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ABSTRACT
In thispaper, wepresentacongestion-drivenplacement�o w. First,
we considerin the global placementstagethe routing demandto
re-placecells in order to avoid congestedregions. Thenwe allo-
cateappropriateamountsof white spaceinto different regionsof
thechipaccordingto thecongestionmap.Finally, adetailedplacer
is appliedto legalizeplacementswhile preservingthedistributions
of white space.Experimentalresultsshow thatour placement�o w
canachieve thebestroutability with theshortestroutedwirelength
amongall publicly availableplacementtools.Moreover, our white
spaceallocationapproachcansigni�cantly improve the routabili-
tiesof placementsgeneratedby otherplacementtools.

1. INTRODUCTION
Minimizing half-perimeterwirelengthis themosttypical objec-

tive of a placementtool. However, a placementwith shorterhalf-
perimeterwirelength(HPWL) maystill beunroutablebecausethe
routingresourcesandroutingdemandsatsomepartsof thechipare
notmatched.Routabilitycanbeoptimizedby eitherreducingrout-
ing demandsor increasingrouting resourcesat congestedregions
in a placement.

Reducingthe routing demandsin a congestedregion is usually
performedin the global placementstage,asthe cell locationsare
adjustedonly slightly in the detailedplacementstep. In addition,
nettopologymanipulationcanalsobeconsideredfor optimization,
so thatgoodroutability canbeobtainedwithout muchincreasein
wirelengthcost. In [16], thecongestionof a placementbin, which
is estimatedby Rentrule implicitly, is incorporatedinto the half-
perimeterwirelengthcost function in a simulatedannealing�o w.
Theapproachreservesroutingresourcesfor globalnetsbyavoiding
excessive usageby localnets.However, thecongestioncontributed
by internalnetswithin a bin is ignored;hence,theaccuracy of the
congestionestimationis reduced.Furthermore,thetopologyof the
global netsarealso ignored. [21] usesa post-processingstepof
moving cells with Steinertree reconstructionsduring placement.
Themovementof acell is limited, andreconstructingaSteinertree
for eachcell movementis still expensive. The mPGplacer[10],
which follows a multi-level simulatedannealing�o w, incorporates
into its costfunctionroutingcongestionestimatedby a tree-based
globalrouter. It reducestheroutingover�ow by 50%.However, the
runtimeis increasedby at least5 timesdueto thehigh complexity
involvedin theconstructionof routingtrees.

Orthogonalto routingdemandreductionis theapproachthat in-
creasesroutingresourcesin congestedregions. In �x ed-dieplace-
ment,wherewhitespaceis typically present,allocatingwhitespace
to increaserouting resourcesin congestedregions is a common
methodto relieve congestion.1 White spaceallocationcanbedone
both during the global placementstage(or at the end of global
1Evenly distributedor randomlydistributedwhite spacemay in-
creasethe wirelength. White spacemanagementmethodsin [4]
and[1] avoid that. However, asthesemethodsarenot guidedby

placement),or duringthedetailedplacementstage.Dependingon
thespeci�c stage,thecongestionestimationmethodaswell asthe
bin granularitymaydiffer. Allocatingwhite spaceto congestedre-
gion canbe achieved by in�ating cells [5, 15]. In BonnPlace[5],
congestionsof initial partitionsare �rst estimatedby taking both
inter-region netsand intra-region nets into account. Congestion
dueto inter-region netsis estimatedby a probabilisticmethodus-
ing aroutinggrid structure,andcongestiondueto intra-regionnets
is estimatedby pin densitywithin this region. After that, white
spaceis allocatedby expandingcell areasin thecongestedregions.
In [20], congestionin thehorizontalor verticaldirectionis relieved
by expandingtheregion in thatdirectionandshrinkingtheregion
in theorthogonaldirectionin aquadraticplacementframework. In
[24], expansionof congestedregions is formulatedas an integer
programmingproblem. Congestion-driven Dragon[23] allocates
white spacein two steps.White spaceis �rst distributedinto rows
andtheninto binswithin a row. As thatmay increasetherow im-
balance,Dragonimposesalowerboundandanupperboundonthe
amountof white spaceavailablein a row.

In thispaper, wepresentaroutability-drivenplacement�o w. We
proposea congestion-driven multilevel global placementmethod
thatenhancestheroutabilityduringglobalplacementby re-placing
cells to avoid congestedregions. Experimentsshowed that com-
paredwith its wirelengthdrivenmode,it signi�cantly reducesthe
global routing over�ow and enhancesthe detailedrouting com-
pletion rate. Final routedwirelengthsarealso reduced.We also
proposeacongestion-drivenwhitespaceallocationmethodthataf-
ter global placementstage,allocateswhite spaceto provide ap-
propriaterouting resourcesto congestedregions without a great
perturbationon wirelength. Experimentsshow that it cansigni�-
cantly improve routability of placementsgeneratedby variouslat-
est placementtools. Combining the proposedroutability-driven
globalplacementandwhite spaceallocationmethods,we achieve
placementswith the bestroutability amongthe publicly available
placementtools, with all IBM-Dragon version 2 easyand hard
benchmarkcircuits[23] successfullyrouted.

2. CONGESTION ESTIMATION
As is summarizedin [13], existing congestionestimationmeth-

ods canbe divided into two categories: topology-basedmethods
(TP-based),whereroutingtreesareexplicitly constructedon some
routing grid, and topology-freemethods(TP-free),whereno ex-
plicit routingis needed.

Among the two categories,TP-freemodelingis usually faster.
Thiscategoryincludesbounding-box(BBOX)-basedmodeling[12],
probabilisticanalysis-basedmodeling[18, 15], Rent's rule-based
modeling[25], andpindensity-basedmodeling[5]. TP-basedmod-
eling methodsusually constructSteinertree for eachnet in the
netlist. Suchmodelingmethodcan generatean upperboundfor

congestioninformation,they maynotbeeffective in reducingcon-
gestion.



theroutabilityestimation.If thetopologygeneratedby a TP-based
modelingmethodissimilartowhattheafter-placement-routerdoes,
high �delity of the modelingcanbe expected. The Steinertrees
canbe eitherprecomputed[19], or constructeddynamically[10].
In thiswork, wetake theTP-basedapproachdevelopedin [10] and
constructspanningtreebasedroutingtopologyto estimateconges-
tion.

2.1 Routing ResourceEstimation
In ourwork�o w, wecalculatetheresourcein aroutingregion as

RRr =
n

å
i= 1

Ai

wi + si
;

wheren is the numberof routing layers,wi andsi arewidth and
spaceof metalwiresin layeri, respectively. Ai denotestheareaof
layeri availablefor routingover theregion r. In particular, layer1
andlayer2 mightbeutilized for routingwithin thecells;thus,part
of thesetwo layersmightnotbeavailablefor signalrouting.Layer
3 andabove aretypically availablefor signalrouting.

