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Abstract Graphtransformationhasrecentlybecomemore
andmore popularas a general,rule-basedvisual specifica-
tion paradigmto formally capture(a) requirementsor behav-
ior of usermodels(on the model-level), and (b) the opera-
tionalsemanticsof modelinglanguages(onthemeta-level)as
demonstratedby benchmarkapplicationsaroundtheUnified
Modeling Language(UML). The currentpaperfocuseson
the model checking-basedautomatedformal verificationof
graphtransformationsystemsusedeitheron themodel-level
or meta-level. We presenta generaltranslationthatinputs(i)
a metamodelof anarbitraryvisualmodelinglanguage,(ii) a
set of graphtransformationrules that definesa formal op-
erationalsemanticsfor the language,and (iii) an arbitrary
well-formed model instanceof the languageand generates
a transitionssystem(TS) that serve asthe underlyingmath-
ematicalspecificationformalism of variousmodel checker
tools.Themaintheoreticalbenefitof ourapproachis anopti-
mizationtechniquethatprojectsonly thedynamicpartsof the
graphtransformationsysteminto thetargettransitionsystem,
which resultsin a drasticalreductionin the statespace.The
main practicalbenefitis the useof existing back-endmodel
checker tools,which directly providesformal verificationfa-
cilities (without additionalefforts requiredto implementan
analysistool) for many practicalapplicationscapturedin a
very high-level visual notation.The practical feasibility of
theapproachis demonstratedby modelingandanalyzingthe
well-known verification benchmarkof dining philosophers
bothon themodelandmeta-level.

Keywords graphtransformation– metamodeling– formal
verification– modelchecking– modeltransformation
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1 Intr oduction

1.1 Visualmodelinglanguagesin systemdesign

Bestengineeringpracticefor thepastcenturyclearlydemon-
stratedthat visual designmethodologiestake advantageon
textual descriptionsasthey aremoresuccinctandeasilyun-
derstoodby humans.Describingthestructureof a houseor a
carby wordswould resultin severalthousandsof pageseven
for relativelysmallsystems.Whenconcerningcomputercon-
trolledsystems,visualmodelinglanguages(VMLs) used,for
instance,in control engineeringor gate-level hardware de-
signhave alsobecomedominantin their field. Moreover, the
useof computer-aideddesigntools(like ArchiCAD, or Mat-
lab/Simulink) gave an additionalboost to productivity and
quality asminor humanslipscouldbepointedout automati-
cally in many cases.

Unfortunately, the majority of software systemsare not
yet comparableto thesetraditionalproductsof engineering
in theirqualityandreliability despitethewiderangeof exist-
ing visualmodelingtechniques.Themainreasonis that(i) on
theonehand,high-level VMLs frequentlyusedin engineer-
ing practicearetypically impreciseandambiguous,and(ii)
on the otherhandVMLs with preciseformal semanticsare
typically too low-level for directusein softwareengineering.
In thissense,acompromiseis frequentlyneededbetweenex-
pressibility(or usability)andanalyzability.

1.2 Towardsautomatedverificationof UML designs

TheUnified ModelingLanguage(UML), which is thedom-
inant object-orientedmodelinglanguagefor the designpro-
cessof IT systems,hasundoubtedlybecomethemostpopu-
lar of all visual languagesin the field of softwareengineer-
ing. However, despiteits industrial successas being a uni-
fied andvisualnotation,the imprecisenessof UML (i.e., the
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lack of formal semantics)is still the major factor that hin-
dersthe generaluseof UML asa primary sourcelanguage
for (i) automatedtools of formal verificationandvalidation
exploiting the resultsin the theory of formal methods,and
(ii) automatedcodegeneratorsthat would yield a provenly
correctfunctionalcoreof thetargetapplication.

In fact, due to the increasingcomplexity of IT systems
(andmodelinglanguagesin the designprocess),conceptual
humandesignerrorswill occur in any modelsof any high-
level andeven formal modelingparadigm.Thus,merelythe
useof formalspecificationtechniquesdoesnotaloneguaran-
teethe functionalcorrectnessandconsistency of the system
underdesign.Therefore,automatedformal verificationtools
(basedon modelchecking,staticanalysisor theoremprov-
ing) arerequiredto verify that the requirementsarefulfilled
by thesystemmodel.

– Staticanalysismethodsaretypically semi-decisiontech-
niques(i.e., their outputis eitheryes/noor do not know).
In this sense,they areefficientbut they cannotassurethe
overall correctnessof thedesign.

– Model checkers (like, for instance,Mur
�

[1], SAL [7],
SPIN [30]) provide a highly automateddecisiontech-
nique for finite statesystems.In caseof a verification
failure,they retrievea counterexamplethatshowsanex-
ecutiontraceleadingto anerroneoussituation.However,
modelcheckerssuffer from thewell-know statespaceex-
plosionproblem(pp.172–175in [38]), which frequently
yields a practicallimitation of ensuringthe overall cor-
rectnessof thedesign.

– Theorem provers (like PVS [15]) are not limited to fi-
nite statesystemsto establishthe correctnessof the de-
sign,but deductive verificationis highly costly andtime
consumingas it requiressignificantuserinteractionfor
constructinga proof (pp. 208–210in [38]). In this sense,
deductive verification may becomethe bottleneckof a
project. Moreover, deductive verification typically pro-
vides an “all-or-nothing” way to reasonabout the sys-
tem, i.e., unsuccessfulverification attemptsdo not pro-
vide meaningfulinsights into the systemdue to decid-
ability issues.From the viewpoint of cost-efficiency, we
candeducethat(current)theoremproving techniquesdo
only scaleup for verifying mission-criticalpartsof asys-
tem/algorithm.

Naturally, in many practicalcases,we cannotassurethe
overall correctnessof the systemunderdesigndue to cost
andtime limitations thusformal methodsareusedashighly
automateddebuggingaids of softwareengineeringapplica-
tions.Sincemodelcheckersprovide the highestautomation
rateamongall theseformal methods(wherethe correctness
of a systemspecificationis judgedwithout userinteraction),
thusthey aretheprimary target for suchdebuggingaids.As
a result,specificationerrorscanbedetectedin anarelatively
early phaseof the designprocess,prior to implementation,
which frequently reducethe overall software development
costs(especiallyin theimplementationandtestingphase)in

additionto significantlyimproving theoverall quality of the
system.

As theinput languageof modelchecker tools is too low-
level for adirectuse,many transformations(e.g.,[12,32,37])
have beendevelopedrecently to project behavioral UML
modelsinto theinput languagesof modelchecker tools(and
preferablyin thereversedirectionaswell) yielding a “push-
button” methodfor UML designs(i.e.,modelcheckingis in-
tegratedinto theUML CASEtool andthusit canbeinitiated
by clicking on a menuitem).

As currently UML (from version2.0) is evolving into
a family of modeling languages,the developmentof many
of suchautomatedtransformationsinto modelchecker tools
will be necessitatedin the nearfuture,which putsthe stress
on metamodelingandthedevelopmentof meta-levelanalysis
techniquesin the UML modelingenvironment.By a meta-
level analysistechnique,we meanan analysisframework
which also takes the modeling languageas a parameterin
additionto theinstancemodelof thelanguage.

1.3 Graphtransformationandmetamodeling

For many years,theabstractsyntaxof UML (andrelatedpro-
files) hasbeendefinedvisually by meansof metamodeling.
Metamodelingis atermfor capturingthedesignof usermod-
els andmodelinglanguagesuniformly, in a singlemodeling
framework. A straightforwardrepresentationof suchmodels
andlanguagescanrely on theuseof directed,typed,andat-
tributedgraphsastheunderlyingsemanticdomain.

In this sense,graphtransformation[40] hasrecentlybe-
comeverypopularasbeingageneral,rule-basedvisualspec-
ification paradigmto formally capture(i) requirements,con-
straintsandbehaviorof UML-basedsystemmodels[10,22],
and (ii) the operational semanticsof modeling languages
basedon metamodelingtechniques[17, 21,31,44–46,49].
Similar ideasareapplieddirectly on formalizingtransforma-
tions from UML into varioussemanticdomains(Petri nets,
SOSrules,dataflow nets,etc.)[23,50].

Problemstatement While graphtransformationis verypop-
ular asa high-level andexpressive specificationformalism,
thelackof propertechniquesand,especially, toolsfor thefor-
mal analysisof suchspecificationsaimingto decidewhether
a certainuserrequirement(suchastheabsenceof deadlocks,
safetyandlivenessproperties)holdsin thesystemmodelhin-
derstheuseof graphtransformationsystems(GTS)in anef-
fective designprocessfor systemsandvisual modelinglan-
guages.

While severalconceptualapproacheshavebeenproposed
recentlyas a formal analysistechniquefor GTSs,existing
graphtransformationtools only provide simulationcapabil-
ities to assesswhethera certain requirementholds in the
systemmodel,which is frequently insufficient for verifica-
tion purposes.Sincedevelopingananalysistool from scratch
is very costly, one should possibly exploit existing model
checker toolsto carryout theverificationof GTSs.
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Related work Unfortunately, the formal verification of
models(andmodelinglanguages)definedby graphtransfor-
mation systemshasremainedso far on a rathertheoretical
(conceptual)level.

– The theoreticalbasicsof verifying opengraphtransfor-
mation systemsby model checkingtechniqueshave al-
readybeenstudiedthoroughlyin, e.g.,[26,27] (andsub-
sequentpapers).Theauthorsproposethatgraphscanbe
interpretedas statesand rule applicationsas transitions
in a transitionsystem.Unfortunately, aswe demonstrate
in the paper, this directencodingof graphsinto a model
checkingproblemis, unfortunately, infeasiblein practice
sincemodelcheckerswill easilyrun out of spacedueto
this verbosestaterepresentation.

– Ongoingresearchinto thesamedirection(with anenvis-
agedtool support)hasrecentlybeensketchedin [39] aim-
ing to extendearlierresultson reasoningaboutallocation
anddeallocationproblems[18].

– A recentframework [3, 4] aims at analyzinga special
classof hypergraphrewriting systemsby a staticanalysis
technique(basedon foldingsandunfoldingsof a special
classof Petri nets).This framework is ableto handlein-
finite statesystemsby calculatinga representative finite
completeprefix.However, theclassof GTSsthey handle
hascertaindrawbacksfrom a practical,modelengineer-
ing point of view concerningintuitivenessand expres-
siveness.Probablythe most severe of theselimitations
is that the removal of nodesis not allowed. In contrast,
graphtransformationrulesin our approacharearbitrary
rules following the singlepushout(SPO)approach[20]
(with straightforward extensionsto the double pushout
(DPO)approach[14]); however, thepricewehaveto pay
is thatour graphtransformationsystemhasto bea priori
bounded.

– Ruleinvariantshavebeenproposedlately in [36] in anal-
ogy with thenotionsof transitioninvariantsin Petrinets.
Theauthorsalsotransferthetraditionalconceptsof live-
ness,boundedness,etc. to GTSs.The main conceptual
limitation from averificationpointof view is thatrule in-
variantsin aGTS(like transitioninvariantsin aPetrinet)
only provide a semi-decisiontechnique.In otherwords,
they detectpotentialcyclesin thesystem,someof which
might never occuron any executionpaths.On the other
hand, rule invariantscan be computedefficiently only
from thestaticstructureof theGTS.

As a summary, noneof the frameworks give direct sug-
gestionson concreteimplementationor tool supporthow to
verify formal specificationsgivenin theform of graphtrans-
formationsystemsby existingmodelcheckingtools.

1.4 Objectives

In the currentpaper, we extendour initial ideasalreadydis-
cussedin [47] andproposea meta-level andoptimizedtech-
niquewith benchmarkexamplesto verify graphtransforma-

tion systemsusedaseitheramodel-levelor meta-level formal
specificationtechniqueby existing modelcheckers.

– Graph transformationon the model-level. For any user
model with structuraldescriptionsin the form of tradi-
tional classand object diagramsand dynamicbehavior
capturedby graphtransformationsystems(like FUJABA
[34] orPROGRES[43] modelsaspracticalexamples),we
projectit into a behaviorally equivalenttransitionsystem
(TS).

– Graph transformationon the meta/language level. For
any well-formedmodelof any high-level modelinglan-
guage(with abstractsyntaxdefinedby metamodelingand
operationalsemanticsformalized by graph transforma-
tion), we generatea separate(metamodeland model-
specific) transitionsystemthat faithfully representsthe
behavior of themodelinstance.

We presenta meta-level analysistechniquewhereonly
thesemanticsof a modelinglanguageshouldbedefinedpre-
cisely when a new modeling languageis constructed,and
then the formal analysiscan be carried out automatically
(without designingindividual mappingsinto analysistools).
In addition, the maintenanceof meta-level analysisframe-
works (like the oneproposedin the currentpaper)is much
easiersincemodifying thesemanticsof languageon theGTS
level is lesserroneousthenmodifying a complex translation
program.

The outputTS is generatedin two steps.First all poten-
tial applicationsof a graphtransformationrule arecollected
into separatetransitionsby a Cartesianproductconstruction.
Then,in asecondphase,anoptimizationis carriedoutwhich
eliminatesthestaticpartsanddeadtransitionsfrom thetarget
TS to drasticallyreducethestatespace.

In order to capturethe translationproblemat the right
level of abstraction,moreover, to gaina certainlevel of inde-
pendenceof particularmodelchecker tools,both the source
andthetargetmodelof ourmapping(andthemappingitself)
will be definedin the form of abstractstatemachines[24]
(i.e., both the sourceGTS andthe target TS). This uniform
semanticrepresentationhighly easesto formalizeandprove
thecorrectnessandcompletenessof our approach.

Theinput languagesof concretetoolscanbegeneratedby
furtherpreprocessingstep(which is rathersyntacticandthus
out of the scopeof the currentpaper).Meanwhile,running
exampleson model checkingspecificationswill always be
givenin theconcretetool formatof theSAL framework [7] to
provide guidelineson how to tailor our techniqueto existing
tools.

Thepracticalfeasibility of our approachwill be demon-
stratedon the well-known example of the dining philoso-
phers, which is a common benchmarkfor assessingthe
performanceof verification tools. The dining philosophers’
problemwill bemodeledandanalyzedin differentways(with
graphtransformationappearingbothon themodel-level and
meta-level) to provedeadlockfreedomandsafetyproperties.

As a summary, themainbenefitsof our approacharethe
following.
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1. We presenta meta-level analysis techniqueswhich is
parameterizedby (the metamodelof) the modelinglan-
guage.

2. We presentan optimizationtechnique that reducesthe
numberof statevariablesandeliminatesdeadtransitions
to avoid statespaceexplosion.

3. We build on existingmodelchecker tools to speedup the
verificationprocess(and the work relatedto implement
theverificationtool itself).

4. We assessthe practical feasibility of our approachon a
verificationbenchmark.

Finally, wealsoexplicitly summarizethelimitations/pre-
requisitesof ourapproach(althoughthedetailedexplanations
of theselimitationswill beprovidedlateron in thepaper).

1. We assumethat the structureof a modeling language
is definedby a metamodel(UML classdiagram),while
thedynamicbehavior is capturedoperationallyby graph
transformationrules.

2. We assumethat an initial instancemodel (UML object
diagram)is alsoprovidedby theuser.

3. We supposethe links (edges)are relationson objects
(nodes)thusthey do nothave identities.

4. We assumethatattributesof objectshavefinite domains.
5. We assumethatanexplicit upperboundis apriori known

to eachclassin themetamodel(e.g.,a classA is allowed
to haveat most5 instancesin aninstancemodel).

Note that while our techniqueis applicableto modeling
languagesfrom arbitrary domains(if definedby meansof
metamodelingand graphtransformation),in the paper, we
will ratherfocuson applyingit for softwareengineeringpur-
poses,asproving that an IT systemwill not collapseunder
within conditionsis probably the most challengingtask in
ouropinion.

The structure of the paper The rest of the paperis struc-
turedasfollows.In Sec.2, ashortintroductionis providedon
model,metamodelsandgraphtransformation.Section3 in-
troducesbasicnotionsof transitionsystemsandmodelcheck-
ing. In Sec.4,weprovideaunifiedsemanticrepresentationof
GTSsandTSsbasedonabstractstatemachines.In Sec.5, we
provide a detaileddiscussionon how to mapgraphtransfor-
mationsystemsinto transitionsystems.The correctnessand
completenessof this encodingis thereafterprovedin Sec.6.
Thefeasibility of our approachis demonstratedon theverifi-
cationcasestudyof Sec.7, while Sec.8 concludesourpaper.

