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Abstract

The designand synthesisof asyntironous circuits is
gaining importancein both the industrial and academic
worlds. Timedcircuits are a classof asyntironouscircuits
thatincorporateexplicit timinginformationin thespecifica-
tion. Thisinformationis usedthroughoutthe synthesigpro-
cedueto optimizethedesign.In orderto synthesiza timed
circuit, it is necessaryo explore thetimedstatespaceofthe
specification.Thememoryrequiredto store thetimedstate
spaceof a comple specificatiorcanbeprohibitivefor large
designsvhenexplicit representatiomethodsare used.This
paperdescribeghe applicationof BDDs and MTBDDsto
the representatiorof timed state spacesand the synthesis
of timedcircuits. Thesamplicit techniquessignificantlyim-
provethememonefficiencyoftimedstatespaceexploration
andallow more complex designdo be synthesizedmplicit
methodsalso allow the derivation of solutionspacescon-
tainingall valid solutionsto the synthesiproblemfacilitat-
ing subsequerdptimizationandtechnology mappingsteps.

1. Introduction

Recenttrendsin the integratedcircuit industry suchas
decreasindeaturesizesandincreasingclock speedsmake
globalsynchronizatioracrosdarge chipsdifficult to main-
tain. As a result, mary designershave becomeinterested
in asynchronougircuits becausehey eliminatethe need
for global synchronization.Asynchronougircuits consist
of groupsof independenimoduleswhich communicateus-
ing handshakingprotocols. Sincethereis no global clock,
clock distribution andskew arenot issues.Also, eliminat-
ing the global clock permitsmodulesto work at their own
paceand allows average-cas@erformanceo be realized.
Therearea numberof differentstylesfor designingasyn-
chronouscircuits. Most asynchronouslesignmethodolo-
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gies are basedon the assumptiorthat nothing is known

about the delays betweensignal transitions. Therefore,
the circuit must be constrainedo work correctly evenin

caseshich never occurin arealisticimplementation.The
overheachecessaryo guaranteehis behaior oftenmakes
theasynchronouaverage-casperformancevorsethanthe
synchronousvorst-case.

Timedcircuitsareaclassof asynchronousircuitswhich
use explicit timing informationin circuit synthesis. Pre-
cise timing relationshipsare often unknovn before syn-
thesisand technologymapping. However, applying even
rough estimatesanleadto the removal of large amounts
of circuitry thatwould be requiredfor a speed-independent
design. Thesetiming assumptionsan then be formally
verified after synthesiswvhen the actualtiming valuesare
known. This designstylecanleadto significantgainsin cir-
cuit performanceverasynchronousircuitsdesigneadvith-
outtiming assumptiongl 5.

Thefirst stageof timed circuit synthesisnvolvesthe ex-
plorationof the timed statespaceto determinewhich un-
timedstatesarereachabldéy the system.Thecircuit is first
specifiedusinga formalismthatallows a lower andan up-
perboundto beassignedo thecausatelationshipdetween
signals. Timing analysisis then performedby our design
tool ATACS usinggeometricregionsand partially ordered
sets(POSETS)of events,which hasbeenshavn to be an
efficient methodfor representingnformation abouttimed
statespaceq3, 4, 16, 17]. We useBinary DecisionDia-
grams(BDDs) [7] andMulti-terminal Binary DecisionDi-
agramg[10] to efficiently representhesdimedstatespaces.

The secondstageof synthesiconsistsof repeatediydi-
viding the stategraphinto subreionsto determinehenec-
essanpbehaiors. For eachsignal,the graphis dividedinto
thoseregions wherethe signal shouldbe enabledto rise,
shouldbe enabledto fall, shouldremainhigh, or should
remainlow. Equationsare derived to representa circuit
implementatiorwhich conformsto thesebehaiors. Our
synthesisnethodusesBDDs allowing the derivationof so-
lution spacegontainingall valid solutionsto the synthesis
problem.



2. Timed state space exploration

Timed circuit synthesids dependenbn a completeex-
plorationof thetimed statespaceof the specification.This
statespacecanbeverylargesinceit mustinclude,notonly
all of thecombination®f signalvaluesallowedby thespec-
ification, but alsothe time relationshipdetweersignalfir-
ings. However, it canbe smallerthanthe completestate
spaceof an equialent specificationwithout timing since
statesthat are not reachablayiven the timing information
arenotexplored.

