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Abstract

The designof safetycritical systemdrequentlynecessitatet simultaneoushfulfill sev-

eral logical and numericalconstraintsas requirementsn orderto deliver a functionally
correctandoptimal taiget system.In the currentpapey we presenia combinedoptimiza-
tion and reachabilityanalysisapproachusing the SpiN model checler [5] for problems
modeledwith graphtransformatiorsystemswith time [3]. First, we encodegraphtrans-
formationrulesinto transitionssystemsn Promela(theinputlanguageof SpiN) following

[?,9]. Thenwe restrictvalid executionpathsto time-orderedransformatiorsequenceby

additionallogical conditions. The desiredreachabilityproperty (aslogical condition)is

usedto potentiallydecreas¢he globalbestcostvariablewheneer anew pathsatisfiegshe
property The optimal solutionfor the problemis found by a single exhaustve run of the
modelchecler encodingthe numericalconstraintsnto a dynamicLTL formulato cut off

suboptimalpathsviolating the Branch-and-Boun#ieuristics.

Key words: graphtransformationpptimization,modelchecking.

1 Introduction

Recentlythe notionof graphtransformatiorsystemg$GTS)with time hasbeenin-
troducedn [3] to provide formal supportfor modelingembedde@ndsafetycritical
systemghatmake heary useof conceptdik e timeouts timing constraintsdelays,
etc. Moreover, correctnessvith respecto theseissuess critical to the successful
operationof thesesystems.This approachdefinesglobally time-oidered transfor
mationsequenceto capturethe consisteng of time valuesattachedo vertices.
Sincethe violation of suchtiming restrictionsis typically critical, the formal
analysisof graphtransformatiorsystemss frequentlynecessitateth practiceto
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prove the functionalcorrectnessf the systemby usingoff-the-shelfanalysisools
(like modelcheclersor theoremprovers). Severalrecentresearclactvities [1,6,7]
have beenfocusingonthe modelcheckingof graphtransformatiorsystemsin [9],
atool supportis reportedfor mappinggraphtransformatiorsystemsnto Promela
(theinputlanguageof themodelchecler SPIN [5]) basedn theencodingof [7].

However, requirementdrequentlynecessitatéo build a systemthatis simul-
taneouslycorrectandoptimal i.e., the systemhasto simultaneouslyulfill logical
and numericalconditions. For instance,a typical requirementin safety critical
systemss to find the optimal pathrespectingall timing constraintshat leadsto
a desirable(target) systemconfiguration. For this purpose we needto combine
reachabilityanalysiswith optimization. A primary basisof a combinedtechnique
canbebasedupon[8] whereoptimalschedulingproblemsaresolvedby embedding
Branch-and-Bountkechniquesnto themodelchecler SPIN [5]. Thesameproblem
hasbeentackledon a Petrinet basisusing ProcesNetwork Synthesisalgorithms
for optimizationin [4].

In the currentpaper we outlineacombinedreachabilityanalysisandoptimiza-
tion techniquefor graphtransformatiorsystemswith time.

() First, we derive afunctionally equivalenttransitionsystem(TS) of thegraph
transformationsystemwithout time following [?] that collectsall potential
rule applications.

(i) Then, additionalconditionsare addedto eachtransitionto restrictthe exe-
cution pathstraversedby the model checler to time-orderedransformation
sequences.

(i) Thereachabilityproperty(i.e., the desirabletarget configuration)is encoded
asa separatd’romelaprocess.If the desiredconfigurationis reachedon an
executionpathandthe costof this solutionis betterthanthe costof the best
solutionfoundup to this certainpoint we decreas¢his globalvariablestoring
the optimal cost.

(iv) Tofindtheoptimalsolutionwith asingleexhaustve runof themodelchecler,
the statespaces prunedby Branch-and-Bountechniquegor suboptimalko-
lutions. The Branch-and-Bountechniques encodednto the propertyto be
verified (statingthat the currentcostwill eventually becomelarger than or
equalto the bestcoston eachexecutionpath)thusit is changingdynamically
duringthe modelcheckingprocess.

