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Abstract

This paperdiscusseshe applicationof thetiming anal-
ysis tool ATACS to the high performance self-resetting
anddelayed-esetdominocircuitsbeingdesignedat IBM's
AustinReseath Laboratory. Thetool, which wasoriginally
developedo dealwith asyntironouscircuits, is well suited
to the self-resettingstyle sinceinternally, a blodk of self-
resettingor delayed-esetdominologic is asyntironous.
Thecircuits are representediusing timed event/level struc-
tures. Thesestructues correspondvery directly to gate
level circuits, making the translation from a transistor
schematicto a TEL structue straightforwaid. The state-
spaceexplosion problemis mitigatedusing an algorithm
basedon partially ordered sets(POSETS). Resultson a
numberof circuits fromthe recentlypublishedguTS(giga-
hertzunit TestSite)processoifrom IBM indicatethat mod-
ules of significantsize can be verified with ATACS using
a level of abstiaction that preserveghe interestingtiming
propertiesof the circuit. Accumate circuit level verification
allows the designerto include lessmamin in the design,
which canleadto increasedpberformance

1 Intr oduction

In orderto be successfubnd widely used,ary circuit
designstyle must have extensive CAD support. Lack of
CAD supportis one reasonthat asynchronouslesignhas
not beenwidely accepteddespiteits advantagesn some
areas. However, in order to get high performance syn-
chronouddesignsarealwayspushingthe boundarieof ex-
isting CAD toolsaswell. Thecircuit stylebeingdeveloped
andusedatIBM’ s AustinResearchaboratoryis agoodex-
ampleof this. Althoughthe circuitsaresynchronoustheir
local behavior is asynchronousandthe timing constraints
thatmustbe metfor themto work correctlyarequite com-
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plex. Existing synchronoustatictiming analysismethods
canbe adaptedo analyzethis type of circuit [1, 2, 3], but
they have somelimitations. The approachpresentedn [1]
extendgthestatictiming methodologyy changinghestan-
dardtwo event per signalmodelto a four event per signal
model. This allows all of therelevanttiming constrainton
a dominogateto be verified. However, sincethe method
considersonly topologicaldelayandnot boolearbehaior,
it canbe overly pessimistic. The methodpresentedn [2]
is successfuin verifying alarge, high performancehip. It
addssomeboolearbehaior to thetopologicaldelaycalcu-
lationsin orderto improveaccurag, butmaystill beconser
vative. Thetechniquepresentedhn [3] is designedo verify
self-resettingr delayed-resatircuitsatthe macrolevel. A
designemustdetermineaninterfacespecificatiorfor each
macrothroughsimulation. The timing analysistool then
determinesf the combinationof all the macroscorrectly
implementsall of the interfaces. This works well for chip
level timing verification,but the interfacesspecifiedby the
designeareneverformally verified. A tool thatverifiesthat
the gatesinsidethe macrowork correctlywithin the speci-
fiedinterfaceis requiredto completethe verification.

Sincethe behaior insidethe self-resettinganddelayed-
resetmacrosis very similar to thatof anasynchronousir-
cuit, a tool designedor asynchronousircuitsis usefulin
their timing verification. A timing analysistool for asyn-
chronousircuits mustbe moregenerathanthe statictim-
ing tools usedfor synchronousircuits. No assumptions
aboutthe time behaior of the systemare made, which
meansthat an asynchronougiming verification tool can
handleary timing optimizationsmadeby synchronousle-
signers.This flexibility allows designergo createnew cir-
cuit styleswithout modifying thetiming analysisool.

Thereare two basicapproacheso timing analysisfor
asynchronousystems.Oneapproachpresentedn [4], is
basedon time sepaation of events This algorithmis effi-
cientfor determiningan individual time separation.How-
ever, verificationof alarge circuit modelrequireschecking
thousandsf time separationsSincethesealgorithmsview



eachnew time separatiorasa differentproblem,thereis a
pointat which exploring the timed statespaceof the speci-

ficationbecomedasterthancomputingall of the necessary

time separationsTheotherapproachwhichis takenin this
paper is basedon timed statespaceexploration. Timed
statespaceexplorationalgorithmsdeterminethe setof all

stateshatarereachablen the specificationgiventhe tim-

ing informationprovided. The statespaceexploration al-

gorithm usedfor verificationin this paperis basedon the
POSETtechnique [5], which significantly reducesstate
spacesize.

However, ary tool designedor asynchronousircuitsis
limited in the size of specificationgt cananalyze. Since
asynchronousools explore all possiblesequentiabehar-
iors of the circuit, their time and spacecompleity areex-
ponential,andthey arebestusedfor gatelevel analysisof
smallcircuits or abstractedrersionsof larger macros.This
paperdescribeshe applicationof theasynchronousming
analysistool ATACS, to the verificationof several designs
from theguTS(gigahertainit TestSite) processodesigned
atIBM’ s Austin Research.aboratory It first describeghe
model that ATACS usesto representircuits It then dis-
cusseshedelayed-resedominocircuit styleandits perfor
manceadwantages Finally, it presentsereral casestudies
from the guTS microprocessor Thesecasestudiesshaov
thatATACSis capableof analyzingdelayed-resesandself-
resettingeircuitsaccuratelyandthatthe abstractionmeces-
saryto malke the problemstractabledo not causethe tool
to underestimatperformancelf it is possibleto accurately
verify the macros,lessmaigin is necessaryo ensurecor-
rectnessandhigherperformanceircuitscanbe achieved.

