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Abstract. This work proposesa techniqueto automaticallyobtaintiming con-
straintsfor agiventimedcircuit to operatecorrectly A designatedetof delaypa-
rameter®of acircuit are rst setto sufciently largeboundsandveri cation runs
followed by failure analysisarerepeatedEachveri cation run performstimed
statespaceenumeratiorunderthe given delay bounds,and producesa failure
traceif it exists. Thefailuretraceis analyzedandsufcient timing constraintgo
preventthefailureis obtained Then,the delayboundsaretightenedaccordingto
thetiming constraintdy usinganILP (IntegerLinearProgramming}yolver. This
procesgerminatesvheneithersomedelayboundsunderwhich nofailureis de-
tectedarefound or no new delayboundsto preventthefailurescanbe obtained.
The experimentalresultsusing a naive implementationshawv that the proposed
methodcan ef ciently handleasynchronoubenchmarkcircuits and nontrivial
GasPircuits.

Keywords: Tracetheoreticveri cation, Failureanalysis,Timed circuits, Timing
constraints.

1 Introduction

In orderto obtain high performancesystemsit is necessaryo designcircuits with
aggressieandcomple setsof timing constraintsGasFeircuits[1] areaprimeexample
of suchhighly timed circuits, i.e., circuits that don't work as expected,unlessstrict
timing constraintson delay parametersre satis ed. In particular the correctnes®of
GasPcircuits dependon the factthat (1) no hazardsoccur, (2) hold time constraints
aresatis ed for somesignaltransitions.and(3) shortcircuits causeddy turningon all
transistorsn the pathbetweerthe power supplyandgroundeithernever occuror occur
only for a very shorttime. It is, however, not easyto checkif the circuit satis esall
theseconstraintsby simulationor statictiming analysisdueto the compleity of the
timing constraintsTherefore formal veri cation is essential.

This work usesa formal veri cation tool VINAS-P [2]. VINAS-P is basedon a
timed versionof tracetheoreticveri cation [3], andtime Petrinetsare usedfor mod-
eling bothspeci cationsandcircuits. VINAS-P checkssafetypropertiesBad behaior
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suchasa hazard hold time violation, anda shortcircuit canbe detectedassafetyfail-
ures.VINAS-P usespartial orderreductionwhich exploresonly a reducedstatespace
thatis sufcient to detectfailures,which enablesisto verify muchlarger circuitsthan
atraditionaltotal ordermethod.

Althoughaformal veri er is very effective to prove a given circuit is correctwith
respecto the speci cation,for anincorrectcircuit, it simply generates failure trace.
In the caseof VINAS-P, it shaws for a failure tracea waveform of selectedsignals.
This is usefulto understandvhatis goingonin acircuit, but, it is not easyto seewhy
the failure occurs,or how the failure can be eliminated.Whenwe tried to verify the
GasPcircuits, failure traceswere actually producedagainandagain.Although almost
all thesefailuresarecausedy incorrectdelaysettings pbtainingtheappropriatalelays
or conditionsfor themis a dif cult problem.This motivatesthis work, which proposes
a way to obtain sufcient timing conditionson delaysfor correctbehaior of timed
circuitsby analyzingfailuretracesproducedoy theveri er.

In the proposednethod,several delayparameterareselectedo be examined,and
initially, somelarge integer boundsare setto them. Then,the modelis veri ed. If a
failure traceis provided by the veri er, thenour algorithmanalyzest, andsuggesta
setof candidategor additionaltiming constraintsThosetiming constraintsaresorted
usingheuristicsandthemostappropriat@neis choserby thealgorithm.Therestof the
constraintareusedwhenbacktrackingoccurs.The selectediming constraints added
to theinitial timing constraintsmeaningthe delayboundsaretightened.Then,anILP
(Integer Linear Programming)solver is invoked to updatethe delaybounds.This new
setof delayboundsareusedfor the next veri cation run. This processof veri cation,
analysisof failure tracesto obtaintiming constraintsand updatingthe delay bounds
arefully automaticandit is repeatedintil veri cation succeedsr no consistentiming
constraintsaarefound. Integer delayboundsandILP areusedin orderto guaranteehe
terminationof this process.

