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Abstract

In this paperwe show how to useRialto, an intermediatebehavioral language,to capturethe
semanticsof UML behavioral diagrams.TheRialto languagehasa formal semanticsgivenasstruc-
tural operationalrulesandit supportssemanticvariations.It canbeusedto uniformly describethe
behavior of a combinationof severaldiagramsandasa bridgefrom UML modelsto animationand
productioncode.Weshow two differentapproachesto codegenerationfromUML behavioralmodels
thataresuitablefor embeddedsystems.

1 Introduction

The Unified Modeling Language(UML) [OMGa] canbe usedto model the architectureandbehavior
of any kind of softwareproject. This is dueto the fact thatUML providesmany differentdiagramsor
viewsof asystem:class,componentanddeploymentdiagramsfocusondifferentaspectsof thestructure
of a systemwhile thebehavioral diagramssuchasusecase,statechart,activity andinteractiondiagrams
focuson its dynamics.

All thebehavioral diagramsexceptusecasediagramsarecloselyrelated.Wecanconvert a collabo-
rationdiagraminto a sequencediagramandvice versa.Statechartsareusedasthesemanticfoundation
of theactivity diagramsandit is possibleto representanexecution(a trace)of a statechartor anactiv-
ity diagramasa sequenceor collaborationdiagram.However, at the formal level, we considerthat the
UML standardlacksaconsistentandunifieddescriptionof thedynamicsof asystemspecifiedusingthe
previousdiagrams.

Many authorsare working towardsa formal semanticsfor UML [KEE]. Formal semanticsgive
anunambiguousinterpretationto UML usinga mathematicalformalism. Someof the recentworks in
this directionarethesemanticsfor statechartse.g.[Kus01] and[vdB01] andactivity diagrams[EW01].
Although thesearticlesaresoundandinspiring, they do not studythe semanticsof multiple diagrams
combined.

In this paper, we show how we canformalizethe behavior of UML diagrams,including the com-
binedbehavior of several diagrams,usingRialto. Rialto is an intermediatelanguagethat canbe used
to describemultiple modelsof computation.A modelof computationis a domainspecific,often intu-
itive, understandingof how the computationsin that domainaredone: it encompassesthe designer’s
notionof physicalprocesses,or asEdwardA. Leeputsit, the“laws of physics”thatgoverncomponent
interactions.UML statecharts(a chapterin [OMGa]) is anexampleof anasynchronousmodelof com-
putationwhile languageslikeESTEREL[BG92] or Harel’sStatecharts[HN96] havesemanticsbasedon
thesynchronicityhypothesis(a variantof thesynchronouscomputationalmodel).

We have had asour startingpoint the observation that many languageconstructsarecommonto
differentlanguages,but their semanticsdiffer dueto thecomputationalmodel.E.g. parallelismin UML



hasa very different semanticsfrom parallelismin ESTEREL.In [Lee02], Lee touchesthe subjectof
decouplingan abstractsyntaxfrom the modelof computation,i.e. he suggeststhat a language,or a
setof languages,with a given abstractsyntax,canbe usedto model very different thingsdepending
on the semanticsandthe modelof computationconnectedto the syntax. In the context of UML, this
phenomenoncanbe observed e.g. with statechartsandactivity diagrams.An activity diagramcanbe
interpretedasastatechartwhereall computationis donein stateactivitiesandthetransitionsaretriggered
by completionevents. Therefore,we cansaythat activity diagramshave dataflow astheir underlying
modelof computation. In Rialto, we definedifferent schedulingpolicies for different computational
models.Thepoliciesdefineatomicexecutionstepsandhencewe canfor instancemodelsyncronicity
in way similar to that of SystemC.It is this interactionbetweenlanguageconstructsand modelsof
computationthat is the focusof our researchandour motivation to introduceRialto asa languageto
describethebehavior of UML.

We arealsoapplyingthis new insight on the
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combinedbehavior of UML modelsto construct
tools to animatethe modelsand generateopti-
mizedcode.Model animationenablesa designer
to validatea modelbeforethedesignandimple-
mentationhasbeencompleted.Rialtocanbeused
asanexecutionenginefor UML models,andishencealsorelatedto theworkonexecutabelUML [MB02].
Rialtocanalsobeusedto generatecodefor differenttarget languages,includingC andVHDL.