2.2 Routing DemandEstimation
To estimatethe congestionof a placement,we build a routing

grid of m� n over the chip on eachlevel. As for routing demand
estimation,themostaccuratevalueusuallycomesfrom globalrout-
ing itself. However, dueto its complexity, globalroutingcannotbe
performedvery frequently, whereastheplacementcango through
many changesin eachstage,changingthe routing congestionat
the sametime. The accuracy of global routing degradeswith the
progressof theplacementre�nement.Therefore,full-blown global
routingateverystepis bothexpensive andunnecessary. A conges-
tion estimatorwith good�delity andhigh sensitivity to placement
changesis bettersuitedfor ourpurpose.In our framework, westart
from aminimumspanningtreefor eachnet,anddecomposemulti-
pin netsinto two-pin connections.Thenwe usethe two-bendLZ
routerdevelopedin [10] to determinethetopologyfor eachtwo-pin
connection.This routerusesauxiliary datastructuresto �nd good
quality routesby performinga binarysearchof thepossibleroutes
for a two-pin net. The accuracy of this model is con�rmed by a
previousstudy[22] thatshows thata largeportionof thenetsin the
netlist areroutedusingL or Z shapedtopology. Consequently, it
canbeusedto guideeachstepduringplacement.

Oncethe topology for eachnet is determined,the routing de-
mandby netk ongrid cell gci j is calculatedas:

RDnetk;gci j =

8
<

:

wnetk if netk crossesgci j ;
a � pinnetk � wnetk if netk is within gci j ;
0 otherwise:

Here,wnetk is thewire width of netk, a is a userspeci�edconstant,
andpinnetk is thenumberof pins in netk. (We usea = 0:25 in our
experiments.)Theroutingdemandongrid cell gci j andtheaverage
routingdemandover all grid cellsarecalculatedrespectively as:

RDgci j = å
for all netk

RDnetk;gci j ; RDgc =

m

å
i= 1

n

å
j= 1

RDgci j

mn
:

Wecomputetheroutingdemandfor a rectangularregion r as:

RDr = å
gci j 2r

RDgci j :

We de�ne theover�ow ona grid cell gci j anda region r as:

OVLgci j = max
�
0;RDgci j � hRRgci j

�
;

OVLr = max(0;RDr � hRRr ) ;

whereh is anempiricalmultiplier. Wedetermineh in aregion r as
follows:

h =
krRDgc

RRr
;

wherekr is thenumberof grid cellscontainedin region r.
Wede�ne theover�ow causedby netk as:

OVLnetk = å
f gci j jOVLgci j > 0g

RDnetk;gci j :

Theover�ow of a placementP is de�ned as:

OVLP =
m

å
i= 1

n

å
i= 1

OVLgci j :

Note thataccordingto our de�nition, thesumof OVLnetk over all
netscanbegreaterthanOVLP dueto doublecounting.

3. ROUTABILITY CONTROL IN GLOBAL
PLACEMENT

Theglobalplacementin our work�o w is built uponmPL [8, 9],
a multilevel standardcell placementengine.Fig. 1 shows its �o w,
includinga coarseningphasein which cellsarerecursively aggre-
gatedinto clusters,an initial placementgenerationat the coarsest
level, anda re�nementphasethat re�nes eachcoarserlevel place-
mentsolutionto geta �ner level solution.

Coarsening Refinement

Initial Solution

Figure 1: Multile vel global placement.It consistsof a coarsen-
ing phase,a initial solution generation,and a re�nement phase.

Comparedwith otherstate-of-the-artplacementtools,mPLpro-
ducescompetitive placementresultsin termsof HPWL. However,
mPL giveslittle considerationfor routing congestion.The place-
mentit producesmaybeoverly congestedfor subsequentrouting.
Sincere�nementis thestagewherethecell locationsaswell asthe
net topologiesaredetermined,our focusfor routability control is
mainlyon there�nementoneachlevel.

The congestiondriven re�nement during global placementbe-
gins with a congestionestimationusinga fastLZ router. This is
followed by a normal wirelengthminimization step. In the end,
a subsetof cells is chosenandre-placedto adjustthe topologyof
the netsincidenton them,so that the routing demandfor current
placementcanbereduced.

To reducetheroutingdemand,weselectively re-placeasubsetof
thecellsafterthewirelengthminimizationstep,sothatthetopology
of thenetsincidentonthemcanbeadjusted.A secondaryobjective
duringthisprocessis still to reducethewirelength.Migratingcells
for routability enhancementhasbeenproposedin [16, 10]. How-
ever, in [16], thefocusis mainly on local netroutingdemand,and



Algorithm: CongestionDri ven Cell Re-placement
Sortnetsin descendingorderof over�ow

Pick the�rst snetssuchthat
s
å

i= 1
OVLneti � OVLP

for i = 1 to sdo
for eachcell c connectedby neti do

WLmin = ¥
Determinegrid cell gi j for c's optimalHPWL
for eachneighboringgrid cell gci0j0 of g do

Placec in gci0j0

Re-determinethetopologyof thenetsincidentonc
EvaluateWLc using(1)
if WLmin > WLc do

gcmin = gci0j0

WLmin = WLc
end if

end for
Placec in gcmin

end for
end for

Figure2: Algorithm for congestiondri ven cell re-placement.

the routing topologyof global netsareignored. The approachin
[10] is quite indiscriminateaboutwhich cellsshouldbere-placed.
As aconsequence,therearemany candidatecellsfor re-placement,
resultingin prohibitive runtime. In our work�o w, candidatesfor
cell re-placementarepickedbasedon theroutingtopologyof nets
incidenton them.

Fig. 2 givesa descriptionof this process.We sort the netsac-
cording to the over�ow they causein descendingorder, andpick
the �rst s nets,suchthat the sum of their over�ow is more than
thetotalover�ow of thecurrentplacement.Thecellsconnectedby
thesenetswill bere-placed.

