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Abstract— This paper presentsefficient reencodingand resynthesisalgorithms for
cycle-timeminimization of multilevel implementationsof synchronousfinite statema-
chines(FSMs) under a fixed encodinglength. The proposedtechnique is applicable
to both gate-level and technologyindependentsynchronousnetwork representations.
Wepresenttwo algorithms for identifying usefulreencodings– oneisbasedon Boolean
cuberepresentationapplicable to technologyindependentsynchronousnetworks and
the other employsrecursivelearning techniquesappropriate for gatenetlists. Weshow
that the proposedXOR/XNOR basedreencodingtechniqueexploresa suffciently rich
set of encodingsto identify implementations with smaller cycle-times. The Boolean
and structural interpretations of reencodingare explored and its relationship to iso-
morphic sequentiallyredundant faults is presented.We alsoshow that the reencoded
circuit alwayshasa valid initial stateand presenta simpleprocedure to derive it. The
effectivenessof the proposedtechniqueis illustrated on a largesetof benchmark cir-
cuits which indicatesan averagecycle-time improvement of 15.26% for a small area
overheadof 3.56%over that of performance-driven combinational logic optimization.

I . INTRODUCTION�
N this paper, we describean iterative sequentialreencodingandresynthesis
techniquefor minimizingthecycle-timeof multilevel circuit implementations

of finite statemachines(FSMs)while maintainingthesamenumberof registers.
It hasbeenobserved [1], [2] that the areaincreasein retimingandresynthesis
is often due to the increasein the numberof registersin the circuit. In our
approach,thisproblemisavoidedby restrictingthereencodingto afixednumber
of registers.While this limits thescopeof area-performancetradeoffs, weshow
that a sufficiently rich choiceof solutionsis available for a large numberof
circuits.

Previousapproachesto performancedrivensynthesisof FSMscanbeclassi-
fied into 2 categories:(i) Optimizationandspeed-upof thecombinationallogic
component[3],[4] which ignorestheinteractionof gatesacrossregisterbound-
aries,(ii) Gate-level retiming which involves moving registersacrosscombi-
national logic blocks so as to minimize the cycle-time[5]. The drawback of
gate-level retimingis that it is guidedby theminimizationof cycle-timebased
on a precomputedfunction of the locationof the registersin the network and
doesnot considerany prospective logic optimization.Therehave beenseveral
attemptsto overcomethelimitationsof gate-level retiming[6], [1], [7] by com-
bining retimingwith combinationallogic resynthesis.However, no satisfactory
solutionshave emerged– eitherthecycle-timeimprovementhasbeenmarginal
or it comesata prohibitive areaoverhead.

In anorthogonaldirectionmultilevel andsequentiallogic optimizationtech-
niquesthat leveragethe advancesin automatictestpatterngeneration(ATPG)
have beenproposed[8],[2]. Theseapproachesemploy ATPG techniquesasa
Booleanreasoningengine.ATPGbasedredundancy eliminationrepresentsan
efficient implicit techniqueto minimize a circuit with respectto a don’t care
set[9].

Reencodingtransformationssimilar to thosepresentedin this paperhave
beenapplied to reducethe size of the reducedorderedbinary decisiondia-
gram(ROBDD)[10] representationsof FSMs[11],[12]. They show thattheXOR
transformationis themostpromisingamongthesetof all reencodingtransfor-
mations.

I I . RETIMING AND RESYNTHESIS

Ourapproachis basedon thefollowing theoremdueto Malik et.al.[6]:
Theorem1: [6] Given a machineimplementationM1 with a STG G, anda

stateassignmentS1, it is alwayspossibleto derive a machineM2 with thesame
STGG, anda stateassignmentS2 by applyingonly a seriesof resynthesisand
retimingoperationsonM1.
The proof of the theoremis outlined in the transformationsshown in Fig. 1.
Thecombinationalcomponentof machineM1 is augmentedby anidentity logic
block I � C � C � 1, whereC is themappingbetweenthestatesof machineM1 and
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Fig. 1. Reencodingby RetimingandResynthesis:(a) original machineM1, (b) machine
M1 with anidentityblockC � C � 1 appended,(c) RetimingacrossC � 1 block,(d) Resyn-
thesizedmachineM2.

