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Abstract

Physicalsynthesisis a relatively young�eld in ElectronicDesignAutomation. Many
publishedoptimizationsfor physicalsynthesisenduphurtingthequalityof the�nal design,
oftenbecausethey neglect importantphysicalaspectsof the layout,suchaslong wiresor
routing congestion.Our work de�nes andexploresthe conceptof physicalsafenessand
evaluatesempiricallyits impacton routelength,via countandtiming. In addition,wepro-
posea new physicallysafeand logically soundoptimization,calledSafeResynth,which
providesimmediately-measurableimprovementswithout alteringthe design's functional-
ity. SafeResynthcanenhancecircuit timing without detrimentaleffectson route length
andcongestion.We achieve theseimprovementsby performinga seriesof netlist trans-
formationsand re-placementsthat are individually evaluatedfor logical soundness(that
is, they do not alter the logic functionality)andfor physicalsafeness.Whenusedalone,
SafeResynthimprovescircuit delayof IWLS'05 benchmarksby 11%onaverageafterrout-
ing, while increasingroutelengthby lessthan0.2%. Sincetransistorsarenot affectedby
SafeResynth,it canalsobe appliedto post-silicondebugging,whereonly metal�x esare
possible.1

Keywords: Circuit optimization,physicalsynthesis,post-silicondebugging, metal�x

1 Intr oduction

Circuit timing optimizationof digital logic is gainingimportancewith eachtechnologystep,as

interconnectcontributesa largerfractionof critical-pathdelaydueto its poorscaling.Sinceac-

curatetiming informationcanonly beobtainedafterthecircuit hasbeenplaced,post-placement

1A preliminary versionof this work hasbeenpresentedat ASPDAC'07. New contributions in the current
manuscriptinclude: (1) a thoroughdiscussionof the conceptof physicalsafeness;(2) experimentsto explore
the factorsthat affect the safenessof a physicalsynthesistechnique;and(3) a new applicationfor post-silicon
debuggingandmetal�x.
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timing optimizationhasbeenstudiedextensively. Most techniqueseithermodify the logic or

changethephysicalaspectsof thecircuit [11]. Physical-level solutionsincludenetbuffering,

gatesizing [18] and gaterelocation[1]. Logic-level solutionsinclude gatereplication[14],

rewiring [7, 9] andrestructuring[6, 20, 23, 26]. Physicalsynthesiscommonlyencompasses

thosetechniqueswhichstriveto improvecircuit timing usingplacementor routinginformation.

A numberof previouspublicationson physicalsynthesisdo not actuallyprovide anoverall

improvementbecausewhenoptimizingoneaspectof thedesign,they negatively impactother

aspects.For instance,logic replicationmay increaseareaand route length, which, in turn,

may generatecritical-pathnetslonger thanexpected[14]. Indiscriminatebuffering may also

createmany gateoverlaps,leadingto potentially detrimentaleffects on circuit timing when

suchoverlapsare�nally resolved[21]. A numberof recentpublicationsaddresspreciselythe

issueof stability in physicalsynthesisoptimizations.For example,Li et al. [21] proposean

incrementalplacementalgorithmwhichmaintainsthestabilityof placementfor gatesizingand

buffer insertion,while Luo et al. [24] andBrenneret al. [4] addressthis sameproblemby

designinglegalizertoolsthatseekto preserveperformancemetrics.However, theseapproaches

tendto breakdown in laterstagesof physicaldesign,whencircuitsareheavily optimized. In

thesestages,layouttransformationsaremorelikely to causeunexpectedeffectsanddestabilize

thepreviouslyperformedoptimizations.

In our work we addressthis stability problemusinga novel approach:insteadof applying

changesthatmaydestabilizea layoutandthencorrectingroutingor overlapproblemslater, we

seekandpursueonly transformationsthatpreserve theoriginal layoutasmuchaspossible.To

this end,we de�ne andexplore what we call physicallysafenetlist transformations— those

thatdonotcreatecell overlapsandthusprovideimmediately-measurableimprovementsateach

step. As indicatedby our empirical results,thesetransformationsproducemorepredictable

improvementsandno detrimentaleffectson othercircuit parameters.In addition,they do not

con�ict with any otherexisting design�o w andcanbeusedbeforeor afterothertransforma-

tions, including “unsafe” ones. In the past,safetransformationshave beenlargely neglected

becausethey offeredvery little improvement[7]. However, we found that the extent of the

improvementdependsentirelyon thepool of transformationsavailable. To �nd suchtransfor-

mationseffectively, we proposea technique,calledSafeResynth,which is basedon simulation

anditerativeequivalencechecking.By broadeningthesetof transformationsandapplyingthem
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in a safeway, we show thatwe canimprovecircuit timing with very little risk of destabilizing

anexistingdesign�o w or hamperingtiming closure,acommonproblemof traditionalphysical

synthesistechniques.As anillustrativeexample,Figure1 shows two possibletransformations

which SafeResynthwould propose.In Figure1(a), the signal that drivesg8 is resynthesized

usinggateslocatedcloserto it, andanew gateis addedto replacetheold g6, leadingto shorter

connectingwiresandhencebettertiming delayfor g8. In Figure1(b),thelongconnectionfrom

g6 to g8 is removedandg8 is now drivenby thenew gateasbefore,howeverin thisexampleg6

still drivesgateg1. Notethatnoneof thenew gatesoverlapwith old gates,andtheirplacement

is locatedon previously unusedlocations.Empiricalresults,reportedin Table3, show thatour

techniquecanimprove delayby 11%on averagewhile routelengthandvia countincreaseby

lessthan 0.2%. To further investigatea broadrangeof aspectsthat may affect the safeness

of a physicalsynthesistechnique,we conductedseveral experimentsusingSafeResynthwith

variouslayoutcon�gurationsanddelaymodels.Our resultsshow thatdelayimprovementafter

routingmaybeconsiderablydifferentfrom theoneestimatedbeforerouting. To alleviate this

problem,safetechniquesshouldbe used.Alternatively, moreaccuratedelaymodelscanalso

improvethestabilityof agivenoptimizationtechnique.

(a) (b)

Figure1: Exampletransformationsfor row-basedstandard-celllayout: (a) resynthesizedgate
new replacesg6 to driveg8, (b) gatecloningusesresynthesizedgatenew to driveg8, while the
originaldriverg6 continuesto driveg1.