Thetranslationfrom UML modelsto Rialto is performedusingtheSMW toolkit [Por02] asshown in
thefigure.TheSMW toolkit canbeusedto transformandextractinformationfrom UML models.SMW
canreadUML modelscreatedby any XMI-compliant UML editor. We have automatedtheprocessof
convertingUML modelscreatedby differentUML editorsinto Rialto andtheninto thetarget language
usingSMW scripts.

This article is a thoroughlyrevisedandimprovedversionof [BLP01]. We have extendedthescope
of the paperfrom UML statechartsto other UML behavioral diagrams,providing a unified view of
thedynamicsof UML models. This article is divided into threeparts: We startby introducingRialto,
our intermediatelanguage,thenwe explain how we representUML statecharts,activity diagramsand
collaborationdiagramsin this language.Finally, we closethe paperdescribingour strategy for code
generation.

2 The Rialto Intermediate Language

Rialto is astate-orienteddescriptionlanguagewith formal semantics.It canbeusedasastableplatform
for interfacingUML behavioral modelswith toolsfor codesynthesis,animation,verificationetc.Wedo
notexpecttheaverageUML practitionerto useRialto. Instead,we intendit to bebothatool to studythe
generationof efficient codeanda tool for UML scholarsto discussdifferentaspectsof UML behavioral
semantics.The Rialto languageis moreabstractthanusualprogramminglanguagessinceit supports
conceptslike traps(high-level transitions),suspensionandresumingof threads,andeventqueues.The
languagehasbeenspecificallydesignedto describethe behavior of modelinglanguagesandit canbe
usedto combinemultiple heterogeneousmodelsof computation[BL02b].

In this sectionwe shortly presentsomesyntacticelementsof the Rialto, give a semanticsfor the
statementsin termsof structuraloperationalrulesandshow how wecanusedifferentschedulingpolicies
to give differentmeaningto thesyntacticelements.

2.1 Syntax

Every statementin a Rialto programhasa uniquelabel,which cane.g.correspondto thenameof some
UML element,or it canjust be a uniquenamegiven by theprecompilerof the language.Thestate



block,is thekey abstractionin thelanguage.It canrepresentdifferententitiesin differentdomains,it also
representsascopethatcanbeassignedaschedulingpolicy, aswill bedescribedlater. In thelanguagewe
haveincludedsomeconceptsthatarecommonto differentmodelsof computation,but canhavedifferent
semanticsdependingon differentcomputationalmodels.We will now give a shortdescriptionof some
of theconceptsandshow how they arerepresentedin thelanguage.

State Stateis explicit in statechartsfor example. In Rialto a statecanbe representedby a state
block. As in UML statecharts,Rialto states cancontainsubstates,which canalsobeorthogonal.A
state block is declaredasfollows:

state
# declarations, traps and policy

begin
# substates, sequential code

end

If we plan to usethesamestateblock in morethanonestatewe candefinea stateType to avoid code
duplication.A stateType is declaredasfollows:

typename: stateType( ([in|out] port)
�

)
# state definition

end

Wherethe“statedefinition” is anormalstate blockandtheportsarequeuesusedby thestateType
to communicatewith other entities. The ports can be usedas normal queuesinside the block. A
stateType is instantiatedas:
label: typename( q1 (, q2 )

�
).

The ports declaredin the stateType will be substitutedfor the queueinstancesq1, q2 etc. This
meansthatthefollowing two piecesof codeareequivalent:

1 myType: stateType( in myPort )
2 trap myPort.e1 do null
3 end
4
5 state: main
6 queue q1;
7 begin
8 S1: myType( q1 )
9 S2: myType( q1 )

10 end

1 state: main
2 queue q1;
3 begin
4 S1: state
5 trap q1.e1 do null
6 end
7 S2: state
8 trap q1.e1 do null
9 end

10 end

Interrupts and transitions An interrupt is an event of high priority. In our language,a trap
statementis usedto monitor interrupts. Interruptscorrespondto trap in ESTERELand transitions
goingupwardsin thestatehierarchyin bothUML andHarel’s Statecharts.Thegoto statementis used
to do transitionsfrom a stateto another. A trap that monitorsan event � on a queue� anddoesa
transitionto astate� is declaredasfollows: trap q.e do goto(A).

