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ABSTRACT

The optimal stateminimizationproblem is to selecta re-
ducedstatemachinehaving the bestlogic implementation
over all possiblestatereductionsandencodings.A recent
algorithm,OPTIMIST [3], wasthe first generalsolutionto
this problem for synchronousFSMs. In this paper, we
presentthefirst solutionfor asynchronousFSMs.

This papermakes two contributions. First, we intro-
duceOPTIMISTA, a new algorithmwhich guaranteesopti-
mum2-level outputlogic for asynchronousFSMs.In asyn-
chronousmachines,outputlogic is oftencritical: it usually
determinesthe machinelatency. The algorithmis formu-
latedasa binateconstraintsatisfactionproblem,which is
solvedusinga binatesolver. The secondcontribution is a
novelalternativeresult:theunreducedmachineitself canbe
useddirectly to obtainminimum-cardinalityoutputlogic.

Thus, this paperpresentstwo approaches:using OP-
TIMISTA, which simultaneouslyperformsstateand logic
minimization; or usingno statereduction(if output logic
cardinality is of sole interest). Extensionsfor literal opti-
mization,targettedto multi-level logic, arealsoproposed.

1 INTRODUCTION

The tremendousamountof researchin sequentialsynthe-
sis hasproducedstrongresultsand fast and robust algo-
rithms for individual synthesissteps,suchas statemini-
mization,stateassignment,2-level logic minimization,and
multi-level transformation.However, the quality of these
resultsmay still be significantly below the global opti-
mum.Specifically, theclassicalsequentialsynthesistrajec-
tory typically reducestheproblem’scomplexity by decom-
posingit into severaldistinctphases.Eachphaseconstitutes
a local optimizationproblem,separatedby “blinders” from
otherphases.Theresultis thena setof locally-optimalso-
lutionscontributingto agloballysub-optimalprocess.

OPTIMIST [3] was one attempt to addressthis issue
broadly for technology-independent logic synthesis,by
attackingthe problem of optimal state minimization for
incompletely-specifiedsynchronousFSM’s. The problem
is definedasselectingthereducedmachinethathasthebest
2-level logic implementationover all possiblestatemini-�
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mizationsand encodings. To this end, OPTIMIST breaks
with traditionalapproaches,by performingstateminimiza-
tion andstateencodingconcurrently, usinga powerful new
form of symboliclogic minimization.

In this paper, we extendthe OPTIMIST algorithm,pre-
sentingthe first solutionto the optimal stateminimization
problemfor asynchronousmachines.

The papermakes two contributions. First, we intro-
duceOPTIMISTA, a new algorithmfor optimal statemin-
imizationof asynchronousFSMs. Thealgorithmproduces
areducedstatemachinewhichhasminimum-cardinality2-
level hazard-freeoutputlogic over all possiblestatereduc-
tions andstateencodings.The methodis formulatedasa
binateconstraintsatisfactionproblem,which is solvedby a
binatesolver [1]. Unlike theoriginal OPTIMIST algorithm,
which is exact only underan input encodingmodel [11],
thenew methodis thefirst truly exactsolutionto theopti-
mal stateminimizationproblemthat is independentof the
encodingmodel.

“Output-targettedstateminimization” is especiallyap-
propriatefor asynchronousmachines,becauseit addresses
thekey performanceparameterin systemsof asynchronous
machines: output latency. In an asynchronoussystem,
input-to-outputlatency oftendeterminesperformance,since
statechangesarenot boundto a clock period. In practice,
statechangesoftenarenon-critical(see,e.g.,[10]), andcan
safelyproceedin parallelwith thepropagationandprocess-
ing of outputchanges.

Second,this paperoffers a novel alternative approach:
theunminimizedmachineitself canalwaysbeusedto ob-
tainexactlyminimum-cardinality2-level outputlogic, over
all possibleminimizationsandencodings.That is, no state
reductionis necessary. This result indicatesthat statere-
duction can never improve (i.e., decrease)2-level output
logic cardinality. This alternative approachis only useful
if thesolecostmetric is minimizing logic cardinality(i.e.,
numberof products).Thedrawback,unlike OPTIMISTA, is
thatstateswill notbereduced.

