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Abstract Thedesignof comple, dependablesystemgequiresa preciseformal verificationof design
decisionsduring the systemmodelling phase.For that reason the mathematicaimodelsof various
formal verificationtools are plannedto be automaticallyderived from the systemmodeldescribedoy

UML—diagrams.In the currentpaper a generalframevork for an automatedmodel transformation
systemis outlinedproviding a uniform formal descriptionmethodof suchtransformationdy applying
the pawerful computationaparadigmof graphtransformation.
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1 Intr oduction

1.1 Formal Methodsin UML Design

During the recentyears,UML hasbecomethe standardof object—orientednodelling. It integratesthe
modernsoftwaredevelopmenparadigmglik e object-orientationmodularizationdesignpatternsetc.)into
a comprehensie andwidely acceptedrisual languagemoreover, it providesa completemethodologyfor
designingalargescaleof IT systems.

However, systemanalystshave to facecertaindifficultieswhenutilizing UML in the designprocesof
compl, dependableystemge.qg.for safetycritical applications)asan effective designof suchsystems
surelynecessitatea mathematicallypreciseformal verificationat eachphaseof modelling.

Formal methodssere asa rigorousmathematicaplatformfor verifying andanalyzingsuchcomputer
systemsFor mary years,they have beena topic of researctwith valuableacademiaesults[1], however,
theirindustrialutilization (despitetheir vital necessity)s still limited to specializedields.

Theuseof formal verificationtools (like modelcheclersSPIN[7] or PVS[11]) in IT systemdesignis
hinderedby a gapbetweerpractice—oriente@€ ASE toolsandsophisticateanathematicatools.

— Ontheonehand,systemengineersisuallyshov no propermathematicaskills requiredfor applying
formal verificationtechniquesn the softwaredesignprocess.

— On the otherhand,evenif a formal analysisis carriedout, the consisteng of the manuallycreated
mathematicaimodel and the original systemis not assuredmoreover, the interpretationof analysis
results,thus, the re—projectionof the mathematicabhnalysisresultsto the designatedsystemis also
problematical.

Theaimof ourongoingresearclis to provide provenly correctandcomplete automatedransformations
betweenUML-basedsystemmodelsand formal mathematicalrerificationtools for an effective software
analysisanddesign.[14
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1.2 Mathematical Model Transformation

The stepgeneratinghe input languageof a target mathematicatool from the UML modelof the system
is denotedasmathematicamodeltransformation Theinversedirectionof modeltransformatior(referred
as badk-—annotation is of immensepracticalimportanceas well whensomeproblems(e.g. a deadlock)
are detectedduring the mathematicabnalysis.After an automatedback—annotatiotheseproblemscan
be visualizedin the the sameUML systemmodelallowing the designetto fix conceptuabugswithin his
well-knovn UML environment.

Severalsemi-formaltransformatioralgorithmshave beendesignedandimplementedor differentpur-
poses(suchas formal verification of functional properties[8] or quantitatve analysisof dependability
attributes[2,3]). Unfortunately this conventionalway of modeltransformatioriacked a uniform andpre-
cisedescriptionof transformatioralgorithmsresultingin hand—writterandratherad hocimplementations
(incorvenientfor implementingcomplex transformations)Moreover, ary formal proof of correctnessind
completenesaimingto verify theseransformatiorscriptsis almostimpossiblethustheir uncertainquality
remainsa quality bottleneckof the entiretransformatiorbasedverificationapproach.

Thus,a modeltransformatiorsystem(avoiding thesedrawbacks)mustfulfil atleastthefollowing user
requirements.

— A largenumberof modeltransformationgreplannedo bedesignedo performdependabilityanalysis
in variousapplicationdomainsrangingfrom early evaluationmethodsbasedon Petri netsto model
checkingtechniquesisingtemporallogic asunderlyingmathematicamodel.

— “Mathematical”’modeltransformationsrenot only designedy mathematicianbut systemengineers
aswell. Thus,thesetransformationsnustbe definedby avisual,easyto understoodormalism.

