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Abstract

Physicalsynthesids arelatively young eld in ElectronicDesignAutomation. Many
publishedoptimizationdor physicalsynthesiendup hurtingthequality of the nal design,
oftenbecausehey neglectimportantphysicalaspectof the layout, suchaslong wires or
routing congestion.Our work de nes and exploresthe conceptof physicalsafenesand
evaluatesempiricallyits impacton routelength,via countandtiming. In addition,we pro-
posea new physically safeandlogically soundoptimization,called SafeResynthwhich
providesimmediately-measurabienprovementswithout alteringthe designs functional-
ity. SafeResyntltan enhancecircuit timing without detrimentaleffects on route length
and congestion.We achiare theseimprovementsby performinga seriesof netlist trans-
formationsand re-placementshat are individually evaluatedfor logical soundnesgthat
is, they do not alter the logic functionality) andfor physicalsafenessWhenusedalone,
SafeResyntimprovescircuit delayof IWLS'05 benchmarkéy 11%on averageafterrout-
ing, while increasingoutelengthby lessthan0.2%. Sincetransistorsare not affectedby
SafeResynthit canalsobe appliedto post-silicondelugging, whereonly metal x esare
possible!

Keywords: Circuit optimization physicalsynthesispost-silicondehugging, metal x

1 Intr oduction

Circuit timing optimizationof digital logic is gainingimportancewith eachtechnologystep,as
interconnectontributesalargerfractionof critical-pathdelaydueto its poorscaling.Sinceac-
curatetiming informationcanonly beobtainedafterthecircuit hasbeenplaced post-placement

LA preliminary versionof this work hasbeenpresentecat ASPDAC'07. New contributionsin the current
manuscriptinclude: (1) a thoroughdiscussionof the conceptof physicalsafeness(2) experimentsto explore

the factorsthat affect the safenes®f a physicalsynthesisgechnique;and (3) a new applicationfor post-silicon
deluggingandmetal x.



timing optimizationhasbeenstudiedextensvely. Most techniquesithermodify the logic or
changethe physicalaspectf the circuit [11]. Physical-leel solutionsinclude net buffering,
gatesizing [18] and gaterelocation[1]. Logic-level solutionsinclude gatereplication[14],
rewiring [7, 9] andrestructuring[6, 20, 23, 26]. Physicalsynthesiscommonlyencompasses
thosetechniquesvhich strive to improve circuit timing usingplacemenor routinginformation.

A numberof previous publicationson physicalsynthesisio not actuallyprovide anoverall
improvementbecausevhenoptimizing oneaspecif the design,they negatively impactother
aspects. For instance,logic replicationmay increaseareaand route length, which, in turn,
may generatecritical-pathnetslongerthan expected[14]. Indiscriminatebuffering may also
createmary gateoverlaps,leadingto potentially detrimentaleffects on circuit timing when
suchoverlapsare nally resolhed[21]. A numberof recentpublicationsaddresgreciselythe
issueof stability in physicalsynthesisoptimizations. For example,Li etal. [21] proposean
incrementaplacemenalgorithmwhich maintainghe stability of placementor gatesizingand
buffer insertion,while Luo et al. [24] andBrenneret al. [4] addresghis sameproblemby
designingegalizertoolsthatseekto presere performancenetrics.However, theseapproaches
tendto breakdown in later stagesof physicaldesign,whencircuits areheavily optimized.In
thesestageslayouttransformationsremorelik ely to causeunexpectedeffectsanddestabilize
the previously performedoptimizations.

In our work we addresghis stability problemusinga novel approach:insteadof applying
changeshatmay destabilizea layoutandthencorrectingrouting or overlapproblemdater, we
seekandpursueonly transformationshatpresere the original layoutasmuchaspossible.To
this end, we de ne andexplore whatwe call physicallysafenetlist transformations— those
thatdo not createcell overlapsandthusprovide immediately-measurablmprovementsateach
step. As indicatedby our empirical results,thesetransformationgproducemore predictable
improvementsandno detrimentaleffectson othercircuit parametersin addition,they do not
con ict with any otherexisting design o w andcanbe usedbeforeor after othertransforma-
tions, including “unsafe” ones. In the past,safetransformation$rave beenlargely neglected
becausdhey offeredvery little improvement[7]. However, we found that the extent of the
improvementdependsntirely on the pool of transformationsvailable. To nd suchtransfor
mationseffectively, we proposea techniquecalledSafeResynthwhich is basedon simulation

anditerative equivalencechecking.By broadeninghesetof transformationandapplyingthem



in a safeway, we show thatwe canimprove circuit timing with very little risk of destabilizing
anexistingdesign o w or hamperingiming closure,acommonproblemof traditionalphysical
synthesidechniquesAs anillustrative example,Figure 1 showns two possibletransformations
which SafeResyntlwould propose.In Figure 1(a), the signalthat drivesg8 is resynthesized
usinggatedocatedcloserto it, andanew gateis addedo replacetheold g6, leadingto shorter
connectingviresandhencebettertiming delayfor g8. In Figurel(b),thelong connectiorfrom
g6 to g8 is removedandg8 is now drivenby thenew gateasbefore howeverin this exampleg6
still drivesgategl. Notethatnoneof the new gatesoverlapwith old gatesandtheir placement
is locatedon previously unusedocations.Empiricalresults reportedn Table3, shav thatour
techniquecanimprove delayby 11% on averagewhile routelengthandvia countincreaseby
lessthan 0.2%. To further investigatea broadrangeof aspectghat may affect the safeness
of a physicalsynthesigechnique we conductedsereral experimentsusing SafeResynthwith
variouslayoutcon gurationsanddelaymodels.Our resultsshav thatdelayimprovementafter
routing may be considerablydifferentfrom the oneestimatedeforerouting. To alleviate this
problem,safetechniqueshouldbe used. Alternatively, more accuratedelay modelscanalso

improve the stability of a givenoptimizationtechnique.

(b)

Figurel: Exampletransformationgor row-basedstandard-cellayout: (a) resynthesizedate
new replacegy6 to drive g8, (b) gatecloningusesresynthesizedatenew to drive g8, while the
original driver g6 continuedo drive g1.