2 Specifyingdelayed-resetdomino circuits

The specificationghat are analyzedoy ATACS, Timed
Event/Level (TEL) structures[6], describedformally be-
low, arevery well suitedto the delayed-resedominostyle.
TEL structuresxtendtimed ER structures|[7], by allow-
ing booleanexpressiongo be addedto the specification.
TEL structuregepresent setof specificationequivalent
to thoserepresentetdy bothtime andtimed Petrinets,and
they have two main adwantagesover purely event based
specifications. The first is that they are easyto generate
from a higherlevel languagesuchasVHDL [8]. Purely
eventbasedspecificatiorformatsdo not corresponavell to
the signallevel basedsemanticof higherlevel languages.
Thesecondadvantagés in performanceSpecification®x-
presse@sTEL structuremaremorecompactndhave fewer
markingsthanthoseexpressedn a purely eventbasedor-
malism. This resultsin smallerstatespacesainddecreased
runtime andmemoryusage.

2.1 Timed event/level structures

A TEL structureis a 6-tupleT = (N, so, A, E, R, #)
where:

N isthesetof signals;

so = {0,1}" istheinitial state;

A C N x {+,-} U §isthesetof actions;

E C Ax (N ={0,1,2...}) isthesetof events;

R C EXExNx(NU{oc})x(b:{0,1}¥ = {0,1})
is thesetof rules;

6. # C E x E istheconflictrelation.

arwbdE

The signal set, N, containsthe wires in the circuit
specificationThestatesy containgheinitial valueof each
signalin N. The actionset, A, containsfor eachsignalz
in N, arising transition,z+, anda falling transition,z—,
alongwith thesequencingvent$, whichis usedto indicate
anactionthatdoesnot causea signaltransition. The event
set, E, containsactions paired with occurrenceindices
(i.e.,{(a,4)). Pairingactionswith occurrencendicesallows
an arbitrary number of eventsto be createdfrom each
action, including the sequencingaction, $. Sequencing
eventsare often usedto expressnondeterminisnwherea
signalmay or may not transition. Although, formally the
definitionrequireshatall sequencingventsbeof theform
$/i wherei is aninteger, sequencingventsof theform $s
wheres is a string areusedin this paperin orderto make
the purposeof the sequencingevent more clear Rules
representausalitybetweenevents. Eachrule, r, is of the
form (e, f,1,u, b) where:

e = enablingevent,
f =enablecavent,

. {l,u) = boundediming constraintand

. b =aboolearfunctionoverthesignalsin .

A rule is enabledif its enablingeventhasoccurredandits
booleanfunctionis truein the currentstate. Therearetwo
possiblesemanticsconcerningthe enablingof a rule. In
onesemanticsteferredto asnon-disablingsemanticsonce
arule becomegnabledjt cannotloseits enablingdueto a
changen thestate.In theothersemanticsieferredto asdis-
abling semanticsa rule canbecomeenablecandthenlose
its enabling.Thiscanoccurwhenanothereventfires,result-
ing in a statewherethe booleanfunctionis no longertrue.
A singlespecificationcanincluderuleswith bothtypesof
semantics.Non-disablingsemanticsare typically usedto
specify environmentbehaior and disablingsemanticsare
typically usedto specifylogic gates. For the purposef
verification,the disablingof a booleanexpressioron a dis-
ablingruleis assumedb correspondo afailure. Disablings
of booleanguardsare consideredailuressincethey corre-
spondto a glitch ontheinputto agate.A ruleis satisfiedf



Figure 1. A delayed-reset domino gate.

it hasbeenatleast! time unitssinceit wasenabledandex-

piredif it hasbeenatleastu time unitssinceit wasenabled.

Excludingconflicts,an eventcannotoccuruntil every rule
enablingit is satisfied,andit mustoccurbeforeevery rule
enablingit hasexpired.

Theconflictrelation,#, is usedto modeldisjunctive be-
havior andchoice.Whentwo eventse ande’ arein conflict
(denotede # €'), this specifiesthat eithere canoccuror
e’ canoccur but not both. Takingthe conflict relationinto
accountjf two ruleshave the sameenabledeventandcon-
flicting enablingevents,thenonly oneof the two mutually
exclusive enablingeventsneedsto occurto causethe en-
abledevent. This modelsa form of disjunctive causality
Choiceis modeledwhentwo ruleshave the sameenabling
eventandconflictingenabledavents.In this caseonly one
of the enabledeventscanoccut Every pairwise conflict
in the TEL structuremustbe specified,but this doesnot
causea problemfor the usersinceTEL structuresaretypi-
cally generatedrom a higherlevel inputlanguagesuchas
VHDL [8]. If aspecificationis cyclic, thenthe TEL struc-
ture representingt is infinite. However, dueto its repet-
itive nature,this infinite behaior canbe describedwith a
finite modelby addingan additionalsetof rulesand con-
flicts whichrecursvely definetheinfinite structure7].

Figure 1 shavs an exampleof a delayed-resetiomino
gate. The gatecomputesthe function (a V b) A ¢ in two
stages.The first stagecomputesz V b while clk1 is high,
andthe next stagecomputesoutl A ¢ while ¢lk2 is high.
Both gatesprechagewhile their respectie clocksarelow.
Sinceneithern-stackhasa “foot” transistorto ensurethat
thepathto groundis turnedoff duringthe prechagephase,
thetiming of thecircuit mustguarante¢hatall theinputsto
the gatearelow by thetime the local clock for eachstage
falls.