2 SpecifyingModelsand Modeling Languages

Initially, we semi-formally summarizethe major concepts
for definingmodelsandmodelinglanguagesby a traditional
combinationof metamodeling(Sec.2.1) and graph trans-
formation (Sec.2.2) techniquesthat will serve as the input
for our transformationapproachlater on. As our methodis
plannedto beappliedbothto modelsandmodelinglanguages
(andasthemodelingterminology, i.e., MOF [35] andUML

arevery closeto eachother)theterms(i) classdiagramsand
metamodels,and(ii) objectdiagramsand(instance)models
will be usedinterchangeably, even thoughthey canbe very
differentfrom anapplicationpointof view.

2.1 Modelsandmetamodels

The abstract syntaxof domainspecificmodelinglanguages
is definedby a correspondingmetamodel,which conforms
to thebestengineeringpracticesin visualspecificationtech-
niques.Frequently, models(denotedas � in thesequel)and
metamodels(referredas ��� ) arerepresentedinternally as
typed,attributedanddirectedgraphswith nodesfor classes
(objects)anddirectededgesfor eachnavigable association
(link) endtogetherwith thecorrespondingtyping homomor-
phisms[13]. Attributes(slots)associatedto classes(objects)
canbeinterpretedasattributes(or slots)on graphnodes.For
the currentpaper, we restrict our modelsin sucha way that
only onelink of a certaintypemayleadbetweentwo objects
(thusa link is abinaryrelationonobjects).

As a conclusion,we usethe following “generalized”no-
tationof modelsandgraphs.

– For the metamodelelements, we usethe termsclasses,
associations, andattributes(alsoinsteadof thenotionsof
node,edgeandattributetypes)in their traditionalsense.

– For model elements(elementsof a usermodel on the
modellevel), the terminologyof objects, links, andslots
is used.

– Finally, for rule elements(contentsof a graphtransfor-
mationrule) weusethetermsnodes, edges, andslots.

Thedistinctionbetweenmodelandrule elementsis irrel-
evantfrom a modelingpoint of view (bothareon themodel-
level); however, it follows thetraditionalnotation.

In additionto thesemodelingelements,thetraditionalno-
tion of inheritanceis alsointerpretedfor classes(but not for
associationandattributesas,for instance,in [49]). Thusan
instanceobjectof a subclassis an instanceof thesuperclass
aswell, moreover, attributesof thesuperclassarealsoacces-
siblein thesubclass.

At this very initial point, we distinguishbetweenstatic
and dynamicmodel(graph) elements(following the guide-
linesof [46]). By dynamicmodelelementswemeanelements
that canbe altered,(updated,removed or added)during the
executionof models,which can be easily collectedby an-
alyzing the structureof the behavioral specification(graph
transformationrulesin our case).For a notationalguidance,
dynamicelementswill appearin redin modelsandmetamod-
els (with additionaldashedlines in caseof links andprinted
in italics for text).

Example1 A samplemetamodelandasimplemodelof finite
automataaredepictedin Figure1.

Accordingto the metamodel,a well–formedinstanceof
a finite automatonis composedof statesand transitions.
A transition is leading from its from state to its to state.
The initial statesof the automatonaremarkedwith init, the
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Fig. 1 A metamodelandmodelof finite automata

active statesare marked with current, while the reachable
statesstartingfrom the initial statesaremodeledby reach-
ableedges.

A sampleautomatona1 consistingof threestates(s1, s2,
s3) andthreetransitionsbetweenthemt1 (leadingfrom s1 to
s2), t2 (leadingfrom s2 to s3), andt3 (leadingfrom s2 to s3)
is alsodepicted.We cannoticethat the initial stateof a1 is
s1.

In order to concentrateon dynamicbehavior of models
(and languages),we assumefor the rest of the paperthat
our modelsandmetamodelsareall well formed(thuswell-
formednesschecksare not included in the algorithmspre-
sentedin thepaper).

2.2 Graphtransformationrules

For the currentpaper, we supposethat the dynamicopera-
tional semanticsof amodelinglanguageis specifiedby graph
transformationrules.In thesequel,we definegraphtransfor-
mationrulesandtheirapplicationto ausermodelin anopera-
tionalwaywhichis functionallyequivalentwith thecategory-
theoreticalsinglepushoutapproach(SPO)[20] but requires
lessmathematicalpreparations.

Definition 1 A graph transformation rule is a 5-tuple �	�
���
������������ � 
����������! ��#"$���%�&�(' , where
��
��

is theleft-hand
sidegraph, � 
�� is theright-handsidegraph,while

�)�*�
de-

notethe (optional) negativeapplicationconditiongraph(s).
Each nodein

��
��
and

�����
maycontainadditional condi-

tions
�����! 

for attributes/slots,while each nodein � 
�� may
haveattributeassignments

"+���*�&�
associatedto them.

Definition 2 The application of a rule to a model � (i.e.,
a well-formedinstanceof its metamodel��� ) rewrites the
modelby replacingthepatterndefinedby

��
��
(restrictedby

prohibitedsubgraphsof
�����

andattributeconditions
�����! 

)
with thepatternof the � 
�� . Thisis performedasfollows.

1. Find a matching, i.e., a homomorphic(possiblynot iso-
morphic) imageof the

��
��
graphin the model � (by

graphpatternmatching).
2. Check the negativeapplicationconditions(

�����
) which

prohibit the presenceof certainsubmodels(objectsand
links) in � ,

3. Checking attribute conditions. When a node (object)
is matched,all its associatedattribute conditions are
checked and if any of them is violated then the current
matchingis discarded.

4. Remove. A partof themodel � thatcanbemappedto the�,
��
but not the � 
�� graphis thenremoved(yielding the

context model).Whenthe imageof a node(i.e., an ob-
ject) is to beremoved,all possibledanglinglinks (edges)
have to be removed aswell in order to follow the SPO
approach.

5. Glue. � 
�� andthecontext modelaregluedtogether(by
addingnew objectsandlinks) to obtainthederivedmodel�.- .

6. Update attributes. Finally, attribute updatesare per-
formedin accordancewith

"+���*�/�
.

Example2 A pair of rules describinghow the reachabil-
ity problemon finite automatacanbe formulatedby graph
rewriting rulesis depictedin Figure2.

For instance,rule initR is structuredasfollows.

– The
�,
��

graphconsistsof two nodes(objects)(A1 of type
Automaton, andS1 of type State) andan edge(link) of
type initial.

– The
�����

graphconsistsof the sametwo nodes(A1 and
S1) andan edgeof type reachable. Negative application
conditiongraphsaredenotedby shadedareasin figures
labeledwith theNEGkeyword.

– The � 
�� graphconsistsof the sametwo nodes(A1 and
S1) and(a new copy of) anedgeof typereachable.

– The rule doesnot containattribute conditionsor assign-
ments.

Rule initR in Fig. 2 statesthat all statesof the automa-
ton marked as initial arereachable(if the statehasnot been
markedpreviously).Whenapplyingthis rule to thefinite au-
tomatonmodelof Fig.1,anew reachable link is createdlead-
ing from a1 to s1.

Rule reachR expressesthat if a reachablestateS1 of the
automatonis connectedby a transitionT1 to sucha stateS2
that is not reachableyet thenS2 shouldalsobecomereach-
ableasa resultof therule application.Note thatwithout the
negativeapplicationcondition,thetransformationwouldgen-
eratemorethanasinglereachablelink betweenanautomaton
andastate,whichwouldcontradictourassumptionthatthere
only a single link of a certaintype is allowed betweentwo
objects.
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Fig. 2 Calculatingreachablestatesby graphtransformation

3 Model CheckingTransition Systems

3.1 Transitionsystems

Transitionsystems(TS) (pp. 71–75in [38]) area common
mathematicalformalism that serves as the input specifica-
tion of variousmodelchecker tools.They have certaincom-
monalities(in many caseson the concretelanguagelevel
aswell) with structuredprogramminglanguages(like C or
Pascal)asthesystem/programis evolving by executingnon-
deterministicif-then-elselikerulesthatmanipulatestatevari-
ables.In all practicalcases,we must restrict the statevari-
ablesto have finite domains,sincemodelcheckerstypically
traversetheentirestatespaceof thesystemto decidewhether
a certainpropertyis satisfied.

Definition 3 Formally, a transition system is a 4-tuple 0+12�
435��67��89� 0 �#:��<;>=?' where

1.
67��8 �A@ 67BC�*D*D�D%�#6FEHG is a setof finite domains

2.
3 ��@�I B���D*D�D*� I�J G is thesetof state variables takingtheir
valuesfrom a correspondingdomain.The domainof a
variable is denotedas

 /��8K
 IML ' � 6 L or shortlyas IMLON6 L where
6 L$P 67��8 ;

3. 0Q�A@MR B ��D*D*D�� R*S G is thesetof transitions (guarded com-
mands) which is of the form TVU�WXI/-B NY� � B �*D�D*D*� I/-S NZ�� S where the T is a booleanguard condition,andan ac-
tion (or assignment)I/-L NY� � L specifiesanupdatefor state
variable I L ;

4.
:��<;4=

is a(nunquantifiedfirstorder)predicatedefiningthe
initial state.

Similarly to themajorityof modelchecker tools,wesup-
posethat statevariablescan be storedin statevariablear-
rays T B��*D�D*D�� T E rangingon (setsof) object identifiers,and
they can be referredto as T[L�\ ;4] �^I`_ . In this case,an

�
-

dimensionalstatevariablearray Ta\ ; B ]�D�D*D \ ; S ] has
�

index do-
mains

:/6 LbP 67��8 (for which
; LbP :�6 L ), anda valuedo-

main
3c6 P 67��8 . The intendedmeaningis that eachstate

variable I`_edgfZhZhZh f _jiV�kTa\ ; B ]/D*D*D \ ; S ] (i.e., a locationin the state
variablearray) takes its value from the value domain

3c6
.

Naturally, all index andvaluedomainsarerequiredto be a
priori finite. For instance,we will declarea one-dimensional
statevariablearraycolor laterin Example3 with anindex do-
main StateID = l s1, s2, s3 m andvaluedomainColorType =l R, G, B m .

Notethattransitionsystemsareakind of anabstractsyn-
tax of a specificationlanguage, which canbeusedto gener-
atea statespace(formally, aKripkestructure)describingthe
system.

Definition 4 A Kripke structure n212� 
4op���b�#:��#q!' is a four
tuplewhere (i)

o
is thesetof states (inducedby all possible

evaluationsof statevariables),i.e.,
o �  /��8K
 I B�'�rsD�D*D!r /��82
 I�J ' ; (ii)

� t^ourvo
is the transition relation de-

finedas
� �xw S_jy B "{zg=}|?~ where

"+zg=}|}~
is a relation induced

by the guarded commandsof the TS, i.e.,
"+zg=}|}~g
�3���3 - ' �T _,��� J_�y B I&-_�f L � � _�f L ; (iii)

:�t�o
is the set of initial

states; and (iv)
q N o W��`�<� is a labeling function map-

ping each stateto a subsetof atomicpropositions
"{�

(e.g.,
atomicequations)thatare valid in thegivenstate.

Intuitively, a transition(guardedcommand)of the formTvU�W�I&-B NZ� �CBC�*D�D*D*� I/-S NY� � S canbe executedin any state
satisfyingconditionT . ThusconditionT is calledtheenabled-
ness(guard) conditionof thetransitionR anddenotedas

�M�!|
.

Wesaythat R is enabledin astate
�
, if its conditionT is satis-

fiedin
�

(denotedas
�H� �$���$T or simply

�H� ��T ). Theeffectof
executingR is that(i) all expressions

� B �*D*D�D*��� S arecalculated
first basedupon

�
, and then thesenew valuesare assigned

to statevariablesI B ��D*D�D*� I`S . An executionpath of a Kripke
structureis an infinite sequenceof states

������� B ���M���*D*D�D
start-

ing from oneof theinitial states(
����� � :��<;>= ) andprogresses

from onestateto anotherby non-deterministicallyselecting
andfiring (enabled)transitionsof thesystem.

The requirements(or propertiesto be verified) for mod-
elsspecifiedby aKripkestructurearefrequentlycapturedby
sometemporallogic formulae.However, sinceonly safety
propertiesanddeadlockfreedomarebeingprovedin thecur-
rentpaper, wedefinetheseconceptswithouttheuseof tempo-
ral logic operations.As ourtechniquefocusesonthetransfor-
mationof the systemspecification(which is independentof
expressingrequirements),we supposethat the requirements
canbeexpressedby someformalismunderstoodby thetarget
modelchecker.

– Safety properties. A safetyproperty
� � (pp. 171–172

in [38]) is an invariant (a booleanexpressioncomposed
of atomicpredicates)that musthold in eachstateof the
system.Whenever a stateis reachedduring the traversal
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of the statespacewherethis propertyis violated,model
checkingcan terminateimmediatelywith an error mes-
sage.

– Deadlockfr eedom. A systemis in adeadlock(pp.72–73
in [38]), if no transitionsareenabledat thespecificstate.
Here the correspondingdeadlockproperty

���
could be

derivedby combiningtheguardsof transitions.

Now a simplified definition of the traditional model
checkingproblem(for handlingsafetyanddeadlockproper-
ties)is asfollows.

Definition 5 (Model checkingproblem) Given(i) a system
model in the form of a transition system0$1 (inducing a
Kripke structure n91 ), and (ii) a safetyproperty

�
, thenthe

modelchecking problemcanbedefinedasto decidewhether�
holdson each executionpath of the system(i.e., whether� _ � � � for all

� _ on the executionpath).Moreover, thesys-
temshouldbefreeof deadlocks, i.e., � ; N��[R�P�0AN � _ � � �M�!| .

After themathematicaldefinitions,we overview thecon-
ceptsof a specificmodelchecker tool that will provide the
notationfor exampleson transitionsystems,sincethe lan-
guageitself is verycloseto themathematicaldefinition.

3.2 SAL:SymbolicAnalysisLaboratory

The SAL (Symbolic Analysis Laboratory) [7] framework
aims at combining different tools for abstraction,program
analysis,theoremproving, andmodelcheckingfor theeval-
uationof systemproperties.TheSAL architecturecanbein-
terpretedas a “tool–bus” wherea collection of tools inter-
act throughthecommonintermediatelanguageof transition
systems.The individual analyzers(theoremprovers,model
checkers,staticanalyzers)aredriven from this intermediate
layerandtheanalysisresultsarefedbackto this intermediate
level.

– In the SAL intermediatelanguage,the unit of specifi-
cation is a context, which containsdeclarationof types,
constants,transitionsystemmodules,and assertions.A
basicSAL moduleis a statetransitionsystemwherethe
stateconsistsof input, output, local, andglobalvariables,
which referto differentaccessmodes.

– A basicmodulealsospecifiestheinitializationandtransi-
tion steps.Thesecanbegivenby acombinationof defini-
tionsor guardedcommands.A definition(or assignment)
is of the form ��� � ��T�� �C����;���� or ��-�� � ��T�� �C���*;���� ,
where ��- refersto thenew valueof variable� in a transi-
tion. A guardedcommandis of theform

� U�W�1 , where�
is a booleanguardand 1 is a list of definitionsof the

form ��- � � ��T�� �C����;���� . In additionto that,we mayalso
define(auxiliary) functionsthatalwaysyield a determin-
istic result.

– SAL modulescanbecomposed(i) synchronously, sothat� B �j� � � is a modulethat takes � B and � � transitions
in a lockstep,or (ii) asynchronously, when � B \ ] � � is a
modulethat takesan interleaving of � B and � � transi-
tions.

Example3 The SAL example below definestwo domains
(StateID and ColorType) and a one-dimensionalstatevari-
ablearraycolor mapping(elementsof) StateID to ColorType.
For initialization, we assignthevaluesR, G, andB to thelo-
cationss1, s2, s3 of thearray, respectively. Thesingletran-
sition (guardedcommand)statesthatvaluesR andG canbe
swappedat locationss1 ands2 (respectively) of arraycolor.

