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Abstract Graphtransformatiorhasrecentlybecomemore
and more popularas a general rule-basedvisual specifica-
tion paradigmto formally capture(a) requirement®r behar-
ior of usermodels(on the model-level), and (b) the opera-
tionalsemantic®f modelinglanguagegonthemeta-level) as
demonstratetty benchmarlkapplicationsaroundthe Unified
Modeling Language(UML). The currentpaperfocuseson
the model checking-base@utomatedormal verification of
graphtransformatiorsystemausedeitheron the model-level
or meta-level. We presenta generalranslationthatinputs (i)
ametamodebf anarbitraryvisualmodelinglanguage(ii) a
setof graphtransformationrules that definesa formal op-
erationalsemanticsfor the language,and (iii) an arbitrary
well-formed model instanceof the languageand generates
a transitionssystem(TS) that sene asthe underlyingmath-
ematicalspecificationformalism of various model checler
tools. The maintheoreticabenefitof our approachs anopti-
mizationtechniquehatprojectsonly thedynamicpartsof the
graphtransformatiorsysteminto thetargettransitionsystem,
which resultsin a drasticalreductionin the statespace.The
main practicalbenefitis the useof existing back-endmodel
checlertools,which directly providesformal verificationfa-
cilities (without additionalefforts requiredto implementan
analysistool) for mary practicalapplicationscapturedin a
very high-level visual notation. The practical feasibility of
theapproachs demonstratetty modelingandanalyzingthe
well-known verification benchmarkof dining philosophers
bothonthemodelandmeta-level.
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1 Intr oduction
1.1 Visual modelinglanguagesin systendesign

Bestengineeringracticefor the pastcenturyclearlydemon-
stratedthat visual designmethodologiegake advantageon
textual descriptionsasthey aremoresuccinctandeasilyun-
derstoodoy humansDescribingthe structureof a houseor a
carby wordswould resultin severalthousand®f pagesven
for relatively smallsystemsWhenconcerningcomputercon-
trolled systemsyisualmodelinglanguage$VMLSs) used for
instance,in control engineeringor gate-level hardware de-
signhave alsobecomedominantin their field. Moreover, the
useof computeraideddesigntools (like ArchiCAD, or Mat-
lab/Simulink) gave an additionalboostto productvity and
quality asminor humanslips could be pointedout automati-
cally in mary cases.

Unfortunately the majority of softwae systemsare not
yet comparableo thesetraditional productsof engineering
in their quality andreliability despitethewide rangeof exist-
ing visualmodelingtechniquesThemainreasoris that(i) on
the onehand,high-level VMLs frequentlyusedin engineer
ing practicearetypically impreciseand ambiguousand (ii)
on the otherhandVMLs with preciseformal semanticare
typically too low-level for directusein softwareengineering.
In this senseacompromises frequentlyneededetweerex-
pressibility(or usability)andanalyzability

1.2 Towardsautomatedrerificationof UML designs

The Unified Modeling Languagg UML), which is the dom-
inant object-orientednodelinglanguagefor the designpro-
cessof IT systemshasundoubtedlybecomethe mostpopu-
lar of all visual languagesn the field of software engineer
ing. However, despiteits industrial successas being a uni-
fied andvisualnotation,the imprecisenessf UML (i.e.,the



lack of formal semanticsjs still the major factor that hin-

dersthe generaluseof UML asa primary sourcelanguage
for (i) automatedools of formal verificationandvalidation
exploiting the resultsin the theory of formal methods,and
(i) automatedcode generatorghat would yield a provenly

correctfunctionalcoreof thetargetapplication.

In fact, dueto the increasingcompleity of IT systems
(andmodelinglanguagesn the designprocess)conceptual
humandesignerrorswill occurin ary modelsof ary high-
level andeven formal modelingparadigm.Thus, merelythe
useof formal specificatiortechniquesloesnotaloneguaran-
teethe functional correctnessind consisteng of the system
underdesign.Therefore automatedormal verificationtools
(basedon model checking,static analysisor theoremprov-
ing) arerequiredto verify thatthe requirementarefulfilled
by the systenmodel.

— Staticanalysismethodsaretypically semi-decisiortech-
niques(i.e., their outputis eitheryes/noor do not know).
In this sensethey areefficient but they cannotassurehe
overall correctnessf thedesign.

— Model chedeers (like, for instance Mur¢ [1], SAL [7],
SPIN [30]) provide a highly automateddecisiontech-
nique for finite statesystems.n caseof a verification
failure,they retrieve a counterexamplethatshowvs anex-
ecutiontraceleadingto an erroneousituation.However,
modelcheclerssuffer from thewell-know statespaceex-
plosionproblem(pp. 172—175in [38]), which frequently
yields a practicallimitation of ensuringthe overall cor-
rectnes®f thedesign.

— Theoem provers (like PVS [15]) are not limited to fi-
nite statesystemgo establishthe correctnes®f the de-
sign, but deductve verificationis highly costly andtime
consumingasit requiressignificantuserinteractionfor
constructinga proof (pp. 208—210in [38]). In this sense,
deductve verification may becomethe bottleneckof a
project. Moreover, deductve verification typically pro-
vides an “all-or-nothing” way to reasonaboutthe sys-
tem, i.e., unsuccessfulerification attemptsdo not pro-
vide meaningfulinsightsinto the systemdue to decid-
ability issuesFrom the viewpoint of cost-eficiencgy, we
candeducethat (current)theoremproving techniquesio
only scaleup for verifying mission-criticalpartsof a sys-
tem/algorithm.

Naturally, in mary practicalcaseswe cannotassurethe
overall correctnes®of the systemunderdesigndue to cost
andtime limitations thusformal methodsare usedashighly
automateddehugging aids of software engineeringapplica-
tions. Sincemodelcheclers provide the highestautomation
rateamongall theseformal methods(wherethe correctness
of a systemspecificationis judgedwithout userinteraction),
thusthey arethe primarytargetfor suchdeluggingaids.As
aresult,specificatiorerrorscanbe detectedn anarelatively
early phaseof the designprocessprior to implementation,
which frequently reducethe overall software development
costs(especiallyin theimplementatiorandtestingphase)n
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additionto significantlyimproving the overall quality of the
system.

As theinputlanguageof modelcheclertoolsis too low-
level for adirectuse mary transformationge.g.,[12,32,37])
have beendevelopedrecently to project behasioral UML
modelsinto the input language®f modelchecler tools (and
preferablyin the reversedirectionaswell) yielding a “push-
button” methodfor UML designg(i.e., modelcheckingis in-
tegratedinto the UML CASEtool andthusit canbeinitiated
by clicking on a menuitem).

As currently UML (from version 2.0) is evolving into
a family of modelinglanguagesthe developmentof many
of suchautomatedransformationsnto modelchecler tools
will be necessitateth the nearfuture, which putsthe stress
on metamodelingndthe developmenbf meta-level analysis
techniquesin the UML modelingernvironment.By a meta-
level analysistechnique,we meanan analysisframeavork
which also takes the modeling languageas a parametelin
additionto theinstancemodelof thelanguage.

1.3 Graphtransformatiorand metamodeling

For mary yearstheabstracsyntaxof UML (andrelatedpro-
files) hasbeendefinedvisually by meansof metamodeling
Metamodelings atermfor capturingthedesignof usermod-
elsandmodelinglanguagesniformly, in a singlemodeling
frameawork. A straightforvardrepresentatioonf suchmodels
andlanguageganrely on the useof directed typed,andat-
tributedgraphsastheunderlyingsemanticdomain.

In this sensegraphtransformation40] hasrecentlybe-
comeverypopularasbeingageneralyule-basedisualspec-
ification paradigmto formally capture(i) requirrmentsgcon-
straints and behaviorof UML-basedsystenmodelg/10, 22],
and (ii) the opemtional semanticsof modelinglanguages
basedon metamodelingtechniqueq17,21,31,44-46,49].
Similarideasareapplieddirectly on formalizingtransforma-
tions from UML into varioussemanticdomains(Petri nets,
SOSrules,dataflav nets,etc.)[23,50].

Problemstatement While graphtransformations very pop-
ular asa high-level and expressve specificationformalism,
thelack of propertechniquesnd,especiallytoolsfor thefor-
mal analysisof suchspecificationgimingto decidewhether
acertainuserrequiremen{suchastheabsencef deadlocks,
safetyandlivenesgropertiesholdsin thesystemmodelhin-
dersthe useof graphtransformatiorsystemqGTS)in anef-
fective designprocesdor systemsandvisual modelinglan-
guages.

While severalconceptuahpproachebave beenproposed
recently as a formal analysistechniquefor GTSs, existing
graphtransformatiortools only provide simulationcapabil-
ities to assesswhethera certain requirementholds in the
systemmodel, which is frequentlyinsufiicient for verifica-
tion purposesSincedevelopingananalysigool from scratch
is very costly, one should possibly exploit existing model
checlertoolsto carryouttheverificationof GTSs.
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Related work Unfortunately the formal verification of

models(andmodelinglanguagesjlefinedby graphtransfor

mation systemshasremainedso far on a rathertheoretical
(conceptualjevel.

— The theoreticalbasicsof verifying opengraphtransfor
mation systemsby model checkingtechniqueshave al-
readybeenstudiedthoroughlyin, e.g.,[26,27] (andsub-
sequenpapers)The authorsproposethat graphscanbe
interpretedas statesand rule applicationsas transitions
in a transitionsystem.Unfortunately aswe demonstrate
in the paper this directencodingof graphsinto a model
checkingproblemis, unfortunatelyinfeasiblein practice
sincemodelcheclerswill easilyrun out of spacedueto
this verbosestaterepresentation.

— Ongoingresearchnto the samedirection(with anervis-
agedtool supporthasrecentlybeernsketchedn [39] aim-
ing to extendearlierresultson reasoningaboutallocation
anddeallocatiorproblemg18].

— A recentframework [3, 4] aims at analyzinga special
classof hypegraphrewriting systemdy a staticanalysis
technique(basedon foldings and unfoldingsof a special
classof Petrinets).This framework is ableto handlein-
finite statesystemsby calculatinga representatie finite
completeprefix. However, the classof GTSsthey handle
hascertaindrawbacksfrom a practical,modelengineer
ing point of view concerningintuitivenessand expres-
siveness.Probablythe most severe of theselimitations
is thatthe removal of nodesis not allowed. In contrast,
graphtransformatiorrulesin our approachare arbitrary
rulesfollowing the single pushout(SPO)approach20]
(with straightforward extensionsto the double pushout
(DPO)approact14]); however, the pricewe have to pay
is thatour graphtransformatiorsystemhasto be a priori
bounded.

— Ruleinvariantshave beenproposedately in [36] in anal-
ogy with the notionsof transitioninvariantsin Petrinets.
The authorsalsotransferthe traditionalconceptsof live-
ness,boundednesstc. to GTSs. The main conceptual
limitation from a verificationpoint of view is thatrulein-
variantsin a GTS (like transitioninvariantsin a Petrinet)
only provide a semi-decisiortechnique.In otherwords,
they detectpotentialcyclesin the system someof which
might never occuron ary executionpaths.On the other
hand, rule invariantscan be computedefficiently only
from the staticstructureof the GTS.

As a summary noneof the frameworks give direct sug-
gestionson concreteémplementatioror tool supporthow to
verify formal specificationgjivenin the form of graphtrans-
formationsystemdyy existing modelcheckingtools.

1.4 Objectives

In the currentpaper we extendour initial ideasalreadydis-
cussedn [47] andproposea meta-level and optimizedtech-
niguewith bencymarkexamplesto verify graphtransforma-

tion systemausedaseitheramodel-lerel or meta-levelformal
specificatiortechniqueby existing modelcheclers.

— Graph transformationon the model-level. For ary user
modelwith structuraldescriptionsin the form of tradi-
tional classand object diagramsand dynamic behasior
capturedby graphtransformatiorsystemglike FUJABA
[34] or PROGRES43] modelsaspracticalexamples)we
projectit into a behaiorally equivalenttransitionsystem
(TS).

— Graph transformationon the meta/languge level. For
ary well-formed modelof ary high-level modelinglan-
guage(with abstracsyntaxdefinedoy metamodelingind
operationalsemanticsformalized by graph transforma-
tion), we generatea separate(metamodeland model-
specific) transition systemthat faithfully representghe
behavior of the modelinstance.

We presenta meta-level analysistechnique where only
thesemanticof a modelinglanguageshouldbe definedpre-
cisely when a new modeling languageis constructedand
then the formal analysiscan be carried out automatically
(without designingindividual mappingsinto analysistools).
In addition, the maintenanceof meta-level analysisframe-
works (like the one proposedn the currentpaper)is much
easiersincemodifying thesemantic®f languagenthe GTS
level is lesserroneoughenmodifying a complex translation
program.

The output TS is generatedn two steps First all poten-
tial applicationsof a graphtransformatiorrule arecollected
into separateransitionsby a Cartesiarproductconstruction.
Then,in asecondhaseanoptimizationis carriedoutwhich
eliminateghestaticpartsanddeacdtransitionsfrom thetarget
TSto drasticallyreducethe statespace.

In orderto capturethe translationproblemat the right
level of abstractionmoreer, to gaina certainlevel of inde-
pendencedf particularmodelchecler tools, both the source
andthetargetmodelof our mapping(andthe mappingitself)
will be definedin the form of abstractstatemachines[24]
(i.e., both the sourceGTS andthetarget TS). This uniform
semanticepresentatiomighly easego formalizeandprove
the correctnesandcompletenessf our approach.

Theinputlanguagesf concretdoolscanbegeneratedy
furtherpreprocessingtep(whichis rathersyntacticandthus
out of the scopeof the currentpaper).Meanwhile,running
exampleson model checkingspecificationswill always be
givenin theconcreteool formatof the SAL framework[7] to
provide guidelineson how to tailor our techniqueto existing
tools.

The practicalfeasibility of our approachwill be demon-
stratedon the well-known example of the dining philoso-
phers, which is a common benchmarkfor assessinghe
performanceof verificationtools. The dining philosophers’
problemwill bemodeledandanalyzedn differentways(with
graphtransformatiorappearingpoth on the model-level and
meta-level) to prove deadlockireedomandsafetyproperties.

As a summarythe main benefitsof our approactarethe
following.



1. We presenta meta-level analysis techniqueswhich is
parameterizedby (the metamodebf) the modelinglan-
guage.

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

3. We build on existingmodelcheder toolsto speedup the
verification process(and the work relatedto implement
theverificationtool itself).

