidentity functionasa generictransferrule.

Definition 5.6.(riq) Let Ng andN; betwo workflow procesglefinitionsin WW. Ng 4 N, isthetransfer
rule which correspondso theidentity function,i.e.,for ary s € [No, [i]), rig(s) = s.

Transferruleriq is notnecessarilyalid. A statein thefirst workflow processlefinitiondoesnot have
to existin the secondprocesgiefinition. However, rig turnsoutto be a suitabletransferrule for PPS
PTS andPJS

The first transferrule is basedon the inheritance-preseing transformationrule illustrated by
Figure3.11(rule PPS seeTheorem 3.12). SincePPSonly addsnew alternatve behaior anddoes
notrestrictthebehaior of the partcorrespondingo the“old” workflow processiefinitionin arny way;
the casecansimply betransferredvithout changingdts state.

Theorem5.7. (Transfer rule rppg) Let Ng andN;, betwo workflow processlefinitionssatisfyingthe
rpps

requirementstatedn Theorem3.12. Mappingrpps = riq is atransferrule Ng ~ N thatis valid.

Proof. RecallthatPPSis a specialcaseof PTS Therefore the validity of rppsfollows directly from
thevalidity of thetransferrule rerswhichis presentechext (seeTheoremb5.9). However, it is easyto
seethatrppsis valid: The extensionN only addsbehaior, i.e.,[Ng, [i]) € [Ny, [i]). Thereforethe
identity functionis valid. O

Figure5.8illustratestransferrule rpps. Inheritance-preseiwy transformatiorrule PPShasbeenused
to extendthe old workflow processlefinition on the left-hand-sidewith taskinform customemvhich
canbe executedat ary point betweenregistrationandfiling. Transferrule rpps transferseachcase
from the left-hand-sideprocesgefinitionto the right-hand-sidgprocesgdefinition without changing

the state.Figure5.8 alsoillustratestransferrule r os Whichis definedin Section5.3.
Thesecondransferruleis basedninheritance-preseing transformationule PTSandis identical

torpps
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Figure5.8: Transferrule rpps

Theorem5.9. (Transfer rule rprg) Let Ng andN; betwo workflow processlefinitionssatisfyingthe
requirementstatedn Theorem3.14. Mappingrets = riq is atransferrule Ng s N, thatis valid.

Proof. Let Ng = (Po, To, Fo, £o) and Ny = (Py, Ty, F1, £1) be two workflow processdefinitions
satisfyingtherequirementstatedn Theorem3.14. SincePy C P, andtheextensionN only enables
new behaior (ratherthanrestrictingthe existing behaior), it follows that[Ng, [i]) € [N, [i]). This
obserationimpliesthattheidentity functionrprsis valid. O

registeed

classifycomplaint — classifycomplaint

— O
'PTS contactdepartment ifi
classified # P S classified

sendletter

contactdepartment

contactcus

contactcustome

pendingcomplaint
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ready | PTSC
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custcontacte updatestatisticy

takeaction, ready
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Figure5.10: Transferrulerprs

Transferrule rprsis illustratedin Figure5.10. Usinginheritance-preseing transformatiorrule PTS
the old workflow processiefinitionon the left-hand-sidds extendedwith analternatve branchcon-
taining tasksignore_complaintand updatestatistics Every statein the left-hand-sideprocessdefi-
nition is alsoreachablén the right-hand-sidgorocesgefinition. Therefore,it is easyto seethatthe
transferrule rprsis valid in this particularsituation.(Note thatupdatestatisticsis not presenin Fig-
ure 3.6. Thetaskhasbeenaddedto the WF-netshavn in Figure5.10to introducea subclasswvhich
hasstatesot presentn thesuperclasg,e., the statesnarkingplaceignored)

Thethird transferrule canbe usedwhennew tasksareinsertedbetweenexisting sequentiatasks
asdefinedin Theorem3.16(i.e., transformatiorrule PJS.

Theorem5.11.(Transfer rule rpjs) Let Ng andN; betwo workflow processlefinitionssatisfyingthe
requirementstatedn Theorem3.16. Mappingrpis = riq is atransferrule Ng s N, thatis valid.
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Proof. The proofis similarto the proofsof Theorems.7 and5.9. SinceP, € P, andtheaddedpart
N only insertsnew behaior and doesnot restrictthe existing behaior, it follows that[Np, [i]) <
[Ny, [i]). Thisimpliesthattheidentity functionrp;sis valid. O

registeed . X registeed
classifycomplaint

'PJS
classified #

sendletter

classifycomplaint

contactdepartment contactdepartment

classified
contactcus

contactcus sendletter

contactcustome contactcustome

inform_man

pendingcomplaint. pendingcomplaint'

r -1
ready | PJS

custcontacte custcontacte informmanagement

ready

file_dossier

Figure5.12: Transferrulerp;s

Figure 5.12 illustratestransferrule rpjs  Inheritance-preseiwy transformationrule PJShasbeen
usedto inserttaskinform.manajementbetweersendletter andready The additionof this taskonly
introducesew states.Therefore transferrule rp;stransferseachcasewithout changingthe state. At
aglance analternatve transferrule might be a mappingthattransferghetokenin placereadyof the
left-handprocesgefinitionto placeinformmanof the right-handprocessiefinition. Sucha transfer
rule would imply thatthe newly addedtaskinform_manayementimustbe executedfor the transferred
case.However, suchatransferis only meaningfulif thetokenin placereadyof theleft-handprocess
definitionis theresultof executingtasksendletter. Clearly, thisis notnecessarilghecase.

L i
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Figure5.13: Transferrulesrpyzsc andrpyssp.

Transferrulesrprs rpps, andrp;s are rathertrivial becauseadditionalbehaior (i.e., alternatve
branche®r partsinsertedn-betweerexisting parts)is introducedwithout eliminatingexisting states.
Thetransferof casesorrespondingo transformatiorrule PJ3Sis morecomplex becausé?J3Sadds
parallelbehaior ratherthanadditionalbehaior. Whenaddingparallelbehaior, it maybe necessary
to markplacesin the newly addedparts. Considerfor examplethe two workflow procesdefinitions
shawvn in Figure5.13. Theleft-hand-sidgrocesglefinitionhasbeentransformednto theright-hand-
side processdefinition using transformationrule PJ3S task contactmanagiementhasbeenadded
suchthatit canbe executedin parallelwith contactcustomer Clearly, the statewith atokenin both
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pendingcomplaintandregisteed in the left-hand-sideprocesdefinition shouldbe mappedontothe
identicalstatein the right-hand-sidgrocesdefinition. Also tokensmarkingi, classified ready and
o shouldbe transferredo the sameplacein the right-hand-sidgrocesgefinition. However, if one
of theplacescontactcustor custcontacteds marked,thentransferringthe caseto theidenticalstate
will resultin a deadlock. Considerfor examplea casewith tokensin both pendingcomplaintand
contactcustpresentn the left-hand-sidgprocesdefinition. If this stateis transferredvithout mod-
ificationsto the right-hand-sidegprocessdefinition, task take_action can never be executed,because
placemancontactedwill never getmarked. The only way to solve this problemis to addan addi-
tional tokento eitherplacecontactmanor man contacted In a conserative approachgcontactman
is marked andthe new taskcontactmanajements requiredto be executedbeforetasktake_actionis
performed.In aprogressie approachmancontacteds marked andtasktake_actioncanbeexecuted
without executingthe new taskcontactmanaement

Figure 5.13 illustratestwo complicatingissueswhen transferringcasesunderthe inheritance-
preservingtransformatiorrule PJ3S (1) Sometimegbut not always) additionaltokensneedto be
added,and (2) whenaddingtokens, there are sometimeamultiple waysto add thesetokens (e.g.,
conserative or progressie approach).Closely observingthe requirementstatedin Theorem3.19
provides a solutionfor the first issue;the implicit placeq actsas somekind of counterindicating
whetherthe newly addedpart shouldbe marked with additionaltokens. The secondissueis dealt
with by providing two transferrules: a conserative or pessimisticone (rpy3sc) anda progressie
or optimisticone (rpy3sp). To definethesetwo rulesand prove their validity, we usethe following
lemma.

Lemma5.14.LetN = (P, T, F, £) andN% = (Py, Ty, Fq. £q) betwo workflow processlefinitionsin
W andq aplacein U suchthatq € Py, P = Py\{q}, T =Ty, F = FgN((P X T)U(T x P)), £ = {4,
andq isimplicit in (N9, [i]). Forary reachablenarkings € [N, [i]) andfiring sequences;, o, € T*
suchthat(N, [i]) [o1) (N, s) and(N, [i]) [02) (N, s), thereis a uniquemarkings € [N9,[i]) such
that,for all p € P, s'(p) = s(p) and(N9, [i]) [o1) (N9, s") and(N9,[i]) [o2) (N9, §).

Proof. It is well known thatary firing sequencer € T* enabledn (N, [i]) andresultingin s (i.e.,
(N, [iD[o) (N, s)) isenabledn (N9, [i]) (i.e.,(N9, [iD[o)) (seeDefinition 3.17 (Implicit place)and
[17, 22]). Assumes; ands, arethetwo markingsin [N9, [i]) suchthat (N9, [i]) [01) (N9, s;) and
(N [iD [o2) (N9, s,). It follows from Definition 3.17that,for all p € P, s1(p) = S(p) = s(p).
Thus,it remaingto be proventhats; (q) = s(q). Assumes; (q) # $:(q). Withoutlossof generality
we canassuméhats; (q) > s;(q). SinceN is aworkflow procesgdefinition, thereis a o3 suchthat
(N, s)[o3) (N, [0]) (seeDefinition2.24).Sinceq isimplicit in (N9, [i]), oz isalsoenabledn (N9, s)
and(NY, s). Lets; ands, betwo markingssuchthat(N9, s;) [o3) (N9, s)) and(N9, sp) [o3) (N9, S)).
It follows from the factthats, > s, > sthats; > s, > [0]. However, the factthats, > [0]
contradictghefactthatN9 is aworkflow processlefinition(nopropercompletion;seeDefinition2.22
(Soundness))This contradictionshavs thats, = s,, which completeghe proof. O

For ary two workflow procesglefinitionsN and N9 satisfyingthe requirement®f Lemmab.14,the
lemmastatesthat ary two firing sequencekeadingto the samemarkingin N alsoleadto the same
markingin N9 andthat, in addition, thesetwo markingsareidentical with respectto placesof N.

Lemmab.14impliesthatthe functionin thefollowing definitionis well defined.

Definition 5.15.Let N = (P, T, F, £), N = (Py, Ty, Fy. £q), andq be definedasin Lemmas.14.
Functionidg : [N, [i]) — [N9,[i]) is definedasfollows. For ary reachablenarkings € [N, [i]) and
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firing sequencer € T* suchthat(N, [i]) [0) (N, s), idq(s) = s’ wheres' is the uniquemarkingin
[N9,[i]) definedby (N9, [i]) [o') (N9, §).

Considerthe projection-inheritace-preening transformatiorrule PJ3Sof Theorem3.19. To define
therequirement®f this transformatiorrule, the implicit placeq wasaddedto the original workflow

No. Placeq is avirtual place(i.e., it is notreally presentin oneof theworkflow procesgefinitions
No or N;) and hasbeenaddedto make surethat every activation of the extensiondefinedby N

(i.e., afiring of transitiont;) is followed by a deactvation (i.e., a firing of transitiont,). Note that
workflow processdefinitions Ny and Ng of Theorem3.19 satisfythe requirementof Lemmab.14
and Definition 5.15. Functionidq asdefinedin Definition 5.15 countsthe numberof tokensin q.

Sinceworkflow procesglefinitionsaresafe,for ary reachablenarkings of Ny, eitheridy(s) = sor

idq(s) = s+[q]. Recallthetwo complicationsconcerninghetransferof casesindertheinheritance-
preservingtransformationrule PJ3Sidentified above. If id, indicatesthat g is not marked, then
it suficesto transfera casefrom the superclass\p to the subclassN; without changingits state.
However, if idq indicatesthatq is marked (i.e., q containsonetoken),thenthe nevly addedparallel
branchof behaior need€o be markedwhentransferringa case.Thereareat leasttwo waysto mark
the parallelpart: (1) The outputplacesof t; are marked (the conserative/pessimisti@approach)or

(2) theinput placesof t, aremarked (the progressie/optimisticapproach).Therefore we definetwo

transferrulesbasedn PJ3S rpj3sc andrpysse

Theorem 5.16.(Transfer rules rpyzsc and rpyssp) Let Ng = (Po, To, Fo, £0) andN;y = (Py, Ty, F,
£,) betwo workflow procesgefinitionssatisfyingthe requirementstatedin Theorem3.19. More-
over, let q and NS‘ be as definedin Theorem3.19andidq : [No, [i]) — [Ng, [i1) asdefinedin
Definition 5.15. Finally, assuméhat S, = {s € [No, [i]) | idq(s)(q) > 0}.

o If rpyasc is atransferrule No "5° Ny suchthat, for all' s € B(Po)\ Sy, rpissc(s) = s and, for

alls e 31, I'pPi3sc () =s+t e \Py, thenergsc is valid.
o If tpyasp is atransferule Ng 5" Ny suchthat, for all's € B(Py)\S;, rpiasp(S) = s and, for
alls e 31, rpiasp(S) = S+ oty\ Py, thenrp33sp is valid.

