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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 proposedtechniqueis applicable
to both gate-level and technologyindependentsynchronousnetwork representations.
We presenttwo algorithms for identifying usefulreencodings-oneis basedon Boolean
cuberepresentationapplicable to technologyindependentsynchronousnetworks and
the other employsrecursive learning techniquesappropriate for gatenetlists. We shav
that the proposedx OR/XNOR basedreencodingtechnique exploresa suffciently rich
set of encodingsto identify implementationswith smaller cycle-times. The Boolean
and structural interpretations of reencodingare explored and its relationship to iso-
morphic sequentiallyredundantfaults is presented.We alsoshow that the reencoded
circuit alwayshasa valid initial stateand presenta simple procedureto deriveit. The
effectivenessof the proposedtechniqueis illustrated on a large setof benchmark cir-
cuits which indicates an averagecycle-time impr ovement of 15.26% for a small area
overheadof 3.56% over that of performance-driven combinational logic optimization.

I. INTRODUCTION

N this paper we describeaniterative sequentialeencodingandresynthesis

technigudor minimizingthecycle-timeof multilevel circuitimplementations
of finite statemachinegFSMs)while maintainingthe samenumberof registers.
It hasbeenobsered [1], [2] thatthe areaincreasan retiming andresynthesis
is often dueto the increasein the numberof registersin the circuit. In our
approachthis problemis avoidedby restrictingthereencodingdo afixednumber
of registers.While thislimits the scopeof area-performanaeadeofs, we shav
that a suficiently rich choice of solutionsis available for a large numberof
circuits.

Previousapproacheto performancariven synthesiof FSMscanbe classi-
fiedinto 2 categyories: (i) Optimizationandspeed-umf the combinationalogic
component[3][4] whichignorestheinteractionof gatesacrossegisterbound-
aries, (i) Gate-leel retiming which involves moving registersacrosscombi-
nationallogic blocks so asto minimize the cycle-time[5]. The dravback of
gate-l@el retimingis thatit is guidedby the minimizationof cycle-timebased
on a precomputedunction of the locationof the registersin the network and
doesnot considerary prospectie logic optimization. Therehave beenseveral
attemptgo overcomethe limitations of gate-leel retiming([6], [1], [7] by com-
bining retimingwith combinationalogic resynthesisHowever, no satisctory
solutionshave emeged- eitherthe cycle-timeimprovementhasbeenmanginal
or it comesata prohibitive areaoverhead.

In anorthogonadirectionmultilevel andsequentialogic optimizationtech-
niguesthat leveragethe advancesin automatictestpatterngenerationATPG)
have beenproposed[8][2]. Theseapproacheemplgy ATPG techniquesasa
Booleanreasoningengine. ATPG basedredundang eliminationrepresentsn
efficient implicit techniqueto minimize a circuit with respectto a don't care
set[9].

Reencodingransformationssimilar to those presentedn this paperhave
beenappliedto reducethe size of the reducedorderedbinary decisiondia-
gram(ROBDD)[10] representationsf FSMs[11],[12]. They shav thatthexor
transformatioris the mostpromisingamongthe setof all reencodingransfor
mations.

Il. RETIMING AND RESYNTHESIS

Ourapproachs basedn thefollowing theoremdueto Malik et.al.[6]:

Theoem1: [6] GivenamachineimplementatiorM; with a STG G, anda
stateassignmengy, it is alwayspossibleto derive a machineM, with the same
STGG, anda stateassignmen§, by applyingonly a seriesof resynthesignd
retimingoperation®on Mj.
The proof of the theoremis outlinedin the transformationshavn in Fig. 1.
Thecombinationatomponenbf machineM; is augmentedby anidentitylogic
blockl =C-C~1, whereC is themappingbetweerthestateof machineM; and
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Fig. 1. Reencodindy Retimingand Resynthesis(a) original machineM;, (b) machine
M; with anidentity blockC-C~! appended(c) Retimingacros<C—* block, (d) Resyn-
thesizedmachineM,.

