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Abstract

In thecontext of physicalsynthesis,large-scalestandard-cellplacementalgorithmsmustfacilitateincrementalchanges

to layout,both local andglobal. In particular, �e xible gatesizing,net buffering anddetail placementrequirea certain

amountof unusedspacein every regionof thedie. Theneedfor “local” whitespaceis furtheremphasizedby temperature

andpower-densitylimits aswell as the increasinguseof buffered interconnect.Anotherrequirement,the stability of

placementresultsfrom run to run, is importantto theconvergenceof physicalsynthesisloops.Indeed,logic re-synthesis

targetinglocal congestionin a givenplacementor particularcritical pathsmaybe irrelevant for anotherplacementpro-

ducedby thesameor adifferentlayouttool.

In thiswork weoffer solutionsto theabove problems.Weshow how to tie theresultsof aplacerto apreviouslyexist-

ing placement,andyet leave roomfor optimization.In ourexperimentsthis techniqueproducesplacementswith similar

congestionmaps. We alsoshow how to tradeoff wirelengthfor routability by manipulatingwhitespace.Empirically,

our techniquesimprove circuit delayof sparselayoutsin conjunctionwith physicalsynthesis.Our proposedtechniques

canbeimplementedusingexistingcommercialplacementtoolswithoutsourcecodemodi�cationsandwith modestover-

head.They canalsobeintegrateddirectly into min-cutplacerswith negligible overhead.Weconsiderin particulardetail

the problemof scalingexisting IP blocksto increasetheir porosity. Indeed,the needfor additionalrepeaterinsertion

whenmigratinga block to a newer processnodeoften implies re-optimizingthe layout. Our techniquesfor achieving

placementstability allow oneto rescalean existing layout with differentminimum local whitespacerequirements.In

contrastto currentECOtechniques,our rescalingmethodis not restrictedto smallchangesof thenetlistandlayout,but

will attemptto keeptherelativeplacementssimilar if thatis possible.

1 Intr oduction

With the rapid decreaseof featuresizes,circuit layoutsbecomemorecomplex, both in termsof sizeanddesigncon-

straints[3]. To achieve timing closurefor high-performancecircuits, it is now commonto usephysicalsynthesis— an
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approachthat combineslogic andphysicaloptimization,potentiallyperformingplacement-awarebuffer insertion,gate

sizing,fanoutoptimization,etc. A recentwork from Intel [23] suggeststhatbuffering aloneimpliestheneedfor “local”

whitespacethroughoutthecorearea.Suchunusedcell sitesfacilitateplacementof signal-netandclock-treebuffers in

near-optimallocationsratherthanpre-determined“buffer islands”.However, researchfrom IBM [4] shows thatdistribut-

ing whitespaceuniformly [8] may signi�cantly increasewirelength. It alsosuggeststhat pin-limited and�oorplanned

designs,e.g.,microprocessorswith largeon-chipcaches,veryfrequentlycontainplacementpartitionswith largeamounts

of whitespace.To thisend,we(i) developtechniquesto achieveacompromisebetweencell densityanddesign�e xibility ,

and(ii) studyrelevanttrade-offs.

Timing optimizationandcongestionremoval often useloops in which a netlist is re-placedbasedon information

gleanedfrom a trial placement.However, somepopularalgorithmssuchasmin-cutplacementandsimulatedannealing

tendto producevery differentplacementsolutionsfrom run to run. Thereforeinformationabouttiming-critical netsand

netsthatfailedto routemaybeinvalidated(similarreasonshamperinterconnectprediction[25]). To facilitateincremental

improvementof layout,we proposeto stabilizeplacementsfrom run to run. We distinguishtwo kinds of stability. An

inherentlystablealgorithm,suchasmany analyticalalgorithms,wouldproducesimilar resultsfrom runto run. However,

even with a generallyunstablealgorithmonecantetherall new placementsto a given trial placement,with a tunable

amountof freedomfor further optimizations.Thus,we distinguishinherent stability from relativestability. The latter

may be used,e.g., to tie placementsproducedby an annealerto a placementproducedby a min-cut algorithm. We

demonstratesuchrelativestabilityby comparingcongestionmaps[19] of severalmin-cutplacements,cell displacements

and top critical paths. Our empirical resultsshow that small modi�cations of a placementinstancecan suppressthe

instability inherentin commonplacementalgorithms,without thelossof solutionquality. Our techniquesrely largelyon

pre-andpost-processing,andcanbeeasilyimplementedwith existing tools.

Anothertrendin VLSI designis theincreasingdominanceof interconnects[13]. This is primarily becausethewires

do not scaleaswell asthedevices.Assumingidealscaling,all dimensionsof a wire areshrunkby 0:7x pergeneration.1

It is known that the wire capacitanceper unit length remainsinvariant from generationto generation[5]. However,

the resistanceper unit length doublesevery processgeneration,resultingin a wire delay which scalesas 1:4x every

generation.RC delayof a wire grows quadraticallywith the lengthof the wire. Repeatersareoften placedat optimal

distances(generallyequal)onthewire to linearizethedelaythroughthewire [5]. Sincefor anideallyshrunkinterconnect,

thewire delayscalesas1:4x, it impliesthatmorenumberof buffersarerequiredfor aninterconnectto linearizethedelay

throughit in thenew processgeneration.Additionally, thedesignfrequenciesarealsoincreasingcausingthenumberof

buffers to increaseperprocessnode. The requirementof additionalnumberof bufferswould oftenentail replacingthe

entireblock with a morerelaxedminimumlocal whitespacerequirement.In anapplicationof our proposedtechniques

on placementstability, we addressthe issueof rescalinga placementto satisfy different minimum local whitespace

requirementswhile maintainingthetiming characteristicsof theoriginal placement.Our rescaling�o w is not restricted

to smallchangesof thenetlistandlayoutunlike currentECOtechniques.By combiningour techniquesonecandevise

1Currentlythewire heightsdonot scaleaswell asthewidth, resultingin tall thin wires
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placement�o ws to ef�ciently map an existing layout-optimizeddesignto a new processgeneration,while allowing

suf�cient roomfor furtheroptimizations.Companiessellingsoft IP, like TensilicaandMIPS,andtheir customerscould

bene�t from rescaling.Microprocessorsarealsooften downscaled.Perhapsour techniquescanbe usedasa �rst step

followedby technology-speci�cand/orperformancedrivenlayoutandcircuit optimizations.

In the remainderof the paper, Section2 givesbackgroundon large-scaleplacementanddescribesprevious work.

Whitespacedistribution is discussedin Section3, andstability in Section4, accompaniedby relevantempiricalresults.

Our proposedrescaling�o w to allow for differentminimum local whitespacerequirementsis explainedin Section5.

Finally, our contributionsaresummarizedin Section6.

2 Background and Previous Work

ModernASIC designsaretypically laid out in the�xed-die context, wheretheoutlineof thecorearea,all routingtracks

andpower linesare�x edbeforeplacementstarts[6]. Oneof thereasonsfor this is theuseof previously designedand

rigorouslysimulatedpower grids. Also, standard-cellpartitionsof microprocessorsareoftenlaid out with �x edoutlines

in hierarchical�oorplan-driven design�o ws becausereshapingthe outline would affect neighboringpartitions. Large

on-chipmemoriessimilarly constrainrandom-logicpartitions. In thecontext of massive IP reuse,especiallywith hard

IP blocks(analogcircuits suchasDACs, ADCs, PLLs andembeddedmemories),the die areamay be determinedby

�oorplanning, thusmakingarea-minimizationduringplacementirrelevant. Fixed-dielayout is reasonablefor processes

with over-the-cellroutingon threeor moremetallayers.In this context, thetotal areais �x edandthenumberof unused

cell sites— whitespace— is known in advance.Variable-dieplacerstypically packall cellsto theleft in rows. However,

�x ed-dieplacersoftenallocatewhitespaceuniformly [6, 8] or accordingto congestionmaps[21,27]. Whensigni�cantly

morewhitespaceis available,thework in [4] proposesto allocatewhitespacesoasto improvehalf-perimeterwirelength.

