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Abstract. We presenta novel transformationmethodthatallows us to mapun-
structuredcyclic businessprocessmodelsto functionally equivalent workflow
specificationsthatsupportstructuredcyclesonly. Our solutionis basedonacon-
tinuation semantics,which we developedfor the graphicalrepresentationof a
processmodel.By usinga rule-basedtransformationmethodoriginally devel-
opedin compilertheory, we canuntangletheunstructuredflow while solving a
setof abstractcontinuationequations.Thegeneratedworkflow codecanbeopti-
mizedby controllingtheorderin which thetransformationrulesareapplied.
We then presentan implementationof the transformationmethodthat directly
manipulatesan object-orientedmodel of the BusinessProcessExecutionLan-
guagefor Web ServicesBPEL4WS.The implementationmapsabstractcontin-
uationequationsto theBPEL4WScontrol-flow graph.The transformationrules
manipulatethe links in thegraphsuchthatall cyclesareremoved andreplaced
by equivalentstructuredactivities. A byproductof this work is that, if a contin-
uationsemanticsis adoptedfor BPEL4WS,its restrictionto acyclic links canbe
dropped.

1 Intr oduction

Unstructuredcyclesin businessprocessmodelingusuallycausehot debates.Do busi-
nessconsultantsandcustomersreally needto expresscyclic businessprocessflows?
Whatdothey try to expressandspecifywith thesecycles?Isn’t it thecasethatdifferent
peopleinterpretthesecyclesdifferentlyandthatthis is not good?Isn’t agoodbusiness
consultantableto resolve theseproblemswhenreviewing the processmodelwith the
customerandmapit to aprocessmodelthathascontrolled,well-structuredcyclesonly?

We do not know thebestanswerto all thesequestionsandwe caneasilyimagine
thatdifferentneedsandpointsof view may leadto very differentanswers.Rather, we
areinterestedin thetechnicalproblemsbehindthediscussion:

– Is therea formal semanticsfor graphicallyrepresentedbusinessprocessmodels
containingunstructuredcycles,which facilitatestheir transformationinto a struc-
turedrepresentation?

– Given a businessprocessmodel containingunstructuredcycles,can it be trans-
formed into an equivalent specificationin the BusinessProcessExecutionLan-
guagefor WebServices(BPEL4WS)[1] thatsupportsonly structuredcycles?



An answerto thesequestionsis importantfor our work, wherewe investigatethe
suitability of graphicalbusinessprocessmodelsasa meansfor requirementspecifica-
tion anddevelopmethodsthatallow usto automaticallygenerateexecutableworkflow
codefrom suchmodels.On theonehand,we areinterestedin modelsthatallow users
to expressbusinessrequirementswithoutbeingconstrainedby thelimitationsof IT sys-
tems.On theotherhand,weneedautomaticalgorithmsthatcantransformsuchmodels
into performantcodetailoredto aspecificIT platform.

In thispaper, wedescribeamethodthatwedevelopedto synthesizeBPEL4WScode
from businessprocessmodelscontainingunstructuredcycles.Section2 introducesan
exampleof anelectronicpurchasingprocessthatcontainsunstructuredcycles.A con-
tinuationsemanticsis proposedto capturetheintendedmeaningof thecycles.Section3
presentsanefficientrule-basedtransformationmethodoriginatingfrom compilertheory
thattakesamodelwith unstructuredcyclesandtransformsit into a functionallyequiva-
lentmodelwith structuredcyclesonly. Section4 discussesthepossibilitiesto optimize
thegeneratedworkflow codeby controllingtheapplicationorderof thetransformation
rules. In Section5, we discusshow this transformationmethodcanbe implemented
asanupdatetransformationthatmanipulatesaninitially invalid BPEL4WSmodel.We
concludein Section6 with a summaryandoutlookon futurework.

2 Unstructured Cyclic Flows

We startwith the graphicalrepresentationof a businessprocessmodelthat describes
thepossibleflow of activities by adoptinga UML Activity Diagram-like notation[2].
The choiceof the representationlanguagedoesnot matteras long aswe canassign
the semanticsto its graphicalelementsthat we introducebelow. Figure 1 shows the
exampleof an electronicpurchasingbusinessprocess,which we will usethroughout
this paper. The processdescribeshow a userbuys productsvia an online purchasing
system.1

Fig.1. Purchasingbusinessprocessshowing unstructuredcycles.

1 Theroleof theboxedvariables,whichareverticallyalignedwith selectednodesin theprocess
model,will becomeclearin thenext section.



Oncetheprocesshasstarted,activity (A) selectproductis executed.After theselect
productactivity hasbeencompleted,theprocessbranches.Theusercaneitherdecide
to configuretheproductexecutingactivity (B) configureproductor to placetheproduct
directly into theshoppingcartusingactivity (C) placeinto Cart. Notethatwe consider
a nonconcurrentprocessmodelin which the branchingis exhaustiveanddisjoint, i.e.
aftereachdecisionexactlyoneof thepossiblebranchesis selected.After theseactivities
havebeencompleted,theusersubmitstheorderby executingactivity (D) submitorder.
Thissequenceof activitiesdescribesthe“normal” purchasingprocess.For asuccessful
implementation,however, this processmustallow theuserto navigatefreely between
thevariousactivities.For example,aftera productis placedinto thecart,theusermay
wantto revisit its configurationandperhapschangeit. Furthermore,ausermaywantto
selectseveralproductsbeforesubmittinganorder. After anorderhasbeensubmitted,
theusermayalsowantto revisit theconfigurationof theorderedproductand/orchange
thesetof selectedproducts.Finally, ausermaywantto delayor canceltheplacementof
anorderandleavetheprocesswithoutexecutingthesubmitorderactivity. Thisfreedom
in theprocessexecutionis describedby thevariousbacklinks from decisionsE andF
to oneof thepossibleactivities A or B.