Anotherimportantapplicationof safephysicalsynthesigechniquess post-silicondehug-
ging [16]. In post-silicondehugging, oncethe root causeof a bug hasbeenidenti ed, a Fo-
cusedlon Beam(FIB) edit canbe performedto implementthe x on the metallayersof the
chip. Beingableto implementthe x beforethe next tape-outallows engineergo validatethe
correctnes®f the x andcanreducethe overall numberof respins. However, FIB canonly
changemetallayersof a chip andcannotcreateary new transistors As aresult,this technique
is often calledmetal x. Dueto this limitation, spare cells (cells that are not usedin the de-



sign) are usually pre-placedn a layout so thatthey canbe connectedhroughFIB to correct
a bug. Existing physicalsynthesigechniqueshowever, rarely focuson this application. To
this end,we obsene thatphysicallysafetechniquesreespeciallysuitablefor exploring metal
X opportunitiesbecausehey produceminimal perturbationof the layout, and,in particular
SafeResyntlzanbe appliedto post-silicondetuggingby usingthesesparecells.

The restof this paperis organizedasfollows. In Section2 we describethe conceptsof
physicalsafenessandthenreview previouswork on physicalsynthesisWe thenproposeanew
powerful, safeand soundphysicalsynthesisapproachin Section3. Experimentakresultsare

reportedn Sectiord, andSection5 concludeghis paper

2 Safenes®f Physical SynthesisTechniques

Existingtechniquedor post-placemeniming optimizationvary in strengthanddiffer in how
they affect gatelocationg[11]. We usetheterm“physicalsafenessto describeheirimpacton
placementln this sectionwe rst describesafenes detail. After that,we introduceseveral

physicalsynthesigechniquesndanalyzetheir optimizationcapabilitiesandsafeness.

2.1 Physical Safeness

The conceptof physicalsafenesss usedto describethe impactof an optimizationtechnique
on the placemenbf a circuit. Physicallysafetechniquesonly allow legal changedo a given

placementtherefore accurateanalysissuchastiming andcongestiorcanbe performed.Such
changesresafebecausehey canberejectedmmediatelyif thelayoutis notimproved. Onthe

otherhand,unsafetechniquesllow changeshatproduceatemporarilyillegal placementAs a

result,their evaluationis delayed,andit is not possibleto reliably decideif the changecanbe

acceptedr mustberejecteduntil later Therefore the averagequality of unsafechangesnay

beworsethanthatof acceptedafechangesin addition,otherphysicalparameterssuchasvia

count,maybeimpactedby unsafetransformationsascanbe seenfrom Table7.

2.2 Physically SafeTechniques

Symmetry-basedrewiring is the only timing optimizationtechniquehatis physicallysafein
nature. It exploits symmetriesn logic functions,looking for pin reconnectionshatimprove



timing [7]. For example,theinputsto an AND gatecanbe swappedwithout changingts logic
function. Sinceonly wiring is changedn thistechniquetheplacements alwayspresered. An
exampleof symmetry-basetbwiring is givenin Figure2(a).

Theadwantageof physicallysafetechniquess thattheeffectsof any changeareimmediately
measurablethereforethe changecanbe acceptedr rejectedreliably. As a result,delaywill
not deteriorateafter optimizationandno timing corvergenceproblemwill occur However, the
improvementgainedfrom thesetechniquess often limited becausehey cannotaggressiely
modify the logic or uselargerscaleoptimizations. For example,in [7] timing improvement
measuredeforerouting is typically lessthan 10%. To this end, our experimentalresultsin
Section4 shaw that post-routingtiming improvementsmay not matchpre-routingresultsand

mustbe evaluateddirectly.

2.3 Physically UnsafeTechniques

Traditionalphysicalsynthesigechniquesrephysicallyunsafebecauséehey createcell overlaps
andthuspreventimmediateevaluationof changes Although someof thesetechniquesanbe
appliedin a safeway, they may losetheir strength.lIt follows that existing physicalsynthesis
toolsusuallyrely on unsafetechniquesplanningto correctpotentiallyillegal changesfterthe
optimizationphaseis complete.A classi cation of thesetechniquesandtheirimpacton logic
arediscussedbelon. Methodsto make thesetechniquesafearealsodescribed.

Gate sizing and buffer insertion aretwo importanttechniqueghat are extensvely used,
asshown in Figure2(b) andFigure2(d). Gatesizingchooseshe sizesof the gatescarefullyso
thatsignaldelayin wires canbe balancedwith gatedelay andgateshave enoughstrengthto
drive the wires. Buffer insertionaddsbuffersto drive long wires. The work by Kannanet al.
[18] is basedon thesetechniques.To make buffer insertionphysically safe,onewould allow
insertingbuffers only in overlap-freesites[3]. Similarly, gatesizing canbe madephysically
safeif it is performedonly whentheresizedgatedoesnot overlapary othergate.

Gate relocation movesgateson critical pathsto betterlocationsin orderto shortenwire-
lengthand optimizetiming. An exampleof gaterelocationis givenin Figure2(c). Ajami et
al. [1] utilize this techniqueby performingtiming-drivenplacementvith globalroutinginfor-
mationusingthe notionof movableSteinemoints. They formulatethe simultaneouplacement
androuting problemasa mathematicaprogram. The programis thensolved by Han-Pavell



method.To make gaterelocationphysicallysafe,onemustplacethe relocatedyateon unused
sites.

Gate replication is anothertechniquethat canimprove circuit timing. ConsiderFigure
2(e) for example,by duplicatingg5, the delayto g1 andg9 canbereduced.Hrkic etal. [14]
proposea placement-coupledpproachbasedon suchtechnique.Givena placedcircuit, they

rst extractreplicationtreesfrom the critical pathsaftertiming analysisandthenthey perform
embeddingandpost-uni cationto determinehe gateshatshouldbe duplicatedandtheir loca-
tions. Sinceduplicatedgatesmay overlapwith existing gatesatthe endof the processa phase
of timing-drivenlegalizationis applied. Although their approachimprovestiming by 1-36%,
it alsoincreasesoute lengthby 2-28%. Gatereplicationcanbe madephysically safeif the

duplicatedgatesarealwaysplacedon unoccupiedsites.
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(a) Symmetry-basedewiring.  (b) Gatesizing.

(c) Gaterelocation. (d) Buffer insertion.

(e) Gateduplication.

Figure 2. Several distinct physicalsynthesistechniques. Newly-introducedoverlapsare re-
movedby legalizersafterthe optimizationphasehascompleted.