The size of the timing informationdepend®n the tim-
ing algorithmbeingused.Onerepresentatiors to attacha
clock to eachsignaltransitionthat advancesonly in dis-
cretetime steps[8]. This representatiortan causestate
spaceexplosion, especiallyfor large delayrangeq17]. A
BDD methodhasbeenproposedn [6], to improve discrete
time memoryperformancebut it doesnotaddresshe state
explosionprobleminherentin discretetime. The geomet-
ric region method,wheretiming informationis storedas
a constraintmatrix representingelationshipsetweensig-
nal transitiontimes, hasbeenshavn to be an efficient way
to represent timed statespace3, 14, 16, 17]. However,
even with a region basedrepresentationthe memoryre-
quired to store sucha statespaceexplicitly can be pro-
hibitive for large designs.In mary domainsjmplicit meth-
odshave beenshawn to significantlyreducememoryusage
[7]. Sincetimed statespaceexplorationis sucha memory
intensize processit is an excellentcandidatefor suchan
approach.

2.1. Motivating example

The block diagramin Figure1l is for a controllerfor a
self-timedFIFO. In [13], a highly optimizedtimed circuit
implementationis presentedwhich is designedby hand.
The correctnessf this circuit is highly dependenbn tim-
ing parameters. This exampleis usedto shov how our
timedcircuit synthesisnethodcanderive the sameefficient
circuit from the descriptionof the requiredbehaior and
the known timing parameters.The basicbehaior is that
whenarequesttomesin (i.e., FIN+) andthefifo is empty
(i.e., EOUTIs high), the datais latched(i.e., En_bar+ and
En-). In parallel,the insertionis acknavledged(i.e., SE-
OUT_—) andthe next stageis requestedo acceptthe data
(i.e., FOUT+). Whenthe next stageacceptghe data(i.e.,
SEIN-), the FIFO is setto be empty(i.e., EOUT+) and
thelatchis openedi.e.,Enbar— andEn+).

2.2. Explicit timed state space exploration

The statespaceexploration procedureusedby ATACS
begins with a timedevent/level (TEL) structue, described
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Figure 1. Block diagram for a timed FIFO.

formally in [2]. TEL structuresanrepresena setof spec-
ificationsequivalentto thoserepresentety bothtime and
timed Petrinets,aswell asothersthatarequite difficult to
represenwith a Petrinet. A TEL structureconsistsof a
setof rulesthat representausalitybetweensignaltransi-
tions, or events aswell asa setof conflictswhich areused
to modeldisjunctve and choicebehaior. Eachrule is of
the form (e, f, 1, u,b), wheree is the enablingevent f is
the enabledevent (I, ) is the boundedtiming constraint,
andb is a booleanexpressionwhich mustbe satisfiedbe-
fore f is allowedto occur A rule is saidto be enabledif
its enablingeventhasoccurredandits booleanexpression
evaluatedo true. Thetiming constraintplacesa lower and
upperboundonthetiming of arule. A ruleis satisfiedf the
amountof time which haspassedincethe enablingevent
hasexceededhe lower boundof therule. A ruleis saidto
beexpiredif theamountof time which haspassedincethe
enablingevent hasexceededhe upperboundof the rule.
Ignoring conflict, an event cannotoccuruntil all rulesen-
ablingit aresatisfied. An eventmustalways occurbefore
every rule enablingit hasexpired. Sincean eventmay be
enabledoy multiple rules,it is possiblethatthe differences
in time betweenheenabledventandsomeenablingevents
exceedthe upperboundof their timing constraintsput not
for all enablingevents.

A graphicalrepresentationf the TEL structurefor the
FIFO exampleis shavn in Figure2. Nodesrepresensignal
transitionsandarcsrepresentausalrelationshipsetween
them. Tokenson arcsindicatethatthe precedingransition
hasoccurredbut the following transitionhasnot. All in-
comingarcsmusthave tokensto fire atransition.