Anotherimportantapplicationof safephysicalsynthesistechniquesis post-silicondebug-

ging [16]. In post-silicondebugging,oncethe root causeof a bug hasbeenidenti�ed, a Fo-

cusedIon Beam(FIB) edit canbe performedto implementthe �x on the metal layersof the

chip. Beingableto implementthe�x beforethenext tape-outallows engineersto validatethe

correctnessof the �x andcanreducethe overall numberof respins. However, FIB canonly

changemetallayersof a chip andcannotcreateany new transistors.As a result,this technique

is often calledmetal �x . Due to this limitation, spare cells (cells that arenot usedin the de-
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sign) areusuallypre-placedin a layout so that they canbe connectedthroughFIB to correct

a bug. Existing physicalsynthesistechniques,however, rarely focuson this application. To

this end,we observe thatphysicallysafetechniquesareespeciallysuitablefor exploring metal

�x opportunitiesbecausethey produceminimal perturbationof the layout, and,in particular,

SafeResynthcanbeappliedto post-silicondebuggingby usingthesesparecells.

The restof this paperis organizedas follows. In Section2 we describethe conceptsof

physicalsafeness,andthenreview previouswork onphysicalsynthesis.Wethenproposeanew

powerful, safeandsoundphysicalsynthesisapproachin Section3. Experimentalresultsare

reportedin Section4, andSection5 concludesthispaper.

2 Safenessof PhysicalSynthesisTechniques

Existing techniquesfor post-placementtiming optimizationvary in strengthanddiffer in how

they affect gatelocations[11]. We usetheterm“physicalsafeness”to describetheir impacton

placement.In this section,we �rst describesafenessin detail. After that,we introduceseveral

physicalsynthesistechniquesandanalyzetheiroptimizationcapabilitiesandsafeness.

2.1 Physical Safeness

The conceptof physicalsafenessis usedto describethe impactof an optimizationtechnique

on the placementof a circuit. Physicallysafetechniquesonly allow legal changesto a given

placement;therefore,accurateanalysissuchastiming andcongestioncanbeperformed.Such

changesaresafebecausethey canberejectedimmediatelyif thelayoutis not improved.Onthe

otherhand,unsafetechniquesallow changesthatproducea temporarilyillegalplacement.As a

result,their evaluationis delayed,andit is not possibleto reliably decideif thechangecanbe

acceptedor mustberejecteduntil later. Therefore,theaveragequality of unsafechangesmay

beworsethanthatof acceptedsafechanges.In addition,otherphysicalparameters,suchasvia

count,maybeimpactedby unsafetransformations,ascanbeseenfrom Table7.

2.2 Physically SafeTechniques

Symmetry-basedrewiring is theonly timing optimizationtechniquethat is physicallysafein

nature. It exploits symmetriesin logic functions,looking for pin reconnectionsthat improve
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timing [7]. For example,theinputsto anAND gatecanbeswappedwithout changingits logic

function.Sinceonly wiring is changedin this technique,theplacementis alwayspreserved.An

exampleof symmetry-basedrewiring is givenin Figure2(a).

Theadvantageof physicallysafetechniquesis thattheeffectsof any changeareimmediately

measurable,thereforethe changecanbe acceptedor rejectedreliably. As a result,delaywill

not deteriorateafteroptimizationandno timing convergenceproblemwill occur. However, the

improvementgainedfrom thesetechniquesis often limited becausethey cannotaggressively

modify the logic or uselarger-scaleoptimizations. For example,in [7] timing improvement

measuredbeforerouting is typically lessthan10%. To this end,our experimentalresultsin

Section4 show thatpost-routingtiming improvementsmaynot matchpre-routingresultsand

mustbeevaluateddirectly.

2.3 Physically UnsafeTechniques

Traditionalphysicalsynthesistechniquesarephysicallyunsafebecausethey createcell overlaps

andthusprevent immediateevaluationof changes.Althoughsomeof thesetechniquescanbe

appliedin a safeway, they may losetheir strength.It follows thatexisting physicalsynthesis

toolsusuallyrely on unsafetechniques,planningto correctpotentiallyillegalchangesafterthe

optimizationphaseis complete.A classi�cationof thesetechniquesandtheir impacton logic

arediscussedbelow. Methodsto make thesetechniquessafearealsodescribed.

Gate sizing and buffer insertion aretwo importanttechniquesthat areextensively used,

asshown in Figure2(b)andFigure2(d). Gatesizingchoosesthesizesof thegatescarefullyso

that signaldelayin wirescanbebalancedwith gatedelay, andgateshave enoughstrengthto

drive thewires. Buffer insertionaddsbuffers to drive long wires. Thework by Kannanet al.

[18] is basedon thesetechniques.To make buffer insertionphysicallysafe,onewould allow

insertingbuffers only in overlap-freesites[3]. Similarly, gatesizing canbe madephysically

safeif it is performedonly whentheresizedgatedoesnotoverlapany othergate.

Gate relocation movesgateson critical pathsto betterlocationsin orderto shortenwire-

lengthandoptimizetiming. An exampleof gaterelocationis given in Figure2(c). Ajami et

al. [1] utilize this techniqueby performingtiming-drivenplacementwith global routinginfor-

mationusingthenotionof movableSteinerpoints.They formulatethesimultaneousplacement

androuting problemasa mathematicalprogram.The programis thensolvedby Han-Powell
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method.To make gaterelocationphysicallysafe,onemustplacetherelocatedgateon unused

sites.

Gate replication is anothertechniquethat can improve circuit timing. ConsiderFigure

2(e) for example,by duplicatingg5, thedelayto g1 andg9 canbereduced.Hrkic et al. [14]

proposea placement-coupledapproachbasedon suchtechnique.Givena placedcircuit, they

�rst extractreplicationtreesfrom thecritical pathsaftertiming analysis,andthenthey perform

embeddingandpost-uni�cationto determinethegatesthatshouldbeduplicatedandtheir loca-

tions.Sinceduplicatedgatesmayoverlapwith existinggates,at theendof theprocess,aphase

of timing-driven legalizationis applied. Although their approachimprovestiming by 1-36%,

it also increasesroute lengthby 2-28%. Gatereplicationcanbe madephysicallysafeif the

duplicatedgatesarealwaysplacedon unoccupiedsites.

(a)Symmetry-basedrewiring. (b) Gatesizing.

(c) Gaterelocation. (d) Buffer insertion.

(e)Gateduplication.

Figure 2: Several distinct physicalsynthesistechniques.Newly-introducedoverlapsare re-
movedby legalizersaftertheoptimizationphasehascompleted.

