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Abstract

Thispaperdiscussesheapplicationof thetiming analysistool
ATACSto the high performance self-resettingand delayed-eset
dominocircuitsbeingdesignedat IBM's AustinReseath Labora-
tory. Thetool, which wasoriginally developedto dealwith asyn-
chronouscircuits, is well suitedto the self-resettingstylesincein-
ternally, a block of self-resettingor delayed-esetdominologic is
asyntironous.Thecircuitsare representedisingtimedevent/level
structues. Thesestructuescorrespondvery directlyto gatelevel
circuits, makingthe translationfrom a transistorschematicto a
TEL structue straightforwad. Thestate-spacexplosionproblem
is mitigated using an algorithm basedon partially ordered sets
(POSETSs) Resultson a numberof circuits fromthe recentlypub-
lishedguTS(gigahertzunit TestSite)processorfromIBM indicate
that modulesof significantsizecan be verifiedwith ATACSusing
a level of abstaction that preserveghe interestingtiming prop-
ertiesof the circuit. Accumte circuit level verificationallowsthe
designerto includelessmamin in the design,which canlead to
increasedperformance

1 Intr oduction

In orderto be successfubnd widely used,ary circuit design
style must have extensive CAD support. Lack of CAD support
is one reasonthat asynchronouslesignhasnot beenwidely ac-
cepteddespiteits advantagesn someareas.However, in orderto
gethigh performancesynchronouslesignsaarealwayspushingthe
boundarie®f existing CAD toolsaswell. The circuit style being
developedandusedatIBM’ s AustinResearch.aboratoryis agood
exampleof this. Althoughthecircuitsaresynchronoustheirlocal
behaior is asynchronousandthetiming constraintgdhat mustbe
met for themto work correctlyare quite complex. Existing syn-
chronousstatictiming analysismethodscanbeadaptedo analyze
this type of circuit [1, 2, 3], but they have somelimitations. The
approaclipresentedh [1] extendsthestatictiming methodologyy
changingthe standardwo event per signalmodelto a four event
persignalmodel. This allows all of therelevanttiming constraints
on a dominogateto be verified. However, sincethe methodcon-
sidersonly topologicaldelayandnot booleanbehaior, it canbe
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overly pessimistic. The methodpresentedn [2] is successfuln
verifying a large, high performancechip. It addssomeboolean
behaior to thetopologicaldelaycalculationsn orderto improve
accuray, but may still be conserative. Thetechniquepresented
in [3] is designedo verify self-resettingor delayed-resetircuits
atthe macrolevel. A designemustdeterminean interfacespec-
ification for eachmacrothroughsimulation. The timing analysis
tool thendeterminesf the combinatiorof all themacroscorrectly
implementsall of the interfaces. This works well for chip level
timing verification,but the interfacesspecifiedby thedesignemare
neverformally verified. A tool thatverifiesthatthegatednsidethe
macrowork correctlywithin the specifiedinterfaceis requiredto
completethe verification.

Sincethe behaior inside the self-resettingand delayed-reset
macrosis very similar to that of an asynchronousircuit, a tool
designedor asynchronousircuitsis usefulin their timing verifi-
cation. A timing analysistool for asynchronousircuits mustbe
moregenerathanthe statictiming toolsusedfor synchronousir-
cuits. No assumptiongboutthe time behaior of the systemare
made,which meanghatan asynchronousiming verificationtool
canhandleary timing optimizationamadeby synchronouslesign-
ers. This flexibility allows designergo createnew circuit styles
without modifying the timing analysistool.