The goal of statespaceexplorationis to derive the state
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Figure 2. The TEL structure for the FIFO.



graph(SG),whichis necessarfor circuit synthesisA SG

is a graphin which the verticesare untimedstatesandthe

edgesare possiblestatetransitions A transitionbetween
two statesexists if the specificationallows the circuit to

move from onestateto the otherwith onesignaltransition.
A reducedstategraph(RSG)is a SGwheresomebranches
have beenprunedbecausdiming information has shovn

themto be unreachable.A RSGis modeledby the tuple

(I,0,9®,T) wherel is thesetof inputsignals,O is the set

of outputsignals,® is the setof statesandl’ C & x ® is

the setof edges.For eachstates, thereis a corresponding
labelingfunctions : TU O — {0, R, 1, F} which returns
the value of eachsignalandwhetherit is enabled(i.e., 0

if z is stablelow, R if z is enabledo rise, 1 if z is stable
high, F if z is enabledo fall). A statetransition(s, s') is

oftendenotedasfollows: s = s’ wherez is the signalthat

changedralue.

Since our TEL structurespecificationsnclude timing
constraints,it is necessaryo usea timed statespaceex-
plorationalgorithmto find the reachablestatespace. The
methodusedis to performa depthfirst searchto find all
reachabldgimed states. A timed statefor a TEL structure
consistof a setof ruleswhoseenablingeventshave fired,
R,,, the stateof all the signals, s., and a set of timing
information, TI. The timing information, T'1, is repre-
sentedwith geometricregions,which werefirst introduced
in [5, 11].

Whenthe geometricregion approachs usedfor timing
analysisaconstrainimatrix M specifieghe maximumdif-
ferencein time betweenthe enablingtimes of all the cur-
rently enabledules. The0th row andcolumnof the matrix
containthe separationbetweerthe enablingtimesof each
enabledrule anda dummyrule ry. The enablingtime of
rg is definedto be uniquely0. Eachentrym;; in the ma-
trix M hasthevaluemax(t(enablindj)) — t(enablind))),
whichisthemaximumtime differencebetweertheenabling
time of rule 7 andthe enablingtime of rule i. Sincetheen-
ablingtime of ry is alwayszero,the maximumtime differ-
encebetweertheenablingof rule: andtheenablingof rule
rg (mg;) is justthemaximumtime since; wasenabled The
maximumtime differencebetweernthe enablingtime of rg
andthe enablingtime of rule i (m;o) is the negationof the
minimumtime since; wasenabledNotethat M only needs
to containinformation on the timing of the rulesthat are
currentlyenablednot onthewholesetof rules.Figure3(a)
shavs a samplegeometricregion, and Figure 3(b) shavs
thecorrespondingonstrainimatrix. Theregionis acorvex
polygondefiningtherelationshipdetweerthetimersasso-
ciatedwith theactierulesatagivenpointin thestatespace
exploration,andthe matrix is a concisenumericaldescrip-
tion of theregion. In this casetheregionindicateshatthe
timert,, associatewvith ruler;, canhave avalueanywhere
from two to twenty time units, but no morethanfive time

units greaterthant,. (to — t1 < —2,t1 — to < 20, and
t1 —t2 < 5.) Similarly, timert,, associateevith ruler, can
have avaluebetweerzeroandfifteen,but mustbe no more
thantwo time unitslessthant; . (tg — t2 < 0,t2 —tg < 15,
andts — t; < —2.) The polygonshowvn in Figure 3(a)
containsall points (¢2,t;) which conformto thesetiming
constraints.
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Figure 3. A geometric region and matrix.
2.3. Implicit timed state space exploration

The explicit enumerationrmethod describedabove re-
guirestoo muchmemoryto effectively representomple
designs. Therefore,it is necessaryo explore alternatve
methodf storingthisinformation. Sincemuchof thedata
compiled during state spaceexploration consistsof sim-
ple bit vectors,we have chosento useBDDs, which have
beenshawn to be a highly efficient methodfor storingand
manipulatingBooleanfunctions[7]. Becausegeometric
region informationis integervalued, MTBDDs have been
choserto storetheregion matricesMTBDDs areatype of
BDD whichallow terminalnodego containnumericaldata,
ratherthanjust the constantsSTRUE and FALSE. Geomet-
ric region matricesonly have entriesfor currentlyenabled
rules. However, to make the representatiomore manage-
able,the matricesareexpandedo a canonicafform, where
rows and columnsrepresentingules that are not enabled
have beenfilled with a“not anentry” symbol,the constant
FALSE. MTBDDs collapsepathswith commonstructural
featureso the fewestnodespossible.In addition,because
of the natureof BDD implementationsit is possiblefor
separatggeometricregionswith similar structureso have
commonsubrejionsstoredin the samememorylocation.