M2 andC � 1 is theinversemapping.TheregistersR1 arethenretimedbackward
acrossC � 1, andthecombinationallogic resynthesized,leadingto themachine
M2 with encodingS2 andregistersetR2. The block C is often referredto as
theencoderblock andtheblock C � 1 is calledthedecoderblock in the sequel.
Theretimingandresynthesisapproachoutlinedabove is limited to circuitswith
the sameSTG andwith the sameencodinglength. The reasonis that bothC
andC � 1 mustexist, i.e. they mustbeBooleanfunctions. This is trivially true
whenC is an injective (one-to-one)mapping,and in particularwhen the en-
codinglengthsof machinesM1 andM2 areidentical. This is exactly the type
of transformationconsideredin this paper. While thesynchronousbehavior of
machinesM1 andM2 areequivalent,their correspondingcombinationalblocks
have different functionalitiesandcost(area,performance,power). In this pa-
per, we proposetechniquesto find an encoderblock C which on retimingand
resynthesisminimizesthecycle-timeof machineM2.

The readeris referredto [13], [14] for the definitionsandnotationsusedin
logic synthesisandtesting. In the sequel,we assumesynchronousimplemen-
tationsusing edge-triggeredregisters(D-flip-flops). In this paperwe usere-
dundancy removal techniquesto simplify thecircuit. It hasbeenshown that in
the presenceof falsepaths,i.e. pathsthat cannotpropagatesignalsunderany
circumstances,redundancy removal andBooleansimplificationcanactuallyin-
creasethedelayof thecircuit by makingthelongfalsepathactive. Fortunately,
redundanciescanberemovedfrom circuitswith falsepathswith no adverseef-
fectondelaybut at thecostof areaincreaseusingtheKMS algorithm[15].Thus,
without lossof generality, weassumethatthelongesttopologicalpathis true.

I I I . MOTIVATING EXAMPLE

In this section,we illustrate the problemby meansof a simplemotivating
example.Considerthegate-level implementationof a FSM shown in Fig. 2(a).
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Fig. 2. Motivatingexamplefor cycle-timeminimization(a) Gate-level implementationof
a FSM,(b) theunderlyingSTG,and(c) thestateencoding.

TheunderlyingSTGandthestateencodingarealsoindicated.Thebubblesat
theinputsof thegatesindicateinversion.Assumethatthetargetlibrary provides
two andthreeinput AND/OR gateswith all possibleinputpolaritiesandthateach
two input gatehasoneunit of delayandthe threeinput gatehastwo units of
delay. Thetwo boxesin thegate-level representationaretheregisters,annotated
with thenext statelinesY1 andY2. Thepresentstatelinesareindicatedby y1 and
y2. Theprimaryinput (PI) to thecircuit is x andtheprimaryoutput(PO)of the
circuit is z. Thecircuit hasadelayof 3 ontheoutputnodez. Notethatthecycle-
time cannotbe reducedbelow this value by conventionalgate-level retiming
sincethecritical-pathis theinput-outputpath.Moreover, thecycle-timecannot
beimprovedby the“retiming bottleneckremoval” methodpresentedin [7].

Now, considerthesameSTGwith adifferentencodingof thestates:A � 00,



B � 01,C � 11 andD � 10. In thenew encodingwe have swappedthecodes
of statesC	 andD. A resynthesizedcircuit underthe new stateassignmentis
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Fig. 3. Motivatingexample:Gate-level implementationof thereencodedFSM.

shown in Fig. 3. Thereencodedcircuit hasadelayof 2 units.
Theabove reencodingcanbeput in theretimingandresynthesisperspective

of [6], by notingthat therequiredswappingof encodingsbetweenstatesC and
D canbe achieved by appendingtwo XOR gateson the next statelines of the
originalmachinein Fig. 2 asshown in Fig. 4(a).Thereadermayverify thatthe
first XOR transformsthecodeof stateC from 10 to 11 while thereverseis true
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Fig. 4. Retimingandresynthesisperspective: (a) AppendingXOR encoderanddecoder
blocks,(b) RetimingbackwardacrossthedecoderXOR.