2 Optimization Problemsin GTSwith Time

In thissectionweillustratehow to modeloptimizationproblemsusinggraphtrans-
formation systemswith time. For a motivating example,we discuss(a slightly
modifiedversionof) a job-shopschedulingproblem,the PersonalizatiotMachine
examplediscussedn [8].
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2.1 ThePersonalizationMachine Problem
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Fig. 1. Personalizatiomachine

The PersonalizatiorMachine problemis to schedulethe personalizatiorof
smartcards. In Fig. 1, a schematicovervien of the personalizatiormachineis
depicted. The emptysmartcardsaretransportedy a corveyor belt (that consists
of corveyor cells)to the personalizatiorstations.The personalizatioprocesscon-
sistsof the following main steps(wherethe costsof operationsj.e., thetime they
take, arealsodepictedin Fig. 1): (i) the Unloaderputsthe smartcardon thefirst
cell of the corveyor belt (usingthe unload andshift_in operations){ii) the con-
veyor canshift acardto thenext cell asasinglemove. If acardreacheghelastcell
andit hasnotbeenpersonalizeget, it will be sentto theemptycardsandreloaded
againin a later phasefiii) the cardcanbe takenfrom the belt by a free personal-
ization station(pers_in), the personalizatiorof the card beginsimmediately i.e.,
themachineprogramghe cardwith personalizediata(pers), andtakesbackto the
cornveyor belt (pers_out); (iv) finally, the cardis removed by the Loaderfrom the
lastcell of the conveyor belt (shift_out andload operations).

Our goalis to find an optimal scheduleto personalizen smartcardswith m
personalizatiorstations.

2.2 Definingthestaticstructuie: Typeandinstancegraphs

The static structureof the PersonalizatioMachineproblemis modeledby using
type and instancegraphswhich are formal graph-basedepresentationsf tradi-
tional UML classandobjectdiagrams.Graphnodesin thetype graphcorrespond
to classewhile edgescorrespondo associationsAttributesare frequentlyinter-
pretedasspeciahodes.Theinstancegraphrepresentthemodeledsystemandit is
connectedo thetype graphby atyping homomorphisn{formalizingtheinstance-
of relation). Graphnodesn theinstancegraphcorrespondo objects,edgesepre-
sentlinks while attributesarecalledslotsin UML terms.

In theleft partof Fig. 2, thetype graphof the personalizatiomachineproblem
is depictedasa UML classdiagram. It consistsof the nodesCard, Unloader,
Loader, PersonalizationStation, andConveyorCells. In orderto modelthe cost
of operationsall nodes(exceptfor personalizatiorstations)have atime attribute.
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The time attributesrepresentogical clocks that register the time when the last
operationappliedon the correspondingnhodewascompleted.The currentposition
and stateof cards(and otherobjects)are denotedby edgesand attributeswith a
_hold postfix. A cardis consideredo be processedy settingthe personalized
attributeto true.
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Fig. 2. Typegraphandagraphtransformatiorrule

2.3 Modelingdynamicbehavior: Graphtransformatiorwith time

Graphtransformatiori7] providesa rule and patternbasedmanipulationof typed
and attributed graphmodelsby replacinga part of an instancegraphmatchinga
specificpatternwith anothergraph. In graphtransformatiorwith time [3], atime
attribute is alogical clock (typically) with non-negjative integer valuesthatcanbe
attachedo nodes.Thetime attributehasadistinguishedole to definehow thetime
progresses discretestepsn a consistentvay.

A graph transformationrule p = (L, R) containsa left—-handside graph L,
anda right—-handside graph R, whereboth graphscorrespondo the type graph.
Informally, . and R graphgrepresenthe pre—conditioneindthepost—conditionef
therule, respectiely. The applicationof arule p to aninstancegraph G replaces
a matchingof L in G by animageof R. This is performedby (1) finding an
occurrencef L in G, (2) removing thatpartof G whichis matchedo elementof
L notbelongingto R, (3) and,symmetricallygluingthenex nodesandedgedo G
thatcanbe mappedo R but notto L obtainingthederivedgraph H.

A graphtransformatiorsystem(GTS)consistf a setof graphtransformation
rules, while a graph transformation(sequencejs a sequencef consecutie rule
applicationselectedrom GTSthatevolvesthesystenfrom aninitial graphmodel.
A graphtransformatiorsystenwith time consistof rulesthatmanipulatehetime
attributesin suchawaythatatransformatiorsequenceéerivedby a GTSwith time
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is valid if it fulfills thefollowing axioms.

1. Local monotonicity: All time valuesin the occurrenceof R in H are higher
thanary of thetime valuesin theoccurrencef L in G.

2. Uniform timestamp: All time valuesin the occurrenceof R in H areequal.
This uniform timestamps thetime of therule application.

