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Abstract

In this paperwe presenttwo techniquesfor improving
min-area retiming that combinethe actual register mini-
mizationwith combinationaloptimization. First, we dis-
cussan on-the-flyretiming approadc basedon a sequen-
tial AND/INVERTER/REGISTER graph. Wth this method
thecircuit structur is sequentiallicompactedisinga com-
bination of register “dr agging” and AND vertex hashing
Secondwe presentan extensionof the classicalretiming
formulationthat allows an optimal sharing of fanin regis-
ters of AND clustes, similar to traditional fanoutregister
sharing The combinationof both techniquesis capable
of minimizingthe circuit size beyond that possiblewith a
standad Leisesonand Saxeretimingapproad on a static
netliststructuie. Our workis primarily aimedat optimizing
theperformancef reatability-basedrerificationmethods.
However, the presentededchniquesare equally applicable
for sequentiaredundancyemoval in technology indepen-
dentlogic synthesisA large setof experimentsisingbend-
markandindustrialcircuitsdemonstatetheeffectivenessf
thedescribededniques.

1 Intr oduction

Retimingis a structuraloptimizationtechniquethat re-
locatesthe registersin a logic circuit with the objectie of
minimizing their total count,maximizingthe circuit perfor
mance or achieving both goalssimultaneously1, 2]. Tra-
ditionally, retiming is appliedon a fixed circuit graphand
repositionsthe registerswithout altering the actual logic
structure. Wheninterleared with combinationaloptimiza-
tion steps,a repeatedapplicationof retiming canoptimize
theoverall circuit structuresignificantly

In this paperwe presenttwo specific techniquesthat
extend the classicalformulation and applicationof retim-
ing by allowing it to operateon a moredynamicstructure.
First, we describean on-the-fly retiming approachthat is
basedon a sequentialAND/INVERTER/REGISTER graph.
It memesregistersand combinationalcircuit components
by structuralhashing,which is appliedduring graphcon-
struction. Similar to inverterremoval in combinationakir-

AndreasKuehlmann
CadenceBerkeley Labs
Berkeley, CA 94704

cuit compaction[3], the proposedapproach‘drags” reg-
istersthroughthe sequentiakircuit graphasfar as possi-
ble. As aresult, mary registersand AND verticescanbe
merged,which leadsto a significantreductionof thecircuit
sizewithoutsignificantcomputationabverhead.

The secondtechniqueis basedon the ideathat, similar
to the sharingof fanoutregisters faninregistersof an AND
clustercan be optimally sharedby adjustingthe AND de-
composition. This canbe donein sucha mannerthat the
numberof necessaryegistersis reducedto its optimum,
whichis equalto the maximumnumberof registersat ary
of the incoming clusteredges. We describea correspond-
ing extensionof theretimingformulation. It is basednthe
mentionedAND/INVERTER/REGISTER graphand models
the sharingof faninregistersin a similar mannerasLeiser
sonand Saxe modeledfanoutsharing[2]. We further de-
scribeanalgorithmthatoptimally reconstructan AND tree
decompositiorbasedupontheretimingsolution.

Thepresentedechniquaakesanew view of theretiming
formulationby departingfrom thetraditionaluseof a fixed
circuit structure.The extendedformulationprovidesan ex-
act retiming model that considersall possibleimplemen-
tationsof the AND clustersof a circuit. To our knowledge,
thereareonly two previouspublicationgelatedio ourwork.
In [4] atechniques presentedhat simultaneoushconsid-
ersmultiple structuresfor possiblelogic implementations
usinga choicenode. This methodis mainly aimedat tech-
nology mappingand, despiteits recursie capability must
explicitly generatecandidatestructuresor an AND cluster
decompositiorincluding possibleretiming configurations.
In our approach,we defer the actualdecompositionstep
until after the optimal retiming is computed. The applied
modelingguaranteethatthereexist adecompositiorof the
AND clusterswith the exactnumberof registersminimized
during retiming. In [5] the conceptof algebraicfactoriza-
tion is extendedto sequentiakxpressionsyhich implicitly
intertwinesretimingwith structuralrewriting. Basedonthe
conceptof synchronoudlivision, a setof sequentiatrans-
formationsis outlined, which canbe appliedin a general
synthesisscenario.In contrastto our work, this technique
is basedon individual, local restructuringstepsand does
not modelthe decompositiorflexibility of the expressions
for globalretiming.



