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ABSTRACT

Large macroblocks, pre-designedlatapathsembeddednemories
and analogblocks are increasinglyusedin ASIC designs. How-
ever, robust algorithmsfor large-scaleplacementof such designs
have only recentlybeenconsideredn the literature,and improve-
mentsby over 10% per paperarestill common. Large macroscan
behandledby traditional oorplanning, but areharderto accountor
in min-cutandanalyticalplacement.On the otherhand,traditional
oorplanning techniquesdo not scaleto large numbersof objects,
especiallyin termsof solutionquality.

We proposeo integratemin-cutplacementvith x ed-outline oor -
planningto solve the more generalplacementproblem,which in-
cludescell placement,oorplanning, mixed-sizeplacemenandachi-
eving routability. At every stepof min-cut placementgitherparti-
tioning or wirelength-drven, x ed-outline oorplanning is invoked.
If thelatterfails, we undoanearlierpartitioningdecisionmeigead-
jacentplacementregions and re- oorplan the larger region to nd
a legal placemenfor the macros. Empirically, this framewvork im-
provesthescalabilityandquality of resultsfor traditionalwirelength-
driven oorplanning. It hasbeenvalidatedon recentdesignswith
embeddednemoriesandaccountdor routability. Additionally, we
proposethat free-shapeectilinear oorplanning can be usedwith
roughmodule-are@stimatedeforesynthesis.

1. INTRODUCTION

The amountof embeddednemoryusedon a chip is expectedto
grow dramaticallyin the next few years[26], from around50% of
thedie areatodayto 70%by 2005,and90%by 2011.Thisgrowth is
mostlyfueledby chipsfor high-bandwidtrcommunicationportable
multi-media,interactve consumeelectronicaandindustrialembed-
dedsystems.While memoriesandrandomlogic have traditionally
beenmanufcturedusing differentsemiconductoprocessestoday
mostfoundriesoffer hybrid processeshat canproducereasonably
densememoriesembeddedn randomlogic with fastgatesandso-
phisticatednterconnecf26]. Theuseof on-chipmemoriesubstan-
tially improvesenepgy-efciency andresponsdatencg, while reduc-
ing weight,form factorandassemblycosts.

Physicaldesignwith large pre-designedircuit blocksis moredif-
cult thancornventionalstandard-cellayout. While commercialay-
out tools have considerablyimproved in the lasttwo years,the lo-
cationsof large blocksarestill typically determinednanually Per
hapsthe mostobvious challengeis the minimizationof wirelength,
which also affects routability Optimization of wirelengthis the
most prevalent approachto placementand oorplanning, and en-
ablesotheroptimizationsthroughthe useof netweightsandbounds
[13, 15]. Moreover, wirelengthoptimizationappearsiecessary—
a recentstudy [25] from Intel shawvs that 51% of dynamicpower
in currently-shippednicroprocessors consumedvhendriving sig-
nalsover interconnectsincludinglocal andglobalwires.
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Automatedplacemenbf embeddednemories|P blocksanddata-
pathscanimprove time-to-marlet by quickly generatingnary high-
quality layout scenariosfrom which experienceddesignersanse-
lect smallercandidatesets,using their domainknowledge. While
therecanbe hundred=f large placeablecircuit blocks,ideal block
locationscanalsobein uenced by millions of smallstandarctells.
Accountingfor this effectis oftenbeyondhumancapabilitiesandis
dif cult in classicamethodologie$or automatidayoutwhere oor -
planningandplacementre performedin separatesteps.Tradition-
ally, a circuit is rst partitioned,andthen oorplanned with rect-
angularshapes.The macrolocationsare x ed, andsoft blocksare
shapedfollowed by standard-celplacement.In the pastpartition-
ing and oorplanning have often beenusedto increasehe capacity
of olderplacemenalgorithmswhich did notscalebeyondhalf a mil-
lion movable objects.However, modernplacemenglgorithms,and
evensomeof academidoolsusedin thiswork, areroutinelyusedon

at netlistswith over four million movableobjects.

Froman optimizationpoint of view, oorplanning andplacement
arevery similar problems- bothseeknon-orerlappingplacementso
minimizewirelength.They aremostlydistinguishedy scaleandthe
needto accounfor shapesn oorplanning, which callsfor different
optimizationtechniquegseeTable1). Notice, howvever, thatnetlist
partitioningis oftenusedin placementlgorithms,wheregeometric
shape®f partitionscanbeadjusted.Thisconsiderablyplursthesep-
arationbetweenpartitioning, placementand oorplanning, raising
the possibility thatthesethreestepscanbe performedby one CAD
tool. In thiswork, we developsuchatool andtermtheuni ed layout
optimization oorplacementfollowing Steve Teig's keynotespeech
at ISPD 2002. We concentrateon fundamentahlgorithm develop-
mentandpresentbasicempiricalvalidation. Clearly, industrialuse
will alsorequireadditionalsupportwith new methodologiese.g.,to
allocaterepeaters&ndoptimizetiming.

Our oorplacer Capo9.0is derivedfrom anexisting standard-cell
placerandcanalsobe usedasa multi-way partitioner Addedfunc-
tionalitiesinclude (1) completelyintegratedmixed-sizeplacement
competitive with bestpublishedresults,(2) wirelength-drven x ed-
outline oorplanning, thatoutperformsexisting oorplannersby far,
and(3) free-shapeoorplanning thatsimultaneouslydeterminego-
cationsandshape®f modulego optimizeinterconnectEmpirically,
most modulesare shapedas rectangleswith a noticeablefraction
of L-, T- andU-shapes.However, we obsenre signi cantly smaller
wirelengthsandruntimescomparedo purelyrectangularoorplans.