Concurrency Concurrency meansthatseveralstatementsareexecutedin parallel. In our language,
concurrency is indicatedusingthepar statement,wheretheargumentsarethelabelsof, usuallystate
statements,whichshouldberunin parallel.However, theparallelismis interpreteddifferentlydepending
on theexecutionpolicy in effect in thecurrentscope.

Communication policy Thecommunicationpolicy stateshow differentmodulesof thesystemcom-
municatewith eachother. Thecommunicationmechanismwe usewith UML statechartsis a simplefifo
queue.In statediagrams,an event is an occurrencethat may trigger a statetransition. In UML state-
charts,thereis animplicit globaleventqueue;whereas,in our languageseveralqueuescanbedeclared
andthescopeof a queuedeclarationis thestate block. Thenotationin our languagefor checkingfor
thepresenceof aneventon aqueueis q1.e1, whereq1 is aqueueande1 is anevent.
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Table1: A subsetof theoperationalrulesof thelanguage

2.2 Operational Semantics

To definetheoperationalsemanticsof the languagewe needto formalizethestructureof a Rialto pro-
gram.Thelabelsof thestatementsactasvaluesfor programcounters.Thesetof labelsy is organizedin
a treestructureby thechild relation z (Thetuple {,y\|�z3} formsa label-tree).This reflectsthescopingof
theprogram.We cantake theclosurez � of z : let ~,� and ~q� belabels;then ~,��z � ~q� means~,� is a descen-
dantof ~c� or in otherwords: ~,� is insidethescopeof ~c� . Thesuccessorrelation ����y���y ordersthe
labelssequentially, If ~Y��|W~q�L��y and ~Y����~q� then ~c� succeeds~,� in theprogram.���	y�� �!���7�������!��� is
a total functionthatmapseachlabelto its statement.

We cannow identify a programby thetuple: {�y\|�z�|!�L|W��} Thestateconfigurationof a programis
representedby a tuple {Y��| �����W���!��� |W�O} where:

� ����y is thesetof active labels.

���!� �����!��� y¡�¢y is a partial function. If �����W��������£ ~Y¤\¥¦~.§ then ~ is a suspendedstateand ~.§ is a
substateof ~ thatwasactive when ~ wassuspended.

� � is thesetof eventqueues.

Theactive set � representsthecurrentvaluesof theprogramcounters.We sometimesusetheabbrevia-
tion ¨ for thestatetuple.A subsetof theoperationalrulesthatupdatethestateconfigurationis givenin
Table1. Therulesdeterminehow thestatementsupdatethestateof themachine1.

Therearein total 18 rulesthatdefinethesemanticsof the language.In this paper, we only show a
few dueto thespacelimitation. For acompletedescriptionof Rialtopleasereferto [Bjö01].

The par statement A par statementcanactwhenits label is active; it addsall of its argumentsto
theactive set. Note that theparstatementjust createsnew threads.It is the job of thepolicy to decide
how to schedulethethreads.

Goto Thegoto statementis usedto switch from anactive stateto anotherstate.Theonly way to
escapeastateblock,is by usingthegoto statement.It cantakemany labelsasparameters,whichallows
it to beusedto modelfork transitions.A goto is enabledwhenits labelis active; it removesthesubtree
containingthesourceandtarget labelsfrom theactive set,andactivatesthe target labels(belongingto
statestatements)alongwith any labelsof trap statementsor entry actionsthat areancestorsof the
target labels.

State A state statementcanactwhenits labelis active. It will remove its labelfrom theactive set
andaddany trap andentryactionsit maycontainalongwith its successorto theactive set. It marks
thebeginningof astateblock.

An executionenginepickslabelsfrom thesetof active labelsandthenexecutestherulecorrespond-
ing to thestatementof that label. An executionpolicy decideson theorderin which labelsarepicked
from theactive list. Wedescribetheissueof policiesmorein depthin section2.3.

1We usethedomain/rangerestrictionoperators © / ª asdefinedin Z to operateon therelations:Let « bea setand ¬ a
relation,then ¬­©®« is a restrictionof ¬ , whereevery elementin thedomainof ¬ is a memberof theset « .