The exampleillustratesthat arbitrary, unstructuredcyclesmay easilyoccurin the
graphicalrepresentationof businessprocesses.Unstructuredcyclesarecharacterizedby
morethanoneentryor exit point.Considertheexampleaboveandthecyclecontaining
A, B, C,andD. Thiscyclecanbeenteredin A by comingfrom Start, E, or F. It canalso
beenteredin B by comingfrom E or F, andleft via F andE. Thesemultiple entryand
exit pointsarethe characteristicfeaturesof unstructured(sometimesalsocalledwild
or arbitrarily nested)cycles.In contrastto unstructuredcycles,a structured cycle has
exactly oneentry and oneexit point. On the onehand,unstructuredcycleshave even
beenidentifiedasa patternthat frequentlyoccursin a businessprocessmodel[3]. On
theotherhand,they areoftenthesourceof semanticproblems[4], which explainswhy
commercialworkflow systemsusuallyonly implementstructuredcycles.

2.1 Continuation Semanticsfor Unstructur edGraphical Flows

In orderto transforma businessprocessmodelwith unstructuredcyclesinto workflow
code,whichsupportsstructuredcycleswith uniquelydefinedentryandexit pointsonly,
we assigna continuationsemanticsto the graphicalmodel.Continuationsemanticsis
a specialform of a denotationalsemanticsfor programswith jumps.It hasits origins
in the Theoryof Computation,whereit hasbeendiscussedextensively in the context
of functionaland imperative languages[5]. A continuationdescribes“the restof the
programthathasyet to beevaluated”.

Thekey to achieving such a semanticsis to make the meaningof every com-
manda functionwhoseresult is the final resultof the entire program,and to
provideanextra argumentto thecommandmeaning, calleda continuation, that
is a functionfromstatesto final resultsdescribingthebehaviorof the“r estof
the program” that will occur if the commandrelinquishescontrol. [6], page
116.



Thecontinuationsemanticspartitionsthegraphicalflow into thepast,present,andfu-
tureandallowsusto describetheintendedexecutionof a processmodel.For example,
giventheactivity A, weconsiderA thepresentstateof theprocess,Startasits pastand
B or C asits future.We developeda methodthat assignsa continuationsemanticsto
graphicalmodelsdescribingsequentialflows.First,weassigncontinuationvariablesto
theStartandEndnodesaswell asto all othernodes,in which sequentialflows branch
or merge,i.e.,eachactivity or decisionnodein theflow thathasmorethanoneincom-
ing or outgoinglink is assigneda continuationvariable.The resultingassignmentis
shown in Figure1, which vertically alignstheboxedcontinuationvariableswith their
correspondingnodesin theflow model.

Second,we have developeda methodthatallows us to extract continuationequa-
tions from thegraphicalprocessmodel.On the left-handsideof theequationsymbol,
we put the continuationvariablethat we considerthe present.On the right-handside
of theequation,we describethepossiblecontinuationsthatcanfollow this variable.A
continuationcaneitherbe anothervariableor it canbe an activity, which we denote
by invoke A, invoke B, etc.A linear continuationcanbe describedusingthe sequence
operator“;”. A branchingof the continuationis describedusing a conditionalstate-
ment if � condition� thenx. Eachlink leaving a decisionnodein the processmodel is
mappedto a branching.The � condition� canbe derived from the processmodel if its
graphicalrepresentationis annotatedby branchingconditionsfor the decisionnodes.
We introducefreshBooleanvariablesto capturetheseconditions,but abstractfrom any
concretevaluein thefollowing. For example,theconditionthatdrivesthecontinuation
from processstepA to processstepB is denotedby thevariableAB, theconditionto
continuefrom A to C is denotedby AC. Onceacontinuationvariablehasbeenaddedto
eachbranchat theright-handsideof anequation,this equationis completeanda new
equationbegins.For the exampleunderconsideration,we obtain the following eight
equations.

(1) ��� = Start; �	� ;
(2) �	� = invoke A; ��
 ;
(3) � 
 = if AB then ��� ;

if AC then �	
 ;
(4) � � = invoke B; � 

(5) � 
 = invoke C; ���

(6) ��� = if CD theninvoke D; �	�
endif;
if CEndthen ��� ;
if CA then � � ;
if CB then � � ;

(7) �	� = if DB then � � ;
if DA then � � ;
if DEndthen ��� ;

(8) � � = End;

Theorderingof theconditionalstatementsin theequationsis arbitrary, becausewe
considernonconcurrentbusinessprocessmodelswith exhaustiveanddisjointbranching
thatdo not needto specifyanexplicit orderingin which thebranchesaretried.

