
A Formal Semanticsof UML Statechartsby
Model Transition Systems

�

DánielVarró
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Abstract. UML Statechartsarewell-known visualmeansto capturethedynamic
behavior of reactive systemsin the object-orienteddesignmethodology. Since
theUML standardonly containsaninformal descriptionon how to executesuch
statemachinesmathematicallyprecisesemanticframeworks arerequiredfor an
automatedanalysis.Thecurrentpaperpresentsaformalsemanticsfor UML stat-
echartsbasedonacombinationof metamodelingandgraphtransformationthatis
(i) simultaneouslyvisualandprecise,and(ii) clearlyseparatesderivedstaticcon-
cepts(likepriorities,conflicts,etc.)from theirdynamicinterpretationthusscaling
upwell for differentstatechartvariants(with, e.g.,variouspriority strategies)and
potentialfuturechangesin thestandard.
Keywords: UML Statecharts,graphtransformation,model transitionsystems,
metamodeling

1 Intr oduction

For the recentyears,the Unified Modeling Language(UML) [18] hasbecomethe de
factostandardmodelinglanguagein thedesignprocessof object–orientedsystemsin-
cluding a variety of complex applicationsranging from object–orientedsoftware to
embeddedreal-timesystems.Bothstaticanddynamicaspectsof suchsystemsarecap-
tured visually, by a seriesof diagrams.The dynamicbehavior of systemobjectsare
describedby UML Statecharts, which is astatemachinevarianthaving its originsin the
well–known formalismintroducedfor thefirst timeby Harelin [8].

However, the growing complexity of IT systemsrevealedseveral shortcomingsof
the languagestemmingfrom the fact that UML lacks a precisedynamicsemantics.
Whereasthestaticsemanticsis describedby metamodelsanda constraintlanguageup
to a certainlevel of preciseness,its executionsemanticsis only given informally in a
naturallanguage.

Unfortunately, thereis a hugeabstractiongap betweenthe “graphical” world of
UML andall themathematicalmodelsof describingdynamicsemantics(suchastran-
sitionsystems,Petrinets,abstractstatemachines,processalgebras,etc.).Consequently,
�
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systemsengineerswill requiretheback–annotationof analysisresultsinto theoriginal
UML formalism,aswell asaneasy–to–understand,visualspecificationof thedynamic
semantics.

Graphtransformation(seee.g.[17]) providesa mathematicallypreciseandvisual
specificationtechniqueby combiningtheadvantagesof graphsandrulesinto a single
computationalparadigm.Its potentialdomainsof applicationincludee.g.patternrecog-
nition, functionalprogramminglanguages,databasesystems,distributedsystems,and,
recently, transformationswithin andbetweenUML diagrams(cf. [6,9,23]).

In the currentpaper, we presenta rule-based,visual specificationof statecharts
semanticsby meansof modeltransitionsystems(a combinationof metamodelingand
graphtransformationwith explicit controlstructures)thatprovidesabetterunderstand-
ing for systemsengineersby separatingderived static concepts(conflicts,priorities,
etc.)andtheir dynamicinterpretation(enabledness,fireability).

In fact,theframework presentedherewasimplementedto form thesemanticfront-
endfor severalanalysismethodswithin our general,transformation-basedformal ver-
ification and validation framework of UML modelsbasedon the VIATRA environ-
ment[3]. For instance,in [21], we proposeanautomatedencodingof modeltransition
systemsinto theSAL (SymbolicAnalysisLaboratory[1]) intermediatelanguageto pro-
vide accessto wide range of verificationmethodsprovidedby the SAL environment.
TheUML statechartsemanticsof thecurrentpaperservedasthebenchmarkapplication
for evaluatingthis encoding,however, a detaileddiscussionof this approachis out of
thescopeof thecurrentpaper.

1.1 RelatedStatechartsSemantics

Sincethe original formalismof Harel [8], the theoryof statechartshasbeenunderan
extensiveresearchandmany differentsemanticapproachesevolvedfrom theacademic
world (acomparisonof differentapproachescanbefoundin e.g.[24]). However, asthe
industrial interestis ratherlimited to the StatemateandUML variants,therefore,the
majority of recentapproachesfor statechartssemanticshave typically focusedon the
formalizationof thosevariants.In thissection,werestrictourattentionto compareonly
proposalsfor theUML dialectwith a stresson thesupportof formal verification.