Proof. Let s € [Np, [i]) ando € Tg* be suchthat (Ng, [i]) [¢) (Ng,S). We have to prove that
rpazsc(S) € [Ny, [i]) andrpyasp(s) € [Ny, [i]).

Lett;, to, andN beasdefinedin Theorem3.19. In thefiring sequence, t; andt, occuralternat-
ingly, i.e., atary pointin the sequence¢he numberof timest; hasoccurredis equalto the numberof
timest, hasoccurredor t; hasoccurredonetime extra. This propertyis adirectresultof thefactthatq
isimplicit in (N, [i]) (whichmeanshato is enabledn (Ng, [i])) andthat N, is aworkflow process
definition (which meanghatq is safe).Becausd; andt, occuralternatinglyin o, we distinguishtwo
possibilities:

1. The numberof timest; occursin o (possiblyzero)is equalto the numberof timest, occurs
in o, which meansthats ¢ §,. Notethato is not necessarilyenabledin (Ny, [i]) when
ti occursin o. Leto, € (T\{ti, t,})* be suchthat (N, tje) [0,) (N, ety). Sucha firing se-
guenceexists, becausdN, [p]) is live andsafe(seeTheorem3.19). Let o’ be a maodification
of thefiring sequence whereimmediatelyafter every occurrenceof t; the sequence, is in-
serted.Sequence’ is enabledn (Ny, [i]) andresultsin states. Since(Ng, [i]) [¢’) (N1, s) and
rpazsc(S) =rpyssp(S) =S (S € §), bothrpyasc(s) andrpyasp(s) areelementof [Ny, [i]).
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2. Transitiont; occurspreciselyoncemorein sequencer thantransitiont,, which meansthat
s € §. Alsoin thiscase is notnecessarilyenabledn (Ny, [i]) andin bothstategpjssc(S)
andrpy3sp(s) someof the placesin P;\ Py are marked. Constructsequencer, as before
(i.e., (N, tje) [0%) (N, oty)). Sequence’ is the modificationof the firing sequencer where
immediatelybefore every occurrenceof t, the sequence, is inserted. Sequencer’ is en-
abledin (Ny, [i]) andresultsin staterpjssc(s) = s + tj ¢ \Py (notethats € ;). Hence,
rpassc(S) € [Ny, [i]). Sequences” is the sequenceobtainedby concatenatings” and o,.
Also ¢” is enabledin (Ny, [i]) andresultsin staterpyssp(s) = S + ety\Po. Hence,also
rpazsp(S) € [Ny, [i]).

|

In Figure 5.13, the left-hand-sideprocessdefinition hasbeentransformednto the right-hand-side
procesdefinition by addingtask contactmanayementusingtransformatiorrule PJ3S Considera
casein the left-handprocesdlefinition with a token in both pendingcomplaintandcontactcust If
transferrule rpy3sc is used,this caseis transferredo the statein the right-handprocessdefinition
where pendingcomplaint contactcust and contactman are marked. Transferrule rpjssp marks
man.contactednsteadof contactman

Thetransferrulespresentedhusfar mapstatesof a superclassnto statesof a subclass.If a series
of inheritance-presemg transformationrulesis appliedto a workflow processdefinition, then it
is possibleto constructa compositetransferrule which is valid and mapsary stateof the original
workflow processdefinition (superclasspnto the nev processdefinition (subclass). The transfer
rulespresentedn this subsectionmply thatfor dynamically-changingvorkflow procesdefinitions
following the rulesPTS PPS PJS andPJ3Sproblemssuchasdeadlockslivelocks,and dangling
referenceganbe avoided. At the endof the next subsectionthe constructionof compositetransfer
rulesis illustratedby meansof our runningexample.

5.3 Transfer of casedrom subclassto superclass

The transferrules of the previous subsectiorassumehat casesaretransferredrom a superclasso
a subclassHowever, onecanthink of applicationswherethe inheritance-preseing transformation
rules presentedn Section3.2 are appliedin the reverse direction. Note that none of the rules of
Section3.2 assumes direction. Therefore the inheritance-presemg transformatiorrulescanalso
beappliedto createa superclasbasen a subclassThis meanghataworkflow procesglefinitionis
not extendedbut reduced.e., partsof theworkflow processiefinitionareremoved). For example,a
parallelbranchcanberemavedby applyingPJ3Sin thereversedirection. If theinheritance-preseiwy
transformatiorrulesareappliedin thereversedirection,we alsoneedtransferruleswhich mapstates
of thesubclas®ntostatef thesuperclassThesdransferulesarepresentedn theremaindeof this
section.

First, let us considera subclassvorkflow processdefinition and a superclassvorkflow process
definition constructedy applyingrule PPSof Theorem3.12in thereversedirection. Transferrule
IopsiS Usedto mapstatesrom the subclasgo the superclass.

Theorem 5.17. (Transfer rule rppg) Let Ng = (Po, To, Fo, £o) andNy = (P, Ty, Fy, £1) be two

workflow processdefinitions satisfyingthe requirementsstatedin Theorem3.12. Moreover, let p
-1

be the placeas definedin Theorem3.12andlet g be a transferrule Ny g5 No suchthat, for all

s € B(Py), repd(S) = s, and,for all s € B(P)\B(Py), rpas(S) = S| Po+ [p]. Transferruler ;3 is

valid.
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Proof. Transformatiomule PPSis a specialcaseof rule PTSof Theorem3.14. This canbe provenby
assuminghattheplacesp; and p, of Theoren3.14arebothequalto placep. Underthisassumption,
transferrule r,;ésequaIsIhetransferrulescorrespondingo PTSappliedin thereversedirectionwhich

arepresentedhext. Both transferrulesr,;TlSC andr,;TlSP statedin Theorems5.20 correspondo 53
Thus,thevalidity of r 53¢ follows immediatelyfrom the validity of r,;Tlsc andr,;TlSP. O

Figure5.8illustratestransferruler 555 Inheritance-preseing transformatiomule PPShasbeenused
to reducethe old workflow procesddefinition on the right-handsideinto the new workflow process
definition on the left-handside. Sincethe removed taskinform customeid not addary new states
r;&s correspondsgin this particularsituation)to theidentity function. If theremaoved partwould have
beena network of tasks thenall tokensin theremoved partwould have beenmappedntoonesingle
tokenin placependingcomplaint

Givenaworkflow procesglefinitionanda subclas®f this processlefinitionconstructedby means
of transformatiorrule PPS thetransferof a casefrom the superclasso the subclasandbackyields
theoriginal state.

Property 5.18. Let No, Ny, rpps andrs3s be as definedin Theorems5.7 and5.17. Forary s €
[No, [i]), rpps(reps(S) = s.

Proof. The propertyfollows immediatelyfrom the definitionsof the transferrulesin Theoremss.7
and5.17. |

Generallythecornversedoesnothold. Transferrulerppscorrespondso specializatiorandrg&scorre-
spondgo generalizationlf specializatiorfollows generalizationit maynotbepossibleo reconstruct
theoriginal statebecausénformationis lost duringthe generalizatiorstep.

Secondwe considetthetransferof casesindertheinheritance-presemg transformatiomule PTS
appliedin thereversedirection. Considertthe two workflow processiefinitionsshavn in Figure5.10.
Theold procesglefinitionon the right-hand-sidés reducedoy remorving the alternative branchcon-
taining tasksignore_.complaintand updatestatistics Note thatwe now have to transfercasesrom
“right to left” ratherthanfrom “left to right” For acasenotin thealternatve branchto beremorved,
thetransferis simple;the casecanbetransferredvithout changingts state.For a casen this alterna-
tive branch(i.e., placespendingcomplaintandignored aremarked), thetransferis morecomplicated
sinceplaceignoredis not presenin the new procesdlefinition. Therearetwo waysto dealwith this
problem:Eitherthe correspondingokencanbe movedto thepointwherethealternatve branchstarts
(i.e., placeclassified conservativeapproach)or it canbe movedto the point wherethe alternatve
branchends(i.e., placeready progressiveapproach). Therefore,we give two valid transferrules:
rorsc andrargp.

Beforewe formulater,;TlSC andr,;TlSP, we needto consideranotherproblemwhich is illustrated
by Figure5.19. (The netshavn in Figure5.19without transitionx is takenfrom [24].) Supposeve
removetaskx by applyingrule PTSin thereversedirection,i.e., theold workflow processlefinitionis
the procesglefinitionwith x andthenew workflow procesglefinitionis theprocesslefinitionwithout
X. In theold procesdlefinition, the markingwith atokenin both ps and ps is reachabléy firing t,
tp, andx. Although p; and pgs arestill presenin the new workflow procesdefinition, this marking
is no longerreachableafterremoving x. This situationis ratherexceptional;normally the removal
of analternatve branchof behaior suchasthe onemodeledby transitionx doesnot changethe set
of reachablanarkingswith respecto the setof placesthat remainin the nev workflow. If sucha
changedoesoccur it is not possibleto comeup with an eleganttransferrule which is valid. Recall
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Figure5.19: Transitionx introducesamarkingnotreachablén theworkflow processiefinitionwith-
outX.

that a transferrule is only valid if every transferresultsin a stateof the new WF-netthatis also
reachabldrom the initial markingin the newv workflow procesdlefinition. Thereforeto definethe
transferrulesr,;TlSC and rp‘Tlsp, we addthe requirementhat the removed part doesnot changethe
behaior in theremainingpart. To formalizethis requirementywe usethevirtual transitionx defined
in Theorem3.14. Transitionx emulateghe behaior of the remaoved part. Therefore,it is required
thatx doesnotinfluencethe setof reachablemarkings.

Theorem 5.20. (Transfer rules rpfgc and rpfgp) Let No = (Po, To, Fo, £o) andNy = (Py, Ty, Fy,
£,) betwo workflow procesgefinitionssatisfyingthe requirementstatedin Theorem3.14. More-
over, let pi, po, X, andNj beasdefinedin Theorem3.14. Finally, assumehat[Ng, [i]) = [No, [i]).
—1
o Letryisc beatransferule Ny "®1S° N, suchthat, for all s € B(Py), [ersc(S) = s, and,for all
s € B(P)\B(Py), Ip75c(S) = S| Po+ [pi]. Transfenuler i is valid.

.
o Letryisp beatransferrule N, “5° No suchthat, for all's € B(Py), p1gp(S) = s, and,for all

s € B(P)\B(P), FF?TlSP(S) =S| Py+[po]. TransferrulerF?TlSP is valid.

Proof. Let s € [Ny, [i]) ando € T;* be suchthat (N, [i]) [o) (N1,S). We have to prove that
rrrsc(S) € [No, [i]) andraigp(s) € [No,[i]). Let N be the labeledP/T net as definedin The-
orem3.14. We shaw that therearefiring sequences’, ¢” € (To U {x})* suchthat (NJ, [i]) [¢”)
(NG, rersc(s)) and (NG, [iD [¢”) (NG, rerse(S)). Since[Ng, [i]) = [No. [i]), thisresultsufficesto
prove thatr s{sc andrptgp arevalid.

LetT' ={teT |et ={p}}andT® = {t € T | te = {po}}. Moreover, let y andN beasdefined
in Theorem3.14. In thefiring sequence, transitionsin T' N T© have the sameeffectin (Ny, [i])
astransitionx in (Ng, [i]). Letoy € (T1 U {x})* bethe sequence with eachtransitionin T'NnTO
replacedby transitionx. As aresult,in sequence,, transitionsin T' and T© occuralternatingly
i.e., atary pointin the sequencéhe numberof timesthata transitionin T' hasoccurredis equalto
the numberof timesthata transitionin T© hasoccurredor atransitionin T' hasoccurredonetime
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extra. This propertyfollows from thefactthat (Nq, [i]) is safeandthat (N, [p;]) is live andsafe(see
Theorem3.14). Becauseahe transitionsin T' and T© occuralternatinglyin oy, we distinguishtwo
possibilities:

1. Assumethatthe numberof timesthatatransitionin T' occursin oy is equalto the numberof
timesthata transitionin T© occursin oy. Since(N, [p]) is live andsafe,firing a transition
in TO removesall tokensin P\{p;, po}. Since,in (Ny,[i]), the only way to mark placesin
P\{pi, Po} is to fire transitionsin T', it follows thats e B(Py). Considerall subsequencesf
oy thatstartwith atransitionin T', endwith anoccurrencef atransitionin T©, andcontain
no other occurrence®f transitionsin T' or T©. For eachsucha subsequencegplaceall
occurrencesf transitionsn T by asingleoccurrencef transitionx at somearbitraryposition
amongthe transitionsremainingin the subsequencelLet o, € (Tp U {x})* be the resulting
firing sequenceClearly, oy is asequencenabledn (NJ, [i]) and(Ng, [i]) [oy) (N&, s) (i.e.,
s € [N, [i])). Sinces € B(Po) and,thus,r 515 (S) = rpigp(s) = s, this completeshe proof
in this case.