3 Transformation Method

We arenow in thepositionto answerour secondquestion:cana graphicalmodelcon-
tainingunstructuredcyclesbemappedinto anequivalentprogrampermittingstructured



cyclesonly? The answerwasgiven almostforty yearsago[7]: any concurrentor se-
quentialflowdiagramcanbetranslatedinto a functionallyequivalentprogramcontain-
ing a singlewhile-loopandnew conditionalstatements.Unfortunately, theproof in [7]
is nonconstructive,i.e.,it doesnotgiveusamethodof computation.Soonafterthis fun-
damentalresult,theproblemof transformingunstructuredloopsinto a well-structured
form becameknown astheGOTO-eliminationproblemin compilertheory. Severalal-
gorithmicsolutions,whichpermitanarbitrarynumberof well-structuredloopsbut also
focuson theoptimizationof the transformedcode[8–10], have beendevelopedbased
on the famousT1-T2 transformations[11]. We describetheapplicationof thesetech-
niquesto theproblemof business-to-ITmodeltransformationin moredetailin thenext
section.

3.1 Solving the Systemof Equations

Ourtransformationmethodisbasedonthetransformationrulespresentedin [8]. Whereas
Ammarguellat presentsher transformationrules using a Lisp-like notation,we have
developeda representationbasedon the abstractmathematicalequationsintroduced
above, from which implementationsfor very different model representationscan be
easilyderived. A derived implementation,which works on an object-orientedmodel
of the BusinessProcessExecutionLanguagefor Web services[1] is discussedin the
secondpartof this paper. Thesoundnessof therulesfollows from theobservationthat
eachof thempreservesthepossiblecontinuationsin theencodedflow model.

Substitution: This rule reducesthe numberof variablesandtherebyalsothe number
of equations.Giventheoccurrenceof a variableon theright-handsideof anequation,
it replacesthisvariablewith its definingequation.

����� invokeA � ��� ���� � invokeB � ���
����� invokeA �

invokeB �
Factorization: This rule is appliedto acontinuationequationthatcontainsseveraldis-
joint andexhaustivebranches,which all leadto thesamecontinuation� . Themultiple
occurrencesof � arereplacedby a singleoccurrenceof � at the endof the equation,
whichis guardedby anew Booleanconditionassembledfrom thegoverningconditions
of thevariousbranches.Freshvariableshaveto beusedto capturethe“state”of govern-
ing conditionsin thecasethatdifferentexecutionsof theflow canmodify theirvaluein
differentways,cf. [12] for moredetails.In thefollowing, we will omit thesevariables
in orderto keeptheexampletransformationsmoreeasilyreadable.

� � � invokeA �
if � theninvokeB � ���

elseif � then ��� �
endif �

���
� � � invokeA �

if � then invokeB �
pred � � �! #"%$&�(')�+*,�
if predthen ��� �

Derecursivation: This rule eliminatescycles.It is appliedto equationsthat mention
thesamecontinuationvariable� at their left-handandright-handsides.Theoccurrence



of � in the right-handsideis eliminatedby a repeat-whilestatementrangingfrom the
beginningof theright-handsideuntil � occurs.Theterminationconditionfor theloop
is obtainedfrom the conditionson the executionpath that leadsto the continuation
variable.This rule canbeappliedif no othercontinuationvariablesoccurbetweenthe
equationsignandtherecursivecontinuationvariable.Otherwise,thecontinuationshave
to bereorderedfirst usinga variantof theif-distributionrule below.

�-� � invokeA �
if � then ��� �.���

� � � repeat
invokeA �

while �/�
If-Distrib ution: This rule rewrites nestedbranchingcontinuationsinto a sequenceof
branchesthatcanbearbitrarily ordered.This rule mayoccurin many differentforms.
A variantusedin this paperis shown below:

� � � if �/0 then � �
elseif �21 then ��3 �
endif� ���

�-�4� if $&�/05')�21 then ��3 �
if �/0 then ��� �

Theserulesaremaintainedandorganizedby a transformationenginethat operatesin
thefollowing steps:

1. Selecta rule thatis applicableto anequation;
2. Apply therule andcomputethemodifiedsetof equations;
3. Gotostep1 until only a singleequationremainsin theset.

3.2 Solving the Example

In thefollowing,wedescribehow theexampleequationsaresolved.Theorderin which
the rules are selectedfor applicationdeterminesthe quality of the generatedwork-
flow code.For our purposes,we developedvariousapplicationordersthat enableour
transformationengineto producecodeof differentquality. Wediscussouroptimization
heuristicsin Section4.

Pass1: Only the substitutionrule is applicable.The derecursivationrule is not appli-
cable,becauseno equationcontainsthesamevariableon bothsides.Thefactorization
rule is not applicable,becauseno equationcontainsmultiple occurrencesof the same
continuationvariableon theright-handside.Thetransformationenginedecidesto ap-
ply thesubstitutionrule to variable ��6 in Equation(2), thento variable ��7 in Equation
(5), andfinally to variable��8 in the(transformed)Equation(5).