ExtendedHierarchicalAutomata,which form thestructuralbasisof our statechart
semantics,were introducedin [14] for Statemateand in [13] for UML. In a second
phase,both approachestransformtheir modelsinto Promelacodeandverify themby
themodelcheckerSPIN[10]. A majorstressis puton formalverificationin [20] where
UML statechartsareencodedinto a PVS[15] specificationenablingthe accessto au-
tomatedtheoremproving of UML design,while in [12], themodelcheckingof UML
statechartsis aimed.

An entire verification round-trip is reportedin [2] and [16] wherethe resultsof
model checkingare representedvisually in the original UML models.The semantic
coreof statechartsis formalizedin thosepapersby meansof abstractstatemachines
andstatetermgraphs,respectively.

Despitetheir successfrom a verificationpoint of view, the useof precise,formal
mathematicsis alsothecommonweaknessof all theseapproaches:they fail to providea
highlevel of abstractionthatcanbeproperlyunderstood(andimplemented)by systems
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engineers.Previous proposalsin the field of graphtransformation(e.g.,[7, 11]) have
tried to tacklethis problemby providing avisualspecificationof statechartsemantics.

Even thoughtheseproposalsderive their internal graphrepresentationfor UML
modelsdirectlyor indirectlyfrom thestandardUML metamodel,semanticconceptsare
typically hardcodedinto thesemanticrules,which doesnot scaleup well for different
statechartlanguagesor thefutureevolutionof theUML languageitself. For instance,to
implementthe inversepriority conceptsof Statematesemanticswould requirea major
revision in all theseapproaches.

In thecurrentpaper, we definethedynamicbehavior of UML statechartsby com-
bining metamodelingand graphtransformationtechniques.However, our main con-
tribution is to simultaneouslyincludethe purely syntactic(states,transitions,events)
and derivedstatic semanticconceptsof statecharts (like conflicts,priorities, etc.) in
themetamodel,but separate themfromtheir dynamicoperational semantics,which is
specifiedby graphtransformationrules.This philosophykeepsthemetamodelandthe
graphtransformationruleseasyto beunderstoodandmaintainedfor statechartvariants.
Additionally, ourmethodologyprovidesdirectaccessto theformalverificationof UML
statechartsby applyingthetechniquesinvestigatedin [21].

The restof the paperis structuredasfollows. Section2 givesa brief introduction
to UML StatechartsandExtendedHierarchicalAutomata[13], which latter onewill
serve as the underlyingmathematicalstructure.In Sec.3.1, an theoreticaloverview
is provided on model transitionsystems,while Sec.3.2 formalizesthe semanticsof
statecharts.Finally, Sec.4 concludesourpaper.

2 An Inf ormal Intr oduction to UML Statecharts

UML statecharts(seetheexamplein Fig. 1) areanobject–orientedvariantof classical
Harelstatecharts[8] thatdescribebehavioral aspectsof thesystemunderdesign.In fact,
thestatechartformalismitself is anextensionof traditionalstatetransitiondiagrams.

s9

s1

s4
<<concurrent>>

s5

s6 s7

s8

s2

s3

t1:r1/a1

t2:a1/r2

t3:e1/−
t4:r2/a2

t5:a2/e1

t6:e1/f1

t7:f1/r1

t8:e2/e1

t9:f2/e1

Fig.1. A sampleUML statemachine

UML Statemachinesarebasicallyconstructedfrom states(includingthetop state
of thehierarchy)andtransitions.
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StatesAs oneof themainconceptsof statechartsis staterefinement,statescanbeeither
simple, compositeor concurrent (disregardingfrom pseudostateslike initial andfinal
states).

Simplestates(likes2 ors3 in Fig. 1) areat thefinal level of refinement.States1,
on thecontrary, is refinedinto two distinctregions(representedasa statein UML), s4
ands5, eachof themis refinedin turn into anautomatonconsistingof furthersubstates
(e.g.s6, s7). Statesrefinedto sub–statesaredenotedascomposite, additionally, s4
ands5 arecalledconcurrent regionsof theconcurrentstates1 aseachof themhasan
activesubstate.

