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Abstract: Thispaperpresentsa retimingandresynthesistechnique
for cycle-timeminimizationof sequentialcircuits circuits with feed-
backs (finite statemachines). Operating on the delay critical paths
of the circuit, we performa setof controlled local retimingsof regis-
ters acrossfanoutstemsand logic gates,followedby local nodesim-
plifications. We guidethe retimingof registers acrossfanoutstemsto
induceequivalencerelationsamongthem,which areexploitedfor sub-
sequentlogic simplification.Our techniqueis ableto analyzecorrela-
tion of logic acrossregisterboundariesduringsimplification.Westrive
to minimizetheincreasein numberof registers withoutsacrificingthe
cycle-timeperformance. Theresultsdemonstratea favourableperfor-
mance/area trade-off whencompared with optimally retimedcircuits.

I . INTRODUCTION

Conventional sequentialsynthesistechniquesapply a variety of
heuristictransformationsthat target the optimizationof the combina-
tional logic componentsseparatedby registerboundaries.Sequential
optimization,suchas retiming [1], is generallyappliedon gate-level
networksasa post-processingstep.Applicationof suchcombinational
logicoptimizationtechniquesonseparateblocksis restrictiveinasmuch
asit doesnotallow theinteractionsbetweengatesseparatedby register
boundariesfor examinationin theoptimizationprocess.

Retiming,on the otherhand,is the processof relocatingregisters
acrosslogicgates,withoutaffectingtheunderlyingcombinationallogic
structure.In effect, it borrows logic from onetime frameandlendsit
to another, while maintainingthedesignbehaviour. It canbeusedfor
cycle-timeminimizationor for registerminimizationundercycle-time
constraints[2]. Recentresearchhassignificantly improved the effi-
ciency andmodelingaccuracy of gate-level retiming [3], [4], [5]. In
addition to timing optimization,it hasalsobeenusedfor low power
design[6], [7], [8]. Theseandotherworks have sparked further in-
terestin exploring retimingasa generaloptimizationtechniqueduring
architectural[9] andlogic synthesis.Despiteall theseadvances,thepo-
tentialfor gate-level retimingto achievesignificantcircuit optimization
remainslimited.

Retimingisguidedby theminimizationof cycle-time,whichisbased
on a precomputedfunctionof the locationof registersin thenetwork,
andnotby aprospectivelogicsimplification.As it exploitsonlyonede-
greeof freedomin circuit optimization,namely, therelocationof regis-
ters,thepotentialfor optimizationby subsequentresynthesisis limited.
Also, retimingtechniquesfor cycle time minimizationhave no control
over the increasein the numberof registers.A significantincreasein
thenumberof registersnotonly affectstheareaof theresultingcircuit,
but alsocomplicatestestingandverification. For suchreasonsthere
have beenmany attemptsto combineretimingwith network transfor-
mationsin orderto optimizelogic acrossregisterboundaries[10] [11]
[12] [13] [14]. However, no satisfactorysolutionshave emerged- ei-
therthecycletimeimprovementcomesatprohibitiveareaoverheadsor
it hasbeenmarginal.
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In this paper, we presenta novel retimingandresynthesistechnique
for cycle-timeminimizationof sequentialcircuits. Our techniqueop-
erateson, thoughis not restrictedto, the critical pathsof a gate-level
netlist. At theheartof our procedureis a setof controlled local retim-
ingsacrossfanout-stemsandlogic gatesandlocalnodesimplifications.
Weguidetheretimingof stateregistersacrossfanoutstemsin orderto
induceequivalencerelationsamongthem.Theseequivalencerelations
areexploited,subsequently, for logic simplification.

Forwardretimingof a registeracrossits fanoutstemcreatesequiva-
lent registers- this factappearstrivial in concept.However, exploita-
tion of theseequivalencerelations,which areviewedasa specialclass
of don’t cares,offers a freedomto analyzethe correlationof logic
acrossregisterboundariesduring simplification. We show that these
equivalencerelations(don’t careconditions)translateinto EX-NOR
(EX-OR) formsof retimedregistersandcandirectlybeusedfor logic
simplification. Guiding the retiming andusing theseequivalencere-
lations in subsequentlogic simplification leadsto a performanceen-
hancementbeyond what is achievable by conventional retiming and
resynthesisprocedures.Westrive to minimizetheincreasein thenum-
ber of registerswithout sacrificingthe cycle-timeperformanceof the
resynthesizedcircuit. Experimentalresultsdemonstratethat, ascom-
paredto retiming,our techniqueresultsin circuitsnot only with fewer
registersbut alsowith bettercycle-timeperformance.We provide a
simplemethodto computetheinitial stateof themodifiedcircuit con-
sistentwith theoriginalnetwork specifications.

