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Abstract: Thispaperpresentsa retimingandresynthesisechnique
for cycle-timeminimizationof sequentialcircuits circuits with feed-
bads (finite state macines). Opemting on the delay critical paths
of the circuit, we performa setof contwolled local retimingsof regis-
ters acrossfanoutstemsand logic gates,followedby local nodesim-
plifications. We guidethe retiming of registeis acrossfanoutstemsto
induceequivalenceelationsamongthem,which are exploitedfor sub-
sequentogic simplification. Our techniqueis able to analyzecorrela-
tion of logic acrossregisterboundariesiuring simplification.\\e strive
to minimizethe increasein numberof registers without sacrificingthe
cycle-timeperformance Theresultsdemonstate a favouable perfor
mance/agea trade-of whencompaed with optimally retimedcircuits.

|. INTRODUCTION

Conventional sequentialsynthesistechniquesapply a variety of
heuristictransformationghat target the optimizationof the combina-
tional logic componentseparatedby registerboundaries.Sequential
optimization,suchasretiming [1], is generallyappliedon gate-level
networksasa post-processingtep.Applicationof suchcombinational
logic optimizationtechnique®n separatélocksis restrictveinasmuch
asit doesnotallow theinteractiondetweergatesseparatethy register
boundariegor examinationin the optimizationprocess.

Retiming, on the otherhand, is the processof relocatingregisters
acrosdogic gateswithoutaffectingtheunderlyingcombinationalogic
structure.In effect, it borrows logic from onetime frameandlendsit
to anotherwhile maintainingthe designbehaiour. It canbe usedfor
cycle-timeminimizationor for registerminimizationundercycle-time
constraintg2]. Recentresearchhassignificantlyimproved the effi-
ciengy andmodelingaccurayg of gate-level retiming [3], [4], [5]. In
additionto timing optimization,it hasalsobeenusedfor low power
design[6], [7], [8]. Theseand otherworks have sparled furtherin-
terestin exploring retimingasa generaloptimizationtechniqueduring
architectura]9] andlogic synthesisDespiteall theseadvancesthepo-
tentialfor gate-level retimingto achieve significantcircuit optimization
remaindimited.

Retimingis guidedby theminimizationof cycle-time,whichis based
on a precomputedunction of thelocationof registersin the network,
andnotby aprospectie logic simplification.As it exploitsonly onede-
greeof freedomin circuit optimization,namely therelocationof regis-
ters,thepotentialfor optimizationby subsequerresynthesiss limited.
Also, retimingtechniquedor cycle time minimizationhave no control
over theincreasdn the numberof registers. A significantincreasean
thenumberof registersnotonly affectstheareaof theresultingcircuit,
but also complicatesestingand verification. For suchreasonghere
have beenmary attemptsto combineretiming with network transfor
mationsin orderto optimizelogic acrossegisterboundarieg10] [11]
[12] [13] [14]. However, no satishctorysolutionshave emepged- ei-
therthecycletimeimprovementcomesat prohibitive areaoverheadsr
it hasheenmaginal.
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In this paper we presenta novel retimingandresynthesisechnique
for cycle-timeminimizationof sequentiatircuits. Our techniqueop-
erateson, thoughis not restrictedto, the critical pathsof a gate-level
netlist. At the heartof our procedurés a setof controlled local retim-
ingsacrosganout-stemandlogic gatesandlocal nodesimplifications.
We guidetheretiming of stateregistersacrossfanoutstemsin orderto
induceequivalenceelationsamongthem. Theseequivalencerelations
areexploited,subsequent)yfor logic simplification.

Forwardretimingof a registeracrossts fanoutstemcreatesquiva-
lent registers- this factappeardrivial in concept.However, exploita-
tion of theseequivalencerelations which areviewed asa specialclass
of don't cares,offers a freedomto analyzethe correlationof logic
acrossregister boundariesduring simplification. We shawv thatthese
equivalencerelations(don't care conditions)translateinto EX-NOR
(EX-OR) forms of retimedregistersandcandirectly be usedfor logic
simplification. Guiding the retiming and using theseequialencere-
lationsin subsequentogic simplificationleadsto a performanceen-
hancemenbeyond what is achiezable by conventional retiming and
resynthesiprocedures\We strive to minimizetheincreasen thenum-
ber of registerswithout sacrificingthe cycle-time performanceof the
resynthesizedircuit. Experimentakesultsdemonstrat¢hat, ascom-
paredto retiming,our techniqueresultsin circuitsnot only with fewer
registershut alsowith bettercycle-time performance. We provide a
simplemethodto computetheinitial stateof the modifiedcircuit con-
sistentwith the original network specifications.