The TEL structurerepresentatiofor the dominogateis
shawvn in Figure 2. It includesonerising andone falling
eventfor eachsignal. The specificatiorindicatesthatthere
is a global clock G'elk which rises500 time units after it
falls andfalls 500 time units after it rises. The inputsto
the gate, a, b and ¢, nondeterministicallyrise sometime
afterthe clock rises. The nondeterminisnis modeledus-

[30,30]
[~GclK] [10,30] [~clk1]d [50, 70]

clkl1- outl-

clk2 out2
(30,30] [20,50] fout1 & cJd
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} [GelK] [10,20] [albld
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Figure 2. TEL structure for the gate in Fig. 1

ing theconflictrelationandsequencingvents.Eachrising
eventon an input conflictswith a correspondingequenc-
ing event. Sincetherising eventandthe sequencingvent
conflict, only one of them canoccut If the rising event
for a signalfires, the signalrisesin thatclock cycle, if the
sequencingventfires, it doesnot. A falling transitionon
the global clock is followed by falling transitionson all of
theinputs,if they have risen. Again sequencingventsand
conflictsare usedto dealwith the nondeterminism.If an
input signalriseson the rising edgeof Gclk thenafalling
eventfor that signalmustoccurwhen Gelk falls. Other
wise, a conflicting sequencingevent fires, preventing the
falling eventon theinput signalfrom becomingenabledas
soonasthatsignalrisesagain. The Gclk signalalsocon-
trols thefiring time of the two local clocks,clk1 andclk2.
Thelocal clock clk1 risesbetweerl0 and30time unitsaf-
ter Gelk risesandfalls 30 time units after Gclk falls. The
otherlocal clock, clk2 andthe two gateoutputs,outl and
out2 arespecifiedn asimilarfashion.

Althoughthe TEL structureis readablefor a small cir-
cuit, it would be difficult to specify a large macroat this
level. ATACS providessupportfor two higherlevel input
languagesYHDL andCSP Designersanspecifycircuits
in theselanguagesandthey are compiledinto TEL struc-
turesusingtechniqueslescribedn [7, 8].

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



fore the dynamicnodebeginsto prechage. Both of these
conditionsmustbe metin orderfor the circuit to be elec-
trically sound.If thefirst conditionis not met,anincorrect
valuefor the dynamicnodemay be latched,andif the sec-
ond conditionis not met the gatewill drav a large short
circuit current. Either of theseconditionswould be quite
simpleto checkfor statically sincethefirst canalwaysbe
met by increasingthe time that the inputs are on, andthe
secondcan always be met by decreasinghe time thatthe
inputsareon. Howeverthecombinatiorof theconstraintss

moredifficult to check.Thereis arangeof pulselengthsfor

eachsignalthatallow the circuit to functioncorrectly and
the rangefor eachsignalis correlatecto the pulselengths
of mary othersignals.

Analysiswith ATACSallows adesigneto checkif aset
of pulselength rangesworks without consideringthe im-
plicationsof eachrangeby handor runninga SPICElevel
simulation. Thefirst constraintthatinputsremainon long
enoughfor a gateto switch, is always checled automati-
cally asATACSexploresthe statespaceof the system.AT-
ACSgenerateanerrorif theboolearexpressiorassociated
with ary disablingrule canbecomdrueandthenfalseagain
beforethe signaltransitions.This erroris generatedegard-
lessof thetiming boundon therule involved. For example,
considerthe TEL structurefor the signaloutl in Figure?2.
Whenoutl is low, if theexpressioru vV b becomegrue, AT-
ACSgeneratesin errorif it becomedalseat ary time be-
fore outl rises. The upperboundon the pulselengthscan
be checled by addinga simple constraintto the specifica-
tion which stateghatfor eachgate,the inputsmustbe low
at thetime the clock falls. This constraintis the samefor
eachgate,soit canbe generateciutomatically Addition-
ally, ary othertiming constrainthata designemaywishto
check,suchassetupandhold times,canalsobe specified
andverified.

After the transistorlevel designis completed the best
andworst casepropagatiortime througheachgateis de-
rived from SPICE.Thesedelaysare computedasthe time
differencebetweenthe midpointsof the rising edgeof the
inputchangeandtherising edgeof thetransitioningoutput.
After eachgatehasbeencharacterizedATACScanbeused
to checkthata circuit is electricallysoundwithout running
multiple SPICErunson the entire circuit to checkall pos-
sible combinationsof gatedelay behaior. Since ATACS
doesnot do electricalanalysis,t is necessaryo add mar
gin to the SPICEderived delaysto ensurethat electrically
mauginal circuits do not verify. SPICEsimulationsshav
thata 5% margin onthe SPICEderivedbestandworstcase
gatepropagatiortimesis enoughto ensurehatcircuitsthat
verify in ATACS do not have electricalfailuresdueto tim-
ing. Whencircuits aretoo large to be verified at the gate
level, conserative abstractionsvhich presere the property
thata circuit thatis verifiedis electricallysoundareused.

3 Timed state spaceexploration

Circuits specifiedas TEL structuresare verified using
a depth-firstsearchto find all of the statesallowed by the
specification.The algorithmusesa numberof setsto keep
track of the statusof all of the rulesin the specification
duringthe search.The R,,, setor, marked set containsall
eventswhoseenablingeventhasfired. The statevector s,
containsthe stateof all the signals.Fromthis information,
the algorithm can computethe setof enabledrules, R,
which includesonly thosemembersf R,, whoseboolean
expressionaresatisfiedby the statevector In orderto de-
terminewhichrulesin R,,, canfire, timing information, 7'
is needed A timedstateis definedtobe R,,, x s. x Tl. A
timed statecontainsall the informationnecessaryo com-
putethesetof rulesthatcanfire, R;.