2.3 Scheduling Semantics

In theprevioussection,we presentedtheconcretesyntaxandtheexecutionsemanticsof the language.
However, thereisstill freedomin how theactivelabelsarescheduled.Tospecifythisaspect,weintroduce
anexecutionpolicy for eachdifferentmodelof computation.

An executionpolicy connectedto a state block, schedulesthe substatesaccordingto a given
algorithm.A programis executedby repeatedlyrunningthepolicy of thetopmoststatein thehierarchy.
Thetopmostpolicy will thenschedulethestatesdown in thehierarchy, whichcanhavedifferentpolicies
assignedto them.Theentity thatcallstheschedulingpolicy of thetop-level statecanbethoughtof asa
globalclock in thesystem.

To defineaschedulingpolicy weneedsomehelperfunctions.A labelthatbelongsto asimplestate-
mentis enabledif f thepremissof therule thatcorrespondsto thestatementholds;if a labelbelongsto
a state statement,it is enablediff it is active or hasdescendantsthat areenabled.A label canalso
becomeblockedby thescheduler, andis thennotenabled.Thebooleanfunction ¯
° _±³²µ´�¶¸·¹±³º¼»q½,¾�¿À¾SÁ�Â
returnstrue if label ~ is enabledwhen the programis in state ¨ and the labelsin set Ã are blocked:
(�Ä�O�!�ÆÅ-�+�3£ ~�|W¨¹¤ returnstrueif thepremissof therule for ~ holdsin statë )

IS_ENABLED »q½S¾-¿À¾-Á�Â
1 if Ç�È ½ZÉ�ÊË�ÌBÍ,Î
Í,Ï
2 return Ð7Ñ ÏnÒÔÓ,Ì&Ì »q½S¾-¿�ÂeÕÖ½�×Ø Á
3 else
4 return ±³²µ´�¶k·¹±kºµ»q½S¾-¿À¾SÁ�Â�ÊËÚÙ

The ±³²µ´�¶k·Û±³ºµ»q½S¾-¿À¾-Á�Â functionreturnsthesetof enabledlabelsthataredescendantsof ~ :
ENABLED »c½,¾�¿À¾SÁ�Â
1 return Ün½aÝ Þ
½ ÎRß�Ï ½�à!¯
° _±³²¼´�¶k·Û±³ºµ»c½aÝS¾�¿À¾SÁ�Â�Õs½Àá � ½aÝYâ

We will usethesefunctionsin theactualdefinitionof theschedulingpolicies. A schedulingpolicy
functionacceptsasparametersthecurrentstateof theprogram̈ andtheblocked set Ã andreturnsthe
next stateof theprogram.As anexample,thefollowing algorithmimplementsa stepschedulingpolicy
thatexecutesall enabledstatementsin thesamestep.Note that �+� ~Hã refersto thestate block whoseäÖåxæ

functionwascalled.

RUN »q¿À¾-Á�Â
1 ç\èé±³²µ´�¶¸·¹±³º¼» ÌnÏ ½cê3¾-¿À¾-Á�Â
2 for each ½ Ý in ç do
3 ¿eë3èé½ ÝSì í³î ²ï»q¿À¾ Ù Â
4 return ¿eë

In thenext sectionwe will show how differentschedulingpoliciescanmodelthebehavior in UML
behavioral diagrams.

3 Representing UML models in Rialto

In this sectionwe describehow we translatea UML model into Rialto code. This transformationhas
to dealwith the fact that UML is a family of languages,both at the semanticandthe syntacticlevel.
It is possibleto createdifferenttranslatorsfor differentsemanticinterpretationsof UML. We currently
supportstatecharts,activity diagramsandcollaborationdiagrams.

Weshow asanexamplethetranslationof acollaborationof objectswhosebehavior is modeledusing
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1 Philosopher: stateType(out left,out right)
2 event eat, sleep;
3 begin
4 # behavior of Philosopher
5 end
6
7 Fork: stateType( in phil )
8 event get, release;
9 begin

10 # behavior of Fork
11 end

Figure1: A UML classdiagramandRialtocode

statechartsor activity diagrams.Figure1 shows aUML classdiagramwith two classesPhilosopher
andFork alongwith theRialto translationconsistingof two correspondingstateTypes. Thereare
two associationsconnectingthetwo classes,indicatingthataPhilosopher hasa left andaright fork.
This is reflectedin theRialtocodeby thetwo outgoingportsof thePhilosopher typeandtheincom-
ing onein theFork type(weonly useoneincomingeventqueuefor all connections).Thebehaviors of
the two classeswould bemodeledusingstatechartsandtheRialto translationsof thestatechartswould
appearinsidethestateTypes.