(1) ��� = Start; �	� ;
(2) �	� = invoke A;

if AB then � � ;
if AC then � 
 ;

(4) � � = invoke B; � 

(8) � � = End;

(5) � 
 = invoke C;
if CD theninvoke D;

if DB then � � ;
if DA then � � ;
if DEndthen � � ;

endif ;
if CEndthen ��� ;
if CA then � � ;
if CB then � � ;



Pass2: Thetransformationengineworkson thecomplex Equation(5) by applyingthe
factorizationrule to the continuationvariables��3:9;��<=9>��? , which eachoccur twice on
theright-handsideof this equation.Then,thevariable��? is eliminatedby substituting
Equation(8).

(5) � 
 = invoke C;
if CD theninvoke D;
if CA @ (CD A DA) then � � ;
if CB @ (CD A DB) then � � ;
if CEnd @ (CD A DEnd)thenEnd;

Pass3: Thevariable �-< is substitutedin Equations(2) and(5). Then,multiple occur-
rencesof ��B in Equation(2) areeliminatedby applyingthefactorizationrule again.

(2) � � = invoke A;
if AB theninvoke B;
if AB @ AC then � 
 ;

(5) �	
 = invoke C;
if CD theninvoke D;
if CA @ (CD A DA) then �	� ;
if CB @ (CD A DB) theninvoke B; � 

if CEnd @ (CD A DEnd)thenEnd;

Pass4: Thetransformationengineeliminatestherecursionin Equation(5).Variable��3
occursinsidethecontinuationthat the repeat-whileloop will spawn, i.e., ��3 hasto be
movedusingif-distributionprior to creatingtheloop suchthatit succeeds� B .

(5) � 
 = repeat
invoke C;
if CD theninvoke D;
if CB @ (CD A DB) theninvoke B;

while CB @ (CD A DB);
if CA @ (CD A DA) then � � ;
if CEnd @ (CD A DEnd)thenEnd;

Pass5: Variable��B is substitutedin Equation(2).

(2) �	� = invoke A;
if AB theninvoke B;
if AB @ AC then

repeat
invoke C;
if CD theninvoke D;
if CB @ (CD A DB) theninvoke B;

while CB @ (CD A DB);
if CA @ (CD A DA) then �	� ;
if CEnd @ (CD A DEnd)thenEnd;

endif;

Pass6: ThetransformedEquation(2) is recursive.Variable��3 occursinsidethecondi-
tionalbranchgovernedby AB  AC,whichwouldbeincorrectlyinterruptedif derecur-
sivationwereappliedimmediately. Thereforeif-distribution is appliedfirst to rearrange
thebranchingcontinuations.ThetransformedEquation(2) is insertedinto Equation(1)



to replacethe last remainingoccurrenceof ��3 . Theselast transformationstepssolve
the equationalsystem.Only a singleequationdefining the variable ��� is left, which
containsnoothercontinuationvariableson its right-handside.

(1) ��� = Start;
repeat

invoke A;
if AB theninvoke B;
if AB @ AC then

repeat
invoke C;
if CD theninvoke D;
if CB @ (CD A DB) theninvoke B;

while CB @ (CD A DB);
endif;

while ( AB @ AC) A (CA @ (CD A DA));
if ( AB @ AC) A (CEnd @ (CD A DEnd))thenEnd;

Any appliedtransformationrulepreservesthepossiblecontinuationsof theprocess
model.The flows describedby the businessprocessmodelandthe flow describedby
theremainingequation(or any intermediateform of theequationset)arefunctionally
equivalent,i.e., wheninvokedon the sameinput, both flows will produceexactly the
sameoutput.

4 Optimizing the GeneratedWorkflow

Wehavedevelopedtwo techniquesto furthersimplify andoptimizethegeneratedwork-
flow code,whichwe describein thefollowing:

1. Theresultingnormalizedprocessmodel,in particularthegoverningconditions,can
besimplifiedby exploiting thefactthatthebranchingis disjoint andexhaustive.

2. Thetransformationenginecaninfluencevariousstructuralpropertiesof thegener-
atedcodeby applyingthetransformationrulesin a specificorder.

4.1 Simplifying the Normalized ProcessModel

Several of the governingtransitionsin the solved equationform a tautology, because
they describeall possiblepathsto reacha particularcontinuation.Activity C hasto be
executedin any possibleexecutionpath.It will eitherfollow activity A directlyor it will
follow activity B, but it cannotbeskipped.This meansthat( AB  AC) is a tautology,
becausethetransitionsto B or C aretheonly onespossiblefrom A. Thus,thecondition
thatgovernstheinnerloop is unnecessary. FromB, only a single,unguardedtransition
to C is possible.Thesameargumentationappliesto (CEnd  (CD ' DEnd)).It follows
thattheconditiongoverningthereachabilityof Endcanbeskipped.

Furthermore,theStartandEndactivitiescanberemovedfrom theequationalrepre-
sentation,becausethey donotdescribebusiness-relevantdatamanipulations.In theflow



model,thesenodesindicatewherethebusinessprocessstartsandends.They determine
theinitial entranceinto theflow andhow thecontinuationequationsaresystematically
built from thegraphicalmodel.Thevariableassignedto thestartnodealsodetermines
which continuationvariableis left after the equationalsystemhasbeensolved. The
resultof thesesimplificationstepsis:

� � = repeat
invoke A;
if AB theninvoke B;
repeat

invoke C;
if CD theninvoke D;
if CB @ ( CD A DB ) theninvoke B;

while CB @ ( CD A DB );
while CA @ (CD A DA);

We observe that this equationcontainstwo properlynestedloops.The inner loop
capturestheforwardandbackwardflow betweentheactivities B, C, andD. Theouter
loopcapturesthebackwardflow to activity A from eitherC or D.