Traditional rewiring techniquesbasedon additionor removal of redundantwiresarenot

physicallysafe. The basicideais to addoneor moreredundantwires to make a target wire

redundantsothatit becomesremovable.Sincegatesmustbemodi�ed to re�ect thechangesin
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wires,cell overlapsmayoccur. To make suchtechniquesphysicallysafe,changesthat create

cell overlapsmustberejected.Thework by Changetal. utilizesthis techniqueusinganATPG

(AutomaticTestPatternGeneration)reasoningapproach[9].

Traditional restructuring focusesondirectingthesynthesisprocessusingtiming informa-

tion obtainedfrom aplacedor routedcircuit. It is moreaggressivein thatit maychangethelogic

structureaswell astheplacement.Therefore,ensuringits physicalsafetyis moredif�cult. For

example,new cell locationscannotbe evaluatedreliably for technology-independentrestruc-

turing unlesstechnologymappingis alsoperformed.Moreover, restructuringtechniquesbased

on technology-independent(unmapped)netlistsarelikely to beunsafebecausetheperformed

optimizationsmaydistorta givenplacedcircuit. As a result,theeffectsof thechangesarenot

immediatelymeasurable.In otherwords,the delayafter optimizationmay be worsethanbe-

fore. Althoughcarefullydesignedtechniquescanbeusedto alleviatethisproblem[20, 21, 24],

it is dif�cult to be eliminatedaltogether. The strengthand safenessof thesetechniquesare

summarizedin Table1.

Techniques Physical Optimization
safeness range

Symmetry-basedrewiring Safe Local
SafeResynth(this work) Safe Medium
ATPG-basedrewiring, buffer insertion, Unsafe� Local
gatesizing,gaterelocation
Gatereplication Unsafe� Medium
Restructuring Unsafe Large-scale

Table1: Comparisonof physicalsynthesistechniquesin termsof physicalsafenessandopti-
mizationrange.� Note: someof thesetechniquescouldbemadesafebut popularimplementa-
tionsusethemin anunsafefashion,allowing gateoverlap.

3 A NewPowerful and SafePhysicalSynthesisApproach

Oursafephysicalsynthesisapproach,SafeResynth,is discussedin detail in thissection.It uses

signaturesproducedby simulationto identify potentialresynthesisopportunities,whosecor-

rectnessis thenvalidatedby equivalencechecking[27]. Thelogicalsoundnessof theoptimiza-

tions is guaranteedby the equivalencecheckingvalidationstep. In otherwords,SafeResynth

will notproducenetlistmodi�cationsthatcorruptthecircuit's functionalcorrectness.Sinceour
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goalis layoutoptimization,wecanprunesomeof theopportunitiesbasedontheir improvement

potentialbeforeformally verifying them.To this end,weproposepruningtechniquesbasedon

physicalconstraintsand logical compatibilityamongsignatures. SafeResynthis powerful in

thatit doesnot restrictresynthesisto smallgeometricregionsor smallgroupsof adjacentwires.

It is safebecausethe placementproducedis alwayslegal andthecircuit improvementcanbe

evaluatedimmediately. In thiswork, wediscusstheapplicationof SafeResynthfor timing opti-

mization,but our solutioncanalsobeusedto optimizeothercircuit parameters,suchaspower

or reliability. In addition,it maybeappliedto post-silicondebuggingfor timing-violationre-

pair. A preliminaryversionof theSafeResynthsolutiondiscussedin this sectionwaspresented

in [8].

3.1 Terminology

We de�ne a signature asa bit-vectorof simulatedvaluesof a wire. Giventhe signaturest of

a wire wt to be resynthesized,anda certaingateg1, a wire w1 with signatures1 is saidto be

compatiblewith wt if it is possibleto generatest usingg1 with signatures1 asoneof its inputs.

In otherwords,it is possibleto generatewt from w1 usingg1. For example,if s1 = 1, st = 1

andg1 = AND, thenw1 is compatiblewith wt usingg1 becauseit is possibleto generate1 on

anAND' soutputif oneof its inputsis 1. However, if s1 = 0, thenw1 is not compatiblewith wt

usingg1 becauseit is impossibleto obtain1 on anAND' s outputif oneof its inputsis 0 (see

Table2).

A controlling valueof a gateis thevaluethatfully speci�esthegate's outputwhenapplied

to oneinputof thegate.For example,0 is thecontrollingvaluefor AND becausewhenapplied

to the AND gate, its output is always 0 regardlessof the value of other inputs. When two

signaturesareincompatible, thatcanoftenbetracedto a controlling valuein somebits of one

of thesignatures.

3.2 SafeResynthFramework

The SafeResynthframework is outlined in Figure 3, and an exampleis shown in Figure 4.

Initially, l ibrary containsall thegatesto beusedfor resynthesis.We �rst generatea signature

for eachwire by simulatingcertaininput patterns,whoseselectionwill be discussedin detail

in Section3.4. In orderto optimizetiming, wiret in line 2 will be selectedfrom wireson the
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critical pathsin the circuit. Line 3 restrictsour searchof potentialresynthesisopportunities

accordingto certainphysicalconstraints,andlines4-5 furtherpruneoursearchspacebasedon

logical soundness.After a valid resynthesisoptionis found,we try placingthegateon various

overlap-freesitescloseto a desiredlocation in line 6 andchecktheir timing improvements.

In this process,morethanonegatemaybeaddedif therearemultiple sinksfor wiret , andthe

originaldriverof wiret maybereplaced.Wethencall equivalencecheckingusingtheinputcone

of thenew signalwhenwe foundcertainchangesthat improve timing. In line 10 we remove

redundantgatesandwires thatmayappearbecausewire0
ts original driver mayno longerdrive

any wire, which ofteninitiatesachainof furthersimpli�cations.

1. Simulatepatternsandgenerateasignaturefor eachwire.
2. Determinewiret to beresynthesizedandretrievewiresc from thecircuit.
3. Prunewiresc accordingto physicalconstraints.
4. Foreachgate2 l ibrary with inputsselectedfrom combinationsof compatible

wires2 wiresc.
5. Checkif wiret 's signaturecanbegeneratedusinggatewith its inputs' signatures.

If not, try next combination.
6. If so,do restructuringusinggateby placingit onoverlap-freesitescloseto the

desiredlocation.
7. If timing is improved,checkequivalency. If notequivalent,try next combination

of wires.
8. If equivalent,avalid restructuringis found.
9. Usetherestructuringwith maximumdelayimprovementfor resynthesis.

10. Identify andremovegatesandwiresmaderedundantby resynthesis.

Figure3: TheSafeResynthframework.