In thesequel,we considersynchronousimplementationsof sequen-
tial circuitsusingedge-triggeredflip-flops. Weassumethatthecircuits
have aknown initial state,andcanalwaysbedrivento thatinitial state
eitherby explicit resetcircuitry, or by applicationof a synchronizing
sequence.In thefollowing section,weaddresssomeimportantprelim-
inaryconceptsregardingretimingof registers,their initial statecompu-
tationanddon’t cares.SectionIII explainsourretimingandresynthesis
techniqueby meansof a simpleexample.SectionIV presentsa prac-
tical algorithmanddiscussesrelatedimportantissues.Theresultsare
presentedandanalyzedin SectionV andthepaperis concluded.

I I . RETIMING ACROSS FANOUT STEMS: REGISTER EQUIVALENCE

Forward retiming acrossa single output node is the operationof
shifting theregistersfrom theinputedgesto theoutputedgeof a node
in aBooleannetwork; backward retimingis thereverseoperation.The
nodecanrepresentanarbitraryBooleanfunction. Forwardandback-
ward retiming transformationsacrossa single output nodeare illus-
tratedin Fig. 1. It hasbeenshown thatsucha transformationpreserves
thebehaviour of thecircuit [1] [15] [16]. Thecircuit resultingfrom a
seriesof forward and/orbackward retiming movesacrosssingleout-
putnodesis space-equivalentto theoriginalone[16];for every statein
the retimedcircuit, thereis anequivalentstatein theoriginal oneand
vice-versa.

Computationof initial statesof registersaftertheir forwardor back-
wardretimingacrosssingleoutputlogic blocks(nodes)is alwayspos-
sibleasaddressedin [17] [15] [16]. Let � and � betheinitial statesof
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Fig. 1. Retimingacrossa logic node.

registers��� and ��� asshown in Fig. 1. Let � bea Booleanfunction
implementedby node � . Forward retimingof � � and � � acrossthe
node � resultsin register ��� . Theinitial stateof ��� canbecomputed
as ��� �"!#��$ , andvice-versafor backwardretiming.

Retimingacrossa multiple-fanoutstemjunction is theoperationof
retiming of a “multiple-fanout” register acrossits fanoutstemjunc-
tion as illustratedin Fig. 2. Forward retiming of register � � across
the fanoutstem �&% , resultsin two registers ���'� and ���(� . Similarly,
backwardretimingof registers� �'� and � �(� acrossthefanoutstem � %
would result in � � . However, it maynot alwaysbe possibleto back-
wardretimeregisters� �'� and � �(� becauseof constraintson theinitial
states. If ���'� and ���(� have different initial values,thenthereexists
no equivalent initial value assignmentfor the register resultingfrom
backwardretiming.
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Fig. 2. Retimingacrossa fanoutstem.

Theforwardretimingof registersacrosstheirfanoutstemsis of inter-
estto us.In general,it is notguaranteedthatspaceequivalencerelation
holdsunderforwardretimingacrossmultiple-fanoutstemjunctions[1]
[15] [16]. This is becausenot every valueon theoutputsof a multiple
fanoutstemhasaninput valuethatproducesthedesiredoutputs.Con-
sider, again,the forward retimingacrossa fanoutstemasdepictedin
Fig. 2. As aresultof thisretiming,theSTGof theoriginalhypothetical
circuit is transformedfrom that in Fig. 3(a) to that in Fig. 3(b). Not
every statein theretimedcircuit hasanequivalentstatein theoriginal
circuit (state)�*,+.- and )#+/*0- havenoequivalentstatesin theoriginalcir-
cuit). This impliesthatthetwo circuitsmaynot bespaceequivalentas
their behaviour might bedifferent.However, this problemis restricted
to theinitial stateoperationof theretimedcircuit. If we canguarantee
preservationof the initial state,the new statescreatedby forward re-
timing acrossfanoutstemcanbedeclaredinvalid. Theseinvalid states
in theretimedcircuit, thatdo not have anequivalentcounterpartin the
original circuit, canbeconsidereda managableperformanceoptimiza-
tion resourceratherthana liability.