4. We assesshe practical feasibility of our approachon a
verificationbendmark

Finally, we alsoexplicitly summarizehelimitations/pre-
requisiteof ourapproach{althoughthedetailedexplanations
of thesdimitationswill be providedlateronin thepaper).

1. We assumethat the structureof a modeling language
is definedby a metamode(UML classdiagram),while
the dynamicbehavior is capturedoperationallyby graph
transformatiorrules.

2. We assumehat an initial instancemodel (UML object
diagram)is alsoprovidedby the user

3. We supposethe links (edges)are relationson objects

(nodes}husthey do nothave identities.
. We assumehatattributesof objectshave finite domains.
. We assumehatanexplicit upperboundis a priori known
to eachclassin themetamode(e.g.,aclassA is allowed
to have at most5 instancesn aninstancemodel).

[S2 0

Note that while our techniqueis applicableto modeling
languagedrom arbitrary domains(if definedby meansof
metamodelingand graphtransformation),in the paper we
will ratherfocuson applyingit for softwareengineeringur-
posesasproving thatan IT systemwill not collapseunder
within conditionsis probablythe most challengingtaskin
ouropinion.

The structuse of the paper The restof the paperis struc-
turedasfollows.In Sec.2, ashortintroductionis providedon
model, metamodelsand graphtransformationSection3 in-
troducegasicnotionsof transitionsystemsandmodelcheck-
ing. In Sec4,we provideaunifiedsemantiagepresentationf
GTSsandTSsbasednabstracstatemachinesin Sec.5, we
provide a detaileddiscussioron how to mapgraphtransfor
mationsystemsnto transitionsystemsThe correctnessnd
completenessf this encodingis thereafteprovedin Sec.6.
Thefeasibility of our approachs demonstratedn the verifi-
cationcasestudyof Sec.7, while Sec.8 concludesur paper

2 SpecifyingModels and Modeling Languages

Initially, we semi-formally summarizethe major concepts
for definingmodelsandmodelinglanguagedy a traditional
combinationof metamodelingSec.2.1) and graph trans-
formation (Sec.2.2) techniqueghat will sene asthe input
for our transformatiorapproachater on. As our methodis
plannedo beappliedbothto modelsandmodelinglanguages
(andasthe modelingterminology i.e., MOF [35] andUML
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arevery closeto eachother)theterms(i) classdiagramsand
metamodelsand (ii) objectdiagramsand (instance)models
will be usedinterchangeablyeventhoughthey canbe very
differentfrom anapplicationpoint of view.

2.1 Modelsand metamodels

The abstract syntaxof domainspecificmodelinglanguages
is definedby a correspondingnetamodelwhich conforms
to the bestengineeringpracticesn visual specificatiortech-
niques.Frequentlymodels(denotedas M in the sequeljand
metamodelgreferredas M M) arerepresentedhternally as
typed, attributed and directedgraphswith nodesfor classes
(objects)and directededgesfor eachnavigable association
(link) endtogetherwith the correspondindyping homomor
phisms[13]. Attributes(slots)associatedo classegobjects)
canbeinterpretedasattributes(or slots)on graphnodes For
the currentpaper we restrict our modelsin sucha way that
only onelink of a certaintypemaylead betweertwo objects
(thusalink is abinaryrelationon objects).

As a conclusionwe usethefollowing “generalized”no-
tationof modelsandgraphs.

— For the metamodelelements we usethe termsclasses
associationsandattributes(alsoinsteadf the notionsof
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) we usethetermsnodes edges andslots

Thedistinctionbetweermodelandrule elementss irrel-
evantfrom a modelingpoint of view (bothareon the model-
level); however, it follows thetraditionalnotation.

In additionto thesemodelingelementsthetraditionalno-
tion of inheritanceis alsointerpretedor classegbut not for
associatiorand attributesas, for instancejn [49]). Thusan
instanceobjectof a subclasss aninstanceof the superclass
aswell, moreover, attributesof the superclasarealsoacces-
siblein thesubclass.

At this very initial point, we distinguishbetweenstatic
and dynamicmodel(graph) elementqfollowing the guide-
linesof [46]). By dynamicmodelelementsve meanelements
that canbe altered,(updatedremoved or added)during the
executionof models,which can be easily collectedby an-
alyzing the structureof the behavioral specification(graph
transformatiorrulesin our case).For a notationalguidance,
dynamicelementsill appeain redin modelsandmetamod-
els (with additionaldashedinesin caseof links andprinted
in italics for text).

Examplel A samplemetamodeanda simplemodelof finite
automataredepictedn Figurel.

Accordingto the metamodela well-formedinstanceof
a finite automatonis composedof statesand transitions
A transitionis leading from its from stateto its to state.
Theinitial statesof the automatorare marked with init, the
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Fig. 1 A metamodelndmodelof finite automata

active statesare marked with current, while the reachable
statesstartingfrom the initial statesare modeledby read-
ableedges.

A sampleautomatoral consistingof threestateqs1, s2,
s3) andthreetransitionsbetweerthemtl (leadingfrom s1 to
s2), t2 (leadingfrom s2 to s3), andt3 (leadingfrom s2 to s3)
is alsodepicted. We cannoticethat the initial stateof al is
sl.

In orderto concentrateon dynamicbehaior of models
(and languages)we assumefor the rest of the paperthat
our modelsand metamodelsare all well formed (thuswell-
formednesshecksare not includedin the algorithmspre-
sentedn the paper).

2.2 Graphtransformatiorrules

For the currentpaper we supposethat the dynamicopera-

tional semantic®f amodelinglanguages specifiedoy graph
transformatiorrules.In the sequelwe definegraphtransfor

mationrulesandtheirapplicationto ausermodelin anopera-
tionalwaywhichis functionallyequivalentwith thecateyory-

theoreticalsingle pushoutapproach(SPO)[20] but requires
lessmathematicapreparations.

Definition 1 A graph transformation rule is a 5-tupleR =
(Lhs, Neg, Rhs,Cond, Assgn), wher Lhs is theleft-hand
sidegraph, Rhs is theright-handsidegraph,while Neg de-
note the (optional) negative application conditiongraph(s).
Eadh nodein Lhs and Neg may contain additional condi-
tions Cond for attributes/slotswhile eac nodein Rhs may
haveattribute assignmentslssgn associatedo them.

Definition 2 The application of a rule to a model M (i.e.,
a well-formedinstanceof its metamodelM M) rewrites the
modelby replacingthe patterndefinedby Lhs (restrictedby
prohibitedsubgiaphsof Neg andattribute conditionsCond)
with the patternof the Rhs. Thisis performedasfollows.

1. Find a matding, i.e., a homomorphic(possiblynot iso-
morphic)imageof the Lhs graphin the model M (by
graphpatternmatching).

2. Ched the negative application conditions(Neg) which
prohibit the presenceof certainsubmodelqobjectsand
links) in M,

3. Chedking attribute conditions. When a node (object)
is matched,all its associatedattribute conditions are
checled andif ary of themis violated thenthe current
matchingis discarded.

4. Remaee A partof themodelM thatcanbemappedo the
Lhs but notthe Rhs 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 orderto follow the SPO
approach.

5. Glue Rhs andthe context modelaregluedtogether(by
addingnew objectsandlinks) to obtainthederivedmodel
M.

6. Update attributes. Finally, attribute updatesare per
formedin accordancevith Assgn.

Example2 A pair of rules describinghow the reachabil-
ity problemon finite automatacan be formulatedby graph
rewriting rulesis depictedn Figure2.

For instanceruleinitr is structuredasfollows.

— The Lhs graphconsistf two nodeqobjects)Al of type
Automaton, and S1 of type State) andan edge(link) of
typeinitial.

— The Neg graphconsistsof the sametwo nodes(A1 and
S1) andan edgeof typereachable. Negative application
conditiongraphsare denotedby shadedareasin figures
labeledwith the NEG keyword.

— The Rhs graphconsistsof the sametwo nodes(A1 and
S1) and(anew copy of) anedgeof typereachable.

— The rule doesnot containattribute conditionsor assign-
ments.

RuleinitR in Fig. 2 statesthat all statesof the automa-
ton marked asinitial arereachabld(if the statehasnot been
marked previously). Whenapplyingthis rule to thefinite au-
tomatonmodelof Fig. 1,anew reachable link is createdead-
ing fromal to s1.

RulereachR expresseshatif areachablestateS1 of the
automatoris connectedy a transitionT1 to sucha stateS2
thatis not reachableyet then S2 shouldalsobecomereach-
ableasaresultof the rule application.Note that without the
negative applicationcondition thetransformatiorwouldgen-
eratemorethanasinglereachabldink betweeranautomaton
anda state whichwould contradictour assumptiorthatthere
only a singlelink of a certaintype is allowed betweentwo
objects.
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3 Model Checking Transition Systems
3.1 Transitionsystems

Transitionsystemg(TS) (pp. 71-75in [38]) area common
mathematicaformalism that senes as the input specifica-
tion of variousmodelchecler tools. They have certaincom-
monalities (in mary caseson the concretelanguagelevel
aswell) with structuredprogramminglanguageqlike C or
Pascal)asthe system/prograns evolving by executingnon-
deterministidf-then-elsdik e rulesthatmanipulatestatevari-
ables.In all practicalcaseswe mustrestrictthe statevari-
ablesto have finite domains sincemodelcheclerstypically
traversethe entirestatespaceof thesystento decidewhether
acertainpropertyis satisfied.

Definition 3 Formally, atransition systemis a 4-tupleT'S =
(V, Dom, T, Init) whee

1. Dom = {D,..., D} is asetof finite domains

2.V = {v1,...,v;} isthesetof state variables takingtheir
valuesfrom a correspondingdomain. The domainof a
variable is denotedas dom(v;) = D; or shortlyasw; :
D; whee D; € Dom;

3.T ={mn,..., 7} is thesetof transitions (gquarded com-
mands) which is of theformp — v} = ey,...,v], =
en Whee thep is a booleanguard condition,and an ac-
tion (or assignment); := e; specifiemnupdatefor state
variablev;;

4. Init is a(nunquantifiedirstorder) predicatedefiningthe
initial state.
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Similarly to the majority of modelcheclertools,we sup-
posethat statevariablescan be storedin statevariablear
rayspi,...,pm fangingon (setsof) objectidentifiers,and
they can be referredto asp;[i] = wv;. In this case,an n-
dimensionaktatevariablearraypli1]. . . [i»] hasn index do-
mainsID; € Dom (for whichi; € ID;), andavaluedo-
main VD € Dom. Theintendedmeaningis thateachstate
variablev;, .. ;. = p[i1]...[in] (i.e., alocationin the state
variablearray) takesits value from the value domainV D.
Naturally, all index and value domainsare requiredto be a
priori finite. For instancewe will declarea one-dimensional
statevariablearraycolor laterin Example3 with anindex do-
main StatelD = {s1, s2, s3} andvaluedomainColorType =
{R, G, B}.

Notethattransitionsystemsareakind of anabstracsyn-
tax of a specificationanguage, which canbe usedto gener
atea statespacgformally, a Kripke structure)describingthe
system.

Definition 4 AKripkestructure K'S = (X, N, I, o) isafour
tuplewhete (i) X' is the setof states (inducedby all possible
evaluationsof statevariables),i.e., ¥ = dom(v1) x ... X

dom(vg); (i) N C X x X is the transition relation de-
finedasN = |J;_, Act,, whee Act,, is a relationinduced
by the guarded commandsof the TS, i.e., Act,, (V,V') =

pi ANy vl = ey (i) I C X is the setof initial

states; and (iv) o : ¥ — 247 is a labeling function map-
ping ead stateto a subsetf atomicpropositionsAP (e.g.,

atomicequations}thatare valid in the givenstate

Intuitively, a transition (guardedcommand)of the form
p — v} == e1,...,v,, = e, canbeexecutedin ary state
satisfyingconditionp. Thusconditionp is calledtheenabled-
nesqguard) conditionof thetransitionr anddenotedasen. .
We saythatr is enabledn astates, if its conditionp is satis-
fiedin s (denotedass =5° p orsimply s |= p). Theeffectof
executingr isthat(i) all expressionsy, . . ., e, arecalculated
first basedupon s, andthenthesenew valuesare assigned
to statevariablesvy, - . ., v,. An executionpath of a Kripke
structureis aninfinite sequenc®f statessy, sy, s2, - . . Start-
ing from oneof theinitial stategsq |= Init) andprogresses
from onestateto anotherby non-deterministicallyselecting
andfiring (enabled}ransitionsof the system.

The requirementgor propertiesto be verified) for mod-
elsspecifiedby a Kripke structurearefrequentlycapturedoy
sometemporallogic formulae.However, since only safety
propertiesanddeadlockireedomarebeingprovedin thecur-
rentpaperwe definetheseconceptsvithouttheuseof tempo-
ral logic operationsAs ourtechniqudocusenthetransfor
mation of the systemspecification(which is independenbf
expressingrequirements)ywe supposehat the requirements
canbeexpressedby someformalismunderstoody thetarget
modelchecler.

— Safety properties A safety property ¢s (pp. 171-172
in [38]) is aninvariant (a booleanexpressioncomposed
of atomic predicates}hat musthold in eachstateof the
system Whenever a stateis reachedduring the traversal



Automatedrormal Verificationof VisualModeling Language$®y Model Checking 7

of the statespacewherethis propertyis violated, model
checkingcan terminateimmediatelywith an error mes-
sage.

— Deadlockfreedom A systemisin adeadlockpp.72—-73
in [38]), if no transitionsareenabledat the specificstate.
Here the correspondingleadlockproperty¢p could be
derivedby combiningthe guardsof transitions.

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

Definition 5 (Model checking problem) Given(i) a system
modelin the form of a transition system7'S (inducing a

Kripke structue K S), and (ii) a safetyproperty ¢, thenthe
modelchedking problemcanbe definedasto decidewhether
¢ holdson eat executionpath of the system(i.e., whether
s; = ¢ for all s; onthe executionpath). Moreover, the sys-
temshouldbefreeof deadlocksi.e.,Vi: 3r € T : s; = en.

After the mathematicaflefinitions,we overview the con-
ceptsof a specificmodelchecler tool that will provide the
notationfor exampleson transition systemssincethe lan-
guageitself is very closeto the mathematicatlefinition.

