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Abstract Thedesignof complex, dependablesystemsrequiresa preciseformal verificationof design
decisionsduring the systemmodelling phase.For that reason,the mathematicalmodelsof various
formal verificationtoolsareplannedto beautomaticallyderived from thesystemmodeldescribedby
UML–diagrams.In the currentpaper, a generalframework for an automatedmodel transformation
systemis outlinedproviding a uniformformal descriptionmethodof suchtransformationsby applying
thepowerful computationalparadigmof graphtransformation.
Keywords: formal verification,UML, modeltransformation.

1 Intr oduction

1.1 Formal Methods in UML Design

During the recentyears,UML hasbecomethe standardof object–orientedmodelling. It integratesthe
modernsoftwaredevelopmentparadigms(likeobject-orientation,modularization,designpatterns,etc.)into
a comprehensiveandwidely acceptedvisual language,moreover, it providesa completemethodologyfor
designinga largescaleof IT systems.

However, systemanalystshave to facecertaindifficultieswhenutilizing UML in thedesignprocessof
complex, dependablesystems(e.g.for safetycritical applications)asan effective designof suchsystems
surelynecessitatesa mathematicallypreciseformal verificationat eachphaseof modelling.

Formal methodsserve asa rigorousmathematicalplatformfor verifying andanalyzingsuchcomputer
systems.For many years,they have beena topic of researchwith valuableacademicresults[1], however,
their industrialutilization (despitetheir vital necessity)is still limited to specializedfields.

Theuseof formal verificationtools(like modelcheckersSPIN[7] or PVS[11]) in IT systemdesignis
hinderedby a gapbetweenpractice–orientedCASEtoolsandsophisticatedmathematicaltools.

– On theonehand,systemengineersusuallyshow no propermathematicalskills requiredfor applying
formal verificationtechniquesin thesoftwaredesignprocess.

– On the otherhand,even if a formal analysisis carriedout, the consistency of the manuallycreated
mathematicalmodel and the original systemis not assured,moreover, the interpretationof analysis
results,thus, the re–projectionof the mathematicalanalysisresultsto the designatedsystemis also
problematical.

Theaimof ourongoingresearchis to provideprovenlycorrectandcomplete,automatedtransformations
betweenUML–basedsystemmodelsandformal mathematicalverificationtools for an effective software
analysisanddesign.[14]
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1.2 Mathematical Model Transformation

The stepgeneratingthe input languageof a targetmathematicaltool from theUML modelof the system
is denotedasmathematicalmodeltransformation. Theinversedirectionof modeltransformation(referred
asback–annotation) is of immensepracticalimportanceaswell whensomeproblems(e.g.a deadlock)
are detectedduring the mathematicalanalysis.After an automatedback–annotationtheseproblemscan
bevisualizedin the thesameUML systemmodelallowing the designerto fix conceptualbugswithin his
well–known UML environment.

Severalsemi-formaltransformationalgorithmshave beendesignedandimplementedfor differentpur-
poses(suchas formal verification of functional properties[8] or quantitative analysisof dependability
attributes[2,3]). Unfortunately, this conventionalway of modeltransformationlackeda uniform andpre-
cisedescriptionof transformationalgorithmsresultingin hand–writtenandratheradhocimplementations
(inconvenientfor implementingcomplex transformations).Moreover, any formal proof of correctnessand
completenessaimingto verify thesetransformationscriptsis almostimpossible,thustheiruncertainquality
remainsaquality bottleneckof theentiretransformationbasedverificationapproach.

Thus,a modeltransformationsystem(avoiding thesedrawbacks)mustfulfil at leastthefollowing user
requirements.

– A largenumberof modeltransformationsareplannedto bedesignedto performdependabilityanalysis
in variousapplicationdomainsrangingfrom early evaluationmethodsbasedon Petri netsto model
checkingtechniquesusingtemporallogic asunderlyingmathematicalmodel.

– “Mathematical”modeltransformationsarenot only designedby mathematiciansbut systemengineers
aswell. Thus,thesetransformationsmustbedefinedby avisual,easyto understoodformalism.