3.1 Geometric regions

Timing information is representedvith geometricre-
gions whichwerefirstintroducedn [9, 10]. In thegeomet-
ric region approachpartof Tl is definedto be a constraint
matrix M thatspecifiegthemaximumdifferencean time be-
tweenthe enablingtimesof all therulesin R.,,. The 0th
row andcolumn of the matrix containthe separationde-
tweentheenablingtimesof eachrulein R.,, andadummy
rule rg. The enablingtime of ry is definedto be uniquely
0. Eachentrym,; in the matrix A containsthe maximum
time differencebetweerthe enablingtime of rule j andthe
enablingtime of rule 7. Sincethe enablingtime of ry is
alwayszero,the maximumtime differencebetweerthe en-
ablingtimeof rules andtheenablingimeof rulerg (my;) is
justthemaximumtime sincei wasenabledThemaximum
time differencebetweertheenablingtime of ry andtheen-
ablingtime of rule i (m;) is the negationof the minimum
time sincei wasenabled.Notethat M only needso con-
taininformationonthetiming of therulesthatarecurrently
in R.,,, notonthewholesetof rules. This constrainimatrix
representaconvex |R.,| dimensionalegion. Eachdimen-
sioncorrespondso arule andthefiring timesof theenabled
eventsfor the rulescanbe anywherewithin the space.The
resultof timed statespaceexplorationusinggeometricre-
gionsis a region graph, wherethe nodesin the graphare
geometricregions and the edgesare rules. Although the
TEL structureis infinite, its repetitve natureallows its be-
havior to be expressedisa cyclic region graphwhereeach
geometriaegionrepresentanequivalenceclassdefinedoy
thesetof possibleimerelationshipdetweerenabledules.

When an event fires and causesew rulesto be added
to R.,, the matrix needsto be updatedto reflectthe new
timing information. Informationaboutthe nenly enabled
rulesmustbeaddedo theconstrainmatrixandinformation
aboutrulesthatarenolongerin R, mustberemoved. The



main operationusedto do this is recanonicalization Re-
canonicalizatiortiakesa matrix M/ wheresomeof them;;’s
aregreaterthanmaxt(enablindj)) — t(enablinds))) and
producesa matrix whereall them;;’s have their maximum
allowedvalue. Theassignmenof them;;’s sothatthey all
have their maximumvalueis always unique,so the algo-
rithm candeterminewvhena givenregionis equivalentto or
containedn aregion that hasbeenseenbefore. Recanon-
icalizationis essentiallythe all pairsshortesipathproblem
and can be donein O(n?®) time with Floyd’s algorithm.
Whenthe algorithmis usedfor maintaininga region ma-
trix, it canbedoneincrementallyin O(n?) time, sincemost
entriesin thematrixalreadyhave theircanonicavalue[11].
In our versionof the geometricregion algorithm [12],
timing information is updatedwheneer a rule fires, and
rulesareallowedto fire independentlyof events. This ap-
proachis a generalizatiorof the geometricregions tech-
nigue presentedn [11], where timing information only
changesvhenan eventfires. In our algorithm,a rule can
alwaysfire whenit is satisfied. The firing of a rule, how-
ever, doesnot alwayscorrespondo the firing of anactual
event. An eventonly fires whenall of the rules enabling
it have fired. As rulesfire, they are projectedout of the
constrainimatrix,andareremovedfrom R,,,, R.,,, andR;.
They areaddedto a new setof “fired” rules, Ry, whichis
partof thetiming information. Sincethey have fired, tim-
ing informationaboutthemis nolongerneededbut thefact
thatthey have fired mustbe recorded.Whena setof rules
sufficientto enableanevente arein Ry, e canfire.

3.2 POSET timing: updating the state

A depthfirst searchis usedto find the timed statespace
of aTEL structure Fromatimedstate,R,, x s, x M x Ry,
thesearchalgorithmcalculateshe R, set.It thenchooses
rulefrom R, to fire, placegherestof therulesin R, onthe
stack,andcalls a function that returnsthe timed statethat
resultsfrom firing therule. If the new timed statehasbeen
seenbefore,the algorithmpopsan unexploredtimed state
off the stackandcontinueghe search.f thereareno more
unexploredstatenthestack thealgorithmhascompleted.

In orderto reducethe stateexplosion problem, an al-
gorithm basedon partially ordered sets(POSETs)[13, 5]
is used. The POSETalgorithmusespartially orderedsets
of eventsto creategeometricregionsratherthanlinear se-
guencesThis preventsadditionalregionsfrom beingadded
for differentsequencesf eventfiringsthatleadto thesame
untimedstate. POSETtiming resultsin a compressiorof
the statespaceinto fewer, larger geometricregions that,
takentogether containthe sameregion in spaceasthe set
of regionsgeneratedy the standardgeometrictechnique.
Regionsthataregeneratedy the standardyeometrictech-
nigueareonly combinedby the POSETtechniqueif their

combinationis corvex. Thereforeall propertiesof thesys-
temthat canbe verified with the standardyeometrictech-
niquecanbeverifiedwith the POSETalgorithm.

The coreof the POSETalgorithminvolvesupdatingthe
timed statewhena new rule fires. The functionto do this
mustupdateall of thesetswhichindicatethe statusof rules
aswell astheconstrainimatrixanda POSE Tmatrix, which
containgime relationshipdetweereventfiring times. The
functionfirst addsthefiring rule to thefired set, R andre-
movesit from the marked setR,,. It thenchecksif firing
this rule causesry eventto fire. An eventis fired if all of
therulesthatenableit areeitherin R; or conflict with an-
otherrule thatis in R;. If aneventcanfire, thealgorithm
updateghe untimedstate.If the changein the statevector
causesry ruleto becomalisabledgitheranerroror warn-
ing is generatedo indicatethat this may be a verification
failure. Next, the algorithmremovesary rulesthatenable
aneventin conflictwith thefiring eventfrom the constraint
matrix M. It alsoremovesary conflicting rulesfrom R,,
and Ry, andit removesfrom R; ary rulesthatenablethe
firing event. Next, the algorithmaddsary ruleswhoseen-
abling eventis the firing eventto the marked setR,,,, and
addsary newly enabledrulesto the constraintmatrix. The
agedifferencedetweenheserulesandthe previously ex-
isting rules are determinedby the contentsof the POSET
matrix, which needso be updatedo includethe new event
firing. The procedurdor updatingthe POSETmatrix and
usingthe new POSETmatrix to computea new constraint
matrix is describedn the next subsection.After the con-
straintmatrix is updatedthe fired rule is eliminatedfrom
the matrix, andtime is advanced. The recanonicalization
stepthenrestrictsthe maximumagesto thosethat are al-
lowedgiventheagedifferencesllowedby thePOSETma-
trix. Finally thealgorithmreturnsa new timed stateandan
updated®OSETmatrix.

