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Abstract. We presenta novel transformatiormethodthatallows usto mapun-
structuredcyclic businessprocessmodelsto functionally equivalent workflow
specificationghatsupportstructureccyclesonly. Our solutionis basednacon-
tinuation semanticswhich we developedfor the graphicalrepresentatiornf a
processmodel. By using a rule-basedransformationrmethodoriginally devel-
opedin compilertheory we canuntanglethe unstructuredlow while solvinga
setof abstractontinuationequationsThe generateavorkflow codecanbe opti-
mizedby controllingtheorderin which thetransformatiorrulesareapplied.
We then presentan implementationof the transformationmethodthat directly
manipulatesan object-orientednodel of the BusinessProcessExecutionLan-
guagefor Web ServicesBPEL4WS.The implementatiormapsabstractcontin-
uationequationgo the BPEL4WScontrol-flov graph.The transformatiorrules
manipulatethe links in the graphsuchthatall cyclesareremoved andreplaced
by equivalentstructuredactivities. A byproductof this work is that, if a contin-
uationsemanticss adoptedor BPEL4WS,its restrictionto agyclic links canbe
dropped.

1 Intr oduction

Unstructureccyclesin businesgprocessnodelingusually causehot debatesDo busi-
nessconsultantsand customergeally needto expresscyclic businesgprocesslows?
Whatdothey try to expressandspecifywith thesecycles?isn't it the casethatdifferent
peopleinterpretthesecyclesdifferentlyandthatthisis notgood?Isn’'t agoodbusiness
consultantableto resole theseproblemswhenreviewing the procesanodelwith the
customerlndmapit to aprocessnodelthathascontrolled well-structurectyclesonly?

We do not know the bestanswerto all thesequestionsandwe caneasilyimagine
thatdifferentneedsandpointsof view mayleadto very differentanswersRather we
areinterestedn thetechnicalproblemsbehindthediscussion:

— Is therea formal semanticdor graphicallyrepresentedusinessprocessmodels
containingunstructurectycles,which facilitatestheir transformatiorinto a struc-
turedrepresentation?

— Given a businessprocessmodel containingunstructurecdcycles, canit be trans-
formed into an equivalent specificationin the BusinessProcessExecutionLan-
guagefor Web Servicef BPEL4WS)[1] thatsupportonly structuredcycles?



An answerto thesequestionds importantfor our work, wherewe investigatethe
suitability of graphicalbusinesgprocesanodelsasa meansfor requiremenspecifica-
tion anddevelopmethodghatallow usto automaticallygeneratexecutablevorkflow
codefrom suchmodels.On the onehand,we areinterestedn modelsthatallow users
to expresdusinessequirementsvithoutbeingconstrainedy thelimitationsof IT sys-
tems.Ontheotherhand,we needautomaticalgorithmsthatcantransformsuchmodels
into performantcodetailoredto a specificl T platform.

In thispaperwe describeamethodthatwe developedo synthesiz88PEL4W Scode
from businesgprocesanodelscontainingunstructureatycles.Section2 introducesan
exampleof anelectronicpurchasingorocesshat containsunstructurecycles.A con-
tinuationsemanticss proposedo capturetheintendedmeaningof thecycles.Section3
presentsinefficientrule-basedransformatiomethodoriginatingfrom compilertheory
thattakesamodelwith unstructureatyclesandtransformst into afunctionallyequiva-
lentmodelwith structureccyclesonly. Sectiond discusseshe possibilitiesto optimize
the generatedavorkflow codeby controllingthe applicationorderof the transformation
rules.In Section5, we discusshow this transformationrmethodcan be implemented
asanupdatetransformatiorthatmanipulatesninitially invalid BPELAWSmodel.We
concludein Section6 with a summaryandoutlook on futurework.

2 Unstructured Cyclic Flows

We startwith the graphicalrepresentationf a businesgprocesamodelthat describes
the possibleflow of actwities by adoptinga UML Activity Diagram-like notation[2].
The choiceof the representatiodanguagedoesnot matteraslong aswe canassign
the semanticdo its graphicalelementsthat we introducebelow. Figure 1 shows the
exampleof an electronicpurchasingousinesgprocesswhich we will usethroughout
this paper The processdescribeshow a userbuys productsvia an online purchasing
systenmt

skip configuration cancel

(8) (€)
configure place <
product into Cart

\ back to (B ’
back to (B!

back to (A

(A)
select
product

(D)
submit

Fig. 1. Purchasindhusinesgprocesshaving unstructureaycles.

! Therole of theboxedvariableswhich arevertically alignedwith selectechodesin theprocess
model,will becomeclearin thenext section.