3.1 Statecharts

A state in astatechartis representedby astate block;hierarchicalcompoundstatesarenaturallywrit-
tenasnestedstate blocks.Thefirst state block in acompoundstateis theinitial state. Transitions
canberepresentedusingthetrap statementsfor monitoringaneventor valueof aguard,andthegoto
statementto take thetransition.Wehave sofar concentratedon controlin theRialto language,andhave
ignoreddata,thusthestatecharttranslationsarealsolimited to binaryevents,i.e. they cannot have val-
ues.Also orthogonal regions arerepresentedby state blocks,with apar statementspecifyingthat
thestates(regions)areto berun orthogonally. Fork pseudostatesaresimply achievedby providing the
goto statementwith severalstatelabelsasparameters(goto(a,b) doesa transitionto thetwo states
a andb, which arerun orthogonally).History pseudostates arerepresentedby suspend statements,
thatstorethestateof ablock until it is re-entered.Wehave not yet dealtwith syncpseudostates.

Thesemanticsof UML statechartsis basedon a run-to-completion(RTC) step.TheRTC algorithm
firestransitionsin thestatechartbasedon theeventon thequeue,anddispatchesit at theendof theRTC
step. In additionto the translationsdescribedabove, we needto provide a schedulingpolicy that runs
thecodeaccordingto theRTC algorithm.A stateexecutingtheRTC policy runsuntil no morerunnable
labelsexistsin its scope.Thealgorithmis shown below. It first runsall theenabledstatements,andthen
checksif thereappearedany new enabledlabels,addingany labelsthatarenot ancestorsof theoriginal
enabledlabelsto theblockedset(line 5). If thereareenablednon-blocked labels,it runsagain.By this
blocking,weensurethatwhenastatetransitionis takenduringaRTC step,thenewly activatedstatewill
notbeexecutedduringthatsamestep.

RUN »q¿À¾-Á�Â
1 ç\èé±³²µ´�¶¸·¹±³º¼» ÌnÏ ½cê3¾-¿À¾-Á�Â
2 for each ½ Ý in ç do
3 ¿µèð½ Ý,ì í³î ²ï»c¿À¾ Ù Â
4 ç�ë	èð±³²¼´�¶k·Û±³ºµ»c¿eëc¾ ÌnÏ ½.ê3¾SçRÂ
5 ÁÄëÀèñÜn½(ò Ø ç�ë�à�Ç�È ½(òWÉ ËóÌ)Í,Î
Í,Ï ÕÖ½(ò�×Ø »eÑ Î
ô »Zç¸õöá � ÂSÂ�â
6 if ç�ëO÷­ÁÄë�ÊËóÙ then
7 return ÌnÏ ½.ê ì í³î ²�»q¿eëZ¾-ÁÄëaÂ
8 ø Ï&ù&ú3ÏnúÀÏ » ù Â�û
9 return ¿

In Figure2 a)weshow asimplestatechartwith acompositestatedividedinto two orthogonalregions.
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1 top: state
2 policy rtc;
3 queue q1; event e1, e2;
4 S: state
5 trap q1.e2 do goto(d)
6 begin
7 par( S1, S2 )
8 S1: state
9 a: state

10 trap q1.e1 do goto(b)
11 end
12 b: state end
13 end
14 S2: state
15 c: state end
16 end
17 end
18 d: state end
19 end

Figure2: a)An exampleUML statechartb) thecorrespondingRialtocodegeneratedby thetool

a

b

c

d

1 activity: state
2 policy step; queue q1;
3 begin
4 A: state begin # code block for A
5 goto(B, C)
6 end
7 B: state begin # code block for B
8 goto(join)
9 end

10 C: state begin # code block for C
11 goto(join)
12 end
13 join: state
14 trap !B and !C do goto(D)
15 end
16 D: state end
17 end

