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Abstract

The designand synthesisof asynchronouscircuits is
gaining importancein both the industrial and academic
worlds. Timedcircuitsare a classof asynchronouscircuits
thatincorporateexplicit timinginformationin thespecifica-
tion. Thisinformationis usedthroughoutthesynthesispro-
cedureto optimizethedesign.In orderto synthesizea timed
circuit, it is necessaryto explorethetimedstatespaceof the
specification.Thememoryrequiredto store thetimedstate
spaceofa complexspecificationcanbeprohibitivefor large
designswhenexplicit representationmethodsareused.This
paperdescribestheapplicationof BDDsand MTBDDsto
the representationof timedstatespacesand the synthesis
of timedcircuits.Theseimplicit techniquessignificantlyim-
provethememoryefficiencyof timedstatespaceexploration
andallow morecomplex designsto besynthesized.Implicit
methodsalso allow the derivationof solutionspacescon-
tainingall valid solutionsto thesynthesisproblemfacilitat-
ing subsequentoptimizationandtechnologymappingsteps.

1. Introduction

Recenttrendsin the integratedcircuit industry, suchas
decreasingfeaturesizesandincreasingclock speeds,make
globalsynchronizationacrosslargechipsdifficult to main-
tain. As a result,many designershave becomeinterested
in asynchronouscircuits becausethey eliminatethe need
for global synchronization.Asynchronouscircuits consist
of groupsof independentmoduleswhich communicateus-
ing handshakingprotocols.Sincethereis no globalclock,
clock distribution andskew arenot issues.Also, eliminat-
ing theglobal clock permitsmodulesto work at their own
paceandallows average-caseperformanceto be realized.
Therearea numberof differentstylesfor designingasyn-
chronouscircuits. Most asynchronousdesignmethodolo-�
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gies are basedon the assumptionthat nothing is known
about the delaysbetweensignal transitions. Therefore,
the circuit must be constrainedto work correctly even in
caseswhich never occurin a realisticimplementation.The
overheadnecessaryto guaranteethis behavior oftenmakes
theasynchronousaverage-caseperformanceworsethanthe
synchronousworst-case.

Timedcircuitsareaclassof asynchronouscircuitswhich
useexplicit timing information in circuit synthesis. Pre-
cise timing relationshipsare often unknown before syn-
thesisand technologymapping. However, applyingeven
roughestimatescan lead to the removal of large amounts
of circuitry thatwouldberequiredfor a speed-independent
design. Thesetiming assumptionscan then be formally
verified after synthesiswhen the actualtiming valuesare
known. Thisdesignstylecanleadto significantgainsin cir-
cuit performanceoverasynchronouscircuitsdesignedwith-
out timing assumptions[15].

Thefirst stageof timedcircuit synthesisinvolvestheex-
plorationof the timed statespaceto determinewhich un-
timedstatesarereachableby thesystem.Thecircuit is first
specifiedusinga formalismthatallows a lower andanup-
perboundto beassignedto thecausalrelationshipsbetween
signals. Timing analysisis thenperformedby our design
tool ATACS usinggeometricregionsandpartially ordered
sets(POSETS)of events,which hasbeenshown to be an
efficient methodfor representinginformationabouttimed
statespaces[3, 4, 16, 17]. We useBinary DecisionDia-
grams(BDDs) [7] andMulti-terminal Binary DecisionDi-
agrams[10] toefficiently representthesetimedstatespaces.

Thesecondstageof synthesisconsistsof repeatedlydi-
viding thestategraphinto subregionsto determinethenec-
essarybehaviors. For eachsignal,thegraphis dividedinto
thoseregionswherethe signal shouldbe enabledto rise,
shouldbe enabledto fall, shouldremainhigh, or should
remain low. Equationsare derived to representa circuit
implementationwhich conformsto thesebehaviors. Our
synthesismethodusesBDDsallowing thederivationof so-
lution spacescontainingall valid solutionsto thesynthesis
problem.



2. Timed state space exploration

Timed circuit synthesisis dependenton a completeex-
plorationof thetimedstatespaceof thespecification.This
statespacecanbevery largesinceit mustinclude,notonly
all of thecombinationsof signalvaluesallowedby thespec-
ification,but alsothetime relationshipsbetweensignalfir-
ings. However, it can be smallerthan the completestate
spaceof an equivalent specificationwithout timing since
statesthat arenot reachablegiven the timing information
arenotexplored.