% Domains
StateID : TYPE = l s1, s2, s3 m ;
ColorType : TYPE = l R, G, B m ;

% State variables
GLOBAL color: AR-

RAY StateID OF ColorType
% Initialization predicate
INITIALIZATION
color[s1] = "R"; color[s2] = "G"; color[s3] = "B";

% Guarded commands
TRANSITION
color[s1] = "R" AND color[s2] = "G" -->
color’[s1] = "G"; color’[s2] = "R"

In thepaper, we will usetheSAL specificationlanguage
for codelevel exampleswhendescribinggraphtransforma-
tion systemsastraditionalstatetransitionsystemsdespitethe
fact that the SAL framework is not yet available for public
use.However, asSAL is aimedto provideageneralfront-end
to many individual model checkers,we can achieve a high
level of independencefrom concretetoolsin exchange.

4 Abstract StateMachines:A Unifying Semantic
Framework

It is relatively commonin variousgraphtransformationtools
(suchasPROGRES[43] or VIATRA [45]) to formally rep-
resentmodelsandmetamodelsasalgebraictermsandgraph
transformationasmanipulationof suchterms.In the paper,
we useGurevich’s abstractstatemachines(ASMs) [24] to
provide a uniform semanticframework both for GTSsand
TSs.ASMs treat the staticstructureof a languageasterms
over an arbitraryalgebraand the dynamicbehavior is cap-
tured by rules which may updatecertainfunctionsthus al-
lowing thealgebrato evolve.

On the onehand,the algorithmsspecifiedby ASMs are
verycloseto traditionalprogramminglanguages,andtheuni-
form ASM formalismlargely easesthe proof of correctness
and completenessof our approachin Sec.6. On the other
hand,theuseof ASMs makesthecurrentpaperrathermath-
ematicalat certainpoints.For thosewho arenot particularly
interestedin the preciseformal treatmentof our technique,
we recommendto overview only Table 1 in Sec.4.1 (that
givestheintuitive meaningof ASM rules)andto safelyskip
Sec.6 containingtheequivalenceproofs.

For anintroductoryoverview of ASMs,we basicallyfol-
low [8].
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4.1 An introductionto abstract statemachines

The main structuralelementof an ASM is a state ¡ (i.e.,
anarbitraryalgebra)overa vocabulary (or signature)

o
con-

sistingof a non-emptysetdenotedasthesuperuniverseand
the interpretationsof functionnames.Thesuperuniverse

� ¡ �
is often divided into (sub)domains

6 B �*D*D�D*��6 S , where all6 _ t¢� ¡ � anda reserve� �C� , which is a setof elementsthat
arecurrentlynot in use.The interpretationof an ASM in a
givenstate¡ dependsontheenvironment,i.e.,theinterpreta-
tion £ of its freevariables.We usethestandardinterpretation
of terms ¤ =�¥�¦§ and formulae ¤4¨ ¥�¦§ in state ¡ undervariable
interpretation£ (but weoftensuppressmentioningtheunder-
lying interpretationof variablesfor thesakeof simplicity).

BasicASM rulesarebuilt up from functionupdatesand
constructsfor skip, if-then-else, let, forall, and iteration by
parallel andsequentialcomposition. We considerthechoose
constructas a specialnotation for using non-deterministic
choicefunctions,and the createconstructto assigna fresh
elementfrom the reserve. The semanticsof standardASMs
is definedin [24] by assigningto eachrule � (givena state¡ andinterpretation£ ) an updateset ¤�� ¥�¦§ which – if con-
sistent– is fired in state¡ andproducesthenext state ©u�
next


 ¡ � £ ' .
An updateset is a set of updates, i.e., a set of pairs
�ª��CzC� I/« ª�' where

ª��Cz
is a location,and I/« ª is an elementin

the domainof ¡ to which the locationis intendedto be up-
dated.A location is an

�
-ary function name ¬ with a se-

quenceof length
�

of elementsin thedomainof ¡ , denoted
by ¬ ­�« B��*D�D*D%� « S¯® . If ° is an updateset then

���Cz*�/
 ° ' de-
notesthe set of locationsoccurring in the elementsof °
(
���Cz*�/
 ° ' �x@ ª��Cz�� �&I&« ª N 
�ª��CzC� I&« ª�' P±° G ). An updateset °

is calledinconsistent, if ² containsat leasttwo pairs

�ª��CzC� I B*'

and

�ª��CzC� I � ' with I B´³�vI � (i.e.,

� ° �&µ.� ���Cz*�/
 ° '�� ), otherwise
it is calledconsistent.

For a consistentupdateset ° and a state ¡ the state
fire¦ 
 ° ' , resulting from firing ° in ¡ is defined as a
state © which coincideswith ¡ except ¬!¶ 
 « ' �^I/« ª for
each


 ¬ ­�« ® � I&« ª4' P�° . Firing an inconsistentupdateset
is not allowed, i.e., fire¦ 
 ° ' is not defined for inconsis-
tent ° . This definitionyields the(partial)next statefunction
next· 
 ¡ � £ ' � fire


 ¤4� ¥�¦§ ' whichdescribesoneapplicationof� in a statewith a given environmentfunction £ . Often we
alsowrite next


 � ' insteadof next· .

Therulesof Table1 describethemeaningof mainASM
rules. We use � and 1 for rules, � for variables,

�
and

=
for expressions(terms), T for predicates(booleanexpres-
sions), ° ��3 for updatesets,and « ��¸ to semanticalvalues.
We write ¬ ¦ for the interpretationof the function ¬ in state¡ , and £ - �¹£&@M�»ºW¼« G is the variableassignmentwhich
coincideswith £ except for � where ���½« . The merging
of two updatesets ° and

3
(denotedas °¿¾ 3 ) is de-

fined as @ 
 ¬ ­ = B �*D*D�D%�?= S ® ��¸%'À�!
 ¬ ­ = B ��D*D�D*�?= S ® ��¸%' PÁ° �±Â z N
 ¬ ­ = B ��D*D�D*�?= S ® �#z*' P 3FG,ÃÄ3�� if ° is consistent,and ° other-
wise(thusif ° is inconsistent).

4.2 AnASMencodingof modelinglanguagesandinstance
models

Now we discussinformally (i) how thegraphrepresentation
of modelscanbe encodedasan ASM state,andhow graph
transformation(following theSPOapproach)canbeformal-
izedasASM rules(for apreciseformaltreatmentof encoding
graphtransformationrulesasASMs,see[48], for instance).

Thevocabulary (signature)of anASM representationof
a modelinglanguageis drivenby themetamodel.We define

– a unary predicate (booleanfunction symbol) for each
class(suchasState, Transition, andAutomatonin ourrun-
ningexample);

– a binary predicate for eachassociation(e.g., from, to,
reachable, etc.);

– a unaryfunctionsymbolof a specificdomainfor eachat-
tribute(seethecolor attributeof states);and

– traditionalboolean( Å , Æ ) andarithmetic functionsym-
bols(suchas+, Ç , ² �! /� ¬ ) if required.

InstancemodelsareencodedasASM states¡ÉÈ�Ê . Thesu-
peruniverse

� ¡ÉÈgÊ � is composedof the set of uniqueobject
identifiers, the abstracteddomainsof attributes (i.e., some
enumerationdomains),and a reserve for fresh object iden-
tifiers.The interpretationof functionsymbolsis asfollows.

– A unary(class)predicate
z%ª4�

is interpretedas Å at loca-
tion

� _ (denotedas
z%ª��M¦ÌË>Í�
�� _ ' NY�QÅ ), if theobjectidenti-

fiedby
� _ of type

z*ª��
is initially active(or existing) in the

instancemodel.Otherwisethepredicateis interpretedas
falseby definition:

z%ª�� ¦ÌË>Í 
�� _ ' NY�ÎÆ .
– For a binary (association)predicate, the interpretation

is « ��z*¦�Ë>Í&
Ï� _ �?� L ' NY� Å if the link of type « ��z be-
tweenobjects

� _ and
� L is active at the beginning.Oth-

erwise,thepredicateis interpretedasfalseby definition:« �Mz%¦ÌË>Í�
�� _ �#� L ' �ÎÆ .
– For a unary (attribute) function, the interpretationis« =�=}¦ÌË>Í�
�� _ ' NZ�ÐI&« ª , if

� _ is an active object, and the
slot of type « =�= is equalto I/« ª initially, moreover, I/« ª is
taken from the properdomain.Otherwise,by definition,
the predicateis interpretedas undefined:« =�=}¦ÌË>Í/
Ï� _ ' �² �! �� ¬ .

Thereafter, a statein the ASM representationof a(n in-
stance)modelis definedby thecurrentevaluationof ground
predicates ¤ÑT ¥ ¦ÌË>Í , i.e., predicateswithout variables(there-
fore theevaluationis independentof theenvironment£ ).

For a notationalshorthand,we will frequentlywrite
= ��² �

insteadof Å ¦ÌË>Í , and ¬Ì« ª��M� insteadof Æ ¦ÌË>Í . Moreover, we
alsoabbreviate ¤jT 
�� _ '}¥�¦ÌË>Í � = ��² � and ¤jT 
�� _ '}¥�¦ÌË>Í �k¬Ì« ª��M�
as ¤jT 
�� _ '}¥�¦ÌË>Í and ¤>Ò�T 
Ï� _ '�¥�¦ÌË>Í , respectively.

Note that if T�«�� �M�<= is a superclassof
z*
�;>ª� 

in the inher-
itancehierarchy(denotedas T�«/� ���<=HÓÔz*
¯;�ª� 

) of the meta-
modelthen ¤ z�
¯;�ª� �
 � '�¥�¦�Ë>Í implies ¤jT�«/� �M�<=%
 � '�¥�¦�Ë>Í for all �
in any state¡ÉÈgÊ .
Example4 The vocabulary

o�Õ�Ö
inducedby the metamodel

of finite automata(Fig. 1) is automaton, state, etc. (for
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×ÏØ&Ù#ÚÛ Ü Ý/ÞßØ¯à
Variableassignment×�á�Þeâ#ã�ä�å�å�ågä4â�æ�à4Ù ÚÛ Ü á Ú Þ�×Ïâ#ã�Ù ÚÛ ä�ågå�å�äg×ßâ�æ`Ù ÚÛ à
Interpretationof functions×

skip
Ù#ÚÛ Ü ç

Do nothing×�á�Þeâ ã ä�å�å�ågä4â æ à è Ü±é�Ù�ÚÛ Ü l Þ�á�ê�×ßâ ã Ù#ÚÛ(ä�å�å�ågäg×ßâ æ Ù#ÚÛÌë#äg×�é�Ù�ÚÛ�à m In the next state, the value of the functioná
at the arguments

â ã ä�å�å�å�ä>â æ
(i.e., at locationá�êeâ�ãgä�å�å�å�ä>â�æ/ë

) is updatedto
é
.×�ì

par í Ù#ÚÛ�Üv×�ì í Ù#ÚÛ Ü ×�ì�Ù�ÚÛcî7× í Ù#ÚÛ Rules
ì

and í areexecutedin parallel.

×
if ï then

ì
else í Ù#ÚÛ Ü ð ×�ì�Ù�ÚÛ!ä if × ï Ù#ÚÛ7Ü2â>ñ*ò[ó ;× í Ù ÚÛ ä otherwise.

If ï is true,thenexecute
ì

, otherwiseexecuteí .

×
let
ØHÜ2â

in
ì,Ù#ÚÛ Ü ×�ì�Ù�ÚÛ?ô�õ%ö÷ùø*ú

whereû Üv×ßâ>Ù#ÚÛ Assignthevalueof
â

to
Ø

andexecute
ì

.

×
forall

Ø
with ï do

ì�Ù ÚÛ Ü üý*þ�ÿ ×�ì,Ù ÚÛ#ô�õ%ö÷ ý ú where

� Ü l���� × ï Ù#ÚÛ?ô}õ%ö÷ ý ú Ü2â>ñ*ò[ó m
Execute

ì
in parallelfor each

Ø
satisfying ï .

×�ì
seq í Ù#ÚÛ Üv×�ì ; í Ù#ÚÛ Ü ×�ì�Ù�ÚÛ�� × í Ù��Û Executefirst

ì
and then í as an “atomic” se-

quence.

choose
ÞßØ¯à

with ï do
ì

or 	�

�Ü let
ØHÜVá���Þ>å�å�å à

in
ì

Selectnon-deterministicallyanelement
Ø

satisfy-
ing condition ï andexecute

ì
create

ÞßØ¯à
do
ì 	�

�Ü let

ØHÜVá æ 
�� Þ>å�å�å à in
ì

Createa new element
Ø

from the“reserve” which
doesnotbelongto any of theexistingdomains.

×Ïñ�Þeâ�ã#ägå�å�å�ä>â>æ/à4Ù ÚÛ Ü ×���������� â�ã��*Ø�ã�ä�ågå�å�ä>â>æ�� û æ��ÑÙ ÚÛ if a rule def-
inition

ñ�ÞßØ ã ä�å�å�å�ä�Ø æ àFÜ �������
exists and×���������� â ã �*Ø ã ä�ågå�å�ä>â æ � û æ �ÑÙ�ÚÛ is defined

Rulecall andrule definition

Table1 Semanticsof transitionrulesin ASMs

classes),states, reachable, current, etc.(for associations),
color (for attributes),andR, G, B for constantsymbols.The
superuniverse

� ¡ Õ�Ö � includes(at least)the following identi-
fiers: «"! , � ! , � � , �$# , = ! , = � , =�# , � , % and & .

The ASM state ¡ ÕMÖ of the instancemodel of Fig. 1
can be defined as ¤ automaton


 «'! '�¥�¦)(�* , ¤ state

�� ! '�¥�¦)(�* ,¤ states


 «"! ��� ! '}¥�¦+(�* , ¤ init

 «'! ��� ! '}¥�¦+(,* ,etc.

4.3 AnASMencodingof graphtransformationrules

The ASM representationof a(n SPO)graphtransformation
(GT) rule (formalizedin a ASM codepatternin Alg. 1) must
appropriatelyhandle(i) the patternmatching phase,(ii) the
deletionof elementsaccordingto the differenceof the LHS
andtheRHS,(iii) theremoval of danglinglinks, (iv) thecre-
ationof elementsaccordingto thedifferenceof theRHSand
LHS, and(v) the inheritancein theclasshierarchy.

1. Pattern matching and checking negativeconditions.Let
us first assigna variable � for eachnode in the rule.
The preconditionof the rule is constructedfrom (i) the
LHS graphby instantiatingvariablesof the LHS using
the non-deterministicchooseconstruct,and(ii) the neg-
ative applicationconditiongraphsby creatinga formula

thatprescribesthenon-existenceof variableassignments
thatsatisfiesthenegativecondition(Line 2). In thissense,
amatchingpatternof theGT rule is definedby extending
theenvironment £ by variableassignmentsfor eachvari-
ablein -/.10$2 (formally, £&@M� B ºW I B`�*D�D*D%� � S ºW¹I S G43 � _ P-/.5062 ).

2. Deletion of elements.Then we perform the deletionof
modelelementsby falsifying all thecorrespondingloca-
tionsaccordingto the

�87 1:9,� 7 1 of theGT rule (Line
4).

3. Dangling links. Whenremoving an object � of type
z%ª4�

(Line 5), a specialcareis requiredto appropriatelyhan-
dlepotentialdanglingedges.For thatreason,all locations
of links (andslots)thatarerelatedto theobjectto bere-
movedarefalsifiedaswell (Lines7–9).

4. Creationof elements.In caseof creation,the properlo-
cationsaresetto true(Line 19).Whencreatinganobject
of type T , we usethe createconstruct(Line 16), which
obtainsa freshidentifierfrom thereserve.