M, andC 1 is theinversemapping.TheregistersR; arethenretimedbackvard

acrossC~1, andthe combinationalogic resynthesizedeadingto the machine
M, with encodingS; andregistersetR,. The block C is often referredto as
the encoderblock andthe block C~1 is calledthe decoderblock in the sequel.
Theretimingandresynthesiapproactoutlinedabove is limited to circuitswith

the sameSTG andwith the sameencodinglength. The reasonis thatboth C

andC~1 mustexist, i.e. they mustbe Booleanfunctions. This is trivially true
whenC is an injective (one-to-one)mapping,andin particularwhenthe en-
codinglengthsof machinesM; andM; areidentical. This is exactly the type
of transformatiorconsideredn this paper While the synchronoudehaior of

machinedV; andM; areequivalent,their correspondingombinationablocks
have differentfunctionalitiesand cost(areaperformancepower). In this pa-
per, we proposetechniquego find an encoderblock C which on retimingand
resynthesisninimizesthe cycle-timeof machineMs.

Thereaderis referredto [13], [14] for the definitionsand notationsusedin
logic synthesisandtesting. In the sequel we assumesynchronousmplemen-
tationsusing edge-triggeredegisters(D-flip-flops). In this paperwe usere-
dundang removal techniquego simplify the circuit. It hasbeenshavn thatin
the presencef falsepaths,i.e. pathsthatcannotpropagatesignalsunderary
circumstancegedundang removal andBooleansimplificationcanactuallyin-
creasehedelayof thecircuit by makingthelong falsepathactive. Fortunately
redundanciesanberemovedfrom circuitswith falsepathswith no adverseef-
fectondelaybut atthecostof areaincreasausingthek ms algorithm[15]. Thus,
withoutlossof generalitywe assumehatthelongesttopologicalpathis true.

I11. MOTIVATING EXAMPLE

In this section,we illustrate the problemby meansof a simple motivating
example.Considerthe gate-leel implementatiorof a FSM shawvn in Fig. 2(a).
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Fig. 2. Motivatingexamplefor cycle-timeminimization(a) Gate-lerel implementatiorof
aFSM, (b) theunderlyingSTG,and(c) thestateencoding.

TheunderlyingSTG andthe stateencodingare alsoindicated. The bubblesat
theinputsof thegatedndicateinversion.Assumethatthetarmgetlibrary provides
two andthreeinput AND/OR gateswith all possible@nputpolaritiesandthateach
two input gatehasone unit of delay andthe threeinput gatehastwo units of
delay Thetwo boxesin thegate-l@el representatioaretheregisters annotated
with thenext statelinesY; andY,. Thepresenstatelinesareindicatedby y; and
y2. Theprimaryinput (PI) to thecircuit is x andthe primary output(PO) of the
circuitis z. Thecircuit hasadelayof 3 ontheoutputnodez. Notethatthecycle-
time cannotbe reducedbelown this value by corventional gate-l@el retiming
sincethecritical-pathis theinput-outputpath. Moreover, the cycle-timecannot
beimprovedby the“retiming bottleneckremoval” methodpresentedh [7].
Now, considetthesameSTGwith a differentencodingof the states:A < 00,



B + 01,C + 11andD « 10. In thenew encodingwe have swappedhe codes
of statesC andD. A resynthesizedircuit underthe new stateassignmentis

Fig. 3. Motivatingexample:Gate-leel implementatiorof thereencodedrSM.

shavn in Fig. 3. Thereencodedircuit hasa delayof 2 units.