There are two basicapproacheso timing analysisfor asyn-
chronoussystems. One approach presentedn [4, 5], is based
on time sepaation of events This algorithmis efficient for de-
termininganindividual time separation.However, verificationof
alarge circuit modelrequirescheckingthousand®f time separa-
tions. Sincethesealgorithmsview eachnew time separatioras
a differentproblem,thereis a point at which exploring the timed
statespaceof the specificatiorbecomedasterthancomputingall
of the necessarytime separations. The other approach,which
is taken in this paper is basedon timed statespaceexploration.
Timed statespaceexplorationalgorithmsdeterminethe setof all
stateghatarereachablén the specificatiorgiventhetiming infor-
mationprovided. The statespaceexplorationalgorithmusedfor
verificationin this paperis basedon the POSETtechnique [6],
which significantlyreducestatespacesize.

However, ary tool designedor asynchronousircuits is lim-
itedin thesizeof specificationé cananalyze Sinceasynchronous
toolsexplore all possiblesequentiabehaiors of the circuit, their
time andspacecompl«ity areexponential,andthey arebestused
for gatelevel analysisof small circuits or abstractedsersionsof



larger macros. This paperdescribeghe applicationof the asyn-
chronoudiming analysigool ATACS,to theverificationof several
designdrom theguTS(gigahertmnit TestSite) processodesigned
at IBM’s Austin ResearchLaboratory It first describeghe inter
nal modelthat ATACS usesto representircuits It thendiscusses
the delayed-reselominocircuit style andits performanceadvan-
tages.Finally, it presentseveral casestudiesfrom the guTS mi-
croprocessorThesecasestudiesshav that ATACS is capableof
analyzingdelayed-reseand self-resettingcircuits accuratelyand
thatthe abstractionsiecessaryo male the problemstractabledo
not causethe tool to underestimatperformance.lf it is possible
to accuratelyverify the macrosJessmamin is necessaryo ensure
correctnessandhigherperformanceircuitscanbeachieved.

2 Specifyingdelayed-resetdomino circuits

The specificationsthat are analyzed by ATACS, Timed
Event/Level (TEL) structureq7], describedformally below, are
verywell suitedto thedelayed-resedominostyle. TEL structures
extendtimed ER structuresintroducedby Myersin [8], by allow-
ing boolearexpressiongo beaddedo the specificationThey can
represent setof specificationgquivalentto thoserepresentetly
bothtime andtimed Petri netsand canexpressgatelevel circuits
in amoreconciseway thana Petrinet.

2.1 Timed event/level structures

A TEL structureis a6-tupleT = (N, so, A, E, R, #) where:

. N isthesetof signals;

so = {0,1}" istheinitial state;

A C N x {+, -} U $isthesetof actions;

. ECAx N ={0,1,2..}) isthesetof events;

.RCEXExN x(NU{cc}) x (b:{0,1}" — {0,1})
is thesetof rules;

6. # C E x E istheconflictrelation.

Thesignalset,V, containghewiresin thecircuit specification.
The statesp containsthe initial value of eachsignalin V. The
actionset, A, containsfor eachsignalz in N, arising transition,
z+, and a falling transition, x—, along with the sequencing
event $, whichis usedto indicatean actionthatdoesnot causea
signaltransition. The event set, E, containsactionspairedwith
occurrencendices(i.e., {a,)). Pairing actionswith occurrence
indicesallows an arbitrary numberof eventsto be createdfrom
eachaction,includingthesequencingction,$. Sequencingvents
areoften usedto expressnondeterminisnwherea signalmay or
may nottransition. Although,formally the definitionrequiresthat
all sequencingventsbe of the form $/i wherei is an integer,
sequencingventsof the form $s wheres is a string are usedin
this paperin orderto make the purposeof the sequencingvent
moreclear Rulesrepresentausalitybetweenevents. Eachrule,
r, is of theform (e, f, 1, u, b) where:

1. e = enablingevent,

2. f =enablecvent,

3. {l,u) = boundediming constraintand

4. b = aboolearfunctionoverthesignalsin N.

arwN R

A ruleis enabledf its enablingeventhasoccurredandits boolean
functionis truein the currentstate.Therearetwo possibleseman-
ticsconcerningheenablingof arule. In onesemanticsteferrecto

Figure 1. A delayed-reset domino gate.

