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ABSTRACT

We shav how to optimizeSteineftreeWirelength(StwL) in global
and detail placementwithout a signi cant runtime penalty mak-
ing the use of Half-PerimeterWirelength unnecessary Given
that StWL correlateswith RoutedWirelength(rwL) much better
thanHPWL, our new optimizationimprovestheoverall Place-and-
Routeresults. We alsodevelop congestion-drien whitespacelis-
tribution during global placement. Comparingto the stateof the
art wherewhitespacds redistrituted after global placementwe
demonstrat¢hatcell-shiftingtechnique®ftenincreasevia counts.
Our placer ROOSTER outperformsbest publishedresults for
Dragon, Capo, FengShui,mPL-R/WSA and APlacein terms of
routedwirelengthby 10.7%,5.6%, 9.3%,5.5% and 4.2% respec-
tively. Via counts,especiallyimportantat 90nm and belaw, are
improvedby 15.6%over mPL-R/WSAand11.9%over APlace.

Categoriesand Subject Descriptors
J.6[Computer-Aided Engineering]: ComputerAided Design
General Terms Algorithms, Design

K eyvvords PhysicalDesign,PlacementRouting,SteinerTree

1. INTRODUCTION

Recentlytherehasbeenmuchinterestin estimatingthe amount
of improvementthatis left in placemenbptimization[6]. Thegap
betweerpptimalandpractically achievablesolutionsis usuallyex-
plainedby thedif culty of optimizationandshortcoming®f indi-
vidual algorithms.In this work we point out anothemajor source
of sub-optimalityin PhysicaDesign— solvingwrongoptimization
problems whetheroptimally or not. In the shortterm, this source
of sub-optimalityseemdairly easyto addressascon rmed by our
empiricalresults.We improve placemenglgorithmsby leveraging
existing researcton minimal Steinertrees.

Our main contrikution is optimizing Steinertree Wirelength
(StWL) in globalanddetailplacementwithoutasigni cant runtime
penalty makingtheuseof Half-PerimeteiVirelengthunnecessary
We draw onrecentworksin min-cutplacementandparticularlythe
terminal propagatiortechniquefrom [21], improvedin [7], which
better correlatessmall net-cutwith small HPWL. We generalize
this technigueand shawv that with adequatedatastructuresit re-
ducesStWL in global placementef ciently. To our knowledge,
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Table 1: Traditional work on placementdoesnot optimize or

even report the objectivesmost pertinent for Place-and-Route.
It is particularly dif cult to optimize objectivesthat are mea-
sured relative to a given industrial router. We impr ove key ob-
jectivesby departing from the traditional HPWL optimization.

(?) Optimizing congestionper seappearsof limited use.

minimizationof StWL in min-cutbisectionhasnot beenattempted
before, particularly the net-vector technique[12] cannotcapture
Steinertreelengthsin bisectionor quadrisectior(for moredetails
seeSection2.1). Our Steinertreedrivendetail placerleverageghe
speedof therecentFLUTE packagd8]. Theclosestwork in detail
placemen{13] modelssingle-trunkSteinertreesto reduceconges-
tion in FPGAs. While effective, this techniquerequiresexorbitant
amountf runtime. Instead our detail placeris quitefast,consid-
ersoptimal Steinertrees,andoptimizesa differentobjectie.

We alsobuild up onrecentwork in congestion-drien placement
thatusescongestiommaps.In [25] congestiormapsarebuilt after
global placementandannealingnovesareappliedto minimizea
congestiommetric. Anothertechniqueproposedn [18] andknownn
asWSA, is appliedafter detail placement.lt identi es areaswith
high congestionand injects whitespaceinto theseareasin a top-
down fashion. Our work usescongestiommapsfrom [24] to allo-
catewhitespacen a mannersimilar to WSA but proactively dur-
ing global placementAs aresult,our placerROOSTER(Rigorous
Optimization Of SteinerTreesEasesRouting) producesthe best
known routedwirelengthson the IBMv2 benchmark$25].

At the 90nm technologynode and below, increasedvia resis-
tance manufcturingvariability andmanufcturingdefectsrequire
unprecedentedttentionto vias. Most semiconductomanufctur
ersrequireviasto be doubledfor reliability. To this end,we point
out thata rangeof easy-to-implemendetail placementlgorithms
(thoseof thecell-shifting variety) tendto increasevia counts,even
whenthey improve routability. ROOSTERavoids them and ex-
hibits the smallestvia countson standardbenchmarksamongall
publishedresultsandour runsof recentplacementools.



In theremaindeof this paper Section2 describepreviouswork
on VLSI placementSection3 discussegherealizationof Steiner
treemodelingin min-cut placersand Section4 describesSteiner
driven detail placement.Section5 outlineswhitespaceallocation
to improve routability. Experimentatesultsaregivenin Section6,
andSection7 outlinesfurtherapplicationsof ourtechniques.

2. BACKGROUND AND PREVIOUSWORK

Traditionally, placementand routing are treatedas two sepa-
rateandindependenbptimizationproblems. Standard-celplace-
mentis generallyseenasthe problemof nding non-overlapping
row andsite-alignedpositionsfor cellswhile minimizing thewire-
length of the design. Currently HPWL is the estimateof choice
for wirelength minimization in placementbecauset is compu-
tationally easyand exactly estimatesRectilinearSteinerMinimal
Tree (RSMT) lengthfor 2- and 3-pin nets. Unfortunately routers
constructroutedwires using Steinertreeswhoselengthis under
approximatedby HPWL. Since RSMT constructionis an NP-
completeproblem[11], it hasbeengenerallyregardedastoo com-
putationally demandingfor usein placemen{12]. To illustrate
how a placeroptimizesits choserobjective, we describea speci ¢
placementechnique- top-davn placement.

