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Abstract

Thispaperdiscussestheapplicationof thetiminganalysistool
ATACSto the high performance, self-resettingand delayed-reset
dominocircuitsbeingdesignedat IBM’s AustinResearch Labora-
tory. Thetool, which wasoriginally developedto dealwith asyn-
chronouscircuits,is well suitedto theself-resettingstylesincein-
ternally, a block of self-resettingor delayed-resetdominologic is
asynchronous.Thecircuitsare representedusingtimedevent/level
structures. Thesestructurescorrespondverydirectly to gatelevel
circuits, makingthe translationfrom a transistorschematicto a
TELstructure straightforward. Thestate-spaceexplosionproblem
is mitigatedusing an algorithm basedon partially ordered sets
(POSETs).Resultson a numberof circuits fromtherecentlypub-
lishedguTS(gigahertzunit TestSite)processorfromIBM indicate
that modulesof significantsizecanbeverifiedwith ATACSusing
a level of abstraction that preservesthe interestingtiming prop-
ertiesof the circuit. Accurate circuit level verificationallows the
designerto includelessmargin in the design,which can lead to
increasedperformance.

1 Intr oduction
In order to be successfulandwidely used,any circuit design

style must have extensive CAD support. Lack of CAD support
is one reasonthat asynchronousdesignhasnot beenwidely ac-
cepted,despiteits advantagesin someareas.However, in orderto
gethighperformance,synchronousdesignsarealwayspushingthe
boundariesof existing CAD toolsaswell. Thecircuit stylebeing
developedandusedatIBM’ sAustinResearchLaboratoryis agood
exampleof this. Althoughthecircuitsaresynchronous,their local
behavior is asynchronous,andthetiming constraintsthatmustbe
met for themto work correctlyarequite complex. Existing syn-
chronousstatictiming analysismethodscanbeadaptedto analyze
this type of circuit [1, 2, 3], but they have somelimitations. The
approachpresentedin [1] extendsthestatictimingmethodologyby
changingthestandardtwo event persignalmodelto a four event
persignalmodel.Thisallowsall of therelevanttiming constraints
on a dominogateto beverified. However, sincethemethodcon-
sidersonly topologicaldelayandnot booleanbehavior, it canbe
�
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overly pessimistic.The methodpresentedin [2] is successfulin
verifying a large, high performancechip. It addssomeboolean
behavior to thetopologicaldelaycalculationsin orderto improve
accuracy, but may still be conservative. The techniquepresented
in [3] is designedto verify self-resettingor delayed-resetcircuits
at the macrolevel. A designermustdeterminean interfacespec-
ification for eachmacrothroughsimulation. The timing analysis
tool thendeterminesif thecombinationof all themacroscorrectly
implementsall of the interfaces. This works well for chip level
timing verification,but theinterfacesspecifiedby thedesignerare
never formally verified.A tool thatverifiesthatthegatesinsidethe
macrowork correctlywithin thespecifiedinterfaceis requiredto
completetheverification.

Sincethe behavior inside the self-resettingand delayed-reset
macrosis very similar to that of an asynchronouscircuit, a tool
designedfor asynchronouscircuits is usefulin their timing verifi-
cation. A timing analysistool for asynchronouscircuits mustbe
moregeneralthanthestatictiming toolsusedfor synchronouscir-
cuits. No assumptionsaboutthe time behavior of the systemare
made,which meansthatanasynchronoustiming verificationtool
canhandleany timing optimizationsmadeby synchronousdesign-
ers. This flexibility allows designersto createnew circuit styles
withoutmodifying thetiming analysistool.

Thereare two basicapproachesto timing analysisfor asyn-
chronoussystems. One approach,presentedin [4, 5], is based
on time separation of events. This algorithmis efficient for de-
terminingan individual time separation.However, verificationof
a largecircuit modelrequirescheckingthousandsof time separa-
tions. Sincethesealgorithmsview eachnew time separationas
a differentproblem,thereis a point at which exploring the timed
statespaceof thespecificationbecomesfasterthancomputingall
of the necessarytime separations. The other approach,which
is taken in this paper, is basedon timed statespaceexploration.
Timed statespaceexplorationalgorithmsdeterminethe setof all
statesthatarereachablein thespecificationgiventhetiming infor-
mationprovided. The statespaceexplorationalgorithmusedfor
verification in this paperis basedon the POSETtechnique [6],
whichsignificantlyreducesstatespacesize.