asnon-disablingsemanticsoncearule becomegnabledit cannot
loseits enablingdueto a changein the state.In the otherseman-
tics, referredto asdisablingsemanticsa rule canbecomesnabled
andthenloseits enabling.This canoccurwhenanothereventfires,
resultingin a statewheretheboolearfunctionis nolongertrue. A
singlespecificatiorcanincluderuleswith bothtypesof semantics.
Non-disablingsemanticaretypically usedto specifyernvironment
behaior anddisablingsemanticairetypically usedo specifylogic
gates.For the purposeof verification, the disablingof a boolean
expressionon a disablingrule is assumedo correspondo a fail-
ure. Disablingsof booleanguardsare consideredfailuressince
they correspondo a glitch on the input to a gate. A rule is sat-
isfiedif it hasbeenat least! time units sinceit wasenabledand
expiredif it hasbeenatleastu time unitssinceit wasenabled Ex-
cluding conflicts,an event cannotoccuruntil every rule enabling
it is satisfied,andit mustoccurbeforeevery rule enablingit has
expired.

The conflict relation, #, is usedto modeldisjunctive beha-
ior andchoice.Whentwo eventse ande’ arein conflict (denoted
e # ¢'), this specifieghat eithere canoccuror ¢’ canoccur but
notboth. Takingtheconflictrelationinto accountjf two ruleshave
the sameenabledeventandconflicting enablingevents,thenonly
oneof thetwo mutuallyexclusive enablingeventsneedgo occurto
causeheenabledevent. This modelsaform of disjunctve causal-
ity. Choiceis modeledwhentwo rules have the sameenabling
eventandconflictingenabledevents. In this caseonly oneof the
enabledeventscanoccur Every pairwiseconflictin the TEL struc-
ture mustbe specified.However, sinceTELs aretypically gener
atedfrom a higherlevel input languagesuchas VHDL [9] this
doesnotposea problemfor theuser

Figurel shavsanexampleof adelayed-resetominogate.The
gatecomputeshe function (a V b) A ¢ in two stages. The first
stagecomputes: V b while clk1 is high, andthe next stagecom-
putesoutl A ¢ while clk2 is high. Both gatesprechage while
theirrespectie clocksarelow. Sinceneithern-stackhasa “foot”
transistorto ensurethatthe pathto groundis turnedoff duringthe
prechage phase the timing of the circuit mustguaranteehat all
theinputsto the gatearelow by the time thelocal clock for each
stagefalls.

TheTEL structurerepresentatiofor thedominogateis shavn
in Figure2. It includesonerising andonefalling eventfor each
signal. Thespecificatiorindicateshatthereis aglobalclock Gelk
which rises500time unitsafterit falls andfalls 500time units af-
terit rises. Theinputsto thegate,a, b andc, nondeterministically
rise sometime afterthe clock rises. The nondeterminisnis mod-
eledusingthe conflictrelationandsequencingvents.Eachrising
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Figure 2. TEL structure for the gate in Fig. 2

eventon aninputconflictswith acorrespondingequencingvent.
Sincetherising eventandthe sequencingventconflict, only one
of themcanoccur If therising eventfor a signalfires, the sig-
nal risesin thatclock cycle, if the sequencingventfires, it does
not. A falling transitionon the global clock is followed by falling
transitionson all of theinputs,if they have risen. Again sequenc-
ing eventsandconflictsareusedto dealwith the nondeterminism.
If aninput signalriseson the rising edgeof Gclk thena falling
event for that signal mustoccurwhen Gclk falls. Otherwise,a
conflicting sequencingventfires, preventingthe falling eventon
theinputsignalfrom becomingenabledassoonasthatsignalrises
again.TheGclk signalalsocontrolsthefiring time of thetwo local
clocks,clk1 andclk2. Thelocal clock clk1 risesbetweenlO and
30 time units after Gelk risesandfalls 30 time units after Gelk
falls. The otherlocal clock, clk2 andthe two gateoutputs,outl
andout?2 arespecifiedn asimilarfashion.