In the sequelwe considersynchronousmplementation®f sequen-
tial circuitsusingedge-triggeredip-flops. We assumehatthe circuits
have aknown initial state,andcanalwaysbedrivento thatinitial state
eitherby explicit resetcircuitry, or by applicationof a synchronizing
sequenceln thefollowing sectionwe addressomeimportantprelim-
inary conceptsegardingretimingof registerstheirinitial statecompu-
tationanddon't cares Sectionlll explainsour retimingandresynthesis
techniqueby meansof a simpleexample. SectionlV presents prac-
tical algorithmanddiscusseselatedimportantissues.The resultsare
presentedndanalyzedn SectionV andthe papers concluded.

Il. RETIMING ACROSS FANOUT STEMS: REGISTER EQUIVALENCE

Forward retiming acrossa single output nodeis the operationof
shifting theregistersfrom the input edgesto the outputedgeof a node
in aBooleannetwork; badward retimingis thereverseoperation.The
nodecanrepresentin arbitrary Booleanfunction. Forward and back-
ward retiming transformationsacrossa single output node areillus-
tratedin Fig. 1. It hasbeenshavn thatsuchatransformatiorpreseres
the behaiour of the circuit [1] [15] [16]. The circuit resultingfrom a
seriesof forward and/orbackward retiming moves acrosssingle out-
putnodesis space-equivalerb theoriginal one[16];for every statein
the retimedcircuit, thereis an equivalentstatein the original oneand
vice-versa.

Computatiorof initial statesof registersaftertheir forward or back-
ward retimingacrosssingleoutputlogic blocks(nodes)s alwayspos-
sibleasaddresseth [17] [15] [16]. Let a andb betheinitial statesof
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Fig. 1. Retimingacrossalogic node.

registersR; and R, asshavn in Fig. 1. Let f bea Booleanfunction
implementedby nodeV. Forward retimingof R, and R, acrossthe
nodeV resultsin register Rs. Theinitial stateof R3 canbecomputed
asf(a,b), andvice-versafor backvardretiming.

Retimingacrossa multiple-fanoutstemjunctionis the operationof
retiming of a “multiple-fanout” register acrossits fanoutstemjunc-
tion asillustratedin Fig. 2. Forward retiming of register R; across
the fanoutstemV,,, resultsin two registersR11 and Ri2. Similarly,
backvardretimingof registersR;; andR;» acrosghefanoutstemV,
would resultin R;. However, it may not alwaysbe possibleto back-
wardretimeregistersR;; andR12 becausef constrainton theinitial
states.If R;1 and Ri» have differentinitial values,thenthereexists
no equialentinitial value assignmenftor the register resultingfrom
backvwardretiming.
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Fig. 2. Retimingacrossafanoutstem.

Theforwardretimingof registersacrosgheirfanoutstemss of inter-
estto us. In generalijt is notguaranteethatspacesquivalencerelation
holdsunderforwardretimingacrossamultiple-fanoutstemjunctions[1]
[15] [16]. Thisis becausaot every valueon the outputsof a multiple
fanoutstemhasaninputvaluethatproduceghe desiredoutputs.Con-
sider again,the forward retiming acrossa fanoutstemas depictedin
Fig. 2. As aresultof thisretiming,the STGof the originalhypothetical
circuit is transformedrom thatin Fig. 3(a)to thatin Fig. 3(b). Not
every statein theretimedcircuit hasan equivalentstatein the original
circuit (state(01) and(10) have no equivalentstatesn theoriginal cir-
cuit). Thisimpliesthatthetwo circuitsmaynot be spacesquialentas
their behaiour might be different. However, this problemis restricted
to theinitial stateoperationof the retimedcircuit. If we canguarantee
preservationof the initial state,the new statescreatedby forward re-
timing acrossfanoutstemcanbedeclarednvalid. Theseinvalid states
in theretimedcircuit, thatdo not have an equivalentcounterpartn the
original circuit, canbe considereé managabl@erformanceptimiza-
tion resourcaatherthanaliability.