4.2 Controlling Rule Application Order

Thesecondopportunityfor optimizing thegeneratedcodelies in computingthe “cor-
rect” orderfor theapplicationof rulesby thetransformationengine.We notethateach
transformationruleguaranteesthatthetransformationwill terminate, but theruleappli-
cationis not confluent, i.e., differentapplicationordersproducesyntacticallydifferent
transformationresults.Themethodin [8] usesa topologicalsortingof thenodesin the
control-flow graphto determinetheorderin whichvariablesshouldbeeliminatedfrom
the equations.We found this methodto be insufficient for our purposes.Instead,we
developeda controlschemethatkeepsinformationabouthow oftenvariablesoccuron
the right-handsideof the equations.We also addedrule priorities. Factorizationhas
a higherpriority thanderecursivation.Derecursivationis only applieddirectly prior to
a substitutionstepor asa last stepof the transformationif the remainingequationis
recursive. If-distribution is only appliedif required,which happensin two situations:
First, to move any continuationof theflow towardstheendactivity to thevery endof
anequation.Second,to move continuationvariablesoutsidethescopeof applicability
of thederecursivationrule. To explain how therule applicationorderis controlled,let
usrevisit theexample.

In the first pass,only the substitutionrule was applicable.The following occur-
rencesof continuationvariableson the right-handsideof the equationsarecounted:� 3 �DC	9>� 6 � 0 9;� < �DC-9;��BE� 1 9;� 7 � 0 9>� 8 � 0 , and � ? � 1 . We note that the
variables� 6 9>� 7 9;� 8 occuronly once.Wheneversuchsingle-occurrencevariablesexist,
the transformationenginewill apply the substitutionrule to eliminatethemfrom the
equationset.In thesecondpass,thefactorizationrulewasapplicable,becausethevari-
ables��3=9;�-< , and ��? occuredtwice in thesameright-handsideof anequation.Owing
to its higherpriority, this rule wasapplied.Thenthe substitutionrule wasconsidered



again,controlledby theoccurrenceof thecontinuationvariables:��3�� 1 9>�-<�� 1 9>� B �1 9;��?F� 0 . Only thevariable ��? occursa singletime andthusthesubstitutionrule was
appliedto it.

For the third pass,all remainingcontinuationvariablesoccur exactly two times.
Only thesubstitutionruleis applicable.Thetransformationenginehasnouniquechoice
to continue.This phenomenonreflectsthefactthat theflow graphencodedin thebusi-
nessprocessmodelis non-reducible,whichis awidelystudiedphenomenonin compiler
theory[13]. Using the transformationrulesfrom [8], codeduplicationis unavoidable,
e.g.,variable ��< is substitutedin Equations(2) and(5) in Pass3. In contrastto pro-
gramminglanguages,non-reducibilityof theunderlyingflow graphseemsto be quite
commonfor businessprocessmodels.To avoid codeduplicationfor suchnon-reducible
flows,wehavedevelopedanalternativecodegenerationmethodthatsynthesizesastate-
machineencodedin BPEL4WS,cf. [12].

Thetransformationengineselectsthevariablethatoccurstheminimumnumberof
times.If no suchchoiceexists (as is the casein our example),it selectsthe variable
that hasthe smallestright-handsidein its equation.Smallcanbe definedin different
waysdependingon the goal of the codeoptimization.It canbe the numberof invoke
statements,thenumberof conditionstestedor any otheruser-definedcriterionor com-
binationthereof.In our case,we try to minimize thenumberof invoke statementsfol-
lowed by the numberof testedconditions,becausewe want to minimize the number
of Webserviceinvocationsgeneratedfor theworkflow code,andwe want to keepthe
branchinglogic assimpleaspossible.Consequently, thetransformationengineselects
variable �-< in the third pass.Eliminating �-< transformsEquation(5) into a recursive
equationandthus,in Pass5, thederecursivationrule is applied.It requiresapplyingthe
if-distribution rule first, becauseanothercontinuationvariableoccursin the scopefor
applying this rule. In Pass5, the only variablesleft are ��3 (which occurstwice) and� B (whichoccursonce).Consequently, � B is substitutedfirst. In Pass6, derecursivation
precededby if-distributionis appliedbecauseof thehigherrulepriority. Finally, in Pass
7, a lastapplicationof thesubstitutionrule is possible.

4.3 Mapping to BPEL4WS

The singleequationcomputedby the transformationenginecontainsonly two well-
structuredcycles in the form of repeat-whilestatementsaswell asa few conditional
branches.It canbedirectly mappedto anXML representationof thestandardizedlan-
guageBPEL4WS.Eachinvocationof anactivity is mappedto theinvocationof a Web
service.A repeat-whileloop is mappedto a while-do loop combinedwith an assign-
ment:

<sequence>
<assign newcondition := true />
<while newcondition>
<assign newcondition := condition/>

</while>
</sequence>

A conditionalstatementis mappedto a<switch>:



<switch>
<case condition = guard-expression/>

</switch>

We show an abstractspecificationin simplifiedBPEL4WSsyntaxthatdefinesthe
control-flow for the workflow, but omits all detailsthat relateto partners,messages,
andWeb servicesaswell asfreshvariablesthatmayhave beenintroducedduring the
transformationto capturethevaluesof guardconditions.