At onepoint in time,thesetof all activestatesformstheactiveconfigurations. For
instance,oursamplesystemcanbeany of thefollowing configurations:

�
s1,s6,s8 � ,�

s1,s6,s9 � , � s1,s7,s8 � , � s1,s7,s9 � , � s2 � , � s3 � .

Transitions A Transition connectsa source stateto a target state.A transition is
labeledby a triggerevent, abooleanguard anda sequenceof actions.

A transitionis enabledandcanfire if andonly if its sourcestateis in the current
configuration,its trigger is offeredby theexternalenvironmentandtheguardis satis-
fied. In this case,thesourcestateis left, theactionsareexecuted,andthetargetstateis
entered.

In our example,if eventa1 is offeredby the environmentandthe currentconfig-
uration is

�
s2 � , thenstates2 is left andstates1 is entered.In particular, ass1 is

composite,we alsohave to definewhich arethesubstatesthatarereached.In thecase
at hand,they arethedefault onesspecifiedby the initial statesof s4 ands5, namely,
s6 ands8. In a generalcase,the sourceand target stateof a transitionmay be at a
differentlevel of thestatehierarchy. Sucha transitionis denotedthenasinterlevel.

Eventdispatching In general,morethanoneeventcanbeavailablein theenvironment.
TheUML semanticsassumesa dispatcher, which selectsoneeventat a time from the
environmentandoffersit to thestatemachine.As aresult,morethanonetransitioncan
beenabled,whichmaycauseaconflict to beresolvedif theintersectionof thestatesleft
by theenabledtransitionsis not empty. Conflicting transitionsaretried to beresolved
by usingpriorities:a transitionhashigherpriority thananothertransitionif its source
stateis asubstateof theothertransition’ssourcestate.If conflictscannotberesolvedby
priorities,any of theenabledtransitionscanbefired,moreover, accordingthetherun-
to-completionstep,all transitionsfrom thenon–conflictingsubsetof enabledtransitions
arefiredat a time.

Non–standard UML extensionsIn thecurrentversionof our statechartsemantics,sev-
eralconceptsof the UML standard(suchashistorystates,deferredevents)have been
omittedfor spacelimitations.We hopethat our formalizationconceptsin Section2.1
will demonstratethatthe“neglected”partscaneasilybeintegratedinto afutureversion.

Ontheotherhand,wealsohadto extendtheoriginalUML standarddueto thelack
of aproperspecificationfor eventqueues.Currently, onequeueis attachedto oneobject
andstoresa setsof events,however, our approachcaneasilybe extendedto alternate
queuemodels(FIFO,multiset,etc).
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2.1 ExtendedHierar chical Automaton

TheUML versionof ExtendedHierarchicalAutomaton(EHA) wereintroducedin [13]
to provideanalternaterepresentationanda formaloperationalsemanticsfor Statechart
diagramsby a smallnumberof complex transitionrules.In this paper, theEHA model
is consideredto be only an alternatestructural representationof statecharts, while
the original semanticdomainis replacedby a setof dynamicattributesandrelations
manipulatedby graphproductions.

Notethattheformalizationmethodtobepresentedbelow couldbeappliedstraightly
to thelanguageof UML statecharts.We believe that theintermediateEHA representa-
tion providesgreaterflexibility whenfurther statechartvariants(e.g.the Statemateor
Matlabdialects)areconsideredin thefuture.In fact,theEHA notationcanbederived
automaticallyfrom the original UML statechartnotationby a rathersyntacticgraph
transformationprocess(seeadetaileddiscussionin [22]).

Metamodeland modelof ExtendedHierarchical Automaton The structuralbasisof
ExtendedHierarchicalAutomatonare definedby its metamodelin Fig. 2(a), while
the EHA encodingof our samplestatechartis shown in Fig. 2(b). The classesof the
EHA metamodelareprefixedwith theletter’h’ in orderto avoid nameclasheswith the
originalnotionsof UML statecharts.

– An ExtendedHierarchicalAutomaton(EHA) is composedof a top hState,and
sequentialautomatons of classhAut. Additionally, anEHA is attachedto anarbi-
trary numbereventQueues. Eachinstanceof a UML classthatis associatedwith
a statemachineis projectedinto adistinctEHA instance.

