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Abstract. Thispapeproposes partialorderreductionalgorithmfor timedtrace
theoreticveri cation in orderto detectboth safetyfailuresandtiming failures
of timed circuits ef ciently. This algorithmis basedon the framework of timed
tracetheoreticveri cation accordingto the original untimedtracetheory Con-
sequentlyits conformancecheckingsupportshierarchicalveri cation. Experi-
mentingwith the STARI circuits, the proposedapproactshaws its effectiveness.

1 Intr oduction

Nowadaystherole of timed circuits have rapidly arisenin integrateddigital circuit de-
sign. Thus,the veri®catiorof suchtimed circuitsis imperative. But, the costof timing
veri®catioris quite high. Severalapproachebave beenproposedn orderto reducethe
averagecompleity of veri®cationj.e. symbolic methodsbasedon BDDs andpatrtial
orderreduction.Symbolicmethodsare dif®cultto ef®cientlyapplyto timing veri®ca-
tion, yet partialorderreductionis oneof the mostpromisingsolutionto the stateexplo-
sion problem,e.g.[1-4]. Hence veri®catiormethodsin which partial orderreduction
is well-suitedarepreferred.

Onedirectionis a timing analysisalgorithmto validate correctnessn the level-
ruled Petrinet[5]. Anotherdirectionis the simpletimed tracetheorybasedon timed
Petrinet[6]. The partialorderreductionis appliedto both of them,but they areunable
to hierarchicallyperformveri®catiorby usingthe conformatiorrelation.

In addition,[6] hasno ability to verify livenessproperty i.e. only safetyfailures
aredetectedA framawvork of timed tracetheoreticveri®cationbasedon pseuddfail-
ure is proposedn [7], in which not only safetyfailuresbut alsotiming failuresare
examined.Thetiming failureis arestrictedform of violation of livenesgroperty Prac-
tically, detectingtiming failure is adequateo verify timed circuits. Moreover, even if
this approactcertainly supportshierarchicalstructureasthe original tracetheory|[8],
it still differsfrom theoriginal onein mary points.Eventually the framework of timed
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tracetheoreticveri®catiorin accordancevith the original oneaswell asthe concepiof

semimoduleandsemimirrorallowing conformanceheckinghasbeenproposedn [9].
In this paper we proposea partial order reductionalgorithm for the veri®cation

methodof thelatestframawvork, andshaw its effectivenesshroughexperimentatesults.

2 Timed Trace Theoretic Veri cation

Sinceour algorithmrelieson the frameavork of timed tracetheoreticveri®cationpro-
posedn [9], we brie y recallits ideain this section.Theimportantnotionsarea mod-
ule,asemimoduleandatimedtracestructure.

A moduleis atuple wire , where is a setof inputwires, is asetof
outputwires, is atime Petrinet,andwire : be
a function from a setof transitionsto a set of wires. We saythat if wire ,
is aninput transition,and otherwise, is anoutputtransition.In orderto simplify the
analysisalgorithm, we assumethat for each , thereexists at mostone output
transition suchthat wire in a module. is usedto representsucha
transition especiallyin the®guredor simplicity. Ontheotherhand,we allow multiple
input transitionsfor aninputwire . Thus, , ,  areusedfor suchinput
transitionswhile is usedin caseghatthereexists only onecorrespondingnput
transition.Figure 1 shavs examplesof modules A time Petrinetis a Petrinetexcept
that eachtransition of a time Petri net hastwo non-ngative rationals,the earliest
®ringtime andthe latest®ringtime , andthateachenabledransitionmust

®rewithin this time bound.A timedrun of isa®nite
or in®nitesequencef statesandtransitionssuchthat s theinitial state,and is
obtainedrom by passingsometime andthen®ringtransition . Its corresponding
timedtraceis , where wire isaneventand denoteghetime
whenthetransition ®res. beasetof all timedtracesgeneratedy

A semimodulés the sameasa module,but the correspondingimedtracestructure
is distinctively de®nedwhichis shavn later

A timedtracestructuie of amodule wire , denotedcby ,isa
tuple ,where and aresetsof timedtracesde®nedisfollows. , which
is calleda successraceset is equalto ., whichis calledafailure traceset
containsatrace , iff either