Traditional rewiring techniquesasedon additionor removal of redundantvires are not
physically safe. The basicideais to addone or moreredundantwires to make a target wire

redundansothatit becomesemovable.Sincegatesmustbe modi ed to re ect thechangesn



wires, cell overlapsmay occut To make suchtechniquegphysicallysafe,changedhat create
cell overlapsmustberejected.Thework by Changetal. utilizesthistechniqueusingan ATPG
(AutomaticTestPatternGenerationyeasoningapproacti9].

Traditional restructuring focusesondirectingthe synthesigprocessisingtiming informa-
tion obtainedrom aplacedor routedcircuit. It is moreaggressiein thatit maychangehelogic
structureaswell asthe placementTherefore ensuringts physicalsafetyis moredif cult. For
example,new cell locationscannotbe evaluatedreliably for technology-independeméstruc-
turing unlesstechnologymappingis alsoperformed.Moreover, restructuringechniquedased
on technology-independefinmappedhetlistsarelik ely to be unsafebecausehe performed
optimizationsmay distorta givenplacedcircuit. As aresult,the effectsof the changesarenot
immediatelymeasurableln otherwords,the delayafter optimizationmay be worsethanbe-
fore. Althoughcarefullydesignedechniqguesanbeusedto alleviatethis problem[20, 21, 24],
it is dif cult to be eliminatedaltogether The strengthand safenes®f thesetechniquesare
summarizedn Tablel.

Techniques Physical| Optimization
safenesg range
Symmetry-basetbwiring Safe Local
SafeResynth(this work) Safe Medium
ATPG-basedewiring, buffer insertion, | Unsafe Local
gatesizing,gaterelocation
Gatereplication Unsafe Medium
Restructuring Unsafe | Large-scale

Table1l: Comparisorof physicalsynthesigechniquesn termsof physicalsafenessandopti-
mizationrange. Note: someof thesetechniquexould be madesafebut popularimplementa-
tionsusethemin anunsafefashion allowing gateoverlap.

3 A NewPowerful and SafePhysical SynthesisApproach

Our safephysicalsynthesiapproachSafeResynthis discussedhn detailin this section.It uses
signatues producedby simulationto identify potentialresynthesiopportunitieswhosecor-
rectnesss thenvalidatedby equivalencechecking[27]. Thelogical soundnessf theoptimiza-
tionsis guaranteedby the equivalencecheckingvalidationstep. In otherwords, SafeResynth

will not producenetlistmodi cationsthatcorruptthecircuit's functionalcorrectnessSinceour
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goalis layoutoptimization we canprunesomeof the opportunitiedasedntheirimprovement
potentialbeforeformally verifying them. To this end,we proposepruningtechniquedasedn
physicalconstraintsand logical compatibilityamongsignatues SafeResynths powerful in
thatit doesnotrestrictresynthesiso smallgeometriaegionsor smallgroupsof adjacentwvires.
It is safebecausehe placemenproduceds alwayslegal andthe circuit improvementcanbe
evaluatedmmediately In thiswork, we discusghe applicationof SafeResyntlfior timing opti-
mization,but our solutioncanalsobe usedto optimizeothercircuit parameterssuchaspower
or reliability. In addition,it may be appliedto post-silicondeluggingfor timing-violationre-
pair. A preliminaryversionof the SafeResyntlsolutiondiscussedn this sectionwaspresented
in [8].

3.1 Terminology

We de ne a signatue asa bit-vectorof simulatedvaluesof a wire. Giventhe signatures; of
awire w; to be resynthesizedanda certaingateg:, a wire wy with signatures; is saidto be
compatiblewith w if it is possibleto generates; usingg; with signatures; asoneof its inputs.
In otherwords, it is possibleto generaten; from wy usingg;. For example,if s1=1,5=1
andg; = AND, thenw; is compatiblewith w; usingg; becausat is possibleto generatel on
anAND's outputif oneof its inputsis 1. However, if s; = 0, thenw; is notcompatiblewith w;
usingg; becauset is impossibleto obtainl on an AND's outputif oneof its inputsis O (see
Table2).

A controlling valueof a gateis thevaluethatfully speci esthe gates outputwhenapplied
to oneinputof thegate.For example,0 is the controllingvaluefor AND becausevhenapplied
to the AND gate,its outputis always O regardlessof the value of otherinputs. Whentwo
signaturesareincompatible that canoften be tracedto a controlling valuein somebits of one

of the signatures.

3.2 SafeResynthFramework

The SafeResynthHramework is outlinedin Figure 3, and an exampleis shavn in Figure 4.
Initially, library containsall the gatesto be usedfor resynthesisWe rst generate signature
for eachwire by simulatingcertaininput patternswhoseselectionwill be discussedn detail

in Section3.4. In orderto optimizetiming, wire in line 2 will be selectedrom wires on the



critical pathsin the circuit. Line 3 restrictsour searchof potentialresynthesipportunities
accordingto certainphysicalconstraintsandlines4-5 furtherpruneour searchspacebasecn

logical soundnessAfter avalid resynthesi®ptionis found, we try placingthe gateon various
overlap-freesitescloseto a desiredlocationin line 6 and checktheir timing improvements.
In this processmorethanonegatemay be addedif therearemultiple sinksfor wire;, andthe

originaldriverof wire maybereplaced We thencall equivalencecheckingusingtheinputcone
of the new signalwhenwe found certainchangeghatimprove timing. In line 10 we remove

redundangatesandwires that may appeatbecausevire’s original driver may no longerdrive

ary wire, which ofteninitiatesa chainof furthersimpli cations.

1. Simulatepatternsandgenerate signatureor eachwire.

2. Determinewirg to beresynthesizedndretrieve wires, from thecircuit.

3. Prunewires accordingo physicalconstraints.

4. Foreachgate?2 library with inputsselectedrom combination®f compatible

wires2 wires.

5. Checkif wirg's signaturecanbe generatedisinggate with its inputs' signatures.
If not, try next combination.

6. If so,dorestructuringusinggate by placingit on overlap-freesitescloseto the
desiredocation.

7. If timing is improved,checkequialeng. If notequialent,try next combination

of wires.
8. If equivalent,avalid restructurings found.
9. Usetherestructuringvith maximumdelayimprovementfor resynthesis.