for stateD. ThesecondXOR existsto restorethestateencodingsof statesC and
D to their original encoding.Thus,thefirst XOR gatelabeledC correspondsto
theencoderblock shown in Fig. 1 andthesecondXOR gatelabeledC � 1 is the
decoderblock in Fig. 1. Next we retimebackwardsacrossthesecondXOR gate
asshown in Fig. 4(b)andresynthesizetheresultingcombinationalcircuit to get
thecircuit in Fig. 3 with thesamenumberof registers.

Clearly it is quite impossibleeven for reasonablysmall machinesto try all
possiblereencodings.In the sequel,we will presentefficient algorithmsfor
discovering suchencodingsleadingto smallercycle-times. We show how we
arrive at theabove reencodingfrom two perspectives: Oneis basedon Boolean
techniquesandthe otheris basedon recursive learningbasedimplications[16]
on thegate-level netlist.

A. ReencodingthroughBooleanTechniques

The Karnaughmaps(K-maps)for the next statefunctionsY1, Y2 andPO z
for theexamplein Fig. 2 is shown in the top row of Fig. 5. We useKarnaugh
mapfor illustrationpurposes– our algorithmandimplementationis not based
onKarnaughmaps.As canbeseenfrom theK-mapfor z in thetoprow of Fig.5,

x
y
1 2

y

0

1

00 01 11 10

1 1

22Y

x
y
1 2

y

0

1

00 01 11 10

1 1

1 1

Y1

x
y
1 2

y

0

1

00 01 11 10

1 1

2Y

x
y
1 2

y

0

1

00 01 11 10

z

1 1

n

x
y
1 2

y

0

1

00 01 11 10

z

1 1

x
y
1 2

y

0

1

00 01 11 10

1 1

1 1

2nY

x
y
1 2

y

0

1

00 01 11 10

Y1n

1 1

1 1

Fig. 5. Booleanperspective: Top row shows the K-mapsfor the original machine,sec-
ond row is an intermediatestepandthe third row givesthe K-map for the reencoded
machine.

wecandropthedependency of z ony1 by swappingthecolumnsy1y2 � 11and
y1y2 � 10. This correspondsto swappingcodes11 and10 in the design. In
otherwords,we present11 in thenew circuit whenever 10 waspresentedin the
original circuit, andvice-versa. Obviously, this cannotbe donein isolation–
thecorrespondingcolumnshave to beswappedin theK-mapscorrespondingto
Y1 andY2 asindicatedby thebidirectionalarrows in Fig. 5. After theswapping
of therows indicatedby thearrows, we have theK-mapof z in thenew circuit
shown aszn in Fig. 5. The K-mapY1n in the new circuit remainsunchanged

from that of Y1 after swappingthe columns. However, computingthe K-map
correspondingto Y2 in the new circuit is a little moreinvolved. Swappingthe
columnsin theK-mapof Y2 givestheK-mapdenotedY22 in thefigure.Thenew
K-mapY2n is computedas

Y2n � Y22 
 Y1n (1)

To seewhy this is thecase,notethattheswappingof thecolumnsin theoriginal
K-mapsis synonymousto swappingthe correspondingpresentstateinputs in
the original statetransitiontable(STT). In otherwords,we have modifiedthe
circuit suchthatwhenever theregistershave avalueof 11(10)avalueof 10(11)
is presentedto theoriginal combinationalblock. However, in orderto leave the
synchronousbehavior of thecircuit unalteredwe have to ensurethatwhenever
a valueof 11 is producedat thenext-statelinesthevaluestoredin theregisters
is modifiedto 10andvice-versa.This reflectsthechangein theencodingof the
statesC andD in theSTG.This is achievedby theXOR operationin Eq.1. The
K-mapsfor thereencodedmachineareshown in thebottomrow of Fig. 5.