Let ��1� betheinitial stateof register �2� in theoriginalnetwork. Let
theinitial statesof registers�2�'� and �2�(� in theretimednetwork be � 1 �'�
and � 1 �(� respectively. To guaranteepreservation of initial states[15],
both � 1 �'� and � 1 �(� have to beequalto � 1 � . This follows directly from
the definition of retiming acrossfanoutstems[18] in order to main-
tain the designbehaviour. If explicit resetcircuitry is available, the

b)

Don’t Care

00 11

10

01

Don’t Care

a)

0 1

Initial State Initial State
Preserved

Fig. 3. STGtransformationafterforwardretimingacrossfanoutstem.

initial stateequivalencecanbemaintainedeasily[17][19]. If, however,
explicit resetcircuitry is not available,thenweneedto computeasyn-
chronizingsequenceto drive the retimedcircuit to its corresponding
equivalentinitial state.Noticethattheoriginalsynchronizingsequence
cannotalwaysbeusedfor thispurposeasit maynotbepreservedunder
sucha retiming.Thoughstructuralsynchronizingsequences(basedon
conservative 3-valuedsimulation)are preserved, functional synchro-
nizing sequences(thosederivedby theSTGof thecircuit) needto be
prependedby a prefix sequenceof a predeterminednumber, 3 , of ar-
bitrary inputvectors.Here 3 is equalto thenumberof atomicforward
retimingmovesacrossfanoutstems[16]. Singhalet al. [15] refer to
this asdelayedreplacementasopposedto safereplacement. Thus,if
we clock our delayeddesignof Fig. 3(b) for 3546+ clock cyclesaf-
ter power-up, we cannever reachthestates)�*7+�- or )#+�*8- . Thedelayed
designconsistsonly of states)�*8*8- and )#+9+.- and is equivalent to our
originaldesign.

The registersproducedfrom this type of retiming, with preserva-
tion of initial statesundersafeor delayedreplacement,have the con-
straintthattheir outputsbeequalat all timesof valid circuit operation.
This imposesan equivalencerelationor equivalently, don’t care con-
ditionson theretimedregisters,andtheregistersaresaidto beequiva-
lent. Mathematically, if � �'� and � �(� areequivalentregisters,thenthe
equivalencerelationcanbe representedas: � �'� : � �(� , as both reg-
istershave to have the samevalues. We definesuchan equivalence
relation as retiming-inducedstatevariable equivalence. Conversely,
sincetheseregisterswill have the samevaluesat all times,the possi-
bility of themhaving differentvaluescanbeconsideredasadon’t care
condition.This canbemathematicallyexpressedas: � �'�;: � �(� , and
is definedasretiming-induceddon’t care conditionandrepresentedas<>=@?A#B

throughouttherestof thepaper.
Algorithms for don’t caresetcomputation[20] [21] [22] that work

at the network level without any statetransitioninformation,will not
identify � �'� and � �(� asequivalentregisters,asthey mayhavedifferent
initial values.Sinceweuseretimingacrossfanoutstemsasaresynthe-
sisoperation,wecanexplicitly maintaintheequivalencerelationwith-
out any lossof generality. Indeed,implicit stateenumerationmethods
[23][24] canbe usedto computereachableandunreachablestatesof
a machine.Theseillegal (or invalid) statescanthenbe usedasexter-
nal don’t caresin subsequentlogic optimization[25][26]. However,
implicit stateenumerationmethodsusing BDDs arecomputationally
intensive andprohibitive in memoryrequirementsfor largecircuits. In
contrast,we do not have to performany computationto evaluatethese
retiminginduceddon’t careconditions.

I I I . RESYNTHESIS USING RETIMING-INDUCED Don’t Cares

In thissection,we presentthebasicconceptsbehindour resynthesis
techniqueandshow, by meansof asimpleexample,how wecanguide
theretimingacrossfanoutstemsandlogic gates,andusetheretiming-
induceddon’t careconditionsfor subsequentlogic simplification. An
algorithmto performtheretimingsandnodesimplificationsis formally
presentedin thenext section.

