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Abstract

Thedesignof safetycritical systemsfrequentlynecessitatesto simultaneouslyfulfill sev-
eral logical and numericalconstraintsas requirementsin order to deliver a functionally
correctandoptimal target system.In thecurrentpaper, we presenta combinedoptimiza-
tion and reachabilityanalysisapproachusing the SPIN model checker [5] for problems
modeledwith graphtransformationsystemswith time [3]. First, we encodegraphtrans-
formationrulesinto transitionssystemsin Promela(theinput languageof SPIN) following
[?,9]. Thenwe restrictvalid executionpathsto time-orderedtransformationsequencesby
additionallogical conditions. The desiredreachabilityproperty(as logical condition) is
usedto potentiallydecreasetheglobalbestcostvariablewhenever a new pathsatisfiesthe
property. Theoptimalsolutionfor theproblemis foundby a singleexhaustive run of the
modelchecker encodingthenumericalconstraintsinto a dynamicLTL formula to cut off
suboptimalpathsviolating theBranch-and-Boundheuristics.

Key words: graphtransformation,optimization,modelchecking.

1 Introduction

Recently, thenotionof graphtransformationsystems(GTS)with timehasbeenin-
troducedin [3] to provideformalsupportfor modelingembeddedandsafetycritical
systemsthatmake heavy useof conceptslike timeouts,timing constraints,delays,
etc. Moreover, correctnesswith respectto theseissuesis critical to thesuccessful
operationof thesesystems.This approachdefinesglobally time-orderedtransfor-
mationsequencesto capturetheconsistency of timevaluesattachedto vertices.

Sincethe violation of suchtiming restrictionsis typically critical, the formal
analysisof graphtransformationsystemsis frequentlynecessitatedin practiceto+
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prove thefunctionalcorrectnessof thesystemby usingoff-the-shelfanalysistools
(likemodelcheckersor theoremprovers).Severalrecentresearchactivities [1,6,?]
havebeenfocusingonthemodelcheckingof graphtransformationsystems.In [9],
a tool supportis reportedfor mappinggraphtransformationsystemsinto Promela
(theinput languageof themodelchecker SPIN [5]) basedon theencodingof [?].

However, requirementsfrequentlynecessitateto build a systemthat is simul-
taneouslycorrectandoptimal, i.e., thesystemhasto simultaneouslyfulfill logical
and numericalconditions. For instance,a typical requirementin safetycritical
systemsis to find the optimal pathrespectingall timing constraintsthat leadsto
a desirable(target) systemconfiguration. For this purpose,we needto combine
reachabilityanalysiswith optimization.A primarybasisof a combinedtechnique
canbebasedupon[8] whereoptimalschedulingproblemsaresolvedby embedding
Branch-and-Boundtechniquesinto themodelcheckerSPIN [5]. Thesameproblem
hasbeentackledon a PetrinetbasisusingProcessNetwork Synthesisalgorithms
for optimizationin [4].

In thecurrentpaper, weoutlineacombinedreachabilityanalysisandoptimiza-
tion techniquefor graphtransformationsystemswith time.

(i) First, we derive a functionallyequivalenttransitionsystem(TS) of thegraph
transformationsystemwithout time following [?] that collectsall potential
ruleapplications.

(ii) Then,additionalconditionsare addedto eachtransitionto restrict the exe-
cution pathstraversedby the modelchecker to time-orderedtransformation
sequences.

(iii) Thereachabilityproperty(i.e., thedesirabletarget configuration)is encoded
asa separatePromelaprocess.If the desiredconfigurationis reachedon an
executionpathandthecostof this solutionis betterthanthecostof thebest
solutionfoundup to thiscertainpointwedecreasethisglobalvariablestoring
theoptimalcost.

(iv) To find theoptimalsolutionwith asingleexhaustiverunof themodelchecker,
thestatespaceis prunedby Branch-and-Boundtechniquesfor suboptimalso-
lutions. TheBranch-and-Boundtechniqueis encodedinto thepropertyto be
verified (statingthat the currentcost will eventuallybecomelarger than or
equalto thebestcoston eachexecutionpath)thusit is changingdynamically
duringthemodelcheckingprocess.