Oncea TEL structurefor the circuit is createdjt canbe used
by ATACSto find all of thecircuit’s possibletiming behaiors and
checkfor timing failures. In the caseof thesedominogates AT-
ACSis usedo checkfor two typesof failures.Thefirstis thatonce
apulldowvn stackturnson, it remainsonuntil thedynamicnodehas
switched. The otheris thatall pathsto groundin the n-stackare
turnedoff beforethe dynamicnodebeginsto prechage. Both of
theseconditionsmustbe metin orderfor the circuit to be electri-
cally sound.If thefirst conditionis not met,anincorrectvaluefor
the dynamicnodemay be latched,andif the secondconditionis
not metthe gatewill drav a large shortcircuit current. Either of
theseconditionswould bequitesimpleto checkfor statically since
thefirst canalwaysbe met by increasingthe time that the inputs
areon, andthe secondcanalwaysbe metby decreasindghe time
thattheinputsareon. However the combinationof the constraints
is moredifficult to check.Thereis arangeof pulselengthsfor each
signalthatallow thecircuit to functioncorrectly andtherangefor
eachsignalis correlatedo the pulselengthsof mary othersignals.

Analysis with ATACS allows a designerto checkif a setof
pulselengthrangeswvorkswithout consideringhe implicationsof

eachrangeby handor runninga SPICElevel simulation. Thefirst
constraintthatinputsremainon long enoughfor a gateto switch,
is alwayschecledautomaticallyasATACSexploresthestatespace
of thesystem ATACSgenerateanerrorif thebooleanexpression
associatedvith ary disablingrule canbecomerue andthenfalse
againbeforethe signaltransitions.This erroris generatedegard-
lessof the timing boundon the rule involved. For example,con-
siderthe TEL structurefor thesignaloutl in Figure2. Whenout1
is low, if the expressiom V b becomedrue, ATACS generatesan
error if it becomedalseat ary time beforeoutl rises. The up-
perboundon the pulselengthscanbe checled by addinga simple
constraintto the specificationwhich stateshatfor eachgate,the
inputsmustbelow atthetimetheclockfalls. This constrainis the
samefor eachgate soit canbegeneratecdutomatically Addition-
ally, ary othertiming constrainthata designemaywishto check,
suchassetupandhold times,canalsobe specifiedandverified.

After thetransistotevel designis completedthebestandworst
casepropagatiortime througheachgateis derived from SPICE.
Thesedelaysarecomputedasthetime differencebetweerthemid-
pointsof therising edgeof theinput changehatcauseshe gateto
switch andtherising edgeof the transitioningoutput. After each
gatehasbeencharacterizedATACS canbe usedto checkthata
circuit is electrically soundwithout runningmultiple SPICEruns
ontheentirecircuit to checkall possiblecombinationof gatede-
lay behaior. Since ATACS doesnot do electricalanalysis,it is
necessaryo add mamgin to the SPICE derived delaysto ensure
thatelectricallymauginal circuitsdo not verify. SPICEsimulations
shav thata 5% maugin on the SPICEderived bestandworstcase
gatepropagatiortimesis enoughto ensurethat circuits that ver-
ify in ATACSdo not have electricalfailuresdueto timing. When
circuits aretoo large to be verified at the gatelevel, conserative
abstractionsvhich presere the propertythata circuit thatis veri-
fiedis electricallysoundareused.

3 Circuit analysis

ATACSwasusedto analyzeseveralcircuitsfrom theguTS(gi-
gahertzunit TestSite) integer microprocessodesignecat IBM’ s
Austin Research_aboratory[10]. The purposeof this designis
to demonstratehe performancegainsthat can be achieved us-
ing aggressie circuit design. The architecturds a fairly simple,
forwarded,four-stagepipeline which implements96 instructions
from the integer part of the PowverPCinstructionset. It is imple-
mentedin a 0.254 CMOS processavailablein 1997. The high-
performanceof the circuit is a resultof the circuit design,which
is nearly 100% dynamiclogic, and the microarchitecturewhich
allows asmuchconcurreng aspossiblg11].