Oncetheprocessasstartedactivity (A) selectproductis executed After theselect
productactiity hasbeencompletedthe procesdranchesThe usercaneitherdecide
to configuretheproductexecutingactiity (B) configue productor to placetheproduct
directly into theshoppingcartusingactivity (C) placeinto Cart. Notethatwe consider
a nonconcurrenprocessmodelin which the branchingis exhaustiveanddisjoint, i.e.
aftereachdecisionexactly oneof thepossiblebranchess selectedAfter theseactiities
have beencompletedtheusersubmitstheorderby executingactiity (D) submitorder.
This sequencef activities describeghe “normal” purchasingprocessFor a successful
implementationhowever, this procesanustallow the userto navigatefreely between
thevariousactvities. For example,aftera productis placedinto the cart,the usermay
wantto revisit its configuratiorandperhapshangdt. Furthermorea usermaywantto
selectseveral productsbeforesubmittingan order After an orderhasbeensubmitted,
theusermayalsowantto revisit the configurationof the orderedproductand/orchange
thesetof selectegroductsFinally, ausermaywantto delayor cancekheplacemenbf
anorderandleave theprocessvithout executingthe submitorder actiity. Thisfreedom
in the processexecutionis describedy the variousbacklinks from decisionsE andF
to oneof the possibleactivities A or B.

The exampleillustratesthat arbitrary unstructurectycles may easily occurin the
graphicarepresentationf businesprocessedJnstructuedcyclesarecharacterizetly
more thanoneentryor exit point. Consideithe exampleabove andthe cycle containing
A, B, C,andD. Thiscycle canbeenteredn A by comingfrom Start E, or F. It canalso
beenteredn B by comingfrom E or F, andleft via F andE. Thesemultiple entryand
exit pointsarethe characteristideaturesof unstructuredsometimesalso calledwild
or arbitrarily nested)cycles.In contrastto unstructurectycles,a structuied cycle has
exactly oneentry and oneexit point. On the one hand,unstructuredycleshave even
beenidentifiedasa patternthatfrequentlyoccursin a businesrocesanodel[3]. On
theotherhand,they areoftenthe sourceof semantiqroblemg4], which explainswhy
commerciaWworkflow systemsusuallyonly implementstructureccycles.

2.1 Continuation Semanticsfor Unstructur ed Graphical Flows

In orderto transforma businesgprocesanodelwith unstructuredyclesinto workflow
code which supportsstructurectycleswith uniquelydefinedentryandexit pointsonly,
we assigna continuationsemanticgo the graphicalmodel.Continuationsemanticss
a specialform of a denotationakemanticdor programswith jumps.It hasits origins
in the Theoryof Computationwhereit hasbeendiscussedxtensiely in the context
of functionalandimperative languageg5]. A continuationdescribesthe restof the
programthathasyetto beevaluated”.

Thekey to achieving suc a semanticds to male the meaningof every com-
manda functionwhoseresultis the final resultof the entire program, and to
provideanextra argumento thecommandneaningcalleda continuationthat
is a functionfrom statesto final resultsdescribingthe behaviorof the “r estof
the program” that will occurif the commandrelinquishescontrol. [6], page
116.



The continuationsemanticgartitionsthe graphicalflow into the past,presentandfu-

tureandallows usto describethe intendedexecutionof a processnodel.For example,
giventheactiity A, we considerA the presenttateof the processStartasits pastand
B or C asits future. We developeda methodthat assighsa continuationsemanticgo

graphicalmodelsdescribingsequentiaflows. First, we assigncontinuatiorvariablego

the StartandEnd nodesaswell asto all othernodesjn which sequentiaflows branch
or merge,i.e., eachactvity or decisionnodein the flow thathasmorethanoneincom-
ing or outgoinglink is assigneda continuationvariable. The resultingassignments

shavn in Figure 1, which vertically alignsthe boxed continuationvariableswith their
correspondingnodesin theflow model.

Secondwe have developeda methodthat allows usto extract continuationequa-
tions from the graphicalprocessnodel.On the left-handside of the equationsymbol,
we put the continuationvariablethat we considerthe presentOn the right-handside
of the equationwe describethe possiblecontinuationghat canfollow this variable.A
continuationcan either be anothervariableor it canbe an actvity, which we denote
by invoke A, invole B, etc. A linear continuationcanbe describedusingthe sequence
operator;”. A branchingof the continuationis describedusing a conditional state-
mentif (conditior) thenx. Eachlink leaving a decisionnodein the processmodelis
mappedo a branching.The (condition) canbe derived from the processmodelif its
graphicalrepresentatiofis annotatedy branchingconditionsfor the decisionnodes.
We introducefreshBooleanvariableso capturetheseconditions but abstracfrom ary
concretevaluein thefollowing. For example the conditionthatdrivesthe continuation
from processstepA to processstepB is denotedby the variableAB, the conditionto
continuefrom A to C is denotedoy AC. Onceacontinuatiorvariablehasbeenaddedo
eachbranchat the right-handside of anequation this equationis completeanda new
equationbegins. For the exampleunderconsiderationwe obtainthe following eight
equations.

