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ABSTRACT
Weshow how to optimizeSteiner-treeWirelength(StWL) in global
anddetail placementwithout a signi�cant runtimepenalty, mak-
ing the use of Half-PerimeterWirelength unnecessary. Given
that StWL correlateswith RoutedWirelength(rWL) muchbetter
thanHPWL, ournew optimizationimprovestheoverallPlace-and-
Routeresults.We alsodevelop congestion-driven whitespacedis-
tribution during global placement.Comparingto the stateof the
art wherewhitespaceis redistributed after global placement,we
demonstratethatcell-shiftingtechniquesoftenincreasevia counts.

Our placer ROOSTERoutperformsbest publishedresultsfor
Dragon,Capo, FengShui,mPL-R/WSA and APlace in termsof
routedwirelengthby 10.7%,5.6%,9.3%,5.5%and4.2%respec-
tively. Via counts,especiallyimportantat 90nm and below, are
improvedby 15.6%over mPL-R/WSAand11.9%over APlace.

Categoriesand SubjectDescriptors
J.6[Computer-Aided Engineering]: Computer-AidedDesign

GeneralTermsAlgorithms,Design

KeywordsPhysicalDesign,Placement,Routing,SteinerTree

1. INTRODUCTION
Recentlytherehasbeenmuchinterestin estimatingtheamount

of improvementthatis left in placementoptimization[6]. Thegap
betweenoptimalandpracticallyachievablesolutionsis usuallyex-
plainedby thedif�culty of optimizationandshortcomingsof indi-
vidual algorithms.In this work we point out anothermajorsource
of sub-optimalityin PhysicalDesign— solvingwrongoptimization
problems, whetheroptimally or not. In theshortterm, this source
of sub-optimalityseemsfairly easyto address,ascon�rmed by our
empiricalresults.We improve placementalgorithmsby leveraging
existing researchonminimal Steinertrees.

Our main contribution is optimizing Steiner-tree Wirelength
(StWL) in globalanddetailplacementwithoutasigni�cant runtime
penalty, makingtheuseof Half-PerimeterWirelengthunnecessary.
Wedraw onrecentworksin min-cutplacement,andparticularlythe
terminalpropagationtechniquefrom [21], improved in [7], which
bettercorrelatessmall net-cutwith small HPWL. We generalize
this techniqueand show 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 fr om the traditional HPWL optimization.
(?) Optimizing congestionperseappearsof limited use.

minimizationof StWL in min-cutbisectionhasnotbeenattempted
before,particularly the net-vector technique[12] cannotcapture
Steiner-treelengthsin bisectionor quadrisection(for moredetails
seeSection2.1).OurSteiner-treedrivendetailplacerleveragesthe
speedof therecentFLUTE package[8]. Theclosestwork in detail
placement[13] modelssingle-trunkSteinertreesto reduceconges-
tion in FPGAs.While effective, this techniquerequiresexorbitant
amountsof runtime.Instead,our detailplaceris quitefast,consid-
ersoptimalSteinertrees,andoptimizesadifferentobjective.

Wealsobuild upon recentwork in congestion-drivenplacement
thatusescongestionmaps.In [25] congestionmapsarebuilt after
globalplacement,andannealingmovesareappliedto minimizea
congestionmetric.Anothertechnique,proposedin [18] andknown
asWSA, is appliedafterdetail placement.It identi�es areaswith
high congestionand injectswhitespaceinto theseareasin a top-
down fashion.Our work usescongestionmapsfrom [24] to allo-
catewhitespacein a mannersimilar to WSA but proactively, dur-
ing globalplacement. As aresult,ourplacerROOSTER(Rigorous
OptimizationOf Steiner-TreesEasesRouting) producesthe best
known routedwirelengthson theIBMv2 benchmarks[25].

At the 90nm technologynodeand below, increasedvia resis-
tance,manufacturingvariability andmanufacturingdefectsrequire
unprecedentedattentionto vias. Most semiconductormanufactur-
ersrequireviasto bedoubledfor reliability. To this end,we point
out thata rangeof easy-to-implementdetailplacementalgorithms
(thoseof thecell-shiftingvariety)tendto increasevia counts,even
when they improve routability. ROOSTERavoids them and ex-
hibits the smallestvia countson standardbenchmarksamongall
publishedresultsandour runsof recentplacementtools.



In theremainderof thispaper, Section2 describespreviouswork
on VLSI placement.Section3 discussestherealizationof Steiner-
treemodelingin min-cut placersandSection4 describesSteiner-
driven detail placement.Section5 outlineswhitespaceallocation
to improve routability. Experimentalresultsaregivenin Section6,
andSection7 outlinesfurtherapplicationsof our techniques.