For a cell c, we �rst determinethegrid cell gci j corresponding
to its optimal locationfor half-perimeterwirelength. Thenwe try
to placec in eachof the neighboringgrid cells within a certain
distanced, i.e.,

�
gci j j ji0� i j + j j0� j j � d

	
. After c is placedin a

grid cell, the topologyfor the netsincidenton it is re-determined
usingtheLZ router. Thenew placementfor c is evaluatedusinga
weightedwirelengthof all thenetsincidentonc:

WLc = å WGTnetk � WLnetk ;

whereWGTnetk is theweightonnetk, calculatedastheaveragecon-
gestionof thegridscell netk crosses,andWLnetk is thehalf perime-
ter wirelengthof netk. In the end, c is placedin the region that
resultsin the shortestweightedwirelength. Fig. 3 shows an ex-
ampleof this process.The legendcorrespondsto the congestion
in differentroutingregions. Startingfrom theoptimal locationfor
half-perimeterwirelength,wesearchtheneighborhoodfor aregion
that gives the shortestweightedwirelength. In this example,the
optimallocationfor thehalf-perimeterwirelengthgivesaweighted
wirelengthof 8.8 dueto the congestionon eachroute,whereasa
neighboringregion will give a smallerweightedwirelengthof 6.2.

Thetotal cell areain a routing region might exceedits capacity
afterthisprocedure.To slightly relievethis,welock therecentlyre-
placedcellsandtry to rebalancetheareadensitywith ripplemove.
This re-placementprocessis repeatedfor severalpassesbeforego-
ing to thenext level.

4. WHITE SPACE ALLOCA TION
In our global placement�o w, the amountof white spacein a

regionmaynotaccuratelymatchits routingdemand.Therefore,we

c

0.5

1.2

2.0

WLc = 8.8 WLc = 6.2

c

(a) (b)

Figure3: Congestiondri vencell re-placement.The legendcor-
respondsto the congestion in differ ent routing regions. (a)
Original placement of cell c in the optimal location for half-
perimeter wir elengthgivesa weightedwir elengthof 8.8. (b) Re-
placementof c in a neighboring region givesa weighted wir e-
length of 6.2.

further apply a white spaceallocationstepto allocateappropriate
amountsof white spaceinto congestedregions. In the context of
�x ed-dieplacement,this stepdoesnot increasethe chip areaas
white spaceis alreadypresent.

Unlike Dragon's two-stepallocationapproach[23], we assign
appropriateamountsof white spaceto congestedregionsin a hier-
archical�o w. We�rst constructaslicing treebasedonthegeomet-
ric locationsof all cells. We estimatethecongestionlevel at each
nodeof the treeandthenadjustthecut line locationat eachnode
in a top-bottomfashionto distribute the white spaceto two child
nodes.After whitespaceallocation,weapplyadetailedplacement
to remove overlapsandfurtherreduceHPWL while preservingthe
whitespacedistribution. In therestof thissection,wedescribethis
�o w in details.

4.1 Slicing Treeand CongestionEstimation
Givenany globalor detailedplacement,we �rst constructaslic-

ing treeusingamethodthatis similarto apartitioning-basedglobal
placement�o w. Thedifferenceis that thepartitioninghereis per-
formedbasedonthegeometriclocationsof thecells(insteadof the
minimizationof cut size).

We recursively partition the placement,starting from the full
chip level until every region containsa smallnumberof cells. Cut
directionsaredeterminedby comparingtheaspectratio of this re-
gion with a �x ed value. Eachcut line geometricallybisectsa re-
gion evenly. For a region, onceits cut directionandcut location
aredetermined,all cellswhosecentersarelocatedat theleft of the
cut line (if cut vertically) or above thecut line (if cut horizontally)
form theleft child of thattreenode.Theremainingcells in there-
gionform theright child of thatnode.This is essentiallytheslicing
treedatastructureusedto capturea slicing �oorplan (asshown in
Fig. 4(a)). Every nodein the treemaintainsits cut direction,cut
location,congestion,total cell areaaswell ascell list.

Now, weestimatethecongestionlevel of thenodesin theslicing
treein abottom-upfashion.Thecongestionlevel of aleafnodecan
beestimatedby thetotalroutingover�ow of thegridcellscontained
in this leafnode.Thecongestionlevel of aninternalnodecanthen
becomputedthroughapost-ordertraversalof thetreeby addingup
thecongestionlevelsof two child nodes.

4.2 Cut Line Adjustment
After performingcongestionanalysison all treenodes,we shift

cut line locationsin the nodesof the slicing tree by traversing
the nodesin a top-down fashionsuchthat the amountsof white
spaceallocatedto the two child nodesarelinearly proportionalto



their congestionlevels. Considera region r with lower-left cor-
ner(x0;y0), upper-right corner(x1;y1) andtheoriginal verticalcut
direction at xcut = (x0 + x1)=2. Thus, the areaof this region is
Ar = (x1 � x0)(y1 � y0). Assumethatthetotal areaof cellsfor left
subregion r0 and right subregion r1 are S0 and S1, and the cor-
respondingcongestionlevels are OVL0 and OVL1, respectively.
We want to distribute the total amountof white space,which is
(Ar � S0 � S1), to thetwo subregionssuchthattheamountsof white
spacein the two subregionsarelinearly proportionalto their con-
gestionlevels.Thus,theamountof white spaceallocatedto subre-
gionr0 is (Ar � S0 � S1) OVL0

OVL0+ OVL1
. Then,thenew cut line location

x0
cut canbederivedasfollows:

g=
S0+( Ar � S0� S1) OVL0

OVL0+ OVL1
Ar

;

x0
cut = gx1 + (1� g)x0;

wheregis theratioof theleft subregionareato Ar afterthecut line
adjustment.

Thisstepissimilarto atop-down partitioning-basedglobalplace-
mentexceptthatthecut direction,thecut locationandsub-netlists
areall known. Wealsoconstrainall cellsto stayat thecenterof the
region to which they belongduring this top-down �o w. After this
step,we obtaina global placementthat containsoverlaps. More-
over, cells may not be placedalonga row. Note that the cut line
adjustmentapproachis performedin the samespirit as fractional
cut [2], wherehorizontalcutsarenotalignedwith row boundaries.
Weillustratetheregionchangesbeforeandaftercutline adjustment
by anexamplein Fig. 4(b). In this example,we show thetotal cell
areaandcongestionlevel at every treenodeof theslicing tree.Cut
linesareadjustedfrom top to bottomsuchthatwhite spacesin the
subregionsareproportionalto their congestionlevels.
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Figure 4: (a) A slicing tr eeand its correspondingcut lines and
regions. (b) A slicing tr eeafter congestionestimation and re-
gionsafter cut linesadjustment.

4.3 Detailed Placement
After whitespaceallocation,thecellsmayoverlapandthey may

not be placedalong rows. We needa detailedplacerto legalize

theplacement.This detailedplacershouldbeableto maintainthe
locationsof white spacessuchthat the white spaceswill not be
greatlyredistributed. As thedetailedplacerDOMINO [14] gener-
atespacked placementsto minimize half-perimeterwirelength,it
doesnot �t ourpurpose.