2. Assumethat the numberof timesthata transitionin T' occursin o, exceedsthe numberof
timesthat a transitionin T© occursin oy by one. Note that P\{p;, p,} cannotbe emptyin
this case becausehenT' would equalT ©, which contradictsthe assumption t follows that
s € B(P)\B(Py). Again, considerall subsequencesf oy that startwith an occurrenceof a
transitionin T', endwith anoccurrencef atransitionin T ©, andcontainno otheroccurrences
of transitiongn T' or T©. For eachsuchasubsequencegplaceall occurrencesf transitionsin
T by asingleoccurrencef transitionx. Theremainingoccurrencesf transitionsof T in oy are
simplyremoved. Let o, € (To U {x})* betheresultingfiring sequenceSequence, is enabled
in (N, [iD and(NJ, [iD [oy) (NS, sT Po+[pi]), becausdransitionx emulatesn (Ng, [i]) the
behaior of subnetN in (Ny, [i]). Sinces € B(Py)\B(Py) and,thus,r;Tlsc(s) =s[Py+[pil,
this completeghe proof for r;TlSC(s). Letsequence; € (To U {X})* bethesequencebtained
by concatenating, andtransitionx. Also sequence; is enabledn (Ng, [i]) andresultsin
stater;Tlsp(s) = s[ Py + [po], which completeshe proof alsofor r;Tlsp(s).

a

Therequiremenin Theorenb.20that[NJ, [i]) = [No, [i]) is essentiafor thevalidity of bothtransfer
rules. Note that checkingthis requirementanbe quite complex. However, from a practicalpoint of

view, it doesnot createa nev problem. If a coverability graphis usedto decidewhetherNg is

sound,thenthe requiremen{Ng, [i]) = [No, [i]) canbe checled at no extra costs. First, construct
a coverability graphfor (No, [i]) and,then, addthe arcscorrespondingo x. If no new statesare
introducedtherequirementolds. In the remainderof this papey we assumehatthe applicationof

PTSis restrictedo situationswherethe addedpartdoesnot addary new behaior in theoriginal part
(e, [NX. [i1) = [No. [i])).

ConsiderFigure5.10wherethe old workflow procesdefinition on theright-handsideis reduced
by removing the alternatve branchcontainingtasksignore complaintand updatestatistics If rule
r;TlSC is appliedto acasewhichmarksplacegpendingcomplaintandignored thenthetransferresults
in the statewhich marksplacespendingcomplaintand classified Ruler,;TlSP mapsthe samecase
ontothe statewhich markspendingcomplaintandready For all otherstatesbothr,;TlSC andr,;TlSP
correspondo theidentity function.

The following property statesthat transferringa casefrom a superclasgo a subclassand back
yieldstheoriginal state.
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Property 5.21.Let No, Ny, rprs r,;Tlsc, andr,;TlS p beasdefinedin Theoremsb.9 and5.20. For ary
s € [No, [i]), Fprgc (rpTs(S)) = Ipigp(TpTs(S) =S.

Proof. The desiredresultfollows immediatelyfrom the definitionsof thetransferrulesin Theorems
5.9and5.20. O

Note thatthe propertydoesnot hold in the oppositedirection,i.e., theremay be statess € [Ny, [i])
suchthat rprs(fprsc(S) # S andrprs(fprgp(s)) # s. Considerfor exampleFigure 5.10, where
the left-handprocesdlefinition corresponds$o Ny in Property5.21 andthe right-handprocesdefi-
nition correspondso N;. If s € [Ny, [i]) equalg[pendingcomplaint ignored], thenrst(r;Tlsc(s))
= [pendingcomplaint classified andrst(r,;Tlsp(s)) = [pendingcomplaint ready. This example
shaws thattransferringa casefrom a subclasgo a superclasandbackdoesnot necessarilyield the
original state.

Ruler ;5 is avalid transferrule wheninheritance-preseinyg transformatiorrule PJSof Theorem
3.16is usedin thereversedirection. Recallthat PJSinsertsnew tasksbetweena transitiont, anda

placep. Ruler;}s removestokenspresenin theinsertedpartandmarksplacep instead.

Theorem 5.22. (Transfer rule rp;9) Let No = (Po, To, Fo, £0) andNy = (P, Ty, Fy1, £1) be two
workflow procesdefinitionssatisfyingthe requirementstatedin Theorem3.16. Moreover, let p be
-1

the specialplacedefinedin Theorem3.16andletr 3 be a transferrule Ny "% Ny suchthat, for all

s € B(Py), rp;(S) = s, and,for all s € B(P)\B(Po), rpi(S) = s| Py + [p]. Transferruler ;s is
valid.

Proof. Let TC = ep N T. Moreover, let tp, be the specialtransitiondefinedin Theorem3.16. If
transitiont, is an elementof T©, thenthe theoremreducesto Theorem5.17, becausen this case
transformatiorrule PJSreducedo transformatiorrule PPSof Theorem3.12. If t,, is notanelement
of T©, thenthe proofis similar to the proof of Theorem5.20andis mainly basedon the following
obsenration. In thefiring sequence, transitiont, andthetransitionsin T© occuralternatingly This
propertyfollows from thefactthat (N4, [i]) is safeandthat (N, [p]) is live andsafe. O

Figure5.12is usedto illustratetransferrule rpjs If placeinformmanin the old processdefinition
on the right-handside is not marked, a casecan be transferredwithout changingits state. If place
inform_manis marked, thenthetokenin inform_manis movedto ready

Property 5.23. Let Ng, N1, rpis andrF?JlS be asdefinedin Theoremss.11and5.22. Forary s €
[No. [i]), rpys(rpas(s)) = s.

Proof. The propertyfollows directly from Theoremss.11and5.22. O

Rulerp;ssis the remainingtransferrule which canbe usedto mapstatesto a nev workflow process
definitionwherea parallelbranchis removed (i.e., rule PJ3Sappliedin the reversedirection). This
transferrule simply removesall tokensin the deletedparallelpart.

Theorem 5.24. (Transfer rule r53135) Let Ng = (P, To, Fo, £g) andNy = (Pq, T1, F1, £1) betwo
workflow procesglefinitionssatisfyingthe requirementstatedin Theorem3.19. Moreover, letr 535

1
beatransferule Ny %5 No suchthat,for all s € B(Py), rphqS) = S| Po. Transfemuler 54 is valid.
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Proof. Let s € [Ny, [i]) ando € T;* be suchthat (N, [i]) [o) (N1,S). We have to prove that
rp3as(S) € [No, [i]).

Let N bethelabeledP/T netdefinedin TheorenB.19.Lets’ € To* bethefiring sequencebtained
by removing all occurrencesf transitionan T\{t;, t,} from o. Sequence’ is enabledn (Ng, [i]). It
is not difficult to verify thatthestateresultingfrom firing o’ in (No, [i]) is equalto s with respecto
theplacesin Py, i.e.,rp554S) =S| Py € [No, [i]). ]

In Figure 5.13, the right-hand-sideprocessdefinition hasbeentransformednto the left-hand-side
procesdefinition by removing taskcontactmanajement Transferrule rP jasfemovesary tokenin
contactmanor mancontactedif presentsuchthatthe casecanbe transferredrom the subclasgo
thesuperclass.

Property 5.25.Let No, N1, r'pizsc, lpiase, andr;}33 be asdefinedin Theoremsb.16 and5.24. For
arys € [No, [i]), rpjadTpassc () = Ipjadrpissp(S) = S.

Proof. It follows directly from Theorems.16and5.24. |

For eachinheritance-preseing transformationrule of Section3.2, we have definedvalid transfer
rulesfor moving a casefrom a superclass$o a subclassindvice versa.Theserulesaresuchthatif a
cases movedfrom the superclas$o the subclassandback,the original stateis obtained.(Generally
the corversedoesnothold.)
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Figure5.26: Dynamicchangebetweenra superclasgleft-hand-sidevorkflow processlefinition) and
asubclasgright-hand-sidgrocesglefinition).

If a seriesof inheritance-preseing transformatiorrulesis applied,the compositionof the ap-
propriatecorrespondindransferrulesyields a compositetransferrule which is valid. Considerfor
examplethe two workflow processdefinitionsshavn in Figure 5.26. The right-hand-sidgprocess
definitionis a subclas®of theleft-hand-sidgrocesslefinitionunderlife-cycle inheritanceandcanbe
obtainedby applyingrulesPTS PPS PJS andPJ3S Letrc (rp) bethe transferrule obtainedby
composingthe transferrulesrprs, reps 'ess andrpssc (frpassp). Considera casein the superclass
which markspendingcomplaintandcustcontactedIf r¢ is usedto transferthis caseto thesubclass,
the placespendingcomplaint custcontactegdandcontactmanaremarked afterthetransfer If rp is
used,mancontactedis marked insteadof contactman Let rc1 (r‘l) be the transferrule obtained
by composmghetransferrulesrpTSC (rstp) Mg I PJS andr5 5, (Notethatfor this particularpair
of workflow processnleflnltlonsr is equialentto rp 1) Considera casein the subclassmarking

44



pendingcomplaintandinform.man If rgl is usedto transferthis caseto the superclassthe places
pendingcomplaintandreadyaremarked afterwards.

To conclude,let us returnto the problemillustratedby Figure 1.1. Hasthis problem(i.e., the
dynamic-changéug) beensolved? Onemight arguethatthe problemhasnot beensolved, because
theinheritanceconceptsio not provide a solutionfor this particularexample.However, asexplained
in the baginning of this section,thereis no satishctory solution but to postponethe transfer(e.g.,
transferrulery). The statewith atokenin both p, and p, (right-handside of Figure 1.1) cannotbe
mappedonto a reasonablestatein the sequentiaprocesdefinition (left-handside). Puttinga token
ini, s, or s, will resultin the doubleexecutionof task sendbill. Puttinga tokenin s,, sz, or o
will resultin the skippingof tasksendgoods Thetransferrulespresentedn this sectionshawv that,
if onerestrictschangeto the inheritance-preseing transformatiorrulespresentedn Section3.2, it
is always possibleto find a satisactory transferrule which is valid and, thus, the dynamic-change
problemcanbe avoided. We have not formalizedthe term“satisfactory” but it is easyto seethatthe
transferrulesdonotleadto theunnecessargkippingor multiple executionof tasks.Thetransferules
offer reasonableolutionsfor the typesof changegypically usedto adapta workflow processlefi-
nition: adding/remwuing alternatve branchegPTS, adding/remuing loops(PP9, adding/remwing
subflavs betweersequentiatasks(PJS, andadding/remwuing parallelbranchegPJ3S.

5.4 Relatedwork on dynamic change

Therearemary similaritiesbetweerdynamicchangen theworkflow domainandschemaevolutionin
thedatabaselomain.As therequirement®f databasapplicationcchangeover time, the definition of
theschemai.e.,thestructureof thedataelementstoredn thedatabaseas changed Schemavolution
hasbeenanactive field of researchin thelastdecaddmainly in thefield of object-orientedlatabases,
cf. [18]) andhasresultedn techniqguesndtoolsthatpartially supporthetransformatiorof datafrom
onedatabasschemao another Although dynamicchangeand schemaevolution are similar, there
aresomeadditionalcomplicationsn caseof dynamicchange First, aswasshavn in the exampleof
Figurel.1,it is not alwayspossibleto transfera case.Secondit is not acceptable¢o shutdowvn the
system transferall casesandrestartusingthe nev procedure.Casesshouldbe migratedwhile the
systemis running. Finally, dynamicchangemay introducedeadlocksandlivelocks. The solutions
provided by todays object-orientecddatabasesgo not dealwith thesecomplications. Therefore we
neednen conceptandtechniques.

Several researcherfiave worked on problemsrelatedto dynamicchange. Ellis, Keddara,and
Rozenbay [26] proposea techniquebasedon so-called‘changeregions’ A changeregion contains
all partsof aworkflow procesglefinitionthatpotentiallycauseproblemswith respecto thetransferof
casesA changeegion hastwo versionstheold situationandthenew situation.In thissolution,there
is oneversionof the completeprocesswvhich coversthe old andthe new situationandchangeaffect
casesaassoonaspossible.Partsof theworkflow (i.e., changeregions)becomenactive afterawhile,
becausalll old caseshave beenhandled.This approacthasthe dravbackthatthe procesdlefinition
canbecomevery complex (unlesssomeautomaticgarbagecollectionis added). Anotherdravback
is the fact that the authorsdo not provide a methodfor identifying the changeregion, i.e., change
regionsneedto be identifiedmanually The authorsdo provide a notion of changecorrectnesand
give specificcircumstance$or which this is guaranteedin [27], the authorsimprove their approach
by introducingjumpers. A jumpermovesa casefrom the old workflow to the new workflow. The
jump is postponedf for a stateno jumperis available. Again, the authorsdo not give a concrete
techniquefor the transferof casesij.e., jumpersareaddedmanually In [25, 41], KeddaraandEllis
presentlanguageo supportdynamicevolution within workflow systemgML-DEWS). Basedonthe
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differentmodalitiesof changethe authorsgive a specialpurposaneta-languaggearedo modelthe
workflow of change AgostiniandDe Michelis[10] proposeatechniqugor theautomaticdransferof
casedrom anold procesglefinitionto a new processlefinitionandalsogive criteriafor determining
whetheratransferis possible.The approachs interestingsinceit automaticallycomputeghe states
for which it is not possibleto migrate. Considerfor exampleFigure1.1. The approachpresentedn
[10] indicatesthe necessityto postponghetransferof runningcasesn state] p1, p4]. Unfortunately
the approachonly works for a restrictedclassof workflows (e.g.,the modelinglanguagedoesnot
allow for iteration,althoughat runtimeiterationcanbeachiezed by backward jumps).A summaryof
this approachs givenin [23]. Casati,Ceri, andPernici[20] tacklethe problemof dynamicchange
via a setof transformatiorrules and partition the statespaceinto a part thatis aborted,a part that
is transferred,a part that is handledthe old way, and partswhich are handledby hybrid process
definitions(similar to the approachusing changeregions). Reichertand Dadam[52] usea similar
approachHowever, semanticalssuessuchaserrorsintroducedoy swappingtasks skippingtasks,or
multiple executionsof ataskarenot consideredVoorhoae andVander Aalst [60, 61] alsopropose
a fixed set of transformationrulesto supportdynamicchange. However, the rules are not given
explicitly atthenetlevel andsemanticalssuesarenot consideredThereadelinterestedn workflow
changeandPetrinetsis alsoreferredto [6] which containssereral papersof the authorsmentioned
above. We alsoreferto the PhDthesisof Keddard41] for amorecompleteoverview of relatedwork
ondynamicchange.