10. Identify andremove gatesandwires maderedundanby resynthesis.
Figure3: The SafeResyntlframeavork.

3.3 Search-SpacePruning Techniques

In orderto resynthesize tamget wire (wirg) usingan n-input gatein a circuit containingm
wires,the bruteforcetechniqueneedgo check rr? combinationf possibleinputs,which can
beverytime-consumindgor n> 2. Thereforeit is importantto prunethe numberof wiresto try.
Whenthe objective is to optimizetiming, thefollowing physicalconstraintscanbe usedin
line 3 of theframework: (1) wireswith arrival time laterthanthatof wire; arediscardedecause
resynthesisisingthemwill only increasedelay; and(2) wiresthat aretoo far away from the
sinksof wirg areabandonedbecausehe wire delaywill betoo large to be bene cial. We set
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Figure4: A restructuringexample.lnputvectorsto the circuit areshovn ontheleft. Eachwire

is annotatedwith its bit-signaturecomputedby simulationon thosetestvectors. We seekto

computesignalw; by a differentgate,e.g.,in termsof signalsw, andws. Two suchrestruc-
turing options(new gates)areshavn asg,: andgn,. Sincegn: producegherequiredsignature,
equivalencecheckingis performedbetweenw,; andw; to verify the correctnessf thisrestruc-
turing. Anotheroption, g2, is abandonedbecausdt fails our compatibilitytest.

this distancehresholdo twice the HPWL (Half-PerimeteWirelength)of wire;.

In line 4 logical compatibility is usedto prunethe wires that needto betried. Wires not
compatiblewith wire, usinggate areexcludedfrom our search.Table2 summarizesiow com-
patibilities are determinedyiven a gatetype, the signatureof wire; andthe wire to be tested
(wirey).

| Gatetype | wirg | wire; | 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: wire, is thetargetwire, andwire; is thepoten-
tial new input of theresynthesizedate.

To acceleratecompatibility testing,we usethe “one-count”,i.e., the numberof 1sin the
signatureto Iter out unpromisingcandidatesFor example,if gate==OR andthe one-count
of wirg is smallerthanthat of wire;, thenthesetwo wires areincompatiblebecauseOR will
only increaseone-countin the target wire. This techniquecan be applied before bit-by-bit
compatibilitytestto detectincompatibilityfaster

Our prunedseach algorithmthatimplementdines4-5 of theframework is outlinedin Fig-
ure5. Thealgorithmis speci cally optimizedfor two-inputgatesbut canbe extendedto gates
with morethantwo inputs.Wir g is thetargetwire to beresynthesizedyires arewiresselected

10



accordingto physicalconstraintsandlibrary containsgatesusedfor resynthesisAll wiresin
the fanoutcone of wirg are excludedin the algorithmto avoid formation of combinational
loops.

Functionpruned search(wire; wireg; library)
1 foreachgate?2 library
2 wires, = compatible(wire; wires; gate);
foreachwire; 2 wires
wireg = get_potertial wiregwire; wirey; wires;, gate);
foreachwire; 2 wireg
Restructuraisinggate, wire; andwirey;

Figure5: The prunedsearch algorithm.

(0206 I SN OV)

In Figure 5, function compatible returnswires in wireg, that are compatiblewith wire
givengate. Functionget_patertial _wiresreturnswiresin wireg thatare capableof generat-
ing the signatureof wire, usinggate andwire;, andits algorithmis outlinedin Figure6. For
XOR/XNOR, the signatureof the otherinput canbe calculatedirectly, andwires with signa-
turesidenticalto thatsignaturearereturnedusingthe signaturehashtable. For othergatetypes,
signaturesare calculatedteratively for eachwire (denotedaswirey) usingwire; asthe other

input, andthewiresthatproducesignaturesvhich matchwirels arereturned.

Functionget _patertial wiregwire; wirey; wiresy; gate)

1 if (gate==XOR/XNOR)

2 wireg= sig_hashHwirg:signaure XOR/XNOR wire;:signaure];

3 else

4 foreachwire; 2 wires;

5 if (wirg:signaure==gate:evaluate(wirei:signaure; wirep:signaure))
6 wireg = wireg[ wirey;

7 returnwires;

Figure6: Algorithm for function get_paertial_wires XOR/XNOR is consideredseparately
becauseherequiredsignaturecanbe calculateduniquelyfrom wire; andwire;.

The effectivenessof our search-spaceruning techniquess supportedby our empirical
results. For example,in the worstcase(MEM _CTRL) 7,560equivalencecheckingstepsare
performedduringresynthesisHowever, it is far smallerthanthe numberof resynthesisptions
in the searchspace(aboutl billion), indicating that our techniquesare effective in pruning
unpromisingresynthesigpportunities.
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3.4 Implementation Insights

In our implementationwe selectdesiredlocationsfor placingthe restructuredyateswith the
following criterion: the rst 200 overlap-freeslots closestto the CenterOf Gravity (COG)
of the new gates input and outputwires' COG. Although betterinitial guessesnay exist for
desiredocationsthanthe COG, they arenot necessarypecause fairly large numberof valid
locationswill be evaluatedrigorously As aresult,having anextremelyaccuratanitial guesds
notnecessaryo nd theactualbestlocation.

The performanceof our algorithmis greatly in uenced by the quality of the signatures
generatedy simulation. Poorsignaturesannotdistinguishmary differentwires andrequire
additionalcallsto equivalencechecking.On the otherhand,potentiallyresynthesizablavires
canusuallybedistinguishedrom thosenot resynthesizablé their signaturesaredifferent. In
light of this, we enhancedhe FRAIG packagan ABC [27] to dumpits patternsandusethem
for ourinitial simulation. The purposeof the patternan ABC is to distinguishdifferentnodes
in the AIG (And-InverterGraphs)netlistbuilt from the circuit, thereforethey arealsosuitable
for generatingsignatureghat candistinguishdifferentwires. In particular if the FRAIG pack-
ageis run with in nite backtracklimit, atleastonesimulationvectorwill exist to distinguish
every two nodes.Currently FRAIGs rst simulate2048randompatterns.Next, they append
thecounter&@amplesreturnedduringequialencecheckingandtheir variantsasadditionalsim-
ulationpatterns.