3.3 POSET timing: updating the POSET

The methodfor updatingthe POSETmatrix is basedon
the conceptof causality An eventthatis enabledoy mul-
tiple rulesdoesnot fire until all of theserules have fired.
The last rule to fire actually causeghe eventto fire, and
is referredto asthe causalrule. More formally, a rule
rm = (ec,e,l,u) is causako evente givenarulefiring se-
quencery...r,, if thefiring sequencey...r,,—; doesnoten-
ablee andthefiring sequencey...r,,, doesenablee. When
doinganalysiswith ER structuresif » = (e., e, l,u) is the
causatuleto e, thenthefiring time of theevente, controls
thefiring time of evente.

However, with TEL structureghisis notalwaysthecase.
Theeventthatcontrolstheenablingime of arule maybeits
enablingevent,or it may be someothereventfiring which
causests booleanexpressionto becomesatisfied. To ana-



lyze TEL structuresthe conceptof a causaleventto arule
is alsonecessaryThe causaleventof arule, r, is the event
whosefiring caused- to becomeenabled.More formally,
anevente,, is causalto arule r givenan eventfiring se-
guences...e, if theruler is notenabledafterthesequence
eo...e;,—1 hasfired andis enabledafter ¢y...e,, hasfired.
For TEL structuresthe causalevent, e., to an evente is
the causaleventof thecausalrule of e, . = (e;, e,l,u,b).
Sincee. controlsthetimethatr, becomefnabledandthe
firing time of r. controlsthefiring time of e, it is thefiring
time of e, whichdeterminesvhene fires. Oncee,, fires,be-
tweenl andwu time units passbeforee fires. Sincee, is the
causalkevent,no othereventsarenecessaryn orderfor e to
fire, andthe upperboundon r, u, cannotbe exceeded For
example,considerthe TEL structurefor the signalout2+
in Figure2 whenout2— hasjust fired. Supposédhatoutl
risesandthenc rises.In this casec+ is causalo the event
out2+. Assumingthatthe rule doesnot becomedisabled,
out2+ mustrise betweernl 0 and30 time unitsafterc rises.

For ary given rule firing sequencethereis a well de-
fined causalevent for eacheventfiring, e. Thetiming of
this causalevent completelydetermineghe firing time of
e. Eventsthatareconcurrentith e do not effectits firing
time. The purposeof the POSETmatrix is to keeptrack of
thetime separationbetweeneventfiring timesthatareal-
lowedby thecausalityin thefiring sequencwiithoutforcing
thetiming behaiors representethy the geometricregions
to conformto the total order of the firing sequence.This
preventsa new region from beinggeneratedor every pos-
siblefiring sequencéeadingto anuntimedstateanddrasti-
cally reduceghesizeof thestatespace.

Whenanew event, f, is addedo the POSETmatrix, the
time relationshipdetweenf andthe eventsalreadyin the
POSETmatrix mustbe calculated.Theserelationshipde-
pendonthecausalityin thefiring sequencéeingexplored.
If anevente; in thePOSETmatrixis causato f, the possi-
ble time relationshipdetweere; and f arecompletelyde-
termined.The maximumtime thatcanpassbetweere; and
f iswu, andtheminimumtimeis /. If anevente; is notcausal
to f, but is the enablingevent of a rule r that enablesf,
thentheminimumseparatiobetweere; and f is thelower
boundon r, sincethe lower boundson all rules enabling
f mustbe met. Dueto the level expressionsthe evente;
may be necessaryn orderto fire f evenif it is nottheen-
abling eventof arule enablingf. If thisis the case then
e; is and.contet to f and mustfire someamountof time
beforef. For example,if eventc+ is enabledby arulewith
theboolearexpressior]a A b], thentherising transitionson
a andb in the POSETmatrix mustoccura certainamount
of time beforec+. A differentrestrictionis necessaryor
booleanexpressionsnvolving or expressions.If an event
a+ is causalto an event ¢ througha rule with a boolean
expressionz V b, thenthena+ musthave happenedefore

ary rising eventson b, otherwiseb would have beencausal.
Finally, if noneof theseconditionsapply, theminimumand
maximumare setto infinity sincenothingis known about
them. Thematrix is thenrecanonicalizedyhich constrains
all of theseparationdown to themaximumsallowedby the
known constraints. Finally, ary eventsthat are no longer
relevantto future behaior of the systemareremovedfrom
thematrix andit is recanonicalizedTheresultis aPOSET
matrix that constrainghe minimum and maximumsepara-
tions betweeneventsthat are allowed by the causalityin
thefiring sequenceThis new POSETmatrix is usedto up-
datetheconstrainmatrix, which containgheminimumand
maximumdifferencesetweerthe enablingtimesof rules.
A rule become®nabledvhenits causalkventfires. There-
fore, thefiring time differencebetweertheir causalevents
is usedto determinghe agedifferencebetweertwo rules.
For TEL structureswith arbitrary booleanexpressions,
determiningwhethereventsare and 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-reselominocircuits
this did not prove to be a significantlimitation. If a more
comple« boolearexpressioris requiredtheresultsfromthe
POSETalgorithmareconserative. If anexactresultwith
arbitraryexpressiongs neededtheneitherthe simpler ge-
ometricalgorithmfor TEL structureg6] canbeusedorthe
specificationcan be transformedn a straightforvard way
into onethatcontainsonly simpleandandor expressions.
This algorithmextendsthe benefitsof POSETtiming to
specificationswith level expressions. The additionsthat
arenecessaryo supportlevels do not add significantly to
computationtime, sincethey simply consistof determin-
ing causalityand context relationships.When TEL struc-
turesarelimited to simpleand or or terms,theserelation-
shipscanbe determineddy checksthat occurwhenarule
become®nabledandrequirevery little computatiortime.
Thereductionin statespacahatis generatedyy the POSET
algorithmallows circuitsof significantsizeto beverified.