The main focus of our work is to apply the presented
retiming techniquesfor improving functional verification
basedon reachabilityanalysis. Although thereis no clear
dependeng betweerthe circuit sizeandthe compleity of
BDD-based[6, 7] or SAT-based[8] reachabilityanalysis,
a smallernumberof circuit elementsgenerallycorrelates
with a lower effort in both techniques. In particular in
BDD-basedstatetraversal,fewer registersresultin fewer
problemvariableswhich typically decreasethesizeof the
BDDs representinghe setof statesandtransitionsamong
them. SAT-basedstateexplorationcanbeimprovedby re-
ducingthetotal numberof circuit elementssthey establish
potentialpoints for casesplits. The techniquespresented
in this paperareaimedat remaoving sequentiatedundany,
which effectively reducegheregistercountandthenumber
of combinationactircuit gates.

In this context we donotneedto preserethecircuit’sin-
put/outputbehaior aslong asthe retiming transformation
is soundand completefor proving properties. As shavn
in [9] retiming canbe generalizedor verificationby: (1)
omitting the needfor equivalentresetstates,(2) support-
ing negative registers,and(3) eliminating peripheralregis-
ters[10]. The presentedechniquedocuson thesegener
alizationsand their applicationfor verification. However,
we believe that they are equally applicablefor logic opti-
mizationto remove sequentiatedundang during technol-
ogy independensynthesis. For example, the applied pe-
ripheral retiming can be viewed as a temporaryphaseto
“hide” or “borrow” registersfrom the ervironment. After
optimizationtheseregistersaremovedbackinto the circuit
to restoreits original input/outputbehaior [11]. Similar
precautioris neededor preservingnitial stateequivalence
(e.0.,[12, 13).

2 lllustrating Example

We restrict our presentatiorto bit-level circuits based
on edge-triggerear master/slae flip-flops (registers)with
designatednitial states.Extensiongo level sensitve flip-
flops or vectoredregistersarelargely straight-forward and
hencearenotdiscussedh this paper

Figurel givesanexampleto demonstrat¢heideaof the
two presentedechniques.The original circuit is shavn in
part (a) and containsseven registers. The idea of on-the-
fly retimingis derivedfrom the conceptof on-the-flycom-
pactionof combinationalcircuits [3]. In additionto AND
vertex hashing,forward retiming is applied during graph
constructionby “dragging” as mary registersthroughthe
verticesas possible. The graphis built startingfrom the
primaryinputsand,for cyclic circuits,from ary cutsof the
registerloops. Figurelbgivestheresultof theon-the-flyre-
timing whenthecircuit of (a) is processedrom theprimary
inputsanda cut at registerry. As shown, the four registers
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Figurel: Examplefor the applicationof retiming: (a) orig-
inal circuit, (b) circuit after on-the-flyretiming, (c) circuit
afterretimingwith AND clusterinput sharing.

{ri1,ra,ra,ra} andthe two input invertersof gateg, have
beendraggedthroughthat gate. This allows the retimed
gateg, to memgewith gateg; andfurtherto shareregisters
rs andre with rj. No further forward retimingis possible
becausenput x, doesnot provide a registerthat could be
sharedat the output of gategs. Note that this particular
resultis identicalto an optimal retiming computedby the
standard_eisersorSaxe min-arearetimingalgorithm[2].

Figurelc shaws afunctionally equivalentversionof the
circuitthatusesonly two registers.Herethetwo registersr’,
andrz in front of the AND clustergs/g4 have beenmerged
into registerry. This structurecan be obtainedfrom cir-
cuit (b) by applyingcombinationabynthesisi.e., rearrang-
ing gatesgs and g4, followed by anotherretiming move.
Clearly, in suchatwo-stepapproachit is notobviousthata
combinationaloptimizationmove will performthe needed
gaterearrangemerthecauset cannotforeseeits benefitin
thefollowing retimingstep.Onthe otherhand.,if theretim-
ing formulationcouldtake into accouniall possibledecom-
positionsof the three-inputAND clustergs/da, the optimal
structureasdepictedn (c) couldbegeneratedn onestep.

In sections4 and6 we discusghe detailsof the on-the-
fly retimingapproactandthenew retimingformulationthat
preciselymodelsoptimalregistersharingfor AND clusters,
respectiely.



3 AND/INVERTER/REGISTER Graph

Let C = (G,E) denotea circuit where G represents
a setof AND vertices,primary inputs, and primary out-
puts, and E C G x G is a set of edgesconnectingthe
vertices. Eachedge(u,v) € E is associatedvith a non-
negative weight w(u,v) € N representinghe number of
registersat this edge,a setof correspondingnitial values
[1(u,V),...lw(u,v), andaninverterattributei(u,v) € {0,1}
wherei = 1 ori = 0 indicateswhetherthe edgefunctionis
to becomplementedr not, respectiely.