Despiteour efforts to generateénigh-qualitysignaturesill-behaved signaturesstill exist and
may renderour simulation-basedechniquedneffective. For example,a wire with an all-1
signaturecan generatea target wire with an all-1 signatureusing ary wire throughan OR
gate. The samehappengo NOR, AND andNAND gates,but notto XOR and XNOR gates.
This problemarisesbecauséhe gatebeingtried is controlledby oneof its inputs. Whenthis
happenspnly equivalencecheckingcanverify the correctnessf resynthesisnvolving theill-
behaed wire. Needlesgo say mostsuchresynthesipportunitiesare invalid, making the
time spentto verify themworthless.Thereforein ourimplementationywe abandorresynthesis
opportunitieswith the numberof uncontrolledbits (bits in the signaturewith non-controlling
value of the gate)smallerthan4, making surethat simulation-basedechniqueshave enough

chanceo pruneimpossiblecombinationf wires.
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3.5 Analysisof Our Approach

Severalaspectof our approacharediscussedn this subsectionincludingits scalability opti-
mizationpower, safenessadvantagesandlimitations.

Scalability: supposehattherearem wiresin the circuit andg n-input gatesare usedfor
resynthesisthenthe worst casetime compleity of our resynthesislgorithmis on the order
ofg m'if n  m=2. However, by usingphysicalconstraintsandlogical pruningtechniques,
aswell as several other heuristics,the time compleity is reducedsigni cantly in practice.
From our experimentalresults,we obsene thatthe runtimeis somevherebetweeninear and
guadraticfor n= 2. For example,a netlistwith almost100K netscanbe resynthesizeih 24
minutes(seethelargestbenchmarkn Table3).

Aside from runtime, the use of signaturesnsteadof otherlogic representationssuchas
BDDs, makesourapproachmorescalablen termsof memoryusage For example,comparable
methodsto nd resynthesiopportunitiesin [13, 22] are evaluatedfor at most5K gatesat a
time, whereasourtechniquesypically handlel00K-gatecircuitsin minutes.Commerciatools
often useBDDs but achiere scalabilityby meansof (i) netlistpartitioning,and(ii) restricting
logic optimizationto small windows. To this end, our main contribution is a relatively sim-
ple frameavork thatis fastand naturally scalesto large designswithout netlist partitioning or
windowing.

Optimization power and safeness:our resynthesigechniquetries to reproducea signal
usinggatesin the library with new inputs selectedrom the whole circuit, thereforeit is es-
sentiallya form of technologymapping. Sincethe selectionis not limited by small windows
likein previousrestructuringechniqueg6], it is capableof exhaustvely nding optimizations
that may be long-range. This is importantin later stagesof physicalsynthesishecausanost
short-rangeoptimizationopportunitiesmay have beenexploited. In addition, the exhaustve
natureof SafeResyntlalsoallows usto nd optimizationsthatmostresynthesisechniqueslo
not consider For example,the optimizationshown in Figure 7 typically cannotbe found by
synthesidools becauset usesan additionallevel of logic to generatesignal A thatis already
available; however, this opportunitycanbe exploited by SafeResyntlbecauset exhaustvely
triesall possiblecombinationf wiresandgates.Furthermoresincesignaturesmplicitly en-
codecontrollability don't-cares thesedon't-caresare automaticallyutilized in our techniques

by constructiongiving our techniqguemoreoptimizationpowerto nd restructuringopportuni-
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ties.

(b)

Figure7: SafeResyntlexample.Theoriginalcircuitis shovnin (a),andw is onthecritical path
(abuffer is alreadyinsertedto improve its signalpropagation).The optimizedcircuit is shavn
in (b), wherea new gateg4 is insertedby SafeResynthThe delayis improvedin (b) because
wire A hassigni cantly smallerload;thereforesignalpropagatiorio g1 andg2 becomedaster
resultingin bettertiming for w eventhoughnew gatedelaysareintroduced.This optimization
typically cannotbe found by traditionalresynthesigechniquesecausen extra level of logic
is used.

Whenwe try to resynthesize wire, we areeithertrying to remove a gateanddrive all the
relevant sinksby a new gateor to speedup the propagatiorof the signalto the sinks of the
wire. The former casesubsumesimple gaterelocation,gaterelocationthat simultaneously
changegatetype,andalsoseveraltypesof traditionalrestructuring.The latter casesubsumes
single-gatdogic replication,includingthe possibility of gaterelocationandchangingthe gate
typeimmediatelyaftercloning.

All our transformationsre physicallysafein that no gateswill be overlappedby our op-
timization. They alsohave limited effect on congestiorbecausegatesmay be removed after
eachtransformationmakingwhitespacelmostequalor evenbetterafterresynthesisFurther
more, it is easyto veto transformationghat violate designesrspeci ed constraintsor worsen
designerspeci ed quality metrics,e.g.,involve wires crossingobstaclesincreasegateareaor
aggraaterouting congestion By makingsurethatevery transformatioimprovesmajor qual-
ity metricswithout introducingnew violations, we ensurethat our resynthesigechniquesare

physicallysafe.On the otherhand,by subsumingandgeneralizingseveral existing techniques
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they achieve considerabletrengthin practice.
As far aslimitations go, we obsenred that our techniquedoesnot improve standardarith-
metic circuits becausehey arealreadyheavily optimized. Nonethelesspur techniquecanbe

very helpful for large netlistsautomaticallysynthesizedrom HDL descriptions.

4 Experimental Results

We implementedur techniquesn C++ including a simpleincrementalStatic Timing Analy-
sis(STA) enginefor our experiments.In our benchmarksgatedelaysrangefrom 0.025nsto
0.15nstheunit capacitancés 131.53F=m andunit resistances 337KW=m. Thedriverresis-
tancerangesfrom 2.5KWto 10KW, andthe port capacitances 0.0149F. Theseparameters
arebasedon a 0.18.m technologylibrary, andwe expectgreaterimprovementsaswire delays
becomemoresigni cant in newvertechnologiesWe usethreenetdelaymodels.The star model
from [25] appliesEImoreformulasto a startopologywith the starpoint placedat the centerof
gravity of all pins. Othermodelsusethe D2M formulasfrom [2], andwe apply themto Rec-
tilinear SteinerMinimal Trees(RSMTs) generatedy the FLUTE packagg10]? or to actual
netroutesproducedby anindustryrouter We performour optimizationsusing STA engines
basedon the starmodelandRSMT, andwe routetheresynthesizethyoutto measure¢he nal
timing basedon actualnetroutes.We obsenre that STA basecon RSMTsprovidesmuchmore
accuratdiming estimationthanthe starmodel,andthe simplerstarmodelhaspoorcorrelation
with theroutedtiming. Thereforewe reportprimaryresultsbasedbn RSMTsin this paperand
reportresultsbasedn the starmodelonly for comparison.