B. ReencodingthroughRecursiveLearning

The latestarriving signalson the critical pathto z in the circuit of Fig. 2(a)
are x� y1 andy2. If we can make a stuck-at fault on any of theselines unde-
tectableandhenceredundantthenthecircuit canbesimplifiedby removing the
redundancy. Sincewe areconcentratingon stuck-at faultson thelatestarriving
signals,any simplificationdueto redundancy of thesefaultswould leadto anew
circuit with delayat leastassmallastheoriginalcircuit if notsmaller. Consider
a stuck-at-0 fault on theline L1 in theoriginal circuit of Fig. 2(a). This D-fault
is indeeduntestableif it cannotbe propagatedto the outputz for any and all
possiblevaluesof theprimary input x. Sincean input of x � 0 would trivially
block the propagationof the fault, we will only considerthe interestingcase
whenx � 1. Also for any possiblevalueof thepresent-stateline y2, the value
of D shouldnot bepropagatedto theoutputz, i.e. it mustbea 0 or 1 for both
faultyandfault-freecircuits.To learntheconditionsfor redundancy of thestuck-
at-0 fault on the line L1, we performtwo roundsof recursive learning. In the
first iterationwelearntheimplicationsof choosingz � 0 � x � 1 andy1 � D. This
givesamandatoryassignmentof y2 � D. Similarly, theimplicationsof choosing
z � 1 � x � 1 andy1 � D leadsto amandatoryassignmentof y2 � D. Thisimplies
thatthepropagationof D to theoutputz would beblocked if y2 � D or y2 � D.
Thus,wehave to inject a “f ault” on line y2. Thiscanbeaccomplishedby intro-
ducingthe XOR gatemarked X2 asshown in Fig. 6 – whenever the stuck-at-0
fault is activated,i.e. y1 � 1 andy2 � 1 � 0
 in the“good” circuit, theoutputof
X2 is 0 � 1
 whichcorrespondsto D � D 
 . However, theadditionof thisgatealters
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Fig. 6. ReencodingthroughRecursiveLearning:new reencodedmachinewherethestuck-
at-0 fault is undetectable.

thefunctionalityof thecircuit. To compensatefor this alteredfunctionalitywe
propagatey2 � D or y2 � D backacrosstheregistermarkedY2 into theprevious
time frame. This is accomplishedby addingthe XOR gateX1, which in turn is
compensatedby the XOR gateX2� (c.f. Fig. 6). Now the functionalityof the
circuit in Fig. 6 is identicalto thatof theoriginal fault-freecircuit. Noting that
thestuck-at-0 fault shown in thefigureis redundantwe cansimplify theoutput
logic by removing gatesX2, G2 andG3 andtheconnectionfrom y1 to G1. Re-
dundancy removal andresynthesisleadsusto thefinal reencodedcircuit shown
in Fig. 3.

TheSTGof thereencodedFSMis identicalto thatof theoriginalFSMexcept
for a relabelingof thestateswith differentencodings.In this light, reencoding
canbe seenasa techniqueto induceisomorphicsequentiallyredundantfaults
(SRF)[17]suchthatthenew circuit hasbetterdelayproperties.

IV. REENCODING ALGORITHMS

For adesignwith n registervariables,thereare2n! possibleencodingsandthe
problemof finding theglobally optimalencodingis intractable.In this section
wepresentiterative algorithmsto discover encodingsresultingin smallercycle-
times.Eachstepin theiterationinvolvesreencodingoneof thelatchvariablesby
usingthepreviously explainedXOR/XNOR transforms.Eachof thesestepscan
be seenasa two-bit reencoding[11]. Our algorithmsfor reencodingarebased
on thefollowing observations:
1. Thenumberof mintermsin theon-setof the functionscomputingthenext-
statevaluesandtheprimaryoutputsremainsinvariantunderthereencoding.
2. Interchangeof mintermsandcubescorrespondingto differentprimaryinput
alphabets(transitionpredicates)is notpermitted.It canbeshown thatsuchinter-
changesleadto aincreasein thenumberof registersin thedesign[18].Thus,the