The restof this paperis organizedasfollows. Section2 refersto relatedworks.
Section3 brie y introducesthe veri cation method.Section4 shavs an exampleto
explaintheproposednethodintuitively. In Sectionb, thealgorithmsto analyzeafailure
traceandobtaintiming constraintgo eliminatethefailure areproposedTheheuristics
usedfor performancémprovementarealsoshavn there.Section6 shavs experimental
resultsusinga naive implementationFinally, Section7 summarizeshediscussion.

2 Related works

The sameproblemdiscussedn this paperis solved by two differentbut similar ap-
proachesln [4], Negulescuproposes methodwhereatimedcircuit is representethy
anuntimedmodel,calledaprocessanduntimedstatespaceenumerations done When
afailureis detectedthey analyzeit by handandconstrucia nev modelthatavoidsthe
failure. This proces®f untimedveri cation andreconstructiorof themodelis repeated
until nofailureis detectedbr modelreconstructiorfails dueto inconsisteng. Another
approachs proposedn [5, 6]. This approachalsousesuntimedmodelsand untimed
veri cation. In thisapproachall possiblefailuresof a circuit aregeneratedby onestate
enumerationandthentiming constraintsare obtainedautomaticallyby analyzingthe
stategraph.The constraint®btainedby this approactarenot thoseon delaysbut those
on orderingof signaltransitions.Thus,their goalis slightly differentfrom ours.



Another work that we needto mentionis a veri cation of timed systemsusing
relative timing method,which is proposedn [7]. Its goalis to verify timed circuits,
not to obtaintiming constraintsBut, in their method,a detectedailure is checled if
it is legal with respecto the givendelayboundsandif so,anew modelthatexcludes
the failure is reconstructedVeri cation and reconstructiorare repeatedsimilarly to
Negulescus method but automaticallyWhile it maybe possibleto combinethis work
andNegulescus work to achieve the sameresultasours, it is not clearhow effective
thiswould be sinceit hasnot beenattempted.

The biggestdifferencebetweentheseworks andour work is thatonly our method
usestimed statespaceenumerationThe authorsof the abose works claim that the
adwantageof theirworksis thatthe veri cation of timedsystemsanbereducedo that
of untimedsystemsilt is apparenthatthe compleity of untimedveri cation is much
smallerthanthat of timed veri cation. Our claim is, however, thata hugenumberof
failuresmaybe detectedf atimedcircuit is analyzedasanuntimedcircuit, i.e., mary
but unrealisticfailure tracescanbe producedby the untimedanalysis.This makesthe
costto obtaintiming constraintgairly large.If theinitial delayboundscanbe suitably
reducedto realistic ones,our methodmay work more ef ciently . Probably the only
way to compareboth approachess to implementour ideaandto comparethe results
for mary examplesThisis oneof the goalsof this paper

Anotherdifferenceis in addingtiming constraintsOur methodusesupdateddelay
boundsThus,thecostof eachveri cation runis almostthesame Ontheotherhand,in
themethodproposedn [4] and[7], anadditionaltiming constraintis representetyy a
proces®r atransitionsystemandthe compositiorof the original modelandthe model
for theadditionaltiming constrainis veri ed in thenext run. It is possiblehatthismore
complicatednodelmayrequiremoreBDD nodesandincreaseheveri cation cost.The
methodin [5] doesnot suffer from this problem,becauseno modelreconstructioris
done However, theirmethoddoesnotobtainconstraint®n delaysbut orderingof signal
transitions,andhence,it seemdif cult to verify, for example,hold time violation. In
orderto obtainconstraintson delays,modelreconstructioror a re-veri cation step(in
our case)is necessaryn eachiteration,becausehereare potentiallymary constraints
thateliminateaparticularfailure,andsearchingppropriateombination®f constraints
to eliminateall possiblefailuresstepby stepwith backtrackingis much easierthan
obtainingall possiblecombinationsonthe rst try. For thisreasonpur problemcannot
bemodeledby auniform ILP problem.

It'salsonecessaryo mentionthattherearemary works[8—10 andothers]to verify
timed systemsusingtimed automataAlthoughthis work usestime Petrinetsto model
timed circuits, becausea tool basedon themis available for us, we believe that the
techniqueproposedn this papercanbe easilyappliedto timed automatorbasedools.
Furthermorealthoughour tool usesthe DBM analysisto handlereal-timeconstraints,
theproposedechniquecanalsobe appliedto discrete-timeanalysismethods.

