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Abstract

We proposea novel techniquefor modelingand verify-
ing timedcircuits basedon the notion of genealizedrela-
tive timing. Genealizedrelativetiming constaints can ex-
pressnot just a relative ordering betweerevents,but also
someformsof metric timing constaints. Circuits modeled
using generlizedrelative timing constaints are formally
encodedas timedautomata.Novel fully symbolicveri ca-
tion algorithmsfor timed automataare then usedto ei-
ther verify a tempoal logic property or to ched confor
manceagainstan untimedspeci cation. The combination
of our new modelingtechniquewith fully symbolicveri ca-
tion methodsenablesus to verify larger circuits than has
beenpossiblewith otherapproades.We presentcasestud-
iesto demonstateour appmad, includinga self-timeccir-
cuit usedin the integer unit of the Intel® Pentium’ 4 pro-
cessaor

1. Intr oduction

Timing assumptionsare commonly used in the de-
sign of both asynchronousand synchronouscircuits in
order to improve performance.Examplesinclude the
GasPcircuits [30], the Global STP circuit in the Intel®
Pentiunt 4 processor[12], and the RAPPID instruc-
tion decodef[29]. However, the useof timing assumptions
comesat an addedveri cation cost: The circuit beha-
ior must be veri ed undertheseconstraintsand further
more,the constraintanustthemselesbe veri ed pre-and
post-layout.

A promisingrecentapproacho this veri cation problemis
to usea designmethodologybasedon relativetiming [28].
In the relative timing (RT) paradigm timing assumptions
are madeexplicit, by addingto an untimed designcon-
straintsontherelative orderingof signaltransitionsin con-
trast,othermethodsuseimplicit timing assumptionsyhere
thetiming assumptionareeitherimplicit in a designstyle
(suchas Burst-Modetechniquesg.g.[22]) or imposedat
thegate-level in thecircuit model(suchasmetrictimedcir-
cuit design[19]). Usingthe RT paradigmyeri cation pro-
ceedsn two steps:

1. Cheking correctnessunder timing constaints: RT
constraintsaareidenti ed andthe correctoperationof
the circuit is veri ed underthose constraints.Typi-
cally, one either checksthat the implementedcircuit
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only exhibits behaiors of a speci cation , or that
it satis esa speci c property formulatedin a suit-
abletemporallogic.

2. \erifyingthatthe circuit obeystiming constaints: The
identi ed RT constraintsare themselesveri ed us-
ing standardsimulationor statictiming analysistech-
nigues.The constraintscan be veri ed pre-layoutto
ensurethat they have sufcient maigin basedon ex-
pecteddesignparametersTheconstraint@lsomustbe
validatedpost-layoutwith extracteddatato ensurethat
placeandroute, sizing, and buffer insertionhave not
skewedthedelaysbeyondacceptablealues.

TheRT approacthof explicitly statingtiming constraintdhas
the adwvantagethatit appliesto mary asynchronouslesign
styles[28]. It supportsaadesignphilosophyof addingtiming
constraintancrementallyand of giving the designer e x-
ibility in usingtiming constraints Also, unlike gate-level
metric timing, it doesnot rely on conseratively setmin-
maxboundson gatedelays.

However, current RT-based verication techniques
(e.g.,[24, 13)) fall shortin threerespectsFirst, not all

timing constraintscan be expressedas the relative or-

dering of signal transitions. Secondly current veri ca-

tion toolsareyet to scaleup to relatively large circuitsand
achieve the succes®btainedby symbolicmethodsfor un-

timedsystemge.g.,[5]). Finally, previouswork onrelative

timing-basedveri cation [24, 13 does not satishcto-
rily addresghe problemof verifying thatthe circuit obeys

theconstraints.

In this paperwe addressheseshortcomingdy makingthe
following novel contritutions:

A genealizednotion of relativetiming: We introduce
the conceptof a genealized relative timing (GRT)

constraint,one that speci es a relative ordering not
just betweenevents, but betweenthe time intervals
betweenpairsof events.This generalizatioraddsthe
capability to model somemetric timing information
which is formally modeledusing real-valued clock
variables.The resultingcircuit model,in generaljs a
timed automaton However, sincemetric timing con-
straintsare typically far fewer than non-metricGRT

constraintsye employ relatively few clock variables.

Applicationof fully symbolicveri cation methodsWe
usenew fully symbolicveri cation techniquesased



onBooleanencodingnethodg26] to verify theresult-
ing timed automatonThe term fully symbolicmeans
that the veri er representsoth timed and untimed
partsof the statespacein a uni ed, symbolicrepre-
sentation Along with the modelingmethodologyde-
scribedabore, we canverify circuits that are signi -
cantlylargerthanthoseveri able with othermethods.
As anexamplewe have ef ciently analyzedheGlobal
STPcircuit[12], nding anerrorin the publishedcir-
cuit, andthensuccessfullyerifying a x edversion.

Related work. Severaltechniqueshave beenproposedn
thepast yearsto modeltiming constraintsn circuit de-
sign. A commonapproachis to specify upperand lower
boundson the delay betweernwhena transitionis enabled
and when it res. Formalismssuch as timed transition
systemg[10], timed Petri nets[25] and timed event and
event/level structureq19, 4, 17] areusedfor this purpose,
andthe constraintsarereferredto asgate-level metrictim-
ing constraintsThisis anintuitive model,but sincethetim-
ing informationis provided at the gate-level, veri cation
tools basedon this modelarerestrictedto relatively small
circuits. Evenwith the useof partial orderreductionmeth-
ods(e.g.,[4, 17]), the size of the untimedstatespacestill
presentsa performanceottleneck Furthermoredesigners
mustberelatively conserative on how they setthebounds,
sincethesecanrely on post-layouinformation.