permissiblereencodingtransformationsarerestrictedto swapsin the present-
statebit locations� in the K-maps. In the recursive learningparadigmof Sec-
tion III-B, this translatesto the observation that the redundancy of an injected
fault doesnot requireaD or aD onany of theprimaryinputs.
3. In thecourseof reencodingwe mayswap thecodeassignedto a statewith
anunusedcode,i.e. oneof theunusedcodesis now usedandoneof thecodesin
theusedsetbecomesanunusedcode.However, theunusedstatecodesaretyp-
ically usedasdon’t caresin theoptimizationof thecombinationallogic. After
thecodeswaptheoriginaldon’t caresetusedto optimizethecircuit is partially
invalidatedandhasto be replacedby a new don’t careset. To ensuredesign
correctnesswe needto propagatethesechangesthroughoutthedesign.We as-
sumethatthereachablestateset(usedcodes)areavailableaspartof thedesign
specificationasin SIS[19] or have beencomputedusingimplicit statetraversal
techniques[13],[20].

It hasbeenshown in [11] thattheiterativeapplicationof theXOR/XNOR trans-
forms provide a goodbasisfor the designof effective reencodings.They use
countingargumentsto prove thefollowing result:

Theorem2: [11] The numberof possibleencodingtransformations,t � n

achievedby theiterative applicationof theXOR/XNOR is givenby:

t � n
�� n � 1

∏
i � 0 � 2n � 2i � (2)

where,n is thenumberof bits in theencoding.
Although,this is muchsmallerthanthenumberof all possiblereencodings,

the XOR/XNOR operatorsprovide a rich setof reencodingtransformations.In
fact, all of the 4! ��� 24
 one-to-one(bijective) mappingsover 2 Booleanvari-
ablescanbeexpressedasacompositionof 3 basicoperators:(i) theXOR/XNOR,
operationover the 2 variables(ii) the register-variablepermutation(or renam-
ing), and(iii) the identity (no reencoding)operator[11].Of these,the register
renamingand identity transformshave no effect on the cycle-timeof the im-
plementation.Thus,the XOR/XNOR transformis the only possibleone-to-one
mappingover two Booleanvariables.This is expressedin the following theo-
rem.

Theorem3: An encoding/decodingfunction pair implementinga two-bit
reencodingof a synchronousnetwork is valid if bothmembersof thepair take
oneof thefollowing two forms:

yk � f � Y 
���� yk 
 yl 
 (3)

OR

yk � f � Y 
���� yk 
 yl 
 (4)

where,yi ��� i areregistervariablesand f � Y 
 is someBooleanfunction,with Y ��
yi � i �� �

k � l ��� .
Proof: Theproof follows from the following observations: the function

f � Y 
 in Eq. 3, 4 servesasa “restriction” which limits the reencodingto states
whoseencodingssatisfy the function f � Y 
 . Thus, without loss of generality
we canconcentrateon the XOR/XNOR forms involving yk andyl in the above
equations.Therestof theproof follows from previousarguments.
Notethatthis theoremprovidesonly thenecessarycondition– in fact,thereare
many reencodingsnot exploredby theproposedtransform.However, theabove
theoremconstitutesa necessaryandsufficientconditionwhentheoriginalSTG
is reduced,has2n statesandis encodedin n (minimumnumber)bits.

A. AlgorithmbasedonBooleanTechniques

Thealgorithmis basedon“truth-tablepermutations”to clusterthecubesused
to computethe next-stateand primary outputs. This can be computedin a
straightforward manneron a ROBDD representationof thefunctions[12].Next
we iterateover the cubesin the next-state/primaryoutputfunction(s)with the
largestdelay. In eachiterationwe try to merge the cubesandevaluatethe im-
pactof the transformon thecircuit delayusingtheuserspecifieddelaymodel.
If the transformationreducesthe delaythen it is accepted.The processis it-
erateduntil no improvementin delayresults.Convergenceof theprocedureis
ensuredsincedelay is strictly decreasingand the slackson non-criticalpaths
aredecreasing.Thus, the processtendsto equalizethe delayof all paths. If
thedon’t careconditionsarechangedthenthedon’t caresetis updatedandthe
network is resynthesizedusingthenew don’t careset.Thealgorithmis outlined
in Algorithm 1.