4 Circuit analysis

ATACS was usedto analyzeseveral circuits from the
guTS(gigahertzunit TestSite) integer microprocessode-
signedatIBM’ s Austin Researclhaboratory{14]. Thepur-
poseof this designis to demonstratéhe performanceyains
thatcanbeachiezedusingaggressiecircuitdesign.Thear-
chitectureis a fairly simple,forwarded four-stagepipeline
which implements96 instructionsfrom the integer part of
the PaverPCinstructionset. It is implementedn a 0.25u
CMOSprocessvailablein 1997.Thehigh-performancef
thecircuit is a resultof the circuit design,which is nearly
100dynamiclogic, andthemicroarchitecturewvhichallows



asmuchconcurreng aspossiblg15].

4.1 Delayed-reset domino logic

The circuits in the guTS processorare designedusing
a dynamic circuit style knowvn as delayed-resetiomino
[16, 17]. A microprocessodesignedn this style contains
a setof macroswhich operatesynchronously A delayed-
resetdomino macroconsistsof a numberof levels of dy-
namicgateseachof which recevesinputsfrom preceding
layers.Standardlominogatesuiseacommonclockthatacts
asatiming referenceln a delayed-resaiesign,eachlevel
of dynamicgatesrecevesits own, preciselytimed clock,
whichis generatedby a buffer chainwithin themacro.The
local clockstravel throughthe logic alongwith the data,a
resetwave precedingeachcomputationwave. This tech-
nigueallows approximatelyone-halfcycle for eachgateto
resetandone-halfcycle for eachgateto evaluate. The cy-
cle time for adelayed-resedominomacrois setby adding
thenecessarprechageandevaluatetimesfor asinglegate.
If multiple gatesoperateon the sameprechage signal, cy-
cle time is setby addingthe evaluatedelaythroughall the
stagedo the prechagedelay Dueto the overlappingof the
prechage and evaluatephasesthe delayed-resetiomino
approachsignificantly increaseshe amountof dynamic-
logic that can be placedin a macroat a given clock fre-
queng.

The delayed-resetlomino gatesusedin the guTS pro-
cessollack the“foot” device thatis includedin a standard
dominogate. The purposeof this device is to turn off the
gates’pulldown stackduringthe prechage phase Remor-
ing this device allows the gateto switch 5% to 15% faster
. Alternatively, the gatecancomputea morecomplex logic
functionusingthe sametransistorstackheightif the“foot”
transistoiis removed[16]. In orderto removethistransistoy
it is necessaryo ensurghattheevaluateogicis notondur-
ing the prechage phase.Thisis the casef all inputsto the
gateareguaranteedo be low during the prechage phase.
To meetthis requirementthe inputsto the macromustbe
pulsed. Combinedwith the requirementhatthe inputsto
eachgateremainstablehigh long enoughto switchthe dy-
namicnode,this resultsin a two sidedtiming verification
problemwhichis unusuafor a synchronouslesign.

In the guTsS processar the macro level timing ver
ification is done using extensve SPICE level circuit
simulation[1§. After the delaybehaior of the macrosis
characterizethy designersn SPICE,it is incorporatednto
a chip level timing modelfor chip level statictiming veri-
fication. This wasa successfulpproacHor this processor
sinceit worked in first silicon. However, in orderto en-
surethe correctnes®f the processoover all variationsin
delay large amountsof delay mamin are includedin the
designof the macros. If it is possibleto formally verify
the macros lessmamin is necessaryo have confidencen
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Figure 3. The MLE circuit.

the processos correctnesswhich canresultin higherper
formance. The timing constraintghat needto be checled
in the delayedresetdominomacrosarevery similar to the
correctnessonstraint;ecessarfor asynchronousircuits,
andthe delayedresetdomino circuits are quite similar to
asynchronousircuits. Therefore,anasynchronousiming
verificationtool is a naturalchoiceto be usedfor formal
verificationof themacros.

4.2 Verification of gate level models

The asynchronousiming verificationtool ATACS was
usedto verify severalof the macrosfrom theguTSproces-
sor Thefirst circuit is a combinedmultiplexor and latch
(MLE). Thiscircuitis smallenoughverify atthegatelevel,
andis shavnin Figure3. Thegoalwith thiscircuitis to ver-
ify thatthe timing specificationwhich is suppliedwith the
circuit indeedguaranteeshat the circuit works correctly
Thetiming specificatiordescribeghe timing requirements
that must be met by ary circuit communicatingwith the
MLE. It is derived from SPICE level simulationand the
circuit designerknowledgeof how the circuit works. The
timing specificationgrealsousedasthebasisfor chiplevel
statictiming analysis.In orderto ensurethatthe chip-level
statictiming analysisis modelingall timing behaior, each
macroneedgso beformally verifiedin the environmentde-
scribedby the timing specification. ATACS verifies the
MLE circuitin afew second®na400MHzPentiumil.