Thefunctionsrepresentetly two edgesaresequentially
equialentif they have: (1) thesamesourcevertex, (2) iden-
ticalinverterattributes,and(3) thesamenumberof registers
with matchinginitial values. Similar to the applicationin
BDD packageswe usea compact64-bit word to uniquely
represenanedgeof the AND/INVERTER/REGISTER graph.
The word is composedof four bit fields. The first three
fieldsrepresenainindex into thearrayof graphvertices the
numberof edgeregisters,andanindex to a canonicalrep-
resentatiorof theirinitial statesrespectiely. Thelastfield
includesasinglebit to indicateedgecomplementationUs-
ing this datastructure,a simple comparisorof two words
candecidewhetherntwo edgesarefunctionally equivalent.

The canonicalrepresentatiorof initial valuesis based

(b)

+ setof wregisters
e complementeédge
--»= referenceo init values

Figure2: AND/INVERTER/REGISTER graphexample: (a)
graphfor the original circuit of Figure 1a, (b) graphafter
on-the-flyretiming,whichresultsin thecircuit of Figurelb.

on a tree structurewherethe (possibly partial) pathscor-

respondto sequence®f initial valuesof the edgesof C.

Thetreerootis adummynode,representinga NULL reg-
ister. Thefirst level of childrenrepresenall possibleinitial

valuesof thefirst registersof the edges. The tree branch-
ing structurecorrespondgo the differentcombinationsof
initial valuesof all edges. By ensuringuniquenes®f the
individual pathsand subpathsduring tree constructiorand
manipulation,a pointerto ary of the tree nodesprovides
a representatioithat is canonicalfor that particularset of
initial values.

Figure 2a givesthe AND/INVERTER/REGISTER graph
for the circuit example of Figure 1a including the corre-
spondinginitial value tree. The graphwas built starting
from the primaryinputsanda cut atregisterr;.

4 On-the-fly Retiming

On-the-flyretiming is appliedto remove sequentiake-
dundang during the constructionof the AND/INVERTER/
REGISTER graph.Similarto theuseof an AND/INVERTER
graphfor combinationalkircuits [3], this approachcanre-
sultin asignificantcompactiorof the circuit representation

/* Create_And takes two operand edges e and
e, and returns a vertex representing the
AND of e and e */

Al gorithm Create_And(epe) {
if (e == cons.0) return cons.0;
if (e == cons.0) return cons.0;

if (e == cong.l) return e;
if (e == cong.l) return e
if (e == &) return e
if (e == &) return cons_0;

/* Truncate as nany registers as possible
fromboth edges and store themin I */

Wmin = M n(w(er),w(e)) ;

€,l1 = Truncat e_Regi st er s( ey, Wnin) ;

€,l2 = Truncat e_Regi st er s( e, Wnin) ;

/* Merge the initial states by AND */

I = And_Initial_States(ll2);

/* Apply ranking to catch commutativity */

if (Rank(é) > Rank(€)) Swap(€;,e,);

/* Hash | ookup for vertex with € and €& */

e = Hash_Lookup(€,€,);

if (e == NuLL) {

/* Allocate new vertex if |ookup failed
and add to hash table */
e = Create_And_Vertex(€,6);

}
/* Add back AND of stripped registers */
return e+l

Figure3: Pseudo-codéor constructingan AND vertex for
the AND/INVERTER/REGISTER graph.



withoutnoticabletime or memoryoverhead Theon-the-fly
retiming stepis integratedinto the algorithmfor construct-
ing an AND gateandis givenin Figure3. The graphcon-
structionstartsat the primary inputsandanarbitrarysetof
register cuts of the cyclic circuitry. For eachregisterthat
is cut, first a dummyAND vertex is createdandusedasa
placeholder Oncethe structurefor the next-statefunction
of a registeris built, the placeholderis merged onto that
structure.A repeatedorward hashingcanthenbe applied
to possiblyfurthercompacthegraphstructure.

As shown, first the algorithmperformsconstantolding
similar to methodsappliedin combinationalcircuit com-
paction[3]. Next, theregistersof both edgesaretruncated
by “dragging” as mary registersas possiblethrough the
AND vertex. Theinitial statesof the retimedregistersare
computedby a pairwise AND of the initial statesof the
original edgeregisters. Note that for complementednput
edgegheinitial valuesneedto be invertedbeforethey can
be combined. After truncation,the edgesare hashed. If
the hashlookupfindsa pre-eistingisomorphicvertex, it is
reusedptherwisea new vertex is constructedNotethatthe
“dragged”setof registersis addedbackbeforethe edgeis
returned. Theresulting AND/INVERTER/REGISTER graph
for the given exampleof Figure 1b is showvn in Figure2b.
The graphwasconstructedrom the original circuit shavn
in part(a) startingfrom theinputsanda cutatregisterr;.

Note thatthe applicationof the on-the-flyretiming step
canbecombinedwith structurakewriting techniquesmeth-
ods to detectfunctional identical vertices such as BDD
sweeping,and circuit-basedSAT [14]. The integratedre-
timing functionalitywould extendtheequivalencechecking
capabilityof thesealgorithmsbeyond combinationalerifi-
cationandcover a significantclassof practicalproblemsto
verify retimedcircuits[15].

