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ABSTRACT

In this paperwe presenfa congestion-dvenplacemento w. First,
we considerin the global placemenstagethe routing demancto
re-placecellsin orderto avoid congestedegions. Thenwe allo-
cateappropriateamountsof white spaceinto differentregions of
thechipaccordingo thecongestionmap. Finally, a detailedplacer
is appliedto legalizeplacementsvhile preservinghedistributions
of white space Experimentatesultsshav thatour placemento w
canachie/e the bestroutability with the shortestroutedwirelength
amongall publicly availableplacementools. Moreover, our white
spaceallocationapproachcansigni cantly improve the routabili-
tiesof placementgeneratedby otherplacementools.

1. INTRODUCTION

Minimizing half-perimetemwirelengthis the mosttypical objec-
tive of a placementool. However, a placementwith shorterhalf-
perimeterwirelength(HPWL) may still be unroutablebecauseghe
routingresourcesndroutingdemandsit somepartsof thechipare
notmatched Routability canbe optimizedby eitherreducingrout-
ing demandr increasingrouting resourcest congestedegions
in aplacement.

Reducingthe routing demandsn a congestedegion is usually
performedin the global placemenstage,asthe cell locationsare
adjustedonly slightly in the detailedplacemenstep. In addition,
nettopologymanipulationcanalsobe consideredor optimization,
sothatgoodroutability canbe obtainedwithout muchincreasdn
wirelengthcost. In [16], the congestiorof a placemenbin, which
is estimatedby Rentrule implicitly, is incorporatednto the half-
perimeterwirelengthcostfunctionin a simulatedannealing o w.
Theapproachesenesroutingresource$or globalnetsby avoiding
excessie usageby local nets.However, thecongestiorcontrituted
by internalnetswithin a bin is ignored;hence the accurag of the
congestiorestimationis reduced Furthermorethetopologyof the
global netsare alsoignored. [21] usesa post-processingtep of
moving cells with Steinertree reconstructiongluring placement.
Themovementof acellis limited, andreconstructing Steinertree
for eachcell movementis still expensive. The mPG placer[10],
which follows a multi-level simulatedannealingo w, incorporates
into its costfunctionrouting congestiorestimatedy a tree-based
globalrouter It reducegheroutingover ow by 50%. However, the
runtimeis increasedy atleasts timesdueto the high complexity
involvedin the constructiorof routingtrees.

Orthogonatko routingdemandeductionis the approachhatin-
creasesoutingresourcesn congestedegions. In x ed-dieplace-
ment,wherewhite spacas typically presentallocatingwhite space
to increaserouting resourcesn congestedegionsis a common
methodto relieve congestiorl. White spaceaallocationcanbedone
both during the global placementstage(or at the end of global

1Evenly distributed or randomlydistributed white spacemay in-
creasethe wirelength. White spacemanagemeninethodsin [4]
and[1] avoid that. However, asthesemethodsare not guidedby

placement)pr duringthe detailedplacemenstage.Dependingon

the speci ¢ stage the congestiorestimationmethodaswell asthe
bin granularitymay differ. Allocating white spaceo congestede-

gion canbe achiered by in ating cells[5, 15]. In BonnPlacd5],

congestionf initial partitionsare rst estimatedby taking both
inter-region netsand intra-region netsinto account. Congestion
dueto interregion netsis estimatecby a probabilisticmethodus-

ing aroutinggrid structureandcongestiordueto intra-region nets
is estimatedby pin densitywithin this region. After that, white

spacds allocatedby expandingcell areasn thecongestedegions.
In [20], congestiorin thehorizontalor verticaldirectionis relieved

by expandingthe region in thatdirectionandshrinkingthe region

in the orthogonaMdirectionin a quadraticplacemenframework. In

[24], expansionof congestedegionsis formulatedas an integer
programmingproblem. Congestion-drien Dragon[23] allocates
white spacein two steps.White spaces rst distributedinto rows

andtheninto binswithin arow. As thatmayincreaseherow im-

balancePragonimposeslower boundandanupperboundonthe

amountof white spaceavailablein arow.

