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Abstract

We proposea novel techniquefor modelingand verify-
ing timedcircuitsbasedon thenotionof generalizedrela-
tive timing. Generalizedrelativetiming constraintscanex-
pressnot just a relativeordering betweenevents,but also
someformsof metric timing constraints.Circuits modeled
usinggeneralizedrelative timing constraints are formally
encodedas timedautomata.Novel fully symbolicveri�ca-
tion algorithms for timed automataare then usedto ei-
ther verify a temporal logic property or to check confor-
manceagainstan untimedspeci�cation.Thecombination
of our new modelingtechniquewith fully symbolicveri�ca-
tion methodsenablesus to verify larger circuits than has
beenpossiblewith otherapproaches.We presentcasestud-
iesto demonstrateour approach, includinga self-timedcir-
cuit usedin the integer unit of the Intel R

�

PentiumR
�

4 pro-
cessor.

1. Intr oduction

Timing assumptionsare commonly used in the de-
sign of both asynchronousand synchronouscircuits in
order to improve performance.Examples include the
GasPcircuits [30], the Global STP circuit in the Intel R

�

PentiumR
�

4 processor[12], and the RAPPID instruc-
tion decoder[29]. However, theuseof timing assumptions
comesat an addedveri�cation cost: The circuit behav-
ior must be veri�ed under theseconstraints,and further-
more,theconstraintsmustthemselvesbeveri�ed pre-and
post-layout.

A promisingrecentapproachto thisveri�cation problemis
to usea designmethodologybasedon relativetiming [28].
In the relative timing (RT) paradigm,timing assumptions
are madeexplicit, by adding to an untimed designcon-
straintsontherelativeorderingof signaltransitions.In con-
trast,othermethodsuseimplicit timing assumptions,where
thetiming assumptionsareeitherimplicit in a designstyle
(suchas Burst-Modetechniques,e.g. [22]) or imposedat
thegate-level in thecircuit model(suchasmetrictimedcir-
cuit design[19]). UsingtheRT paradigm,veri�cation pro-
ceedsin two steps:

1. Checking correctnessunder timing constraints: RT
constraintsareidenti�ed andthe correctoperationof
the circuit is veri�ed under thoseconstraints.Typi-
cally, one eitherchecksthat the implementedcircuit

�

only exhibits behaviors of a speci�cation � , or that
it satis�esa speci�c property � formulatedin a suit-
abletemporallogic.

2. Verifyingthat thecircuit obeystimingconstraints:The
identi�ed RT constraintsare themselves veri�ed us-
ing standardsimulationor statictiming analysistech-
niques.The constraintscan be veri�ed pre-layoutto
ensurethat they have suf�cient margin basedon ex-
pecteddesignparameters.Theconstraintsalsomustbe
validatedpost-layoutwith extracteddatato ensurethat
placeandroute,sizing,andbuffer insertionhave not
skewedthedelaysbeyondacceptablevalues.

TheRT approachof explicitly statingtiming constraintshas
theadvantagethat it appliesto many asynchronousdesign
styles[28]. It supportsadesignphilosophyof addingtiming
constraintsincrementallyand of giving the designer�e x-
ibility in using timing constraints.Also, unlike gate-level
metric timing, it doesnot rely on conservatively set min-
maxboundsongatedelays.

However, current RT-based veri�cation techniques
(e.g., [24, 13]) fall short in three respects.First, not all
timing constraintscan be expressedas the relative or-
dering of signal transitions.Secondly, current veri�ca-
tion toolsareyet to scaleup to relatively largecircuitsand
achieve thesuccessobtainedby symbolicmethodsfor un-
timedsystems(e.g.,[5]). Finally, previouswork on relative
timing-basedveri�cation [24, 13] does not satisfacto-
rily addresstheproblemof verifying that thecircuit obeys
theconstraints.

In thispaper, weaddresstheseshortcomingsby makingthe
following novel contributions:

� A generalizednotionof relativetiming: We introduce
the conceptof a generalized relative timing (GRT)
constraint,one that speci�es a relative orderingnot
just betweenevents,but betweenthe time intervals
betweenpairsof events.This generalizationaddsthe
capability to model somemetric timing information
which is formally modeledusing real-valued clock
variables.The resultingcircuit model,in general,is a
timedautomaton. However, sincemetric timing con-
straintsare typically far fewer than non-metricGRT
constraints,weemploy relatively few clockvariables.

� Applicationof fully symbolicveri�cation methods:We
usenew fully symbolicveri�cation techniquesbased



onBooleanencodingmethods[26] to verify theresult-
ing timed automaton.The term fully symbolicmeans
that the veri�er representsboth timed and untimed
partsof the statespacein a uni�ed, symbolic repre-
sentation.Along with the modelingmethodologyde-
scribedabove, we canverify circuits that aresigni�-
cantlylargerthanthoseveri�able with othermethods.
As anexamplewehaveef�ciently analyzedtheGlobal
STPcircuit [12], �nding anerrorin thepublishedcir-
cuit, andthensuccessfullyverifying a �x edversion.

Related work. Several techniqueshave beenproposedin
thepast ��� yearsto modeltiming constraintsin circuit de-
sign. A commonapproachis to specify upperand lower
boundson the delaybetweenwhena transitionis enabled
and when it �res. Formalismssuch as timed transition
systems[10], timed Petri nets [25] and timed event and
event/level structures[19, 4, 17] areusedfor this purpose,
andtheconstraintsarereferredto asgate-level metric tim-
ing constraints.This is anintuitivemodel,but sincethetim-
ing information is provided at the gate-level, veri�cation
tools basedon this modelarerestrictedto relatively small
circuits.Evenwith theuseof partialorderreductionmeth-
ods(e.g.,[4, 17]), the sizeof the untimedstatespacestill
presentsa performancebottleneck.Furthermore,designers
mustberelatively conservativeonhow they setthebounds,
sincethesecanrely onpost-layoutinformation.

Another formalismfor modelingtimed systemsis that of
timed automata[1], which is more expressive than timed
transitionsystems[2], in that it canmodel “more global”
timing constraints.Maler and Pnueli [14] model asyn-
chronouscircuits using timed automata,but their model
is also at the gate-level, requiring one clock variable
per gate. Thus, it suffers from the samescaling prob-
lems as the afore-mentionedmetric 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-
duceclockvariablesonly wherenecessary.

The observation that enablesus to selectively use clock
variablesis that most timing constraintsare on pairs of
events that have a commonstart event, i.e., a “point-of-
divergence”.A similarobservationwasmadeby Negulescu
and Peeters[20, 21], who presentthe notion of a chain
constraint, which speci�esthatonesequenceof transitions
mustoccur beforeanotherwith both sequencessharinga
commonpre�x. A “point-of-divergence”constraintis more
restrictivethanachainconstraintin a logicalsense(it spec-
i�es a relative orderingfor all intermediatesequencesof
transitionsbetweenthe start and end events),but for the
samereason,it is morecompactto specify. Moreover, we
canmodelmoregeneralkindsof constraints,aswedescribe
in Section2.