2.1 Top-down placement

Top-davn placementalgorithms seekto decomposea given
placementinstancénto smallerinstancedy subdviding theplace-
mentregion, assigningnodulego subrg@ionsandcuttingthenetlist
hypegraph [3]. Min-cut placersgenerally use either bisection
or quadrisectionto divide the placementareaand netlist. The
netlist division stepis commonlyimplementedwith the Fiduccia-
Mattheysesheuristicand derivatives [10, 4], or alternatvely with
quadratigplacementaindgeometricpartitioning[2].

Placementbins. Eachhypegraph partitioning instanceis in-
ducedfrom arectangularegion, or bin, in thelayout. In this con-
text aplacemenbin representsi) a placementegionwith allowed
modulelocations(siteg, (ii) a collectionof circuit modulesto be
placedin thisregion, (iii) all signalnetsincidentto themodulesin
theregion, and(iv) x edcellsandpinsoutsidetheregion thatare
adjacento modulesn theregion (terminalg. Top-dawvn placement
canbe viewed asa sequencef passesvhereeachpassexamines
all binsanddividessomeof theminto smallerbins. Thesesmaller
binscollectively containtheentirelayoutareaandcellsof theorig-
inal instance.Whenplacemenbins aredivided, careful choiceof
vertical or horizontalcut directionin uenceswirelengthandrout-
ing congestiorin resultingplacemensolutions[23].

Terminal propagation. Propemhandlingof terminalss essential
to the succes®f top-davn placementpproachesWhena partic-
ular placementbin is split into multiple subrgions, someof the
cellsinsidemaybetightly connectedo cellsoutsideof thebin. Ig-
noringsuchconnectionganadwerselyaffectthequality of a place-
mentsincetheseconnectionganaccounfor signi cant amountsof
wirelength.Onthe otherhand,theseterminalsareirrelevantto the
classicpartitioningformulationasthey cannotbefreely assignedo
partitions.A compromisas possibleby usinganextendedormula-
tion of “partitioning with x edterminals”,wheretheterminalsare
consideredo be x edin (“propagatedo”) oneor morepartitions,
and assignedzero areas(original areasare ignored). Netswhich
are propagatedo both partitionsin bi-partitioning are considered
“inessential”sincethey will always be cut and canbe safelyre-
moved from the partitioninginstanceto improve runtime[5]. Ter
minal propagation[9, 22, 12, 5] is typically driven by geometric
proximity of terminalsto subrgions/partitions.

Minimizing HPWL thr ough weightednet-cut. The authorsof
[21] alsonotetheinaccurag of representinghe wirelengthobjec-
tive of placemenby themin-cutobjective in partitioning. Optimiz-
ing HPWL directly throughpartitioningcanprovide improvements
over the simple min-cut objective. The authorsintroducea new
terminal propagatiortechniquein their placerTHETO thatallows
the partitionerto bettermapnet-cutto HPWL. Theterminalprop-
agationin THETO differs from traditionalterminal propagatiorin
thateachoriginal netmayberepresentely oneor two netsin the
partitionednetlist, dependingon the con guration of the net's ter
minals. Two specialcases— netswith noterminalsandinessential
nets— aretreatedthe sameasin traditionalterminalpropagation.
Five othercasesare analyzedin [21], basedon the con guration
of terminalsrelative to the centersof the child bins, and proper
weightcomputatioris describedonecaserequireswo nets).This
way weightednet-cutbetterrepresentshe “HPWL degradation”
seenafter partitioning. Empirically, this terminalpropagatiorand
netweightingareshavn to reduceHPWL in min-cutplacement.

This techniqueis simpli ed in [7] andreducedto the calcula-
tion of threewirelengthgpernetperpartitioninginstancgseemore
detailsin Section3). Our key obseration is thatthis calculation
is sufciently generalto facilitate the minimization of wirelength
estimateotherthanHPWL.

Using multi-way partitioning . In an attemptto improve ba-
sic recursve bisection,mary researcherbave notedthatit even-
tually producesmulti-way partitionswhich could be alternatvely
achieved by directmethodausingwirelength-like multi-way objec-
tives.In [12] theauthorsmake useof quadrisectiorandshav how
severaldifferentcostfunctionsotherthancut canbe optimizedef -
ciently, althoughwith overheadgreaterthanthatof bisection.One
suchcostfunction is the Minimum SpanningTree (MST) length
which they noteis a far more accuratepredictorof routedwire-
lengththannet-cut.Theauthorsotethatfor awirelengthevaluator
to be feasiblefor placemenbptimization,it musthave evaluation
compleity similarto or smallerthanMST. On the otherhand,the
authorsclaimthattheirtechniqueganapplyto “arbitrarily compli-
catedpernetplacemenbbjectives” [12].

Thenet-\ectortechniquancludesthe computatiorof 2P integer
costsper optimizationobjective de ned for p partitions(p= 4 in
[12] becauseguadrisectioris used). It thenlooks up thesecosts
during partitioning. Unfortunately suchlook-upsrequirethe dis-
cretizationof pin locationsandcannotaccountfor the locationof
x edterminalswith asmuchprecisionasour work. Furthermore,
the Steineftreeobjective on a discretized?x2-grid doesnot differ
from thediscretizedMST objective, henceit appearshatoptimiz-
ing StWL would requireat least16-way partitioning, with fairly
large net-vectortables. However, no 16-way geometricpartition-
erscanbe foundin the literaturethat are competitve to recursve
bisection. In our work, Steinertreesare built onthe y for each
con guration, but the overall runtimeremainsreasonable.