5. Handling of inheritance. In caseof removing an object
of type

z%ª��
Moreover, all locationsin superclassesand

subclassesof
z%ª4�

shouldbe falsifiedaswell (Lines 12–
14).Whencreatinganew objectof type

z%ª4�
, all locations

in superclasses(but not subclasses!)of T shouldbesetto
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Algorithm 1 ASM representationof GT rules
Notation:;=<?>A@

: variablesrelatedto nodesappearingin the BDC é ;; æ 
FE : variablesappearingonly in the G óIH but not in the BDC é (i.e.,
relatedto nodesin G óIHKJ BLC é );;NMIO

 : variablesappearingin BLC é or G óIH , i.e.,

; <?>A@ î ; æ 
PE ;;
	�

<
: variables related to nodes in BLQ7í J ì Q7í (where;
	�

<)R ; <?>�@

);; ø 	,	 : variablesrelatedto nodesin
ì Q7í J BDQ7í ;; ø <S<

: variablesappearingin BDC é or
ì Q7í , i.e.,

; <?>A@ î ; ø 	,	 .TIU é : apredicatederivedfrom a classû é T : a predicatederivedfrom anassociationû â4â : apredicatederivedfrom anattributeV û ñMóAW[âYX T C�Z U � : V û ñ�óAW[â is a superclassof T C4Z U �ò[W��`ó*á
: theundefinedvalue�Cû U : a valuefrom a correspondingvaluedomain

rule r
@�MI\

=
1: /* Instantiatevariablesthat satisfy the precondition(i.e., both

LHS andNEG)*/
2: choose

;]<?>A@
with ^ <?>A@ Þ ;=<?>A@ à`_a Þ�b ; æ 
PE è ^ æ 
FE Þ
; MIO

 à�à do

3: /* Deletingobjectsor links or slots*/
4: T�U é�ÞßØ¯àaè Üdc or û é T ÞßØ�ä���à è Üec or û â�â�ÞßØ¯àaè ÜKò[W��`ó*á ;
5: if TIU é�ÞßØ¯à is anobjectlocationto befalsifiedthen
6: /* Removing danglinglinks */
7: forall f with û é T ÞßØ�ä f à(Ühg or û é T Þ f ä4Ø¯à!Ühg do
8: û é T ÞßØ�ä f à è Üec or û é T Þ f ä�Ø¯à è Ühc
9: end for

10: /* A similar treatmentof slotsbelongingto the falsified
objectshouldcomehere*/

11: /* Removing from theinheritancehierarchy*/
12: forall T�U éMã with TIU é8X T�U éMã or TIU éMãiX T�U é do
13: T�U é ã ÞßØ¯àaè Üdc
14: end for
15: end if
16: create

; ø 	,	 do
17: let

Ø ãkj ; ø 	�	 , � ã ä f ãkj
; ø <S<

in
18: /* Creatingobjectsor links or slots*/
19: T�U é�ÞßØ�ã?à è Üeg or û é T Þl��ã�ä f ã#à è Ühg or û â�â�Þl��ã}à è Ü �Cû U ;
20: if T�U é�ÞßØ¯à is anobjectlocationsetto truethen
21: /* Modifying the inheritancehierarchyfor all super-

typesV û ñ�óAW¯â of T�U é at location
Ø

*/
22: forall V û ñ�óAW¯â with V û ñ�óAW[âYX T�U é do
23: V û ñ�óAW[â�ÞßØ¯à(è Ühg
24: end for
25: end if
26: endcreate
27: endchoose

trueaswell (Lines22–24)in orderto faithfully preserve
theinheritancehierarchy.

NotethatAlg. 1 is not arealalgorithmbut only ascheme
for thestructureof theASM rulethatimplementstheGT rule.

Example5 The ASM encodingof rule initR (of Fig. 2) de-
rivedaccordingto Alg. 1 is asfollows.

rule initR 2Pm�n =

choose
"�BC� 1 B with automaton


�"$B�' � state

 1 B*' �

init

�"�BC� 1 B%' � Ò reachable


�"�BC� 1 B%' do
reachable


�"�BC� 1 B%' NY�AÅ
endchoose
This examplecan be readas follows: in the next state,

the reachable relation should becometrue for a (non-
deterministic)assignmentfor variables

"$B
and 1 B whenever

the automaton function holdsat
" B

, state holdsat 1 B and
init holds at

" B � 1 B , but reachable

�" B � 1 B ' is false in the

currentstate.

Example6 To demonstratehow to handledanglinglinks, the
ASM representationof a rule that removesa transitionof a
finite automatonis thefollowing.

rule delTransR2Fm�n =
choose0 B with transition


 0 B%' do
transition


 0 B%' NY�QÆ
forall - with transitions


 - � 0 B%' do
transitions


 - � 0 B*' NZ�AÆ
end for
forall - with from


 0 B�� - ' do
from


 0 BC� - ' NY�AÆ
end for
forall - with to


 0 B � - ' do
to

 0 B � - ' NY�ÎÆ

end for
endchoose

It is worth noting that only slight modificationsare re-
quired in Alg. 1 to follow the DPO approach[14] instead
of SPO.First of all insteadof implicitly removing dangling
edges(Lines5–9)weshouldcreateadanglingconditionfor-
mula

�)o Ö S È (by extendingLine 2) to forbid theapplicationof
therule in suchacase.Moreover, the identificationcondition
canbeexpressedby anotherformula

� _ oAp S (in Line 2),which
prescribesthatwemustnotassignthesamevalueduringpat-
ternmatchingto variablesof objectsto beremoved.

4.4 AnASMencodingof transitionsystems

Sinceabstractstatemachinesaregeneralizationsof transition
systems,the ASM encodingof transitionsystemsis rather
straightforward.

State variables, Domains, Initialization Since statevari-
ablesarearrangedinto statevariablearrays,we may assign
a function symbol T for eachstatevariablearray T \ � ] . As a
specialcase,a nullary dynamicfunctionsymbolin anASM
mayrepresenta singlestatevariablein a TS.

In TSs, eachindex and value domains
6 _ shouldbe a

priori bounded.Thereforewe may assignsortsto function
parametersand return valuesto expressthe fact that each
parametershouldbe taken from the correspondingdomain.
As a result, for a TS with an

�
dimensionalstatevariable

array T with correspondingindex domains
:�6 _ and value

domain
3c6

, in the ASM representationwe have T 
 � B N:/6 B �*D�D*D�� ��S�N :/6 S ' N 3c6 .
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Thereafterthe initialization predicatesimply definesthe
initial state¡rq 2_jS�_ q in theASM representationof theTS.Since,
in general,theinitial stateof a TS maybenon-deterministic,
theASM representationof theinitial statemaydependonthe
environment(in otherterms,it maycontainfreevariables).

Transitions(guardedcommands) Themostcrucial restric-
tion of TSs(in contrastto ASMs) is thatnon-determinismis
only allowedto selectfrom asetof enabledtransitions,but if
someonealreadyselecteda singletransition

� U�W	T B \ I B�] NZ��`B���D*D�D%� T S \ I S ] NZ� � S , it shouldbe deterministic.Therefore
theguard

�
andtheexpressions

� _ mustnotcontainfreevari-
ables,andthe useof the chooseconstructis alsoprohibited
in theASM representationof a TS. Moreover (asa practical
restriction),themajority of modelcheckersdoesnot support
quantifiedformulaein guards.Finally, Table2 summarizes
theASM andSAL representationof a transition.

ASM SAL
rule r s @ =

if
H

thenV ã Þ � ã à è Ü�ó ãå�å�åV æ�Þ � æ�à è ÜVó%æ
end if

g -->
p1’[v1] = e1;
...
pn’[vn] = en;

Table2 A transitionin aTS (ASM andSAL representation)

5 From Graph Transformation Systemsto Transition
Systems

In the currentsection,we provide a meta-level approachto
mapgraphtransformationsystemsinto transitionsystemsin
orderto verify propertiesof usermodelsby modelchecking
tools.

In otherwords,weproposeatranslationthatinputs(i) the
metamodelof a visualmodelinglanguage(or classdiagram,
on the model level), (ii) its operationalsemantics(dynamic
behavior) in theform of a graphtransformationsystem, and
(iii) a concrete,well-formedmodelinstanceof the language
(objectmodel),andgeneratesa transitionsystemastheout-
put.

Notethatsincewe usemodelcheckers,we do not reason
aboutthe propertiesof the languageitself (asdoneby theo-
rem provers).However, we canautomaticallyprove certain
correctnessproperties(like safetyanddeadlockfreedomin
our casestudy) for a well-formed specificbut arbitrary in-
stancemodelof thelanguage.

It is essentialto be pointedout that in practical cases,
the user is only interestedin the correctnessof his or her
model and not the correctnessof the entire modeling lan-
guage.Moreover, proving the correctnessof a propertyfor
all valid modelinstancesis oftenimpossible.

5.1 A conceptualoverview of theencoding

As demonstratedpreviously by [26,27], graphtransforma-
tion systemscanbeinterpretedasa TS wherethestatespace
is constitutedfrom attributedgraphscreatedby elementary
graphtransformationsteps(seeFig. 3 for anoverview).

RuleApp1

RuleApp2 RuleApp2

RuleApp1

Fig. 3 Thestatespaceof graphtransformationsystems

This statespacehasa specialstructure:while the graph
representationof ausermodelis typically finite (for instance,
infinite UML modelsaresomewhat rare),attributesmay re-
sult in potentiallyinfinitestaterepresentations(e.g.,in caseof
integersor reals).As currentmodelcheckingtools canonly
traversestatespacesinducedby statevariablesof finite do-
main,variableshaving infinite domainsshouldbeabstracted
to booleandomainsbeforemodelchecking,for instance,by
a techniquecalledpredicateabstraction[41].

Thereafter, modelshaving attributesof finite domain(ei-
ther originally or after predicateabstraction)will form the
statesof theTS, andthey will beencodedaspredicatesover
nodeidentifiers.Applying a graphtransformationrule for a
singlematchwill berepresentedasa transitionin theTS.

The major challengein suchan encodingis that while
graphtransformationis a meta-level specificationtechnique,
transitionsin a TS aredefinedon themodellevel. As a con-
sequence,a singlegraphtransformationrule is encodedinto
several transitionsin theTS; moreover, thesamegraphtrans-
formationrule mayyield different enabledtransitions(even
duringthesameexecution)whenappliedto differentinstance
graphs.

5.2 A naiveencodingof graphtransformationsystemsinto
transitionsystems

First we presenta naive encodingof GTSsinto TSs,which
easily demonstrateshow to derive a set of transitionsfor a
singlegraphtransformationrule,but whichis inefficientfrom
a verificationpointof view.

Mappinggraphsinto statevariablearrays Sincewe intro-
ducedthe samesemanticrepresentationfor the graphsand
statevariablearrays,we cannaturallymap(i) eachclassinto
a one-dimensionalbooleanstatevariablearray, (ii) eachas-
sociationinto atwo-dimensionalbooleanstatevariablearray,
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and(iii) eachattribute into a one-dimensionalstatevariable
arraywith enumerationrange.However, sinceTSsarenot as
expressiveasGTSs,thefollowing additionalassumptionsare
required.

– In order to definethe correspondingindex domainsfor
thesestatevariablearrays,we have to assumethat there
existsan a priori upperboundfor thenumberof objects
in the modelfor each class. In this respect,we suppose
thatwhenanew objectis createdit is only activatedfrom
thebounded“pool” of currentlypassiveobjects(deletion
meanspassivation,naturally),andthesameappliesto the
interpretationof links.

– Concerningthevaluedomainsof statevariablearrays,at-
tributes(slots)of infinite typehavebeenabstractedinto
somerepresentativefinite domain, which is carriedout
by theuser(potentiallywith tool support)usingpredicate
abstraction,for instance.

Themain limitation imposedby theserestrictionsis that
we cannot handle graph transformationsystemswith po-
tentially infinite statespace.In other terms, we carry out
boundedmodel checking, which is only able to efficiently
traversethe statespaceup to a certaindepthprovided asa
parameter. In our case,this parameteris the list of upper
boundsfor eachclass1. This list of upperboundsservesas
anadditionalinput to our translation(becauseanalgorithmic
“guess”for theupperboundshascomputationalcomplexity
problems).

As a resultof this encoding,we cantrivially establisha
mappingt B from theASM states¡ÉÈgÊ of a GTSto theASM
state¡ S�u of a naive TS sincethesamefunctionsymbolsare
usedwith thesameinterpretation.Formally, ¡ S�u �vt B 
 ¡ÉÈ�Ê '
with (i) t B 
 T ' NZ�ÔT for all function symbol T , and (ii)¤jT 
 � ' ��I ¥ ¦ i�w NZ�k¤ÑT 
 � ' � I ¥ ¦�Ë>Í .

In this sense,the initialization predicateof the corre-
spondingTS is thusdefinedby the initial instancemodelof
theGTS.

Example7 Thenaive SAL encodingof our finite automaton
model(Fig. 1) would includethefollowing lines.

% Domains
AutID : TYPE = l a1 m ;
StateID : TYPE = l s1, s2, s3 m ;
fa1 : MODULE =
% State variable arrays
BEGIN
GLOBAL reachable: ARRAY AutID OF

ARRAY StateID OF BOOLEAN
GLOBAL states: ARRAY AutID OF

ARRAY StateID OF BOOLEAN
% Initialization predicate
INITIALIZATION

states[a1][s1] = TRUE;
states[a1][s2] = TRUE;

1 The list of upperboundsis only requiredfor dynamicclasses,
sincewe caneasilycalculatetheupperboundfor a staticclassde-
pendingon themodelinstance

states[a1][s3] = TRUE;
reachable[a1][s1] = FALSE;
reachable[a1][s2] = FALSE;
reachable[a1][s3] = FALSE;

Mapping graph transformationstepsto transitions The
maintaskin encodingtransformationsteps(potentialapplica-
tionsof graphtransformationrules)into transitionsof TSsis
to simulateall the differentbehaviors imposedby the graph
patternmatchingprocessin a low-level structure.As graph
transformationis a meta-level specificationtechnique,a sin-
gle graph transformationrule will be encodedinto several
transitions. In fact,all potentialapplicationof a rule (occur-
rencesof a pattern)have to becollectedat compiletime and
thenenumeratedexplicitly asdifferentguardedcommands.

Theformal ASM explanationfor this “unfolding” of GT
rulesstemsfrom thefactthattheASM representationof aGT
rulemaycontainvariablesbindedby achooseconstructin its
preconditionformula(dueto Line 2 in Alg. 1, demonstrated
in Example5–6),while suchnon-determinismis notallowed
in theguardof aTS transition.

Thenumberof potentialtransitions(accordingto a naive
first estimation)is determinedby the complexity of the LHS
of arule (i.e., thenumberof nodes),andthesizeof themodel
(i.e., thecardinalityof domainsof statevariablearrays).We
have to instantiatethe variablesof the LHS in all possible
combinationsby aCartesianproductconstructionto enumer-
ateall potentialmatchingsof therule.Thusanodein theLHS
is tried to be matchedto eachobject in the modelhaving a
conformanttype.

Note that the Cartesianproductof variableinstantiation
should also enumerateall possiblecombinationsof object
identifierstakenfrom thereserve(i.e., for objectsthatarenot
presentin theinitial model).However, aswe assumeto have
ana priori upperboundfor themodel,it is no longera prob-
lem.

The processof generatinga single transitioncanbe di-
videdinto threephases,namely, thegenerationof (i) thepos-
itive guardcorrespondingto theLHS, (ii) thenegativeguard
correspondingto NEG,and(iii) theactionpart.

– Guard of theLHS.For a specificpotentialmatching(i.e.,
combinationof variableinstantiations)of the LHS, the
guardof the LHS is derived straightforwardly from the
groundLHS formula obtainedafter substitutingthe val-
uesto variables.

– Guard of the negativecondition. In order to ensurethat
none of the potential instantiationsof the variablesof
the NEG graphcan be satisfiedfor the given potential
matching,we have to generatea conjunctionof negative
clauses,whereeachclauseis a possibleinstantiationof
the variablesin NEG (alternatively speaking,a potential
matchingof theNEG graph).Theguardof thetransition
generatedfor the negative applicationconditionsis ob-
tainedasbeforefrom thegroundNEGformulae.

– Actions.Priorto generatingtheactionsthatupdatecertain
locationsin statevariablearrays,we have to instantiate
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the variablesof objectscreatedby the GT rule applica-
tion. In the paper, we abstractfrom this problemby as-
sumingthat thereexistsa specialprocedurenextIdFrom-
Reserve(), which retrievesthe next locationfrom the re-
serveatcompiletime.Whenall thevariablesin LHS and
RHSareinstantiated,wemaysimplycopy theupdates(in
theASM representation)of theGT rule.

The processof generatingtransitionsin theTS from the
ASM representationof a graph transformationrule is for-
mally definedin a pseudoASM codein Alg. 2.