2. BACKGROUND AND PREVIOUS WORK
Traditionally, placementand routing are treatedas two sepa-

rateandindependentoptimizationproblems.Standard-cellplace-
ment is generallyseenasthe problemof �nding non-overlapping
row andsite-alignedpositionsfor cellswhile minimizing thewire-
lengthof the design. Currently, HPWL is the estimateof choice
for wirelength minimization in placementbecauseit is compu-
tationally easyandexactly estimatesRectilinearSteinerMinimal
Tree(RSMT) lengthfor 2- and3-pin nets. Unfortunately, routers
constructroutedwires usingSteinertreeswhoselength is under-
approximatedby HPWL. Since RSMT constructionis an NP-
completeproblem[11], it hasbeengenerallyregardedastoo com-
putationallydemandingfor use in placement[12]. To illustrate
how a placeroptimizesits chosenobjective,we describea speci�c
placementtechnique– top-down placement.

2.1 Top­down placement
Top-down placementalgorithms seek to decomposea given

placementinstanceinto smallerinstancesby subdividing theplace-
mentregion,assigningmodulestosubregionsandcuttingthenetlist
hypergraph [3]. Min-cut placersgenerallyuse either bisection
or quadrisectionto divide the placementareaand netlist. The
netlist division stepis commonlyimplementedwith the Fiduccia-
Mattheysesheuristicandderivatives [10, 4], or alternatively with
quadraticplacementandgeometricpartitioning[2].

Placementbins. Eachhypergraphpartitioning instanceis in-
ducedfrom a rectangularregion,or bin, in thelayout. In this con-
text aplacementbin represents(i) aplacementregionwith allowed
modulelocations(sites), (ii) a collectionof circuit modulesto be
placedin this region, (iii) all signalnetsincidentto themodulesin
theregion, and(iv) �x edcellsandpinsoutsidetheregion thatare
adjacentto modulesin theregion(terminals). Top-down placement
canbe viewedasa sequenceof passeswhereeachpassexamines
all binsanddividessomeof theminto smallerbins. Thesesmaller
binscollectively containtheentirelayoutareaandcellsof theorig-
inal instance.Whenplacementbinsaredivided,carefulchoiceof
verticalor horizontalcut directionin�uenceswirelengthandrout-
ing congestionin resultingplacementsolutions[23].

Terminal propagation.Properhandlingof terminalsis essential
to thesuccessof top-down placementapproaches.Whena partic-
ular placementbin is split into multiple subregions, someof the
cellsinsidemaybetightly connectedto cellsoutsideof thebin. Ig-
noringsuchconnectionscanadverselyaffect thequalityof aplace-
mentsincetheseconnectionscanaccountfor signi�cant amountsof
wirelength.On theotherhand,theseterminalsareirrelevantto the
classicpartitioningformulationasthey cannotbefreelyassignedto
partitions.A compromiseispossiblebyusinganextendedformula-
tion of “partitioning with �x edterminals”,wheretheterminalsare
consideredto be�x edin (“propagatedto”) oneor morepartitions,
andassignedzeroareas(original areasare ignored). Netswhich
arepropagatedto both partitionsin bi-partitioningareconsidered
“inessential”sincethey will always be cut andcan be safely re-
movedfrom thepartitioninginstanceto improve runtime[5]. Ter-
minal propagation[9, 22, 12, 5] is typically driven by geometric
proximity of terminalsto subregions/partitions.

Minimizing HPWL thr oughweightednet-cut. Theauthorsof
[21] alsonotetheinaccuracy of representingthewirelengthobjec-
tiveof placementby themin-cutobjective in partitioning.Optimiz-
ing HPWL directly throughpartitioningcanprovide improvements
over the simple min-cut objective. The authorsintroducea new
terminalpropagationtechniquein their placerTHETO that allows
thepartitionerto bettermapnet-cutto HPWL. Theterminalprop-
agationin THETO differs from traditionalterminalpropagationin
thateachoriginalnetmayberepresentedby oneor two netsin the
partitionednetlist,dependingon thecon�guration of thenet's ter-
minals.Two specialcases— netswith noterminalsandinessential
nets— aretreatedthesameasin traditionalterminalpropagation.
Five othercasesareanalyzedin [21], basedon the con�guration
of terminalsrelative to the centersof the child bins, and proper
weightcomputationis described(onecaserequirestwo nets).This
way weightednet-cutbetterrepresentsthe “HPWL degradation”
seenafterpartitioning. Empirically, this terminalpropagationand
netweightingareshown to reduceHPWL in min-cutplacement.

This techniqueis simpli�ed in [7] and reducedto the calcula-
tion of threewirelengthspernetperpartitioninginstance(seemore
detailsin Section3). Our key observation is that this calculation
is suf�ciently generalto facilitate the minimizationof wirelength
estimatesotherthanHPWL.