In this paperwe presentroutability-drivenplacemento w. We
proposea congestion-drien multilevel global placementmethod
thatenhancegheroutability duringglobalplacemenby re-placing
cellsto avoid congestedegions. Experimentsshaved that com-
paredwith its wirelengthdriven mode, it signi cantly reduceshe
global routing over ow and enhanceghe detailedrouting com-
pletionrate. Final routedwirelengthsare alsoreduced. We also
proposea congestion-drien white spaceallocationmethodthataf-
ter global placementstage,allocateswhite spaceto provide ap-
propriaterouting resourcego congestedegions without a great
perturbationon wirelength. Experimentshaw thatit cansigni -
cantlyimprove routability of placementgeneratedby variouslat-
est placementtools. Combiningthe proposedroutability-driven
global placementandwhite spaceallocationmethodswe achieve
placementswith the bestroutability amongthe publicly available
placementtools, with all IBM-Dragon version 2 easyand hard
benchmarlcircuits[23] successfullyouted.

2. CONGESTION ESTIMATION

As is summarizedn [13], existing congestiorestimationmeth-
ods canbe divided into two categories: topology-basednethods
(TP-based)whereroutingtreesareexplicitly constructedn some
routing grid, and topology-freemethods(TP-free),whereno ex-
plicit routingis needed.

Among the two catgories, TP-freemodelingis usually faster
Thiscateyoryincludesbounding-boXBBOX)-basednodeling[12],
probabilisticanalysis-basedhodeling[18, 15], Rent’s rule-based
modeling[25], andpin density-basechodeling[5]. TP-basednod-
eling methodsusually constructSteinertree for eachnetin the
netlist. Suchmodelingmethodcan generatean upperboundfor

congestiorinformation,they maynotbeeffective in reducingcon-
gestion.



theroutability estimation.If thetopologygeneratedby a TP-based
modelingmethods similarto whattheafterplacement-routegoes,
high delity of the modelingcanbe expected. The Steinertrees
canbe eitherprecomputed19], or constructecdynamically[10].
In thiswork, wetake the TP-basedpproactdevelopedin [10] and
constructspanningreebasedoutingtopologyto estimateconges-
tion.

2.1 Routing Resource Estimation
In ourwork ow, we calculatetheresourcen aroutingregion as

A

n
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wheren is the numberof routing layers,w; ands arewidth and
spaceof metalwiresin layeri, respectiely. A; denoteshe areaof
layeri availablefor routingovertheregionr. In particular layer1
andlayer2 might be utilized for routingwithin thecells;thus,part
of thesetwo layersmight notbe availablefor signalrouting. Layer
3 andabove aretypically availablefor signalrouting.

2.2 Routing DemandEstimation

To estimatethe congestionof a placementwe build a routing
grid of m n over the chip on eachlevel. As for routingdemand
estimationthemostaccuratevalueusuallycomesrom globalrout-
ing itself. However, dueto its compleity, globalroutingcannotbe
performedvery frequently whereashe placementango through
mary changesn eachstage,changingthe routing congestionat
the sametime. The accurag of global routing degradeswith the
progresf the placemente nement. Therefore full-blown global
routing at every stepis bothexpensve andunnecessanA conges-
tion estimatorwith good delity andhigh sensitvity to placement
changess bettersuitedfor our purposeln ourframework, we start
from aminimumspanningreefor eachnet,anddecomposenulti-
pin netsinto two-pin connections.Thenwe usethe two-bendLZ
routerdevelopedn [10] to determinghetopologyfor eachtwo-pin
connection.This routerusesauxiliary datastructureso nd good
quality routesby performingabinary searchof the possibleroutes
for a two-pin net. The accurag of this modelis con rmed by a
previousstudy[22] thatshavs thata large portionof thenetsin the
netlistareroutedusingL or Z shapedopology Consequentlyit
canbeusedto guideeachstepduringplacement.

Oncethe topology for eachnetis determined the routing de-
mandby nef ongrid cell ggj is calculatedas:

8
< Wnak
RDnetga; = . g PiMnet,  Wnet,

if nety crossegGj;
if nety is within ggj;
otherwise

Here,wne, is thewire width of nety, a is auserspeci ed constant,
and pinng, is the numberof pinsin nety. (Weusea = 0:25in our
experiments.)Theroutingdemancn grid cell ggj andtheaverage
routingdemancbver all grid cellsarecalculatedrespectiely as:
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We computethe routingdemandor arectangularegionr as:

RD = & RDy,:
gg;2r

We de ne theover ow onagrid cell ggj andaregionr as:
()\/quj = max O’RDQQI hR%qj y
OVL; = max(O;RD; hRR);

whereh is anempiricalmultiplier. We determineh in aregionr as
follows:

_ kRDge,
RR '
wherek; is thenumberof grid cellscontainedn regionr.
We de ne theover ow causedy ney as:

RDﬂGk;ng:

h

o
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Theover ow of aplacemen® is de ned as:

A
()\/LP= aa ()\/quj:
i=1i=1
Note thataccordingto our de nition, the sumof OVLng, over all
netscanbegreatethanOVLp dueto doublecounting.