Figure3: A simpleActivity Diagram

The correspondingRialto codeis shown in Figure 2 b). This codehasbeengeneratedby a tool as
describedin Section4. Theschedulingpolicy for thetop-level state block in thecodeis setto RTC in
line 2, andthequeueq1, andtheeventsaredeclaredin line 3. TheS statelistensto evente2 on queue
q1 andfires the transitionto stated if it is present(line 5). Thepar statementin line 7 activatesthe
regionsS1 andS2 orthogonally. If statesa andc areactive andthecurrenteventis �7ü , bothtransitions
will fire in thesamestep.

3.2 Activity Diagrams

The translationof activity diagramsfollows a similar schema.The activity states arerepresentedby
state blocks,forks aredealtwith asin thestatecharts;however, join pseudostatesusuallyneedto be
explicitly modeledusingastate block for synchronizingthetwo incomingtransitions.

The RTC schedulingpolicy is not suitablefor activity diagrams. Instead,we usethe steppolicy
introducedin theprevioussection,which for eachinvocationrunsall theenabledlabelsandreturns.

As anexample,weshow asimpleactivity diagramandits translationinto Rialtoin Figure3. After the
activity in a is completed,we take a forkedtransitionto b andc (line 5). This transition(goto(b,c))
activatesbothb andc that is they will run concurrentlywithout usingthepar statement.Whentheb
andc statesarefinished,they take transitionsto thejoin state,in which thecontrolremainsuntil bothb
andc becomeinactive (line 14).



fork1: Fork fork2: Fork

john: Philosopher

paul: Philosopher

1 dinner: state
2 policy interleaving; queue q1, q2;
3 begin
4 par(john,paul,fork1,fork2)
5 john: Philosopher(q2,q1);
6 paul: Philosopher(q1,q2);
7 fork1: Fork(q1);
8 fork2: Fork(q2);
9 end

Figure4: Objectsandlinks instantiated

3.3 Collaboration Diagrams

Statechartsandactivity diagramsmodelthebehavior of objects,while collaborationsshow aninteraction
betweenobjects. We canuseRialto to capturethe behavior of systemsmodeledusing collaboration
diagrams,wheretheobjectscanhave behavior describedby eitherstatechartsor activity diagrams.

Theobjectsarerepresentedbystate blocks(or instantiationsof stateTypes),whicharedefined
to run concurrentlyusingthepar statement.The objectscancommunicatethroughqueues.The de-
fault schedulingpolicy for a collaborationdiagramis interleaving. This meansthat eachobject in the
collaborationrunsin its own taskandis schedulednondeterministically. The interleaving policy picks
a label from theenabledsetnondeterministicallyunderthefairnessassumption(The �Z� in line 2 in the
algorithmbelow denotesnondeterministicassignment).

RUN »q¿À¾-Á�Â
1 ç\èé±³²µ´�¶¸·¹±³º¼»q½,¾�¿À¾SÁ�Â
2 ½ Ý Þ Ø ç
3 return ½ ÝSì í³î ²ï»c¿À¾ Ù Â

Alternatively, thesteppolicy canbeused,whichallows for activeobjectsto executeat thesametime
duringonestep.

The behavior of an objectcanbe describedusinga statechartor an activity diagram. The internal
behavior of thatobjectwill thenbeRTC or step. As anexample,we canmodela collaborationof two
philosophersandtwo forks asin Figure4. Theportsareconnectedto eventqueueswhenthetypesare
instantiated.Theassociationsfrom theclassdiagramarealsoinstantiatedaslinks connectingtheobjects.
In thecorrespondingRialto code,we show how thestateTypesareinstantiated.Thepar statement
activatesall the objectsin parallel. Two queuesaredeclaredin the top-level state block dinner.
They areconnectedto the portsof the objects. This actuallymeansthat queueq1 is the event queue
of thestatechartof fork1 while q2 is thequeueof thefork2 object. TheRialto programis run by
repeatedlycalling the top-level schedulingpolicy. In this caseit is theinterleaving policy of the
dinner state.Thatpolicy will pick oneof theparallelblocksandcall its schedulingpolicy, which in
thismodelwill beartc policy.