Considera sequentialcircuit specifiedby the following optimized
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Fig. 5. Interpretationof proposedretimingandresynthesis:a) originalcircuit with gateg�h duplicated,b) circuit afterforwardretimingof i]h�j(ik.j(il acrosstheir respective fanoutstems,
c) circuit afterforwardretimingacrossgatesg]kmjng]l , d) simplificationusing oqp�r'snt .

functional equations: ���u4wv0�'vm�mx���y4 ��z{v � xN� � 4wv0�/x|0�u4�}z{v.�9x| � 4~�9� v � v � z�v.��$ . Notation: �f!'� arethe inputs, | � !| � are
the outputs,v.� the presentstatesand ��� the next statevariables.Our
objective is to find animplementationof thecircuit with minimumcy-
cle time. Assume,for simplicity, theunit delaymodel. Thenetwork,
whenmappeddirectly ontobasic2-inputlogic gates,resultsin thecir-
cuit shown in Fig.4(a). The longestdelayin the combinationallogic
(cycle-time)is equalto 3 gatedelays( � � !'�8�9!#�0� ). Thecircuit after re-
timing, shown in Fig. 4(b), hasa delayof 2 gates. Analysisof this
solutionrevealsthatit canbeobtainedby forwardretimingacrossgate� � (this resultwasverified by SIS).Conventionalretimingcannotre-
ducethedelayof thecircuit any further.
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Fig. 4. Retimingof anoptimizedcircuit; a) originalcircuit, b) retimedcircuit.

We shall now show that it is possibleto obtaina circuit, from the
original specification,with a delayof just one gate. Consideragain
the original circuit shown in Fig. 4(a). Let us make the critical path
( � � !#�0�m!'��� ) fanoutfree (the reasonfor which will be apparentlater).
This processmay involve duplicationof certaingatesin the network.
Startingfrom the final connectionof the longestpath ( |m� ), we per-
form a backward traversaltowardsthefanoutat theoutputof the reg-
isters( v � and/or v � ). The first point at which a fanoutis encountered
is the output of gate � � . Hence,we duplicategate � � . The result-
ing circuit is shown in Fig. 5(a). Let us now perform a seriesof
forward retimingsacrossfanoutstems: 1) forward retiming of reg-

ister v0� acrossfanoutstems � and � , creatingregisters v0�'��!#v0�(� andv � � ; 2) forward retiming of register v � acrossfanout stem � , giv-
ing rise to registers v �]� !#v �'� ; and 3) forward retiming of register v.�
acrossfanoutstem � , creatingregistersv.� � !'v.� � . Theseretimingsare
depictedin Fig. 5(b). To maintaintheinitial stateof theretimedcircuit
we needto imposethe following equivalencerelationson the regis-
ter variables: v �'� � v �(� !�v �(� � v � �8!�v �'� � v � �8!�v �]� � v �'� !�v.� � � v.� � . The
retiming-induceddon’t care conditions(

<>= ?NA\B
), counterpartof these

equivalencerelations,resultingfrom sucha seriesof retimingsacross
fanoutstemsarethefollowing: v0�'� � v0�(�9!;v0�(� � v0� � !;v0�'� � v0� � !�vm�]� �v �'� !�v.� �R� v.� � .

Now we canperformforward retimingacrossthe logic block com-
posedof ��� , � � by moving registersv0�(�.!'vm�'�9!'v � � fromtheirinputsto the
outputof gate � � . Fig. 5(c) shows the resultof sucha retiming,with
new register v.� placedat theoutputof gate�8� . Now theexpressionfor��� canbesimplifiedusing

<>= ?NA\B
asfollows:

� � 4 � v0�'�'vm�]�]$#|0�Rz{v0� � z <>=@?A#B
(1)����4 � v �'� v �]� $#| � z{v � ��z{v �'�R� v � � (2)����4 v �'� z{v � � (3)

The resynthesizedcircuit, depictedin Fig. 5(d), hasa delay of just
1 gate,which is an optimum solution. A similar result can also be
obtainedby usingthe retiming-inducedregisterequivalencerelations.
Note that without the don’t careset,

<>= ?NA\B
, no simplificationcould

havebeenachievedatall. Theinitial statecomputationfor this register� � is straight-forwardandis performedasexplainedin SectionII.
The resultingcircuit has5 registers. We can now apply the con-

strainedmin-arearetiming to minimize thenumberof registersin the
circuit subjectto the constraintthat the delayof this circuit doesnot
increase.Notice that registers v0�'� and v0� � canbe backward retimed
(asthey have thesameinitial state)without increasingthedelayof the
circuit. Theresultingcircuit is shown in Fig. 6, with registersv �'� andv � � retimedbackwardsresultinginto register v � with the sameinitial
state.
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Fig. 6. Final circuit: Retimingto minimizeregistersunderthesamedelayconstraint.