Let R? betheinitial stateof registerR; in the original network. Let
theinitial statef registersR;; andR;» in theretimednetwork be RY;
and R?, respectiely. To guarantegreseration of initial stateg15],
both R?; andR?, have to be equalto R?. This follows directly from
the definition of retiming acrossfanoutstems[18] in orderto main-
tain the designbehaiour. If explicit resetcircuitry is available, the
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initial stateequivalencecanbe maintaineceasily[17][19]. If, however,
explicit resefcircuitry is not available,thenwe needto computea syn-
chronizingsequencéo drive the retimedcircuit to its corresponding
equivalentinitial state.Noticethattheoriginal synchronizingsequence
cannotalwaysbeusedfor this purposeasit maynotbepreseredunder
sucharetiming. Thoughstructuralsynchronizingsequencegbasedn
conserative 3-valuedsimulation)are presered, functional synchro-
nizing sequenceghosederived by the STG of the circuit) needto be
prependedy a prefix sequencef a predetermineshumber N, of ar-
bitrary inputvectors.Here N is equalto thenumberof atomicforward
retiming movesacrossfanoutstems[16]. Singhaletal. [15] referto
this asdelayedreplacemenasopposedo safereplacement Thus, if
we clock our delayeddesignof Fig. 3(b) for N = 1 clock cyclesaf-
ter power-up, we cannever reachthe states(01) or (10). Thedelayed
designconsistsonly of states(00) and (11) andis equialentto our
original design.

The registersproducedfrom this type of retiming, with presera-
tion of initial statesundersafeor delayedreplacementhave the con-
straintthattheir outputsbe equalat all timesof valid circuit operation.
This imposesan equivalenceelation or equialently don't care con-
ditionsontheretimedregisters,andtheregistersaresaidto be equva-
lent. Mathematicallyif R;; and R, areequvalentregistersthenthe
equialencerelation can be representeés: R11 €D R12, asboth reg-
istershave to have the samevalues. We definesuchan equvalence
relation as retiming-inducedstate variable equivalence Conversely
sincetheseregisterswill have the samevaluesat all times, the possi-
bility of themhaving differentvaluescanbeconsideredisadon' care
condition. This canbe mathematicallyexpresseds: R11 € Ri2, and
is definedasretiming-inducedlon't care conditionandrepresenteds
DC,.: throughoutherestof thepaper

Algorithmsfor don't caresetcomputation20] [21] [22] thatwork
at the network level without ary statetransitioninformation, will not
identify R11 andR12 asequialentregistersasthey mayhave different
initial values.Sincewe useretimingacrosganoutstemsasaresynthe-
sisoperationwe canexplicitly maintainthe equivalencerelationwith-
out ary lossof generality Indeed,implicit stateenumeratiormethods
[23][24] canbe usedto computereachableand unreachabletatesof
amachine.Theseillegal (or invalid) statescanthenbe usedasexter
nal dont caresin subsequeniogic optimization[25][26]. However,
implicit stateenumeratiormethodsusing BDDs are computationally
intensve andprohibitive in memoryrequirementgor largecircuits. In
contrastwe do not have to performary computatiorto evaluatethese
retiminginduceddon' careconditions.

I11. RESYNTHESISUSING RETIMING-INDUCED Don'’t Cares

In this sectionwe presenthebasicconceptdehindour resynthesis
techniqueandshaw, by meansof a simpleexample,howv we canguide
theretimingacrosganoutstemsandlogic gatesandusetheretiming-
induceddon't careconditionsfor subsequenbgic simplification. An
algorithmto performtheretimingsandnodesimplificationsis formally
presentedh the next section.

