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Abstract. UML Statechartarewell-known visualmeango capturehedynamic
behaior of reactive systemsin the object-orienteddesignmethodology Since
the UML standardnly containsaninformal descriptionon how to executesuch
statemachinemathematicallyprecisesemanticframenorks are requiredfor an

automatedinalysisThecurrentpapermpresents&formal semanticor UML stat-
echartdasedn acombinatiorof metamodelin@ndgraphtransformatiorthatis

(i) simultaneouslyisualandprecise and(ii) clearlyseparatederivedstaticcon-

cepty(likepriorities,conflicts,etc.)from their dynamicinterpretatiorthusscaling
up well for differentstatecharvariants(with, e.g.,variouspriority stratgies)and

potentialfuture changesn thestandard.
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1 Intr oduction

For the recentyears,the Unified Modeling Languagg UML) [18] hasbecomethe de
factostandardnodelinglanguagen the designprocessof object—orientecdsystemsn-
cluding a variety of comple applicationsranging from object—orientedsoftware to
embeddedeal-timesystemsBoth staticanddynamicaspect®f suchsystemsarecap-
turedvisually, by a seriesof diagrams.The dynamicbehaior of systemobjectsare
describedby UML Statetbarts, whichis astatemachingarianthaving its originsin the
well-knowvn formalismintroducedfor thefirst time by Harelin [8].

However, the growing compleity of IT systemsevealedseveral shortcomingsof
the languagestemmingfrom the fact that UML lacks a precisedynamic semantics.
Whereaghe staticsemanticss describedy metamodelgnda constrainfanguageup
to a certainlevel of precisenessis executionsemanticds only giveninformally in a
naturallanguage.

Unfortunately thereis a huge abstractiongap betweenthe “graphical” world of
UML andall the mathematicaimodelsof describingdynamicsemantic§suchastran-
sition systemsPetrinets,abstracstatemachinesprocessalgebrasetc.).Consequently
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systemsngineerwill requirethe back—annotationf analysisresultsinto the original
UML formalism,aswell asaneasy—to—understandisual specificatiorof thedynamic
semantics.

Graphtransformation(seee.g.[17]) providesa mathematicallypreciseandvisual
specificationtechniqueby combiningthe advantagef graphsandrulesinto a single
computationaparadigmIlts potentialdomainsof applicationincludee.g.patternrecog-
nition, functionalprogramminganguagesgatabasaystemsdistributedsystemsand,
recently transformationsvithin andbetweerJML diagramg(cf. [6, 9,23]).

In the currentpaper we presenta rule-basedvisual specificationof statedarts
semanticdy meansof modeltransitionsystemga combinationof metamodelingand
graphtransformatiorwith explicit controlstructures}hatprovidesabetterunderstand-
ing for systemsengineersiy separatingderived static conceptg(conflicts, priorities,
etc.)andtheir dynamicinterpretationenablednesdireability).

In fact,the framework presentedherewasimplementedo form the semantidront-
endfor severalanalysismethodswithin our general transformation-basefrmal ver-
ification and validation framavork of UML modelsbasedon the VIATRA erviron-
ment[3]. For instancejn [21], we proposean automatedncodingof modeltransition
systemsnto theSAL (SymbolicAnalysisLaboratory{1]) intermediatédanguageo pro-
vide accesdo wide range of verification methodsprovided by the SAL environment.
TheUML statecharsemantic®f thecurrentpapersenedasthebenchmarlapplication
for evaluatingthis encoding however, a detaileddiscussiorof this approachs out of
thescopeof thecurrentpaper

1.1 RelatedStatechartsSemantics

Sincethe original formalismof Harel [8], the theoryof statecharthiasbeenunderan
extensive researclandmary differentsemantiapproachesvolvedfrom theacademic
world (acomparisorof differentapproachesanbefoundin e.g.[24]). However, asthe
industrialinterestis ratherlimited to the Statemateand UML variants,therefore the
majority of recentapproache$or statechartsemanticdave typically focusedon the
formalizationof thosevariantsIn this sectionwe restrictour attentionto compareonly
proposaldor the UML dialectwith a stresson the supportof formal verification.