IV. THE RESYNTHESIS ALGORITHM

Theresynthesisalgorithmis presentedin Algorithm 1. Let usbriefly
discussthetransformationsusedin theproposedresynthesisprocedure
andjustify theintuition behindthem.

After the critical pathis madefanout-free,we identify all the state
registersthat fan-outto the nodeson the critical path. Theseregis-
tersareretimedacrosstheir respective fanoutstems. Thoseregisters
that do not fan-out to the nodeson the critical path are untouched.
The retiming-induceddon’t care set

<>= ?A#B
is computed(straight-

forwardly) and stored. The next step is retiming acrosslogic gates
(nodes)on the critical path. All the registersfeedingthe critical path
areforward retimedasmuchaspossible.For eachnodeon the criti-
cal path,we identify whetheror not it is forward-retimable.A nodeis
forward-retimableif it containsonly registersasits fanins.If thenode
is forward-retimable,forwardretimingis performedacrossit. The re-
timingengineiterativelypeformsforwardretimingsacrossthenodeson
thecritical pathuntill they cannotberetimedany further(notethatun-
likein [10], wedonotborrow any registersfrom theenvironment).The
worstcasecomplexity of theretimingengineis ®� ¯ � $ , wherē is the
totalnumberof nodeson thefanout-freecritical path.Theinitial states
of the forward retimedregistersis computedasexplainedin Section
II. After theretimingof registersacrossfanoutstemsandgates,there-
structured(critical) pathlogic is optimizedusingtheretiming-induced
don’t careset.Eachnodeonthecritical pathis simplifiedusing

<>=@?NA\B
.

Local nodere-mappingcanthenbe performed.As a post-processing
step,constrainedmin-arearetimingis performedin orderto minimize
the numberof registerssubjectto the constraintthat the delayof the
circuit doesnot increase.Other latch countminimizationtechniques,
suchas[27], canalsobeused.

From the above discussion,it becomesapparentthat if the path in
questiondoesnot have “retimable-gates,” our techniquewould fail.
Also, to exploit theretiming-induceddon’t careconditions,thecircuit
shouldhave feedbackloop(s). Becauseof thesefeedbackloop(s),we
areabletoanalyzethecorrelationof logicacrossregisterboundariesfor
simplification.This leadsusto theconclusionthatfully combinational
I/O pathsandpipelinedcircuitswouldnot benefitfrom our technique.

V. IMPLEMENTING THE ALGORITHM : RESULTS & CONCLUSIONS

Theabovementionedresynthesisalgorithmwasprogrammedwithin
the SIS [28] synthesisframework and its effectivenesswasanalyzed
by applying it to the MCNC and ISCAS’91 benchmarkset. Table I
reportsthe overall resultsobtainedby applyingthe algorithmon the
benchmarkcircuits. Thegatelevel netlistswereoptimizedfor perfor-
manceusingscript.delay. The delayoptimizednetlistsweremapped
to produceminimumdelaycircuits,usingthe °�±���²�³ �7´�¯;°�±�� technology
library. Theperformance/areastatisticsof themappedcircuitsarepro-
vided (script.delaycolumn). Thesemappednetworks were then re-
timed to further minimize the cycle time (min-delayretiming). The
externaldon’t caresinducedby retimingwereextractedusingimplicit
stateenumeration,andwereusedto furthersimplify thelogic. Thenet-
work wasremappedto produceaminimumdelaycircuit. Theseresults
arepresentedunderthe’script.delay+ret.+comb.opt.’ column.

Inputs: Sequentialcircuit, technologylibrary.
Outputs: Resynthesizedcircuit.

Find thecritical pathof thecircuit;
Make thecritical pathfanout-freeby nodeduplication;
/* List all nodeson thecritical pathorderedfrom input to output*/
critical path nodelist= list of nodeson thefanout-freecritical path;
critical path fanout registers = list of registersthat fanout to the
nodeson the ’critical path nodelist’;
DC ret flag= FALSE;
for (eachregisterin critical path fanout registers) do

if (registeroutput== multiple fanoutstemjunction)then
Retimingacrossfanoutstems;
Maintainsameinitial states;
Evaluateandstore

<>= ?A#B
;