Anotherformalismfor modelingtimed systemss that of
timed automatg[1], which is more expressve thantimed
transitionsystemg?2], in thatit can model“more global”
timing constraints.Maler and Pnueli [14] model asyn-
chronouscircuits using timed automata,but their model
is also at the gate-lerel, requiring one clock variable
per gate. Thus, it suffers from the same scaling prob-
lems as the afore-mentionednetric timing methods.Our
work also usestimed automataas the modeling formal-
ism, but in an entirely different way: We model timing
constraintsat a higher level of abstraction,and intro-
duceclock variablesonly wherenecessaty

The obsenation that enablesus to selectvely use clock

variablesis that most timing constraintsare on pairs of

eventsthat have a commonstart event, i.e., a “point-of-

divergence” A similar obsenationwasmadeby Negulescu
and Peeterq20, 21], who presentthe notion of a chain

constaint, which speci esthatonesequencef transitions
must occur beforeanotherwith both sequencesharinga

commonpre X. A “point-of-divergerce” constrainis more
restrictve thanachainconstrainin alogical sens€it spec-
i es arelative orderingfor all intermediatesequencesf

transitionsbetweenthe start and end events),but for the
samereasonjt is morecompactto specify Moreover, we

canmodelmoregenerakindsof constraintsaswe describe
in Section2.

Therehasbeenprior work on RT-basedveri cation, with
a focus on automaticallygeneratingconstraints.Pdia et
al. [24] presentan approachbasedon the notion of lazy
transition systemsTheir approachautomaticallyand iter-

atively generate®RT constraintgo rule out spuriouscoun-
terexampleshowever, theprocesof addingRT constraints
relieson knowing min-maxboundson gatedelays.Kim et
al. [13] presenta veri cation methodologybasedon a dif-
ferenttechniqueof automaticallygeneratindRT constraints,
but do not addresghe problemof verifying thatthe circuit
obeys the constraintsWhile we do not automaticallygen-
eratetiming constraintspur work targetsa more general
classof timing constraintsand provideswaysof verifying
thatthe constraintsold for the circuit.

Clarisb andCortadelld6] present gate-leel modelingap-
proachthat representgatedelaysby symbols,ratherthan
by constantbounds.Thus, this modelis more expressive
than metric timing. However, the veri cation problemis
even harderthanfor timed transitionsystemsandthe ap-
proachis restrictedo smallcircuits.

Another contribution of our paperis in the applicationof
novel fully symbolic veri cation techniquedo timed cir-
cuits. Thesetechniquesare basedon our earlier paperon
usingBooleanmethoddn quanti er eliminationin quanti-
ed separatiorogic (QSL) [26]; we referthereadetto that
paperfor a detailedcomparisorof modelcheckingmeth-
odsfor timedautomataln the context of asynchronousir-
cuits,therehasheensigni cant work onmodelcheckingal-
gorithms;see for example thework by Myers, Yoneda et
al.(e.g.,[19, 4, 34, 17])). Themaindifferencewith ourwork
is thatthesemethodsare symbolicin the real-valuedpart,
but explicit-statein the Booleanpart; hencejn spiteof in-
corporatingpartial-orderreduction,large circuits are often
outsidetheir capacity We alsoextendthe ideasof our pre-
vious paperto performfully symbolicsimulationcheding.
Simulationcheckinghasbeenexploredearlierin the con-
text of timedsystemsfor example by Tasiranetal. [32].

Therehasbeensigni cant work on methodshatusecom-

positionalreasoningor abstractiorto achieve betterscala-
bility (e.g.,[35]). Ourfocus,in thispaperis ondemonstrat-
ing scalabilitywithoutusingcompositionateasoningr ab-

straction;however, nothingprecludesusingthe techniques
presentedhereinalongwith suchmethods.

Paperoutline. We introducetheideaof generalizedelative
timingin Sectiorn?. In Section3, we describehow timedcir-
cuitsareformalizedastimedautomataandin Sectiord, we
outlinefully symbolicveri cation algorithmsfor timedau-
tomata.Casestudiesarepresentedh Section5.

2. Modeling Timed Cir cuits

A timed circuit is a triple , where is a
set of circuit signals is a set
of rules and is a set
of timing constaints The set of initial values of sig-

nalsin is speci edasaBooleanformula

Thecircuit signalswhich arethestatevariablesof thesys-
tem,arecomprisedf inputs,outputs andintermediatesig-
nals.A transition (alsoreferredto aseven) is a changen
logic level of a signal. Transition corresponddo the



to the transitionfrom
to referto eithertransi-

transitionof from to ,and
to . We will usethe symbol
tion for signal

The untimedcircuit behaior is de ned by the setof rules
, Whichcomprises rules,onefor eachsignaltran-
sition! The rulesfor the thsignal arewrittenas

and

where is a Booleanformula over
ablingconditionfor transition to re.

Although we have only introducedtwo events per sig-
nal (correspondingo up and down transitions),it would
be straightforvard to add nitely-many instancesof each
event. Thatis, for a givenevent , we cankeeptrack of
not only eachinstanceof , but alsoevery secondthird,
..., Minstancesf for aconstant , with the useof ad-
ditional statebits to keeptrack of a “count” However, we
have rarely neededo trackmorethanoneinstanceof each
event.

indicatingthe en-

We will assumeaninertial gatemodel(but withoutbounds

ongatedelays).Thus,it is allowedfor atransitionthatwas

enabledto becomedisabledwithout having red, aslong

asthecircuit satis esits speci cation.In theabsencef an

explicit timing constraintinvolving transition , the time

takenfor to re afterbeingenabledcanbe ary valuein
; 1.e.,rules,by themseles,arepurelyuntimed.