3. ROUTABILITY CONTROL IN GLOBAL
PLACEMENT

Theglobal placementn our work ow is built uponmPL[8, 9],
amultilevel standarctell placemenengine.Fig. 1 shavsits o w,
including a coarseningphasein which cellsarerecursvely aggre-
gatedinto clusters,aninitial placemengeneratiorat the coarsest
level, andare nementphasehatre nes eachcoarsetevel place-
mentsolutionto geta ner level solution.

0
-
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>

>
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-
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Figure 1: Multile vel global placement. It consistsof a coarsen-
ing phase.ainitial solution generation,and are nement phase.

Comparedvith otherstate-of-the-arplacementools, mPL pro-
ducescompetitize placementesultsin termsof HPWL. However,
mPL giveslittle consideratiorfor routing congestion.The place-
mentit producesmay be overly congestedor subsequentouting.
Sincere nementis thestagewherethecell locationsaswell asthe
nettopologiesare determinedpur focusfor routability controlis
mainly onthere nementon eachlevel.

The congestiondriven re nement during global placemente-
gins with a congestiorestimationusinga fastLZ router This is
followed by a normalwirelengthminimization step. In the end,
a subsebf cellsis chosenandre-placedo adjustthe topology of
the netsincidenton them, so that the routing demandfor current
placementanbereduced.

Toreduceheroutingdemandwe selectiely re-placeasubsebf
thecellsafterthewirelengthminimizationstep sothatthetopology
of thenetsincidentonthemcanbeadjusted A secondarpbjective
duringthis processs still to reducethewirelength.Migrating cells
for routability enhancemerttasbeenproposedn [16, 10]. How-
ever, in [16], thefocusis mainly on local netroutingdemandand



Algorithm: CongestionDriven Cell Re-placement
Sortnetsin descendingrderof over ow

S
Pickthe rst snetssuchthat & OVLne; OVLp
i=1

fori=1tosdo
for eachcell c connectedy ne; do
WLmin =¥
Determinegrid cell gjj for ¢'s optimal HPWL
for eachneighboringgrid cell ggojo of g do
Placec in ggojo
Re-determing¢hetopologyof the netsincidentonc
EvaluateWL. using(1)
|f Wme > WLC dO
9Cmin = gGpojo
WLmin=WLc
endif
endfor
Placec in gGmin
end for
endfor

Figure2: Algorithm for congestiondriven cell re-placement.

the routing topology of global netsareignored. The approachin
[10] is quite indiscriminateaboutwhich cells shouldbere-placed.
As aconsequenceherearemary candidatecellsfor re-placement,
resultingin prohibitive runtime. In our work ow, candidategor
cell re-placemenéarepicked basedon the routingtopologyof nets
incidenton them.

Fig. 2 givesa descriptionof this process.We sortthe netsac-
cordingto the over ow they causein descendingrder and pick
the rst s nets, suchthat the sumof their over ow is more than
thetotal over ow of the currentplacementThecellsconnectedy
thesenetswill bere-placed.

For acell c, we rst determinethegrid cell gg; corresponding
to its optimal locationfor half-perimetemwirelength. Thenwe try
to placec in eachof the neighboringgrid cells within a certain
distanced, i.e., gc.,-jji0 ij+jj° ji d . Aftercis placedin a
grid cell, the topology for the netsincidenton it is re-determined
usingthe LZ router The new placemenfor c is evaluatedusinga
weightedwirelengthof all the netsincidentonc:

WLe= § WGThe, Wlngy;

whereWGThg, is theweighton ney, calculatedastheaveragecon-
gestionof thegridscell ne crossesandWL g, is thehalf perime-
ter wirelengthof ney. In the end, c is placedin the region that
resultsin the shortestweightedwirelength. Fig. 3 shavs an ex-
ampleof this process.The legendcorrespondso the congestion
in differentroutingregions. Startingfrom the optimallocationfor
half-perimetemwirelength,we searcttheneighborhoodor aregion
that gives the shortestweightedwirelength. In this example,the
optimallocationfor the half-perimetewirelengthgivesaweighted
wirelengthof 8.8 dueto the congestioron eachroute, whereasa
neighboringregion will give asmallerweightedwirelengthof 6.2.