5 Min-Ar eaRetiming

A retiming of C is definedas a gatelabelingr : G —
Z, wherer(u) is thelag of gateu denotingthe numberof
registersthatare moved backwardthroughit. The new set
of arcweightsw; of theretimedcircuit C; arecomputedas
follows:

W (U, V) = w(u,v) +r(v) —r(u). (1)

In this context we are interestedin minimizing the total
numberof registersof C;:

|wi (U, V)| = min. (2
V(u,v)€E

Notethatin this formulationwe explicitly omitthehostver
tex [2] resultingin a retiming, which effectively removes
all peripheraregistersfrom the primaryinputsandoutputs.

For synthesisapplications,theseregistersare considered

temporarily“hidden” or “borrowed” and needto be added
backafteroptimization[11]. Peripheraftetimingcanbedis-
abledby simply addinga hostvertex to thegraph,whichis

connectedo all input andoutputvertices[2]. Further the
optimal solution of formula (2) may include negative reg-

istersif the non-neyativity constraintsof (1) are relaxed.
In reachabilityanalysis,negative registerscan be simply
handledas an inverseconstraintbetweentime frames[9].

For synthesistheseregistersareconsideredemporaryand
againneedto be eliminatedafter optimization. In the fol-

lowing we limit our presentatiorand experimentson pe-
ripheralretimingusingonly non-neyative registers.

6 Optimal Sharing of Fanin Registers

The retiming formulationgivenin formulae(1) and(2)
doesnot considerthe fact that the registersof edgesfan-
ning out from the samevertex can be shared. For exam-
ple, if threefanoutedgese; = (u,v),& = (u,v) andez =
(u,Vv") areassignegositive registerweightsw; (e1), w (€2)
and w; (e3), formula (2) accountsfor their sumw;(e1) +
wr (€2) + Wy (e3) duringminimization. However, in a circuit
implementation,only w"® = max(w, (e1),w (€2), W (e3))
registersareneededor the edgewith the maximumcount.
Theothertwo edgescansharetheir registerswith thisedge.

In [2] a solutionis proposecthat is basedon a modi-
fied retiming graph structure. Figure 4a shows the gen-
eral schemeto alter the retiming graphfor fanoutregister
sharing. The ideais to add a dummy terminal vertex to

(b)

Dummy vertex for fanout register sharing

|
(1  Dummy vertex for fanin register sharing
O

Vertex for AND, input, or output

Figure4: Sharingof fanoutandfaninregisters:(a) original
idea of fanoutregister sharing[2], (b) extensionto fanin
registersharing.
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Figure 5: Decompositionof an AND vertex that requires

only w"® =k + n+ mregisters:(a) vertex with edgesorted
by theirweights,(b) correspondingAND tree.

(a)

eachregular vertex with a fanoutgreaterthantwo. This
dummyvertex is thenconnectedo all fanoutverticesand
the edgeweightsaremodifiedin the shovn manner Each
originalweightw; is divided by the numberof fanoutedges
n andthe new edgesto the dummy vertex are assignecda
weightequalto the differencebetween@X andthe mod-
ified weight of the correspondinganoutedge. This frac-
tional weight is realizedby associatinga “cost per unit
weight” 3 with eachedge andminimizing a total weighted
costin (2) (B(u,v) = 1/n). Note thatthe sumof all edge
weightsis equalto w"® andthatthe retiming formulation
accountdor w"®in theoverallminimizationproblem.This
exactly modelsthe describedsharingof fanoutregisters.

A similarideais appliedfor faninregistersharing.If the
verticesrepresenBooleanfunctionsthat are totally sym-
metric, all possibletree configurationsestablisha valid de-
compositiorof their function. Examplefor suchsymmetric
functionsare AND, OR, or XOR vertices. In the follow-
ing, we usemulti-input AND verticesasa basesystemfor
faninsharing.However, the presentedonceptsareequally
applicablefor othertotally symmetricfunctions.

Figure4b shovshow the concepof fanoutregistershar
ing is adaptedo faninregistersharing.Similarto the previ-
ouscase,a dummyvertex for faninregistersharingis cre-
atedandthe edgeweightsare modified. With this config-
uration, the retiming optimization problemwill minimize
themaximumnumberof registersat ary of thefaninedges.
Onceamin-arearetimingis computedthe AND vertex can
alwaysbedecomposeth atreestructuresuchthata maxi-
mum numberof registersareshared.