(1) =z =Start;zs; (6) ze =if CDtheninvokeD; z7
(2) x2 =invokeA; x3; endif;
(3) z3 =if AB thenzy; if CEndthenzs;
if ACthenzs; if CAthenzs;
(4) x4 =invokeB; x5 if CBthenzy;
(5) x5 =invokeC;zs (7) 7 =if DB thenzy;
if DA thenzs;
if DEndthenzs;
(8) zg = End;

The orderingof the conditionalstatementi the equationsds arbitrary becausave
considemonconcurrenbusinesprocessnodelswith exhaustie anddisjointbranching
thatdo not needto specifyanexplicit orderingin whichthebranchesretried.

3 Transformation Method

We arenaow in the positionto answerour secondjuestion:cana graphicalmodelcon-
tainingunstructuredyclesbemappednto anequialentprogrampermittingstructured



cyclesonly? The answerwas given almostforty yearsago[7]: ary concurrentor se-
guentialflow diagramcanbetranslatednto afunctionallyequivalentprogramcontain-
ing a singlewhile-loopandnew conditionalstatementsdUnfortunately the proofin [7]
is nonconstructie,i.e.,it doesnotgive usamethodof computationSoonafterthisfun-
damentakesult,the problemof transformingunstructuredoopsinto a well-structured
form becameknown asthe GOTO-eliminationproblemin compilertheory Severalal-
gorithmicsolutions which permitanarbitrarynumberof well-structuredoopsbut also
focuson the optimizationof the transformedcode[8—10], have beendevelopedbased
on the famousT1-T2 transformationg11]. We describethe applicationof thesetech-
niguesto the problemof business-to-ITmodeltransformatiorin moredetailin the next
section.

3.1 Solvingthe Systemof Equations

Ourtransformatiommethods basednthetransformationulespresenteéh [8]. Whereas
Ammaiguellat presentsher transformationrules using a Lisp-like notation,we have
developeda representatiorbasedon the abstractmathematicakquationsintroduced
above, from which implementationdor very differentmodel representationsan be
easilyderived. A derived implementationwhich works on an object-orientednodel
of the BusinessProcesExecutionLanguageor Web serviceq1] is discussedn the
secondpartof this paper The soundnessf the rulesfollows from the obsenationthat
eachof thempresenresthe possiblecontinuationsn the encodedlow model.

Substitution: This rule reduceghe numberof variablesandtherebyalsothe number
of equationsGiventhe occurrenceof a variableon theright-handside of anequation,
it replaceghis variablewith its definingequation.

zo = involke A; ; zo = invoke A;
. — ;
= invoke B; invoke B;

Factorization: Thisruleis appliedto a continuationequationthatcontainsseveraldis-
joint andexhaustve brancheswhich all leadto the samecontinuatiornz. The multiple
occurrence®f z arereplacedby a single occurrenceof z at the end of the equation,
whichis guardedy a new Booleanconditionassembledrom thegoverningconditions
of thevariousbrancheskFreshvariableshaveto beusedto capturethe“state” of govern-
ing conditionsin thecasethatdifferentexecutionsof theflow canmodify theirvaluein
differentways,cf. [12] for moredetails.In the following, we will omit thesevariables
in orderto keepthe exampletransformationsnoreeasilyreadable.

Ty = ?nvoIeA;_ o = involke A;
if ¢ theninvoke B; if ¢then involeB;
elseif d then ; - pred:=cV (mcAd) ;

endif; if pred then ;

Derecursivation: This rule eliminatescycles. It is appliedto equationghat mention
thesamecontinuatiorvariablez attheirleft-handandright-handsides.Theoccurrence



of z in theright-handsideis eliminatedby a repeat-whilestatementangingfrom the
beginning of theright-handsideuntil 2z occurs.The terminationconditionfor the loop
is obtainedfrom the conditionson the executionpath that leadsto the continuation
variable.This rule canbe appliedif no othercontinuationvariablesoccurbetweerthe
equatiorsignandtherecursve continuatiorvariable Otherwisethe continuation$ave
to bereorderedirst usinga variantof theif-distribution rule below.

= invoke A; To = reir?\/e(;iI:sA-
)

. —
if ¢ then[z | while ¢;
b)

If-Distrib ution: This rule rewrites nestedbranchingcontinuationsnto a sequencef
brancheghat canbe arbitrarily ordered.This rule may occurin mary differentforms.
A variantusedin this paperis shavn below:

zo = if [ cl[then z; .
elseif [c2]then zy; — ™ = it [2cl A c2]then a;

endif if c1thenxy;

Theserulesare maintainedand organizedby a transformatiorenginethat operatesn
thefollowing steps:

1. Selectarulethatis applicableto anequation;
2. Apply therule andcomputethe modifiedsetof equations;
3. Gotostepl until only asingleequationremainsn the set.

3.2 Solvingthe Example

In thefollowing, we describenow the exampleequationsaresolved. Theorderin which
the rules are selectedfor applicationdeterminesthe quality of the generatedvork-
flow code.For our purposesyve developedvariousapplicationordersthat enableour
transformatiorengineto producecodeof differentquality. We discussur optimization
heuristican Section4.