- , or
- , , , or

A ®rstconditionis easyi.e. ary extensionof a failure traceis alsoa failure trace.
is the latesttime until whenthe ®ringsof all enabledransitionsin  canbe
postponedfter . For example,in Figurel, is5in ,and
is15in
The secondconditionabove statesthe casethatthe net canreachthetime  with
, but cannotacceptaninput. It is consideredasa failure. Note that if
is anoutputin this case then is neithera successor a failure,i.e. it is called
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Fig. 1. Modulesthatcauseatiming failure.

notpossible This differencecomesrom thefactthata netcancontrolproducingor not
producingan output,but cannotcontrolaninput.
is thesetof wiresthatcorrespondo theenabledransitionsvhichdeter

mine . In the exampleabove, , because
andbothtransitionsdeterminethis time. In the third condition, implies
thatsometransitioncausesa time-outfrom , becausaninput cannot
be controlledby the net. Hence this mustbe a failure. Again, if contains
anoutputwire, then is not possible becausen outputis controlledby the net,
andso, the netnever reacheghis time point. Theseconsiderationgresummarizeds
follows, where is a setof traceshatarepossible.
Cl: For , and (thesetof non-ngyative realnumbers),
1. ,
2. for and ,
(a) if ,then
i if , then
ii. else
(b) elseif , then
(c) else
3. for , ;
4. for ,
In orderto de®nehecorrectnesbetweermoduleswe usenotionsgivenin [8]. For
and suchthat , the
intersectionof and , denotedby , is atimedtracestructure

. Notethatatraceis afailure of theintersectionpnly
whenit is afailureof onemoduleaswell asit is possiblefor the other For considering
thesimilar notionfor moduleswith differentwire setsthefollowing notionsareneeded.
For atimedtrace andaset of wires,

de®nes timed traceobtainedby projectingout the eventsof wiresin , where
f , then .Foraset of timedtraces,
is theset .For whoseelementsdo not containary wiresin
, is thesetof all timedtraceghatcanbegeneratedby insertingarny event
of betweerary consecutie eventsin tracesof . Thisis extendedfor atimedtrace
structure suchthat



. Note that the insertedwires are always consideredo be the inputs. The com-

positionof and is de®nedas , Where
and . Fromthis, isfailure-
free,iff .
Thecorrectnesbetweermodulesis de®nedasfollows. wire
conformsto wire |, if , , andit holdsthat for
ary timedtracestructure suchthat and  f
is failure-free sois 4, This conformatiorrelationimpliesthat

behaessimilarly to with ary ernvironmentwith respecto failure-freeness-rom
this correctnessle®nitionthe following propertyis inherited.

Theorem 1. conformsto , f
conformsto , and con-
formsto

Theproofis shavnin [8]. Thisis whatwe call hierarchical veri cation.
Practically however, consideringall possibletimed tracestructures is infeasi-
ble. Instead the mirror of canbeused.Intuitively, it isamaximal suchthat
, andformally, for a timedtracestructure , its mirror, de-
notedby ,isalsoatimedtracestructure satisfying , ,
,and , Where and isarytimedtraceover . Then,it
canbeshavnthat  conformsto , iff is failure-free[8], which
we call mirror property. In theuntimedtracetheory, for amodule wire ,
is coincidentallyequalto suchthat wire . Thiscanbe
explainedintuitively asfollows. Supposehat . First, ,
becausehe netis the same.In untimed systemsgvery trace satis®es
because¢hereis noupperbound.Thus,for  if isafailure,
then mustbeaninputof ,i.e. . Thisis animpossibletracefor , because
isanoutputfor . Hence, holds,andso ,
which is equalto by de®nition Fromthis fact, it is straightforvardto imple-
mentconformanceheckingfor untimedsystems.

Unfortunately for timed systemsthis constructionof mirror tracestructureds not
correct(See[9] for details).Note that suchmirroring is only necessaryor a module
representinga speci®cationThus, in orderto obtaina timed conformancechecking
algorithmsimilar to the oneof untimedcase we introducea slightly differentversion
of a modulefor the speci®cationSincethis is no longer a module of which timed
tracestructureis de®nedy C1, we call it semimoduleA semimodulds alsoa tuple

wire , butits timedtracestructure , denotedby , isde®ned
asfollows.
C2: For , and ,
1. ,
2. for and ,

4 For this de nition, the composition( ) canbe replacedby the intersection( ), becausghe
signal setsare common. is, hawever, given as a set of modulesin mary caseswhere
is de ned by the compositionof the timed tracestructuresof the elementsin
Thus,usingcompositionin the conformancele nition is useful.