ExtendedHierarchicalAutomata,which form the structuralbasisof our statechart
semanticswere introducedin [14] for Statemateandin [13] for UML. In a second
phase poth approachesransformtheir modelsinto Promelacodeandverify themby
themodelchecler SPIN[10]. A majorstresds puton formal verificationin [20] where
UML statechartareencodednto a PVS[15] specificationenablingthe accesgo au-
tomatedtheoremproving of UML design,while in [12], the modelcheckingof UML
statechartss aimed.

An entire verification round-trip is reportedin [2] and[16] wherethe resultsof
model checkingare representedisually in the original UML models.The semantic
core of statechartss formalizedin thosepapersby meansof abstractstatemachines
andstatetermgraphsyespectiely.

Despitetheir succesgrom a verification point of view, the useof precise formal
mathematicss alsothecommorweaknessf all theseapproacheghey fail to providea
highlevel of abstractiorthatcanbe properlyunderstoodandimplementedpy systems
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engineersPrevious proposalsn the field of graphtransformation(e.g.,[7, 11]) have
tried to tacklethis problemby providing a visual specificatiorof statecharsemantics.

Even thoughtheseproposalsderive their internal graphrepresentatiorior UML
modelsdirectly or indirectly from the standardJML metamodelsemanticonceptsire
typically hardcodedinto the semantiqules,which doesnot scaleup well for different
statechartanguages®r thefutureevolution of theUML languagétself. For instanceto
implementthe inversepriority conceptof Statematesemanticsvould requirea major
revisionin all theseapproaches.

In the currentpaper we definethe dynamicbehavior of UML statechartdy com-
bining metamodelingand graphtransformationtechniquesHowever, our main con-
tribution is to simultaneouslyinclude the purely syntactic(states transitions,events)
and derived static semanticconceptsof statedarts (like conflicts, priorities, etc.) in
the metamodelbut sepaate themfrom their dynamicoperational semanticswhich is
specifiedby graphtransformatiorrules. This philosophykeepsthe metamodeblndthe
graphtransformationruleseasyto beunderstooéndmaintainedor statecharvariants.
Additionally, ourmethodologyprovidesdirectaccesso theformal verificationof UML
statechartby applyingthetechniquesnvestigatedn [21].

The restof the paperis structuredasfollows. Section2 givesa brief introduction
to UML Statechart@nd ExtendedHierarchicalAutomata[13], which latter one will
sene asthe underlyingmathematicaktructure.In Sec.3.1, an theoreticalovervien
is provided on modeltransition systemswhile Sec.3.2 formalizesthe semanticsof
statechartdrinally, Sec.4 concludesur paper

2 An Informal Intr oduction to UML Statecharts

UML statechart¢seethe examplein Fig. 1) areanobject—orientediariantof classical
Harelstatechartf8] thatdescribeébehaioral aspect®f thesystenunderdesignn fact,
the statecharformalismitself is anextensionof traditionalstatetransitiondiagrams.

Py sl
— <<concurrent>> s2
fe4 ~ T Tt tl:rl/al
o 6 t6:el/f1 s7
t2:al/r2
t7:f1/r1 t3:el/-
<5 t4:r2/a2
—
t9:-f2/e1 t5:a2/el

Fig. 1. A sampleUML statemachine

UML Statemachinesarebasicallyconstructedrom states(includingthetop state
of the hierarchy)andtransitions
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StatesAs oneof themainconcept®f statechartss staterefinementstatecanbeeither
simple compositeor concurent (disregardingfrom pseudostatedik e initial andfinal
states).

Simple states(likes2 ors3 in Fig. 1) areatthefinal level of refinementStates 1,
onthecontrary is refinedinto two distinctregions(representedsa statein UML), s4
ands5, eachof themis refinedin turninto anautomatorconsistingof furthersubstates
(e.g.s6, s7). Statesrefinedto sub—statesre denotedas composite additionally s4
ands5 arecalledconcurrentregionsof theconcurrenstates 1 aseachof themhasan
active substate.

At onepointin time, thesetof all active statedormstheactive configurations. For
instancepur samplesystemcanbeary 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 transitionis
labeledby atriggerevent, abooleanguard anda sequencef actions

A transitionis enabledandcanfire if andonly if its sourcestateis in the current
configurationts triggeris offeredby the externalervironmentandthe guardis satis-
fied. In this casethe sourcestateis left, the actionsareexecuted andthe targetstateis
entered.