Our hardwareplatformis an AMD Opteron880workstationrunningFedorad Linux. Our
experimentsisethemin-cutplacerCapol0fromtheUniversityof Michigan[5], theNanoRoute
4.1routerfrom Cadenceandthe FLUTE RSMT packagdrom GSRCBookshelf{10]. Simula-
tion patternsaaregeneratedy the ABC packagdrom UC Berkeley [27], andall transformations
areveri ed by anexternalequialencecheclerbasednthe MiniSat SAT solver[12].

Our initial testcaseareselectedrom IWLS 2005benchmark$28], wherethe designuti-
lization is 70%, but for experimentsin Table 6 we variedthe amountof whitespace.These
benchmark$elongto the following suites: OpenCore4SPI, DES AREA, TV80, SYSTEM-

2Minimal Steinertreessometimegrovide unnecessariljarge source-to-sinkdelays,and our framework can
useadrop-inreplacementor timing-drivenSteinertrees.
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CAES,MEM_CTRL,AC97,USB,PCI,AES,WB_CONMAX, EtherneandDES PERF) Fara-
day (DMA), ITC99 (b14,b15,b17,b18 andb22) and ISCAS89(s35932and s38417). The
benchmarksn the OpenCoresuite are producedby a quick synthesisrun of CadenceRTL
Compiler andall the benchmarksre mappedto a 0.18um library. Our currentimplementa-
tion canonly generatawo-input NAND, NOR, AND, OR andXOR gates.In particular if a
three-inputgatecanbe replacedby a two-inputgate,our techniquewill nd this restructuring
opportunity Althoughthe netlistsusedin our experimentshave multi-input cells,suchasAOl,
we do not needto breakthemdown into smallercells. Multiple gatecloningis not yet sup-
portedin the currentimplementation.As a result, areautilization remainsroughly the same
afterresynthesiss performed.

Netlist Safe/unsafe
and Llace » resynthesize sae Route
floorplan (dpo; (Our work) (NanoRoute)
unsafe !
v v
Legalize Safely
(Nalsgﬁt;ute) (GSRC bookshelf resynthesized
legalizer) layout
v ¥

Baseline Route re :)J/?liﬁzzli)zled
layout (NanoRoute) layout

Figure8: Flow chartof our resynthesigxperiments.

The o w of our experimentss summarizedn Figure8. Threeiterationsof theresynthesis
arecarriedoutfor eachrun, andthe maximumnumberof resynthesisittemptgor eachwire is
limited to 1,000to furtherreduceruntime. Characteristicef the benchmarksndour empirical
resultsaresummarizedn Table3, wherethenumbersareaverageoverthreeindependentuns.

Evaluation of SafeResynth: from the resultsshovn in Table 3, we obsene that our ap-
proachis effective in reducingthe delay for most of the benchmarksvith minor increasen
total routelength,andsometimest evenresultsin routelengthreduction. The averagedelay
improvemenis 12%beforeroutingand11%afterrouting,while theroutelengthandvia counts
increaseby lessthan0.2% on average. This is remarkable comparedo the resultsfor logic
cloningin [14] whereroutelengthincreasedy 2-28%. The resultsalsoshow that our Safe-
Resynthapproachworks mosteffectively for the OpenCoredenchmarkgSPIto DES PERF),
becausdhey are generatedy 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
35932 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%

Table 3: Improvementachieved by our techniques:relatve delay improvementsare shown,
followed by changesn routelengthsandvia counts. “Est. delays”weredelaysestimatedby
the STA, while “routeddelays”weremeasuredisingthe D2M modelfrom [2]. Thelastcolumn
shavsthe programruntime.

improvedby 86% for the Ethernetoenchmarksuggestinghatour techniques effective when
appliedby itself. However, our techniquestill achievesup to 17% delay improvementwhen
appliedto alreadyoptimizedbenchmarkgDMA to s38417),indicating that it can augment
traditionaloptimizationtechniquegor furtherimprovement.

The impactof our techniquess illustratedin Figure9: (a) the detourof the critical path
is reduced,which alsoreduceghe maximumdelay; and (b) our resynthesigechniquefound
anothesourceo generatéhesamesignal. Althoughthenew pathis longet thedelayis actually
reduced.

Comparison betweensafeand unsafeoptimizations: in orderto comparesafeandunsafe
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Figure9: Two optimizationexamples,onecritical pathper plot. Delay calculationsareat the
0:18um technologynode. In (a) the critical pathis shortened.In (b) an alternatve sourceto
generateghesamesignalis found. Althoughthenew pathis longer thedelayis actuallyreduced.

optimizationswe applyour resynthesisechniquen anunsafeway to compareheresultswith
saferesynthesisin particular we allow gateoverlapduringresynthesisndrely on a legalizer
to remove the overlaps.In our unsaferesynthesisthe locationto placethe resynthesizegate
is determinedy trying 400sitesnearthe desiredcoordinateregardlessvhetherthesesitesare
overlap-freeor not. We usedthe legalizer provided by GSRCBookshelf[29] in our experi-
ments,andnoticedthatits runtimeis typically short.In additionto performingsafeandunsafe
resynthesiseparatelywe combinedboth techniquesy performingsaferesynthesisafter un-
saferesynthesisn the hopeof leveragingboth their advantages.While this experimentdoes
not cover all possiblesafeandunsafetechniquesye believe thatit is representatie. Because
benchmarkghatare only slightly modi ed cannotre ect the differencebetweensafeandun-
saferesynthesisye useseven large benchmarkgrom OpenCoresn this experiment,whose
netlistsare moresigni cantly altered. Theresultsaresummarizedn Table4, wherethe esti-
matedandrouteddelayimprovementsarebothshovn. Theroutelengthandvia countincrease
aresummarizedn Table5.