(a) if ,then

i if , then
ii. else
(b) elseif , then
(c) else
3. for , ,
4. for ,
Theideais to modify the casefor suchthat holdsfor
of amodule wire and of asemimodule wire .
For a module wire , we saythata semimodule wire is
thesemimiror of , denotedby . Consequentlyor timedsystems, conforms
to iff is failure-free[9].

3 Veri cation Algorithm

In orderto describehealgorithm,we ®rstmake severalde®nitionsasfollows.

The statespaceof time Petri netsis in®nite, becausesachclock function takes
realvalues.Thus,a setof inequalitiesis usedto represena numberof differentclock
functionsin orderto obtainthe ®niterepresentationsf statespace.Thatis, a state
of atime Petrinet s , where isamarkingof ,and is asetof
inequalitiesover both pastand future variablesof transitions.For a transition , its
pastvariable,denotedalsoby , representits mostrecent®ringtime, while its future
variable,denotedby , representdts next ®ringtime. The variablesrepresentinglder
®ringsareprojectedoutfrom . In theinitial statea virtual pastvariable is used.It
canbeconsideredhat representshetime whenthe netis initialized, andthatall of
theinitially enabledransitionshecomeenabledat thattime.

For = with  =( wire ) suchthat  isasemi-
module, is asetof modules,and .
Its stateis ,Where = is astateof . Foratransition

, denoteghesetof sourceplacesof |, i.e., . Similarly, the set
of destinatiorplacesof isdenotecby .enabled( )= , anden-
abled( )= enabled denoteasetof enabledransitionsn  at ,andin
at , respectiely. A ®rabletransition in  is anenabledransitionthatcan®reear
lier thanary otherenabledransitionsn , i.e. Solution rst
holds, where Solution is a setof feasiblevectorsof  and rst

. denoteghe setof ®rabletransitionsin ~ at . Foran
enabledransition , and are and , respectiely, where

is the pastvariablefor atrue parentof , which is anoutputtransitionwhose®ring
®nallymade enabledmostrecently Theseexpressionsepresenthelower boundand
theupperboundof thenext ®ringtime of .
Our goal is to decidewhethera set of modulesconforms
to amodule  or not, which is achiered by checkingwhether
is failure-freeor not,where is the semimirrorof
. For this purpose the statespaceof is traversed,andif every reachablestate
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Fig. 2. Modulesthatcausesafetyandtiming failures.

satis®ethefollowing threeconditions then
is concludedo befailure-free.

Condition 1
For ary outputtransition of a(semi)module  with ,
andfor ary (semi)ymodule  with suchthat ,
thereexistsanenablednputtransition in with suchthat
holds.
Condition 2
For ary input transition of amodule  with ,
thereexists an outputtransition in some(semi)modulesuchthat
Solution( )= holds.
Condition 3
For ary inputtransition of thesemimodule , either
1. thereexists an outputtransition inamodule  with
suchthatSolution( Lft )= holds,or
2. thereexistsanoutputtransition inthesemimodule  suchthat
Solution( Lft )= holds.

Intuitively, anoutputproducedoy a (semi)modulenustbe acceptedy someother
(semi)moduleptherwisea failure exists. The condition 1 checksthis kind of failures,
which we call safetyfailures A statethat causesa safetyfailure is called the safety

failure state Considerthe exampleshavn in Figure2(a),where is of and
is of .Suppos¢hatboth and aremodulesFortimedtrace wherea
transition is enabledn its laststate Jet denotetheearliest®ringtime pointof
in ,i.e.,thevalueof obtainedby assigning toits actual®ringtimein
is de®nedsimilarly. If holds,then and for
, where wire wire . Hence, is afailure
of . In this example, , , andso, for
example, and . Thus, is afailurein .In
this case suchmoduleshave a feasiblesolutionin , andso,

condition1 doesnot hold.