Finally, anextensionto OPTIMISTA for literal optimiza-
tion, targettedto multi-level logic, is alsoproposed.



2 BACKGROUND

2.1 Burst-ModeAsynchronousStateMachines
Burst-ModeSpecifications.An asynchronousstatemachine
allowing multiple-inputchangescanbespecifiedby a form
of statediagram,calledaburst-modespecification[13] (see
examplein Figure1). Burst-modespecifications,andvari-
ants,havebeenusedfor severalrecentasynchronousdesign
methods[13, 18, 12]. Arcs arelabelledwith possibletran-
sitions,taking the systemfrom onestateto another. Each
transitionconsistsof a non-emptysetof input changes(an
inputburst) andasetof outputchanges(anoutputburst). In
a givenstate,whenall the inputsin someinput bursthave
changedvalue,thesystemgeneratesthecorrespondingout-
put burst andmovesto a new state. Inputswithin a given
inputburstmayarrive in any orderandatarbitrarytimes.
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Figure1: Exampleburst-modespecification.

Target Implementation.A burst-modespecificationcan
be realizedasa Huffman machine[17]. Initially, the ma-
chineisstablein somestate.Inputsin aspecifiedinputburst
thenchangevaluein any orderandat any time. Through-
out this input burst, the machineoutputsandstateremain
unchanged. Whenthe input burst is complete,the outputs
changevaluemonotonicallyas specified. A statechange
may also occurconcurrentlywith the output change,and
the machinewill be driven to a new stablestate. Alterna-
tively, nostatechangemayoccur(if thedestinationstateis
mergedwith thesourcestate,afterstateminimization). In
eithercase,nofurtherinputsmayarriveuntil themachineis
stable.That is, themachineoperatesin fundamentalmode
[17].

Figure2 showsa fragmentof theprimitive(i.e.,unmin-
imized) flow-table for the burst-modedesignof Figure1,
highlightingasinglespecifiedtransition.A horizontaltran-
sition is theportionof thetransitioncorrespondingto thein-
put burst. Theentrypoint is thestartinginput column,and
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Figure2: Horizontalandverticaltransitionsin a flow table

theexit point is theterminatinginputcolumnof thehorizon-
tal transition.All pointsin thehorizontaltransition,exclu-
sive of theexit point, arestablepoints, retainingthe same
outputandnext-statevaluesasthoseat the entrypoint. A
vertical transitioncorrespondsto the statechangeportion
of thetransition,from anunstablestateto astablestate.

2.2 TheStateMappingProblem
We assumebasicbackgroundon stateminimization[7, 8,
17]. Wenow review thestatemappingproblem,whichalso
canhaveanimpacton logic optimality.
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Figure3: Statetablebeforeandafterminimization

Givenanincompletely-specifiedFSM,astatereduction
oftendefinesasetof compatiblerealizations[16, 6]. In this
case,thenext-statebehavior of theresultingISFSMforms
a relation, so that different next-statebindingsare possi-
ble [9]. The statemappingproblemis illustratedin Fig-
ure3, takenfrom [9]. A choiceof next-statein M’ at total
state�
� ��� 	�� exists;it canbeassignedto either ���� or ��� 	 .
2.3 SymbolicHazard-FreeLogic Minimization
Sincewe are concernedwith hazard-freetwo-level mini-
mizationof outputlogic to beperformedin a symbolicdo-
main (i.e. givenby a flow table),we briefly summarizere-
sultsonmultiple-valued-input(mvi) hazard-freelogic min-
imization.For moredetails,see[2].

Definition 2.1(Multiple-v aluedtransition cube)
A multiple-valued transition cube is a cubewith a start
point and an end point. The multiple-valuedtransition
cube, denotedas ��� ����� , from � to � (in a multi-valued
domain)hasstartpoint � andendpoint � andcontainsall
mintermsthatcanbereachedduringa transitionfrom � to� .

