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Abstract

Thispaperdiscussestheapplicationof thetiming anal-
ysis tool ATACS to the high performance, self-resetting
anddelayed-resetdominocircuitsbeingdesignedat IBM’s
AustinResearch Laboratory. Thetool,which wasoriginally
developedto dealwith asynchronouscircuits,is well suited
to the self-resettingstyle sinceinternally, a block of self-
resettingor delayed-resetdomino logic is asynchronous.
Thecircuits are representedusingtimedevent/level struc-
tures. Thesestructures correspondvery directly to gate
level circuits, making the translation from a transistor
schematicto a TEL structure straightforward. Thestate-
spaceexplosionproblemis mitigatedusing an algorithm
basedon partially ordered sets(POSETs). Resultson a
numberof circuits fromtherecentlypublishedguTS(giga-
hertzunit TestSite)processorfromIBM indicatethat mod-
ules of significantsizecan be verified with ATACS using
a level of abstraction that preservesthe interestingtiming
propertiesof thecircuit. Accuratecircuit level verification
allows the designerto include lessmargin in the design,
which canleadto increasedperformance.

1 Intr oduction

In order to be successfuland widely used,any circuit
designstyle must have extensive CAD support. Lack of
CAD supportis one reasonthat asynchronousdesignhas
not beenwidely accepted,despiteits advantagesin some
areas. However, in order to get high performance,syn-
chronousdesignsarealwayspushingtheboundariesof ex-
istingCAD toolsaswell. Thecircuit stylebeingdeveloped
andusedatIBM’ sAustinResearchLaboratoryis agoodex-
ampleof this. Althoughthecircuitsaresynchronous,their
local behavior is asynchronous,andthe timing constraints
thatmustbemetfor themto work correctlyarequitecom-
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plex. Existingsynchronousstatictiming analysismethods
canbeadaptedto analyzethis typeof circuit [1, 2, 3], but
they have somelimitations. Theapproachpresentedin [1]
extendsthestatictimingmethodologyby changingthestan-
dardtwo eventpersignalmodelto a four eventpersignal
model.Thisallows all of therelevanttiming constraintson
a dominogateto be verified. However, sincethe method
considersonly topologicaldelayandnot booleanbehavior,
it canbe overly pessimistic.The methodpresentedin [2]
is successfulin verifying a large,highperformancechip. It
addssomebooleanbehavior to thetopologicaldelaycalcu-
lationsin orderto improveaccuracy, butmaystill beconser-
vative. Thetechniquepresentedin [3] is designedto verify
self-resettingor delayed-resetcircuitsat themacrolevel. A
designermustdetermineaninterfacespecificationfor each
macrothroughsimulation. The timing analysistool then
determinesif the combinationof all the macroscorrectly
implementsall of the interfaces.This workswell for chip
level timing verification,but the interfacesspecifiedby the
designerareneverformallyverified.A tool thatverifiesthat
thegatesinsidethemacrowork correctlywithin thespeci-
fied interfaceis requiredto completetheverification.

Sincethebehavior insidetheself-resettinganddelayed-
resetmacrosis very similar to thatof anasynchronouscir-
cuit, a tool designedfor asynchronouscircuits is usefulin
their timing verification. A timing analysistool for asyn-
chronouscircuitsmustbemoregeneralthanthestatictim-
ing tools usedfor synchronouscircuits. No assumptions
about the time behavior of the systemare made,which
meansthat an asynchronoustiming verification tool can
handleany timing optimizationsmadeby synchronousde-
signers.This flexibility allows designersto createnew cir-
cuit styleswithoutmodifying thetiming analysistool.

Thereare two basicapproachesto timing analysisfor
asynchronoussystems.Oneapproach,presentedin [4], is
basedon timeseparation of events. This algorithmis effi-
cient for determiningan individual time separation.How-
ever, verificationof a largecircuit modelrequireschecking
thousandsof timeseparations.Sincethesealgorithmsview



eachnew time separationasa differentproblem,thereis a
pointat which exploring thetimedstatespaceof thespeci-
ficationbecomesfasterthancomputingall of thenecessary
timeseparations.Theotherapproach,whichis takenin this
paper, is basedon timed statespaceexploration. Timed
statespaceexplorationalgorithmsdeterminethe setof all
statesthatarereachablein thespecificationgiven the tim-
ing informationprovided. The statespaceexplorational-
gorithm usedfor verificationin this paperis basedon the
POSETtechnique [5], which significantly reducesstate
spacesize.

However, any tool designedfor asynchronouscircuitsis
limited in the sizeof specificationsit can analyze. Since
asynchronoustools explore all possiblesequentialbehav-
iors of thecircuit, their time andspacecomplexity areex-
ponential,andthey arebestusedfor gatelevel analysisof
smallcircuitsor abstractedversionsof largermacros.This
paperdescribestheapplicationof theasynchronoustiming
analysistool ATACS,to the verificationof severaldesigns
from theguTS(gigahertzunit TestSite)processordesigned
at IBM’ s Austin ResearchLaboratory. It first describesthe
model that ATACS usesto representcircuits It then dis-
cussesthedelayed-resetdominocircuit styleandits perfor-
manceadvantages.Finally, it presentsseveralcasestudies
from the guTS microprocessor. Thesecasestudiesshow
thatATACSis capableof analyzingdelayed-resetandself-
resettingcircuitsaccuratelyandthattheabstractionsneces-
saryto make the problemstractabledo not causethe tool
to underestimateperformance.If it is possibleto accurately
verify the macros,lessmargin is necessaryto ensurecor-
rectness,andhigherperformancecircuitscanbeachieved.