The MTBDD for a region is composecdf threeparts.
First,aBDD is constructedo storethe bit vectorthatindi-
cateswvhichrulesarein R,,. Secondit is necessaryo store
thelist of regionsassociatewith eachR,, set.To represent
thislist structureanumericalindex i is usedto indicatethat
agivenmatrixis theit® matrix associateavith agivenR,,



set. Any number:; canbe viewed asa bit vectorandrep-
resentechsa BDD. In orderto consere space,precisely
enoughbits are usedto representhe largestnumbercur-
rently neededFinally, the geometriaegion matrix mustbe
representedlherearemary waysto representegions,and
onthesurfaceusingMTBDDs would seento beaveryin-
efficientmethod.Methodsfor representingparsematrices
have beendevelopedfor scientificcomputingthataremuch
moreefficientatrepresentinginglematrices.Therearetwo
major benefitsto this approach First, it allows matricesto
be manipulatedwithin the BDD paradigm,which among
otheradwantagesallows two matricesto be comparedor
equalityin constanttime regardlessof size. The greatest
adwantage however, is the capacityto amortizethe costs
of storageacrosamary matrices.Many of the matricesen-
counteredn practicediffer verylittle from oneanotherThe
BDD storagesystemusedin ATACS allows additionalma-
tricesto beaddedo the databas@ndonly consumehere-
sourcesiecessario representhenew elementsThis often
leadsto the useof only afew BDD nodespermatrix.

A matrix with integer entriescanbe viewed asa func-
tion (N x N — Z). With row and column indices
parameterizeds binary numbers,this function becomes
{0,1}™ x {0,1}" — Z. The geometricregion matri-
cesarethusparameterizednd storedas a function which
takes row and column indices and returnsthe appropri-
ate matrix entry (M(r,¢) = M,.). MTBDDs are an
ideal way to representthis type of function [10]. Fig-
ure 4 shavs the completeMTBDD for the timed state
where R, = {r1,r3}, thelink valueis 2, and the re-
gion is the one shavn in Figure 3. When a new timed
stateis found, the timed statelist MTBDD T is extended
by the call: Ts = ITE(FindR,,BDD(R,R,,,m) A
i, MakeMatrizBDD(n,M,r,c),Ts). In this formula,
FindR,,BDD constructsa BDD for the R,, set,
MakeM atrizBDD constructsa MTBDD for the region,
i is thelist index BDD for this region, andIT E is the if-
then-elseoperator

To representhe reachablestatespacea predicateS on
thevectorx is definedwhichreturngruefor all stategeach-
ablein any numberof transitionsfrom theinitial state.The
vectorx is (z1, 2, ...z, ), whereeachvariablez; isin TUO.

TheNextStatefunction NV is apredicateon S x S which
returnstruefor all the statepairs(s, s') for which s’ maybe
reachedrom s in exactly onesignaltransition. A compli-
cationarisedrom theuseof timing in generatingheRSGs.
As mentionedbefore,whentiming considerationshov a
stateto be unreachableit may be removedfrom the RSG.
If we basedour implementatioronly on the reducedstate
graph, the enablingsto reachthesestateswould be lost,
andtheresultingcircuit would be suboptimal.In the FIFO
example,a nave derivationof S and N resultsin the cir-
cuit foundin Figure5(a)for SEOUT. ThisgenerlizedC-
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Figure 4. MTBDD for a timed state.

elementircuit maywork, but it is a largerandslowver gate
thanthe simpleNAND gateshowvn in Figure5(b) whichis
derivedfrom thecorrectRSG.This problemis solvedin the
explicit systenmby usingafour valuediogic system(0, R, 1,
andF asdescribedbore). However, in theimplicit method
the useof bit vectorsmalkesthis lessattractve, asit would
doublethe necessariengthof thevectors.