A function  whichdoesnotchangemonotonicallydur-
ing an input transitionis saidto have a functionhazard in
the transition(see[2]). If a transitionhasa function haz-
ard, no multiple-valuedimplementationof the function is



guaranteedto avoid a glitch duringthetransition,assuming
arbitrary! gateandwire delays.Therefore,weconsideronly
transitionswhich arefreeof functionhazards(cf. [14]). If is freeof functionhazardsfor a transitionfrom input � to� , animplementationmaystill have a logic hazard dueto
possibledelaysin thelogic realization.

Definition 2.2(Requiredand pri vilegedcubes) Given a
multiple-valuedfunction  , and a set, " , of specified
function-hazard-freemultiple-valuedinput transitionsof  ,
every cube �#� �$���&% " correspondingto a static ')(*'
transition, and every maximalsubcube�#� �,+-�/. �#� �$���
where  is 1 and ��� ���0�1% " is a dynamic '2(*3 (or3&(4' ) transition,is calleda requiredcube. Furthermore,
everycube �#� �$���5% " correspondingto a dynamic '6(73
transitionis calleda pri vilegedcube. (A dynamic38(9'
transitionfrom � to � will hereafterbeconsideredasa dy-
namic ':(;3 transitionfrom � to � , with corresponding
privilegedcube � �6� � � andstartpoint � .)

Definition 2.3(Multiple-v aluedDHF-implicants)
An implicant illegally intersectsa privilegedcubeif it in-
tersectsthe privileged cubebut doesnot contain its start
point. A multiple-valued DHF-implicant is an impli-
cant which doesnot intersect any privileged cube of  
illegally. A multiple-valued DHF-prime implicant is
a multiple-valuedDHF-implicant containedin no other
multiple-valuedDHF-implicant.

A hazard-freecoverof function  is acoverof  whose
multi-valuedAND-OR implementationis freeof logic haz-
ardsfor a givensetof specifiedinput transitions.Finally,
the two-level mvi hazard-freelogic minimization prob-
lem is to finda minimumcostcoverof afunctionusingonly
multiple-valued DHF-prime implicants whereevery re-
quir edcubeis covered.

It is well-known that,givenanarbitraryfunction  and
set" of function-hazard-freeinputtransitions,ahazard-free
cover may not exist [13]. Burst-modesequentialsynthe-
sisalgorithms[13, 18] have a solutionto this problem:by
imposingsufficient constraintson stateminimization,it is
guaranteedthattheresultingBooleanfunctionswill always
haveahazard-freecover[15, 12, 18]. Similarrestrictionson
stateminimizationmustbeaddressedby ournew algorithm
aswell.

3 OVERVIEW OF OPTIMISTA
Wenow giveanoverview of theflow of ournew algorithm.
Moredetailsarepresentedin Section4.

First, two setsof covering objectsaregeneratedfrom
the original burst-modespecification. In particular, a set
of state compatiblesis generated,using the classicsyn-
chronouscompatibility relation[6], followedby a filtering
step.Then,anordinarysetof DHF symbolicoutputprime
implicantsis formed.Theseprimesareformedontheunre-
ducedmachine. DHF implicantscanbe usedto cover the

reducedmachinebecauseof a relationshipbetweenimpli-
cantson the unreducedand reducedmachines. No next-
stateimplicantsaregenerated.

Then,binatecoveringconstraintsaregenerated,using
the given statecompatiblesand DHF primes. Covering
constraintssubsumethoseusedin classicstateminimiza-
tion. They fall into four categories: classicstatereduc-
tion requirements(like thosein [6]), statemapping,hazard-
free logic covering requirementsfor the outputsof the re-
ducedmachine,andconstraintsto ensuretheexistenceof a
hazard-freeimplementationfor thenext-state.

ThebinateconstraintsaresolvedusingScherzo[1], un-
deracostmodelthattargetslogic cardinality.