2 Specifyingdelayed-resetdomino circuits

The specificationsthat areanalyzedby ATACS,Timed
Event/Level (TEL) structures[6], describedformally be-
low, areverywell suitedto thedelayed-resetdominostyle.
TEL structuresextendtimed ER structures [7], by allow-
ing booleanexpressionsto be addedto the specification.
TEL structuresrepresenta setof specificationsequivalent
to thoserepresentedby bothtime andtimedPetrinets,and
they have two main advantagesover purely event based
specifications.The first is that they are easyto generate
from a higher level languagesuchasVHDL [8]. Purely
eventbasedspecificationformatsdonotcorrespondwell to
thesignallevel basedsemanticsof higherlevel languages.
Thesecondadvantageis in performance.Specificationsex-
pressedasTEL structuresaremorecompactandhavefewer
markingsthanthoseexpressedin a purelyeventbasedfor-
malism. This resultsin smallerstatespacesanddecreased
run timeandmemoryusage.
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A TEL structureis a 6-tuple *,+.-0/214365(1478149:1<;=1?>=@
where:

1. / is thesetof signals;
2. 365A+CBED'16FHGJI is theinitial state;
3. 7LKM/ONPBHQR1TSUGPVXW is thesetof actions;
4. 9�KY7ZN\[^]_+LBED`1TF"1?a�bcb^b^GJd is thesetof events;
5. ;CKM9eN&9eN�]fNA[g]LVhBHiMG d(NA[kjAl�BJD'16FHGEInm.BJD'16FHGJd

is thesetof rules;
6. >oKp9�Nq9 is theconflictrelation.

The signal set, / , containsthe wires in the circuit
specification.Thestate365 containstheinitial valueof each
signalin / . The actionset, 7 , containsfor eachsignal r
in / , a rising transition, r�Q , anda falling transition, rsS ,
alongwith thesequencingevent$, whichis usedto indicate
anactionthatdoesnot causea signaltransition.Theevent
set, 9 , containsactions paired with occurrenceindices
(i.e., -kt)1vuw@ ). Pairingactionswith occurrenceindicesallows
an arbitrary number of events to be createdfrom each
action, including the sequencingaction, W . Sequencing
eventsareoften usedto expressnondeterminismwherea
signalmay or may not transition. Although, formally the
definitionrequiresthatall sequencingeventsbeof theform
W"x u whereu is aninteger, sequencingeventsof theform W"3
where 3 is a stringareusedin this paperin orderto make
the purposeof the sequencingevent more clear. Rules
representcausalitybetweenevents. Eachrule, y , is of the
form -kz{14|)1<}v1v~�14j�@ where:

1. z = enablingevent,
2. | = enabledevent,
3. -k}w1v~�@ = boundedtiming constraint,and
4. j = abooleanfunctionover thesignalsin / .

A rule is enabledif its enablingeventhasoccurredandits
booleanfunction is true in thecurrentstate.Therearetwo
possiblesemanticsconcerningthe enablingof a rule. In
onesemantics,referredto asnon-disablingsemantics, once
a rule becomesenabled,it cannotloseits enablingdueto a
changein thestate.In theothersemantics,referredtoasdis-
abling semantics, a rule canbecomeenabledandthenlose
itsenabling.Thiscanoccurwhenanothereventfires,result-
ing in a statewherethebooleanfunction is no longertrue.
A singlespecificationcanincluderuleswith both typesof
semantics.Non-disablingsemanticsare typically usedto
specifyenvironmentbehavior anddisablingsemanticsare
typically usedto specify logic gates. For the purposesof
verification,thedisablingof a booleanexpressionon a dis-
ablingruleis assumedto correspondto afailure.Disablings
of booleanguardsareconsideredfailuressincethey corre-
spondto a glitch on theinput to agate.A rule is satisfiedif
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Figure 1. A delayed-reset domino gate.

it hasbeenat least } timeunitssinceit wasenabledandex-
piredif it hasbeenat least~ timeunitssinceit wasenabled.
Excludingconflicts,aneventcannotoccuruntil every rule
enablingit is satisfied,andit mustoccurbeforeevery rule
enablingit hasexpired.

Theconflict relation, > , is usedto modeldisjunctivebe-
havior andchoice.Whentwo eventsz and zJ� arein conflict
(denotedz:>fzJ� ), this specifiesthat either z canoccuror
zE� canoccur, but not both. Takingtheconflict relationinto
account,if two ruleshave thesameenabledeventandcon-
flicting enablingevents,thenonly oneof the two mutually
exclusive enablingeventsneedsto occur to causethe en-
abledevent. This modelsa form of disjunctive causality.
Choiceis modeledwhentwo ruleshave thesameenabling
eventandconflictingenabledevents.In this case,only one
of the enabledeventscan occur. Every pairwiseconflict
in the TEL structuremust be specified,but this doesnot
causea problemfor theusersinceTEL structuresaretypi-
cally generatedfrom a higherlevel input language,suchas
VHDL [8]. If a specificationis cyclic, thentheTEL struc-
ture representingit is infinite. However, due to its repet-
itive nature,this infinite behavior canbe describedwith a
finite modelby addingan additionalsetof rulesandcon-
flicts whichrecursively definetheinfinite structure[7].

Figure1 shows an exampleof a delayed-resetdomino
gate. The gatecomputesthe function [0t:��jTd���� in two
stages.The first stagecomputest���j while ��}k��F is high,
andthe next stagecomputes�J~���FA��� while ��}	�'a is high.
Both gatesprechargewhile their respective clocksarelow.
Sinceneithern-stackhasa “foot” transistorto ensurethat
thepathto groundis turnedoff duringtheprechargephase,
thetiming of thecircuit mustguaranteethatall theinputsto
thegatearelow by the time the local clock for eachstage
falls.

TheTEL structurerepresentationfor thedominogateis
shown in Figure2. It includesonerising andone falling
eventfor eachsignal.Thespecificationindicatesthatthere
is a global clock ����}	� which rises500 time units after it
falls and falls 500 time units after it rises. The inputs to
the gate, t)1?j and � , nondeterministicallyrise sometime
after the clock rises. The nondeterminismis modeledus-
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Figure 2. TEL structure for the gate in Fig. 1

ing theconflict relationandsequencingevents.Eachrising
event on an input conflictswith a correspondingsequenc-
ing event. Sincethe rising eventandthesequencingevent
conflict, only one of them can occur. If the rising event
for a signalfires, thesignalrisesin thatclock cycle, if the
sequencingeventfires, it doesnot. A falling transitionon
theglobalclock is followedby falling transitionson all of
theinputs,if they have risen.Again sequencingeventsand
conflictsareusedto dealwith the nondeterminism.If an
input signalriseson the rising edgeof ����}k� thena falling
event for that signalmustoccurwhen ���T}k� falls. Other-
wise, a conflicting sequencingevent fires, preventing the
falling eventon theinput signalfrom becomingenabledas
soonasthat signalrisesagain. The ����}k� signalalsocon-
trols thefiring time of the two local clocks, ��}	��F and �T}k�'a .
Thelocalclock ��}k��F risesbetween10and30 timeunitsaf-
ter ���T}k� risesandfalls 30 time unitsafter ����}	� falls. The
otherlocal clock, ��}	�'a andthe two gateoutputs,�J~���F and
�J~)�va arespecifiedin a similar fashion.