3.3 Search-SpacePruning Techniques

In order to resynthesizea target wire (wiret ) usingan n-input gatein a circuit containingm

wires,thebruteforcetechniqueneedsto check
� m

n

�
combinationsof possibleinputs,whichcan

beverytime-consumingfor n > 2. Thereforeit is importantto prunethenumberof wiresto try.

Whentheobjective is to optimizetiming, thefollowing physicalconstraintscanbeusedin

line 3 of theframework: (1) wireswith arrival timelaterthanthatof wiret arediscardedbecause

resynthesisusingthemwill only increasedelay;and(2) wires that aretoo far away from the

sinksof wiret areabandonedbecausethewire delaywill be too large to bebene�cial. We set
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Figure4: A restructuringexample.Inputvectorsto thecircuit areshown on theleft. Eachwire
is annotatedwith its bit-signaturecomputedby simulationon thosetestvectors. We seekto
computesignalw1 by a differentgate,e.g.,in termsof signalsw2 andw3. Two suchrestruc-
turingoptions(new gates)areshown asgn1 andgn2. Sincegn1 producestherequiredsignature,
equivalencecheckingis performedbetweenwn1 andw1 to verify thecorrectnessof this restruc-
turing. Anotheroption,gn2, is abandonedbecauseit fails our compatibilitytest.

thisdistancethresholdto twice theHPWL (Half-PerimeterWirelength)of wiret .

In line 4 logical compatibility is usedto prunethe wires that needto be tried. Wires not

compatiblewith wiret usinggateareexcludedfrom oursearch.Table2 summarizeshow com-

patibilities aredeterminedgivena gatetype, the signaturesof wiret andthe wire to be tested

(wire1).

Gatetype wiret wire1 Result
NAND 0 0 Incompatible
NOR 1 1 Incompatible
AND 1 0 Incompatible
OR 0 1 Incompatible

XOR/XNOR Any Any Compatible

Table2: Conditionsto determinecompatibility: wiret is thetargetwire, andwire1 is thepoten-
tial new inputof theresynthesizedgate.

To acceleratecompatibility testing,we usethe “one-count”, i.e., the numberof 1s in the

signature,to �lter out unpromisingcandidates.For example,if gate==OR andthe one-count

of wiret is smallerthanthatof wire1, thenthesetwo wiresareincompatiblebecauseOR will

only increaseone-countin the target wire. This techniquecan be appliedbeforebit-by-bit

compatibilitytestto detectincompatibilityfaster.

Ourprunedsearch algorithmthatimplementslines4-5of theframework is outlinedin Fig-

ure5. Thealgorithmis speci�cally optimizedfor two-inputgatesbut canbeextendedto gates

with morethantwo inputs.Wiret is thetargetwire to beresynthesized,wiresc arewiresselected
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accordingto physicalconstraints,andl ibrary containsgatesusedfor resynthesis.All wiresin

the fanoutconeof wiret are excludedin the algorithm to avoid formation of combinational

loops.

Functionprunedsearch(wiret;wiresc; l ibrary)
1 foreachgate2 l ibrary
2 wiresg = compatible(wiret;wiresc;gate);
3 foreachwire1 2 wiresg
4 wiresd = get potential wires(wiret;wire1;wiresg;gate);
5 foreachwire2 2 wiresd
6 Restructureusinggate, wire1 andwire2;

Figure5: The prunedsearch algorithm.

In Figure 5, function compatible returnswires in wiresg that are compatiblewith wiret

given gate. Functionget potential wiresreturnswires in wiresd that arecapableof generat-

ing thesignatureof wiret usinggate andwire1, andits algorithmis outlinedin Figure6. For

XOR/XNOR, thesignatureof theotherinput canbecalculateddirectly, andwireswith signa-

turesidenticalto thatsignaturearereturnedusingthesignaturehashtable.For othergatetypes,

signaturesarecalculatediteratively for eachwire (denotedaswire2) usingwire1 asthe other

input,andthewiresthatproducesignatureswhichmatchwire0
ts arereturned.

Functionget potential wires(wiret;wire1;wiresg;gate)
1 if (gate== XOR/XNOR)
2 wiresd= sig hash[wiret:signatureXOR/XNORwire1:signature];
3 else
4 foreachwire2 2 wiresg
5 if (wiret :signature== gate:evaluate(wire1:signature;wire2:signature))
6 wiresd = wiresd [ wire2;
7 returnwiresd;

Figure6: Algorithm for function get potential wires. XOR/XNOR is consideredseparately
becausetherequiredsignaturecanbecalculateduniquelyfrom wiret andwire1.

The effectivenessof our search-spacepruning techniquesis supportedby our empirical

results. For example,in the worst case(MEM CTRL) 7,560equivalencecheckingstepsare

performedduringresynthesis.However, it is far smallerthanthenumberof resynthesisoptions

in the searchspace(about1 billion), indicating that our techniquesare effective in pruning

unpromisingresynthesisopportunities.

11



3.4 Implementation Insights

In our implementation,we selectdesiredlocationsfor placingthe restructuredgateswith the

following criterion: the �rst 200 overlap-freeslots closestto the CenterOf Gravity (COG)

of the new gate's input andoutputwires' COG.Although betterinitial guessesmay exist for

desiredlocationsthantheCOG,they arenot necessarybecausea fairly largenumberof valid

locationswill beevaluatedrigorously. As a result,having anextremelyaccurateinitial guessis

notnecessaryto �nd theactualbestlocation.

The performanceof our algorithm is greatly in�uenced by the quality of the signatures

generatedby simulation. Poorsignaturescannotdistinguishmany differentwires andrequire

additionalcalls to equivalencechecking.On theotherhand,potentiallyresynthesizablewires

canusuallybedistinguishedfrom thosenot resynthesizableif their signaturesaredifferent. In

light of this, we enhancedtheFRAIG packagein ABC [27] to dumpits patternsandusethem

for our initial simulation.Thepurposeof thepatternsin ABC is to distinguishdifferentnodes

in theAIG (And-InverterGraphs)netlistbuilt from thecircuit, thereforethey arealsosuitable

for generatingsignaturesthatcandistinguishdifferentwires. In particular, if theFRAIG pack-

ageis run with in�nite backtracklimit, at leastonesimulationvectorwill exist to distinguish

every two nodes.Currently, FRAIGs �rst simulate2048randompatterns.Next, they append

thecounterexamplesreturnedduringequivalencecheckingandtheir variantsasadditionalsim-

ulationpatterns.