3 \Verification Method

Theunderlyingveri cation methodusedin thiswork is thetimedextensionof tracethe-
oreticveri cation [3]. In ourmethodeachcircuit elementcalleda module,is modeled
by atime Petrinet.

A time Petri net consistsof transitions (thick bars),places (circles),andarcs be-
tweentransitionsandplaces A token (large dot) canoccupy a place,andwhenevery



sourceplaceof atransitionis occupied the transitionbecomesnabled. Eachtransi-
tion hastwo times, the earliest firing time andthe latest firing time. In this work, it is
assumedhatthesetimesareintegers.An enabledransitionbecomeseadyto re (i.e.,
firable) whenit hasbeencontinuouslyenabledfor its earliest ring time, andcannot
be continuouslyenabledfor morethanthe latest ring time, i.e., it must re unlessit
is disabled.The ring of atransitionoccursinstantly It consumegokensin its source
placesandproducegsokensinto its destinatiorplaces.

A moduleis de nedas(I, 0, N), wherel andO aresetsof inputandoutputwires,
respectiely, and NV is atime Petrinet. A ring of atransitionchangeghe valueof a
wire thatis relatedto the transition,andthe directionof change(0 — 1 or1 — 0) is
representetby + or — in its name.A transitionthatis relatedto anoutputwire of the
moduleis calledanoutput transition. An input transition is de ned similarly.

A timedcircuit is modeledby a setof modules.In a setof modulesaninputtran-
sition res only in synchronizatiorwith the correspondingutputtransitionin some
differentmodule.Thus,the earliestandlatest ring timesof aninput transitionis con-
sideredto be [0, oc]. If an outputtransitionis rable and every correspondingnput
transitionis disabledin a module,the stateis calleda failure state, andthe veri er re-
portsafailure trace, whichis asequencef all transitionsred betweertheinitial state
andthefailurestate.

A speci cationis alsomodeledasamodule.If acircuit behaesdifferentlyfromits
speci cation,anoutputfrom a circuit modulecannotbe acceptedy the speci cation,
andit is detectedasa failure. In addition, bad behaior suchasa hazard,hold time
violation, anda shortcircuit canbe detectedasfailuresinsidecircuit modules.

4 A small example

Let'sconsideracircuit shovnin Figurel(a),wherethedelayboundsof theinverterand
OR gateare[diny, Diny] @and[dor, D,,]. Theinitial stateof this circuitis (a, b, ¢, d) =
(1,0,0,0), andits behaior is expectedasfollows (SeeFigure1(b)): Whenc is raised,
d goesup. Then,a andc areloweredin this order During theseinput changesthe
circuit keepsd high. Finally, whena is raisedagain,d goesdown, andthe circuit goes
backto the initial state.Hence,the ervironmentof this circuit can be expressedby
({d}, {a, c}, N5), whereN;, is atime Petrinetshavn in Figure1(c)*. Thedelaybounds
for ¢+ anda— are[10,10], while thosefor c— anda+ are[25,25]and[80,80], respec-
tively. Note thatd is aninput of this ervironmentandit res in synchronizatiorwith
thecircuit output.

Assumethatthefollowing initial constraintdor the circuit delayboundsaregiven.

) S dz’n’v S 507 5 S Dinv S 507 5 S dor S 507 5 S Dor S 507 (1)
dinv +2 S Dinv S dinv + 307 dm" +2 S Dor S dOT +30

Theconstraintof theform d;,,, + 2 < D;,, areusedto avoid tight delayboundsand
thoseof theform D;,,, < d;,,+ 30 arefor reducingthestatespaceTheseandthelower
boundsarealsoimportantto avoid imbalancedlelayassignmensuchasassigningotal
delayto onegateandzeroto the others.Actually, theseinitial delayboundsshouldbe
determineddependingon the device technologyusedto implementthe circuits. Now,

4 More preciselythis is de ned asa mirror of a speci cation,wheretheir input set(outputset)
is equalto the outputset(input set)of thecircuit.
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Fig. 1. A circuit andits ervironment.
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Fig. 2. Two possiblecasego preventthefailure.

theproblemto besolvedisto nd somedelayboundssatisfyingthe above constraints,
underwhich the circuit behaescorrectlywith its ervironment.Althoughit is desired
thatmaximalpossibledelayboundsarefound, it is beyondthe scopeof this paper

The rst stepof ouralgorithmis to obtaininitial delayboundsfrom (1) usingalLP
solwer. In this casethey are

diny = 5, Diny = 35, dor =5, Do = 35.