Pass1: Only the substitutionrule is applicable.The derecursiationrule is not appli-
cable,becauseno equationcontainsthe samevariableon both sides.The factorization
rule is not applicable becauseno equationcontainsmultiple occurrence®f the same
continuationvariableon the right-handside. The transformatiorenginedecideso ap-
ply the substitutionrule to variablezs in Equation(2), thento variablezg in Equation
(5), andfinally to variablex in the (transformedEquation(5).

(1) =1 =Start;xs; (5) a5 =invokeC;

(2) z2=invokeA; if CD theninvoke D;
if AB thenzy; if DB thenzq,
if AC thenzs; if DA thenzs;

(4) x4=invokeB; x5 i if DEndthenzs;
() o8 =End; if CEndthenas;
if CA thenzo;

if CBthenzy;



Pass2: Thetransformatiorengineworkson the complex Equation(5) by applyingthe
factorizationrule to the continuationvariablesz-, x4, zg, which eachoccurtwice on
theright-handsideof this equation.Then,the variablezs is eliminatedby substituting
Equation(8).

(5) x5 =invokeC;
if CD theninvoke D;
if CAV (CD A DA) thenz;
if CBV (CD A DB) thenzy;
if CEndV (CD A DEnd)thenEnd;

Pass3: Thevariablez, is substitutedn Equationg2) and(5). Then, multiple occur
rencesof x5 in Equation(2) areeliminatedby applyingthefactorizatiorrule again.

(2) =2 =invoke A, (5) x5 =invokeC;
if AB theninvoke B; if CD theninvoke D;
if AB v AC thenzs; if CAV (CD A DA) thenzs;

if CB V (CD A DB) theninvoke B; z5
if CEndV (CD A DEnd)thenEnd;

Pass4: Thetransformatiorengineeliminatesherecursionn Equation(5). Variablez»
occursinsidethe continuationthat the repeat-whildoop will spavn, i.e., z» hasto be
movedusingif-distribution prior to creatingthe loop suchthatit succeeds:.

(5) x5 =repeat
invoke C;
if CD theninvoke D;
if CBV (CD A DB) theninvoke B;
while CB V (CD A DB);
if CA Vv (CD A DA) thenzs;
if CEndvV (CD A DEnd)thenEnd;

Pass5: Variablex s is substitutedn Equation(2).

(2) 2 =invoke A,
if AB theninvoke B;
if AB v ACthen
repeat
invoke C;
if CD theninvoke D;
if CB Vv (CD A DB) theninvoke B;
while CB V (CD A DB);
if CAV (CD A DA) thenzs;
if CEndV (CD A DEnd)thenEnd;
endif;

Pass6: Thetransformedequation(2) is recursve. Variablex, occursinsidethe condi-
tionalbranchgovernedby AB v AC, whichwould beincorrectlyinterruptedf derecur
sivationwereappliedimmediately Thereforef-distributionis appliedfirst to rearrange
thebranchingcontinuationsThetransformedEquation(2) is insertednto Equation(1)



to replacethe last remainingoccurrenceof z». Theselast transformatiorstepssolve
the equationalsystem.Only a single equationdefining the variablez is left, which
containsno othercontinuationvariableson its right-handside.

(1) 1 = Start;
repeat
invoke A;
if AB theninvoke B;
if AB v AC then
repeat
invoke C;
if CD theninvokeD;
if CBV (CD A DB) theninvoke B;
while CB Vv (CD A DB);
endif;
while (AB vV AC) A (CAV (CD A DA));
if (AB vV AC) A (CEndV (CD A DEnd))thenEnd;

Any appliedtransformatiorrule preseresthe possiblecontinuationf the process
model. The flows describedby the businesprocesamodelandthe flow describedoy
the remainingequation(or ary intermediatgform of the equationset)arefunctionally
equialent,i.e., wheninvoked on the sameinput, both flows will produceexactly the
sameoutput.

4 Optimizing the GeneratedWorkflow

We have developedwo techniqueso furthersimplify andoptimizethegeneratedvork-
flow code,which we describen thefollowing:

1. Theresultingnormalizedorocessnodel,in particularthegoverningconditionscan
be simplified by exploiting the factthatthe branchings disjointandexhaustie.

2. Thetransformatiorenginecaninfluencevariousstructuralpropertieof thegener
atedcodeby applyingthetransformationrulesin a specificorder

4.1 Simplifying the Normalized ProcesdModel

Several of the governingtransitionsin the solved equationform a tautology because
they describeall possiblepathsto reacha particularcontinuation Activity C hasto be
executedn ary possibleaxecutionpath.It will eitherfollow activity A directly or it will
follow actwity B, butit cannotbe skipped.This meanshat( AB v AC) is atautology
becausehetransitionsto B or C aretheonly onespossiblefrom A. Thus,thecondition
thatgovernstheinnerloopis unnecessaryromB, only a single,unguardedransition
to Cis possible Thesameargumentatiorappliesto (CEndv (CD A DEnd)). It follows
thatthe conditiongoverningthe reachabilityof Endcanbe skipped.