Despiteourefforts to generatehigh-qualitysignatures,ill-behavedsignaturesstill exist and

may renderour simulation-basedtechniquesineffective. For example,a wire with an all-1

signaturecan generatea target wire with an all-1 signatureusing any wire throughan OR

gate. The samehappensto NOR, AND andNAND gates,but not to XOR andXNOR gates.

This problemarisesbecausethegatebeingtried is controlledby oneof its inputs. Whenthis

happens,only equivalencecheckingcanverify thecorrectnessof resynthesisinvolving the ill-

behaved wire. Needlessto say, most suchresynthesisopportunitiesare invalid, making the

time spentto verify themworthless.Thereforein our implementation,we abandonresynthesis

opportunitieswith the numberof uncontrolledbits (bits in the signaturewith non-controlling

valueof the gate)smallerthan4, makingsurethat simulation-basedtechniqueshave enough

chanceto pruneimpossiblecombinationsof wires.
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3.5 Analysisof Our Approach

Severalaspectsof our approacharediscussedin this subsection,includingits scalability, opti-

mizationpower, safeness,advantagesandlimitations.

Scalability: supposethat therearem wires in thecircuit andg n-input gatesareusedfor

resynthesis,thenthe worst casetime complexity of our resynthesisalgorithmis on the order

of g� mn if n � m=2. However, by usingphysicalconstraintsandlogical pruningtechniques,

as well as several other heuristics,the time complexity is reducedsigni�cantly in practice.

From our experimentalresults,we observe that the runtimeis somewherebetweenlinear and

quadraticfor n = 2. For example,a netlistwith almost100K netscanbe resynthesizedin 24

minutes(seethelargestbenchmarkin Table3).

Aside from runtime, the useof signaturesinsteadof other logic representations,suchas

BDDs,makesourapproachmorescalablein termsof memoryusage.For example,comparable

methodsto �nd resynthesisopportunitiesin [13, 22] areevaluatedfor at most5K gatesat a

time,whereasour techniquestypically handle100K-gatecircuitsin minutes.Commercialtools

oftenuseBDDs but achieve scalabilityby meansof (i) netlistpartitioning,and(ii) restricting

logic optimizationto small windows. To this end,our main contribution is a relatively sim-

ple framework that is fastandnaturallyscalesto large designswithout netlist partitioningor

windowing.

Optimization power and safeness:our resynthesistechniquetries to reproducea signal

usinggatesin the library with new inputsselectedfrom the whole circuit, thereforeit is es-

sentiallya form of technologymapping.Sincethe selectionis not limited by small windows

like in previousrestructuringtechniques[6], it is capableof exhaustively �nding optimizations

that may be long-range.This is importantin later stagesof physicalsynthesisbecausemost

short-rangeoptimizationopportunitiesmay have beenexploited. In addition, the exhaustive

natureof SafeResynthalsoallows usto �nd optimizationsthatmostresynthesistechniquesdo

not consider. For example,the optimizationshown in Figure7 typically cannotbe found by

synthesistools becauseit usesan additionallevel of logic to generatesignalA that is already

available;however, this opportunitycanbe exploited by SafeResynthbecauseit exhaustively

triesall possiblecombinationsof wiresandgates.Furthermore,sincesignaturesimplicitly en-

codecontrollability don't-cares,thesedon't-caresareautomaticallyutilized in our techniques

by construction,giving our techniquemoreoptimizationpower to �nd restructuringopportuni-
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ties.

(a)

(b)
Figure7: SafeResynthexample.Theoriginalcircuit is shown in (a),andw is onthecritical path
(a buffer is alreadyinsertedto improve its signalpropagation).Theoptimizedcircuit is shown
in (b), wherea new gateg4 is insertedby SafeResynth.Thedelayis improvedin (b) because
wire A hassigni�cantly smallerload;therefore,signalpropagationto g1 andg2 becomesfaster,
resultingin bettertiming for w eventhoughnew gatedelaysareintroduced.This optimization
typically cannotbe foundby traditionalresynthesistechniquesbecauseanextra level of logic
is used.

Whenwe try to resynthesizea wire, we areeithertrying to remove a gateanddrive all the

relevant sinksby a new gateor to speedup the propagationof the signal to the sinksof the

wire. The former casesubsumessimplegaterelocation,gaterelocationthat simultaneously

changesgatetype,andalsoseveraltypesof traditionalrestructuring.Thelattercasesubsumes

single-gatelogic replication,includingthepossibilityof gaterelocationandchangingthegate

typeimmediatelyaftercloning.

All our transformationsarephysicallysafein that no gateswill be overlappedby our op-

timization. They alsohave limited effect on congestionbecausegatesmay be removed after

eachtransformation,makingwhitespacealmostequalor evenbetterafterresynthesis.Further-

more, it is easyto veto transformationsthat violate designer-speci�ed constraintsor worsen

designer-speci�ed quality metrics,e.g.,involve wirescrossingobstacles,increasegateareaor

aggravateroutingcongestion.By makingsurethatevery transformationimprovesmajorqual-

ity metricswithout introducingnew violations,we ensurethat our resynthesistechniquesare

physicallysafe.On theotherhand,by subsumingandgeneralizingseveralexisting techniques
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they achieveconsiderablestrengthin practice.

As far aslimitations go, we observed that our techniquedoesnot improve standardarith-

metic circuitsbecausethey arealreadyheavily optimized. Nonetheless,our techniquecanbe

veryhelpful for largenetlistsautomaticallysynthesizedfrom HDL descriptions.

4 Experimental Results

We implementedour techniquesin C++ includinga simpleincrementalStaticTiming Analy-

sis (STA) enginefor our experiments.In our benchmarks,gatedelaysrangefrom 0.025nsto

0.15ns,theunit capacitanceis 131.53pF=m andunit resistanceis 337KW=m. Thedriver resis-

tancerangesfrom 2.5KWto 10KW, andthe port capacitanceis 0.0149pF. Theseparameters

arebasedon a 0.18µm technologylibrary, andwe expectgreaterimprovementsaswire delays

becomemoresigni�cant in newer technologies.Weusethreenetdelaymodels.Thestarmodel

from [25] appliesElmoreformulasto a startopologywith thestarpoint placedat thecenterof

gravity of all pins. OthermodelsusetheD2M formulasfrom [2], andwe apply themto Rec-

tilinear SteinerMinimal Trees(RSMTs)generatedby the FLUTE package[10]2 or to actual

net routesproducedby an industryrouter. We performour optimizationsusingSTA engines

basedon thestarmodelandRSMT, andwe routetheresynthesizedlayoutto measurethe�nal

timing basedon actualnetroutes.We observe thatSTA basedon RSMTsprovidesmuchmore

accuratetiming estimationthanthestarmodel,andthesimplerstarmodelhaspoorcorrelation

with theroutedtiming. Thereforewereportprimaryresultsbasedon RSMTsin thispaper, and

reportresultsbasedon thestarmodelonly for comparison.