Therehasbeenprior work on RT-basedveri�cation, with
a focus on automaticallygeneratingconstraints.Pẽna et
al. [24] presentan approachbasedon the notion of lazy
transitionsystems. Their approachautomaticallyand iter-

atively generatesRT constraintsto rule out spuriouscoun-
terexamples;however, theprocessof addingRT constraints
relieson knowing min-maxboundson gatedelays.Kim et
al. [13] presenta veri�cation methodologybasedon a dif-
ferenttechniqueof automaticallygeneratingRT constraints,
but do not addresstheproblemof verifying that thecircuit
obeys theconstraints.While we do not automaticallygen-
eratetiming constraints,our work targetsa more general
classof timing constraints,andprovideswaysof verifying
thattheconstraintshold for thecircuit.

Clariśo andCortadella[6] presentagate-levelmodelingap-
proachthat representsgatedelaysby symbols,ratherthan
by constantbounds.Thus, this model is more expressive
than metric timing. However, the veri�cation problemis
even harderthanfor timed transitionsystems,andthe ap-
proachis restrictedto smallcircuits.

Anothercontribution of our paperis in the applicationof
novel fully symbolic veri�cation techniquesto timed cir-
cuits. Thesetechniquesarebasedon our earlierpaperon
usingBooleanmethodsin quanti�er eliminationin quanti-
�ed separationlogic (QSL) [26]; we referthereaderto that
paperfor a detailedcomparisonof modelcheckingmeth-
odsfor timedautomata.In thecontext of asynchronouscir-
cuits,therehasbeensigni�cant work onmodelcheckingal-
gorithms;see,for example,thework by Myers,Yoneda,et
al.(e.g.,[19, 4, 34, 17]). Themaindifferencewith ourwork
is that thesemethodsaresymbolicin the real-valuedpart,
but explicit-statein theBooleanpart;hence,in spiteof in-
corporatingpartial-orderreduction,largecircuitsareoften
outsidetheir capacity. We alsoextendtheideasof our pre-
viouspaperto performfully symbolicsimulationchecking.
Simulationcheckinghasbeenexploredearlierin the con-
text of timedsystems,for example,by Tasiranetal. [32].

Therehasbeensigni�cant work on methodsthatusecom-
positionalreasoningor abstractionto achieve betterscala-
bility (e.g.,[35]). Ourfocus,in thispaper, is ondemonstrat-
ingscalabilitywithoutusingcompositionalreasoningor ab-
straction;however, nothingprecludesusingthe techniques
presentedhereinalongwith suchmethods.

Paperoutline. Weintroducetheideaof generalizedrelative
timing in Section2.In Section3,wedescribehow timedcir-
cuitsareformalizedastimedautomata,andin Section4,we
outlinefully symbolicveri�cation algorithmsfor timedau-
tomata.Casestudiesarepresentedin 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 constraints. The set of initial values of sig-
nalsin � is speci�edasa Booleanformula (�) .

Thecircuit signals,whicharethestatevariablesof thesys-
tem,arecomprisedof inputs,outputs,andintermediatesig-
nals.A transition(alsoreferredto asevent) is a changein
logic level of a signal.Transition �+*-, correspondsto the



transitionof �!* from � to � , and �!*�� to the transitionfrom
� to � . We will usethe symbol ��* to refer to eithertransi-
tion for signal �!* .

Theuntimedcircuit behavior is de�ned by the setof rules
� , whichcomprises�����
	 rules,onefor eachsignaltran-
sition.1 The � rulesfor the � th signal ��* arewrittenas

��
�� ��� �

� * , and
��
�� ��� �

� * �

where
�����

is a Booleanformula over � indicatingthe en-
ablingconditionfor transition��* to �re.

Although we have only introducedtwo events per sig-
nal (correspondingto up and down transitions),it would
be straightforward to add �nitely-many instancesof each
event. That is, for a given event ��* , we cankeeptrack of
not only eachinstanceof ��* , but alsoevery second,third,
..., �

th instancesof ��* for a constant� , with theuseof ad-
ditional statebits to keeptrackof a “count.” However, we
have rarelyneededto trackmorethanoneinstanceof each
event.

We will assumeaninertial gatemodel(but withoutbounds
ongatedelays).Thus,it is allowedfor a transitionthatwas
enabledto becomedisabledwithout having �red, as long
asthecircuit satis�esits speci�cation.In theabsenceof an
explicit timing constraintinvolving transition ��* , the time
taken for �

* to �re afterbeingenabledcanbeany valuein
�

� ��� 
 ; i.e., rules,by themselves,arepurelyuntimed.

2.1. GeneralizedRelative Timing

Thenovelaspectof how wemodelcircuitsis in theformula-
tion of generalizedrelativetiming constraints,which com-
bine relative timing with a capability to incorporatesome
metrictiming information.

Let � � ��* ���"!�
 denotethe time interval betweenan occur-
renceof �

! andtheoccurrenceof �
* immediatelypreceding

it.

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

De�nition 1 Let ��*	���$#

*

���"!!���
% be four transitionssuch that
��!'& �(�
% . Then,a generalizedrelativetiming constraint on
�

*
���

#

*

���
!

���
% is of theform:

For all occurrencesof transitions�$! and �
% ,
� � �

*
���

!

*)+� �,�

#

*

���
%


.-0/

where / is a rationalconstant.

It is sometimesusefulto usea non-strictinequality( 1 ) in-
steadof the strict inequalityusedabove,or to droponeof
the � �32 �42 
 termsin the inequalityso as to imposean up-
peror lowerboundon thetime interval betweenevents.

Point-of-divergence constraint. An extremely common
sub-classof GRT constraintsarethosesuchthat �!*5�6�7#

*

,
/8�9� , andthesameoccurrenceof �

* immediatelyprecedes

1 Noticethatthis is similar to thelanguageof productionrules[15].

all occurrencesof both �4! and �
% . In this case,the timing
constraintspeci�es that measuringtime from the point ��*

occurs,�4! mustalwaysoccurbefore�:% . Wewill referto this
specialcaseasapoint-of-divergence(POD)constraint.(The
namecomesfrom thedivergencein two pathsstartingfrom
transition��* .) WewriteaPODconstraintas��*

�

�"!<;=�
% .
Typically, �4! and �
% causallydependon ��* . However, note
thatthisneednotbethecase!By thede�nition of � � � * ��� ! 
 ,
the point-of-divergencein the constraintis simply the oc-
currenceof ��* that is closestin time to �4! and �
% , which
neednothavecausedeitherof them.
Note alsothat the conceptof a POD constraintsis essen-

tially thesameasthat of the original RT constraint,since,
in order to implementa relative orderingbetweenevents,
onewouldhaveto tracethembackto apoint-of-divergence;
hencethenamegeneralizedrelative timing.