One of the benchmarksetsusedin our empirical evaluationis
completelynew andis the rst to incorporateembeddednemories
with completerouting information. Embeddednemoriesoften use
only two layersof metal(asidefrom power stripes)anddo notblock
routing tracks at other metal layers. Therefore,our benchmarks
mainly emphasizehe effect of embeddednemorieson the place-
mentof standardcellsandcanbeviewed asa minimal sanity-check



Characteristics Partitioners | Floor Placers || Floor
‘ ‘ planners ‘ H placers ‘
Scalableruntime Yes No Yes Yes
Scalablewirelength N/A No Yes Yes
Explicit non-overlapping No Yes No Yes
constraints
Canhandlelarge modules Yes Yes No Yes
Routability optimization No N/A Yes Yes
Canoptimize No Yes No Yes
orientationof modules
Supportfor Yes Limited No Yes
non-rectangulablocks
Supportfor Yes Yes No Yes
softrectangulablocks
Handlingnetweights Yes Yes Yes Yes
Handlinglengthbounds No Yes Yes Yes

Table 1: A comparisonof common algorithms for partitioning, oor -
planning, and placement, contrasted with what can be achieved by a
unied oorplacer. Published oor planning algorithms assumea par-
ticular shapefor eachblock, e.g, rectangle, L-shape or T-shape, but
oor placersmay be able to automatically choosean acceptableshape.

for mixed-sizeplacement. In particular we evaluaterecentwork

on mixed-sizeplacemen{6, 24] which relieson greedylegalization
of cell macrolocationsthroughleft (or right) packing. Suchstrate-
giestypically produceunroutablestandard-celplacementg31, 5],

and careful re-distritution of whitespaceshavn in [31] to improve

routability may be lesseffective with large circuit blocks present,
due to the fragmentatiorof layout. More generally it seemsthat
reliableincrementaimodi cation of mixed-sizelayoutsis moredif-

cult thanthatof purestandard-cellayouts.Thereforejn this work

we attemptto minimizethe needfor suchmodi cation.

Therestof the paperis structuredasfollows. Section2 describes
relevantpreviouswork. In Section3 we integrate oorplanning into
partitioning-baseglacementThe Appendixintroducesewn mixed-
sizeplacemenbenchmarksvhich areusedfor empiricalvalidation
in Section4. Section5 concludesur paper

2. RELEVANT PREVIOUS WORK

As pointedoutin [19, 10, 3], modernhierarchicalASIC design
o ws aretypically basedon xed-die oorplanning, placementnd
routing, ratherthantheoldervariable-die style. In sucha o w, each
top-davn stepmay startwith a oorplan of prescribedaspectatio
andwith blocksof boundedhbut not always x ed,aspecratios.

2.1 Min-cut Placement

Top-davn placemenalgorithmsseekio decomposagivenplace-
mentinstanceinto smallerinstancesy sub-dviding the placement
region, assigningmodulesto subrgionsand cutting the netlist hy-
pemgraph[10]. In this context a placemenbin representsi) a place-
mentregion with allowed modulelocations(site9, (ii) a collection
of circuit modulesto be placedin this region, (iii) all signal nets
incidentto the modulesin the region, and (iv) x ed cellsandpins
outsidetheregion thatareadjacento modulesin the region (termi-
nalg). Thetop-davn placemenprocessanbeviewedasasequence
of passewhereeachpassexaminesall bins and divides someof
theminto smallerbins. Most commonlythe division stepis accom-
plishedwith balancednin-cut partitioningthatminimizesthe num-
ber of signal netsconnectingmodulesin multiple regions. These
techniquesdeveragewell-understoodndscalablealgorithmsfor hy-
pemgraphpartitioningandtypically leadto routableplacements.

Thiswork useshetop-davn placerCapo[10], whichimplements
threemin-cut partitioners— optimal (branch-and-bound)niddle-
range(Fiduccia-Matthgses)and large-scale(multi-level Fiduccia-
Mattheyses). Bins with seven cells or lessare processedvith an
optimalend-caselacer To allow the partitionersto nd bettercuts,
Capooften shifts the cutline to accommodat&n excessof circuit
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Figure 1: Layout styles.Standard-celllayout is shavn in Figure 4(a).

modulesin one partition. This alsoallows Capoto distribute the
availablewhitespaceiniformly [12] soasto facilitateeasierouting.
Non-uniformdistribution canbe easilyachievzed by pre-processing
[1]. Recentenhancementare basedon the conceptof placement
feedbak [21] in which a given collection of bins is partitionedN
times,without requiring steadyimprovement,to achieve morecon-
sistentterminalpropagationThis changemprovesbothwirelength
and routability. Table 2 comparesroutability of placementspro-
ducedby threeleading min-cut placerson the IBM-Dragon (v2)
benchmarksWe run Dragon3.01[31] in a modewhereit spreads
whitespaceaccordingto congestion. This signi cantly increases
wirelength,but produceamoreroutableplacements.As of August
2004,FengShui24] doesnot have sucha modeandshifts all cells
to theleft (or right), typically yielding unroutableplacements.

2.2 Fixed-outline Floorplanning

A typical oorplanning formulation dealswith a set of circuit
modules,eachcharacterizedby area and shapetype Rectangular
modules(blocks) may have varying aspectatios(softblodks). This
is commonfor IP blocksavailablein several shapesandfor hier-
archicalpartitionswhereareacanbe estimatedeforesynthesis.A
oorplan speci esmodulelocationsand shapesuchthat modules
do not overlap. Classical oorplanning minimizesa linear combi-
nationof oorplan areaandtotal netlength. However, in modern
design o ws the oorplan oftenhasa x edoutline [19], which ac-
centuateshe minimizationof wirelength,remindingof placement.

The oorplannerParquef3, 11] performs x ed-outline oorplan-
ning with rectangulamodules(supportingsoft blocks) by combin-
ing SimulatedAnnealingwith anew mechanisnior move selection,
basedon oorplan slad [3]. Slackrepresentshe amountof hor
izontal or vertical spacenext to eachblock and can be computed
quickly. To improve the width of a oorplan, onemustrelocatea
block with zerohorizontalslack(similarly for height). Suchmoves
areperformedat regulartime intervals during SimulatedAnnealing
to biasthe aspectatio of the current oorplan to thatof the desired
outline. Whenthetemperaturescheduleunsout, the nal oorplan
may still violatethe outline. Parquetempirically achiezeshigh rates
of succes®n x ed-outlineinstancesvith 15%whitespacé3].

Circuit | Capo9.0-feedback| Dragon3.01-fd FengShuR.5

‘ ‘ routedWL | Viol | routedWL | Viol | routedWL | Viol
ibm0O1e 839802 0 871052 53 time-out 1351
ibm01h 860067 147 832928 0 time-out 1736
ibm02e 2239345 0 2198366 | 200 2202910 0
ibm02h 2162938 0 2215116 0 time-out 1722
ibm07e | 4620754 0 4249798 0 time-out 85
ibm07h | 4861456 25 4643654 0 time-out 649
ibm08e 4750574 0 4681110 0 4609964 0
ibm08h 4882005 0 4530017 0 time-out 133116

Table 2: Routing resultson IBM-Dragon V2 benchmarks with a 24-
hour time-out. CadenceWarpRoute typically routes Dragon's and
Capo's placements, sometimeswith a small number of violations.
WarpRoute often fails on FengShuiplacements.



2.3 Mixed-size Placement

Forthereasonsutlinedin theintroduction,mixed-sizeplacement
is becomingincreasinglyimportant. Much progresshasbeenmade
recently[1, 2, 14,24,30], andwe suney relevantalgorithmsbelow.

