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Abstract. This paperpresentsa new algorithmfor efficiently verifying timed

systemsThe new algorithmrepresentsiming information usinggeometricre-

gionsandexploresthetimed statespaceby consideringpartially orderedsetsof

eventsratherthanlinearsequenceshis approachavoidsthe explosionof timed

stategypical of highly concurrensystemsy dramaticallyreducingthe ratio of

timedstatedo untimedstatesn asystemA generatlassof timedsystemsvhich

include both event andlevel causalitycan be specifiedand verified. This algo-

rithm is appliedto severalrecentimedbenchmarkshaving ordersof magnitude
improvementin runtimeandmemoryusage.

1 Intr oduction

The fundamentadifficulty in verificationis controlling the stateexplosion problem.
The statespacesnvolvedin verifying reasonablysizedsystemsare large evenif the
timing behaior of the systemis not consideredThe problemgetsevenmorecomple
whenverificationis doneontimedsystemsHowever, verificationwith timing is crucial
to applicationssuchasasynchronousircuitsandreal-timesystems.

A numberof techniqueshave beenproposedto deal with stateexplosion. Ap-
proachedave beenproposedhat usestubbornsets[1], partial orders[2], or unfold-
ing [3]. Thesetechniqueseduceghe numberof statesexploredby consideringonly a
subsebf the possibleinterlearings betweenevents. Theseapproachesave beensuc-
cessfulput they only dealwith untimedverification.

The statespaceof timed systemsis even larger than the statespaceof untimed
systemsandhasbeenmoredifficult to reduce.The representationf the timing infor-
mationhasa hugeimpacton the growth of the statespace Timing behaior caneither
be modeledcontinuously(i.e., dense-time)wherethe timersin the systemcantake
on ary value betweentheir lower and upperbounds,or discretely wheretimerscan
only take onvaluesthataremultiplesof adiscretizatiorconstantDiscretetime hasthe
adwantagethatthe timing analysistechniques simplerandimplicit techniquesanbe
easilyappliedto improve performancd4, 5]. However, the statespaceexplodesif the
delayrangesarelargeandthediscretizatiorconstants setsmallenoughto ensureexact
explorationof the statespace.
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Continuoustime techniqueseliminate the needfor a discretizationconstantby
breakingthe infinite continuoustimed statespaceinto equivalenceclassesAll tim-
ing assignmentwithin anequialenceclassleadto the samebehaior anddo notneed
to be exploredseparatelylin orderto reducethe size of the statespacethe sizeof the
equialenceclasseshouldbeaslargeaspossibleln theunit-cube(or region) approach
[6], timed stateswith the sameintegral clock valuesanda particularlinearorderingof
the fractionalvaluesof the clocksare consideredequivalent. Although this approach
eliminatesthe needto discretizetime, the numberof timed statess dependenbn the
sizeof thedelayrangesandcanexplodeif they arelarge.

Anotherapproactio continuougimeis to representhe equivalenceclassesascon-
vex geometricregions(or zones) 7-9]. Thesegeometriaegionscanberepresentetly
setsof linear inequalities(alsoknown asdifferenceboundmatricesor DBMs). These
largerequivalenceclassesanoftenresultin smallerstatespaceshanthosegenerated
by theunit-cubeapproach.

While geometriomethodsareefficient for someproblemstheir compleity canbe
worsethaneitherdiscreteor unit-cubemethodsvhenanalyzinghighly concurrensys-
tems.The numberof geometricregionscanexplodewith theseapproachesinceeach
untimedstatehasat leastone geometricregion associatedvith it for every firing se-
quencehatcanresultin thatstate In highly concurrensystemavheremary interleas-
ingsarepossiblethenumberof geometriaegionsperuntimedstatecanbehuge.Some
researcherfd 0—12]have attacledthis problemby reducingghenumberof interleavings
exploredusingthe partial ordertechniqueglevelopedfor untimedsystemsTheseal-
gorithmsreduceverificationtime by exploring only part of the timed statespace put
this maylimit thetiming propertieghatcanbe verified. While reducingthe numberof
interleavingsis useful,in [10,11] oneregionis still requiredfor every firing sequence
exploredto reacha state.If mostinterleavings needto be explored,thesetechniques
couldstill resultin stateexplosion.