However, any tool designedfor asynchronouscircuits is lim-
itedin thesizeof specificationsit cananalyze.Sinceasynchronous
toolsexploreall possiblesequentialbehaviors of thecircuit, their
timeandspacecomplexity areexponential,andthey arebestused
for gatelevel analysisof small circuits or abstractedversionsof



larger macros. This paperdescribesthe applicationof the asyn-
chronoustiming analysistool ATACS,to theverificationof several
designsfrom theguTS(gigahertzunitTestSite)processordesigned
at IBM’ s Austin ResearchLaboratory. It first describesthe inter-
nal modelthatATACSusesto representcircuits It thendiscusses
thedelayed-resetdominocircuit styleandits performanceadvan-
tages.Finally, it presentsseveral casestudiesfrom the guTSmi-
croprocessor. Thesecasestudiesshow that ATACS is capableof
analyzingdelayed-resetandself-resettingcircuits accuratelyand
that theabstractionsnecessaryto make theproblemstractabledo
not causethe tool to underestimateperformance.If it is possible
to accuratelyverify themacros,lessmargin is necessaryto ensure
correctness,andhigherperformancecircuitscanbeachieved.

2 Specifyingdelayed-resetdomino circuits

The specifications that are analyzed by ATACS, Timed
Event/Level (TEL) structures[7], describedformally below, are
verywell suitedto thedelayed-resetdominostyle.TEL structures
extendtimedER structures,introducedby Myersin [8], by allow-
ing booleanexpressionsto beaddedto thespecification.They can
representa setof specificationsequivalentto thoserepresentedby
both time andtimed Petri netsandcanexpressgatelevel circuits
in amoreconciseway thanaPetrinet.
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A TEL structureis a6-tuple *,+.-0/214365(187918:;18<=1?>;@ where:
1. / is thesetof signals;
2. 3 5 +BA#C'16D#E!F is theinitial state;
3. 7�GH/JIKA!L=1NM EPORQ is thesetof actions;
4. :SGH7�IPTVUW+BAXCY16D(1[Z�\V\]\ E#^ is thesetof events;
5. <_GH:RI`:aI;UbIcTVUdO2A!eHE!^fIcThgjiYA#C'16D#E F,k A#C'16D#E#^

is thesetof rules;
6. >lGH:RI2: is theconflictrelation.

Thesignalset,/ , containsthewiresin thecircuit specification.
The state 3 5 containsthe initial valueof eachsignal in / . The
actionset, 7 , containsfor eachsignal m in / , a rising transition,
mnL , and a falling transition, m�M , along with the sequencing
event $, which is usedto indicatean actionthatdoesnot causea
signal transition. The event set, : , containsactionspairedwith
occurrenceindices(i.e., -hon1qp	@ ). Pairing actionswith occurrence
indicesallows an arbitrarynumberof eventsto be createdfrom
eachaction,includingthesequencingaction, Q . Sequencingevents
areoften usedto expressnondeterminismwherea signalmay or
maynot transition.Although,formally thedefinitionrequiresthat
all sequencingeventsbe of the form Q!r#p where p is an integer,
sequencingeventsof the form Q(3 where 3 is a string areusedin
this paperin order to make the purposeof the sequencingevent
moreclear. Rulesrepresentcausalitybetweenevents. Eachrule,s , is of theform -0tu14v�18w	1?x�18g6@ where:

1. t = enablingevent,
2. v = enabledevent,
3. -0w	1qx�@ = boundedtiming constraint,and
4. g = abooleanfunctionover thesignalsin / .