Theforce-directedalgorithmKraftwerk [16] modelsinterconnect
with attractionforcesandintroducesadditionalrepulsionforcesbe-
tweenoverlappingmodules.The nev modulelocationsachiered by
applyingthoseforcesareestimatedy solvingthe Poissorequation,
whichis reducedo solvinglarge sparsesystemf linearequations.
Forcesarerecomputedor eachnew placementandthe algorithm
is applied until corvergence. Kraftwerk is fast and can success-
fully handlelarge mixed-sizeplacementnstanceswith signi cant
amountsof whitespacebut often fails to resole overlapsbetween
large modulesin realisticcircumstancesvhereblocksmay be dif -
cult to pack[2]. In arecentempiricalcomparisorof standard-cell
placers[5] Kraftwerk was outperformedby several min-cut tools.
Another potentialshortcomingof this analyticalalgorithmis hav-
ing no provisionsfor optimizing orientationsof large modules— a
clearlydiscreteoptimizationproblem.

MMP [30] attemptsto solve the mixed-sizeplacementproblem
by a bottom-upclusteringof standardcells and subsequentluster
placementThe placemenengineis a combinationof quadraticand
min-cut techniques.It balancegartition areasby shifting the cut-
line after eachmin-cut optimization. As describedthe algorithm
assumesgre-determinedrientationdor all circuit modulesanddoes
not attemptto optimize them. No empirical comparisongo other
technigue®r scalabilitydataareavailable. It is especiallyunclearif
this techniqguecanhandlelarge, x ed-sizedif cult-to-pack blocks.

Theworkin [2] proposesmethodologyor mixed-sizeplacement

thatcombinesoorplanning andstandard-cellechniquessfollows.
Step 1. During pre-processingeachlarge moduleis shredded

into smallfake cellsconnectedy agrid of fake wires. Pinsare
propagatedo shreddedtellsto re ect pin offsets. Assigning
sufciently high weightsto fake wires ensureghat fake cells
belongingto the samelarge module are placednext to each
otherif the placerminimizeslinear wirelength. A black-box
standard-celplaceris appliedto the shreddedetlist.

Step2. Initial locationsof largemodulesarecomputeddy aver-
agingthelocationsof respectre fake cells. A moduleis rotated
accordingo the prevailing orientationin thegrid thatmodelsit.
Toremove overlapshetweerlargemodulessmallcellsareclus-
tered(bottomup, basedon locations)into soft blocksto create
a x ed-outline oorplanning instancewith 100-200blocks.
Step 3. Non-overlappinglocationsof large modulesaregener
atedby runninga x ed-outline oorplanner, e.g., Parquet[3].
Initial locationscanbe discardedpr elsecanbe re-usedwith
low-temperatur@nnealingduring oorplanning.

Step 4. Large modulesare x ed, and remainingsoft blocks
are disintegratedinto original standardcells. The black-box

standard-celplaceris calledagainto re-placesmallcells.
Obsere thatthe shreddingprocesdacilitatesphysical(location-

based)clusteringof small cells and thus improves nal locations
of large modules,even if their initial locationsare discarded. A

major adwantageof this methodologyis its robustness— it often
producedegal placementsvhenotherapproachegeave large over-

lapsor placemodulesout of core. It alsooptimizesmoduleorien-
tations. This fully-automatedmethodologysuccessfullycompeted
with a major commercialtool in 2002 and hasbeenrecentlyim-

proved by morejudicioushandlingof whitespacdl]. Yet,themain

scalabilitybottleneckremainsin the useof SimulatedAnnealingat
the top-level oorplanning stage. It affects both runtime and the
quality of wirelengthoptimization.

The multi-level placermPG-MS[14] clustersthe netlist bottom-
upto build ahierarchy Thetop-level coarsenetlistof approximately
500 clustersis placedusing SimulatedAnnealing, after which the
netlistis graduallyunclusteredso asto improve the placementof
smallerclustersby incrementalnnealing.All intermediatecluster
placementin mPG-MSarenon-o/erlappingwhichis enforcedwith
specially-designedatastructuresand yet takes considerableeom-
putationaleffort. Thisandthe penasive useof SimulatedAnnealing
make mPGveryslow. While mPG nds betterplacementshanthose
reportedn [1], evenbetterplacementhiave beenproducedecently
by the min-cuttechniquebelow, whichis alsomuchfaster

The work in [24] adwcatesa two-stageapproachto mixed-size
placement.First, the min-cut placerFengShui6] generatesnini-
tial placementfor the mixed-sizenetlist without trying to prevent
all overlapsbetweenmodules. The placeronly tracksthe global
distribution of areaduring partitioning and usesthe fractional cut
technique[6], which further relaxesbook-keepingby not requiring
placemenbinsto align to cell rows. While giving min-cutpartition-
ersmorefreedom theserelaxationgreventcellsfrom beingplaced
in rows easilyandrequireadditionalrepairduring detail placement.
This may particularlycomplicatethe optimizationof moduleorien-
tations,not consideredn [24] (relevantbenchmarksiseonly square
blockswith all pinsplacedin thecenters).

The secondstageconsistsof removing overlapsby a fastlegal-
izerdesignedo handlelargemodulesalongwith standaraells. The
legalizeris essentiallygreedyand attemptsto shift all modulesto-
wardsthe left edgeof the chip (or to theright edge,if thatproduces
betterresults). In our experience,the implementatiornreportedin
[24] leadsto horizontalstackingof modulesand sometimesyields
out-of-coreplacementsespeciallywhenseveral very large modules
arepresen{thebenchmarksisedin [24] containnumerousnodules
of mediumsize). SeeFigure5 for examplesof this behaior. An-
otherconcermaboutpacled placementss the harmfuleffect of such
a strat@y on routability, explicitly shavn in [31]. Overall, thework
in [24] demonstratesery goodlegal placement$or commonbench-
marks,but questiongemainaboutthe robustnessand generalityof
the proposedapproacho mixed-sizeplacement.We addresghese
questionswith additionalbenchmarkingn our work.

3. INTEGRATION OF PARTITIONING,
PLACEMENT AND FLOORPLANNING

In this sectionwe introduceour correct-by-constructioapproach
to oorplacement,which doesnot rely on post-placemeniegaliza-
tion proceduredor largemodules.