Algorithm 2 A naivegenerationof transitionsin a TS
Notation:; <?>A@

: variablesrelatedto nodesappearingin the BDC é ;;NMIO

 : variablesappearingin BLC é or G óIH , i.e.,

; <?>A@ î ; æ 
PE ;Ý
: variableassignmentØyxz û : value û is now assignedto variable

Ø����{pÞßØ¯à
: domain(or sort)of variable

Ø
^ <?>�@ : theformuladerivedfrom theLHS of a rule^ æ 
PE : theformuladerivedfrom the G óIH graphof a ruleV}| : a predicatein theLHS formulaV |l~ � : apredicatein theNEGformulaW�ó%Ø�â������ùñ���{´ìùó*é%ógñ � óCÞ�à : a specialfunction to handlesymmetries
whencreatingobject;calledat compiletime��� H��}z û T â : a transitionin thetargetTSwith guard

H
andactionû T â

fun naive transitions=
1: let
; <?>A@ � l Ø ã ä�å�å�ågä�Ø æ m , ;NMIO 
 � l � ã ä�å�å�ågä
�6� m ,2: forall
ê û ã�ä�å�å�å�ä û æ�ë j ����{�ÞßØ�ã?à��Oå�å�å��N����{�ÞßØ[æ�à do

3:
Ý <?>�@ è Ü l Ø ã xz û ã ä�å�å�å�ä�Ø æ xz û æ m

4:
H <?>A@ è Ü ^ <?>A@ Þ û ã ä�å�å�å�ä û æ à �h� | V}|

5:
H æ 
FE è Ü � | a ^ æ 
PE ~ Þl� ã ä�å�ågå�ä
�I�,à where

êl� ã ä�å�å�å�ä
���Éë j����{�Þl��ã?à��Oå�ågå��N����{pÞl��æ�à
and ^ æ 
PE ~ Ü � � V |�~ �

6: forall f | with f | j ; ø 	,	 do
7: f | xz nextIdFromReserve

Þl����{�Þ f | à�à��
8: end for
9: forall updatesV�� ÞßØ � à è Ü � � in rule

ñ @�MI\
do

10: û T â è Ü par � Þ V�� � Ø � ��è Ü � � à
11: endfor
12: � è Ü Þ�H <?>�@ _�H�æ 
PE àk��z û T â13: generate�
14: end for

1. First we collect all variables-�.5062 in the LHS and -:m Ê p
in theNEGgraphof therule (Line 1).

2. Thenwe processoneby oneall elements­�« BC�*D�D*D*� « S¯® in
theCartesianproductof variabledomainsof -�.5062 .
(a) In Line 3,weinstantiatethevariables� B`�*D�D*D*� � S with­�« BC�*D*D�D*� « S¯® to constitutea potentialmatchingof the

rule
(b) In Line 4, we substitutetheminto the LHS formula� .5062 
 - .5062 ' to obtain the first part (

� .5062 ) of the TS
guard.

(c) In Line 5, we proceedsimilarly to createthe con-
junction of the negative condition NEG formula(e)

� S p È ~*
 - S p È ' to obtain
� S p È . This conjunction ex-

pressesthat no assignmentsfor variables -:m Ê p
may satisfy any of the negative condition formulae� S p È ~*
 - m Ê p ' .

(d) We instantiate(in Lines 6–8) all variablesin - Ö oAo
with elementstaken from the reserve of the corre-
spondingdomains.

(e) We define(in Lines9–11)a TS action « zg= asthepar-
allel compositionof assignments(asdefinedby Alg. 1
to addandremovegraphelements).

(f) Finally (in Lines12–13),we generatea TS transitionR composed
� .10$2 and

� S p È asguardsand « zg= asaction.

Example8 In caseof rule initR (of Fig. 2), thecorresponding
SAL specificationin anaiveencodingis asfollows.

TRANSITION % guarded commands for initR
% first potential match
automaton(a1) AND init(a1,s1) AND state(s1) AND
NOT (reachable[a1][s1]) --> % guard

reachable’[a1][s1] = TRUE; % assignment
[] % asynchronous composition
% second potential match
automaton(a1) AND init(a1,s2) AND state(s2) AND
NOT (reachable[a1][s2]) -->

reachable’[a1][s2] = TRUE;
[]
% third potential match
automaton(a1) AND init(a1,s3) AND state(s3) AND
NOT (reachable[a1][s3]) -->

reachable’[a1][s3] = TRUE;

Handling symmetriesin object creation Probably, one of
the most crucial designdecisionsone has to make is con-
cernedwith the creation(activation) of objectsin order to
handlesymmetries(or isomorphism)in an appropriateway.
Theproblemreliesin thefact thatgraphtransformationonly
prescribesto introducenew objects(with fresh identifiers),
while in aTS,wehaveto specifypreciselywhich is the iden-
tifier for thenew object.

A naive approachmay simple generateall the different
wayshow a new objectcanbecreated(by testingwhetheran
objecthaving a certainidentifier is active or not); however,
sucha solution would result in an unacceptableamountof
transitionsconsideringisomorphic(or symmetric)casesdif-
ferently.

Our proposal(thatwasimplementedin [42]) is to main-
tain a counterfor eachclassof objectspointing to the next
freeobjectidentifier. In this sense,a total orderis definedon
identifiers(starting,for instance,with initially active object
identifiers),andwhenanew objectis to beactivated,theloca-
tion indexedby thenext identifier(accordingto theordering
relation)will besetto true.

The drawback of the solution is that eachobject is al-
lowedto beactivatedonly oncein its life-time (a cyclic acti-
vationandpassivationis thusnot allowedfor thesameiden-
tifier), which might requirea larger input model to be con-
sidered.Sinceallowing to createeachobjectonceis closeto
the object-orientedphilosophy, this limitation is not crucial
in ouropinion.
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5.3 Optimizationsin transitionsystems

When the current approachwas applied for encodingand
verifying UML statechartsformalizedby graphtransforma-
tion systems(following [46]), we revealedthat the previous
encodingconsumesan unacceptableamountof spacewhen
modelcheckingevensmallapplications.For instance,theen-
codingof an automatonhaving 20 statesand20 transitions
requiresmorethan500booleanstatevariables,which is typ-
ically far too many to be handledby state-of-the-artmodel
checkingtools(resultingin a statespacehaving ��� �#� states).

Theproblemoriginatesfrom thefact that in theprevious
naive approach,bothstatevariablesandtransitionswerein-
troduced“verbosely”for thestaticpartsof a modelaswell.

Eliminatingstaticstatevariables Supposingthatthestruc-
tureof a finite automatonremainsunchangedduringthelife-
time of themodel,our translationneedsto createstatevari-
ablesonly for dynamicelements(suchascurrent or reach-
able links in themetamodelof finite automata),while static
partscanbeomittedby compile-timepreprocessing.

Example9 The optimized SAL encodingof our finite au-
tomatonmodel (Fig. 1) would include the following lines.
Notethat linesof codein Example7 thatarenot partof Ex-
ample9 (suchasthestates statevariablearray)areelimi-
natedastheresultof ouroptimization.

AutID : TYPE = l a1 m ;
StateID : TYPE = l s1, s2, s3 m ;
fa1 : MODULE =
BEGIN
GLOBAL reachable: ARRAY AutID OF

ARRAY StateID OF BOOLEAN
INITIALIZATION

reachable[a1][s1] = FALSE;
reachable[a1][s2] = FALSE;
reachable[a1][s3] = FALSE;

Naturally, as a specifictransitionmay never be applied
during the executionof a specificmodel,suchan optimized
encodingmay still introducestatevariablesfor model ele-
mentsthatarenever changed.However, the only possibility
to eliminatesuchunreachablemodelpartsrequiresat com-
pile time the useof somesophisticatedstaticanalysistech-
niqueson graphtransformationrules(which triggersfurther
research).

Eliminatingdeadtransitions Our naive approachmayeas-
ily generateredundanttransitionswith guardsthatcannever
be satisfied,althougheach one is investigatedand tested
at every stepover and over againcausingan unacceptable
decline in performance.For instance,the finite automaton
modelin ourrunningexample(Fig.1)hasasingleinitial state
s1, thereforethetransitionsgeneratedin Example8 for a1-s2
anda1-s3 pairsaresuperfluousastheguardswill constantly
befalsedueto thestaticstructure of themodel.

To eliminatesuchan overhead,in Alg. 3, we eliminate
transitionswith guardsthat cannever besatisfiedby further

Algorithm 3 Eliminatingdeadtransitionsin aTS
Notation:��� H <?>A@ _�H�æ 
PE �[z û T â : a transitionin thenaive TSV | : a predicatein theLHS formulaV}|l~ � : a predicatein theNEGformulaa ^ | : a (negated)conjunctionof atomicpredicatesin NEG× V | Ù Ú ~ i ~5� : thetruth valueof V | in theinitial state� | æ | s
fun eliminatedeadtransitions=
1: forall � � Þ�H <?>A@ _�H æ 
PE �[z � T â}à generated by

naive transitionsdo
2: let

H <?>A@ Ü � | V |
3: let

H æ 
PE Ü � | a ^ | �h� | Þ a Þ � � V[|�~ � à4: forall V[| j H <?>A@ do
5: if V | is staticand

× V | Ù#Ú ~ i ~�� ÜVá û U égó then
6: eliminate�
7: elseif V}| is staticand

× V[| Ù#Ú ~ i ~�� Ü2â4ñ�ò[ó then
8: remove V[| from

H <?>A@
9: elseif V | is dynamicthen

10: leave V}| in H <?>A@ asit is
11: end if
12: end for
13: forall

Þ a ^ | à j H�æ 
PE do
14: if ��� è V}|l~ � is staticand

× V}|l~ � Ù Ú ~ i ~5� Ü2â>ñ*ò[ó
(thus

× a ^ | Ù#Ú ~ i ~�� ÜVá û U égó ) then
15: eliminate�
16: end if
17: forall V[|�~ � j ^ | do
18: if V[|�~ � is staticand

× V}|l~ � Ù#Ú ~ i ~�� ÜVá û U égó then
19: remove ^ | from

HMæ 
FE20: elseif V[|�~ � is dynamicthen
21: leave V}|�~ � in ^ | asit is
22: end if
23: end for
24: end for
25: end for

preprocessingthe TS representationof a graphtransforma-
tion system.

Thepositiveconditions
� .5062,� � _ T _ (generatedin accor-

dancewith theLHS of theGT rule) areprocessedasfollows
(Lines4–12).

– If a (positive) literal T _ is constantlyevaluatedto false
(i.e., it refersto somestaticpartswhich is not presentin
the initial model),thenthe correspondingtransition R is
eliminated(Lines5–6).

– If a literal T _ is constantlyevaluatedto true(i.e., it refers
to somestaticpartswhich is presentin theinitial model),
then the guardof R is truncatedby removing T _ (Lines
7–8).

– If thetruthvalueof a literal T�_ mayvary(asit is dynamic)
thenit is keptasit is in theguardof R (Lines9–10).

The negative conditions
� S p È � � _ Ò � _ �� _ 
 Ò 
 � L T _Ïf L ' (generatedin accordancewith the NEG

condition graph(s)of the GT rule) are processedfollows
(Lines13–24).

– If for all � literals T�_�f L are constantlyevaluatedto true,
then a matchingpatternof the NEG part of the rule is
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foundwhich alwayspreventsrule applicationthuswere-
movetheentiretransitionR (Lines14–15).

– If a literal T _�f L is constantlyevaluatedto false(Lines18–
19),thenthecurrentconjunct

� _ of thenegativecondition
canberemovedfrom theguard.Sincetheapplicationof
the GT rule may still be preventedby anotherconjunct� J thuswedonot removetheentirenegativeconditionin
this step.

– If thetruthvalueof a literal T _ mayvary thenit is keptas
it is in thenegativeguard

� S p È of R (Lines20–21).

Note that sinceonly dynamicelementscanbe modified
thereforeno furtherpreprocessingis requiredfor theactions
of a guardedcommand.In otherterms,a statevariablearray
appearingin anactionis guaranteedto bedynamic.

Example10 After this preprocessingstep,we expectto have
the following SAL specificationfor the transitionsof our
sampleautomatonmodel (in Fig. 1) formalized by graph
transformationrulesof Fig. 2.

% guarded commands for initR and reachableR
TRANSITION

NOT reachable[a1][s1] -->
reachable’[a1][s1] = TRUE; [] % s1 is init

reachable[a1][s1] AND NOT reach-
able [a1][s2] -->

reachable’[a1][s2] = TRUE; [] % s1 -> s2
reachable[a1][s1] AND NOT reach-

able [a1][s3] -->
reachable’[a1][s3] = TRUE; [] % s1 -> s3

reachable[a1][s2] AND NOT reach-
able [a1][s3] -->

reachable’[a1][s3] = TRUE; % s2 -> s3
END;

Starting from the naive encoding of initR of Exam-
ple 8, on the one hand, we truncate the guard for the
first potentialmatchby eliminatingliteralsautomaton


 «"! ' ,
states


 «'! ��� ! ' , state

�� ! ' , etc.asthey constantlyevaluateto

true.Ontheotherhand,weeliminatetheothertwo transitions
since,init


 «'! ��� � ' andinit

 «'! ���$#�' is constantfalsedueto the

staticstructureof themodel.

Filtering properties Sinceonly dynamicelementsappearin
theoptimizedversionof a TS generatedfrom a graphtrans-
formationsystem,the(safetyor deadlock)propertyto bever-
ified shouldalsobemodifiedby removing thestaticparts.If
we assumethat a propertydoesnot contain(neitherquanti-
fied nor unquantified)variablesonly specificlocations(i.e.,T 
 � ' is not allowedif � is a variableonly T 
 I _ ' where I _ is a
specificvalue),thenwe canproceedin asimilarwayasdone
whentruncating/eliminatingguards.

Example11 Consider the following property of finite au-
tomata,which expressesthatstate

� ! of automaton«'! is not
reachable.

NOT (automaton[a1] AND state[s1] AND
states[a1][s1] AND reachable[a1][s1])

As the staticpartsaresatisfiedin the initial model,and
they arenot modifiedduring the evolution of themodel,the
filtered property (containingonly dynamic elements)is as
follows.

NOT (reachable[a1][s1])

6 Proof of Operational Equivalence

In thecurrentsection,weshow ontheASM level thatthereis
bisimulationbetweenthe original graphtransformationsys-
temandthegeneratedtransitionsystem,moreover, thereis a
one-to-onemappingbetweenthestatesof thecorresponding
ASMs.We recommendthereaderto skip thecurrentsection
if not interestedin the formal correctnessandcompleteness
proofof ourapproach.For thesakeof simplicity, wesplit the
proof into two.

– First we prove the equivalenceof the ASM of a graph
transformationsystem(

" 15�AÈgÊ ) and the ASM of the
naive encoding(

" 15� S�u ) to show that our Cartesian
productconstructionis appropriate(for unfolding graph
transformationrules).

– Then we show that if we abstractfrom static parts of" 15� S�u to obtaintheoptimizedversionof thetargetTS
(
" 15� n
m q ), this equivalencestill holdsafter eliminating

certain(dead)transitions.

For the proofs, we use the ¡ n
m q �'��� ���U�U�U¯U�W © n
m q
�)�
� �� �)�

� ��
¡ S�u � y � d � · �U#U�U�U¯U¯U}W © S�u
� d
� �� � d

� ��
¡ÉÈgÊ ·U�U�U¯U�W ©OÈgÊ

Fig. 4 ASM abstrac-
tion/refinementscheme

traditionalrefinementscheme[9]
givenin theform of thecommut-
ing diagramof Fig. 4 (which is
tailoredto our currentproof).For
a givenmachine

" 15�.�Y� 2 which
is refinedto amachine

" 15� · p Õ ,
we define a partial abstraction
functions t to serve as a proof
maps. Theabstractionfunction t
mapscertainrefinedstates¡ · p Õ
of
" 15� · p Õ to abstract states¡��Y� 2 ��t 
 ¡ · p Õ ' of

" 15�.�Y� 2 and certain sequences�
of � � ¬ -rulesto sequencest 
 � ' of abstract

" 1��.�Y� 2 -rules.
Sinceour proof is split into two, we will establishtwo proof
mapst B and t � for eachindividualstep.

In orderto establishthedesiredoperational equivalence
of the two machines,beforeproving the commutativity of
the diagram,onecan(andfirst of all hasto) definethe ap-
propriatenotionsof correctness(i.e., eachconcretecompu-
tationimplementsanabstractcomputation)and/orcomplete-
ness(i.e.,eachabstractcomputationis implementedbyacon-
cretecomputation)betweenrefinedruns


 © 3 1 ' andabstract
runs


 ¡ 3 � ' . This definition is in termsof the locations(the
“observables”)onewantsto comparein the relatedstatesof
the two machines.The observablescould be, for example,
the operationsthe userseesin the abstractmachine,which
areimplementedthroughtherefinementstep.
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6.1 Correctnessandcompletenessof thenaiveencoding

For the first proof, we show that the ASM representation" 15�AÈgÊ of a graphtransformationsystemis equivalent(in
a certainsense)with the ASM representation

" 1�� S�u of a
TS generatedaccordingto thenaiveencoding(Alg. 2).