They show thatuniform whitespacedistribution in suchdesignscausesvery signi�cant increasein wirelength.

2.1 Fixed-die placementin physical synthesis

It is importantto notethatin thecontext of physicalsynthesis,thestructureof thenetlistmaybechangedandincremental

placementmust be performed. Given that somegatesmay be up-sizedandmany netsare likely to be buffered, the

availability of “local” whitespaceis a necessity. Indeed,thework in [23, 17] predictsthatbufferswill soonbethemost

frequentlyusedgatesin largehigh-performancecircuits. Local whitespacecanalsobe usefulto accommodateregular

structuressuchas(i) N-well contactsthathave to beassignedto verticesof a grid, and(ii) area-arrayI/O padsthatalso

form a grid. Thus,desiredwhitespacedistribution mustguaranteea minimumpercentof “local” whitespacethroughout

the chip andbeyond that optimizeotherdesignobjectives. The requirementfor minimum local whitespacemay also

be usedto genericallyimprove routability andyield, even out the temperaturegradientacrossthe die anddecreasethe

likelihoodof cross-talknoise.
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Anothereffect of �x ed-dielayoutis theoccurrenceof unroutableplacements.Indeed,in variable-dielayoutonecan

alwaysaddroutingtracksto completeroutingat thecostof increasedarea[20], but this is impossiblewith a�x edoutline.

To improve congestion,it is commonto usecell-bloating(i.e., treatingcellsasif they werelargerin orderto freerouting

tracksaroundthem) in congestedregions [24]. Additionally, a numberof logic transformations(fanoutoptimization,

input reordering,gatemergingandcloning,etc)canbeusedto improve congestion.However, if thesameplacementtool

producesanentirelydifferentplacementat thenext run,suchoptimizationswould bewasted.This problemis especially

noticeablewith placersbasedon min-cut andsimulatedannealing.The sameproblemis encounteredwhen logic re-

synthesistargetstiming optimization.Therefore,to reliably achieve timing closureonemaywant to stabilizeplacement

solutions.

2.2 Hierar chical WhitespaceAllocation in Top-Down Placement

Theacademicplacementtool Capo[6] appliesa top-down, min-cutpartitioningbasedapproachto �nd a globalplace-

ment.Capouniformly spreads[3] theavailablewhitespacethroughoutthecoreregion. Webrie�y explain thewhitespace

allocationstrategy implementedin Capo[8]. In thetop-down, divide-and-conquerapproachfor globalplacement,agiven

placementinstanceis decomposedinto smallerinstancesby subdividing theplacementregionandassigningcellsto sub-

regionssuchthatgoodsolutionsto sub-instancescombineinto goodsolutionsof theoriginal instance.Theconceptof

a placementbin is pivotal. A bin represents:1) a placementregion with allowed locations;2) a collectionof cells to

be placedin this region; 3) all netsincidentto the cells; and4) locationsof all cells beyond the given region that are

adjacentto thecellsto beplacedin theregion; suchexternalcellsareconsideredto beterminals,andtheir locationsare

�x ed. In a min-cutplacerlike Capo,every placementbin yieldsa hypergraphpartitioninginstancewhich is split through

min-cuthypergraphbisectionwith FM-typemove-basedheuristics.Theuniformwhitespacedistributionstrategy in Capo

is explainedasfollows. Let a placementbin have siteareaS, cell areaC, absolutewhitespaceW = maxf S� C;0g, and

relativewhitespacew = W=S. A hypergraphbi-partitioningsolutionimpliescell areasC0 andC1 in child bins,suchthat

C0 + C1 = C, 0 � C0;0 � C1. The input to the hypergraphbi-partitionermustspecifyboth the netlist andthe allowed

rangesfor C0 andC1, i.e., boundsCmin
0 � C0 � Cmax

0 ;Cmin
1 � C1 � Cmax

1 . Theseboundsestablishabsolutetolerance

Tj = Cmax
j � Cmin

j andrelative tolerancet j = Tj=C. Capousesa mix of �x ed tolerancesandhierarchicalwhitespace

allocationduring top-down placement[8]. The placerchoosesvertical or horizontalbin splits dependingon the bin's

aspectratio andtypically cutsalongthe longestsideof a bin. Vertical partitioningis performedwith a �x ed 20% tol-

erance.After partitioning,whentheactualtotal cell areain eachpartition is available,thevertical cut-linedetermining

thebin boundariesis shiftedto equalizerelative whitespacein thebins. A differentstrategy is employed for allocating

whitespacefor binssplit by horizontalcut-line.During ahorizontalsplit, thepartitioningtolerancesarecalculatedbased

on the relative whitespaceof thebin andthenumberof rows in thebin. A precisemathematicalmodelof hierarchical

whitespaceallocationin placementis proposedin [8]. It is basedon the conceptof whitespacedeterioration which is

explainedasfollows. Assumingnon-zerorelative whitespaceat top-level, onewill requirethat for eachbin split with
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a relative whitespaceof w, the relative whitespacein eachchild bin is at leastaw, where0 � a � 1 is the whitespace

deterioration. As a approaches1, thewhitespacedistribution in the�nal placementapproachesuniformdistribution. An

a of 0 allowsfor fully utilizedregionsof thelayout.Onecanadjusta onaper-bin basisto accountfor maximumallowed

layout densitiesin the leaf-level bins which canbe guidedby minimum local whitespacerequirements.It is shown in

[8], thatgiven thewhitespacedeteriorationa for a bin, thepartitioncapacitiesandtolerancesfor thepartitionercanbe

calculatedasfollows.

0 � C0 � minf C;(1� a)S0 + a
C
S

S0g = : Cmax
0

0 � C1 � minf C;(1� a)S1 + a
C
S

S1g = : Cmax
1

C0 � maxf 0;C � Cmax
0 g = : Cmin

0

C1 � maxf 0;C � Cmax
1 g = : Cmin

1

Whenthe bin haslarge amountof whitespace(i.e. C is very small comparedto S) anda suf�ciently small,Cmax
j and

Cmin
j maydegenerateinto C andzero,respectively. In sucha case,all cellsareallowedto go into onepartition.A closed

expressionfor whitespacedeteriorationa in termsof relativewhitespacew in thebin andthenumberof rowsRin thebin

is givenasfollows.

a =
n+ 1
p

1� w� (1� w)

w n+ 1
p

1� w
;n = dlog2 Re

Partitioningtolerancesincreaseastheplacerdescendsto lower levels,andrelative whitespacein all bins is limited from

below, thuspreventingoverlaps. This facilitatesgooduseof whitespace,whenit is scarceandpreventsdenseregions

whenlargeamountsof whitespaceareavailable.Similar to verticalpartitioning,afterhorizontalpartitioning,thecut-line

determiningthebin boundariesis shiftedto equalizerelative whitespacein thebins. Hierarchicalwhitespaceallocation

during horizontalpartitioningallows for highertolerancesduring partitioning,thusallowing for lower cut [15] during

min-cutoperation.This canalsoleadto certainregionsof thelayoutbeingpackedmoredenselythanothers.However,

a constanttoleranceduring thevertical partitioningstepandshifting of cut-linesaftereachpartitioningto equalizethe

relative whitespacein thechild binsensurea uniform distributionof whitespacethrough-outthecoreregion.