The sizeof the timing informationdependson the tim-
ing algorithmbeingused.Onerepresentationis to attacha
clock to eachsignal transitionthat advancesonly in dis-
crete time steps[8]. This representationcan causestate
spaceexplosion,especiallyfor largedelayranges[17]. A
BDD methodhasbeenproposedin [6], to improvediscrete
timememoryperformance,but it doesnot addressthestate
explosionprobleminherentin discretetime. The geomet-
ric region method,wheretiming information is storedas
a constraintmatrix representingrelationshipsbetweensig-
nal transitiontimes,hasbeenshown to beanefficient way
to representa timed statespace[3, 14, 16, 17]. However,
even with a region basedrepresentation,the memoryre-
quired to store such a statespaceexplicitly can be pro-
hibitive for largedesigns.In many domains,implicit meth-
odshavebeenshown to significantlyreducememoryusage
[7]. Sincetimedstatespaceexplorationis sucha memory
intensive process,it is an excellentcandidatefor suchan
approach.
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The block diagramin Figure1 is for a controller for a
self-timedFIFO. In [13], a highly optimizedtimed circuit
implementationis presentedwhich is designedby hand.
Thecorrectnessof this circuit is highly dependenton tim-
ing parameters.This example is usedto show how our
timedcircuit synthesismethodcanderivethesameefficient
circuit from the descriptionof the requiredbehavior and
the known timing parameters.The basicbehavior is that
whena requestcomesin (i.e., FIN " ) andthefifo is empty
(i.e., EOUT is high), thedatais latched(i.e., En bar " and
En# ). In parallel,the insertionis acknowledged(i.e., SE-
OUT # ) andthenext stageis requestedto acceptthedata
(i.e., FOUT" ). Whenthenext stageacceptsthedata(i.e.,
SEIN # ), the FIFO is set to be empty(i.e., EOUT" ) and
thelatchis opened(i.e.,En bar # andEn" ).
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The statespaceexplorationprocedureusedby ATACS
begins with a timedevent/level (TEL) structure, described

FOUT

SEIN_SEOUT_

FIN

En_bar En

EOUT

Figure 1. Bloc k diagram for a timed FIFO.

formally in [2]. TEL structurescanrepresenta setof spec-
ificationsequivalentto thoserepresentedby both time and
timedPetrinets,aswell asothersthatarequitedifficult to
representwith a Petri net. A TEL structureconsistsof a
setof rules that representcausalitybetweensignal transi-
tions,or events, aswell asa setof conflictswhich areused
to modeldisjunctive andchoicebehavior. Eachrule is of
the form 9$:<;>=*;>?@;BA
;DCFE , where : is the enablingevent, = is
the enabledevent, 9$?G;GA�E is the boundedtiming constraint,
and C is a booleanexpressionwhich mustbe satisfiedbe-
fore = is allowed to occur. A rule is saidto be enabledif
its enablingeventhasoccurredandits booleanexpression
evaluatesto true. Thetiming constraintplacesa lower and
upperboundonthetiming of arule. A ruleis satisfiedif the
amountof time which haspassedsincetheenablingevent
hasexceededthelower boundof therule. A rule is saidto
beexpired if theamountof timewhichhaspassedsincethe
enablingevent hasexceededthe upperboundof the rule.
Ignoring conflict, an eventcannotoccuruntil all rulesen-
abling it aresatisfied.An eventmustalwaysoccurbefore
every rule enablingit hasexpired. Sincean event may be
enabledby multiple rules,it is possiblethatthedifferences
in timebetweentheenabledeventandsomeenablingevents
exceedtheupperboundof their timing constraints,but not
for all enablingevents.

A graphicalrepresentationof the TEL structurefor the
FIFOexampleis shown in Figure2. Nodesrepresentsignal
transitionsandarcsrepresentcausalrelationshipsbetween
them. Tokenson arcsindicatethat theprecedingtransition
hasoccurredbut the following transitionhasnot. All in-
comingarcsmusthave tokensto fire a transition.

Thegoalof statespaceexplorationis to derive thestate
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Figure 2. The TEL structure for the FIFO.



graph(SG),which is necessaryfor circuit synthesis.A SG
is a graphin which theverticesareuntimedstatesandthe
edgesarepossiblestatetransitions. A transitionbetween
two statesexists if the specificationallows the circuit to
movefrom onestateto theotherwith onesignaltransition.
A reducedstategraph(RSG)is aSGwheresomebranches
have beenprunedbecausetiming information hasshown
themto be unreachable.A RSGis modeledby the tuple
9$H�;>I(;DJK;>L
E where H is thesetof input signals,I is theset
of outputsignals,J is thesetof states,and L�MNJ�OPJ is
thesetof edges.For eachstateQ , thereis a corresponding
labelingfunction QSR4HUTPIWVYX[Z\;B](;_^0;B`(a which returns
the valueof eachsignalandwhetherit is enabled(i.e., 0
if b is stablelow, R if b is enabledto rise,1 if b is stable
high, F if b is enabledto fall). A statetransition c!Q�;>Qedgf is
oftendenotedasfollows: QihVjQed whereb is thesignalthat
changedvalue.