~FIN
~EOUT OUT AN D@jEOUT—
~FOUT._ EOUT
~SEIN_ ——

(a) (b)

Figure 5. Gates for SEOUT.

The basic problem can be illustrated using the famil-
iar diamond shavn in Figure 6. The original speed-
independengraphis shavn in Figure6(a). For thetiming
specifiedin the TEL structurein Figure 6(b), the signalb
alwaysrisesheforea, sothestate(1R) is removedfrom the
graph. If the correctenablingsarenot maintainedtheless
concurrengraphshowvn in Figure6(c)is producedTheen-
abling of @ is now delayedby the time necessaryo fire b,
andeachcycle of the circuit is slowed by thatamount. In
otherwords,theimproperlyprunedgraphlosesthefactthat
x wasthe enablingevent, andactuallyrepresentshe TEL
fragmentin Figure 6(d). The total time necessaryo tra-
versethis graphfrom state( RR) to state(11) shouldbe 10
time units,butinsteadt increaseso 15time units. Thisless
concurrentircuit may not only be slower, but it may also
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Figure 6. “Ghost state” example .

beincorrectif it violatesthe original timing assumptions.

To maintainthe correctenablingsthe NV relationis pop-
ulatedwith atransitionfor every enabledsignal,evenif the
target stateis not reachable Sucha “ghosttransition” can
be detectedy thefactthatthetargetstateis not contained
in the S relation. This ghoststateconsistsof the sameval-
uesasthe original state,exceptthatthe enabledsignalhas
changeghase.

Figure6(e) shavs anexampleof a “haunted’graph:the
state(1R) hasbeenreinsertedasa “ghoststate”with atran-
sitionfrom (RR). This pathis nevertaken,but it is essential
thatit berepresented.

2.4. Results

We have implementedheimplicit timed statespaceex-
plorationprocedureandtestedt on a numberof examples.
Sincemosttimed circuit examplesare quite small due to
previous memory limitations of synthesistools, we have
parameterizedur asynchronou&1FO examplein orderto
demonstratehe effectivenessof implicit methods. This
FIFOis very concurrentvhenparameterizedndgenerates
anextremelylarge numberof geometriaregionswhich cor-
respondo the numberof regionsnecessaryo synthesizea
large complex design.The POSETtiming methodfor state
explorationdiscussedn [3] is usedto generatethe timed
statespace.The examplesshavn wererun on a 400 MHz
Pentiumllwith 384Mbof memory

Figure 7 shaovs the memoryusagepatternof the state
spacexplorationfor 4 stage®f thetimedFIFOfor boththe
explicit andimplicit methods.The x-axis shavs the num-
berof regionsexploredandthe y-axis shovs the maximum
memoryusedto that point in the statespaceexploration.
Thesolidlinesrepresentheimplicit methodandthedashed
lines representhe explicit method. The graphsshow that
theimplicit methodnotonly yieldsa significantoverallim-
provementin memoryusage put alsothatthe memoryus-
agetrendsfor theimplicit methodaremuchbetter As the
numberof regionsgrows very large, the amountof mem-
ory usedby the implicit methodapproachean asymptotic
value. This occurssinceoncethe BDDs get mostly full,
addingadditionalregionsdoesnot addsignificantmemory
dueto thenodesharingbehaior of BDDs. WhentheBDDs
get large and a new region is added,most of the nodes
neededor this stateare alreadyin 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 linearly with the numberof regions.
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Figure 7. FIFO memory performance .
3. Synthesis

The synthesisstagestartswith a reducedstate graph
(RSG)implicitly storedasdescribedn theprevioussection
usingtwo BDD structures:S, thereachabletatespaceand
N, thenext staterelation.