3 WhitespaceManagementFramework

As shown in [4], min-cutplacersthatuniformly distributewhitespace[8, 6] tendto produceexcessive wirelengthwhen

largeamountsof whitespacearepresent.Theauthorsof [4] proposeafairly sophisticatedtechnique,AnalyticalConstraint

Generation(ACG), to placesparsedesigns.It hasbeenarguedin [4] thatanalyticalplacementalgorithmshave a global

view of theplacementproblemandcanbettermanagelargeamountsof whitespace.ACG [4] combinesa min-cutbased

placerwith quadraticplacementengine.In ACG,duringtop-down recursive bisectionbasedmin-cutplacement�o w, the

partitioningcapacitiesfor eachplacementbin to be partitionedaregeneratedbasedon quadraticwirelengthminimum

placementat thatlevel. While weaddressthesameproblemof placingsparsedesigns,ourstudyis somewhatorthogonal
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to theirs.Themethodsweproposearemuchsimplerandcanbeimplementedaspre-processingwithouthaving accessto

placersourcecode.Thisallowsusto exploretheeffectof whitespaceonroutedwirelengthandcongestionusingdifferent

academicplacers.We alsodescribeoptimizedimplementationsof our whitespacemanagementtechniquesin a typical

top-down min-cutplacerframework. Additionally, our placementframework is somewhatdifferentfrom thatusedin [4]

andbene�ts from thesesimpletechniquesin new ways.Namely, Capocanshift thecut-lineto betterre�ect theoutcome

(balance)of every min-cutpartitioningcall, whereasthe placerin [4] usesa grid of placementbins ratherthana more

generalslicing �oorplan asin Capo.

3.1 FreeCells

Thetechniquewe proposeassumesa placerthatuniformly distributeswhitespaceacrossthecorearea.We assumethat

theminimum“local” whitespacerequirementleavescertainslackrelative to thetotal whitespaceavailablein thedesign.

By pre-processing,we canensure(i) theminimum“local” whitespacethroughthecorearea,and(ii) betterallocationof

theremainingwhitespace.Thetechniqueconsistsof addingsmalldisconnected“free cells” to thedesignin anamount

not exceedingwhitespacethat remainsafter the “local” requirementis satis�ed. Sincefree cells aredisconnectedand

small,a placeris freeto placethosecellssoasto improve relevantdesignobjectives. After placement,we remove free

cellsandtreattheremainingcell sitesasempty. This causeshigh cell densityin certainareas,with freecellsoccupying

thevacantareasof thechip.

OurempiricalevaluationusestheCapoplacer[6] whichuniformlydistributesavailablewhitespace[8] with routability

in mind (Feng Shui 2.0 and mPl 2.0 do not distribute whitespace,but Dragon 2.23 doesin the �x ed-die

mode).However, with designshaving low placementdensitiesthisstrategy resultsin excessivewirelengthandpotentially

poorsignaldelay. Figure1 shows placementsof anindustrialdesignwith 72940cells,73155netsand74%whitespace.

Figure1 (A) shows theplacementachievedby uniform distribution of whitespaceandFigure(B) shows theplacement

achievedby introducingfreecellsto reducewhitespaceavailableto theplacerto 15%.Thewirelengthof thedesignwas

improvedfrom 15.32e6to 8.77e6.Theglobalplacementruntimeincreasedfrom 444secondsto 722seconds.ACG was

alsotestedon this circuit [4], andwirelengthimproved from 11.43e6(for uniform whitespacedistribution) to 10.38e6

(with ACG).Figure2 shows theeffect of freecellson thelocalwhitespacedistribution for thesamedesign.To calculate

the local whitespacedistribution, we divide the layout region into a grid of bins (27x27in this case)andcalculatethe

localwhitespacein eachbin. Freecellsareremovedfrom thedesignbeforecalculatingthelocalwhitespacedistribution.

Weplot the% of binsvs. the% localwhitespacein eachbin. As seenfrom Figure2, with nofreecellsintroducedduring

the placement,mostof the bins have a local whitespaceof around70-80%. Whenfree cells areaddedto the design

to reducewhitespaceto 30%,a large numberof bins have 100%whitespace.Thesebins representthe vacantareasof

the chip asseenin Figure1 (B). However, mostof the bins containingstandardcells have a local whitespacearound

30%. Similar effect is observedwhenfreecellsareaddedto reducewhitespaceto 15%. While we have not performed

experimentswith ACG,wesuspectthatACGmayfurtherimprove wirelengthif usedin conjunctionwith freecells.This
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canbedemonstratedusinga sparsedesignwith onedenseclusterof logic connectedto pinson theperipherysothatthe

clustermustbeplacedin thecenterto minimizewirelength. However, sincesucha placementimpliesa high top-level

cut,sometop-down placers(especiallythosewith �x edcutline)will avoid this optimalplacement.

We show that betterwhitespaceallocationreduceswirelengthin mixed-sizeplacement�o w from [2]. The main

contribution of [2] is a methodologyto placedesignswith numerousmacrosby combining�oorplanning andstandard-

cell techniques.Theproposeddesign�o w is asfollows:

� A black-boxstandard-cellplacergeneratesaninitial placement.In a pre-processingstep,all macrosareshredded

into smallpieces(fake cells)connectedby fakewires,andpinsfrom themacroarepropagatedto individualpieces.

Eachmacrois thusrepresentedby a grid, and the resultingnetlist consistsof only small cells. If the fake nets

have suf�ciently high weights,the fake cellsbelongingto thesamemacroshouldplacenext to eachother. Fixed

orientationsof macroscanbeaccommodated.

� Theinitial locationsof macrosareproducedby averagingthelocationsof respective fakecells.To removeoverlaps

betweenmacros,a physicalclusteringalgorithm constructsa �x ed-outline�oorplanning instance. Thus, small

standardcellsplacednext to eachotherareclusteredandform soft blocks.

� A �x ed-outline�oorplanner[1] generatesvalid locationsof macrosandsoft blocksof movablecells.

� With macrosconsidered�x ed,theblack-boxstandard-cellplaceris calledagainto re-placesmallcells.

Step4 of themixed-sizeplacement�o w presentedin [2] �x esthemacrolocationsto theonesprovidedby the�oorplanner

andreplacesstandard-cellsaroundthemacros.We improve whitespaceallocationin this stageby introducingfreecells.

We addfreecells to reducetheavailablewhitespaceto theplacerto 10%andreplacethedesignwith themacrosbeing

�x ed.Theresultsaresummarizedin Table1. We compareour resultsto mPG[11].