3.4 Automatic UML to Rialto Translation

Thetranslationfrom UML modelsto Rialto is performedwith thehelpof theSMW toolkit [Por02]. This
toolkit is basedon thePythonprogramminglanguage[Pyt] andit canbeusedto transformandextract
informationfrom UML models. It canreadXMI [OMGb] files createdby any XMI-compliant UML
editor. Oncea model is loaded,we cannavigate it usingquerieslike in OCL andtransformit using
Pythonimperative statements.

In the codebelow, we useseveral functionsfor text manipulation:The vertical barsadda string
to the final Rialto code. E.g. the statement|2+2=|2+2 will addthe string"2+2=4" to the output
code.Theindentationof thecodeis controlledusing|->>| and|<<-|. The* operatoron a text list
generatesa stringwith theconcatenationof a list usingthesecondoperandasa separator. For example



["a","b","c"] * " or " returnsa or b or c.

The following SMW script generatesRialto codefor a UML StateMachinemodel element. We
assumethat thereaderis familiar with theOCL languageandtheUML metamodelfor statecharts.The
functionacceptsasparametersanobjectrepresentinga UML statechartmodelelement,thenameof the
outputRialto codeblock,andthenameof theinput queueto beused.Thebodyof thefunctionis quite
simple,sinceit merelydefinesthequeue,theschedulingpolicy anditeratesthroughall thesubvertices
of the top state. It is necessaryto placethe initial stateas the first stateof the Rialto block. This is
accomplishedby sortingthesubvertex collectionasdoneby sortByIntialState.

def StateChart2Rialto(sc,name,queue):
name |: state|
|->>||policy rtc; queue | queue |;||<<-|
|begin||->>|
for s in sortByInitialState(sc.top.subvertex):

StateVertex2Rialto(s,queue)
|<<-||end|

The following function converts a UML state. We usethe trap statementto model the high-level
transitionsthat exit the state. The function is called recursively in the caseof compositestatesthat
containotherstates.In concurrentcompositestates,the subverticesareorthogonalregionsthat run in
parallelusingthepar statement.

def StateVertex2Rialto(s,queue):
s.name|: state|
|->>|
for t in s.outgoing:

|trap | queue |.| t.trigger.getDescription() | do | Transition2Rialto(t)
|<<-|
if s.oclIsKindOf(CompositeState):

if s.subvertex.size()!=0:
|begin||->>|
if s.isConcurrent:

|par(| s.subvertex.name*"," |)|
for subState in sortByInitialState(s.subvertex):

StateVertex2Rialto(subState,queue)
|<<-||end|

We omit the implementationof the helper functionsdue to spaceconstraints. The full script is
availablefrom theauthors.

4 Animation and Code generation

Oneof theobjectivesof theRialtolanguageis to facilitatetheanimation,codegenerationandverification
of UML modelscontainingcomplex behavior. UsingRialto andour codegenerationapproach,we can
modelthesystemusingobject-orientedtechniquesandtheUML, while beingableto generateefficient
codein target languagesthatmaynot be object-oriented.This makesour methodusefulfor designing
embeddedsystemsthatcanrunonsimpleprocessorswith limited memoryandlimited supportfor high-
level programminglanguages.Wearealsostudyinghow to generateVHDL hardwaredescriptionsfrom
Rialto.

We plan to developanimationcapabilitiesfor theSMW UML editor, usingRialto astheexecution
engine.Theusercanexecutethemodel,emiteventsetc. from theeditorwhile thecurrentstateconfigu-
rationis shown in theUML model.This will helpthedesignerto gaina higherconfidencein theUML
modelin anearlystageof development.

Oncea modelis translatedinto Rialto, we canproceedto theactualcodegeneration.We currently
have two strategies for generatingcodefrom Rialto. The simplestone,which we have implemented
in C++, is an executionengineapproach. The codegeneratedusing this approachis not optimized,
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Figure5: a)A partof thelabel-treefor thecodein Figure2 b) A metamodelfor Rialto

but reflectsthe structureof the Rialto model, i.e. the generatedcodehasone object for eachRialto
statement.Therefore,this approachis suitablefor animation.Thesecondstrategy for codegeneration
involvestranslatingthemodelinto finite statemachineswhicharereducedusingS-Graphs.