<process>
<sequence>
<assign cond1: = ’true’/>
<while cond1>

<sequence>
<invoke A/>
<switch>
<case condition = ’AB’>

<invoke B>
</case>

</switch>
<assign cond2 := ’true’/>
<while cond2>
<sequence>

<invoke C/>
<switch>

<case condition = ’CD’>
<invoke D/>

</case>
</switch>
<switch>

<case cond = ’(CD & DB) or CB’/>
<invoke B>

</case>
</switch>
<assign cond2 := ’((CD & DB) or CB)’/>

</sequence>
<while/>

</sequence>
</while>

<assign cond1 := ’(((CD & DA) or CA) & (AB or AC))’/>
</sequence>

</process>

The XML representationcanalsobe graphicallydisplayedby mappingit, for ex-
ample,to theUML Profilefor BPEL [14], which is sketchedin Figure2.



Fig.2. ResultingBPEL4WSdiagram.

5 Working Dir ectly on a BPEL4WS Model

Basedon theabstractdescriptionof thetransformationrules,very differentimplemen-
tationscanbe imagined.First, onecanrefactorthe graphicalbusinessprocessmodel,
e.g.,by replacingcyclic links with appropriateloopnodesin UML 2. Theadvantageof
thisapproachis thatdifferent,but equivalentviewsontheprocessmodelcanbeoffered
to themodelerandthata view of theprocessmodelis available,which is structurally
verysimilar to thegeneratedcode.Thedisadvantagelies in theneedto addmany addi-
tionalvariantsto thefour basictransformationrulesthatdealwith thevariousgraphical
modelingelements.Second,one can map an unstructuredcyclic flow directly to an
executablespecificationin someworkflow language,which supportsunstructuredcy-
clesor refactortheworkflow specificationuntil it containsonly structuredcycles.In the
following,wediscussanimplementationthatmapsanunstructuredcyclic businesspro-
cessmodeldirectly into BPEL4WS.Theprocessmodelcanalsocontainconcurrency,
which maybeintroducedby fork or join activities in UML 2, for example.

Figure3 givesamorecompleteoverview of theBPEL4WSlanguagein theform of
anobject-orientedmodel,which we have developed.We adopttheview of a modelas
a containmenthierarchy, startingwith oneroot object,whereeachnodemayhave any
numberof propertysettingsin theform of name-valuepairs.A propertyvalueis either
a simpledatavalueor a referenceto anotherobjectin the samemodel.A convenient
way to representsuchmodelsis the UML classdiagram[2]. Objectsarerepresented



asclasses,propertiesarerepresentedasattributes,andreferencesto otherobjectsthat
expressnon-simplevaluescanbeexpressedwith thehelpof associations.

Fig.3. Classdiagramfor theBPEL4WSlanguage.

Somedetailsof the BPEL4WSlanguagehave beenomitted from this classdia-
gram:We havenot furtherrefinedthedefinitionsof thetypesusedfor theFromandTo
attributes,whichwesimply calledFromSpecandToSpec. Similarly, thetypesNcname,
Qname, BooleanExpression, DurationExpression, andDeadlineExpressionremainun-
defined.We do not (yet) careaboutthevisibility of associations,which is simplysetto
private. Furthermore,we do not make explicit whethercertainassociationsareaggre-
gationsor compositions.Someattributesmaynot occurtogether. For example,the for
anduntil attributesof a Wait activity occurexclusively. We have againabstractedfrom
thisdetailandassumethatin thiscase,anattributemaybesetto unknownor theObject
ConstraintLanguageOCL [15] would beusedto addconstraintsto our model.As for
associations,wehavenotmadeadistinctionbetweenwhetherasetof associatedclasses
is orderedor unordered,which distinguishesa sequenceactivity from a flow. Themul-
tiplicity of the associationshasbeenderived from the BPEL schemadefinitions.For
example,a processmay define G to H event handlers.However, if the EventHandler
elementis usedin the XML definition, at leastoneOnMessage or OnAlarmhandler



shouldbepresent.Again, this is bestexpressedwith the helpof OCL constraintsthat
areaddedto theclassdiagram.

5.1 EncodingContinuations in BPEL4WS

The continuationsin the processmodelcanbe alternatively representedasa control-
flow graph.Figure4 illustratesthis representationfor Equations(4) to (8). Eachequa-
tion correspondsto asubtreecontainedin thegraph.Therootnodeof eachtreeencodes
thecontinuationvariablethatoccurson the left-handsideof theequation.Eachstate-
mentoccurringon theright-handsideof theequationis mappedto a child node.Solid
edgesrepresentthepossiblecontinuations.A pathfrom theroot to a leafnodeencodes
a sequentialcontinuation.Severalbranchingchild nodesof thesamenodeencodecon-
ditionalcontinuations.An edgefrom anodeto oneof its childrencanbeannotatedwith
thevariableencodingthetransitioncondition.For theexamplewe considerhere,these
edgesdenotealternativecontinuationsandreflecttheexhaustiveanddisjointbranching
thatwe postulatedfor thebusinessprocessmodel.Dashededgesencodecontinuations
that link thevarioussubtreeswith eachother. However, concurrentflows canbeeasily
capturedin anAND-OR treeandgraph,respectively.
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Fig.4. Forestof treescapturingthesemanticsof continuationequations.