The schemédor flexible treedecompositionthatrequires
only asmary registersasgiven by the value of w"® s il-
lustratedin Figure5. For a given setof retimedregister
weightsat the inputsof an AND vertex, the algorithmfirst
sortsthemaccordingo theseweights.Next, an AND treeis
built usingthe structureof Figure5h. For eachsetof inputs
with identicalregisternumbersabalancedAND subtrees
constructed Theindividual subtreesrethenconnectedy
registersin a linear sequenceThe numberof registersas-
signedto theedgedetweerthe subtreess equalto the dif-
ferenceof their registerweights.

For maximumfaninsharingthe AND/INVERTER/REGI-
STER graphproducedby the on-the-flyretiming algorithm
is first restructuredo form maximumAND vertices. Next
a retiming graph with the dummy verticesfor fanin and
fanoutsharingis built. Note that for simultaneousnod-
eling of faninandfanoutsharinga splitting vertex mustbe
introducedbetweertwo adjacentAND vertices.After com-
putingtheoptimalretimingby thelLP solver, thetwo-input
AND graphis rehuilt usingthe proceduradescribecabove.

Figure 6 shaws the retiming graphfor the example of
Figure 1. Part (a) givesthe edgeweightsfor the original
problemderived from the on-the-flyretimedcircuit of Fig-
ure2b. Thetop portionof thegraphshovs thedummyver-
tex modelingthe possiblesharingof fanoutregistersof ver-
tex g1/02. Thebottomportion modelsthe possiblesharing
of faninregistersof vertex gz/g4. Note thatwe arbitrarily
assignedhetwo registersbetweergatesy; /g, andgs/da to
theinput portion of gategs/g4. An assignmento the out-
put portionof gateg; /g, would yield identicalresults.Part
(b) shavs the resultingweightsfrom the ILP solver, which
correspondo the optimalcircuit of Figurelc.
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Figure6: Retiminggraphfor the circuit of Figure1b: (a)

graphwith original weightsfor 3 registers,(b) optimal so-
lution resultingin 2 registersfor thecircuit of Figurelc.



7 Experiments

In this sectionwe provide a setof experimentalresults
for retiming using the presentedechniques. All experi-
mentswererun on anIBM ThinkPad Model T21, with an
800Mhz PIIl and 256 Megabytesmain memory running
RedHatLinux 6.2. Our implementationis a C-basedre-
timing engine, utilizing the datastructureand algorithms
describeckarlierin this paper As ILP solverwe appliedthe
primal network simplex algorithm from IBM’ s Optimiza-
tion SolutionsLibrary (OSL) [16].

In all experimentswe usedperipheralretiming, which
effectively removesasmary registersfrom the inputsand
outputsas possible.We focusedon the evaluationof com-
binationalsimplificationandretiming to reducethe size of
the core circuit structure,hencewe do not presentary re-
sultson generatingetimedinitial values. The structureto
producethe initial valuesof the retimedcircuit is referred
to asthe retimingstump Details of this techniquecanbe
foundin [9]. Theresultingretimingstumpfor theevaluated
circuits are generallysmall and do not constitutea bottle-
neckin the overall verificationscheme.This is mainly due
to thefactthatevenfor multi-frameinitialization structures,
large partsgeteliminatedby constanpropagation.

Table 1 provides resultsfor various retiming options
for the ISCAS89 benchmarks. The resultsare basedon
the describedAND/INVERTER/REGISTER graphrepresen-
tation of the circuit andreportthe numberof 2-input AND
verticesand registers. Column1 and 2 give the nameof
the circuitsandthe sizefor their initial, unretimednetlists,
respectiely. Column3 providesthe circuit sizesfor retim-
ing without the applicationof on-the-flyretiming or fanin
registersharing.This optionis identicalto classicaperiph-
eralretiming accordingto [2]. In Column4 we reportthe
resultfor fanin-ragistersharingwithout on-the-flyretiming,
whereador thefollowing columnwe enabledboth.

In Columns6 through8 we reportresultsfor aniterated
applicationof retiming interleaved with combinationalre-
structuring.For the latterwe utilized a combinationakim-
plification engineasdescribedn [14]. We iteratedbetween
both enginesuntil no furtherimprovementwasgainedand
reportedthe bestresults. Column6 givestheseresultsus-
ing plain retiming (asin Column3), whereaColumn7 re-
portsthe resultsof the bestoption of the techniquesused
in Column4 (justfaninregistersharing)or 5 (faninregister
sharingwith on-the-flyretiming). We preferredto applythe
registercountfor comparisonsinceminimizing AND count
doesnotalwaysminimizethe numberof register aswill be
discussedaterin this section.Column8 givestherequired
computingresourcedor the bestrun betweenColumns6
and7. In Column9 we provide previously publishedre-
sults. As shown, for all but two circuits for which other
resultswere available, our techniquegives lower register

counts. Despitedetailedanalysis,we could not reproduce
theresultsreportedn [10] for circuits S344 andS349.