	
Theresultis

a closedstatecover, statemapping,anda selectionof DHF
symbolicprimeshaving minimumcardinalityoverall valid
statereductions.

Using the selectedstatecompatibles,statemappings,
andoutputprimes,a symboliccover is formed,or “instan-
tiated”, on thereducedmachineusinga so-called“natural
mapping”. The result is a hazard-freelogic cover for the
outputsof thereducedmachine.

At thispoint, themethodis complete.Thereducedma-
chinecanthenbepassedto a burst-modeoptimalstateas-
signmenttool, suchasCHASM[2], to produceanexactly-
minimumcardinalityhazard-freebinaryimplementation.

4 THE OPTIMISTA ALGORITHM

4.1 StateCompatibleGeneration
Thecompatibilityrelationhasanimpactontheexistenceof
hazard-freelogic becausestatemergescan introduceun-
avoidable logic hazards. The goal is to identify the set
of compatiblesthat,whenused,guaranteetheexistenceof
hazard-freelogic. Therearefive conditionsthat imply the
incompatibility of a stateset. The first four relateto the
existenceof a hazard-freelogic cover, andthe last, to the
burst-moderequirementthat eachstablestate(in the un-
minimizedflow table)mustbemappedto a stablestate(in
thereducedtable):

1. No hazard-freecover exists for a horizontaloutput
transition

2. No hazard-freecover for a vertical outputtransition
(overall possiblestatemappings)

3. No hazard-freecoverexistsfor ahorizontalnext-state
transition(overall possiblestatemappings)

4. No hazard-freecover exists for vertical next-state
transition(overall possiblestatemappings)

5. Somestablestate(unreducedmachine)is mappedto
anunstableone(reducedmachine)

Of thefiveconditions,OPTIMISTA directlydetectsonly
oneduringgenerationof statecompatibles:thefirst condi-
tion. Thisconditionis readilydetectedwithoutoverly com-
plicatedanalysis.Thus,we identify asetof restrictionsthat
arenecessarybut insufficient,anduseit to prunethesetof<

Alternatively, literal count may be targettedundercertainassump-
tions;seeSection6.



compatibles.The remainingconditionsarefolded into the
covering constraints(“statemappingincompatibility”), so
asto let thebinatesolverdo theremaininganalysis.

OPTIMISTA generatesstatecompatiblesusingthestan-
dard synchronouspairwise incompatibility relation, and
prunestheresultingsetusingAlgorithm 1.

�

Algorithm 1. Compatible filtering.
function filter compatibles( = ) �
= �6> = ;
for each compatible ? % = � �
for each transition @ originating in
unreduced state �A% ? �
for each horizontal required

output cube B of @ �
if there is no DHF prime which
contains B and spans all states in ? �
// No hazard-free cover for B exists= �6> = �DC � ? � ; �E�F�F�G�

4.2 SymbolicPrimeImplicantGeneration
OPTIMISTA usesordinary DHF output primes,generated
on the unreducedmachine, for symbolichazard-freelogic
minimization.We show laterthattheseprimescanbe“nat-
urallymapped”ontothereducedmachine,andthattheirim-
ageincludestheentiresetof DHF primesfor eachreduced
machine.

4.3 BinateConstraint Generation
Constraint Variables. Thefollowing tabledescribeseach
of the decisionvariablesinvolved in the binatecovering
constraints,andshows their assignedcost in the covering
problem.

var description costH$I selectcompatibleHJI for thestatecover 0KMLON PRQRN PTS
mapexit pointof transU in reducedstateH I to H�V 0W I selectDHF prime W I for symboliclogic cover 1

StateCovering.
This setof constraintsensuresthat,for eachunreduced

state,somecompatibleis selectedwhich coversit. These
constraintsare identical to the statecovering constraints
in [6].