3.1 Delayed-reset domino logic

The circuits in the guTS processorare designedusing a dy-
namiccircuit styleknown asdelayed-resedomino[12, 13]. A mi-
croprocessodesignedn this style containsa setof macroswhich
operatesynchronouslyA delayed-resedominomacroconsistsof
anumberof levelsof dynamicgatesgachof whichrecevesinputs
from precedindayers.Standardlominogatesiseacommorclock
thatactsasatiming referenceln adelayed-resatesigneachevel
of dynamicgatesrecevesits own, preciselytimed clock, whichis
generatedy a buffer chainwithin the macro. The local clocks



travel throughthe logic alongwith the data,a resetwave preced-
ing eachcomputationwave. This techniqueallows approximately
one-halfcycle for eachgateto resetand one-halfcycle for each
gateto evaluate.Thecycle time for a delayed-resedominomacro
is setby addingthe necessaryprechage and evaluatetimesfor a
singlegate.If multiple gatesoperateonthesameprechagesignal,
cycletimeis setby addingtheevaluatedelaythroughall thestages
to the prechage delay Due to the overlappingof the prechage
and evaluate phasesthe delayed-resetiomino approachsignifi-
cantlyincreasesheamountof dynamic-logicthatcanbeplacedn
amacroatagivenclock frequeng.

The delayed-resetiomino gatesusedin the guTS processor
lack the “foot” device thatis includedin a standarcdominogate.
The purposeof this device is to turn off the pulldonn stackof the
gateduringthe prechage phase.Remwing this device allows the
gateto switch5 to 15%faster. Alternatively, thegatecanbemade
to computea morecomple logic functionusingthe sametransis-
tor stackheightif the “foot” transistoris removed [12]. In order
to remove thistransistorit is necessaryo ensurethatthe evaluate
logicis noton duringtheprechage phase Thisis the caseif all of
theinputsto thegateareguaranteetb below duringtheprechage
phase.To meetthis requirementthe inputsto the macromustbe
pulsed.Combinedwith therequirementhattheinputsto eachgate
remainstablehigh long enoughto switch the dynamicnode,this
resultsin atwo sidedtiming verificationproblemwhichis unusual
for asynchronouslesign.

In the guTS processqrthe macrolevel timing verification is
doneusing extensve SPICE level circuit simulation[14. After
the delay behaior of the macrosis characterizedyy designersn
SPICE,it is incorporatednto a chip level timing modelfor chip
level static timing verification. This was a successfubpproach
for this processosinceit worked in first silicon. However, in or-
der to ensurethe correctnes®f the processoiwover all variations
in delay large amountsof delay mamgin are includedin the de-
signof themacros.If it is possibleto formally verify the macros,
lessmagin is necessaryo have confidencen the processos cor
rectnesswhich canresultin higherperformanceThetiming con-
straintshatneedo bechecledin thedelayedesetdominomacros
arevery similar to the correctnesgonstraintsecessaryor asyn-
chronouscircuits, andthe delayedresetdominocircuits are quite
similar to asynchronousircuits. Therefore anasynchronousm-
ing verificationtool is a naturalchoiceto be usedfor formal veri-
ficationof themacros.

3.2 Verification of gate level models

Theasynchronousiming verificationtool ATACS wasusedto
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, andis shavn in
Figure 3. The goal with this circuit is to verify that the timing
specificationwhich is suppliedwith the circuit indeedguarantees
thatthecircuit works correctly Thetiming specificatiordescribes
the timing requirementshat mustbe metby ary circuit commu-
nicatingwith the MLE. It is derived from SPICElevel simulation
andthe circuit designer&nowledgeof how the circuit works. The
timing specificationgrealsousedasthe basisfor chip level static
timing analysis.In orderto ensurethatthe chip-level statictiming
analysisis modelingall timing behaior, eachmacroneedsto be
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Figure 3. The MLE circuit.
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formally verifiedin theervironmentdescribedy thetiming spec-
ification. The MLE circuit is verifiedby ATACSin afew seconds
ona400MHzPentiumll.