3.1. Excitation regions and quiescent states

In orderto obtainanimplementationthe statespaceis
first decomposeébr eachoutputsignalinto a collectionof
excitationregions An excitationregion for the outputsig-
nal z is a maximally connectedsetof statesin which the
signalis enabledo changeo agivenvalue(i.e.,s(z) = R
or s(z) = F). If thesignalis rising in the region (i.e.,
s(x) = R), it is calleda setregion, otherwisetheregionis
calledaresetregion. Theexcitationregionsfor eachsignal
transitionareindexedwith the variablek andthe k** exci-
tationregionfor asignaltransitionz* is denoteER(zx, k),
where“*"indicates “1” for setregionsand“|” for resetre-
gions.We alsodefinea setof excitedstatesE S (zx), which
is theunionof theexcitationregionsfor a givensignaltran-
sition,i.e., ES(zx) = J,, ER(z*, k).

For eachsignaltransition,thereis an associatedet of
stable,or quiescentstatesQSzx). For arising transition
z 1, it is the stateswherethe signalis stablehigh (i.e.,
QSz 1) = {s € ® | s(z) = 1}), andfor afalling tran-
sition, it is the stateswherethe signalis stablelow, i.e.,

QS 4) = {s € 3| s(x) = 0}).



Giventhe BDD N, the BDD representationsf ESand
QS arestraightforvardto find. For instancethe setof ex-
cited statesfor « 1 would be found by applying the fol-
lowing formula: ES(x 1) = existy(x’,—x Az’ A N).
And the quiescenstatescanbefoundin a similar manner:
QS(z 1) =z ASA-ES(z1).

The function ezist,(z, f) is definedto be the existen-
tial quantifierof the variablez in the function f. Thisis
equialentto f, V f-, andis usedto returnthe portion of
the predicatewhich canreturn TRUE for ary value of z.
This functionis extendedto iteratively operateon a vector
of variablesx, andresultsin a new function f' which does
notdependonthevariablesn x.

The excitationregionswould thenbe found by dividing
eachexcited setinto connectedegions. To do this, the al-
gorithmmerelypicksa seedstateat randomanditeratively
addsall excitedstategeachablén onestepfrom theregion.

3.2. Timed circuit implementation

Thecircuit is implementedoy creatinga function block
for eachoutput signal, consistingof a C-elementwith a
sum-of-poducts(SOP)stackeachfor the setandreset(see
Figure8). Eachproductblock in the SOPsfor eachfunc-
tion implementsa coverfor a singleexcitationregion. Note
thatwhile depictedasa simpleAND gate,in orderto guar
anteehazard-freedonthis “product” block mayneedto be
a moregeneralfunctionblock. The circuit may be imple-
mentedusingastandardC-elemen{SC)structureusingdis-
cretegatesasshavnin Figure8(a). It mayalsobe created
using a complex gateknown as a genealized C-element
(9C) [12]. Figure 8(b) shavs a transistoflevel gC design
usinga weakfeedbackstaticizer and Figure 8(c) showvs a
fully staticdesign. If a gC only hasone pullup and one
pulldown stack,it canbe depictedasshavn in Figure5(a).
Note that a signallabelledwith a “+” is only usedin the
pullup stack,andasignallabelledwith a“-" is only usedin
thepulldown stack.

In [9], aparametrizedamily of decompositionsf high-
faningatess investigatedat onetime by addingadditional

(CY (b) ©

Figure 8. C-element circuit types.

variables. We extendthis ideato synthesisby represent-
ing our covers by a seriesof implications of the form
(xi = i) N (Xnts = —z;). Theseimplicationsare
ANDed togetherto producea BDD which represent®v-
ery possiblepotentialsingle cubecover of the correspond-
ing ER: Co(z%,k) = A, Wio, Where¥; o = [(xio =
z;) A (Xnti,0 = —z;)]. Wethenapplyrestrictionoperators
to thisBDD, to remove coveredstatesvhich violateour re-
quirementdor avalid cover. Any satisfyingassignmenof
theremainingBDD is a valid implementationif a x vari-
ableappearn thepositive phasetheimplied variablemust
appeatin the cover; if it appearsn the negative phasethe
variablecannotbeincluded;andif it doesnotappeamatall,
it mayor maynotbeused,atthedesignersliscretion.
Occasionallyan excitation region is found which can-
not be coveredby a single cube. Our algorithm creates
a SOPblock to representhis 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 ORedtogetherwith the precedinginitial cover (i.e.,
C = CoVvCy1V...Cy,). TheresultingBDD is passedhrough
thesaméfilters, producinga multicubeimplementation.