— The specificationof a modeltransformatiorshouldbe givenin mathematicallyprecise unambiguous
form.

2 A Visual Automated Model Transformation System

The processof modeltransformatioris characterizedby a modelanalysisround-tripillustratedin Fig. 1.
Typically, asystemdesignerandatransformatiordesigneparticipatesn sucharound-tripwith thefollow-
ing roles.

— A transformatiordesignespecifieanodeltransformationérom UML to variousmathematicaiodels
(like e.g.Petrinets,temporallogic). Fromhis specificationa transformatioralgorithmis generatedt
compiletime.

— A systemanalystdesignscomplex systemsusing UML as modellinglanguage During the software
life cycles,heneedsseveralverificationstepsto be performedrunningthe previously generateanodel
transformatiorprograms.

Modeldescription A well-definedransformatiomecessitatea uniform andprecisedescriptionof source
andtargetmodelsontheotherhand,it shouldfollow the mainstandardsf theindustry thereforeaformal

underlyingformalismis neededFor this reasonthe Unified Modelling Language (UML) is usedasthe

front—endof modeltransformationsandthe user-endspecificationanguageof modeltransformatiorrules

is UML aswell. UML conceptuallyfollows the four-layerMeta Object Facility (MOF) meta—modelling
architecturg9], which allows the definition of meta—object$or similarly behaing instances.

Uniform descriptionof models Thefront—endandback—endf atransformatiofUML asthesourcemodel
andaformalverificationtool asthetargetmodel)is definedby auniform, standardizedescriptionanguage
of systemmodelling,thatis, XMl (XML Metadata Inter change)[10], whichis a specialdialectof XML,
the approving novel standardof the Weh Due to the factthat UML modelscanbe exportedin an XMl
format(the export processs supportecdby mostUML CASEtools)anopen,.tool-independerdrchitecture
is obtained.
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Figurel. An overvien of modeltransformation

Designingmodeltransformatiorrules The visual specificationof modeltransformationss supportedoy
graph transformation [4], which combineghe advantage®f graphsandrulesinto an efficient computa-
tional paradigm.

A graph transformation rule is a specialpair of patterngraphswherethe instancedefinedby the left
handsideis substitutedvith theinstancalefinedby theright handsidewhenapplyingsucharule (similarly
to thewell-knovn grammarulesof Chomsly in computationalinguistics).

Modeltransformationrules(in theform of graphtransformatiorrules)arespecifiedby usingthevisual
notationof UML. However, for obtaininga tool-independertransformatiorspecificationthe transforma-
tion ruleswill alsobe exportedin an XMI basedformat, conformingto the approving standardof graph
transformatiorsystemgb].

Correctnessand completenessf transformationsAutomatedransformationslsonecessitatéin addition
to automaticprogramgenerationjan automatedoroof methodaiming to verify that the generatedarget
modelsare semanticallycorrect, moreover, eachconstructallowed in the sourcemodelis handledby a
correspondingule. Insteadof verifying the semanticcorrectnes®f individual target models(generated
by somemodeltransformation)pur alternatesolutionputsthe stresson the correctnesand completeness
of transformatiorrules i.e. startingfrom a semanticallycorrectsourcemodel,the derivation stepsshould
alwaysyield a semanticallyequivalenttargetdescription.

Automatedprogram geneition Evenif the descriptionof the transformatioris theoreticallycorrectand
complete additionally the sourceandtargetmodelsarealsomathematicallyprecisetheimplementatiorof
thesdransformationfiasahighriskin theoverallquality of atransformatiorsystemAs apossiblesolution,
automatictransformationcodegeneition is carriedout including (automaticallygeneratedprogramsfor
implementingvisualtransformatiorrulesandcontrol structureg6].