Using multi-way partitioning . In an attemptto improve ba-
sic recursive bisection,many researchershave notedthat it even-
tually producesmulti-way partitionswhich could be alternatively
achievedby directmethodsusingwirelength-likemulti-wayobjec-
tives.In [12] theauthorsmake useof quadrisectionandshow how
severaldifferentcostfunctionsotherthancutcanbeoptimizedef�-
ciently, althoughwith overheadgreaterthanthatof bisection.One
suchcost function is the Minimum SpanningTree (MST) length
which they note is a far more accuratepredictorof routedwire-
lengththannet-cut.Theauthorsnotethatfor awirelengthevaluator
to be feasiblefor placementoptimization,it musthave evaluation
complexity similar to or smallerthanMST. On theotherhand,the
authorsclaimthattheir techniquescanapplyto “arbitrarily compli-
catedper-netplacementobjectives” [12].

Thenet-vectortechniqueincludesthecomputationof 2p integer
costsperoptimizationobjective de�ned for p partitions(p = 4 in
[12] becausequadrisectionis used). It then looks up thesecosts
during partitioning. Unfortunately, suchlook-upsrequirethe dis-
cretizationof pin locationsandcannotaccountfor the locationof
�x edterminalswith asmuchprecisionasour work. Furthermore,
theSteiner-treeobjective on a discretized2x2-griddoesnot differ
from thediscretizedMST objective, henceit appearsthatoptimiz-
ing StWL would requireat least16-way partitioning, with fairly
large net-vector tables. However, no 16-way geometricpartition-
erscanbe found in the literaturethatarecompetitive to recursive
bisection. In our work, Steinertreesarebuilt on the �y for each
con�guration,but theoverall runtimeremainsreasonable.

2.2 Estimating congestion
and routedwir elength

CongestionMaps. Therehave beenmany recentadvancesin
estimatingroutingcongestion.Mosthavecomein theform of more
accurateand fastercongestionmaps[15, 24]. In this work, we
make useof thecongestionmappingtechniquespresentedin [24]
which assumesthat routersattemptto route netswith the fewest
numberof bendspossible. Thus it modelstwo-pin nets in only
L and Z shapes,unlike other methodsthat considerall possible
shortestpathsbetweentwo pinsequally. Empirically theauthorsof
[24] have foundthat someroutersareableto �nd routeswith one
bend60%of thetimeandtwo bendroutesfor themajorityof other



nets. Thus,one-bendandtwo-bendroutesareweightedthis way
in their maps.Empiricalresultsshow thatsuchestimatescorrelate
well with actualroutingusagein theMagmaPlace-and-Route�o w.

Rectilinear minimal Steiner-tr eeevaluators. Theproblemof
constructingRectilinearSteinerMinimal treesis known to beNP-
hard[11]. Speci�cally, it is theproblemof connectinga givenset
of pointsin theManhattanplaneby a minimum-lengthtree,which
canuseadditionalbranching(Steiner)points.Thisproblemadmits
polynomial-timeapproximationsand practicalheuristics. Three
suchalgorithmswith available sourcecodeare BatchedIterated
1-Steiner(BI1ST) [14], FastSteiner[16] andFLUTE [8]. BI1ST is
the oldestandslowestof thesealgorithmsbut generallyproduces
the bestsolutionsoverall. FLUTE is the mostrecent,the fastest,
andprovably optimalfor instanceswith ninepointsor fewer. Fast-
Steineris in themiddlein termsof bothspeedandsolutionquality.

2.3 Achieving RoutablePlacements
It is well-known thata placementwith smallHPWL maybeun-

routabledue to uneven routing demandandensuingwiring con-
gestion. For this reason,modernplacersmustexplicitly account
for routingcongestionin orderto produceroutableplacements.In
[25], congestionmapsarebuilt afterglobalplacement,andanneal-
ing movesareappliedto minimize a congestionmetric. Another
techniqueknown as WSA [18] is appliedafter detail placement.
WSA usescongestionmapsto identify areaswith high congestion
andinjectswhitespaceinto theseareasin atop-down fashion.After
all the whitespaceallocationis done,cells generallyoverlapeach
otherandlegalizationis required.After legalization,window based
detail placementtechniquesareappliedto reducewirelengththat
wasincreasedduringwhitespaceallocationandlegalization. Cell
bloating[20] andcell spreading[18] areusedto tie whitespaceto
speci�c cells,ratherthanto �x edregionsasin techniquesbasedon
congestionmaps.1

3. MINIMIZING TOTAL STEINER­TREE
LENGTH IN GLOBAL PLACEMENT

In this section,we describenew techniquesto minimizeSteiner
wirelengthin min-cut placement.In additionto theoverall meth-
odsthatmake minimizing Steinerwirelengthpossible,we present
datastructuresnew to min-cutplacementthatkeepruntimesprac-
tical. Theseglobal placementtechniquesalonecanreducerouted
wirelengthby up to 7%,asdemonstratedin Figure2.