2 Optimization Problems in GTS with Time

In thissection,weillustratehow to modeloptimizationproblemsusinggraphtrans-
formation systemswith time. For a motivating example,we discuss(a slightly
modifiedversionof) a job-shopschedulingproblem,thePersonalizationMachine
examplediscussedin [8].
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2.1 ThePersonalizationMachineProblem
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Fig. 1. Personalizationmachine

The PersonalizationMachine problem is to schedulethe personalizationof
smartcards. In Fig. 1, a schematicoverview of the personalizationmachineis
depicted.Theemptysmartcardsaretransportedby a conveyor belt (thatconsists
of conveyor cells)to thepersonalizationstations.Thepersonalizationprocesscon-
sistsof thefollowing mainsteps(wherethecostsof operations,i.e., thetime they
take, arealsodepictedin Fig. 1): (i) theUnloaderputsthesmartcardon thefirst
cell of the conveyor belt (usingthe unload andshift in operations);(ii) the con-
veyor canshift acardto thenext cell asasinglemove. If acardreachesthelastcell
andit hasnotbeenpersonalizedyet, it will besentto theemptycardsandreloaded
againin a laterphase;(iii) thecardcanbetakenfrom thebelt by a freepersonal-
ization station(pers in), the personalizationof the cardbegins immediately, i.e.,
themachineprogramsthecardwith personalizeddata(pers), andtakesbackto the
conveyor belt (pers out); (iv) finally, thecardis removedby theLoaderfrom the
lastcell of theconveyor belt (shift out andload operations).

Our goal is to find an optimal scheduleto personalize¢ smartcardswith £
personalizationstations.

2.2 Definingthestaticstructure: Typeandinstancegraphs

The staticstructureof the PersonalizationMachineproblemis modeledby using
type and instancegraphswhich are formal graph-basedrepresentationsof tradi-
tional UML classandobjectdiagrams.Graphnodesin thetypegraphcorrespond
to classeswhile edgescorrespondto associations.Attributesarefrequentlyinter-
pretedasspecialnodes.Theinstancegraphrepresentsthemodeledsystem,andit is
connectedto thetypegraphby a typing homomorphism(formalizingtheinstance-
of relation).Graphnodesin theinstancegraphcorrespondto objects,edgesrepre-
sentlinks while attributesarecalledslotsin UML terms.

In theleft partof Fig. 2, thetypegraphof thepersonalizationmachineproblem
is depictedasa UML classdiagram. It consistsof the nodesCard, Unloader,
Loader, PersonalizationStation, andConveyorCells. In orderto modelthecost
of operations,all nodes(exceptfor personalizationstations)have a time attribute.
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The time attributesrepresentlogical clocks that register the time when the last
operationappliedon thecorrespondingnodewascompleted.Thecurrentposition
andstateof cards(andotherobjects)aredenotedby edgesandattributeswith a
hold postfix. A cardis consideredto be processedby settingthe personalized

attributeto true.
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Fig. 2. Typegraphandagraphtransformationrule

2.3 Modelingdynamicbehavior:Graphtransformationwith time

Graphtransformation[7] providesa rule andpatternbasedmanipulationof typed
andattributedgraphmodelsby replacinga part of an instancegraphmatchinga
specificpatternwith anothergraph. In graphtransformationwith time [3], a time
attribute is a logical clock (typically) with non-negative integervaluesthatcanbe
attachedto nodes.Thetimeattributehasadistinguishedroleto definehow thetime
progressesin discretestepsin aconsistentway.

A graph transformationrule ÔÖÕ ×?ØÚÙ&ÛÝÜ containsa left–handside graph Ø ,
anda right–handsidegraph Û , whereboth graphscorrespondto the type graph.
Informally, Ø and Û graphsrepresentthepre–conditionsandthepost–conditionsof
therule, respectively. Theapplicationof a rule Ô to an instancegraph Þ replaces
a matchingof Ø in Þ by an imageof Û . This is performedby ( ß ) finding an
occurrenceof Ø in Þ , ( à ) removing thatpartof Þ which is matchedto elementsof
Ø notbelongingto Û , ( á ) and,symmetrically, gluing thenew nodesandedgesto Þ
thatcanbemappedto Û but not to Ø obtainingthederivedgraph â .

A graphtransformationsystem(GTS)consistsof asetof graphtransformation
rules,while a graph transformation(sequence)is a sequenceof consecutive rule
applicationsselectedfrom GTSthatevolvesthesystemfromaninitial graphmodel.
A graphtransformationsystemwith timeconsistsof rulesthatmanipulatethe time
attributesin suchawaythata transformationsequencederivedby aGTSwith time
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is valid if it fulfills thefollowing axioms.

1. Local monotonicity: All time valuesin the occurrenceof Û in â arehigher
thanany of thetime valuesin theoccurrenceof Ø in Þ .