Considera sequentiakircuit specifiedby the following optimized
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Fig.5. Interpretatiorof proposedetimingandresynthesisa) original circuit with gateg; duplicatedp) circuit afterforwardretimingof 1, r2, r3 acrosgheirrespectre fanoutstems,

c) circuit afterforwardretimingacrosgatesg, g3, d) simplificationusingDClr.c .

functional equations: R1 = rir2;R2 = a+r3;Rs = ri;21 =
a +r3;z2 = b(rire + r3). Notation: a,b aretheinputs, z1, 22 are
the outputs,r; the presentstatesand R; the next statevariables.Our
objective is to find animplementatiorof the circuit with minimum cy-
cle time. Assume for simplicity, the unit delaymodel. The network,
whenmappedirectly ontobasic2-inputlogic gatesyesultsin thecir-
cuit shawvn in Fig.4(a). The longestdelayin the combinationalogic
(cycle-time)is equalto 3 gatedelays(gi, g3, g5). Thecircuit afterre-
timing, shawvn in Fig. 4(b), hasa delayof 2 gates. Analysisof this
solutionrevealsthatit canbe obtainedby forwardretimingacrosgyate
g1 (this resultwas verified by SIS). Conventionalretiming cannotre-
ducethedelayof thecircuit ary further

Fig. 4. Retimingof anoptimizedcircuit; a) original circuit, b) retimedcircuit.

We shall nowv shawv thatit is possibleto obtaina circuit, from the
original specification,with a delay of just one gate. Consideragain
the original circuit shavn in Fig. 4(a). Let us malke the critical path
(g1, g3, g5) fanoutfree (the reasonfor which will be apparentater).
This procesamay involve duplicationof certaingatesin the network.
Startingfrom the final connectionof the longestpath (z2), we per
form a backvard traversaltowardsthe fanoutat the outputof the reg-
isters(r1 and/orrz). Thefirst point at which a fanoutis encountered
is the outputof gateg;. Hence,we duplicategateg;. The result-
ing circuit is shavn in Fig. 5(a). Let us now perform a seriesof
forward retimings acrossfanoutstems: 1) forward retiming of reg-

ister r1 acrossfanoutstemsz andy, creatingregistersri1,r12 and
r13; 2) forward retiming of register r» acrossfanoutstemw, giv-

ing rise to registersray, r22; and 3) forward retiming of register rs

acrossfanoutstemuw, creatingregistersrsy, rs2. Theseretimingsare
depictedn Fig. 5(b). To maintaintheinitial stateof theretimedcircuit

we needto imposethe following equivalencerelationson the regis-

ter variables:r11®r12, r12®ris, r11®ri3, ro1draa, r31@Dr32. The
retiming-inducedont care conditions(DC,.¢;), counterparof these
equivalencerelations resultingfrom sucha seriesof retimingsacross
fanoutstemsarethefollowing: r11 D riz, 112 @riz, 111 Driz, 121 D

T22, 731 @ T32.

Now we canperformforward retiming acrosshe logic block com-
posedf g2, gz by moving registersris, r22, r32 fromtheirinputsto the
outputof gategs. Fig. 5(c) shaws theresultof sucha retiming, with
new registerrs placedatthe outputof gategs. Now the expressiorfor
R4 canbesimplifiedusing DC,.;: asfollows:

R4 (riare1)z1 +r13 + DCre; (2)
Ry, = (rura)z+ris+ri@ris 2
Ry = ru+rs (3)

The resynthesizedircuit, depictedin Fig. 5(d), hasa delay of just
1 gate,which is an optimum solution. A similar result can also be
obtainedby usingthe retiming-inducedegisterequivalencerelations.
Note that without the don't careset, DC,..;, no simplification could
have beenachievedatall. Theinitial statecomputatiorfor this register
R4 is straight-forvardandis performedasexplainedin Sectionll.

The resultingcircuit has5 registers. We cannow apply the con-
strainedmin-arearetiming to minimize the numberof registersin the
circuit subjectto the constraintthat the delay of this circuit doesnot
increase.Notice that registersry; andri3 canbe backward retimed
(asthey have the sameinitial state)withoutincreasinghedelayof the
circuit. Theresultingcircuit is shavn in Fig. 6, with registersri; and
r13 retimedbackwardsresultinginto registerr; with the sameinitial
state.
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Fig. 6. Finalcircuit: Retimingto minimizeregistersunderthe samedelayconstraint.