B. AlgorithmbasedonRecursiveLearning

Thealgorithmbasedon theATPGtechniqueusingrecursive learningasthe
implicationengineis shown in Algorithm 2. Thealgorithmproceedsby iden-
tifying the stemson thecritical pathin thenetwork. Stuck-at-0andstuck-at-1
faultsareinducedonthesestemsandrecursive learningis usedto learnthecon-
ditions for the redundancy of thesefaults. Stuck-atcontrollingvaluefaultson
thesestemsareattemptedfirst failing which non-controllingvaluesare tried.
If the fault is deemedredundantfor all primary input valuesthenthecircuit is
transformedandresynthesizedusingredundancy removal. If thisinvolvesswap-
pingcodeswith apreviouslyunusedstatecodethenpartof theold don’t careset
is invalidated.Optimizationunderthenew don’t carenetwork is accomplished
usingATPGtechniquespresentedin [9].

Inputs: EncodedFSMM, DelayModelD, Initial Delaytd.
Outputs: ReencodedFSMM  with smallerdelaytr .

loop
Do acritical pathtrace.Recordinitial circuit delay(tc).
ComputeC asthesetof maximalcubeclustersfor all outputs.
Selectoutputoi with critical delay.
S ! MaximalCubeClustersfor oi .
for i ! 0 to "S" do

Mergecubeclusters.
if Don’t care(DC) network haschangedthen

Removeold DC, resynthesizenetwork with new DC.
end if
Evaluatetn ! network delaywith delaymodelD.
if tn # tc then

Acceptthereencoding.tc ! tn.
end if

endfor
If tc $ td thenbreak.

end loop
Returnreencodedmachine.

Algorithm 1: ReencodemachineM usingBooleanTechniques.

Inputs: Gate-level FSMM, Gatelibrary L, Initial delaytd.
Outputs: Gate-level FSMM  , with delaytc % td.

loop
Tracecritical pathP. S ! stemsonP.
for eachstemin Sdo

c ! controllingvalueof stem.
for v in c & c̄ do

Inducefault s-a-v.
Userecursive learningto computethereencoding,if any.
If reencodingfoundthen break;

end for
If no reencodingfoundthen continue;
Transformcircuit. Resynthesize(with new DC, if DC haschanged).break;

endfor
If no improvementin delaythen break.

end loop
Returnreencodedmachine.

Algorithm 2: ReencodemachineM usingRecursive Learning.

V. INITIAL STATE COMPUTATION

Sincewe performbackward retiming acrossthe decoderblock we have to
ensurethat the retimedcircuit hasa valid initial state.The following theorem
proves that a valid equivalent initial statealways exists for the resynthesized
circuitsproducedby theproposedtechnique.

Theorem4: Given a initial implementationM with initial stateS0, the new
implementationM � producedby the proposedtechniquealways has a valid
equivalent initial stateS�0. If the initial implementationM hasa synchronizing
(initializing) sequencethatbringsthemachineinto a known startingstatethen
the sameinitializing sequencewould bring the machineinto the samestarting
state.

Proof: Referto [18] for theproof.
In the proposedtechnique,only backward retimingsareperformedacrossthe
gatesandfanoutstemsthussatisfyingthe conditionsfor 0-cyclesafereplace-
ability[21].

VI . RESULTS

We implementeda prototypeversionof the proposedalgorithmswithin the
SIS[19] framework. The resultsfor the proposedapproachon the LGSynth89
andLGSynth91benchmarksuitesarepresentedin TableI. As explainedearlier
in the paper, we leveragethe existing techniquesfor performancedriven syn-
thesisof combinationallogic blocks[3] andavailable in SIS[19]. Thus, in the
sequel,wepresenttheareaoverheadsandthespeedupachievedby theproposed
techniqueover andabove thatachieved by performancedrivensynthesisof the
combinationalportion[3]. The initial circuit netlistwasgeneratedby minimiz-
ing the statemachineusingstamina[22], stateassignmentusing jedi[23], and
logic optimizationusingSIS[19] (usingthescript.delay[3] andmappedontothe
lib2 library). The critical path(s)of the mappedcircuit was tracedandreen-
codingandresynthesiswasperformedto reducethedelayof thecritical path(s).
Theresultingcircuit wasremappedfor performanceontothesametargetlibrary.
Gate-level retimingwasdoneusingtheretimecommandin SIS.