– A sequentialautomatonhAut is generatedfor (i) eachnon-concurrentcomposite
stateand(ii) for eachregionsof a concurrentcompositestatein a UML statechart.
It is composedof hStates(referredby autStates) andhTransitions(accessedby
autTrans).

– EachUML statethat is not a region of a concurrentstateis transformedinto a
hState. Thestaterefinementrelationis preservedby the refined associationlink-
ing statesto their subautomatons.

– A transitionin UML statechartshasa correspondingtransitionhTrans in its EHA
equivalentlinking the from hStateandthe to hState.All EHA transitionsarenon-
interlevel thus connectingstatesthat belongto the samesequentialautomaton,
which is the EHA equivalent of the least commonancestor1 statein the UML
statemachine.The original sourcestate(s)of transitionis denotedby the source
restrictionrelation(sourceRest). Thetargetdeterminator(targetDet) of a transi-
tion relatesthesetof hStatesthat (i) have a simplestateequivalentin theoriginal
UML model,and(ii) they mustbe enteredimplicitly whenthe transitionis fired
(thusmorethana singletargetdeterminatorstatemaybeconnectedto e.g.,transi-
tion t2).

– A hTransitionis triggered by a relatedhEvent, and its effect is definedby its
correspondinghAction. In thepaper, we restrictour attentionto sendactions,i.e.,

1 The leastcommonancestorof aUML transitionis thelowestlevel statethatis asuperstateof
boththesourceandthetargetstates
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(b) A sampleEHA model

Fig.2. ExtendedHierarchicalAutomaton

all the actionsareconsideredassendingan event to the specifiedeventQueue.
Theguard conditionis a booleanexpressionthatmusthold to allow thetransition
to beenabled.

– An EHA objectis automaticallyassociatedto oneeventqueuewherethemessages
sentto theobjectarrive from.

In orderto improvetheclarity of Fig. 2(b),werepresentedtheevents(EV), actions
(AC), sourcerestrictions(SR)andtargetdeterminators(TD) of a transitionin a table.
Notethatgrey areasin thetablerepresentthecorrespondingvaluesfor interlevel UML
transitions.

In the metamodel,staticpartsof the metamodel(left from the vertical line) were
keptseparatedfrom dynamic(andderived)relationsandattributes(right from thever-
tical line). All the previousconceptsareregardedasstaticparameters, sincethey are
derivedfrom theoriginal UML modelat compiletime.For describingthedynamicbe-
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havior of statechartsin an easy-to-understandway, additionalattributesandrelations
arerequired.

– The booleanattribute isAct of a hStatewill be setto true whenever the hStateis
active (i.e. memberof thecurrentconfiguration).TheattributeevSel of a hEvent
is truewhenthis hEventis selectedby thedispatcher(asthedispatcherbelongsto
theenvironment,this attributewill behandlednon–deterministically).

– The relation substates connectsa hStateto its descendenthStatesin the EHA
statehierarchy. Whena hQueueis relatedto a hEvent by an inQueue edge,this
factdenotesthatthehEventis a memberof thehQueueset.

– Theattributesenabled, fireable andfire will denote,respectively, (i) whena tran-
sition is triggeredby the selectedevent and its origin is an active state,(ii) it is
enabledandhassufficientpriority to befired,and(iii) it is selectedto befired.

– Thereare four additionalrelationsfor hTransitions,which are, in fact, staticbut
not part of the EHA model introducedin [13]. The relation exitState explicitly
enumeratesall thestatesthathaveto beexitedwhenthetransitionis fired.Similarly,
the enterState relationlists all thestatesto be enteredwhena transitionis fired.
Two hTransitionsarein aconflict relation(i.e. they mightbein conflictwhenfiring
them) if their exitState set is not disjoint. While givePrior specifiesthe priority
relationbetweenhTransitions.

The major distinctionbetweenstaticanddynamicconceptsis that staticpartsare
not modifiedwhile an EHA is beingoperatedby the upcominggraphtransformation
rules.Therefore,thedynamicattributes(andrelations)areinitialized andnotcompiled.
With this respect,the semanticformalizationof EHA will be divided into two subse-
quentphases,namely, (i) a preprocessingphasefor generatingderivedpropertiesand
initializing dynamicconstructs,and(ii) theexecutionof coreEHA semanticsitself.