A rule is enabledif its enablingeventhasoccurredandits boolean
functionis truein thecurrentstate.Therearetwo possibleseman-
ticsconcerningtheenablingof arule. In onesemantics,referredto
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Figure 1. A delayed-reset domino gate.

asnon-disablingsemantics, oncearulebecomesenabled,it cannot
loseits enablingdueto a changein thestate.In theotherseman-
tics,referredto asdisablingsemantics, a rulecanbecomeenabled
andthenloseits enabling.Thiscanoccurwhenanothereventfires,
resultingin astatewherethebooleanfunctionis no longertrue.A
singlespecificationcanincluderuleswith bothtypesof semantics.
Non-disablingsemanticsaretypically usedto specifyenvironment
behavior anddisablingsemanticsaretypicallyusedto specifylogic
gates.For thepurposesof verification,thedisablingof a boolean
expressionon a disablingrule is assumedto correspondto a fail-
ure. Disablingsof booleanguardsare consideredfailuressince
they correspondto a glitch on the input to a gate. A rule is sat-
isfied if it hasbeenat least w time units sinceit wasenabledand
expiredif it hasbeenat leastx timeunitssinceit wasenabled.Ex-
cludingconflicts,an event cannotoccuruntil every rule enabling
it is satisfied,andit mustoccurbeforeevery rule enablingit has
expired.

The conflict relation, > , is usedto modeldisjunctive behav-
ior andchoice.Whentwo events t and t6y arein conflict (denoted
t >lt6y ), this specifiesthateither t canoccuror t6y canoccur, but
notboth.Takingtheconflictrelationinto account,if two ruleshave
thesameenabledeventandconflictingenablingevents,thenonly
oneof thetwo mutuallyexclusiveenablingeventsneedsto occurto
causetheenabledevent.Thismodelsa form of disjunctivecausal-
ity. Choiceis modeledwhen two rules have the sameenabling
eventandconflictingenabledevents. In this case,only oneof the
enabledeventscanoccur. Everypairwiseconflict in theTEL struc-
turemustbe specified.However, sinceTELs aretypically gener-
atedfrom a higher level input language,suchasVHDL [9] this
doesnotposeaproblemfor theuser.

Figure1showsanexampleof adelayed-resetdominogate.The
gatecomputesthe function Tho�zPg6^|{c} in two stages.The first
stagecomputeso~z2g while }�w��nD is high, andthenext stagecom-
putes �#x���D�{P} while }Nw���Z is high. Both gatesprecharge while
their respective clocksarelow. Sinceneithern-stackhasa “foot”
transistorto ensurethatthepathto groundis turnedoff duringthe
precharge phase,the timing of the circuit mustguaranteethat all
the inputsto thegatearelow by the time the local clock for each
stagefalls.

TheTEL structurerepresentationfor thedominogateis shown
in Figure2. It includesonerising andonefalling event for each
signal.Thespecificationindicatesthatthereis aglobalclock � }�w��
which rises500time unitsafter it falls andfalls 500time unitsaf-
ter it rises.Theinputsto thegate,on1qg and } , nondeterministically
risesometime after theclock rises.Thenondeterminismis mod-
eledusingtheconflict relationandsequencingevents.Eachrising
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Figure 2. TEL structure for the gate in Fig. 2

eventonaninputconflictswith acorrespondingsequencingevent.
Sincetherising eventandthesequencingeventconflict, only one
of themcanoccur. If the rising event for a signalfires, the sig-
nal risesin that clock cycle, if the sequencingevent fires, it does
not. A falling transitionon theglobalclock is followedby falling
transitionson all of theinputs,if they have risen. Again sequenc-
ing eventsandconflictsareusedto dealwith thenondeterminism.
If an input signal riseson the rising edgeof � }�w�� thena falling
event for that signalmust occur when � }�w�� falls. Otherwise,a
conflictingsequencingeventfires,preventingthe falling event on
theinputsignalfrom becomingenabledassoonasthatsignalrises
again.The � }Nw�� signalalsocontrolsthefiring timeof thetwo local
clocks, }�w���D and }Nw���Z . Thelocal clock }�w��nD risesbetween10 and
30 time units after � }Nw�� risesandfalls 30 time units after � }�w��
falls. The otherlocal clock, }Nw���Z andthe two gateoutputs,�#x���D
and �#x��8Z arespecifiedin asimilar fashion.