Thetotal cell areain a routing region might exceedits capacity
afterthisprocedureTo slightly relieve this,welock therecentlyre-
placedcellsandtry to rebalancehe areadensitywith ripple move.
Thisre-placemenprocesss repeatedor severalpassedeforego-
ing to the next level.

4. WHITE SPACE ALLOCATION

In our global placemento w, the amountof white spacein a
region maynotaccuratelynatchits routingdemandThereforewe

Wlc = 8.8

(@) (b)

Wle =6.2

Figure 3: Congestiondriven cell re-placement.The legendcor-
respondsto the congestionin different routing regions. (a)
Original placementof cell ¢ 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 congestedegions. In the contet of
x ed-die placementthis stepdoesnot increasethe chip areaas
white spaces alreadypresent

Unlike Dragons two-stepallocationapproach23], we assign
appropriateamountsof white spaceto congestedegionsin a hier
archical o w. We rst construciaslicing treebasednthegeomet-
ric locationsof all cells. We estimatethe congestiorevel at each
nodeof the treeandthenadjustthe cut line locationat eachnode
in a top-bottomfashionto distribute the white spaceto two child
nodes After white spaceallocation,we applya detailedplacement
to remove overlapsandfurtherreduceHPWL while preservinghe
white spacdistribution. In therestof this sectionwe describehis
o w in details.

4.1 Slicing Treeand CongestionEstimation

Givenary globalor detailedplacementye rst construciaslic-
ing treeusingamethodthatis similarto apartitioning-baseglobal
placemento w. Thedifferenceis thatthe partitioninghereis per
formedbasecbnthe geometridocationsof thecells (insteadof the
minimizationof cutsize).

We recursvely partition the placement,starting from the full
chip level until every region containsa smallnumberof cells. Cut
directionsaredeterminecby comparingthe aspecratio of this re-
gion with a x edvalue. Eachcut line geometricallybisectsa re-
gion evenly. For aregion, onceits cut directionand cut location
aredeterminedall cellswhosecentersarelocatedattheleft of the
cutline (if cutvertically) or above thecutline (if cut horizontally)
form theleft child of thattreenode. Theremainingcellsin there-
gionformtheright child of thatnode.Thisis essentiallythe slicing
treedatastructureusedto capturea slicing oorplan (asshavn in
Fig. 4(a)). Every nodein the tree maintainsits cut direction, cut
location,congestiontotal cell areaaswell ascell list.

Now, we estimatehe congestiorievel of thenodesn theslicing
treein abottom-upfashion.Thecongestiorevel of aleafnodecan
beestimatedy thetotalroutingover ow of thegrid cellscontained
in thisleafnode.The congestiorevel of aninternalnodecanthen
becomputedhrougha post-ordetraversalof thetreeby addingup
the congestiorevels of two child nodes.

4.2 Cut Line Adjustment

After performingcongestioranalysison all treenodeswe shift
cut line locationsin the nodesof the slicing tree by traversing
the nodesin a top-davn fashionsuchthat the amountsof white
spaceallocatedto the two child nodesarelinearly proportionalto



their congestionlevels. Considera region r with lowerleft cor
ner(Xo;Yo), upperright corner(xy;y1) andtheoriginal vertical cut
directionat xey = (Xg + X1)=2. Thus, the areaof this region is
A= (X1 x)(yr Yo). Assumethatthetotal areaof cellsfor left
subrgyion rg andright subrgion r, are § and S, and the cor-
respondingcongestionlevels are OVLg and OVL,, respectiely.
We want to distribute the total amountof white space,which is
A S 9),tothetwo subrgionssuchthattheamountsof white
spacein the two subrgjionsarelinearly proportionalto their con-
gestionlevels. Thus,theamountof white spaceallocatedto subre-

gionrgis(Ar S Sl)%.Then,theneNcutIineIocation

X3, canbederivedasfollows:

_ SHA S &)%_
= A ,
e = gt (1 Oxo;

wheregis theratio of theleft subrgjion areato A, afterthecutline
adjustment.