Since our TEL structurespecificationsinclude timing
constraints,it is necessaryto usea timed statespaceex-
plorationalgorithmto find the reachablestatespace.The
methodusedis to performa depthfirst searchto find all
reachabletimed states.A timed statefor a TEL structure
consistsof a setof ruleswhoseenablingeventshave fired,
]Kk , the stateof all the signals, Qel , and a set of timing
information, mnH . The timing information, mnH , is repre-
sentedwith geometricregions,which werefirst introduced
in [5, 11].

Whenthegeometricregion approachis usedfor timing
analysis,aconstraintmatrix o specifiesthemaximumdif-
ferencein time betweenthe enablingtimesof all the cur-
rentlyenabledrules.The Z2pGq row andcolumnof thematrix
containtheseparationsbetweentheenablingtimesof each
enabledrule anda dummyrule r_s . The enablingtime of
r_s is definedto beuniquely0. Eachentry tvuxw in the ma-
trix o hasthevaluemaxc$pFc enablingcgy<fBf�#zpFc enablingc|{@fGfBf ,
whichis themaximumtimedifferencebetweentheenabling
timeof rule y andtheenablingtimeof rule { . Sincetheen-
ablingtime of r_s is alwayszero,themaximumtime differ-
encebetweentheenablingof rule { andtheenablingof rule
r_s ( t~} u ) is just themaximumtimesince{ wasenabled.The
maximumtime differencebetweentheenablingtime of res
andtheenablingtime of rule { ( t u } ) is thenegationof the
minimumtimesince{ wasenabled.Notethat o only needs
to containinformationon the timing of the rules that are
currentlyenabled,notonthewholesetof rules.Figure3(a)
shows a samplegeometricregion, and Figure3(b) shows
thecorrespondingconstraintmatrix. Theregionis aconvex
polygondefiningtherelationshipsbetweenthetimersasso-
ciatedwith theactiverulesatagivenpointin thestatespace
exploration,andthematrix is a concisenumericaldescrip-
tion of theregion. In this case,theregion indicatesthatthe
timer pB� , associatedwith rule r/� , canhaveavalueanywhere
from two to twenty time units,but no morethanfive time

units greaterthan p@� . ( p�}U#�pB�P��#n��;BpB��#6p�}����2Z , and
pB��#�p@����� .) Similarly, timer p@� , associatedwith rule r_� can
haveavaluebetweenzeroandfifteen,but mustbenomore
thantwo timeunitslessthan p � . ( p } #Sp � �1Z\;Bp � #Sp } ��^e� ,
and p � #�p � ��#n� .) The polygon shown in Figure 3(a)
containsall points c|p � ;Gp � f which conformto thesetiming
constraints.

t
1

t
1

t
2

t
1

t
2

t
0

t
0 0        20      15

-2 0       -2

0         5         0

20

20

2

5

15t

Geometric Region

2

Constraint Matrix

t <= Mijcolumn
- t

row

(a) (b)

Figure 3. A geometric region and matrix.
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The explicit enumerationmethoddescribedabove re-
quirestoo muchmemoryto effectively representcomplex
designs. Therefore,it is necessaryto explore alternative
methodsof storingthis information.Sincemuchof thedata
compiledduring statespaceexploration consistsof sim-
ple bit vectors,we have chosento useBDDs, which have
beenshown to bea highly efficient methodfor storingand
manipulatingBooleanfunctions [7]. Becausegeometric
region informationis integer-valued,MTBDDs have been
chosento storetheregionmatrices.MTBDDs area typeof
BDD whichallow terminalnodesto containnumericaldata,
ratherthanjust the constantsTRUE andFALSE. Geomet-
ric region matricesonly have entriesfor currentlyenabled
rules. However, to make the representationmoremanage-
able,thematricesareexpandedto a canonicalform, where
rows and columnsrepresentingrules that are not enabled
have beenfilled with a “not anentry” symbol,theconstant
FALSE. MTBDDs collapsepathswith commonstructural
featuresto the fewestnodespossible.In addition,because
of the natureof BDD implementations,it is possiblefor
separategeometricregionswith similar structuresto have
commonsubregionsstoredin thesamememorylocation.