2. Uniform timestamp: All time valuesin the occurrenceof Û in â areequal.
Thisuniform timestampis thetimeof therule application.

3. Time-ordered transformation sequences: A graphtransformationsequenceis
calledtime–ordered if the time of consecutive rule applicationsin thesequence
is monotonicallyincreasing.

Informally, Axiom 1 ensuresthat theapplicationof a rule takespositive time.
Axiom 2 statesthe atomicity of rule application,i.e., all effectsspecifiedin the
right–handsideareobservedat thesametime. Axiom 3 expressesthat thesystem
shouldevolve alongtime-orderedtransformationsequencesthat canbe executed
by a centralscheduler(having a globalpictureof thesystem).While Axiom 1 and
2 canbe fulfilled at compile-timeby thestructure of a graphtransformationrule,
Axiom 3 canonly beguaranteedat run-timeby carefullyselecting(i) thenext rule
to beappliedand(ii) thenext occurrenceof therule.

For spaceconsideration,we introduceonly oneruleof thePersonalizationMa-
chineproblem,whenthepersonalizationmachineplacesbackthecardto thecon-
veyor belt after personalization.The pers out rule (depictedin the right part of
Fig. 2) canbeappliedif ( ß ) thereexistsacardwhichhasalreadybeenpersonalized
(C.personalized=true), ( à ) it hasnot beenreleasedby the stationyet (thereis a
pers hold link betweenthecardandthepersonalizationstation),and( á ) thecon-
veyorcell connectedto thepersonalizationstationis empty(CC.card hold=false).

Theapplicationof theruleyieldsaninstancegraphwherethepersonalizedcard
is placedback to the belt: ( ß ) the card is releasedby the personalizationstation
(P.pers hold=false andthepers hold link is deleted),and( à ) thecardis putback
onto the belt (a conv hold link is createdbetweenthe cell andthe card,andthe
correspondinghold attributesareset),and( á ) the timestampof thecardandthe
conveyor cell is setto max(t1,t2)+1.

Note thatrule pers out satisfiesboththeLocal monotonicityandtheUniform
durationconditions:( ß ) thetimestampsin Û aregreaterthanthetimestampsin Ø ,
and( à ) all timestampsin Û areuniform.

3 From GTSs with Time to Transition Systems

Transitionsystems(TS) area commonmathematicalformalismthatservesasthe
input specificationof variousmodelchecker toolswherethesystemis evolving by
executingnon-deterministicif-then-elselike rulesto manipulatestatevariables.

Graphtransformationsystemswith timeareencodedinto abehaviorally equiv-
alentTS in a two-stepprocess.First,we collectall potentialapplicationsof graph
transformationrules into transitionsin the TS to handlea singlegraphtransfor-
mation stepcorrectly following [?,9]. Then valid executionpathsare restricted
to time-orderedtransformationsequencesby additionallogical conditionson the
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time(stamp)of rule applications.

For spacelimitations, we only sketch the encodingof graph transformation
rulesinto transitionsin thetargetTS andomitting severalconceptualdetails(such
asthe declarationof statevariablesdriven by the metamodelor the initialization
phasedrivenby theinitial model)whicharediscussedin [?].

3.1 Encodingof GTrules

Potentialapplicationsof graphtransformationrulesareencodedinto behaviorally
equivalenttransitionsof thecorrespondingTS (wherea transitionof a TS is com-
posedof a guardandstatevariableupdates).Behavioral equivalencemeansthat
whenevera GT rule becomesapplicableon a certainmatching,theguardof a cor-
respondingtransitionshouldevaluateto true thusthe transitioncanbe fired (and
viceversa).
ã All potentialmatchingsof aGT rulearecollectedatcompile-timeinto theguards

of transitions.Theseguardsareconstitutedprimarily from thelogicalconditions
imposedby the Ø graphandattributeconditions.Furthermore,theguardsmight
alsoneedto containidentificationanddanglingconditionsaswell in caseof the
double-pushoutapproach[2].ã Theeffectsof applyingaruleonacertainmatchingareencodedasstatevariable
updates. Theseupdatesshouldhandleif a certaingraphnodeor edgeis created
or removed,or, if anew valueis assignedto anattribute.

Although this compile-timepreprocessingcan be time-consuming,sinceall the
potentialmatchesof a rule have to beencountered,weonly have to traversea rela-
tively smallpartof thestatespacefor this step.This is becausegraphtransforma-
tion rulesdefinelocalmodificationsto thesystemstatethusit is typically negligible
whencomparedwith the time requiredfor traversingtheentirestatespaceduring
modelchecking.