Oncea TEL structurefor the circuit is created,it canbe used
by ATACSto find all of thecircuit’spossibletiming behaviorsand
checkfor timing failures. In the caseof thesedominogates,AT-
ACSis usedto checkfor two typesof failures.Thefirst is thatonce
apulldown stackturnson,it remainsonuntil thedynamicnodehas
switched. The otheris that all pathsto groundin the n-stackare
turnedoff beforethedynamicnodebegins to precharge. Both of
theseconditionsmustbemet in orderfor thecircuit to beelectri-
cally sound.If thefirst conditionis not met,anincorrectvaluefor
the dynamicnodemay be latched,andif the secondconditionis
not met the gatewill draw a largeshortcircuit current. Eitherof
theseconditionswouldbequitesimpleto checkfor statically, since
the first canalwaysbe met by increasingthe time that the inputs
areon, andthe secondcanalwaysbe metby decreasingthe time
thattheinputsareon. However thecombinationof theconstraints
is moredifficult to check.Thereis arangeof pulselengthsfor each
signalthatallow thecircuit to functioncorrectly, andtherangefor
eachsignalis correlatedto thepulselengthsof many othersignals.

Analysis with ATACS allows a designerto checkif a set of
pulselengthrangesworkswithout consideringtheimplicationsof

eachrangeby handor runninga SPICElevel simulation.Thefirst
constraint,that inputsremainon long enoughfor a gateto switch,
is alwayscheckedautomaticallyasATACSexploresthestatespace
of thesystem.ATACSgeneratesanerrorif thebooleanexpression
associatedwith any disablingrule canbecometrueandthenfalse
againbeforethesignaltransitions.This error is generatedregard-
lessof the timing boundon the rule involved. For example,con-
sidertheTEL structurefor thesignal �!x���D in Figure2. When �#x���D
is low, if theexpressiono~z2g becomestrue,ATACSgeneratesan
error if it becomesfalseat any time before �!x��[D rises. The up-
perboundon thepulselengthscanbecheckedby addingasimple
constraintto the specificationwhich statesthat for eachgate,the
inputsmustbelow at thetimetheclockfalls. Thisconstraintis the
samefor eachgate,soit canbegeneratedautomatically. Addition-
ally, any othertiming constraintthatadesignermaywishto check,
suchassetupandhold times,canalsobespecifiedandverified.

After thetransistorlevel designis completed,thebestandworst
casepropagationtime througheachgateis derived from SPICE.
Thesedelaysarecomputedasthetimedifferencebetweenthemid-
pointsof therisingedgeof theinputchangethatcausesthegateto
switchandthe rising edgeof the transitioningoutput. After each
gatehasbeencharacterized,ATACS canbe usedto checkthat a
circuit is electricallysoundwithout runningmultiple SPICEruns
on theentirecircuit to checkall possiblecombinationsof gatede-
lay behavior. SinceATACS doesnot do electricalanalysis,it is
necessaryto add margin to the SPICEderived delaysto ensure
thatelectricallymarginalcircuitsdonotverify. SPICEsimulations
show thata 5% margin on theSPICEderivedbestandworstcase
gatepropagationtimesis enoughto ensurethat circuits that ver-
ify in ATACSdo not have electricalfailuresdueto timing. When
circuits aretoo large to be verified at the gatelevel, conservative
abstractionswhich preserve thepropertythata circuit that is veri-
fied is electricallysoundareused.