A framework for minimizing StWL. To minimize total StWL
duringmin-cutplacement,wecaptureit usingtheweightednet-cut
objective usedin partitioning. In thecaseof HPWL minimization,
thishasbeenaccomplishedin [21] with a7-caseanalysis.A differ-
ent groupreducedthis techniqueto the calculationof threewire-
lengthsper net per partitioninginstance[7] andveri�ed resulting
empiricalimprovements.

While the formulation from [7] is more compactthan the one
from [21], we alsonotethat it is far moregeneral.For eachnet in
eachpartitioninginstance,onemustcalculatethecostof all nodes
on thenetbeingplacedin partition1 (w1), thecostof all nodeson
the net beingplacedin partition 2 (w2) andthe costof all nodes
on thenetbeingsplit betweenpartitions1 and2 (w12). Up to two
netscan be createdin the partitioning instance,onewith weight
jw1 � w2j andtheotherwith weightw12 � max(w1;w2). Theonly
assumptionmadein [7] is thatw12 � max(w1;w2).
1Cell bloatingarti�cially increasesthewidth of cellsbecausetheir
heightsaredeterminedby rows. However, the peakdemandfor
horizontaltracksdoesnotdecreasebecausecellsarenotspreadver-
tically. To thecontrary, byspreadingcellshorizontallycell bloating
increasestheoverall demandfor horizontaltracks.

Thepointsrequiredto calculatew1 for a givennetarethetermi-
nalson thenetplus thecenterof partition1. Similarly, thepoints
requiredto calculatew2 aretheterminalsplusthecenterof partition
2. Lastly, the pointsto calculatew12 arethe terminalson the net
plusthecentersof bothpartitions.ClearlytheHPWL of thesetof
pointsnecessarytocalculatew12 is atleastaslargeasthatof w1 and
w2 sinceit containsanadditionalpoint. By thesamelogic, StWL
alsosatis�esthis relationshipsinceRSMTlengthcanonly increase
with additionalpoints.SinceStWL is avalid costfunctionfor these
weightedpartitioningproblems,we have a framework wherebyit
canbe minimized. To our knowledge,sucha framework hasnot
beenknown in min-cutplacementuntil now.

Thesimplicity of thisframework for minimizingStWLis deceiv-
ing. In particular, thepropagationof terminallocationsto thecur-
rentplacementbin andtheremoval of inessentialnets[5] — stan-
dardtechniquesfor HPWL minimization— cannotbeusedwhen
minimizing StWL. Moving terminal locationsdrasticallychanges
Steiner-treeconstructionandcanmake StWL estimatesextremely
inaccurate. Nets that are consideredinessentialin HPWL mini-
mization(wheretheboundingboxof terminalsspansthecentersof
child bins)arenot necessarilyinessentialwhenconsideringStWL
becausetherearemany Steinertreesof differentlengthsthathave
thesameboundingbox. Not only computingSteinertrees,but even
traversingall relevantnetsto collectall relevantpoint locationscan
beverytime-consuming.Therefore,themainchallengein support-
ing StWL minimizationis to develop ef�cient datastructuresand
limit additionalruntimeduringplacement.

Pointsetswith multiplicities. Building Steinertreesfor eachnet
duringpartitioningis a computationallyexpensive task. Similarly,
Table8 in AppendixA shows how expensive a naive replacement
of HPWL with Steiner-treeevaluationcanbe in �oorplanning. To
keepthe runtimereasonablewhenbuilding Steinertreesfor par-
titioning, we proposea simpleyet highly effective datastructure
— pointsetswith multiplicities. For eachnetin thehypergraph,we
maintaintwo lists. The�rst list containsall theuniquepin locations
on thenet thatare�x ed. A �x edpin cancomefrom sourcessuch
asterminalsor �x edobjectsin thecorearea.Thesecondlist con-
tainsall theuniquepin locationson thenet thataremovable,i.e.,
all otherpins thatarenot on the �x ed list. We maintaina unique
list of pointssothatwe don't passany redundantpointsto Steiner
evaluatorswhich may increasetheir runtime. To do soef�ciently ,
we keepthe lists sorted.For both lists, in additionto the location
of thepin, we keepthenumberof pins that correspondto a given
point. Beforelegalizationin detailplacement,theremaybesignif-
icantcell overlapwhich cancausepins to have thesamelocation.
Maintainingthenumberof realpinsthatcorrespondto a point in a
pointset(i.e.,themultiplicity of thatpoint) is necessaryfor ef�cient
updateof pin locationsduringplacement.

Steiner weighted min-cut step by step. At the beginning of
min-cut placement,all the movablecells areplacedat the center
of the �rst placementbin which encompassesthecorearea.Next
all the �x ed and movable pointsetsare initialized. The runtime
requiredto initialize eachpointsetis asymptoticallythe sameas
sortingthepointset.The multiplicities associatedwith eachpoint
areupdatedin constanttimewhenduplicatesareremoved.