3.3. Correct cover formulation

In orderto createavalid timedcircuitimplementationit
is necessaryo definethe statesa cover mustinclude, may
include,andmay notinclude. Eachcubeof theimplemen-
tation mustincludethe entire correspondingxcitation re-
gion. In orderto minimizethelogic, it mayalsoincludeary
unreachablstate,andmay includesomeadditionalreach-
able states. Inclusion of somereachablestates,however,
cancausdncorrectbehaior. Thesedisalloved statesvary,
dependingon the type of circuit chosen. In a gC imple-
mentationary statewherethesignalis enabledn thesame
directionor stableat the final valuemay beincluded. In a
SCcircuit, someof thosestatesnayneedto be excludedto
guarantedazard-freedomrhe correctnessonstraintslis-
cussedherewere developedin [1] for speed-independent
circuitsandextendedo timedcircuitsin [14].

In agC implementationthe allowed growth regionsin-
clude the remainderof the excitation spaceand the en-
tire quiescentspacefor the correspondingsignal transi-
tion. In otherwords, correctcovers must satisfy the fol-
lowing coveringconstaint ER C CN® C ESUQS.
The booleanequationfor this restrictionis the following:
V =S A-ES A-QS. Thatis, thecovermaynotinclude
ary reachablestatenot in the quiescenbr excited spaces.
This preventsthe gatefrom being pulled up and down si-
multaneously

In a SCimplementationadditionalinternal signalsare
introducedby the use of discretegates. In orderto pre-



ventthe introductionof hazardsadditionalrestrictionsare
placedon the statesallowed in the cover. The purposeis

to ensurethat eachcover makes a single monotonictran-
sition whenit is actively changingthe outputand makes
no other transitionsat arny othertime. To guaranteghis,
we needa modified covering constaint and an entrance
constaint. This ensureghat the transitionof the gateis

acknavledged. The covering constraintis the following:

ERCCN® C ERUQS. In otherwords,the covermust
includetheentireER, andmayonly includestatedrom the
ER or the correspondind?S. The resultingbooleanequa-
tionis: V1 = SA—-ER A —-QS. Thisensureghatonly one
AND blockis onatatime, sothetransitioncanbeacknawl-

edgedby a transitionon the output. In addition,the cover
may only be enteredhroughthe excitationregion. Thisis

to guaranteea single monotonictransition,with no unac-
knowledgedglitch in thefunctionblock. Theentrancecon-
straintis ((s,s') € N)A(s ¢ C)A(s' € C) = (s' € ER),

andtheresultingboolearequations Vo = TRANS(x' —

x, existy((x, N(x,x")A=C(x) A\C(x') A=ER(x"))). The
final boolearequatiorfor theviolationsis: V = V; v V5.

The valid cover BDD, VC, is constructedo includeall
implementationthatdonotincludeary violating statesand
completelycover the correspondingexcitation region. In
otherwords, we filter the cover BDD C' with the follow-
ing conditions: (1) C NV = §, and(2) C N ER = ER.
Thecombinedboolearequationis VC = univy(x, (-C V
=V) A (mER Vv C)). The function univy(z, VC) imple-
mentgheuniversalquantifier Thisis equialentto f, A f-.,
andreturnsthe portion of the predicatethatis independent
of thevalueof x. This canbe extendecto iteratively oper
ateon thevectorx. TheresultingBDD representsll valid
coversof thesignal.

Figure9 shows two possibletimed circuit implementa-
tions for the FIFO controller The circuit shawvn in Fig-
ure 9(a) is the one found using explicit logic synthesis.
While the first circuit is also found during implicit logic
synthesisthe circuit shavn in Figure 9(b) is selectedas
it usesa simple NAND gateratherthana generalizedC-
elemento implementEOUT. Both of thesegateshave the
samecost(2 literalsfor the resetregion), so eithermay be
selectedarbitrarily by the explicit method. In fact, we are
lucky to have only onegeneralizedC-elementas SEOUT
andFOUT alsohave equalcostgeneralizedC-elemenim-
plementations.We do not know until after the logic opti-
mization stepwhetherthe gate canbe reducedto a com-
binationalgate,so endingup with a combinationalbateis
simply a matterof luck. However, the implicit technique
efficiently keepstrack of all possibleimplementationsal-
lowing the technologymappingstepto pick the one that
leadsto thebestoptimizedcircuitimplementationOnelast
interestingnoteis thecircuit shavn in Figure9(b)is exactly
theonefoundby handin [13].