Theabove reencodingcanbe putin theretimingandresynthesiperspectie
of [6], by notingthatthe requiredswappingof encodinghetweerstatesC and
D canbe achiered by appendingwo X OR gateson the next statelines of the
originalmachinein Fig. 2 asshavn in Fig. 4(a). Thereademay verify thatthe
first xoR transformsthe codeof stateC from 10to 11 while thereverseis true
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Fig. 4. Retimingandresynthesigperspectie: (a) Appendingxor encoderand decoder
blocks,(b) Retimingbackwardacrosshe decodex oR.

for stateD. ThesecondxOR existsto restorethe stateencodingof state<C and
D to their original encoding.Thus, thefirst XxorR gatelabeledC correspondso
the encoderblod shavn in Fig. 1 andthe secondx oR gatelabeledC1 is the
decodemblod in Fig. 1. Next we retimebackwardsacrosshe secondxor gate
asshavnin Fig. 4(b) andresynthesizéheresultingcombinationaktircuit to get
thecircuitin Fig. 3 with the samenumberof registers.

Clearlyit is quite impossibleeven for reasonablysmall machineso try all
possiblereencodings.In the sequel,we will presentefficient algorithmsfor
discovering suchencodingdeadingto smallercycle-times. We shav how we
arrive atthe above reencodingrom two perspecties: Oneis basedon Boolean
techniquesandthe otheris basedon recursve learningbasedmplications[16]
onthegate-leel netlist.

A. ReencodinghroughBooleanTechniques

The Karnaughmaps(K-maps)for the next statefunctionsYi, Y, andPO z
for the examplein Fig. 2 is shavn in thetop row of Fig. 5. We useKarnaugh
map for illustration purposes- our algorithmandimplementatioris not based
onKarnaughmaps.As canbeseerfrom theK-mapfor zin thetop row of Fig. 5,
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Fig. 5. Booleanperspectie: Top row shavs the K-mapsfor the original machine, sec-
ondrow is anintermediatestepandthe third row givesthe K-map for the reencoded
machine.

we candropthe dependencof zony; by swappingthecolumnsy;y, = 11and
y1y2 = 10. This correspondso swappingcodesll and 10 in the design. In
otherwords,we presentl1in thenew circuit wheneer 10 waspresentedh the
original circuit, andvice-versa. Obviously, this cannotbe donein isolation—
thecorrespondingolumnshave to be swappedn the K-mapscorrespondingo
Y1 andY; asindicatedby the bidirectionalarrons in Fig. 5. After the swapping
of therows indicatedby the arravs, we have the K-map of zin the new circuit
shawvn asz, in Fig. 5. The K-map Yi, in the new circuit remainsunchanged

from that of Y; after swappingthe columns. However, computingthe K-map
correspondingdo Y, in the new circuit is a little moreinvolved. Swappingthe
columnsin theK-mapof Y, givestheK-mapdenotedy,; in thefigure. Thenew
K-mapYa, is computedas

Yon = Y22@ Y1n (1)

To seewhy thisis thecase notethatthe swappingof thecolumnsin theoriginal
K-mapsis synorymousto swappingthe correspondingresentstateinputsin

the original statetransitiontable (STT). In otherwords,we have modifiedthe
circuit suchthatwheneer theregistershave avalueof 11(10)avalueof 10(11)
is presentedo the original combinationablock. However, in orderto leave the
synchronoudehaior of the circuit unalteredve have to ensurethatwheneer
avalueof 11is producedht the next-statelinesthe valuestoredin theregisters
is modifiedto 10 andvice-wversa.This reflectsthe changen theencodingof the
state<€C andD in the STG.Thisis achieed by the X OR operationn Eq.1. The
K-mapsfor thereencodednachineareshavn in the bottomrow of Fig. 5.