On the otherhand,aninput expectedby a (semi)modulemustbe givenin time by
someother(semi)moduleptherwisea failure occurs.The condition2 andcondition3
checkthis kind of failures,which we call timing failures A statethatcausesa timing



failure is called the timing failure state Consideran exampleshavn in Figure 2(b),

where is of and is of . Supposehat both and are
modules,and so, this is handledby the condition 2. For timed trace , supposeahat
holdsand is the smallestiatest®ringtime pointamongthe
enabledoutputtransitions.Then, and for
, Where wire . Theformerholdsbecause holdsfrom
theassumptiorandC1. Hence, is afailure of . In thisexample,
and , andso, for , and .
Thus, is afailurein . In this case suchmoduleshave a feasible
solutionin , andso, condition2 doesnothold.
Thecondition3.1is for thecasewhere is aninputtransitionof asemimodule
and is anoutputtransitionof someothermodulesuchthat is the smallest

latest®ringtime point amongthe enabledoutputtransitions.This casecanbe handled
in the sameway asthe condition2.

The condition 3.2 is for the casewhereoutputtransitionswith the smallestlatest
®ringtime point exist only in . In this casewe further needto considera special
casewheresuchan outputtransition hasthe samelatest®ringtime pointas , i.e.,
for timedtrace , holds. Considerthe exampleshavn in Figure 1
againwhere is of and is of ,butsuppose isasemimodule
this time. Since is a semimoduleand containsthe input transition ,

holdsfrom C2 for , Where wire and isthe
smallest amongthe enabledoutputtransitions in modules .

for modules  with from . Hence, is
a failure of . In this example, hold in
and . Thus, for , and , andso
is afailurein . Thus,the condition 3.2 correctly handlesthis caseby
modifying the equalityin Lft of thecondition3.1to Lft

4 Partial Order Reductionfor Timed Trace Theoretic Veri cation

In this section,the ideaof partial orderreductionfor timed tracetheoryis proposed.
Also, the differencebetweerthe proposeddeaand([6] is discussed.

The conceptof partial orderreductionis to generatesomesubsetf possiblesuc-
cessoistatesaslong asthe correctnesss not affected.We call a statespacegenerated
accordingto this principle the reducedstatespace For timed tracetheoreticveri®ca-
tion, thereducedstatespace =( , ) shouldbeconstructedsuchthatit satis®es
the following conditionswith respecto the full statespace =( , ), where
and arethesetsof reachabletatedor asetof (semi)modulesand and  arethe
transitionrelationsbetweenstates)  denoteghetransitive closureof ). A transi-
tion relationis a setof tuples( ) suchthat isobtainedrom by ®ringanoutput
transition andits correspondingnputtransitions.

[PT1] includestheinitial stateandfor ,if hassuccessort; ,then has
atleastonesuccessoin

[PT2] For  if
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= ( ) , and
— thereexistsasequence suchthat( ) , . ( )
, = ...(f isemptythen = ), andthe®ringof isnecessary
for the®ringof , but
— isnotenabledn (seeFig.3(a)),
then( 3 cljmpliés( g S )
[PT3] For  if
—( ) ,and
— thereexists a sequence suchthat ( ) , = ...,and hasa
timing failure,and
—( ) , but
— statedfrom to. along have potiming failure (seeFig. 3(b)),
thent " Cimdiesy "efotming (seeFig. 3(b)

[PT1] is vital, becausea new deadlockstatemustnot beintroducedin . [PT2]
is for handlingcon icting transitions.This is depictedby Figure4(a). In Figure4(a),
sincea®ringof immediatelydisables , if hasonly asuccessoby in ,then
we missthe®ringof . Thus,[PT2] ®res whichis equalto in thiscase
Moreover, a con ict may occurindirectly asshavn in Figure4(b). Supposdhat is
in conict with , but is not enabledin . In this casethe ®ringof  doesnot
disable directly. However, the ®ringof , which will becomepossiblewhen®ring

earlierthan , maybemissedjf  containsonly the®ringof in . Thus,it must
alsocontainthe ®ringof  in orderto retainthe possiblitythatthe ®ringof  occurs.
[PT3]is for handlingtransitionshiding timing failures.Sucha transitionis anenabled
outputtransitionthathasthe largerlatest®ringtime pointthanthe others.For example,
considerthe modulesillustratedin Figure5. If ®resat 10, thenatiming failure
occursin theresultantstate because can®relaterthan .
On the otherhand,the currentstateis not a failure state,because always®res
earlierthan . Also notethat is ®rablein this state.Therefore,
if is ®redin this state theabove timing failureis never detectedIn otherwords,
hidesthe timing failure, andit correspondso  of Figure3(b). Hence,[PT3]
forces to ®re,if is choserfor ®ring.