The MLE circuit containsboth staticanddynamicgates. The
inputsto staticgatesareallowedto be unstablesincethis doesnot
immediatelycauseafailure. However, if aglitch ontheoutputof a
staticgatepropagateto theinput of adynamicgate,it cancausea
failure.In theMLE circuit, thegatedriving thesignal“outputcom-
plement”is static.In every cyclewhere*outputcomplementtdoes
notfall, thereis aglitch onits inputs. At theendof the prechage
phasethe signal“Output.” is alwayshigh andit feedsoneof the
inputsto the static gate. Whenthe clock rises, “output comple-
ment” alwaysbegins to fall. However, the signal“Output.” falls
later in the clock cycle if the selecteddatavalueis high. When
“Output” falls, one of the inputsto the static gateis driven low
and“output complementrisesagain,producinga glitch. ATACS
detectsthis glitch and determineghat it cannotpropagatdo the
outputof thecircuit.

The next circuit is a dynamicPLA thatis usedin the proces-
sor’s control circuitry. DynamicPLAS areeasyto generateauto-
matically and have predictableareaand delay In orderto malke
thePLAsfast,they arecontrolledusingself-resettingircuitry. An
exampleof the control circuitry is shavn in Figure4. The circuit
usesa very aggressie techniqueo determinewhenits inputsare
valid. Theinputsarepresentedb thecircuit dual-rail. Whenthein-
putsarevalid thesensotransistorareturnedon. Thesdransistors
areall connectedo a singlenode,n1, which hasbeenprechaged
high. The sensotransistorsaaresizedsothatoneof themmustbe
turnedonfor eachinputin orderfor n1 to dischagequickly. How-



Clk1
[ [ [ [ [ [ [ 1

L]

| HLEJ{%J

Designed Celldelay = Evaluate:129 - 139, Precharge:149-153
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ever, if oneinput arrivesmuchearlierthantherest, eventuallyits
singlesensottransistorcandischagenl, erroneouslcausingthe
PLA to begin evaluatingearly This completiondetectioncircuit
is highly timing dependenandonly works if theinputsareguar
anteedto arrive within a narrav time intenal. After the falling
edgeof nl propagateshroughfour inverters,the noden?2 falls.
Whenthis nodefalls, transistorp1 is turnedon which raisesnode
nl, resettingthe completiondetectiorcircuit. Theline “and plane
control”is usedto gatetransistorsvhichdeterminef theand-plane
of thePLA is in prechage or evaluatemode. Theline “propagate
control” is usedin a similar mannerto controlwhetherthe output
of the and-planecanpropagateo the or-planeof the PLA, which

is not shawn. This control circuitry is essentiallyasynchronous.

Asynchronousself-resettingecircuits are difficult for statictools
to handlesincethey oftenassumehata transitionon aninputwill
causeonly asingletransitiononanoutput. ATACSis ableto verify
thecircuit usingthe designedielaysin afew seconds.