The resultsfor the proposedtechnique,in general,shows a super-linear im-
provementin performancewith respectto the areaincrease.In summary, the
proposedapproachachieves an averagespeedupof 14.91% in the combina-
tional delayand15.26% in cycle-timewith an areaoverheadof 3.56% over
that of circuits synthesizedwith script.delay. Thus,the proposedtechniqueis
effective in improving theperformanceof statemachineimplementationswith
a modestincreasein thesilicon area.Also, thetechniquecomparesvery favor-
ably, bothin termsof theareaoverheadandcycle-time,with gate-level retiming
techniquesthathave beentraditionallyemployedto improve performance.



TABLE I
RESULTS FOR REENCODING

FSM "S" "O " "R" Script.delay Reencoded % Inc % Spd % Spd SD+ Retime Reenc.+ Retime
Name Area Delay Cycle Area Delay Cycle Area Delay Cycle "R" Area Cycle "R" Area Cycle
bbara 7 5 3 73776 7.15 9.91 70992 6.24 8.63 -3.77 14.58 14.83 16 134096 8.83 8 94192 8.05
bbsse 13 11 4 142448 9.66 12.53 158224 7.96 11.58 11.07 21.36 8.20 - - - 11 190704 11.11
bbtas 6 5 3 35728 4.34 5.26 40368 4.09 5.62 12.98 6.11 -6.41 - - - - - -
beecount 4 6 2 46400 4.45 6.27 46400 4.45 6.27 0.00 0.00 0.00 - - - - - -
cse 16 11 4 275616 12.67 18.19 299744 8.37 11.60 8.75 51.37 56.81 - - - - - -
dk14 7 8 3 135488 9.99 14.74 113680 8.63 12.76 -16.10 15.76 15.52 5 144768 13.74 7 132240 12.03
dk15 4 7 2 94192 11.19 16.02 114608 9.25 12.16 21.67 20.97 31.74 7 117392 14.96 - - -
dk16 27 8 5 330832 17.24 23.86 330832 17.24 23.86 0.00 0.00 0.00 19 395792 23.20 - - -
dk17 8 6 3 93264 8.86 11.54 88160 8.36 12.17 -5.47 5.98 -5.18 4 97904 11.37 5 97440 11.25
dk27 7 5 3 41296 5.42 8.07 41296 4.66 6.70 0.00 16.31 20.44 5 50576 7.28 - - -
dk512 15 7 4 85840 6.31 9.40 85840 6.31 9.40 0.00 0.00 0.00 10 113680 9.27 - - -
dvram 35 21 6 243136 7.76 11.86 255200 6.90 10.09 4.96 12.46 17.54 19 303456 11.20 14 292320 9.89
ex1 18 24 5 354960 9.64 13.22 352640 8.88 12.32 -0.65 8.56 7.31 - - - - - -
ex3 5 5 3 40368 5.53 6.02 39904 4.42 5.86 -1.15 25.11 2.73 - - - - - -
ex4 14 13 4 101152 7.45 10.43 102080 6.24 8.42 0.92 19.39 23.87 8 119712 9.91 7 116000 8.20
ex5 4 4 2 25984 3.44 3.83 25984 3.44 3.83 0.00 0.00 0.00 - - - - - -
ex6 8 11 3 116928 12.49 16.01 130384 8.76 11.11 11.50 42.58 44.10 - - - - - -
ex7 4 4 2 41760 7.10 9.15 40832 6.41 8.99 -2.22 10.76 1.78 4 51040 8.97 4 50112 8.56
lion 4 3 2 26912 4.52 5.65 26912 4.52 5.65 0.00 0.00 0.00 - - - - - -
planet 48 25 6 676976 13.24 19.07 642640 11.44 15.84 -5.07 15.73 20.39 - - - - - -
sand 32 14 5 676048 12.75 16.88 771632 11.06 15.17 14.14 15.28 11.27 - - - - - -
scf 97 63 7 1039824 10.18 14.48 1033328 9.93 13.26 -0.62 2.52 9.20 24 1118704 14.09 - - -
styr 30 15 5 610624 12.48 16.97 610624 12.48 16.97 0.00 0.00 0.00 - - - - - -
tbk 16 7 4 342432 14.97 23.84 324336 11.67 18.43 -5.28 28.28 29.35 11 374912 22.95 20 398576 15.99
train4 4 3 2 31088 4.64 5.52 31088 4.64 5.52 0.00 0.00 0.00 - - - - - -
s1488 48 25 6 793440 13.21 17.63 766528 11.40 14.90 -3.39 15.88 18.32 14 830560 17.22 - - -
s1494 48 25 6 781840 14.08 17.90 809680 13.26 16.79 3.56 6.18 6.61 - - - - - -
s27 5 4 3 33408 5.41 6.45 39440 5.10 6.03 18.06 6.08 6.97 6 47328 5.30 - - -
s298 135 14 8 1645344 16.75 22.59 1859712 12.57 17.18 13.03 33.25 31.49 - - - 27 1947872 16.64
s386 13 11 4 163328 9.09 12.88 159152 8.72 12.08 -2.56 4.24 6.62 7 177248 12.29 12 196272 11.49
s420 18 7 5 140128 10.36 13.90 133632 7.91 9.99 -4.64 30.97 39.14 - - - - - -
s510 47 13 6 387440 14.24 20.39 428272 11.00 14.93 10.54 29.45 36.57 12 415280 20.02 23 507152 14.65
s820 24 24 5 373520 10.68 13.64 387440 9.19 12.21 3.73 16.21 11.71 12 406000 13.23 - - -
s832 24 24 5 391616 9.64 13.20 402288 9.01 11.76 2.73 6.99 12.24 7 400896 12.68 8 416208 11.58
Sum 10393136 326.93 447.30 10763872 284.51 388.08
Avg. 305680 9.62 13.16 316584 8.37 11.41 3.56 14.91 15.26
Min -16.10 0.00 -6.41
Max 21.67 51.37 56.81