2.1. GeneralizedRelative Timing

Thenovel aspecbf how we modelcircuitsis in theformula-
tion of generlizedrelativetiming constraintsyhich com-
bine relative timing with a capabilityto incorporatesome
metrictiming information.

Let denotethe time interval betweenan occur
renceof andtheoccurrencef immediatelypreceding
it.

The following de nition formalizesthe notion of general-
izedrelative timing (GRT):

De nition 1 Let be four transitionssud that
. Then,a genealizedrelativetiming constaint on
is of theform:
For all occurrencesf transitions and

whee is arational constant.

It is sometimesausefulto usea non-strictinequality( ) in-
steadof the strict inequalityusedabove, or to drop one of
the termsin the inequality so asto imposean up-
peror lower boundon thetime interval betweerevents.

Point-of-divergence constraint. An extremely common
sub-clasof GRT constraintsare thosesuchthat ,
, andthesameoccurrencef immediatelyprecedes

1 Noticethatthisis similarto thelanguageof productionrules[15].

all occurrence®f both and . In this case the timing
constraintspeci esthat measuringime from the point

occurs, mustalwaysoccurbefore .Wewill refertothis
speciaktaseasapoint-of-divegencg POD)constraint(The
namecomedrom the divergencen two pathsstartingfrom
transition .) WewriteaPODconstraints .

Typically, and causallydependon . However, note
thatthisneednotbethecaseBy thede nition of ,
the point-of-divergencein the constraintis simply the oc-
currenceof  thatis closestin timeto and , which
neednot have causeckitherof them.

Note alsothat the conceptof a POD constraintds essen-
tially the sameasthat of the original RT constraintsince,
in orderto implementa relative orderingbetweenevents,
onewould haveto tracethembackto a point-of-divergence
hencethenamegenealizedrelative timing.

Metric timing constraints. The presencef in thede -
nition allows usto expressa limited form of metrictiming
constraintsin particular we canexpressconstraintof the
form . Note, however, thatwe cannot
directly specify the min-maxtiming assumptionsisedin
timedtransitionsystemg10] andrelatedformalismssince
thatwould requireconstraininghe delay betweenwhena
transitionis enabledandwhenit res.?

Compoundtiming constraints.In somecasessuchasthe
Global STPcircuit thatis our primary casestudy we have

obsenedtheneedfor compoundiming constaintsformed
asan XORr of two (simple)timing constraintsSucha con-
straintis writtenas XOR . We have neededsuchcom-
poundconstraintdo reasoraboutrelative orderingbetween
instancesf eventsfrom differentcycles of circuit opera-
tion. Furtherdiscussionof suchconstraintds deferredto

thecasestudyin Section5.1.

In all our casestudiesto date,we have found the classof
generalizedelative timing constraintsto be sufcient. In
fact,mostconstraintdendto besimple(i.e.,notcompound)
POD constraints Metric timing constraintsare usedonly
whenthereis explicit useof delayvaluesin thedesign.

2.1.1. Examples. We presenttwo examplesto illustrate
our methodologyfor modelingtiming constraints.

a ab
b

Figure 1. Implementation of a C-element

First, considerthe implementationof a C-elementusing
threeAND gatesandan OR gate,asshavn in Figurel.

and denoteheinputsignalsand istheoutput.lt is easy
to seethatin orderto work correctly it is sufcient for the

2 However, notethatthe formalismthatwe use,viz. timedautomatais
generaknoughto expresssuchconstraintg?2].



circuit in Figure 1 to respecthe following two fundamen-
tal modeconstraintsformulatedhereas POD constraints:
and

While PODconstraintsufce for theprecedingsxample,n
generalye mightneedamoreexpressvetiming constraint.
Figure 2 depictsa simple buffer stageelementgenerated
from the CASH compilerthat compilesANSI-C programs
into asynchronousircuits[33]. For correctoperation this
circuit relieson two timing assumptionsdatatransfershe-
tweenstagesisea bundleddataprotocol,anda stagencor-
poratesa matcheddelayelement.
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Figure 2. Buff er stage from CASH compiler
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The matcheddelay can be formalizedwith the following
two timing assumptions A" and ©ASH:

( CASH)
( CASH)

To ensurghatthe stagerespectshebundleddataprotocol,
we additionallyneedto imposetwo POD constraints:
,and

Notethatthematchedielayassumptions“*s" and <" of
a stagecanbe reformulatedas POD constraintdy tracing
backto the signalof the previous stage However,
this breaksmodularity sincethe timing constraintsnvolv-
ing signalsof amodulereferencenternalsignalsof another
module.In generalwe havefoundthatwhile it is oftenpos-
sibleto reformulatemetrictiming constraintsasPOD con-
straints,it is atthe costof modularity

2.2. Verifying Timing Constraints

Theveri cation methodgpresentedh this paperprove that
the timed circuit designis correctgiven the setof timing

constraints . However, it doesnot prove that the con-
straintsactually hold given the true delaysin the design.
Timing constraintscan be constructedhat do not hold in

adesign,aswill be shawvn laterin Section5.1. Therefore,
thesemustbe provenoutsidethe symbolicveri cation en-
vironment.We brie y describehis procesdo shav a con-
sistentdesign o w existsbhasedn thistool.