3.2 SAL:SymbolicAnalysisLaboratory

The SAL (Symbolic Analysis Laboratory)[7] framework
aims at combining differenttools for abstraction program
analysistheoremproving, andmodelcheckingfor the eval-
uationof systempropertiesThe SAL architecturecanbein-
terpretedas a “tool-bus” wherea collection of tools inter
actthroughthe commonintermediatdanguageof transition
systems.The individual analyzers(theoremprovers, model
checlers, staticanalyzers)are driven from this intermediate
layerandtheanalysisresultsarefed backto thisintermediate
level.

— In the SAL intermediatelanguage the unit of specifi-
cationis a contet, which containsdeclarationof types,
constantstransition systemmodules,and assertionsA
basicSAL moduleis a statetransitionsystemwherethe
stateconsistf input, output local, andglobal variables,
whichreferto differentaccessnodes.

— A basicmodulealsospecifiegheinitialization andtransi-
tion steps Thesecanbegivenby a combinatiorof defini-
tionsor guardeccommandsA definition (or assignment)
is of the form z = expression or x' = expression,
wherez' refersto thenew valueof variablex in atransi-
tion. A guardedcommands of theform g — S, where
g is abooleanguardand .S is a list of definitionsof the
form 2’ = expression. In additionto that, we may also
define(auxiliary) functionsthatalwaysyield a determin-
istic result.

— SAL modulescanbecomposedi) syndironously sothat
M, ||M is a modulethat takes M; and M, transitions
in alockstep,or (ii) asyntironously when M;[|M; is a
modulethat takesan interleaving of M; and M» transi-
tions.

Example3 The SAL example belowv definestwo domains
(StatelD and ColorType) and a one-dimensionastate vari-

ablearray color mapping(elementf) StatelD to ColorType.

For initialization, we assignthevaluesR, G, andB to thelo-

cationssl, s2, s3 of the array respectiely. The singletran-

sition (guardedcommand)statesthatvaluesR andG canbe
swappedatlocationss1 ands2 (respectiely) of arraycolor.

% Domai ns

StatelD : TYPE = {sl1, s2, s3},

Col or Type : TYPE = {R G B};
% State vari abl es
GLOBAL col or: AR-

RAY Statel D OF Col or Type
% Initialization predicate
I NI TI ALI ZATI ON

COlOf[Sl] = "R, COIOr[SZ] = "G'; COlOI’[SS] — np
% Guar ded comands

TRANSI TI ON

color[sl] = "R AND color[s2] = "G -->
color’[sl] = "G'; color’ [s2] = "R

In the paperwe will usethe SAL specificationanguage
for codelevel exampleswhendescribinggraphtransforma-
tion systemsaastraditionalstatetransitionsystemslespitethe
factthatthe SAL framework is not yet available for public
use.However, asSAL is aimedto provideagenerafront-end
to manyindividual model checlers,we canachieve a high
level of independenc&om concretetoolsin exchange.

4 Abstract StateMachines: A Unifying Semantic
Framework

It is relatively commonin variousgraphtransformatiortools
(suchasPROGRESJ[43] or VIATRA [45]) to formally rep-
resentmodelsand metamodels@salgebraictermsandgraph
transformationas manipulationof suchterms.In the paper
we use Gurevich’s abstractstate machines(ASMs) [24] to
provide a uniform semanticframework both for GTSsand
TSs.ASMs treatthe static structureof a languageasterms
over an arbitrary algebraand the dynamicbehavior is cap-
tured by ruleswhich may updatecertainfunctionsthus al-
lowing the algebrato evolve.

On the one hand,the algorithmsspecifiedby ASMs are
very closeto traditionalprogrammindanguagesandtheuni-
form ASM formalismlargely easeghe proof of correctness
and completenes®f our approachin Sec.6. On the other
hand,the useof ASMs makesthe currentpaperrathermath-
ematicalat certainpoints.For thosewho arenot particularly
interestedn the preciseformal treatmentof our technique,
we recommendo overvien only Table 1 in Sec.4.1 (that
givestheintuitive meaningof ASM rules)andto safelyskip
Sec.6 containingthe equivalenceproofs.

For anintroductoryoverview of ASMs, we basicallyfol-
low [8].



4.1 Anintroductionto abstract statemadines

The main structuralelementof an ASM is a state® (i.e.,
anarbitraryalgebra)overavocahulary (or signature)®’ con-
sistingof a non-emptysetdenotedasthe superuniveseand
theinterpretationsof functionnamesThe superunierse|2|
is often divided into (sub)domainsD;,...,D,, whereall
D; C || andareserveRes, which is a setof elementghat
arecurrentlynot in use.The interpretationof an ASM in a
givenstate?l depend®ntheervironment,.e.,theinterpreta-
tion ¢ of its freevariables We usethe standardnterpretation
of terms[[t]]?l andformulae [(p]]?[ in state2( undervariable
interpretatiorn( (but we oftensuppressnentioningtheunder
lying interpretatiorof variablesfor the sale of simplicity).

BasicASM rulesarebuilt up from functionupdatesand
constructsfor skip, if-then-else let, forall, anditeration by
parallel andsequentiatomposition\We considerthe choose
constructas a specialnotationfor using non-deterministic
choicefunctions,and the create constructto assigna fresh
elementfrom the resere. The semanticof standardASMs
is definedin [24] by assigningto eachrule R (given a state
2L andinterpretation{) an updateset [[R]]g‘ which — if con-
sistent—is fired in state2l andproduceghe next state’8 =
next(2, ¢).

An updatesetis a set of updates i.e., a set of pairs
(loc,val) whereloc is a location,andval is an elementin
the domainof 21 to which the locationis intendedto be up-
dated.A location is an n-ary function name f with a se-
quenceof lengthn of elementdn the domainof 2, denoted
by f{ai,...,a,). If U is an updatesetthen Locs(U) de-
notesthe set of locationsoccurringin the elementsof U
(Locs(U) = {loc|3val : (loc,val) € U}). An updatesetU
is calledinconsistentif « containsatleasttwo pairs(loc, v;)
and(loc, v2) with vy # v, (i.e.,|U| > |Locs(U)|), otherwise
it is calledconsistent

For a consistentupdateset U and a state?l the state
firey (U), resulting from firing U in A is defined as a
state®® which coincideswith 2 except f*(a) = wal for
each(f{a),val) € U. Firing an inconsistentupdate set
is not allowed, i.e., firey (U) is not definedfor inconsis-
tentU. This definitionyieldsthe (partial) next statefunction
nextg (2, ¢) = fire([[R]]?‘) which describe®neapplicationof
R in a statewith a given ervironmentfunction ¢. Often we
alsowrite next(R) insteadof nextg.

Therulesof Table1 describethe meaningof main ASM
rules.We use R and S for rules, z for variables,s and¢
for expressions(terms),p for predicates(booleanexpres-
sions),U, V for updatesets,anda, b to semanticalvalues.
We write f% for the interpretationof the function f in state
A, and ¢’ = ¢{z — a} is the variableassignmenivhich
coincideswith ¢ exceptfor x wherexz = a. The meming
of two updatesetsU and V' (denotedasU & V) is de-
finedas {(f(t1,---,tn),0) | (F{t1,---,tn),b) € UA fc :
(f(t1,-.-,tn),c) € V}UV,Iif U is consistentandU other
wise (thusif U is inconsistent).

DanielVarro

4.2 An ASMencodingof modelinglanguagesandinstance
models

Now we discussnformally (i) how the graphrepresentation
of modelscanbe encodedasan ASM state,andhow graph
transformatior(following the SPOapproachanbe formal-
izedasASM rules(for aprecis€formaltreatmenbf encoding
graphtransformatiorrulesasASMs, see[48], for instance).
Thevocahulary (signature)of an ASM representationf
amodelinglanguages drivenby the metamodelWe define

— a unary predicate (booleanfunction symbol) for each
clasg(suchasState Transition andAutomatorin ourrun-
ning example);

— a binary predicatefor eachassociation(e.g., from, to,
reacablg etc.);

— aunaryfunctionsymbolof a specificdomainfor eachat-
tribute (seethe color attribute of states)and

— traditionalboolean(T, L) andarithmeticfunctionsym-
bols(suchas+, <, undef) if required.

InstancemodelsareencodedasASM stateA9". Thesu-
perunivese |2197| is composedof the setof unique object
identifiers, the abstracteddomainsof attributes (i.e., some
enumeratiordomains),and a resene for fresh objectiden-
tifiers. Theinterpretationof functionsymbolsis asfollows.

— A unary (class)predicatecis is interpretedas T atloca-
tion n; (denotedascls®’ (n;) := T), if theobjectidenti-
fied by n; of typecls isinitially active (or existing)in the
instancemodel.Otherwisethe predicateis interpretedas
falseby definition: cls**" (n;) := L.

— For a binary (association)predicate the interpretation
is asc® (ni,n;) = T if the link of type asc be-
tweenobjectsn; andn; is active at the beginning. Oth-
erwise,the predicatds interpretedasfalseby definition:
asc™ (ni,n;) = L.

— For a unary (attribute) function the interpretationis
att*” (n;) := wal, if n; is an active object, and the
slot of type att is equalto val initially, moreover, val is
taken from the properdomain.Otherwise by definition,
the predicateis interpretedas undefined:att*’" (n;) =
undef.

Thereaftera statein the ASM representatiomf a(nin-
stance)modelis definedby the currentevaluationof ground
predicates[p]*°", i.e., predicateswithout variables(there-
fore theevaluationis independenof the environment().

For anotationalshorthandyve will frequentlywrite true
insteadof T2", and false insteadof 12°". Moreover, we
alsoabbreviate [p(n;)]**" = true and[p(n;)]*"" = false
as[p(ny)]*" and[-p(n;)]*"", respectiely.

Notethatif parent is a superclas®f child in theinher
itancehierarchy(denotedasparent «+ child) of the meta-
modelthen[child(z)]*"" implies [parent(z)]**" for all z
in ary state(9".

Example4 The vocalilary X¢, inducedby the metamodel
of finite automata(Fig. 1) is automaton, state, etc. (for



Automatedrormal Verificationof VisualModeling Language$®y Model Checking 9

[z]2 = ((z)
Hf(tl,---,tn)]]? = fm(ﬂtl]]?:aﬂtn]]?)
[skip]2 = 0
[f(ts,- . tn) = ] = {(A[tDZ, -, [ta12), [s1)}
[Rpar S =[RS]? = [R[ZUISI?
2 2 = true;

[if ¢ then R elseS]Z = { %gﬂlcﬁ: Icf)t&i]r]\fvis_; ’
[letz = tin R] = [RI%...; Wherea = [t]¢
[forall z with ¢ do R]Z = |JIRI%..; where

veEV

V= {U | H@H?{wr—)v} = tTue}
[RseaS]? = [R; SI¢ = [RZ ®[SI¢

chooséz) with ¢ do R or etz = fo(..)INR

creatqz) do R =  letz = frew(-..)INR Createa new elementz from the“resene” which
doesnotbelongto ary of the existingdomains.
[r(ts, .. ta)]2 = [body[t1/z1,...,tn/an]] if arule def- | Rulecall andrule definition
inition r(z1,...,2,) = body exists and

[body[ti/z1,. .. tn/an]]? is defined

Variableassignment
Interpretatiorof functions
Do nothing

In the next state, the value of the function
f at the amgumentst,...,t, (i.e., at location
f(t1,...,tn)) isupdatedo s.

RulesR andS areexecutedn parallel.

If  istrue,thenexecuteR, otherwiseexecutes.

Assignthevalueof ¢ to z andexecuteR.

ExecuteR in parallelfor eachz satisfyingep.

Executefirst R and then S as an “atomic” se-
quence.

Selectnon-deterministicallyanelemente satisfy-
ing conditiony andexecuteR

Table1l Semantic®f transitionrulesin ASMs

classes)states, reachable, current, etc. (for associations),
color (for attributes),andR, G, B for constansymbols.The
superunverse|2A£2| includes(at least)the following identi-
fiers:al, s1, 52, 3, t1, 2, t3, R, G andB.

The ASM state A/ of the instancemodel of Fig. 1
can be defined as [automaton(a1)]?’", [state(s1)]*’",

[states(al, s1)]2"", [init(al, s1)]*"" etc. 2.

4.3 An ASMencodingof graphtransformatiorrules

The ASM representatiof a(n SPO)graphtransformation
(GT) rule (formalizedin a ASM codepatternin Alg. 1) must
appropriatelyhandle(i) the patternmatding phase(ii) the
deletionof elementsaccordingto the differenceof the LHS
andtheRHS, (iii) theremoval of danglinglinks, (iv) thecre- 4
ation of elementsaccordingo the differenceof the RHS and

LHS, and(v) theinheritancein theclasshierarchy

1. Pattern matcing and cheding negative conditions.Let
us first assigna variable z for eachnodein the rule.
The preconditionof the rule is constructedrom (i) the
LHS graphby instantiatingvariablesof the LHS using
the non-deterministichooseconstruct,and (ii) the neg-
ative applicationconditiongraphsby creatinga formula

that prescribeshe non-existenceof variableassignments
thatsatisfiegshenegative condition(Line 2). In thissense,
amatding patternof the GT ruleis definedby extending
the ervironment( by variableassignmentfor eachvari-
ablein X5 (formally, ({z1 = v1,..., 2 = vp}; 35 €
Xins)-

Deletion of elementsThen we perform the deletion of
modelelementdy falsifying all the correspondindoca-
tionsaccordingothe LH S \ RH S of theGT rule (Line
4).

. Dangling links. Whenremoving an objectz of type cls

(Line 5), a specialcareis requiredto appropriatelyhan-
dle potentialdanglingedgesFor thatreasonall locations
of links (andslots)thatarerelatedto the objectto bere-
movedarefalsifiedaswell (Lines 7-9).

. Creationof elementsin caseof creation,the properlo-

cationsaresetto true (Line 19). Whencreatingan object
of type p, we usethe create construct(Line 16), which
obtainsa freshidentifierfrom theresere.