Our hardwareplatformis anAMD Opteron880workstationrunningFedora4 Linux. Our

experimentsusethemin-cutplacerCapo10fromtheUniversityof Michigan[5], theNanoRoute

4.1routerfrom Cadence,andtheFLUTE RSMTpackagefrom GSRCBookshelf[10]. Simula-

tion patternsaregeneratedby theABC packagefrom UC Berkeley [27], andall transformations

areveri�ed by anexternalequivalencecheckerbasedon theMiniSatSAT solver [12].

Our initial testcasesareselectedfrom IWLS 2005benchmarks[28], wherethedesignuti-

lization is 70%, but for experimentsin Table6 we varied the amountof whitespace.These

benchmarksbelongto the following suites:OpenCores(SPI,DES AREA, TV80, SYSTEM-

2Minimal Steinertreessometimesprovide unnecessarilylargesource-to-sinkdelays,andour framework can
usea drop-inreplacementfor timing-drivenSteinertrees.
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CAES,MEM CTRL,AC97,USB,PCI,AES,WB CONMAX, EthernetandDES PERF),Fara-

day (DMA), ITC99 (b14, b15, b17, b18 andb22) and ISCAS89(s35932ands38417). The

benchmarksin the OpenCoressuiteareproducedby a quick synthesisrun of CadenceRTL

Compiler, andall the benchmarksaremappedto a 0.18µm library. Our currentimplementa-

tion canonly generatetwo-input NAND, NOR, AND, OR andXOR gates.In particular, if a

three-inputgatecanbereplacedby a two-inputgate,our techniquewill �nd this restructuring

opportunity. Althoughthenetlistsusedin ourexperimentshavemulti-inputcells,suchasAOI,

we do not needto breakthemdown into smallercells. Multiple gatecloning is not yet sup-

portedin the currentimplementation.As a result,areautilization remainsroughly the same

afterresynthesisis performed.

Figure8: Flow chartof our resynthesisexperiments.

The�o w of our experimentsis summarizedin Figure8. Threeiterationsof theresynthesis

arecarriedout for eachrun,andthemaximumnumberof resynthesisattemptsfor eachwire is

limited to 1,000to furtherreduceruntime.Characteristicsof thebenchmarksandourempirical

resultsaresummarizedin Table3, wherethenumbersareaveragesoverthreeindependentruns.

Evaluation of SafeResynth: from the resultsshown in Table3, we observe that our ap-

proachis effective in reducingthe delay for mostof the benchmarkswith minor increasein

total routelength,andsometimesit evenresultsin routelengthreduction.Theaveragedelay

improvementis 12%beforeroutingand11%afterrouting,while theroutelengthandvia counts

increaseby lessthan0.2%on average.This is remarkable,comparedto the resultsfor logic

cloning in [14] whereroutelengthincreasesby 2-28%. The resultsalsoshow that our Safe-

Resynthapproachworksmosteffectively for theOpenCoresbenchmarks(SPIto DES PERF),

becausethey aregeneratedby quick synthesiswithout optimization. For example,the delay
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Benchmark Cell Net Resynthesized Runtime
count count Est. Routed Route Additional (min)

delay delay length vias
improv. improv. increase

SPI 3227 3277 2.89% 2.84% 0.14% 0.14% 1.07
DES AREA 4881 5122 1.24% 1.28% 0.19% 0.56% 0.66
TV80 7161 7179 12.23% 12.08% 0.25% 0.13% 1.77
SYSTEMCAES 7959 8220 2.94% 2.94% 0.04% -0.12% 1.02
MEM CTRL 11440 11560 6.42% 6.54% 0.12% 0.24% 44.71
AC97 11855 11948 2.67% 1.56% 0.04% -0.14% 0.58
USB 12808 12968 5.21% 3.09% 0.06% 0.15% 1.36
PCI 16816 16990 5.99% 0.00% 0.09% 0.10% 1.68
AES 20795 21055 2.32% 2.25% 0.09% -0.08% 2.63
WB CONMAX 29034 30165 61.37% 61.29% 0.19% -0.19% 7.6
Ethernet 46771 46891 85.66% 85.61% 0.04% -0.14% 21.66
DES PERF 89341 98576 1.98% 1.93% 0.02% 0.01% 5.58
DMA 19118 19809 3.33% 1.03% 0.01% -0.03% 1.37
b14 8679 8716 3.66% 3.66% 0.04% -0.03% 4.32
b15 12562 12605 3.71% 3.63% 0.03% -0.15% 2.22
b17 37117 37167 5.26% 5.22% 0.00% -0.07% 4.99
b18 92048 92214 17.54% 17.41% -0.04% -0.07% 23.05
b22 28317 28354 6.58% 6.46% 0.02% -0.23% 7.75
s35932 7273 7599 9.11% 0.00% 0.05% 0.14% 0.31
s38417 8278 8309 2.38% 0.00% 0.06% 0.14% 0.94
Average 12.12% 10.94% 0.07% 0.02%

Table3: Improvementachieved by our techniques:relative delay improvementsareshown,
followedby changesin routelengthsandvia counts. “Est. delays”weredelaysestimatedby
theSTA, while “routeddelays”weremeasuredusingtheD2M modelfrom [2]. Thelastcolumn
showstheprogramruntime.

improvedby 86%for theEthernetbenchmark,suggestingthatour techniqueis effective when

appliedby itself. However, our techniquestill achievesup to 17% delayimprovementwhen

appliedto alreadyoptimizedbenchmarks(DMA to s38417),indicating that it can augment

traditionaloptimizationtechniquesfor furtherimprovement.

The impactof our techniquesis illustratedin Figure9: (a) the detourof the critical path

is reduced,which alsoreducesthe maximumdelay; and(b) our resynthesistechniquefound

anothersourcetogeneratethesamesignal.Althoughthenew pathis longer, thedelayis actually

reduced.