GivenaPODconstraint
ary sequencef eventsfrom to

we mustprovethat
alwaysoccurshefore

theeventsfrom to . Thisis accomplishedy tracing
andtiming the maximumand minimum delay pathsfrom
the POD to the end points,and comparingthe results.We

computethe maximumdelayof theleft path( ) and
the minimum delayfor the right path ( ). This en-
suresthatno combinationof delayswill cause to occur

before . The sameconditionsexist for the generalform

of constraints wherethe trac-

ing may occurto differentstartingpoints,and a constant
delayis addedwhenthe pathdelaysarecompared.

Weillustratestatictiming validationusingthecircuitin Fig-
ure 1. Thereare two POD constraintsthe rst of which
is . Validatingthis constraintrequires
evaluation of the max-delaypath from to . This
is simply the maximumrise delay throughthe gate cor-
respondingo  sincesignal is alreadyassertedSimi-
larly, the minimum delay path from to , whichde-
pendson how the gateis connectedo its ervironment,is
calculatecandcomparedvith the maximumrising delayof
thegate tovalidatethisconstraintThesecondonstraint
is similarly validated.

The capability of automaticallytracing and timing maxi-

mumandminimumdelaypaths,andcomparingthe results
is supportedn mostcommerciatiming toolssuchasPrime-
Time [31]. Therefore,it is possibleto automaticallyvali-

dateall the constraintsn . However, somecomplications
arisein automaticallytracingsignalsthroughsequentiaél-

ements(such as the C-elementof Figure 1), since static
toolsmaynotcorrectlycutfeedbackshatexist solelyto re-

tainstate Fully automatidranslatiorandvalidationof GRT

constraintaisingstatictiming toolsis left to futurework.

The timing constraintsusedin this paperwere identi ed
manually mary with the assistancef arelative-timingen-
hancedveri cation engine[27]. Automatic generationof
GRT constraintss left to futurework.

3. From Circuitsto Timed Automata

We now describeéhow wetranslateatimedcircuit
into a timed automatonThe technicaldetailsin Section4
will bebasednthetimedautomatormodel.

3.1. Preliminaries

A timed automaton[1] is a generalizatiorof a nite au-
tomatonwith a setof real-valuedclock variablesA stateof
atimedautomators aconcatenationf avectorof Boolean
values,correspondindgo nite-state variablesanda vector
of realvaluescorrespondingo real-valuedclockvariables.

A setof statesof a timed automatoncan be represented
symbolicallyasa formulain a quanti er-free fragmentof
rst-order logic called sepaation logic (SL), also known
asdifferencelogic. This formulais the characteristicfunc-
tion of the setof states.A formula in separatioriogic
is a Booleancombinationof Booleanvariablesand sep-
aration predicates(also known as difference-boundcon-
straints) involving real-\aluedvariablesasgivenby thefol-



lowing grammar:

We usea specialvariable to denotethe constant ; this
allows us to expressboundsof the form . We de-
note Booleanvariablesby , real variablesby
, andSL formulasby . Note that
Booleanoperatordike and canbe constructedrom
and . Similarly, therelations and sufce torepre-
sentequalitiesandotherinequalities Decidingthe satis a-
bility of a SL formulais NP-completg11].

For easeof presentationye will usea de nition of timed

automatahatis intuitive in our contet. This de nition is

equialentto the guarded-commanikal-timeprogramno-

tationusedoy Henzingeretal. [11].3

De nition 2 A timed automaton is
wheee:

a quintuple

is a setof Booleanstatevariables;
is a setof clock variablestakingvaluesin ;

is a setof guarded commandf the form ,
whee isaguard condition(a SLformulaover and
), and is a setof assignmentg,e., a setof tran-
sitions of Booleanstatevariablesand resetsof clodk
variablesto ;

isaSLformulaover and expressinganinvariant
conditionon all statesof ; and

isa SLformulaover and
initial states.

characterizingthe setof

Thesetof guardedcommands representthetransitionre-
lation of the automatonThe semanticof a guardedcom-
mand is asfollows.If istruein astate , then
theguardeccommands enabledn thatstate Any guarded
commandhatis enabledn astate canexecutein . The
time a systemcanspendn a statecanbe ary non-ngjative
amountallowedby theinvariant

Note that timed automatadiffer from modelscommonly
usedin the asynchronousircuits literature,suchastimed
transitionsystemq10] or timed Petrinets[25], in thatthe
time intenal betweeran arbitrarypair of eventscanbe di-
rectly expressedThis expressienesss key for modeling
theclassof timing constraintglescribedn Section2.1.

3.2. Translation

Thetranslationof a timed circuit to atimedau-

tomaton is performedn threesteps.

Initialization. Thesetof Booleanstatevariablesof isini-
tializedto bethesetof signals , while thesetof clockvari-
ables isinitializedto

3 The only differencewith the standardde®nition given by Alur and
Dill [1] is thatour de®nitionhasno notionof acceptingstates

Eachrule of the timed circuit getstranslatedto a corre-
spondingguardedcommandof the timed automatonthus,
thereis exactly oneguardeccommandor eachtransition .

For transition with correspondingule , Weinitial-
izeits guardeccommando be
Theinvariant s initialized to be ,and issetto

be (thesetof initial signalvalues).

Adding auxiliary variables.For eachtiming constraintye
addanadditionalBooleanor clock variableto storetiming
information.

Let bethe " timing constraint.