Theencodingin BPEL4WSworksasfollows:Thecontrol-flow graphis mappedto
a BPEL4WSflow containinga sequencefor eachsubtree.Treenodes,which contain
continuationvariables,aremappedto empty BPEL4WSactivities.Treenodes,which
containactivity invocations,aremappedto invoke activities. Dependingon the se-
manticsof StartandEnd nodesin the businessprocessmodel,thesenodesareeither
mappedtoempty or invoke activities.Thenamesof theempty activities are
set to the namesof the continuationvariablesthey encode,the namesof the invoke
activities areset to the namesof the activities. The edgesbetweenthe treenodesare
mappedto links andtheactivities definewhetherthey arethesource or target



of a link. Thetransitionconditionsarecapturedin thetransitionCondition at-
tribute of a source element.If a nodehasmorethanonechild node,anotherflow
is introduced.Alternatively, we could mapthesealternative, nonconcurrentbranches
to aswitch, but in usinga flow we adopta uniqueencodingfor all edgesandcan
immediatelycaptureconcurrentbranching.Theexampleencodingfor thecontrolflow
thatwascapturedin Equations(4) and(6) is sketchedbelow.

<flow>
<links>
<link name=’x2link’>
<link name=’x3link’>
<link name=’x4link1’>
<link name=’x4link2’>
...

</links>

<sequence>
<empty name=’x4’/>

<target linkName=’x4link1’/>
<target linkName=’x4link2’/>

</empty>
<invoke name=’B’/>
<empty name =’x5’>

<source linkName=’x5link’/>
</empty>

</sequence>

<sequence>
<empty name=’x6’/>

<target linkName=’x6link’/>
<source linkName=’x6-x7link’

transitionCondition=’CD’/>
<source linkName=’x6-x8link’

transitionCondition=’CEnd’/>
<source linkName=’x6-x2link’

transitionCondition=’CA’/>
<source linkName=’x6-x4link’

transitionCondition=’CB’/>
</empty>
<flow>

<empty name=’x7’>
<target linkName=’x6-x7link’/>

</empty>
<empty name=’x8’>

<target linkName=’x6-x8link’/>
</empty>
<empty name=’x2’>

<target linkName=’x6-x2link’/>
</empty>
<empty name=’x4’>



<target linkName=’x6-x4link’/>
</empty>

</flow>
</sequence>

</flow>

We could almosthandover this BPEL4WSspecificationto a BPEL4WSengine.
Unfortunately, our processdefinition violatesa major constraintof the specification,
namelythat thelinks must form an acyclic graph.As we canseein Figure4, the
encodinglinks form acontrolcycle.

We observe that thecontinuationsemanticspavestheway to allowing cyclic links
betweenactivities in BPEL4WS,becausethesemanticsclearlydefineswhich instruc-
tionsin theBPEL4WSprogramshouldbeexecutednext, andreschedulingactivitiesfor
anotherexecutionhasa clearmeaning.This is in contrastto the currentsemanticsof
BPEL4WSlinks, wherecyclic links causeactivities to wait for eachotherto complete
execution,while noneof themcanstart.Althoughthecurrentlimitation in thespecifica-
tion canbeovercomeandanexecutionsemanticsfor cyclic BPEL4WSflows is within
reach,suchanextensionwould make it easyto write BPEL4WSprogramsthatcontain
runtimeerrorssuchdeadlocksandlivelocks,which requireverificationtechnologyfor
detection.

5.2 Transforming the BPEL4WS Model

Thecyclic, concurrentBPEL4WSmodelcanbetransformedintovalidacyclic BPEL1.1
codeif all controlcyclesencodedin thelinks aresequentialandproperlynestedwithin
a singleconcurrentexecutionbranch,i.e., thereshouldbeno control link from onese-
quentialcycle to anotherrunningin adifferentconcurrentthread.Eachsequentialcycle
canbe transformedby replacingcyclic links with appropriateBPEL4WSwhile ac-
tivities. However, no links areallowed betweentwo differentwhile activities in the
BPEL4WSspecification,i.e., thelanguageforbidsany form of synchronizationof con-
currentcyclic processesin orderto avoid problemsof possibledeadlocksor livelocks,
etc. We do not proposethe sequentializationof concurrentBPEL4WSas a possible
solutionto transformunstructuredconcurrentcycles,althoughit is a theoreticalpossi-
bility [7], becausewe do not considerit to be practicallyrelevant. Instead,the direct
executionof cyclic BPEL4WS,assketchedabove,seemsto makemoresense.

The transformationrulescanbe reformulatedasa manipulationof links andtheir
sourcesandtargets.