. Handling of inheritance In caseof removing an object

of type cls Moreover, all locationsin superclasseand
subclassesf cls shouldbe falsified aswell (Lines 12—
14). Whencreatinga new objectof typecls, all locations
in superclasse@ut not subclassesf p shouldbe setto
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Algorithm 1 ASM representatioof GT rules

Notation:

X 15 variablesrelatedto nodesappearingn the Lhs;

X neq: Variablesappearingonly in the Neg but notin the Lhs (i.e.,
relatedto nodesn Neg \ Lhs);

X pre: variablesappearingn Lhs or Neg, i.€., X ins U X neg;

X 4ei: variables related to nodes in LHS \ RHS (where
Xaet C Xins);

X q44: variablesrelatedto nodesn RHS \ LHS,

X qu1: variablesappearingn Lhs or RHS, i.e., X hs U X qdd.

cls: apredicatederivedfrom aclass

asc: apredicatedervedfrom anassociation
att: apredicatederived from anattribute

parent <« child: parent is asuperclassf child
unde f: theundefinedvalue

val: avaluefrom acorrespondingaluedomain

rule rspo =

1: /* Instantiatevariablesthat satisfy the precondition(i.e., both
LHS andNEG)*/

2: ChOOSGYlhs with ¢lhs(Ylhs)/\
(T neg * breg(Xpre)) do

3:  /* Deletingobjectsor links or slots*/

4:  cls(x) = Lorasc(z,y) := L oratt(x) := undef;

5: if cls(z) is anobjectlocationto befalsifiedthen

6: /* Remwing danglinglinks */

7: forall z with asc(z,z) = T orasc(z,z) = T do

8 asc(z,z) := Lorasc(z,z) == L

9

: end for
10: [* A similar treatmentof slots belongingto the falsified
objectshouldcomehere*/
11: [* Remwing from theinheritancehierarchy*/
12: forall clsy with cls < clsy orclsy < cls do
13: csi(z) =1
14: end for
15:  endif
16: createX ,qq do
17: letz; € Xadd, Y1,21 € Ya” in
18: [* Creatingobjectsor links or slots*/
19: cls(z1) := T orasc(yi, z1) := T oratt(y1) := val,
20: if cls(x) is anobjectlocationsetto truethen
21: /* Modifying the inheritancehierarchyfor all super
typesparent of cls atlocationz */
22: forall parent with parent « cls do
23: parent(z) :=T
24: end for
25: endif

26: endcreate
27: endchoose

trueaswell (Lines22—24)in orderto faithfully presere
theinheritancehierarchy

NotethatAlg. 1is notarealalgorithmbut only ascheme
for thestructureof the ASM rule thatimplementgheGT rule.

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

rule initRgp, =

DanielVarro

chooseA4,,S; with automaton(A;) A state(S;) A
init(41,51) A —reachable(A4;, ;) do
reachable(Ay,S1) :=T
end choose
This examplecan be readasfollows: in the next state,

the reachable relation should becometrue for a (non-
deterministic)assignmentfor variablesA; andS; wheneer
the automaton function holdsat A, state holdsat S; and
init holds at Ay, Sy, but reachable(4,, S1) is falsein the
currentstate.

Example6 To demonstratéow to handledanglinglinks, the
ASM representationf a rule that removesa transitionof a
finite automatoris the following.
rule delTransRy, =
chooseT; with transition(77) do
transition(7T}) := L
forall X with transitions(X,T}) do
transitions(X,T;) := L
endfor
forall X with from(T3, X) do
from(Ty,X):= L

endfor
forall X with to(77, X) do
tO(Tl, X) =1
endfor
endchoose

It is worth noting that only slight modificationsare re-
quiredin Alg. 1 to follow the DPO approach[14] instead
of SPO.First of all insteadof implicitly removing dangling
edgeqLines5-9)we shouldcreatea danglingconditionfor-
mulagq.ng (by extendingLine 2) to forbid theapplicationof
therule in sucha caseMoreover, theidentificationcondition
canbeexpressedy anothefformulag;qe,, (in Line 2), which
prescribeshatwe mustnot assignthe samevalueduring pat-
ternmatchingto variablesof objectsto beremoved.

4.4 An ASMencodingof transitionsystems

Sinceabstracstatemachinesaregeneralizationsf transition
systemsthe ASM encodingof transitionsystemsis rather
straightforvard.

State variables, Domains, Initialization ~ Since state vari-

ablesare arrangednto statevariablearrays,we may assign
a function symbolp for eachstatevariablearrayplz]. As a
specialcase a nullary dynamicfunction symbolin an ASM

mayrepresena singlestatevariablein aTS.

In TSs, eachindex and value domainsD; shouldbe a
priori bounded.Thereforewe may assignsortsto function
parametersand return valuesto expressthe fact that each
parametesshouldbe taken from the correspondinglomain.
As aresult,for a TS with ann dimensionalstatevariable
array p with correspondingndex domainsID; and value
domain VD, in the ASM representatiorwe have p(z;
IDy,...,z,:ID,):VD.
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Thereafterthe initialization predicatesimply definesthe
initial state2A?s ., in the ASM representationf the TS. Since,
in generaltheinitial stateof a TS maybe non-deterministic,
the ASM representatioof theinitial statemaydependnthe

ervironment(in otherterms,it may containfreevariables).

Transitions(guardedcommands) The mostcrucial restric-
tion of TSs(in contrastto ASMs) is thatnon-determinisnis
only allowedto selectfrom a setof enabledransitions put if
someonalreadyselecteda singletransitiong — p;[v1] :=
€1,---,PnlUn] := en, it shouldbe deterministic.Therefore
theguardg andtheexpressiong; mustnot containfreevari-
ables,andthe useof the chooseconstructis also prohibited
in the ASM representationf a TS. Moreover (asa practical
restriction),the majority of modelcheclersdoesnot support
quantifiedformulaein guards.Finally, Table 2 summarizes
the ASM andSAL representationf atransition.

ASM SAL
rule s =
if g then g -->
p1(v1) :==e1 pl' [vl] = el;
pn(vn) :=en pn'[vn] = en;
endif

Table2 A transitionin aTS (ASM andSAL representation)

5 From Graph Transformation Systemsto Transition
Systems

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

In otherwords,we proposeatranslatiorthatinputs(i) the
metamodebf a visual modelinglanguaggor classdiagram,
on the modellevel), (ii) its operationalsemantic§dynamic
behaior) in the form of a graphtransformationsystemand
(i) a concretewell-formedmodelinstanceof the language
(objectmodel),andgenerates transitionsystemasthe out-
put.

Note thatsincewe usemodelcheclers,we do notreason
aboutthe propertiesof the languagetself (asdoneby theo-
rem provers).However, we can automaticallyprove certain
correctnesproperties(lik e safetyand deadlockfreedomin
our casestudy) for a well-formed specificbut arbitrary in-
stancemodelof thelanguage.

It is essentialto be pointedout thatin practical cases,
the useris only interestedin the correctnesf his or her
model and not the correctnesf the entire modeling lan-
guage.Moreover, proving the correctnes®f a propertyfor
all valid modelinstancess oftenimpossible.

5.1 A conceptuabvervien of theencoding

As demonstrategbreviously by [26, 27], graphtransforma-
tion systemsanbeinterpretecasa TS wherethe statespace
is constitutedfrom attributed graphscreatedby elementary
graphtransformatiorsteps(seefFig. 3 for anoverview).

o—0®

RuleApp2 RuIeAppZ@

RuleAppl O

RuleAppl

i

Fig. 3 Thestatespaceof graphtransformatiorsystems

This statespacehasa specialstructure:while the graph
representationf ausermodelis typically finite (for instance,
infinite UML modelsare somavhatrare),attributesmay re-
sultin potentiallyinfinite staterepresentation&.g.,in caseof
integersor reals).As currentmodelcheckingtools canonly
traversestatespacesnducedby statevariablesof finite do-
main, variableshaving infinite domainsshouldbe abstracted
to booleandomainsbeforemodelchecking,for instance py
atechniquecalledpredicateabstraction [41].

Thereaftermodelshaving attributesof finite domain(ei-
ther originally or after predicateabstraction)will form the
statesof the TS andthey will be encodedaspredicatever
nodeidentifiers.Applying a graphtransformatiorrule for a
singlematchwill berepresentedsatransitionin the TS

The major challengein suchan encodingis that while
graphtransformatioris a meta-level specificatiortechnique,
transitionsin a TS aredefinedon the modellevel. As a con-
sequencea singlegraphtransformatiorrule is encodednto
several transitionsn the TS moreover, thesamegraphtrans-
formationrule mayyield differentenabledtransitions(even
duringthe sameexecution)whenappliedto differentinstance
graphs.

5.2 A naiveencodingof graphtransformatiorsystemsénto
transitionsystems

First we presenta naive encodingof GTSsinto TSs,which
easilydemonstratefiown to derive a setof transitionsfor a
singlegraphtransformationule, but whichis inefficientfrom
averificationpoint of view.

Mappinggraphsinto statevariablearrays Sincewe intro-
ducedthe samesemanticrepresentatiorior the graphsand
statevariablearrayswe cannaturallymap(i) eachclassinto
a one-dimensionabooleanstatevariablearray (ii) eachas-
sociationinto atwo-dimensionaboolearstatevariablearray
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and(iii) eachattribute into a one-dimensionastatevariable
arraywith enumeratiomange .However, sinceTSsarenotas
expressve asGTSs thefollowing additionalassumptionare
required.

— In orderto definethe correspondingndex domainsfor
thesestatevariablearrays,we have to assumehatthere
existsan a priori upperboundfor the numberof objects
in the modelfor ead class In this respectwe suppose
thatwhenanew objectis createdt is only activatedfrom
thebounded'pool” of currentlypassve objects(deletion
meangassvation,naturally),andthe sameappliesto the
interpretatiorof links.

— Concerninghevaluedomainsof statevariablearrays at-
tributes(slots) of infinite type havebeenabstactedinto
somereptesentativefinite domain which is carried out
by theuser(potentiallywith tool support)usingpredicate
abstractionfor instance.

The mainlimitation imposedby theserestrictionsis that
we cannot handle graph transformationsystemswith po-
tentially infinite state space.In other terms, we carry out
boundedmodel cheding, which is only able to efficiently
traversethe statespaceup to a certaindepthprovided asa
parameterin our case,this parameteris the list of upper
boundsfor eachclasg. This list of upperboundssenesas
anadditionalinput to our translation(becauseanalgorithmic
“guess”for the upperboundshascomputationatompleity
problems).

As aresultof this encoding,we cantrivially establisha
mappingF; from the ASM stateA9" of aGTSto the ASM
state2(™ of anawve TS sincethe samefunctionsymbolsare
usedwith the sameinterpretationFormally, 20"? = F; (A9")
with (i) Fi(p) := p for all function symbol p, and (ii)
[p(z) = o]*"" = [p(z) = o]*".

In this sensethe initialization predicateof the corre-
spondingTS is thusdefinedby theinitial instancemodelof
theGTS.

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

% Dormai ns

AutID : TYPE = {al};

StatelD : TYPE = {sl, s2, s3};
fal : MODULE =

% State variable arrays

BEG N

GLOBAL reachabl e: ARRAY Autl| D CF
ARRAY St at el D OF BOOLEAN
ARRAY Aut| D OF

ARRAY St atel D OF BOOLEAN

GLOBAL st at es:

% Initialization predicate

I NI TI ALI ZATI ON
states[al][s1l] = TRUE
states[al][s2] = TRUE

! Thelist of upperboundsis only requiredfor dynamicclasses,
sincewe caneasilycalculatethe upperboundfor a staticclassde-
pendingonthe modelinstance
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states[al][s3] = TRUE

reachabl e[ al][s1l] = FALSE;
reachabl e[ al] [ s2] = FALSE;
reachabl e[ al] [ s3] = FALSE;

Mapping graph transformationstepsto transitions The
maintaskin encodingransformatiorstepgpotentialapplica-
tions of graphtransformatiorrules)into transitionsof TSsis
to simulateall the differentbehaiors imposedby the graph
patternmatchingprocessin a low-level structure.As graph
transformatioris a meta-level specificationtechniquea sin-
gle graph transformationrule will be encodednto several
transitions In fact, all potentialapplicationof arule (occur
rencesof a pattern)have to be collectedat compiletime and
thenenumerateaxplicitly asdifferentguardedccommands.

Theformal ASM explanationfor this “unfolding” of GT
rulesstemdrom thefactthatthe ASM representationf aGT
rule maycontainvariablesindedby achooseconstrucin its
preconditionformula (dueto Line 2 in Alg. 1, demonstrated
in Example5—6),while suchnon-determinisnis not allowed
in theguardof a TS transition.

The numberof potentialtransitions(accordingto a naive
first estimation)is determinedby the compleity of the LHS
of arule (i.e.,thenumberof nodes)andthesizeof themodel
(i.e., the cardinalityof domainsof statevariablearrays).We
have to instantiatethe variablesof the LHS in all possible
combinationdy a Cartesiarproductconstructiorto enumer
ateall potentiaimatchingof therule. Thusanodein theLHS
is tried to be matchedto eachobjectin the modelhaving a
conformantype.

Note that the Cartesianproductof variableinstantiation
should also enumerateall possiblecombinationsof object
identifierstakenfrom theresene (i.e., for objectsthatarenot
presenin theinitial model).However, aswe assumeo have
ana priori upperboundfor themodel,it is nolongera prob-
lem.

The processof generatinga single transitioncan be di-
videdinto threephasesnamely thegeneratiorof (i) the pos-
itive guardcorrespondindo the LHS, (ii) the negative guard
correspondingo NEG, and(iii) theactionpart.

— Guad of the LHS. For a specificpotentialmatching(i.e.,
combinationof variableinstantiations)of the LHS, the
guardof the LHS is derived straightforvardly from the
groundLHS formula obtainedafter substitutingthe val-
uesto variables.

— Guad of the nggative condition. In orderto ensurethat
none of the potential instantiationsof the variablesof
the NEG graph can be satisfiedfor the given potential
matching,we have to generatea conjunctionof negative
clauseswhereeachclauseis a possibleinstantiationof
the variablesin NEG (alternatiely speakinga potential
matchingof the NEG graph).The guardof thetransition
generatedor the negative applicationconditionsis ob-
tainedasbeforefrom the groundNEG formulae.

— Actions.Priorto generatingheactionsthatupdatecertain
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-
sumingthatthereexists a specialprocedurenextldFrom-
Reserve()which retrievesthe next locationfrom the re-
sene atcompiletime. Whenall thevariablesn LHS and
RHSareinstantiatedywe maysimply copy theupdategin

the ASM representationdf the GT rule.

The procesf generatingransitionsin the TS from the
ASM representatiorof a graphtransformationrule is for-
mally definedin apseudoASM codein Alg. 2.