Whena partitioninginstanceis to bebuilt for a bin, all netsthat
are incident to the bin must be examinedin any min-cut placer.
Usuallyany cell that is outsideof thebin would bepropagatedto
theborderof thebin. Weskip thisstepasthis reducestheaccuracy
of theSteinermeasurements.Insteadwecollectall thelocationsof
terminalson this net. This includesall the�x edpinsin additionto
any movablepins thatareoutsideof 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
ibm07 44811 44681 10.05% 4.70% 5
ibm08 50672 48230 9.97% 4.84% 5
ibm09 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].

containthecentersof thepotentialchild bins(or would becheck-
ing for thisconditionwhile gatheringtheterminalsonthisnet)and
stopwithoutaddingthisnetto thepartitioningproblem.If thiscon-
dition holds,thenet is inessentialto partitioningwhenoptimizing
for HPWL, but maynotbeinessentialwhenoptimizingfor Steiner
WL. Thuswecannotskipthisnetbeforecalculatingits threecosts.

We calculatethe threecostsfor eachnet by makingcalls to a
particularSteinerevaluator. If the numberof uniquepoints that
needsto bepassedto theSteinerevaluatoris larger thana certain
threshold,we useHPWL evaluationinsteadpurely for speedcon-
cerns.After makingcallsto theSteinerevaluator, we make checks
to ensureconsistency of thecostssincetheevaluatorsweareusing
areapproximationalgorithmsfor building RSMTs. For example
we ensurethatc1 � c12 by settingc1 = min(c1;c12) andsimilarly
for c2. Also, we make surethatc12 is no larger thanmin(c1;c2)+
therectilineardistancebetweenthecentersof thechild bins. This
is necessarilytrue becauseonehasa tree that connectsto all the
terminalson the net and the centerof partition 1, onecan easily
connectto thecenterof partition2 with a singleedge.

After constructing the partitioning instance with properly
weightednets,thepartitionerrunsandproducesa solution.A cut-
line is selectedbasedon the partitioning(seeSection5 for more
details),and then new bins are constructedfor the next cycle of
min-cut placementto continue.Whenthenew bin is constructed,
cellsthatbelongto thatbin areplacedat its centerandall pointsets
for netsincident to the bin must be updated. Sincethe pointset
structuresaresortedandhavemultiplicities,moving apin to anew
locationtakestime logarithmicin thenumberof pinson a net.For
a givenplacementinstance,this time is essentiallyconstant.With-
out multiplicities, theentirepointsetwould needto berebuilt from
scratchdueto theremoval of duplicates.Empirically building and
maintainingthe pointsetdatastructurestakes lessthan1% of the
runtimeof globalplacement.Pointsetsmustalsobeupdatedwhen
when bin is placed— movable pins get reassignedto the �x ed-
pin pointset. Note that partitioningonly causesa movablepin to
changeposition,and�x edpointsetsareunaffected.

Performance. After implementing net-weighting basedon
pointsets,we comparedthree different Steinerevaluatorsto see
their impact on runtime and solution quality. Basedon the re-
sults discussedin Appendix B, we have chosenFastSteiner[16]
for global placement,thanksto its reasonableruntime and con-
sistentperformanceon large nets. Table3 shows that the useof
FastSteinerwith our techniqueslead to a reductionof StWL on
IBMv2 benchmarks[25] by nearly3%onaveragewhile usingless
than30%additionalruntime.Sincemin-cutplacersarefastandex-
tremelyscalable,this is a very encouragingresult.Thelargestand
smallestbenchmarks(ibm01eandibm12e)differ by 5x in size,but
HPWL minimizationconsistentlytakes75%of runtimefor StWL
minimization,suggestingthattheratioremainsapproximatelycon-
stantregardlessof thescale.

Bench- Minimizing HPWL Minimizing SteinerWL
mark HPWL StWL Time(s) HPWL StWL Time(s)

ibm01e 0.523 0.602 205 0.526 0.590 271
ibm01h 0.514 0.592 204 0.523 0.587 266
ibm08e 3.603 4.300 1484 3.757 4.241 2304
ibm08h 3.620 4.258 1446 3.646 4.101 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: Impr oving Steiner WL with FastSteiner [16]. Aver-
ageHPWL, SteinerWL and placementruntimes areshown for
representative IBMv2 benchmarks[25]. All wir elengthsare in
meters. Optimizing StWL decreasesStWL by 2.9%, increases
runtime by 27% and increasesHPWL by 1.3%.