For a notationalshorthand,we write ¡¹��© if all lo-
cationsareidentical in states¡ and © , i.e., for all function
symbolT : ¤jT 
 � ' ��I ¥�¦¡ £¢ ¤ÑT 
 � ' �vI ¥ ¶ .

Proposition1 (Equivalence of initial states) The initial
states ¡ È�Ê_jS`_ q of

" 15�AÈgÊ and ¡ S¤u_�S`_ q of
" 1�� S�u are equiva-

lent with respectto t B . Formally, �Ì¡ ÈgÊ_jS�_ q �&¡ S�u_�S`_ q Nù¡ S�u_jS�_ q �t B`
 ¡ ÈgÊ_�S`_ q ' , and �Ì¡ S�u_jS`_ q �&¡ ÈgÊ_�S`_ q N`¡ S�u_�S`_ q �¥t BC
 ¡ È�Ê_jS`_ q ' .
Proof A trivial consequenceof theconstructionin Sec.5.2.

Proposition2 We can establisha bisimulationbetweenthe
steps/runsand a bidirectional mappingbetweenstatesof" 15�AÈgÊ and

" 1�� S�u (providedthat nextIdFromReserve is
implementedcorrectly).Formally,

1. Completeness / Forward simulation.��¡ÉÈgÊ��Ì¡ S�u �<©OÈgÊ N ¡ S�u � t BC
 ¡ÉÈ�Ê ' � ©7ÈgÊ �
next· 
 ¡ÉÈgÊ ' W �¯© S�u N�© S�u � next� d � · � 
 ¡ S�u ' � © S¤u �t BC
 © ÈgÊ ' .

2. Correctness / Backward simulation.��¡ÉÈgÊ��Ì¡ S�u �<© S�u N�¡ S�u � t BC
 ¡ÉÈgÊ ' � © S�u �
next� d � · � 
 ¡ S�u ' W¹�¯©7ÈgÊ N&©7ÈgÊ+� next· 
 ¡ÉÈ�Ê ' � © S¤u �t BC
 ©7ÈgÊ ' .

Proof (Sketch) Eachdirectionis provedseparately.

Completeness Let �MÈgÊ be an enabledrule in
" 15�AÈgÊ , and� S�u be thesetof transitionsin

" 15� S�u generatedfrom ��ÈgÊ
by Alg. 2.

Let £I.5062±� @�� B ºW « B`�*D*D�D%� � S ºW « S G denotea vari-
able assignmentfor a successfulmatchingof the rule ��ÈgÊ
(i.e., which respectsthe negative conditionsaswell). Since­�« BC�*D�D*D*� « S¯® is anelementfrom

 /��8K
 � B�'ùr2D*D�D¯r� /��8K
 � S ' ,
thusweexecutedtheloopof Line 2 in Alg. 2 to obtaina tran-
sition RÄPÄ� S¤u thatis enabledexactly for thematching£A.5062 .

Due to the encoding(Lines9–11in Alg. 2), the updates
of R are identicalwith the updatesof ��È�Ê provided that the
samelocationsare accessed.Since £ .5062 is alreadydefined,
this only leavesusto prove thenon-deterministiccreationof
new objects(seeLine 16 of Alg. 1) is correctlyimplemented
by Lines 6–8 of Alg. 2, which is assumedherefor nextId-
FromReserve.

Since¡ S�u �¦t BC
 ¡ÉÈ�Ê ' by assumption,andtheupdateset
is identical,this finishestheproofof completeness.

Correctness Now let � S�u beanenabledtransition(or, to be
precise,rule) in

" 15� S�u , andwe have to show that it corre-
spondsto a successfulapplicationof a rule ��È�Ê in

" 15�AÈgÊ
for somematching£ .5062 .

Since � S�u is enabledthereforeall locations ­�« B ��D*D*D*� «&S ®
appearingin its guard

� .5062 should be true (moreover, the
negative guard

� S p È shouldbe satisfiedaswell). As ¡ S�u �

t B`
 ¡ÉÈgÊ ' holdsby assumption,thereforethe truth valuesof
thesamelocationsin

" 15�AÈgÊ areidentical.
Due to the fact that � S�u wasgeneratedby Alg. 2, there

existsa rule � ÈgÊ in
" 15� ÈgÊ from which it wasderived.How-

ever, notice that the variable assignment£I.10$2�NZ��@M� B ºW« B���D*D�D*� � S ºW�« S G satisfies
� .5062 
 � B`�*D�D*D%� � S ' (while

� S p È is
alsorespected),therefore,rule ��ÈgÊ is enabledaswell. More-
over, since

� S�u wasgeneratedfrom �MÈgÊ theupdatesareiden-
tical aswell (aswe alreadyprovedfor completeness).

Applying the rule on the samematchingwith the same
updatesetimpliesthat © S�u �vt BC
 nextÊ Ë>Í 
 ¡ÉÈgÊ '#' . §¨
6.2 Correctnessandcompletenessof theoptimizedencoding

For the secondpart of the proof, we show that the ASM
representation

" 15� S�u of a TS is equivalent (in a certain
sense)with the ASM representation

" 15� n
m q of a TS gen-
eratedfrom

" 15� S¤u accordingto the optimizationmethod
by eliminatingdeadtransitionsin Alg. 3.

Proposition3 (Equivalence of initial states) The initial
states¡ S�u_�S`_ q of

" 15� S¤u and ¡ n�m q_jS`_ q of
" 1�� n�m q are equiva-

lent with respectto t � . Formally, ��¡ S�u_�S`_ q �&¡ n
m q_�S`_ q Nù¡ n�m q_jS�_ q �t ��
 ¡ S�u_�S`_ q ' , and �Ì¡ n�m q_jS`_ q �&¡ S�u_�S`_ q N�¡ n
m q_�S`_ q �¥t ��
 ¡ S�u_jS`_ q ' .
Proof (Sketch) Locations derived from dynamic elements
are identical in ¡ S¤u_�S`_ q and ¡ n
m q_�S`_ q due to the constructionof
Sec.5.3,while staticelementsof ¡ S�u_�S`_ q arenot projectedinto¡ n
m q_�S`_ q .
Proposition4 We can establisha bisimulationbetweenthe
steps/runsand a bidirectional mappingbetweenstatesof" 15� S�u and

" 1�� n�m q . Formally,

1. Completeness / Forward simulation.�Ì¡ S�u �Ì¡ n�m q �<© S�u N�¡ n�m q � t � 
 ¡ S�u ' � © S�u �
next· 
 ¡ S�u ' W �¯© n�m qÎNp© n
m qv� next� � � · � 
 ¡ n�m q ' �© n�m q5�©t � 
 © S�u ' .

2. Correctness / Backward simulation.�Ì¡ S�u �Ì¡ n�m q��<© n�m q^Nx¡ n�m q�� t ��
 ¡ S�u ' � © n
m q��
next�'�I� · � 
 ¡ n
m q ' W ��© S�u N)© S�u � next· 
 ¡ S¤u ' �© n�m q5�©t ��
 © S�u ' .

Proof (Sketch) Eachdirectionis provedseparately(usingthe
notationof Alg. 3).

Completeness Let R S�u � � S¤u.5062 � � S�uS p È U�W « zg= S�u beanen-

abledtransition(rule)in
" 1�� S�u . Let R n
m q � � n
m q.5062 � � n
m qS p È U�W« zg= n
m q beatransitionin
" 15� n�m q generatedfrom R S�u asare-

sult of Alg. 3. We first show that R n
m q is enabled.
SinceR S¤u is enabled,thereforeall (positive) literals T�_ in� S�u.5062 accessinglocationsin

" 15� S�u areevaluatedto true in
state¡ S�u ( � ; Na¤jT�_ ¥�¦ i�w � = ��² � ). As a consequence,we can
statethefollowing.

– If T�_ is static,thenT�_ doesnot appearin theguard
� n
m q.5062 ofR n
m q .
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– If T _ is dynamic,then T _ appearsin the guard
� n
m q.5062 , but¤jT�_ ¥�¦)ª�« � � = �M² � .

Furthermore,as R S¤u is enabled,none of the (negated)
clauses Ò � _ in

� S�uS p È are violated in state ¡ S�u (i.e., � ; N¤>Ò � _ ¥�¦ i�w � = ��² � ). Therefore,for all negatedclause
� _ there

existsa literal T _Ïf L for which ¤ÑT _Ïf L ¥�¦ i�w �Q¬Ì« ª��M� .
– If T _Ïf L is staticthen

� _ doesnot appearin
� n
m qS p È .

– If T _Ïf L is dynamic,thenit appearsin the guard
� n�m qS p È , but¤jT _�f L ¥ ¦)ª�« � �Î¬Ì« ª4�M� implying that ¤>Ò � _ ¥ ¦)ª�« � � = ��² � .

Therefore R n�m q is enabledwhenever R S�u is enabled.As« zg= S�u is identicalwith « zg= n�m q , thesamelocationsareupdated
in bothcases.Hence © n�m q � next� � � · � 
 ¡ n
m q ' �¬t � 
 © S¤u ' ,which finishestheproof of completeness.

Correctness Let R n
m q�� � n
m q.10$2 � � n
m qS p È U�W�« zg= n
m q be anen-
abled transitionin

" 15� n
m q generatedfrom sometransitionR S�u � � S�u.5062 � � S�uS p È U�Wu« zg= S¤u in " 15� S�u asaresultof Alg. 3.
Again as « zg= n
m q�� « zg= S�u , we only have to show that R S�u is
enabledwhenever R n
m q is enabled.

SinceR n
m q is enabled,thereforeall (positive) literals T�_ in� n�m q.5062 accessinglocationsin
" 15� n�m q areevaluatedto true in

state ¡ n
m q (i.e., � ; N�¤jT _ ¥�¦)ª�« � � = ��² � ). Let us now suppose
by contradictionthat R S¤u is not enabledbecausethereexists
a literal T L for which ¤ÑT L ¥�¦ i�w �Î¬Ì« ª4�M� in theoriginal (naive)
transitionsystem.

– If T L is static,then R S�u wouldbeeliminated(Lines5–6in
Alg. 3), which contradictsthe fact that R n
m q is generated
from R S�u .

– If T L is dynamic,then T L appearsin the guard
� n
m q.5062 , but¤jT[L ¥�¦'ª�« � � = ��² � and ¤ÑT¯L ¥�¦ i�w �¢¬Ì« ª��M� , which is a con-

tradictionaswell.

Furthermore,as R n�m q is enabled,noneof the (negated)
clausesÒ � n�m q_ in

� n�m qS p È are violated in state ¡ n
m q (i.e., � ; N¤>Ò � n�m q_ ¥�¦ ª�«
� � = ��² � ). Therefore,for all

� n
m q_ thereexists a
literal T _�f L�­ for which ¤jT _�f L�­ ¥�¦)ª�« � �Î¬Ì« ª4�M� .

Let us now supposeby contradictionthat R S�u is not en-
abledbecausethereexistsaclause

� S¤u_1­ in theoriginal (naive)
transitionsystemR S¤u for which ¤>Ò � S�u_ ­ ¥ ¦ i�w � ¬Ì« ª4��� . This
may happenonly if �}��N+¤jT _1­%f L ¥�¦ i�w � = ��² � where

� S¤u_ ­ �� L T�_ ­ f L .
– Now if all T�_ ­ f L is static, then R S�u would be eliminated

(Lines 14–15in Alg. 3), which contradictsthe fact thatR n
m q is generatedfrom R S�u .
– If thereis a dynamicliteral T�_ ­ f L in

� S¤u_ ­ , thenthis litaral
also appearsin the guard

� n
m qS p È in the corresponding
clause

� n
m q_ ­ . This causesa contradiction,sincethereex-

ists a literal T�_ ­ f L ­ for which ¤ÑT�_ ­ f L ­ ¥�¦)ª�« � �^¬Ì« ª4��� but¤jT�_ ­ f L ­ ¥�¦ i�w � = ��² � .
As a result,we have © n
m q��®t ��
 © S�u ' where © S�u �

next· 
 ¡ S�u ' , which completestheproof of correctness.

As a consequenceof all thepropositions,we established
thefollowingmaintheoremfor thecorrectnessandcomplete-
nessof ourencoding.

Theorem1 The initial states ¡ ÈgÊ_�S`_ q of
" 15�AÈgÊ and ¡ n
m q_�S`_ q

of
" 1�� n�m q are equivalentwith respectto t where t��t �°¯ t B . Formally, ��¡ ÈgÊ_�S`_ q �[¡ n�m q_jS`_ q N�¡ n�m q_jS`_ q �±t 
 ¡ ÈgÊ_jS�_ q ' , and�Ì¡ n�m q_jS`_ q �&¡ ÈgÊ_�S`_ q N`¡ n
m q_�S`_ q �¥t 
 ¡ ÈgÊ_jS�_ q ' .
Moreover, we can establisha bisimulationbetweenthe

steps/runsand a bidirectional mappingbetweenstatesof" 15�AÈgÊ and
" 15� n�m q with thesamet . Formally,

1. Completeness / Forward simulation.�Ì¡ÉÈ�Ê���¡ n
m q��<©OÈgÊ N ¡ n�m q � t 
 ¡ÉÈgÊ ' � ©OÈ�Ê �
next· 
 ¡ÉÈgÊ ' W ��© n
m q»N9© n
m qÁ� next�K� · � 
 ¡ n
m q ' �© n�m q5�©t 
 ©OÈgÊ ' .

2. Correctness / Backward simulation.�Ì¡ÉÈ�Ê���¡ n
m q��<© n
m q�N ¡ n
m q � t 
 ¡ÉÈgÊ ' � © n
m q �
next�²� · � 
 ¡ n�m q ' W ��© ÈgÊ N�© ÈgÊ � next· 
 ¡ ÈgÊ ' � © n�m q �t 
 ©OÈgÊ ' .

7 Dining Philosophers:A CaseStudy for Modeling and
Verification

In thecurrentsection,ourmodelcheckingframework is eval-
uatedby a casestudy on the well-known problemof din-
ing philosophers.Eventhoughtheproblemitself is relatively
simplefrom a modelingpointof view, it frequentlyservesas
a benchmarkto assesstheperformanceof verificationtools.

For the casestudy, we will use only a single model
checker tool, but the problemwill be modeledandencoded
into transitionsystemsin differentways.

– First thedynamicbehavior of diningphilosopherswill be
capturedby graphtransformationrules,thusour transfor-
mationtechniquewill beappliedon themodel-level.

– Then,thebehavior of philosophersis formalizedby UML
statechartsandprojectedinto transitionsystemsaccord-
ing to a setof graphtransformationrulesproviding for-
mal semanticsfor statechartson themeta-level.

– Finally, the UML statechartsdescriptionis projecteddi-
rectly (i.e., without theuseof graphtransformation)into
transitionsystemfollowing theapproachof [32].

By that casestudy, we try to assessthe succinctnessof
the target transitionsystems(concerningthe statespace)in
eachcaseby increasingthenumberof philosophers,thusthe
differentmodelingformalismswill be judgedfrom a verifi-
cationpointof view.

Theproblemof dining philosophers In thedining philoso-
phers’problem,

�
philosophersaresittingarounda tableand

thinking.Fromtimeto time,whenthey gethungry, they initi-
ate an eatingprocessby grabbingfirst a left fork and then
a right fork. Unfortunately, there is a single fork between
two philosophers(which is hencea sharedresource)there-
fore they might needto wait for the forks to becomeavail-
able.Whena philosophermanagesto get both the left and
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theright fork, he(or she)startseatingimmediately. As soon
as the philosopherhasfinishedeatinghe placesback both
forksandgoesbackto thinking.

Froma verificationpoint of view, our aim is to show that
(startedfrom a statewhereeachphilosopheris thinking and
all forks areon the table)the systemof dining philosophers
will notreachadeadlock(deadlockfreedomproperty),more-
over, no forks areheldat thesametime by multiple philoso-
phers(asafetycriterionrequiringmutualexclusiononforks).