B. ReencodinghroughRecusiveLearning

The latestarriving signalson the critical pathto z in the circuit of Fig. 2(a)
arex,y; andy,. If we canmale a studk-at fault on ary of theselines unde-
tectableandhenceredundanthenthecircuit canbe simplified by remaving the
redundang Sincewe areconcentratingn studk-at faultson the latestarriving
signalsary simplificationdueto redundang of thesefaultswould leadto anew
circuit with delayatleastassmallastheoriginal circuit if notsmaller Consider
astudk-at-Ofaultontheline L1 in the original circuit of Fig. 2(a). This D-fault
is indeeduntestablef it cannotbe propagatedo the outputz for any and all
possiblevaluesof the primaryinputx. Sinceaninput of x = 0 would trivially
block the propagationof the fault, we will only considerthe interestingcase
whenx = 1. Also for ary possiblevalue of the present-staténe y,, the value
of D shouldnot be propagatedo the outputz, i.e. it mustbe a0 or 1 for both
faulty andfault-freecircuits. To learntheconditionsfor redundang of thestud-
at-0 fault ontheline L1, we performtwo roundsof recursie learning. In the
firstiterationwe learntheimplicationsof choosingz= 0,x = 1 andy; = D. This
givesamandatonassignmendf y, = D. Similarly, theimplicationsof choosing
z=1x=1andy; =D leadsto amandatoryassignmentf y, = D. Thisimplies
thatthe propagatiorof D to the outputz would be blockedif y, = D ory, = D.
Thus,we have to injecta“fault” online y». This canbeaccomplishedy intro-
ducingthe xoR gatemarked X2 asshavn in Fig. 6 — wheneer the stuk-at-0
faultis actvated,i.e. y1 = 1 andy, = 1(0) in the“good” circuit, the outputof

X2is 0(1) whichcorrespond$o D(D). However, theadditionof this gatealters
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Fig. 6. ReencodinghroughRecursve Learning:new reencodeanachinewherethe stud-
at-Ofaultis undetectable.

the functionality of the circuit. To compensatéor this alteredfunctionality we
propagate, = D ory, = D backacrosgheregistermarkedY; into the previous
time frame. This is accomplishedy addingthe Xor gateX1, whichin turnis
compensatetly the xor gateX2' (c.f. Fig. 6). Now the functionality of the
circuitin Fig. 6 is identicalto thatof the original fault-freecircuit. Noting that
the stuk-at-Ofault shavn in thefigureis redundantve cansimplify the output
logic by remoring gatesx2, G2 andG3 andthe connectiorfromy; to G1. Re-
dundang removal andresynthesi¢eadsusto thefinal reencodedircuit shavn
in Fig. 3.

TheSTGof thereencodedSMis identicalto thatof theoriginal FSM except
for arelabelingof the stateswith differentencodings.In this light, reencoding
canbe seenasa techniqueto induceisomorphicsequentiallyredundanfaults
(SRF)[17]suchthatthe new circuit hasbetterdelayproperties.

IV. REENCODING ALGORITHMS

For adesignwith nregistervariablesthereare2"! possibleencodingsandthe
problemof finding the globally optimal encodingis intractable.In this section
we presentterative algorithmsto discaver encodingsesultingin smallercycle-
times.Eachstepin theiterationinvolvesreencodingneof thelatchvariablesy
usingthe previously explainedx OrR/XNOR transforms.Eachof thesestepscan
be seenasa two-bit reencodinflL1]. Our algorithmsfor reencodingarebased
onthefollowing obserations:

1. Thenumberof mintermsin the on-setof the functionscomputingthe next-
statevaluesandthe primaryoutputsremainsinvariantunderthereencoding.

2. Interchangef mintermsandcubescorrespondingo differentprimaryinput
alphabetgtransitionpredicatesis notpermitted.lt canbeshavn thatsuchinter
changegeadto aincreasen thenumberof registersin thedesign[18].Thus,the



permissiblereencodingransformationsare restrictedto swapsin the present-
statebit locationsin the K-maps. In the recursie learningparadigmof Sec-
tion 11I-B, this translatego the obseration thatthe redundang of aninjected
faultdoesnotrequirea D or aD onary of the primaryinputs.