4.1 Execution Engine

In this approachwe implementa small library containingdifferent functionsimplementingthe opera-
tional rule for eachstatementin Rialto, functionsfor eachschedulingpolicy aswell asdatastructures
for theactive setandqueues.This library formsanexecutionenginefor thelanguage.

In orderto usethis library we shouldstoretheRialto modelin acertainway. Weshow in Figure5.a
a partof thelabel-treedatastructurefor themodelin Figure2, which canbeseenasaninstantiationof
themetamodelof Rialto. A partof ametamodelof Rialto is depictedin Figure5.b.

TheC++ codegenerationis straightforward. A parserreadsa Rialtofile andbuilds up thelabel-tree{,y\|�ý�} for theprogram(SeeSection2.2 for anexplanationof thelabel-tree).Then,we write down the
datastructurefor thetreein C++ andlink it againsttheexecutionenginelibrary to obtainanexecutable
programthatrunson thetargetmachine.Eachnodein thelabel-treeis representedasaC++ object.The
implementationof thedifferentschedulerscanusetheservicesof theoperatingsystemsuchasthreads.
If a target platform lacks an operatingsystem,or it doesnot supportthreads,we can implementthe
schedulerourselvesfollowing e.g. theinterleaving policy. This schedulerwill executetheobjects
in a roundrobin fashion.

4.2 Optimized Code Generation

The optimizedcodegenerationprocesstranslatesthe Rialto programinto a FSM like representation,
which canbereducedin a way similar to thatof thePOLISapproach[B þ 97]. This methodis basedon
SoftwareGraphsor S-Graphsandit is describedin moredetailin [BLP01] and[BL02a]. An S-Graphis
a directedacyclic graphusedto describea decisiontreewith assignments,which canbereduced.From
theobtainedoptimizedlow-level representation,we caneasilygeneratetarget languagecodein e.g. C
or a hardwaredescriptionlanguagesuchasVHDL. Compactassemblycodecouldalsobesynthesized
directly for targetslackinghigherlevel languagecompilers.

Thetranslationof aRialtomodelinto optimizedcodeproceedsin fivesteps:Translation(flattening)
of theRialto codeto a simplefinite statemachine,translationof theFSM into anS-graph,optimization
of theS-graph,translationof theS-graphinto a target languageand,finally, compilationinto machine
codeor synthesisof ahardwarenetlist.

Wehaveachievedupto 30percentcodefootprint reductionwhengeneratingC codeandcompilingit
into objectcode.Weexpectalsogoodresultsin areareductionwhensynthesizinghardwarefrom VHDL
codegeneratedfrom Rialto.



5 Conclusions

Wehaveshown in thispaperhow wecanuseRialto to describethecombinedbehavior of differentUML
diagrams.Rialto canbeconvertedinto programcodewith thepurposeof modelanimationor asa final
productioncodeto implementembeddedsystemswith limited computationalresources.

TheUML behavior diagramsincludemany conceptssuchasactions,events,states,etc. thatarenot
presentin mostpopularprogramminglanguages,like C++ or Java. This meansthereis not a one-to-
onemappingbetweena behavioral diagramandits implementation.Somemodelelements,like history
states,canbeimplementedin many differentways;this clearlycontrastswith classdiagrams,thatoften
can be easily implementedin a programminglanguagesupportingconceptslike classesand objects,
compositionandinheritance.Rialto canbeusedasanintermediatelanguagebetweenmodelsandcode
andsupportssemanticvariationsthanksto our two-phaseapproachfor codegeneration.

An importantdecisionin a codegenerationmethodis whetherthe programmerwill be allowed to
edit the producedcodeor not. We have optedto hide the final implementationfrom the programmer.
This implies that the codedoesnot needto be intelligible by a humanprogrammer, andthat it is not
necessaryto reverseengineerthe codeback into a UML model. However, this approachrequires,in
orderto bepractical,thattheproducedcodeis soefficient thattheprogrammerdoesnotneedto tweakit
by hand.

Wearecurrentlyworking on anextensionof theSMW toolkit for earlysimulationandanimationof
UML models.This will allow thedesignerto validateanddebug themodelsdirectly usinga modeling
tool insteadof examininganddebuggingthegeneratedprogramcode.
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