The MTBDD for a region is composedof threeparts.
First,a BDD is constructedto storethebit vectorthat indi-
cateswhichrulesarein ] k . Second,it is necessaryto store
thelist of regionsassociatedwith each] k set.To represent
this list structure,anumericalindex { is usedto indicatethat
a givenmatrix is the {��$� matrixassociatedwith agiven ]�k



set. Any number{ canbe viewed asa bit vectorandrep-
resentedas a BDD. In order to conserve space,precisely
enoughbits areusedto representthe largestnumbercur-
rentlyneeded.Finally, thegeometricregionmatrixmustbe
represented.Therearemany waysto representregions,and
on thesurfaceusingMTBDDs wouldseemto bea very in-
efficientmethod.Methodsfor representingsparsematrices
havebeendevelopedfor scientificcomputingthataremuch
moreefficientatrepresentingsinglematrices.Therearetwo
majorbenefitsto this approach.First, it allows matricesto
be manipulatedwithin the BDD paradigm,which among
otheradvantagesallows two matricesto be comparedfor
equality in constanttime regardlessof size. The greatest
advantage,however, is the capacityto amortizethe costs
of storageacrossmany matrices.Many of thematricesen-
counteredin practicedifferverylittle fromoneanother. The
BDD storagesystemusedin ATACS allows additionalma-
tricesto beaddedto thedatabaseandonly consumethere-
sourcesnecessaryto representthenew elements.Thisoften
leadsto theuseof only a few BDD nodespermatrix.

A matrix with integer entriescanbe viewed asa func-
tion ( ��O�� �V � ). With row and column indices
parameterizedas binary numbers,this function becomes
XeZ\;_^2a[��O�XeZ\;_^2a[���V � . The geometricregion matri-
cesarethusparameterizedandstoredasa functionwhich
takes row and column indices and returns the appropri-
ate matrix entry ( o�c|r/;>��f � o¢¡Dl ). MTBDDs are an
ideal way to representthis type of function [10]. Fig-
ure 4 shows the completeMTBDD for the timed state
where ]�k£�¤X_r/�[;Gre¥2a , the link value is 2, and the re-
gion is the one shown in Figure 3. When a new timed
stateis found, the timedstatelist MTBDD m4¦ is extended
by the call: m4¦§�¨H�mn©ªc�`«{�¬4­�] kn®°¯ª¯ c$](;>] k ;B±¢f³²
{>;Doµ´�¶�:/oµ´�p�r[{�b ®°¯ª¯ c$¬�;>o�;G·¸;>¹�fº;Bm4¦5fº» In this formula,
`«{!¬4­<] kn®¼¯z¯ constructs a BDD for the ] k set,
oµ´¸¶\:[oµ´<p�r[{�b ®°¯ª¯ constructsa MTBDD for the region,
{ is the list index BDD for this region, and H�mn© is the if-
then-elseoperator.

To representthereachablestatespace,a predicate½ on
thevector¾ isdefinedwhichreturnstruefor all statesreach-
ablein any numberof transitionsfrom theinitial state.The
vector¾ is 9|b��2;Gb*�0;_»¿»g» b � E , whereeachvariableb u is in H¸TÀI .

TheNextStatefunction � is apredicateon ½POª½ which
returnstruefor all thestatepairs c�Q�;DQ_dÁf for which Qed maybe
reachedfrom Q in exactly onesignaltransition.A compli-
cationarisesfrom theuseof timing in generatingtheRSGs.
As mentionedbefore,whentiming considerationsshow a
stateto beunreachable,it mayberemovedfrom theRSG.
If we basedour implementationonly on the reducedstate
graph, the enablingsto reachthesestateswould be lost,
andtheresultingcircuit would besuboptimal.In theFIFO
example,a naive derivationof ½ and � resultsin the cir-
cuit foundin Figure5(a) for SEOUT. This generalizedC-
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Figure 4. MTBDD for a timed state .

elementcircuit maywork, but it is a largerandslower gate
thanthesimpleNAND gateshown in Figure5(b) which is
derivedfrom thecorrectRSG.Thisproblemis solvedin the
explicit systemby usingafour valuedlogic system(0, R, 1,
andF asdescribedabove). However, in theimplicit method
theuseof bit vectorsmakesthis lessattractive,asit would
doublethenecessarylengthof thevectors.

gC

~FIN

~EOUT

~FOUT_

~SEIN_
-
+ SEOUT_ SEOUT_

EOUT

FIN

(a) (b)

Figure 5. Gates for SEOUT.