If isaPODconstraintwe only introduceafreshBoolean
statevariable into

Suppose is not a POD constraint,and is of the form
. Thenwe not only introduce
a freshBooleanstatevariable into , but alsoaddtwo

clockvariables and to

Encoding timing constraints. We encode tim-
ing constraintsin sequence,running through the set

. As we encountertiming con-
straintscontaininga transition , we updatethe guarded
commanccorrespondingdo it.

Supposave areencodingtiming constraint , which men-
tionstransition . Let the currentform of theguardeccom-
mand for be

How wemodify depend®nwhetherthetiming constraint
is a POD constraintor not, andon therole of in thecon-
straint,aselaboratedbelow:

POD constaint: Supposéhe constraints of theform
. Therearethreecaseswith being
modi ed differentlyin eachcase:

Case : ,
where

Case : ,
where

Case : ,
where

Theintuitionis thatwe take the productof thetimed
automaton(constructedso far) with a two-statemon-
itor automatorasshowvn in Figure 3(a)to enforcethe
orderingspeci edby thePODconstraintThevariable

encodegdhe statesof this automatonTransition
canonly occurin thestatelabeled ; i.e.,thestatein
which is
Non-PODconstaint: Supposehe constraints of the

form . To encodethis con-
straint,we introducea non-n@ative constant such
that and . Thevalue

of isusuallyknown atdesigntime sinceanon-POD
constraintarisesonly in designstylesthat make use
of someform of metrictiming, suchthe matchedde-
lay assumptiorusedin thecircuit in Figure2.

We havefour casedo consider:



(a)POD (b) Non-POD

Figure 3. Monitor automata for timing

Case : ,
where

Case : ,
where

Case : ,
where

Case : ,
where

In addition,we updatethe invariant  of the timed
automatorby conjoiningthe currentinvariantwith the
SL formula .

The intuition behindthis translationis asfollows.
First, notice that the Booleanvariable encodesas
before,the stateof a monitor automatongdepictedin
Figure 3(b). However, in this case,when is ,

cannotprogresseyond , asenforcedby
theinvariant . Sincethe clock variable is re-
setwhen res, thisforces to occurwithin
time unitsof . Secondlyclock variable is re-
setwhen res, andtheaugmentedyuardfor en-
suresthat canonly re  time unitsafter . The
aboretwo mechanismsdn conjunctionensurehatthe
timing constraint is enforced.

Theextensionof thetranslatiorto handlecompoundiming
constraintss straightforvard;a X or of two constraintcan
be encodedy makinga non-deterministichoiceto either
monitoroneconstrainor the other We omit thedetails.

3.3. Example

Considetthecircuit in Figure2. Therule correspondingo
thetransition is

Timing constraints “*** and “*s" bothmentionthe tran-
sition .
Following the translationschemedescribedin this sec-

tion, we introduce clock variables ,
and _ _ . The -

nal guardeccommandor is

where isthedelaycorrespondingo the delayelemenin
the gure.

Theinvariant  istheBooleanformula

and aresethy _ and _ respectiely,
andareresetby - and - respec-
tively. Thus,our encodingsimply formalizesthe constraint
thatthe delaythroughthe buffer is lessthanthat of the de-
lay element.

4. Fully Symbolic Veri®cation Techniques

We now outlinethe algorithmsfor fully symbolicveri ca-
tion of timed automataSincethe algorithmsin themseles
are not the main contribution of this paper we omit back-
groundmaterialanddetailsof the algorithms;thesecanbe
foundin [7, 26].

4.1. Quanti®ed SeparationLogic

Therearetwo key operationsn fully symbolicveri cation
of timed automatapoth of which areexpressiblein quan-
tied sepaation logic (QSL), the extensionof separation
logic with quanti ers. The rst operationis to decidethe
satis ability of SL formulas.Thesecondandharder)oper
ationis to eliminatequanti ersfrom a QSL formula.

Formally, a QSL formula is generatedy the following
grammatr:

In previouswork [26], we shav how to performbothoper
ationsusingBooleanmethodsIn particular we transform
the problemof eliminatingquanti ers on real-valuedclock
variablego oneof eliminatingquanti ers on Booleanvari-
ables.Givena QSL formula  with quanti ers over real-
valuedvariableswe transformit to anequivalentQSL for-
mula thathasquanti ersonly over Booleanvariables.
Thesequanti ers can then be eliminated using standard
Booleantechniquege.g.,[5, 16]) thatarebasedon Binary
DecisionDiagrams(BDDs) or Booleansatis ability (SAT)
solvers.Moreover, for a specialclassof QSL formulasoc-
curringin modelcheckingof timed automatathe transfor
mation can be greatly optimized. The resultingquanti er
elimination techniquecan yield improvementsover other
methodq26].

For brevity, we omit thedetailsof how we eliminatequanti-
ers overclockvariablesWe illustratethemainideasusing
thefollowing example.

Let where

,and is acomplicatedBooleanformularepresent-
ing mary circuit stategevaluationsof circuit signals).Our
goalis to eliminatevariable  to obtaina SL formulathat
is logically equialentto

The rst stepis to introduceBooleanvariablesor eachsep-

arationpredicatén  thatinvolves . Let represent
the predicate . Replacingpredicateswvith their



correspondingBooleanvariables,we obtain the Boolean
encoding

Thesecondstepis to constructa SL formulathatrepresents
thearithmeticinformationlostin theabose Booleanencod-
ing. This formula, denotedby , is the conjunctionof
thefollowing two SL formulas:

1.
2.

Finally, we construct the SL formula

The only quantied
variablesn this formulaareBoolean.Theremainingsepa-
rationpredicategannow bereplacedvith dummyBoolean
variableqretaininga mappingof predicate$o dummyvari-
ables)andtheresultingguanti ed Booleanformula(QBF)
canbesimpli ed usingBooleantechniquege.g.,BDDs)to
aBooleanformula.Replacinghedummyvariableswe ob-
tainthe nal result: .