IV. THE RESYNTHESIS ALGORITHM

Theresynthesiglgorithmis presentedh Algorithm 1. Let usbriefly
discusghetransformationsisedin the proposedesynthesigprocedure
andjustify theintuition behindthem.

After the critical pathis madefanout-freewe identify all the state
registersthat fan-outto the nodeson the critical path. Theseregis-
tersareretimedacrosstheir respectre fanoutstems. Thoseregisters
that do not fan-outto the nodeson the critical path are untouched.
The retiming-induceddon't care set DC,.; is computed(straight-
forwardly) and stored. The next stepis retiming acrosslogic gates
(nodes)on the critical path. All the registersfeedingthe critical path
areforward retimedas muchas possible. For eachnodeon the criti-
cal path,we identify whetheror notit is forward-retimable A nodeis
forward-retimabléf it containsonly registersasits fanins.If thenode
is forward-retimableforward retimingis performedacrosst. There-
timingengineiteratively peformsforwardretimingsacrosghenodeson
thecritical pathuntill they cannotberetimedary further(notethatun-
likein [10], wedonotborrow ary registersfrom theervironment).The
worstcasecompleity of theretimingengineis O(n?), wheren is the
total numberof nodesonthefanout-freecritical path. Theinitial states
of the forward retimedregistersis computedas explainedin Section
1. After theretimingof registersacrosfanoutstemsandgatesthere-
structured(critical) pathlogic is optimizedusingthe retiming-induced
don' careset.Eachnodeonthecritical pathis simplifiedusingDC..:.
Local nodere-mappingcanthenbe performed. As a post-processing
step,constrainednin-arearetiming is performedin orderto minimize
the numberof registerssubjectto the constraintthat the delay of the
circuit doesnot increase.Otherlatch countminimizationtechniques,
suchas[27], canalsobeused.

From the above discussionjt becomesapparenthatif the pathin
gquestiondoesnot have “retimable-gate$, our techniquewould fail.
Also, to exploit theretiming-induceddon't careconditions,the circuit
shouldhave feedbacKoop(s). Becauseof thesefeedbacKkoop(s),we
areableto analyzethecorrelationof logic acrossegisterboundariegor
simplification. This leadsusto the conclusiorthatfully combinational
I/0O pathsandpipelinedcircuitswould not benefitfrom our technique.

V. IMPLEMENTING THE ALGORITHM: RESULTS & CONCLUSIONS

Theabove mentionedesynthesiglgorithmwasprogrammeavithin
the SIS [28] synthesidrameavork andits effectivenesswas analyzed
by applyingit to the MCNC and ISCAS’91 benchmarkset. Tablel
reportsthe overall resultsobtainedby applyingthe algorithmon the
benchmarlcircuits. The gatelevel netlistswere optimizedfor perfor
manceusingscript.delay The delay optimizednetlistswere mapped
to produceminimum delay circuits, usingthe lib2.genlib technology
library. Theperformance/arestatisticsof the mappectircuitsarepro-
vided (script.delaycolumn). Thesemappednetworks were then re-
timed to further minimize the cycle time (min-delayretiming). The
externaldon' caresinducedby retiming wereextractedusingimplicit
stateenumerationandwereusedto furthersimplify thelogic. Thenet-
work wasremappedo producea minimumdelaycircuit. Theseresults
arepresentedinderthe’script.delay+ret.+comimpt. column.