Table?2 givestheresultsof a setof identicalexperiments
for variousIBM GigahertzProcesso(GP) circuits. There
are several notewvorthy trendsin both tables. First, as ex-
pected plain retiming decreasesegistercountby an aver-
ageof 16.8% on the ISCAS circuits, andby 50.1% on the
GP circuits. The presentedanin registersharinggivesan
additionalreductionof theregistercountby andaverageof
0.6% and5.3% for the ISCAS and GP circuits. More im-
portantly this techniqueprovidesa significantreductionof
the AND countby 17.0% and31.6% in thetwo cases.

In comparisorto the applicationof plain fanin sharing,
theadditionaluseof on-the-flyretiminggivesmixedresults.
Our experimentsshowv thaton averaget hurtsbothregister
countand AND count. However, in mary individual cases
on-the-fly retiming can provide a substantiabenefit. For
example,it furtherreducegshe AND counton 7 out of the
42 ISCAS circuits,and9 out of the 28 GP circuits. It also
furtherreducesegistercounton4 GPcircuits. Thesereduc-
tions may be quite dramatic. For example,circuit I_IFPF
hasits AND and register count reducedby an additional
23.6% and15.0%, respectiely. Also, asillustratedin Fig-
urel, thistechniquealonemayprovide retimingreductions
evenwithout solving the retiming linear program. The GP
circuit L_.FLUSH is a recorvergentfeed-forward pipelined
circuit. Beforecalling the ILP solver to calculatean opti-
mal retiming, the optionsfor Columns3 and4 reducethe
registercountto 78 and38, respectiely.

We briefly discusshow combinationakimplificationand
on-the-flyretimingcanin somecasesurtregistercount.As
anexample,assumau andv aretwo functionally identical
yetdistinctvertices.Supposéehatall outedgesrom u have
aweightof one,andthoseof v have aweightof zero.It may
be thatby backwards-retimingu, we cansharetheretimed
registerswith registersin the fanin coneof u, decreasing
totalweightby one.However, if we mergeu andv together
we canno longerbackwards-retimethe new vertex dueto
thezero-weightutedgestherebyhurtingretimingresults.

As expected,iteration of combinationalsimplification
and retiming can provide dramaticfurther reductions;an
additional2.2% and8.4% on ISCAS,and6.5% and17.7%
on GPR, for AND vertex andregisterdecreaserespectiely.
Thesereductionsivereachieseswithin upto four iterations
onthelSCAScircuits (with anaveragenumberof iterations
for the optimal solutionof 2.7), andup to five iterationson
the GP circuits (with an averageof 3.0). The reportedre-
sultsin Column7 appliedon-the-flyretiming on 15 of the
42 ISCAS circuitsandon 13 of the 28 GP circuits. A par
ticularly interestingresultis thatan iteratedapplicationof
the presentedechniqueswith combinationalrestructuring
significantly outperformsan interleaved classicalretiming
approach.This demonstratethe overall power and poten-