Thealgorithmpresentedh [13, 14] significantlyreducegshe numberof regionsper
untimedstateby usingpartially ordered sets(or POSETs)of eventsratherthanlinear
sequenceto constructhe geometricregions. Using this technique untimedstatesdo
not have an associatedegion for every firing sequencelnstead the algorithmgener
atesonly one geometricregion for ary setof firing sequencethat differ only in the
firing orderof concurrenevents.This algorithmis shavn in [14] to resultin very few
geometricegionsperuntimedstate.The entiretimed statespacds explored,soit can
be usedto verify awide rangeof timing propertiesHowever, it is limited to specifica-
tionswherethefiring time of aneventcanonly be controlledby a single predecessor
event (known asthe singlebehavioal place(or rule) restrictior). This restrictioncan
beworkedaroundwith graphtransformationsyut thegraphtransformationaddn! new
rulesfor eacheventwith n behaioral rules[15,16]. In [17], we presentedn approxi-
matealgorithmfor exploring the entirestatespacewith POSETson a generaklassof
specificationslifting the single behavioral rule restriction.However, it may generate
regionsthatarelargerthannecessary

This papempresentanew algorithmfor timedstatespacesxplorationbasedn geo-
metricregionsandPOSETsThis algorithmoperate®n avery generaklassof specifi-
cationstimedevent/level (TEL) structues[18], which arecapableof directly express-



ing botheventandlevel causality Througha straightforvard constructionlomitteddue
to spaceconstraints)jt canbe shavn that TEL structuresareat leastasexpressie as
1-safetime Petrinets[19]. TEL structuresanalsorepresensomebehaior morecon-
ciselydueto theirability to specifylevelswhicharenotdirectly supportedn time Petri
netsWhile they arenotasexpressive astimedautomatd6], TEL structuresepresenan
interestingclassof timed automatasufficientto accuratelymodeltimed circuit behar-
ior. Unlike the partial ordertechniquegsliscussecatarlier the POSETtiming algorithm
doesexplore every interleasing betweereventfirings, andthereforeexploresall states
of thesystemThis new algorithmdramaticallyimprovesthe performancef geometric
region basedechnique®n highly concurrensystemsmakingdense-timerverification
extremelycompetitve with discrete-timevhenthe delayrangesare smallandfar su-
periorwhenthe rangesarelarge. The performanceof POSETtiming is demonstrated
by ordersof magnitudeémprovementin runtimeand memoryusageon severalrecent
timing verificationbenchmarks.

2 Timed systemsand exploration of their timed states

The processof timing verificationbegins with a specificationof a timed systemand
propertiesthat it mustsatisfy To checkif thesepropertiesare satisfied the verifica-
tion algorithmexploresthe timed statespaceallowedby the specificationThis section
present®urformalismfor modelingtimed systemsandexploring their statespaces.

2.1 Timed event/level structur es

The algorithmpresentedn this paperis appliedto specificationsn the form of TEL
structure$18], anextensionof timedevent-rulestructureg15]. TEL structuresrevery
well suitedto describingasynchronousircuitssincethey allow botheventcausalityto
specifysequencingndlevel causalityto specifybit valuesampling.This sectiongives
a brief overview of TEL structuresSee[18] for a more completedescriptionof their
semanticsA TEL structurds atupleT = (N, so, 4, E, R, #) where:

N isthesetof signals;

so = {0,1}" istheinitial state;

. A C N x {4, —} US$ isthesetof atomicactions;

. ECAx (N ={0,1,2...}) isthesetof events;

RCExExNx(NU {oo}) x (b: {0,1} — {0,1}) is thesetof rules;

# C E x Eistheconflictrelation.

Thesignalset, N, containghewiresin the specificationThe statesy containsthe
initial valueof eachsignalin N. The actionset, 4, containsfor eachsignal,z, in N,
arising transition,x+, anda falling transition,z—. The set A alsoincludesa dummy
event,$, which is usedto indicatean actionthatdoesnot resultin a signaltransition.
The event set, E, containsactionspairedwith occurrencendices(i.e., (a,%)). Rules
representausalitybetweerevents.Eachrule, r, is of theform (e, f, 1, u, b) where:

1. e = enablingevent,
2 f = enableckvent,
3. {I,u) = boundediming constraintand
4, b = asum-of-productdoolearfunctionoverthesignalsin N.
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A ruleis enabledf its enablingeventhasoccurredandits booleanfunctionis true
in the currentstate A rule is satisfiedf it hasbeenenabledatleasti time units.A rule
becomesxpired whenit hasbheenenabledu time units. Excludingconflicts,an event
cannotoccur until every rule enablingit is satisfied,andit mustoccurbeforeevery
rule enablingit hasexpired. If a rule’s booleanfunction becomedalseafterthe rule
hasbecomeenabled put beforeits enabledeventhasoccurred this indicatesthatthe
enabledeventhasa hazardwhichis consideredh failure duringverification.

The conflict relation, #, is usedto modeldisjunctive behaior and choice.When
two eventse and e’ arein conflict (denotede#e¢'), this specifiesthat eithere or ¢’
canoccurbut not both. Taking the conflict relationinto account,f two ruleshave the
sameenabledeventandconflictingenablingevents,thenonly oneof thetwo mutually
exclusive enablingeventsneeddo occurto causéheenabledvent. Thismodelsaform
of disjunctive causalityChoiceis modeledvhentwo ruleshavethesameenablingevent
andconflictingenabledevents.In this case pnly oneof theenabledeventscanoccur

If a specificationis cyclic, thenthe TEL structurerepresentingt is infinite. How-
ever, dueto its repetitive nature,this infinite behaior canbe describedwith a finite
modelby addingan additionalsetof rulesand conflictswhich recursvely definesthe
infinite structurg15].

2.2 Timed statespaceexploration

The untimedstateof a TEL structureis composedf two parts:the setof ruleswhose
enablingeventshave occurred,R,,,, andthe state,s., of all the signalsin the system.
Fromthis untimedstate the setof enabledules, R.,,, canbe constructedy including
only thosememberof R,, whosebooleanexpressionsresatisfiedby s.. In orderto
determinghesetof satisfiedules R,, timing informationis neededlt is referredto as
Tl andis includedin thetimedstate(R,, x s, x TI).

The statespaceof a TEL structureis exploredusinga depthfirst searchin each
state thealgorithmchoosesrule from R; to fire, andplacesontothe stackthecurrent
stateandtheremaindenf R;. It thenfiresthechoserrule,addsit to asetof firedrules,
Ry, whichis partof thetiming information,anddetermineshe new timedstate.If Ry
containsa setof rulessuficientto fire anevente, thenew timedstatehasa markingin
which e hasfired. If this timed statehasnot beenseenbefore,it is addedto the state
spaceandanew R; is calculatedlf atimedstateis reachedhathasbeenseenbefore,
thealgorithmpopsoff the stacka timedstateandthelist of rulesthathave notyetbeen
exploredfor thatstate Whena statethathasbeenseenbeforeis reachedandthe stack
is empty the entiretimed statespacehasbeenfound.

Thetiming informationmustbe updatedat every rule firing during statespaceex-
ploration.Thereforejt is very importantthatthe procedurdor updatingit is efficient.
The timing analysisalgorithm presentedereusesgeometricregionsto representhe
timing informationwithin atimed state.Wheneerarule r; becomesnableda clock
¢; is createdo beusedin timing analysis.The minimumandmaximumagedifferences
of all theclocksassociatedavith rulesin R.,, arestoredin aconstrainimatrix M. Each
entrym;; in thematrix M hasthevaluemaxc; — ¢;), whichis the maximumagedif-
ferenceof the clocks.A dummyclock ¢o whoseageis uniguelyO0 is usedto allow the
inclusionof the minimum andmaximumagesof the clocksin M. In otherwords,the



maximumageof ¢; is in the entrymg;, andthe negative of the minimumageof ¢; is
in the entry m;o. Notethat M only needgo containinformationon the timing of the
rulesthat are currentlyin R.,, not on the whole setof rules. This particularway of
representingimedregionswasfirstintroducedn [7]. This constrainimatrixrepresents
acorvex | R.,,| dimensionategion. Eachdimensiorcorrespondso arule andthefiring
timesof therule canbe anywherewithin thespace.