Noneof thework mentionedhbore usesanapproactbasedninheritance Thetransferulesbased
on the four inheritance-presemg transformatiorrules guarantedhe preseration of the soundness
propertyafter a transfer Moreover, semanticalerrorssuchasthe swappingof tasks,the skipping
of tasks,andthe multiple executionof taskscanbe avoided by choosingthe appropriaténheritance
notion,e.g.,projectioninheritanceguaranteethattaskscannotbe skippedby transferringa casefrom
thesuperclasso thesubclass.

5.5 Combining an approachbasedon inheritance with changeregions

The dynamic-changéug illustratedby Figure 1.1 cannotbe solved usingan approachbasedon in-
heritancelf, for example,a casein the parallelprocesqright) needgo be migratedto the sequential
procesqleft), thentheinheritance-preseing transformatiorrulesandothertechniquegpresentedn
this paperarenot of ary assistanceThereis notanacceptablevay to migratea casein state[ py, p4]
to thesequentiaprocessTheonly wayto avoid anomaliess to postpondhetransferof this caseuntil
sendgoodsis executed.Theinheritancenotionscanonly be usedto avoid sucha situation:If change
is limited to the inheritance-presemq transformatiorrules, thenit is alwayspossibleto circumwent
the dynamic-changéug. In Section4, it hasbeenmotivatedthat thereare mary situationswhere
it is reasonabléo limit changeto oneof the four inheritancenotions. However, it is not realisticto
expectthatany changecanberestrictedin thisway. As Figurel.1shaws, therearesituationswhere
it makessensdo changehe degreeof parallelism.Moreover, theremay be othersituationswhereit
malessensdo deliberatelychangeo orderingof tasks.For thesesituations noneof four inheritance
notionsapplies. Therefore we proposean approachcombiningthe the techniguegpresentedn this
paperwith thetechniquepresentedn [10, 23,26, 27].

Supposeahatwe wantto changea workflow procesdalefinitionfrom Ng to N; in sucha way that
not all changesare capturedby our inheritance-presemg transformationrules. The first stepin
the combinedapproachs the identificationof thosechangeghatare capturedoy the transformation
rules. Applying thetransformationyields anintermediatenvorkflow processiefinition N,; asshavn
in this section,all casef Ng canbetransferredo N,. The secondstepin the combinedapproach
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is to identify the remainingchangesas changeregions. Every changeregion is definedby a pair of
workflow procesglefinitions(N3, N) suchthatNg, theold region, is asubnebf N, andNy, thenew
region, is asubnetof N;. For simplicity, let usassumehatthereis only onechangeregion (N5, N7).
For this changeregion, we canusethe techniquegresentedn [10, 23, 26, 27]. For example,if the
degreeof parallelismis increasedn the changeregion, thenwe canapply Theorem8.2 of [26]. This
theoremstateghatit is possibleto migratecasesvhenmaoving to a moreparallelprocesqupsizing),
i.e., thereis anacceptabldéunctionfor migratingcasedrom N5 to Ny. Consideraworkflow process
wherethe changeregion (N3, N7) is describedby Figure 1.1: The left-handside describeghe old
region andthe right-handsidedescribeghe new region. Theorem8.2 stateghatfor ary stateof the
old regionit is possibleto migratethe caseto the new region. Thus,in this example,all casesanbe
transferredrom the original workflow procesdefinition Ny via the intermediatgorocessdefinition
N, to the new procesdefinition N; by combiningthe technique®f this paperandthoseof [26]. As
anotherexample,assumethat the degreeof parallelismis reducedin changeregion (N5, Ny) (i.e.,
downsizing). In this case,Theorem8.1 of [26] canbe applied. This theoremstateshata so-called
SyntheticCut-OverChang (SCOC),which temporarilyaddsboth N5 to Ny to the new workflow
processiefinition,canbe usedto dealwith the problem.ConsideragainFigure1.1. If theright-hand
sidedescribesheold region N5 andtheleft-handsidedescribeshenew region N7, thenboththeold
andthe new region needto be addedtemporarilyto the new workflow procesdefinition. New cases
arehandledaccordingto the newn region andexisting casesare handledaccordingto the old region.
Thus,in this case a completetransferof all casess not possible.

Theabore examplesshav how our approactcanbe combinedwith thetechniqueof [26]. Simi-
larly, we canapply thetechniquegpresentedn [10, 23, 27]. Thescopeof thesetechniquess limited
to thosechangeghatarenot capturedoy theinheritance-basechniquegpresentedn this paper

6 Managementinformation

Thetransferrulesdefinedin the previous sectionareusedto migratecasegrom oneworkflow process
definitionto anotheworkflow processlefinition. If all casesremigratedto themostrecentworkflow
processdefinition, it is easyto provide aggr@ate managemeninformation. For eachplace p, it
is possibleto countthe numberof casesmarking p. By indicating thesenumbersin the WF-net
representinghe mostrecentworkflow procesdefinition, the manageiobtainsa condensediew of
thework-in-progressHowever, in mary situations therearemultiple versionsand/orvariantsof the
sameworkflow processFor evolutionarychangethe numberof versionsis typically limited. In fact,
if all casesaretransferreddirectly after a change thereis just oneactive version. However, if the
proceedpolicy (transfersare postponedintil the caseis handledcompletelyi.e., transferrule ry of
Definition 5.4)is usedor transfersaredelayedtherearemultiple active versions.As indicatedin the
introduction,theremay be variousreasondor usingsuchpolicies(e.qg.,legal constraintstechnical
problems,or manageriatonsiderations)If the averageflow time of caseds long andevolutionary
change®ccurfrequently therecanbedozenof versions. Ad-hocchangemayresultin anevenlarger
numberof variantsof thesameworkflow processin fact,it is possibleto endupin thesituationwhere
the numberof variantsis of the sameorderof magnitudeasthe numberof casesln Section4, it has
beenpointedout thatthe shift from a“Sellers’ Market” to a“Buyers’ Market” leadsto anincreasen
thenumberof productsandserviceffered. Consideffor examplethenumberof variantsof a specific
carmodel(combination®f colors,enginespptions,accessories)rhenumberof variantsmayin fact
exceedthe numberof carsactuallysold. Clearly, the resultof this shift is anincreasingnumberof
variantsof a givenworkflow processMoreover, todays customersxpectflexibility which maylead
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to evenmorenen ad-hocvariants.To managea workflow processwith differentversions/ariants,it
is desirableto have anaggreatedview of thework-in-progressTherefore asindicatedin Sectionl,
it is of theutmostimportanceto supplya managewith toolsto obtaina condensedtiut accurateview
of the statusof the casesn theworkflow processathand.

In this section,we shav that the inheritancenotionsintroducedin this paperfacilitate the con-
structionof aggrgate managemeninformation. First, we introducethe notion of a manajement-
informationnet Seconde definethe notionsof a Maximal/GeatestCommorDivisor (MCD/GCD)
anda Minimal/LeastCommonMultiple (MCM/LCM) of a numberof workflow procesddefinitions.
Third, we discussthe utilization of the four inheritance-preseiwg transformatiorrules of Section
3.2 for constructingaggrgate managemeninformation. Finally, we discussseveral approaches$or
obtainingaggrgyatemanagemerinformationin the variousapplicationareasdentifiedin Sectior4.

6.1 Management-information nets

To provide a managemith succinctinformationaboutwork-in-progressye needonediagramsum-
marizingthe statesof all runningcasesn all versionsand/orvariantsof a workflow processThatis,

thediagramshouldnot shav the stateof individual casesor shouldit shav all the versions/ariants
of aworkflow processithe informationshouldbe at an aggregyatelevel. Every version/ariant of a
workflow processs representedsaworkflow procesglefinition (i.e.,asoundWF-net). Thereforejt

is reasonabl¢o usea workflow procesglefinitionto presentaggrgatemanagemennformation. We
usethetermManagement-Informatiomet (MI-net) to referto a workflow processiefinitionwhichis

usedto visualizework-in-progress.

Definition 6.1. (MI-net) Let Ng, N4, ..., N, 1, wheren is somenaturalnumber be n workflow
procesdefinitionsin W, which areversions/ariantsof the sameworkflow process.n addition,let
N be a workflow processdefinitionin W. Net N is a Management-Informatiomet (MI-net) for
No, Ny, ..., Nh_1 if andonly if thereis a total, valid transferrule for eachversionhariant,i.e., for
eachk, with 0 < k < n, thereis atransferrule r, suchthat Ny BA N, [Nk, [I]) € dom(ry), andry is
valid.

Givenanumberof versionsand/orvariantsof a workflow processandanMi-net with accompaping
transferrules,the statesof every runningcasecanbe mappedonto the MI-net usingthe appropriate
transferrule. Note thatthereis no actualtransferof casespnly informationaboutthe stateof a case
is mappedonto the MI-net. Sincewe wantto collectinformationaboutall casesthetransferrules
in Definition 6.1 arerequiredto betotal. Furthermorebecauseananagemennformationmustbeas
accurateaspossiblejt is requiredthatthe transferulesarevalid.

Note that Definition 6.1 is not very restrictive. In fact, the definition doesnot imposeary re-
strictionson anMI-net otherthantherequirementhatit is a workflow procesglefinition; ary sound
WF-netcansene asan Ml-net. In principle, we canmap casedrom ary setof workflow process
definitionsonto an arbitrary MI-net by usingone of the trivial transferrulesgivenin Definition 5.4
(i.e.,rj orry). Thereforethequality of managemennhformationcanbelow. In generaljt is noteasy
to find ameaningfulMI-net andnon-triial valid transferrules.

Considerfor examplethe threeworkflow processlefinitionsshaovn in Figure6.2. Theseprocess
definitionsare variantsof the sameworkflow process. Thesevariantscan be the resultof ad-hoc
changes.Procesglefinition Ng representsfor example,the normal process.Procesglefinition Ny
yieldsaslightly changedvorkflow wherethe parallelbranchcontainingtaskched1 is added Process
definition N, is anotherad-hocvariantwheretask ched?2 is addedin-betweenhandleand archive
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No i 2 N1 N2 i
register register register
P1 1 P1 P1

hand| hand| handle

P2 3 P2 P2
archive archive archive

0] 5 0

Figure6.2: Threevariantsof aworkflow process.

Note that the threeworkflow processdefinitionscanalso be the result of evolutionary changegin
which casethey arecalledversions).Net Ny is for examplethe oldestprocessdefinition, N; is the
successoof Ny, and N, is the successoof N;. Notethat N, is nota subclas®f N; underary of the
four inheritancerelationsof Definition 3.4. This is not a problemsince,for now, arbitrary changes
are consideredj.e., also changesot respectinghe inheritancerelations. In the remainderof this
section,we only usetheterm*“variant” andnot theterm*“version”whenreferringto anelementof a
setof workflow processiefinitions.However, theconceptarevalid for bothad-hocandevolutionary
changes.

The numbersshavn in Figure 6.2 areusedto indicatethe numberof caseswithin a certainstate
for eachvariant. For example,in variantN,, therearefour casesFor eachof thesecasesregisterhas
beenexecutedandfor noneof thesecasesarchive hasbeenexecuted.Taskhandlehasbeenexecuted
for two of thesecasesand chedkl hasbeenexecutedfor threeof thesecases. Note that, in total,
thereare 23 casedn the threevariantsshavn in Figure6.2: elevenin No, four in N, andeightin
N,. For thesethreesimplevariants thereis norealneedfor aggrgatemanagemenrnformationwith
respectto work-in-progress.However, one canimaginethat, if the numberof variantsincreaseor
the variantsthemselesbecomemorecomple, thereis a needfor aggrgateinformationratherthan
separatestatusreportsfor eachvariant(asis shavn in Figure 6.2). To accommodat¢his need,the
casedhave to be mappedonto an MI-net. Evenfor the threesimplevariantsshavn in Figure 6.2, it
is not clearhow to constructa meaningfulMI-net. Shouldan MI-net be oneof the variants?Should
theMI-net emphasizehe commonpartsasmuchaspossible?Shouldit captureall possibleroutings?
Anothernon-trivial questionis how to obtainmeaningfultransferules.