3.1 Unied Placementand Floorplanning

We rst obserethatmin-cutplacersscalewell in termsof runtime
and wirelengthminimization, but cannotproducenon-orerlapping
placementf moduleswith a wide variety of sizes. On the other
hand,annealing-basedorplannerscanhandlevastlydifferentmod-
uleshapesndsizes putonly for relatively few (100-200)modulesat
atime. Otherwise eithersolutionswill be pooror optimizationwill
take too long to be practical. As explainedin Section2.3,theloose
integration of x ed-outline oorplanning and standard-celblace-
ment proposedn [2] sufers from a similar dravback becauséts
single top-level oorplanning stepmay have to operateon numer
ous modules. Bottom-up clusteringcan improve the scalability of
annealingbut not sufciently to make it competitve with otherap-
proaches.Therefore,in this work we apply min-cut placementas
muchaspossibleand delay explicit oorplanning until it becomes
necessary In particular sincemin-cut placemenigenerates slic-
ing oorplan, we view it asanimplicit oorplanning step,reserving
explicit oorplanning for “local” non-slicingblock packing.



Variables: queue of placement bins
Initialize queue with top-level placement  bin
1 While (queue not empty)
2 Dequeue a bin
3 If (bin haslarge/manymacrosor is marked asmeiged)
4 Cluster std-cellsinto soft macros
5 Use xed-outline oor planner to pack
all macros (soft+hard)
6 If xed-outline oor planning succeeds
7 Fix macrosand remove sitesunderneath the macros
8 Else
9 Undo one partition decision.Mergebin with sibling
10 Mark newbin asmeigedand enqueue
11 Else if (bin small enough)
12 Process end case
13 Else
14 Bi-partition the bin into smaller bins
15 Enqueue each child bin

Figure 2: Our oor placementalgorithm. Bold-faced lines 3-10 are
different from traditional min-cut placement.

We startwith a single placemenbin representinghe entirelay-
out region with all the placeableobjectsinitialized at the centerof
the placemenbin. Using min-cut partitioning,the bin is split into
two bins of similar sizes,andduring this procesghe cut-lineis ad-
justedaccordingto actial partition sizes. Applying this technique
recursvely to bins (with terminalpropagationproducesa seriesof
graduallyre ned slicing oorplans of theentirelayoutregion,where
eachroomcorrespondso a bin.! In very smallbins,all cellscanbe
placedby a branch-and-bounénd-caseplacer[8]. However, this
schemebreaksdown on modulesthat are greaterthan their bins.
When sucha moduleappearsn a bin, recursve bisectioncannot
continue,or elsewill likely producea placementvith overlapping
modules.Indeed thework in [24] continueshisectionandresohes
resultingoverlapslater However, in this work we switch from re-
cursive bisectionto “local” oorplanning wherethe x edoutlineis
determinedby the bin. This is donefor two main reasons:(1) to
presere wirelength[9], congestior{7] anddelay[20] estimateghat
may have beenperformedearly duringtop-davn placementand(2)
avoid the needto legalizea placementvith overlappingmacros.In
particular we areuncorwincedthat existing legalizationalgorithms
are rohust enoughto handlea wide variety of moduleshapesand
sizesin realisticnetlists(seeFigure5). We alsoanticipatedif culty
ensuringroutability while shifting macrosandstandarccells at the
sametime.

While resortingto x ed-outline oorplanning is a natural step,
successfulx ed-outline oorplanners have appearednly recently
[3]. Additionally, the oorplanner may fail to pack all modules
within the bin without overlaps.As with ary constraint-satisfction
problem,this canbefor two reasonseither(i) theinstances unsat-
is able, or (ii) thesolveris unableto nd ary of existing solutions.
In this case,we undothe previous partitioning stepand memge the
failedbin with its sibling bin, whetherthesibling hasbeenprocessed
or not, thendiscardthe two bins. The megedbin includesall mod-
ulescontainedn the two smallerbins, andits rectangulaoutlineis
the union of the two rectangulaoutlines. This bin is oorplanned,
andin the caseof failure canbe megedwith its sibling again. The
overall processs summarizedn Figure2.

It is typically easietto satisfythe outline of ameigedbin because
circuit modulesbecomerelatively smaller However, SimulatedAn-
nealingtakes longeron larger bins andis lesssuccessfuin mini-
mizing wirelength. Therefore|t is importantto oorplan atjustthe
right time, and our algorithm determineshis point by backtrack-

1if every cut-lineis x ed apriori to the centerof its bin, recursie
bisectiongenerates grid-like oorplan.

ing. Backtrackingdoesincur someoverheadn failed oorplan runs,
but this overheads tolerablebecausenemgedbinstake considerably
longerto oorplan. Furthermorethis overheadcan be moderated
somavhatby carefulprediction,aswill bedescribedater.

For a given bin, a oorplanning instanceis constructedas fol-
lows. All connectiondetweenmodulesin the bin and othermod-
ules are propagatedo xed terminalsat the peripheryof the bin.
Similar terminal propagatiorschemesre commonlyusedin some
analyticalplacers[28]. As the bin may containnumerousstandard
cells, we reducethe numberof movable objectsby conglomerating
standarctellsinto soft placeableblocks. This is accomplishedy a
simple bottom-upconnectiity-basedclustering[22]. The existing
large modulesin the bin are usually kept out of this clustering. To
further simplify oorplanning, we arti cially downsizesoft blocks
consistingof standarctells,asin [1], becausetandarcellswill be
placedlateranyway. The clusterednetlistis thenpassedo theran-
domized x ed-outline oorplanner Parquet,which sizessoft blocks
and optimizesblock orientations. We allow at most ve attempts
to nd anon-overlappingplacemenbf moduleswithin the bin. If
the oorplanneris successfulthe locationsof all large modulesare
returnedto the top-davn placerandconsideredx ed. Therows be-
low thosemodulesare fracturedand their sitesare removed, i.e.,
the modulesare treatedas x ed obstacles. At this point, min-cut
placementesumeswith a bin that hasno large modulesin it, but
hassomavhat non-uniformrow structure. Whenmin-cutplacement
is nished, large modulesdo not overlapby constructionjput small
cells sometimesoverlap in few places(typically belov 0.01% by
area). Thoseoverlapsare quickly detectedand remaoved with lo-
cal changeausing a row-basedegalizerfrom the GSRCbookshelf
[11]. Detailedplacementsesbranch-and-bounglacementn slid-
ing windows [8], but doesnot move the macros.Figure1(b) shavs
asampleplacemenproducedby ourtool.

3.2 Practical Issues

Empirical boundary betweenplacementand "oorplanning. By

identifying the characteristicef placementins for which our al-
gorithm calls oorplanning, one cantakulate the empirical bound-
ary betweerplacementnd oorplanning. Formulatingsuchad hoc
thresholdsn termsof dimensionsof the largestmodulein the bin,
etc allows oneto avoid unnecessarpacktrackinganddecreasd¢he
overheadof oorplanning callsthatfail becausehey areissuedtoo
late. In practice,issuing oorplanning callstoo early(i.e., on larger
bins)increasesnal wirelengthandsometimesuntime.To improve
wirelength, our ad hoc testsfor large blocks in bins (that trigger
oorplanning) aredeliberatelyconserative.