3 Timed statespaceexploration using POSET timing

While geometricregionsarean effective way to representlense-timestatespacesthe
numberof geometricregionscanexplodefor highly concurrentimed systemg14,5].
In [14], analgorithmis describedhat usespartially ordered sets(POSETs)f events
ratherthanlinear sequenceto mitigatethis stateexplosion problem.POSETtiming
techniquesake advantageof theinherentconcurreng in the TEL structureandprevent
additionalregionsfrom beingaddedfor differentsequencesf eventfirings thatlead
to the sameuntimedstate.This resultsin a compressiorof the statespacento fewer,
larger geometricregionsthat, taken together containthe sameregion in spaceasthe
setof regionsgeneratedby the standardyeometricechniqueThereforeall properties
of thesystenthatcanbeverifiedwith the standardyeometridechniquecanbe verified
with the POSETalgorithm. This combinationof regionscould also be doneas each
region is generatedduring statespaceexploration. However the checkto seeif the
combinationof two regionsis corvex takesO(n*) time in the numberof constraintsn
the matrix. This checkmustbe donebetweenreachnew region andall the regionsthat
have beengenerategreviously, makingthis approactprohibitively expensve [13].

The POSETalgorithmmaintainsa POSETmatrix (alsoknow asa procesamatrix
in [13,14,17]), in additionto the constrainimatrix. A POSETis a partially orderedset
of eventscreatedfrom a TEL structureand a firing sequencelt is constructedrom
a TEL structureas follows: The POSETis initially empty Eventsare addedin the
sameorderasthey occurin the firing sequencel-or aneventin thefiring sequencea
correspondinglyabeledeventis addedto the POSET Rulesareaddedto connectthe
newly enabledeventto the eventsin the POSETthatenabledt.

ThePOSETmatrixstoregheminimumandmaximumpossibleseparationbetween
thefiring timesof all the eventsin the POSETthatareallowed by thefiring sequence
currentlybeingexplored.At eachiteration,thetime separationin the POSE Tmatrix
are copiedinto the entriesof the constraintmatrix that restrictthe differencesn the
enablingtimesof the rules.Eventsare projectedout of the POSETmatrix whentheir
timing informationis no longerneededsothealgorithmonly needgo retainandoper
ateonlocaltiming information.

3.1 Partially orderedsetswithout levels

Whenanew eventfiresandis addedo the POSETmatrix, theminimumandmaximum
time separationdetweenits firing time andthe firing timesof all othereventsin the
matrix must be determined.This setof separationsnustbe consistentwith the rule
firing sequencehatresultedin the currentstate.Therule firing sequenceften limits



the separationdetweeneventsthat are possible.Theremay be separationdbetween
eventsthatare possibleover all firing sequencebut arenot possiblegiventhe current
one.Thereforethe separationi the POSETmatrix mustberestrictedsothatthey are
reachablayiventhe currentrule firing sequence.

The POSETmatrix is kept consistentwith the currentrule firing sequencédy en-
suringthatthetime separations thematrix reflectthecausalityimplied by the current
rule firing sequenceAn eventthatis enabledoy multiple rulesdoesnot fire until all
of theseruleshave fired. The last rule to fire actually causeghe eventto fire, andis
referredto asthe causalrule. More formally, arule r,,, = (e, e,1, u) is causato event
e givenarule firing sequencey...r,, if thefiring sequencey...r,,—1 doesnotenable
e andthefiring sequencey...r,, doesenablee. A setof rules Ry enablesvente if
Vr; = (es,e,l,u) € R: (r; € Rg) V (3rj = (ej,e,15,u;) € Ry : e;#e;) [15,17].