Metric timing constraints. The presenceof / in thede�-
nition allows usto expressa limited form of metric timing
constraints.In particular, we canexpressconstraintsof the
form /'�>1?� �,�

*
���

!

@1A/+� . Note,however, thatwe cannot

directly specify the min-max timing assumptionsusedin
timedtransitionsystems[10] andrelatedformalisms,since
that would requireconstrainingthe delaybetweenwhena
transitionis enabledandwhenit �res.2

Compoundtiming constraints.In somecases,suchasthe
GlobalSTPcircuit that is our primarycasestudy, we have
observedtheneedfor compoundtimingconstraintsformed
asan XOR of two (simple)timing constraints.Sucha con-
straintis written as $

* XOR $
! . We have neededsuchcom-

poundconstraintsto reasonaboutrelativeorderingbetween
instancesof eventsfrom differentcyclesof circuit opera-
tion. Furtherdiscussionof suchconstraintsis deferredto
thecasestudyin Section5.1.

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

2.1.1. Examples. We presenttwo examplesto illustrate
ourmethodologyfor modelingtiming constraints.

c

ab

ac

bc

a

b

Figure 1. Implementation of a C­element

First, considerthe implementationof a C-elementusing
threeAND gatesandanOR gate,asshown in Figure1. B

and C denotetheinputsignals,and D is theoutput.It is easy
to seethat in orderto work correctly, it is suf�cient for the

2 However, notethattheformalismthatwe use,viz. timedautomata,is
generalenoughto expresssuchconstraints[2].



circuit in Figure1 to respectthe following two fundamen-
tal modeconstraints,formulatedhereasPOD constraints:

D�,

�

B D , ; C � and D ,

�

C D ,+; B.� .

WhilePODconstraintssuf�ce for theprecedingexample,in
general,wemightneedamoreexpressivetimingconstraint.
Figure 2 depictsa simple buffer stageelementgenerated
from theCASH compilerthatcompilesANSI-C programs
into asynchronouscircuits [33]. For correctoperation,this
circuit relieson two timing assumptions:datatransfersbe-
tweenstagesuseabundleddataprotocol,andastageincor-
poratesa matcheddelayelement.

DELAY

REG

AC

Creq_in

data_in

ack_in

data_out

ack_out req_out

data_in_aux

enable

trigger

Figure 2. Buff er stage from CASH compiler

The matcheddelaycan be formalizedwith the following
two timing assumptions$ CASH

�

and $

CASH
�

:
�������	��� 
���
���������� 
�� ������
����������	������� �!
"���$#�
�%$%�� #�
$�

( &

CASH
' )

�������	��� 
���(���������� 
�� ������(����������	������� �!
"���$#�
�%$%�� #�
$�

( &

CASH
) )

To ensurethatthestagerespectsthebundleddataprotocol,
weadditionallyneedto imposetwo PODconstraints:

*�+

B C-,

*

,

�/.

B�0�B 1�230 , ;54

*"6

1�230 , , and
*�+

B C-,

*

,

�/.

B�0�B 1�230.� ;54

*"6

1�230 , .

Notethatthematcheddelayassumptions$ CASH
�

and$

CASH
�

of
a stagecanbe reformulatedasPODconstraintsby tracing
backto the *�+

B C-,

* signalof thepreviousstage.However,
this breaksmodularity, sincethe timing constraintsinvolv-
ing signalsof amodulereferenceinternalsignalsof another
module.In general,wehavefoundthatwhile it is oftenpos-
sibleto reformulatemetric timing constraintsasPODcon-
straints,it is at thecostof modularity.

2.2. Verifying Timing Constraints

Theveri�cation methodspresentedin this paperprove that
the timed circuit designis correctgiven the set of timing
constraints� . However, it doesnot prove that the con-
straintsactually hold given the true delaysin the design.
Timing constraintscanbe constructedthat do not hold in
a design,aswill be shown later in Section5.1. Therefore,
thesemustbeprovenoutsidethesymbolicveri�cation en-
vironment.We brie�y describethis processto show a con-
sistentdesign�o w existsbasedonthis tool.

GivenaPODconstraint��*

�

��!<; �
% wemustprovethat
any sequenceof eventsfrom ��* to �"! alwaysoccursbefore

the eventsfrom ��* to �
% . This is accomplishedby tracing
andtiming the maximumandminimum delaypathsfrom
the POD to the endpoints,andcomparingthe results.We
computethemaximumdelayof theleft path( � *!7 � ! ) and
the minimumdelayfor the right path( ��* 7 �7% ). This en-
suresthatno combinationof delayswill cause� % to occur
before �4! . The sameconditionsexist for the generalform
of constraints� �,� * ��� ! 
 1 � � �7#

*

��� % 
*- / wherethe trac-
ing may occur to differentstartingpoints,and a constant
delayis addedwhenthepathdelaysarecompared.

Weillustratestatictimingvalidationusingthecircuit in Fig-
ure 1. Thereare two POD constraints,the �rst of which
is D�,

�

B D�, ; C � . Validatingthis constraintrequires
evaluation of the max-delaypath from D�, to B D , . This
is simply the maximumrise delay through the gatecor-
respondingto B D sincesignal B is alreadyasserted.Simi-
larly, the minimum delaypath from D�, to C � , which de-
pendson how the gateis connectedto its environment,is
calculatedandcomparedwith themaximumrisingdelayof
thegateB D to validatethisconstraint.Thesecondconstraint

D�,

�

C D ,+; B.� is similarly validated.

The capability of automaticallytracing and timing maxi-
mumandminimumdelaypaths,andcomparingtheresults
issupportedin mostcommercialtimingtoolssuchasPrime-
Time [31]. Therefore,it is possibleto automaticallyvali-
dateall theconstraintsin � . However, somecomplications
arisein automaticallytracingsignalsthroughsequentialel-
ements(suchas the C-elementof Figure 1), sincestatic
toolsmaynotcorrectlycut feedbacksthatexist solelyto re-
tainstate.Fully automatictranslationandvalidationof GRT
constraintsusingstatictiming toolsis left to futurework.

The timing constraintsusedin this paperwere identi�ed
manually, many with theassistanceof a relative-timingen-
hancedveri�cation engine[27]. Automatic generationof
GRT constraintsis left to futurework.

3. From Cir cuits to Timed Automata

Wenow describehow wetranslateatimedcircuit � � � �
����


into a timed automaton.The technicaldetailsin Section4
will bebasedonthetimedautomatonmodel.