2.2 Estimating congestion
and routed wir elength

CongestionMaps. Therehave beenmary recentadwancesin
estimatingoutingcongestionMosthave comein theform of more
accurateand fastercongestionmaps[15, 24]. In this work, we
malke useof the congestiormappingtechniquegpresentedn [24]
which assumeshat routersattemptto route netswith the fewest
numberof bendspossible. Thusit modelstwo-pin netsin only
L and Z shapesunlike other methodsthat considerall possible
shortespathsbetweertwo pinsequally Empirically theauthorsof
[24] have found that someroutersareableto nd routeswith one
bend60% of thetime andtwo bendroutesfor the majority of other



nets. Thus, one-bendandtwo-bendroutesare weightedthis way
in their maps.Empirical resultsshav thatsuchestimatesorrelate
well with actualroutingusagean theMagmaPlace-and-Rout® w.
Rectilinear minimal Steinertreeevaluators. The problemof
constructingRectilinearSteinerMinimal treesis knowvn to be NP-
hard[11]. Speci cally, it is the problemof connectinga given set
of pointsin the Manhattarplaneby a minimum-lengthtree,which
canuseadditionalbranching(Steiner)points. This problemadmits
polynomial-time approximationsand practical heuristics. Three
suchalgorithmswith available sourcecode are BatchedlIterated
1-Steiner(BI1ST)[14], FastSteinefl6] andFLUTE[8]. BI1STis
the oldestand slowestof thesealgorithmsbut generallyproduces
the bestsolutionsoverall. FLUTE is the mostrecent,the fastest,
andprovably optimalfor instancesvith nine pointsor fewer. Fast-
Steineris in themiddlein termsof bothspeedandsolutionquality.

2.3 Achieving Routable Placements

It is well-known thata placementvith smallHPWL maybe un-
routabledue to uneven routing demandand ensuingwiring con-
gestion. For this reason,modernplacersmustexplicitly account
for routing congestiorin orderto produceroutableplacementsin
[25], congestiormapsarebuilt afterglobalplacementandanneal-
ing movesare appliedto minimize a congestiormetric. Another
techniqueknown as WSA [18] is applied after detail placement.
WSA usescongestiormapsto identify areaswith high congestion
andinjectswhitespacénto theseareasn atop-davn fashion.After
all the whitespaceallocationis done,cells generallyoverlapeach
otherandlegalizationis required.After legalization,window based
detail placementechniquesare appliedto reducewirelengththat
wasincreasediuring whitespaceallocationandlegalization. Cell
bloating[20] andcell spreading18] areusedto tie whitespaceo
speci c cells,ratherthanto x edregionsasin techniquedasedn
congestiormaps!

3. MINIMIZING TOTAL STEINER-TREE
LENGTH IN GLOBAL PLACEMENT

In this section,we describenewn techniquego minimize Steiner
wirelengthin min-cut placement.Iln additionto the overall meth-
odsthatmake minimizing Steinerwirelengthpossible we present
datastructuresew to min-cut placementhatkeepruntimesprac-
tical. Theseglobal placementechniquesalonecanreducerouted
wirelengthby up to 7%, asdemonstrateth Figure?2.

A framework for minimizing StWL. To minimize total StWL
duringmin-cutplacementye captureit usingtheweightednet-cut
objective usedin partitioning. In the caseof HPWL minimization,
this hasbeenaccomplishedh [21] with a 7-caseanalysis A differ-
ent group reducedthis techniqueto the calculationof threewire-
lengthsper net per partitioninginstance[7] andveri ed resulting
empiricalimprovements.

While the formulation from [7] is more compactthanthe one
from [21], we alsonotethatit is far moregeneral.For eachnetin
eachpartitioninginstance pnemustcalculatethe costof all nodes
onthenetbeingplacedin partition1 (w1), the costof all nodeson
the net being placedin partition 2 (w») andthe costof all nodes
on the netbeingsplit betweenpartitions1 and?2 (wy,). Up to two
netscanbe createdin the partitioning instance,one with weight
jw1  wpj andthe otherwith weightwy, maxwy;wy). Theonly
assumptiormadein [7] isthatwi,  maxwy;wy).

1Cell bloatingarti cially increaseshewidth of cellsbecauseheir
heightsare determinedby rows. However, the peakdemandfor
horizontaltracksdoesnotdecreasbecauseellsarenotspreadrer-
tically. Tothecontrary by spreadingellshorizontallycell bloating
increaseshe overall demandor horizontaltracks.

Thepointsrequiredto calculatew; for agivennetarethetermi-
nalson the net plusthe centerof partition 1. Similarly, the points
requiredto calculatew, aretheterminalsplusthecenterof partition
2. Lastly, the pointsto calculatew;» arethe terminalson the net
plusthe centersof both partitions. Clearlythe HPWL of the setof
pointsnecessario calculatew; ; is atleastaslargeasthatof w, and
Ws sinceit containsanadditionalpoint. By the samelogic, StWL
alsosatis esthisrelationshipsinceRSMT lengthcanonly increase
with additionalpoints. SinceStWL is avalid costfunctionfor these
weightedpartitioning problems,we have a framavork wherebyit
canbe minimized. To our knowledge,sucha framewvork hasnot
beenknown in min-cutplacementntil now.