3 Cir cuit analysis

ATACSwasusedto analyzeseveralcircuitsfrom theguTS(gi-
gahertzunit TestSite) integer microprocessordesignedat IBM’ s
Austin ResearchLaboratory[10]. The purposeof this designis
to demonstratethe performancegains that can be achieved us-
ing aggressive circuit design. The architectureis a fairly simple,
forwarded,four-stagepipelinewhich implements96 instructions
from the integer partof the PowerPCinstructionset. It is imple-
mentedin a C'\ Z(�X� CMOS processavailable in 1997. The high-
performanceof the circuit is a resultof the circuit design,which
is nearly100%dynamiclogic, andthe microarchitecture,which
allowsasmuchconcurrency aspossible[11].
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The circuits in the guTS processorare designedusing a dy-

namiccircuit styleknown asdelayed-resetdomino[12, 13]. A mi-
croprocessordesignedin this stylecontainsa setof macroswhich
operatesynchronously. A delayed-resetdominomacroconsistsof
anumberof levelsof dynamicgates,eachof whichreceivesinputs
fromprecedinglayers.Standarddominogatesuseacommonclock
thatactsasatiming reference.In adelayed-resetdesign,eachlevel
of dynamicgatesreceivesits own, preciselytimedclock,which is
generatedby a buffer chain within the macro. The local clocks



travel throughthe logic alongwith thedata,a resetwave preced-
ing eachcomputationwave. This techniqueallows approximately
one-halfcycle for eachgateto resetandone-halfcycle for each
gateto evaluate.Thecycle time for adelayed-resetdominomacro
is setby addingthenecessaryprecharge andevaluatetimesfor a
singlegate.If multiplegatesoperateonthesameprechargesignal,
cycletimeis setby addingtheevaluatedelaythroughall thestages
to the precharge delay. Due to the overlappingof the precharge
and evaluatephases,the delayed-resetdomino approachsignifi-
cantlyincreasestheamountof dynamic-logicthatcanbeplacedin
amacroatagivenclock frequency.

The delayed-resetdomino gatesusedin the guTS processor
lack the “foot” device that is includedin a standarddominogate.
Thepurposeof this device is to turn off thepulldown stackof the
gateduringtheprechargephase.Removing this device allows the
gateto switch5 to 15%faster. Alternatively, thegatecanbemade
to computea morecomplex logic functionusingthesametransis-
tor stackheightif the “foot” transistoris removed [12]. In order
to remove this transistor, it is necessaryto ensurethattheevaluate
logic is notonduringtheprechargephase.This is thecaseif all of
theinputsto thegateareguaranteedto below duringtheprecharge
phase.To meetthis requirement,the inputsto themacromustbe
pulsed.Combinedwith therequirementthattheinputsto eachgate
remainstablehigh long enoughto switch the dynamicnode,this
resultsin a two sidedtiming verificationproblemwhich is unusual
for asynchronousdesign.

In the guTS processor, the macrolevel timing verification is
doneusing extensive SPICElevel circuit simulation[14]. After
thedelaybehavior of themacrosis characterizedby designersin
SPICE,it is incorporatedinto a chip level timing modelfor chip
level static timing verification. This was a successfulapproach
for this processorsinceit worked in first silicon. However, in or-
der to ensurethe correctnessof the processorover all variations
in delay, large amountsof delay margin are includedin the de-
signof themacros.If it is possibleto formally verify themacros,
lessmargin is necessaryto haveconfidencein theprocessor’s cor-
rectness,whichcanresultin higherperformance.Thetiming con-
straintsthatneedto becheckedin thedelayedresetdominomacros
arevery similar to thecorrectnessconstraintsnecessaryfor asyn-
chronouscircuits,andthedelayedresetdominocircuitsarequite
similar to asynchronouscircuits. Therefore,anasynchronoustim-
ing verificationtool is a naturalchoiceto beusedfor formal veri-
ficationof themacros.
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Theasynchronoustiming verificationtool ATACSwasusedto
verify several of the macrosfrom the guTS processor. The first
circuit is a combinedmultiplexor and latch (MLE). This circuit
is small enoughto be verified at the gatelevel, and is shown in
Figure3. The goal with this circuit is to verify that the timing
specificationwhich is suppliedwith thecircuit indeedguarantees
thatthecircuit workscorrectly. Thetiming specificationdescribes
the timing requirementsthat mustbe met by any circuit commu-
nicatingwith theMLE. It is derivedfrom SPICElevel simulation
andthecircuit designersknowledgeof how thecircuit works.The
timing specificationsarealsousedasthebasisfor chip level static
timing analysis.In orderto ensurethatthechip-level statictiming
analysisis modelingall timing behavior, eachmacroneedsto be
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Figure 3. The MLE circuit.
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formally verifiedin theenvironmentdescribedby thetiming spec-
ification. TheMLE circuit is verifiedby ATACSin a few seconds
ona400MHzPentiumII.