Dueto theignoring problem[1], we requirethattime certainly passesn ary loop
structurein ary time Petrinetin themodulesetandthelatest®ringtime of eachoutput
transitionis bounded.This is necessaryo prove the correctnesof the partial order
reductionalgorithm.
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5 State Enumeration

This sectionbrie y describedhow to traversethereducedstatespaceof a setof (semi)-

modules.The main ideais similar to that of [6]. Recallthat we de®neda stateof a

set of (semi)modulesy , Where = is a stateof
. Here,we modify this de®nitiora little for easiempresentationLet

denotea set of time Petri netsthat composethe setof (semi)moduleswhere

. We de®nehe stateof by , Where
is amarkingof all thenetsand is asetof inequalities.
Theinitial stateof is , Where

- =" " isanoutputtransitionsuchthat  enabled( )
Recallthat in is the future variable usedto representhe next ®ringtime
of an outputtransition , and is a virtual variableto synchronizethe nets at the
initial state.Note that we only considerthe output transition variablesfor the state

spaceenumerationpecausean input transition  of wire syn-
chronizeswith out_trans , whereout_trans is the output transitionthat corre-
spondsto , i.e., out_trans suchthat wire wire ,

, wire , and wire . Furthermore,
we extendthis notationby de®ningout_trans for an outputtransition . en-
abled is extendedfor , thatis, enabled enabled

Then,the setof successostatess obtainedfrom a state by ®ringan
outputtransition . The outputtransition is choserfrom a set . The

is the possiblysmallestsetof ®rabletransitionsthat satis®e$PT1],[PT2] and[PT3].
Thereadysetconstructionis describedn thenext section.

Sometimeanore thanone successostate canbe producedfrom a
state andanoutputtransition ready . ThosesuccessorBavethesamemarking



part satisfying suchthat

if  has sync_trans
otherwise

where _ be the setof enabledransitionsthat®resynchronouslywith
ie., - .
To obtaintheinequalitypart ~ of eachsuccessome ®rstde®ne asfollows.

This expresseshe constrainthatthe ®ringtime of  is smallerthanthoseof ary other
transitionsin ready(s). Since ®resjts futurevariable is copiedto its pastvariable .

Let bethesetof transitionscon icting with , i.e.,
Furthermorefor aset of variablesandaset of inequalities,
is a unique setof inequalitiesover , suchthat the solution set of is
equalto the solutionsetof , projectedon , Where denoteshe
setof variablesappearingn . Sincethetransitions in - also®redat
the®ringof , the enabledoutputtransitions for _

aredisabledby the ®ringof . Thus,the variablesfor thosedisabledtransitionsareno
longernecessaryandthe following  is obtainedby deletingthosevariablesfor the
disabledransitions.

is anoutputtransitionin
for _

Next, thetrue parentsof newly enabledransitionsaredeterminedLet
denotethe setof newly enabledoutputtransitionsin a successor of
by . Notethatit includesthetransitionsthatbecomeenabledby the ®ringsof input
transitionsin - . Considera transition . If ~ hasmore
thanonesourceplace,i.e. , we needto decideamongthe candidates
of the true parentof  which transitionreally enables , where
. Sincewe have choicesof atrue parentfor eachnewly

enabledtransitionin , we have successorsrhich correspondo the possible
combination®f true parentsHere,consideroneof suchcombinations
for , Where is thetrue parentof . Thetiming

constraintneededor it is that can®relater thanthe othertrue parentcandidates.
Thatis,

Finally,

decideghe®ringtiming of basedn ,and . This  hasall necessary
informationfor the inequalitypartof . It, however, still containssomeunnecessary
pastvariables,and deletingthemis necessaryo make the statespace®nite.A past
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variable is necessanyjf thetransition hassomechanceto becomea true parentof
somecurrently disabledtransition suchthat , or thetransition is a
true parentof someenabledtransition. The former conditionis consideredn [6], but
thelatteris a new conditionneededn our methodbecause transitionwhich is atrue
parentof someenabledransitionmustbekept® in orderto detectthe safetyandtiming
failuresasmentionedbeforeandconstructthe readysetwhich is describedn the next
section.Thereforetheset of unnecessarpastvariablescanbe de®nedsfollows.