Design Original Plain Retiming On-the-Fly Iterationof interleaved Previous
circuit retiming with retiming retimingandcombinationatestructuring results
[2] fanin with fanin (iterateduntil no furtherimprovements) [10/[17]
sharing sharing Plain Bestresultof CPUtime(sec) | (Numberof
retiming columns4 or 5 Memory (MB) Registers)
PROLOG 853/ 136 853/ 45 618/ 45 612/ 47 696/ 45 573/ 45 0.6/5.9 --
S1196 480/ 18 480/ 16 425/ 16 425/ 16 423/ 14 364/ 14 0.6/8.9 16/ -
S1238 533/18 533/ 16 474/ 16 474/ 16 469/ 14 418/ 14 0.6/11.1 17/ -
S1269 478137 478/ 36 427736 427136 445/ 36 399/ 36 0.6/12.1 -/-
S132071 3205/ 638 3205/ 389 2378/390 2510/ 415 1277/ 266 1164/ 267 4.1/28.3 -/-
S1423 507/ 74 507/72 399/72 407/ 73 461/ 72 395/72 0.6/7.9 72174
S1488 73416 73416 589/ 6 608/ 6 582/ 6 515/ 6 0.4/5.8 -/ -
S1494 746/ 6 746/ 6 601/6 620/ 6 626/ 6 555/ 6 0.5/6.8 --
S1512 484/ 57 484/ 57 448/ 57 449/ 57 470/ 57 449/ 57 0.4/6.8 -157
S1585Q01 3852/534 3852/ 495 3288/ 497 3361/514 2962/ 446 2779/ 460 45/25.1 --
S2081 7718 7718 61/8 63/8 70/8 61/8 0.2/6.6 --
S27 8/3 8/3 713 713 8/3 713 0.2/4.6 -/-
S298 125/14 125714 86/14 90/15 100/ 14 79/14 0.3/8.8 HE
S3271 1125/ 116 1125/ 110 1042/ 110 1090/ 111 1051/ 109 995/ 109 1.3/11.1 -/116
S3330 820/ 132 820/ 45 595/ 45 603/ 47 678/ 45 567/ 45 0.5/5.8 -/ -
S3384 1070/ 183 1070/ 72 1056/ 72 1057/ 72 1060/ 72 1038/ 72 1.1/6.8 -1147
S344 109/15 109/ 15 100/ 15 101/15 98/15 93/15 0.3/8.8 71-
S349 112/15 112/15 100/ 15 103/ 15 98/15 93/15 0.3/8.8 71-
S35932 12204/ 1728 | 12204/1728 | 11948/ 1728 | 11980/ 1728 9932/ 1728 9932/ 1728 12.0/119.3 --
S382 148/ 21 148/ 15 119/15 133/18 140/ 15 119/15 0.5/5.8 15/ -
S385841 13479/ 1426 | 13479/1416 | 11065/ 1375 | 11066/ 1415 | 11501/ 1372 10584/ 1374 28.3/137.9 -/-
S386 188/6 188/6 114/6 120/8 166/ 6 113/6 0.3/6.7 -/ -
S400 158/21 158/ 15 123/15 140/ 18 148/ 15 123/15 0.2/4.5 15/-
S4201 165/ 16 165/ 16 141/ 16 143/ 16 156/ 16 137/ 16 0.3/6.7 --
S444 169/21 169/ 15 142/ 15 143/ 16 155/15 141/15 0.2/4.5 15/-
S4863 1750/ 104 1750/ 72 1537/ 37 1528/ 37 1333/37 1249/ 37 2.0/14.8 -196
S499 187/22 187/22 168/22 146/ 22 187/ 22 134/20 0.4/8.9 -/-
S510 213/6 213/6 195/6 200/ 6 205/ 6 177/6 0.3/6.7 -/-
S526N 251/21 251/21 170/21 177122 200/ 21 164/ 21 0.2/4.6 -/ -
S5378 1422/ 179 1422/ 115 1242/ 114 1231/ 129 990/ 112 861/113 15/15.7 -/144
S635 190/ 32 190/ 32 187/ 32 188/ 32 103/32 69/ 32 0.2/4.5 --
S641 160/ 19 160/ 15 113/16 113/ 16 146/ 15 115/15 0.4/6.7 18/-
S6669 2263/ 239 2263/ 92 2211/ 92 2208/ 92 2196/ 75 2145/ 75 2.4/8.5 --
S713 174/ 19 174/ 15 121/16 121/ 16 149/ 15 115/15 0.4/8.9 --
S820 468/5 468/5 275/5 291/5 328/5 251/5 0.4/8.9 -/-
S832 482/5 48275 284/5 300/5 338/5 259/5 0.4/8.9 -/-
S8381 341/ 32 341/ 32 301/32 303/ 32 328/ 32 285/ 32 1.4/10.4 -/ -
S92341 2346/211 2346/ 172 1715/ 173 17771179 1497/ 154 1196/ 145 247171 -/-
S938 341/ 32 341/ 32 301/32 303/ 32 328/ 32 285/ 32 0.4/6.8 --
S953 348/ 29 348/ 6 313/6 306/7 334/6 294/ 6 0.5/8.9 --
S967 369/ 29 369/ 6 340/ 6 331/7 336/6 303/ 6 0.4/6.7 --
S991 299/19 299/ 19 283719 283719 297/19 283/ 19 0.3/4.6 -/-
[ % Reduction | 0.0/0.0 | 0.0/168 | 17.0/17.4 | 158/148 | 142/19.3 | 2547196 | [ |

Tablel: Retimingresultsfor the ISCAS89benchmarkgnumberof two-input AND vertices/numbeof registers).

tial of the presentecpproackor applicationsn functional
verificationandtechnologyindependeniogic synthesis.

8 Conclusionsand Futur e Work

In this paperwe presentedwo enhancement®r min-
arearetiming that are capableof significantlyreducingthe
registercountandsizeof thecombinationatircuitry by de-
partingfrom thetraditionalapplicationof retimingon static
circuit graphs. We discussedwo techniqueghat work on
an AND/INVERTER/REGISTER graph. On-the-flyretiming
providesanalgorithmthatappliesforwardretiming during
graphconstructiorandcanidentify sequentiallyredundant
circuit partswithout a significantcomputingoverhead.The
conceptof fanin registersharingdefersthe decomposition
of largeclustersof symmetricfunctionsuntil afterretiming.

A modifiedformulationof the retiming problemconsiders
all possibledecomposition®f such clustersand ensures
thatanoverall minimum numberof registersis achieved.