Physicalsynthesis�o ws interleave placementoptimizationswith logic optimizationsto achieve desiredtiming. This

reducesthenumberof iterationsrequiredbetweenthefront-enddesignandback-enddesignfor timing closure.Physical

synthesistoolstypically startfrom aglobalplacementandperformlogic optimizationslikebuffer insertion,driversizing,

(A) (B) (C) (D)

Figure1: The ckt4 designfr om IBM has72940cells,73155nets,several pre-placedmacrosand 74% whites-
pace.Figure (A) shows a placementproducedby Capo with uniform whitespacedistrib ution. Figure (B) shows
another placementproducedby Capoafter fr eecellswereaddedto reduceplacer whitespacefr om 74% to 15%.
This reducesthe half-perimeter wir elengthfr om 15:32e6 to 8:77e6. Freecellsarenot shown in the placeddesign.
Figure (C) shows a placementobtained fr om a min-cut placer fr om IBM and (D) shows the placementobtained
by the ACG technique[4].
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Figure2: A histogram for local whitespacein designckt4 fr om IBM with 74% whitespace.We subdivide the
core area into a 27x27grid and calculate local whitespacein eachbin. We plot the % number of bins versus
the % whitespacein eachbin. Figure (A) shows the local whitespacedistrib ution in a Capo placementwith no
fr eecellsadded. Figure (D) shows a similar distrib ution for FengShui 2.0 that hasno whitespacemanagement
and packs cells to the left. Figures(B) and (C) show the local whitespacedistrib ution achieved by Capo with
fr eecellsaddedto reducethe whitespaceavailable to the placer. Freecellsare removed after placementfor local
whitespacecomputation.

logic replicationetc. to improve timing of thedesign.Theselogic optimizationsarebasedon thephysicalinformation

generatedby theinitial globalplacement.Suchtoolsrely on ECOplacementtechniquesto legalizeincrementalchanges

in the netlistafterglobal placement.This enforcesa minimum local whitespacerequirementafterglobal placementto

facilitateECOplacementafterchangesdueto logic optimizations.Compactingaplacementwithoutphysicalsynthesisin

mindwill severelylimit theef�cacy of thephysicalsynthesistools.Westudytheeffectof freecellsonphysicalsynthesis

in Table2. We conductour experimentson proprietaryindustrialbenchmarkswith varying row-utilization. We report

theworstslackandthetotal negative slack(TNS) in thedesignafterthephysicalsynthesis.In thedefault run, theglobal

placer(Capo)uniformly spreadsthecellsaroundthecorearea.As analternative �o w, weaddfreecellsduringtheglobal

placementstageto reducethewhitespaceavailableto theplacerto 40%.Thus,theglobalplacercompactstheplacement

but ensuresminimumlocal whitespaceof 40%aroundthecorearea.Freecellsareremovedafterglobalplacement.As

seenfrom theresultsin Table2, theworstslackandtotalnegativeslackfor all thedesignsimproveconsiderablyby adding

freecellsduringtheglobalplacementstageof physicalsynthesis.All thedesignsareroutableevenaftercompactingthe

designsby usingfreecells.

We alsoconductexperimentsto demonstratetheeffect of freecellson theroutability of a design.We usetheibm02

benchmarkfrom [27]. Thedesigninitially hasabout9% whitespace.Thedesignis re-�oorplannedto have 65%whites-

pace.Thedesignis placedwith Capoplacerandroutedwith WarpRoutefrom Cadence.Freecellsaregraduallyadded

duringplacement,reducingwhitespacethat theplacercanallocateuniformly. Eachof thesedesignsis placed;the free

cellsareremovedafterplacementandthedesignis routedwith CadenceWarpRoute.Table3 reportstheresultsof these

experiments.Clearly, addingfreecellsconsistentlyimproveshalf perimeterwirelength.Theroutedwirelengthandrout-

ing time alsoimprove initially becauseof betterplacedwirelength.However, aftera certainthreshold,routedwirelength

increasesandthenthedesignsbecomeconsistentlyunroutable.Thus,freecellsareusefulin reducingthehalf-perimeter

wirelength,but, distributing a portionof whitespaceuniformly helpsCapoproduceroutableplacements.In fact,report-
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Circuit Flow = Capo+Parquet+Capo[2] OurFlow = Capo+Parquet+Capo mPG[11]
(High TempAnneal) (Low TempAnneal)

I II III IV
Uniform WS Uniform WS Uniform WS + FreeCells

HPWL(e6) Time #FPTries HPWL(e6) Time #FPTries HPWL(e6) Time #FPTries HPWL(e6) Time

ibm01 3.96 18m 1 3.36 13m 1 3.05 20m 4 3.01 18m
ibm02 8.37 31m 1 8.23 4hr0m 15 6.83 11m 1 7.42 32m
ibm03 12.16 42m 1 11.53 22m 1 10.38 59m 6 11.2 32m
ibm04 13.48 47m 1 11.93 25m 1 10.11 15m 1 10.5 42m
ibm05 11.51 8m N/A 11.20 5m N/A 11.1 5m N/A 10.9 36m
ibm06 10.25 56m 3 9.63 19m 1 9.94 18m 1 9.2 45m
ibm07 15.75 58m 1 15.80 39m 1 15.25 25m 1 13.7 1hr8m
ibm08 21.18 1hr34m 1 18.85 1hr51m 3 17.91 29m 1 16.4 1hr22m
ibm09 19.59 1hr6m 1 17.52 2hr58m 6 19.88 29m 1 18.6 1hr24m
ibm10 60.72 3hr49m 1 53.58 8hr10m 3 45.46 1hr56m 1 43.6 2hr52m
ibm11 28.49 1hr46m 1 26.47 1hr9m 1 29.4 45m 1 26.5 1hr52m
ibm12 51.74 11hr15m 4 55.12 1hr59m 1 55.79 25m 1 44.3 1hr33m
ibm13 39.39 2hr31m 1 33.56 1hr28m 1 37.73 53m 1 37.7 1hr31m
ibm14 56.19 4hr46m 1 52.67 5hr33m 2 50.26 2hr35m 1 43.5 4hr36m
ibm15 70.48 3hr57m 1 64.69 4hr24m 2 65.0 3hr15m 1 65.5 6hr25m
ibm16 - - - 83.14 9hr40m 4 90.01 2hr42m 2 72.4 7hr16m
ibm17 92.38 7hr23m 1 91.50 4hr9m 1 89.17 3hr8m 1 78.5 10hr6m
ibm18 54.90 5hr78m 2 54.11 6hr37m 5 51.84 2hr7m 1 50.7 7hr17m

Table1: Mixed-size placement(Capo+Parquet+Capo), with the �oor planner Parquet using low-temperature
annealingto preserve initial macro locations.Wereport resultsfor uniform whitespacedistrib ution without fr ee
cells(II) and with fr eecells(III). Resultsare compared with the high-temperature annealing�o w fr om [2] with
uniform whitespacedistrib ution (I) and mPG (IV). Runtimes for Table I are observed on 1 GHz Linux/Pentium
3 machineand are reproducedfr om [2]. Runtimes for Table II and III are observed on a 2 GHz Linux/Pentium
4 machine.Runtimes for mPG (IV) are observed on a Sun Blade1000workstation running at 750MHz and are
reproducedfr om [10].

Circuit #Cells no FreeCells w FreeCells
(During After Placement After Phy-Synthesis After Placement After Phy-Synthesis

Placement Place Place Worst Worst Place Place Worst Worst
Stage) %WS RunTime WL Slack Slack TNS %WS RunTime WL Slack Slack TNS

(sec) (ns) (ns) (ns) (sec) (ns) (ns) (ns)

Ind1 10957 89 38 4.29e6 -3.75 -0.116 -2.150 40 75 3.37e6 -2.62 0.046 0.00
Ind2 39600 60 185 4.67e6 -7.70 -2.14 -6975 40 223 4.08e6 -6.57 -0.951 -2854
Ind3 109558 81 818 2.71e7 -14.77 -8.67 -133467 40 1562 1.51e7 -9.89 -2.19 -47578

Table2: The impact of fr eecells on physical synthesisfor industrial designswith low utilization. We report
the worst slack and total negative slack (TNS) after physical synthesis.During the placementstageof physical
synthesis,we add fr eecells so that the whitespaceavailable to the placer was reducedto 40%. Freecells are
removed after global placement.All designsare routableafter physicalsynthesis.

ing only half-perimeterwirelengthmaybemisleading.Routabilityof CapoandDragonplacementson ibm-Dragon

benchmarksis discussedin [3], where,the differencesare tracedto greaterhorizontalwirelengthandsmallervertical

wirelengthin Capoplacements.