In our example,if evental is offeredby the ernvironmentandthe currentconfig-
urationis {s2}, thenstates2 is left andstates1 is entered.In particular ass1 is
compositewe alsohave to definewhich arethe substateshatarereachedln the case
athand,they arethe default onesspecifiedby theinitial statesof s4 ands5, namely
s6 ands8. In a generalcase the sourceandtarget stateof a transitionmay be at a
differentlevel of the statehierarchy Suchatransitionis denotedhenasinterlevel.

Eventdispatding In generalmorethanoneeventcanbeavailablein theenvironment.
The UML semanticassumes dispatcher, which selectoneeventatatime from the

ervironmentandoffersit to the statemachine As aresult,morethanonetransitioncan
beenabledwhichmaycauseaconflict to beresoledif theintersectiorof the statedeft

by the enabledransitionsis not empty Conflictingtransitionsaretried to be resolhed

by usingpriorities: a transitionhashigher priority thananothertransitionif its source
stateis a substatef the othertransitions sourcestate If conflictscannotberesohedby

priorities, ary of the enabledransitionscanbefired, moreover, accordingthe the run-

to-completiorstep all transitiondrom thenon—conflictingsubsebf enabledransitions
arefiredatatime.

Non-standadl UML extensionsin the currentversionof our statecharsemanticsser-
eral conceptof the UML standardsuchashistory statesdeferredevents)have been
omittedfor spacelimitations. We hopethat our formalizationconceptsn Section2.1
will demonstratéhatthe“neglected’partscaneasilybeintegratednto afutureversion.

Ontheotherhand,we alsohadto extendthe original UML standardiueto thelack
of aproperspecificatiorfor eventqueuesCurrently onequeuds attachedo oneobject
andstoresa setsof events,however, our approactcaneasily be extendedto alternate
queuemodels(FIFO, multiset,etc).
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2.1 ExtendedHierar chical Automaton

The UML versionof ExtendedHierarchicalAutomaton(EHA) wereintroducedn [13]
to provide analternaterepresentatioanda formal operationakemanticgor Statechart
diagramsby a smallnumberof comple transitionrules.In this paperthe EHA model
is consideredo be only an alternate structural representationof statedarts while
the original semanticdomainis replacedby a setof dynamicattributesandrelations
manipulatedy graphproductions.

Notethattheformalizationmethodto bepresentetbelon couldbeappliedstraightly
to thelanguageof UML statechartsWe believe thattheintermediateEHA representa-
tion providesgreaterflexibility whenfurther statecharvariants(e.g.the Statemateor
Matlab dialects)areconsideredn the future.In fact,the EHA notationcanbe derived
automaticallyfrom the original UML statecharnotationby a rathersyntacticgraph
transformatiorprocesgseea detaileddiscussiorin [22]).

Metamodeland modelof ExtendedHierarchical Automaton The structuralbasisof
ExtendedHierarchicalAutomatonare definedby its metamodelin Fig. 2(a), while
the EHA encodingof our samplestatecharis shawvn in Fig. 2(b). The classesf the
EHA metamodehreprefixedwith theletter’h’ in orderto avoid nameclasheawith the
original notionsof UML statecharts.

— An ExtendedHierarchicalAutomaton(EHA) is composedof a top hState,and
sequentiahutomatons of classhAut. Additionally, anEHA is attachedo anarbi-
trary numbereventQueues. Eachinstanceof a UML classthatis associatedvith
a statemachinés projectednto adistinct EHA instance.

— A sequentiabutomatorhAut is generatedor (i) eachnon-concurrentomposite
stateand(ii) for eachregionsof aconcurrentompositestatein a UML statechart.
It is composedf hStateqreferredby autStates) andhTransitions(accessedby
autTrans).

— EachUML statethat is not a region of a concurrentstateis transformednto a
hState. The staterefinementelationis preseredby therefined associatiorink-
ing statego their subautomatons.

— A transitionin UML statechart®iasa correspondingransitionhTrans in its EHA
equivalentlinking thefrom hStateandtheto hState All EHA transitionsarenon-
interlevel thus connectingstatesthat belongto the samesequentialautomaton,
which is the EHA equialentof the leastcommonancestot statein the UML
statemachineThe original sourcestate(s)of transitionis denotedby the source
restrictionrelation(sourceRest). Thetargetdeterminato(targetDet) of atransi-
tion relatesthe setof hStateghat (i) have a simplestateequivalentin the original
UML model,and(ii) they mustbe enteredimplicitly whenthe transitionis fired
(thusmorethana singletargetdeterminatostatemay be connectedo e.g.,transi-
tion t2).