7.1 Case1: Graphtransformationon themodellevel

The classdiagramin Fig. 5 capturesthe static structureof
dining philosopherswith two static classes(Phil and Fork)
with two staticassociationsleft andright (identifying theleft
andright fork of a philosopher),a dynamicassociationhold
(for expressingthat a philosopherholdsa certainfork), and
thedynamicattributestatus of philosophers,whichmaytake
thevaluefrom theenumerationthink, hungry, hasL (hasonly
left fork), hasR (hasonly right fork) andeat.

ph1:Phil
status=think

f3:Fork

ph3:Phil
status=think

f1:Fork

ph2:Phil
status=think

f2:Fork

right

right

left

left

right

left

Object diagram

Phil
status

Fork
1

1

left

right

hold
0..2

Class diagram

Fig. 5 Dining philosophers:classandobjectdiagram

For thepresentationin thecurrentpaper(but not for ver-
ification),we work with threephilosophersin all threecases
sitting aroundin a way depictedin the object diagramof
Fig. 5.

The behavior of dining philosophersis capturedin this
caseby thesetof graphtransformationrulesshown in Fig. 6.

– Rule getHungryR simply sets the status attribute of a
thinking philosopherto hungry.

– A hungryphilosophermay get his left fork by applying
getLeftForkR, which requiresthat the left fork is not yet
heldasbeingtheright fork of his/herright neighbor.

F1:Fork

P:Phil
status=eat

right hold

F1:Fork

P:Phil
status=hasR

right

LHS RHS

releaseRightForkR

F1:Fork

P:Phil
status=hasR

left

F1:Fork

P:Phil
status=eat

left hold

finishEatingR
LHS RHS

F:Fork

P1:Phil
status=eat

right hold

F:Fork

P1:Phil
status=hasL

P2:Phil

NEG
right

left

hold

RHSLHS

getRightForkR

F:Fork

P1:Phil
status=hungry

P2:Phil

left
NEG

right

hold
F:Fork

P1:Phil
status=hasL

left hold

RHSLHS

getLeftForkR

PH:Phil
status=think

PH:Phil
status=hungry

RHS

getHungryR

LHS

Fig. 6 Graphtransformationrulesfor dining philosophers

– A philosopheralreadyhaving the left fork in handmay
apply for the right fork by executingrule getRightForkR
(which is conceptuallysimilar to getLeftFork) andstarts
eatingif succeeded.

– An eatingphilosopherwill releasehis or her left fork at
somepointby applyingrulefinishEatingR gettinginto the
statushasR in themeantime.

– Finally, if a philosopheronly hasthe right fork in hand,
thenthefork canbesafelyreleased,andthephilosopher
goesbackto thinking (seerule releaseRightForkR).

Thecorrespondingtransitionsystemderivedaccordingto
our encodingof Sec.5 is listedin AppendixA.

Naturally, the verification processautomaticallydetects
thattherethesystemmaygetinto adeadlock,if eachphiloso-
pheronly managesto grabhis or herleft fork andthuswaits
for the right fork forever. However, our safetypropertyre-
quiring that no fork is held by two philosopherat any time
(formally, ³ f: Fork, ph1, ph2: Phil: G ( ph1 ´µ ph2 ¶¸·
(hold[ph1][f] ¹ hold[ph2][f]))) is verified.
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NEG NEG

P:Phil
status=hungry

F1:ForkF2:Fork

P1:Phil

leftright

left hold

P:Phil
status=hasL

F1:ForkF2:Fork

P1:Phil

leftright

left hold

hold

LHS RHS

releaseLeftForksR

P:Phil
status=eat

F1:ForkF2:Fork leftright

hold hold

P:Phil
status=hungry

F1:ForkF2:Fork

P1:Phil P2:Phil

leftright

left righthold hold

getBothForksR

LHS RHS

Fig. 7 Two waysto avoid deadlockfor diningphilosophers

The two traditionalwaysto avoid the deadlockproblem
for diningphilosophersaredepictedin Fig. 7.

– An additional graph transformationrule (releaseLeft-
ForkR) canbeintroducedto movethesystemfrom apos-
sibly deadlocksituationby prescribingthat if a philoso-
pheralreadyhaving aleft fork cannotgettheright fork as
well thenthe left fork is put backonto the tableandthe
philosophergoesbackto hungry status.

– Alternatively, rulesgetLeftForkR andgetRightForkR can
be mergedinto a single rule getBothForksR, whenboth
left andright forks aregrabbedat oncethuspreventing
thephilosopherto wait for a singlefork.

Theverificationof thetransitionsystemsgeneratedfrom
thesetwo versionsprovedthatnodeadlocksituationis possi-
ble(while thesafetycriterionis still satisfied);however, there
werebecrucialdifferencesin performance.

In a traditionalgraphtransformationsystem,thefirst so-
lution would typically supercedetheotherin performanceas
theapplicationof amorecomplex rule takesmuchmoretime
thanformalizing the problemwith a setof rulesof smaller
complexity (by complexity we meanthenumberof nodesin
the

��
��
and »�¼�½ graphssincethe performanceof pattern

matchingis thecritical phasein rule application).

However, afterall thepreprocessing(collectingpotential
matchings)performedat compile time, it will turn out that
having asmallnumberof relativelycomplex rulesyield abet-
terperformancefor verificationthana largernumberof rules
with relatively low complexity (seeTable3 for a comparison
laterin Sec.7.3).

7.2 Case2: Graphtransformationon themeta-level

In our secondcasestudy, graphtransformationis appliedon
themeta-level: thedining philosophers’problemis captured
by meansof UML Statecharts(see8) on themodel-level but
the formal semanticsof statechartsis formalizedby graph
transformationsrules(asdepictedin Fig. 10and11).

Philosopher Fork

hasRight hungry

hasLefteat

think

[ISIN(right:free)]^right.acq

^left.acq[ISIN(left:free)]^left.rel

^right.rel

free

held

acq rel

Fig. 8 Dining philosophersdefinedby UML Statecharts

We appliedthe following restrictionson the traditional
UML statechartsto achieve a solution that is comparable
to the one obtainedfrom model-level graphtransformation
rules.

– All theactionsareconsideredto besendactions,andeach
transitionmay only containa single sendaction as the
effect.
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– Sendactionsareaddressedby rolenamesappearingin the
classdiagram(asastatechartis aclass-level specification
mechanism).

– Guardsmay only containa single ISIN(role:state) state-
mentqueryingwhetheranotherstatemachineaccessible
via thespecificrole stayscurrentlyin acertainstate.

Behavior of philosophers expressedby UML Statecharts
Therefore,a thinkingphilosophermaygetinto ahungry state
at any time. After that,he checkswhetherhis left fork is in
the free state,and if so, sendsan acquire(acq) messageto
the left fork and moves himself to hasLeft state.Next, the
sameprocedureis donefor acquiringthe right fork getting
thephilosopherinto theeating state.Finally, aftereating,the
forksarereleasedoneby one,by sendinga rel messageto the
left fork andtheright fork, respectively.

The statemachineof a fork simply containstwo states
(free andheld) statingwhetherthefork is heldby a philoso-
pheror it is situatedon the table.Transitionsbetweenthem
aretriggeredby theacq andrel messages,respectively.

Semanticsof UML Statecharts by graph transformation
To provide formal semanticsfor UML Statechartsby graph
transformationsystems,we have built on [46] wherean ex-
tendedhierarchicalautomatonformalismwasusedastheun-
derlying structuralrepresentationfor statecharts.However,
for the currentcasestudy, the statehierarchywas flattened
by collectingall stateconfigurationsandtransitionsthatcan
be fired simultaneouslyat a preprocessingphase(as done
in [32]), thusobtainingaflat finite automatonformalism(see
themetamodelin Fig. 9) communicatingwith messagepass-
ing to eachotherasa simplification.

Aut
pc:Bool

Config

Event Action

Step

inState

event

effect
trigger

stepsconfs

receiver

src

trg

0..1

1

0..*
0..*

1

0..1 0..1

1

1

1

1

0..*

isAct
fire

inQueue

Fig. 9 A metamodelof flattenedUML statecharts

– Thestaticpartsof themetamodelarethefollowing:
– The automatonAut consistsof stateconfigurations

(Config) andsteps(Step, which arethecollectionsof
transitionsthatcanbefiredat a time).

– Eachstephasa sourcesrc anda target trg configura-
tion, an optional inState link to the configurationof
anotherautomaton(ISIN statement),a triggerEvent,
andanAction aseffect.

– An Action containsa link to anEvent to besentanda
receiver automaton.

– Dynamicpartsof the metamodelareconstitutedas fol-
lows:
– Eachautomatonmay have an isAct link pointing to

a configurationindicatingthat the automatonis cur-
rently in thecertainconfiguration,

– An automatonalso have an inQueue link indicating
whethera specificevent is in the event queueof the
automaton(event queuesare modeledas sets,thus
only one instanceof the event may be storedin the
queue).

– Thefire link leadingto a Step statesthat theautoma-
ton is currentlyfiring all thetransitionsin Step.

– Finally, pc is a simple programcounter indicating
which phaseof the statechartsemanticsis beingex-
ecutedfor themomentby thevirtual statemachine.

The graph transformationrules in Fig. 10 handlestate
(configuration)changesof a statemachineidentifying four
differentcasessplit on thebasisof existenceof inState links
andtrigger events.

– In eachcase,the isAct link of theautomatonA1 is rewrit-
tenfrom configurationS1 to configurationS2, supposing
that the two configurationsare connectedby a stepT1.
Meanwhile,a fire link is addedleadingto T1 (sincethe
stepT1 is beingfired currently),and the pc attribute of
theautomatonis updatedto addQR to indicatedthatbe-
fore processingthe next event, theautomatonmustsend
theassociatedactions(to provide a synchronizedbehav-
ior of themachine).

– In eachfour cases,thereareadditionalconditionsthatare
requiredfor executingthecurrentstepof thestatemachine
(automaton).
– Rule fireNoEvtWithInStR handlesthe casewhenthat

no trigger eventsare associatedto the step(seethe
negative condition),however, theconfigurationiden-
tified by the inState link mustbe active in the corre-
spondingautomaton.

– Rule fireWithEvtWithInStR requiresthe trigger event
of the stepto be in the event queueof the automa-
ton (the inQueue link), moreover, the configuration
identified by the inState link must be active in the
correspondingautomaton.As anadditionalresult,the
eventis removedfrom theeventqueue.

– Rule fireNoEvtNoInStR forbids the existenceof both
atriggereventandaninState link in thecontext of the
step.

– Rule fireWithEvtNoInStR , finally, prescribesthe non-
existenceof an inState link but requiresthat thetrig-
ger event of the stepto be in the event queueof the
automaton(inQueue link). As anadditionalresultthis
time as well, the event is removed from the event
queue.

Messagesendingis modeledby graph transformation
rulesof Fig. 11.
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Fig. 10 Firing a transition(set)in a statechartautomata

– In caseof rule addQueueWithActR thereis a sendaction
associatedto thestep,thustheevent of theactionshould
be placedin the event queueof the receiver automaton
asa resultof rule application.Note that the rule is only
applicableif a certainstephasalreadybeenselectedto
firing (seethe fire link andthe addQR valueof the pro-
gramcounter).

– In caseof rule addQueueNoActR thereareno actionsre-
latedto thefiring stepthustherule simplyconcludesthat
the firing of the transitionhasterminated(thus, in both
cases,thefire link is removedandtheprogramcounteris
updatedto thefireR).

In fact, this statechartsemanticsis probablyoversimpli-
fied (not fully realistic)whencomparedto theoriginal UML
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semantics,but the formalismhadto be kept simplein order
to providesomecomparisonwith theothercasestudiesfrom
averificationpointof view. For moreprecisewaysof formal-
izing UML statechartsby graphtransformationsystemsthe
readeris referredto [31,46].

As graphtransformationtechniqueswereappliedon the
meta-level, the derived transition system(enlisted in Ap-
pendixB) is totally differentin this case,sincethestatevari-
ablearraysaredefinedby the(meta)classesof themetamodel
(in Fig. 9), andnot by theclassesof themodel(Fig. 5).

Even though for meta-level encodingsthe verification
managedto terminateonly for few numberof philosophers
(asshown in Table3), theverificationprocessautomatically
detecteda non-trivial error in the our graphtransformation
semanticsof UML statechartswhich leadsour systeminto a
statewhereour safetycriterionis violated.

Theproblemoriginatesfrom thefactthattestingwhether
thefork is notheldby anyone,andactuallyacquiringthefork
is not anatomicoperation.Moreover, thesystemmayevolve
betweenthe sendingof an acq messageandthe processing
of the samemessageby the receiver sinceUML assumesa
distributedenvironmentfor the executionof statemachines.
Therefore,two philosophersmayfind thesamefork to befree
atonestepandsendingonly theacquiremessagein theother.
As aresult,bothphilosophersmoveto astatewhenthey think
thatthey hold thespecificfork, which is a contradictionwith
oursafetyrequirement.

We cannow concludethat (i) either the graphtransfor-
mationrulespresentedassemanticsfor UML statecharts(in
Fig.10and11)arenotappropriate,asthewell-knownsystem
of diningphilosophersbehavesdifferentlythanwhatwasex-
pected(a validation problem), or (ii) if we acceptthat the
transformationrulespreciselycapturethesemanticsof UML

statecharts,then the UML specificationof dining philoso-
phersis not correct(averificationproblem).

Model-level encodingof UML Statecharts In orderto pro-
vide comparisonwith an existing approachfor verifying
UML statecharts,we adaptedthe SPIN encodingof UML
statemachinesdescribedin [32] for othertargetmodelcheck-
ers.Themain ideain theapproachis to maintainonly a sin-
gle statevariablefor the stateconfigurationinformation of
eachobjectanda statevariablefor its event queuein addi-
tion. Therefore,whenastepis fired,thestatechangesandthe
messagesendingsareperformedin asingleandatomicoper-
ation(however, thesynchronizationof sendingandreceiving
acquiremessageshadto besolvedon theUML modellevel).
Themodel-level (direct)encodingof UML statechartsrepre-
sentationof diningphilosophersis listedin AppendixC.

7.3 Assessmentof verificationresults

Thethreedifferentkindsof specificationswereexecutedby a
modelchecker with differentnumberof philosophers.Since
the SAL modelchecker is not publicly availableyet, for the
concreteverification runs we usedthe Mur ¾ systemto in-
creasethecomparabilityof results.

For our test experiments(summarizedin Table 3), for
eachverificationrunatmost100Megabytesof systemmem-
ory wasallocatedto storethestatespace,andMur ¾ wasrun-
ning ona 550MHz PentiumIII machine.

Therewereseven differentspecificationstestedwith an
increasingnumberof philosophers.For eachspecification,
the last line of the testcasescontainthe maximumnumber
of philosophersfor which the verificationterminatedwithin
thegivenresources.
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Table3 Verificationrunsfor thediningphilosophersproblem

Testcase N States Firedtr. Time Result

GT (err) 5 235 405 0.12 dead
GT (ok1) 3 75 201 0.15 ok
GT (ok1) 5 1363 6095 0.18 ok
GT (ok1) 9 439103 3535515 122.99 ok
GT (ok2) 3 20 48 0.10 ok
GT (ok2) 5 152 620 0.10 ok
GT (ok2) 12 172928 1695360 103.12 ok
GT/SC(err) 3 931 2387 0.15 unsafe
GT/SC(err) 5 6287 20519 0.49 unsafe
GT/SC(ok) 2 68084 236902 6.59 ok
SC(err) 3 743 1915 0.98 dead
SC(err) 5 128439 577570 12.52 dead
SC(ok) 3 7057 29289 1.43 ok
SC(ok) 4 138001 764936 16.24 dead

The columnsof the table contain, respectively, (1) the
identifierof thespecification,(2) thenumberof philosophers,
(3) the numberof statestraversed,(4) the numberof tran-
sitionsduringverification,(5) an averageexecutiontime (in
seconds),and(6) theresultof theverification(where‘unsafe’
meansthat thesafetycriterionwasviolated,‘dead’ refersto
the fact thata deadlockwasdetected,while ‘ok’ meansthat
no errorswerefound).