Thisstepis similarto atop-davn partitioning-basedlobalplace-
mentexceptthatthe cut direction,the cutlocationandsub-netlists
areall knowvn. We alsoconstrairall cellsto stayatthecenterof the
region to which they belongduring this top-dovn o w. After this
step,we obtaina global placementhat containsoverlaps. More-
over, cells may not be placedalonga row. Note thatthe cutline
adjustmentapproachis performedin the samespirit asfractional
cut[2], wherehorizontalcutsarenotalignedwith row boundaries.
Weillustratetheregionchangedeforeandaftercutline adjustment
by anexamplein Fig. 4(b). In this example ,we shawv thetotal cell
areaandcongestiorievel at every treenodeof theslicing tree.Cut
linesareadjustedrom top to bottomsuchthatwhite spacesn the
subrgionsareproportionalto their congestiorievels.

cut direction
‘ cut location
congestion
cell area
cell list

congestion

cell area
cell list

(@)

30/5  24/4 30/6 32/13 30/10 28/24 32/16 34/10

(b)

Figure 4: (a) A slicing treeand its correspondingcut lines and
regions. (b) A slicing treeafter congestionestimation and re-
gionsafter cut lines adjustment.

4.3 Detailed Placement

After white spaceallocation thecellsmayoverlapandthey may
not be placedalongrows. We needa detailedplacerto legalize

the placement.This detailedplacershouldbe ableto maintainthe
locationsof white spacessuchthat the white spaceswill not be
greatlyredistrituted. As the detailedplacerDOMINO [14] genef
atespacled placementgo minimize half-perimeterwirelength, it
doesnot t ourpurpose.

We proposea detailedplacerto presere white spacedistribu-
tion andfurtherreduceHPWL. We rst adoptagreedylegalization
algorithm[17] to remove the overlaps,thenwe locally minimize
HPWL usinga sliding window approacH7, 2]. We slideasingle-
row or double-rav window acrosgheentirechip, andperformcell
swappingwithin the window. White spaceinside the window is
treatedas dynamic-widthpseudo-cellswhosewidths may shrink
or expand,dependingon the needimposedby cell swapping. As
a result, more cell swappingcanbe consideredvithin a window,
leadingto abetterHPWL.

5. EXPERIMENTAL RESULTS

In thefollowing, we usemPL-R to denoteour global placement
o w, WSA ourwhite spaceallocation o w, andmPL-R+WSA the
combinedo w.

We evaluatethe effectivenessof our tools (mPL-R, WSA and
mPL-R+WSA) in achiering routability by comparingthemwith
severalstate-of-the-academidools,includingDragon 3.01[23],
CAPO 8.8[6], Feng Shui 2.2[2], andmPG 1.0[11], aleading-
edgeindustrialplacementoolsCadenceQPLACE (in SEULTRA
5.3). Dragon is run with -fd option for congestion-drien mode.
CAPO is run with rowironing turnedoff. mPG is run usingthe
wirelengthobjective insteadof the congestiorminimizationobjec-
tive dueto the hugeruntime of congestion-dvien mPG. As mPG
generateglobal placementswith overlaps,we apply QPLACE
ECO modeto obtainthe nal placements.

All experimentsareperformednthecompletesetof IBM-Dragon
version2 easyandhardbenchmarksThesebenchmarksverecon-
vertedfrom ISPD98[3] by mappingcellsto commercialstandard
cell library by authorsof Dragon [23] to evaluateroutability of
placements.The relative amountsof white spacein thesebench-
marksareshavn in Tablel.

All placementoolsarerun ve timesfor eachbenchmarkwith
the exceptionthat our tools and QPLACE arerun only oncefor
eachbenchmarlasdifferentrunsof our toolsand QPLACE gen-
eratethe sameplacement. Dragon, CAPO, and Feng Shui are
run on a Pentium42.6GHz CPU with 512MB memory mPG,
Cadence QPLACE, and WROUTE are run on an UltraSpacll
450MHz CPUwith 1GB memory

Theresultsaregivenin Tablel-4. All dataareobtainecdby aver
agingover the runsexceptthe column“S/V/F”. In Table1, 3, and
4, the columnsr-WL", “vias”, “vits”, “0.c.%” and“r-time” shav
the routed wirelengths,numbersof vias, numbersof violations,
percentagesf over-capacitygcellsandrouting timesreportedby
WROUTE, respectiely.