The advantageof this approachs apparenivhen corre-
spondgo a hugenumberof circuit statesAn explicit-state
techniquewould needto enumerat@very suchcircuit state
andperformthe quanti er eliminationfor each.

4.2. Fully Symbolic Model Checking

The afore-mentione®ooleanmethodgor quanti er elim-

inationcanbe usedwith amodelcheckingalgorithmgiven

by Henzingeret al. [11] for checkingif a timed automa-
ton satis es a property speci ed in the timed -calculus
(in which ary propertyin Timed ComputationTreeLogic,

TCTL, canbe expressed)Herewe only describejn brief,

thealgorithmfor a simplebut very usefulcasethatof com-

puting the set of reachablestatesof the timed automaton
(checkingsafetyproperties) The generalalgorithmcanbe

foundin [26].

Considera timed automaton . The
following algorithm computesa SL formula  (each repre-
sentingthe setof reachablestatesof

1.
2. Do
(a)
(b) POStime Let time elapse
(c) post Fire a transition
(d) Union of sets
While ( ) Check termination
3. reach

The symbolic“next-state”operatorgostime andpost are
de ned asfollows:

pOSEme

@)

where denotesthe formula obtainedby subtract-
ing from all clock variablesoccurringin , computedas

, Where aretheclock
variablesn  (andsimilarly for ).
Intuitively, is the time elapsedsince the last transition

red. Theinnerquanti edformulain (1) abose ensureshat
while allowing time to elapsethe valuesof clock variables
mustalwaysrespectheinvariant . Theformulaobtained
aftereliminatingquanti ersfrom postime representsll

stategeachabldrom by allowing somedurationof time

to elapsewithin the constraintsmposedoy

The operationpost , whenappliedto a setof states , re-
turnsthe setof stategeachedrom by ring sometransi-
tion. Formally,

post (2)
where denoteghe setof statesreachedrom  after
performingthe signaltransitionsandclock resetsn . For
instance|f , then . We omit

thedetailsfor brevity.

Quanti er eliminationis requiredn computingpostime and
post . Checkingsatis ability of SL formulasis requiredto
checktheterminationcondition.lt is alsoneededor check-
ing if aerrorstateis reachablelf characterizethe set
of errorstatesthenanerrorstateis reachabléf f
is satis able.

reach

4.3. Fully Symbolic Simulation Checking

Supposeve wantto checkif a circuit implementation |,
modeledasatimedautomatonconformsto a speci cation

, alsogiven as a timed automaton Sincelanguagecon-
tainmentis undecidabldor timed automatan general[1],
we usetheformal notionof simulation[18] asour notionof
conformancek-urthermorefor easeof presentationye will
restrictour speci cationsto beuntimed nite automatakor
all the casestudiespresentedn this paper consideringun-
timed nite-state speci cationshassufced.

Let and bethesetsof stateof and respectiely.
Let be iff states and
agreeonthevaluesof variablescommontoboth and . A
binaryrelation is asimulationrelationiff for
all and suchthat holds,boththefollowing
conditionshold:

1. .
2. For every successostate  of , eitherthereex-

ists somesuccessor of suchthat or

This is a standardde nition of simulationthat allows the
sSpeci cationto “stutter”.

If for every initial state of
initial state of suchthat
that issimulatecby andwrite

Fully symbolicsimulationcheckingis donein two steps:

thereis a corresponding
, thenwe say

1. Computesimulationrelation: We computea symbolic
representatioof the simulationrelation,startingwith
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Figure 4. Global STP circuit

an over-approximatiorandre ning it iteratvely. The
symbolicrepresentatiotis a SL formula  over the
Booleanvariables andclockvariables of and
the Booleanvariables  of the speci cation . We
will abusenotationalittle hereto use and
interchangeablwith and respectrely. Thus,we
will write thesymbolicrepresentatioas .

We setour initial approximation  to bethe for-
mula that equateghe commonstatevari-
ablesof and for thereachablestates.

Then,we computethe ™ approximation ,
asfollows:

Here and denotahetransitionrelationsof and

respectiely; thetransitionrelationof thetimedau-
tomaton canbeeasilyderivedfromthede nitions of
postime andpost givenin Sectiond.2.

This xpoint computationis guaranteedo termi-
nate,sayin  stepswith the ™ approximatiorbe-
ing .

2. Ched initial states:Let and denotethe set
of initial statesof and respectiely. By de nition,
we canconcludethat iff thefollowing formula
is valid:

Both stepshave the samekey operationsas for model
checking,viz., quanti er eliminationin QSL and satis a-
bility (validity) checkingof SL. We performtheseusingthe
Booleanmethodsasdescribedn Sectiord.1.

5. CaseStudies

Our maincasestudyis the Global STPcircuit, a self-timed
circuitusedin theintegerunitin thelntel* Pentiuni 4 pro-

cessof[12]. Othercasestudiesncludethe GasPFIFO con-
trol circuit [30], STAPL circuits [23], andthe STARI cir-
cuit[9].

Experimentgeportedon herewererun on a Linux work-
stationwith a GHz PentiunT 4 processomand GB of
memory Our fully symbolicveri cation tool, calledTMV,
is BDD-based.TMV is written in O'Caml exceptfor the
BDD engine for which we usethe CUDD packagéd8].