DC ret flag= TRUE;
end if

end for
/* If no retimingsacrossfanoutstems,no

<>= ?A#B
created*/

/* Sotheckt. cannotberesynthesizedby our technique*/
if (DC ret flag== FALSE) then

returnoriginalnetwork; /* resynthesisnotpossible*/
end if
/* TheRetimingenginefor retimingacrosssingleoutputnodes*/
forward retiming flag= TRUE;
while (forward retiming flag== TRUE) do

forward retiming flag= FALSE;
for (eachnodein critical path nodelist) do

if (nodeis retimable)then
Forwardretimeregistersacrossthisnode;
Computeinitial valuefor theretimedregister;
Updatethechangesin faninsandfanoutsof all thenodesin
critical path nodelistdueto this retiming;
forward retiming flag= TRUE;

end if
end for

end while /* Not possibleto retimeany further*/
Simplify thenext statelogic of theretimedregisterusing

<>=@?A#B
;

Performlocalnodere-mapping;
Find thedelayof thecircuit;
/* constrainedmin-arearetiming*/
Retimeto minimizeregistersunderthesamedelayconstraints;
Returntheresynthesizedcircuit;

Algorithm 1: Resynthesisusingretiming-induceddon’t cares.

On the other hand, the circuits obtainedafter delay optimization
(script.delay+tech.mapping)were resynthesizedusing the proposed
technique.Theresynthesizedcircuitscomparefavourablynotonlywith
theonesobtainedby just performanceoptimization,but alsowith the
onesobtainedby subsequentretiming. The circuits resynthesizedby
our techniqueare not only smaller, but also fasterthan the onesob-
tainedby conventionalretimingandresynthesisprocedure.

Notice that after performanceoptimization(using script.delayand
mapping),not all synthesizedcircuits could be retimedby SIS. For
thebenchmarksex6,bbtas,s420,s344,s382,s386,s400,s510,s1196,
s1238, ands5378, wefoundthatretimingwaseitherunableto minimize
thecycle time, or wasunableto preserve/computetheinitial states.In
contrast,our approachwasableto resynthesize(retimeacrossfanout
stemsandlogic gatesandsimplify) thecircuit andcomputetheinitial
valuesfor the registers. In most casesour approachresultedin bet-
ter circuit performanceascomparedto conventionalretiming.Thelast
few circuits, µ.¶,+/·7!]µ�¸0¹m· and µ�·8º9» , couldnotberesynthesizedusingour



TABLE I

EXPERIMENTAL RESULTS: APPLYING THE RESYNTHESIZE ALGORITHM .

Script.delay Script.delay+Retiming+Comb. Opt. 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
s298 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
s382 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
s9234 135 31.05 1757632 303 19.75 2537152 194 21.98 2322768
s5378 162 29.15 1911680 - - - 165 25.94 2155744
s386 21 10.2 142912 - - - - - -
s713 14 14.35 263008 16 13.98 272368 - - -
s953 29 19.10 437552 42 17.68 446832 - - -

approach,asthecritical pathsdid not containany multiple-fanoutreg-
istersthatcouldberetimedacrosstheir fanoutstems.Theareaincrease
in our approachresultsfrom duplicationof certainnodeson the crit-
ical path. However, subsequentsimplificationof theunderlyinglogic
reducesthe areaoverheads.In somecases,logic simplificationusing<>= ?A#B

maynotbepossible.Thismayresultin anincreasein thecycle-
time of thecircuit. For example,circuits µ/¼0²9* and µ.¹,+/* , couldnot be
simplifiedusing

<>= ?A#B
. Forward retiming increasedthe delayof the

circuit, and lack of simplification resultedin a slightly larger cycle-
time. We areinvestigatingabouthow far shouldforward retimingbe
performedsuchthatourtechniquecanbestoppedfromdoingany harm.

To conclude,this paperhas presenteda controlled retiming and
resynthesisprocedurethat canbe appliedto improve uponthe cycle-
time performanceof sequentialcircuits. Our procedureguidesretim-
ing acrossfanoutstemsandgatesandexploits theregisterequivalence
relationsasdon’t caresin optimization.Wedo not have to performin-
tensive computationsto evaluatethesedon’t careconditions.Thepro-
posedapproachstrivesto minimizethe increasein thenumberof reg-
isterswithout sacrificingthe cycle-timeperformance.In many cases,
conventionalretimingtechniquesareunableto minimizethecycle-time
of thecircuit any further. However, our approachrestructuresthecir-
cuit andthenguidesretimingto achieveacycle-timereduction.Exper-
imentalresultsdemonstratea favourablearea/performancetrade-off as
comparedto conventionalretimingandresynthesistechniques.
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