Furthermorethe StartandEndactiities canberemovedfrom theequationatepre-
sentationbecaus¢hey donotdescribéusiness-releantdatamanipulationsin theflow



model,thesenodesndicatewherethebusinesgprocesstartsandends.They determine
theinitial entrancento the flow andhow the continuationequationsaresystematically
built from the graphicalmodel. Thevariableassignedo the startnodealsodetermines
which continuationvariableis left after the equationalsystemhasbeensolved. The
resultof thesesimplificationstepss:

1 = repeat
invoke A;
if AB theninvoke B;
repeat
invoke C;
if CD theninvoke D;
if CBV (CD A DB) theninvoke B;
whileCBV (CD A DB);
while CA v (CD A DA);

We obsenre that this equationcontainstwo properly nestedoops. The inner loop
captureghe forward andbackwardflow betweerthe actvities B, C, andD. The outer
loop captureghebackwardflow to actiity A from eitherC or D.

4.2 Controlling Rule Application Order

The secondopportunityfor optimizing the generatedtodelies in computingthe “cor-

rect” orderfor the applicationof rulesby thetransformatiorengine We notethateach
transformationule guaranteethatthetransformatiomwill terminate but therule appli-

cationis not confluenti.e., differentapplicationordersproducesyntacticallydifferent
transformatiorresults.The methodin [8] usesatopologicalsortingof thenodesin the
control-flow graphto determinehe orderin which variablesshouldbe eliminatedfrom

the equationsWe found this methodto be insufficient for our purposesinstead,we

developeda controlschemeahatkeepsinformationabouthow oftenvariablesoccuron

the right-handside of the equations\We also addedrule priorities. Factorizationhas
a higherpriority thanderecursiation. Derecursiationis only applieddirectly prior to

a substitutionstepor asa last stepof the transformatiorif the remainingequationis

recursve. If-distribution is only appliedif required,which happensn two situations:
First, to move ary continuationof the flow towardsthe endactiity to the very endof

anequation.Secondto move continuationvariablesoutsidethe scopeof applicability
of the derecursiationrule. To explain how the rule applicationorderis controlled,let
usrevisit theexample.

In the first pass,only the substitutionrule was applicable.The following occur
rencesof continuationvariableson the right-handside of the equationsare counted:
To = 3,23 = 1,24 = 3,25 = 2,26 = 1,27y = 1, andzg = 2. We notethatthe
variableszs, zs, z7 occuronly once.Whenever suchsingle-occurrenceariablesexist,
the transformatiorenginewill apply the substitutionrule to eliminatethemfrom the
equatiorset.In thesecondpassthefactorizatiorrule wasapplicable pecausehe vari-
ablesz,, 4, andxg occuredtwice in the sameright-handside of an equation.Owing
to its higherpriority, this rule wasapplied. Thenthe substitutionrule was considered



again,controlledby theoccurrencef thecontinuatiorvariableszy, = 2,24 = 2,25 =
2,zg = 1. Only thevariablezg occursa singletime andthusthe substitutionrule was
appliedto it.

For the third pass,all remainingcontinuationvariablesoccur exactly two times.
Only thesubstitutiorruleis applicable Thetransformatiorenginehasnouniquechoice
to continue.This phenomenomeflectsthe factthatthe flow graphencodedn the busi-
nesgrocessnodelis non-reducible whichis awidely studiedohenomenoin compiler
theory[13]. Using the transformatiorrulesfrom [8], codeduplicationis unavoidable,
e.g.,variablex, is substitutedn Equations(2) and (5) in Pass3. In contrastto pro-
gramminglanguagesnon-reducibilityof the underlyingflow graphseemso be quite
commonfor businesgprocessnodels.To avoid codeduplicationfor suchnon-reducible
flows,we havedevelopedanalternatve codegenerationmethodthatsynthesizeastate-
machineencodedn BPEL4WS cf. [12].

Thetransformatiorengineselectghe variablethatoccursthe minimum numberof
times.If no suchchoiceexists (asis the casein our example),it selectsthe variable
that hasthe smallestright-handsidein its equation.Smallcanbe definedin different
ways dependingon the goal of the codeoptimization.It canbe the numberof invoke
statementghe numberof conditionstestedor any otheruserdefinedcriterionor com-
binationthereof.In our case we try to minimize the numberof invoke statement$ol-
lowed by the numberof testedconditions,becausave want to minimize the number
of Web serviceinvocationsgeneratedor the workflow code,andwe wantto keepthe
branchingogic assimpleaspossible Consequentlythe transformatiorengineselects
variablez, in the third pass.Eliminating 24 transformsEquation(5) into a recursve
equationandthus,in Passb, thederecursiationrule is applied.It requiresapplyingthe
if-distribution rule first, becausenothercontinuationvariableoccursin the scopefor
applyingthis rule. In Pass5, the only variablesleft are z» (which occurstwice) and
x5 (whichoccursonce).Consequentlyz; is substitutedirst. In Pass6, derecursiation
precededy if-distributionis appliedbecausef the higherrule priority. Finally, in Pass
7, alastapplicationof the substitutionrule is possible.