Although the TEL structureis readablefor a small cir-
cuit, it would be difficult to specifya large macroat this
level. ATACS providessupportfor two higher level input
languages,VHDL andCSP. Designerscanspecifycircuits
in theselanguages,andthey arecompiledinto TEL struc-
turesusingtechniquesdescribedin [7, 8].

Oncea TEL structurefor thecircuit is created,it canbe
usedby ATACS to find all of the circuit’s possibletiming
behaviorsandcheckfor timing failures.In thecaseof these
dominogates,ATACSis usedto checkfor two typesof fail-
ures. The first is that oncea pulldown stackturns on, it
remainson until thedynamicnodehasswitched.Theother
is thatall pathsto groundin then-stackareturnedoff be-



fore the dynamicnodebegins to precharge. Both of these
conditionsmustbe met in orderfor the circuit to be elec-
trically sound.If thefirst conditionis not met,anincorrect
valuefor thedynamicnodemaybelatched,andif thesec-
ond condition is not met the gatewill draw a large short
circuit current. Either of theseconditionswould be quite
simpleto checkfor statically, sincethefirst canalwaysbe
met by increasingthe time that the inputsareon, andthe
secondcanalwaysbe met by decreasingthe time that the
inputsareon. Howeverthecombinationof theconstraintsis
moredifficult to check.Thereis arangeof pulselengthsfor
eachsignalthatallow thecircuit to functioncorrectly, and
the rangefor eachsignalis correlatedto the pulselengths
of many othersignals.

Analysiswith ATACSallowsa designerto checkif aset
of pulselengthrangesworks without consideringthe im-
plicationsof eachrangeby handor runninga SPICElevel
simulation.Thefirst constraint,that inputsremainon long
enoughfor a gateto switch, is always checked automati-
cally asATACSexploresthestatespaceof thesystem.AT-
ACSgeneratesanerrorif thebooleanexpressionassociated
with any disablingrulecanbecometrueandthenfalseagain
beforethesignaltransitions.Thiserroris generatedregard-
lessof thetiming boundon therule involved.For example,
considertheTEL structurefor thesignal �J~)��F in Figure2.
When �J~)��F is low, if theexpressiont���j becomestrue,AT-
ACSgeneratesanerror if it becomesfalseat any time be-
fore �J~)��F rises. Theupperboundon thepulselengthscan
be checkedby addinga simpleconstraintto the specifica-
tion which statesthatfor eachgate,the inputsmustbelow
at the time the clock falls. This constraintis the samefor
eachgate,so it canbe generatedautomatically. Addition-
ally, any othertiming constraintthatadesignermaywishto
check,suchassetupandhold times,canalsobespecified
andverified.

After the transistorlevel designis completed,the best
andworst casepropagationtime througheachgateis de-
rived from SPICE.Thesedelaysarecomputedasthe time
differencebetweenthe midpointsof the rising edgeof the
inputchangeandtherisingedgeof thetransitioningoutput.
After eachgatehasbeencharacterized,ATACScanbeused
to checkthata circuit is electricallysoundwithout running
multiple SPICErunson theentirecircuit to checkall pos-
sible combinationsof gatedelaybehavior. SinceATACS
doesnot do electricalanalysis,it is necessaryto addmar-
gin to the SPICEderiveddelaysto ensurethat electrically
marginal circuits do not verify. SPICEsimulationsshow
thata5%margin on theSPICEderivedbestandworstcase
gatepropagationtimesis enoughto ensurethatcircuitsthat
verify in ATACSdo not have electricalfailuresdueto tim-
ing. Whencircuits are too large to be verified at the gate
level, conservativeabstractionswhichpreservetheproperty
thata circuit thatis verifiedis electricallysoundareused.

3 Timed statespaceexploration

Circuits specifiedas TEL structuresare verified using
a depth-firstsearchto find all of the statesallowed by the
specification.Thealgorithmusesa numberof setsto keep
track of the statusof all of the rules in the specification
duringthesearch.The ;�� setor, markedset, containsall
eventswhoseenablingeventhasfired. Thestatevector, 3J� ,
containsthestateof all thesignals.Fromthis information,
the algorithmcan computethe set of enabledrules, ;U��� ,
which includesonly thosemembersof ; � whoseboolean
expressionsaresatisfiedby thestatevector. In orderto de-
terminewhichrulesin ;U��� canfire, timing information,*��
is needed.A timedstateis definedto be ; � NP3E�AN TI. A
timed statecontainsall the informationnecessaryto com-
putethesetof rulesthatcanfire, ;�� .
���	� ���)��
����"!$�k%�!(�)���	�����

Timing information is representedwith geometricre-
gions, whichwerefirst introducedin [9, 10]. In thegeomet-
ric region approach,partof TI is definedto bea constraint
matrix � thatspecifiesthemaximumdifferencein timebe-
tweenthe enablingtimesof all the rulesin ;U��� . The DH�v�
row andcolumnof the matrix containthe separationsbe-
tweentheenablingtimesof eachrule in ; ��� anda dummy
rule y6  . Theenablingtime of y6  is definedto beuniquely
0. Eachentry ¡q¢¤£ in thematrix � containsthemaximum
timedifferencebetweentheenablingtimeof rule ¥ andthe
enablingtime of rule u . Sincethe enablingtime of yE  is
alwayszero,themaximumtimedifferencebetweentheen-
ablingtimeof rule u andtheenablingtimeof rule y6  ( ¡¦5 ¢ ) is
just themaximumtimesinceu wasenabled.Themaximum
timedifferencebetweentheenablingtimeof y6  andtheen-
ablingtime of rule u ( ¡ ¢ 5 ) is thenegationof theminimum
time since u wasenabled.Note that � only needsto con-
tain informationonthetiming of therulesthatarecurrently
in ;���� , notonthewholesetof rules.Thisconstraintmatrix
representsaconvex § ; ��� § dimensionalregion. Eachdimen-
sioncorrespondsto aruleandthefiring timesof theenabled
eventsfor therulescanbeanywherewithin thespace.The
resultof timedstatespaceexplorationusinggeometricre-
gionsis a region graph, wherethe nodesin the graphare
geometricregions and the edgesare rules. Although the
TEL structureis infinite, its repetitive natureallows its be-
havior to beexpressedasa cyclic region graphwhereeach
geometricregionrepresentsanequivalenceclassdefinedby
thesetof possibletimerelationshipsbetweenenabledrules.

Whenan event fires andcausesnew rules to be added
to ; ��� , the matrix needsto be updatedto reflect the new
timing information. Informationaboutthe newly enabled
rulesmustbeaddedto theconstraintmatrixandinformation
aboutrulesthatarenolongerin ;U��� mustberemoved.The



main operationusedto do this is recanonicalization. Re-
canonicalizationtakesamatrix � wheresomeof the ¡ ¢¤£ ’s
aregreaterthanmax[¨��[ enabling[^¥$dvd�S���[ enabling[¨uwdvd<d and
producesa matrix whereall the ¡q¢©£ ’s have their maximum
allowedvalue.Theassignmentof the ¡¦¢¤£ ’s sothatthey all
have their maximumvalue is alwaysunique,so the algo-
rithm candeterminewhenagivenregion is equivalentto or
containedin a region thathasbeenseenbefore. Recanon-
icalizationis essentiallytheall pairsshortestpathproblem
and can be done in ª«[0¬®­Ed time with Floyd’s algorithm.
Whenthe algorithmis usedfor maintaininga region ma-
trix, it canbedoneincrementallyin ª«[¨¬®¯Jd time,sincemost
entriesin thematrixalreadyhavetheircanonicalvalue[11].

In our versionof the geometricregion algorithm [12],
timing information is updatedwhenever a rule fires, and
rulesareallowedto fire independentlyof events. This ap-
proachis a generalizationof the geometricregions tech-
nique presentedin [11], where timing information only
changeswhenan event fires. In our algorithm,a rule can
alwaysfire whenit is satisfied.The firing of a rule, how-
ever, doesnot alwayscorrespondto thefiring of anactual
event. An event only fires whenall of the rulesenabling
it have fired. As rules fire, they are projectedout of the
constraintmatrix,andareremovedfrom ; � 14;��w� , and ; � .
They areaddedto a new setof “fired” rules, ;�° , which is
partof the timing information. Sincethey have fired, tim-
ing informationaboutthemis nolongerneeded,but thefact
that they have fired mustberecorded.Whena setof rules
sufficient to enableanevent z arein ;U° , z canfire.

���0� ±³²�´�µ:
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A depthfirst searchis usedto find thetimedstatespace
of aTEL structure.Fromatimedstate,;���N83 � N8�.N�; ° ,
thesearchalgorithmcalculatesthe ;�� set.It thenchoosesa
rulefrom ;U� to fire, placestherestof therulesin ;�� onthe
stack,andcalls a function that returnsthe timed statethat
resultsfrom firing therule. If thenew timedstatehasbeen
seenbefore,the algorithmpopsan unexploredtimedstate
off thestackandcontinuesthesearch.If thereareno more
unexploredstatesonthestack,thealgorithmhascompleted.

In order to reducethe stateexplosion problem,an al-
gorithm basedon partially ordered sets(POSETs)[13, 5]
is used. The POSETalgorithmusespartially orderedsets
of eventsto creategeometricregionsratherthanlinearse-
quences.Thispreventsadditionalregionsfrom beingadded
for differentsequencesof eventfirings thatleadto thesame
untimedstate. POSETtiming resultsin a compressionof
the statespaceinto fewer, larger geometricregions that,
taken together, containthesameregion in spaceastheset
of regionsgeneratedby the standardgeometrictechnique.
Regionsthataregeneratedby thestandardgeometrictech-
niqueareonly combinedby the POSETtechniqueif their

combinationis convex. Therefore,all propertiesof thesys-
tem that canbe verified with the standardgeometrictech-
niquecanbeverifiedwith thePOSETalgorithm.

Thecoreof thePOSETalgorithminvolvesupdatingthe
timedstatewhena new rule fires. The function to do this
mustupdateall of thesetswhich indicatethestatusof rules
aswell astheconstraintmatrixandaPOSETmatrix,which
containstime relationshipsbetweeneventfiring times.The
functionfirst addsthefiring rule to thefiredset, ; ° andre-
movesit from the markedset ; � . It thenchecksif firing
this rule causesany eventto fire. An event is fired if all of
therulesthatenableit areeitherin ;U° or conflict with an-
otherrule that is in ;�° . If aneventcanfire, thealgorithm
updatestheuntimedstate.If thechangein thestatevector
causesany rule to becomedisabled,eitheranerroror warn-
ing is generatedto indicatethat this may be a verification
failure. Next, the algorithmremovesany rulesthat enable
aneventin conflictwith thefiring eventfrom theconstraint
matrix � . It alsoremovesany conflicting rulesfrom ;��
and ; ° , andit removesfrom ; ° any rulesthat enablethe
firing event. Next, thealgorithmaddsany ruleswhoseen-
abling event is the firing event to the markedset ;�� , and
addsany newly enabledrulesto theconstraintmatrix. The
agedifferencesbetweentheserulesandthepreviously ex-
isting rulesaredeterminedby the contentsof the POSET
matrix,whichneedsto beupdatedto includethenew event
firing. Theprocedurefor updatingthe POSETmatrix and
usingthenew POSETmatrix to computea new constraint
matrix is describedin the next subsection.After the con-
straintmatrix is updated,the fired rule is eliminatedfrom
the matrix, and time is advanced. The recanonicalization
stepthenrestrictsthe maximumagesto thosethat areal-
lowedgiventheagedifferencesallowedby thePOSETma-
trix. Finally thealgorithmreturnsa new timedstateandan
updatedPOSETmatrix.