FIN EouT FouT

SEOUT_ SEIN_

(b)

Figure 9. Timed FIFO Circuit.
3.4. Results

ThecompleteBDD timedcircuit synthesiprocedurdas
beenautomatedwithin the CAD tool ATACS. This algo-
rithm hasbeenappliedto the designof numeroustimed
circuit designs. Synthesisresultsare shavn in Table 1.
The first column shavs the numberof gC style solutions
found usingthe BDD synthesigrocedurehat canbe im-
plementedwithin the stacksize limits. (A setof simple
filters have beenemplgyed to extract the set of solutions
having reasonablémplementationsn CMOStechnology)
Most of the exampleshave a hugenumberof possibleim-
plementationsith four or fewer transistoran eachstack
(“needdecomp’is usedto indicatethatthereis novalid im-
plementatiorusingonly four-stacks).However, sincethey
arestoredimplicitly, keepingtrackof this mary solutionsis
notdifficult andis usefulfor technologymapping.Thesec-
ond columnshaws the numberof solutionsfor eachexam-
ple whereeachtransistorstackhasits minimumsize.Some
of thesehave only one minimal solution, but several have
multiple minimal solutionswhich are not foundif explicit
synthesisnethodsareused.

The numbersin this table representhe numberof po-
tentialimplementationdor the entirecircuit. This number
is the productof the possiblecoversfor eachindividual ex-
citationregion. For example,in the gC implementatiorof
the SPDOR,the setregion for = has8 solutions,the reset
region has2, eachof the two setregionsfor a has8 so-
lutions, andthe resetregion has8 which makesa total of
8 x 2 x 8 x 8x8 = 8192. The SCimplementationis
more restrictedso it only has80 possiblesolutions. The
useof implicit methodsnot only improvesmemoryperfor
mancefor large specificationsthey alsoallow a parame-
terizedfamily of solutionsto be produced.Possibilitiesfor
componensharingbetweerfunctionsarealsoincreasedy
thecapacityto considerall valid solutionsin parallel.

4. Conclusions and future wor k

This paperpresentsa designtool for the synthesisof
timedcircuits. Thistool utilizesBDD basedalgorithmsand
datastructurego allow the synthesiof largertimedcircuit
implementationsWe formulateda MTBDD representation



Table 1. Experimental results.

# of Solutions
Examples <4 | min
spdor 8192 1
spdand 512 1
cnt 614656 1
mmuoptSV 1.3x10% | 405
mmuopt 3.7x10° 4
slatch 1.3x101° 2
elatch 9.4 %1012 4
SELopt needdecomp 4
tsbm needdecomp 4
SCsiSVT 3.2x10° | 18
lapb 16384 1
lapb2 1.2x10° 1
lapb3 6.1x10™ 2
lapb4 2,2x10%2 4
fifo 1.7 x10M 4
fifo2 1.9x10%" | 16
fifo3 2.1x108% | 64

for the timed statespacegduring timed statespaceexplo-
ration. We alsodescribeda BDD representationf the re-
ducedstategraphwhichis dervedalongside We useghost
transitiongo presereaccuratesignalenablingnformation.
We have developedBDD formulationsandalgorithmsfor
bothstandard-Gndgeneralized-elementmplementation
styles.Thesealgorithmsfind all valid coversfor eachexci-
tationregion (if necessarypy transparentlyinding minimal
multicubecovers).

The two major advantagesof the implicit synthesis
methodis that larger timed systemscan be designedand
a parameterizedamily of solutionsis found while ear
lier algorithmsmerelyfound a single solution. Consider
ing all possiblevalid implementationswill greatly facili-
tate technologymapping. In the future, we plan to ex-
tendBDD basedechnologymappingalgorithmsfor speed-
independentircuitsto timedcircuits.
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