4.3 Mapping to BPELAWS

The single equationcomputedby the transformationenginecontainsonly two well-

structuredcyclesin the form of repeat-whilestatementaswell asa few conditional
brancheslt canbedirectly mappedo an XML representatioof the standardizedan-

guageBPEL4WS.Eachinvocationof anactiity is mappedo theinvocationof a Web
service.A repeat-whildloop is mappedto a while-do loop combinedwith an assign-
ment:

<sequence>
<assi gn newcondition := true />
<whi l e newcondition>
<assi gn newcondition := condition/>
</ whi | e>

</ sequence>

A conditionalstatemenis mappedo a<swi t ch>:



<swi t ch>
<case condi tion = guard-expression/>
</ swi tch>

We showv an abstractspecificationin simplified BPEL4WSsyntaxthatdefinesthe
control-flow for the workflow, but omits all detailsthat relateto partners,messages,
andWeb servicesaswell asfreshvariablesthat may have beenintroducedduring the
transformatiorto capturethe valuesof guardconditions.

<process>
<sequence>
<assign condl: = "true'/>
<whi | e condl>
<sequence>
<i nvoke A/ >
<swi t ch>
<case condition = 'AB >
<i nvoke B>
</ case>
</ switch>
<assign cond2 := 'true' />
<whi | e cond2>
<sequence>
<i nvoke C >
<swi t ch>
<case condition = 'CD >
<i nvoke D/ >
</ case>
</ switch>
<swi t ch>
<case cond = '(CD & DB) or CB />
<i nvoke B>
</ case>
</swi tch>
<assign cond2 := ' ((CD & DB) or CB)'/>
</ sequence>
<whi | e/ >
</ sequence>
</ whi | e>
<assign condl := "' (((CD & DA) or CA) & (AB or AQ))’'/>
</ sequence>
</ process>

The XML representatiocanalsobe graphicallydisplayedby mappingit, for ex-
ample,to the UML Profilefor BPEL [14], whichis sketchedn Figure2.
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Fig. 2. ResultingBPEL4WSdiagram.

5 Working Directly on a BPEL4AWS Model

Basedon the abstractescriptionof the transformatiorrules,very differentimplemen-
tationscanbe imagined.First, one canrefactorthe graphicalbusinesgprocesanodel,
e.g.,by replacingcyclic links with appropriatdoop nodesn UML 2. The advantageof
thisapproachs thatdifferent,but equivalentviews onthe processnodelcanbeoffered
to the modelerandthata view of the processnodelis available,which is structurally
verysimilarto thegenerated¢ode.Thedisadwantagdiesin theneedto addmary addi-
tional variantsto thefour basictransformationulesthatdealwith thevariousgraphical
modeling elements.Second,one can map an unstructurecdcyclic flow directly to an
executablespecificationn someworkflow languagewhich supportsunstructurecty-
clesor refactortheworkflow specificatioruntil it containsonly structurectycles.In the
following, we discussaanimplementatiorthatmapsanunstructureayclic businessro-
cessmodeldirectly into BPEL4AWS.The processnodelcanalsocontainconcurreng,
which maybeintroducedby fork or join actiitiesin UML 2, for example.

Figure3 givesamorecompleteoverview of the BPEL4AWSlanguagen theform of
anobject-orientednodel,which we have developed We adoptthe view of amodelas
a containmentierarchy startingwith oneroot object,whereeachnodemay have ary
numberof propertysettingsin the form of name-aluepairs.A propertyvalueis either
a simpledatavalueor a referenceto anotherobjectin the samemodel.A corvenient
way to represensuchmodelsis the UML classdiagram[2]. Objectsarerepresented



asclassespropertiesarerepresenteadsattributes,andreferenceso otherobjectsthat
expressnon-simplevaluescanbe expressedvith the help of associations.
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Fig. 3. Classdiagramfor the BPEL4WSlanguage.

Somedetailsof the BPEL4WS languagehave beenomitted from this classdia-
gram:We have not furtherrefinedthe definitionsof the typesusedfor the FromandTo
attributes,which we simply calledFromSpe@ndToSpec Similarly, thetypesNcname
QnameBooleanExpessionDurationExpessionandDeadlineExpressiorremainun-
defined We do not (yet) careaboutthevisibility of associationsyhichis simply setto
private. Furthermorewe do not make explicit whethercertainassociationsreaggre-
gationsor compositionsSomeattributesmay not occurtogether For example,the for
anduntil attributesof a Wait activity occurexclusively. We have againabstractedrom
this detailandassumethatin this case anattribute maybe setto unknownor the Object
ConstraintLanguageOCL [15] would be usedto add constraints¢o our model.As for
associationsye have notmadeadistinctionbetweerwhethera setof associatedlasses
is orderedor unorderedwhich distinguishes sequencactivity from aflow. The mul-
tiplicity of the associationdhiasbeenderived from the BPEL schemadefinitions. For
example,a processmay define0 to n eventhandlers However, if the EventHandler
elementis usedin the XML definition, at leastone OnMessge or OnAlarm handler



shouldbe presentAgain, this is bestexpressedvith the help of OCL constraintshat
areaddedo theclassdiagram.