3.1. Preliminaries

A timed automaton[1] is a generalizationof a �nite au-
tomatonwith asetof real-valuedclockvariables.A stateof
atimedautomatonis aconcatenationof avectorof Boolean
values,correspondingto �nite-statevariables,anda vector
of realvalues,correspondingto real-valuedclockvariables.
A set of statesof a timed automatoncan be represented
symbolicallyasa formula in a quanti�er-free fragmentof
�rst-order logic called separation logic (SL), also known
asdifferencelogic. This formulais thecharacteristicfunc-
tion of the set of states.A formula 8 in separationlogic
is a Booleancombinationof Booleanvariablesand sep-
aration predicates(also known as difference-boundcon-
straints) involvingreal-valuedvariables,asgivenby thefol-



lowing grammar:
����� �����
	���
�����������
���
�����
��

' �

�

)


�!

'#"

!

)%$'&


�!

'#(

!

))$*&

We usea specialvariable +%, to denotetheconstant� ; this
allows us to expressboundsof the form +.- / . We de-
note Booleanvariablesby ��� � ��� ����������� , real variablesby

+ �/+ � ��+ � ������� , andSL formulasby 8 � 8 � � 8 � ������� . Notethat
Booleanoperatorslike 0 and 1 canbe constructedfrom

2 and 3 . Similarly, the relations 4 and - suf�ce to repre-
sentequalitiesandotherinequalities.Decidingthesatis�a-
bility of aSL formulais NP-complete[11].

For easeof presentation,we will usea de�nition of timed
automatathat is intuitive in our context. This de�nition is
equivalentto theguarded-commandreal-timeprogramno-
tationusedby Henzingeretal. [11].3

De�nition 2 A timed automaton is a quintuple
5

� ������6 ��7 �

��8

� 8�,�
 where:

� is a setof Booleanstatevariables;

6 is a setof clock variablestakingvaluesin 9�:

, ;

7 is a set of guardedcommandsof the form ; �<1>= ,
where ; is a guardcondition(a SLformulaover � and

6 ), and = is a setof assignments,i.e., a setof tran-
sitionsof Booleanstatevariablesand resetsof clock
variablesto � ;

��8

is a SLformulaover � and 6 expressingan invariant
conditiononall statesof

5

; and

8
, is a SLformulaover � and 6 characterizingthesetof

initial states.

Thesetof guardedcommands7 representsthetransitionre-
lation of the automaton.Thesemanticsof a guardedcom-
mand ;A�<1?= is asfollows. If ; is true in a state@ , then
theguardedcommandis enabledin thatstate.Any guarded
commandthatis enabledin a state@ canexecutein @ . The
time a systemcanspendin a statecanbeany non-negative
amountallowedby theinvariant

�A8

.

Note that timed automatadiffer from modelscommonly
usedin the asynchronouscircuits literature,suchastimed
transitionsystems[10] or timedPetri nets[25], in that the
time interval betweenanarbitrarypair of eventscanbedi-
rectly expressed.This expressivenessis key for modeling
theclassof timing constraintsdescribedin Section2.1.

3.2. Translation

Thetranslationof a timedcircuit �����	�
����
 to a timedau-
tomaton

5

is performedin threesteps.

Initialization. Thesetof Booleanstatevariablesof
5

is ini-
tializedto bethesetof signals� , while thesetof clockvari-
ables6 is initializedto B .

3 The only differencewith the standardde®nition given by Alur and
Dill [1] is thatourde®nitionhasnonotionof acceptingstates.

Eachrule of the timed circuit gets translatedto a corre-
spondingguardedcommandof the timedautomaton;thus,
thereis exactlyoneguardedcommandfor eachtransition� .
For transition� with correspondingrule

� � ��

� , we initial-
ize its guardedcommandto be

� �

�<1 � .

The invariant
�<8

is initialized to be C
DFEHG , and 8%, is setto
be ( ) (thesetof initial signalvalues).

Adding auxiliary variables.For eachtimingconstraint,we
addanadditionalBooleanor clock variableto storetiming
information.

Let $ * bethe �

th timing constraint.

If $�* is aPODconstraint,weonly introduceafreshBoolean
statevariableI-* into � .

Suppose$ * is not a POD constraint,and is of the form
� � ��* ���"!�
 1 � � �7#

*

���
%�
 - / . Then we not only introduce
a freshBooleanstatevariable I�* into � , but alsoaddtwo
clockvariables+

� �KJ ��L

and +

��M

�

J �KN

to 6 .

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

� � ��$
�

��$
�

������� � $
%

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

Supposewe areencodingtiming constraint$PO , which men-
tionstransition� . Let thecurrentform of theguardedcom-
mandQ for � be ; �<1R= .

How wemodify Q dependsonwhetherthetimingconstraint
is a PODconstraintor not, andon therole of � in thecon-
straint,aselaboratedbelow:

� PODconstraint: Supposetheconstraintis of theform
��*

�

�"! ; �
% . Therearethreecases,with Q being
modi�ed differentlyin eachcase:

Case��� �
* : QTS �U; �<1R= # ,

where= # �U=WV
�XI
O

, � .
Case��� �"! : QYS �Z; �<1[= # ,

where= # �U=WV
�XI
O

� � .
Case��� �

% : Q\S �Z; # �<1[= ,
where;*# �U;]3

2

I
O .

Theintuition is thatwetaketheproductof thetimed
automaton(constructedso far) with a two-statemon-
itor automatonasshown in Figure3(a) to enforcethe
orderingspeci�edby thePODconstraint.Thevariable

I�O encodesthestatesof this automaton.Transition � %

canonly occurin thestatelabeled2

I^O ; i.e.,thestatein
which I

O is _�`ba�cPG .
� Non-PODconstraint: Supposetheconstraintis of the

form � � ��*����"!�
81 � � �7#

*

���
%�
 -+/ . To encodethis con-
straint,we introducea non-negative constant/�# such
that � �,�

*
���

!

 1 /

#
-0/ and /

#
1+� �,�

#

*

���
%


 . Thevalue
of / # is usuallyknown atdesigntimesinceanon-POD
constraintarisesonly in designstylesthat make use
of someform of metric timing, suchthe matchedde-
lay assumptionusedin thecircuit in Figure2.

We havefour casesto consider:
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(b) Non-POD

Figure 3. Monitor automata for timing

Case��� � * : QTS �U; �<1[= # ,
where= # �Z= V �XI O , �/+

� � J � L

S ���'� .
Case��� �7#

*

: QTS �U; �<1[= # ,
where= # �Z= V �P+

� M

�

J �/N

S ���'� .

Case��� �
! : QTS �U; �A1[= # ,

where= # �Z= V �XI
O

� � .
Case��� �

% : QTS �Z; # �A1[= ,
where;

#
�U;T3 +

�
M

�

J
�KN

-+/
# .

In addition,we updatethe invariant
�

8

of the timed
automatonby conjoiningthecurrentinvariantwith the
SL formula I O#1R+

�
�KJ

��L

1 /�- /
# .