Thedetailsaboutthe ILP solver andthe objective functionusedarementionedn Sec-
tion 6. Using thesedelaybounds,the rst veri cation run is done,andthe following
failureis detected?®

c+; d+; a—; c—; b+

This failuremeanghatafterc—, the OR gatetriesto lower its outputd becausé is low
at thattime. But, beforeits outputchangep+ occurs.This violatesa propertycalled
semi-modularityandis consideredo producea hazard.This failure canbe prevented,
if (a) b+ occurslater thanthe outputchanged—, or (b) b+ occursbeforethe input
changec— (SeeFigure 2(a) and (b)). Note that the failure is preventedin case(b),
becausehe outputof the OR gateis stableduring theseinput changesSupposehat
our algorithm rst triescase(a). In orderto obtainthe constraintfor (a), the algorithm
examineghecasual®f b+ andd—. b+ is causedy a—, while d— is causedy ¢c— and
¢— is causeddy a— in the ervironment.Hence,to make b+ occurlaterthand—, the

5 Every gateis modeledby atime Petrinet[3], andit containsinternaltransitionsotherthanin-
putor outputtransitions A failuretraceincludesinternaltransitionsput here they areomitted
for simplicity.



following constrainis necessary
25+ D, < dinw (2)

Notethatthelargestdelayis usedfor the OR gate,while the smallestdelayis usedfor
theinverter This ensureghe above ordering(d—; b+) evenin theworstcase.
For constraintg1) and(2), the ILP solver givesthedelaybounds

d'in'u = 33; Dipy = 50; dor = 57 D, = 77
andthe secondveri cation runwith thesedelayboundsproduceghefollowing failure.
c+; d+; a—; c—; d—

This failure occurs,becausehe circuit producesi— althoughit is not expectedin the
ernvironment(i.e., d— is not enabledafter c—). In otherwords,to preventthis failure,
d— shouldbe prevented.Thisis possibleif b+ occursbeforec—. Again, thealgorithm
checkstheir casuals,and nds that both b+ andc¢— are causedby a—. Hence,the
following constraintis obtained.

Dinv <25 (3)

For constraintg1), (2), and(3), however, the ILP solver givesno solutiondueto incon-
sisteng.

Now, the algorithmbacktrackdo the mostrecentselectionpoint,andchoosesase
(b) instead.This constraintis actuallythe sameasthe above one,andconstraint(3) is
obtained For constraint{1) and(3), the ILP solver gives

dino = 5; Dipy = 247 dor = 5; D, = 35;

andthethird veri cation run reportsno failure. Hence the above delayboundsarethe
solutionof our problem.

The main technicalissueof our algorithmis to automaticallyobtaina constraint
to preventthe givenfailure by analyzingthefailure traceandthe structureof the Petri
nets.Anotherissueis thatthecorrectnessf thealgorithmdepend®nthebacktracking.
In the abore example,onebacktrackoccurs.Many backtrackingsof coursedecreases
the performanceof the algorithm. Our algorithm usesa heuristicto chooseappropri-
ate constraintswhich is simple, but very effective. Theseissuesare discussedn the
following section.

5 Failure Analysis

This sectionpresentghe algorithmthatis usedto performanalysisto derive sufcient
timing constraintgo avoid failures.

5.1 Finding A and B events

Whena failure traceis given, our algorithm rst nds two events,calledevent A and
eventB, suchthatthefailureis causedecausevent A occursbeforeevent B, andthat
thefailuremaybe preventedby ring event B beforeevent A. For afailuretrace there
canexist severaleventA'sandB's. In theabove example for casga), A is b+ andB is



d—, andfor case(b), A is c— andB is b+. In orderto handlecasesvhereevent B may
not be evenenabledgevent A and B areextendedso thatthey have an offset. Thatis,
an A B-candidate with respecto afailuretraceF is athreetuple(ta, ts, off ) 7, where
t4 is atransitionthat res in F, tg is atransitionthatis enabledn the statewheret 4
res, suchthat ring ¢ certainly off time unitsearlierthant4 maybeableto prevent
F. F is omittedfrom this notationif thereis no confusion.