3. Time-ordered transformation sequences. A graphtransformatiorsequences
calledtime—oderedif thetime of consecutie rule applicationsn the sequence
is monotonicallyincreasing.

Informally, Axiom 1 ensureghatthe applicationof a rule takespositive time.
Axiom 2 statesthe atomicity of rule application,i.e., all effects specifiedin the
right—-handsideareobsenedat the sametime. Axiom 3 expresseshatthe system
shouldevolve alongtime-orderedransformationrsequenceghat can be executed
by a centralschedule(having a globalpictureof the system).While Axiom 1 and
2 canbefulfilled at compile-timeby the structure of a graphtransformatiorrule,
Axiom 3 canonly beguaranteedat run-timeby carefullyselecting(i) the next rule
to beappliedand(ii) thenext occurrencef therule.

For spaceconsiderationywe introduceonly onerule of the PersonalizatioMa-
chineproblem,whenthe personalizatiormachineplacesbackthe cardto the con-
veyor belt after personalization.The pers_out rule (depictedin the right part of
Fig. 2) canbeappliedif (1) thereexistsa cardwhich hasalreadybeenpersonalized
(C.personalized=true), (2) it hasnot beenreleasedy the stationyet (thereis a
pers_hold link betweerthe cardandthe personalizatiorstation),and(3) the con-
veyor cell connectedo the personalizatiostationis empty(CC.card_hold=false).

Theapplicationof theruleyieldsaninstancegraphwherethepersonalizedard
is placedbackto the belt: (1) the cardis releasedoy the personalizatiorstation
(P.pers_hold=false andthepers_hold link is deleted) and(2) thecardis putback
onto the belt (a conv_hold link is createdbetweenthe cell andthe card,andthe
correspondinghold attributesare set),and(3) the timestampof the cardandthe
corveyor cellis setto max(t1,t2)+1.

Note thatrule pers_out satisfiesboththe Local monotonicityandthe Uniform
duration conditions:(1) thetimestampsn R aregreaterthanthetimestampsn L,
and(2) all timestampsn R areuniform.

3 From GTSswith Timeto Transition Systems

TransitionsystemqTS) area commonmathematicaformalismthat senesasthe
input specificatiorof variousmodelchecler toolswherethe systemis evolving by
executingnon-deterministicf-then-elsdik e rulesto manipulatestatevariables.
Graphtransformatiorsystemswith time areencodednto abehaiorally equi-
alentTS in atwo-stepprocess First, we collectall potentialapplicationsof graph
transformatiorrulesinto transitionsin the TS to handlea single graphtransfor
mation step correctly following [?,9]. Thenvalid executionpathsare restricted
to time-orderedransformatiorsequencedy additionallogical conditionson the
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time(stamp)f rule applications.

For spacelimitations, we only sketch the encodingof graphtransformation
rulesinto transitionsin thetarget TS andomitting severalconceptuatetails(such
asthe declarationof statevariablesdriven by the metamodebr the initialization
phasedrivenby theinitial model)which arediscussedn [?].

3.1 Encodingof GTrules

Potentialapplicationsof graphtransformatiorrulesareencodednto behaiorally
equialenttransitionsof the corresponding'S (wherea transitionof a TS is com-
posedof a guardand statevariableupdates).Behavioral equivalencemeansthat
wheneera GT rule becomespplicableon a certainmatching,the guardof a cor-
respondingransitionshouldevaluateto true thusthe transitioncan be fired (and
viceversa).

« All potentialmatchingsof aGT rulearecollectedatcompile-timento theguards
of transitions.Theseguardsareconstitutedprimarily from thelogical conditions
imposedby the L graphandattribute conditions.Furthermorethe guardsmight
alsoneedto containidentificationanddanglingconditionsaswell in caseof the
double-pushouapproach?].

« Theeffectsof applyingarule onacertainmatchingareencodedsstatevariable
updates Theseupdateshouldhandleif acertaingraphnodeor edgeis created
or removed,or, if anew valueis assignedo anattribute.

Although this compile-timepreprocessingan be time-consumingsinceall the
potentialmatchesf arule have to be encounteredye only have to traversearela-
tively small partof the statespacefor this step. This is becausgraphtransforma-
tion rulesdefinelocal modificationgo thesystenstatethusit is typically negligible
whencomparedwith the time requiredfor traversingthe entire statespaceduring
modelchecking.