���¿� ±q²�´Àµ«
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Themethodfor updatingthePOSETmatrix is basedon
theconceptof causality. An event that is enabledby mul-
tiple rulesdoesnot fire until all of theseruleshave fired.
The last rule to fire actually causesthe event to fire, and
is referredto as the causal rule. More formally, a rule
y � +Â-kz �T14z{1<}w1<~�@ is causalto event z givena rule firing se-
quencey 5 bcbcb y � , if thefiring sequencey 5 bcbcb yE��Ã®Ä doesnoten-
able z andthefiring sequencey 5 bcbcb yE� doesenablez . When
doinganalysiswith ER structures,if y:+X-0z � 1<z{1<}v1v~�@ is the
causalrule to z , thenthefiring timeof theevent z � controls
thefiring timeof event z .

However, with TEL structuresthisis notalwaysthecase.
Theeventthatcontrolstheenablingtimeof arulemaybeits
enablingevent,or it maybesomeothereventfiring which
causesits booleanexpressionto becomesatisfied.To ana-



lyze TEL structures,theconceptof a causaleventto a rule
is alsonecessary. Thecausaleventof a rule, y , is theevent
whosefiring causedy to becomeenabled.More formally,
an event zJ� is causalto a rule y given an event firing se-
quencez 5 bcbcb z � if therule y is notenabledafterthesequence
z 5 b^bcb zE�AÃ®Ä hasfired and is enabledafter z 5 b^bcb zE� hasfired.
For TEL structures,the causalevent, z � , to an event z is
thecausaleventof thecausalrule of z , yJ�A+X-0z ¢ 14z{1<}w1<~�1?j�@ .
SincezJ� controlsthetime that yE� becomesenabled,andthe
firing time of yJ� controlsthefiring time of z , it is thefiring
timeof z � whichdetermineswhen z fires.Oncez � fires,be-
tween } and ~ time unitspassbefore z fires. Since z � is the
causalevent,noothereventsarenecessaryin orderfor z to
fire, andtheupperboundon y , ~ , cannotbeexceeded.For
example,considerthe TEL structurefor the signal �J~)�va(Q
in Figure2 when �J~��va'S hasjust fired. Supposethat �J~)��F
risesandthen � rises.In this case�6Q is causalto theevent
�J~��va{Q . Assumingthat the rule doesnot becomedisabled,
�J~��va{Q mustrisebetween10and30 timeunitsafter � rises.

For any given rule firing sequence,thereis a well de-
fined causalevent for eachevent firing, z . The timing of
this causalevent completelydeterminesthe firing time of
z . Eventsthatareconcurrentwith z do not effect its firing
time. Thepurposeof thePOSETmatrix is to keeptrackof
thetime separationsbetweeneventfiring timesthatareal-
lowedby thecausalityin thefiring sequencewithoutforcing
the timing behaviors representedby the geometricregions
to conformto the total orderof the firing sequence.This
preventsa new region from beinggeneratedfor every pos-
siblefiring sequenceleadingto anuntimedstateanddrasti-
cally reducesthesizeof thestatespace.

Whenanew event, | , is addedto thePOSETmatrix,the
time relationshipsbetween| andtheeventsalreadyin the
POSETmatrix mustbecalculated.Theserelationshipsde-
pendon thecausalityin thefiring sequencebeingexplored.
If anevent zJ¢ in thePOSETmatrix is causalto | , thepossi-
ble time relationshipsbetweenzJ¢ and | arecompletelyde-
termined.Themaximumtime thatcanpassbetweenzJ¢ and
| is ~ , andtheminimumtimeis } . If anevent z ¢ is notcausal
to | , but is the enablingevent of a rule y that enables| ,
thentheminimumseparationbetweenz ¢ and | is thelower
boundon y , sincethe lower boundson all rulesenabling
| mustbe met. Due to the level expressions,the event z ¢
maybenecessaryin orderto fire | evenif it is not theen-
abling event of a rule enabling | . If this is the case,then
z ¢ is and context to | andmustfire someamountof time
before| . For example,if event �EQ is enabledby arulewith
thebooleanexpressionÅ t¼�«j4Æ , thentherising transitionson
t and j in thePOSETmatrix mustoccura certainamount
of time before �6Q . A differentrestrictionis necessaryfor
booleanexpressionsinvolving or expressions.If an event
t�Q is causalto an event � througha rule with a boolean
expressiont��³j , thenthen t'Q musthave happenedbefore

any risingeventson j , otherwisej wouldhavebeencausal.
Finally, if noneof theseconditionsapply, theminimumand
maximumareset to infinity sincenothingis known about
them.Thematrix is thenrecanonicalized,whichconstrains
all of theseparationsdown to themaximumsallowedby the
known constraints.Finally, any eventsthat areno longer
relevantto futurebehavior of thesystemareremovedfrom
thematrix andit is recanonicalized.Theresultis a POSET
matrix thatconstrainstheminimumandmaximumsepara-
tions betweeneventsthat are allowed by the causalityin
thefiring sequence.This new POSETmatrix is usedto up-
datetheconstraintmatrix,whichcontainstheminimumand
maximumdifferencesbetweentheenablingtimesof rules.
A rule becomesenabledwhenits causaleventfires.There-
fore, thefiring time differencebetweentheir causalevents
is usedto determinetheagedifferencebetweentwo rules.

For TEL structureswith arbitrarybooleanexpressions,
determiningwhethereventsareand context or or context
could be quite complex. Therefore,if POSETtiming is
used,the TEL structuresare limited to thosewhereeach
booleanexpressionis eithera singleand term or a single
or term. In practice,on the delayed-resetdominocircuits
this did not prove to be a significantlimitation. If a more
complex booleanexpressionis required,theresultsfromthe
POSETalgorithmareconservative. If anexact resultwith
arbitraryexpressionsis needed,theneitherthesimpler, ge-
ometricalgorithmfor TEL structures[6] canbeused,or the
specificationcanbe transformedin a straightforward way
into onethatcontainsonly simpleandandor expressions.