The column“S/V/F" shaws the total numberof differentstatus
of routing resultsfor ve runsor onerun. The statusof a rout-
ing resultcanbe oneof the following: successfutouting without
violation (denotedas 'S'), nished routing with someviolations
(denotedas V'), and failed routing due to too mary violations
or too long a routing time (denotedas 'F'). For example,“1/0/4"
meansthat thereare 1 successfutouting, 0 nished routing, and
4 failedroutingsin ve runs. The column‘r-time” shawvs the av-
eragefor only successfubr nished routings. Failed routingsare
excludedin theroutingtime comparisonasthey have eitheravery
shortrouting time or a time of 24 hours(the runtimelimit for the
router), which if includedwould skew the comparison. The row
“summary”summarizesheresultsof theseplacementoolson this



suite of benchmarks.The column“S/V/F” in this row shaws the
total numbersof successfutoutings, nished routingsand failed
routingson easyand hardbenchmarksThe column*“vits” shavs
theaveragenumbersf violationsof all easyandhardbenchmarks.

5.1 Routability Comparison

From Table 1, we obsere that our placementow of mPL-
R+WSA obtainssuccessfuloutingsfor all 16 benchmarkswhereas
othertoolscanonly have partial successfutoutingresults.For ex-
ample,for 5 runsof Dragonand CAPO on eachof the 16 bench-
marks, Dragon obtains52 successful 18 nished and 10 failed
routings, and CAPO obtains 25 successful,24 nished and 31
failedroutings.For onerunoneachof the16 benchmarksQPLACE
obtains12 successfuand4 nished routings.Moreover, amongall
tools, our placemento w obtainsthe smallestroutedwirelengths,
whereashoseof Dragon andQPLACE are8.7%and12.5%longer
We alsoobtainfewer viasandfewer over-capacitygcells. We con-
cludethatour placemento w of mPL-R+WSA is thebestin terms
of routability androutedwirelength.

The runtime of variousplacementools including mPL-R and
WSA onthesebenchmarksireshawvn in Table2. In therow “sum-
mary”, we shaw the ratiosof runtimesamongthesetools with re-
spectto thatof our o w onbotheasyandhardbenchmarksAmong
thesetools, Dragon, QPLACE, andmPL-R+WSA achieve better
routability on theselBM benchmarks.Among thesethreetools,
QPLACE is mostscalablein termsof runtimeandDragon is the
leastscalable.

5.2 Impacts of Various Routability Optimiza-
tion Techniques

Table 3 compareshe impactsof eachtechniquein our work-
ow. A summaryis given at the endof table. It canbe seenthat
both routability control techniqueduring global placementstage
andwhite spaceallocationtechniqueafter global placemenstage
are effective in relieving routing congestion.Comparedo mPL,
thesetwo techniquesanreduceheover owedglobalroutingcells
by 83% and72%,andimprove the completionratefrom zerosuc-
cessfulroutingsto 14 and9 successfutoutingsout of 16 routings,
respectiely. The combined o w has successfuroutingson all
thesebenchmarks Routedwirelengthsareimproved signi cantly
by 11.6%. Overall, the combinedwork ow is the bestin termsof
nal completionrateandroutedwirelength.

5.3 Impacts of White SpaceAllocation

We further evaluatethe impactsof the white spaceallocation
techniquedy applyingit ontheplacementgeneratedy othertools.
Routabilityresultsareshavn in Table4.

Table4 shavsthatourapproacttangreatlyimprovetheroutabil-
ity of a placementespeciallyon thoseplacementgyeneratedy
wirelength-drven placementools. After applyingour approach,
Dragon obtains52 successful26 nished and?2 failedroutingre-
sultsandCAPO obtains48 successfuand27 nished and5 failed
routing results;similar resultsare obtainedfor Feng Shui, mPG
andQPLACE. Comparedo resultsobtainedoy thesetoolswithout
ourwhite spaceallocationtechniqugseethesummaryow in Table
4), we consistentlyreducethe routedwirelengthby 1.1%to 8.0%.
We alsoreducethe numberof vias, violationsandsigni cantly re-
ducetheover-capacitygcells(with theexceptionof QPLACE). We
concludethat routability and routedwirelengthcan be simultane-
ouslyimprovedwith ourwhite spaceallocationtechnique.