Comparisonbetweensafeand unsafeoptimizations: in orderto comparesafeandunsafe
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(a)

(b)

Figure9: Two optimizationexamples,onecritical pathperplot. Delaycalculationsareat the
0:18µm technologynode. In (a) the critical pathis shortened.In (b) an alternative sourceto
generatethesamesignalis found.Althoughthenew pathis longer, thedelayis actuallyreduced.

optimizations,weapplyour resynthesistechniquein anunsafeway to comparetheresultswith

saferesynthesis.In particular, we allow gateoverlapduringresynthesisandrely on a legalizer

to remove theoverlaps.In our unsaferesynthesis,the locationto placetheresynthesizedgate

is determinedby trying 400sitesnearthedesiredcoordinateregardlesswhetherthesesitesare

overlap-freeor not. We usedthe legalizerprovided by GSRCBookshelf[29] in our experi-

ments,andnoticedthatits runtimeis typically short.In additionto performingsafeandunsafe

resynthesisseparately, we combinedboth techniquesby performingsaferesynthesisafterun-

saferesynthesisin the hopeof leveragingboth their advantages.While this experimentdoes

not cover all possiblesafeandunsafetechniques,we believe that it is representative. Because

benchmarksthatareonly slightly modi�ed cannotre�ect thedifferencebetweensafeandun-

saferesynthesis,we useseven large benchmarksfrom OpenCoresin this experiment,whose

netlistsaremoresigni�cantly altered.The resultsaresummarizedin Table4, wheretheesti-

matedandrouteddelayimprovementsarebothshown. Theroutelengthandvia countincrease

aresummarizedin Table5.

The comparisonof estimateddelay improvementbetweensafeandunsaferesynthesisin

Table4 shows thatunsaferesynthesisprovidesmoreimprovementbeforelegalizationbecause
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Benchmark Estimateddelayimprovement Routeddelayimprovement
Safe Unsaferesynthesis Unsafe Safe Unsafe Unsafe

resynth. Before After + safe resynth. resynth. + safe
legal. legal. resynth. resynth.

AC97 2.67% 3.67% 3.44% 3.67% 1.56% 1.31% 2.65%
USB 5.21% 5.29% 5.10% 5.29% 3.09% 6.69% 10.41%
PCI 5.99% 5.37% 4.58% 5.37% 0.00% -1.90% 0.00%
AES 2.32% 5.06% 4.94% 5.06% 2.25% 3.61% 5.66%
WB CONMAX 61.37% 61.54% 61.48% 61.54% 61.29% 61.30% 63.14%
Ethernet 85.66% 86.41% 85.89% 86.41% 85.61% 82.07% 86.60%
DES PERF 1.98% 2.21% 2.12% 2.21% 1.93% 0.49% 2.44%

Average 23.60% 24.22% 23.93% 24.22% 22.25% 21.94% 24.41%

Table4: A comparisonof saferesynthesis,unsaferesynthesis,andunsafefollowed by safe
resynthesis.Relative improvementsin delayareshown. Unsafeoptimizationsallow cell over-
laps,andlegalizationis requiredto remove the overlaps. Sincenetliststhat areonly slightly
modi�ed cannotre�ect the differencebetweenunsafeandsaferesynthesis,we chooseseven
largebenchmarksfrom theOpenCoressuitein thisexperiment,whosenetlistsaremoresigni�-
cantlyaltered.

the resynthesizedgateis placedat thebestlocation. However, the improvementreducesafter

legalizationandbecomescloseto the improvementachieved by saferesynthesis.This shows

thatperformingour resynthesistechniquein a safeway, insteadof the traditionalunsafeway,

doesnot resultin any lossin its optimizationstrength.In addition,performingsafeoptimiza-

tionsavoidsthedetrimentaleffectsthatworsenotherphysicalparameters.As canbeobserved

from Table5,performingsafeinsteadof unsaferesynthesisavoidsthesigni�cant increasein via

count.Theresultsalsosuggestthatto obtainthegreatestimprovement,theadvantagesof both

safeandunsafetechniquesshouldbeleveraged.As Table4 shows,thisgoalcanbeachievedby

applyingsaferesynthesisafterunsaferesynthesis.

The effectsof timing-dri venplacementon optimization results:Caposupportsa“boost”

modewhich optimizestiming duringplacement[19]. In orderto studythe effectsof timing-

driven placementon our technique,we performsaferesynthesisusingthe samebenchmarks

shown in Table4, whoseplacementsareproducedby Capo-boostin this experiment.On aver-

age,pre-resynthesizedrouteddelayimprovedby 10.34%dueto timing-drivenplacement,while

resynthesisprovidesanadditional20.08%improvement,resultingin an30%overall improve-

ment.Comparedwith the22.25%improvementshown in Table4, this resultsuggeststhatour

optimizationis mostlyorthogonalto thatprovidedby timing-drivenplacement,andcanimprove

19



Bench- Routelengthincrease Via countincrease
mark Safe Unsafe Unsafe Safe Unsafe Unsafe

resynth. + safe resynth. resynth. + safe
resynth. resynth.

AC97 0.04% 0.12% 0.06% -0.14% 2.60% 2.19%
USB 0.06% 0.00% 0.00% 0.15% 1.56% 1.35%
PCI 0.09% 0.44% 0.48% 0.10% 5.88% 5.47%
AES 0.09% 0.08% 0.11% -0.08% 4.00% 3.99%
WB CONMAX 0.19% -0.16% 0.00% -0.19% -0.07% -0.59%
Ethernet 0.04% 0.00% 0.02% -0.14% 0.16% 0.14%
DES PERF 0.02% -0.12% -0.11% 0.01% 0.08% 0.08%

Average 0.08% 0.05% 0.08% -0.04% 2.03% 1.80%

Table5: A comparisonof saferesynthesis,unsaferesynthesis,andunsafefollowed by safe
resynthesis.Relative increasesin routelengthandvia countareshown.

Perc. Estimateddelayimprovement Routeddelayimprovement
of Safe Unsaferesynthesis Unsafe Safe Unsafe Unsafe

white- resynth. Before After + safe resynth. resynth. + safe
space legal. legal. resynth. resynth.
30% 23.60% 24.22% 23.93% 24.22% 22.25% 21.94% 24.41%
10% 23.59% 24.12% 23.64% 24.01% 23.52% 23.56% 23.98%
3% 20.33% 20.78% 20.34% 21.63% 20.22% 20.23% 21.38%

Table6: A comparisonof delayimprovementfor layoutswith differentpercentageof white-
space.

uponit.

Effects of whitespaceon optimization results: in orderto studythe impactof available

whitespaceonthesuccessof optimizationresults,werepeatthesameexperimentswith varying

whitespace.Theresultsaresummarizedin Table6 andTable7. Wecanobservefrom thetables

thatdelayimprovementtendsto decreasewith the reductionin whitespacebecauseof dimin-

ishing �e xibility in layouts. However, the differenceis small, showing that our SafeResynth

techniqueis effective even whenwhitespaceis limited. In addition, the safenesspropertyis

not affectedby the amountof whitespace.As seenfrom Table7, saferesynthesisessentially

preservesvia counts,while unsaferesynthesissigni�cantly increasesvia counts.