This algorithmextendsthebenefitsof POSETtiming to
specificationswith level expressions. The additionsthat
arenecessaryto supportlevels do not addsignificantlyto
computationtime, sincethey simply consistof determin-
ing causalityandcontext relationships.WhenTEL struc-
turesarelimited to simpleandor or terms,theserelation-
shipscanbe determinedby checksthat occurwhena rule
becomesenabled,andrequirevery little computationtime.
Thereductionin statespacethatis generatedby thePOSET
algorithmallowscircuitsof significantsizeto beverified.

4 Cir cuit analysis

ATACS was usedto analyzeseveral circuits from the
guTS(gigahertzunit TestSite) integermicroprocessorde-
signedat IBM’ sAustinResearchLaboratory[14]. Thepur-
poseof thisdesignis to demonstratetheperformancegains
thatcanbeachievedusingaggressivecircuit design.Thear-
chitectureis a fairly simple,forwarded,four-stagepipeline
which implements96 instructionsfrom the integerpart of
thePowerPCinstructionset. It is implementedin a D'b©a"ÇHÈ
CMOSprocessavailablein 1997.Thehigh-performanceof
thecircuit is a resultof the circuit design,which is nearly
100dynamiclogic,andthemicroarchitecture,whichallows



asmuchconcurrency aspossible[15].
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The circuits in the guTS processorare designedusing

a dynamic circuit style known as delayed-resetdomino
[16, 17]. A microprocessordesignedin this style contains
a setof macroswhich operatesynchronously. A delayed-
resetdominomacroconsistsof a numberof levels of dy-
namicgates,eachof which receivesinputsfrom preceding
layers.Standarddominogatesuseacommonclockthatacts
asa timing reference.In a delayed-resetdesign,eachlevel
of dynamicgatesreceives its own, preciselytimed clock,
which is generatedby a buffer chainwithin themacro.The
local clockstravel throughthe logic alongwith thedata,a
resetwave precedingeachcomputationwave. This tech-
niqueallows approximatelyone-halfcycle for eachgateto
resetandone-halfcycle for eachgateto evaluate.Thecy-
cle time for a delayed-resetdominomacrois setby adding
thenecessaryprechargeandevaluatetimesfor asinglegate.
If multiple gatesoperateon thesameprechargesignal,cy-
cle time is setby addingtheevaluatedelaythroughall the
stagesto theprechargedelay. Dueto theoverlappingof the
precharge and evaluatephases,the delayed-resetdomino
approachsignificantly increasesthe amountof dynamic-
logic that can be placedin a macroat a given clock fre-
quency.

The delayed-resetdominogatesusedin the guTSpro-
cessorlack the “foot” device that is includedin a standard
dominogate. The purposeof this device is to turn off the
gates’pulldown stackduringtheprechargephase.Remov-
ing this device allows thegateto switch5% to 15%faster
. Alternatively, thegatecancomputea morecomplex logic
functionusingthesametransistorstackheightif the“foot”
transistoris removed[16]. In orderto removethistransistor,
it is necessaryto ensurethattheevaluatelogic is notondur-
ing theprechargephase.This is thecaseif all inputsto the
gateareguaranteedto be low during the prechargephase.
To meetthis requirement,the inputsto themacromustbe
pulsed. Combinedwith the requirementthat the inputsto
eachgateremainstablehigh longenoughto switchthedy-
namicnode,this resultsin a two sidedtiming verification
problemwhich is unusualfor a synchronousdesign.

In the guTS processor, the macro level timing ver-
ification is done using extensive SPICE level circuit
simulation[18]. After the delaybehavior of the macrosis
characterizedby designersin SPICE,it is incorporatedinto
a chip level timing modelfor chip level statictiming veri-
fication. This wasa successfulapproachfor this processor
sinceit worked in first silicon. However, in order to en-
surethe correctnessof the processorover all variationsin
delay, large amountsof delay margin are includedin the
designof the macros. If it is possibleto formally verify
themacros,lessmargin is necessaryto have confidencein
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Figure 3. The MLE circuit.

theprocessor’s correctness,which canresultin higherper-
formance.The timing constraintsthat needto be checked
in thedelayedresetdominomacrosarevery similar to the
correctnessconstraintsnecessaryfor asynchronouscircuits,
and the delayedresetdominocircuits arequite similar to
asynchronouscircuits. Therefore,anasynchronoustiming
verificationtool is a naturalchoiceto be usedfor formal
verificationof themacros.
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The asynchronoustiming verificationtool ATACS was
usedto verify severalof themacrosfrom theguTSproces-
sor. The first circuit is a combinedmultiplexor and latch
(MLE). Thiscircuit is smallenoughverify at thegatelevel,
andis shown in Figure3. Thegoalwith thiscircuit is to ver-
ify that the timing specificationwhich is suppliedwith the
circuit indeedguaranteesthat the circuit works correctly.
Thetiming specificationdescribesthetiming requirements
that must be met by any circuit communicatingwith the
MLE. It is derived from SPICElevel simulationand the
circuit designersknowledgeof how thecircuit works. The
timing specificationsarealsousedasthebasisfor chiplevel
statictiming analysis.In orderto ensurethatthechip-level
statictiming analysisis modelingall timing behavior, each
macroneedsto beformally verifiedin theenvironmentde-
scribedby the timing specification. ATACS verifies the
MLE circuit in a few secondsona 400MHzPentiumII.

TheMLE circuit containsbothstaticanddynamicgates.
The inputsto staticgatesareallowed to be unstablesince
this doesnot immediatelycausea failure. However, if a
glitch on theoutputof a staticgatepropagatesto the input
of adynamicgate,it cancauseafailure.In theMLE circuit,
the gatedriving the signal “output complement”is static.
In every cycle where“output complement”doesnot fall,
thereis a glitch on its inputs. At the endof the precharge
phase,thesignal“Output ” is alwayshigh andit feedsone
of the inputsto thestaticgate.Whentheclock rises,“out-
putcomplement”alwaysbeginsto fall. However, thesignal
“Output ” falls later in the clock cycle if the selecteddata
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valueis high. When“Output ” falls, oneof the inputs to
thestaticgateis drivenlow and“output complement”rises
again,producingaglitch. ATACSdetectsthisglitch andde-
terminesthatit cannotpropagateto theoutputof thecircuit.