Thedifferentspecificationsareencodedasfollows:

– GT (err) : themodel-levelencodingof thediningphiloso-
phersproblemusingtheoriginal setof graphtransforma-
tion rulesof Fig. 6;

– GT (ok1): the model-level encoding of the dining
philosophersproblemusingacorrectedsetof graphtrans-
formationruleswith rule releaseLeftForkR of Fig. 7;

– GT (ok2): the model-level encoding of the dining
philosophersproblemusing a correctedset of rules in-
cludingrule getBothForksR of Fig. 7;

– GT/SC (err) : the meta-level encoding of the dining
philosophersproblemcapturedby theUML statechartsof
Fig. 8 (with statechartsemanticsdefinedby graphtrans-
formationrulesof Fig. 10 and11);

– GT/SC (ok): the sameapproachasbeforebut corrected
by certainchangeson thestatechart(not discussedin the
paperin details);

– SC (err) : thedirect(model-level) encodingof UML stat-
echartsto Mur ¾ following theguidelinesof [32]. Thistest
setis identicalto thecasecapturedby statechartof Fig. 8.

– SC (ok): the sameasbeforebut an additionaltransition
wasintroducedleadingbackto hungry statefrom hasLeft
to get out from a possiblydeadlocksituation(following
the principlesof rule releaseLeftForkR on the statechart
model).

Fromtheseverificationresults,thefollowing conclusions
canbedrawn.

Remark1 Transitionsystemsderivedfrom graphtransforma-
tion systemsusedasmodel-levelspecificationsby Alg. 2 and
3 show verygoodperformancein verification(comparableto
manualencodingof theproblemasa transitionsystem).

We canalsoderive thatusingour encodingon themeta-
level hascertainpracticallimitationsonthesizeof themodel
to beverified.

Remark2 Theverificationof transitionsystemsderivedfrom
graphtransformationsystemsusedasa meta-level specifica-
tion techniquewould typically work for smallmodelsof the
modelinglanguagein question.However, meaningfulspeci-
ficationflaws(eitherin themodelor in theformalsemantics)
canfrequentlybedetectedevenonsuchrelativelysmallmod-
els.

Typically, when the semanticsof a new modeling lan-
guageis created,it is first testedon very smallmodels,thus
a largepercentageof weaknessescouldpossiblybedetected
by our technique.

Moreover, our recentinvestigationsshow thatSPINpro-
videsbetterfacilitiesto handletheinterleaving of transitions
(basedon partial orderednessandthe explicit useof queues
for communicationbetweenprocesses)thanMur ¾ did in our
casestudy.

Remark3 Graphtransformationsystemswith a small num-
berof complex rulestypically behavesbetterfor verification
thana graphtransformationsystemwith a largernumberof
relatively simplerulesformalizingthesameproblem.

This statementis a result of the our compile time pre-
processingstep that collectsall potentialmatchesthus the
target transitionsystemusedfor verification doesnot have
to executecomplex querieson the model. Therefore,(un-
like the caseof running a simulationof a systemin a tra-
ditional graphtransformationtool!) a smallersetof complex
ruleswould causefewer interleavingsof transitionsresulting
in betterrun-timeperformance.

Additionalcasestudies Theseconclusionsdrawn from the
dining philosophersproblem was also supportedby addi-
tional simpleverificationcasestudiesthathave beencarried
out within the SAL environmentby encodingUML state-
chartsinto SAL specifications.In fact,theneedfor theopti-
mizationsdescribedin Sec.5 weretriggeredby unsuccessful
preliminaryverificationattempts.Theautomatictransforma-
tion into SAL specifications(for this specificmodelinglan-
guage,namely, UML) was carriedout within the VIATRA
environment[50].

In anothercasestudyof our approach,we capturedthe
operationalsemanticsof Petri netsby graphtransformation
systemsandtranslatedtheminto the specificationlanguage
of the Mur ¾ model checker. In caseof boundedPetri nets
(wherethenumberof tokensin Petrinetshasana priori up-
per bound),our approachwas directly applicable.We also
exploitedtheuseof predicateabstractionby abstractingaway
from theconcretenumberof tokens,whichresultedin asemi-
decisionprocedurefor proving livenessandsafetyproperties
of Petrinets.

Recently, our techniquewasappliedto carry out formal
analysisof architecturalstyles[5, 6] in anearlyphaseof de-
sign.For theseinvestigations,weprovedreachabilityproper-
ties(i.e., to decidewhethercertaintargetstatesarereachable
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or not from a given initial state)of a heavily dynamicGTS
(with severaldynamicclassesandassociations).

8 Conclusionsand Futur eWork

In thepaper, wepresentedanapproachthatis simultaneously
applicablefor encoding(i) well-formedmodelsof arbitrary
modelinglanguageswith semanticsdefinedbymetamodeling
techniques(abstractsyntax)andgraphtransformationrules
(operationalsemantics)and(ii) graphtransformationsystems
(in theoriginalmodel-levelsense)for describingthedynamic
behavior of usermodelsinto transitionsystems.

As aresult,weareableto verify semanticproperties(like
safety, deadlockfreedom,etc.) of any specificwell-formed
model instanceof the languageor the usermodel itself by
modelcheckingtools having a specificationlanguagebased
on transitionsystems.This way, traditional correctnessre-
sults from the theory of graphtransformation(like conflu-
ence[14]), which provide solutionsfor proving very general
propertiesof aspecificproblemcanbecomplementedby our
techniqueto reasonaboutproblem-specificpropertiesby ex-
istingmodelchecker tools.

The feasibility of our approachwas demonstratedon a
well-known verificationbenchmark,i.e., by verifying dead-
lock freedomand a safetypropertyfor the dining philoso-
phers’problemcapturedby graphtransformationbothon the
model-level andthemeta-level. However, notethatour tech-
niquealsoallows to investigatelivenessor reachabilityprop-
ertiesasdemonstratedby additionalcasestudies.

As a verificationrule of thumbfor graphtransformation
systems,weestablishedthe“few complex is betterthanmany
simple” principle when concerningthe complexity (of the
left-handsideandnegativeconditiongraphs)of rules.

After having carriedout severalbenchmarkexperiments
in differentdomains(with partially automatedtranslations),
we arecurrentlybuilding a tool [42] that is capableof auto-
maticallytranslatingmodelsof arbitraryvisualmodelinglan-
guagesdefinedby metamodelingand graphtransformation
(and thus model-level specificationsbasedon graphgram-
marsaswell) into the correspondingPromelaspecifications
(which is theinput languageof theSPINmodelchecker).

However, further researchis requiredto overcomethe
stateexplosionproblemweexperiencedin meta-levelencod-
ings of models(and,naturally, in model-level encodingsof
complex IT systems).Ourcasestudyhasclearlyrevealedthat
the bottleneckof the verification processis not merely the
numberof transitionsgeneratedby our algorithm,but rather
the interleavingof different transitions(i.e., larger stepsin
the evolution of the modelyield a smallernumberof inter-
mediatestates).

Themainproblemoriginatesfrom thefactthattraditional
confluency resultsof thegraphtransformationtheorycannot
beexploitedduringmodelchecking.Sincein many cases,the
behavior of thesystemis requiredto beinvestigatedonly ona
singlepathinsteadof all possibleinterleavingsof rule appli-
cationsdueto an appropriatetheoremor analysistechnique

(like, e.g.,critical pair analysis[11,28]). Unfortunately, ex-
isting modelcheckerstypically do not provide any facilities
for theuserto control themodelcheckingprocessin sucha
way. For instance,in meta-levelencodings,certainintermedi-
atestatesof thegraphtransformationsystem(likeexecutinga
stepandsendingtheactionin caseof our statechartsseman-
tics) shouldbe transparentfor the model checker (without
consideringinterleavingsof transitionsfor them).

As a consequenceof this reducedcontrollability, control
structuresappearingin many existing graphtransformation
tools (like, for instance,in caseof PROGRES[43] or VIA-
TRA [50]) canonly beencodedasdata(thusin thestatevari-
ablesaswasdonein our Petri net casestudy),which rather
increasesthe numberof interleavings insteadof drastically
decreasingthem.

A differentline of researchaimsatadaptingourencoding
to verificationtoolsusinglabeledtransitionsystems(LTS)as
the underlyingmathematicalformalism(whereinformation
is relatedto transitionsin contrastto Kripkestructureswhere
it is storedin states)in orderto investigateprocessalgebras
(like CSP[29], or CCS [33]). Here the practicalgoal is to
consistency analysisof behavioral UML diagramsextended
with graphtransformationrulesin thestyleof [23].

Furtherchallengesinvolve the formal analysisof graph
transformationsystemswith time [25] basedupon model
checkers like Kronos [16], which typically use timed au-
tomata[2] astheir specificationlanguage.As a potentialre-
sult, we aim at investigatingreal-timesystemsspecifiedin a
high-level visualnotation.
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A SAL Description for the Model-Level Encoding of
Dining Philosophers

Note that only the behavior of philosopherph1 is depicted
theredueto thesymmetricnatureof theproblemto improve
clarity.

ForkID : TYPE = À f1,f2,f3 Á ;
PhilID : TYPE = À ph1,ph2,ph3 Á ;
StatusRng : TYPE = À think, hun-
gry, hasL, eat, hasR Á ;
dinphil_gt : MODULE =
BEGIN
GLOBAL hold: ARRAY PhilID OF

ARRAY ForkID OF BOOLEAN
GLOBAL status: ARRAY PhilID OF StatusRng

INITIALIZATION
status[ph1] = think; hold[ph1][f1] = FALSE;
hold[ph1][f2] = FALSE; hold[ph1][f3] = FALSE;

TRANSITION
status[ph1] = think --> status[ph1] = hun-

gry; []
status[ph1] = hungry AND NOT hold[ph2][f1] -

->
hold[ph1][f1] = TRUE;
status[ph1] = hasL; []

status[ph1] = hasL AND NOT hold[ph3][f3] --
>

hold[ph1][f3] = TRUE;
status[ph1] = eat; []

status[ph1] = eat -->
hold[ph1][f1] = FALSE;
status[ph1] = hasR; []

status[ph1] = hasR -->
hold[ph1][f3] = FALSE;
status[ph1] = think;

END;

B SAL Description of the Meta-Level Encodingof
Dining Philosophers

The meta-level encodingof a single dining philosopheris
listedbelow in theSAL format.

Conf_dom : TYPE = À think, hungry, hasLeft,
has-

Right, eat, free, held Á ;
Step_dom : TYPE = À t1, t2, t3, t4, t5, t6, t7 Á ;
Event_dom : TYPE = À acq, rel Á ;
Aut_dom : TYPE = À ph1, ph2, ph3, f1, f2, f3 Á ;
pc_rng : TYPE = À fireR, addQR Á ;
dinphil_sc_gt : MODULE =
BEGIN
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GLOBAL isAct : ARRAY [Aut_dom] OF
AR-

RAY [Conf_dom] OF BOOLEAN;
GLOBAL inQueue : ARRAY [Aut_dom] OF

AR-
RAY [Event_dom] OF BOOLEAN;

GLOBAL fire : ARRAY [Aut_dom] OF
AR-

RAY [Step_dom] OF BOOLEAN;
GLOBAL pc : AR-

RAY [Aut_dom] OF pc_rng;
INITIALIZATION

isAct[ph1][think] = TRUE;
isAct[ph1][hungry] = FALSE;
isAct[ph1][hasLeft] = FALSE;
isAct[ph1][eat] = FALSE;
isAct[ph1][hasRight] = FALSE;
isAct[ph1][free] = FALSE;
isAct[ph1][held] = FALSE;
inQueue[ph1][acq] = FALSE;
inQueue[ph1][rel] = FALSE;
fire[ph1][t1] = FALSE; fire[ph1][t2] = FALSE;
fire[ph1][t3] = FALSE; fire[ph1][t4] = FALSE;
fire[ph1][t5] = FALSE; fire[ph1][t6] = FALSE;
fire[ph1][t6] = FALSE;
pc[ph1] = fireR;

TRANSITION
% fireNoEvtNoInStR

pc[ph1] = fireR AND isAct[ph1][think]) AND
NOT fire[ph1][t1] -->
isAct[ph1][think] = FALSE;
isAct[ph1][hungry] := TRUE;
pc[ph1] := addQR;
fire[ph1][t1] := TRUE; []

% fireNoEvtWithInStR
pc[ph1] = fireR AND is-

Act[ph1][hungry]) AND
isAct[f1][free] AND NOT fire[ph1][t2] -->
isAct[ph1][hungry] := FALSE;
isAct[ph1][hasLeft] = TRUE;
pc[ph1] := addQR;
fire[ph1][t2] := TRUE; []

% fireNoEvtWithInStR
pc[ph1] = fireR AND is-

Act[ph1][hasLeft]) AND
isAct[f3][free] AND NOT fire[ph1][t3] -->
isAct[ph1][hasLeft] := FALSE;
isAct[ph1][eat] = TRUE;
pc[ph1] := addQR;
fire[ph1][t3] := TRUE; []

% fireNoEvtNoInStR
pc[ph1] = fireR AND isAct[ph1][eat]) AND
NOT fire[ph1][t4] -->
isAct[ph1][eat] := FALSE;
isAct[ph1][hasRight] = TRUE;
pc[ph1] := addQR;
fire[ph1][t4] := TRUE; []

% fireNoEvtNoInStR
pc[ph1] = fireR AND isAct[ph1][eat]) AND
NOT fire[ph1][t5] -->
isAct[ph1][hasRight] := FALSE;
isAct[ph1][think] = TRUE;

pc[ph1] := addQR;
fire[ph1][t5] := TRUE; []

% addQueueNoActR
pc[ph1] = addQR AND fire[ph1][t1] -->

pc[ph1] := fireR;
fire[ph1][t1] := FALSE; []

% addQueueWithActR
pc[ph1] = addQR AND fire[ph1][t2] -->

pc[ph1] := fireR;
inQueue[f1][acq] := TRUE;
fire[ph1][t2] := FALSE; []

% addQueueWithActR
pc[ph1] = addQR AND fire[ph1][t3] -->

pc[ph1] := fireR;
inQueue[f3][acq] := TRUE;
fire[ph1][t3] := FALSE; []

% addQueueWithActR
pc[ph1] = addQR AND fire[ph1][t4] -->

pc[ph1] := fireR;
inQueue[f1][rel] := TRUE;
fire[ph1][t4] := FALSE; []

% addQueueWithActR
pc[ph1] = addQR AND fire[ph1][t5] -->

pc[ph1] := fireR;
inQueue[f3][rel] := TRUE;
fire[ph1][t5] := FALSE; []

END;

C SAL Descriptionsfor Model-level Encoding of the
UML Statechartsfor Dining Philosophers

Thisdescriptionwasyieldedbyadaptingthetechniquesdescribedin
[32] to theSAL andMur ¿ systems.Only thetransitionsof a single
philosopherareincludedthis time aswell.

ForkID : TYPE = À f1,f2,f3 Á ;
PhilID : TYPE = À ph1,ph2,ph3 Á ;
Event_dom : TYPE = À acq, rel Á ;
fork_status_rng : TYPE = À free, held Á ;
phil_status_rng : TYPE = À hungry, think, hasL,

hasR, eat Á ;
dinphil_sc : MODULE =
BEGIN
hold : ARRAY [PhilID] OF

ARRAY [ForkID] OF boolean;
ph_status : ARRAY [PhilID] OF phil_status_rng;
f_status : ARRAY [ForkID] OF fork_status_rng;
f_queue : ARRAY [ForkID ] OF

ARRAY [Event_dom] OF boolean;
INITIALIZATION

hold[ph1][f1] = FALSE; hold[ph1][f2] = FALSE;
hold[ph1[f3]= FALSE;
ph_status[ph1] = think; ...

TRANSITION
ph_status[ph1] = think -->

ph_status[ph1] = hungry; []
ph_status[ph1] = hun-

gry AND f_status[f1] = free
AND NOT hold[ph2][f1] -->

hold[ph1][f1] = TRUE;
f_queue[f1][acq] := true;
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ph_status[ph1] = hasL; []
ph_status[ph1] = hasL AND f_status[f3] = free
AND NOT hold[ph3][f3] -->
hold[ph1][f3] = TRUE;
f_queue[f3][acq] := true;
ph_status[ph1] = eat; []

status[ph1] = eat -->
hold[ph1][f1] = FALSE;
f_queue[f1][rel] := true;
status[ph1] = hasR; []

status[ph1] = hasR -->
hold[ph1][f3] = FALSE;
f_queue[f3][rel] := true;
status[ph1] = think;

END;