— A hTransitionis triggered by a relatedhEvent, andits effect is definedby its
correspondindnAction. In the paper we restrictour attentionto sendactions,i.e.,

! Theleastcommorancestorof aUML transitionis the lowestlevel statethatis a superstatef
boththe sourceandthetargetstates
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(b) A sampleEHA model

Fig. 2. ExtendedHierarchicalAutomaton

all the actionsare consideredas sendingan event to the specifiedeventQueue.
Theguard conditionis a booleanexpressiorthatmusthold to allow thetransition
to beenabled.

— An EHA objectis automaticallyassociatedb oneeventqueuewherethemessages
sentto the objectarrive from.

In orderto improvetheclarity of Fig. 2(b), we representethe events(EV), actions
(AC), sourcerestrictions(SR) andtargetdeterminatorgTD) of a transitionin a table.
Notethatgrey areadn thetablerepresenthe correspondingaluesfor interlevel UML
transitions.

In the metamodelstatic partsof the metamodelleft from the vertical line) were
keptseparatedrom dynamic(andderived)relationsandattributes(right from thever
tical line). All the previous conceptsareregardedas static parametes, sincethey are
derivedfrom the original UML modelat compiletime. For describingthe dynamicbe-
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havior of statechartsn an easy-to-understanday, additionalattributesandrelations
arerequired.

— The booleanattribute isAct of a hStatewill be setto true wheneer the hStateis
active (i.e. memberof the currentconfiguration).The attribute evSel of a hEvent
is true whenthis hEventis selectedy the dispatche(asthe dispatchebelongsto
the ervironment this attributewill be handledhon—deterministically).

— The relation substates connectsa hStateto its descendenhStatesin the EHA
statehierarchy Whena hQueueis relatedto a hEventby aninQueue edge,this
factdenoteghatthe hEventis amemberof the hQueueset.

— Theattributesenabled, fireable andfire will denoterespectiely, (i) whenatran-
sition is triggeredby the selectedevent andits origin is an active state,(ii) it is
enabledandhassufficient priority to befired, and(iii) it is selectedo befired.

— Therearefour additionalrelationsfor hTransitions,which are,in fact, static but
not part of the EHA modelintroducedin [13]. The relation exitState explicitly
enumerateall thestateghathave to beexitedwhenthetransitionis fired. Similarly,
the enterState relationlists all the statesto be enteredwhena transitionis fired.
Two hTransitionsarein aconflict relation(i.e. they mightbein conflictwhenfiring
them)if their exitState setis not disjoint. While givePrior specifiesthe priority
relationbetweerhTransitions.

The major distinction betweenstaticand dynamicconceptss that static partsare
not modifiedwhile an EHA is beingoperatedby the upcominggraphtransformation
rules.Thereforethedynamicattributes(andrelations)areinitialized andnot compiled
With this respectthe semantidormalizationof EHA will be divided into two subse-
quentphasesnamely (i) a preprocessingphasefor generatingderived propertiesand
initializing dynamicconstructsand(ii) theexecutionof coreEHA semanticstself.

3 A Rule-BasedVisual Semanticsfor UML Statecharts

3.1 Theoretical background: Model Transition Systems

Up to this point, the only the syntacticdomain of statecharimodelsand metamod-
elswerediscussedA traditionalapproactof definingstatic semanticsor modelsand
metamodelss provided by a mappingto directed typedandattributedgraphs.n this

sensea modelwill conformto its metamodelif its modelgraphconformsto the cor-

respondingype graphwith respecto atyping homomorphism.