The basicproblemcan be illustratedusing the famil-
iar diamond shown in Figure 6. The original speed-
independentgraphis shown in Figure6(a). For the timing
specifiedin the TEL structurein Figure6(b), the signal C
alwaysrisesbeforé , sothestate(1R) is removedfrom the
graph. If thecorrectenablingsarenot maintained,the less
concurrentgraphshown in Figure6(c) is produced.Theen-
ablingof ´ is now delayedby the time necessaryto fire C ,
andeachcycle of the circuit is slowedby thatamount. In
otherwords,theimproperlyprunedgraphlosesthefactthat
b wastheenablingevent,andactuallyrepresentstheTEL
fragmentin Figure6(d). The total time necessaryto tra-
versethisgraphfrom statec�]�]³f to state c@^�^ef shouldbe10
timeunits,but insteadit increasesto 15timeunits.Thisless
concurrentcircuit maynot only be slower, but it mayalso
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Figure 6. “Ghost state” example .

beincorrectif it violatestheoriginal timing assumptions.
To maintainthecorrectenablings,the � relationis pop-

ulatedwith a transitionfor everyenabledsignal,evenif the
targetstateis not reachable.Sucha “ghost transition”can
bedetectedby thefact that thetargetstateis not contained
in the ½ relation.This ghoststateconsistsof thesameval-
uesastheoriginal state,exceptthat theenabledsignalhas
changedphase.

Figure6(e)showsanexampleof a “haunted”graph:the
state(1R)hasbeenreinsertedasa“ghoststate”with a tran-
sitionfrom (RR).Thispathis never taken,but it is essential
thatit berepresented.
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We have implementedtheimplicit timedstatespaceex-
plorationprocedureandtestedit on a numberof examples.
Sincemost timed circuit examplesarequite small due to
previous memory limitations of synthesistools, we have
parameterizedour asynchronousFIFO examplein orderto
demonstratethe effectivenessof implicit methods. This
FIFO is veryconcurrentwhenparameterizedandgenerates
anextremelylargenumberof geometricregionswhichcor-
respondto thenumberof regionsnecessaryto synthesizea
largecomplex design.ThePOSETtiming methodfor state
explorationdiscussedin [3] is usedto generatethe timed
statespace.Theexamplesshown wererun on a 400MHz
PentiumIIwith 384Mbof memory.

Figure 7 shows the memoryusagepatternof the state
spaceexplorationfor 4 stagesof thetimedFIFOfor boththe
explicit andimplicit methods.Thex-axis shows the num-
berof regionsexploredandthey-axisshows themaximum
memoryusedto that point in the statespaceexploration.
Thesolidlinesrepresenttheimplicit methodandthedashed
lines representthe explicit method. The graphsshow that
theimplicit methodnotonly yieldsasignificantoverall im-
provementin memoryusage,but alsothat thememoryus-
agetrendsfor the implicit methodaremuchbetter. As the
numberof regionsgrows very large, the amountof mem-
ory usedby the implicit methodapproachesanasymptotic
value. This occurssinceoncethe BDDs get mostly full,
addingadditionalregionsdoesnot addsignificantmemory
dueto thenodesharingbehavior of BDDs. WhentheBDDs
get large and a new region is added,most of the nodes
neededfor this statearealreadyin the currentBDD, and

very little new memoryis necessary. With explicit meth-
ods, on the other hand, eachnew region throughoutthe
statespaceexplorationrequiresa new allocationof mem-
ory, causingthe memoryusageof the explicit methodto
grow linearlywith thenumberof regions.
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3. Synthesis

The synthesisstagestartswith a reducedstate graph
(RSG)implicitly storedasdescribedin theprevioussection
usingtwo BDD structures:½ , thereachablestatespace,and
� , thenext staterelation.
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In orderto obtainan implementation,the statespaceis
first decomposedfor eachoutputsignalinto a collectionof
excitationregions. An excitationregion for theoutputsig-
nal b is a maximally connectedsetof statesin which the
signalis enabledto changeto a givenvalue(i.e., Q<c|b*f3��]
or Q<c|b�f+�j` ). If the signal is rising in the region (i.e.,
Q<c|b*fK�Æ] ), it is calleda setregion, otherwisetheregion is
calleda resetregion. Theexcitationregionsfor eachsignal
transitionareindexedwith thevariable ¶ andthe ¶¸�$� exci-
tationregionfor asignaltransitionb � is denotedERc$b � ;D¶\f ,
where“*”indicates “ Ç ” for setregionsand“ È ” for resetre-
gions.Wealsodefineasetof excitedstates©¼½'c$b � f , which
is theunionof theexcitationregionsfor agivensignaltran-
sition, i.e., ©¼½'c|b � f���É(Ê%©U]Ëc|b � ;>¶\fF»

For eachsignal transition,thereis an associatedsetof
stable,or quiescent, statesQSc|b � f . For a rising transition
b Ç , it is the stateswherethe signal is stablehigh (i.e.,
QSc|b�Ç¸f��ÌX[QPÍÆJNÎ5Q�c$b*fª��^0a ), andfor a falling tran-
sition, it is the stateswherethe signal is stablelow, i.e.,
QSc|bzÈ<f��ÆX[Q«ÍÏJ�Î[Q<c|b*fÀ��Z\a ).