The comparisonof estimateddelay improvementbetweensafeand unsaferesynthesisn
Table4 shaws thatunsaferesynthesiprovidesmoreimprovementbeforelegalizationbecause
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Benchmark Estimateddelayimprovement Routeddelayimprovement
Safe | Unsaferesynthesig 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%
uUsSB 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 saferesynthesisynsaferesynthesisand unsafefollowed by safe
resynthesisRelatve improvementan delayareshavn. Unsafeoptimizationsallow cell over-
laps,andlegalizationis requiredto remove the overlaps. Sincenetliststhat are only slightly
modi ed cannotre ect the differencebetweenunsafeand saferesynthesisywe chooseseven
large benchmark$rom the OpenCoresuitein this experimentwhosenetlistsaremoresigni -

cantlyaltered.

theresynthesizedateis placedat the bestlocation. However, the improvementreducesafter
legalizationandbecomesloseto the improvementachiesed by saferesynthesis.This shawvs
that performingour resynthesigechniquein a safeway, insteadof the traditionalunsafeway,
doesnot resultin arny lossin its optimizationstrength.In addition, performingsafeoptimiza-
tionsavoids the detrimentaleffectsthatworsenotherphysicalparametersAs canbe obsered
from Table5, performingsafeinsteadf unsaferesynthesisvoidsthesigni cant increasen via
count. Theresultsalsosuggesthatto obtainthe greatestmprovement the advantage®f both
safeandunsafetechniqueshouldbeleveraged As Table4 shaws, thisgoalcanbeachievedby
applyingsaferesynthesisfterunsaferesynthesis.

The effectsof timing-dri ven placementon optimization results: Caposupportsa “boost”
modewhich optimizestiming during placemen{19]. In orderto studythe effectsof timing-
driven placemenbn our technique we perform saferesynthesisisingthe samebenchmarks
shown in Table4, whoseplacementareproducedby Capo-boosin this experiment.On aver-
age pre-resynthesizeuteddelayimprovedby 10.34%dueto timing-drivenplacementyhile
resynthesiprovidesanadditional20.08%improvement resultingin an 30% overall improve-
ment. Comparedvith the 22.25%improvementshovn in Table4, this resultsuggestshatour

optimizationis mostlyorthogonato thatprovidedby timing-drivenplacementandcanimprove
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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 saferesynthesisynsaferesynthesisand unsafefollowed by safe
resynthesisRelativeincreasesn routelengthandvia countareshown.

Perc. Estimateddelayimprovement Routeddelayimprovement
of Safe | Unsaferesynthesig 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 comparisorof delayimprovementfor layoutswith differentpercentagef white-
space.

uponit.

Effects of whitespaceon optimization results: in orderto studythe impactof available
whitespac®nthesuccessf optimizationresults we repeathe sameexperimentswith varying
whitespaceTheresultsaresummarizedn Table6 andTable7. We canobsene from thetables
thatdelayimprovementtendsto decreasavith the reductionin whitespacebecausef dimin-
ishing e xibility in layouts. However, the differenceis small, shaving that our SafeResynth
techniqueis effective even whenwhitespaces limited. In addition, the safenesgpropertyis
not affectedby the amountof whitespace.As seenfrom Table 7, saferesynthesigssentially
preseresvia countswhile unsaferesynthesisigni cantly increasesia counts.

Effects of delay model on physical safenessin orderto explore otherfactorsthatmayaf-
fectthestability of physicalsynthesigechniqueswe reranthe sameexperimentsisingthe STA

enginebasedon the starmodel[25] to studytherelationbetweenSTA accurag 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 comparisorof routelengthandvia countfor layoutswith differentpercentagef
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 comparisorof delayimprovementusingSTA basedon the starmodel.

stability. Theresultsaresummarizedn Table8, which shouldbecomparedvith Table6 where
timing analysishasedon RSMT topologyis used.Theseresultsshav thatthe starmodeloften
overestimateslelay andthereforemay alsooverestimatalelayimprovement.As canbe seen
from Table8, therouteddelayimprovementis muchsmallerthanthe estimatedmprovement.
In addition, the comparisornwith Table 6 shaws that the star model provides smallerrouted
delayimprovement,suggestinghattiming analysiswithout routetopologyis inaccurate.The
resultsalsoshav thatinaccurateiming analysismay make unsafetechniquesunsafer As can
be obsened from Table 8, saferesynthesiperformsbetterthanunsaferesynthesisat 3% and
10% whitespacesuggestinghat legalizationworsensthe nal timing more signi cantly. In

contrast,Table 6 shawvs similar performancebetweenunsafeand saferesynthesis.To further
investigatehis phenomenonye provide detailedresultsafterresynthesizingevenlarge Open-
Coresbenchmarkat 3% whitespacen Table9. Theresultsshov thatwhenthe starmodelis

used,the optimizeddelay may be worsethanthat of the unoptimizedayout. However, we do

not obsene sucha phenomenomvhenRSMT topologyis used.This obsenation suggestshat
inaccuratetiming analysisworsensphysicalstability. On the otherhand, Table9 alsoshaovs

thatsaferesynthesiss lesslikely to worsenthe nal timing whenthe starmodelis used,sug-
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gestingthatphysicalstability canbeimprovedby applyingthe optimizationsn asafeway. This
resultindicatesthatthe stability of existing physicalsynthesidechniquesnay beimprovedby
performingsafeinsteadof unsafdayoutmodi cations.

Bench- Routeddelayimprovement

mark Starmodel RSMT topology

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%
DESPERF | -0.14% | -1.11% | 5.94% | 1.83% | 2.49% | 2.22%

Table9: Routeddelayimprovemeniof OpenCoredenchmarksit 3% whitespaceesynthesized
usingSTAs basedn the starmodelandthe RSMT topology

5 Conclusions

In this paperwe proposedand evaluatedthe conceptof physicalsafenesdo analyzecircuit
transformationn physicalsynthesisphysicallysafetechnique®nly modify thecircuitin such
a way that the effect is immediatelyandreliably measurable Safetechniquesare preferable
in later physicalsynthesistagedecausehe optimizationsare more stable, morereliableand
morepredictableln addition,suchtechniquesireespeciallysuitablefor post-silicondehugging
becauseell locationsarepresered,allowing changeso beimplementedrzia metal x. Onthe
otherhand mostsafetechnique&nown beforeourwork arelimited in their optimizationpower
becaus®f the smallnumberof transformationsllowed.