Figure 6.3 shawvs two MI-netsfor the threeprocessvariantsshavn in Figure6.2. The left-hand-
side MI-net Ngcp emphasizeshe commonpart of the threevariants. Eachof the threevariants
containghe stepsregister, handle andarchive andthesestepsarealwaysexecutedn this order The
right-hand-sideMI-net N_cpv containsall taskspresentn ary of thevariantsin aneffort to captureall
possibleroutings. Note thatthe two MI-nets areaugmentedvith numbersindicatingthe numberof
casesn eachstate.For example,in both MI-nets, placep; is labeledwith 7 = 1 + 2 + 4 indicating
that seven casesn Figure6.2 arein a statebetweenregisterandhandle onein variant Ng, two in
variantN;, andfour in variantN,.

It is interestingto notethat eachof the threeworkflow processdefinitionsshavn in Figure 6.2
is a subclasaunderlife-cycle inheritanceof the left-handMI-net Ngcp; Ng is identicalto Ngcp; N1
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Figure6.3: The GreatesCommonDivisor (GCD) and LeastCommonMultiple (LCM) of thethree
workflow processlefinitionsof Figure6.2.

canbe constructedrom Ngcp by applyingtransformatiorrule PJ3Sof Theorem3.19andN, canbe
constructedrom Ngcp by applyingrule PJSof Theorem3.16. As aresult,we canusethe transfer
rulesrig, I pisg andr 555 of the previous sectionto mapstatesof thethreeworkflow processiefinitions
of Figure6.2 onto Ngcp of Figure6.3. It is not difficult to verify thatoneobtainsthe numberggiven
in Figure6.3whendoingso.

As mentionedthe otherMI-net shavn in Figure 6.3, N_cm, attemptsto captureall possiblebe-
haviors of the threeworkflow procesdefinitionsof Figure6.2 ratherthanfocusingon the common
parts;by hiding chedkl and/orched?2, onecanfind eachof the threevariants. This meanghateach
of the threeworkflow processdefinitionsshavn in Figure 6.2 is a supeclassof N cy: Nicm can
be constructedrom Ny by applyingthe inheritance-preseiwg transformatiorrulesPJSandPJ3S
NLcm canbeconstructedrom N, by applyingPJSandit canbeobtainedrom N, by applyingPJ3S
Consequentlywe canuserp;s of Theoremb.11to mapstatesof N, onto N cy. Furthermorestates
of N, canbe mappeddnto N ¢y usingeitherrpjssc or rpyssp of Theoremb.16. Statesof Ny canbe
mappedonto N cu usingrpjsandeitherrpssc or rpyzsp. Notethat,in Figures6.2 and6.3, thefour
casesn Ny in-betweerregisterandarchive aswell asthe serencasesn N, in-betweerregisterand
archive have beenmappedntoplaceps of N cy usingtransformatiorrulerpssp. As aresult,place
ps of N_cwm is labeledwith 14 = 4 + 3 + 7. (Placep, containsalsoinformationon the threecases
residingin stategnarking p4 in Ny.)

In thecontext of managemerinformation,thereis agoodreasorto usetransferrulerp;ssp instead
of rulerpyssc if bothrulesareapplicable. Technically it is possibleto usea conserative mapping
basedon rpj3sc (i.€., in the above example,twelve casesare mappedonto place ps in Nicyv) or a
progressie mappingbasemnrp;ssp (i.€.,justonecases mappedntoplaceps in N cu). However,
for the purposeof managemeninformation, it is not meaningfulto userp;ssc. The conserative
mappingresultsin a view which is too pessimistic.The casesn Ng and N, in-betweerregisterand
archivedo notrequirethe executionof taskchedkl, whereaghe conserative mappingof thesecases
onto N cm suggestshatthey do. Transformatiorrule rpy3sc doesnot provide an accurateestimate
of work-in-progress. Therefore,we exclude this transformatiorrule for determiningmanagement
information. In the remainderwe only usethe othertransferrulesof the previous section,namely
rprs Ipps FPas TPasse: Fprsc: Tptspr Fps Mpos @Ndrpjsg Notethatit is meaningfulto considerboth
r;Tlsc andr,;TlSP. If analternatve branchpresenin onevariantof a workflow processs notpresent
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in the MI-net thatis beingused,casedor which partof the alternatve branchhasbeenexecutedcan
bemovedto the pointwherethealternatve branchstarts(conserative view) or to the pointwherethe
alternatve branchends(progressie view). The questionof which mappingis mostaccuratedepends
onthecontet.

Theexampleof Figures6.2and6.3illustratesthebasicideaof constructingaggrgatemanagement
information. It shavs thattheinheritanceconceptsntroducedn this papercanbeusefulin obtaining
meaningfulMI-nets and transferrules. Clearly the namesNgcp and N cy of the two MI-netsiin
Figure6.3aresuggestie. In thenext subsectionthe notionsof a Maximal/GeatestCommorDivisor
(MCD/GCD) of a numberof variantsof a workflow processand the notionsof a Minimal/Least
CommonMultiple (MCM/LCM) of a numberof variantsareformalized. In Section6.3, therole of
the inheritance-preseivg transformatiorrules of Section3.2 andthe transferrulesof Section5 is
studiedin moredetail.

6.2 Maximal commondivisors and minimal common multiples of workflow process
definitions

The left-hand-sideWF-net Ngcp shavn in Figure 6.3 is an MI-net which is a superclas®f eachof
the threevariantsshavn in Figure6.2. As explained,the casesresentn the threevariantscanbe
mappedonto Ngcp using respectiely transferrule riy (seeDefinition 5.6), transferrule r;}ss (see
Theoremb.24),andtransferrule r ;5 (seeTheoremb.22). Onecanthink of Ngcp astheintersection
or greatesttommordivisor (GCD) of thethreeprocesslefinitionsshavn in Figure6.2; Ngcp contains
the elementsvhich arepresenin all variants.By coincidenceNgcp equalsoneof the variants(Np).
The right-hand-sideMI-net N_cy shavn in Figure 6.3 doesnot correspondo one of the variants.
One canthink of this MI-net as the union or leastcommonmultiple (LCM) of the threevariants
shawvn in Figure6.2. However, theterms'intersection”and“union” maybe misleading becausehe
straightforvardintersectiorandunionof thenetwork structureof asetof workflow processlefinitions
generallydoesnot yield anMI-net. Therefore we prefertheterms“GCD” and“LCM.” The notions
of aGCDandanLCM aredefinedusingthelife-cycle-inheritane relationof Definition 3.4-4andthe
auxiliary notionsof a Maximal CommonDivisor (MCD) anda Minimal CommonMultiple (MCM).
Recallthat =, as definedin Definition 2.25, denotesbehaioral equivalenceof workflow process

definitions.

Definition 6.4.(MCD/GCD, MCM/LCM) Let Ng, Ny, ..., Nh_1, wheren is somenaturalnumbey
andN beworkflow processefinitionsin W.

1. Net N is aMaximalCommorDivisor (MCD) of Ng, Ny, ..., N, if andonly if

@) (Vk:0<k<n:N¢=<N)and,

(b) for ary workflow processdefinition N’ suchthat(Vk : 0 < k < n: N¢ < N’) and
N’ < N, N = N.

2. Net N is aGreatestCommorDivisor (GCD) of Ng, Ny, ..., Ny_1 if andonly if, it isanMCD
of Ng, N1, ..., Nh_1 suchthat,for all MCDs N’ of Ng, Nq, ..., Np_1, N = N.

3. NetN is aMinimal CommorMultiple (MCM) of Ng, N1, ..., N, if andonly if

(@) (Vk:0=<k<n:N=<;Nyand,

(b) for ary workflow processdefinition N’ suchthat(Vk : 0 < k < n : N’ < Nx) and
N <N, N = N.
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4. Net N is aLeastCommorMultiple (LCM) of Ny, Ny, ..., Ny_1 if andonly if, it isanMCM of
No, Ny, ..., Np_1 suchthat,for all MCMs N’ of Ng, N¢, ..., Np_1, N = N.

Notethatthenotionsof anMCD/GCD andanMCM/LCM aredefinedwith respecto life-cycle inher
itanceandnot with respecto the size of workflow procesdefinitions(wherethe sizeof a workflow
procesdlefinitionis determinedy its numberof tasks).If Nycp is anMCD of two workflow process
definitionsNg and Ny, thenNycp typically containsfewer tasksthan Ng and N1, which conformsto
theintuitive notionof an MCD. On afirst reading,the definitionof an MCD of a numberof process
variantsmight be counterintuitve becaus@anMCD is requiredto be a supeclassof the processsari-
ants.Similarly, if Nycm isanMCM of Ny and Ny, then Nycm typically containsmore tasksthan Ng
andN;. Moreover, althoughit is straightforvardto shav thatary MCM is a subclassinderlife-cycle
inheritanceof any MCD (<. is transitive; seeProperty3.7),anMCM is typically largerthananMCD
in termsof their numbersf tasks.Considerfor examplethe processlefinitionsshavn in Figure6.3.
Accordingto Definition 6.4, Ngcp is anMCD of thethreevariantsshavn in Figure6.2andN,cy is
anMCM of thesethreevariants.Although N cym <ic Neep, NLcm hastwo tasksmorethan Ngcep.
Definition 6.4 raisestwo interestingguestions:

1. Hasary setof workflow procesdefinitionsalwaysatleastoneMCD andatleastoneMCM?
2. Hasary setof workflow procesgiefinitionsalwaysa GCD andanLCM?

In theremainderwe answerthesequestionsWe shav thatthe answetto thefirst questionis affirma-
tive. Unfortunately the answetrto the secondjuestionis negative. Notethat,sofar, we have usedthe
terms“a GCD” and“an LCM” ratherthan“the GCD” and“the LCM.” However, it follows immedi-
atelyfrom Definition 6.4 thatary two GCDsof a setof workflow processiefinitionsareequvalentin
the sensalefinedin Definition 2.25;thatis, a GCD of asetof workflow processlefinitionsis unique
up to branchingbisimilarity. The sameis true for an LCM of a setof workflow processiefinitions.
Thereforejn theremainderwe usetheterms“‘the GCD” and“the LCM.”

Thefollowing propertyis neededo prove thatfor ary setof workflow procesglefinitionsthereis at
leastoneMCD andatleastoneMCM. A setof totally orderedaccordingo thelife-cycle-inheritane
relation<,.) workflow processlefinitionsis calleda chain.

Property 6.5. Let Ng andN; be two workflow procesgefinitionsin W suchthatNy <. N;. There
is no infinite chainN°® <. N* <. ... of different (with respectto =) workflow processlefinitions
NO, N2, ... e W suchthatNg <ic N® <,c N <ic... <c Ni.

Proof. Let N and N’ be two workflow procesglefinitionsin W suchthat N <, N’. Thefollowing
threeobserationsareimportant. First, (N’) € a(N). Secondjf N Z N’, thena(N’) C a(N).
Third, a(N)\a(N’) is finite.

Let N°<,c N1<. .. beaninfinite chainof differentworkflow processlefinitionsN°, N, ... e W
suchthatNg <ic N° <ic N <ic ... <c N;. It follows from thefirst two of theabove obserationsthat
a(Ny) € ... C a(NY) c a(N% < a(Np). Thethird obsenation above statesthata (Ng)\a(Ny) is
finite. However, this yieldsa contradictionwhich provesthe property O

Thefollowing theoremanswerghefirst questiorraisedaborve affirmatively.

Theorem 6.6. (Existenceof an MCD and an MCM) LetNg, Ny, ..., N,_1, wheren is somenatural
numbey ben workflow procesglefinitionsin W. ThereexistsanMCD of Ng, Ny, ..., N,_1 andthere
existsanMCM of Ng, N1, ..., Np_1.
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Proof. Recall Property6.5. It statesthatthereareno infinite chainsin-betweenary two workflow
procesglefinitionsrelatedby <|.. Consequentlyto prove theexistenceof anMCD, it sufficesto shav
thatthereexists a workflow procesdefinitionthatis a superclas®f all variantsNg, Ni, ..., Ny_1.
Similarly, to prove the existenceof an MCM, it suficesto shav that thereis a workflow process
definitionthatis a subclas®f all variants.

Let N, bethe workflow procesdlefinition containingonetasklabeledr, i.e., N, = ({i, o}, {t},
{(, 1), (r,0)}, {(r, 7)}). Clearly N, is asuperclassf any workflow processiefinition. Thus,N; is a
superclassf eachof thevariants which provesthe existenceof anMCD.