Let's considermodulesM;, M, shavn in Figure 3 and their failure trace F =
a+; t4; ta; t1; b+ (out). Thisfailuretracestartswhenanoutputtransitiona + (out)
of M, res in its initial markinguo = {po,ps} aswell asthe correspondingnput
transitiona + (in) of M;. Thefailure occursin amarkingus = {ps, ps, pr} because
b+ (out) of M, res beforeits inputtransitionb + (in) of M» becomegnabledThus,
onewayto preventthisfailureisto re tg beforeb+ (out). Notethataninputtransition
is assumedo have [0, co] bound,andsoit becomeseadyto re immediatelywhenit
is enabledIn this example however, ¢ is notyetenabledvhend + (out) of M res.
Thus,thenetis traversedupward, andan enabledransitiont; is found. Sincetg takes
Dg time unitsto re in aworstcasejt is necessaryo re t; Dg time unitsearlierthan
b + (out). Henceb + (out), ts, Dg) is obtained.This A B-candidatds computecby
force fire(b + (in), b + (out), 0, us, #), whereforce fire(t, t4, off , 4, Tp) Obtainsaset
of AB-candidatesn amarkingy to forcet to re certainly off time unitsearlierthan
t 4 without ring transitionsin Tp, andit is de ned asfollows.

1. If t € Tp, thenforce fire(t,t 4, off , 4, Tp) = 0. Tp is usedto terminatelooping.
2. Otherwisejf ¢ is enabledn p, then

force_fire(t,t4, off, 4, Tn) = {{ta,t, off )}.
3. Otherwisefor someemptyplacep € ot — pu,

force fire(t,t4, off ,u, Tp) =
Uy ey forcefire(out_trans(t'), t4, off + Lft(t), u, T U {t}),

whereout_trans(¢') is the outputtransitionthatcorrespondso ¢’ (if ¢ is anoutput
transition,thenout_trans(t') = t'), andLft(¢) isthelatestring time of ¢. Notethat
it is sufcient to checksomeemptysourceplacep of ¢t becauset leastp needsa
tokenin orderto enablet. Onthe otherhand,all sourcetransitionsof p shouldbe
checled,becausét is unknovn which sourcetransitionproduces tokento p.

Thereare,however, otherwaysto preventtheabove failure.For example,if 3 res
beforet,, this failureis prevented becausehe outputtransitiond + (out) is nolonger
enabledFurthermoreif ¢; res beforet, andb + (out), this failureis prevented.The
methodusedin our work to cover all thesecasess to try every transitiont. thatlost
thechanceto re in thefailuretrace,i.e., our methodobtainsevery AB-candidateor
ring transitiont, suchthatt. € conflict(t) wheret is a transitionthat red in the
failure traceandconflict(t) is a setof transitionsthatarein con ict with ¢. Sincethis
methodmay produceunnecessaryl B-candidatestemaoving themis probablyneces-
saryin orderto improve the performancehut this is left as future work. Hence,the
following obtain_AB(F) obtainsasetof all AB-candidatesor afailuretrace, where
in_trans(t, M) is asetof input transitionsof module M thatcorrespondo outputtran-
sitiont, M;, is themodulewhoseinputtransitioncausesfailure,l = |F|, ¢; is thei-th
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Fig. 3. An exampleof amoduleset.

transitionin F (i.e., t;_y is thefailuretransition),andy; is the markingwheret; res
(i.e., po is theinitial marking).

obtain AB(F) = U forcefire(t',t;-1,0, pi—1,0) U
t' €in_trans(t;—1,M;n)
1-2
U ( U force_fire(out_trans(t'), t;,0, u;, 0))

=0 ¢'€Econflict(t;)

5.2 Obtaining Constraints

OnceAB-candidatesirefound,the next stepis to constructiming constraintgor each
AB-candidateThis is donebasedon the timing relationsimplied by the givenfailure
trace.A failure tracegivestwo kinds of timing relations,called causal relation and
preceding relation.

If transitionu is the uniqueparentof transitiont, i.e.,the ring of u causes to be-
comeenabledthe ring time of ¢, denotedby 7'(t), mustsatisfythefollowing relation.

Eft(t) < T(t) — T(u) < Lft(t)

This is a causalrelation. If ¢ hastwo or more parentsu;, us, - - -, the veri cation al-
gorithm choosesoneparent,sayu,, thatdecidesthe ring time of ¢. Sucha parentis
calledatrue parent. Sinceatrue parentmust re laterthanthe otherparentsn order
to actuallycauséts child transition,thefollowing relationis alsonecessarpesideghe
above causarelation.