Algorithm 2 A naive generatiorof transitionsn a TS
Notation:

X 15 variablesrelatedto nodesappearingn the Lhs;

X pre: variablesappearingn Lhs or Neg, i.€., Xips U Xpeg;
¢: variableassignment

x — a: valuea is now assignedo variablez

dom(z): domain(or sort) of variablex

oins: theformuladerivedfrom the LHS of arule

@neg: theformuladerivedfrom the Neg graphof arule

pi: apredicaten the LHS formula

ps,;: apredicatdn the NEG formula

nextIdFromReserve(): a specialfunctionto handlesymmetries
whencreatingobject;calledat compiletime

T = g — act: atransitionin thetargetTS with guardg andaction
act

fun naivetransitions=
1 let X = {z1,...,Z0n}, Xpre = {y1,---,ym}
2: forall {ai,...,an) € dom(z1) X ... x dom(z,) do
3 CGhsi={T1=a1,...,Tn > an}
4: Jlhs ‘= qﬁlhs(al,...,an) E/\ipi
5. Gneg = A, Pneg; (b1,...,bm) Where (by, ...
dom(y1) x ... x dom(yn) andneg; = A; pi,j

bm) €

6: forall z; with z; € Yadd do

7: z; — nextldFromReservelom(z;));

8: endfor

9: forall updatey(zr) := vg in rulergp, do
10: act := pary (pk[Tk] :== v)

11: endfor

12: 7 := (gihs A Gneg) — act
13: generater
14: endfor

1. Firstwe collectall variablesX ;s in the LHS and X ..

in the NEG graphof therule (Line 1).

2. Thenwe proces®neby oneall elementgay, ..., a,) in
the Cartesiarproductof variabledomainsof X ;.

(@) InLine 3, weinstantiatehevariablesz,, . .., z, with
(a1, - ..,an) to constitutea potentialmatchingof the
rule

(b) In Line 4, we substitutetheminto the LHS formula
dins(Xns) to obtainthe first part (g;5,) of the TS
guard.

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

Bregi (X neg) 10 Obtain g, . This conjunction ex-
pressesthat no assignmentsfor variables Ym
may satisfy ary of the negative condition formulae
¢negi (Xpre) : o

(d) We instantiate(in Lines 6—8) all variablesin X ;44
with elementstaken from the resene of the corre-
spondingdomains.

(e) We define(in Lines9-11)a TS actionact asthe par
allel compositiorof assignmentg@sdefinedby Alg. 1
to addandremove graphelements).

(H Finally (in Lines12-13),we generatea TS transition
T composedy; s andgn., asguardsandact asaction.

Example8 In caseof ruleinitR (of Fig. 2), thecorresponding
SAL specificatiorin anaive encodings asfollows.

TRANSI Tl ON % guar ded commands for initR
% first potential match

automaton(al) AND init(al,sl) AND state(sl) AND

NOT (reachabl e[al][s1]) --> % guard
reachabl e’ [al][s1l] = TRUE, % assi gnment

[T % asynchronous conposition

% second potential match

automaton(al) AND init(al,s2) AND state(s2) AND

NOT (reachable[al][s2]) -->
reachabl e’ [al][s2] = TRUE;

(]

%third potential match

automaton(al) AND init(al,s3) AND state(s3) AND

NOT (reachable[al][s3]) -->
reachabl e’ [al] [ s3] = TRUE;

Handling symmetriedn object creation Probably one of
the most crucial designdecisionsone hasto make is con-
cernedwith the creation(activation) of objectsin orderto
handlesymmetrieqor isomorphism)in an appropriatevay.
The problemreliesin thefactthatgraphtransformatioronly
prescribego introducenew objects(with freshidentifiers),
whilein aTS, we haveto specifypreciselywhichis theiden-
tifier for the new object.

A naive approachmay simple generateall the different
wayshow a new objectcanbecreatedby testingwhetheran
objecthaving a certainidentifier is active or not); however,
sucha solution would resultin an unacceptablemountof
transitionsconsideringsomorphic(or symmetric)casedlif-
ferently.

Our proposal(that wasimplementedn [42]) is to main-
tain a counterfor eachclassof objectspointing to the next
free objectidentifier. In this sensea total orderis definedon
identifiers(starting,for instancewith initially active object
identifiers) andwhenanew objectis to beactivated theloca-
tion indexed by the next identifier (accordingto the ordering
relation)will besetto true.

The drawback of the solutionis that eachobjectis al-
lowedto beactivatedonly oncein its life-time (a cyclic acti-
vationandpassvationis thusnot allowedfor the sameiden-
tifier), which might requirea larger input modelto be con-
sidered Sinceallowing to createeachobjectonceis closeto
the object-orientedphilosophy this limitation is not crucial
in our opinion.
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5.3 Optimizationdn transitionsystems

When the currentapproachwas applied for encodingand
verifying UML statechart$ormalizedby graphtransforma-
tion systemgfollowing [46]), we revealedthat the previous
encodingconsumesn unacceptablamountof spacewhen
modelcheckingevensmallapplicationsFor instancetheen-
codingof an automatorhaving 20 statesand 20 transitions
requiresmorethan500booleanstatevariableswhichis typ-
ically far too mary to be handledby state-of-the-artmodel
checkingtools (resultingin a statespacehaving 259 states).
The problemoriginatesfrom thefactthatin the previous
naive approachpoth statevariablesandtransitionswerein-
troduced'verbosely”for the staticpartsof a modelaswell.

Eliminating static statevariables Supposinghatthe struc-
ture of afinite automatorremainsunchangeduringthelife-
time of the model,our translationneedgo createstatevari-
ablesonly for dynamicelementgsuchascurrent or reach-
able links in the metamodebf finite automata)while static
partscanbe omittedby compile-timepreprocessing.

Example9d The optimized SAL encodingof our finite au-
tomatonmodel (Fig. 1) would include the following lines.
Notethatlines of codein Example7 thatarenot partof Ex-
ample9 (suchasthest at es statevariablearray)areelimi-
natedastheresultof our optimization.

Aut1D : TYPE = {al};

StatelD : TYPE = {s1, s2, s3};
fal : MODULE =

BEG N

GLOBAL reachabl e: ARRAY Autl| D CF
ARRAY St at el D OF BOOLEAN

I NI TI ALI ZATI ON

reachabl e[ al][s1l] = FALSE;
reachabl e[ al] [ s2] = FALSE;
reachabl e[ al] [ s3] = FALSE;

Naturally, as a specifictransitionmay never be applied
during the executionof a specificmodel,suchan optimized
encodingmay still introducestatevariablesfor model ele-
mentsthat are never changedHowever, the only possibility
to eliminatesuchunreachablenodel partsrequiresat com-
pile time the useof somesophisticatedstatic analysistech-
nigueson graphtransformatiorrules(which triggersfurther
research).

Eliminatingdeadtransitions Our naive approachmay eas-
ily generateedundantransitionswith guardsthatcannever
be satisfied,although each one is investigatedand tested

at every stepover and over againcausingan unacceptable

declinein performanceFor instance the finite automaton
modelin ourrunningexample(Fig. 1) hasasingleinitial state
s1, thereforethetransitiongyenerated Example8 for al-s2
andal-s3 pairsaresuperfluousasthe guardswill constantly
befalsedueto thestaticstructuie of the model

To eliminatesuchan overheadjn Alg. 3, we eliminate
transitionswith guardsthat cannever be satisfiedby further
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Algorithm 3 Eliminatingdeadtransitionsn aTS
Notation:

T = gins N gneg — act: atransitionin thenave TS

pi: apredicaten theLHS formula

ps,;: apredicatdn the NEG formula

—¢;: a(nhegated)conjunctionof atomicpredicatesn NEG
[pi]®init: thetruth valueof p; in theinitial stateR(*"#

fun eliminatedeadtransitions=

1: forall 7 = (gins A gneg —> Act) generatedby
naivetransitionsdo

2: let Jihs = /\q’vpi

3 letgneg = A\, i = A, (_‘(/\j Di,j)

4: forall p; € gips dO

5: if p; is staticand[[p;]%iét = false then

6: eliminater

7 elseif p; is staticand[[p;]%i~i* = true then

8: remove p; from gps

9: elseif p; is dynamicthen

10: leave p; in gipns asitis

11: endif

12:  endfor

13:  forall (—¢;) € gneg dO

14: if Vj : p; ; is staticand[p;, ;]%i»it = true

(thus[—¢;]?mit = false) then

15: eliminater

16: endif

17: forall p;,; € ¢; do

18: if p;,; is staticand[p;,;]%~i* = false then

19: remove ¢; from greqy

20: elseif p;,; is dynamicthen

21 leavep; ; in ¢; asit is

22: endif

23: endfor

24: endfor

25: endfor

preprocessinghe TS representatiof a graphtransforma-
tion system.

Thepositive conditionsg;ns = A; p; (generatedn accor
dancewith the LHS of the GT rule) areprocesseésfollows
(Lines4-12).

— If a (positive) literal p; is constantlyevaluatedto false
(i.e., it refersto somestaticpartswhich is not presentn
theinitial model),thenthe correspondindransitionr is
eliminated(Lines5-6).

— If aliteral p; is constantlyevaluatedto true(i.e., it refers
to somestaticpartswhichis presentn theinitial model),
thenthe guardof 7 is truncatedby removing p; (Lines
7-8).

— If thetruthvalueof aliteral p; mayvary (asit is dynamic)
thenit is keptasit is in theguardof 7 (Lines9-10).

The negatve conditions gpe, = A;7¢i =
Ni(=(A; pi;) (generatedin accordancewith the NEG
condition graph(s)of the GT rule) are processedollows
(Lines13-24).

— If for all j literals p; ; are constantlyevaluatedto true,
then a matchingpatternof the NEG part of the rule is



Automatedrormal Verificationof VisualModeling Language$®y Model Checking 15

foundwhich alwayspreventsrule applicationthuswe re-
movetheentiretransitionr (Lines14-15).

— If aliteral p; ; is constantlyevaluatedto false(Lines 18—
19),thenthecurrentconjunctg; of thenegative condition
canberemovedfrom the guard.Sincethe applicationof
the GT rule may still be preventedby anotherconjunct
¢r, thuswe do notremove theentirenegative conditionin
this step.

— If thetruthvalueof aliteral p; mayvarythenit is keptas
it is in thenegative guardgy,, of 7 (Lines20-21).

Note that sinceonly dynamicelementscan be modified
thereforeno further preprocessings requiredfor the actions
of aguardedcommandln otherterms,a statevariablearray
appearingn anactionis guaranteedio bedynamic.

Examplel0 After this preprocessingtep,we expectto have
the following SAL specificationfor the transitionsof our
sampleautomatonmodel (in Fig. 1) formalized by graph
transformatiorrulesof Fig. 2.

% guar ded commands for initR and reachabl eR
TRANSI Tl ON
NOT reachabl e[al][s1l] -->
reachabl e’ [al][s1l] = TRUE, []
reachabl e[ al] [s1] AND NOT reach-
able [al][s2] -->
reachabl e’ [al][s2] = TRUE, []
reachabl e[ al] [s1] AND NOT reach-
able [al][s3] -->
reachabl e’ [al][s3] = TRUE, []
reachabl e[ al][s2] AND NOT reach-
able [al][s3] -->
reachabl e’ [al][s3] = TRUE;
END;

%slis init

% sl -> s2

% sl -> s3

% s2 -> s3

Starting from the naive encoding of initR of Exam-
ple 8, on the one hand, we truncate the guard for the
first potentialmatchby eliminatingliterals automaton(al),
states(al, s1), state(s1), etc.asthey constantlyevaluateto
true.Ontheotherhand we eliminatethe othertwo transitions
since,init(al, s2) andinit(al, s3) is constanfalsedueto the
staticstructureof themodel.

Filtering properties Sinceonly dynamicelementappeain

the optimizedversionof a TS generatedrom a graphtrans-
formationsystemthe (safetyor deadlock)propertyto bever-
ified shouldalsobe modifiedby removing the staticparts.If

we assumehat a propertydoesnot contain(neitherquanti-
fied nor unquantified)variablesonly specificlocations(i.e.,
p(z) is notallowedif z is avariableonly p(v;) wherev; is a
specificvalue),thenwe canproceedn asimilarway asdone
whentruncating/eliminatingyuards.

Examplell Considerthe following property of finite au-
tomata,which expresseshatstates1 of automatorul is not
reachable.

NOT (automaton[al] AND state[sl1l] AND
states[al][s1l] AND reachabl e[ al][s1])

As the static partsare satisfiedin the initial model,and
they arenot modified during the evolution of the model,the
filtered property (containingonly dynamic elements)is as
follows.

NOT (reachabl e[ al][s1])

6 Proof of Operational Equivalence

In thecurrentsectionwe shav onthe ASM level thatthereis
bisimulationbetweenthe original graphtransformatiorsys-
temandthe generatedransitionsystemmoreover, thereis a
one-to-onamappingbetweenthe statesof the corresponding
ASMs. We recommendhe readerto skip the currentsection
if notinterestedn the formal correctnessnd completeness
proof of ourapproachFor thesale of simplicity, we split the
proofinto two.

— First we prove the equivalenceof the ASM of a graph
transformationsystem (ASM9™) and the ASM of the
naive encoding(ASM™) to shav that our Cartesian
productconstructionis appropriatgfor unfolding graph
transformatiorrules).

— Thenwe show that if we abstractfrom static parts of
ASM™ to obtainthe optimizedversionof thetarget TS
(ASMert), this equivalencestill holds after eliminating
certain(dead)transitions.

For the proofs, we use the
traditionalrefinementschemd9]
givenin theform of thecommut-
ing diagramof Fig. 4 (which is sz BT
tailoredto our currentproof). For S=F1(R)
agivenmachineASM4%s which A" ——— B™
is refinedto amachined S M e/,
we define a partial abstraction IT ET
functions F to sene asa proof  ggr _E |
maps Theabstractiorfunction
mapscertainrefinedstates( ¢/
of ASMPef to abstract states
AAbs = F(AReS) of ASMAY and certain sequencesk
of Ref-rulesto sequence& (R) of abstractd.S M Abs-rules.
Sinceour proofis split into two, we will establishtwo proof
mapsF; andF, for eachindividual step.