– Thespecificationof a modeltransformationshouldbegivenin mathematicallyprecise,unambiguous
form.

2 A Visual AutomatedModel Transformation System

Theprocessof modeltransformationis characterizedby a modelanalysisround-tripillustratedin Fig. 1.
Typically, asystemdesignerandatransformationdesignerparticipatesin sucharound-tripwith thefollow-
ing roles.

– A transformationdesignerspecifiesmodeltransformationsfrom UML to variousmathematicalmodels
(like e.g.Petrinets,temporallogic). Fromhis specification,a transformationalgorithmis generatedat
compiletime.

– A systemanalystdesignscomplex systemsusingUML asmodelling language.During the software
life cycles,heneedsseveralverificationstepsto beperformedrunningthepreviouslygeneratedmodel
transformationprograms.

Modeldescription A well–definedtransformationnecessitatesa uniformandprecisedescriptionof source
andtargetmodels,ontheotherhand,it shouldfollow themainstandardsof theindustry, therefore,a formal
underlyingformalismis needed.For this reason,theUnified Modelling Language(UML) is usedasthe
front–endof modeltransformations,andtheuser–endspecificationlanguageof modeltransformationrules
is UML aswell. UML conceptuallyfollows thefour–layerMeta Object Facility (MOF) meta–modelling
architecture[9], which allows thedefinitionof meta–objectsfor similarly behaving instances.

Uniformdescriptionof modelsThefront–endandback–endof atransformation(UML asthesourcemodel
andaformalverificationtool asthetargetmodel)is definedby auniform,standardizeddescriptionlanguage
of systemmodelling,thatis, XMI (XML Metadata Inter change)[10], which is aspecialdialectof XML,
the approving novel standardof the Web. Due to the fact that UML modelscanbe exportedin an XMI
format(theexport processis supportedby mostUML CASEtools)anopen,tool–independentarchitecture
is obtained.
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Figure1. An overview of modeltransformation

Designingmodeltransformationrules Thevisual specificationof modeltransformationsis supportedby
graph transformation [4], which combinestheadvantagesof graphsandrulesinto anefficient computa-
tionalparadigm.

A graph transformation rule is a specialpair of patterngraphswheretheinstancedefinedby theleft
handsideis substitutedwith theinstancedefinedby theright handsidewhenapplyingsucharule(similarly
to thewell–known grammarrulesof Chomsky in computationallinguistics).

Model transformationrules(in theform of graphtransformationrules)arespecifiedby usingthevisual
notationof UML. However, for obtaininga tool–independenttransformationspecification,thetransforma-
tion ruleswill alsobe exportedin an XMI basedformat,conformingto the approving standardof graph
transformationsystems[5].

Correctnessandcompletenessof transformationsAutomatedtransformationsalsonecessitate(in addition
to automaticprogramgeneration)an automatedproof methodaiming to verify that the generatedtarget
modelsare semanticallycorrect,moreover, eachconstructallowed in the sourcemodel is handledby a
correspondingrule. Insteadof verifying the semanticcorrectnessof individual target models(generated
by somemodeltransformation),our alternatesolutionputsthestresson thecorrectnessandcompleteness
of transformationrules, i.e. startingfrom a semanticallycorrectsourcemodel,thederivationstepsshould
alwaysyield a semanticallyequivalenttargetdescription.

Automatedprogram generation Even if the descriptionof the transformationis theoreticallycorrectand
complete,additionally, thesourceandtargetmodelsarealsomathematicallyprecise,theimplementationof
thesetransformationshasahighrisk in theoverallqualityof atransformationsystem.Asapossiblesolution,
automatictransformationcodegeneration is carriedout including(automaticallygenerated)programsfor
implementingvisualtransformationrulesandcontrolstructures[6].