Thesimplicity of thisframework for minimizing StWL is decev-
ing. In particular the propagatiorof terminallocationsto the cur
rentplacemenbin andthe removal of inessentiahets[5] — stan-
dardtechniquegor HPWL minimization— cannotbe usedwhen
minimizing StWL. Moving terminallocationsdrasticallychanges
Steinertreeconstructiorandcanmale StWL estimatesxtremely
inaccurate. Nets that are considerednessentiain HPWL mini-
mization(wheretheboundingbox of terminalsspanghe centersof
child bins) arenot necessarilynessentialvhenconsideringStwL
becauseherearemary Steinertreesof differentlengthsthathave
thesameboundingbox. Not only computingSteinertrees but even
traversingall relevantnetsto collectall relevantpointlocationscan
beverytime-consumingThereforethemainchallengen support-
ing StWL minimizationis to develop ef cient datastructuresand
limit additionalruntimeduringplacement.

Pointsetswith multiplicities. Building Steinertreesfor eachnet
during partitioningis a computationallyexpensve task. Similarly,
Table8 in AppendixA shavs how expensve a naive replacement
of HPWL with Steinertreeevaluationcanbein oorplanning. To
keepthe runtime reasonablevhen building Steinertreesfor par
titioning, we proposea simpleyet highly effective datastructure
— pointsetswith multiplicities For eachnetin thehypegraph,we
maintaintwo lists. The rst list containsall theuniquepin locations
onthenetthatare x ed. A x edpin cancomefrom sourcessuch
asterminalsor x edobjectsin the corearea.The secondist con-
tainsall the uniquepin locationson the netthataremovable, i.e.,
all otherpinsthatarenot on the x edlist. We maintaina unique
list of pointssothatwe don't passary redundanpointsto Steiner
evaluatorswhich may increasetheir runtime. To do so ef ciently,
we keepthe lists sorted. For bothlists, in additionto the location
of the pin, we keepthe numberof pinsthatcorrespondo a given
point. Beforelegalizationin detail placementtheremay be signif-
icantcell overlapwhich cancausepins to have the samelocation.
Maintainingthe numberof real pinsthatcorrespondo a pointin a
pointsef(i.e.,themultiplicity of thatpoint)is necessarfor ef cient
updateof pin locationsduring placement.

Steiner weighted min-cut step by step. At the beginning of
min-cut placementall the movable cells are placedat the center
of the rst placemenbin which encompassethe corearea. Next
all the x ed and movable pointsetsare initialized. The runtime
requiredto initialize eachpointsetis asymptoticallythe sameas
sortingthe pointset. The multiplicities associateavith eachpoint
areupdatedn constantime whenduplicatesareremoved.

Whena partitioninginstanceis to be built for a bin, all netsthat
areincidentto the bin mustbe examinedin ary min-cut placer
Usually ary cell thatis outsideof the bin would be propagatedo
theborderof thebin. We skip this stepasthis reducesheaccurayg
of the Steinemeasurementdnsteadwe collectall thelocationsof
terminalson this net. This includesall the x edpinsin additionto
ary movable pinsthatare outsideof this bin. At this point, other
placerswould checkto seeif theboundingbox of terminalswould



Whitespace Metal

Benchmark| #Cells | # Nets | easy hard layers
ibm01 12028 | 11753 | 14.88% | 12.00% 4
ibm02 19062 | 18688 | 9.58% | 4.72% 5
ibmQ7 44811 | 44681 | 10.05% | 4.70% 5
ibm08 50672 | 48230 | 9.97% | 4.84% 5
ibmQ9 51382 | 50678 | 9.76% | 4.88% 5
ibm10 66762 | 64971 | 9.78% | 4.92% 5
ibm11 68046 | 67422 | 9.89% | 4.67% 5
ibm12 68735 | 68376 | 14.78% | 9.94% 5

Table 2: Statisticsof the IBMv2 benchmarks[25].

containthe centersof the potentialchild bins (or would be check-
ing for this conditionwhile gatheringheterminalsonthis net)and
stopwithoutaddingthis netto the partitioningproblem.If thiscon-
dition holds,the netis inessentiato partitioningwhenoptimizing
for HPWL, but maynotbeinessentialvhenoptimizingfor Steiner
WL. Thuswe cannotskip this netbeforecalculatingits threecosts.

We calculatethe threecostsfor eachnet by makingcallsto a
particular Steinerevaluator If the numberof unique points that
needsto be passedo the Steinerevaluatoris largerthana certain
threshold we useHPWL evaluationinsteadpurely for speedcon-
cerns.After makingcallsto the Steinerevaluator we make checks
to ensureconsisteng of the costssincethe evaluatorswe areusing
are approximationalgorithmsfor building RSMTs. For example
we ensurethatc;  ¢12 by settinge; = min(cy; c12) andsimilarly
for c,. Also, we malke surethatcy, is no largerthanmin(cy; o)+
therectilineardistancebetweerthe centersof the child bins. This
is necessariltrue becausene hasa tree that connectso all the
terminalson the net andthe centerof partition 1, one can easily
connecto the centerof partition2 with asingleedge.