The mainfocusof this researchs to enhanceeachabi-
lity-basedverification[9] for whichmin-arearetimingis the
singleobjective. However, thesetechniquesreequallyap-
plicablein logic synthesido remove sequentiatedundang
in the technologyindependenphase.Our resultsindicate,
that the presentedetiming can achieve significantreduc-
tions of the circuit sizein termsof registercountandnum-
ber of combinationaates.In particulayr we demonstrated
that comparableaesultsare not achievable by classicalre-
timing on staticcircuit structuresappliedin aninterleavred
manneiwith combinationabptimization.

Future work in this areafocuseson improvementsof
thecombinedmodelingof retimingandcombinationabpti-



Design Original Plain Retiming On-the-Fly Iterationof interleaved
circuit retiming with retiming retimingandcombinationatestructuring
[2] fanin with fanin (iterateduntil no furtherimprovements)
sharing sharing Plain Bestresultof CPUtime (sec)
retiming columns4 or 5 Memory (MB)
CHIP-RAS 2686/ 660 2686/ 585 1961/ 491 1955/ 503 2050/ 489 1809/ 489 4.0/24.0
CORERAS 2297/ 431 2297/ 379 1891/ 370 2024/ 406 1723/ 340 1718/ 348 1.6/11.9
D_DASA 1223/ 115 1223/ 100 867/100 870/ 101 827/100 702/ 100 1.1/11.5
D_DCLA 10916/ 1137 10916/ 771 8177/ 750 10144/ 771 7683/ 750 7582/ 750 26.0/57.1
D_DUDD 1295/ 129 1295/100 1064/ 100 1070/ 100 1042/ 100 949/ 100 0.7/7.0
1_IBBC 388/ 195 388/ 42 190/ 40 200/ 39 203/ 42 166/ 36 0.5/8.0
I_IFAR 1202/ 413 1202/ 147 888/ 140 923/148 911/135 791/137 1.6/15.9
I_LIFEC 334/182 334/ 46 244] 45 259/ 46 283/ 46 216/ 45 0.6/9.1
I_IFPF 5896/ 1546 5896/ 705 4884/ 690 3491/ 458 2779/ 352 2571/ 353 451.9/ 66.6
L_.EMQ 981/ 220 981/ 88 677/ 86 748/ 88 818/88 570/ 69 1.0/9.3
L_EXEC 1618/ 535 1618/ 168 963/ 163 1074/ 197 914/ 136 693/118 2.5/15.3
L_FLUSH 893/159 893/5 43371 360/ 1 332/1 28271 0.6/8.0
L_LMQ 1407471876 | 14074/1196 | 11224/1193 | 11552/1205 | 5321/429 4067/ 241 102.4/95.0
L_LRU 581/237 581/94 436/ 94 432/94 465/ 94 394/94 1.2/115
L_PNTR 1453/ 541 1453/ 245 1217/ 245 1240/ 245 1349/ 245 1169/ 245 2.6/19.6
L_-TBWK 1160/ 307 1160/ 125 754/ 125 637/119 2747 40 146/ 40 1.0/9.4
M_CIU 4550/ 777 4550/ 459 3016/ 415 3078/ 436 2650/ 381 2305/ 349 5.4/ 46.7
S.SCU1 1520/ 373 1520/ 212 1076/ 200 1089/ 202 1169/ 190 938/ 184 3.6/13.1
S.SCU2 8560/ 1368 8560/ 640 5640/ 563 5115/ 575 3862/ 432 3178/ 411 105.3/61.1
V_CACH 753/173 753/ 103 435/ 97 558/113 381/94 347/ 97 0.8/145
V_DIR 554/178 554/87 345/84 243/ 49 145/ 45 124/ 43 0.6/11.2
V_L2FB 120/ 75 120/ 26 96/ 26 96/26 85/ 26 63/26 0.3/6.7
V_SCR1 826/150 826/95 392/ 52 393/ 52 329/49 298/ 48 0.6/9.0
V_SCR2 2563/ 551 2563/ 458 1084/ 86 1061/ 89 511/82 479/ 82 1.4/13.9
V_SNPC 78793 78721 64/21 64/21 54721 42/21 0.3/8.9
V_SNPM 2421/ 1421 2421/ 241 1672/ 237 1671/ 237 1692/ 220 1080/ 179 18.6/42.1
W_GAR 2107/ 242 2107/ 93 1388/ 81 1549/ 121 1731/ 84 1255/ 75 1.7/83
W_SFA 471/ 64 471/ 42 291/42 291/ 42 311/41 260/41 0.5/9.0
[ % Reduction | 0.0/0.0 | 0.0/50.1 | 31.6/554 | 31.3/54.8 | 38.7/60.6 | 49.3/619 | |

Table2: Retimingresultsfor selectedBM GigahertzZProcesso(GP)circuits.

mization. Further we wish to investigatethe applicationof
the AND/INVERTER/REGISTER graphfor sequentiaéqui-
alencechecking.
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