At leastonemoduledoesnot t into a potentialchild bin.
Thesumof thelargerdimensiorof thelargestmoduleandthe
smallerdimensionof the secondargestmoduleexceedsthe
smallerdimensionof a potentialchild bin.

Thereare 30 large modulesin the bin, but their total area
exceedsB0% of thetotal areaof cellsandmodulesin thebin.

In our experience thesetestsare good enoughto ensurethat at
mostonelevel of backtracking(block-mepging) is requiredto pre-
ventoverlapsbetweerlargemodules.

Side-effect: Narr ow vertical slivers betweenlarge modules. Ad-
jacentlarge modulesplacedby the x ed-outline oorplanner may
havetall, narrav columnsof emptysitesbetweerthem.Fitting small
cellsin suchsliversmaybenon-triial, e.g.,considera columnwith
four sitesanda collectionof cellsthattake two or threesiteseach.
In this case,every three-sitecell implies the loss of one site, but
this lossis dif cult to estimateduring balancedmin-cut partition-
ing. Therefore atraditionalmin-cutplacerthatassignsellsto bins
basednly onsiteareamaycreatecell overlapsin suchcasesWhen



wide cellsgetassignedo narrav columns they mayendup overlap-
ping with macros. Sincesuchoverlapsarerelatively rare,they can
beresolhedby simplelegalizationwith minimalmovemente.g.,Ca-
denceQplacein the ECO mode. Onecanalsoidentify contiguous
site sequencegsub-owg that are shorterthan existing wide cells
andmarkthemasusedwhencreatinga nev placemenbin.

3.3 Wirelength-driven Floorplanning

Pureblock-baseddesigns.Sinceour oorplacerincludesastate-
of-the-art oorplanner [3], it cannatively handlepure block-based
designs. Unlike most algorithmsdesignedfor mixed-sizeplace-
ment,it canpackblocksinto atight outline, optimizeblock orienta-
tions andaspectratios of soft blocks. Indeed,whenthe numberof
blocksis very small,our algorithmapplies oorplanning right away.
However, when given a larger design,it may startwith partition-
ing andthencall x ed-outline oorplanning for separatéins. This
is demonstrateih Figure 1(a) which shavs the block-basedlesign
n300 placedusingour oorplacer. The cutsmadeby the min-cut
partitionerare clearly seenmaking the resulting oorplan globally
slicing, but locally non-slicing.Sincerecusrve bisectionscalesvell
and is more successfulat minimizing wirelength than annealing-
basedoorplanning, the proposedapproachs scalableandeffective
at minimizing wirelength. This expectationis fully con rmed by
empiricalresultsin Section4.

Free-shape ectilinear “oorplanning. Somecircuit modules such
asembeddeanemoriesandpre-designediatapathshave x edrect-
angularshapes.However, whenonly the areaof a moduleis esti-
mated,but its shapeis unknavn, thereis often no a priori reason
to limit its shapeto rectanglesSuchlimitationsmaybejusti ed by
addedef ciency in handlingrectangulatblocks, but can handicap
interconnecbptimization. Non-rectangularoorplanning hasbeen
popularin several designcontexts, and existing work canbe clas-
si ed by whetherthe oorplanner is allowed to changethe shape
type of modules. To this end, the work in [23] and [29] repre-
sentssimple non-rectangulashapeswvith SequencéPairs (SP)and
BoundedSlicing Grids (BSG)to packsuchmodulesusingthe popu-
lar annealing-basefdamenvork. In contrastthework in [18] solvesa
speci ¢ oorplanning formulationproposedn [19], which assumes
desiredocationsof givenrectangulamodulesandseekgo re-shape
the modulesso asto avoid overlaps. The proposedalgorithmis an
incrementaldetailed oorplanner thattendsto generatéairly com-
plicatedshapeshut doesnot accountfor interconnect. Below we
extendour globalfree-shapeoorplannerto generatédothlocations
andshapeof soft modulesso asto minimize interconnect.Empir-
ically, mostof the modulesare shapedasrectanglesbut L-,T- and
U-shapesre sometimesreatedvhenthis helpsreducingintercon-
nect.Our algorithmis alsocapableof pin placement.

Below we rely on techniquesproposedn [2], whereeachlarge
moduleis pre-processedhto a grid of fake cells and heary fake
nets. Signal pins of a module are propagatedo respectre fake
cells. However, in our contet thereis no needto shred x ed-shape
blocksbecausé¢hey arealreadyhandledby our oorplacer. Thus,we
only shredsoftblocks.As in [2], heary weightson fake netsensure
thatshredsof the samemodulestaytogetherduring min-wirelength
placement.However, sincewe now allow non-rectangulashapes,
thereis no needto averageocationsof fake cellsanddeterminehe
prevailing orientationasin [2]. We simply accepimoduleshapess-
sumedby fake gridsduringplacementBecausef therelative rigid-
ity of fake grids and becausewe rely on min-cut placementmost
modulesassumeectangulashapeswhichis corvenientfrom mary
perspecties. Other shapesare generatedbnly when this reduces
interconnect,and they remainrelatively simple. This is demon-
stratedin Figure 3(a) wheremodulesare color-coded. The plot is

ami33 shredded HPWL=46071.9, #Cells=12116

[ Type [ Rectangular] Free-shape] |
Circuit | Parquet2.0 Capo9.0 | Avg%
# HPWL HPWL Impr
ami33 76987 46072 40.1
ami49 895560 469476 475
n50 202240 87957 56.5
n1l00 350593 157548 55.0

Figure 3: Figure on left shows a free-shapeoor plan of the ami33
benchmark. Our oor placer determines both locations and shapes
of individual modulesto minimize wirelength. Traditional rectangu-
lar oor planning with Parquet is compared to our free-shapenon-
rectangular oor placementon the right.

produceddy our oorplacer usingfake-netweightsof 500. An addi-

tionalbene t of ourapproachs its scalability e.g.,if nohardblocks
arepresentgverythingis accomplishedvithout SimulatedAnneal-
ing. Figure3(b) reportstheimprovementin runtimeandwirelength
over traditional rectangularoorplanning with Parqueton a mix of

MCNC and GSRC oorplanning benchmarks.For larger designs,
wirelengthis reducedby morethan50%. We expectthatthis new

type of free-shapeoorplanning canbe usefulbeforelogic synthe-
sisto determinerelative locationsof large modulesandenableearly
estimateof signaldelaysin globalinterconnect.