After constructing the partitioning instance with properly
weightednets,the partitionerrunsandproducesa solution. A cut-
line is selectedbasedon the partitioning (seeSection5 for more
details),and then new bins are constructedor the next cycle of
min-cut placemento continue. Whenthe new bin is constructed,
cellsthatbelongto thatbin areplacedatits centerandall pointsets
for netsincidentto the bin mustbe updated. Sincethe pointset
structuresaresortedandhave multiplicities, moving apin to anew
locationtakestime logarithmicin the numberof pinson anet. For
agivenplacementnstancethistime is essentiallyconstant With-
out multiplicities, the entirepointsetwould needto beretuilt from
scratchdueto theremoval of duplicates.Empirically building and
maintainingthe pointsetdatastructuregakes lessthan 1% of the
runtimeof globalplacementPointsetanustalsobe updatedvhen
whenbin is placed— movable pins get reassignedo the x ed-
pin pointset. Note that partitioning only causesa movable pin to
changeposition,and x edpointsetsareunafected.

Performance. After implementing net-weighting basedon
pointsets,we comparedthree different Steinerevaluatorsto see
their impact on runtime and solution quality Basedon the re-
sults discussedn Appendix B, we have chosenFastSteinel[16]
for global placementthanksto its reasonablguntime and con-
sistentperformanceon large nets. Table 3 shavs that the useof
FastSteinemith our techniquedeadto a reductionof StWL on
IBMv2 benchmark$25] by nearly3% on averagewhile usingless
than30%additionalruntime. Sincemin-cutplacersarefastandex-
tremelyscalablethisis a very encouragingesult. Thelargestand
smallestbenchmarkgibm0leandibmi2e)differ by 5x in size,but
HPWL minimizationconsistentlytakes 75% of runtimefor StwL
minimization,suggestinghattheratioremainsapproximatelycon-
stantregardlesof thescale.

Bench- Minimizing HPWL Minimizing SteinedVL
mark [ HPWL | StWL | Time(s) | HPWL | StWL | Time(s)
ibmOle | 0.523 | 0.602 205 0.526 | 0.590 271
ibmO1lh | 0.514 | 0.592 204 0.523 | 0.587 266
ibm08e | 3.603 | 4.300 | 1484 3.757 | 4241 2304
ibm08h | 3.620 | 4.258 1446 3.646 | 4101 | 2268
ibm12e | 8.193 | 9.109 | 2235 8.321 | 8.990 | 3016
ibm12h | 7.983 | 8.907 | 2215 7.966 | 8.621 | 2957

[ Ratio | 0.987 | 1.029| 0.733 | 1.000 | 1.000]| 1.000 |

Table 3: Improving Steiner WL with FastSteiner[16]. Aver-
ageHPWL, SteinerWL and placementruntimes are shown for
representatve IBMv2 benchmarks[25]. All wirelengthsarein
meters. Optimizing StWL decreasesStWL by 2.9%, increases
runtime by 27% and increaseHPWL by 1.3%.

4. DETAIL PLACEMENT DRIVEN
BY STEINER TREE LENGTH

Sliding-windav optimizationsfor HPWL during detail place-
mentarequite commonin modernplacers.A recenttechniqueof
thatvariety modelssingle-trunkSteinertreesandhashadsuccess
in improving routability of FPGAs[13]. Unfortunately it appears
very slow. We haveimplementedwo typesof sliding-windawv opti-
mizersdirectedatminimizing StWL usingthe FLUTE Steinereval-
uator[8]. The rst optimizerchecksall possibldinearorderingsof
smallgroupsof cellsexhaustively The secondptimizeralsodoes
linear placementput usesa dynamicprogrammingalgorithm for
an interleaving optimizationsimilar in spirit to that presentedy
JarinalaandLillis [13]. Givenk cells,this dynamicprogramming
algorithmexploresann-by-m (n= k=2, m= k n) tableof partial
solutions,andusesFLUTE to evaluatetheir costs. Sincesuchdy-
namicprogrammingdoesnot, in general producemin-StWL con-

gurations, we keepthe betterof theinitial anddynamicprogram-
ming solutions.Comparedo exhaustie searchdynamicprogram-
ming allows for largerwindows with reasonableuntime.

Table 4 evaluatesdetail placemenion the IBMv2 benchmarks,
with 4 cells perwindow duringexhaustve enumeratiorand8 cells
perwindow during interlearing. Suchdetail placementlonere-
ducesSteinerWL by 0.69%androutedWL by 0.72%while only
consumingl1.83%of thetotal placementuntime.

5. CONGESTION-BASED
CUTLINE SHIFTING
In this sectionwe introducewhitespacellocationbasedn con-
gestionestimatesluring min-cut placement.This techniqueis es-

sentialto achieving routability, but in somecasesncreasesouted
wirelength,asseenin Figure2.

SteinerWL RoutedWL | % Total

Benchmark| improvement| improvement| runtime
ibm02e 0.735% 1.344% 10.89%
ibm02h 0.644% 1.078% 11.14%
ibm09e 0.533% 0.890% 13.00%
ibm09%h 0.716% 0.282% 13.26%
ibm12e 0.698% 1.019% 11.11%
ibm12h 0.619% 2.318% 11.50%

[ Average | 0.688% | 0.717% [ 11.83%]

Table 4. Detail placementimproves Steiner WL and routed
WL. Averageimprovementsand runtime (asa fraction of total
placementtime) are shown for representatve IBMv2 bench-
marks [25].



Oneof the mostimportantreasonghatwe usebisectioninstead
of quadrisections the e xibility thatit allows in choosingthe cut-
line of a partitionedbin. Beforepartitioningwe rst choosea di-
rectionfor the cutlinewhichis usuallybaseduponthe geometryof
thebin. We thenchoosea tentative cutlinein thatdirectionto split
thebin roughlyin half.