Given theBDD � , theBDD representationsof ESand
QSarestraightforwardto find. For instance,thesetof ex-
cited statesfor b�Ç would be found by applying the fol-
lowing formula: ©°½'c|b Ç¸fÐ��:_b�{@Q�pGÑ2c|¾4d!;>Ò8b+²Ób�d8²1��f .
And thequiescentstatescanbefoundin a similar manner:Ô ½'c|b�Ç¸f��6b°²v½v²vÒ%©¼½'c$bªÇ<f .

The function :_b�{@Q�pGÑ2c|b�;D=�f is definedto be the existen-
tial quantifierof the variable b in the function = . This is
equivalentto = h

Õ =2Ö h , andis usedto returntheportionof
the predicatewhich can return TRUE for any valueof b .
This function is extendedto iteratively operateon a vector
of variables¾ , andresultsin a new function = d which does
notdependon thevariablesin ¾ .

Theexcitationregionswould thenbefoundby dividing
eachexcitedsetinto connectedregions. To do this, theal-
gorithmmerelypicksa seedstateat randomanditeratively
addsall excitedstatesreachablein onestepfrom theregion.
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Thecircuit is implementedby creatinga functionblock
for eachoutput signal, consistingof a C-elementwith a
sum-of-products(SOP)stackeachfor thesetandreset(see
Figure8). Eachproductblock in the SOPsfor eachfunc-
tion implementsacoverfor asingleexcitationregion. Note
thatwhile depictedasa simpleAND gate,in orderto guar-
anteehazard-freedom,this “product” blockmayneedto be
a moregeneralfunctionblock. Thecircuit may be imple-
mentedusingastandardC-element(SC)structureusingdis-
cretegates,asshown in Figure8(a). It mayalsobecreated
using a complex gateknown as a generalized C-element
(gC) [12]. Figure8(b) shows a transistor-level gC design
usinga weakfeedbackstaticizer, andFigure8(c) shows a
fully static design. If a gC only hasone pullup and one
pulldown stack,it canbedepictedasshown in Figure5(a).
Note that a signal labelledwith a “+” is only usedin the
pullupstack,andasignallabelledwith a “-” is only usedin
thepulldown stack.

In [9], aparametrizedfamily of decompositionsof high-
faningatesis investigatedat onetime by addingadditional
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Figure 8. C-element cir cuit types.

variables. We extend this idea to synthesisby represent-
ing our covers by a seriesof implications of the form
c|Ý8u1Þ b*u!f«²Æc$Ý �2ß u1Þ Ò8b*u�f . Theseimplications are
ANDed togetherto producea BDD which representsev-
ery possiblepotentialsinglecubecover of thecorrespond-
ing ER: à } c$b � ;D¶\f��âá u<ã u$ä } ; where ã u|ä } �Yågc|Ý8u|ä } Þ
b�u�f\²vc|Ý �2ß u$ä } ÞæÒ8b*u!f�ç . Wethenapplyrestrictionoperators
to thisBDD, to removecoveredstateswhichviolateourre-
quirementsfor a valid cover. Any satisfyingassignmentof
theremainingBDD is a valid implementation:if a Ý vari-
ableappearsin thepositivephase,theimpliedvariablemust
appearin thecover; if it appearsin thenegative phase,the
variablecannotbeincluded;andif it doesnotappearatall,
it mayor maynotbeused,at thedesignersdiscretion.