3.2 Low-OverheadImplementation of FreeCells in a Min-cut Placer

As explainedin Section3, agenericwhitespacemanagementframework canbeobtainedby usingaplacerthatdistributes

whitespaceuniformly throughthecoreregion andby representingtheexcessive whitespaceassmall disconnectedfree

cells. This implementationof freecellsdoesnot requireany changesto theplacersourcecodeandonly pre-processes

the input netlistby introducingfake freecells,which makessensewith existing commercialplacers.However, explicit

modelingof freecellsandletting theplacerprocessthemodi�ed netlist impactstherun-timeandthememoryfootprint

of the placer. The placerrun-timedegradationis evident from resultspresentedin Tables2 and3. In this section,we
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Capo8.6 Dragon2.23(®xed-diemode:-fd)
%Free Place Place Routed Route #Vio Route Place Place Routed Route #Vio Route
Cells WL(e8) Time(s) WL(e8) Time(s) lations Success WL(e8) Time(s) WL(e8) Time(s) lations Success

0 1.80 129 2.29 2160 1 Yes 1.97 1618 2.42 1020 0 Yes
5 1.68 130 2.14 1080 0 Yes 1.89 1611 2.37 780 0 Yes
10 1.68 152 2.22 1800 0 Yes 1.83 1348 2.31 1560 1 Yes
15 1.64 162 2.77 1680 20741 No 1.67 1921 2.07 600 0 Yes
20 1.57 168 2.90 2040 27883 No 1.66 2342 2.17 720 0 Yes
25 1.55 186 2.95 2640 63864 No 1.57 2030 2.09 780 0 Yes
30 1.52 181 3.00 1560 66096 No 1.52 1988 2.12 1380 0 Yes

Table3: Placeand Route resultsfor ibm02 benchmark fr om IBM-Dragon suite with whitespaceincreasedto
65%. Freecells(asa fraction of total area)areaddedto handlewhitespace.Capoallocatesthe remainingwhites-
paceuniformly. Dragon performs congestion-drivenallocation of the remainingwhitespace.All experimentsare
conductedon a 2GHz Pentium/Linux platform.

50% 80%

50%
(25%)
50%

(25%)

(20%) (20%)

20%
(40%)
80%

(35%)

(10%)

(5%)

50%

A B C D

20%

Figure3: A bin with 50% whitespacebeingpartitioned. FiguresA and B have only realstd-cells.FiguresC and
D havefr eecellsintr oducedto occupy40% of sitearealeaving 10% whitespaceto beallocatedby the partitioner .
Real std-cellsare shown in shadedcirclesand fr eecellsare shown in plain circles. Numbers in circleswithout
parenthesesare areaof cellsas% of total real std-cell areain the bin. Numbers in parenthesesare areaof cells
as% of total site areain the bin.

explain implicit handlingof largeamountsof whitespacein atop-down, recursivebisectionbasedmin-cutplacer[6] with

minimal runtimeandmemoryoverhead.We achieve this without representingexcessive whitespaceas free cells and

hencewithoutpre-processingtheinput netlist.

Figure3 shows the min-cut partitioningprocedurefor a bin with 50% whitespacein absenceandpresenceof free

cells. Figures3A andB show 2 waysto partitiona bin with no freecells added.Theparametersaffecting thebalance

in thetwo partitionsare(i) Partitioncapacities(C j ), and(ii) Partition tolerances(Cmax
j ;Cmin

j ). In theexample,Figure3A

shows thestd-cellsbeingpartitionedin the ratio 50%:50%with a net-cutof 3. However, if highertoleranceis allowed

the partitionermay decideto partition the cells in the ratio 80%:20%with a smallernet-cutof 2. As shown in Figure

3B, Capois allowedto shift cut-linesafterpartitioningto equalizetherelative whitespacein thetwo partitions.Figures

3C andD show how the partitioningprocedureworks in presenceof free cells. Out of the 50% whitespace,40% is

representedasfreecellsandtheremaining10%whitespacecanbedistributedbetweenthetwo bins. To achieve a lower

cut,a goodmin-cutpartitionerwill favor to partitiontheinstanceasshown in Figure3D over Figure3C.Thus,theeffect

of highertolerancesis imitatedusingfreecellsanda constanttolerance.

As explainedin Section2.2,Capouniformly spreadstheavailablewhitespacethroughoutthecoreregion. Capouses
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Figure4: Placementsof the ibm02 designwith 19321cells and 18429nets, 9% whitespaceand no terminal
connections.Figures(A) and (B) show congestionmapsof ibm02 placedby two differ ent runs of Capo. As seen,
the congestionmapsare differ ent indicating the lack of stability in the placementalgorithm. Figure (C) shows
the congestionmap of a placementproducedby tethering 5% of movable cells to the seedplacementin Figure
(A) and running Capoagain. Figure(D) shows the congestionmap of a placementproducedby tethering cellsto
a placementproducedby Dragon and then running Capoon the tetherednetlist.

hierarchicalwhitespacetolerancecalculation[8] only while splittinga bin horizontally. Thetoleranceduringthevertical

split is constantandtheverticalcut-lineis allowedto moveafterpartitioningto balancetherelativewhitespacein thetwo

child bins.Thisstrategy workswell for low whitespacedesigns.However, for highwhitespacedesigns,it resultsin lower

tolerancesduringverticalpartitioninganduniformly distributesthewhitespacein thecoreregion resultingin excessive

wirelength.After studyingthebehavior of Capo8.7on low utilization designs,we addedtheoption-nonUniformWSto

Capo8.8.ThiscausesCapoto usethesamehierarchicaltolerancecomputationfor bothhorizontalandverticalsplitswhen

the bin whitespaceis greaterthanthe minimum local whitespacerequirement.Since,during the top-down placement

process,theaspectratioof mostof thebinsis closeto 1.0,wecanapproximatethenumberof recursively appliedparallel

verticalbin splits to n = log2R, whereR is thenumberof rows in thebin. With this assumption,thepartitiontolerances

arecalculatedin the samemannerfor horizontalandvertical splits. This changeallows Capoto transparentlyhandle

designswith a largeamountof whitespace.To accountfor local minimumwhitespacerequirement,we make surethat

Cmax
j for any partition doesnot violate the local minimum whitespacerequirementfor that child bin. Also, if the bin

whitespaceis greaterthanthe minimum local whitespacerequirement,we do not shift the cut-linesafter partitioning.

This ensuresthat someregionsof the layout aremoretightly packed thanotherregionsresultingin lower wirelength.

However, theminimumlocalwhitespacerequirementarestill respected.Wetesttheeffectof thischangeonthe“qor” test

casefrom IBM whichhas73095cells,73155netsand74% whitespacein thedesign.Capo8.7distributesthewhitespace

uniformly aroundthe chip andproducesa placementwith Half PerimeterWirelength(HPWL) of 15.85e6. With our

changes,Capo8.8allows higher toleranceduring the initial cuts,having the effect of compactingthe placement.The

�nal HPWL of the placementproducedby Capo8.8with a 15% minimum local whitespacerequirementis 8.9e6. The

performanceof Capo8.8on the IBMv1 andIBMv2 benchmarksremainsunchangedwith respectto Capo8.7.This is to

beexpectedasthesebenchmarkshave arti�cially-createdlayoutregionswith a relatively smallamountof whitespace.
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(A) (B) (C) (D)

Figure5: A singlecell/macro is tied to a rectangularregionin 4 differ ent ways.Solid dotsshow arti�cially added
(fake)pins, skewlinesshow faketwo-pin nets,and a fake5-pin net is shown by a spline. In all thr eecasesmoving
the cell within the regiondoesnot affect the total length of fakenets.However, any placementbeyond the region
will incur a wir elengthpenalty that is independentof other movable objects.