The equivalentPromelatransition thatencodesule pers_out (of Fig. 2) is
depictedbelow asademonstratiomnvhenappliedonthepotentialmatching{CC
ccl, P — pl, C — c1} (expressinghatthe personalizatiorof cardcl hasbeen
completedat stationpl thusit is placedbackon the corveyor cell ccl).

atomc {
convCel l[ccl] && conv_hold[ccl] == false & nyCell[pl][ccl] &&
persStation[pl] && pers_hold[pl] == true && pers_hold[cl][pl] &&
card[cl] && card_hold[cl] == true && personalized[cl] == true ->
pers_hold [c1][pl] = false;
conv_hold [cl][ccl] = true;
time’[ccl] = max(tinme[ccl]+1, tinme[cl]+1);
time’'[cl] = max(tinme[ccl]+1, tine[cl]+1); }

In theguard,we checkthe existenceof nodesandedgesf correspondingypes
(suchas,e.g.,convCell[ccl] andmyCell[pl][ccl]), andattribute conditions(such

4 Note thatthe original techniquein [?] usesfurther optimizationsto reducethe numberof state
variablesandto eliminatedeadtransitionswhich is omittedfrom the currentpaper
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aspersonalized[cl] == true). The statevariableupdatesemove the pers_hold
edgeandcreatea new conv_hold edge,morewer, they updatethe time variable
accordingto theaxiomsof GTSswith time.

3.2 Ensuringtime-oderedness

The previousencodinghandleghetime attributesasa corventionalattributein the
GTS.Thisway, thereareexecutionpathsin thetarget TS thatarenottime-ordered.
To restrictthe executionpathsto time-orderedransformationrsequencesseveral
extensionsarerequiredfor eachtransition.

We introducea new statevariableprev_time which storesthe time(stamp)of
the previous rule applicationthusit is globally accessedby all transitionson a
singlepath. Sincewe aim atrestrictingvalid executionpathsto time-orderednes,
the guardof eachtransitionis extendedwith aliteral to checkthatthetime of the
currentrule applicationis larger than (or equalto) the time of the previous rule
application.If theguardevaluatedo true(i.e.,the sequenceemaingime-ordered)
thenthe statevariableprev_time is updatedaswell to storethetime of the current
rule application.In caseof rule pers_out, thefollowing extensionsarerequiredfor
thetransitionof the previousexample.

max(time[ccl], time[cl]) + 1 >= prev_tine && ... ->

prev_time’ = max(tine[ccl], tine[cl]) + 1;

Notethatsincethe structureof graphtransformatiorrulestrivially implies Ax-
iom 1 and2, only Axiom 3 hasto beencodednto the Promeladescription.

As a summaryto restrictour investigationto time-orderedransformatiorse-
guenceschangesrerequiredto the transitionsystemitself, but thesechangesare
tool independenthusthey canbe appliedto any modelchecler having aninput
languagebasedon transitionsystems.Meanwhile,the techniquego be presented
in Sec.4 arespecificto SPIN.

Giventhetransitionsystemderivedfrom a GTSwith time, the modelchecler
SPIN can automaticallyverify the validity of an arbitrary LTL formula. In this
way, we areableto decidewhethercertainpropertiegrequirementshold on ary
time-odered executionpathof the GTS.

4 Combined Optimization and Reachability Analysis

To perform simultaneousoptimization and verification, we restrict oursehes to

reachabilitypropertiesusedasfunctionalrequirementglogical constraints).Thus
our ultimate goal is to find an optimal transformationsequencéexecution path)
thatleadsto a desiredsituationdefinedby the reachabilityproperty We now adapt
thetechnique®f [8] to enableoptimizationin SPIN.

In areadability property, we askwhethera desiredsituationwill becometrue
in at leastone stateon at leastone executionpath of the system. Formally, in
LTL terms,areachabilitypropertyis of the form G —p, wherep is the property
describingthe desiredsituation. If the propertyG —p is foundvalid by the model

7
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checler, thenthe desiredsituationis not reachableptherwisethe desiredsituation
is reachable and the model checler will derive a statesequencdeadingto this
situationasa countergample.

In SPIN, LTL formulaearetranslatednto specialPromelgporocessegautomata)
with high-priority. In fact, a reachabilitypropertycanbe interpretedasa special
errortransition(callednever claim) which interruptsthe run of the modelchecler
if fired atary time andretrievestheerrortrace.