3.3 Verification of abstracted models

The next circuit is a compareunit for two 64 bit quantities. It
consistsof 3 stagesof delayed-resetiominologic. The logic in
eachstagels exactly the same.A stageconsistsof a setof blocks
thatproducean outputwhich indicateswhetherits two four bit in-
putsareequal. To do a 64 bit compare,a tree structureis used
wherethe first stagehas16 logic blocks,the secondstagehas4
logic blocks,andthefinal stagehas1 logic block. Unlike the pre-
vious two examples this circuit is too large for ATACSto verify
it usinga representationlerived directly from its transistorlevel
schematicHowever, with a smallamountof abstractionit canbe
verified quickly. It is not necessaryo modeleachof the 64 bits
enteringthe compareunit. Eachblock in the first level of logic
is modeledasa gatethatwaits for a singleinput andproducests
outputsomevariableamountof time later Variability in input sig-
nal arrival timesis accountedor by puttinganindependentielay
rangeon the arrival time of the abstractednput signalfor eachof
the blocksin thefirst level of logic. Whenthis signalrisesin the
abstractednodel, it is equivalentto all eightinput bits to a block
becomingstablein the actualcircuit. Additionally, sincethetim-
ing behaior of eachblockis thesamethe numberof input blocks
canbereducedrom 16 to 8 without effectingthetiming behaior
of the circuit. Figure5 shaws the structureof the model. Each
blockis representedsa TEL structurewhich raisests outputsig-
nal 129to 139time units afterthe block recevesall of its inputs,
and lowersits output 149 to 153 time units after its local clock
falls. A globalclock which controlsthe transitiontimesof thelo-

cal clocksis alsomodeledbut not shavn. It takeslessthanfive

seconddo explorethe statespaceof this modelusingthe POSET
statespacealgorithmona400MHzPentiumll. For comparisorthe

modelis alsoanalyzedisingthe standardgeometriaegion based
method[15, 16, 17]. This methodrequires196 secondgo ana-
lyze the model. The iterationtime provided by the POSETalgo-

rithm malesit reasonabléo iteratively adjustthe Celldelayvalues,
global clock speedJocal clockstiming to determinethe working

rangef the circuit undera variety of assumptionsThecircuit is

ableto verify for globalclockcyclesupto 100pdessthantheclock

cycle necessarjor correctoperatiorin the Gigahertzprocessor

Sincestatespaceexplorationis an exponentialproblem,large
specificationan only be verified at a high level of abstraction.
Thisis illustratedby the verificationof the 64-bitadderportion of
the Multifunction Fixed Point Unit (MFXU). This unit computes
the resultsof the add, subtract,and compareinstructionsfor the
processor The core of the unit is the 64-bit parallel prefix adder
designpresentedh [11], whichis basednthealgorithmdescribed
in [18]. The MFXU addercontainsfive stagesof delayedreset
dominologic. The first stagecontainsa true/complemeninux,
stagegwo throughfour computethe propagateand generatesig-
nalsfor theadderandthefifth stagamplementsalargemuxwhich
meigesmary differentsignals.Eachblock containsa few domino
gates,which canvary in delay Attemptsto verify this circuit at
the gatelevel quickly usemorethanhalf of a gigabyteof memory
anddo not complete. However, a conserative abstractiorof the
MFXU verifiesin ATACS usingthe POSETalgorithmin about2
minutes. The verificationdoesnot completeusingthe geometric
algorithm.

Therearetwo stepsinvolved in creatingthe conserative ab-
stractionof the MFXU. The first is to reducethe compleity of
eachblockby lumpingthedelayrangedor all of thedifferentgates
into onedelayrangewhichrepresenttheminimumandmaximum
time differencebetweenthe block receving all of its inputsand
generatingall of its outputs. For example,supposea block con-
tainstwo dominogatesd:, which takes 100psto evaluateandd:
which takes150psto evaluate.lt is conserative to make a model
for the block wherethe minimum evaluatetime for the block is
100psandthemaximumevaluatetime for theblockis 150ps.This
abstractiordoesnot capturethe gatelevel behaior that one out-
put of the block is availableafter 100psandthe otheris available
after 150ps,but if a circuit verifies using the abstractionjts ac-
tual behaior verifiesalso. An abstractioriik e this is madefor the
prechage phaseandthe evaluatephaseof eachblock. Thenthe
numberof blocksis decreasedThe goalis to reducethe number
of blocks,without hiding ary interestingblock interactions.This
is doneby analyzinga 32-bit wide slice of thedesign.Sinceeach
block operateson four bits of input, this corresponds$o a model
thatis eightblockswide at its input. This modelis large enough
to includeall of thetypesof interblockrelationshipsof the larger
designandis smallenoughto verify quickly.