Typegraphsand modelgraphs All classesaremappednto agraphnodeandall asso-
ciationsareprojectednto agraphedgein thetype graph. Theinheritancehierarchyof
metamodelganbe preseredby an appropriatesubtypingrelation on nodes(andpos-
sibly, on edges) Classattributesarederivedinto graphattributeswherethe latter may
betreatedmathematicallyas(possiblypartial) functionsfrom nodeso their domains.
Objectsand links betweenthem are mappedinto nodesand edges,respectiely,
in themodel (instance)graph. Eachnodeandedgein the modelgraphis relatedto a
correspondingraphobjectin thetypegraphby acorrespondingypinghomomorphism



ICGT 2002:First InternationalConferenceon GraphTransformation
pp.378-392] NCS 2505,Springer Oct 7 —12,2002,BarcelonaSpain

The operationadynamicsemanticof HierarchicalAutomatonwill be formalized
by modeltransition systemgintroducedin [23]), which is a variantof graphtransfor
mationsystemswith a predefinedsetof controlstructures.

Definition 1. A modeltransformationrule »r = (L, N, R) is a specialgraphtransfor
mationrule, wher all graphsL, N and R are modelgraphs.

Theapplication of r to ahostgraph G (accordingto the singlepushoutapproach
[5]) replacesanoccurrenceof L (left-handside,LHS) in G by animageof R (right-
handside,RHS)yielding thederivedgraphH . Thisis performedby

1. findinganoccurrenceof L in G, whichis eitheranisomorphicor anon—isomorphic
imageaccordingo M

2. cheing the neggative application condition N, which prohibit the presenceof
certainnodesand edges(negative applicationconditionsare denotedby shaded
grey/redareadabeledwith the NEG keyword).

3. remaing thosenodesandedgesof the graphG thatarepresenin L but notin R
yielding the contextgraph D (all danglingedgesareremovedatthis point)

4. addingthosenodesand edgesof the graphG that are presentn R but notin L
attainingthederived graphH.

The entiremodeltransformatiorprocesss definedby aninitial graphmanipulated
by a setof model transformatiornrules (micro steps)executedin a specificmodein
accordancevith the semantic§macrosteps)of a hierarchicalkcontrolflow graph.

Definition 2. Amodeltransition systemMT'S = (Init, R, CFG) withrespecto (one
or more) typegraphT'G is a triple, whele Init definesheinitial graph, R is a setof
modeltransformation rules (bothcompatiblewith T'G), and C F'G is a setof a control
flow graphsdefinedasfollows.

— There are six typesof nodesof the CFG: Start, End, Try, Forall, Loop andCall.
— There are two typesof edges: succeedandfail .

The controlflow graphis evaluatedby a virtual machinewhich traverseghe graph
accordingto theedgesandappliestherulesassociatedo eachnode.

1. The executionstartsin the Start andfinishesin the End node.Neithertypesof
nodeshave rulesassociatedo them.

2. Whena Try nodeis reachedits associatedule is tried to be executedIf therule
was appliedsuccessfullythenthe next nodeis determinedby the succeededge,
while in casethe executionfailed, thefail edgeis followed.

3. At aLoop node theassociateduleis appliedaslong aspossiblgwhich maycause
non-terminatiorin the macrostep).

4. WhenaForall nodeis reachedtherelatedruleis executedparallellyfor all distinct
(possiblenone)occurrence the currenthostgraph.

5. At aCall node(which hasanassociateCFG andnot arule) the stateof the CFG
machineis saved andthe executionof the associatedCFG is started(in analogy
with function calls in programminglanguages)When the sub CFG machineis
terminatedthe savedstateis restoredandthe executionis continuedn accordance
with the outgoingedge(succeedor fail ).
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Note thatthis CFG modelfollows the control flow conceptf the VIATRA tool.
However, the useof “as long as possible”kind of control conditions(and additional
negative applicationconditions)insteadof forall nodeswould almostdirectly yield the
appropriatecontrol conditions for instancefor PROGRES[19].

3.2 An operational semanticsof ExtendedHierar chical Automaton

The semanticof ExtendedHierarchicalAutomatonis definedby a modeltransition
systemTheinitial graph isthestaticmodelgeneratedy the SC2EHAtransformation.
Theinitialization of thedynamicaspectandthe derivationof extensionahttributesare
separateihto a preprocessingphasewhile theexecutionof thesemanticulesof EHA
form theopemtional phase Thetop—level ehaSemantics modulethusconsistf two
Call nodes— onefor the specificatiorof eachphases.