4. DETAIL PLACEMENT DRIVEN
BY STEINER TREE LENGTH

Sliding-window optimizationsfor HPWL during detail place-
mentarequitecommonin modernplacers.A recenttechniquesof
that varietymodelssingle-trunkSteinertreesandhashadsuccess
in improving routability of FPGAs[13]. Unfortunately, it appears
veryslow. Wehaveimplementedtwo typesof sliding-window opti-
mizersdirectedatminimizingStWL usingtheFLUTE Steinereval-
uator[8]. The�rst optimizerchecksall possiblelinearorderingsof
smallgroupsof cellsexhaustively. Thesecondoptimizeralsodoes
linear placement,but usesa dynamicprogrammingalgorithmfor
an interleaving optimizationsimilar in spirit to that presentedby
JariwalaandLillis [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 keepthebetterof theinitial anddynamicprogram-
mingsolutions.Comparedto exhaustivesearch,dynamicprogram-
mingallows for largerwindows with reasonableruntime.

Table4 evaluatesdetail placementon the IBMv2 benchmarks,
with 4 cellsperwindow duringexhaustive enumerationand8 cells
per window during interleaving. Suchdetail placementalonere-
ducesSteinerWL by 0.69%androutedWL by 0.72%while only
consuming11.83%of thetotalplacementruntime.

5. CONGESTION­BASED
CUTLINE SHIFTING

In thissectionwe introducewhitespaceallocationbasedoncon-
gestionestimatesduringmin-cutplacement.This techniqueis es-
sentialto achieving routability, but in somecasesincreasesrouted
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%
ibm09h 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 placement impr oves Steiner WL and routed
WL. Averageimpr ovementsand runtime (asa fraction of total
placement time) are shown for representative IBMv2 bench-
marks [25].



Oneof themostimportantreasonsthatwe usebisectioninstead
of quadrisectionis the�e xibility that it allows in choosingthecut-
line of a partitionedbin. Beforepartitioningwe �rst choosea di-
rectionfor thecutlinewhich is usuallybaseduponthegeometryof
thebin. We thenchoosea tentative cutlinein thatdirectionto split
thebin roughlyin half.

After thepartitionerreturnsa solution,we have the�e xibility to
keepthe cutline asit waschosenbeforepartitioningor to change
it to optimizeanobjective. TheWSA [18] technique,appliedafter
placement,geometricallydividestheplacementareain half andes-
timatesthecongestionin bothhalvesof thelayout. It thenallocates
moreareato the sidewith greaterrouting demand(i.e. shifts the
cutline)andproceedsrecursively on the two halvesof thedesign.
In WSA, cells mustbe re-placedafter the whitespaceallocation.
Wecanavoid this re-placementbecauseourcellshavenotyetbeen
placedandwill betakencareof naturallyin themin-cutprocess.

Cutlineshifting usedto handlecongestionnecessitatesa slicing
�oorplan. Theonly work in the literaturethatdescribestop-down
congestionestimatesandusesthemin placementassumesa grid
structure[2]. Thereforewe develop the following technique:be-
fore eachround of partitioning, we overlay the entire placement
region on a grid. We choosethegrid suchthateachplacementbin
is coveredby 2-4 grid cells. We build a congestionmapusingthe
lastupdatedlocationsof all pins.Wechoosethemappingtechnique
from [24] asit shows goodcorrelationwith routedcongestion.

Whencells arepartitionedandtheir positionsarechanged,the
congestionvaluesfor their netsareupdated.Beforecutline shift-
ing, theroutingdemandsandsuppliesfor eithersideof thecutline
areestimatedwith the congestionmap. Given the boundingbox
of a region,we estimateits demandandsupplyby intersectingthe
boundingbox with thegrid cellsof thecongestionmap.Grid cells
thatpartiallyoverlapwith thegivenboundingboxcontributeonly a
portionof theirdemandandsupplybasedontheratioof theareaof
theoverlapto theareaof thegrid cell. Usingthedemandandsup-
ply estimates,we shift thecutline to equalizethe ratio of demand
to supplyoneithersideof thecutline.

To show theeffectivenessof this dynamicversionof WSA, we
plot congestionmapsof placementsof ibm01hproducedwith and
without our techniquein Figure1. Theleft plot illustratesuniform
whitespaceallocationandtheright plot congestion-driven whites-
paceallocation. Our whitespaceallocationtechniquereducesthe
maximumcongestionby 50% and the numberof overfull global
routing cells from 3.95% to 3.18% (as reportedby an industry
router). We alsopost-processour placementswith WSA andob-
serve mixedresults,asdiscussedbelow (seeTable7).

6. EXPERIMENT AL RESULTS
To test the quality of placementsproducedby ROOSTER,we

ranit on theIBMv2 suiteof benchmarks[25] androutedthemus-
ing CadenceWarpRoute2.4.41.All runsof placementandrouting
wereperformedon 3.2GHzIntel Pentium4 processorswith 1GB
of RAM. Statisticsfor theIBMv2 benchmarksareshown in Table
2. A comparisonof ROOSTERagainstthe bestpublishedresults
for severalcompetitive placersis shown in Table5. A ratio greater
than1.0 indicatesthatour resultsareoverall betterfor routing on
this benchmarksuite,which is true for all the routedwirelengths
andvia countsof previously publishedresults.