TheMLE circuit containsbothstaticanddynamicgates.
The inputsto staticgatesare allowedto be unstablesince
this doesnot immediatelycausea failure. However, if a
glitch on the outputof a staticgatepropagateso the input
of adynamicgate,t 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 prechage
phasethesignal“Output” is alwayshigh andit feedsone
of theinputsto the staticgate. Whenthe clock rises,“out-
putcomplementalwaysbeginsto fall. However, thesignal
“Output” falls laterin the clock cycle if the selecteddata
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valueis high. When“Output.” falls, one of the inputsto
the staticgateis drivenlow and“output complementtises
again,producingaglitch. ATACSdetectghisglitch andde-
termineghatit cannotpropagate¢o theoutputof thecircuit.
Thenext circuitis adynamicPLA thatis usedin thepro-
cessors control circuitry. DynamicPLAS areeasyto gen-
erateautomaticallyandhave predictableareaanddelay In
orderto make the PLAs fast,they arecontrolledusingself-
resettingcircuitry. An exampleof the control circuitry is
shavnin Figure4. Thecircuit usesa very aggressie tech-
nigueto determinewvhenits inputsarevalid. Theinputsare
presentedo thecircuit dual-rail. Whentheinputsarevalid
thesensotransistorareturnedon. Thesdransistorareall
connectedo asinglenode,n1, which hasbeenprechaged
high. The sensoitransistorsare sizedso that one of them
must be turnedon for eachinput in orderfor nl to dis-
chagequickly. However, if oneinput arrivesmuchearlier
thantherest,eventuallyits singlesensotransistorcandis-
chagenl, erroneouslyausinghePLA to begin evaluating
early. Thiscompletiondetectiorcircuitis highly timing de-
pendenandonly worksif theinputsareguaranteetb arrive
within a narrav time intenval. After thefalling edgeof nl
propagateshroughfour inverters the noden?2 falls. When
this nodefalls, transistorpl1 is turnedon which raisesnode
n1, resettinghecompletiondetectiorcircuit. Theline “and
planecontrol” is usedto gatetransistoravhich determinef
theand-planeof the PLA is in prechageor evaluatemode.
Theline “propagatecontrol” is usedin a similar mannerto
controlwhethertheoutputof theand-planeanpropagaté¢o
the or-planeof the PLA, which is not shovn. This control
circuitry is essentiallyasynchronousAsynchronousself-
resettingeircuitsaredifficult for statictoolsto handlesince
they often assumehat a transitionon an input will cause
only asingletransitionon anoutput. ATACSis ableto ver-
ify thecircuit usingthedesignedielaysin afew seconds.

4.3 Verification of abstracted models

Thenext circuit is acompareunit for two 64 bit quanti-
ties. It consistsof 3 stagesf delayed-reselominologic.
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Figure 5. Model for the compare unit.

Thelogic 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 tree structureis usedwherethe first stage
has 16 logic blocks, the secondstagehas4 logic blocks,
andthe final stagehas1 logic block. Unlike the previous
two examples this circuit is too large for ATACSto verify
it usingarepresentatioderiveddirectly from its transistor
level schematic However, with a smallamountof abstrac-
tion, it canbe verified quickly. It is not necessaryo model
eachof the 64 bits enteringthe compareunit. Eachblockin
thefirst level of logic is modeledasa gatethatwaits for a
singleinput and producests outputsomevariableamount
of time later Variability in input signalarrival timesis ac-
countedfor by putting an independentlelayrangeon the
arrival time of the abstractednput signal for eachof the
blocksin thefirst level of logic. Whenthis signalrisesin
the abstractednodel, it is equivalentto all eightinput bits
to a block becomingstablein the actualcircuit. Addition-
ally, sincethetiming behavior of eachblockis thesamethe
numberof inputblockscanbereducedrom 16to 8 without
effectingthetiming behaior of the circuit. Figure5 shavs
the structureof the model. Eachblock is representedisa
TEL structurewhichraisedts outputsignal129to 139time
unitsaftertheblock recevesall of its inputs,andlowersits
output 149 to 153 time units after its local clock falls. A
globalclock which controlsthetransitiontimesof thelocal
clocksis alsomodeledbut notshawn. It takeslessthanfive
secondgo explore the statespaceof this modelusingthe
POSETstatespacealgorithmon a400MHzPentiumll. For
comparisorthe modelis alsoanalyzedusingthe standard,
geometriaegionbasednethod9, 19, 10]. Thismethodre-
quires196secondso analyzehemodel. Theiterationtime
provided by the POSETalgorithmmakesit reasonabldo
iteratively adjustthe Celldelayvalues,global clock speed,
andlocal clock timingsto determinehe working rangeof
thecircuit undera variety of assumptionsThecircuit veri-
fiesfor global clock cyclesup to 100pslessthanthe clock
cycle necessaryor correctoperationin the Gigahertzpro-
cessor

Sincestatespacexplorationis anexponentialproblem,
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large specificationgan only be verified at a high level of
abstraction. This is illustrated by the verification of the
64-bit adderportion of the Multifunction Fixed Point Unit
(MFXU). Thisunitcomputesheresultsof theadd,subtract,
and compareinstructionsfor the processaor The core of
the unit is the 64-bit parallelprefix adderdesignpresented
in [15], which is basedon the algorithmdescribedn [20].
The MFXU adder containsfive stagesof delayedreset
dominologic. The first stagecontainsa true/complement
muy, stagestwo throughfour computethe propagateand
generatesignalsfor the adder and the fifth stageimple-
mentsa large mux which memgesmary different signals.
Eachblock containsa few dominogates,which canvary
in delay Attemptsto verify this circuit at the gatelevel
quickly usemorethanhalf of a gigabyteof memoryanddo
not complete. However, a conserative abstractionof the
MFXU verifiesin ATACS usingthe POSETalgorithmin
about2 minutes. The verificationdoesnot completeusing
thegeometricalgorithm.