T(ur) < T(up), T(uz) <T(up),

Thesearecalledprecedingelations.Furthermoreijf two or moretransitionsty, ta, - - -
arein con ict, andt; winsthecon ict, thenthefollowing relationis necessaryo ex-
presgshatt; res earlierthanary othercon icting transitions.

T(ty) <T(t1), T(tx) <T(t2),

Thesearealsoprecedingelations Preciselythisrelationis necessarfor all transitions
in areadyset[3], whichis a setof transitionghatshouldbeinterleavedin thestate.



Fig. 4. Timing relationsimplied by thefailuretraceF.

Considelagainthemodulesshavnin Figure3 andthefailuretraceF = a+; ty4; to;
t1; b+ (out). Thetiming relationsimplied by this failure tracecanbe illustratedas
shavn in Figure4. In this gure, which is calleda failure graph, a noderepresentsa
transitionthat res or getsenabledin the failure trace.A normalarron from w to ¢
indicateghecausarelation(i.e., Eft(t) < T'(t) — T'(u) < Lft(¢)), while adottedarrov
indicatesthe precedingelation(i.e., T'(u) < T'(¢)).

Now, consideran AB-candidate(b + (out), t5, Dg) to constructits timing con-
straintsfor ring tg certainlyearlierthanb + (out). The rst stepto obtainthe con-
straintsis to nd the commonancestorof t5 andb + (out) in the failure graph.in
this example,it's a + (out). This meanghata + (out) determineghe ring timesof
bothts andb + (out), andsothe constraintsshouldbe relatedto the delaysbetween
a + (out) andthosetwo events.Next, in orderto guarante¢heabove relationbetween
te andb + (out), themaximaldelayfrom a + (out) to t5 plus Dg mustbesmallerthan
the minimal delayfrom a + (out) to b + (out). Fromthe causalrelationof F, thisis
expressedsfollows.

Dy + D5+ Dg < dy + dpy

Notethatbounddor ¢; aredenotedy [d;, D;], boundsor a+(out) are[d,+, Do+ ], and
soon.In additionto theabove constraintthe effect of the precedingelationshouldbe

consideredWhencomputingminimal delayup to ¢, supposehatthereis a preceding
relationT(u) < T(t) asshavn in Figure 5(a). Due to this constraint,if w res late

enough,the earliest ring time of ¢ is not decidedby T'(z) + Eft(¢), but decidedby

T (y) + Eft(u). Thismeanghatthe pathshowvn by the dottedarraw in the gure should
alsobeconsideredor theminimal delaypath.Sinceit is dif cult to checkif u certainly
res late enough,both paths(i.e.,z — ¢t andy — u — t) needto be considered.
Similarly, for the maximaldelay computationthe dottedarrov in Figure5(b) should
beconsideredHence anotherconstraintike

D7+ Ds + Dg < di + dpt

is alsonecessary

5.3 Heuristicsto select constraints

Sincethe algorithmsshaown in the previous sectionsobtainconstraintsor considering
all possibilitiesto preventthegivenfailure,mary constraintsareoftengeneratedThus,
it is very importantto selectan appropriateone from them. This subsectionshavs
simpleheuristicsfor this purpose.

Let v(d) be a value assignedo a delayd by the ILP solver for the mostrecent
veri cation run,andfor anexpressiont = dy +ds+- - -, letv(E) bev(dy)+v(da)+- - -.
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Fig. 5. Pathsby precedingelation.

A weight of aconstraintL < R is v(L) — v(R), whereL and R areexpressionsThe
ideais thatthe weight of a constraintimplies how mucheffort is necessaryo satisfy
theconstrainbasednthecurrentdelayassignment-or example for thecurrentdelay
assignmensuchaswv(d;) = 10, v(d2) = 50, andv(D3) = 60, it may be easierto
satisfya constraintD; < d, ratherthanto satisfy D3 < d;, becausei, shouldbe
increasedy morethan10 for the former, while d3 shouldbe increasedy morethan
50 for the latter. This is representedtby the weights10 and50, respectiely. Note that
a constraintwith negative weightis illegal, becausesucha constraintis supposedo
bealreadysatis ed underthe currentdelayassignmentandit cannotpreventthe given
failure.