for every and either(1) or
(2 and _ or
3 and and _ -

is anoutputtransitionssuchthat

where _ is apredicaterepresentinghat  _ cannever be-
comeatrue parentof thetransition under and . Formally, it is true,iff for some

, and for every pair with and enabled
Solution( _ diff ) = , wherediff representshe

minimal valuesof sumof earliest®ringtimesin all paths(input transitionsarelinked
to their correspondingutputtransitionsandthe earliest®ringtimes of outputtransi-
tionsareused.)from anoutputtransition to anotheroutputtransition , with
not included.And, _ _ is a predicaterepresentinghat a safety
failure canno longerbe occurredby an input transition , andso, it is not necessary
to keepthetrue parentof in orderto checkthe safetyfailure. Formally, it is true iff
holds.Hence the inequality

part  of asuccessostateof by isobtainedas

The statespaceis traversedin the depth ®rstsearchmannercheck|ngsafetyand
timing failuresaslong asa new successostatethatis not coveredby ary otherreached
statess obtainedwherea state is coveredby state  if
andthesolutionsetof  is asubsebf thatof

6 ReadySetConstruction

A readysetmustbe constructedccordingto theideaof the partialorderreductionfor
timed tracetheorymentionedin Section4. Thus,all transitionsin the readysetmust
satisfy[PT1], [PT2],and[PT3]. For [PT1], some®rableoutputtransitionis includedin
thereadyset,if it exists.Supposeahat .If hasnocon icting transitions,
ie., , then canbeareadyset.Otherwise for example,if there
existsadisabledransition whichisin conict with , thenin orderto satisfy[PT2]
thereadysetmustincludea ®rableoutputtransitionwhose®ringis necessarjo enable
in the future. In the exampleshawn in Figure4(b), is suchatransition.Further
more,if isin thereadysetin Figure5, then mustbeincludedin theready

5 In theactualimplementationin orderto reducethe numberof variablesjnputtransitionswith
arehandledn thesameway as[6] insteadof keepingtheirtrue parents.

11
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setfrom [PT3]. We call such alimiting transition Thatis, a limiting transition
is a ®rableoutputtransitionsuchthatits latest®ringtime pointis smallestamongthe
®ribleoutputtransitionof all (semi)modules.

Thereadysetconstructiorstartsfrom ®ndinga limiting transition.First, consider

Solution Lft _

The transitionsin have certainly smallerlatest®ringtime pointsthanthe
other®rabletransitions.In the exampleof Figure5, Cfitis
nonemptyary singletonsubsetof canbe usedasa seedof the readyset,
becaus®ringsuchatransitiondoesnot hide the timing failure anyway. This condition
is, however, sometimegoo strong.For example,in the netshavn in Figure6, neither

nor satis®eghis condition,i.e., . This is becausehe
state doesnotdistinguishsituationsobtainedoy different®ringtimesof e, if

®resheforetime 5, then hassmallerlatest®ringtime pointthan ,
and otherwise, hassmallerlatest®ringtime point than . We solwve this
problemin a conserative way suchthat if is empty thenthe set of all
®rableoutputtransitionss usedasa seedof thereadyset.

The seedof the readysetobtainedin this way satis®e$PT1] and[PT3]. In order
to satisfy[PT2], the seedshouldbe extendedsuchthat for ary transition in the set,
the setincludesthe dependensetof , wherethe dependensetis de®nedelown. Note
thatthis processs the sameasthe onepresentedn [6], andso,only its intuitive ideais
describedhere.The detailsareshavn in [6].

The necessargetfor atransition is ,if is enabledOtherwiseit is a setof
enabledransitionssuchthat canneverbeenabledf noneof thosetransitionss ®red.
For example the necessargetfor s for Figure4(a),and for Figure4(b).
Thedependenset for atransition in isasetof transitionthatsatis®es
Q) ,and(2) if , thenthe necessargetsfor all
thetransitionsthatcon ict with both andthosesynchronizedvith areincludedin

. This setcontainstransitionsthat shouldbe ®edwhen is ®redin
For example thedependensetfor is for Figure4(a),and for Figure4(b).
In the latter case,if the pathfrom to takesalongtime,and cannotactually
conict with ,then doesnothaveto bein thedependenset. Thus,the sumof the

12
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earliest®ringtimesof transitionsin sucha pathcanbe usedto decidethis possibility.
Also notethat may containnon®rabldransitions.In sucha caseall
®rableoutputtransitionsareusedfor againconseratively.