5.1 Encoding Continuations in BPELAWS

The continuationsn the procesamodel canbe alternatvely represente@dsa control-
flow graph.Figure4 illustratesthis representatiofor Equationg4) to (8). Eachequa-
tion correspondso asubtreecontainedn thegraph.Therootnodeof eachtreeencodes
the continuationvariablethat occurson the left-handside of the equation Eachstate-
mentoccurringon the right-handsideof the equationis mappedo a child node.Solid
edgegepresenthe possiblecontinuationsA pathfrom therootto aleafnhodeencodes
asequentiatontinuation Severalbranchingchild nodesof the samenodeencodecon-
ditional continuationsAn edgefrom anodeto oneof its childrencanbeannotatedvith
thevariableencodingthetransitioncondition.For the examplewe considerhere these
edgedenotealternatve continuationsandreflectthe exhaustie anddisjoint branching
thatwe postulatedor the businesgprocesanodel.Dashededgesncodecontinuations
thatlink the varioussubtreesith eachother However, concurrenflows canbe easily
capturedn anAND-OR treeandgraph,respectiely.

Fig. 4. Forestof treescapturingthe semantic®f continuationequations.

Theencodingn BPEL4WSworksasfollows: Thecontrol-flon graphis mappedo
aBPEL4WST | ow containinga sequencéor eachsubtree Treenodeswhich contain
continuationvariablesaremappedo enpt y BPEL4WSactvities. Treenodeswhich
containactiity invocations,are mappedto i nvoke actiities. Dependingon the se-
manticsof Startand End nodesin the businesgprocessmodel,thesenodesare either
mappedo enpt y ori nvoke actvities. Thenamesftheenpty activities are
setto the namesof the continuationvariablesthey encode the namesof the invoke
activities are setto the namesof the actwities. The edgesbetweenthe tree nodesare
mappedo | i nks andthe actiities definewhetherthey arethesour ce ort ar get



of alink. Thetransitionconditionsarecapturedn thet r ansi ti onCondi ti on at-

tribute of asour ce element.If a nodehasmorethanone child node,anotherf | ow

is introduced.Alternatively, we could map thesealternatve, nonconcurrenbranches
toasw t ch, butin usingaf | owwe adopta uniqueencodingfor all edgesandcan

immediatelycaptureconcurrenbranching.The exampleencodingfor the control flow

thatwascapturedn Equationg4) and(6) is sketchedbelow.

<fl ow>
<li nks>
<link nane="x2link’ >
<link nane="x3link’ >
<li nk nane=" x4l ink1l’ >
<link nane=" x4l ink2’' >

</links>

<sequence>
<enpty nanme=' x4'/>
<target |inkNane="x4linkl />
<target |inkNane="x4link2' />
</ enpty>
<i nvoke nane='B' />
<enpty nanme ='x5">
<source |inkNane="x5link’/>
</ enpty>
</ sequence>

<sequence>
<enpty name=' x6' />
<target |inkNane="x6link’'/>
<source |inkNanme='x6-x7link
transitionCondition="CD />
<source |inkNane="x6-x8li nk
transitionCondition="CeEnd />
<source |inkNane="x6-x2link
transitionCondition="CA />
<source |inkNanme='x6-x4link
transitionCondition="CB />
</ enpty>
<f | ow>
<enpty name=' x7' >
<target |inkName="x6-x7link’/>
</ enpty>
<enpty nane=’' x8 >
<target |inkNanme="x6-x8link’/>
</ enpty>
<enpty name=’x2' >
<target |inkNanme="x6-x2link’/>
</ enpty>
<enpty name=' x4’ >



<target |inkNanme="x6-x4link’/>
</ enpty>
</fl ow>
</ sequence>
</ fl ow>

We could almosthandover this BPEL4WS specificationto a BPELAWSengine.
Unfortunately our processdefinition violatesa major constraintof the specification,
namelythatthel i nks mustform an agyclic graph.As we canseein Figure4, the
encodingdinks form a controlcycle.

We obsene thatthe continuationsemanticpavesthe way to allowing cyclic links
betweenactivities in BPEL4AWS,becauseghe semanticlearly defineswhich instruc-
tionsin the BPEL4AWSprogramshouldbeexecutedhext, andreschedulingctiities for
anotherexecutionhasa clearmeaning.This is in contrastto the currentsemanticof
BPEL4WSIinks, wherecyclic links causeactities to wait for eachotherto complete
executionwhile noneof themcanstart.Althoughthecurrentlimitation in thespecifica-
tion canbe overcomeandan executionsemanticgor cyclic BPEL4AWSflows is within
reach,suchanextensionwould make it easyto write BPEL4AWSprogramghatcontain
runtimeerrorssuchdeadlocksandlivelocks,which requireverificationtechnologyfor
detection.