3. In the courseof reencodingve may swap the codeassignedo a statewith
anunusedcode,i.e. oneof theunusedcodess now usedandoneof thecodesn
theusedsetbecomes&nunuseccode.However, the unusedstatecodesaretyp-
ically usedasdont caresin the optimizationof the combinationalogic. After
thecodeswapthe originaldon't caresetusedto optimizethecircuitis partially
invalidatedand hasto be replacedby a nev dont careset. To ensuredesign
correctnessve needto propagatehesechangeshroughouthe design. We as-
sumethatthereachablestateset(usedcodes)areavailableaspartof thedesign
specificationasin sis[19] or have beencomputedusingimplicit statetraversal
techniques[13];20].

It hasbeenshawnin [11] thattheiterative applicationof the X OR/XNOR trans-
forms provide a goodbasisfor the designof effective reencodings.They use
countingargumentgo prove thefollowing result:

Theoem2: [11] The numberof possibleencodingtransformationst(n)
achieved by theiterative applicationof the X OR/XNOR is givenby:

n-1 .
tin)=[1(2"-2 @
iI:]J( )
where,nis thenumberof bitsin theencoding. [ |

Although, this is muchsmallerthanthe numberof all possiblereencodings,
the XOR/XNOR operatorgprovide arich setof reencodingransformations.In
fact, all of the 4!(= 24) one-to-ongbijective) mappingsover 2 Booleanvari-
ablescanbeexpresse@sacompositiorof 3 basicoperators(i) the X OR/XNOR,
operationover the 2 variables(ii) the registervariable permutation(or renam-
ing), and (iii) theidentity (no reencodingpperator[11]. Of these the register
renamingand identity transformshave no effect on the cycle-time of the im-
plementation.Thus,the X OR/XNOR transformis the only possibleone-to-one
mappingover two Booleanvariables. This is expressedn the following theo-
rem.

Theoem3: An encoding/decodindunction pair implementinga two-bit
reencodingof a synchronousietwork is valid if bothmemberof the pair take
oneof thefollowing two forms:

Y= T(Y)- (e ®W) (3)

OR
Y= f(Y)- (W®Y1) 4)

where,y;, Vi areregistervariablesand f (Y) is someBooleanfunction,with Y =
{wlig{kI1}}. , . .

Proof: The proof follows from the following obserations: the function
f(Y) in Eq. 3, 4 senesasa “restriction” which limits the reencodingo states
whoseencodingssatisfy the function f(Y). Thus, without loss of generality
we canconcentrat®n the XOR/XNOR formsinvolving yx andy; in the abore
equationsTherestof the prooffollows from previous aguments. [ |
Notethatthis theorenprovidesonly the necessargondition—in fact,thereare
mary reencodingsiot exploredby the proposedransform.However, theabore
theoremconstitutesa necessarandsufiicient conditionwhenthe original STG
is reducedhas2" statesandis encodedn n (minimumnumber)bits.

A. Algorithmbasedon BooleanTechniques

Thealgorithmis basedn “truth-tablepermutationsto clusterthe cubesused
to computethe next-stateand primary outputs. This can be computedin a
straightforvard manneron a ROBDD representationf the functions[12].Next
we iterateover the cubesin the next-state/primaryoutputfunction(s)with the
largestdelay In eachiterationwe try to meige the cubesandevaluatethe im-
pactof the transformon the circuit delayusingthe userspecifieddelaymodel.
If the transformatiorreducegshe delaythenit is accepted.The processs it-
erateduntil noimprovementin delayresults. Corvergenceof the procedures
ensuredsincedelayis strictly decreasingand the slackson non-critical paths
are decreasing.Thus, the procesgendsto equalizethe delay of all paths. If
thedont careconditionsarechangedhenthedont caresetis updatecandthe
network is resynthesizedsingthenav don't careset. Thealgorithmis outlined
in Algorithm 1.