If aconstrainthatis too strongis selectedaninconsisteng may be detectedafter
several veri cation runs, and backtrackingoccurs.On the otherhand,evenif a con-
straintthatis too weakis selecteda strongerconstraintcanbe addedaterto obtaina
suitableconstraintset.Hence,our heuristicsselecta constraintwith the smallesthon-
negative weight. For the exampleshavn in Sectiord, theweightof constrain{(2) is 55,
andthatof (3) is 10. Hence,if this heuristicis used,case(b) is selectedrst, andno
backtrackingoccurs.

5.4 Overall procedure

The whole procedurethat repeatsthe veri cation runs and addsnew constraintsis
shavn in Figure6. This procedurdakestwo inputs,M andcon_set. M is asetof time
Petrinetsrepresentinghecircuit andits speci cation.Whenthe procedurds calledfor
the rst time, theinitial constraintdor the circuit delayboundslike (1) in Section4 is
setto con_set. Thisprocedurerst callsanILP solwver (line 3). Currently we usea pub-
lic domainlILP solver calledlp_solve (ver 3.1a,ftp://ftp.ics.ele.tue.nl/pub/lgolve/).
An ILP solver computesan optimalintegerassignmento variablesfor maximizingor
minimizing anobjective functionunderagivensetof constraintskor delaysd; , D1, d»,
D,, - - - whered; is alowerboundof thedelayandD; is anupperbound,our algorithm
useghefollowing objective function f andtriesto maximizeit.

f=(Dy—2dy) + (Dy —2dy) +- - -

Fromour experiencethe mostsuitablesolutionssuchthatthedifferencebetweeriower
boundsandupperboundsarelarge andthatlower boundsarefairly smallareobtained
by this objective function. stat in line 3 indicates"infeasible”, if the constraintsetis
inconsistentln thiscasethe procedurgeturnswith “impossible”for backtrackingline
4). Otherwise bounds containsan optimal assignmento the delay bounds.In line 5,



1: obtaintiming_constraints§/, conse)
2: begin
3: (stat bound$ = ILP(con.se);
4: if (stat== infeasible)then return(impossible);
5: M’ = modify_bounds{/, bounds;
6 (stat, failure) = verify(M');
7 if (stat== success)hen exit(success);
8: new_con= analyzefailurefailure);
9: new_con' = sort(ewn_con);
10: foreach con € new_con'

11: if weightcon) > 0 then obtaintiming_constraintsi4, consetU {con});
12: return(impossible);
13: end

Fig. 6. Overall procedure.

theboundsof M aremodi ed accordingto this delayassignmentand M’ is obtained.
This M' is usedfor theveri cation in line 6. If theveri er returns‘success’thismeans
thata setof timing constraintaunderwhich the circuit works asexpectedareobtained,
and so, the procedureterminates(line 7). Otherwise,the veri er producesa failure
tracefailure. In line 8, thisfailure is analyzedasmentionedn the previoussubsections,
and a setof new timing constraintsare obtained.Thosetiming constraintsare sorted
basedon their weights(line 9), and eachconstraintcon with a nonnejative weightis
addedto con_set in this orderfor the recursve call of “obtain_timing_constraints”(line
11). If it returns,it meansthatno solutionis obtainedundercon_set U {con}, andso,
the next constraintin the new_con’ is tried by the foreachloop (line 10 andline 11).
If every constraintcausesnconsisteny, the procedurereturnswith “impossible” for
backtrackingline 12).

By selectinga constraintwith a nonngative weight, it is guaranteedhatthe con-
straintcertainlyreduceghe spaceof the delaybounds Therefore sincethe earliestand
latest ring timesareinteger, this procedurealwaysterminates.

On the other hand,whenthe procedureterminateswith “impossible”, is it really
impossibleto eliminatethe failure?If so, the procedureis called complete. In order
to prove its completenesst is necessaryo shov that the algorithmto nd an AB-
candidatecoversall casedo eliminatefailures,andthatthe constraint©btainedarenot
unnecessarilgtrict. Thisis notyet provenformally. The selectiorof objective function
aswell aserrorsin the ILP solutionscertainlyaffect the performancdi.e., the number
of backtrackingspndthe quality of theresults(i.e., thewidth of thedelaybounds) but
we do not believe thatthe completenesss affectedby them.