The MLE circuit containsbothstaticanddynamicgates.The
inputsto staticgatesareallowedto beunstablesincethisdoesnot
immediatelycauseafailure.However, if aglitch ontheoutputof a
staticgatepropagatesto theinputof adynamicgate,it cancausea
failure.In theMLE circuit, thegatedriving thesignal“outputcom-
plement”is static.In everycyclewhere“outputcomplement”does
not fall, thereis a glitch on its inputs.At theendof theprecharge
phase,thesignal“Output ” is alwayshigh andit feedsoneof the
inputs to the staticgate. Whenthe clock rises,“output comple-
ment” alwaysbegins to fall. However, the signal“Output ” falls
later in the clock cycle if the selecteddatavalue is high. When
“Output ” falls, oneof the inputs to the staticgateis driven low
and“output complement”risesagain,producinga glitch. ATACS
detectsthis glitch anddeterminesthat it cannotpropagateto the
outputof thecircuit.

The next circuit is a dynamicPLA that is usedin the proces-
sor’s control circuitry. DynamicPLAs areeasyto generateauto-
matically andhave predictableareaanddelay. In order to make
thePLAsfast,they arecontrolledusingself-resettingcircuitry. An
exampleof thecontrolcircuitry is shown in Figure4. Thecircuit
usesa very aggressive techniqueto determinewhenits inputsare
valid. Theinputsarepresentedto thecircuit dual-rail.Whenthein-
putsarevalid thesensortransistorsareturnedon. Thesetransistors
areall connectedto a singlenode,��D , whichhasbeenprecharged
high. Thesensortransistorsaresizedsothatoneof themmustbe
turnedonfor eachinput in orderfor ��D to dischargequickly. How-
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ever, if oneinput arrivesmuchearlierthantherest,eventuallyits
singlesensortransistorcandischarge ��D , erroneouslycausingthe
PLA to begin evaluatingearly. This completiondetectioncircuit
is highly timing dependentandonly works if the inputsareguar-
anteedto arrive within a narrow time interval. After the falling
edgeof ��D propagatesthroughfour inverters,the node ��Z falls.
Whenthis nodefalls, transistor��D is turnedon which raisesnode
��D , resettingthecompletiondetectioncircuit. Theline “andplane
control” isusedto gatetransistorswhichdetermineif theand-plane
of thePLA is in prechargeor evaluatemode.Theline “propagate
control” is usedin a similar mannerto controlwhethertheoutput
of theand-planecanpropagateto theor-planeof thePLA, which
is not shown. This control circuitry is essentiallyasynchronous.
Asynchronous,self-resettingcircuits are difficult for static tools
to handlesincethey oftenassumethata transitionon aninputwill
causeonly asingletransitiononanoutput.ATACSis ableto verify
thecircuit usingthedesigneddelaysin a few seconds.
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Thenext circuit is a compareunit for two 64 bit quantities.It
consistsof 3 stagesof delayed-resetdominologic. The logic in
eachstageis exactly thesame.A stageconsistsof a setof blocks
thatproduceanoutputwhich indicateswhetherits two four bit in-
putsare equal. To do a 64 bit compare,a treestructureis used
wherethe first stagehas16 logic blocks, the secondstagehas4
logic blocks,andthefinal stagehas1 logic block. Unlike thepre-
vious two examples,this circuit is too large for ATACS to verify
it usinga representationderived directly from its transistorlevel
schematic.However, with a smallamountof abstraction,it canbe
verified quickly. It is not necessaryto modeleachof the 64 bits
enteringthe compareunit. Eachblock in the first level of logic
is modeledasa gatethatwaits for a singleinput andproducesits
outputsomevariableamountof time later. Variability in inputsig-
nal arrival timesis accountedfor by puttinganindependentdelay
rangeon thearrival time of theabstractedinput signalfor eachof
theblocksin thefirst level of logic. Whenthis signalrisesin the
abstractedmodel,it is equivalentto all eight input bits to a block
becomingstablein theactualcircuit. Additionally, sincethetim-
ing behavior of eachblock is thesame,thenumberof inputblocks
canbereducedfrom 16 to 8 withouteffectingthetiming behavior
of the circuit. Figure5 shows the structureof the model. Each
block is representedasaTEL structurewhichraisesits outputsig-
nal 129to 139time unitsafter theblock receivesall of its inputs,
and lowers its output 149 to 153 time units after its local clock
falls. A globalclock which controlsthetransitiontimesof thelo-