Effectsof delaymodelon physical safeness:in orderto exploreotherfactorsthatmayaf-

fect thestabilityof physicalsynthesistechniques,wereranthesameexperimentsusingtheSTA

enginebasedon thestarmodel[25] to studythe relationbetweenSTA accuracy andphysical
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Perc. Routelengthincrease Via countincrease
of Safe Unsafe Unsafe Safe Unsafe Unsafe

white- resynth. resynth. + safe resynth. resynth. + safe
space resynth. resynth.
30% 0.08% 0.05% 0.08% -0.04% 2.03% 1.80%
10% 0.05% 0.09% 0.07% -0.01% 2.29% 1.87%
3% 0.04% 0.05% 0.05% 0.15% 1.68% 1.62%

Table7: A comparisonof routelengthandvia countfor layoutswith differentpercentageof
whitespace.

Perc. Estimateddelayimprovement Routeddelayimprovement
of Safe Unsafe Unsafe Safe Unsafe Unsafe

white- resyn- resyn- + safe resyn- resyn- + safe
space thesis thesis resynth. thesis thesis resynth.
30% 34.20% 34.51% 36.53% 19.73% 20.58% 20.97%
10% 26.27% 25.62% 28.11% 15.62% 15.12% 17.78%
3% 21.64% 21.57% 24.10% 16.45% 16.10% 19.75%

Table8: A comparisonof delayimprovementusingSTA basedon thestarmodel.

stability. Theresultsaresummarizedin Table8, whichshouldbecomparedwith Table6 where

timing analysisbasedon RSMT topologyis used.Theseresultsshow thatthestarmodeloften

overestimatesdelay, andthereforemayalsooverestimatedelayimprovement.As canbeseen

from Table8, therouteddelayimprovementis muchsmallerthantheestimatedimprovement.

In addition, the comparisonwith Table6 shows that the starmodelprovides smallerrouted

delayimprovement,suggestingthat timing analysiswithout routetopologyis inaccurate.The

resultsalsoshow that inaccuratetiming analysismaymake unsafetechniquesunsafer. As can

be observedfrom Table8, saferesynthesisperformsbetterthanunsaferesynthesisat 3% and

10% whitespace,suggestingthat legalizationworsensthe �nal timing moresigni�cantly. In

contrast,Table6 shows similar performancebetweenunsafeandsaferesynthesis.To further

investigatethisphenomenon,weprovidedetailedresultsafterresynthesizingsevenlargeOpen-

Coresbenchmarksat 3% whitespacein Table9. Theresultsshow thatwhenthestarmodelis

used,theoptimizeddelaymaybeworsethanthatof theunoptimizedlayout. However, we do

not observe sucha phenomenonwhenRSMT topologyis used.This observationsuggeststhat

inaccuratetiming analysisworsensphysicalstability. On the otherhand,Table9 alsoshows

thatsaferesynthesisis lesslikely to worsenthe �nal timing whenthestarmodelis used,sug-
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gestingthatphysicalstabilitycanbeimprovedby applyingtheoptimizationsin asafeway. This

resultindicatesthat thestability of existing physicalsynthesistechniquesmaybeimprovedby

performingsafeinsteadof unsafelayoutmodi�cations.

Bench- Routeddelayimprovement
mark Starmodel RSMTtopology

Safe Unsafe Unsafe Safe Unsafe Unsafe
resyn- resyn-. + safe resyn- resyn- + safe
thesis thesis resynth. thesis thesis resynth.

AC97 0.00% -1.62% -1.04% 2.43% 3.14% 4.58%
USB -4.04% -5.56% 3.15% 6.81% 6.47% 8.19%
PCI 2.02% 1.44% 1.46% 3.80% 4.25% 5.29%
AES 1.58% 3.82% 4.33% 2.49% 2.26% 3.39%

WB CONMAX 63.90% 63.82% 63.97% 60.47% 60.35% 60.32%
Ethernet 51.81% 51.89% 60.44% 63.67% 62.62% 65.64%

DES PERF -0.14% -1.11% 5.94% 1.83% 2.49% 2.22%

Table9: Routeddelayimprovementof OpenCoresbenchmarksat3%whitespaceresynthesized
usingSTAs basedon thestarmodelandtheRSMT topology.

5 Conclusions

In this paperwe proposedand evaluatedthe conceptof physicalsafenessto analyzecircuit

transformationsin physicalsynthesis:physicallysafetechniquesonly modify thecircuit in such

a way that the effect is immediatelyandreliably measurable.Safetechniquesarepreferable

in laterphysicalsynthesisstagesbecausetheoptimizationsaremorestable,morereliableand

morepredictable.In addition,suchtechniquesareespeciallysuitablefor post-silicondebugging

becausecell locationsarepreserved,allowing changesto beimplementedvia metal�x. On the

otherhand,mostsafetechniquesknown beforeourwork arelimited in theiroptimizationpower

becauseof thesmallnumberof transformationsallowed.

To overcomethe limitations of traditionalphysicallysafetechniques,we proposeda new

resynthesisalgorithmcalledSafeResynththat is safeandsound. It is physicallysafebecause

no cell overlapis createdduringresynthesis.It is logically soundin thatequivalencechecking

is usedduringresynthesis,thusthefunctionalcorrectnessof theresynthesizednetlistis guaran-

teed.SafeResynthutilizessimulationto generateasignaturefor eachwire, andthewiresonthe

critical pathareresynthesizedusingnew gateswith their inputsselectedfrom compatiblewires.
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On-line equivalencecheckingis thenappliedto validatethe proposedlogic transformations.

Sincewe allow the insertionof additionalgatesonly whenunusedspaceis available,original

gatelocationsarepreserved. In addition,theability to searchfor candidatewiresgloballygives

our techniquethepower to �nd long-rangeoptimizations.Experimentalresultsshow thatour

techniquecanimprovetiming considerablywithoutdeterioratingothercircuit parameters,such

asroutelengthandvia count.Furthermore,it is orthogonalto timing-drivenplacementandcan

provide additionalimprovements.Our techniquecanbeappliedto practicallyany design�o w

without hamperingits timing closure. Finally, our comparisonbetweensafeandunsafeopti-

mizationshighlightsthe importanceof developingmorepowerful physicallysafetechniques,

or methodsto apply intrinsically unsafetransformationsin a safeway with minimal loss in

optimizationpotential.
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