We proposea detailedplacerto preserve white spacedistribu-
tion andfurtherreduceHPWL. We�rst adoptagreedylegalization
algorithm[17] to remove the overlaps,thenwe locally minimize
HPWL usinga sliding window approach[7, 2]. We slidea single-
row or double-row window acrosstheentirechip,andperformcell
swappingwithin the window. White spaceinside the window is
treatedasdynamic-widthpseudo-cells,whosewidths may shrink
or expand,dependingon the needimposedby cell swapping. As
a result,morecell swappingcanbe consideredwithin a window,
leadingto abetterHPWL.

5. EXPERIMENT AL RESULTS
In thefollowing, weusemPL-R to denoteourglobalplacement

�o w, WSA ourwhitespaceallocation�o w, andmPL-R+WSA the
combined�o w.

We evaluatethe effectivenessof our tools (mPL-R, WSA and
mPL-R+WSA) in achieving routability by comparingthemwith
severalstate-of-the-artacademictools,includingDragon3.01[23],
CAPO 8.8 [6], Feng Shui 2.2 [2], andmPG 1.0 [11], a leading-
edgeindustrialplacementtoolsCadenceQPLACE (in SEULTRA
5.3). Dragon is run with -fd option for congestion-driven mode.
CAPO is run with rowironing turnedoff. mPG is run using the
wirelengthobjective insteadof thecongestionminimizationobjec-
tive dueto thehugeruntimeof congestion-driven mPG. As mPG
generatesglobal placementswith overlaps,we apply QPLACE
ECO modeto obtainthe�nal placements.

All experimentsareperformedonthecompletesetof IBM-Dragon
version2 easyandhardbenchmarks.Thesebenchmarkswerecon-
vertedfrom ISPD98[3] by mappingcells to commercialstandard
cell library by authorsof Dragon [23] to evaluateroutability of
placements.The relative amountsof white spacein thesebench-
marksareshown in Table1.

All placementtoolsarerun � ve timesfor eachbenchmarkwith
the exceptionthat our tools andQPLACE arerun only oncefor
eachbenchmarkasdifferentrunsof our toolsandQPLACE gen-
eratethe sameplacement. Dragon, CAPO, and Feng Shui are
run on a Pentium42.6GHz CPU with 512MB memory. mPG,
CadenceQPLACE, and WROUTE are run on an UltraSpacII
450MHzCPUwith 1GB memory.

Theresultsaregivenin Table1–4.All dataareobtainedby aver-
agingover therunsexceptthecolumn“S/V/F”. In Table1, 3, and
4, thecolumns“r-WL”, “vias”, “vlts”, “o.c.%” and“r-time” show
the routedwirelengths,numbersof vias, numbersof violations,
percentagesof over-capacitygcellsandrouting timesreportedby
WROUTE, respectively.

Thecolumn“S/V/F” shows the total numberof differentstatus
of routing resultsfor � ve runs or one run. The statusof a rout-
ing resultcanbeoneof the following: successfulroutingwithout
violation (denotedas `S'), �nished routing with someviolations
(denotedas `V'), and failed routing due to too many violations
or too long a routing time (denotedas`F'). For example,“1/0/4”
meansthat thereare1 successfulrouting, 0 �nished routing, and
4 failed routingsin � ve runs. Thecolumn“r-time” shows the av-
eragefor only successfulor �nished routings. Failed routingsare
excludedin theroutingtimecomparison,asthey haveeitheravery
shortrouting time or a time of 24 hours(theruntimelimit for the
router),which if includedwould skew the comparison.The row
“summary”summarizestheresultsof theseplacementtoolsonthis



suiteof benchmarks.The column“S/V/F” in this row shows the
total numbersof successfulroutings,�nished routingsand failed
routingson easyandhardbenchmarks.Thecolumn“vlts” shows
theaveragenumbersof violationsof all easyandhardbenchmarks.

5.1 Routability Comparison
From Table 1, we observe that our placement�o w of mPL-

R+WSA obtainssuccessfulroutingsfor all 16benchmarks.whereas
othertoolscanonly have partialsuccessfulroutingresults.For ex-
ample,for 5 runsof DragonandCAPOon eachof the 16 bench-
marks,Dragon obtains52 successful,18 �nished and 10 failed
routings, and CAPO obtains25 successful,24 �nished and 31
failedroutings.Foronerunoneachof the16benchmarks,QPLACE
obtains12successfuland4 �nished routings.Moreover, amongall
tools,our placement�o w obtainsthesmallestroutedwirelengths,
whereasthoseof DragonandQPLACE are8.7%and12.5%longer.
We alsoobtainfewer viasandfewer over-capacitygcells.We con-
cludethatourplacement�o w of mPL-R+WSA is thebestin terms
of routabilityandroutedwirelength.

The runtimeof variousplacementtools including mPL-R and
WSA on thesebenchmarksareshown in Table2. In therow “sum-
mary”, we show the ratiosof runtimesamongthesetoolswith re-
spectto thatof our�o w onbotheasyandhardbenchmarks.Among
thesetools,Dragon, QPLACE, andmPL-R+WSA achieve better
routability on theseIBM benchmarks.Among thesethreetools,
QPLACE is mostscalablein termsof runtimeandDragon is the
leastscalable.

5.2 Impacts of Various Routability Optimiza­
tion Techniques

Table 3 comparesthe impactsof eachtechniquein our work-
�o w. A summaryis given at the endof table. It canbe seenthat
both routability control techniqueduring global placementstage
andwhite spaceallocationtechniqueafterglobalplacementstage
areeffective in relieving routing congestion.Comparedto mPL,
thesetwo techniquescanreducetheover�owedglobalroutingcells
by 83%and72%,andimprove thecompletionratefrom zerosuc-
cessfulroutingsto 14 and9 successfulroutingsout of 16 routings,
respectively. The combined�o w hassuccessfulroutingson all
thesebenchmarks.Routedwirelengthsareimproved signi�cantly
by 11.6%. Overall, thecombinedwork�o w is thebestin termsof
�nal completionrateandroutedwirelength.

5.3 Impacts of White SpaceAllocation
We further evaluatethe impactsof the white spaceallocation

techniquebyapplyingit ontheplacementsgeneratedbyothertools.
Routabilityresultsareshown in Table4.

Table4 showsthatourapproachcangreatlyimprovetheroutabil-
ity of a placement,especiallyon thoseplacementsgeneratedby
wirelength-driven placementtools. After applyingour approach,
Dragon obtains52 successful,26 �nished and2 failedroutingre-
sultsandCAPO obtains48successfuland27 �nished and5 failed
routing results;similar resultsareobtainedfor Feng Shui, mPG
andQPLACE. Comparedto resultsobtainedby thesetoolswithout
ourwhitespaceallocationtechnique(seethesummaryrow in Table
4), we consistentlyreducetheroutedwirelengthby 1.1%to 8.0%.
We alsoreducethenumberof vias,violationsandsigni�cantly re-
ducetheover-capacitygcells(with theexceptionof QPLACE). We
concludethat routability androutedwirelengthcanbe simultane-
ouslyimprovedwith ourwhite spaceallocationtechnique.