The significantdifferencebetweenthe POSETtechniquedescribedhereand the
work presenteth [13,14]is themethodusedo computehePOSETmatrix.In [13,14],
it is notnecessarto useexplicit causalityinformationsincethecausatuleis alwaysthe
behaioral rule. With multiple behaioral rules,causalitymustbe consideredn orderto
computea correctPOSETmatrix. Assumethat I, is a correct,maximally constraining
setof inequalitieghatrelatethefiring timesof a setof eventsE,,. Whenanew evente
fireswith causatuler = (e, e,l,u), anew new setof correct,maximallyconstraining
inequalitiesl,,+1 canbe computedfrom I,. Initially, I,,1 is setto equall,,. Then,
I+1 is updatedwith theinequalitiest(e) — t(e.) < u andt(e.) — t(e) < —Il. These
inequalitiesarealwaystrue sinceno rule candelaythefiring of e onceits causalrule
hasfired. Next, for eachruler; = (e;, e, l;, u;) in Ry, theinequalityt(e;) — t(e) < —I;
needgo beaddedecauseachrule enablinge mustbesatisfiedThesenew inequalities
may causeother inequalitiesin I,,,; to no longer be maximally constraining.This
occurswhenthereexistsasubsetf I, of theform {t(e) — t(e.) < u, t(e;) — t(e) <
—l;,t(e;) — t(ec) < n} whereu — [; < n. All of theinequalitiesn I,,;, canbemade
maximally constrainingoy runningFloyd’s all pairsshortespathalgorithm[7].

After the all pairsshortestpathalgorithmis run, I,,+; containsa maximally con-
strainingsetof inequalitiesthat includesall the constraintshat resultfrom firing e.
However, minimum and maximumconstraintoetweene andall of the eventsin E,,
must also be includedin I,,1. Theseadditional constraintsare immediatelyderiv-
ablefrom the constraintsalreadyin I,,1. The maximumconstraintsare as follows:
t(e) —t(e;) < u+max(t(e.)—t(e;)). Thisinequalityholdssincethemaximumsepa-
rationbetweere; ande occurswhene; happenssmuchbeforee’s causakventaspos-
sible.If thereis aruler; = (e;,e,l;,u;) thatrelatese; ande, thenthe minimumcon-
straintist(e;) —t(e) < min(—1;, —(I—maxz(t(e;)—t(e.)))). Thisinequalityholdsbe-
causetheminimumseparatioetweere; ande occurswhene; happengasmuchafter
e'scausakventaspossibleput mustbenolessthantheminimumontherulerelatinge;;
ande. Theinequalitiest(e;) —t(e) < —I; areaddedo I,,;, beforetheall pairsshortest
pathstep,andareconstrainedurtherto t(e;) — t(f) < —(I — max(t(e;) — t(e))), if
necessarylf thereis notaruler; = (e;,e,l;,u;) thatrelatese; ande, the minimum
constraintis simply t(e;) — t(e) < —(I — maz(t(e;) — t(ec))). Int+1 NOW contains
a correct,maximally constrainingset of inequalitiesthat representhe minimum and
maximumseparationdetweenall the eventsin E,; = E, U e. Notethatasan op-



timization, inequalitiesthat are no longer neededto computefuture inequalitiesare
removedfrom I,,. Sincethe basecaseis simply I, = (, this procedurecanbe usedto
constructcorrectsetsof inequalitiesfor anarbitraryrule firing sequence.

A geometricregion representinghe differencesn the agesof a setof clocksas-
sociatedwith a setof enabledrules R.,, caneasilybe computedyivena POSETma-
trix usinga methodsimilar to the onedescribedn [13,14]. The maximumdifference
in the agesof the two clocksc; andc; associatedvith rulesr; = (e;, f;,1;,u;) and
rj = (ej, fj,1;,u;) is simply the maximumdifferencein thefiring timesof e; ande;
whichis in thePOSETmatrixast(e;) — t(e;) < max Theminimumlikewiseexistsin
the POSETmatrixast(e;) — t(e;) < —min Theseconstraintsaresimply copiedinto
the matrix representinghe geometricregion. The minimum and maximumboundsof
the rulesare usedto setthe minimum and maximumagedifferencesetweenc; and
¢o. Floyd’'s algorithmis thenrun on the constrainimatrix resultingin a maximallycon-
strainingsetof inequalities.This may further constrainsomeof the inequalitiessince
the POSETinequalitiesdo not take into accounthe factthata clock associatedvith a
rule may not be olderthanthe maximumboundon therule. Additionally, the normal-
izationalgorithmdescribedn[13] to ensurehe statespacaemaindinite.