5.2 Transforming the BPELAWS Model

Thecyclic, concurrenBPEL4WSmodelcanbetransformednto valid agyclic BPEL 1.1
codeif all controlcyclesencodedn thelinks aresequentiaandproperlynestedwithin

asingleconcurrenexecutionbranch.e., thereshouldbe no controllink from onese-
quentialcycle to anotherunningin adifferentconcurrenthread Eachsequentiatycle

canbetransformedy replacingcyclic links with appropriateBPEL4AWSwhi | e ac-
tivities. However, no links are allowed betweentwo differentwhi | e actiities in the
BPEL4WSspecificationj.e., thelanguagdorbidsary form of synchronizatiorof con-
currentcyclic processe orderto avoid problemsof possibledeadlocksr livelocks,
etc. We do not proposethe sequentializatiorof concurrentBPEL4WSas a possible
solutionto transformunstructuredoncurrentycles,althoughit is a theoreticalpossi-
bility [7], becausave do not considerit to be practicallyrelevant. Instead the direct
executionof cyclic BPEL4AWS,assketchedabore, seemgo make moresense.

The transformatiorrules canbe reformulatedasa manipulationof links andtheir
sourcesandtargets.

Substitution worksonenpt y actiitiesthatarethetargetof exactly onelink. Con-
siderthe treesfor Equationg(4) and (5). The substitutiondeletesthe root nodex; of
tree(5) andtheleaf nodez; of tree(4). A new link (or associate@ctiity in our class
model)is createdrom the parentnodeof thedeletedeafnodein tree(4) (i nvoke B)
to the child nodeof thedeletedrootnode(i nvoke C)in tree(5).

Factorization is appliedto trees(BPEL4AWST | ows) thatcontainmultiple occur
rencesof anenpt y actiity with the samename.No additionalBooleanvariablesare
required but insteadhetransitionconditionsareassembledrom thelinks whenmulti-
pleoccurrencesf thesamenodearemeiged.Considetthesubstitutiorof z-, for exam-
ple. Thisrequiregoining thetransitionconditionCD of thelink to z7 with thetransition



conditionsDB, DA, DEndof thelinks from x;. We obtainCD A (DBV DAV D End),
which is transformednto disjunctive normalform andleadsto threenew links with
transitionconditionsCD A DB, CD A DA, andCD A D End, which replacethe old
links. Multiple pathsto the sameeaf nodecanbe memgedby disjunctively joining their
transitionconditions For example whenmeigingthetwo enpt y actiitieslabeledzs,
we obtainthenew transitionconditionC EndV (D End A CD). Figure5illustratesthis
transformation.

: = CEnd or (CD & DEnd)

Fig. 5. Factorizationrworking onlinks.

Derecursivation directlyintroducesanewv whi | e actiity insteadf arepeat-while
loop. It is appliedto treesthat containlinks from anenpt y actiity nodebackto the
root of the sametree.

OnecanimagineusingOCL [15] or arny otherexpressionanguageo describethe
pre-andpostcondition®f thetransformatiomulesby usingthetypes,associationsnd
attributesof the BPEL4WSclassdiagram.The preconditionof a rule describesvhen
theruleis applicableto themodel,whereaghepostconditiordescribesherequiredup-
date.The computationof the update often called modelreconciliation is a nontrivial
computatiorthat goesbeyondthe focusof this paperandis the subjectof our current
work. Expressiongn the postconditiorshouldbelimited suchthatthe updates unique
andcanbe computedefficiently, i.e., they mustbe functional. This requirementrans-
latesinto restrictionson the expressionanguagewhich we arecurrentlyinvestigating.
Furthermoreourtransformatiorrulesall have anaturalinverseinterpretationalthough
we only described¢hemin anunidirectionalandnotin a bidirectionalway. In the case
of bidirectionaltransformationsthe pre- and postconditiongnustbe limited suchthat
thereconciliationof the modelis computablén bothdirections.

6 Conclusion

We discusghetransformatiorof businesgprocessnodelswith unstructureayclesinto
workflow languageghat supportonly well-structuredcycles basedon a continuation



semanticsWe presentirule-basedransformatiommethodthatworksonasetof contin-
uationsthatcaptureghe semanticof cyclic models.Fromthis abstractepresentation,
variousimplementation®f thetransformatiormethod which canbe tailoredto differ-
entmodelrepresentationganbederived.For example we discusgheimplementation
of thetransformatiorasanupdateof anobject-orienteanodelfor the Businesd$rocess
ExecutionLanguageBPEL4WS.A byproductof our work is thatwe canshow that, if
a continuationsemanticss definedfor BPEL4WSIinks, the requiremenbf agyclicity
canbe droppedandexecutablecyclic workflows could be permitted.The small setof
requiredtransformatiorrules,the interestingopportunitieso controlthe orderof rule
applicationaswell asthe ability to applytherulesin a bidirectionalmannemalke this
transformatiorparticularlyappealing.
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