The intuition behindthis translationis as follows.
First, notice that the Booleanvariable I

O encodes,as
before,the stateof a monitor automaton,depictedin
Figure3(b). However, in this case,when I O is C
DFEHG ,

+

�
�KJ

��L

cannotprogressbeyond / -9/ # , asenforcedby
theinvariant

�
8

. Sincetheclock variable +

���
J

�
L

is re-
setwhen ��* �res, this forces �4! to occurwithin /@- / #

time unitsof �
* . Secondly, clock variable +

��M

�

J
�/N

is re-
setwhen �
#

*

�res, andtheaugmentedguardfor � % en-
suresthat �

% canonly �re / # time units after �
#

*

. The
abovetwo mechanisms,in conjunction,ensurethatthe
timing constraint$
O is enforced.

Theextensionof thetranslationto handlecompoundtiming
constraintsis straightforward;a XOR of two constraintscan
beencodedby makinga non-deterministicchoiceto either
monitoroneconstraintor theother. We omit thedetails.

3.3. Example

Considerthecircuit in Figure2. Therule correspondingto
thetransition0"4������

*

4", is
2

0 4������

*

4 3

*�+

B:C-,

*

��

0 4������

*

4",

Timing constraints$

CASH
�

and $

CASH
�

bothmentionthe tran-
sition 0 4������

*

4", .

Following the translationschemedescribedin this sec-
tion, we introduce � clock variables +��! �"!#%$&�

�
J '&(�)�*&*

�

(
�

,
+,+

"

'

"

)

 

�
J

+
"

'

"

)

 "�-	.

�

, and +,+
"

'

"

)

 

�
J

+
"

'

"

)

 "!-	.

�

. The �-
nalguardedcommandfor 0 4������

*

4", is
2

0"4������

*

4 3

*�+

B C-,

*

3 � +
�! �"!#%$&�

�
J '&(�)�*&*

�

(
�

- /

#


 �<1 0 4������

*

4",

where/ # is thedelaycorrespondingto thedelayelementin
the�gure.
Theinvariant

�<8

is theBooleanformula
�0/

'21

!�3540674 8:9 ;




3540674 8<9 40=?> ;

�

&

�

�

�

�0/

)@1

!�35406?4 8<9 A




35406?4 8:9 40=?> A

�

&

�

�

I � and I � aresetby
.

B�0�B �

+

, and
.

B�0�B �

+

� respectively,
andareresetby

.

B�0�B �

+

B�2�B , and
.

B�0�B �

+

B�2CB.� respec-
tively. Thus,our encodingsimply formalizestheconstraint
that thedelaythroughthebuffer is lessthanthatof thede-
lay element.

4. Fully SymbolicVeri®cation Techniques

We now outlinethealgorithmsfor fully symbolicveri�ca-
tion of timedautomata.Sincethealgorithmsin themselves
arenot the main contribution of this paper, we omit back-
groundmaterialanddetailsof thealgorithms;thesecanbe
foundin [7, 26].

4.1. Quanti®ed SeparationLogic

Therearetwo key operationsin fully symbolicveri�cation
of timedautomata,bothof which areexpressiblein quan-
ti�ed separation logic (QSL), the extensionof separation
logic with quanti�ers. The �rst operationis to decidethe
satis�ability of SL formulas.Thesecond(andharder)oper-
ationis to eliminatequanti�ersfrom a QSLformula.

Formally, a QSL formula D is generatedby the following
grammar: E

��� � � 
 �

E




E

'
�

E

)


%F !HG

E


IF ��G

E

In previouswork [26], we show how to performbothoper-
ationsusingBooleanmethods.In particular, we transform
theproblemof eliminatingquanti�erson real-valuedclock
variablesto oneof eliminatingquanti�ersonBooleanvari-
ables.Given a QSL formula D with quanti�ers over real-
valuedvariables,we transformit to anequivalentQSL for-
mula DKJ�L�L&M thathasquanti�ersonly overBooleanvariables.
Thesequanti�ers can then be eliminatedusing standard
Booleantechniques(e.g.,[5, 16]) thatarebasedon Binary
DecisionDiagrams(BDDs)or Booleansatis�ability (SAT)
solvers.Moreover, for a specialclassof QSL formulasoc-
curringin modelcheckingof timedautomata,thetransfor-
mationcan be greatlyoptimized.The resultingquanti�er
elimination techniquecan yield improvementsover other
methods[26].

For brevity, weomit thedetailsof how weeliminatequanti-
�ers overclockvariables.Weillustratethemainideasusing
thefollowing example.

Let DON �QP�+RN+� 8 where 80� +RN'1 +
,

3Y+ �'- +RN 3 +�� 1

+RN 3TS , and S is a complicatedBooleanformularepresent-
ing many circuit states(evaluationsof circuit signals).Our
goalis to eliminatevariable+

N to obtaina SL formulathat
is logically equivalentto D@N .

The�rst stepis to introduceBooleanvariablesfor eachsep-
arationpredicatein D

N that involves +
N . Let I

:

J U

*

J

!

represent
thepredicate+�*�- +�! -WV . Replacingpredicateswith their



correspondingBooleanvariables,we obtain the Boolean
encoding8

N

J�L�L&M

� I

:

J

,

,

J

N

3 I

:

J

,

�

J

N

3 I

:

J

,

N

J

�

3TS .

Thesecondstepis to constructaSL formulathatrepresents
thearithmeticinformationlost in theaboveBooleanencod-
ing. This formula,denotedby 8

N

U

L����

, is the conjunctionof
thefollowing two SL formulas:

1. I

:

J

,

,

J

N

3 I

:

J

,

N

J

�

�<1 +�, - + �

2. I

:

J

,

�

J

N

3 I

:

J

,

N

J

�

�<1 + � - + �

Finally, we construct the SL formula D J�L�L&M �

PbI

:

J

,

,

J

N

��I

:

J

,

�

J

N

��I

:

J

,

N

J

�

�

�

8

N

U

L����

3 8

N

J�L	L M

�

. The only quanti�ed
variablesin this formulaareBoolean.Theremainingsepa-
rationpredicatescannow bereplacedwith dummyBoolean
variables(retainingamappingof predicatesto dummyvari-
ables),andtheresultingquanti�ed Booleanformula(QBF)
canbesimpli�ed usingBooleantechniques(e.g.,BDDs) to
aBooleanformula.Replacingthedummyvariables,weob-
tain the�nal result: + , -W+�� 3 + � -W+ � 3 S .

Theadvantageof this approachis apparentwhen S corre-
spondsto a hugenumberof circuit states.An explicit-state
techniquewould needto enumerateeverysuchcircuit state
andperformthequanti�er eliminationfor each.