6. CONCLUSION

We proposea congestion-drivenglobalplacementthatenhances
the routability by consideringrouting resourcedemandreduction.
We also proposea congestion-driven white spaceallocationap-
proachcanfurtherallocateappropriateamountsof whitespaceinto
congestionregionsto increaseroutingresources.Experimentalre-
sultsshow thatourplacement�o w cangreatlyimprove routability.
We achieve successfulroutingson all IBM easyandhardbench-
markcircuitswith thebestroutedwirelengthandcompetitive run-
time.
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Table 1: Routability comparisonof our tool with various placementtools. All wir elengthsare scaledby 108.
bench- tools routedby CadenceWROUTE bench- tools routedby CadenceWROUTE
marks S/V/F r-WL vias vlts o.c.% r-time marks S/V/F r-WL vias vlts o.c.% r-time
ibm01 Dragon-fd 1/0/4 0.929 146773 5346 5.64 1:26:47 ibm01 Dragon-fd 0/0/5 0.904 145770 6998 6.63 N/A
-easy CAPO 0/0/5 0.887 140529 9397 6.61 N/A -hard CAPO 0/0/5 0.899 142496 11594 8.26 N/A

FS 0/0/5 0.852 142195 21295 10.01 N/A FS 0/0/5 0.870 142812 21900 10.70 N/A
14.88% mPG+ECO 0/0/5 1.003 147230 23225 10.40 N/A 12.00% mPG+ECO 0/0/5 1.001 148382 29628 11.95 N/A

QPLACE 1/0/0 0.875 132250 0 3.21 0:28:01 QPLACE 0/1/0 0.831 133469 20 3.90 1:18:17
mPL-R+WSA 1/0/0 0.772 127969 0 1.57 0:28:37 mPL-R+WSA 1/0/0 0.751 129648 0 2.38 0:38:57

ibm02 Dragon-fd 5/0/0 2.18 313289 0 1.07 1:17:19 ibm02 Dragon-fd 2/2/1 2.24 321523 2045 2.59 2:48:18
-easy CAPO 1/1/3 2.41 321415 9979 5.06 4:55:39 -hard CAPO 0/0/5 2.45 328943 24031 8.42 N/A

FS 0/0/5 2.37 321705 15440 4.93 N/A FS 0/0/5 2.40 325003 19036 6.29 N/A
9.58% mPG+ECO 0/0/5 2.55 338704 31894 9.14 N/A 4.72% mPG+ECO 0/0/5 2.59 349984 58670 13.89 N/A

QPLACE 1/0/0 2.11 289985 0 0.27 0:31:02 QPLACE 0/1/0 2.20 317981 1 1.59 1:49:20
mPL-R+WSA 1/0/0 1.89 284396 0 0.43 0:40:44 mPL-R+WSA 1/0/0 1.94 296290 0 0.97 0:58:21

ibm07 Dragon-fd 4/1/0 4.55 593637 4.4 0.68 1:46:48 ibm07 Dragon-fd 4/1/0 4.77 624005 0.8 2.51 3:34:02
-easy CAPO 0/4/1 4.93 614172 186 3.19 8:59:29 -hard CAPO 0/0/5 5.36 642462 33980 7.78 N/A

FS 0/2/3 4.49 617027 1042 3.65 22:00:27 FS 0/1/4 4.58 611699 6193 4.12 16:35:49
10.05% mPG+ECO 0/0/5 5.67 666646 83489 10.91 N/A 4.70% mPG+ECO 0/0/5 5.54 677474 113178 12.29 N/A

QPLACE 0/1/0 4.67 561838 2 0.31 1:16:59 QPLACE 1/0/0 5.07 607972 0 2.17 2:43:00
mPL-R+WSA 1/0/0 4.29 548765 0 0.35 1:28:13 mPL-R+WSA 1/0/0 4.43 579157 0 1.71 2:22:12

ibm08 Dragon-fd 5/0/0 4.78 696404 0 0.08 0:59:25 ibm08 Dragon-fd 3/2/0 4.71 721215 0.4 0.28 2:01:41
-easy CAPO 2/3/0 5.16 724992 30.6 0.98 7:00:34 -hard CAPO 0/1/4 5.59 782283 22841 3.97 18:17:42

FS 0/3/2 5.19 767378 12947 3.31 18:53:31 FS 0/4/1 5.08 760494 248 2.41 13:01:35
9.97% mPG+ECO 0/1/4 5.56 784389 23700 4.28 13:17:23 4.84% mPG+ECO 0/0/5 5.50 788772 45339 5.95 N/A

QPLACE 1/0/0 5.32 706212 0 0.37 1:27:59 QPLACE 1/0/0 5.18 713999 0 0.28 1:44:54
mPL-R+WSA 1/0/0 4.58 661733 0 0.06 0:59:52 mPL-R+WSA 1/0/0 4.49 684910 0 0.24 1:28:55

ibm09 Dragon-fd 5/0/0 3.81 594621 0 0.03 0:53:27 ibm09 Dragon-fd 5/0/0 3.70 603149 0 0.04 0:58:36
-easy CAPO 4/1/0 3.77 581190 0 0.04 0:56:30 -hard CAPO 4/1/0 3.84 602751 0.2 0.09 1:04:06

FS 3/2/0 3.56 586891 0.4 0.06 1:01:49 FS 5/0/0 3.66 593298 0 0.10 1:06:24
9.76% mPG+ECO 5/0/0 4.00 616150 0 0.21 1:16:47 4.88% mPG+ECO 4/1/0 4.28 653824 2.2 0.86 2:21:01

QPLACE 1/0/0 4.04 561859 0 0.01 47:27 QPLACE 1/0/0 3.90 578085 0 0.03 1:03:50
mPL-R+WSA 1/0/0 3.50 549568 0 0.02 0:50:32 mPL-R+WSA 1/0/0 3.65 570032 0 0.02 0:59:52

ibm10 Dragon-fd 3/2/0 7.46 934786 7.2 0.04 1:53:43 ibm10 Dragon-fd 5/0/0 7.16 939199 0 0.08 1:43:38
-easy CAPO 4/1/0 7.54 934359 7.6 0.19 3:27:54 -hard CAPO 2/3/0 7.87 990705 0.8 0.66 5:13:37