Thetransformatiorengine As beingalogical programmindanguagebasedn powerful unificationmeth-
ods,Prologseemso be a suitablelanguagefor a prototypeimplementatiorof the transformatiorengine.
Thus,the XMI basednodelandrule descriptionsaretranslatednto a Prologgraphnotationservingasthe
input dataandthe algorithmto be executedby the transformatiorengine.After a successfuprototyping
phasePrologcould be substitutedvith a more powerful but lower abstractiorievel languagglike C++ or
Java).



WTUML 2001:Workshopon Transformationgn UML pp.123-127 April 7th,2001,Genwa, Italy

Bendimarktransformations The model transformationsystemis supposedo be usedin real industrial
applications Severalbenchmarkransformationfiave alreadybeendesignecandimplemented.

— Transformingthe staticaspectof UML modelsinto timed Petri Netsfor dependabilityanalysisin an
early phaseof systemdesign(discussedhn [12]);

— TransformingUML Statechartinto ExtendedHierarchicalAutomatonproviding formal semanticgor
thosediagramga formal descriptiorandimplementatiorof thetransformatior{8]).

— Automaticprogramgeneratiorfor visual control structureg6].

Bad—annotatiorof analysisresults As theresultsof the mathematicamodeltransformatiorareautomat-
ically back—annotatetb the UML basedsystemmodel,the systemanalystarereportedfrom conceptual
bugsin their well-knovn UML notation.After certainmodificationsandcorrectionson the systemmodel
areperformedthe systemverificationprocessmight stepinto a consecutie phase.

3 OngoingProjects

In the final section,we shortly summarizethe main ideasbehindfurther transformatiorrelatedongoing
researctprojectsat BUTE aimingatthe practicaluseof UML—basedransformations.

1. The purposeof an ongoingprojectis to develop an openframewvork which increaseghe quality of
softwaredesignof reliableandsafetycritical applicationdor embeddedndreactive systems.
Ratherthana stand—alon@pplicationthe projectaimsat the developmentof an UML-basedadd—on
mathematicamodel-analysisystemthat would guaranteghe quality of serviceby applyingformal
techniquesn thefollowing fields:

— proving the correctnesge.g. systemrequirementsre not conflicting) and completeneséthe sys-
tem’sresponsés specifiedfor anarbitraryinput sequencedf specifications;

— verifying the behaioural correctnes®f the system(by carryingout a transformatiorfrom UML
dynamicmodelsandstandardsafetycriteriato temporallogic (LTL) formulae);

— performingfault—propagatiorand reachabilityanalysis(basedon an automaticallyderived data—
flow descriptionof the UML basedsystemmodel).

2. Oneof themainpracticalproblemsn formalverificationoriginatesn thecompleity relatedimitations

of formal analysistools. For instance formal verification of the dynamicbehaiour of IT systems
frequentlynecessitatethe explorationof the entirestatespace.
Whenstartingfrom adirectformalmodellingtool (like SPINmodellingtool for temporalogic etc.)the
typical solutionsto overcomethis compleity problemexploit eitherabstraction (thusperformingthe
analysigaskonamoreabstractmodelhaving asmallerstatespacehanthedetailedone)or symmetries
(in orderto eliminatethe exploration of repetitve patternsin the statespace)Researclactiities at
BUTE areaimingto supporthierarchicaimodellingby abstractiorandto identify majorsymmetriesat
aUML modellevel.

3. Anotheropenissuein the automatictransformatiorandmodelanalysisframework is the goal driven
model simplification ata UML level wherethe systemunderevaluationalreadygoesthroughafilter -
ing beforethe automatictargetmodel generationFor instance whenanalyzingstatechartsthe parts
irrelevant from point of view a given propertyto be proven can be frequentlysimplified to a highly
abstrachon—deterministiautomatore.g.by memging concurrensub—automatonisito a singlestate.

4. Furthermain issuesare concernedwith the automaticderivation of properand efficiently solvable
numerical models Two currentproblemsunderanalysis(the minimization of project management
costsbasedon the UML modelof the system,andsemi—decisiobasedsafetyanalysis)show thatthe
simpletransformatiorhasto be extendedby propercontrolfilesin orderto getanefficientanalysis.
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