In orderto establisithe desiredopeational equivalence
of the two machinesbefore proving the commutatvity of
the diagram,one can (andfirst of all hasto) definethe ap-
propriatenotionsof correctnesgi.e., eachconcretecompu-
tationimplementsanabstractomputationjand/orcomplete-
nesgi.e.,eachabstractomputatiorisimplementedy acon-
cretecomputationpetweerrefinedruns(8; S) andabstract
runs (2; R). This definitionis in termsof the locations(the
“obsenables”)onewantsto comparen the relatedstatesof
the two machines.The obsenablescould be, for example,
the operationsthe userseesin the abstractmachine,which
areimplementedhroughtherefinemenstep.

Fa(S)
—_—

Q[opt sBOpt

BIT

Fig. 4 ASM abstrac-
tion/refinemenscheme
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6.1 Correctnes@nd completenessf the naiveencoding

For the first proof, we shav that the ASM representation
ASMI" of a graphtransformationsystemis equivalent(in
a certainsense)with the ASM representatioSM™ of a
TS generatecccordingto the naive encoding(Alg. 2).

For a notationalshorthandwe write 2l = 9% if all lo-
cationsareidenticalin statesk andB, i.e., for all function
symbolp: [p(z) = v]* <= [p(z) = v]®.

Proposition 1 (Equivalence of initial states) The initial
statesy., of ASM9" and A7y, of ASM™ are equiva-
DAY, =

lent with respectto F;. Formally, V7" ., 32 .

init init
Fi(Afy;,), andVRAZY IALT, - ALY, = Fi (AL,).

init

Proof A trivial consequencef the constructiorin Sec.5.2.
Proposition 2 We can establisha bisimulationbetweenthe
steps/runsand a bidirectional mapping betweenstates of

ASMI™ and ASM™ (providedthat nextidFromReserg is
implementedorrectly). Formally,

1. Completeness/ Forward simulation.

VRAITVRATUYBIT A = F(A") A BT =
Nextg (RA9”) — IB™ : B™ = nextr, () (A™Y) AB™ =
F1(B97).

2. Correctness/ Backward simulation.
VRITYA0 B ™Y A = F(™AIT) A B =

nexty, () (A™) — IBI” : BIT = next(AI") A B =
F1(B9T).

Proof (Sketch) Eachdirectionis provedseparately

Completeness Let r9" be an enabledrule in ASM9", and
R™ bethesetof transitionsin ASM™ generatedrom r9"
by Alg. 2.

Let Gps = {21 — ai1,...,2, — ay,} denotea vari-
able assignmenfor a successfulmatchingof the rule r9"
(i.e., which respectghe negative conditionsaswell). Since
(ai,-...,ay) isanelementfrom dom(z1) x ... x dom(z,),
thuswe executedheloop of Line 2in Alg. 2 to obtainatran-
sitionT € R™ thatis enabled=xactly for the matching(;y, s -

Dueto the encoding(Lines9-11in Alg. 2), the updates
of 7 areidentical with the updatesof 9" provided that the
samelocationsare accessedSince (i is alreadydefined,
this only leavesusto prove the non-deterministicreationof
new objects(seeLine 16 of Alg. 1) is correctlyimplemented
by Lines 6—8 of Alg. 2, which is assumecdherefor nextld-
FromReserve

Since2™ = F;(219") by assumptionandthe updateset
is identical,this finishesthe proof of completeness.

Correctness Now letr™ beanenabledransition(or, to be
preciserule)in ASM™, andwe haveto show thatit corre-
spondsto a successfubpplicationof a rule r9" in ASM9I"
for somematching(y,s.

Sincer™ is enabledthereforeall locations(a, .. ., a,)
appearingin its guard g;;,s should be true (moreover, the
negative guardgy,., shouldbe satisfiedaswell). As A™ =
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F1(197) holds by assumptionthereforethe truth valuesof
thesameocationsin ASM9" areidentical.

Due to the fact thatr™ wasgeneratedy Alg. 2, there
existsarulerd” in ASMI" from whichit wasderived.How-
ever, notice that the variable assignment, = {z; —
a1,...,%n — ap} satisfiespyps (21, ..., 2,) (While ¢pe, is
alsorespected)therefore rule r9" is enabledaswell. More-
over, sinceg™’ wasgeneratedrom r9" theupdatesareiden-
tical aswell (aswe alreadyprovedfor completeness).

Applying the rule on the samematchingwith the same
updatesetimpliesthat®B8™’ = F; (next.- (A97)). O

6.2 Correctnessind completenessf the optimizedencoding

For the secondpart of the proof, we shov that the ASM
representatiodSM™ of a TS is equivalent(in a certain
sense)with the ASM representatiodSM°Pt of a TS gen-
eratedfrom ASM™ accordingto the optimizationmethod
by eliminatingdeadtransitionsn Alg. 3.

Proposition 3 (Equivalence of initial states) The initial
statesA7Y, of ASM™ and A, of ASM°Pt are equiva-

lent with respectto F,. Formally, Y1722, 3A%P" - Pt =

opt opt init init init
nv nv . _ nv
Fo(Aimie), and VAT, IAT, - A0, = Fo (U0

Proof (Sketch) Locations derived from dynamic elements

areidentical in 2%, and2A%%%, dueto the constructionof

Sec.5.3,while staticelementsof 7., arenot projectednto
t

Anit-

Proposition 4 We can establisha bisimulationbetweerthe

steps/runsand a bidirectional mapping betweenstates of

ASM™ and ASMePt, Formally,

1. Completeness/ Forward simulation.
vg{nvvg{optv%nv Q[opt — fz(mn'u) A B —
nextp(A™) — IBPL : BP' = nextr,(g) (A) A
Bort = T (B™Y).

2. Correctness/ Backward simulation.
me}VQloPtV%oPt Q[opt — fz(mnv) A %opt —
natfg(R)(Ql"Pt) — AWV . B = nextr(A™) A
PPt = T, (B™).

Proof (Sketch) Eachdirectionis provedseparatelyfusingthe
notationof Alg. 3).

Completeness Let 7 = gpi* A gpe, — act™ beanen-

abledtransition(rule)in ASM™. Letr°Pt = glo,f’st/\g;’l{;‘zJ —
act°P! beatransitionin ASM°Pt generatedrom 7™* asare-
sultof Alg. 3. We first shav that7°! is enabled.

Sincer™ is enabledthereforeall (positive) literalsp; in
gjy, accessindocationsin ASM™ areevaluatedto truein
state2A™ (Vi : [p;]*"" = true). As a consequencaye can

statethefollowing.

— If p; is static,thenp; doesnotappeain theguardg;?" of

Topt,
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— If p; is dynamic,thenp; appearsn the guardgl",fst, but
[p: 2" = true.

Furthermore,as 7™ is enabled,none of the (negated)
clauses—¢; in gp7, areviolated in state2™ (i.e., Vi
[-#:]*"" = true). Thereforefor all negatedclausep; there
existsaliteral p; ; for which [p; ;]*"" = false.

— If p; ; is staticthen¢; doesnotappeain g2zt

neg"
— If p;; is dynamic,thenit appearsn the guardg??t, but

neg’

[pi ;]2 = false implying that[—¢;[2"" = true.

Thereforer°?t is enabledwhenever 7 is enabled As
act™ is identicalwith act°Pt, the samelocationsareupdated
in both casesHenceB?" = nexty, g (AP') = F2(B™),
which finishesthe proof of completeness.

Correctness Let 7ot = g?P* A g% —s actP* beanen-
abledtransitionin ASM°P! generatedrom sometransition
T = giis NGneg — act™ in ASM™ asaresultof Alg. 3.
Again asact®?® = act™, we only have to shaw that 7™ is
enabledvheneer °P¢ is enabled.

Sincer P! is enabledthereforeall (positive) literals p; in

g7 accessindocationsin ASM Pt areevaluatedto truein

state°?! (i.e., Vi : [p;]*"" = true). Let us now suppose
by contradictionthat7™? is not enabledbecauséhereexists
aliteral p; for which [p;]*"" = false in theoriginal (naive)
transitionsystem.

— If p; is static,thens™ would beeliminated(Lines5-6in
Alg. 3), which contradictsthe factthat 7°?! is generated
from 77,

— If p; is dynamic,thenp; appearsn the guardg/?, but
[p;,1*"" = true and[p;]*"" = false, whichis a con-
tradictionaswell.

Furthermoreas 7°P! is enabled,none of the (negated)
clauses—¢??" in geEt areviolated in state2°?* (i.e., Vi :
[~6P 2™ = true). Therefore for all 2" thereexists a
literal p; j, for which [p; ;,]**" = false.

Let us now supposedy contradictionthat 7™ is not en-
abledbecausehereexistsaclausegy” in theoriginal (nave)
transitionsystemr™ for which [-¢2*]*"" = false. This
may happeronly if Vj : [pi, ;]*" = true whereg® =
/\j Dig,j-

— Now if all p;, ; is static,then7"¥ would be eliminated
(Lines 14-15in Alg. 3), which contradictsthe fact that
7Pt is generatedrom 777,

— If thereis a dynamicliteral p;, ; in ¢7°, thenthis litaral
also appearsin the guard g°?¢ in the corresponding

neg
clauseg??*. This causesa contradiction sincethereex-

ists a literal py, ;, for which [p, ;,]**" = false but
[[pio,jo]]m = true.

As a result,we have B°Pt = F,(B™) where B™ =
nextg (A™¥), which completeghe proof of correctness.

As a consequencef all the propositionswe established

thefollowing maintheorenfor thecorrectnesandcomplete-
nessof our encoding.
Theorem1 The initial states2A¢’,, of ASM9" and 2%,
of ASMP°Pt are equivalentwith respectto F whee F =
Fs o Fi. Formally, Va9, 308, - 5%, = F(AL,), and
VAT UG Ay = F(AL).

Moreover, we can establisha bisimulation betweenthe
steps/runsand a bidirectional mapping betweenstates of

ASMI™ and AS MePt with thesameF. Formally,

1. Completeness/ Forward simulation.
VRUITYRACPEYBIT Aort = F(AI") A BIT =
ne(tR(ngr) — JJort . port — ne(t]:'(R)(QlOPt) A
Bort = F(BI7).

2. Correctness/ Backward simulation.
VRUITYR PR oPt Aort = F(AIT) A BoPt =
nexty(g) (AP) — IBI™ : BI™ = nextr(A") A BP! =
F(BI7).

7 Dining Philosophers:A CaseStudy for Modeling and
Verification

In thecurrentsection ourmodelcheckingframework is eval-
uatedby a casestudy on the well-known problem of din-
ing philosophersEventhoughthe problemitself is relatively
simplefrom a modelingpoint of view, it frequentlysenesas
abenchmarko assesshe performancef verificationtools.

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

— Firstthedynamicbehaior of dining philosopherwill be
capturedy graphtransformatiorrules,thusourtransfor
mationtechniquewill beappliedonthe model-level.

— Then,thebehaior of philosopherss formalizedby UML
statechart&nd projectedinto transitionsystemsaccord-
ing to a setof graphtransformatiorrules providing for-
mal semanticdor statechartenthemeta-level.

— Finally, the UML statechartslescriptionis projecteddi-
rectly (i.e., without the useof graphtransformationjnto
transitionsystemfollowing the approactof [32].

By that casestudy we try to assesshe succinctnessf
the target transitionsystemgconcerningthe statespace)in
eachcaseby increasinghe numberof philosophersthusthe
differentmodelingformalismswill be judgedfrom a verifi-
cationpointof view.

The problemof dining philosophes In the dining philoso-
phers’problem,n philosophersresitting aroundatableand
thinking. Fromtimeto time, whenthey gethungry, they initi-

ate an eating processby grabbingfirst a left fork andthen
a right fork. Unfortunately thereis a single fork between
two philosophergwhich is hencea sharedresource)}here-
fore they might needto wait for the forks to becomeavail-

able. When a philosophemmanagedo get both the left and
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theright fork, he (or she)startseatingimmediately As soon
as the philosopherhasfinished eating he placesback both
forks andgoesbackto thinking.

Froma verificationpoint of view, ouraimis to shav that
(startedfrom a statewhereeachphilosopheris thinking and
all forks areon the table)the systemof dining philosophers
will notreachadeadlockdeadlockreedomproperty),more-
over, no forks areheld at the sametime by multiple philoso-
phers(asafetycriterionrequiringmutualexclusiononforks).

7.1 Casel: Graphtransformatioronthemodellevel

The classdiagramin Fig. 5 capturesthe static structureof
dining philosopherswith two static classeqPhil and Fork)
with two staticassociationgeft andright (identifying theleft
andright fork of a philosopher)a dynamicassociatiorhold
(for expressingthat a philosopherholdsa certainfork), and
thedynamicattribute status of philosopherswhich maytake
thevaluefrom the enumerationhink, hungry, hasL (hasonly
left fork), hasR (hasonly right fork) andeat.

| |
| |
: ____hold___ 0.2 ;
| ‘ 1 Ta |
| Phil left o™ Fork

| |status - > }

‘ right 1 |
L __________ |
e
' Object diagram :

‘ ph1:Phil
: status=think| :
|
'\ |_f3:Fork |[right left | f1:Fork | !
| 1
i \ Y \ ‘
: left right }
| |
' [ ph3:Phil ph2:Phil |
: status:think\ / status=think] 1
| |
. |
|
| 1
|

Fig. 5 Dining philosophersclassandobjectdiagram

For the presentatiorin the currentpaper(but not for ver
ification), we work with threephilosophersn all threecases
sitting aroundin a way depictedin the object diagram of
Fig. 5.

The behavior of dining philosopherdss capturedin this
caseby thesetof graphtransformationrulesshavnin Fig. 6.

— Rule getHungryR simply setsthe status attribute of a
thinking philosophetto hungry

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

DanielVarro

'LHS | RHS :
| 1
I
[ PHPRIl | PH:Phil ||
: status:think» status=hungr :
I
. S |
getHungryR
[ (R
1 P1:Phil LHS | RHS 5 pni :
| |status=hungr ‘ status=hasL | |
I
| | u 1
L left } left | | hold |
| NEG | y 1
| A hold [ Y v 1
U FFork |4 2 [ P2:phil } F-Fork :
| | !
1 right } }
e AR ‘
getLeftForkR
77777777777777777777777777 ey
I - | I
''|__P1:Phil LHS ; RHS™ o il 1
! | status=hasL # status=eat :
! | T |
| right } right | ! hold 1
} NEG| ' ‘
‘ : hold l Yv o
: F:Fork 209 1 pa:phil | F:Fork :
|
I
! left 1 1
.. Lo ‘
etRightForkR
Tt T T T T T T T [ R F’””””’*‘
L[ Pephil 1 P-Phil 3 : P-Phil l P.Phi__ |
| [status=eat 1 status=hasR | ! 1 |status=eat 1 status=hasR | !
| | I | !
| U i 1 T | |
| right | 1 hold ! right L deft | rhold | e !
1 1 1 1
| gy vy ;
i |_Fl:Fork } F1:Fork 11| Fl:Fork } F1:Fork :
i ; N ; :
| | ! i
Lo LHSIRHS L LHSIRHS !
releaseRightForkR finishEatingR

Fig. 6 Graphtransformatiorrulesfor dining philosophers

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

— An eatingphilosophemill releasehis or herleft fork at
somepointby applyingrulefinishEatingR gettinginto the
statushasR in themeantime.