After the partitionerreturnsa solution,we have the e xibility to
keepthe cutline asit waschosenbeforepartitioningor to change
it to optimizeanobjective. The WSA [18] techniqueappliedafter
placementgeometricallydividesthe placemenareain half andes-
timatesthecongestiorin bothhalvesof thelayout. It thenallocates
more areato the sidewith greaterroutingdemand(i.e. shifts the
cutline) andproceedsecursvely on the two halvesof the design.
In WSA, cells mustbe re-placedafter the whitespaceallocation.
We canavoid thisre-placemenbecaus®ur cellshave notyetbeen
placedandwill betakencareof naturallyin themin-cutprocess.

Cutline shifting usedto handlecongestiomecessitatea slicing

oorplan. Theonly work in the literaturethat describegop-davn
congestiorestimatesand usesthemin placementassumes grid
structure[2]. Thereforewe develop the following technique:be-
fore eachround of partitioning, we overlay the entire placement
region on a grid. We choosethe grid suchthateachplacemenbin
is coveredby 2-4 grid cells. We build a congestiormapusingthe
lastupdatedocationsof all pins. We choosghemappingtechnique
from [24] asit shaws goodcorrelationwith routedcongestion.

Whencells are partitionedandtheir positionsare changedthe
congestionvaluesfor their netsareupdated.Before cutline shift-
ing, theroutingdemandsndsuppliesfor eithersideof the cutline
are estimatedwith the congestiormap. Given the boundingbox
of aregion, we estimatats demandandsupplyby intersectinghe
boundingboxwith the grid cells of the congestiormap. Grid cells
thatpartially overlapwith the givenboundingbox contrituteonly a
portionof theirdemandandsupplybasedn theratio of theareaof
the overlapto the areaof thegrid cell. Usingthe demandandsup-
ply estimatesyve shift the cutline to equalizethe ratio of demand
to supplyon eithersideof thecutline.

To shawv the effectivenessof this dynamicversionof WSA, we
plot congestiormapsof placement®f ibom01hproducedwith and
without ourtechniquen Figure 1. Theleft plot illustratesuniform
whitespaceallocationandthe right plot congestion-drien whites-
paceallocation. Our whitespaceallocationtechniquereduceshe
maximumcongestiorby 50% and the numberof overfull global
routing cells from 3.95%to 3.18% (as reportedby an industry
router). We also post-processur placementwith WSA and ob-
sene mixedresults,asdiscussedbelon (seeTable7).

6. EXPERIMENT AL RESULTS

To testthe quality of placementproducedby ROOSTER,we
ranit onthe IBMv2 suiteof benchmark$25] androutedthemus-
ing CadencaNarpRoute2.4.41.All runsof placemenaindrouting
were performedon 3.2GHzIntel Pentium4 processorsvith 1GB
of RAM. Statisticsfor theIBMv2 benchmarksreshown in Table
2. A comparisorof ROOSTERagainstthe bestpublishedresults
for severalcompetitve placersis shavn in Table5. A ratio greater
than 1.0 indicatesthat our resultsare overall betterfor routing on
this benchmarksuite, which is true for all the routedwirelengths
andvia countsof previously publishedresults.

Most of the placerswhosebestpublishedresultsare shavn in
Table5 have morerecentinarieswhichwe evaluatein Table6. We
ranDragon4.0in x ed-diemodeonthelBMv2 benchmarkshut it
consistentlycrashedcandwe areunableto shaw resultsfor it. Table
6 shavs thatthelatestversionof mPL-R+ WSA hasslightly worse
rWL (0.7%) when comparedto ROOSTERand 6.9% higher via

count. APlace2.04 hasrWL 3.24%smallerthanours, but 7.32%
moreviasandviolationson 2 of the 16 benchmarks.

Sinceour cutline shifting for congestiorcanbe viewed asa dy-
namicversionof the WSA post-processingechniquewe werein-
terestedn seeinghow WSA or otherdetail placementechniques
would affect the routability of our placementsTable7 shavs that
WSA is able to improve our wirelengthby approximatelyl.0%
with a 0.4% increasdn via count. Direct comparisonshav that
the mostimprovementis obtainedon theibm01andibm02bench-
marks. In contrastthe detail placersof Dragon4.0 and FengShui
5.1 make theroutability of our placement§ar worsewith increases
in routedwirelength,via countandviolations.

7. CONCLUSIONS AND FURTHER WORK

We have presentedtechniqueswhich leverage recent ad-
vancesin RSMT construction[8, 16] to optimize Steinerwire-
length in global and detail placementwith only a modestin-
creasein runtime, featurescurrently usableonly in our placer
ROOSTER which is freely available as part of the UMpack
(http://visicad.eecs.umich.edu/BK/PDtools/yith our whitespace
allocationbasedon congestionmapsfrom [24], ROOSTERout-
performsbestpublishedresultsfor Dragon,Capo,FengShuimPL-
R/WSA andAPIlacein termsof routedwirelengthby 10.7%,5.6%,
9.3%, 5.5% and 4.2% respectiely. Via counts, especiallyim-
portantat 90nm and belawv, are improved by 15.6% over mPL-
R/WSA and11.9%over APlace. Furtherimprovementsby other
researcherfn Steinertree constructionand congestiormapscan
only make our resultsbetter In particular if the FLUTE package
becomedasterand can procesdarger netswith high delity, the
window sizesusedby our detail placerscanincrease.