3 A Rule-BasedVisual Semanticsfor UML Statecharts

3.1 Theoretical background: Model Transition Systems

Up to this point, the only the syntacticdomainof statechartmodelsand metamod-
elswerediscussed.A traditionalapproachof definingstaticsemanticsfor modelsand
metamodelsis providedby a mappingto directed,typedandattributedgraphs.In this
sense,a modelwill conformto its metamodel,if its modelgraphconformsto thecor-
respondingtypegraphwith respectto a typinghomomorphism.

Typegraphsandmodelgraphs All classesaremappedinto a graphnodeandall asso-
ciationsareprojectedinto agraphedgein thetype graph. Theinheritancehierarchyof
metamodelscanbepreservedby anappropriatesubtypingrelationon nodes(andpos-
sibly, on edges).Classattributesarederivedinto graphattributeswherethe lattermay
betreatedmathematicallyas(possiblypartial)functionsfrom nodesto their domains.

Objectsand links betweenthem are mappedinto nodesand edges,respectively,
in themodel (instance)graph. Eachnodeandedgein themodelgraphis relatedto a
correspondinggraphobjectin thetypegraphbyacorrespondingtypinghomomorphism.
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Theoperationaldynamicsemanticsof HierarchicalAutomatonwill be formalized
by modeltransitionsystems(introducedin [23]), which is a variantof graphtransfor-
mationsystemswith a predefinedsetof controlstructures.

Definition 1. A modeltransformation rule �����
	��������� is a specialgraphtransfor-
mationrule, whereall graphs	 ,  and � are modelgraphs.

Theapplication of � to a host graph � (accordingto thesinglepushoutapproach
[5]) replacesan occurrenceof 	 (left-handside,LHS) in � by an imageof � (right-
handside,RHS)yielding thederivedgraph� . This is performedby

1. findinganoccurrenceof 	 in � , whichis eitheranisomorphicor anon–isomorphic
imageaccordingto �

2. checking the negative application condition  , which prohibit the presenceof
certainnodesand edges(negative applicationconditionsare denotedby shaded
grey/redareaslabeledwith theNEGkeyword).

3. removing thosenodesandedgesof thegraph � thatarepresentin 	 but not in �
yielding thecontextgraph � (all danglingedgesareremovedat this point)

4. adding thosenodesandedgesof the graph � that arepresentin � but not in 	
attainingthederivedgraph � .

Theentiremodeltransformationprocessis definedby aninitial graphmanipulated
by a set of model transformationrules (micro steps)executedin a specificmodein
accordancewith thesemantics(macrosteps)of a hierarchicalcontrolflow graph.

Definition 2. A modeltransition system�����������! #"%$&���'�)(+*���� with respectto (one
or more) typegraph �,� is a triple, where �! #"%$ definesthe initial graph, � is a setof
modeltransformationrules (bothcompatiblewith �,� ), and (+*�� is a setof a control
flow graphsdefinedasfollows.

– There aresix typesof nodesof theCFG: Start, End, Try, Forall, LoopandCall.
– There are two typesof edges:succeedandfail .

Thecontrolflow graphis evaluatedby a virtual machinewhich traversesthegraph
accordingto theedgesandappliestherulesassociatedto eachnode.

1. The executionstartsin the Start andfinishesin the End node.Neither typesof
nodeshaverulesassociatedto them.

2. Whena Try nodeis reached,its associatedrule is tried to beexecuted.If the rule
wasappliedsuccessfullythen the next nodeis determinedby the succeededge,
while in casetheexecutionfailed,the fail edgeis followed.

3. At aLoop node,theassociatedrule is appliedaslongaspossible(whichmaycause
non-terminationin themacrostep).

4. WhenaForall nodeis reached,therelatedrule is executedparallellyfor all distinct
(possiblenone)occurrencesin thecurrenthostgraph.

5. At a Call node(which hasanassociatedCFGandnot a rule) thestateof theCFG
machineis saved andthe executionof the associatedCFG is started(in analogy
with function calls in programminglanguages).When the sub CFG machineis
terminated,thesavedstateis restored,andtheexecutionis continuedin accordance
with theoutgoingedge(succeedor fail ).
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Note that this CFG modelfollows the control flow conceptsof the VIATRA tool.
However, the useof “as long aspossible”kind of control conditions(andadditional
negativeapplicationconditions)insteadof forall nodeswould almostdirectly yield the
appropriatecontrolconditions,for instance,for PROGRES[19].