X
unreducedstates� of Y?[ZR\^])?�Z�_0]a`�`$`b]c?[Zed

where � ?[Z � is thesetof compatiblesthatcontain � .
StateMapping. Thissetof constraintsensuresthatthe

exit point of eachspecifiedtransitionin the reducedma-
chineis state-mappedappropriately. This is accomplished
by selectingfor transition@ in ? Z a destinationstate��� f 
 ? f
from the setof valid choices. A setof decisionvariablesg

This algorithmassumesthe setof DHF output-primeson the unre-
ducedmachinearealreadyavailable. Also, without lossof generality, we
only show theanalysisfor asingleoutput.

�
h�ikj l Q j l S � is associatedwith eachspecifiedtransition@ in re-
ducedstate ?�Z , onefor eachvalid statemappingchoice ? f
for thattransition’sexit point.

X
compatibles? For each candidatecompatible/reduced

state ?m( h ikj l�j l,n \ ] h ikj l�j l,n_ ]c`$`�`�] h ikj l�j l n d
where � ? � f � are the compatibles which cover

exitPointop@Jq . The clauseis conditionalon the selectionof
compatible? , sinceonly thendoesthetransition@ in ? exist
in thereducedmachine.

State Mapping Coherency. Theseconstraintsensure
thatat mostonestatemappingis selectedfor eachreduced
transition. It is necessary, becausethe setof N statemap-
pingchoices� ? f � for reducedtransition@ in ?[Z is “encoded”
in N distinct binary decisionvariables�bh�ikj l Q j l S � . Without
thefollowing constraints,morethanonemaybeselected.

X
compatibles? For each candidatecompatible/reduced

state X
specifiedtransitions@ of Y suchthat rtsuop@Jq % ?X

distinctpairsof statemappingvariables� h ikj l�j l�v � h ikj l�j l�w � for @ in ? Zh�ikj l�j l v ] h�ikj l�j l w Selectat mostone
mappingfor @ in ?

wherePSis the(present)statein M in which transition
t lies.

Functional Covering. Functionalcoveringconstraints
selecta setof DHF primeswhich form a symbolichazard-
freecoveringof theoutputs.

HorizontalTransitions.Therequiredcubesfor theout-
puts during horizontaltransitionsare completelydefined,
regardlessof thestatemappingchoices.Hence,functional
coveringof theserequiredcubescanbeperformedwithout
regardto statemapping.

X
compatibles? For each possiblereducedstateX

specifiedtransitions@ of Y suchthat rtsuop@Jq % ?X
horizontalrequiredcubesB of @?m(yx 	 ]:x � ]c`$`�`b]:x{z

where� x{Z � is thesetof DHF primeswhicha)contribute
to theoutput,b) contain? , andc) containB ; M is theunmin-
imizedmachine,andPSis the(present)statein M in which
transitiont lies.

Vertical Transitions.In this case,thestatemappingse-
lectiondeterminestheactualspanof theverticaltransition.
If thenext-stateis mappedunstably, therequiredcubespans
2 states;otherwise,it spansonly 1.



X
compatibles? For each possible“r educedstate”X

specifiedtransitions@ of Y suchthat rtsuo|@Jq % ?X
statemappingchoicesh�ikj l�j l nX

verticalrequiredcubesB of @ whenthe
exit pointof @ is mappedto ? �h�ikj l�j l n (yx 	 ]:x � ]a`�`$`}]:x{z

where� x~Z � is thesetof DHF primeswhicha)contribute
to theoutput,b) spanboth ? and ? � , andc) containB .

StateClosure. This setof constraintsensuresthat the
selectedsetof statecompatibles,alongwith thechosenstate
mappings,is closed,in theclassicalsense.

X
variablesh ikj l�vMj l�w For each statemappingchoiceh�ikj l v j l w (�?[� If ?[� is chosenasthedestination

state, mustselectit aswell
State Mapping Incompatibility . The goal of this set

of constraintsis to guaranteetheexistenceof a hazard-free
logic implementationfor thenext-state.

Algorithm 2 below considersthe hazard-freecovering
of horizontalrequiredcubeslying in a selectedstate.The
algorithmonly appliesto next-statelogic. (Algorithm 1 al-
readyensuresthata hazard-freecover exists for eachhori-
zontaloutputrequiredcube.)

The algorithm assumesan input encoding formula-
tion [11] for the next-state,a model usedin many CAD
algorithms. Each distinct next statesymbol is given its
own uniquebinaryvariable,so that,effectively, next states
are(temporarily)1-hotencoded.For example,a horizontal
transitionfrom (stablestate)s 	 to anunstableexit states � ,
consistsof two distinctstatetransitions:from '���3 for thes 	 bit, andfrom 3&�4' for the s � bit. (For details,see[5].)

Algorithm 2: Identifying incompatible
state mappings (horizontal)
identifyHorizontalIncompatibilities()� // Unopti-
mizedversion

for eachcompatibleH (call it state�,� ) �
for all statemappingsof thetransitionsin H �

for eachtransitionU in H �
for eachhorizontalrequiredcube� of U��

// Try to cover �W ����� � ; // Startby using� itself
while W � illegally intersectsapriv cubeof U � in � � �W � �#� W � expandedto contain ��UR�
�$U��pU���� ;

// OFF-set(� � ) is definedwrt statemappingof � �
if W � intersectsOFF-setof � � �
disallow thismappingset(generateaconstraint);

continuewith thenext statemapping;�u���u�����u�
Thealgorithmproceedsasfollows. First, theoutermost

loop selectsa reducedrow (a compatible). Then, every
combinationof statemappingsfor all of thespecifiedtran-
sitionsin this row areenumerated.For eachcombination,
therequiredcubesof eachspecifiedtransitionareidentified.
A coveringimplicantis thenformedfor eachrequiredcube,

if possible.Specifically, theprocedureattemptsto usethe
requiredcubeto cover itself, andexpandsit asnecessary
to avoid illegal intersectionswith any privilegedcubes.If
at any point the producthits the OFF-set,it is no longer
animplicant. Whenthathappens,no hazard-freecoverex-
ists for that requiredcube. In this case,an incompatibility
constraintis generatedwhich outlaws that particularstate
mappingcombination.

A similarbut morecomplex algorithmis usedto insure
thateachverticalrequiredcubecanbefeasiblycovered(not
shown, dueto spacelimitations);see [5] for details.

4.4 BinateConstraint Solution
Once all constraintsare generated,the constraintsare
solvedby a standardbinatesolver. Thesolutionto thecon-
straintsresultsin a selectionof statecompatibles,a selec-
tion of statemappingsfor eachspecifiedtransitionin the
reducedmachine,anda minimum-cardinalityselectionof
DHF outputprimeimplicants.Ourimplementationusesthe
Scherzosolver [1].

4.5 Instantiation
Symbolic instantiationis the processby which selected
DHF-PI’s (formed on the unreducedmachine)are trans-
formed one-for-one into a 2-level symbolic cover of
the reducedmachine. Given an output DHF-PI, x 

�p��� � rts ���t� " � , with input andpresentstatefields,con-
tributing to someoutputs“OUT”, wedefine

x � 
 Instantiateo|x�q 
 �p��� � rts � ���t� " �
Theinput andoutputfieldsareunchangedby instantiation.
Thepresentstatefield, PS,of theoriginal DHF-PI (formed
in the unreducedmachine)will be mappedso asto cover
all selectedcompatibleswhosestatesarecompletelycon-
tainedin PS.For example,if PScontains� s1,s3,s5,s6� , and
the reducedmachinehadselectedcompatibles(i.e. rows)� s1,s2� , � s3,s5� , � s1,s6� , and � s4,s5� , then the DHF-PI
would be instantiatedonly to cover rows whosecompati-
blesit fully contains:� s3,s5� and � s1,s6� .

It can be shown that this natural mappingpreserves
hazard-freedom.Also, for any DHF-PI formedon the re-
ducedmachine,there is a correspondingDHF-PI in the
unreducedmachinewhich “naturallymaps”to it.