6. CONCLUSION

We proposea congestion-drien globalplacementhatenhances
the routability by consideringrouting resourcedemandreduction.
We also proposea congestion-drien white spaceallocation ap-
proachcanfurtherallocateappropriateamountsof white spacento
congestiorregionsto increaseaoutingresourcesExperimentate-
sultsshaw thatour placemento w cangreatlyimprove routability.
We achieve successfuloutingson all IBM easyandhardbench-
mark circuitswith the bestroutedwirelengthandcompetitize run-
time.
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Table 1: Routability comparisonof our tool with various placementtools. All wir elengthsare scaledby 108.

bench- tools routedby Cadenc&VROUTE bench- tools routedby Cadenc@VROUTE
marks SNIF WL vias Vits  0.c.% rtime marks SIVIF r-WL vias Vits  0.c.% r-time
ibm01 Dragon-fd 1/0/4  0.929 146773 5346 564 1:26:47 | ibmO1 | 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 0 157 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 259 2:48:18
-easy CAPO 1/1/3 241 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 1/0/0 211 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 4/1/0 455 593637 4.4 0.68 1:46:48] ibm07 | Dragon-fd | 4/1/0 4.77 624005 0.8 251 3:34:02
-easy CAPO 0/4/1 493 614172 186 3.19 8:59:29| -hard CAPO 0/0/5 5.36 642462 33980 7.78 N/A
FS 0/2/3 449 617027 1042 3.65 22:00:27 FS 0/1/4 458 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 0 171 2:22:12
ibm08 Dragon-fd 5/0/0 478 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 0/1/4 559 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 595 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| 1/0/0 458 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 3/2/0 356 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 248 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 4/1/0 565 767643 0.2 0.21 1:34:16 || -hard CAPO 3/2/0 5.85 811186 0.6 0.85 2:24:01
FS 3/2/0 541 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 | 3/2/0 593 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 O 1.46 4:48:27
mPL-R+WSA| 1/0/0 1052 1127925 O 0.34 3:54:03 mPL-R+WSA| 1/0/0 10.13 1107551 O 0.40 3:49:26
summary| Dragon-fd |52/18/10 1.087 1.075 901 1.80 1.38 Exceptfor “vits”, whichis theaveragenumberof violationsperrun,
CAPO 25/24/31 1.147 1.094 7030 7.78 4.30 resultsin the summaryrow arenormalizedwith respecto 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 9.1 213 1.25
mPL-R+WSA| 16/0/0 1.000 1.000 0 1.00 1.00

Table 2: Runtime comparisonamongvarious placementtools. The runtimes are in formats of “hr:mm:ss” or “mm:ss”.

benchmarkg Dragon-fd| CAPO| FS mPG [ QPLACE| mPL | mPL-R WSA || benchmarkg Dragon-fd| CAPO| FS mPG [ QPLACE | mPL | mPL-R WSA
ibmOleasy| 10:30 0:59 | 2:32 | 10:49 2:13 4:16 | 5:40 0:40 || ibmOlhard 10:23 0:55 | 2:48 | 11:04 2:45 4:28 | 5:45 0:37
ibmO2easy| 16:20 2:02 | 451 ] 2551 4:51 9:32 | 20:03 1:27 || ibmO2hard| 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 || ibmO7hard| 26:08 7:07 |12:52| 48:18 | 12:28 |[21:52| 27:54 2:06
ibmO8easy| 1:39:40 | 6:49 |14:22| 58:37 | 13:17 |28:51| 40:44 3:46 || ibmO8hard| 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 || ibm09Shard| 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
ibmlleasy| 1:23:17 | 13:41|18:48]1:18:19| 15:35 |30:21| 38:52 4:00 || ibm1lhard 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 respecto mPL-R+WSAin the summaryrow.




Table 3: Impacts of various routability optimization techniquesin our o w. All wir elengthsare scaledby 108.