Thetransformationengine As beinga logicalprogramminglanguagebasedonpowerful unificationmeth-
ods,Prologseemsto bea suitablelanguagefor a prototypeimplementationof the transformationengine.
Thus,theXMI basedmodelandrule descriptionsaretranslatedinto a Prologgraphnotationservingasthe
input dataandthe algorithmto be executedby the transformationengine.After a successfulprototyping
phase,Prologcouldbesubstitutedwith a morepowerful but lower abstractionlevel language(like C++ or
Java).
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Benchmark transformationsThe model transformationsystemis supposedto be usedin real industrial
applications.Severalbenchmarktransformationshavealreadybeendesignedandimplemented.

– Transformingthestaticaspectsof UML modelsinto timedPetriNetsfor dependabilityanalysisin an
earlyphaseof systemdesign(discussedin [12]);

– TransformingUML Statechartsinto ExtendedHierarchicalAutomatonproviding formalsemanticsfor
thosediagrams(a formaldescriptionandimplementationof thetransformation[8]).

– Automaticprogramgenerationfor visualcontrolstructures[6].

Back–annotationof analysisresults As theresultsof themathematicalmodeltransformationareautomat-
ically back–annotatedto the UML basedsystemmodel,the systemanalystarereportedfrom conceptual
bugsin their well–known UML notation.After certainmodificationsandcorrectionson thesystemmodel
areperformed,thesystemverificationprocessmight stepinto a consecutivephase.

3 Ongoing Projects

In the final section,we shortly summarizethe main ideasbehindfurther transformationrelatedongoing
researchprojectsat BUTE aimingat thepracticaluseof UML–basedtransformations.

1. The purposeof an ongoingproject is to develop an openframework which increasesthe quality of
softwaredesignof reliableandsafetycritical applicationsfor embeddedandreactivesystems.
Ratherthana stand–aloneapplicationthe projectaimsat the developmentof an UML-basedadd–on
mathematicalmodel-analysissystemthat would guaranteethe quality of serviceby applying formal
techniquesin thefollowing fields:

– proving thecorrectness(e.g.systemrequirementsarenot conflicting)andcompleteness(thesys-
tem’s responseis specifiedfor anarbitraryinput sequence)of specifications;

– verifying thebehavioural correctnessof the system(by carryingout a transformationfrom UML
dynamicmodelsandstandardsafetycriteriato temporallogic (LTL) formulae);

– performingfault–propagationandreachabilityanalysis(basedon an automaticallyderiveddata–
flow descriptionof theUML basedsystemmodel).

2. Oneof themainpracticalproblemsin formalverificationoriginatesin thecomplexity relatedlimitations
of formal analysistools. For instance,formal verification of the dynamicbehaviour of IT systems
frequentlynecessitatestheexplorationof theentirestatespace.
Whenstartingfrom adirectformalmodellingtool (likeSPINmodellingtool for temporallogic etc.)the
typical solutionsto overcomethis complexity problemexploit eitherabstraction (thusperformingthe
analysistaskonamoreabstractmodelhavingasmallerstatespacethanthedetailedone)or symmetries
(in order to eliminatethe explorationof repetitive patternsin the statespace).Researchactivities at
BUTE areaimingto supporthierarchicalmodellingby abstractionandto identify majorsymmetriesat
a UML modellevel.

3. Anotheropenissuein theautomatictransformationandmodelanalysisframework is thegoal dri ven
model simplification ata UML level wherethesystemunderevaluationalreadygoesthrougha filter -
ing beforethe automatictargetmodelgeneration.For instance,whenanalyzingstatecharts,the parts
irrelevant from point of view a given propertyto be proven canbe frequentlysimplified to a highly
abstractnon–deterministicautomatone.g.by mergingconcurrentsub–automatonsinto a singlestate.

4. Furthermain issuesare concernedwith the automaticderivation of properand efficiently solvable
numerical models. Two currentproblemsunderanalysis(the minimization of project management
costsbasedon theUML modelof thesystem,andsemi–decisionbasedsafetyanalysis)show that the
simpletransformationhasto beextendedby propercontrolfiles in orderto getanefficientanalysis.
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