4.2. Fully SymbolicModel Checking

Theafore-mentionedBooleanmethodsfor quanti�er elim-
inationcanbeusedwith a modelcheckingalgorithmgiven
by Henzingeret al. [11] for checkingif a timed automa-
ton satis�es a propertyspeci�ed in the timed � -calculus
(in which any propertyin TimedComputationTreeLogic,
TCTL, canbeexpressed).Herewe only describe,in brief,
thealgorithmfor asimplebut veryusefulcase,thatof com-
puting the set of reachablestatesof the timed automaton
(checkingsafetyproperties).Thegeneralalgorithmcanbe
foundin [26].

Considera timed automaton
5

� ������6 ��7 �

�A8

� 8 ,�
 . The
following algorithm computesa SL formula 8 reach repre-
sentingthesetof reachablestatesof

5

.

1. 8��

���

S � 8
, .

2. Do
(a) 8

L M��
S � 8

�

���

(b) 8 #<S � posttime � 8�L M���
 � Let time elapse �

(c) 8 # #�S � post	 � 8 # 
 � Fire a transition �

(d) 8
�

���

S � 8
L M��

0 8 # # � Union of sets �

While ( 8�L&M
� &� 8��

���

) � Check termination �

3. 8 reach S � 8
�

���

.

Thesymbolic“next-state”operatorsposttime andpost	 are
de�ned asfollows:

posttime � 8 


�

� P��+�
� - � 3 8�����3����

�

�81�� 1�� 1

��8

���

�

�

(1)

where 8���� denotesthe formula obtainedby subtract-
ing � from all clock variablesoccurringin 8 , computedas

8

�

+�*������X+ *	���@10� 1 	

�

, where+ � ��+ � �������"�/+ � aretheclock
variablesin 8�* (andsimilarly for

�<8

��� ).

Intuitively, � is the time elapsedsince the last transition
�red. Theinnerquanti�ed formulain (1) aboveensuresthat
while allowing time to elapse,thevaluesof clock variables
mustalwaysrespecttheinvariant

�A8

. Theformulaobtained
aftereliminatingquanti�ersfrom posttime � 8 
 representsall
statesreachablefrom 8 by allowing somedurationof time
to elapsewithin theconstraintsimposedby

� 8

.

Theoperationpost	 , whenappliedto a setof states8 , re-
turnsthesetof statesreachedfrom 8 by �ring sometransi-
tion. Formally,

post	 � 8 


�

� �

�����! #"%$'&

	

� 8 3'; 


�

=

�

(2)

where 8

�

=

�

denotesthe setof statesreachedfrom 8 after
performingthesignaltransitionsandclock resetsin = . For
instance,if = � �!*-, , then 8

�

=

�

� �!P ��*�� 8�
#3 ��* . We omit
thedetailsfor brevity.

Quanti�er eliminationis requiredin computingposttime and
post	 . Checkingsatis�ability of SL formulasis requiredto
checktheterminationcondition.It is alsoneededfor check-
ing if a errorstateis reachable:If 8 J�N(� characterizestheset
of errorstates,thenanerrorstateis reachableiff 8 reach3 8�J!N��

is satis�able.

4.3. Fully SymbolicSimulation Checking

Supposewe want to checkif a circuit implementation
�

,
modeledasa timedautomaton,conformsto a speci�cation

� , also given as a timed automaton.Sincelanguagecon-
tainmentis undecidablefor timedautomatain general[1],
weusetheformalnotionof simulation[18] asournotionof
conformance.Furthermore,for easeof presentation,wewill
restrictourspeci�cationsto beuntimed�nite automata.For
all thecasestudiespresentedin this paper, consideringun-
timed�nite-statespeci�cationshassuf�ced.

Let )+* and )-, bethesetsof statesof
�

and � respectively.
Let . ��@�* ��@�, 
 be C
DFEHG if f states@�*0/1)+* and @�,2/0)-,

agreeonthevaluesof variablescommonto both
�

and� . A
binaryrelation 3546)7*989)-, is asimulationrelationiff for
all @:* and@�, suchthat 3 ��@�* ��@;, 
 holds,boththefollowing
conditionshold:

1. . � @
*

��@
,


 .
2. For every successorstate @.#

*

of @
* , either thereex-

ists somesuccessor@.#

,

of @�, suchthat 3 ��@ #

*

��@ #

,


 or
3 ��@ #

*

��@�,"
 .
This is a standardde�nition of simulationthat allows the
speci�cationto “stutter”.

If for every initial state @
*

J

, of
�

thereis a corresponding
initial state@�,

J

, of � suchthat 3 ��@�*

J

,!��@;,

J

,�
 , thenwe say
that

�

is simulatedby � andwrite
��<

� .

Fully symbolicsimulationcheckingis donein two steps:

1. Computesimulationrelation:We computea symbolic
representationof thesimulationrelation,startingwith
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an over-approximationandre�ning it iteratively. The
symbolicrepresentationis a SL formula 8�� over the
Booleanvariables�

* andclockvariables6
* of

�

and
the Booleanvariables� , of the speci�cation � . We
will abusenotationalittle hereto use ��� * ��6 *�
 and �%,

interchangeablywith @�* and@�, respectively. Thus,we
will write thesymbolicrepresentationas 8

�
� @

*
��@

,

 .

We setour initial approximation8

,

�

to be the for-
mula . ��@�* ��@;, 
 that equatesthe commonstatevari-
ablesof

�

and � for thereachablestates.
Then,wecomputethe �

th approximation8

*

�

, � - � ,
asfollows:

8

*

�

S � 8

*��
�

�

� @:* ��@;, 
.3

�

�)@

#

*

�

�

* � @:* ��@

#

*


 1

� 8

*��
�

�

� @

#

*

��@;, 
 0 Pb@

#

,

�

�

, ��@�, ��@

#

,


�3 8

*��
�

�

��@

#

*

��@

#

,


 


�

Here
�

* and
�

, denotethetransitionrelationsof
�

and
� respectively; thetransitionrelationof thetimedau-
tomaton

�

canbeeasilyderivedfrom thede�nitions of
posttime andpost	 givenin Section4.2.

This �xpoint computationis guaranteedto termi-
nate,sayin � steps,with the �

th approximationbe-
ing 8�� ��@�* ��@�,�
 .

2. Check initial states:Let 8 *

J

, and 8 ,

J

, denotethe set
of initial statesof

�

and � respectively. By de�nition,
we canconcludethat

� <

� if f thefollowing formula
is valid:

8;*

J

,+��@�* 
 1

�

P @;, � 8 ,

J

,�� @;, 
<3 8�� ��@�* ��@�, 


�

Both stepshave the samekey operationsas for model
checking,viz., quanti�er elimination in QSL andsatis�a-
bility (validity) checkingof SL. Weperformtheseusingthe
Booleanmethodsasdescribedin Section4.1.