4. EMPIRICAL VALID ATION

In earlier sectionswe demonstratehe effectivenessof our pro-
posedoorplacerin large-scaleongestion-dvienstandaratell place-
mentandfree-shapeoorplacement.Below we validateour tool on
designswith hardblocksandon mixed-sizeplacementnstances.

4.1 Resultson Floorplanning Instances

Table 3 comparesour proposed oorplacer with the annealing-
basedool ParquetusingGSRC oorplanningbenchmark§l1]. Com-
parisonsof other oorplannersto Parquetcan be found in recent
literatureon oorplanning. We rst convert the benchmarkgo the
GSRCbookshelfformat for placementusing an internal corverter
andgeneratesquare x ed-dielayoutswith 20% whitespace.Since
areaminimization is not an objectve aslong aswe t within the
x ed-outlineconstraintswe only report half-perimeterwirelength
(HPWL) and runtimes. For the smallestthree benchmarks10,
n30 andn50 the two approacheperform similarly, asthe oor -
placerresortsto oorplanning. However, thelargerthe designsthe
more partitioning calls are madeby the oorplacer. This resultsin
fasterandmorepowerful interconnecbptimizationcomparedo the
annealing-base®arquettool. The improvementsshould be even
morepronouncedor largerblock-basedlesigns.

4.2 Validation in Mixed-size Placement

Faraday Benchmarks. To validatethe routability of placements
producedby Capo9.0, we usethe new benchmarksntroducedin
the Appendix.We compareour approactwith Cadenceplace(part

Circuit | #Blocks Parquet Capo(Mixed-size)
HPWL | Time | HPWL | Time | #Min-cut
sec sec Levels
nl0 10 5.58 0.27 5.57 0.37 0
n30 30 17.38 2.35 16.93 1.89 1
n50 50 20.77 8.16 20.34 5.3 1
n100 100 3453 | 50.12 | 32.39 | 105 2
n200 200 62.28 | 240.61| 56.82 | 27.42 3
n300 300 75.69 | 433.92| 63.62 | 25.21 3

Table 3: Floorplannning versus oor placement. The last column “Le v-
els” lists the number of min-cut levelsexecutedbeforethe rst oor plan-
ning step. All data are averagedover 10independentruns.



Circuit SEUltra- Qplace(v5.4.126) Capo09.0feedback FengShuR.606/17/04

Place Route Place Route Place Route
HPWL | Time | WL | Time | Viol | HPWL | Time | WL | Time | Viol HPWL | Time | WL | Time | Viol

(€8) | (min) | (e8) | (min) (€8) | (min) | (e8) | (min) (e8) (min) | (e8) | (min)
DMA 479 1 6.37 3 0 441 2 5.74 3 0 4.60 6 6.33 3 0
DSP1|| 10.54 5 12771 5 0 9.82 24 | 11.76| 5 1 10.75 14 | 14.17 8 0
RISC1 || 16.72 7 21.69| 11 3 15.75 21 | 2150 16 0 | 19.98/0C| 30 ocC OoC | oC
DSP2| 9.98 4 12.09| 6 0 9.23 9 11.12) 5 0 9.28 10 | 11.66| 6 0
RISC2 || 15.63 8 20.74| 30 | 333 | 16.30 19 | 21.38| 11 5 | 209.8/0C| 25 ocC oC | oC

Table 4: Routing resultson Faraday benchmarks. Routed WL is in databaseunits. OC meansthat a large number of cellsand macros were
placedoutsidethe core area. Bestresultsare bold-faced. All routing aswell asQplaceruns are performed on a 750MHz Sun Blade workstation
with 2GB RAM running Solaris. Capo and FengShuiruns are on a somewhatfaster 2.4GHz Linux workstation with 1GB RAM. Capois used
in the -feedbackmode,which is several times slower than the default mode. Also note that Capo performs local annealing-basedoor planning.

of SEUIltra)andFengShuR.6,usingCadencéVarpRouteor routing
in all cases.Theresultsare presentedn Table4. For SEUItra,we
usethe Cadence-recommendealw for placingmixed-sizedesigns
asexplainedin the Appendix. The placementgproducedby Capo
are generallyroutableon all benchmarkssometimeswith a small
numberof violations. For the Caporesultsin Table5 legalization
by QplaceECOwasnot neededbut maybenecessaryarely Feng-
Shui2.6 producedegal placementsf benchmark®MA, DSP1and
DSP2,but placesmary cellsin RISClandRISC2outsidethe core
areaas shavn in Figure5. Only with considerablesffort Qplace
ECOlegalizedtheseplacementshut WarpRoutedid notcomplete.
IBM Netlists. The IBM Mixed-Size(IBM-MS) placemenbench-
marksreleasedat ISPD 2002 [2] are derived from the well-known
netlistsmadepublic by IBM in 1998. Thesebenchmark$iave been
consistentlyusedin the recentliteratureon mixed-sizeplacement,
but have two importantdravbacks: (i) all largemodulesaresquare,
(i) all pinsin suchmodulesarein thecenter Thereforehesebench-
marksgive no incentive to optimize block orientationsand cannot
be extendedwith routing information. To this end, the majority of
publishedmixed-sizeplacersdo not attemptto optimizemoduleori-
entations.While the IBM-MS benchmarksened well to compare
entry-level mixed-sizeplacerswe seekmorerealisticevaluation.

We derive anew setof benchmarksermediBM-MSwPins from
theIBM-MS placemenbenchmarksAspectratiosof largemodules
arechoserrandomlybetweerf.5and2.0. Pinsof all cellsandlarge
modulesaredistributedevenly throughthe periphery To determine
pin locationsfor individual cellsandlargemoduleswe rst perform
placementwith all pins centered. For every net, we determineits
centerby averagingthe locationsof incidentcells. Then,for each
cell andlarge module,pinsareorderedon the peripheryby the cen-
tersof theirincidentnets.Thenew IBM-MSwPins benchmarksre
availablein the public domain[4].