bench- tools routedby Cadenc&VROUTE bench- tools routedby Cadenc&VROUTE
marks SIVIF 1-WL vias viis  0.c.% rtime [| marks SIVIF -WL  vias Vviis 0.c.% rtime
ibm01 mPL 0/0/1 0.886 143828 16055 7.83 N/A ibm01 mPL 0/0/1 0.884 143940 16124 833 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 O 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 1/0/0 196 297454 0 0.42 0:37:40|| -hard mPL-R 0/1/0 2.08 320952 45 217 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 0/0/1 451 654818 1887 3.29 N/A ibm07 mPL 0/0/1 5.10 642796 30539 6.85 N/A
-easy mPL-R 1/0/0 435 574541 O 0.34 1:15:28 || -hard mPL-R 1/0/0 452 607782 O 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 2 241 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| 1/0/0 458 661733 0 0.06 0:59:52 mPL-R+WSA| 1/0/0 449 684910 0 0.24 1:28:55
ibm09 mPL 0/1/0 395 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 O 0.02 0:49:55|| -hard mPL-R 1/0/0 3.74 601755 O 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
ibm11l mPL 0/1/0 5.62 866097 132 0.40 10:34:03| ibm11l mPL 0/1/0 6.07 918744 91 1.39 10:41:14
-easy mPL-R 1/0/0 5.25 757252 O 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 O 0.41 4:21:03|| -hard mPL-R 1/0/0 10.27 1151207 O 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 O 0.34 3:54:03 mPL-R+WSA| 1/0/0 10.13 1107551 O 0.40 3:49:26
summar mPL 0/7/9 1.000 1.000 3564 1.00 1.00 Exceptfor “vIts”, which is the averagenumberof violationsperrun,
mPL-R 14/2/0 0.906 0.915 29 017 0.13 resultsin thesummaryrow arenormalizedwith respecto mPL.
mPL+WSA | 9/6/1 0.933 0.926 687 0.28 0.18
mPL-R+WSA| 16/0/0 0.884  0.870 0 0.13 0.14
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Table 4: Routability resultsafter applying our approachWSA to placementsgeneratedby various tools. All wir elengthsare scaled

by 108.
bench- tools routedby Cadenc&VROUTE bench- tools routedby Cadenc@VNROUTE
marks SNVIF 1-WL vias Vits  0.c.% r-time || marks SVIF -WL  vias viis  0.c.% rtime
ibm01 | Dragon-fd+WSA| 5/0/0 0.813 137717 0 2.79 1:19:12{| ibmO1 | Dragon-fd+WSA| 1/3/1 0.827 140233 1215 4.23 2:00:40
-easy CAPO+WSA 5/0/0 0.775 127369 O 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 5/0/0 224 307941 O 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 271 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[[ ibmO7 | Dragon-fd+WSA| 2/3/0 457 603704 6.4 221 4:01.08
-easy CAPO+WSA 5/0/0 446 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 4/1/0 411 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 414 3.62 6:58:00 mPG+WSA | 0/0/5 5.14 643011 26043 7.39 N/A
QPLACE+WSA| 1/0/0 455 578504 O 0.29 1:22:02 QPLACE+WSA| 1/0/0 5.01 626628 0 2.70 3:41:43
ibm08 | Dragon-fd+WSA| 5/0/0 456 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 5/0/0 489 669344 0 0.21 1:37:19|| -hard | CAPO+WSA | 1/3/1 5.26 741922 107 158 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 2/3/0 513 738545 7.4 0.61 3:31:36 mPG+WSA 1/3/1 5.08 777426 391 1.67 10:36:57|
QPLACE+WSA | 0/1/0 525 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 1.4 045 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
ibm11l | Dragon-fd+WSA| 4/1/0 5.34 752803 0.2 0.05 1:14:31|| ibmi11l | Dragon-fd+WSA| 5/0/0 5.27 769995 0 0.17 1:31:27
-easy CAPO+WSA 4/1/0 537 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 4/1/0 551 773710 0.2 0.10 1:22:34 mPG+WSA 5/0/0 5.77 813468 0 0.61 2:07:40
QPLACE+WSA| 1/0/0 595 779237 O 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 O 0.74 5:48:34 QPLACE+WSA | 1/0/0 11.02 1211434 O 1.16 11:10:59
summary| Dragon-fd+WSA| 52/26/2 0.944  0.968 218 080 1.18 Exceptfor “vits”, whichis the averagenumberof violationsperrun,
CAPO+WSA | 48/27/5 0.932 0.924 825 0.33 0.55 resultsin thesummaryrow arenormalizedwith respecto eachoriginaltool
FS+WSA 55/15/0 0.983  0.953 1105 0.28 0.45 withoutapplyingWSA. SeeTable1 for the detailedresultsof
mPG+WSA | 29/20/31 0.920 0.948 14633 0.32 1.23 theoriginaltools.
QPLACE+WSA| 10/6/0 0.989 1.034 24 153 150