Substitution worksonempty activitiesthatarethetargetof exactlyonelink. Con-
siderthe treesfor Equations(4) and(5). The substitutiondeletesthe root node ��B of
tree(5) andtheleaf node ��B of tree(4). A new link (or associatedactivity in our class
model)is createdfrom theparentnodeof thedeletedleafnodein tree(4) (invoke B)
to thechild nodeof thedeletedroot node(invoke C) in tree(5).

Factorization is appliedto trees(BPEL4WSflows) thatcontainmultiple occur-
rencesof anempty activity with thesamename.No additionalBooleanvariablesare
required,but insteadthetransitionconditionsareassembledfrom thelinks whenmulti-
pleoccurrencesof thesamenodearemerged.Considerthesubstitutionof ��8 , for exam-
ple.Thisrequiresjoining thetransitionconditionCD of thelink to ��8 with thetransition



conditionsDB, DA, DEndof thelinks from ��8 . Weobtain �4��'�"%���� F���� F����H_��* ,
which is transformedinto disjunctive normal form andleadsto threenew links with
transitionconditions�4��'���� , �4��'���� , and �4��'����FH_� , which replacetheold
links. Multiple pathsto thesameleafnodecanbemergedby disjunctively joining their
transitionconditions.For example,whenmergingthetwoempty activities labeled� ? ,
weobtainthenew transitioncondition �4��H_�� �"%����H_�&'��4��* . Figure5 illustratesthis
transformation.
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Fig.5. Factorizationworking on links.

Derecursivation directly introducesanew while activity insteadof arepeat-while
loop. It is appliedto treesthatcontainlinks from anempty activity nodebackto the
root of thesametree.

OnecanimagineusingOCL [15] or any otherexpressionlanguageto describethe
pre-andpostconditionsof thetransformationrulesby usingthetypes,associations,and
attributesof the BPEL4WSclassdiagram.The preconditionof a rule describeswhen
therule is applicableto themodel,whereasthepostconditiondescribestherequiredup-
date.Thecomputationof theupdate,oftencalledmodelreconciliation, is a nontrivial
computationthatgoesbeyondthe focusof this paperandis thesubjectof our current
work. Expressionsin thepostconditionshouldbelimited suchthattheupdateis unique
andcanbecomputedefficiently, i.e., they mustbe functional.This requirementtrans-
latesinto restrictionson theexpressionlanguage,whichwe arecurrentlyinvestigating.
Furthermore,our transformationrulesall haveanaturalinverseinterpretation,although
we only describedthemin anunidirectionalandnot in a bidirectionalway. In thecase
of bidirectionaltransformations,thepre-andpostconditionsmustbe limited suchthat
thereconciliationof themodelis computablein bothdirections.

6 Conclusion

Wediscussthetransformationof businessprocessmodelswith unstructuredcyclesinto
workflow languagesthat supportonly well-structuredcyclesbasedon a continuation



semantics.Wepresentarule-basedtransformationmethodthatworksonasetof contin-
uationsthatcapturesthesemanticsof cyclic models.Fromthis abstractrepresentation,
variousimplementationsof thetransformationmethod,which canbetailoredto differ-
entmodelrepresentations,canbederived.For example,wediscusstheimplementation
of thetransformationasanupdateof anobject-orientedmodelfor theBusinessProcess
ExecutionLanguageBPEL4WS.A byproductof our work is thatwe canshow that,if
a continuationsemanticsis definedfor BPEL4WSlinks, the requirementof acyclicity
canbe droppedandexecutablecyclic workflows couldbe permitted.Thesmall setof
requiredtransformationrules,the interestingopportunitiesto control theorderof rule
applicationaswell astheability to applytherulesin a bidirectionalmannermake this
transformationparticularlyappealing.
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7. Böhm,C., Jacopini,G.: Flow diagrams,turing machinesandlanguageswith only two for-

mationrules.Communicationsof theACM 9 (1966)366–371
8. Ammarguellat,Z.: A control-flow normalizationalgorithmand its complexity. Software

Engineering13 (1992)237–251
9. Erosa,A., Hendren,L.: Taming control flow: A structuredapproachto eliminating goto

statements.In: Proceedingsof theInternationalConferenceonComputerLanguages(ICCL,
IEEEPress(1994)229–240

10. Peterson,W., Kasami,T., Tokura,N.: On the capabilitiesof while, repeat,andexit state-
ments.Communicationsof theACM 16 (1973)503–512

11. Hecht,M., Ullman,J.: Flow graphreducibility. SIAM Journalof Computing1 (1972)188–
202

12. Hauser, R., Koehler, J.: Compiling processgraphsinto executablecode. In: Third In-
ternationalConferenceon Generative Programmingand ComponentEngineering.LNCS,
Springer(2004)forthcoming.

13. Aho, A., Sethi,R., Ullman, J.: Compilers–Principles,Techniques,and Tools. Addison-
Wesley (1986)

14. Amsden, J., Gardner, T., Griffin, C., Iyengar, S., Knapman, J.: UML profile for
automated business processeswith a mapping to BPEL 1.0. IBM Alphaworks
http://dwdemos.alphaworks.ibm.com/wstk/ common/wstkdoc/services/demos/uml2bpel/
docs/UMLProfileForBusinessProcesses1.0.pdf(2003)

15. Warmer, J., Kleppe,A.: The ObjectConstraintLanguage- PreciseModeling with UML.
Addison-Wesley (1999)