We compareour proposed oorplacementapproachto Cadence
Qplace(part of SEUItra), a Capo-Rrquet-Capanethodology|1],
Capofollowed by anincrementarun of Kraftwerk (datafrom [2]),
mPG-MS[14] and FengShui2.6 [24] using the two setsof IBM
mixed-sizebenchmarksRelative performancés reportedn Table6.
Detailedresultsfor the newer IBM-MSwPins benchmarksrepre-
sentedn Table7. Giventhatsometoolsareonly availableontheSun
Solarisplatformandothersonly on Intel-compatibld_inux worksta-
tions, runtimesare not directly comparable.However, we list the

Circuit | #Nodes | #Nets | #10s | Row-Util % | #Macros | % M Area |

DMA 11734 | 13256 | 948 95.43 0 0

DSP1 26299 | 28447 | 844 90.66 2 21.98
RISC1 | 32615 | 34034 | 627 93.94 7 41.99
DSP2 26279 | 28431 | 844 90.05 2 6.96
RISC2 | 32615 | 34034 | 627 94.09 7 37.31

Table5: Faraday benchmarkssynthesizedand laid out with astandard
ASIC owusingIBM Artisan 0.13umlibraries. %M Arearepresentshe
areaof embeddedmemoriesin percentof the total cell area.

hardware platformfor eachtool. For SEUltra,we usethe Cadence-
recommendedo w for mixed-sizedesigns,which producescom-
pletely legal placementsunlike thosereportedin [2] for the 2002
versionof the sametool. Also notethatthewirelengthsachieved by
the latestversionof SEUltraaremuchbetterthanthosereportedin
[2]. Clearly, Cadencdoolshave greatlyimproved since2002.

On the older IBM-MS benchmarksplacementgproducedby our
oorplacer Capo9.0(with option-feedbackjareon averagel2.09%
betterthan CadenceSEUItra, 19.61%betterthanthe C-P-C o w,
14.56%betterthan Capo-KraftwerkECO o w, 13.99%betterthan
mPG-MSand 8.09% worsethan FengShui2.6. Using the bestof
two runsof Capo9.0 improves solutionquality by 1.66% On the
newer IBM-MSwPins benchmarksin termsof HPWL, on average,
the placementgproducedby our oorplacer are 13.74%betterthan
CadenceSEUItra, 19.59%betterthanthe Capo-Rirquet-Capoo w,
17.83% betterthan Capo-KraftwerkECO ow and 5.14% worse
thanFengShuR.6. Choosinghebestof two Capo9.0runsresultsin
a 1.55%improvement.NotethatFengShughiftsall cellsto theleft
(or right) edgeof the chip, thuslowering wirelengthcomparedo a
placemenspreadaroundthe corearea.However, accordingo Table
2, thisstrat@y is notalwayssuccessfuin thepresencef largemod-
ules. Comparingresultsof FengShuR.6 on two setsof benchmarks
in Table6, we concludethattherelative advantageof FengShuR.6
decreasem the presencef rectangulablockswith non-trivial pin
offsets,asit doesnot optimizemoduleorientations.

5. CONCLUSIONS

Ourwork originatesfrom therealizationthat min-cut placersim-
plicitly perform oorplanning, in additionto partitioning. There-
fore, separatgartitioningand oorplanning stepstraditionally used
in VLSI designcanbe subsumedy a min-cut placer Sucha uni-
cation canleadto simpler moreconsistentmorecontrollableand
moresuccessfuEDA tools andtool chains.For example,while the
eld of oorplanning hasbeenvery active in academidor twenty
years therearerelatively few successfutommercial oorplanners.
While this is partly due to integration dif culties andto the fact
that experienceddesignersperform oorplanning by hand,our re-
sultssuggesthatcommon oorplannersbasedpurely on Simulated
Annealingtendto producevery sub-optimalsolutions. To a large
extentthisis nota matterof EDA tools' lackingintangibledesigner
intuition, but ratherthe poor quality of existing algorithmswith re-
spectto closed-formoptimizationobjectives. Interconnecbptimiza-
tion is alsohandicappedby the popularlimitation thatall modules
be laid out asrectangles.To this end, our work shavs that unify-
ing partitioning, oorplanning and placemenin a singlealgorithm
leadsto betterlayoutsandfacilitatesnew layoutoptimizationssuch
as free-shapeoorplanning that simultaneouslydetermineshe lo-
cationsandshapef modulesso asto optimizeinterconnect.Em-
pirical validationusesa uni ed oorplacer tool, thatcanbe usedas




BenchmarkSuite SEUIltra | SEUIltra | Capo+ Capo+ mPG | FengShui[24]| Capov9.0 | Capov9.0
v5.1.67 | v5.4.126 | Parquet+| Kraftwerk [14] v2.606/17/04 | -feedback | -feedback
(2002) (2004) | Capo[2] ECO[2] best-of-2
IBM-MS (ISPD2002) | 92.71% | 12.09% | 19.61% | 14.56% | 13.99% -8.09% 0% -1.66%
IBM-MS wPins(new) - 13.74% | 19.59% | 17.83% - -5.14% 0% -1.55%

Table 6: Averagemixed-sizeplacementresultson two suitesof mixed-sizebenchmarks derived fr om ISPD-1998circuit netlists. IBM-MS

isthe original suite of benchmarksreleasedn ISPD-02.IBM-MSwPins is the newsuite of benchmarkswith non-trivial macro aspectratios
and pins spreadaround the periphery of all cellsand macros. A positive percentageindicates an approach producesplacementswith that
much greater HPWL than Capo 9.0 on average. FengShui2.6 placementsare packed to an edgeof the core, and in practical applications
they may have to be spreadto ensure routability. SinceCapo placementsare already spread,the differencein wir elengthswill bereduced.

Circuit CadenceSEUItra Capo+Rrquet+Cap@2] Capo+KraftwerkECO[2] FengShuv2.6 Capov9.0
Block-Place+QPlace | (Low-Temp.Annealing) 06/17/04 -feedback
Sun-Blade1000,750MHZ  Linux/Pentium,2GHz Linux/Pentium,2GHz Linux/Pentium,2.4GHz| Linux/Pentium,2.4GHz
| Il 1] \ Vi
HPWL Time HPWL Time HPWL | Time % HPWL Time HPWL Time
(e6) (min) (e6) (min) (e6) (min) | Overlap (e6) (min) (e6) (min)
ibm01 3.25 12 3.23 18 2.96 5 1.22 2.56 3 2.67 4
ibm02 7.17 31 7.91 12 6.84 13 0.25 6.05 5 5.54 9
ibm03 9.06 28 10.08 57 9.45 13 0.18 8.77 6 8.67 13
ibm04 10.28 31 11.01 12 10.09 15 0.74 8.38 7 9.79 18
ibm05 11.55 24 11.03 5 11.46 5 0 9.94 8 10.82 8
ibm06 8.33 32 8.70 19 9.22 19 0.25 6.99 9 7.35 12
ibm07 13.79 41 14.34 22 14.34 57 0.24 11.37 12 12.30 25
ibm08 17.36 50 17.01 26 17.63 22 1.80 13.51 15 16.02 36
ibm09 16.91 56 19.53 29 21.04 32 0.35 14.12 14 15.51 31
ibm10 43.71 86 53.34 119 49.52 72 4.34 41.96 22 34.98 59
ibm11 24.98 71 25.51 43 25.48 42 0.76 21.19 21 22.31 36
ibm12 46.38 87 54.82 97 61.48 53 0.63 40.84 22 40.78 42
ibm13 33.06 91 34.30 54 32.37 73 0.12 25.45 25 28.70 65
ibm14 45.74 148 48.66 145 47.63 117 0.07 39.93 52 40.97 71
ibm15 68.63 206 70.68 208 62.63 124 0.09 51.96 67 59.19 116
ibm16 75.94 248 75.27 154 78.47 166 2.03 62.77 70 67.00 115
ibm17 92.41 288 87.81 204 85.40 132 0.13 69.38 79 78.78 94
ibm18 57.04 190 54.66 115 57.47 162 0.02 45.59 87 50.39 85
Avg 13.74% 19.59% 17.83% -5.14% 0%