Occasionallyan excitation region is found which can-
not be coveredby a single cube. Our algorithm creates
a SOPblock to representthis region, insteadof a simple
“AND” function. To accomplishthis, the algorithmtests
eachcover BDD to seeif it is identically FALSE. If this
occurs,a second(or third, etc.) initial cover is created,
and ORed togetherwith the precedinginitial cover (i.e.,
à��iàÀ} Õ à'� Õ »g»¿»xà3k ). TheresultingBDD is passedthrough
thesamefilters,producinga multicubeimplementation.
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In orderto createavalid timedcircuit implementation,it
is necessaryto definethestatesa cover mustinclude,may
include,andmaynot include.Eachcubeof the implemen-
tation must includethe entirecorrespondingexcitation re-
gion. In orderto minimizethelogic, it mayalsoincludeany
unreachablestate,andmay includesomeadditionalreach-
able states. Inclusion of somereachablestates,however,
cancauseincorrectbehavior. Thesedisallowedstatesvary,
dependingon the type of circuit chosen. In a gC imple-
mentation,any statewherethesignalis enabledin thesame
directionor stableat thefinal valuemaybe included. In a
SCcircuit, someof thosestatesmayneedto beexcludedto
guaranteehazard-freedom.Thecorrectnessconstraintsdis-
cussedherewere developedin [1] for speed-independent
circuitsandextendedto timedcircuitsin [14].

In a gC implementation,theallowedgrowth regionsin-
clude the remainderof the excitation spaceand the en-
tire quiescentspacefor the correspondingsignal transi-
tion. In other words, correctcoversmust satisfy the fol-
lowing covering constraint: ©U]�Mêàµë¢JWMì©¼½¢T Ô ½ .
The booleanequationfor this restrictionis the following:í �µ½S²SÒ%©¼½�²SÒ Ô ½ . Thatis, thecovermaynot include
any reachablestatenot in the quiescentor excited spaces.
This preventsthe gatefrom beingpulled up anddown si-
multaneously.

In a SC implementation,additionalinternalsignalsare
introducedby the useof discretegates. In order to pre-



vent the introductionof hazards,additionalrestrictionsare
placedon the statesallowed in the cover. The purposeis
to ensurethat eachcover makesa singlemonotonictran-
sition when it is actively changingthe output and makes
no other transitionsat any other time. To guaranteethis,
we needa modified covering constraint and an entrance
constraint. This ensuresthat the transitionof the gateis
acknowledged. The covering constraintis the following:
©U]�M�à6ëÏJ�M�©U]1T Ô ½%» In otherwords,thecovermust
includetheentireER,andmayonly includestatesfrom the
ER or the correspondingQS.The resultingbooleanequa-
tion is:

í �'�i½Ø²ØÒ%©U]1²ØÒ Ô ½ . Thisensuresthatonly one
AND blockis onatatime,sothetransitioncanbeacknowl-
edgedby a transitionon the output. In addition,thecover
mayonly beenteredthroughtheexcitationregion. This is
to guaranteea singlemonotonictransition,with no unac-
knowledgedglitch in thefunctionblock. Theentrancecon-
straintis cBc�Q�;>QedÁf3ÍS��f0²Ëc!Q~îÍÏà³f0²Ëc!Qed4ÍÏà³f�Þïc�Qed�ÍØ©U]³fF;
andtheresultingbooleanequationis

í � ��mn]«ðK��½'c|¾4d*V
¾�;B:eb5{@Q_pGÑ/cGc$¾�;B��c$¾�;G¾4d|f[²nÒ�àËc$¾�f[²nàËc|¾4d�fe²KÒ%©U]Ëc|¾4dÁfGfBf . The
final booleanequationfor theviolationsis:

í � í � Õ í � .
Thevalid cover BDD, VC, is constructedto includeall

implementationsthatdonotincludeany violatingstatesand
completelycover the correspondingexcitation region. In
otherwords,we filter the cover BDD à with the follow-
ing conditions:(1) à�ë í �òñ , and(2) à�ë+©U]��ê©U] .
Thecombinedbooleanequationis

í àó�iA*¬�{�ô Ñ c|¾�;ec�Ò�à Õ
Ò í f3²�c�Ò%©U] Õ à³fGfF» The function A*¬�{!ô Ñ c|b�; í à³f imple-
mentstheuniversalquantifier. Thisisequivalentto = h ²�= Ö h ,andreturnstheportionof thepredicatethat is independent
of thevalueof x. This canbeextendedto iteratively oper-
ateon thevectorx. TheresultingBDD representsall valid
coversof thesignal.

Figure9 shows two possibletimed circuit implementa-
tions for the FIFO controller. The circuit shown in Fig-
ure 9(a) is the one found using explicit logic synthesis.
While the first circuit is also found during implicit logic
synthesis,the circuit shown in Figure 9(b) is selectedas
it usesa simpleNAND gateratherthana generalizedC-
elementto implementEOUT. Both of thesegateshave the
samecost(2 literals for theresetregion), soeithermaybe
selectedarbitrarily by the explicit method. In fact,we are
lucky to have only onegeneralizedC-elementasSEOUT
andFOUT alsohave equalcostgeneralizedC-elementim-
plementations.We do not know until after the logic opti-
mizationstepwhetherthe gatecan be reducedto a com-
binationalgate,so endingup with a combinationalgateis
simply a matterof luck. However, the implicit technique
efficiently keepstrack of all possibleimplementationsal-
lowing the technologymappingstepto pick the one that
leadsto thebestoptimizedcircuit implementation.Onelast
interestingnoteis thecircuit shown in Figure9(b)is exactly
theonefoundby handin [13].