B. Algorithmbasedon RecusivelLearning

Thealgorithmbasedon the ATPG techniqueusingrecursie learningasthe
implicationengineis shavn in Algorithm 2. The algorithmproceedsy iden-
tifying the stemson the critical pathin the network. Stuck-at-Oandstuck-at-1
faultsareinducedon thesestemsandrecursve learningis usedto learnthecon-
ditions for the redundang of thesefaults. Stuck-atcontrolling value faultson
thesestemsare attemptedirst failing which non-controllingvaluesare tried.
If thefaultis deemededundanfor all primaryinput valuesthenthe circuit is
transformedandresynthesizedsingredundang removal. If thisinvolvesswap-
ping codeswith a previously unusedstatecodethenpartof theold don't careset
is invalidated. Optimizationunderthe nev don't carenetwork is accomplished
usingATPGtechniguepresentedn [9].

Inputs: Encoded=SM M, DelayModel D, Initial Delayty.
Outputs: ReencodedSM M’ with smallerdelayt, .
loop
Do acritical pathtrace.Recordinitial circuit delay(tc).
ComputeC asthesetof maximalcubeclustersfor all outputs.
Selectoutputo; with critical delay
S= Maximal CubeClustergfor o;.
fori=0to |9 do
Merge cubeclusters.
if Don’t care(DC) network haschangedhen
Remaove old DC, resynthesiz@etwork with new DC.
endif
Evaluatet, = network delaywith delaymodelD.
if t, < tc then
Acceptthereencodingt; = t,.
endif
endfor
If t. > tq thenbreak
endloop
Returnreencodednachine.

Algorithm 1: ReencodenachineM usingBooleanTechniques.

Inputs: Gate-lewel FSM M, Gatelibrary L, Initial delayty.
Outputs: Gate-leeel FSMM', with delayt, < tg.
loop
Tracecritical pathP. S= stemsonP.
for eachstemin Sdo
c¢= controllingvalueof stem.
for vinc,cdo
Inducefault s-a-v
Userecursve learningto computethe reencodingif ary.
If reencodindoundthen break;
endfor
If noreencodindoundthen continue;
Transformeircuit. Resynthesizéwith new DC, if DC haschanged)break;
endfor
If noimprovementin delaythen break.
endloop
Returnreencodednachine.

Algorithm 2: ReencodenachineM usingRecursie Learning.

V. INITIAL STATE COMPUTATION

Sincewe performbackwvard retiming acrossthe decoderblock we have to
ensurethat the retimedcircuit hasa valid initial state. The following theorem
provesthat a valid equivalentinitial statealways exists for the resynthesized
circuitsproduceddy the proposedechnique.

Theoem4: Givenainitial implementatiorM with initial stateS, the new
implementationM’ producedby the proposedtechniquealways has a valid
equialentinitial stateS,. If theinitial implementatiorM hasa synchronizing
(initializing) sequencehat bringsthe machineinto a known startingstatethen
the sameinitializing sequencevould bring the machineinto the samestarting
state.

Proof: Referto [18] for the proof. [ |
In the proposedechniqueonly backward retimingsare performedacrossthe
gatesandfanoutstemsthus satisfyingthe conditionsfor 0-cyclesafereplace-
ability[21].

V1. RESULTS

We implementedh prototypeversionof the proposedalgorithmswithin the
s15[19] framevork. The resultsfor the proposedapproachon the LGSynth89
andLGSynth9lbenchmarlsuitesarepresentedn Tablel. As explainedearlier
in the paper we leveragethe existing techniquesor performancedriven syn-
thesisof combinationalogic blocks[3]andavailablein siS[19]. Thus,in the
sequelwe presentheareaoverheadsindthespeedumchieed by the proposed
techniqueover andabore thatachieved by performancalriven synthesif the
combinationaportion[3]. Theinitial circuit netlistwasgeneratedy minimiz-
ing the statemachineusing staming22], stateassignmentising jedi[23], and
logic optimizationusingsi s[19] (usingthescript.delay3] andmappedntothe
lib2 library). The critical path(s)of the mappedcircuit wastracedandreen-
codingandresynthesisvasperformedo reducethe delayof thecritical path(s).
Theresultingcircuit wasremappedor performanc®ntothesametargetlibrary.
Gate-l@el retimingwasdoneusingtheretimecommandn sis.