cal clocks is alsomodeledbut not shown. It takes lessthanfive
secondsto explorethestatespaceof this modelusingthePOSET
statespacealgorithmona400MHzPentiumII. Forcomparisonthe
modelis alsoanalyzedusingthestandard,geometricregionbased
method[15, 16, 17]. This methodrequires196 secondsto ana-
lyze themodel. The iterationtime provided by thePOSETalgo-
rithm makesit reasonableto iteratively adjusttheCelldelayvalues,
globalclock speed,local clockstiming to determinethe working
rangesof thecircuit undera varietyof assumptions.Thecircuit is
ableto verify for globalclockcyclesupto 100pslessthantheclock
cyclenecessaryfor correctoperationin theGigahertzprocessor.

Sincestatespaceexplorationis an exponentialproblem,large
specificationscanonly be verified at a high level of abstraction.
This is illustratedby theverificationof the64-bit adderportionof
the Multifunction Fixed Point Unit (MFXU). This unit computes
the resultsof the add,subtract,andcompareinstructionsfor the
processor. The coreof the unit is the 64-bit parallelprefix adder
designpresentedin [11], whichis basedonthealgorithmdescribed
in [18]. The MFXU addercontainsfive stagesof delayedreset
domino logic. The first stagecontainsa true/complementmux,
stagestwo throughfour computethe propagateandgeneratesig-
nalsfor theadder, andthefifth stageimplementsalargemuxwhich
mergesmany differentsignals.Eachblock containsa few domino
gates,which canvary in delay. Attemptsto verify this circuit at
thegatelevel quickly usemorethanhalf of a gigabyteof memory
anddo not complete.However, a conservative abstractionof the
MFXU verifiesin ATACSusingthePOSETalgorithmin about2
minutes. The verificationdoesnot completeusingthe geometric
algorithm.

Thereare two stepsinvolved in creatingthe conservative ab-
stractionof the MFXU. The first is to reducethe complexity of
eachblockby lumpingthedelayrangesfor all of thedifferentgates
into onedelayrangewhichrepresentstheminimumandmaximum
time differencebetweenthe block receiving all of its inputsand
generatingall of its outputs. For example,supposea block con-
tainstwo dominogates��� , which takes100psto evaluateand �Y�
which takes150psto evaluate.It is conservative to make a model
for the block wherethe minimum evaluatetime for the block is
100psandthemaximumevaluatetimefor theblock is 150ps.This
abstractiondoesnot capturethe gatelevel behavior that oneout-
put of theblock is availableafter100psandtheotheris available
after 150ps,but if a circuit verifiesusing the abstraction,its ac-
tualbehavior verifiesalso.An abstractionlike this is madefor the
precharge phaseandthe evaluatephaseof eachblock. Thenthe
numberof blocksis decreased.Thegoal is to reducethenumber
of blocks,without hiding any interestingblock interactions.This
is doneby analyzinga 32-bit wide sliceof thedesign.Sinceeach
block operateson four bits of input, this correspondsto a model
that is eightblockswide at its input. This modelis large enough
to includeall of the typesof interblockrelationshipsof the larger
design,andis smallenoughto verify quickly.