To overcomethe limitations of traditional physically safetechniqueswe proposed new
resynthesislgorithmcalled SafeResyntlthatis safeandsound. It is physicallysafebecause
no cell overlapis createdduring resynthesislt is logically soundin thatequivalencechecking
is usedduringresynthesighusthefunctionalcorrectnessf theresynthesizedetlistis guaran-
teed.SafeResynthtilizessimulationto generatea signatureor eachwire, andthewiresonthe
critical pathareresynthesizedsingnew gateswith theirinputsselectedrom compatiblewires.
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On-line equivalencecheckingis thenappliedto validatethe proposedogic transformations.
Sincewe allow the insertionof additionalgatesonly whenunusedspaceis available,original
gatelocationsarepresered. In addition,theability to searchfor candidateviresglobally gives
our techniquethe powerto nd long-rangeoptimizations.Experimentaresultsshowv thatour
techniquecanimprove timing considerablyvithout deterioratingothercircuit parameterssuch
asroutelengthandvia count. Furthermoreit is orthogonato timing-drivenplacemenaindcan
provide additionalimprovements.Our techniquecanbe appliedto practicallyarny design o w
without hamperingts timing closure. Finally, our comparisorbetweensafeand unsafeopti-
mizationshighlightsthe importanceof developingmore powerful physically safetechniques,
or methodsto apply intrinsically unsafetransformationsn a safeway with minimal lossin
optimizationpotential.

References

[1] A. H. Ajami andM. Pedram,'Post-LayoutTiming-DrivenCell PlacementJsingan Ac-
curateNet LengthModel with MovableSteinerPoints”, DAC'01, pp.595-600.

[2] C.J.Alpert,A. DevganandC. Kashyap;A two momentRC delaymetricfor performance
optimization”,ISPD'00, pp.69-74.

[3] C. J. Alpert, G. Gandham,M. Hrkic, J. Hu, S. T. Quay C. N. Sze, “Porosity-avare
BufferedSteinerTreeConstruction” JEEE Trans.on CAD, Apr. 2004,pp.517-526.

[4] U. Brenney A. Pauli andJ. Vygen, “Almost Optimum Placement.egalizationby Mini-
mum CostFlow andDynamicProgramming”JSPD'04, pp. 2-9.

[5] A. E. Caldwell,A. B. Kahngandl. L. Markov, “Can Recursve BisectionAlone Produce
RoutablePlacements?DAC'00, pp.693-698.

[6] C. Changén,Y. C. HsuandF. S. Tsali, “Timing Optimizationon RoutedDesignswith
IncrementaPlacementand Routing Characterization”]EEE Trans.on CAD, Feh 2000,
pp.188-196.

23



[7] C.-W. Chang,M.-F. Hsiao, B. Hu, K. Wang, M. Marek-Sadwska, C.-K. Cheng,S.-J.
Chen,“FastPostplacemerDptimizationUsing FunctionalSymmetries” IEEE Trans.on
CAD, Jan.2004,pp.102-118.

[8] K.-H. Chang,l. L. Markov andV. Bertacco,'Safe Delay Optimizationfor PhysicalSyn-
thesis”, ASPDAC, 2007,pp.628-633.

[9] S.C.ChangL. P. P. P.vanGinnelenandM. Marek-Sadwska,“Circuit Optimizationby
Rewiring”, IEEE Trans.on Comp, Sep.1999,pp. 962-969.

[10] C.ChuandY.-C.Wong,“FastandAccurateRectilinearSteinerMinimal TreeAlgorithm
for VLSI Design”,ISPD'05, pp. 28-35.

http://class.ee.iastate.edu/ cnchu /flu te.ht ml
[11] W. Donathetal., TransformationaPlacemenandSynthesis” DATE'00, pp.194-201.

[12] N. EénandN. Sorensson;An ExtensibleSAT-solver”, Theoryand Applicationsof Satis-
ability Testing SAT, 2003,pp.502-518.

[13] S.-Y.Huang,K.-C.ChenandK.-T. Cheng,"AutoFix: A Hybrid Tool for AutomaticLogic
Recti cation”, IEEE Trans.on CAD, Sep.1999,pp.1376-1384.

[14] M. Hrkic, J. Lillis andG. Beraudo,'An Approachto Placement-Coupledogic Replica-
tion”, DAC'04, pp.711-716.

[15] C.HwangandM. Pedram;Timing-DrivenPlacemenBasedon MonotoneCell Ordering
Constraints” ASPDAC'06, pp.201-206.

[16] D. Josephsori;The Good,theBad,andtheUgly of Silicon Delug”, DAC'06, pp. 3-6.

[17] A. B. Kahngand Q. Wang, “Implementationand Extensibility of an Analytic Placer”,
IEEE Trans.on CAD, May 2005,pp. 734-747.

[18] L. N. Kannan,P. R. SuarisandH. G. Fang,“A Methodologyand Algorithms for Post-
PlacemenDelay Optimization”,DAC'94, pp.327-332.

[19] A. B. Kahng,I. L. Markov andS. Reda,“Boosting: Min-Cut Placementvith Improved
SignalDelay”, DATE'04, pp.1098-1103.

24



[20] V. N. KravetsandP. Kudva, “Implicit Enumeratiorof StructuralChangesn Circuit Opti-
mization”, DAC'04, pp.438-441.

[21] C.Li, C-K. KohandP. H. Madden,*Floorplan ManagementincrementaPlacementor
GateSizingandBuffer Insertion”, ASPDAC'05, pp. 349-354.

[22] C.-C. Lin, K.-C. Chen and M. Marek-Sadwska, “Logic Synthesisfor Engineering
Change” |EEE Trans.on CAD, Mar. 1999,pp.282-202.

[23] A. Lu, H. EisenmannG. StenzandF. M. Johannes;Combining TechnologyMapping
with Post-PlacemerRResynthesi$or Performanc®ptimization”,ICCD'98, pp.616-621.

[24] T. Luo, H. Ren, C. J. Alpert and D. Pan, “ComputationalGeometryBasedPlacement
Migration”, ICCAD'05, pp.41-47.

[25] B. M. RiessandG. G. Ettelt, “Speed: FastandEf cient Timing Driven Placement”]S-
CAS'95 pp. 377-380.

[26] H. Vaishna, C.K. LeeandM. Pedram;Post-LayoutCircuit Speed-ufy EventElimina-
tion”, ICCD'97, pp.211-216.

[27] Berkeley Logic Synthesis and Verication Group, ABC: A  Sys-

tem for  Sequential Synthesis and Verication, Release 51205.
http://lwww-cad.eecs.berkeley .edu/ "ala nmi/a bc/
[28] http://iwls.org/iwls2005/ben chmar ks.h tml

[29] UMICH PhysicalDesignTools,
http://visicad.eecs.umich.ed u/BK/ PDtools/

25