6 Experimental Results

In orderto demonstratéhe proposednethod the VINAS-P veri er hasbeenmodi ed
sothatit produces setof timing constraintdor a detectedailure trace.This program
correspondsolines6 - - - 8in Figure6. Then,aPerlscripthasbeendevelopedo naively
implementtherestof the procedure.

In this section,two setsof experimentalresultsare shavn. The rst setof exper
imentshave beendone using someasynchronoudenchmarkcircuits from [6]. The



Table 1. Experimentatesults(1).

[[name [#signal$#gatef#timedstatefverify|#backirackECPU CPU-[6]]
alloc-outbound 15| 11 85 4 0[1.36 13.08
mp-forward-pk 13 10 57| 3 0/ 0.93 0.89
IGL 8 6 67| 6 0/1.48 27.17
shuf-send-pkt2 17| 13 113 7 0[2.69 69.97
converta 14 12 98 7 0| 2.3 113.17
ram-read-sbf 22 16 161 7 0| 3.08 127.9§

Table 2. Experimentatesults(2).

[name [#signal$#gatefitimedstate§#verify[#backiracks CPUCPU (last)]

gasp4 271 32 817 9 0| 2.07 0.11
gasp8 51| 64 6514 10 0[752.17 717.77
square9 82 81 3017 11 2| 21.26 2.04

secondandthird columnsof Table 1 shov the numberof signalsand the numberof
gatesin eachcircuit. “#timed states”"shavs the numberof timed statesin the circuits
with the nal bounds(i.e., the circuits that passveri cation). The next two columns
shaw thenumberof veri cation runsandthenumberof backtracksieededo obtainthe
nal constraintsets.The CPUtimesfor the overall procedureareshowvn in the column
“CPU"(all CPUtimesareshowvn in seconds)The column“CPU-[6]" is quotedfrom
[6], wheretheexperimentaveredoneona450MHz 1GB Ultra SFARC60machine Ac-
cordingto the authorsof that paper the datacomesfrom a proof-of-concepprototype
thatis notyet optimizedfor run-timeandthusdoesnotincorporatemary of theknown
speed-upechniquesand optimizationsfor untimedanalysis.In addition,the majority
of the the run-timeis taken up in the processfor optimizing constraintsetsthat can
be mademuchmoreef cient. Our experimentshave beenperformedon a Pentiuml|
333MHz,128MB Linux machineandasmentionedpur currentimplementatiorns also
very nave. Thus,we considerthatthesedatademonstratehatthe performanceof our
methodbasedntime analysigs atleastcomparabldo thoseof their methodbasedn
untimedanalysis.

If thesortingby the constraintsweights(line 9 of Figure6) is turnedoff, 10 veri -
cationrunsand5 backtrackingareneededor the“alloc-outbound’circuit. Thisshavs
the effectivenesf the heuristicsshavn in Section5.3.

The secondsetof experiments® useseveral GasPcircuits shovn in [1] and[11].
Thesecircuits have fairly large statespacesbut our methodcanhandlethemasshovn
in Table2. AlImostall CPUtimesarespentor the nal veri cation of thecorrectcircuits
asshawn in thelastcolumn(CPU((last)),andthe procesgo obtainthetiming constraint
setsis performedwithin a rathershorttime. Theseexperimentshave beenperformed
on a Pentiumlll 1GHz, 2MB Linux machine.Iln theseexperimentsthe CPU times
for ILP is negligible comparedwith thosefor statespaceenumerationThus,from a
performancepoint of view, usingILP insteadof LP is nottoo costly.

8 Thesourceles andresultsof theseexperimentsanbe downloadedfrom
http://yoneda-www.cs.titech.ac.jp/~yoneda/tcs-data/data.tar.gz.
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Conclusion

This paperdescribes new methodfor the derivation of timing constraintghatguaran-
teethe correctnes®f timed circuit implementationsThis approachusesanautomatic
techniquein which a failure traceis analyzedto nd pairsof eventsand obtain as-
sociatednew timing constraintghat can eliminatethe failure trace. This methodhas
beenautomatedaroundthe VINAS-P tool, andour initial veri cation resultsarevery
promising.

In the future,we planto developbetterheuristicsto avoid generatinguseless4 B-

candidatesWe alsoplanto performa formal analysisto shav thatour methodis com-
pletein thatwhenno constraintscanbefound, no solutioncanexist.
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