— Finally, if a philosopheronly hasthe right fork in hand,
thenthefork canbe safelyreleasedandthe philosopher
goesbackto thinking (seerule releaseRightForkR).

Thecorrespondingransitionsystemderivedaccordingo
ourencodingof Sec.5is listedin AppendixA.

Naturally, the verification processautomaticallydetects
thattherethe systemmaygetinto adeadlockjf eachphiloso-
pheronly managesgo grabhis or herleft fork andthuswaits
for the right fork forever. However, our safetypropertyre-
quiring that no fork is held by two philosopherat ary time
(formally, v f: Fork, phl, ph2: Phil: G ( phl # ph2 — =
(hold[ph1][f] A hold[ph2][f]))) is verified.
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—————————————————————————————————————————

| H 1 . |
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N l
getBothForksR

Fig. 7 Two waysto avoid deadlockfor dining philosophers

The two traditionalwaysto avoid the deadlockproblem
for dining philosophersaredepictedn Fig. 7.

— An additional graph transformationrule (releaseLeft-
ForkR) canbeintroducedo move thesystemfrom apos-
sibly deadlocksituationby prescribingthatif a philoso-
pheralreadyhaving aleft fork cannotgettheright fork as
well thenthe left fork is put backonto the tableandthe
philosopheigoesbhackto hungry status.

— Alternatively, rulesgetLeftForkR andgetRightForkR can
be memedinto a single rule getBothForksR, whenboth
left andright forks are grabbedat oncethus preventing
the philosopheto wait for a singlefork.

The verificationof thetransitionsystemgyeneratedrom
thesetwo versiongprovedthatno deadlocksituationis possi-
ble (while thesafetycriterionis still satisfied)however, there
werebe crucialdifferencesn performance.

In atraditionalgraphtransformatiorsystem thefirst so-
lution would typically supercedéhe otherin performances
theapplicationof amorecomplex rule takesmuchmoretime
thanformalizing the problemwith a setof rulesof smaller
compleity (by compleity we meanthe numberof nodesin
the Lhs and Neg graphssincethe performanceof pattern
matchingis thecritical phasen rule application).

However, afterall the preprocessingcollectingpotential
matchings)performedat compiletime, it will turn out that
having asmallnumberof relatively complex rulesyield abet-
ter performancdor verificationthana largernumberof rules
with relatively low compleity (seeTable3 for acomparison
laterin Sec.7.3).

7.2 Case2: Graphtransformatioron the meta-level

In our secondcasestudy graphtransformatioris appliedon

the meta-level: the dining philosophersproblemis captured
by meansof UML Statechartg¢see8) onthe model-level but

the formal semanticsof statechartss formalized by graph
transformationsules(asdepictedn Fig. 10and11).

Philosopher Fork
~right.rel
free
hasRight
Neft.rel [ISIN(left:free)] / Meft.acq aca| | rel
(=)
[ISIN(right:free)]*right.acq

Fig. 8 Dining philosopherslefinedby UML Statecharts

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

— All theactionsareconsideredo besendactionsandeach
transitionmay only containa single sendaction as the
effect.
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— Sendactionsareaddressely role namesappearingn the
classdiagram(asa statecharis a class-leel specification
mechanism).

— Guardsmay only containa single ISIN(role:state) state-
ment queryingwhetheranotherstatemachin@ccessible
via the specificrole stayscurrentlyin acertainstate.

Behavior of philosophes expressedby UML Statebarts
Thereforeathinking philosophemaygetinto ahungry state
at ary time. After that, he checkswhetherhis left fork is in
the free state,andif so, sendsan acquire(acq) messageo
the left fork and moves himself to hasLeft state.Next, the
sameprocedures donefor acquiringthe right fork getting
the philosopheiinto the eating state.Finally, aftereating,the
forksarereleaseaneby one,by sendingarel messagéo the
left fork andtheright fork, respectiely.

The statemachinef a fork simply containstwo states
(free andheld) statingwhetherthe fork is held by a philoso-
pheror it is situatedon the table. Transitionsbetweenthem
aretriggeredby the acq andrel messagesgespectiely.

Semanticsof UML Statebarts by graph transformation

To provide formal semanticfor UML Statechartdy graph
transformatiorsystemswe have built on [46] wherean ex-

tendedhierarchicalutomatorformalismwasusedasthe un-
derlying structuralrepresentatiorfor statechartsHowever,

for the currentcasestudy the statehierarchywas flattened
by collectingall stateconfigurationsandtransitionsthat can
be fired simultaneouslyat a preprocessingphase(as done
in [32]), thusobtainingaflat finite automatorformalism(see
themetamodeln Fig. 9) communicatingvith messaggass-
ing to eachotherasa simplification.

inState

Src

1
Config |+

14 A 0..%
| confs /gt 0. /y
i steps/ ; effect
isAct! ,
! fire -~ trigger
‘ -7 0.1 0.1
AUt | inQueue | Event | 1 Action
pc:Bool oA ovent

1 receiver

Fig. 9 A metamodebf flattenedUML statecharts

— Thestaticpartsof the metamodearethe following:

— The automatonAut consistsof state configurations
(Config) andsteps(Step, which arethe collectionsof
transitionsthatcanbefired atatime).

— Eachstephasa sourcesrc andatargettrg configura-
tion, an optionalinState link to the configurationof
anotherautomaton(ISIN statement)a trigger Event,
andanAction aseffect.

DanielVarro

— An Action containsalink to anEvent to be sentanda
receiver automaton.

— Dynamic partsof the metamodelare constitutedas fol-
lows:

— Eachautomatonmay have anisAct link pointing to
a configurationindicating that the automatons cur-
rently in the certainconfiguration,

— An automatoralso have an inQueue link indicating
whethera specificeventis in the event queueof the
automaton(event queuesare modeledas sets, thus
only oneinstanceof the event may be storedin the
queue).

— Thefire link leadingto a Step stateghatthe automa-
tonis currentlyfiring all thetransitionsin Step.

— Finally, pc is a simple program counterindicating
which phaseof the statecharsemanticds beingex-
ecutedfor the momentby thevirtual statemachine.

The graph transformationrulesin Fig. 10 handlestate
(configuration)changesof a statemachinedentifying four
differentcasessplit on the basisof existenceof inState links
andtrigger events.

— In eachcasetheisAct link of theautomatoml 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),andthe pc attribute of
the automatoris updatedto addQR to indicatedthat be-
fore processinghe next event, the automatormustsend
the associate@ctions(to provide a synchronizedeha-
ior of themachine).

— In eachfour casesthereareadditionalconditionsthatare
requiredfor executingthecurrentstepof thestatemachine
(automaton).

— Rule fireNoEvVtWithInStR handlesthe casewhenthat
no trigger eventsare associatedo the step (seethe
negative condition),however, the configurationiden-
tified by theinState 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), morewer, the configuration
identified by the inState link must be active in the
correspondingutomatonAs anadditionalresult,the
eventis removedfrom the eventqueue.

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

— RulefirewithEvtNoInStR, finally, prescribeghe non-
existenceof aninState link but requiresthatthe trig-
ger event of the stepto bein the event queueof the
automator{(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 atransition(set)in a statecharautomata

— In caseof rule addQueueWithActR thereis a sendaction
associatedo the step,thusthe event of theactionshould
be placedin the event queueof the receiver automaton
asa resultof rule application.Note thatthe rule is only
applicableif a certainstephasalreadybeenselectedo

— In caseof rule addQueueNoActR thereareno actionsre-
latedto thefiring stepthustherule simply concludeghat
the firing of the transitionhasterminated(thus,in both
casesthefire link is removedandthe programcounteris
updatedo thefireR).

firing (seethefire link andthe addQR value of the pro-

gramcounter).

In fact, this statecharsemanticds probablyoversimpli-
fied (notfully realisticywhencomparedo the original UML
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Fig. 11 Addingasendeventto thetargetqueue

semanticsput the formalismhadto be keptsimplein order
to provide somecomparisorwith the othercasestudiesfrom
averificationpointof view. For moreprecisewaysof formal-
izing UML statechartdy graphtransformationsystemshe
readeris referredto [31,46].

As graphtransformatiortechniquesvereappliedon the
meta-level, the derived transition system(enlistedin Ap-
pendixB) is totally differentin this case sincethe statevari-
ablearraysaredefinedby the (meta)classesf themetamodel
(in Fig. 9), andnot by theclasse®f themodel(Fig. 5).

Even though for meta-lerel encodingsthe verification
managedo terminateonly for few numberof philosophers
(asshown in Table 3), the verificationprocessautomatically
detecteda non-trivial error in the our graphtransformation
semanticof UML statechartsvhich leadsour systeminto a
statewhereour safetycriterionis violated.

The problemoriginatesfrom thefactthattestingwhether
thefork is notheldby anyone,andactuallyacquiringthefork
is notanatomicoperation Moreover, the systemmay evolve
betweenthe sendingof an acq messagend the processing
of the samemessagey the recever sinceUML assumes
distributed ervironmentfor the executionof statemachines.
Thereforetwo philosophersnayfind thesamefork to befree
atonestepandsendingonly theacquiremessagén the other
As aresult,bothphilosophersnoveto astatewhenthey think
thatthey hold the specificfork, whichis a contradictiorwith
our safetyrequirement.

We cannow concludethat (i) eitherthe graphtransfor
mationrulespresentecdssemanticgor UML statechartgin
Fig. 10and11)arenotappropriateasthewell-known system
of dining philosopherdbehaesdifferentlythanwhatwasex-
pected(a validation problemn), or (i) if we acceptthat the
transformatiorrulespreciselycapturethe semanticof UML

statechartsthen the UML specificationof dining philoso-
phersis not correct(a verificationproblemn).

Model-level encodingof UML Statetarts In orderto pro-
vide comparisonwith an existing approachfor verifying
UML statechartsye adaptedthe SPIN encodingof UML

statemachinedescribedn [32] for othertargetmodelcheck-
ers.Themainideain the approachs to maintainonly a sin-
gle statevariablefor the stateconfigurationinformation of
eachobjectand a statevariablefor its event queuein addi-
tion. Thereforewhenastepis fired, the statechangesandthe
messagsendingsareperformedn a singleandatomicoper

ation (however, the synchronizatiorof sendingandreceving
acquiremessagebadto besolvedonthe UML modellevel).
Themodel-level (direct)encodingof UML statechartsepre-
sentatiorof dining philosopherss listedin AppendixC.

7.3 Assessmendf verificationresults

Thethreedifferentkindsof specificationsvereexecutedby a
modelchecler with differentnumberof philosophersSince
the SAL modelchecleris not publicly availableyet, for the
concreteverification runs we usedthe Mur¢ systemto in-
creasdhe comparabilityof results.

For our test experiments(summarizedn Table 3), for
eachverificationrun atmost100Megabytesof systemmem-
ory wasallocatedo storethe statespaceandMur¢ wasrun-
ning ona550MHz Pentiumlll machine.

Therewere seven different specificationgestedwith an
increasingnumberof philosophersFor eachspecification,
the lastline of the testcasescontainthe maximumnumber
of philosopherdor which the verificationterminatedwithin
thegivenresources.
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Table 3 Verificationrunsfor thedining philosophergproblem

| 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, respectrely, (1) the
identifierof thespecification(2) thenumberof philosophers,
(3) the numberof statestraversed,(4) the numberof tran-
sitionsduring verification, (5) an averageexecutiontime (in
seconds)and(6) theresultof theverification(where' unsafe’
meanghatthe safetycriterion wasviolated,‘dead refersto
the factthata deadlockwas detectedwhile ‘ok meanghat
no errorswerefound).

Thedifferentspecificationareencodedsfollows:

— GT (err): themodel-level encodingof thedining philoso-
phersproblemusingthe original setof graphtransforma-
tion rulesof Fig. 6;

— GT (okl1): the model-level encoding of the dining
philosophergroblemusingacorrectedsetof graphtrans-
formationruleswith rule releaseLeftForkR of Fig. 7;

— GT (ok2): the model-lerel encoding of the dining
philosophergproblemusing a correctedset of rulesin-
cludingrule getBothForksR of Fig. 7;

— GT/SC (err): the meta-lel encoding of the dining
philosophergroblemcapturedy theUML statechartsf
Fig. 8 (with statecharsemanticglefinedby graphtrans-
formationrulesof Fig. 10 and11);

— GT/SC (ok): the sameapproachasbeforebut corrected
by certainchange®n the statechar{not discussedn the
paperin details);

— SC(err): thedirect(model-level) encodingof UML stat-
echartgo Mur¢ following theguidelinesof [32]. Thistest
setis identicalto thecasecapturedy statecharof Fig. 8.

— SC (ok): the sameasbeforebut an additionaltransition
wasintroducedeadingbackto hungry statefrom hasLeft
to getout from a possiblydeadlocksituation(following
the principlesof rule releaseLeftForkR on the statechart
model).

Fromtheseverificationresults thefollowing conclusions
canbedrawn.

Remarkl Transitionsystemslerivedfrom graphtransforma-
tion systemsaisedasmodel-level specificationdy Alg. 2 and
3 shaw verygoodperformancen verification(comparabléo

manualencodingof the problemasatransitionsystem).

We canalsoderive thatusingour encodingon the meta-
level hascertainpracticallimitationsonthe sizeof themodel
to beverified.

Remark?2 Theverificationof transitionsystemslerivedfrom
graphtransformatiorsystemaisedasa meta-level specifica-
tion techniquewould typically work for small modelsof the
modelinglanguagen questionHowever, meaningfulspeci-
ficationflaws (eitherin themodelor in theformal semantics)
canfrequentlybedetectedvenon suchrelatively smallmod-
els.