The equivalentPromelatransitionä that encodesrule pers out (of Fig. 2) is
depictedbelow asademonstrationwhenappliedonthepotentialmatchingå CC æç
cc1, P æç p1, C æç c1 è (expressingthat thepersonalizationof cardc1 hasbeen
completedatstationp1 thusit is placedbackon theconveyor cell cc1).

:: atomic {
convCell[cc1] && conv_hold[cc1] == false && myCell[p1][cc1] &&
persStation[p1] && pers_hold[p1] == true && pers_hold[c1][p1] &&
card[c1] && card_hold[c1] == true && personalized[c1] == true ->

pers_hold’[c1][p1] = false;
conv_hold’[c1][cc1] = true;
time’[cc1] = max(time[cc1]+1, time[c1]+1);
time’[c1] = max(time[cc1]+1, time[c1]+1); }

In theguard,wechecktheexistenceof nodesandedgesof correspondingtypes
(suchas,e.g.,convCell[cc1] andmyCell[p1][cc1]), andattributeconditions(such
é

Note that the original techniquein [?] usesfurtheroptimizationsto reducethe numberof state
variablesandto eliminatedeadtransitionswhich is omittedfrom thecurrentpaper.
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aspersonalized[c1] == true). The statevariableupdatesremove the pers hold
edgeandcreatea new conv hold edge,moreover, they updatethe time variable
accordingto theaxiomsof GTSswith time.

3.2 Ensuringtime-orderedness

Thepreviousencodinghandlesthetimeattributesasaconventionalattributein the
GTS.Thisway, thereareexecutionpathsin thetargetTSthatarenot time-ordered.
To restrict the executionpathsto time-orderedtransformationsequences,several
extensionsarerequiredfor eachtransition.

We introducea new statevariableprev time which storesthe time(stamp)of
the previous rule applicationthus it is globally accessedby all transitionson a
singlepath.Sinceweaimat restrictingvalid executionpathsto time-orderedones,
theguardof eachtransitionis extendedwith a literal to checkthat thetime of the
currentrule applicationis larger than (or equalto) the time of the previous rule
application.If theguardevaluatesto true(i.e., thesequenceremainstime-ordered)
thenthestatevariableprev time is updatedaswell to storethetime of thecurrent
ruleapplication.In caseof rulepers out, thefollowing extensionsarerequiredfor
thetransitionof thepreviousexample.

max(time[cc1], time[c1]) + 1 >= prev_time && ... ->
prev_time’ = max(time[cc1], time[c1]) + 1; ...

Notethatsincethestructureof graphtransformationrulestrivially impliesAx-
iom 1 and2, only Axiom 3 hasto beencodedinto thePromeladescription.

As a summary, to restrictour investigationto time-orderedtransformationse-
quences,changesarerequiredto thetransitionsystemitself, but thesechangesare
tool independentthus they canbe appliedto any modelchecker having an input
languagebasedon transitionsystems.Meanwhile,the techniquesto bepresented
in Sec.4 arespecificto SPIN.

Giventhe transitionsystemderivedfrom a GTSwith time, themodelchecker
SPIN can automaticallyverify the validity of an arbitrary LTL formula. In this
way, we areableto decidewhethercertainproperties(requirements)hold on any
time-orderedexecutionpathof theGTS.

4 Combined Optimization and Reachability Analysis

To perform simultaneousoptimizationand verification, we restrict ourselves to
reachabilitypropertiesusedasfunctionalrequirements(logical constraints).Thus
our ultimategoal is to find an optimal transformationsequence(executionpath)
thatleadsto adesiredsituationdefinedby thereachabilityproperty. Wenow adapt
thetechniquesof [8] to enableoptimizationin SPIN.

In a reachability property, we askwhethera desiredsituationwill becometrue
in at leastone stateon at leastone executionpath of the system. Formally, in
LTL terms,a reachabilitypropertyis of the form G ê p, wherep is the property
describingthedesiredsituation.If thepropertyG ê p is foundvalid by themodel
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checker, thenthedesiredsituationis not reachable,otherwisethedesiredsituation
is reachable,and the model checker will derive a statesequenceleadingto this
situationasacounterexample.

In SPIN, LTL formulaearetranslatedinto specialPromelaprocesses(automata)
with high-priority. In fact, a reachabilitypropertycanbe interpretedasa special
error transition(callednever claim) which interruptstherun of themodelchecker
if fired at any timeandretrievestheerrortrace.