5.1. Global STP

Figure4 is a hierarchicaldepictionof the Globally Reset
Dominowith Self-TerminatingPrechage (Global STP)cir-

cuit. The circuit we discusshereis a gate-leel depiction
of the simplestform of the publishedcircuit [12], with N-

logic blocksreplacedy wires,andstaticblocksreplacedy

inverters;our veri cation methodsapply to the moregen-
eral circuitsaswell. The top-level circuit is shawvn in Fig-

ure4(e),with theinput  beinga -GHzclockandtheout-

put being a delayedversionof the sameclock. In the be-
ginning of the clock cycle, the last footed domino gateis

beingreset,while the rst three STP stagegyo throughan

evaluation.After the prechage of thelastdominogatehas
beenturnedoff, the evaluatesignalpropagateso the out-

put, whereit is helduntil the next cycle. Interestingly note
thatthethreeSTPstagesreresetin thesamecyclein which

they evaluate . The speci cationof this circuit, givenpurely
in termsof its inputsignal  andoutputsignal , is de-
pictedasa stategraphin Figure5.

This circuit relieson a numberof timing constraintgo en-
surecorrectoperationWe wereableto formulateall these
timing constrainteitherasPOD constraint®r asa X oR of

POD constraintsWe discusssomeof the moreinterest-
ing timing constraintsere.

Considethe " STPstagefor all (referto Fig-
ure4(b)). Shortcircuit currentin the dominoinvertermust



Figure 5. Global STP speci cation

be avoidedby ensuringthat the pullup and pulldown tran-
sistorsarenotbothconductingThisis avoidedwith thefol-

lowing POD constrainthatdoesnot allow the pullupto as-
sertuntil afterthe pulldown hasbeenturnedoff. This con-
straintstateghatfor stage , thedelayof aclock phase

mustbe shorterthanthedelaythroughthe block:
( GSTP)
The pulsewidth of the outputsin the stageof Fig-

ure 4(c) are determinedby the delay throughthe output
buffersandtheself-resettindoop. Thefollowmg constrains
theminimumpulsewidth on

( GSTP)

Next, considerthe footed dominoinverterin Figure 4(e).
Theresetphasemustterminatebeforethe datais removed
to guaranteghe dominogatecorrectlylatchesdata. Trac-
ing the pathsfrom the clock, we canexpressthis in terms
of the following orderingbetweentwo sequencesf tran-
sitions:

This is enforcedwith the follow-
ing constraint:
( GSTP)

To prevent incorrect overlap of the resetof the domino
gate in each STP stage we need a constraint stat-
ing that triggered by the previous rising
edge of must occur before triggered by
the current rising edge of . This is a multi-cycle
constraint, which when written in terms of a se-
guence of transitions, is
. We can
rephrasethis multi-cycle constraintas a compoundtim-
ing constraint ™ xor ©5™", where ©5™ and ©S™* are
two POD constraintgivenbelow:
( GSTP)

( GSTP)

To seewhy this is so, let us performa caseanalysis.The
rst caseis whenthe secondnstanceof transition oc-

cursbefore . In this case the sameinstanceof

precededoth and , andhencewe
cansimplywrite it asthePODconstraint 5™, However, if
the secondnstanceof doesnot precede )it
simplymeanghat occursbefore res again;

i.e., ®™ holds,andsodoesthe multi-cycle constraint.

Finally, considerthe dominoinverterin the LP stage,de-
pictedin Figure4(d).To avoid ashort-circuitin thisinvertet
thefollowing constrainis necessary

( GSTP)

In all, weneeded timing constraintsasshavn in Tablel
(we counta compoundtiming constraintas a single con-
straint).We wereableto prove thatunderthesetiming con-
straints,the circuit conformsto its speci cation. We also
model checled the circuit to verify the absenceof short-
circuitsin all the dominoinverters.Run-timeswerewithin
afew minutes(seeTable1l) andmemoryconsumptiorwas
lessthan  MB.

Next, we turnedto verifying all thetiming constraintssuc-

cessfullyverifying all but one: ™. Considerthis con-

straint. It takes only  gate delays going from to
, while it takes going from to

This meansthatthe circuit, asdescribedn the paper[12]

hasa short-circuiterror.

To eliminatethis error, we replacedhe unfooteddominoin-
verterin the LP stageby afooteddominoinverter With this
replacementgconstraint 5™ becomesunnecessaryCor
rectnesof the modi ed circuit wasveri ed withoutusing
this constrainin about minutes.

5.2. Other Circuits

Amongtheothercircuitswe veri ed, we brie y reporthere
on the modelingof two: the GasPcontrol circuit [30] and
the STAPL left-right buffer circuit [23]. A single stageof

PLACE ! PATH

Figure 6. GasP stage

the GasPcontrolcircuit is depictedat the gate-level in Fig-
ure 6 with normally distributed pullup and pulldown col-
lapsednto the unfooteddominoinverter To ensurecorrect
operationof this circuit, we neededo specify PODcon-
straintsfor eachstage A sampleconstrainis

( GASP)

We checled conformanceof the circuit in Figure 6 to its
speci cation.Wealsoconnected stagesogetheiin aring
with exactly one full stage,and modelchecled it for ab-
senceof shortcircuits andto verify that exactly one stage
wasfull atarny givenpointof time. Both veri cations com-
pletedwithin a minute,asshovnin Tablel.