5. CaseStudies

Ourmaincasestudyis theGlobalSTPcircuit, a self-timed
circuit usedin theintegerunit in theIntel R

�

PentiumR
�

4 pro-

cessor[12]. OthercasestudiesincludetheGasPFIFOcon-
trol circuit [30], STAPL circuits [23], andthe STARI cir-
cuit [9].

Experimentsreportedon herewererun on a Linux work-
stationwith a � GHz PentiumR

�

4 processorand � GB of
memory. Our fully symbolicveri�cation tool, calledTMV,
is BDD-based.TMV is written in O'Caml except for the
BDD engine,for whichweusetheCUDD package[8].

5.1. Global STP

Figure4 is a hierarchicaldepictionof the Globally Reset
Dominowith Self-TerminatingPrecharge(GlobalSTP)cir-
cuit. The circuit we discusshereis a gate-level depiction
of thesimplestform of thepublishedcircuit [12], with N-
logicblocksreplacedbywires,andstaticblocksreplacedby
inverters;our veri�cation methodsapply to the moregen-
eral circuitsaswell. The top-level circuit is shown in Fig-
ure4(e),with theinput D	� beinga 
 -GHzclockandtheout-
put beinga delayedversionof the sameclock. In the be-
ginning of the clock cycle, the last footeddominogateis
beingreset,while the �rst threeSTPstagesgo throughan
evaluation.After theprechargeof thelastdominogatehas
beenturnedoff, the evaluatesignalpropagatesto the out-
put,whereit is helduntil thenext cycle. Interestingly, note
thatthethreeSTPstagesareresetin thesamecyclein which
they evaluate.Thespeci�cationof thiscircuit, givenpurely
in termsof its input signal D	� andoutputsignal 1�230 , is de-
pictedasa stategraphin Figure5.

This circuit relieson a numberof timing constraintsto en-
surecorrectoperation.We wereableto formulateall these
timing constraintseitherasPODconstraintsor asa XOR of

� POD constraints.We discusssomeof the moreinterest-
ing timing constraintshere.

Considerthe �

th STPstage,for all �+/ ������� �	�'� (referto Fig-
ure4(b)).Shortcircuit currentin thedominoinvertermust
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Figure 5. Global STP speci�cation

beavoidedby ensuringthat thepullup andpulldown tran-
sistorsarenotbothconducting.Thisis avoidedwith thefol-
lowing PODconstraintthatdoesnotallow thepullup to as-
sertuntil after thepulldown hasbeenturnedoff. This con-
straintstatesthatfor stage

���	��


, thedelayof a clockphase
mustbeshorterthanthedelaythroughthe �	


��


block:
D	� ,

�

�����

�&�

.

�

+

� ;

���	�

�&� 4

*��

��� ( $

GSTP
�

J

*

)

The pulsewidth of the outputsin the �	


�

stageof Fig-
ure 4(c) are determinedby the delay throughthe output
buffersandtheself-resettingloop.Thefollowingconstrains
theminimumpulsewidth on ��


�	�

� 4

�

:
�	


���

� 4

�	�

,

�

��


�	�

� 4

�

,+;��	


�	�

� 4

���

� ( $

GSTP
�

)

Next, considerthe footeddomino inverter in Figure4(e).
Theresetphasemustterminatebeforethedatais removed
to guaranteethe dominogatecorrectlylatchesdata.Trac-
ing the pathsfrom the clock, we canexpressthis in terms
of the following orderingbetweentwo sequencesof tran-
sitions: D � ,��	


��


� 4
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�

� � D��.���

�

� � D��

�

,��

�

�

6

���

�

� � D�� , ;

D � ,

���	��


�

.

1�230",

���	���

�

.

1�230",

���	���

�

.

1

�

�

���	���

� ��� ,

���	���

� 4

*��

� �

���	���

�

.

1

�

,

�������

�

.

1�230 � This is enforcedwith the follow-
ing constraint:

D � ,

�

�

�

� � D�� , ;

���	���

�

.

1�230 � ( $

GSTP
 )

To prevent incorrect overlap of the resetof the domino
gate in each STP stage we need a constraint stat-
ing that

�����

�&� 4

*��

� triggered by the previous rising
edge of D	� must occur before

���	�

�&� ��� , triggered by
the current rising edge of D	� . This is a multi-cycle
constraint, which when written in terms of a se-
quence of transitions, is D	� ,

���	�

��� 4

*��

,

���	�

�&� 4

*��

� ;

D � ,�D	� ��D � ,

���	�

�&�

.

�

+

,

���	�

�&�

.

1

�

�

���	�

��� ��� , . We can
rephrasethis multi-cycle constraintas a compoundtim-
ing constraint$

GSTP
!

J

*

XOR $

GSTP
"

J

*

, where $

GSTP
!

J

*

and $

GSTP
"

J

*

are
two PODconstraintsgivenbelow:

D	� ,

�

�����

�&� 4

*��

� ;

���	�

�&� ��� , ( $

GSTP
!

J

*

)
D	� ,

�

�����

�&� 4

*��

� ;6D	� , ( $

GSTP
"

J

*

)

To seewhy this is so, let us performa caseanalysis.The
�rst caseis whenthesecondinstanceof transition D � , oc-
cursbefore

���	�

�&� 4

*��

� . In this case,the sameinstanceof
D � , precedesboth

�����

�&� ��� , and
���	�

��� 4

*��

� , andhencewe
cansimplywrite it asthePODconstraint$

GSTP
!

J

*

. However, if
thesecondinstanceof D	� , doesnot precede

���	�

�&� 4

*��

� , it
simplymeansthat

���	�

�&� 4

*��

� occursbeforeD	� , �res again;
i.e., $

GSTP
"

J

*

holds,andsodoesthemulti-cycleconstraint.

Finally, considerthe domino inverter in the LP stage,de-
pictedin Figure4(d).Toavoidashort-circuitin thisinverter,
thefollowing constraintis necessary:

D	� ,

�

�

�

� � D��

�

� ;#�	


��


� 4




� ( $

GSTP
$ )

In all, weneeded� � timing constraints,asshown in Table1
(we counta compoundtiming constraintasa singlecon-
straint).We wereableto provethatunderthesetiming con-
straints,the circuit conformsto its speci�cation.We also
model checked the circuit to verify the absenceof short-
circuits in all thedominoinverters.Run-timeswerewithin
a few minutes(seeTable1) andmemoryconsumptionwas
lessthan ��� � MB.

Next, we turnedto verifying all thetiming constraints,suc-
cessfullyverifying all but one: $

GSTP
$ . Considerthis con-

straint. It takes only � gate delays going from D	� , to
�	


��


� 4




� , while it takes % going from D	� , to �

�

� � D��

�

� .
This meansthat thecircuit, asdescribedin thepaper[12],
hasa short-circuiterror.