Thenext circuit is adynamicPLA thatis usedin thepro-
cessor’s control circuitry. DynamicPLAs areeasyto gen-
erateautomaticallyandhave predictableareaanddelay. In
orderto make thePLAs fast,they arecontrolledusingself-
resettingcircuitry. An exampleof the control circuitry is
shown in Figure4. Thecircuit usesa veryaggressive tech-
niqueto determinewhenits inputsarevalid. Theinputsare
presentedto thecircuit dual-rail.Whentheinputsarevalid
thesensortransistorsareturnedon. Thesetransistorsareall
connectedto a singlenode,¬ÀF , which hasbeenprecharged
high. The sensortransistorsaresizedso that oneof them
must be turnedon for eachinput in order for ¬ÀF to dis-
chargequickly. However, if oneinput arrivesmuchearlier
thantherest,eventuallyits singlesensortransistorcandis-
charge ¬ÀF , erroneouslycausingthePLA to begin evaluating
early. Thiscompletiondetectioncircuit is highly timing de-
pendentandonlyworksif theinputsareguaranteedtoarrive
within a narrow time interval. After the falling edgeof ¬ÀF
propagatesthroughfour inverters,thenode ¬sa falls. When
this nodefalls, transistorÑ�F is turnedon which raisesnode
¬ÀF , resettingthecompletiondetectioncircuit. Theline “and
planecontrol” is usedto gatetransistorswhichdetermineif
theand-planeof thePLA is in prechargeor evaluatemode.
Theline “propagatecontrol” is usedin a similar mannerto
controlwhethertheoutputof theand-planecanpropagateto
theor-planeof thePLA, which is not shown. This control
circuitry is essentiallyasynchronous.Asynchronous,self-
resettingcircuitsaredifficult for statictoolsto handlesince
they often assumethat a transitionon an input will cause
only a singletransitiononanoutput.ATACSis ableto ver-
ify thecircuit usingthedesigneddelaysin a few seconds.
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Thenext circuit is a compareunit for two 64 bit quanti-
ties. It consistsof 3 stagesof delayed-resetdominologic.
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Clk2

Clk3

D=Celldelay

Designed Celldelay = Evaluate:129 - 139, Precharge:149-153

Figure 5. Model for the compare unit.

The logic in eachstageis exactly the same.A stagecon-
sistsof a setof blocksthat producean outputwhich indi-
cateswhetherits two four bit inputsareequal. To do a 64
bit compare,a treestructureis usedwherethe first stage
has16 logic blocks, the secondstagehas4 logic blocks,
andthe final stagehas1 logic block. Unlike the previous
two examples,this circuit is too largefor ATACSto verify
it usinga representationderiveddirectly from its transistor
level schematic.However, with a smallamountof abstrac-
tion, it canbeverifiedquickly. It is not necessaryto model
eachof the64bitsenteringthecompareunit. Eachblock in
thefirst level of logic is modeledasa gatethatwaits for a
singleinput andproducesits outputsomevariableamount
of time later. Variability in input signalarrival timesis ac-
countedfor by putting an independentdelayrangeon the
arrival time of the abstractedinput signal for eachof the
blocksin the first level of logic. Whenthis signalrisesin
theabstractedmodel,it is equivalentto all eight input bits
to a block becomingstablein theactualcircuit. Addition-
ally, sincethetiming behavior of eachblockis thesame,the
numberof inputblockscanbereducedfrom 16to 8 without
effectingthetiming behavior of thecircuit. Figure5 shows
the structureof the model. Eachblock is representedasa
TEL structurewhichraisesits outputsignal129to 139time
unitsaftertheblock receivesall of its inputs,andlowersits
output149 to 153 time units after its local clock falls. A
globalclockwhichcontrolsthetransitiontimesof thelocal
clocksis alsomodeledbut notshown. It takeslessthanfive
secondsto explore the statespaceof this modelusingthe
POSETstatespacealgorithmona400MHzPentiumII. For
comparisonthemodelis alsoanalyzedusingthestandard,
geometricregionbasedmethod[9, 19, 10]. Thismethodre-
quires196secondsto analyzethemodel.Theiterationtime
provided by the POSETalgorithmmakes it reasonableto
iteratively adjustthe Celldelayvalues,global clock speed,
andlocal clock timingsto determinetheworking rangesof
thecircuit undera varietyof assumptions.Thecircuit veri-
fiesfor globalclock cyclesup to 100pslessthantheclock
cycle necessaryfor correctoperationin theGigahertzpro-
cessor.

Sincestatespaceexplorationis anexponentialproblem,



BpropAprop

Initprop

Row2gen Row2gen Row2gen Row2gen Row2gen Row2gen Row2gen Row2gen

Row1prop Row1prop Row1prop Row1prop Row1prop Row1prop Row1propRow1prop

Row2prop Row2prop Row2prop

Row3gen Row3gen Row3gen

Row2prop

Row3gen

Carryout

Sumout
Clk5

Gclk A B

Abuf0 Bbuf0

Clk2

Clk1

Halfsum

Initgen

Clk4

Figure 6. MFXU structure.

large specificationscanonly be verified at a high level of
abstraction. This is illustratedby the verification of the
64-bit adderportionof theMultifunction FixedPointUnit
(MFXU). Thisunit computestheresultsof theadd,subtract,
and compareinstructionsfor the processor. The core of
theunit is the64-bit parallelprefix adderdesignpresented
in [15], which is basedon thealgorithmdescribedin [20].
The MFXU adder containsfive stagesof delayedreset
dominologic. The first stagecontainsa true/complement
mux, stagestwo throughfour computethe propagateand
generatesignalsfor the adder, and the fifth stageimple-
mentsa large mux which mergesmany different signals.
Eachblock containsa few dominogates,which canvary
in delay. Attemptsto verify this circuit at the gatelevel
quickly usemorethanhalf of agigabyteof memoryanddo
not complete. However, a conservative abstractionof the
MFXU verifies in ATACS using the POSETalgorithm in
about2 minutes.Theverificationdoesnot completeusing
thegeometricalgorithm.