4 Stability of PlacementResults

Physicalsynthesis�o ws often requirethe stability of placementresultsfrom run to run for future optimizationswhich

targettiming and/orcongestion.However, Figures4 (A) and(B) show thatcongestionmaps[19] producedfor unrelated

runsof arandomizedmin-cutplacermaybeverydifferent.In orderto improvecongestion,onemaydistributewhitespace

to congestedareasor restructurethelogic, but such�x esmaybe irrelevant to theresultof thenext placementrun, or if

anotherplaceris used.To achieve relative stability, we proposethe following approach.Givena placement,we modify

the original netlist by addingfake pins and fake nets. After the modi�ed netlist is placed,the locationsof real cells

arelikely to becloseto their original locations,andtheamountof changeallowedcanbeeasilycontrolledduringpre-

processing.It is importantto notethatwearenotaddinghardconstraints— in principle,any cell canbeplacedanywhere.

However, locationsthatarefar from theoriginal locationcarrya wirelengthpenaltyin termsof fake wires— furtherthe

location,greaterthepenalty. A key propertyof ourconstructionis thatall locationswithin aprescribedrectanglecentered

aroundtheoriginal locationcarrythesameminimal wirelengthpenalty, andthis areequallyattractive duringwirelength

optimization.

Figure5 demonstratesseveralwaysto tie a cell or a macroto a region without inducinga hardconstraint.Fourouter

fake pinsare�x edin thecornersof thegivenregion. In Figure5 (A), four fake pinsareaddedin thecornersof thecell

to preserve cell orientation.In Figure5 (B), onefake pin is addedat thecenterof thecell sothatchangesin orientation

do not affect wirelength. In Figure5 (C), thesameeffect is achieved by usingonefake 5-pin net ratherthanfour fake

two-pinnets.In Figures5 (B) and5 (C), only thecenterof thecell is constrainedto bein theregion. In Figure5 (D), one

fake 8-pin net is usedwith thefake pinsin thecornersto ensurethattheentirecell is placedwithin theregion. Notethat

a techniquesimilar to that in Figure5 (A) is usedin [2] to restrictorientationsof macros,but in thatwork thefour outer

fake pinsare�x edat thecornersof thecoreregion. Thethreenew constructionsignorecell orientations.The �rst one

usesfour two-pin nets,thesecondusesone� ve-pinnetandthethird usesoneeightpin net. Thethird new construction

wassuggestedto usby Amir Farrahifrom SunMicrosystems.It canbeusedto mitigatethenumberof addednetsandto

ensurethattheentirecell is placedwithin theconstrainingregion. Otherwise,theseconstructionsareequivalentif used

with min-cutplacersor placersbasedonsimulatedannealingthatminimizeHPWL.
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% RgnSize % Avg %Max
(of layout) Diff Diff

0.2 3.3 47
0.5 2.6 58
1.0 3.9 50
10.0 3.7 43
50.0 5.1 48

Table4: The impact of constraining regionsizeduring tethering on the stability of global placementsproduced
by Capo on the ibm06 benchmark. The constraining region size is measured as a percent of the total layout
regionsize.5% of cellsare tetheredto the baseplacementfor all the runs. Wereport the averageand maximum
Manhattan displacementper cell betweentetheredplacementsand the baseplacement.

In our experiments,we randomlyselect2%-5%cells in a given placementandtie themto regionscenteredat the

cells' locations. The sizeof the regionsis selectedasa small fraction (several percent)of the coreregion size. These

sizesandthe weightsof fake wires allow oneto control changesfrom the original placement.As shown in Figure4

(C), additionalrunsof themin-cutplacerCapoproduceessentiallythesamecongestionmap. Theplacementin Figure

4 (D) is tied to the outputof Dragon. Table5 reportsthe effect of tetheringcells to a baseplacementon the IBM-v1

benchmarks[26]. Baseplacementsaregeneratedusing the randomizedmin-cut placerCapo. We thentethera small

numberof randomlyselectedcells of the netlist to the baseplacement.The IBM-v1 benchmarkshave disconnected

groupsof cells, causedby the removal of macros(andincidentnets)during the conversionfrom the original ISPD 98

partitioningsuiteto placementbenchmarks[26].2 To stabilizesuchdesignswe randomlyselectat leastonecell from

eachdisconnectedcomponentin thenetlistfor tethering.Table5 reportstheaverageandmaximumManhattandifference

betweenlocationsof cellsin thenew tetheredplacementsto thosein thebaseplacement.Thedifferenceis reportedasa

percentageof thecoreregion boundingbox andcanbecomparedto thetetheringregion whosehalf-perimeteris 1% of

thatboundingbox. As seenfrom theresults,tetheringseveral% of thecells to a baseplacementdramaticallyimproves

thestability of the randomizedmin-cutplacer— theaveragecell displacementfrom the initial locationsis very small.

However, themaximumdisplacementremainscomparatively high. Wetracethis to cellsin high fanoutnetswhich, if not

tethered,have a largefreedomto beplacedaroundthecoreregion without affectingthehalf-perimeterwirelengthof the

design.3 In practice,whenit is desirableto stabilizeplacementwith respectto a particulardesignobjective, e.g.,circuit

delay, oneshouldtethercellsthatarerelevantto thatobjective,e.g.,thoseon critical paths(seeSection5.2).

Table4 shows thattheconstraining-region sizedoesnot have a signi�cant effect on thestability of globalplacement

asmeasuredby averageandmaximumdisplacement— a surprisingresult.Finally, in all of our experiments,exceptfor

thosewith verysmallconstrainingregions,thewirelengthof tetheredplacementsis similar to theoriginalwirelength.

2Similar disconnectedcellsandgroupsof cellsalsooccurin somereal-world designmethodologies,e.g.,ªbonuscellsºthataresprinkledthrough
designsin anticipationof futureincrementalchanges.

3We attemptedaddingcellswith largestdisplacementsto the list of tetheredcellsandre-runningtheplacer. On our benchmarksthis approachhas
only moderateeffect becauseit takesanumberof iterationsto identify all ªlooseºcells.
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Circuit #Cells #Nets No Tethering 2%CellsTethered 5%CellsTethered 10%CellsTethered 50%CellsTethered
%Avg %Max %Avg %Max %Avg %Max %Avg %Max %Avg %Max
Diff Diff Diff Diff Diff Diff Diff Diff Diff Diff

ibm01 12282 11507 46 98 6 38 2.6 32 3.1 38 1.1 39
ibm02 19321 18429 24 58 4.8 47 4 45 2.9 54 1.1 37
ibm03 22207 21621 19 92 6.1 61 3.1 44 2.6 59 1.6 41
ibm04 26633 26163 41 95 9.4 58 3.3 45 2.9 51 1.3 51
ibm05 29347 28446 7.6 70 6.4 86 4.2 87 3.1 68 1.5 82
ibm06 32185 33354 40 95 5.3 53 3.8 62 2.7 48 1.4 44
ibm07 45135 44394 14 90 4 43 3.1 42 2.1 55 1.4 41
ibm08 50977 47944 36 90 2.7 56 2.1 59 1.7 56 0.9 59
ibm09 51746 50393 38 89 5.6 45 2.7 44 1.9 38 1 26
ibm10 67692 64227 23 94 3.2 56 1.8 50 1.4 50 0.6 49

Table5: The impact of tethering on stability of global placementsproducedby the Capoplacer. Using ibm-v1
benchmarks,we evaluate the impact of tethering random 2% / 5% / 10% / 50% of cells to a baseplacement.
Wereport the averageand maximum Manhattan cell-to-celldisplacementbetweentetheredplacementsand the
baseplacement.The displacementis reportedas% of the core bounding box.