.

3.2 An operational semanticsof ExtendedHierar chical Automaton

The semanticsof ExtendedHierarchicalAutomatonis definedby a model transition
system.Theinitial graph is thestaticmodelgeneratedby theSC2EHAtransformation.
Theinitializationof thedynamicaspectsandthederivationof extensionalattributesare
separatedinto a preprocessingphase, while theexecutionof thesemanticrulesof EHA
form theoperationalphase. Thetop–level ehaSemantics modulethusconsistsof two
Call nodes— onefor thespecificationof eachphases.

ThepreprocessingphaseTheinitDynamics moduleis mainly responsiblefor deriving
thosestatic relationsthat arerequiredfor an easy-to-understandformalizationof dy-
namicbehavior. In addition,the initialization of dynamicattributesalsotakesplaceat
thisstage.Thepreprocessingphaseconsistsof 10 rules(seeFig. 3) thatareexecutedin
accordingto thecontrolflow graphin thefollowing order. An alternatesolutionfor this
preprocessingphaseis to usepathexpressionsfor suchderivedrelationships.

1. substatesR1: The rules substatesR1 and substatesR2 build up the substate
relationshipin two steps.At first, if a hState�.- is refinedto a hAutomaton/ , all
thehStates�10 of this automatonaresubstatesof �.- (a Forall execution).

2. substatesR2: Secondly, thetransitiveclosureof thesubstatesrelationiscalculated
by looping rule substatesR2 as long aspossible.This meansto addsubstates
edgesbetweenhStates�.- and �#2 , if �#0 is substateof �.- , �12 is asubstateof �10 but
no substateedgesareleadingyetbetween� - and � 2

3. exitStateR1: RulesexitStateR1 andexitStateR2 explicitly connectthe hStates
that areexited by a hTransitionwhenthe transitionis fired to the hTransition.At
first, thefr om hState� of a hTransition� mustbeexited.

4. exitStateR2: Afterwards,all thesubstates�#0 of thefr om state�3- of thehTransi-
tion � mustalsobeexited.

5. enterStateR1: All thestatestargetdeterminatorhStates� of a firing hTransition
� areshouldbeenteredwhenfiring this transition.

6. enterStateR2: Additionally, all thestates�10 thataresuperstatesof thetargetde-
terminatorstate�.- of a hTransition � but not superstatesof the to hState�#2 must
alsobeentered.Notethatthestatesto beexitedandenteredwhenfiring atransition
arestaticinformation.

7. conflictR: Therule conflictR connectstwo hTransitions� - and � 0 , if thereexists
a hState� that is linkedto bothof themby anexitStateedge,thusit is exited by
bothtransitionscausingaconflict.

8. givePriorityR: According to this rule, a hTransition �#0 haslower priority than
hTransition �.- if for the correspondingsourcerestrictionhStates( �#0 and �3- , re-
spectively), �3- is asubstateof �10 .
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9. initTransR andinitActiveR: Initially, all thedynamicattributesof hTransitionsare
setto false.

10. initActiveR: A state � becomesactive if it is an initial stateof somesequential
hAutomaton/ .

Example. By the endof the preprocessingphaseof the EHA model in Fig. 2(b), we
derived,for instance,that

– 4657��468!��469 and 4;: aresubstatesof 4 - ;
– the statesto be exited whenfiring transition $ - are 4 - (the fr om state), 4;5!��4687�)469

and 46: (thesubstatesof thefr om state);
– thestatesto beenteredwhenfiring transition$<0 are 4 5 �)4 9 (thetargetdeterminators)

and 4=- (which is theto state);
– transitions$�-=�>$<2 and $ 5 arein conflict with eachothersincestate4 5 is exitedby all

of them;
– however, $<2 givespriority to $�- and $ 5 asthe sourcerestrictionstate 4?- of $�- is a

superstateof 4 5 (thesourcerestrictionof $�- and $ 5 ).
Operational phase Now we continuewith the discussionof the “more semantical”
operationalphase(depictedin Fig. 4), wherethe run-to-completionstepof statecharts
arerefinedinto a sequenceof more elementaryoperations.