FS 4/1/0 7.02 937774 9.6 0.22 3:29:00 FS 1/4/0 7.02 931323 24.8 0.17 4:17:50
9.78% mPG+ECO 3/1/1 7.91 990337 376 1.03 4:16:29 4.92% mPG+ECO 1/1/3 8.26 1051147 8752 2.27 22:09:05

QPLACE 1/0/0 7.32 877598 0 0.02 1:13:10 QPLACE 1/0/0 7.47 916207 0 0.06 2:01:55
mPL-R+WSA 1/0/0 6.84 873311 0 0.02 1:28:06 mPL-R+WSA 1/0/0 6.76 902026 0 0.06 1:57:34

ibm11 Dragon-fd 2/3/0 5.68 780344 0.8 0.05 1:09:08 ibm11 Dragon-fd 4/1/0 5.57 795088 0.2 0.17 1:29:21
-easy CAPO 4/1/0 5.65 767643 0.2 0.21 1:34:16 -hard CAPO 3/2/0 5.85 811186 0.6 0.85 2:24:01

FS 3/2/0 5.41 774667 0.4 0.23 1:44:42 FS 5/0/0 5.43 770152 0 0.28 1:42:40
9.89% mPG+ECO 3/2/0 5.93 813960 0.4 0.89 2:36:53 4.67% mPG+ECO 0/4/1 6.54 902662 6958 3.70 12:55:47

QPLACE 1/0/0 6.05 745184 0 0.08 1:04:44 QPLACE 1/0/0 6.10 779713 0 0.22 1:50:30
mPL-R+WSA 1/0/0 5.16 714824 0 0.03 1:02:26 mPL-R+WSA 1/0/0 5.15 745015 0 0.18 1:41:09

ibm12 Dragon-fd 3/2/0 10.61 1141524 0.4 0.22 2:36:56 ibm12 Dragon-fd 1/4/0 10.50 1162650 0.8 0.48 3:44:46
-easy CAPO 1/4/0 10.99 1172164 51.4 1.35 11:56:53 -hard CAPO 0/2/3 10.99 1231308 374.6 2.69 21:45:52

FS 0/0/5 10.47 1219168 55275 5.33 N/A FS 0/1/4 10.56 1234216 56301 6.31 21:15:16
14.78% mPG+ECO 0/0/5 13.25 1397195 266038 14.63 N/A 9.94% mPG+ECO 0/0/5 12.95 1437522 357235 18.22 N/A

QPLACE 0/1/0 11.98 1210849 122 2.40 9:44:26 QPLACE 1/0/0 11.09 1174369 0 1.46 4:48:27
mPL-R+WSA 1/0/0 10.52 1127925 0 0.34 3:54:03 mPL-R+WSA 1/0/0 10.13 1107551 0 0.40 3:49:26

summary Dragon-fd 52/18/10 1.087� 1.075� 901 1.80� 1.38� Exceptfor “vlts”, which is theaveragenumberof violationsperrun,
CAPO 25/24/31 1.147� 1.094� 7030 7.78� 4.30� resultsin thesummaryrow arenormalizedwith respectto mPL-R+WSA.

FS 21/20/39 1.081� 1.089� 13107 10.6� 5.89�
mPG+ECO 16/10/54 1.245� 1.178� 66663 28.8� 3.63�
QPLACE 12/4/0 1.125� 1.039� 9.1 2.13� 1.25�

mPL-R+WSA 16/0/0 1.000 1.000 0 1.00 1.00

Table2: Runtime comparisonamongvarious placementtools. The runtimes are in formats of “hr:mm:ss” or “mm:ss”.
benchmarks Dragon-fd CAPO FS mPG QPLACE mPL mPL-R WSA benchmarks Dragon-fd CAPO FS mPG QPLACE mPL mPL-R WSA
ibm01easy 10:30 0:59 2:32 10:49 2:13 4:16 5:40 0:40 ibm01hard 10:23 0:55 2:48 11:04 2:45 4:28 5:45 0:37
ibm02easy 16:20 2:02 4:51 25:51 4:51 9:32 20:03 1:27 ibm02hard 16:16 1:47 5:29 22:06 6:05 9:55 18:43 1:18
ibm07easy 40:11 5:25 11:46 40:16 10:05 20:48 29:02 2:24 ibm07hard 26:08 7:07 12:52 48:18 12:28 21:52 27:54 2:06
ibm08easy 1:39:40 6:49 14:22 58:37 13:17 28:51 40:44 3:46 ibm08hard 1:04:54 5:57 15:26 1:04:44 17:07 30:24 40:19 3:21
ibm09easy 1:13:38 7:42 13:31 54:57 11:20 24:26 25:22 3:04 ibm09hard 49:57 7:26 14:26 52:42 14:34 24:45 25:31 2:23
ibm10easy 2:05:00 13:00 19:14 1:20:03 17:50 38:24 53:57 5:01 ibm10hard 1:21:34 11:19 21:02 1:23:55 23:05 39:42 50:59 3:54
ibm11easy 1:23:17 13:41 18:48 1:18:19 15:35 30:21 38:52 4:00 ibm11hard 54:12 11:43 20:31 1:10:39 19:02 32:29 37:38 3:07
ibm12easy 2:22:28 13:42 20:25 1:23:06 19:42 43:09 1:19:25 6:24 ibm12hard 1:32:41 12:23 21:25 1:28:52 20:17 44:53 1:16:16 4:50
summary 1.55 0.19 0.37 1.49 0.36 0.67 1.00 Runtimesarenormalizedwith respectto mPL-R+WSAin thesummaryrow.



Table 3: Impacts of various routability optimization techniquesin our �o w. All wir elengthsare scaledby 108.
bench- tools routedby CadenceWROUTE bench- tools routedby CadenceWROUTE
marks S/V/F r-WL vias vlts o.c.% r-time marks S/V/F r-WL vias vlts o.c.% r-time
ibm01 mPL 0/0/1 0.886 143828 16055 7.83 N/A ibm01 mPL 0/0/1 0.884 143940 16124 8.33 N/A
-easy mPL-R 1/0/0 0.821 137894 0 3.22 1:07:36 -hard mPL-R 1/0/0 0.789 137511 0 3.45 1:30:38

mPL+WSA 1/0/0 0.852 140841 0 3.23 1:56:39 mPL+WSA 1/0/0 0.815 140886 0 4.18 1:38:34
mPL-R+WSA 1/0/0 0.772 127969 0 1.57 0:28:37 mPL-R+WSA 1/0/0 0.751 129648 0 2.38 0:38:57

ibm02 mPL 0/0/1 2.26 318566 13405 4.66 N/A ibm02 mPL 0/0/1 2.34 326682 24554 8.50 N/A
-easy mPL-R 1/0/0 1.96 297454 0 0.42 0:37:40 -hard mPL-R 0/1/0 2.08 320952 45 2.17 4:31:47