Most of the placerswhosebestpublishedresultsareshown in
Table5 havemorerecentbinarieswhichweevaluatein Table6. We
ranDragon4.0in �x ed-diemodeon theIBMv2 benchmarks,but it
consistentlycrashedandweareunableto show resultsfor it. Table
6 shows thatthelatestversionof mPL-R+ WSA hasslightly worse
rWL (0.7%) whencomparedto ROOSTERand 6.9% higher via

count. APlace2.04hasrWL 3.24%smallerthanours,but 7.32%
moreviasandviolationson 2 of the16benchmarks.

Sinceour cutlineshifting for congestioncanbeviewedasa dy-
namicversionof theWSA post-processingtechnique,we werein-
terestedin seeinghow WSA or otherdetail placementtechniques
would affect theroutability of our placements.Table7 shows that
WSA is able to improve our wirelengthby approximately1.0%
with a 0.4%increasein via count. Direct comparisonsshow that
themostimprovementis obtainedon theibm01andibm02bench-
marks. In contrast,thedetailplacersof Dragon4.0 andFengShui
5.1make theroutabilityof ourplacementsfarworsewith increases
in routedwirelength,via countandviolations.

7. CONCLUSIONS AND FURTHER WORK
We have presentedtechniques which leverage recent ad-

vancesin RSMT construction[8, 16] to optimize Steinerwire-
length in global and detail placementwith only a modest in-
creasein runtime, featurescurrently usableonly in our placer
ROOSTER which is freely available as part of the UMpack
(http://vlsicad.eecs.umich.edu/BK/PDtools/).With our whitespace
allocationbasedon congestionmapsfrom [24], ROOSTERout-
performsbestpublishedresultsfor Dragon,Capo,FengShui,mPL-
R/WSAandAPlacein termsof routedwirelengthby 10.7%,5.6%,
9.3%, 5.5% and 4.2% respectively. Via counts,especiallyim-
portantat 90nm and below, are improved by 15.6% over mPL-
R/WSA and11.9%over APlace. Furtherimprovementsby other
researchersin Steiner-treeconstructionandcongestionmapscan
only make our resultsbetter. In particular, if theFLUTE package
becomesfasterandcanprocesslarger netswith high �delity , the
window sizesusedby ourdetailplacerscanincrease.

Properlyaccountingfor obstaclesin placementis an areathat
we believe could bene�t signi�cantly from our StWL minimiza-
tion techniques.An obstacle-awareSteinerevaluatorcouldbeused
directly in our implementationfor nontrivial improvement. In ad-
dition to handlingblockages,both Steiner-treeevaluatorsusedin
ROOSTER(FLUTE [8] andFastSteiner[16]) canbeusedwith ar-
bitrary per unit-costsof horizontalandvertical wires. This may
provide a safemeansof balancingthe demandfor horizontaland
verticalroutingresources(similarly motivatedcut-lineselectionin
min-cutplacementdid not improve resultsin our experiments).

Our techniquemay conceivably be extendedto improve circuit
timing — this mainly requiresthe ability to estimatethe per-net
timing differentialbasedon Steinertreeswhich we alreadycom-
pute.Extensionsto optimizetiming mayrequireblock-basedstatic
timing analysis.Evenmoreaccessiblewouldbeasimilarextension
to optimizedynamicpower. In particular, in designswith multiple
clock domains,we couldoptimizeclock treesduringglobalplace-
mentby estimatingthelengthsof bounded-skew clock treesusing
algorithmssuchasBST-DME.
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ROOSTER+ WSA ROOSTER+ Dragon4.0DP ROOSTER+ FengShui5.1DP
rWL #Vias #Viol. rWL #Vias #Viol. rWL #Vias #Viol.
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ibm12h 9.282 942551 0 9.260 966280 0 9.786 1102197 312
Ratio 0.990 1.004 1.041 1.089 1.114 1.248

Table 7: Resultswhen applying various post-processorsto our placementsfor the IBMv2 benchmarks[25]. All routed wir elengths
(rWL) are in meters.The ratios arewith respectto ROOSTER'sperformancedescribedin Table5. While WSA showsimpr ovement
on someof our placements,it increasesrouted wir elengthand via countson the largestbenchmarks. The detail placersof Dragon
4.0 and FengShui5.1 make the routability of our placementsfar worse with increasesin 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 Degree Degree 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 Minimizing SteinerWL
mark HPWL StWL Time 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 170527 170527 3.78
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

Table8: Fixed-outline �oor planning to minimize HPWL versus
Steiner WL. All StWLs were calculatedusing the Steiner eval-
uator FLUTE [8]. All wir elength and runtime measures are
averagedover 50 runs. Optimizing for Steiner WL increases
runtime by a minimum of 2.43x for n300 and a maximum of
29.53xfor ami33.
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A. OPTIMIZING STEINER
WIRELENGTH IN FLOORPLANNING

In order to show just how expensive Steinerlengthestimation
canbeascomparedto HPWL computation,wereplacedtheHPWL
subroutineof the �x ed-outlineannealing-based�oorplanner Par-
quetwith FLUTE [8], avery fastSteiner-treeevaluator. Thechoice
of �oorplanning for thisexperimentis explainedby its relativesim-
plicity. It alsoclearly illustratesthe impactof optimizing Steiner
lengthon runtimeandsolutionquality in circuit layout.