1. selectEventR: At first, anevent @ is non-deterministicallyselectedfrom anevent
queueA . If no sucheventsareavailable,then the executionof EHA terminates.
Noteat thispoint,thatdifferent(morecomplex) eventhandlingmechanismscanbe
selectedat this point, however, this non-deterministicselectionoverapproximates
thesemanticsof suchmechanisms.

2. enableR: A hTransition� is enabledif its sourcerestrictionhState� is active,and
its triggerhEvent @ is selectedby thedispatcher.

3. fireableR: An enabledhTransition � - becomesfireable if thereare no enabled
hTransitions� 0 of higherpriority (seethenegativecondition).

4. fireFirstR: Thefirst (fireable)hTransition� is selectedtobefirednon–deterministically
by settingits fir e attribute to true. If no suchtransitionsfound thenthe execution
continuesby resettingdynamicattributesof transitions(seethefinal step).

5. fireNextR: After the successof fireFirstR, the setof transitionsto be fired fired
is extendedoneby one(by loopingfireNextR) until all the remainingenabled
hTransitionsarein conflictwith at leastoneelementin thefire set.

6. exitR: All thestates� markedby anexitStateedgeleadingfrom a firing hTransi-
tion � areexited.

7. addQueueR: As the effect of firing a hTransition � , the hEvent @ associatedto
the (send)hAction / is addedto the correspondinghQueueA (if the negative
conditionis removed,thentheeventqueueis modeledasa bagandnot a set).

8. enterR: All thestates� markedby anenterStateedgeleadingfrom afiring hTran-
sition � areentered.This stepresultsin a valid configurationas(i) theoriginsof
target determinatorstatesweresimplestates,henceno statesneedto be entered
at a lower level thanthetargetdeterminatorsand(ii) all EHA transitionsarenon–
interlevel thus no stateshad beenexited at a higher level than the fr om and to
hStates.
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Fig.4. ThemodeltransitionsystemspecifyingtheEHA semantics
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9. resetR anddeselectEvR: All thedynamicattributesof atransition� andanevent
@ aresetto false,andanew stepof theEHA commences.

Example. Let usassumethat theactivestatesof our sampleEHA modelaretheinitial
states(thus 4=-=��4 5 , and 4 9 ) and the event queueonly containsthe singleevent of B=- .
Accordingto thepreviousrules,arun-to-completionstepof ourhierarchicalautomaton
proceedsasfollows.

1. Transitions$<2 and $ 5 areenabledby applyingenableR as the sourcerestriction
states( 4=- and 4 5 , respectively) of bothtransitionsareactive.

2. Fromthisenabledsetof transitions,theapplicationof fireableR eliminates$ 2 since
$ 2 givespriority to $<5 .

3. Thesetof transitionsto befiredwill consistof thesingletransition$<5 .
4. By applyingexitR, states4?-=��4 5 and 4 9 becomeinactive, while the applicationof

enterR resultsin the activation of state 460 . Meanwhile,event C!- is addedto the
eventqueueby rule addQueueR.

5. Finally, all dynamicattributesof all transitionsaresetto false,anda new run-to-
completionstepcommences.

4 Conclusions

In the currentpaper, we proposeda visual operationalsemanticsfor UML statecharts
basedon metamodelingtechniques(ExtendedHierarchicalAutomatonastheunderly-
ing staticstructure)andmodeltransitionsystems(for definingoperationalsemantics).
The main contribution of the paperis to partition the complex (but ratherinformal)
semanticrulesof statechartsin theUML standardinto elementaryoperationsseparat-
ing derivedstaticconcepts(conflicts,priorities) from their dynamicinterpretation(en-
abledness,fireability). In this respect,our approachcanbe easilyadaptedto different
statechartvariants(e.g.,with differentpriority concepts)andupcomingchangesin the
UML standard.

Thepresentedframework wastestedwithin theVIATRA tool [23]. Moreover, fol-
lowing theguidelinesof [21], wedirectly transformedourUML statechartsemanticsto
SAL specifications[1] in orderto provide accessto a combinationof symbolicverifi-
cationtechniques.
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