4.1 Updatingthe bestcostof a solution

However, in caseof optimization,thefiring of suchan error transitionshouldnot
interruptthe modelcheckingprocessit only indicatesthata (functionally) correct
solutionis found. Now we needto checkwhetherthe cost(i.e., the overall exe-
cution time in our case)of the currentexecutionpath satisfyingthe reachability
propertyis lessthanthe bestcostof a previously found executionpath. In sucha
case,the bestcostshouldbe decreasedo storethe costof the currentsequence.
Finally, themodelchecler shouldcontinueto investigatehe next executionpath.

To implementthis behaior, we needto rely on SPIN 4.0 which supportsthe
inclusionof embeddedC codeinto Promelamodelsby thefollowing primitives: (i)
c_state: to addnew C variablesto the Promelamodel; (i) c_expr: to evaluatea
C expressionn aguard;and(iii) c_code: to addarbitraryC codefragmentsasan
atomicstatemento the Promelamodel.

(i) First we definea global variablebest_cost in the Promelamodelusingthe
c_state constructasfollows: c_state "int best cost"™ "H dden"

Thescope’Hidden” denoteghatthe variablebest_cost will not be stored
in the statevectorandwill beglobalto all executionruns.

(i) Thevariablebest_costisinitializedatthestartof theverificationto MAX_COST
(aworst-caseestimateof the costof aschedule).
#defi ne MAX_COST 1000
init {
c_code { best _cost = MAX COST; }}

(i) Whene&eranew solutionis found,i.e.,in theerrortransition(s)f thereacha-
bility property thecost(time) of theexecutionpath(i.e.,thevariableprev_time)
is comparedwith the best_cost sofar. If prev_time is smallerthenwe have
foundabettersolution,sothevariablebest_cost is decreasedndthetraceis
saved. Thefollowing pieceof Promelacoderepresentareachabilityproperty
reach_prop statingthateachcardcl, ... cn shouldbe personalizeaventu-
ally.

#define reach_prop (personalized[cl] & ... && personalized[cn])
reach_prop ->
c_code {
if (now.prev_time < best_cost) {
best _cost = now. prev_ti ne;
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/* Further Spin specific code to save the current trace */ }}

4.2 Brand-and-BoundisingdynamicLTL formulae

Branch-and-BoungiL0] is anapproachdevelopedfor solving discreteandcombi-
natorial optimizationproblems. The essencef the Branch-and-Boundpproach
is to enumeratall possiblesolutionsby constructingan enumeratiortree. When
building the tree(i.e., the statespace)we canstopconsideringan executionpath
(partialsolution)if it is certainthatall pathsvia this state(i) eitherleadto aninvalid
solution(logical cut) or (ii) will have higher coststhanthe bestpathfound sofar
(numericalcut).

Following the guidelinesof [8], we encodethe Branch-and-Boundechnique
into the propertyto beverifiedby SpiN. We checkwhetherthe cost(i.e.,thetime)
of anexecutionpathwill eventuallybecomegreatetthanor equalto thebest _cost,
andthis propertyshouldbevalid on eachexecutionpath. Formally, thecorrespond-
ing LTL is F(higher_cost v G(— reach_prop)) wherereach_prop is the desired
reachabilityproperty andhigher_cost is definedas

#def i ne hi gher_cost (c_expr { now. prev_time >= best _cost})

When checkingF(higher_cost), the model checler enumeratesll solutions
(i.e., time orderedtransformatiorsequencekadingto a desiredsituation)one by
one, but the exhaustve traversalof the statespaceis reducedby numericalcuts
wheneer (i) the costof an executionpathexceedshe best_cost (i.e., prev_time
> best_cost), or (ii) the currentpathis a solution with a new (more optimal)
best_cost (thusprev_time = best_cost), or eitherlogical cutswhenreach_prop
cannever be satisfiedon a certainpath.

As the variablebest_cost is decreaseavhene&er a moreoptimal solutionsat-
isfying thereachabilitypropertyis found,the LTL formulathatis beingchecledis
changingdynamicallyduringthe verification.

5 Conclusions

In the currentpaper we proposeda simultaneou®ptimizationandverificationfor
systemanodeledas GTSswith time. In this way, we areableto find the optimal
time-orderedtransformationsequencdeadingto a desiredsystemconfiguration
(definedby a reachabilityproperty)by usingthe modelchecler SPIN. As the next
stepfor ourcurrentresearchywe aimatassessinthepracticallimits of theproposed
technigueon benchmarlexamples.
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