Figurel shavstiming analysidbhasecbn POSETsappliedto thesmall TEL structure
shavn atthetop of thefigure. This exampleshowvs how our algorithmsolvestwo of the
problemsthat occurwhenusinggeometricregionsfor timed statespaceexploration:
region splitting andmultiple behaioral rules. In this example,initially the R.,, setis
{{(4, B), (4, C)}, indicatingthatevent A hasjustfired. The POSE Tmatrix containsa
singleevent, A. The constraintmatrix shavs thatthe maximumtime since A hasfired
is 5. If morethan5 time units hadpassedtherule (4, C) would have beenforcedto
fire. Sinceboththerulesin R.,, areenabledy A, thedifferencen theirenablingtimes
mustbe0, andtheregionin spacehatshavsthisis a45 degreeline.

Fromthis timed state,eitherevent B or eventC' canfire. In this example,B fires
next. The POSETmatrix now containsthe minimum and maximumseparationde-
tweenthe firing timesof A and B. The valuesare copiedinto the constraintmatrix.
After the all pairsshortestpathalgorithmis run, the separatiorof 7 thatis possible
betweerthefiring of A andthefiring of B in the POSETmatrix is reducedo 5 in the
constraintmatrix sincerule (A, C') hasa maximumboundof 5 andthereforeits clock
cannotbe morethan5 time unitsolderthananotherclock.

In this stateeventC or rule (B, D) canfire next andC' is chosenWhen( fires,the
POSETmatrix no longerneedgo containA sinceall eventsit hasenablechave fired.
The POSETmatrix shawvs that B could have fired at most5 time unitsafter C andC
could have fired at most2 time units after B. Now thereare threerulesenabledand
theregion is 3-dimensionalln the figure, a two dimensionalprojectionof the region
intothe(C, D), (B, D) planeis shavn. Thisregionshovstheadwantageof thePOSET
technigue Eventhoughin this particularfiring sequenceB fires beforeC, theregion
producedhere containstiming assignmentsvhereC fires before B. Since B and C
occurin parallel,all of thesetiming assignmentareallowedby therulefiring sequence
that producedthis state.The dashedine in the middle of the region shows the two
regionsthat would be generatedy standardgeometrictechniquesThe upperregion
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Fig. 1. Exampleof timing with partially orderedsets.



containstiming assignmentsvhere B fired first, andthe lower region containstiming
assignments/here( firedfirst.

In thistimedstaterules(B, D), (C, D), and{C, E) areenabledOncebothof the
rulesthatenableD fire, event D canfire. WhenD fires,informationon event B canbe
removedfrom thePOSETmatrix, but sinceC' enablesanotherevent, E, it remainsTwo
differentmaximumseparationbetweenC' and D are possibledependingon whether
eventC or event B wascausato D, andtwo differentgeometriaegionsresult.In this
example,oneregionis a subsebf theother, but thisis notalwaysthecase.

3.2 Partially orderedsetswith levels

In [18], we extendeda geometricregion basedimed statespaceexplorationalgorithm
to TEL structuresvhichincludearbitrarylevel annotationsThe POSETalgorithmpre-
sentedin the previous sectioncanalsobe extendedto TEL structureswith a limited
classof level annotationsThealgorithmis basedntheability to determinavhich pre-
viouseventfiring is causakto eachnew eventfiring. Recallthatin our algorithm,rules
fire independentlyf events,andaneventfireswhena setof rulessufiicientto enablet
havefired. Whenthereareno level expressionsthe causakventis simply the enabling
eventof the causakule. However, if therearelevel expressionsthis is not necessarily
the case With levels,a rule doesnot alwaysbecomeenabledwhenits enablingevent
fires. A rule only becomesnabledvhenits enablingevent hasfired and its level ex-
pressiorevaluateso true. Thereforeanevente is causato event f if thefiring of event
e enablesf’scausalule eitherbecausd is its enablingeventor becausét changeshe
valueof the statesuchthat f’s causakule becomegnabled.

Determiningthis causalityis straightforvardduring statespaceaxploration.When-
ever a rule fires, its causaleventis recorded.Thenwhen an eventfires, a procedure
similar to the one describedn the previous subsectioris usedto determinethe new
setof inequalitiesthatbelongin the POSETmatrix. The major differenceis that now
ary eventin the TEL structuremaybe causalo thefiring eventandall eventsneedto
be checledfor causality Additionally, the causalityrelationshipmayimply othertime
relationshipsbetweenevent firings. Due to spaceconstraintsthey are not described
here.However, all of the constraintscan be easily computedaslong asthe boolean
expressionsarerestrictedto pureand andpure or expressionsThis limited classof
TEL structureds expressve enoughto modelall TEL structuresincemorecomple
expressionganbe modeledhroughgraphtransformations.