Moreover, if some(semi)moduleontaingndependenibop structurepuralgorithm
may notterminatd6]. Thisis becausghetime differenceof concurrentransitionsin-
creasewithout corverging. This situationcan be detectedby checkingthat the time
differencesxceedsomeconstantalue.ln sucha caseagainthe setof all ®rabletran-
sitionsis usedfor the readyset, meaningthat the algorithmtemporallyrevertsto the
full statespacesnumeration.

7 Experimental Results

To shaw the performanceof the proposedmethod,we have implementedt basedon
atool VINAS-P [6]. This sectiondemonstratethe proposednethodwith the STARI
circuits[10,11].

The STARI circuit is composedf a numberof FIFO stagesA two-stageSTARI
circuit is shavn in Figure 7(a). Thesegatesare modeledby the timed Petri nets.In
[11], the veri®cationof this circuit with respectto the following three propertiesis
demonstrated(1) goeslow (i.e. the currentdatais moved to the next stage.)
earlierthanthe separatois givenin , (2) anew datais readyin
earlierthan goedow (i.e.thereceversampleghedata.),and(3) nohazardoccurs
at ary gate.In additionto thesepropertieselatedto the event ordering,we verify the
following timing propertiedfor -stageSTARI circuits with in this experiment:
(4) acklgoedow within 4 time unitsafteranew datais sentfrom thesendemandatleast
7 time unit beforethe next separatois sent,(5) a new datais readyin (x2t,x2f) within
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Fig. 8. Sub-circuitandits speci cationfor hierarchicaleri cation.
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Fig. 9. CPUtimesfor veri cations of STARI circuits.

2 time unitsafterack3goeshigh andatleast9 time unit beforeack3goeslow again.To
expressthesewhole propertieswe usethetime Petrinetshovn in Figure7(e).

Here,the experimentshave beendoneon a 2.8 GHz Pentium4 workstationwith
4 gigabytesof memory We have veri®edthe STARI circuits by usingthe total order
methodandthe partial ordermethodto comparetheir performancesywherein the to-
tal order method,the ready set containsall ®rableoutput transitions.Moreover, we
have hierarchicallyveri®edthesecircuits with the partial ordermethodaswell. In this
experiment,we ®rstverify a one-stageSTARI circuit with its speci®catiorshovn in
Figure 8. Note thatthis speci®catioms obtainedby analyzingthe behaior of the one-
stageSTARI circuit. The veri®catiorof sucha sub-circuitandits speci®catioshould
be donefor stageswith differentinitial markings.Oncethoseveri®cationsucceedev-
ery stage-circuits replacedvy its correspondingpeci®catiorywhich is muchsmaller
thanthecircuit model,andit is veri®edhatthe setof thosesub-speci®catior®nforms
to theoriginal speci®catioifFigure7(e)).

Figure9 shavsthe CPUtimesfor veri®cation®f -stageSTARI circuitswherethe
x-axisshavs . Notethat”Partial(hierarchical)includesthe veri®catiorrunsfor sub-
circuits. Theseresultsshav thatthe performancemproved by partial orderreduction
is signi®cantandthe hierarchicalveri®cations much more powerful. Onedisadwan-
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tageof the hierarchicalveri®cationis that the suf®cientsub-speci®cationshouldbe
preparecy users.

In additionto theseexperimentswe have run the XOR chainexamplein [12] to
compardheproposednethodwith Minea'swork. Accordingto ourresultstheexample
is very sensitve with the delay boundsof the XOR gates,which is not speci®edn
his thesis.Thus, fair comparisonis not easy Onefactis that the total order method
outperformsour partial ordermethodin this example,althoughit hassomeamountof
concurreng. Thisis probablybecausehis examplecontainsmary almostindependent
loops,which makesthe visited statecheckingdif®cultin the partial ordermethod(the
detailscanbefoundin [6]).

8 Conclusion

In this paper we have proposeda partial orderreductionalgorithmfor a timed trace
theoreticveri®cationOur algorithmcanhierarchicallyverify timed circuits anddetect
a kind of livenessfailures(i.e. timing failures). Experimentalresultsobtainedfrom
the STARI circuits by usingthe partial orderreductionshov the effectivenessof the
proposednethod.

We are planingto do a casestudyto verify a practical systemfor shawving the
usefulnes®f the proposednethod.
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