Thestructureof theMFXU abstractionis shown in Fig-
ure6. Therearetwo stepsinvolvedin creatingtheconser-
vative abstractionof the MFXU. The first is to reducethe
complexity of eachblock by lumping the delayrangesfor
all of thedifferentgatesinto onedelayrangewhich repre-
sentstheminimumandmaximumtime differencebetween
theblock receiving all of its inputsandgeneratingall of its
outputs.For example,supposeablockcontainstwo domino
gatesÓ Ä , which takes100psto evaluateand Ó ¯ which takes
150psto evaluate. It is conservative to make a model for
the block wherethe minimum evaluatetime for the block
is 100psand the maximumevaluatetime for the block is
150ps.This abstractiondoesnot capturethegatelevel be-
havior thatoneoutputof theblock is availableafter100ps
andtheotheris availableafter150ps,but if acircuit verifies
usingthe abstraction,its actualbehavior verifiesalso. An
abstractionlike this is madefor theprechargephaseandthe
evaluatephaseof eachblock. Thenthe numberof blocks
is decreased.The goal is to reducethe numberof blocks,
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Figure 7. The CLZ circuit.

without hiding any interestingblock interactions. This is
doneby analyzinga 32-bit wide sliceof thedesign.Since
eachblock operateson four bits of input, this corresponds
to amodelthatis eightblockswideat its input. Thismodel
is largeenoughto includeall of thetypesof interblockrela-
tionshipsof thelargerdesign,andis smallenoughto verify
quickly.

This is doneby startingat the last stageand working
toward the first. Every block in the last stageis included.
Then,for everyblockin thelaststage,at leasttwo instances
of eachtypeof block that providesinputsto the last stage
areincludedin thefourth stage.In this case,four instances
of therow3genblock which feedssumoutblock in thefifth
stageareincluded.Only oneinstanceof thehalfsumblock
is includedsincethereis onlyonehalfsumblockin thecom-
pletecircuit. This processis then repeatedfor the fourth
throughfirst stages.Theresultingmodelrepresentsa con-
servative modelof the possibletiming relationshipsin the
circuit, andis smallenoughto verify quickly.

Thecircuit,abstractedin thisway, verifiesat its intended
clock speed.Therefore,any gate-level timing relationships
thataremissedby theabstractionarenotnecessaryin order
for the circuit to run at the specifiedspeed. If this is not
the case,then the blockson the failure pathcanbe spec-
ified in more detail. Although this increasesverification
time, it shouldnot make the problemintractablesincethe
additionaldetail is limited to a few blocks. Even the ab-
stractedversionof this circuit is quitelarge,it hascomplex
timing relationshipsandwhich provide many possibilities
for error. Formalverificationgivesconfidencethatall of the
timing behaviors have beenconsidered.Currently, ATACS
doesnot have an automatedmethodfor generatingcircuit
abstractions,andtheabstractiondescribedfor this example
is donemanually. It may be possibleto adapttechniques
from [21] to developan automatedmethodfor abstracting
blocksof dominogates.

Thefinal circuit is anarithmeticcircuit usedin theinte-
gerexecutionunit. It is of moderatecomplexity andthere-
forecanbeusedto testtheaccuracy of anabstractedmodel
vs. a gatelevel model. Thegatelevel modelis still some-
whatabstractin that it doesnot includethefull 64-bit dat-



apath,but eachinstanceof a block is describedat thegate
level. The resultson this macroindicatethat the limiting
factorin clockspeedis thetime thattheinputsarrive to the
macro,not gateto gateinteractionsinsidethe macro. Be-
causeof this, the maximumclock speedsallowed by the
abstractedmodelandthegatelevel modelarethesame.In
orderfor a gatelevel modelto allow a circuit to verify at a
higherclock speedthananabstractedmodelthereneedto
beinstancesof fastgatesin onestagefeedingslow gatesin
anotherblockin thenext stage.Suchinstancesdonotoccur
in thisexample.

5 Conclusionsand futur e work

ATACScanbevery effective in verifying delayed-reset
dominocircuits. TEL structuresarewell-suitedto specify-
ing dominogatesatboththegatelevel andatahigherlevel
of abstraction.SinceATACSis designedfor asynchronous
circuits,it is veryflexible andit canbeusedto verify many
different circuit stylesby varying the constraintsthat are
checked.SinceATACScanverify circuit level timing spec-
ifications,lessmargin is necessaryin eachcircuit to ensure
that the circuit workscorrectly, which canresult in higher
performance.ATACS doesa completestatespaceexplo-
ration.Therefore,its complexity is exponentialandit is not
practicalto verify largecircuitsat thegatelevel. However,
for mostcircuits, a higherlevel of abstractionis sufficient
to verify that that the circuit canrun at the desiredspeed.
If this is not thecase,it is possibleto locally specifymore
detail on pathsthat fail without causinga stateexplosion.
Most importantly, thiswork showshow toolsdevelopedfor
asynchronouscircuits can be of greatuseto synchronous
designerswhenthey chooseaggressivecircuit styles.

Althoughtheresultsin this paperaresomewhatprelim-
inary, resultingfrom five weeksof work at IBM, they are
very promising.In orderto make this methodpracticalfor
circuit designers,morework is neededto develop a more
automatedmethodof abstractingcircuits, and to develop
a methodof verifying circuitshierarchically. Additionally,
all of thecircuitsdescribedin thispaperarecompletedand
no failuresarefoundby ATACSwhendesigneddelaysare
used.It wouldbeinterestingto studyhow ATACScanhelp
designersdeterminewhichdelayrangesresultin correctcir-
cuitscloserto thebeginningof thedesigncycle,aswell as
how it canbeusedonearlyversionsof circuitsto find actual
failures.Finally, we would like to explorehow thesynthe-
siscapabilitiesof ATACScanbeusedto helpautomatethe
designof delayed-resetdominoandself-resettingcircuits.
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