Table 7: Mixed-size placementresultson the new IBM-MSwPins mixed-sizebenchmarks. A positive percentagein the last row indicates
an approach producesplacementswith that much greater HPWL than Capo 9.0 on average. CadenceSEUItra placesdesignsibm09 and
ibm214 illegally with overlaps betweenmacrosor macrosoutsidethe core area. FengShui2.6returns core placementspacked to core edges.

a partitioner a large-scalecell placer a oorplanner anda mixed-
sizeplacer Ourimplementatiorscaleswell, is competitve with the
stateof theartin all of its areasof applicability andin somecases
producesetterwirelengthsthanary previously reportedmethods.

We shaw thatfor sufciently large oorplanning and mixed-size
placemeninstancesmin-cuttechniquesremoresuccessfuin min-
imizing wirelengththan simulatedannealing. However, for small
layoutinstanceswvith modulesof differentsizes,the useof anneal-
ing seemsequiredto packmoduleswell. In the processof tuning
the performanceof ourimplementationye empirically tatulatethe
boundarnyetweemlacemenand oorplanning by identifying more
successfubptimizationsin variouscases.A representate thresh-
old for oorplanningis currentlyat 30 blocks,which meanghatthe
useof at annealingonlargerinstancess notjusti ed. In thefuture,
as oorplannersimprove at satisfying x ed-outlineconstraintsvhile
minimizing wirelength this boundarycanbe loweredevenfurther

A oorplacer of thetype describedn out work canplaceobjects
with very differentsemantics— standardcells, macros,datapaths,
memoriesetc. Extensiongo free-shapeoorplanning canbe used
with unsynthesizeanodulesto betterestimateglobal interconnect
delaysbeforesynthesis. However, to fully exploit thesenovel ca-
pabilities, new VLSI methodologiesarerequired. Our hopeis that
suchfuturemethodologiesndmethodologystudieswill con rm the
potentialof oorplacement.

Appendix: Embedded-MemoryBenchmarks

TheFaradayCorporatiorrecentlyreleasedhreecircuits[17], origi-
nally intendedfor comparison®etweerstructuredandcorventional

ASICs. We applyto thesebenchmarks standardASIC design o w
to generate ve mixed-sizedesigns. Faradaybenchmarksnclude
three commonly-usedunctional blocks: () a 16-bit DSP, (ll) a
32-bit RISC CPU, and(lll) a DMA controller — seeTable5 for
statistics.Otherdetailson thesebenchmarkssuchasthe EDA tools
recommendebly Faradayandtool settingscanbefoundin [17]. To
minimizetheimpactof routingontheresultsof theaccounteglace-
mentapproachesye avoid clock-treegeneratiorandpower routing
in our o ws. However, bothclock-treesandpower rails canbe built
on our benchmarksBelow we describeour ASIC o w for generat-
ing the mixed-sizebenchmarkg$rom the original netlists.

Faradaybenchmarksomewith behaioral Verilog descriptions,
timing constraintsand scriptsfor synthesis.We useArtisan's 0.13
micron librariesin IBM technologyfor synthesizinghesedesigns
underworst-cas@rocessonditionswith thesameiming constraints
as speci ed in the Faradaydesigndocuments. SynopsysDesign
Compiler (v2003.03-2)is usedfor synthesisand Artisan Memory
Generatoto instantiateembeddednemories Artisanlimits thesize
of its SRAM memorieso a minimumword-lengthof 128for dual-
port memoriesandto 256 for single-portmemories.This requiresa
changean the behaioral descriptionof Faradaydesigngo account
for largerword-lengthsn avariationof theoriginal designwe built
register les in placeof memoriesfor smallerword-lengthsandthus
cameup with two a vorseachfor DSPandRISC— oneusesonly
memoriesandthe otheruseshothmemoriesandregister les.

The gate-lerel netlistsobtainedafter synthesisare taken through
the automaticplace and route (APR) o w using CadenceSilicon
EnsembleUltra (v5.4.126). We follow the Cadenceecommended
ow for placing mixed-sizedesignsand rst usethe “Qplace No-



(a)DMA (b) DSP1

(c) DSP2

(d)RISC1 (e)RISC2

Figure 4: Faraday benchmarks placed by the Capo 9.0 oor placer Note that Capo tends to align large blocks, which may simplify the
routing in their vicinity, aswell asthe routing of bussesconnectingthoseblocks. The discrepanciesin wir elength versusTable 4 for the same
benchmarksrepresentvariability in Capo results.To show block orientations, north-west corners of memoriesare marked with diagonallines.

con g Block” commandto place embeddednemories. Thenthe
locationsof embeddednemoriesare x ed,theaffectedcell sitesare
removed,andtheremainingstandardtellsareplacedusingthecom-
mand“QplaceNocon g”. To nd goodlocationsof I/O pads,we
performconcurrenpin andcell placemenin Qplace.Thisimproves
routability comparedto a randoml/O placementduring oorplan-
ning. Whenrouting with CadencéVarpRoute we found that Arti-
sanmemorypins arenot alignedto the samerouting grid aspinsin
randomlogic. Fixing this requiredmanualintervention. The nev
Faraday-MSbenchmarkarethe rst mixed-sizeplacemenbench-
marksin the public domain[4] to provide non-squarenoduleswith
realisticpin offsetsandroutinginformation.
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Figure5: Faraday benchmarksRISC1 and RISC2 placedby FengShui
2.6. All large moduleshave default orientations. FengShuiplacesmany
standard cellsbeyond the left boundariesof core regions,shavn by thin
vertical lines. FengShui2.5exhibits similar behavior on DSP1land DSP2
benchmarks,which the authors attrib ute to bugs xed in FengShui2.6.