Let N; be the netwhich is constructedrom all the variantsNg, N1, ..., N,_1 asfollows. The
sourceplacei of Ny hasn outputtransitionsponefor eachvariant. Eachof thesenew transitionshasa
uniquetasklabelthatdoesnot occurin thealphabet®f ary of thevariants.The sourceplaceof each
variantis givena new identifierandconnectechsan outputplaceto oneof the n new transitions.In
thisway, thenew transitionsactasguardsfor then original variants.Thesink placesof then variants
aresimply fusedtogetheyryielding the sink placeo of N,. Clearly N, is a subclasof eachvariant;
by blockingall new transitionsexceptonewhichis hidden,oneobtainsaworkflow procesglefinition
branchingpbisimilarto oneof thevariants.Thereforewe concludethatalsoanMCM of then variants
exists. O

Theanswetto thefirst questiorphrasediboveis positive: Any setof workflow procesglefinitionshas
anMCD andanMCM. Unfortunatelyasalreadymentionedtheansweito thesecondjuestions ney-
ative. A setof workflow processlefinitionsmayhave two or moredifferentMCDs, which meanghat
it hasno GCD. Similarly, asetof workflow processlefinitionsmayhave two or moredifferentMCMs
and,thus,no LCM. Consideifor examplethetwo procesdefinitionsshavn in Figurel.1. Thereare
at leasttwo MCDs. Both the sequentiaprocesddefinition consistingof task prepae_shipmenttask
sendgoods andtask recod_shipmentand the sequentiabrocessdefinition consistingof task pre-
pare_shipmenttasksendbill, andtaskrecod_shipmenareMCDs of Ny andN;. It is easyto verify
that both workflow procesdlefinitionsare MCDs. Eachof themis a superclas®f both Ny and N,
and,in both casesthereis not a smaller(with respecto <|;) candidate Similarly, the two workflow
procesdefinitionsNg and N; shavn in Figure 1.1 have morethanone MCM. Considerthe process
definition N; mentionedn the proof of Theorem6.6. Thatis, considera workflow processiefinition
consistingof Np and N; andstartingwith two additionalguardtransitions.Eachof the guardtransi-
tionshasauniguelabel,saylg andl,, respectiely. If |y is blockedandl; hiddenthenN; is branching
bisimilar to Ng; if 1, is blocked andlg hidden,then N, is branchingbisimilarto Ng. Therefore,N,
is a subclasof both variants. Thereis no workflow processdefinition which is a subclasof both
variants,a superclassf N,, andnotbranchingbisimilarto N;. Therefore N, isanMCM of Ny and
N;. However, thelabelsly andl, werechosenrarbitrarily, i.e., any pair of labelsnot usedin Ny and
N; will do. Therefore,Ng andN; have asmary MCMs astherearecombinationf labelsnot used
in Ng andNj.

Basedon thetwo variantsshavn in Figure 1.1, we concludethata given setof workflow process
definitionscanhave severalMCDs andMCMs. In theexampleof Figurel.1,thereasoris thatNg and
N, doagreeonthe presencef thetaskssendgoodsandsendbill, whereaghey do notagreeontheir
ordering. However, in mary situations,thereis one unique (modulo branchingbisimilarity) MCD,
whichis thereforethe GCD, andoneuniqueMCM, the LCM. For example,thethreevariantsshavn
in Figure6.2 have a GCD andanLCM, namelythe netsNgcp and N cm of Figure6.3, respectiely.
Thefollowing theoremstatesecessargndsuficientrequirements$or the existenceof aGCD and/or
anLCM.
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Theorem6.7.Let No, Ny, ..., Nh_1, wheren is somenaturalnumber ben workflow processlefini-
tionsin W.
Workflow procesddefinitionN in W is the GCD of Ng, Ny, ..., N,_1 if andonly if

1. Vk:0<k<n:N¢<cN)and,

2. for ary workflow procesglefinitionN’ in W, (Vk: 0 <k < n: Ng < N') impliesN < N'.
Workflow processlefinitionN in W is the LCM of Ng, Ny, ..., Nn_1 if andonly if

1. (Vk:0<k<n:N <N and,

2. for ary workflow procesglefinitionN’ in W, (Vk: 0 <k < n: N’ < Ny) impliesN’ <. N.

Proof. The proofsof thetwo partsof thetheoremarevery similar. Therefore we only prove thefirst
part.

First,assumehatN isthe GCDof Ng, Ny, ..., Ny_1. It follows from Definition 6.4 (MCD,GCD)
that(Vk : 0 < k < n: N¢ < N). Thus, N satisfieghe first requiremenbf Theorem6.7. To prove
thatit alsosatisfieghe secondequirementassumehatthereexistsaworkflow procesdefinition N’
in W suchthat(Vk : 0 < k < n: N¢ < N)andN % N’. It follows from Property6.5 that N’
canbe chosenin sucha way thatit isan MCM of Ng, Ny, ..., Nn_1. However, by Definition 6.4-2
(GCD), thismeanghat N = N’, which contradictghe factthat N <. N’ (<|c is a partialorder;see
Property3.7). Thus,N satisfiesalsothe secondequiremenbf Theorem6.7.

Second|et N beaworkflow procesglefinitionsatisfyingthefirst pair of requirementsf Theorem
6.7. ConsiderDefinition 6.4-1 (MCD). Assumethat N’ is a workflow processdefinition suchthat
Vk:0<k<n:N<cN)andN’ < N. It followsthatN <, N’, which in combinationwith
N’ <ic N impliesthat N’ = N (<. is a partial order; seeProperty3.7). Thus,net N satisfiesthe
requirementsn Definition 6.4-1, which meanghatit is an MCD. Assumethat Ny cp is an arbitrary
MCD of the n variants. It follows from the assumption®n N that N <, Nycp. Consequently
Definition 6.4-1(MCD) yieldsthatN = Nycp, whichmeanghatN satisfiedDefinition 6.4-2(GCD).

|

So far, we have formalizedthe notionsof MCD, GCD, MCM, andLCM. It hasbeenshavn that
MCDs andMCMs alwaysexist, but thatthey arenot necessarilynique.If asetof workflow process
definitionshasa uniqueMCD (MCM), thenthis MCD (MCM) is the GCD (LCM). The reasonfor
studyingthesenotionsis thatthey aresuitableto aggrgate managemeninformation. Thatis, ary
MCD or MCM of a setof workflow processlefinitionsis a suitableMI-net, asdefinedin Definition
6.1, for theseprocesslefinitions.However, in generaljt is not straightforvardto determinean MCD
oranMCM of a setof workflow procesglefinitionsor, whenthey exist, the GCD or the LCM of this
set.In addition,evengivenanMCD, anMCM, theGCD, or theLCM, it is notalwayspossibleto find
meaningfultransferrulesfor mappingcasesn the variousworkflow processefinitionsontosucha
net. However, therearesituationswhereit is quite easyto pinpointthe GCD and/orthe LCM of aset
of workflow procesdefinitions. The remainderof this subsections devotedto explaininga number
of thesesituations.In the next subsectionye returnto thetopic of finding appropriateransferrules.
Considersomenumberof workflow processdefinitionsthat are variantsof a single workflow
process. First, if all the variantsare equivalent (accordingto the behaioral equivalencerelation
=), anarbitrary variantis the GCD aswell asthe LCM. Second|f the variantsform a chain, i.e.,
the variantsaretotally orderedaccordingto the <. relation,thenthe leastelementis the LCM and
the greateselementis the GCD. Third, if onevariantis a superclas®f all the othervariants,then
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this variantis the GCD. Note that the threeworkflow processdefinitionsof Figure 6.2 satisfy this
requirementProcesgslefinition Ny is a superclassf both N; andN,, which meanghatit is the GCD
of thethreevariants. This resultconformsto our earlierclaims. Fourth, if onevariantis a subclass
of all theothervariants thenthis variantis the LCM. Fifth, if two variantshave no tasksin common,
thenthe GCD equalgheemptyworkflow procesglefinition N, asintroducedn the proofof Theorem
6.6. Finally, if the variantshave nothingin common(i.e., with respecto internalplaces transitions,
andlabels)andalwaysstartwith arealtask(i.e.,anon<-labeledtransition),thenthe LCM is simply
theunionof all workflow processlefinitions. Thefollowing propertyformalizesthe above claims.

Property 6.8.Let Ny, N1, ..., Nn_1, wheren is somenaturalnumber ben workflow processlefini-
tionsin W.

1. If Ng = Ny = ... = N1, then,for ary k with 0 < k < n, N is boththe GCD andthe LCM
of Ng, N1, ..., No_1.

If Ng <ic N1 <jc... <ic Nh_1, thenNg istheLCM andN,,_; isthe GCDof Ng, Ny, ..., Ny_1.
If, for allk with 0 < k < n, Nx <c No, thenNg isthe GCDof Ng, Ny, ..., Ny_1.

If, for allk with 0 < k < n, Ng <|c Nk, thenNg isthe LCM of Ng, N1, ..., Np_1.

a A~ W N

If, for somej andk with0 < j < k < n,a(Nj) Na(Ny) = 9, thenN, = ({i, o}, {t}, {(i, 1),
(t,0)}, {(z, 7)}) iIstheGCD of Ng, Ny, ..., Np_1.

6. If, forall j andk with0 < j <k < n,a(Nj) Na(Ny) =9 and(P; UT;) N (P U T) = {i, 0}
and, for all k with 0 < k < n andall transitionst € i N.k, t hasa label differentfrom =, then
N, = U05k<n Ny istheLCM of Ng, N1, ..., No_1.

Proof. Thefirst four propertiedollow immediatelyfrom Theoren6.7.

To prove thefifth property first, obsere that N, is a superclassinderlife-cycle inheritanceof all
n variants. (SeeDefinition 3.4-4 (Life-cycle inheritance)clearly hiding all tasksin a variantyields
aprocesequialentto N,.) Second|et N’ beanarbitrarysuperclassf Ng, N1, ..., N,_1. Consider
two variantsN; andNy, with 0 < j < k < n, suchthata (Nj)Na(Ny) = ¥. SinceN; < N’, it follows
thata(N") € a(N;j); similarly, «(N") € a(Ny). Hencejt follows thata (N) € a(Nj) Na(Ny) = 7,
which meansthata(N’) = @. ConsequentlyN’ = N,, which meansthat N, <, N’. Hence,by
Theorem6.7,we concludethat N, is the GCD of the setof variantsNg throughN, .

To prove thelast property we first shav that N, is a subclasof eachof the variants. Considera
variantNy, for somek with 0 < k < n. Sincefor all j with0 < j < nandj # K, a(Nj)Na(Ny) = 7,
(P, UT)) N (P«U Ty = {i, 0}, andall transitionst € i Y have alabel differentfrom 7, blockingall
transitionsin i hi”\i "“in Nj,, yields a processbranchingbisimilar to Nx. Hence,N; <, Nk, which
meanghatit is a subclas®f all n variants. Secondwe prove thatarny workflow procesgefinition
N’ in W thatis a subclassof all the variantsis alsoa subclasof N,;. Assumethat N’ € W is a
subclassf all variants. Let, for all k with 0 < k < n, Iy and Hy be setsof tasklabelssuchthat
(71, 0 A (N'), [iID ~b (Nk, [i]) (seeDefinition 3.4-4(Life-cycle inheritance))Let | = J,.,_, Ik and
H = Up<kn Hk- Clearly (z; o a4 (N), [i]) ~p (N, [i]), becauseachlabelin H or | appearsn the
alphabebf preciselyoneof then variants.Hence,N’ <. N,. Combiningthe two resultsderived so
far, it follows from Theorem6.7that N, is the LCM of the setof variantsNg throughN; ;. O
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6.3 Inheritance-presewring transformation rules and managementinformation

In Section6.1,the notion of an MI-net hasbeenintroducedasa meango collectaggrgatemanage-
mentinformationon the statusof casesn a numberof variantsof a workflow processlt is essential
that a setof total and valid transferrulesis available to mapinformationof running casesonto an
MI-net. Section6.2 hasintroducedthe notionsof anMCD/GCD andanMCM/LCM of a numberof
workflow procesglefinitions.It hasbeenarguedthatan MCD/GCD andanMCM/LCM areMI-nets
thataregoodcandidategor collectingaggrggatemanagemerinformation. However, it is not always
easyto determinean MCD, anMCM, the GCD, or the LCM. As indicatedin Section6.2,theremay
evenbesituationswherethe GCD or LCM doesnot exist.

Themappingof runningcasesn differentvariantsof theworkflow proces®ntoasuitableMI-netis
crucial. Unfortunatelyit is notalwaysstraightforvardto obtaina usefulsetof transferules. However,
in Sectionb, it hasbeenshavn thatit is alwayspossibleto transfera casefrom oneworkflow process
definitionto anotheoneif thelatteris constructedrom theformerby meansof oneof theinheritance-
preservingransformatiorrulesof Section3.2. Thus,theinheritance-preseiwg transformatiorrules
andaccompawing transferulescanalsobe usedto extractaggrgatemanagemerinformation.

Obselrvation 6.9. Considera setof workflow procesdefinitionsthat are createdrom eachotherby
meanof theinheritance-presemyg transformationulespresentedh Section3.2 (in bothdirections).
For eachpair of elementof this set, the transferrules of Section5 canbe usedto constructa total
valid transferrule which mapscasegrom oneelementof this pair to the otherelement.