Thecircuit, abstractedin thisway, verifiesat its intendedclock
speed. Therefore,any gate-level timing relationshipsthat are
missedby the abstractionare not necessaryin order for the cir-
cuit to run at the specifiedspeed.If this is not the case,thenthe
blocksonthefailurepathcanbespecifiedin moredetail.Although
this increasesverificationtime, it shouldnotmake theproblemin-
tractablesincetheadditionaldetailis limited to afew blocks.Even
theabstractedversionof this circuit is quite large,it hascomplex



timing relationshipsandwhich provide many possibilitiesfor er-
ror. Formalverificationgivesconfidencethatall of thetiming be-
haviors have beenconsidered.Currently, ATACS doesnot have
an automatedmethodfor generatingcircuit abstractions,andthe
abstractiondescribedfor this exampleis donemanually. It may
bepossibleto adapttechniquesfrom [19] to developanautomated
methodfor abstractingblocksof dominogates.

Thefinal circuit is anarithmeticcircuit usedin theintegerexe-
cutionunit. It is of moderatecomplexity andthereforecanbeused
to testtheaccuracy of anabstractedmodelvs. a gatelevel model.
Thegatelevel modelis still somewhat abstractin that it doesnot
includethefull 64-bit datapath,but eachinstanceof a block is de-
scribedat the gatelevel. The resultson this macroindicatethat
thelimiting factorin clock speedis thetime that theinputsarrive
to the macro,not gateto gateinteractionsinsidethe macro. Be-
causeof this,themaximumclockspeedsallowedby theabstracted
modelandthe gatelevel modelarethe same.In orderfor a gate
level modelto allow acircuit to verify atahigherclockspeedthan
anabstractedmodelthereneedto beinstancesof fastgatesin one
stagefeedingslow gatesin anotherblock in thenext stage.Such
instancesdo notoccurin thisexample.

4 Conclusionsand futur e work

ATACScanbeveryeffective in verifying delayed-resetdomino
circuits.TEL structuresarewell-suitedto specifyingdominogates
atboththegatelevel andatahigherlevel of abstraction.SinceAT-
ACSis designedfor asynchronouscircuits, it is very flexible and
it canbeusedto verify many differentcircuit stylesby varyingthe
constraintsthatarechecked. SinceATACScanverify circuit level
timingspecifications,lessmargin is necessaryin eachcircuit to en-
surethatthecircuit workscorrectly, whichcanresultin higherper-
formance.ATACSdoesacompletestatespaceexploration.There-
fore, its complexity is exponentialandit is not practicalto verify
largecircuitsat thegatelevel. However, for mostcircuits,ahigher
level of abstractionis sufficient to verify that that the circuit can
run at the desiredspeed. If this is not the case,it is possibleto
locally specifymoredetailon pathsthatarefailing without caus-
ing astateexplosion.Most importantly, thiswork showshow tools
developedto dealwith asynchronouscircuitscanbeof greatuseto
synchronousdesignerswhenthey chooseaggressive circuit styles.

Althoughtheresultsin thispaperaresomewhatpreliminary, re-
sultingfrom five weeksof work at IBM, they arevery promising.
In orderto make this methodpracticalfor circuit designers,more
work is neededto develop a moreautomatedmethodof abstract-
ing circuits,andto develop a methodof verifying circuits hierar-
chically. Additionally, all of the circuits describedin this paper
arecompletedandno failuresarefoundby ATACSwhendesigned
delaysareused.It would be interestingto studyhow ATACScan
helpdesignersdeterminewhich delayrangesresultin correctcir-
cuits closerto the beginning of the designcycle, aswell ashow
it canbe usedon early versionsof circuits to find actualfailures.
Finally, wewould like to explorehow thesynthesiscapabilitiesof
ATACScanbe usedto helpautomatethe designof delayed-reset
dominoandself-resettingcircuits.
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