Theresultsfor the proposedechniquejn general shaws a supetlinearim-
provementin performancewith respectto the areaincrease.ln summary the
proposedapproachachiees an averagespeedupof 14.91% in the combina-
tional delayand 15.26% in cycle-timewith an areaoverheadof 3.56% over
that of circuits synthesizedvith script.delay Thus,the proposedechniqueis
effective in improving the performancef statemachineimplementationsvith
amodestincreasen thesilicon area.Also, thetechniquecomparewery favor-
ably, bothin termsof the areaoverheadandcycle-time,with gate-leel retiming
technigueshathave beentraditionallyemplg/edto improve performance.



TABLE |
RESULTS FOR REENCODING

H FSM H E] ‘ [€] ‘ R ‘| Script.delay Reencoded [ % Inc| % Spd] % Spd]][ SD + Retime Reenc+ Retime
Name | Area] Delay] Cycle]| Area Delay[ Cycle]| Area| Delay| Cycle|[TR[] _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]] - - - - -
beecouni| 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 72 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| 598] -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| 714 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] 856] 7.3I[] - - - - - -
ex3 5] 5] 3 40368 5.53] 6.02 39904 4.42] 586 -1.15] 25.11] 2.73[| - - - - - -
ex4 141 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
exb 4] 4] 2 25984 3.44] 383 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 897| 4| 50112 856
lion 4] 3] 2 26912 4.52| 5.65 26912 4.52] 565] 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 6] 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
train 4] 3] 2 31088 4.64] 552 31088 4.64] 552| 0.00] 0.00] 0.00[] - - - - -
$1488 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 51 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| - - - [[ 271947872 16.64
s386 13111 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 471 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 241 24]' 5 373520 10.68] 13.64|| 387440 9.19] 12.2I|| 3.73| 16.21] 11.71[[ 12] 406000 13.23[| - - -
s832 241 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 1039313q 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: |9 =# of states|O| = # of outputsand|R| = # of registers.Columns5 through? indicatethe area,delayandcycle-timeachievedwith script.delay Columns8 through10 give
the correspondingaluesfor the reencodingscheme.Column11 givesthe % areaincreaseover script.delaydueto reencodingnegative valuesindicatedecreasén area). Columns12
and13 give the % speedupn combinationabelayandcycle-time,respectiely. Columnsl4 throughl6 indicatethe# of registers areaandcycle-timeafterretimingthecircuits produced
by script.delay Columns17 through19 give the correspondingrumbersfor retiming the circuits produceddy reencoding.A “-” in thelast6 columnsindicatesthatretimingfailed to
improve thecycle-time.

VII. CONCLUSIONS

on XOR/XNOR reencodingransformationgor cycle-timeminimizationof FSM
implementationsThe proposedechniquesatisfiesghe constrainthatthe num-
berof registersin the circuit remainconstantWe alsoprovedthata valid initial

statealways exists for the resynthesizedircuit. Techniquego identify poten-

tially usefulreencodingsvere presentedor synchronousietwork representa-
tions aswell as gate-l@el netlist representationsThe Booleanand structural
interpretationof reencodingvere exploredandits relationshipto isomorphic

sequentiallyredundanfaults was presented.In summary the reencodingand
resynthesidor performancecan be seenasa techniquefor “slack redistritu-
tion” — reducingthe depthof long pathswhile increasingthe depthof short

paths.Theeffectivenesf thetechniques attestedy theresultson thebench-

markcircuits.
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