Thepreprocessingphase TheinitDynamics moduleis mainly responsibldor deriving
thosestatic relationsthat are requiredfor an easy-to-understanfrmalizationof dy-
namicbehaior. In addition,theinitialization of dynamicattributesalsotakesplaceat
this stage The preprocessinghaseconsistof 10 rules(seeFig. 3) thatareexecutedn
accordingo the controlflow graphin thefollowing order An alternatesolutionfor this
preprocessinghasds to usepathexpressiongor suchderivedrelationships.

1. substatesR1: The rules substatesR1 and substatesR2 build up the substate
relationshipin two steps.At first, if a hStateS; is refinedto a hAutomatonA, all
thehStatesS, of this automatoraresubstatesf S; (aForall execution).

2. substatesR2: Secondlythetransitive closureof thesubstateselationis calculated
by looping rule substatesR2 aslong as possible.This meansto add substates
edgedetweerhStatesS; andSs, if Ss is substatef Sy, S is asubstatef S, but
no substatedgesareleadingyetbetweenS; andSs

3. exitStateR1: RulesexitStateR1 andexitStateR2 explicitly connectthe hStates
that areexited by a hTransitionwhenthe transitionis fired to the hTransition.At
first, thefrom hStateS of a hTransitionT” mustbe exited.

4. exitStateR2: Afterwards,all the substatesS» of thefr om stateS; of the hTransi-
tion T' mustalsobeexited.

5. enterStateR1: All the statesargetdeterminatohStatesS of a firing hTransition
T areshouldbeenteredvhenfiring thistransition.

6. enterStateR2: Additionally, all the statesS, thataresupestatesof thetamgetde-
terminatorstateS; of a hTransitionT" but not supestatesof theto hStateS; must
alsobeenteredNotethatthe statego be exited andenteredvhenfiring atransition
arestaticinformation.

7. conflictR: Therule conflictR connectdwo hTransitionsI; andT5, if thereexists
a hStateS thatis linkedto both of themby an exitState edge thusit is exited by
bothtransitionscausinga conflict

8. givePriorityR: Accordingto this rule, a hTransitionT, haslower priority than
hTransitionT; if for the correspondingourcerestrictionhStateq S, and Sy, re-
spectvely), S is asubstatef S,.
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9. initTransR andinitActiveR: Initially, all thedynamicattributesof hTransitionsare
setto false.

10. initActiveR: A stateS becomesactive if it is aninitial stateof somesequential
hAutomatonA.

Example By the endof the preprocessinghaseof the EHA modelin Fig. 2(b), we
derived,for instancethat

— $g, 87,88 andsg aresubstatesf sq;

— the statesto be exited whenfiring transitiont; ares; (the from state),sg, s7, ss
andsg (the substatesf the fr om state);

— thestatego beenteredvhenfiring transitiont, aresg, s (thetargetdeterminators)
ands; (whichis theto state);

— transitionst; , t3 andtg arein conflictwith eachothersincestatesg is exited by all
of them;

— however, t3 givespriority to ¢; andtg asthe sourcerestrictionstates; of ¢; is a
superstatef sg (the sourcerestrictionof ¢; andtg).

Opemtional phase Now we continuewith the discussionof the “more semantical”
operationaphase(depictedin Fig. 4), wherethe run-to-completiorstepof statecharts
arerefinedinto a sequencef more elementarypeiations

1. selectEventR: At first, anevent E is non-deterministicallgelectedrom anevent
gueueq. If no sucheventsareavailable,thenthe executionof EHA terminates.
Noteatthis point, thatdifferent(morecomplex) eventhandlingmechanismsanbe
selectedat this point, hawever, this non-deterministicselectionoverapproximates
the semanticof suchmechanisms.

2. enableR: A hTransitionT is enabledf its sourcerestrictionhStateS is active,and
its triggerhEvent E is selectedy thedispatcher

3. fireableR: An enabledhTransition7; becomedireableif thereare no enabled
hTransitionsI; of higherpriority (seethenegative condition).

4. fireFirstR: Thefirst (fireable)hTransitionT is selectedo befired non—deterministically

by settingits fir e attribute to true. If no suchtransitionsfound thenthe execution
continueshy resettingdynamicattributesof transitions(seethefinal step).

5. fireNextR: After the succesf fireFirstR, the setof transitionsto be fired fired
is extendedoneby one(by loopingf i r eNext R) until all the remainingenabled
hTransitionsarein conflictwith atleastoneelementn thefire set.