LEGEND: "S" = # of states,"O " = # of outputsand "R" = # of registers.Columns5 through7 indicatethearea,delayandcycle-timeachievedwith script.delay. Columns8 through10 give
thecorrespondingvaluesfor thereencodingscheme.Column11 givesthe% areaincreaseover script.delaydueto reencoding(negative valuesindicatedecreasein area).Columns12
and13 givethe% speedupin combinationaldelayandcycle-time,respectively. Columns14 through16 indicatethe# of registers,areaandcycle-timeafterretimingthecircuitsproduced
by script.delay. Columns17 through19 give thecorrespondingnumbersfor retimingthecircuitsproducedby reencoding.A “-” in the last 6 columnsindicatesthat retimingfailed to
improve thecycle-time.

VII . CONCLUSIONS

In thispaperwehave presentedreencodingandresynthesisalgorithmsbased
on XOR/XNOR reencodingtransformationsfor cycle-timeminimizationof FSM
implementations.Theproposedtechniquesatisfiestheconstraintthat thenum-
berof registersin thecircuit remainconstant.Wealsoprovedthatavalid initial
statealwaysexists for the resynthesizedcircuit. Techniquesto identify poten-
tially useful reencodingswerepresentedfor synchronousnetwork representa-
tions aswell asgate-level netlist representations.The Booleanandstructural
interpretationsof reencodingwereexploredandits relationshipto isomorphic
sequentiallyredundantfaultswaspresented.In summary, the reencodingand
resynthesisfor performancecan be seenasa techniquefor “slack redistribu-
tion” – reducingthe depthof long pathswhile increasingthe depthof short
paths.Theeffectivenessof thetechniqueis attestedby theresultson thebench-
markcircuits.
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