4.1 Updatingthebestcostof a solution

However, in caseof optimization,thefiring of suchanerror transitionshouldnot
interruptthemodelcheckingprocess,it only indicatesthata (functionally)correct
solutionis found. Now we needto checkwhetherthe cost (i.e., the overall exe-
cution time in our case)of the currentexecutionpathsatisfyingthe reachability
propertyis lessthanthebestcostof a previously foundexecutionpath. In sucha
case,the bestcostshouldbe decreasedto storethe costof the currentsequence.
Finally, themodelchecker shouldcontinueto investigatethenext executionpath.

To implementthis behavior, we needto rely on SPIN 4.0 which supportsthe
inclusionof embeddedC codeinto Promelamodelsby thefollowing primitives:(i)
c state: to addnew C variablesto the Promelamodel; (ii) c expr: to evaluatea
C expressionin a guard;and(iii) c code: to addarbitraryC codefragmentsasan
atomicstatementto thePromelamodel.

(i) First we definea global variablebest cost in the Promelamodelusing the
c state constructasfollows: c state "int best cost" "Hidden"
.

Thescope”Hidden” denotesthatthevariablebest cost will not bestored
in thestatevectorandwill beglobalto all executionruns.

(ii) Thevariablebest cost is initializedatthestartof theverificationto MAX COST
(aworst-caseestimateof thecostof aschedule).
#define MAX_COST 1000
init {

c_code { best_cost = MAX_COST; }}

(iii) Wheneveranew solutionis found,i.e., in theerrortransition(s)of thereacha-
bility property, thecost(time)of theexecutionpath(i.e.,thevariableprev time)
is comparedwith thebest cost sofar. If prev time is smallerthenwe have
foundabettersolution,sothevariablebest cost is decreasedandthetraceis
saved.Thefollowing pieceof Promelacoderepresentsareachabilityproperty
reach prop statingthateachcardc1, ë�ë�ë cn shouldbepersonalizedeventu-
ally.
#define reach_prop (personalized[c1] && ... && personalized[cn])
reach_prop ->

c_code {
if (now.prev_time < best_cost) {

best_cost = now.prev_time;
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/* Further Spin specific code to save the current trace */ }}

4.2 Branch-and-BoundusingdynamicLTL formulae

Branch-and-Bound[10] is anapproachdevelopedfor solvingdiscreteandcombi-
natorialoptimizationproblems. The essenceof the Branch-and-Boundapproach
is to enumerateall possiblesolutionsby constructinganenumerationtree. When
building the tree(i.e., thestatespace),we canstopconsideringanexecutionpath
(partialsolution)if it is certainthatall pathsvia thisstate(i) eitherleadto aninvalid
solution(logical cut) or (ii) will have highercoststhanthebestpathfoundso far
(numericalcut).

Following the guidelinesof [8], we encodethe Branch-and-Boundtechnique
into thepropertyto beverifiedby SPIN. We checkwhetherthecost(i.e., thetime)
of anexecutionpathwill eventuallybecomegreaterthanor equalto thebest cost,
andthispropertyshouldbevalid oneachexecutionpath.Formally, thecorrespond-
ing LTL is F(higher cost ì G( ê reach prop)) wherereach prop is thedesired
reachabilityproperty, andhigher cost is definedas

#define higher_cost (c_expr { now.prev_time >= best_cost})

When checkingF(higher cost), the model checker enumeratesall solutions
(i.e., time orderedtransformationsequencesleadingto a desiredsituation)oneby
one,but the exhaustive traversalof the statespaceis reducedby numericalcuts
whenever (i) thecostof anexecutionpathexceedsthebest cost (i.e., prev timeí best cost), or (ii) the currentpath is a solution with a new (more optimal)
best cost (thusprev time = best cost), or either logical cutswhenreach prop
canneverbesatisfiedon acertainpath.

As thevariablebest cost is decreasedwhenever a moreoptimalsolutionsat-
isfying thereachabilitypropertyis found,theLTL formulathatis beingcheckedis
changingdynamicallyduringtheverification.

5 Conclusions

In thecurrentpaper, we proposeda simultaneousoptimizationandverificationfor
systemsmodeledasGTSswith time. In this way, we areableto find theoptimal
time-orderedtransformationsequenceleadingto a desiredsystemconfiguration
(definedby a reachabilityproperty)by usingthemodelchecker SPIN. As thenext
stepfor ourcurrentresearch,weaimatassessingthepracticallimits of theproposed
techniqueonbenchmarkexamples.
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