FIN EOUT

SEOUT_ SEIN_

FOUT

En_bar En

(b)(a)

FIN EOUT

SEOUT_ SEIN_

FOUT

En_bar En

gC
-+

-

Figure 9. Timed FIFO Circuit.
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ThecompleteBDD timedcircuit synthesisprocedurehas
beenautomatedwithin the CAD tool ATACS. This algo-
rithm hasbeenapplied to the designof numeroustimed
circuit designs. Synthesisresultsare shown in Table 1.
The first columnshows the numberof gC style solutions
found usingthe BDD synthesisprocedurethat canbe im-
plementedwithin the stacksize limits. (A set of simple
filters have beenemployed to extract the set of solutions
having reasonableimplementationsin CMOStechnology.)
Most of theexampleshave a hugenumberof possibleim-
plementationswith four or fewer transistorsin eachstack
(“needdecomp”is usedto indicatethatthereis novalid im-
plementationusingonly four-stacks).However, sincethey
arestoredimplicitly, keepingtrackof thismany solutionsis
notdifficult andis usefulfor technologymapping.Thesec-
ondcolumnshows thenumberof solutionsfor eachexam-
plewhereeachtransistorstackhasits minimumsize.Some
of thesehave only oneminimal solution,but several have
multiple minimal solutionswhich arenot found if explicit
synthesismethodsareused.

The numbersin this table representthe numberof po-
tential implementationsfor theentirecircuit. This number
is theproductof thepossiblecoversfor eachindividualex-
citationregion. For example,in thegC implementationof
the SPDOR,the setregion for b has8 solutions,the reset
region has � , eachof the two set regions for ´ has8 so-
lutions, andthe resetregion has õ which makesa total of
õ�OÓ��OÓõ�OÓõ�O�õ��öõ\^_÷<� . The SC implementationis
more restrictedso it only has õ0Z possiblesolutions. The
useof implicit methodsnot only improvesmemoryperfor-
mancefor large specifications,they also allow a parame-
terizedfamily of solutionsto beproduced.Possibilitiesfor
componentsharingbetweenfunctionsarealsoincreasedby
thecapacityto considerall valid solutionsin parallel.

4. Conclusions and future work

This paperpresentsa designtool for the synthesisof
timedcircuits.This tool utilizesBDD basedalgorithmsand
datastructuresto allow thesynthesisof largertimedcircuit
implementations.We formulateda MTBDD representation



Table 1. Experimental results.
# of Solutions

Examples ø 4 min

spdor 8192 1
spdand 512 1
cnt 614656 1
mmuoptSV 1.3 O'^_Z �B¥ 405
mmuopt 3.7 O'^eZ0ù 4
slatch 1.3 O'^_Z �@ú 2
elatch 9.4 O'^_Z �@� 4
SELopt needdecomp 4
tsbm needdecomp 4
scsiSVT 3.2 O'^eZ0ù 18

lapb 16384 1
lapb2 1.2 O'^eZ0ù 1
lapb3 6.1 O'^_Z �@ú 2
lapb4 2,2 O'^_Z �B� 4
fifo 1.7 O'^_Z �B� 4
fifo2 1.9 O'^_Z �Bû 16
fifo3 2.1 O'^_Z0ü ¥ 64

for the timed statespacesduring timed statespaceexplo-
ration. We alsodescribeda BDD representationof the re-
ducedstategraphwhich is derivedalongside.We useghost
transitionsto preserveaccuratesignalenablinginformation.
We have developedBDD formulationsandalgorithmsfor
bothstandard-CandgeneralizedC-elementimplementation
styles.Thesealgorithmsfind all valid coversfor eachexci-
tationregion(if necessary, by transparentlyfindingminimal
multicubecovers).

The two major advantagesof the implicit synthesis
methodis that larger timed systemscan be designedand
a parameterizedfamily of solutions is found while ear-
lier algorithmsmerely found a singlesolution. Consider-
ing all possiblevalid implementationswill greatly facili-
tate technologymapping. In the future, we plan to ex-
tendBDD basedtechnologymappingalgorithmsfor speed-
independentcircuitsto timedcircuits.
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