mPL+WSA 1/0/0 2.06 302274 0 0.80 0:51:10 mPL+WSA 0/0/1 2.22 312616 10721 5.13 N/A
mPL-R+WSA 1/0/0 1.89 284396 0 0.43 0:40:44 mPL-R+WSA 1/0/0 1.94 296290 0 0.97 0:58:21

ibm07 mPL 0/0/1 4.51 654818 1887 3.29 N/A ibm07 mPL 0/0/1 5.10 642796 30539 6.85 N/A
-easy mPL-R 1/0/0 4.35 574541 0 0.34 1:15:28 -hard mPL-R 1/0/0 4.52 607782 0 1.98 3:18:34

mPL+WSA 1/0/0 4.17 559221 0 0.24 1:03:24 mPL+WSA 0/1/0 4.45 605580 2 2.41 3:20:19
mPL-R+WSA 1/0/0 4.29 548765 0 0.35 1:28:13 mPL-R+WSA 1/0/0 4.43 579157 0 1.71 2:22:12

ibm08 mPL 0/1/0 5.13 806862 69 2.39 16:26:36 ibm08 mPL 0/0/1 5.44 791936 47979 6.08 N/A
-easy mPL-R 1/0/0 4.65 693206 0 0.07 0:57:52 -hard mPL-R 1/0/0 4.61 717951 0 0.39 2:50:48

mPL+WSA 0/1/0 4.85 708107 2 0.23 1:42:33 mPL+WSA 0/1/0 5.11 780562 21 2.28 9:54:36
mPL-R+WSA 1/0/0 4.58 661733 0 0.06 0:59:52 mPL-R+WSA 1/0/0 4.49 684910 0 0.24 1:28:55

ibm09 mPL 0/1/0 3.95 645890 82 0.07 5:14:37 ibm09 mPL 0/1/0 4.00 673932 77 0.17 6:59:18
-easy mPL-R 1/0/0 3.57 580005 0 0.02 0:49:55 -hard mPL-R 1/0/0 3.74 601755 0 0.04 0:57:17

mPL+WSA 1/0/0 3.76 584530 0 0.03 0:57:09 mPL+WSA 1/0/0 3.71 596700 0 0.04 0:55:18
mPL-R+WSA 1/0/0 3.50 549568 0 0.02 0:50:32 mPL-R+WSA 1/0/0 3.65 570032 0 0.02 0:59:52

ibm10 mPL 0/1/0 6.98 947526 42 0.17 6:48:56 ibm10 mPL 0/1/0 8.05 1071552 55 1.27 14:20:44
-easy mPL-R 1/0/0 6.94 910034 0 0.02 1:22:47 -hard mPL-R 1/0/0 6.85 933290 0 0.06 1:53:46

mPL+WSA 1/0/0 6.80 894979 0 0.03 1:41:30 mPL+WSA 0/1/0 7.47 974989 80 0.30 5:14:43
mPL-R+WSA 1/0/0 6.84 873311 0 0.02 1:28:06 mPL-R+WSA 1/0/0 6.76 902026 0 0.06 1:57:34

ibm11 mPL 0/1/0 5.62 866097 132 0.40 10:34:03 ibm11 mPL 0/1/0 6.07 918744 91 1.39 10:41:14
-easy mPL-R 1/0/0 5.25 757252 0 0.03 0:59:50 -hard mPL-R 0/1/0 5.28 786186 1 0.09 1:25:06

mPL+WSA 1/0/0 5.29 755682 0 0.05 1:09:15 mPL+WSA 1/0/0 5.34 784769 0 0.22 1:25:01
mPL-R+WSA 1/0/0 5.16 714824 0 0.03 1:02:26 mPL-R+WSA 1/0/0 5.15 745015 0 0.18 1:41:09

ibm12 mPL 0/0/1 11.16 1208277 2569 2.65 N/A ibm12 mPL 0/0/1 11.61 1262711 64083 6.07 N/A
-easy mPL-R 1/0/0 10.48 1155284 0 0.41 4:21:03 -hard mPL-R 1/0/0 10.27 1151207 0 0.67 4:27:59

mPL+WSA 0/1/0 10.42 1137643 77 0.39 8:38:46 mPL+WSA 0/1/0 11.12 1229005 82 1.98 18:22:55
mPL-R+WSA 1/0/0 10.52 1127925 0 0.34 3:54:03 mPL-R+WSA 1/0/0 10.13 1107551 0 0.40 3:49:26

summary mPL 0/7/9 1.000 1.000 3564 1.00 1.00 Exceptfor “vlts”, which is theaveragenumberof violationsperrun,
mPL-R 14/2/0 0.906� 0.915� 2.9 0.17� 0.13� resultsin thesummaryrow arenormalizedwith respectto mPL.

mPL+WSA 9/6/1 0.933� 0.926� 687 0.28� 0.18�
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Table 4: Routability resultsafter applying our approachWSA to placementsgeneratedby various tools. All wir elengthsare scaled
by 108.

bench- tools routedby CadenceWROUTE bench- tools routedby CadenceWROUTE
marks S/V/F r-WL vias vlts o.c.% r-time marks S/V/F r-WL vias vlts o.c.% r-time
ibm01 Dragon-fd+WSA 5/0/0 0.813 137717 0 2.79 1:19:12 ibm01 Dragon-fd+WSA 1/3/1 0.827 140233 1215 4.23 2:00:40
-easy CAPO+WSA 5/0/0 0.775 127369 0 2.14 0:41:39 -hard CAPO+WSA 3/2/0 0.787 130241 7.8 3.57 1:28:57

FS+WSA 4/1/0 0.859 138136 6.8 3.78 1:18:53 FS+WSA 0/0/5 0.870 138896 6505 5.42 N/A
mPG+WSA 1/0/4 0.903 141236 4866 4.41 1:48:07 mPG+WSA 0/0/5 0.894 141761 9166 6.44 N/A

QPLACE+WSA 0/1/0 0.848 138959 1 2.76 1:10:09 QPLACE+WSA 1/0/0 0.818 138995 0 3.84 1:29:43
ibm02 Dragon-fd+WSA 3/2/0 2.13 310411 14.2 1.35 2:55:17 ibm02 Dragon-fd+WSA 2/2/1 2.18 322273 2225 2.79 5:20:51
-easy CAPO+WSA 4/1/0 2.26 303751 0.2 1.77 1:48:40 -hard CAPO+WSA 1/0/4 2.35 313349 12962 5.82 3:02:48