Table8 shows netlist statisticsfor somecommon�oorplanning
benchmarksaswell asruntimesandwirelengthswith andwithout
theuseof FLUTE. All runtimesandwirelengthsareaveragesover
50 runs. As is evident from thetable,blindly replacinganHPWL
evaluatorwith aSteiner-treeevaluator, evenoneasfastasFLUTE,
canresult in a hugeincreasein runtimewhennetshave nontriv-
ial pin count.Trivial pincountfor any Steinerevaluatoris threeor
fewer sinceSteinerlengthis thesameasHPWL in suchinstances.
All the netsin the n30 benchmarkhave trivial pincount,but we
observe a 3.53x increasein runtime. The reasonfor this runtime
increaseis that calling a Steiner-treeevaluatorrequiresnontrivial
overhead(mostnotablythe removal of duplicatepointswhich re-
quiressorting)ascomparedto Parquet's HPWL evaluatorwhich is
hand-tunedfor speed.

Thedatain thetableis alsoquitestriking in thatit showsthatop-
timizing for Steinerlengthwasnotparticularlyeffective,asSteiner
wirelengthandHPWL werebothincreasedacrossall of thebench-
marks.This shows thatwhatonemaythink is anobviousmethod
to reduceSteinerwirelengthmaynot beall thatuseful.A possible
explanationof thisstrangeresultis thatSteinerWL is notaconvex
objective. Thereforeit may requirea longer annealingschedule
than a convex objective like HPWL, whereasin our experiments
theannealingschedulewas�x ed.



Figure 1: Congestionmaps for 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% greater than 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 global routing cellsand routesin 22minuteswithout violations.

B. STEINER­TREE TOOLS: RUNTIME,
ACCURACY AND FIDELITY

After implementingour techniqueto reduceStWL duringglobal
placement,we testedthreedifferentSteiner-treeevaluatorsto see
how they would affect the runtimeandsolutionquality of place-
ment. The threeevaluatorsusedwereBatchedIterated1 Steiner
(BI1ST) [14], FastSteiner[16] andFLUTE [8]. Weusedeacheval-
uatorindividually aswell ascombinationsof all three.Whenusing
more than oneevaluatorat a time, we choosethe smallestwire-
length amongall estimatessinceRSMT estimatorsoverestimate
actualRSMT length. Recall that FLUTE is known to be optimal
for netswith nine or fewer pins andalso much fasterthan other
evaluators. Therefore,in mixed evaluatorsfor netswith four to
ninepinswe useFLUTE exclusively.

Table9 shows a runtimeandsolutionquality comparisonfor all
eightpossiblecombinationsof Steinerevaluatorfor thebenchmark
ibm01e. Runtimesandwirelengthsareaveragesof � ve indepen-
dentruns. The trendspresentfor ibm01earevery similar for the
other IBMv2 benchmarks.It is clear from the table that BI1ST
givesthebestsolutionsbut usesthemostruntimefor asingleevalu-
ator. FastSteineris verycloseto BI1STin termsof solutionquality,
but usesmuchlessruntime.Of thethreepureevaluators,FLUTE is
theleastsuccessfulin termsof placementquality but is thefastest.
We decidedto useFastSteinerin globalplacementbecauseit pro-
vided the besttrade-off in termsof solution quality and runtime
acrossall benchmarks.

Surprisingly, themixedSteinerevaluatorswereoutperformedby
individualevaluatorsandhurtsolutionqualityratherthanimproved
it. This trendwaseven strongeron larger benchmarks.In partic-
ular, FastSteinerperformedbetterthan FastSteiner+ FLUTE on
ibm07. Certainlyusingthebestof threeSteinerevaluatorsmakes
estimatesmoreaccurate,but our globalplacementrelieson differ-
encesbetweenSteinerlengthsratherthanthe lengthsthemselves.
This suggeststhat the accuracy, measuredby maximumerror, of
Steiner-treeestimationis not as importantas its �delity , which is
de�ned aspreservingrelativemagnitudesbetweenestimates.

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

HPWL (noSteinereval) 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 (ibm01e). Total StWL and global placementruntime are
listed for all combinationsof thr eeSteiner evaluators. In such
combinations, the minimum Steiner length estimateis usedin
weightedpartitioning (seedetails in Appendix B).
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Figure2: Impact of individual optimizations on the rWL
producedby ROOSTER. “V” indicatesviolations in routing.