5 OPTIMALITY OF THE UNMINIMIZED MACHINE

Thissectiondemonstratesaninterestingandusefultheoret-
ical result. A hazard-freeoutput logic cover on the unre-
ducedmachine itself hasminimumcardinality (i.e., fewest
products)over all possiblestatereductionsandencodings.
A consequenceof thisresultis thatstatereductioncannever
further reduceoutputlogic complexity.

Although the unminimizedmachinealways gives the
optimumsolution for output logic cardinality, it doesnot
necessarilydo soundermorepracticalcostfunctions. For
example,it is well-known that statereductionoften helps
simplify the next-statelogic.� Thus, the advantageof the�

This is of coursetheclassicmotivationfor stateminimization.



OPTIMISTA algorithmin Section4 is thatcanobtainasolu-
tion which minimizesbothoutputlogic andstatecardinal-
ity, whenasuitablecostfunctionis used.

We briefly statethekey lemmasandtheorems.For de-
tailed proofs, see[5]. The burdenof the argumentis in
showing that every prime hazard-freecover of a given re-
ducedmachineY � hasa correspondingcover for theunre-
ducedmachineY of identicalcardinality that mapsonto
it.

Lemma 5.1 To every DHF output prime implicant x � on
somereducedmachine Y � there correspondsat leastone
DHF outputprime implicant x on unreducedmachine Y
which Naturally Mapsonto x � .
Fromtheabove, givenany outputlogic cover � � for some
reducedmachineY � , wecanconstruct,member-wise,aset
of implicants(call it � ) on Y .

Lemma 5.2 � is a hazard-freeoutputcover for Y .

Theorem5.1 The unminimizedmachine Y possessesa
two-level hazard-free output logic cover which has mini-
mumcardinality acrossall possiblestateminimizationsand
encodings.

Proof: This follows from Lemma5.2, since, for every
hazard-freeoutputlogic cover � � for any reducedmachineY � , we canconstructa hazard-freeoutputcover for Y of
identicalcardinality. �

6 L ITERAL OPTIMIZATION

With asmallmodification,theabovealgorithmcanbetrans-
formedto arestricted,but useful,algorithmfor exactliteral
minimization.

Interestingly, for eachDHF-PI, the numberof input
literals is preciselyknown, even though theseDHF-PI’s
areformedbeforestateminimizationandstateassignment.
This holds,becauseinputsarebinary, so thecolumnscov-
eredby a DHF-PIareinvariantundertheinstantiationstep.

Thenew problemthat is solvedexactly is: Find a state
minimizationwhichresultsin ahazard-freecoverof output
logic with fewestinput literals. This problemis important
for asynchronoussynthesis,sincetheinput-to-outputpaths
aretypically critical: non-criticalpresentstateliterals can
befactoredout, into additionallevelsof logic.

A simple modificationof the above algorithm can be
used: in the binateconstraintmatrix, replacethe unit cost
of eachproductby aweightcorrespondingto thenumberof
input literalsit contains.

7 EXPERIMENTAL RESULTS

Table1 summarizestheexperimentalresults.A limited set
of trial runswasperformed,targettedto productminimiza-
tion. OPTIMISTA doesas well as the burst-modetool,
MINIMALIST [4, 5], in eachcase,but nobetter. Thissug-
geststhateitherthereis no roomfor improvementin these
circuits, or that MINIMALIST’S stateminimization hap-
pensto bedoingparticularlywell. We anticipatethatgains

may comefrom larger designs,which offer more latitude
for optimization. We alsoplan to run comparative experi-
mentson literal optimization.

8 CONCLUSIONS AND FUTURE WORK

This paperintroducesthe first optimal stateminimization
algorithm for asynchronousstate machines. This new
methodpreciselytargets output logic, producingexactly
minimum cardinality two-level hazard-freeoutput logic
over all possiblestateminimizations,stateencodings,and
logic minimizations.We alsooutlineextensionsto handle
literal optimization. Furtherexperimentsareneeded,on a
varietyof examples,to seeif betterresultscanbeobtained.
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