Thecircuit, abstractedh this way, verifiesatits intendedclock
speed. Therefore,ary gate-leel timing relationshipsthat are
missedby the abstractionare not necessaryn order for the cir-
cuit to run at the specifiedspeed.If thisis notthe casethenthe
blocksonthefailurepathcanbespecifiedn moredetail. Although
thisincreaseserificationtime, it shouldnot make the problemin-
tractablesincetheadditionaldetailis limited to afew blocks.Even
the abstractedrersionof this circuit is quite large, it hascomplex



timing relationshipsand which provide mary possibilitiesfor er-
ror. Formalverificationgivesconfidencahatall of thetiming be-
haviors have beenconsidered. Currently ATACS doesnot have
an automatednethodfor generatingcircuit abstractionsandthe
abstractiondescribedor this exampleis donemanually It may
bepossibleto adapttechniquesrom [19] to developanautomated
methodfor abstractingplocksof dominogates.

Thefinal circuit is anarithmeticcircuit usedin theintegerexe-
cutionunit. It is of moderateeompleity andthereforecanbeused
to testtheaccurag of anabstracteanodelvs. a gatelevel model.
The gatelevel modelis still somevhatabstracin thatit doesnot
includethefull 64-bitdatapathbut eachinstanceof a blockis de-
scribedat the gatelevel. The resultson this macroindicatethat
thelimiting factorin clock speeds thetime thattheinputsarrive
to the macro,not gateto gateinteractionsnside the macro. Be-
causeof this, themaximumclock speedsllowedby theabstracted
modelandthe gatelevel modelarethe same.In orderfor a gate
level modelto allow acircuit to verify atahigherclock speedhan
anabstractednodelthereneedto beinstance®f fastgatesn one
stagefeedingslow gatesin anothemlockin the next stage.Such
instanceslo notoccurin this example.

4 Conclusionsand futur e work

ATACScanbevery effectivein verifying delayed-resetomino
circuits. TEL structuresrewell-suitedto specifyingdominogates
atboththegatelevel andatahigherlevel of abstractionSinceAT-
ACSis designedor asynchronousircuits, it is very flexible and
it canbeusedto verify mary differentcircuit stylesby varyingthe
constraintghatarechecled. SinceATACS canverify circuit level
timing specificationslessmaigin is necessarin eachcircuitto en-
surethatthecircuit workscorrectly which canresultin higherper
formance ATACSdoesa completestatespacesxploration. There-
fore, its complity is exponentialandit is not practicalto verify
largecircuitsatthegatelevel. However, for mostcircuits,ahigher
level of abstractioris sufiicient to verify thatthatthe circuit can
run at the desiredspeed. If this is not the case,it is possibleto
locally specifymoredetail on pathsthatarefailing without caus-
ing astateexplosion.Mostimportantly thiswork shavs how tools
developedto dealwith asynchronousircuitscanbeof greatuseto
synchronouslesignersvhenthey chooseaggressie circuit styles.

Althoughtheresultsin this paperaresomevhatpreliminary re-
sultingfrom five weeksof work at IBM, they arevery promising.
In orderto malke this methodpracticalfor circuit designersmore
work is neededo develop a moreautomatednethodof abstract-
ing circuits, andto develop a methodof verifying circuits hierar
chically. Additionally, all of the circuits describedn this paper
arecompletedandno failuresarefoundby ATACSwhendesigned
delaysareused. It would be interestingto studyhow ATACS can
help designergleterminewhich delayrangesesultin correctcir-
cuits closerto the beginning of the designcycle, aswell ashow
it canbe usedon early versionsof circuitsto find actualfailures.
Finally, we would lik e to explore how the synthesicapabilitiesof
ATACS canbe usedto help automatehe designof delayed-reset
dominoandself-resettingircuits.
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