Obsenation 6.9 implies that any workflow procesglefinition of a setof procesgdefinitionsthatare
createdfrom eachotherby meansof the inheritance-presemqg transformatiorrules of Section3.2
forms a meaningfulMI-net. Consideragainthe threeworkflow processdefinitionsin Figure 6.2.
Workflow procesgdefinition N; canbe obtainedfrom Ny by meansof inheritance-preseing trans-
formationrule PJ3Sof Theorem3.19,wheread\, canbeobtainedfrom Ny with transformatiorrule
PJSof Theorem3.16. This meanghatall casesn N; and N, canbe mappedonto Ny by meansof
transferrulesr s Theorems.24 andr 55 of Theorem5.22, respectiely. However, it is moreinter
estingto seehow casesanbe mappedonto N; and N,. Assumethat N, is usedasan Ml-net. All
casesn Np canbe mappedonto N; by meansof the rule rpy3sp of Theorem5.16. (Recallthatwe
have explicitly excludedrule rpyssc in the context of aggreatingmanagemeninformation.) Cases
in N, canbe mappedonto N; by meansof the compositetransferrule rpjssp o r;}s Thatis, net Ny
is usedasanintermediateéo mapcasedrom N, onto N;. Similarly, all casesanbe mappedonto N,
by meansof transferrulesrp;sof Theoremb.11andrp;so r;Jlgs

Obsenation 6.9 hasseveral importantconsequencesConsidera setof workflow processdefini-
tions satisfyingthe requiremenin Obsenation 6.9. As alreadymentionedary procesgefinitionin
this setcanbe chosenasan MI-net. The transferrulesof Section5 basedon the four inheritance-
preservingransformatiorrules(i.e., rprs 'pps 'pus Ipasse. Iptsc: Mrrsp: Mhps Tpis @Ndrpssd pro-
vide mappingdor runningcasesn ary of theworkflow processlefinitionsonto statesn the MI-net.
Thesestatesareascloseto the actualstatesof the casesaspossible which is very importantfor the
quality of the managemernihformation. Notethatthe choserMlI-net is notnecessarilan MCD or an
MCM of the setof procesglefinitions(seealsothe examplediscussedbore andillustratedin Fig-
ures6.2and6.3). However, if the setof workflow procesdlefinitionssatisfiesary of the conditions
of Property6.8, thena suitablechoicefor the MI-net yields the GCD or the LCM (see,again,the
exampleillustratedin Figures6.2and6.3).

Figure6.10illustratesa slightly larger example. It shavs four workflow procesdefinitions. The
two procesgiefinitionsNy andN; in the middle aretwo variantsof the complaints-handlingrocess.
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Figure6.10: Two workflow processiefinitionsNy andN; andtwo aggr@ateviews Ngcp and N cum.
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Thesetwo variantshold 38 cases,14 in Ng and24 in N;. The othertwo processdefinitionsare
MI-nets. Net Ngcp (top) is the GCD of Ny and Ny; net N cm (bottom)is the LCM of Ng and Nj.
Net Ngcp canbe obtainedfrom Ny by meansof transformatiorrulesPPSandPTS both appliedin
reversedirection; Ngcp is obtainedfrom N; by meansof rulesPJSand PJ3Sin reversedirection.
Furthermorenet Ng yields N ¢y Via rulesPJSandPJ3S whereas\; yields N, ¢y via rulesPPSand
PTS

Thetransferrulesof Section5 areusedto mapcasef the variantsNg andN; ontothetwo MI-
nets;the compositionof r5sandr oigc (Ot p Wich equalspigc for this example)is usedto map
casef Ny onto Ngcp, the compositionof r . Jls andrp. J13S is usedto mapcasef N; onto Ngcp, the
compositionof rpys andrpyssp is usedto map caseof Ny onto N cu, andthe compositionof rpps
andrprsis usedto mapcasef N; onto N cu.

Considerfor example,placereadyin Ngcp. Thelabel10 = 3+ 7 indicateshattenof the38 cases
arein the statecorrespondindo placeready In No, threecasesarereadyand,in Ny, two casesare
readyi.e., justfive casesareactuallyready However, therearefive casesn the statecorresponding
to informemanin N;. If we abstracfrom taskinform.manajement thesecasesarealsoready This
bringsthetotal to ten casesn statereadyin Ngcp. Notethat,in N, cv, therearejust five casedn a
statecorrespondindo placeready becausdahe LCM distinguishesbetweeninformmanandready
Figure6.10is agoodexampleillustratingthatthe LCM is morecomplex andcontainsmoredetailed
information,whereaghe GCD is moresuccinctandonly containsinformationwhich is relevant for
all variants.Which oneis mostsuitableasan Ml-net depend®n the context.

6.4 Managementinformation in the workflow-managementdomain

To endthis sectionon managemeninformation,let usreturnto Section4. In that section,we have
discussedhe relevanceof inheritancein four domains:ad-hocchangg, evolutionarychange, work-
flow templatesand E-commetge In the remainderwe discussfor eachof thesedomainspossible
approachefor obtainingaggrgatemanagemeninformationusingthe inheritance-presemg trans-
formationrulesandthetransferrulespresentedh this paper

Ad-hoc changetypically resultsin mary slightly differentvariantsof a predefinedvorkflow pro-
cess.Thesevariantsareusuallytheresultof anerror, arareevent,or specialdemand®f a customer
The predefinedworkflow processcanbe seenasa template. If all variantsare constructedy ex-
tendingthe templateworkflow usingtheinheritance-preseivg transformatiorrulesandthetemplate
itself is alsoa variant,thenthe templateworkflow is the GCD of all variants(seeProperty6.8-3). If
thevariantsareconstructedy applyingtheinheritance-preseing transformationrulesin thereverse
directiononly andthe templateitself is alsoa variant,thenthe templateworkflow is the LCM of all
variants(seeProperty6.8-4). If the variantsare constructecby applyingthe inheritance-preseing
transformatiorrulesin both directions,the templateworkflow is not the GCD nor the LCM but it
is still a suitableMI-net for presentingaggrgate managemeninformation. If changeis restricted
accordingto the inheritance-presemyg transformatiorrules,thenthe transferrulesof Section5 can
beusedto obtaintransferrulesfrom the ad-hocvariantsto thetemplateworkflow procesgseeObser
vation6.9).

Evolutionarychangetypically resultsin alimited setof versionsof a workflow process.If every
time a changeoccurs,all casesaretransferredmmediately thereis just oneactve version. Only if
transferarepostponede.g. transferrulery), thereis aneedio aggrgatemanagemerninformation.In
caseof evolutionarychangethemaostrecentversionof aworkflow processs themostlikely candidate
for presentingaggrgate managemeninformation. If all changesare restrictedto the inheritance-
preservingransformatiorrules,it is no problemto mapthe caseontothe mostrecentversionof the
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workflow procesqgObseration 6.9). Note that, if all changesn the pastwere extensiong(i.e., the
transformatiorruleswereonly appliedin the forward direction),thenthe mostrecentversionof the
workflow procesgsiefinitionis the LCM of all variants(seeProperty6.8-2).

When using a workflow templateas the startingpoint for designingworkflows, the templateis
the mostlikely candidatefor projectingaggregate managemeninformation. Again, by restricting
modificationsof thetemplateto the four inheritance-presemqg transformatiorrulespresentedn this
paper all casesanbe mappedontothe workflow templatewithoutarny problems.

For E-commerceit is importantthatbusinesgartnersagreeon somecommonworkflow process
(seeSection4.4). For eachof the businesspartners,it is usefulto have aggrgatedmanagement
informationat the level of the commonworkflow process.n Sectiond.4,it hasbeensuggestedhat
eachof thelocal workflow processeshouldbe a subclas®f (partof) the commonworkflow process
underprojectioninheritance.If local extensionsarerestrictedto transformatiorrulesPPS PJS and
PJ3S thenthetransferrulesr o3 I o andrp s canbe usedto mapcasesontothe commonprocess
definition. Moreover, the commonprocesglefinition is, undercertainrestrictions,the GCD of the
workflow processeperceved by thebusinesgartnerdi.e.,local andglobalview).

7 Tool support

In the precedingsectionswe have shavn that inheritanceconceptscan be usedto tackle mary of
the problemsrelatedto ad-hocchangeand evolutionary changeof workflow processesMoreover,
the conceptcanbe usedto enhancdhe applicationof workflow templatesandmay be beneficialin
the designandenactmentf interoganizationaworkflows (seeSection4.4). Unfortunately todays
workflow managemergystemado not supportworkflow inheritanceasdiscussedn this paper Some
workflow managemengystemshave adoptedobject-orientedconcepts.For example,InConcert[39]
allows for building workflow classhierarchies. However, in theseclasshierarchiesjnheritanceis
restrictedto the static interface (i.e., attributesand/oris-part-ofrelationships). To our knowledge,
thereis not a singleworkflow managemergystemtakingthe dynamicsof the workflow processnto
accountwhendefininginheritanceln this sectionwe briefly discusshow theresultspresentedn this
papercanbe usedto aid existing workflow managemergystems.

In the remainderof this section,first, we describeWoflan which allows for the verification of
soundness(Recallthat soundnesss pivotal to the notionsof inheritance the transformatiorrules,
andthetransferrules.) Then,we discusgool supportfor the inheritancenotionsintroducedin Sec-
tion 3. Woflancanbeusedto checkrelationshipsinderary of thefourinheritanceelationsintroduced
in this section. Finally, we considemwaysto integratechangefacilities, i.e., servicesto supportdy-
namicchangeandto constructaggrgatemanagemerihformation,in existing workflow management
systems.

7.1 Verifying soundness

Throughoutthis paper we consideredvorkflow procesglefinitions. Recallthata workflow process
definitionis a soundWF-net. Thatis, aworkflow procesdefinition determinesiot anarbitrarypro-

cesshut a processwith desirablepropertiessuchaspropercompletion,absencef deadlocketc. (see
Definitions 2.19 (WF-net)and 2.22 (Soundness))Most of todays workflow managemensystems
canonly enactworkflow processetaving theseproperties.However, they do not supportadvanced
techniquedo verify the correctnes®f workflow processdefinitions[2]. At design-time thereare
hardly ary checksto verify whetherthe propertiesstatedin Definitions2.19and 2.22 arefulfilled.
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Violations of thesepropertiestypically resultin seriousrun-time errorssuchas deadlocksor live-
locks. Contemporaryworkflow managemensystemstypically restrictthemselesto a numberof
(trivial) syntacticalchecks. Therefore,seriouserrorssuchas deadlocksand livelocksmay remain
undetected.This meangthat an erroneousvorkflow may go into production,thus causingdramatic
problemsfor the organization. An erroneousvorkflow may leadto extra work, legal problems,an-
gry customersmanageriaproblems,anddepresse@mplo/ees. Therefore,it is importantto verify
the correctnes®f a workflow procesdefinition befoe it becomesperational.If therearefrequent
ad-hocor evolutionary changesthenthe role of verificationbecomesven moreimportant. This is
the reasonthat we developedWoflan (WOrkFLow ANalyzer) [58, 59]. Woflanis a stand-alonever-
ification tool specificallydesignedor workflow analysis. Woflan is productindependenti.e., it is
possibleto analyzeprocessesdesignedvith variousworkflow productsof differentvendors.Woflan
is ableto handlecomplex workflowswith up to hundredof tasks. Woflan providesto-the-pointdi-
agnosticinformationfor repairingthe errorsdetected.Pivotal to Woflanis the notion of soundness
asdefinedin Definition 2.22. In fact, Woflan usesa slightly wealer versionof soundnessvherethe
safenessequirements omitted(cf. [2, 59]). However, Woflanalsoanalyzeghe strongemotionused
in this paper The soundnessotion expresseshe minimal requirementsry workflow shouldsatisfy
andincludespropertiessuchas properterminationandthe absencef deadlockandlivelocks. The
currentversionof Woflancananalyzewvorkflows designedvith thefollowing four workflow products:
COSA, Stafware, METEOR, andProtos. COSA[56] is one of the leadingworkflow management
systemson the Dutch workflow market. COSA usesPetri netsasa modelinglanguageandthusal-
lows for the modelingand enactmenbf complex workflow processesvhich useadwancedrouting
constructsHowever, COSAdoesnotsupportverification. Fortunately Woflancananalyzeary work-
flow procesdlefinition constructedy using CONE (COSA Network Editor), the designtool of the
COSA system. Woflan canalsoimport processdefinitionsmadewith Stafware[7, 57], METEOR
[55], or Protos[48]. Stafwareis oneof the mostwidespreadvorkflow managemergystemsn the
world. METEOR is a workflow managemensystembasedon CORBA and supportstransactional
workflows ([31]). Protosis a Business-Process-Reengging tool which canbe usedto (re)design
anddocumentorkflow processes.

To illustrate the use of Woflan, considerthe WF-netshawvn in Figure 2.21. Figure 7.1 shavs
thisworkflow modeledwith COSAandFigure7.2shavs someof thediagnosticprovided by Woflan
whenanalyzingthisworkflow. Woflanreportsthattheworkflow modeledvith COSAis notsoundand
thattheconnectiorbetweertasksignore_complaintandinform_manayementis the sourceof theerror.
(Notethattheboundednesandsafenespropertyin thediagnosiof Woflanreferto theshort-circuited
workflow net; seeDefinition 2.19 (WF-net)and Theorem2.23 (Characterizatiof soundness).for
moreinformationon Woflan, we referto [59]; the interestedreadercanalsodownloada versionof
Woflanvia the World-Wide-Web [58].