4 Resultsand conclusions

The POSETalgorithmdrasticallyreduceshe numberof geometricregionsgenerated
during statespaceexploration of highly concurrentsystemsWe have alsomadead-
ditional optimizationsto the statespaceexplorationprocesssuchaseliminatingtimed
stategto be exploredfrom the stackif aregionthatis a supersebf previousregionsis
found,andreducingthenumberof interlearingsbetweerrulefirings. Thisnew POSET
timing algorithmalongwith theseoptimizationshasbeenimplementedvithin the CAD



tool ATACS andproducevery goodresultsasillustratedwith the parameterizetiming
verificationbenchmarkén this section.

Thefirst two, the Alpha andBetaexamples arefrom [5]. Eachstageof the Alpha
exampleis composedf asingleeventwhich canfire repeatedhat a giveninterval and
is not effectedby arny othereventsin the system.n [5], they shavedthattechniques
basedon DBMs (i.e.,geometriaegions)couldonly handle5 stagesf this highly con-
currentexamplewhile their symbolicdiscrete-timeechniqueusingnumericaldecision
diagramgNDDs) couldhandlel8stagesn 12hoursona SUN UltraSparavith 256 MB
of memory A loglog plot of theresultsfrom [5] andour resultsusingPOSETtiming on
aSFARC 20with 128MB of memoryareshavnin Figure2. Theseresultsindicatethat
POSETtiming is ordersof magnitudefasterand more memoryefficient. In fact, our
techniquedound the reachablestatesspacefor 512 stagesn about73 minutesusing
112MB of memory This simpleexampleclearlyhasonly oneuntimedstateregardless
of the numberof stagesand POSETtiming canrepresenthe timed statespaceusing
only onegeometriaregion. Our techniquedoesnot find theregion in its first iteration,
however. It first findsa numberof smallerregionsbeforefinding thefinal regionthatis
a supersebf all therest. Therefore althoughits performances very good,it doesnot
analyzethe exampleinstantaneously

Comparative Runtime Performance for the Alpha Example Comparative Memory Performance for the Alpha Example

Number of Stages Number of Stages

Fig. 2. Comparatre performanceor the Alphaexample.

One stageof the Betaexampleis composeddf one statebit per stagewith two
events,oneto setandoneto resetthe bit. In [5], they shaved that DBMs could only
handle4 stageswhile their techniquecould handle9 stagesA semilogplot of their
resultsandoursareshaowvn in Figure3. POSETtiming canhandlel4 stagesn 108 MB
of memoryin just 16 minutes.For the Betaexample,the numberof statesis exactly
2™ wheren is the numberof stagesso POSETtiming could handlean examplewith
32 timesmoreuntimedstateghanin [5]. Again, POSETtiming is ableto represenall
thetiming behaior in this exampleusingone geometricregion per state.Clearly, the



AlphaandBetaexamplesareideally suitedto our algorithm,but they areusedin [5] to
demonstratéhe weaknes®f traditionalgeometriaegion basedmethods.

Comparative Runtime Performance for the Beta Example Comparative Memory Performance for the Beta Example
T T T T T T T T

10°

Fig. 3. Comparatie performancéor the Betaexample.

Thenext exampleis an-bit synchronousounter Thebasicoperatiorof thecounter
is that whenthe clock goeshigh, the next value of the countis determinedn from
the previousvalue.Whenthe clock goeslow, the new valueis latchedandfed backto
determineghenext count.This examplehasseveraleventswhich areenabledoy multi-
ple behaioral rules.In [15], graphtransformationsredescribedhatcancreatea new
specificationwhich satisfieghe singlebehaioral rule restrictionallowing verification
by Or bi t s [13,14]. Usingthesegraphtransformations(x bi t s couldonly analyzea
3-bit counterbecausé requiredl0,222geometriaegionsto find the64 untimedstates.
With our new POSETtiming algorithm,it only requires294 geometricregionsto rep-
resentthe entire timed statespacefor the 3-bit counter In fact, our algorithm could
analyzeupto a6-bit counter This drasticdifferencen region countoccursbecausé¢he
graphtransformatioraddsn! new rulesfor eacheventthathasn behaioralrules.In the
3-bit countermostof the eventshad4 behaioral rules,causinga hugecombinatorial
explosionin thenumberof regions.