6. exitR: All the statesS markedby anexitState edgeleadingfrom afiring hTransi-
tion T" areexited.

7. addQueueR: As the effect of firing a hTransitionT', the hEvent E associatedo
the (send)hAction A is addedto the correspondinchQueue( (if the negative
conditionis removed,thentheeventqueueis modeledasa bagandnota set).

8. enterR: All thestatesS markedby anenterStateedgeleadingfrom afiring hTran-
sition T' areentered.This stepresultsin a valid configurationas(i) the origins of
target determinatorstateswere simple states henceno statesneedto be entered
at alower level thanthetargetdeterminator&nd(ii) all EHA transitionsarenon—
interlevel thus no stateshad beenexited at a higher level thanthe from andto
hStates.
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hTrans hState hTrans hState hTrans LHS hTrans
T |SrcRest( s T _|srcRest( s T1 T1
iSAct=T, enable= iSAct=T, enable= _
T enable=T
. . T N fireable=T)
trigger trigger , givePrior
E E T2
[evSeI:T ] [evSeI:T ]
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enabledR fireableR
hTrans hTrans hTrans hTrans
hTrans hTrans T1 LHS T1 T
T fireable= fireable= fire=T fire=T
fireable= ; - ire=T ‘ ‘
§ﬂ§2$ =T ; conflict fire=T | exitSt | exitSt
T2 S S
LHS RHS hTrans NEG RHS hState hState
fireFirstR fireNextR exitR
hTrans hTrans hTrans hQueue hTrans hQueue
T T T T
[fire:T ] Q [fire:T ] [ Q ]
L enterSt L enterSt eﬁe(/ inQueue effect inQueue
receiver INEG receiver
S S
(A e ) )
- event - event
hState hState hAction hEvent hAction hEvent
enterR addQueueR
hQueue hQueue
0 @ hEvent hEvent hTrans hTrans
o) ; ;
inQueue evSel=T evSel=F
(=)
evSel=T,
hevent LHS hevent RHS LHS RHS LHS RHS
selectEventR deselectEVR resetR

<<forall>>
fireableR

succeegd

<<forall>>
exitR

succeed

<<try>>

firefirstR

<<loop>>
fireNextR

<<forall>>
addQueueR) gycceed

succeed

<<forall>>
deselectEvR

succeed

<<forall>>
resetR
succeed

<<forall>>
enterR

Fig. 4. Themodeltransitionsystemspecifyingthe EHA semantics
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9. resetR anddeselectEVR: All thedynamicattributesof atransitionT" andanevent
E aresetto false,andanew stepof the EHA commences.

Example Letusassumehattheactive statesof our sampleEHA modelaretheinitial
states(thus s, sg, and sg) andthe event queueonly containsthe single eventof e; .
Accordingto thepreviousrules,arun-to-completiorstepof our hierarchicautomaton
proceedsasfollows.

1. Transitionsts andtg are enabledby applying enableR asthe sourcerestriction
stateq(s; andsg, respectiely) of bothtransitionsareactie.

2. Fromthisenabledsetof transitionstheapplicationof fireableR eliminatess since
ts givespriority to ts.

3. Thesetof transitionsto befired will consistof the singletransitionts.

4. By applyingexitR, statess;, s andsg becomenactive, while the applicationof
enterR resultsin the activation of states,. Meanwhile,event f; is addedto the
eventqueueby rule addQueueR.

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

4 Conclusions

In the currentpaper we proposed visual operationakemanticfor UML statecharts
basedon metamodelingechniquegExtendedHierarchicalAutomatonasthe underly-
ing staticstructure)andmodeltransitionsystemgfor definingoperationakemantics).
The main contribtution of the paperis to partition the comple< (but ratherinformal)
semantiaqulesof statechartén the UML standardnto elementaryoperationsseparat-
ing derived staticconceptqconflicts, priorities) from their dynamicinterpretation(en-
ablednessifireability). In this respectour approachcanbe easilyadaptedo different
statecharvariants(e.g.,with differentpriority conceptsandupcomingchangesn the
UML standard.

The presentedramenork wastestedwithin the VIATRA tool [23]. Moreover, fol-
lowing theguidelinesof [21], we directly transformedur UML statecharsemanticgo
SAL specificationg1] in orderto provide accesgo a combinationof symbolicverifi-
cationtechniques.
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