Inputs. Sequentiatircuit, technologylibrary.
Outputs: Resynthesizedircuit.
Findthecritical pathof thecircuit;
Make the critical pathfanout-freeby nodeduplication;
/* List all nodesonthecritical pathorderedrom inputto output*/
critical_path.nodelist= list of nodeson thefanout-freecritical path;
critical_path.fanoutregisters = list of registersthat fanoutto the
nodesonthe’critical _path.nodelist;
DC_retflag= FALSE;
for (eachregisterin critical _path.fanoutregisters) do
if (registeroutput== multiple fanoutstemjunction)then
Retimingacrosfanoutstems;
Maintainsameinitial states;
Evaluateandstore DCt;
DC_retflag= TRUE;
end if
end for
/* If noretimingsacrosdanoutstemsno DC,..; createdt/
/* Sotheckt. cannotberesynthesizetly ourtechnique/
if (DC_retflag== FALSE) then
returnoriginal network; /* resynthesigiot possiblet/
end if
/* TheRetimingenginefor retimingacrosssingleoutputnodest/
forward.retiming flag= TRUE;
while (forward.retiming flag == TRUE) do
forward.retiming flag= FALSE;
for (eachnodein critical_path.nodelis) do
if (nodeis retimable)then
Forwardretimeregistersacrosshis node;
Computeinitial valuefor theretimedregister;
Updatethe changesn faninsandfanoutsof all the nodesin
critical_path.nodelistdueto this retiming;
forward.retiming flag= TRUE;
end if
end for
end while/* Not possibleto retimeary further*/
Simplify the next statelogic of theretimedregisterusing DCr.c;
Performlocal nodere-mapping;
Findthedelayof thecircuit;
/* constrainednin-arearetiming*/
Retimeto minimizeregistersunderthe samedelayconstraints;
Returntheresynthesizedircuit;

Algorithm 1. Resynthesisisingretiming-inducedlon't cares.

On the other hand, the circuits obtainedafter delay optimization
(script.delay+tech.mapping)were resynthesizedsing the proposed
techniqueTheresynthesizedircuitscompardavourablynotonly with
the onesobtainedby just performancenptimization,but alsowith the
onesobtainedby subsequentetiming. The circuits resynthesizedy
our techniqueare not only smaller but also fasterthanthe onesob-
tainedby corventionalretimingandresynthesiprocedure.

Notice that after performanceoptimization (using script.delayand
mapping),not all synthesizectircuits could be retimedby SIS. For
thebenchmarksx6, bbtas,s420,s344,s382,5s386,5s400,5510,51196,
s1238ands5378 wefoundthatretimingwaseitherunableto minimize
thecycle time, or wasunableto presere/computeheinitial states.In
contrast,our approachwas ableto resynthesizgretime acrossfanout
stemsandlogic gatesandsimplify) the circuit andcomputetheinitial
valuesfor the registers. In mostcasesour approachresultedin bet-
ter circuit performancescomparedo conventionalretiming. Thelast
few circuits,s713, s953 ands386, couldnotberesynthesizedsingour



TABLE |
EXPERIMENTAL RESULTS: APPLYING THE RESYNTHESIZE ALGORITHM.

Script.delay Script.delay+Retiming+Comi®pt. Script.delay+ Resynthesis
Circuit | Reg. [ Clk. | Area Reg. [ Clk. | Area Reg. [ Clk. | Area
ex3 4 9.62 87696 18 8.45 152656 5 9.55 106720
ex6 3 11.76 | 182352 - - - 4 9.42 197664
bbtas 3 5.26 35728 - - - 4 4.41 46864
bbara 4 8.49 73312 11 7.14 105792 5 6.38 81164
planet 6 14.46 705744 16 14.28 752144 7 13.0 692288
s420 5 9.39 135488 - - - 6 10.85 | 155440
s510 6 11.30 | 342896 - - - 7 12.07 | 363776
5298 14 6.48 166576 24 6.34 212976 15 6.28 177120
s344 15 13.81 | 236640 - - - 16 12.35 | 264480
s349 15 14.46 232464 15 11.95 232464 16 11.58 257984
s1196 18 27.67 679760 - - - 19 26.00 753072
s1238 18 26.25 637072 - - - 19 20.46 874604
382 21 9.73 289072 - - - 24 7.89 300672
s400 21 10.25 | 277008 - - - 24 7.21 277936
s526 21 9.95 291856 47 8.35 412496 31 7.74 342432
59234 135 | 31.05 | 1757632 303 19.75 2537152 194 | 21.98 | 2322768
s5378 162 29.15 | 1911680 - - - 165 25.94 | 2155744
5386 21 10.2 142912 - - - - - -
s713 14 14.35 | 263008 16 13.98 272368 - - -
5953 29 19.10 | 437552 42 17.68 446832 - - -
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