The structureof the MFXU abstractioris shavn in Fig-
ure 6. Therearetwo stepsinvolvedin creatingthe conser
vative abstractiorof the MFXU. Thefirst is to reducethe
compleity of eachblock by lumping the delay rangesfor
all of the differentgatesinto onedelayrangewhich repre-
sentsthe minimumandmaximumtime differencebetween
theblockreceving all of its inputsandgeneratingll of its
outputs.For example supposeblock containdwo domino
gatesd; , which takes100psto evaluateandd, which takes
150psto evaluate. It is conserative to make a modelfor
the block wherethe minimum evaluatetime for the block
is 100psandthe maximumevaluatetime for the block is
150ps. This abstractiordoesnot capturethe gatelevel be-
havior thatoneoutputof the block is availableafter 100ps
andtheotheris availableafter 150ps put if acircuit verifies
usingthe abstractionjts actualbehaior verifiesalso. An
abstractiorik e thisis madefor theprechagephaseandthe
evaluatephaseof eachblock. Thenthe numberof blocks
is decreasedThe goal is to reducethe numberof blocks,
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Figure 7. The CLZ circuit.

without hiding ary interestingblock interactions. This is
doneby analyzinga 32-bit wide slice of the design. Since
eachblock operateon four bits of input, this corresponds
to amodelthatis eightblockswide atits input. This model
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 thelaststageatleasttwo instances
of eachtype of block that providesinputsto the last stage
areincludedin thefourth stage.In this casefour instances
of therow3genblock which feedssumoutblockin thefifth
stageareincluded.Only oneinstanceof the halfsumblock
isincludedsincethereis only onehalfsumblockin thecom-
plete circuit. This processs thenrepeatedor the fourth
throughfirst stages.Theresultingmodelrepresents con-
senative modelof the possibletiming relationshipsn the
circuit, andis smallenoughto verify quickly.

Thecircuit, abstractedh thisway, verifiesatits intended
clock speed.Thereforeary gate-leel timing relationships
thataremissedby theabstractiorarenot necessarin order
for the circuit to run at the specifiedspeed. If this is not
the case,thenthe blocks on the failure path can be spec-
ified in more detail. Although this increaseserification
time, it shouldnot male the problemintractablesincethe
additionaldetail is limited to a few blocks. Even the ab-
stractedversionof this circuit is quitelarge,it hascomple
timing relationshipsand which provide mary possibilities
for error. Formalverificationgivesconfidencehatall of the
timing behaviors have beenconsidered Currently ATACS
doesnot have an automatednethodfor generatingircuit
abstractionsandthe abstractiordescribedor this example
is donemanually It may be possibleto adapttechniques
from [21] to develop an automatednethodfor abstracting
blocksof dominogates.

Thefinal circuit is anarithmeticcircuit usedin theinte-
gerexecutionunit. It is of moderatecompleity andthere-
fore canbeusedto testtheaccurayg of anabstracteanodel
vs. a gatelevel model. The gatelevel modelis still some-
whatabstracin thatit doesnotincludethefull 64-bit dat-



apath,but eachinstanceof a block is describedat the gate
level. The resultson this macroindicatethatthe limiting

factorin clock speeds thetime thattheinputsarrive to the
macro,not gateto gateinteractionsnsidethe macro. Be-
causeof this, the maximumclock speedsallowed by the
abstracteanodelandthe gatelevel modelarethe same.In

orderfor a gatelevel modelto allow a circuit to verify ata
higherclock speedhanan abstractednodelthereneedto
beinstance®f fastgatesn onestagefeedingslon gatesn

anothemblockin thenext stage.Suchinstancesio notoccur
in thisexample.

5 Conclusionsand futur e work

ATACS canbe very effective in verifying delayed-reset
dominocircuits. TEL structuresarewell-suitedto specify-
ing dominogatesat boththe gatelevel andat a higherlevel
of abstraction.SinceATACS s designedor asynchronous
circuits, it is veryflexible andit canbeusedto verify mary
different circuit stylesby varying the constraintsthat are
checled. SinceATACS canverify circuit level timing spec-
ifications,lessmargin is necessarjn eachcircuit to ensure
thatthe circuit works correctly which canresultin higher
performance.ATACS doesa completestatespaceexplo-
ration. Thereforejts compleity is exponentialandit is not
practicalto verify large circuits at the gatelevel. However,
for mostcircuits, a higherlevel of abstractioris sufficient
to verify thatthat the circuit canrun at the desiredspeed.
If thisis notthe case,t is possibleto locally specifymore
detail on pathsthat fail without causinga stateexplosion.
Mostimportantly this work showvs how toolsdevelopedfor
asynchronousircuits can be of greatuseto synchronous
designersvhenthey chooseaggressie circuit styles.

Althoughtheresultsin this paperaresomeavhatprelim-
inary, resultingfrom five weeksof work at IBM, they are
very promising. In orderto make this methodpracticalfor
circuit designersmorework is neededo develop a more
automatednethodof abstractingcircuits, andto develop
a methodof verifying circuits hierarchically Additionally,
all of thecircuitsdescribedn this paperarecompletedand
no failuresarefound by ATACS whendesignedielaysare
used.It would beinterestingo studyhow ATACS canhelp
designersleterminavhichdelayrangesesultin correctcir-
cuitscloserto the beginning of the designcycle, aswell as
how it canbeusedon earlyversionsof circuitsto find actual
failures. Finally, we would like to explore how the synthe-
siscapabilitiesof ATACS canbeusedto help automatehe
designof delayed-resedlominoandself-resettingircuits.
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