(A) (B)
Row Util=70% Row Util=50%
AspectRatio=1 AspectRatio=1

Figure6: Capoplacementsfor AES(Rijndael) core.

5 Application: ResizingExisting PlacedDesigns

The numberof buffers will, in general,increaseaswe move to lower processnodes[23]. This is primarily because

(i) wires arenot scalingaswell asdevices,(ii) transistorcountson chipsareincreasing,resultingin morenumberof

buffers per logic gate. As we scaleto newer processnodesand existing IP blocks getsembeddedin larger designs,

the IP blocksmay have to be moreporous,i.e. have a largerminimum local whitespacerequirements.We extendour

techniquesfor achieving placementstabilityto thecontext of rescalingalayoutwhile maintainingthesamerelativetiming

characteristics.In contrastto currentECOtechniques,ourproposedrescalingmethodallowsfor large-scaleoptimizations

duringtheplacementprocessandis not limited to smallchangesin netlistandlayout.

Figure6 shows 2 differentblock shapes(�oorplans) for thesamecircuit AES(seeSection5.3). Figure(A) shows the

designwith 70%row utilization andanaspectratio of 1. Figure(B) shows thedesignwith 50%row utilization andan
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aspectratioof 1. Ourobjective in thiswork is thefollowing : givena layoutoptimizeddesign(Figure6 (A)); rescalethis

designto �t a largerdie (Figure6 (B)) resultingfrom higherlocalminimumwhitespacerequirements.

Weusethetechniquesfor achieving stabilitypresentedin Section4 asthebasisof our rescalingtechnique.Wetether

randomlychosenx% of standardcellsto thelocationsspeci�edby theoriginal layout.Thishelpsadecisionbasedplacer

suchastop-down min-cutplacerto make the right decisionswhile splitting thenetlistat eachpartitioninglevel. Thus,

thenew placementis biasedto besimilar to theoriginalplacement.Theobjective in Section4 wasto achieve run-to-run

stability for inherentlyunstableplacementalgorithms.Weusesimilarconceptsto tradeoff predictabilityvs. optimization

potentialwhenrescalinga design.Our proposed�o w for achieving predictabilitywhile rescalinga designis shown in

Figure7.

5.1 Experimental Flow

For our experiments,we usea well-known academicplacerCapo[6] and the industrial placementtool QPlacefrom

CadenceSilicon Ensemble(SEDSM).In the �rst step,initial placementof thedesignis obtained.In anactualscenario,

this would beobtainedfrom thelayoutoptimizeddesignthatwe aretrying to rescale.In ourexperiments,we obtainthis

placementby runningtheplacementtool on thedesign.We thenre-�oorplan thedesignto have a lower row-utilization

(higherwhitespace)comparedto theoriginal �oorplan. A placerwhichuniformly distributeswhitespacewill ensurethat

thenew �oorplanneddesignhasahigherlocalminimumwhitespacecomparedto theoriginaldesign.However, from our

experimentswe observe that the resultingnew placementsarein generalnot similar to theoriginal placementin terms

of timing characteristics.In mostcases,themostcritical pathsof thenew placementaretotally differentfrom themost

critical pathsin theoriginalplacementof thehigherrow-utilizationdesign.Thispointsto theinstability in theplacement

algorithmswe used.To achieve similarity in placementwe usethefollowing approach.We �rst rescalethelocationsof

all thestandardcellsandterminalsfrom theoriginalplacementto thenew �oorplan. Thisscalingis straightforward.Let

the�oorplan of theblockscalefrom heighth andwidth w to heighth0andwidth w0. Thenthelocation(x;y) of astandard

cell in theoriginalplacementscalesto thelocation(x0;y0) in new �oorplan asfollows.

x0= x� w0=w

y0= y� h0=h

After therescaledplacementhasbeenobtained,thestraight-forwardthingto dois to applyECOplacementtechniques

to legalizethenew re-scaledplacement.This canbedoneef�ciently usingcurrentECOplacementtechniquessuchas

QPlacerun in theECO mode. However, in a scenariowherethenetlistalsochangesconsiderablyduring the rescaling

process,usinglocal ECOchangeswill resultin sub-optimalresults.In our proposed�o w (Figure7), we tetherthenew

rescaledplacementusingfake pins andfake netsasexplainedin Section4. The new tetherednetlist is thenreplaced.

The tetheringfake netsandpins ensurethat the netlist is placedsimilarly to the original placement.We thusensure
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1 Rescale Placed Design
2 Obtain initial placement of the design;
3 Rescale locations of all standard cells and

terminals to new layout dimensions
4 Tether x% of cells to resulting placement
5 Replace the tethered netlist
6 Remove the fake tethering pins and nets

Figure 7: Proposedrescaling�o w.

Circuit Function #Cells #Nets
AES Rijndaelcore 10404 11955

MULT 53X53Multiplier 13803 14359

Table6: Benchmarksusedin our rescalingexperiments. AdvancedEncryption Standard/Rijndael (AES) core
is encryption core downloaded fr om http://www.opencores.org . MULT is 53X53bit multiplier that we
synthesizedusingsynopsysdesignfoundation library .

predictabilityduring rescaling.After the placement,the fake pins andfake netsareremoved from the netlist andthis

is the �nal re-scaledplacement.The allowed freedomduring the secondplacementrun is governedby the numberof

standard-cellstetheredandtheregionsizeof thetetheringboundingboxaroundeachtetheredstandard-cell.Ourproposed

techniqueallows oneto convenientlytrade-off furtheroptimizationvs. predictabilityduringtherescalingprocess.

5.2 Preserving Critical Paths

In the techniquespresentedin Section4, the designerspeci�es the % of cells to be tetheredto their initial locations.

Speci�c cells are chosenat random. This approachworks well when one is trying to focus mainly on the average

similarity of thetwo placements.However, sincein our casewe aretrying to preserve thetiming behavior of thedesign

duringtherescalingprocesswe selectcellsdifferently. Fromthe initial layout-optimizeddesign,we extract thecells in

the top few (1000in our experiments)worstpathsin thedesign.We tetherthesecritical cells to the locations,rescaled

from their original locations.Theremainingcells to betetheredaregeneratedrandomly. We thustry to ensurethat the

cells in thecritical pathareplacedcloseto their rescaledlocationswith anaim to betterpreserve thetiming behavior of

thedesign.

As a variantof timing-driventetheringof cells,we alsoproposeto changethesizeof the tetheringregion basedon

thedimensionsof thecritical netsin theoriginalplacement.By default, thetetheringregionis chosento beacertain%(in

ourcase0.5%to 5%) of thelayoutdimensions.Thesizeof thetetheringregiongivesusa knobto tradeoff optimization

vs. predictability. However, by tetheringthecritical cellsto theboundingboxof thecritical netthey belongto, onewould

maximizetheoptimizationpotentialwithout sacri�cing predictabilityin termsof timing behavior of thedesign.
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Circuit Row Util TetherType HPWL(e5) Clk Period(ns) # Similarpaths
AES 70% - 5.141 2.49 -

50% - 5.713 2.68 0/1000
50% Rand 6.211 2.87 996/1000
50% TD 6.138 2.68 1000/1000

MULT 70% - 4.156 1.99 -
50% - 4.767 2.13 0/457
50% Rand 5.014 2.02 279/457
50% TD 5.002 2.07 414/457

Table7: Rescalingresultsfor Capo. Tethered regionsize=0.5%of layout size.