Thelastexampleis a STARI communicatiorcircuit describedn detailin [20,21].
The STARI circuit is usedto communicatédetweenwo synchronousystemghatare
operatingatthe sameclock frequeng, 7, but areout-of-phaselueto clock skew which
canvary from 0 to skew. The ervironmentof this circuit is composedf a clk pro-
cessatransmitterandarecever. The STARI circuit is composeaf anumberof FIFO
stageshuilt from 2 C-elementsaand 1 NOR-gateper stagewhich eachhave a delay of
[ to u. Therearetwo propertiesthat needto be verified: (1) eachdatavalue output
by the transmittermust be insertedinto the FIFO beforethe next oneis output(i.e.,
adk(1)— precedes:(0).t— andz(0).f—) and(2) a new datavaluemustbe outputby
theFIFO beforeeachacknavledgmenfrom therecever(i.e.,z(n).t+ or z(n). f+ pre-
cedesuck(n + 1)—) [22]. To guarante¢he secondproperty it is necessaryo initialize
theFIFOto beapproximatelyhalf-full [21]. In additionto thesetwo propertiesye also



verifiedthatevery gateis hazard-fredi.e., oncea gateis enabledit cannotbedisabled
until it hasfired).

Therehave beenwo niceproofsof STARI’scorrectnesf?1,23], but they havebeen
onabstracmodelsn [22], theauthorsstatethat COSPAN which useshe unit-cube(or
region) techniquefor timing verification[24] ran out of memoryattemptingto verify
a 3 stagegate-level versionof STARI on a machinewith 1 GB of memory This paper
goeson to describean abstractmodelof STARI for which they could verify 8 stages
in 92.4MB of memoryand1.67 hours.We first verified STARI at the gate-level with
delaysfrom [22] (i.e.,m = 12, skew= 1,[ = 1, andu = 2). UsingPOSETtiming, we
canverify a3 stageSTARI in 0.74MB in only 0.40secondsFor an8 stageSTARI, the
verificationtook 11 MB andonly 55 secondslin fact, POSETtiming could verify 10
stagedn 124 MB of memoryin lessthan20 minutes.This showns a niceimprovement
overtheabstractiomethodandadramatidmprovemenioverthegate-level verification
in COSPAN. For 10 stagesPOSETtiming found14,531luntimedstatesandonly needed
14,859geometricregionsto describethe timed statespace.This represents ratio of
only 1.02geometriaegionsperuntimedstate.

Finally, the compleity of POSETtiming is relatively independenbf the timing
boundsused.We alsoran our experimentsusing! = 97 andu = 201, skew= 101,
andw = 1193 which foundmoreuntimedstatesWith [ = 102, we foundlessuntimed
statesBoth casewith higherprecisiondelaynumbershadcomparablg@erformancéo
the onewith lower precisiondelay numbers.This shavs that higher precisiontiming
boundscanbe efficiently verified andcanleadto differentbehaiors. It would not be
possibleto usethislevel of precisionwith adiscrete-timeor unit-cubebasedechnique,
sincethe numberof statesvould explodewith suchlargenumbers.

Ourresultsclearlyshov thatPOSETtiming candramaticallyimprovetheefficiengy
of timing verificationallowing larger, moreconcurrentimed systemdo be verified. It
doessowithout eliminating partsof the statespace soit doesnot limit the properties
that canbe verified. In the future, we planto furtherincreasethe size and generality
of the specificationghat canbe verified with the POSETmethod.We believe the ab-
stractiontechniquefrom [22] and POSETtiming methodsare orthogonal andwe are
interestedn trying to combinethemfor further improvement.Finally, our algorithm
currentlyrepresentshe statespacesxplicitly, andwe areworking on applyingimplicit
techniquesOur preliminaryresultsshav thatthis canleadto asignificantimprovement
in memoryperformancg25].
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