Note thatthe four inheritance-presemg transformatiorrules presentedn Section3.2 appearto
reducethe needfor atool like Woflan: The four rulespresere soundnesstHowever, theinheritance-
preservingtransformatiorrules requireessentialpartsof the functionality implementedn Woflan.
Consideifor examplerequiremen# in Theoren3.12,requirementg and6 in Theorem3.14,require-
ment3 in Theorem3.16,andrequirements}, 6, and7 in Theorem3.19. Theserequirementsieed
to be checledvia algorithmslike thoseimplementedn Woflan. As explainedin the next subsection,
Woflanprovidesanexcellentbasisto incorporatesupportfor inheritance.
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7.2 Supporting inheritance

In Section4, we have shavn sereral applicationareaswvhereit is desirableto limit possiblechanges
by imposinginheritancerelationshipsg.g., the designedwvorkflow processdefinition shouldbe ex-
tendedin sucha way thatthe resultis a subclasof a predefinedvorkflow procesdefinition(e.g.,a
workflow templateor existingworkflow) underlife-cycle inheritance Recallthatwe have definedfour
inheritanceelations:protocol/projectiorinheritanceprotocolinheritanceprojectioninheritanceand
life-cycle inheritance Basically therearetwo waysto supporttheseinheritancerelations.

1. Enumeativeverificationmethod

For ary two workflow procesdlefinitions,it is decidablewhetheroneworkflow processlefi-
nition is a subclasof the otherworkflow procesdefinition underone of the four inheritance
relationsof Definition 3.4. By comparingthe statespacesof two processdefinitions, it is
possibleto decidewhetherthe procesdefinitionsarebranchingbisimilar. Thereforea brute-
forceapproactcanbe usedby systematicallyplockingandhiding tasks,enumeratingll reach-
able statesof the resultingnets,and comparingthe statespaces.Thereare several tools that
can checkbranchingbisimilarity usingenumeratie methods. It is well-known that deciding
whethertwo finite processesre branchingbisimilar canbe donein polynomialtime, where
the size of the problemis definedasthe numberof statesandtransitionsof the two processes
[35]. However, evenaworkflow processwith alimited numberof taskscanhave mary states.
Therefore, therearetwo practicalproblemswhenusing a separateverificationtool basedon
enumeratie methods.First, it is difficult to provide aninterfacebetweerthe workflow editor
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(i.e., theworkflow designtool) andthe verificationtool. The workflow editor hasto construct
the statespaceypically containingthousand®f statesandsendit to the verificationtool. Sec-
ond, it is very difficult to translatethe resultsgeneratedy the verificationtool to diagnostics
understandablby theworkflow designer

N

. Workfloweditor supportinginheritance-peserving transformatiorrules

In Section3.2, we have identifiedfour inheritance-preseing transformatiorrules. Insteadof
usinganenumeratie methodto verify inheritanceelationsafterwards,it is possibleo limit the
changedn theworkflow editorto thefour inheritance-presemg transformatiorrulesidentified
in this paper Note thatthe transformatiorrules correspondo the designconstructaypically
usedwhen constructing/addmg a workflow processdefinition. Using an editor augmented
with theserules hastwo benefits. First, usingthe rulesinsteadof an enumeratie methodis
moreefficient from a computationapoint-of-vien. Secondthe useris forcedto make correct
designswith respectto the selectedinheritancerelation (correctnesdy design). Therefore,
thereis no needto provide diagnosticsto locatethe sourceof an error.  Unfortunately the
editorsof currentworkflow managemensystemsdo not provide facilities to enforcedesign
rulesandthe conditionsfor the transformatiorrules are quite comple to checkby tools not
dedicatedo Petri-netanalysis. Therefore,it will not be easyto extendthe existing workflow
toolswith inheritance-preseing transformatiorrules.

Theidealsituationwould be an editorwhich automaticallychecksinheritancerelationshipor limits
changdo theinheritance-preseing transformationules. At themomentsuchtoolsaremissing.Un-
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fortunately it is alsonot likely thatworkflow managemergystemswill provide sophisticateeditors
supportingheinheritancenotionsin thevery nearfuture. Thereforeijt is usefulto extendWoflanwith
supportfor the inheritancenotionsof this paper Recallthat Woflan canimport processdefinitions
from severalworkflow tools. Thus,Woflan canprovide tool-independensupportfor inheritance.ln
principle, it is possibleto implementboth enumeratie verification of inheritancerelationshipsand
supportfor theinheritance-preseivy transformatiorrulesin Woflan.

The currentversionof Woflanimplementsthe enumeratie approachbasedon the algorithm of
[35]. It cancheckwhetheroneworkflow procesddefinitionis a subclasof anotherworkflow pro-
cesgdefinitionunderary of the four inheritancerelationsof Definition 3.4. For protocolinheritance,
projectioninheritance andprotocol/projectia inheritance this checkis quite efficient, i.e., polyno-
mial in the numberof statesandtransitionsof the two workflow processesln the currentversionof
Woflan, it is moreinvolved to checklife-cycle inheritance.At the moment,Woflan only supportsa
brute-forceapproachwhich (in the worstcase)checksall possiblepartitionsof new tasks(i.e., tasks
presenin oneworkflow procesdlefinition but notin the otherone)into setsof tasksthatneedto be
blocked andthosethat needto be hidden(seeDefinition 3.4-4). A workflow designercanusethe
currentversionof Woflanto verify whetheror not a proposed:hangeof a workflow processs cap-
turedby ary of thefour inheritancerelations.Notethatthis approactonly partly solvesthe problems
relatedto enumeratie verificationmentionedabore. Woflan providestool-independensupport,but
statespacesnaystill becomevery large andit might bedifficult to provide usefuldiagnosticsn case
adesiredsubclasselationshipdoesnot exist.

Thealgorithmson which Woflanis basedcanalsobe usedto verify mostof therequirementgor
the inheritance-presemg transformatiorrules. Thus, it is possibleto extend Woflan with support
for the transformatiorrulesin arelatively straightforvard way. However, in orderto be usefulwith
existing workflow tools, a workflow designermusttranslatea transformationverified by suchan
extendedversion of Woflan to the workflow model usedby the tool. Sucha translationmay be
errorproneif the modelinglanguageof the workflow tool is not closelyrelatedto Petrinets. As an
alternatve, thetransformatiorrulescanalsobe usedasamethodo be emplgredin combinationwith
existing workflow tools. For this purposeijt is usefulto translatethe rulesto the specificmodeling
languageof the workflow tool. This meansthatthe workflow designehasto checkthe appropriate
conditionsbeforemakinga change.If necessaryverificationsupportcould be provided by Woflan
and/ortherulescanbe simplified by furtherrestrictions.Currently sucha methodappeargo bethe
mostpromisingway to enableworkflow designergo benefitfrom the transformatiorrulespresented
in this paperusingcurrenttechnology

7.3 Supporting dynamic change

Most of today’s workflow managemensystemsprovide a versioningmechanismi.e., it is possible
to enactmultiple versionsof the sameworkflow processatthe sametime. However, eachcase(i.e.,
workflow instance)efersto oneversionandit is notpossibleo migratea casefrom oneversionto an-
other In addition,sucha mechanisnis not suitablefor ad-hocchange Someworkflow management
systemssuchas InConcert[39] and Ensembld30] provide supportfor ad-hocchangesi.e., while
executinga caseit is possibleto adaptthe correspondingprocesdefinition; eachcasehasa private
copy of theworkflow procesgefinitionwhich canbe modifiedwithoutary problems.

None of todays commercialworkflow managemensystemssupportdynamicchangej.e., it is
not possibleto transfera casefrom one processdefinition to another Yet, for mary applications
suchdynamicchangesare a necessity In Section5, we presentedseveral transferrules underthe
assumptiorthat changesare limited to the applicationof the inheritance-presenvy transformation
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rules of Section3.2 (both directions). To supportthe transferof casesrom one versionof a pro-
cessto anotherthe workflow enactmenservice([44]) needgo extended.If changeis limited to the
inheritance-preseing transformatiomrules,theimplementatiorof atransferfacility is ratherstraight-
forwardsincethereis no needto postpondransfergi.e., thereis alwaysjust oneactive versionof the
workflow process).Note, hawever, thatthis assumptiorimplies that the workflov managemensys-
tem includessomesupportfor the inheritancerules, as discussedn the previous subsection.The
transferof casecanbe handledby the workflow engine(s)or by a separateservice.If the workflow

engineis extendedwith a transferfacility, thenthe engineis notified every time thereis a new ver

sion of aworkflow process.For eachcasewhich is not active (i.e., no tasksare beingexecuted) the
transferis a simpledatabasepdate:Changahereferenceof thecaseandcreatea new workflow state
(i.e., marking). If ataskis beingexecuted(for a casewhich needsto be transferred)the transferis

delayeduntil completionof the taskor the runningtaskis abortedandrolled backbeforethe caseis

transferred.If a separateserviceis usedto transferthe caseqi.e., a servicenot integratedin the en-
gine),all relevantcasesieedto beblocked(i.e., all instancesvhich needto betransferredarefrozen)
to avoid concurreng problems.

7.4 Providing aggregatemanagementinformation

If therearemultiple versionsor variantsof the sameworkflow processit is desirableto have anag-
gregatedview of thework-in-progressi.e., condensedhanagemerinformationshaving the statuses
of all casesn onediagram(i.e., an MI-net). In Section6, we have shavn thatif changeis limited
to the inheritance-preseing transformatiorrules (appliedin both directions),thenit is possibleto
constructsuchaview. For this purposethefollowing informationis needed:The statesof all cases
involved (includingversion/ariantinformation),the transformatiorrulesusedto move from onever
sion or variantto another andthe MI-net. For a suitably chosenMI-net, the transferrules canbe
calculatedautomaticallyandall casesanbe mappedonto a single diagram. Clearly, todays work-
flow managemergystemslo not provide suchafacility andshav aggr@atemanagemeribformation
atthelevel of versions/ariantsratherthanprocesses(In fact, mary workflow managemengystems
provide hardly ary managemeninformation.) Althoughthe implementatiorof sucha facility is far
from trivial, therearetwo circumstancewhich simplify therealizationof theideaspresentedn Sec-
tion 6. First, the informationneededo distill the managemeninformationcanbe extractedwithout
interferingwith the enactmenservice,becausaeasesarenot actuallytransferred.Secondmuch of
the functionality neededo implementdynamicchange(e.g.,the transferrules) canbe usedfor this
facility.

8 Conclusion

This papertacklestwo notoriousproblemsrelatedto adaptve workflow: (1) supportingdynamic
change and (2) providing managiementinformation at the right aggreation level. The solutionis
basedn anapproactusinginheritance Sincetheinheritancenotionsusedin this paperfocusonthe
dynamicbehaior of processesatherthantheir static structure they are of particularrelevancefor
workflow managementWe have providedfour inheritancerelations(protocol/projectin inheritance,
protocolinheritance projectioninheritance andlife-cycle inheritance) four inheritance-preseiw
transformationrules which can be appliedin two directions(PTS PPS PJS and PJ3S, andten
transferrules(rprs, rpps Ipis Mpaasc: FPasses Fptsc: Tpise: pps Fpos @ndrpgsd. Thetransformation
rules can be usedto restrict changesn workflow processdefinitionsin sucha way that the new
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workflow procesdlefinitioninherits certainpropertiesof the old workflow procesdefinition. Such
restrictionsareusefulwhendealingwith ad-hocworkflow, evolutionarychangeworkflow templates,
andinteroganizationh workflows. Moreover, the transformatiornrules combinedwith the transfer
rules enabledynamicchangeand aggreation of managemeninformation. If processchangesare
restrictedto the transformatiorrules,thenthe typical problemsrelatedto adaptve workflow canbe

avoided. Thetransferruleswhich areusedto transfercasefrom oneworkflow procesgefinitionto

anothercanalsobe usedto generateondenseananagemerinformationshaving anaggrgateview

of thework-in-progressTheinheritancenotionsareinterestingoothfrom atheoreticabnda practical
perspectie. Onthe onehand,theinheritancerelationsleadto interestingconceptsuchasthe GCD

andthe LCM of a setof procesdlefinitions. On the otherhand,they provide concretesolutionsfor

problemsoday’s workflow managemendgystemsarefacedwith.

An interestingtopic for future researclhis the applicationof the inheritancerulesin variousdo-
mains. We alreadymentionedthe applicationof projectioninheritanceto E-commerce. Another
applicationwould be the integration of our inheritanceconceptdanto component-basesbftware ar
chitectures.A future challengeis alsoto dealwith the dynamic-chang@roblemin casethereis no
inheritancerelationshipbetweerthe old andthe new procesglefinition. Onesolutionis to meigethe
approachpresentedn this paperwith thetechniqueof [10, 23, 26, 27] asexplainedin Section5.5.
Sucha combinedapproachidentifieschangeghat are capturedoy our inheritance-preseig trans-
formationrulesaswell asregionswith changeghatarenot capturedoy theserules. Changesnside
theseregionsare handledusingthe techniquegpresentedn [10, 23, 26, 27]. A final challengeis to
furtherdeveloptool supportfor theinheritancenotionsof this paper As explainedin Section7.2,our
tool Woflanprovidesa goodstartingpoint. The ultimategoalis to integratetheinheritancenotionsin
anindustrialworkflow managemengystemthat supportsdynamicchangeaswell asthe aggrgation
of managemerninformation.
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