Properlyaccountingfor obstaclesn placements an areathat
we believe could bene t signi cantly from our StWL minimiza-
tion techniquesAn obstacle-ware Steinerevaluatorcouldbeused
directly in our implementatiorfor nontrivial improvement.In ad-
dition to handlingblockagesboth Steinertree evaluatorsusedin
ROOSTER(FLUTE [8] andFastSteinef16]) canbe usedwith ar-
bitrary per unit-costsof horizontaland vertical wires. This may
provide a safemeansof balancingthe demandfor horizontaland
verticalroutingresourcegsimilarly motivatedcut-line selectionin
min-cutplacementlid notimprove resultsin our experiments).

Our techniquemay concevably be extendedto improve circuit
timing — this mainly requiresthe ability to estimatethe pernet
timing differentialbasedon Steinertreeswhich we alreadycom-
pute.Extensiongo optimizetiming mayrequireblock-basedtatic
timing analysis Evenmoreaccessiblevould beasimilar extension
to optimizedynamicpower. In particular in designswith multiple
clock domainswe could optimizeclock treesduring globalplace-
mentby estimatingthe lengthsof bounded-sé&v clock treesusing
algorithmssuchasBST-DME.
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ROOSTER+ WSA

ROOSTER+ Dragon4.0DP

ROOSTER+ FengShub.1DP

rwL #Vias | #Viol. | rWL

#Vias #Viol. rwL #Vias #Viol.

ibmOle | 0.718 | 122873 0 0.790 | 133498 0 0.850
ibmO1h | 0.725| 124063 0 0.800 | 176562

162248 155
0.858 | 176585 257

ibmO2e | 2.000 | 256155
ibm02h | 1.978 | 262022

2.164 | 278854
2.004 | 271237

2.215| 347022 129
2.234 | 345638 285

ibm07e | 3.953 | 470104
ibm07h | 4.091 | 489067

4.175 | 502808
4.721 | 593629

4.498 | 581269 563
4.885| 617061 870

ibm08e | 4.231 | 559010
ibm08h | 4.240 | 577879

4.443 | 598266
4.491 | 619733

4.662 | 684313 276
4.794 | 714798 768

ibm09e | 3.200 [ 473605
ibm09h | 3.205 | 480961

3.392 | 502967
3.328 | 511174

3.718 | 573996 583
3.688 | 587486 630

ibm10e | 6.420 | 755673
ibm10h | 6.544 | 781897

6.759 | 798405
6.523 | 804478

7.214 | 905508 229
6.943 | 911878 296

ibmlle | 4.746 | 613437
ibmllh | 4.716 | 625654

4.879 | 644060
4.830 | 654948

5.308 | 735762 492
5.288 | 755418 591

ibm12e | 9.333 [ 930397
ibm12h | 9.282 | 942551
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9.427 | 953405
9.260 | 966280

9.888 | 1087932 10
9.786 | 1102197 312

~ w
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[ Ratio [ 0.990] 1.004 |

[ L.041] 1.089 |

[1.114] 1248 | |

Table 7: Resultswhen applying various post-processordo our placementsfor the IBMv2 benchmarks[25]. All routed wir elengths
(rWL) arein meters. Theratios arewith respecto ROOSTER's performancedescribedin Table 5. While WSA showsimpr ovement
on someof our placementsiit increasegouted wir elengthand via counts on the largestbenchmarks. The detail placers of Dragon
4.0 and FengShui5.1 make the routability of our placementsfar worse with increasesn routed wir elength and via count on all
benchmarksand the addition of violations. Legal impr ovementsto ROOSTER in rWL and via countsare highlighted in bold.

Bench- Max Edge | Avg Edge | #Netswith
mark | #Macros | #Nets DegregJ D%greg Degree> 3
ami33 33 123 34 3.4797 8
ami49 49 408 24 2.2892 19
n10 10 118 4 2.1017 2
n30 30 349 3 2.0716 0
n50 50 485 4 2.1650 1
n100 100 885 4 2.1164 5
n300 300 1893 6 2.3022 47

Bench- Minimizing HPWL
mark | HPWL | StWL Time

Minimizing SteinerWL
HPWL StWL Time

ami33 | 83267 | 105857| 1.20 83434 | 103566 | 35.44
ami49 | 913680 | 934291| 2.90 | 932408 | 951646 | 13.67
n10 56767 | 56841 | 0.12 57169 | 57277 0.45

n30 172614 | 172614 | 1.07
n50 204061 | 204100| 3.16 | 207151| 207193| 9.70

n100 | 339423| 339545| 12.76 | 340396 | 340502| 37.05
n300 | 764859 | 766389 | 122.98 | 760575 | 761968 | 299.32

[ Ratio | 1.000 | 1,000 | 1,000 | 1,004 | 1,001 | 4.590 |

170527 | 170527 | 3.78

Table8: Fixed-outline oor planning to minimize HPWL versus
Steiner WL. All StWLs were calculatedusing the Steiner eval-

uator FLUTE [8]. All wirelength and runtime measuresare

averagedover 50 runs. Optimizing for Steiner WL increases
runtime by a minimum of 2.43xfor n300 and a maximum of

29.53xfor ami33.
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A. OPTIMIZING STEINER
WIRELENGTH IN FLOORPLANNING

In orderto shaw just how expensve Steinerlength estimation
canbeascomparedo HPWL computationwe replacedheHPWL
subroutineof the x ed-outlineannealing-basedorplanner Par-
quetwith FLUTE [8], avery fastSteinertreeevaluator Thechoice
of oorplanningfor thisexperimentis explainedby its relative sim-
plicity. It alsoclearly illustratesthe impactof optimizing Steiner
lengthon runtimeandsolutionquality in circuit layout.