To eliminatethiserror, wereplacedtheunfooteddominoin-
verterin theLP stageby afooteddominoinverter. With this
replacement,constraint $

GSTP
$ becomesunnecessary. Cor-

rectnessof the modi�ed circuit wasveri�ed withoutusing
thisconstraintin about
 minutes.

5.2. Other Cir cuits

Amongtheothercircuitsweveri�ed, webrie�y reporthere
on the modelingof two: the GasPcontrol circuit [30] and
the STAPL left-right buffer circuit [23]. A singlestageof
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Figure 6. GasP stage
theGasPcontrolcircuit is depictedat thegate-level in Fig-
ure 6 with normally distributedpullup and pulldown col-
lapsedinto theunfooteddominoinverter. To ensurecorrect
operationof this circuit, we neededto specify 
 PODcon-
straintsfor eachstage.A sampleconstraintis
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We checked conformanceof the circuit in Figure6 to its
speci�cation.Wealsoconnected�4� stagestogetherin aring
with exactly one full stage,andmodel checked it for ab-
senceof shortcircuits andto verify that exactly onestage
wasfull at any givenpointof time.Bothveri�cations com-
pletedwithin a minute,asshown in Table1.

TheSTAPL left-right buffer (seeFigure4.7 in [23]) is dif-
ferentfrom theothertwo circuitsin that it usesmetrictim-
ing constraints.For correctoperation,the circuit employs



two pulsegeneratorswith pulse-lengthslessthanconstants
@�������� and @	��

����� respectively, alongwith two correspond-
ing pathsin the circuit that are respectively requiredto
take longer than constants

�

������� and
�

��

����� , and an addi-
tional constraintthat

�

������� - @�������� and
�

��

����� - @���
������ .
Thesetiming constraintsnaturallylendthemselvesto being
modeledasmetricconstraintswith clock variables,with �

constraints( 
 clock variables)perbuffer stage.In addition
to theseconstraints,eachstagealso requires� POD con-
straints.We checked conformanceof this circuit with the
speci�cation given by Nyström and Martin [23] and also
modelchecked a ring of � buffers (for samepropertiesas
theGasPcircuit); bothveri�cationscompletedsuccessfully
within a few minutes.

5.3. Comparisonwith Other Tools

Table1 summarizesour experimentalresultson the � cir-
cuitsdiscussedsofar.

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. Summar y of experimental results
with TMV.


 ��


is thenumberof signals,

 � 


is thenum-
berof timing constraintswith associatedbreak-upinto cat-
egories,ªConf.º is the time for conformance(simulation)
checking,andªMCºis thetimefor modelchecking.

Wecomparedtheperformanceof TMV to ATACS [3], which
isbasedonmetrictiming.ATACS usesmodelcheckingalgo-
rithmsthatareexplicit-statein theBooleancomponentand
prunethesearchspaceusingpartial-orderreductionmeth-
ods.4 In modelingthe Global STP(the correctedversion)
andSTAPL circuits,we assignedmin-maxdelayrangesto
all gatessothattiming is analogousto countingtransitions,
but for theGasPcircuit wehadto assignrangesmorecare-
fully sothatall PODconstraintsweresatis�ed.For all three
circuits,ATACS did not �nish within anhour, runningoutof
memoryfor theSTAPL andGlobalSTPcircuits.

Our tool alsooutperformsthe conformancecheckingtool
ANALYZE [27] that was enhancedwith the capability to
model relative-timing constraints(but not metric timing).
For example,for theGlobalSTPcircuit, ANALYZE wasable
to checkconformancefor individualmodules(e.g.,asingle
STPstage)in justafew seconds,butdidnot�nish within ���

daysfor the�at circuit.This illustratestheneedfor combin-
ing theGRT modelingmethodologywith a fully symbolic
veri�cation tool.

For thecircuitsdiscussedsofar, mosttiming constraintsare
simplePODconstraints,andvery few constraintsaremet-
ric. Hence,weonlyneededto introducefew clockvariables,
if any. ThisenabledTMV to scalewell on thesecircuits.

4 Theresultsreportedfor ATACS arefor thepartial-orderreductionop-
tion thatyieldedbestresults.

Asmentionedin Section2,metricconstraintscanusuallybe
reformulatedasPODconstraints,but atthecostof modular-
ity. UsingtheSTARI circuit [9], westudiedtherelativeper-
formanceof TMV for two differentwaysof modelingcon-
straints.(The readeris referredto Greenstreet's thesis[9]
for a descriptionof the circuit.) All timing constraintsfor
this circuit canbe modeledasPODconstraints,wherethe
PODis the clock that is distributedto bothsenderandre-
ceiver modules.This breaksmodularity, sincetiming con-
straintsfor eachbuffer stagebetweenthe senderand the
receiver requiretracingbackto the global clock. Onecan
alsoformulatetheseconstraintsasmetrictiming constraints
specifyingthat,for eachbuffer stage,anoutputdatabit and

B D � mustfollow an input within a clock phase.In our cir-
cuit model,weabstractedthedata-pathto only onebit, and
modeledonly oneof thetwo bitsmakingupthedualrail en-
coding.Thus,eachstagecontributestwoBooleanstatevari-
ables.Theresultingtimedautomatonhas 
 clock variables
(onepermetricconstraint)for every two stages.
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Figure 7. Results for STARI cir cuit. Notethatthe
Y-axisis onalog scale.A timeoutof �
���
� secondswasim-
posedon all runs.

We computedthesetof reachablestatesfor STARI circuits
(initializedto behalf-full) for increasingnumbersof buffer
stagesandin threedifferentways:(1) usingATACS, (2) us-
ing TMV with purelyPODconstraints,and(3) usingTMV
with modularlyspeci�edmetricconstraints.Theresultsare
displayedin Figure7. Using TMV with purely POD con-
straintsis themostscalableapproach,followedby ATACS.
Whenusedonamodelwith metricconstraints,TMV scales
very poorly. The reasonfor this appearsto be that each
clock zonehasfew correspondingBooleanstates,thusre-
ducingthebene�tsof usingfully symbolicBooleanmeth-
odsof quanti�er elimination.Onthemodelbasedpurelyon
POD constraints,TMV runsan orderof magnitudefaster
thanATACS.

6. Conclusionsand Future Work

We have proposeda novel approachto modeling timing
constraintsin digital circuits,basedon thenotionof gener-
alizedrelative timing. Circuitswith suchtiming constraints



areformally encodedastimed automata,to which we ap-
ply fully symbolicveri�cation techniques.Our approachis
illustratedon realcircuits,suchastheGlobalSTPcircuit.

Possibilitiesfor futurework includeautomaticallygenerat-
ing timing constraints,andapplyingcompositionalreason-
ing andabstractionmethodsto furtherscaleup veri�cation
to largercircuits.
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