The STAPL left-right buffer (seeFigure4.7in [23]) is dif-
ferentfrom the othertwo circuitsin thatit usesmetrictim-
ing constraintsFor correctoperation,the circuit employs



two pulsegeneratorsvith pulse-lengthsessthanconstants

and respectiely, alongwith two correspond-
ing pathsin the circuit that are respectiely requiredto
take longerthan constants and , and an addi-
tional constraintthat and .
Thesetiming constraintsiaturallylendthemselesto being
modeledas metric constraintswith clock variableswith
constrainty clock variables)per buffer stage.In addition
to theseconstraintseachstagealsorequires POD con-
straints.We checled conformanceof this circuit with the
speci cation given by Nystrom and Martin [23] and also
modelchecledaring of buffers (for samepropertiesas
theGasFircuit); bothveri cations completedsuccessfully
within afew minutes.

5.3. Comparisonwith Other Tools

Table1 summarize®ur experimentalresultson the cir-
cuitsdiscussedofar.

Circuit Verif. Time (sec.)

POD | XOR | Metric | Conf.|  MC

GlobalSTP | 28 27 6 0 215.14 66.32

GasP-10 60 40 0 0 0.02 26.10

STAPL-3 30 18 0 6 235.61| 278.05
Table 1. Summary of experimental results
with TMV. is the numberof signals,  is the num-

berof timing constraintwith associatetireak-upinto cat-
egories,2Conf° is the time for conformancgsimulation)
checkingand®MC¢is thetime for modelchecking.

We comparedheperformancef TMV to ATACS[3], which

is basednmetrictiming. ATACS usegnodelcheckingalgo-
rithmsthatareexplicit-statein the Booleancomponentand
prunethe searchspaceusing partial-ordereductionmeth-
ods? In modelingthe Global STP (the correctedversion)
andSTAPL circuits, we assignednin-maxdelayrangego

all gatessothattiming is analogougo countingtransitions,
but for the GasPcircuit we hadto assignrangesmorecare-
fully sothatall PODconstraintsveresatis ed.For all three
circuits,ATAcs did not nish within anhour, runningout of

memoryfor the STAPL andGlobal STPcircuits.

Our tool also outperformsthe conformancecheckingtool
ANALYZE [27] that was enhancedwith the capability to
model relative-timing constraints(but not metric timing).
For example for theGlobalSTPcircuit, ANALY ZE wasable
to checkconformancdor individual modulege.g.,asingle
STPstage)n justafew secondshut did not nish within
daysfor the at circuit. Thisillustratesgheneedfor combin-
ing the GRT modelingmethodologywith a fully symbolic
veri cation tool.

Forthecircuitsdiscussedofar, mosttiming constraintsare
simplePOD constraintsandvery few constraintsaare met-
ric. Henceweonly neededo introducefew clockvariables,
if any. ThisenabledTMV to scalewell onthesecircuits.

4  Theresultsreportedfor ATACS arefor the partial-ordereductionop-
tion thatyieldedbestresults.

As mentionedn Section2, metricconstrainteanusuallybe
reformulatecasPODconstraintsbut atthecostof modular
ity. Usingthe STARI circuit[9], we studiedtherelative per
formanceof TMV for two differentwaysof modelingcon-
straints.(The readeris referredto Greenstrees thesis[9]
for a descriptionof the circuit.) All timing constraintsor
this circuit canbe modeledas POD constraintswherethe
POD:is the clock thatis distributedto both senderandre-
ceiver modules.This breaksmodularity sincetiming con-
straintsfor eachbuffer stagebetweenthe senderand the
recever requiretracingbackto the global clock. Onecan
alsoformulatetheseconstraint@smetrictiming constraints
specifyingthat,for eachbuffer stage anoutputdatabit and
mustfollow aninput within a clock phaseln our cir-
cuit model,we abstractedhe data-patho only onebit, and
modelednly oneof thetwo bits makingupthedualrail en-
coding.Thus,eachstagecontritutestwo Booleanstatevari-
ables.Theresultingtimed automatorhas clock variables
(onepermetricconstraintfor everytwo stages.

timeout Frt

1000 / =

100 //E
10 o /
TMV-POD —¥—

[/
/ ATACS —H—
¢ TMV-Metric —X—

4 6 8 10 12 14 16 18 20
Number of STARI Stages

Total Time for TMV or ATACS (sec.)

0.1

0.01

Figure 7. Results for STARI circuit. Notethatthe
Y-axisis onalog scale A timeoutof secondsvasim-
posedonall runs.

We computedhe setof reachablestatedor STARI circuits
(initialized to be half-full) for increasinghumbersof buffer

stagesandin threedifferentways: (1) usingATACS, (2) us-
ing TMV with purelyPOD constraintsand(3) usingTMV

with modularlyspeci ed metricconstraintsTheresultsare
displayedin Figure7. Using TMV with purely POD con-
straintsis the mostscalableapproachfollowed by ATACS.

Whenusedona modelwith metricconstraintsTMV scales
very poorly. The reasonfor this appearso be that each
clock zonehasfew correspondindgooleanstatesthusre-

ducingthe bene ts of usingfully symbolicBooleanmeth-
odsof quanti er elimination.Onthemodelbasedurelyon

POD constraints,TMV runs an order of magnitudefaster
thanATACS.

6. Conclusionsand Future Work

We have proposeda novel approachto modelingtiming
constraintsn digital circuits,basedon the notion of gener
alizedrelative timing. Circuitswith suchtiming constraints



areformally encodedastimed automatato which we ap-
ply fully symbolicveri cation techniquesOur approachis
illustratedon realcircuits,suchasthe Global STPcircuit.

Possibilitiesfor future work includeautomaticallygenerat-
ing timing constraintsandapplyingcompositionateason-
ing andabstractiormethodsgo furtherscaleup veri cation
to largercircuits.
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