5.3 Experimental Results

Table6 lists the characteristicsof benchmarksusedin our experiments.We downloadedthe verilog codefor the Ad-

vancedEncryptionStandard/Rijndael(AES) coredesignfrom [18]. TheMULT designis a 53X53bit multiplier thatwe

instantiatedfrom theSynopsysdesignfoundationlibrary. WesynthesizedthesedesignsusingSynopsysDesignCompiler

and�oorplannedthemusingCadenceSilicon Ensemble(SEDSMver. 5.4). For our experimentswe usethe academic

standard-cell placementtool Capo[6] andleadingindustrialplacementtool QPlacefrom Cadence.

The resultsfor rescalingareshown in Tables7, 8 and9. For all rescalingexperiments,we �rst �oorplan thedie to

have a row utilization of 70%. We run placementtoolson theinitial designto geta baseplacementandaninitial timing

reportwhich is generatedusingSynopsysPrimetimetool. All subsequentcomparisonsaremadeto this baseplacement.

The designis thenre-�oorplannedto have row utilization of 50%. The netlist remainsthe same.We thenreplacethe

50%utilized design.Next, we employ our proposedrescaling�o w to maintainthe timing characteristicsof thedesign.

For our �o w, we choose10%of thecellsto betetheredfor thesecondplacementrun. Weapplytwo variantsof our �o w.

In the �rst versionwe selectthecells to betetheredrandomly. Thesecondversionusestiming-driventetheringof cells

by selectingcellson thetop critical pathsalongwith a few randomcells,asthecellsto betethered.Table7 presentsthe

resultsfor Capowhenthesizeof tetheringregion aroundeachtetherednodewaschosento be0.5%of thelayoutregion

size. As canbeseen,without usingtethering,Capoproducesvastlydifferentresultsin termsof tetheringwith 0 out of

worst 1000pathsbeingsimilar for AES andMULT. We stabilizethe placementconsiderablyusingour proposed�o w

andproduceplacementswhich have very similar timing characteristicscomparedto the original placement.However,

thewirelengthsuffersaround10%dueto tethering.Oneof theproblemswasthatthetetheredregion sizewastoosmall,

thuseffectingtheoptimizationpotentialof theplacer. Soweincreasedtheareaof thetetheringregionto 5%of thelayout

region. Resultsfor this con�guration of the experimentareshown in Table8. With this changewe areableto reduce

the impacton HPWL to minimal while still maintainingthesimilarity in the timing behavior of thedesigns.We repeat

thesameexperimenton rescalingusingindustryplacerQPlace.Resultspresentedin Table9 show thatQPlace,produces

vastlydifferentresultsin termsof timing behavior whenthe�oorplan is changeda little. This resultsuggeststhatQPlace

is usinginherentlyunstablealgorithms.Sinceour techniquesmainly rely on pre-processingandpost-processingof the

input net-list,we canperformthesameexperimentson QPlaceandtry to improve its behavior in termsof predictability.
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Circuit Row Util TetherType HPWL(e5) Clk Period(ns) # Similarpaths
AES 70% none 5.141 2.49 -

50% none 5.713 2.68 0/1000
50% Rand 5.895 2.76 997/1000
50% TD 6.078 2.74 1000/1000

MULT 70% none 4.156 1.99 -
50% none 4.767 2.13 0/457
50% Rand 4.869 2.08 328/457
50% TD 4.818 2.06 403/457

Table8: Rescalingresultsfor Capo. Tethered regionsize=5%of layout size.

Circuit Row Util TetherType HPWL(e5) Clk Period(ns) # Similarpaths
AES 70% none 6.068 2.46 -

50% none 6.122 2.86 0/1000
50% Rand 6.591 2.48 885/1000
50% TD 6.732 2.88 978/1000

MULT 70% none 3.821 2.26 -
50% none 4.295 2.19 25/457
50% Rand 4.776 2.11 457/457
50% TD 4.745 2.39 457/457

Table9: Rescalingresultsfor QPlace.Tetheredregionsize=5%of layout size.

As seenfrom Table9 wewereableto produceplacementswith verysimilar timing characteristicsevenwhenwechanged

therow-utilizationsof thedesign.However, thelossin HPWL dueto tetheringseemsto bemoresigni�cant for QPlace.

We suspectthis is becauseof the fake �x edpins introducedall over the layoutduring tethering.Capodoesnot reserve

any spacefor thesefake pinson the layout,however, QPlaceseemsto be reservinga site for eachof thesepinsduring

placement,thushurting theoptimizationof HPWL. Currently, we aretrying to alleviate this problemby tweakingour

QPlace�o w.

6 Conclusions

Large-scaleplacementis becomingmore sophisticatedin the presenceof large IP blocks, embeddedmemoriesand

macros. Aggressive timing constraints,large whitespaceandphysicalsynthesis�o ws posenew challengesto layout

tools. In particular, local andglobal incrementalchangesmustbe sustainedwithout chaoticeffectson congestionand

circuit delay. We observe that“local” whitespacemakeslayoutsamenableto local modi�cationsandre-synthesis,while

stabilityof placementresultsfacilitateslargerincrementalchanges.

We contribute simpleandtunabletechniquesfor ensuringminimum “local” whitespacethroughoutthe coreregion

without distributing all whitespaceuniformly, andempiricallydemonstratethat suchlocal whitespaceis achieved with

approximately5%precision.Ourstudyis complementaryto thatin [4] wherewhitespaceis managedusingacombination

of min-cutandanalyticalplacementtechniques.Similarly, our methodscanbeusedwith congestion-driven whitespace
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allocationfrom [21, 27]. Our empiricalresultsshow that lax controlsover whitespacemay leadto betterhalf-perimeter

wirelength,but at the sametime may increaseroutedwirelengthor even leadto unroutabledesigns.This may be the

clearestexampleyet of thedivergencebetweenhalf-perimeterwirelengthandroutedwirelengthasoptimizationobjec-

tives. Our experimentswith physicalsynthesispoint out thatusinga combinationof freecellsanduniform whitespace

distributionduringglobalplacementcansigni�cantly improve circuit delayof low-utilization designs.

Our studyof stability shows thatwhile min-cutplacersmayproducesolutionswith very differentcongestionmaps,

it is possibleto stabilizetheir resultsby a simplepre-processing.In fact,it takesa surprisinglysmallmodi�cation of the

netlist to tie future placementsolutionsto a given setof locations. While somealgorithms,e.g.,analyticalplacement,

tendto produceconsistentresultson multiple runs,our techniquescanbe usedto tie the resultsproducedby different

placementalgorithmsandimplementationsto eachother. In particular, placementpredictionsmadeby afastestimatorcan

beenforcedat a globalscalewhena slower placeris usedto optimizewirelengthandvariousdesignobjectives.We also

addresstheissueof reshapinganexisting layout-optimizeddesignwith anaimof preservingthetiming characteristicsof

thedesignwhile still allowing roomfor furtheroptimizations.

We apply our techniquesfor achieving stability in placersto devise a �o w to rescalean existing layout-optimized

designwith theaim of preservingthe timing characteristicsof thedesign.We studytheoptimizationvs. predictability

trade-off in thiscontext. Theproposedrescaling�o w is particularlyusefulwhenonealsochangesthenetlistof theblock

duringits re-implementation.Further, therescaling�o w is not limited to smallchangesin layoutandnetlist.

Straightforwardimplementationsof theproposedtechniques,suchasfreecellsandfake nets,mayincreasethemem-

ory footprint of the placerandits runtime. Instead,thosetechniquescanbe implementedimplicitly so asto guarantee

theoriginal memoryfootprint andonly an insigni�cant slow-down. However, this is incompatiblewith thesimplepre-

processingapproachthatenabledourexperimentswith severalplacers.
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