Typically, when the semanticsof a newv modelinglan-
guageis createdijt is first testedon very smallmodels,thus
alarge percentag®f weaknessesould possiblybe detected
by ourtechnique.

Moreover, our recentinvestigationshow that SPIN pro-
videsbetterfacilitiesto handletheinterleaving of transitions
(basedon partial orderednesandthe explicit useof queues
for communicatiorbetweemrocesseshanMur¢ did in our
casestudy

Remark3 Graphtransformatiorsystemswith a small num-
berof comple rulestypically behavesbetterfor verification
thana graphtransformatiorsystemwith a larger numberof
relatively simplerulesformalizingthe sameproblem.

This statemenis a result of the our compile time pre-
processingstepthat collectsall potential matchesthus the
target transition systemusedfor verification doesnot have
to executecomplex querieson the model. Therefore,(un-
like the caseof runninga simulationof a systemin a tra-
ditional graphtransformatiortool!) a smallersetof complex
ruleswould causeewer interleaszings of transitionsresulting
in betterrun-timeperformance.

Additional casestudies Theseconclusiondrawvn from the
dining philosophersproblem was also supportedby addi-
tional simpleverificationcasestudiesthat have beencarried
out within the SAL environmentby encodingUML state-
chartsinto SAL specificationsln fact,the needfor the opti-
mizationsdescribedn Sec.5 weretriggeredby unsuccessful
preliminaryverificationattempts The automatictransforma-
tion into SAL specificationgfor this specificmodelinglan-
guage,namely UML) was carried out within the VIATRA
ervironment[50].

In anothercasestudy of our approachwe capturedthe
operationalsemanticof Petri netsby graphtransformation
systemsandtranslatedhem into the specificationlanguage
of the Mur¢ model checler. In caseof boundedPetri nets
(wherethe numberof tokensin Petrinetshasana priori up-
per bound),our approachwas directly applicable.We also
exploitedtheuseof predicateabstractiorby abstractingaway
from theconcretenumberof tokens whichresultedn asemi-
decisionprocedurdor proving livenessandsafetyproperties
of Petrinets.

Recently our techniquewasappliedto carry out formal
analysisof architecturabtyles[5, 6] in anearly phaseof de-
sign.For thesenvestigationsye provedreachabilityproper
ties(i.e.,to decidewhethercertaintargetstatesarereachable
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or not from a giveninitial state)of a heavily dynamicGTS
(with severaldynamicclassesandassociations).

8 Conclusionsand Futur e Work

In thepaperwe presenteénapproactihatis simultaneously
applicablefor encoding(i) well-formed modelsof arbitrary
modelinglanguagesvith semanticslefinedoy metamodeling
techniquegabstractsyntax)and graphtransformatiorrules
(operationabemanticsand(ii) graphtransformatiorsystems
(in theoriginalmodel-level sensefor describinghedynamic
behavior of usermodelsinto transitionsystems.

As aresult,we areableto verify semantiqropertieqlike
safety deadlockfreedom,etc.) of ary specificwell-formed
modelinstanceof the languageor the usermodelitself by
modelcheckingtools having a specificationanguagebased
on transition systems.This way, traditional correctnesge-
sults from the theory of graphtransformation(like conflu-
ence[14]), which provide solutionsfor proving very general
propertief a specificproblemcanbecomplementetby our
techniqueo reasoraboutproblem-specifipropertiesy ex-
isting modelcheclertools.

The feasibility of our approachwas demonstratean a
well-known verification benchmarkj.e., by verifying dead-
lock freedomand a safetypropertyfor the dining philoso-
phers’problemcapturedoy graphtransformatiorbothonthe
model-level andthe meta-level. However, notethatour tech-
niguealsoallowsto investigatdivenessr reachabilityprop-
ertiesasdemonstratetdy additionalcasestudies.

As a verificationrule of thumbfor graphtransformation
systemswe establishethe“few complecis betterthanmary
simple” principle when concerningthe compleity (of the
left-handsideandnegative conditiongraphs)of rules.

After having carriedout several benchmarlexperiments
in differentdomains(with partially automatedranslations),
we arecurrentlybuilding atool [42] thatis capableof auto-
maticallytranslatingnodelsof arbitraryvisualmodelinglan-
guagesdefinedby metamodelingand graphtransformation
(and thus model-lesel specificationsbasedon graphgram-
marsaswell) into the correspondindg®romelaspecifications
(whichis theinputlanguageof the SPINmodelchecler).

However, further researchis requiredto overcomethe
stateexplosionproblemwe experiencedn meta-level encod-
ings of models(and, naturally in model-level encodingsof
compleIT systems)Our casestudyhasclearlyrevealecthat
the bottleneckof the verification processis not merely the
numberof transitionsgeneratedy our algorithm,but rather
the interleavingof differenttransitions(i.e., larger stepsin
the evolution of the modelyield a smallernumberof inter-
mediatestates).

Themainproblemoriginatesrom thefactthattraditional
conflueng resultsof the graphtransformatiortheorycannot
beexploitedduringmodelchecking.Sincein mary casesthe
behavior of thesystemis requiredo beinvestigateanly ona
singlepathinsteadof all possibleinterleasings of rule appli-
cationsdueto an appropriatetheoremor analysistechnique
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(like, e.g.,critical pair analysis[11, 28]). Unfortunately ex-

isting modelcheclerstypically do not provide ary facilities
for the userto control the modelcheckingprocessn sucha
way. For instancein meta-level encodingscertainintermedi-
atestatef thegraphtransformatiorsystem(lik e executinga
stepandsendingthe actionin caseof our statechartseman-
tics) should be transparenfor the model checler (without

consideringnterlearings of transitionsfor them).

As a consequencef this reducedcontrollability, control
structuresappearingn mary existing graphtransformation
tools (like, for instancejn caseof PROGRES[43] or VIA-
TRA [50]) canonly beencodedasdata(thusin the statevari-
ablesaswasdonein our Petrinet casestudy),which rather
increaseghe numberof interleavings insteadof drastically
decreasinghem.

A differentline of researclaimsatadaptingourencoding
to verificationtoolsusinglabeledtransitionsystemgLTS) as
the underlyingmathematicaformalism (whereinformation
is relatedto transitionsin contrasto Kripke structuresvhere
it is storedin states)n orderto investigateprocessalgebras
(like CSP[29], or CCS[33]). Herethe practicalgoal is to
consisteng analysisof behaioral UML diagramsextended
with graphtransformationrulesin the styleof [23].

Furtherchallengednvolve the formal analysisof graph
transformationsystemswith time [25] basedupon model
checlers like Kronos [16], which typically usetimed au-
tomata[2] astheir specificationanguageAs 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 behaior of philosophemhl is depicted
theredueto the symmetricnatureof the problemto improve

clarity.

ForkID : TYPE = {f1,f2,f3};
PhilID : TYPE = {phil, ph2, ph3};
StatusRng : TYPE = {think, hun-
gry, hasL, eat, hasR};
di nphi | _gt MODULE =
BEG N

GLOBAL hol d: ARRAY Phi |l | D OF

ARRAY For kl D OF BOOLEAN
GLOBAL status: ARRAY PhillD OF StatusRng

I NI TI ALI ZATI ON

status[ phl] = think; hol d[ ph1] [f1] = FALSE;
hol d[ ph1] [f2] = FALSE; hol d[ ph1] [f3] = FALSE;
TRANSI Tl ON
status[phl] = think --> status[phl] = hun-
gry; [1
status[ phl] = hungry AND NOT hol d[ ph2][f1] -
->
hol d[ ph1] [f1] = TRUE;
status[ phl] = hasL; []

st at us[ ph1]
>

= hasL AND NOT hol d[ ph3] [f3] --

hol d[ ph1] [f3] = TRUE;

status[phl] = eat; []
status[phl] = eat -->

hol d[ ph1] [f1] = FALSE;

status[phl] = hasR []
status[phl] = hasR -->

hol d[ ph1] [f3] = FALSE;

status[ phl] = think;

END;

B SAL Description of the Meta-Level Encoding of
Dining Philosophers

The meta-level encodingof a single dining philosopheris

listedbelow in the SAL format.

Conf _dom: TYPE = { think, hungry, hasLeft,
has-

Right, eat, free, held};

Step_dom: TYPE = {tl1, t2, t3, t4, t5, t6,

Event _dom: TYPE = { acq, rel };

Aut _dom TYPE = { phl, ph2, ph3, f1, f2, f

pc_rng TYPE = {fireR addQR};

di nphi | _sc_gt MODULE =

BEG N

t7};

3}
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GLOBAL i sAct ARRAY [Aut_donj OF
AR-

RAY [ Conf doni OF BOOLEAN;

pc[ phl] := addQR;
fire[phl][t5] := TRUE, []
% addQueueNoAct R

GLOBAL i nQueue ARRAY [ Aut _don] OF pc[ phl] = addQR AND fire[phl][t1l] -->
AR- pc[phl] := fireR
RAY [ Event _don] OF BOOLEAN, fire[phl][t1] := FALSE []
GLOBAL fire ARRAY [ Aut _don] OF % addQueueW t hAct R
AR- pc[ phl] = addQR AND fire[phl][t2] -->
RAY [ St ep_don] OF BOOLEAN, pc[phl] := fireR
GLOBAL pc AR i nQueue[f1][acq] := TRUE;
RAY [ Aut _don] OF pc_rng; fire[phl][t2] := FALSE, []
I NI TI ALI ZATI ON % addQueueW t hAct R
i sAct[ phl][think] = TRUE; pc[ phl] = add@R AND fire[phl][t3] -->
i sAct[ phl] [ hungry] = FALSE; pc[phl] := fireR
i sAct [ phl] [ hasLeft] = FALSE; i nQueue[f3][acq] := TRUE;
i sAct[ phl][eat] = FALSE; fire[phl][t3] := FALSE, []
i sAct[ phl] [ hasRi ght] = FALSE; % addQueueW t hAct R
i sAct[phl][free] = FALSE; pc[ phl] = addQR AND fire[phl][t4] -->
i sAct[ phl] [ hel d] = FALSE; pc[phl] := fireR
i nQueue[ phl][acq] = FALSE; i nQueue[f1l][rel] := TRUE
i nQueue[ phl][rel] = FALSE; fire[phl][t4] := FALSE []
fire[phl][t1] = FALSE; fire[phl][t2] = FALSE;% addQueueW t hAct R
fire[phl][t3] = FALSE; fire[phl][t4] = FALSE, pc[phl] = addQR AND fire[phl][t5] -->
fire[phl][t5] = FALSE; fire[phl][t6] = FALSE; pc[phl] := fireR
fire[phl][t6] = FALSE; i nQueue[f3][rel] := TRUE;
pc[phl] = fireR fire[phl][t5] := FALSE, []
TRANSI Tl ON END;
% fireNoEvt Nol nSt R
pc[phl] = fireR AND isAct[phl][think]) AND

NOT fire[phl][tl] -->
i sAct [ phl] [t hink] = FALSE;
i sAct [ phl] [ hungry] := TRUE;
pc[ phl] := addQR
fire[phl][t1] := TRUE []
% fireNoEVt Wt hlnStR
pc[phl] = fireR AND is-
Act [ ph1] [ hungry]) AND
isAct[f1l][free] AND NOT fire[phl][t2]
i sAct [ phl] [ hungry] := FALSE;
i sAct [ phl] [ hasLeft] = TRUE;
pc[ phl] := addQR
fire[phl][t2] := TRUE []
% fireNoEvt WthlnStR
pc[phl] = fireR AND is-
Act [ phl] [ hasLeft]) AND
isAct[f3][free] AND NOT fire[phl][t3]
i sAct [ phl] [ hasLeft] := FALSE;

i sAct[ phl][eat] = TRUE;
pc[ phl] := addQR
fire[phl][t3] := TRUE []

% fireNoEvt Nol nSt R
pc[ phl] = fireR AND
NOT fire[phl][t4] -->
i sAct[ phl] [eat] := FALSE;
i sAct [ phl] [ hasRi ght] = TRUE;
pc[ phl] := addQR
fire[phl][t4] := TRUE []
% fireNoEvt Nol nSt R
pc[ phl] = fireR AND
NOT fire[phl][t5] -->
i sAct [ phl] [ hasRight] := FALSE;
i sAct [ phl] [t hi nk] = TRUE;

i sAct[phl][eat])

i sAct[ phl][eat])

'
'
\%

AND

AND

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

Thisdescriptionvasyieldedby adaptinghetechniquesiescribedn
[32] to the SAL andMur¢ systemsOnly thetransitionsof asingle
philosopheiareincludedthis time aswell.

ForklD : TYPE = {f1,f2,f3};
PhilID : TYPE = {phl, ph2, ph3};
Event _dom: TYPE = {acq, rel };
fork_status_rng : TYPE = {free, held };
phil _status_rng : TYPE = {hungry, think, hasL,
hasR, eat};
di nphil _sc : MODULE =
BEG N
hol d : ARRAY [Phil I D OF
ARRAY [ Forkl D] OF bool ean;
ph_status : ARRAY [PhillD] OF phil _status_rng;
f_status : ARRAY [Forkl D] OF fork_status_rng;
f _queue : ARRAY [ForkID ] OF

ARRAY [ Event _dom OF bool ean;
I NI TI ALI ZATI ON
hol d[ ph1] [f1] = FALSE;
hol d[ ph1[ f 3] = FALSE;

hol d[ ph1] [f2] = FALSE;

ph_status[ phl] = think;
TRANSI Tl ON
ph_status[phl] = think -->
ph_status[phl] = hungry; []
ph_st at us[ phl] = hun-
gry AND f_status[f1l] = free
AND NOT hol d[ ph2][f1] -->
hol d[ ph1] [f1] = TRUE;
f _queue[fl][acq] := true;
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ph_status[phl] = hasL; []
ph_status[phl] = hasL AND f_status[f3]
AND NOT hol d[ ph3][f3] -->
hol d[ ph1] [f3] = TRUE;
f _queue[f3][acq] := true;
ph_status[phl] = eat; []
status[phl] = eat -->
hol d[ ph1] [f1] = FALSE;
f_queue[fl][rel] := true;
status[ phl] = hasR, []
status[phl] = hasR -->
hol d[ ph1][f3] = FALSE;
f_queue[f3][rel] := true;
status[ phl] = think;
END;

= free
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