Table 8 shaws netlist statisticsfor somecommon oorplanning
benchmarksaswell asruntimesandwirelengthswith andwithout
theuseof FLUTE. All runtimesandwirelengthsareaveragesover
50runs. As is evidentfrom the table,blindly replacingan HPWL
evaluatorwith a Steinertreeevaluator evenoneasfastasFLUTE,
canresultin a hugeincreasein runtime when netshave nontriv-
ial pin count. Trivial pincountfor ary Steinerevaluatoris threeor
fewer sinceSteinerengthis the sameasHPWL in suchinstances.
All the netsin the n30 benchmarkhave trivial pincount, but we
obsere a 3.53xincreasdan runtime. The reasonfor this runtime
increaseis that calling a Steinertree evaluatorrequiresnontrivial
overhead(mostnotablythe removal of duplicatepointswhich re-
quiressorting)ascomparedo Parquets HPWL evaluatorwhichis
hand-tunedor speed.

Thedatain thetableis alsoquitestriking in thatit shavs thatop-
timizing for Steinerlengthwasnot particularlyeffective, asSteiner
wirelengthandHPWL werebothincreasedcrossall of thebench-
marks. This shavs thatwhatonemaythink is an obvious method
to reduceSteinerwirelengthmaynot be all thatuseful. A possible
explanationof this strangeresultis thatSteine”WL is hota convex
objective. Thereforeit may requirea longer annealingschedule
thana convex objective like HPWL, whereasn our experiments
theannealingschedulevas x ed.



Figure 1: Congestionmapsfor the ibm01h benchmark: uniform whitespaceallocation (producedwith Capo -uniformWs) is illus-
trated on the left, congestion-driven allocation in ROOSTER is illustrated on the right. The peak congestionwhen using uniform
whitespaceis 50% greaterthan that for our technique. When routedwith CadenceWarpRoute, uniform whitespaceproduces3.95%
overfull global routing cellsand routesin just over 5 hours with 120violations. ROOSTER's whitespaceallocation produces3.18%
overfull globalrouting cellsand routesin 22 minutes without violations.

B. STEINER-TREE TOOLS: RUNTIME,
ACCURACY AND FIDELITY

After implementingour techniqueto reduceStWL duringglobal
placementwe testedthreedifferent Steinertree evaluatorsto see
how they would affect the runtime and solution quality of place-
ment. The threeevaluatorsusedwere Batchedlterated1 Steiner
(BI1ST)[14], FastSteinef16] andFLUTE [8]. We usedeacheval-
uatorindividually aswell ascombinationsf all three.Whenusing
more than one evaluatorat a time, we choosethe smallestwire-
length amongall estimatessince RSMT estimatorsoverestimate
actualRSMT length. Recallthat FLUTE is known to be optimal
for netswith nine or fewer pins and also much fasterthan other
evaluators. Therefore,in mixed evaluatorsfor netswith four to
nine pinswe useFLUTE exclusively.

Table9 shaws a runtimeandsolutionquality comparisorfor all
eightpossiblecombinationf Steinerevaluatorfor thebenchmark
ibm0Zle. Runtimesandwirelengthsare averagesof ve indepen-
dentruns. The trendspresentfor ibmQZleare very similar for the
otherIBMv2 benchmarks.lIt is clearfrom the table that BILST
givesthebestsolutionsbut usegshemostruntimefor asingleevalu-
ator FastSteineis very closeto BI1ST in termsof solutionquality,
but usesmuchlessruntime. Of thethreepureevaluators FLUTE is
theleastsuccessfuin termsof placementjuality but is the fastest.
We decidedto useFastSteinein global placemenbecausét pro-
vided the besttrade-of in termsof solution quality and runtime
acrossall benchmarks.

Surprisingly the mixed Steinerevaluatorsvereoutperformedy
individual evaluatorsandhurt solutionquality ratherthanimproved
it. This trendwaseven strongeron larger benchmarks.n partic-
ular, FastSteinemperformedbetterthan FastSteiner- FLUTE on
ibmQ7. Certainlyusingthe bestof threeSteinerevaluatorsmakes
estimatesnoreaccurateput our global placementelieson differ-
encesbetweenSteinerlengthsratherthanthe lengthsthemselves
This suggestghat the accurag, measuredy maximumerror, of
Steinertree estimationis not asimportantasits delity, which is
de ned aspreservingelativemagnitudedbetweerestimates.

Steiner Place | Steiner| Steiner
evaluator(s) time (s) WL WL Ratio

HPWL (no Steinereval) 141 0.5955| 1.0000

BI1ST + FastSteiner FLUTE 202 0.5918 | 0.9937

BI1ST + FLUTE 186 0.5900 | 0.9907

BI1ST + FastSteiner 248 0.5893 | 0.9895

FLUTE 148 0.5886 | 0.9884

FLUTE + FastSteiner 158 0.5875| 0.9866

FastSteiner 180 0.5875 0.9866

BI1ST 208 0.5861| 0.9843

Table 9: Impact of Steiner evaluators during global place-
ment (ibmOQ2le). Total StWL and global placementruntime are
listed for all combinations of thr ee Steiner evaluators. In such
combinations, the minimum Steiner length estimateis usedin
weighted partitioning (seedetailsin Appendix B).
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Figure 2: Impact of individual optimizations on the rwL
producedby ROOSTER.“V” indicatesviolations in routing.