FS+WSA 5/0/0 2.24 307941 0 1 1:03:03 FS+WSA 0/0/5 2.34 317854 11127 3.99 N/A
mPG+WSA 3/1/1 2.31 324779 2722 2.71 1:54:40 mPG+WSA 0/0/5 2.37 330634 20209 7.31 N/A

QPLACE+WSA 1/0/0 2.11 300843 0 0.53 52:42 QPLACE+WSA 1/0/0 2.21 318476 0 2.61 1:38:56
ibm07 Dragon-fd+WSA 4/1/0 4.24 568607 0.2 0.34 1:34:53 ibm07 Dragon-fd+WSA 2/3/0 4.57 603704 6.4 2.21 4:01:08
-easy CAPO+WSA 5/0/0 4.46 539314 0 0.39 1:32:33 -hard CAPO+WSA 0/5/0 5.03 613347 87.8 3.78 11:38:58

FS+WSA 4/1/0 4.11 548362 0.2 0.19 1:00:03 FS+WSA 4/1/0 4.27 579719 3.6 1.33 2:45:30
mPG+WSA 1/4/0 5.18 642264 41.4 3.62 6:58:00 mPG+WSA 0/0/5 5.14 643011 26043 7.39 N/A

QPLACE+WSA 1/0/0 4.55 578504 0 0.29 1:22:02 QPLACE+WSA 1/0/0 5.01 626628 0 2.70 3:41:43
ibm08 Dragon-fd+WSA 5/0/0 4.56 675424 0 0.05 1:04:36 ibm08 Dragon-fd+WSA 2/3/0 4.53 703690 3.6 0.22 1:54:45
-easy CAPO+WSA 5/0/0 4.89 669344 0 0.21 1:37:19 -hard CAPO+WSA 1/3/1 5.26 741922 107 1.58 8:41:32

FS+WSA 2/3/0 5.05 708435 0.8 0.37 1:58:41 FS+WSA 2/3/0 4.94 728869 6 0.71 3:25:28
mPG+WSA 2/3/0 5.13 738545 7.4 0.61 3:31:36 mPG+WSA 1/3/1 5.08 777426 391 1.67 10:36:57

QPLACE+WSA 0/1/0 5.25 733071 33 0.48 3:23:22 QPLACE+WSA 1/0/0 5.15 739152 0 0.62 2:52:51
ibm09 Dragon-fd+WSA 4/1/0 3.58 577418 0.2 0.02 0:57:08 ibm09 Dragon-fd+WSA 4/1/0 3.51 586582 0.2 0.03 0:58:38
-easy CAPO+WSA 5/0/0 3.64 544475 0 0.02 0:52:49 -hard CAPO+WSA 4/1/0 3.63 557845 0.2 0.04 1:01:01

FS+WSA 4/1/0 3.63 569627 0.2 0.02 0:50:50 FS+WSA 5/0/0 3.65 582507 0 0.04 0:57:59
mPG+WSA 4/1/0 3.81 595976 0.2 0.04 1:01:03 mPG+WSA 4/1/0 3.85 613259 0.2 0.13 1:14:52

QPLACE+WSA 1/0/0 4.02 594290 0 0.03 1:00:55 QPLACE+WSA 0/1/0 3.87 603929 1 0.04 1:02:23
ibm10 Dragon-fd+WSA 3/2/0 7.04 901956 0.4 0.03 1:43:20 ibm10 Dragon-fd+WSA 4/1/0 6.80 910968 8.2 0.07 1:31:27
-easy CAPO+WSA 3/2/0 7.14 870728 0.4 0.04 1:52:26 -hard CAPO+WSA 2/3/0 7.07 902358 22.6 0.16 4:18:28

FS+WSA 4/1/0 7.05 887832 0.2 0.02 1:19:55 FS+WSA 5/0/0 6.98 907629 0 0.07 1:53:17
mPG+WSA 3/2/0 7.25 925947 1.6 0.10 2:06:01 mPG+WSA 1/4/0 7.48 973529 1.4 0.45 4:49:18

QPLACE+WSA 0/1/0 7.22 908286 1 0.05 2:22:02 QPLACE+WSA 0/1/0 7.39 940473 1 0.13 2:55:11
ibm11 Dragon-fd+WSA 4/1/0 5.34 752803 0.2 0.05 1:14:31 ibm11 Dragon-fd+WSA 5/0/0 5.27 769995 0 0.17 1:31:27
-easy CAPO+WSA 4/1/0 5.37 708570 0.2 0.04 1:11:20 -hard CAPO+WSA 4/1/0 5.40 732870 0.2 0.20 1:38:58

FS+WSA 5/0/0 5.47 740837 0 0.04 1:06:28 FS+WSA 5/0/0 5.40 753572 0 0.11 1:23:39
mPG+WSA 4/1/0 5.51 773710 0.2 0.10 1:22:34 mPG+WSA 5/0/0 5.77 813468 0 0.61 2:07:40

QPLACE+WSA 1/0/0 5.95 779237 0 0.10 1:20:40 QPLACE+WSA 0/1/0 6.05 818762 1 0.43 2:37:54
ibm12 Dragon-fd+WSA 3/2/0 9.98 1092302 0.4 0.13 2:46:13 ibm12 Dragon-fd+WSA 1/4/0 9.83 1115038 3.4 0.30 4:18:31
-easy CAPO+WSA 2/3/0 10.46 1085250 6.2 0.27 4:28:06 -hard CAPO+WSA 0/5/0 11.18 1118348 11.6 0.65 6:13:47

FS+WSA 3/2/0 10.39 1099236 0.4 0.22 2:52:37 FS+WSA 3/2/0 10.37 1155815 30.8 0.99 8:59:24
mPG+WSA 0/0/5 12.59 1317614 59217 6.25 N/A mPG+WSA 0/0/5 12.34 1356588 111453 10.81 N/A

QPLACE+WSA 1/0/0 11.82 1200326 0 0.74 5:48:34 QPLACE+WSA 1/0/0 11.02 1211434 0 1.16 11:10:59
summary Dragon-fd+WSA 52/26/2 0.944� 0.968� 218 0.80� 1.18� Exceptfor “vlts”, which is theaveragenumberof violationsperrun,

CAPO+WSA 48/27/5 0.932� 0.924� 825 0.33� 0.55� resultsin thesummaryrow arenormalizedwith respectto eachoriginal tool
FS+WSA 55/15/0 0.983� 0.953� 1105 0.28� 0.45� withoutapplyingWSA. SeeTable1 for thedetailedresultsof

mPG+WSA 29/20/31 0.920� 0.948� 14633 0.32� 1.23� theoriginal tools.
QPLACE+WSA 10/6/0 0.989� 1.034� 2.4 1.53� 1.50�


