
1

FastFloorplanningby Look-AheadEnabled

Recursive Bipartitioning

JasonCong,Michail Romesis,andJosephR. Shinnerl

ComputerScienceDepartment

University of California,Los Angeles

Los Angeles,CA 90095

�

cong,michail,shinnerl� @cs.ucla.edu

Abstract

A new paradigmis introducedfor floorplanningany combinationof �x ed-shapeandvariable-shapeblocksundertight �x ed-

outline areaconstraintsanda wirelengthobjective. Dramaticimprovementover traditional floorplanningmethodsis achieved by

explicit constructionof strictly legal layoutsfor every partition block at every level of a cutsize-driven, top-down hierarchy. By

scalablyincorporatinglegalizationinto thehierarchical�o w, post-hoclegalizationis successfullyeliminated.For largefloorplanning

benchmarks,an implementation,called PATOMA, generatessolutionswith half the wirelengthof state-of-the-artfloorplanners

in ordersof magnitudelessrun time. Experimentson standardGSRCindustry benchmarkscomparean implementation,called

PATOMA, to the Traf�c floorplannerandto both the default andhigh-effort modesof the Parquet-2floorplanner. With all blocks

hard,PATOMA's averagewirelengthis 38%shorterthanTraf�c' s in thesamerun time.With all blockssoft,PATOMA on average

produceswirelengths16% shorter than Parquet-2's default mode and runs 37 � faster. Comparedto the high-effort mode of

Parquet-2,PATOMA's averagewirelengthis 8% shorter, and it runs824� faster, on average.

I . INTRODUCTION

Given a collection of interconnectedvariable-dimension“soft” rectangularblocks and ®xed-dimension“hard” rectangular

blocks,eachblock with its own prescribed®xed area,the floorplanningproblemis to shapethe soft blocksandarrangethem

togetherwith the hard blocks in the plane without overlap. The objective is typically to minimize (a) the estimatedtotal

wirelengthof thecircuit; (b) its estimatedtiming performance;(c) theareaof thesmallestrectanglecircumscribingtheblocks;
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or, usually, (d) somecombinationof these.The most useful algorithmstarget wirelengthminimizationundera ®xed outline

constraint,the aspectratiosof soft blocksconstrainedby simpleupperand lower bounds.

Fast floorplanningis critical in the hierarchicalphysicaldesignof VLSI circuits, for two reasons.First, systemdesigners

require a meansof rapidly estimatingthe variation in performanceof alternative architecturesand logic designs.Second,

multiscale[8], [24], [15] and mixed-size[26], [2], [17] placementalgorithmstypically solve someform of floorplanning

problem at the coarsestlevel of approximation,in order to generatean initial coarseplacementfor subsequentiterative

re®nement.With the reuseof IP blocks for multi-million-gateASICs and SOC designs,most modernIC designsconsistof

a very large numberof standardcells mixed with many big macros,suchasROMs, RAMs and IP blocks.Whenclustersof

standardcells areplacedsimultaneouslywith macros,the clustersmay be treatedassoft blocks.

Many floorplanning algorithmshave beendevelopedin recentyears,varying mostly in the representationof geometric

relationshipsamongmodules.They canbe divided into two major categories:slicing andgeneralalgorithms.The ®rst slicing

algorithmswere developedin the 1980's (e.g. [21], [30]). In the 1990's, generalalgorithmsthat do not requireslicing cuts

becamemore popular, especiallyafter the introductionof the BSG [20] and SequencePair [19] representations.Other non-

slicing representationsincludeTCG [18], B*-tree [9], CBL [13], O-tree[11], andso on. Simulatedannealing(SA) hasbeen

usedto minimize areaand/orwirelengthundereachof theserepresentations.

Until a few yearsago,the inherentslownessof SA waspartially hiddenby the lack of any needto floorplanmorethan100

blocksat a time. Recently, however, growing numbersof IP blockshave increasedthe sizesof most floorplanninginstances,

promptingresearchersto seeknon-stochasticapproaches.Ranjanet al. [23] proposeda two-stagefastfloorplanningalgorithm.

In the®rst stage,a hierarchyis generatedby top-down recursivebipartitioning.Cutlineorientationsareselectedfrom thebottom

up in a way that keepssubregion aspectratioscloseto one.In the secondstage,low-temperatureSA improveswirelengthby

reshapingblocks to producea more compactlayout. Final, total wirelengthwas comparableto or better than that obtained

by an SA-basedalgorithm[30], with speed-upof over 1000� in predictormode(high-speed)and 20 � in constructormode

(high-effort). More recently, a fast algorithm called Traf®c [25] has beenusedto generatehigh-quality floorplanswithout

simulatedannealing.Traf®c also usestwo stages.In the ®rst stage,the blocks are divided into layersby linear multi-way

partitioning.In the secondstage,every layer is optimizedindividually; the blocks in eachlayer are separatelyarrangedinto

rows and then moved amongthe rows to balancerow widths and reducewirelength.In the end,pairs of rows are squeezed

tightly afterbeingtransformedinto trapezoids.This ®nal stepleadsto very compactfloorplans,but it alsoincreaseswirelength,

becausethe cells areorderedaccordingto their heights.

Theimpressivespeedupsobtainedby thelasttwo algorithmsraisethequestionof whethera fastdeterministicapproachcanbe
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usedto replacethewidely usedSA enginewith thesameor bettersolutionquality. Fast,recursive,cutsize-driven,areabisection

by multilevel netlist partitioning is very successfullyand widely usedin large-scaleplacement[6], [28], [7], [17]. To date,

however, the quality of bisection-basedfloorplannershasgenerallyfallen shortof that of the bestSA-basedimplementations.

We believe that this de®ciency hasbeencausedlargely by a thorny legalizationproblem[14] that traditionally accompanies

the recursive bipartitioningparadigm.Legalizationis the processof transformingthe endresultof recursive bipartitioning,or

any so calledglobal floorplan,which may still containoverlapand/orotherconstraintviolations,to a con®gurationin which

all shape,non-overlap,andfloorplanningboundaryconstraintsarestrictly satis®ed.As commonlypracticed,floorplanningby

recursive bipartitioningmakesno guaranteethat the blocksassignedto a subregion canactuallybe shapedandarrangedthere

without overlap. In this scenario,de®ningbasecasesmay be dif®cult, as many basecasesmay fail to have legal solutions.

Local re®nementusuallysuf®cesto legalize,but in generalsomeform of global legalizationbecomesessentialto guarantee

propertermination.Recentlyreportedprogressin the legalizationof standard-cell[5] andmixed-size[17] placementsdepends

on a signi®cantamountof availablewhite space(20%or more).Whenareaconstraintsaretight, legalizationusuallyincreases

wirelengthsigni®cantly. The work presentedhereis the ®rst to de®nea floorplanning�o w driven by recursive cutsize-driven

bisectionin which thesatis®abilityof all constraintsis explicitly enforcedateverystep,sothattheneedfor post-hoclegalization

is completelyremoved.Legal, a.k.a.feasiblesolutions,strictly satisfyingall non-overlapping,area,andshapeconstraints,are

explicitly constructedfor every subproblemat eachintermediatelevel. Their feedbackto the recursive bisectionenablesit to

proceedsigni®cantlylonger, deepeningthepartitioninghierarchyandtherebyimproving wirelengthquality. Our implementation

of this �o w beatsa leadingSA-basedengineon the GSRCbenchmarksby 10–20%in averagewirelengthand by ordersof

magnitudein run time.

The only similar work to our look-aheadenabledrecursive bipartitioning �o w is found in Capo 9.0 [3] for mixed-size

placement.Capo9.0 proceedstop down by cutsize-drivenrecursive bipartitioninguntil certainad-hoctestssuggestthat newly

generatedsubproblemsmay be dif®cult to legalize.At that point, standardcells in eachsubproblemare clustered,and these

clustersaretreatedassoft macros.SA-based®xed-outlinefloorplanningis thenattemptedon thehardmacrosandsoft clusters

for the given subregion. If it succeeds,the locationsof the macrosare then ®xed, and further re®nementproceedson the

declusteredsoftmacros.If it fails, thenthesubproblemis mergedwith its sibling,thepreviouspartitionof theparentsubproblem

is discarded,andfloorplanningis attemptedfor theparentsubproblem.In principle,this backtrackingmaycontinueinde®nitely

until someancestoris successfullyfloorplannedor until failure at the top level occurs.In practice,the ad-hoctestsusedto

determinewhen to commencefloorplanningare observed to be good enoughthat backtrackingis only rarely needed.The

differencein our approachis that backtrackingis never needed,since the look-aheadoraclesguaranteethe existenceof a
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feasiblesolutionat theparentlevel. At thesametime, Capostill needsa simulated-annealingengineduring this process,while

PATOMA is totally deterministic.

The paper is organizedas follows. Section II gives an overview of our implementation,called PATOMA.1 Section III

describesa zero-dead-spacefloorplanningalgorithmfor soft blocks (ZDS) and provesits properties.SectionIV presentsthe

adaptationof ZDS to wirelengthminimization in PATOMA. SectionV describesthe ROB (Row-OrientedBlock Packing)

heuristicfor floorplanninga combinationof hardandsoft blocks.SectionVI comparesPATOMA's performancewith that of

Parquet-2[1] andothernon-annealing-basedfloorplanners.The paperis concludedin SectionVII.

I I . OVERVIEW OF THE PATOMA ALGORITHM

PATOMA attemptsto minimize total wirelengthundera ®xed-outlineareaconstraint.It couplestop-down, cutsize-driven,

recursive bipartitioning with fast, area-driven floorplanningon all subproblems.The �o w is outlined in Figure 1. At every

level of the cutsize-driven, area-bipartitioninghierarchy, eachnodecorrespondsto a subsetof blocks assignedby terminal

propagationto a speci®crectangularsubregion of the chip. Beforeeachapplicationof cutsize-driven bipartitioning,however,

oneof two separatefast,area-driven floorplannersis usedto checkwhetherthe given subproblemcanbe legalized.The fast

floorplannerdeterminesby a slicing constructionwhetherthe blocksassignedto eachgiven subregion can in fact be shaped

and laid out within that subregion without overlap. If so, then recursive cutsize-driven areabipartitioning continuesin both

subregions at the current level. If not, then the cutsize-driven solution at that level is discarded,and a wirelength-reducing

symmetryof thepreviouslycomputed,legal, “look-ahead”solutionto theparentsubproblemis usedinstead.2 BecauseZDS and

ROB bothproduceslicing structures,their top-level cutsde®nefloorplanningsubproblemswith known legal solutions.Cutsize-

driven partitioning coupledwith subproblemlegalizationthen resumesrecursively on thesesubproblems,until single-block

basecasesarereached.

The area-driven look-aheadfloorplannersdeterminewhethera legal solution exists for a given ®xed-shapesubregion and

block subset.Thesealgorithmsmustbefastandmustusually®nd legal solutionsif they exist. The®rst area-drivenfloorplanner,

ZDS, is basedon a recentstudy [10] of suf®cient conditionsfor zero-dead-spacefloorplanningof soft blocks.ZDS is used

only whenall the blocks in the subregion aresoft. Otherwise,a secondarea-driven floorplannerbasedon row-orientedblock

1An acronym for ªPartitioning To OptimizeModule Arrangement.º PronouncedPAH-toh-ma, from the Greekfor ªfloor.º

2Failure of ZDS (SectionIV) or ROB (SectionV) to find a legal initial solution,prior to recursive bipartitioning,is highly unlikely. We have not observed any suchfailure on

any circuit.



5

Algorithm 2.1: PATOMA FloorplanningAlgorithm
input: Setof blocks

����������	�
�
�
�	���
��

; netlist; aspectratio constraintsfor eachblock, rectangle� of
�x ed shape.
Eachnodeof the partitioning tree is a set of blockspairedwith a subregion. Generatethe root node

�

��	

��� at level �

���

, anda legal floorplan for the root.
while therearestill blocksto be placed

while thereareunvisited nodesat level �

Selectunvisited node �

�

�

����	

�

�

� of level � .
Useterminalpropagationto modelconnections

between��� �

�!�

and �#"%$ �

�!�

.
Call hMetis to partition

� �

into disjoint subsets
� � �

and
� �'&

, resp.assignedsubregions �

� �

, �

�(&

of �

�

.
done:= false.
repeat

remark Binary searchfor cutline position.
for �

���'	*)

if (all blocks in
� �

� aresoft)
�t + �-, := ZDS

�

���

�

	

�

�

�.� .
else�t + �-, := ROB

�

� �

�

	

�

�

� � .
end if

end for
if (�t + /0, and not �t + 12, , /

	

1%�

���0	�)'�

)
slide the cutline toward �

�

"

elsedone:= true.
end if

until (doneor cutline searchlimit reached)
if (�t +

�

, and �t +

)

, )
Createchild nodes�

�

and �

&

of � .
Storethe solutionsfrom or ZDS or ROB for possible
future use.

elsereplacethe hMetis bipartitioningof
�

�3�4	

�

�

� with
a bipartitioningderived from earlierapplication
of ZDS or ROB.

end if
end while

�65

�

�47

�

.
end while
output: A �oorplan of

�

in � satisfyingall areaandaspect-ratioconstraints.

Fig. 1. The PATOMA floorplanningalgorithm.

packing (ROB) is used.ROB is somewhat similar to Traf®c [25]; however, it handlesboth soft and hard blocks under a

®xed-outlineconstraint.Both algorithmsperformwell in reasonablerun time. They arereviewed in SectionsIV andV below.

PATOMA usesthe well-known multilevel partitioningpackagehMetis [16]. Neither of the two block subsetsproducedis

allowed to hold more than60% of the total areaof all blocks in both subsets.This choiceof areabalanceproducedthe best

resultsin our experiments.Terminalpropagationis usedto accountfor connectionsbetweenpartitions.

Usingfeedbackfrom thelook-aheadfloorplanners,PATOMA redistributeswhite spacein orderto make theresultof cutsize-

driven partitioninglegalizableasoften aspossible.The exact locationof the cutline is initially set in direct proportionto the

total areasof the blocksin every partition.If a legal solutionis found initially for 8:9 but not for its sibling 8<; , it maystill be

possibleto ®nd a legal solution for both partitionsby moving white spacefrom 8=9 to 8>; , i.e., by moving the cutline away
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from 8>; andtoward 8 9 . Candidatecutlinepositionscanbegeneratedby binarysearch,aslong aseachcutlinepositionresults

in a legal solution in at leastoneof the partitions.

I I I . THE ZDS ALGORITHM

TheZDS algorithmgenerateszero-dead-spacefloorplansfor a setof soft blocksinsidea ®xed-dimensionregion.Theaspect

ratios of the blocks of the ®nal floorplan are uniformly boundedby the propertiesof the blocks. We will show that these

boundsarerealisticandsatisfytheconstraintsfor mostexisting benchmarks.Previouswork on this subjecteitheranalyzedthe

theoreticalupperboundson the total areaachievedby slicing floorplansof soft blocks[22], [31] or generatezero-dead-space

floorplanswith no considerationof aspectratio constraints[29], [27]. The sectionalsoprovesthe propertiesof the algorithm.

The ZDS algorithmusedhereis basedon recursive top-down areabipartitioning.At eachstep,the blocks in a region are

separatedinto two groupssuchthat the groups' total areasareasnearlyequalaspossible(i.e. for a groupof blocks �

9����������

�	�

the index



is found suchthat �
�������

�

9

�����

�

�

���
9

���

� is minimized).The region is thencut parallel to its shortersidesuch

thateachgroup®ts exactly into oneof theregions.Cuttingparallelto theshortersidekeepsaspectratiosof subregionsbounded

in termsof the areavariationamongthe blocks.Blocks areplacedoncethey ®ll a suf®cient fraction of their subregions;this

fraction is expressedasthe reciprocalof the parameter� introducedbelow.

Figure2 on page7 shows thepseudocodefor theZDS algorithm.Thenotationis asfollows. Given � rectangles�
9����������

� �

with ®xed areas�

9"!

�

;#!%$�$�$&!

�

� but variablelengths '

� and widths (

� , we seekto arrangethem without overlap in a

given rectangle) of area *��
�

�

9

�	� suchthat the aspectratios

+��

�

+-,

�

�/.

�10"2�3

,

'

�54

(

�

�
(

�54

'

�6.

areboundedcloseto 1.3 The rectangle) is the floorplanningregion. The rectangles�

� arethe blocks.

Algorithm 3.1 is parametrizedby +-,

)

.

!87 and �
!97 . By construction,Algorithm 3.1 hasthe following property.

Theorem3.1: For +-,

)

.

!87 and �
!:7 , Algorithm 3.1 generatesa slicing floorplan with zerodeadspace.

AlthoughAlgorithm 3.1 canacceptasinput any values+-,

)

.

!:7 and �
!:7 , the analysisshows that the generatedfloorplans

displayattractive propertiesfor certainchoicesof +�,

)

. and � . Speci®cally, if we de®ne

;

�10"2�3

�

�
�

4��
�

�
9

� (1)

3By this de®nition,which we usefor the remainderof the paper, the aspectratio of every block is alwaysat least1.
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Algorithm 3.1: Top-Down ZDS Floorplanning.

input

(i) Rectangles
����	 
�
�
�	�� �

with areas�

��� 
�
 
��

�

�

.
(ii) Rectangularregion � of area �

�

�

�

�

� � anddimensions� ��� , with �	�
�

���

��


�

���

.
(iii) �

� �

.
end input

if the largestblock
���

satis�es �

���

�

�

� then

(i) make the lengthof onesideof
���

equalto � .

(ii) place
���

with this shapeagainstonesideof � .

remark In the analysis,let �

�

� �

� denotethis � .

(iii) if ���

�

then

Replace� by the part of � not usedby
���

.

Reindex
��� & 	 
�
�
�	*� � �

to
����� 	�
�
�
�	�� ��� � �

.

if �

��� )

then

placethe last block in � andreturn.

else Replace� by ���

�

.

end if

else return

end if

remark If � containsmorethan2 blocks,we placeat mostoneblock

beforerepartitioning.

end if

if ���

�

then

1. Select/ �

���0	�
�
�
�	

�

�

suchthat

�

"

���

"

�

�

� ���

�

�

"��

�

� �

�

is minimized



Let � "

�

�

"

�

� � and �� "

�

�

�

"��

�

� � �!���"� " .
2. Cut � parallel to its shorterside into two rectangularsubregions �

" and ��
" of areas�

" and
�

�
"

respectively. Assign
��� 	�
�
�
�	��

"
to �

"
and

�

"��

��	�
�
�
 	��
�

to �
�

"
.

3. Recuron the subregions � " and �
� " .

end if

Fig. 2. A Zero-DeadspaceFloorplanningAlgorithm.

thenappropriatevaluesfor � and +�,

)

. are

� � 0 2 3$#&%
�

;�'

and +-,

)

.)(+*

7 �
�-,

7/.6� (2)



8

A traceof the algorithmon a simple5-block exampleis illustratedin Figure3.

4.5

4

2 2.5

2.4

1.6

4

2 1.25 1.25

2.4

1.6

4

(a)

(b)

(c)

r3

R

r1

R1

r1

r4 r5

R2

r2

Fig. 3. (a) Creationof a ZDS benchmarkwith 5 blocks,where �

�������

�

&
�

���

�
	��

���

�

���

�



. In this case,�

�

�� ���

. Region � hasarea18 and

is initialized to an aspectratio of 1.125.(b) Since �

����������
�� ���

, block �

�

is placed.After partitioningof the remainingblocks, region �

�

is assignedto

blocks �

&

and ��� , andregion �

&

to blocks ��� and ��� . (c) Final placementof all blocks.The maximumaspectratio is

��

���

�

.

A. Analysis

The utility of Algorithm 3.1 restsin the fact that for nearlyall realisticcircuits, all the block aspectratios it computesare

guaranteedto lie within a single small interval of the form *

7 �
� ,

7/. , when � is de®nedas in (2). Hence,if the blocks are

arrangedin nonincreasingsortedorderby area,the aspectratiosareboundedby oneplus the maximumratio of consecutive

block areas,whenthis latter ratio exceeds2. Otherwise,the aspectratiosareboundedabove by 3. Thesefactsareestablished

here,underAssumptions3.1 below.

Assumptions3.1: Block-locking threshold;floorplanning-region aspectratio bound.

(a) For
;

asde®nedin (1), �
!

0"2�3 #&%
�

; '

.
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(b) The aspectratio of the floorplanningregion satis®es+�,

)

.��

� , 7 .

Assumption3.1(a)canbe rephrasedasfollows: the thresholdfraction of subregion areathat a block mustoccupy in order to

be shapedand locked in placeis not set above 7

4

% . Although theseassumptionsarestrongerthannecessaryto achieve zero

deadspaceand acceptablyboundedblock aspectratios, they are not very restrictive on the setsof block areasthat may be

considered.Furtherdiscussionof the assumptionsappearsat the endof this section.

B. Derivation of the Aspect-RatioBound

Throughoutthis section,we considerthe propertiesof Algorithm 3.1 underAssumptions3.1. The ®rst lemmashows that,

in orderto boundthe aspectratiosof the blocks,it suf®cesto boundthe aspectratiosof the regionsin which they areplaced.

Lemma3.1: The aspectratio + � of any placedblock �

� satis®es

+	���

0"2�3 #��
�

+-,

8

,

�

�/. .

'

�

where +�,

8

,

�

�
.�. denotesthe aspectratio of the smallestsubregion in which �

� is placed.

Proof: Supposethatsubregion 8 hasaspectratio +

�

+�,

8

. . If 8 containsjust oneblock, thenthatblock �

� will alsohave

+�,

�

�
.

�

+ . Hence,suppose8 containsmorethanoneblock. By Algorithm 3.1, theblocks # �

�

������� �
���

'

in 8 form a contiguous

subsequenceof the original set of blocks # � 9
������� �

�
�

'

and thereforesatisfy the areadecaybounds ���

!

���

�
9

!

��� 4

� .

Moreover, the block �

� placedin 8 will have one of its side lengths ( equal to the shorterside length of 8 , as shown in

Figure4. Let '

� denotethe lengthof the othersideof �

� , and let ' denotethe lengthof the longersideof 8 .

First, suppose'

�	�

( . Becausethe algorithmrequiresthe area �
� of �

� be at least 7

4

� timesthe areaof 8 , the otherside

'

� of �

� is at least 7

4

� timesthe lengthof the longerside ' of 8 . Hence,

(

'

�

�

(

'

4

�

�

�

+

�

�
�

since +

!:7 . Second,suppose'

�

!
( . Becausethe blocks �

� in 8 satisfy �
�

!

���

�
9

!

��� 4

� , the subregion of 8 containing

theseotherblocksmustoccupy areaat least 7

4 ,

�-,
7

. timesthe areaof 8 , andtherefore'

���8,

�

4 ,

� ,
7

. .

' . Hence,

'

�

(

�

�

,

� ,
7

.

'

(

�

�

� ,
7

+
�

+

� (3)

Thenext lemmaboundstheaspectratio of sibling subregionsin termsof their arearatio andtheaspectratio of their common

parentsubregion.

Lemma3.2: Supposesubregion 8 is partitionedinto subregions 8
9 and 8

; with areas�
9 and �

; . Let




� 0"2�3 #��>9

4

� ;
�

� ;

4

�<9

'

�
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li
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li

li
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w

<< < l

w

lw <w

Fig. 4. The aspectratio of a block (shaded)comparedto the aspectratio of its enclosingsubregion.

Then

0 2 3$#

+-,

8 9

.

�

+�,

8 ;

.

'

�10 2 3

�




, 7

+-,

8

.

�







,
7

+-,

8

.��

�

Proof: Following the notationin Figure5, let ��� � 9 , +��

�

+�,

8<9

. , �

� � ; , +��

�

+-,

8>;

. , andassumewithout lossof

generalitythat ��	

� , so that 


� �

4�� . The longersideof 8 haslength ' , andthe shortersidehaslength ( . Now

� ,

�

�

, 


,
7

. �

� ' (
�

andtherefore

'

�

�

�

(

�

'

, 


,
7

.

� and '

�

�




'

�

�







,
7

'
�

If +
�

!

+�� , then +��

�8'

� 4

( (otherwise,+��

�:(

4

'

�
�

(

4

'

�

�

+�� ); hence,+��

�

, 
 4 , 


,
7

. .5+-,

8

. . Similarly, if +��

!

+
� ,

then +��

�1(

4

'

� , andtherefore+��

�




,
7

+-,

8

.

.

l

< lw

la

w

a

A lA

Fig. 5. The aspectratiosof two sibling subregionscomparedto the aspectratio of their parentsubregion.

Lemma3.3: With the notationin Algorithm 3.1,

� �

�
� �

�

�

�

��

�

� if � ��	�� � �

�

���
9 if � �

�

�� �
�
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Proof: Suppose� � 	 �� � ; in this case, � � � � �

�

�� � . First, observe that � �

�

%

�

� ; otherwise, � ��� 9

�

� � —

contradictingthe minimality of � � . Next, supposethat � � 	

�

� , i.e.,

%

�

� 	

�

�

9

� � �

�

�

��� 9

� �

	

�

�

�

But then,subtracting%

�

� gives

�

	

��� 9

�

9

� � �

�

�

�

� �

	

� �

�

�

andhence

�

�

�

�

�

� � �

��� 9

�

9

� � � �

�

�

anothercontradictionto the minimality of � � . The case� �

�

�� � is similar.

Theorem3.2: In Algorithm 3.1, underAssumptions3.1,

7

�

�

� �

�
� �

�

�
�

Proof: As before,let �:� � � ,
�

� � . The conclusioncanthenbe rephrasedas

7

� ,
7

�

�

� �

�

�

� ,
7

�
�

or, equivalently,

� �

�

�

�

7

� ,
7

�
�

Note that for all �
!

% , it suf®cesto show that � �

�

�

4�� , or

7

�

�

�

� �

�

%

�

�
�

Now if



!

� , thenLemma3.3 ensuresthat �
�

�1��� , andsince �

9 !

�

; !

���

! ����� , ��� �

�

4�� . The sameresultalsoholds

if



� % and � �

�

�
� � . Therefore,we needonly considerthe following two cases.

Case1:



� % , and �

9
,

�

;
	 �

�

�

��� .

By Lemma3.3, �

9
,

�

;

�

�

�

�

���
�

�

; ; hence,

�

9

�

�

�

�

�
�

�

andsince �

9
!

�

; , we have �

;

�

�

�

�

�
� aswell. Thus,in this case,

7

�

�

7

�

�
�

�
�

�

�

�

9 ,

�

;

�

�

�

���

�

%

�

�
�
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Case2:



� 7 .

By Assumptions3.1,

� �

�� �

�

�

9

�

�

;

���

�

�

9

�

9

4

� , �

�

�

���

�

� �

Hence,it suf®cesto show that � �

4

�� � 	 7

4

� in this case.If � � 	 �� � , thenwe aredone.Hence,we assumethat �

9

�

�

�

;

� � .

Lemma3.3 thereforegives � 9 �

�

�

;

��� � �

9

� �

; ; i.e.,

�

9�!

�

�

�

���

� (4)

Now if �

;

�

�

�

�

��� , then
�

9

�

�

;

� �

�

�

9

�

; ,

�

�

�

� �

!

�

9

�

; ,

�

;

!

�

9

�

9 ,

�

9

� 7

4

% !:7

4

� �

Otherwise,if �

;
	

�

�

�

��� , thenEquation4 implies

�

9

�

�

;

�
�

!

�

�

�

���

�

; ,

�

�

�

�
�

!

7

, �

;

4

�

�

�

�
�

.

,
7

	

7

%

!

7

�

�

From Lemma3.2 andTheorem3.2, we immediatelyobtainthe following bound.

Corollary 3.1: Supposesubregion 8 is partitionedinto subregions 8
9 and 8

; . Then

0"2�3 #

+-,

8
9

.

�

+-,

8
;

.

'

�

0"2�3$#

�-,
7

+-,

8

.

�

�

� ,
7

+�,

8

.

'

�

Theorem3.3: Under Assumptions3.1, the result of Algorithm 3.1 is a slicing floorplan with zero deadspaceand every

block's aspectratio boundedabove by � ,
7 .

Proof: Follows directly from Corollary 3.1 andAssumptions3.1, by induction.

C. Remarks

The assumption�
!

% presentsno practicalrestrictionon the setsof blocksthat may be considered.It just meansthat the

upperboundon block aspectratiosguaranteedby the analysisherefor the given algorithmis at least3. That is, consecutive-

pairwiseareaboundstighter than2 (e.g., � �64 ���

�
9

�

7 ��� ) arenot guaranteedto reducethe maximumaspectratio below what

canbe attainedwith � �54����

�
9

�

% .

Similarly, a large value of � doesnot necessarilyindicateany large aspectratios in the ®nal floorplan, as Figure III-C

illustrates.In the®gure,onelargeblock occupiesonesubregion,andseveral smallblocksoccupy anothersubregion.Although

the arearatio of the subregionsmay be arbitrarily large, the presenceof suf®ciently many small blocksusedto ®ll the small

subregion preventsany singleblock's aspectratio from becominglarge.
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Fig. 6. Block aspectratiosmay all remainsmall, even whensomesubregion hasa large aspectratio.

For somedesigns,thepresenceof a few very largeor verysmallblocksmayresultin a largevalueof � , if � is de®nedsimply

as 0"2 3 # % � 0 2 3

� � � 4�� �

� 9

'

. However, a few simple preprocessingstepscanusuallybe usedto reducethis valuesigni®cantly.

Thebasicideais simply to aggregatesmaller, similarly sizedblockstogetheruntil theaggregatesaremorecomparableto larger

blocks or setsof blocks.Suppose��� 4����

�
9

� 0"2�3

� ���64 ���

�
9 . De®ne 8

�

�

�
8

�

�
�

�

�

�
�

� as before,but with



�

� instead

of



beingchosento minimize �
� . If �

� 4

�
�

�
�

��� 4����

�
9 , thensince ���

�
9 and ��� areplacedin separatesubregions,By

recursive applicationof Theorem3.2, � is reducedto

0 2 3 # �

�
4

�
�

�

�
0"2�3

���

�

�

�
�

4��
�

�
9

'

�

If 0"2�3

���

�

� ���54����

�
9	�

�

� 4

�
�

� , a few recursive iterationson 8

� and
�

8

� canbe usedto reducethe boundfurther. Although

it is trivial to constructexampleswhere this preprocessingwill be useless(e.g., when � � % , or when �

� �

�

7 ), on

practicalexampleswith large � , the reductionin � will likely be considerable,when � is suf®ciently lessthan � .

For all the GSRCbenchmarks,the valueof � is always2. It is interestingthat for the soft block versionof theseexamples,

the aspectratio constraintfor all the blocksis in the range[0.3, 3], which meansthat ZDS can®nd a zero-deadspacesolution

for all of them. This shows that the conditionsrequiredby ZDS are realistic and the algorithm itself can be usedfor the

manipulationof soft blocks in a floorplanningalgorithm.

IV. WIRELENGTH-AWARE ZDS FLOORPLANNING

As describedin the previous section,the ZDS algorithm ignoreswirelength. In this section,the extensionsof ZDS for

PATOMA including wirelengthconsiderationarepresented.

PATOMA extendsthe original ZDS algorithm in two ways. First, available deadspaceis usedto increasethe frequency

with which ZDS satis®esall aspect-ratioconstraints.Let +�

��� denotethe maximumaspectratio allowed for any block. When

� ,
7

� +�

��� , successof ZDS is guaranteed,becausetheaspectratiosof thesubregionsfor which ZDS is calledarealsoin the

range *

7

4�+


���

�

+


���

. , by thepartitioningandcutlinedecisionsmadeat thehigherlevelsof thehierarchy. When � ,
7

	

+


��� ,

the effective valueof � canbe reducedby paddingsomeof the blocksby deadspace.If the reductionin � is not enoughto
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guaranteesuccess,theZDS algorithmis appliedanyway, becauseits conditionsfor thecreationof a legal solutionaresuf®cient

but not necessary. Second,in the original ZDS algorithm,the sideof a subregion in which a block or block subsetis placed

is left unspeci®ed.In PATOMA, when ZDS must be usedinsteadof cutsize-driven bipartitioning to guaranteelegalizability

of the resultingsubproblems,eachblock subsetis placedin the subregion side that reducesthe total lengthsof connections

betweenblocks in the subsetandotherblocks.An exampleis shown in Figure7.

(b)

A2 A1

(a)

A2A1

Fig. 7. Exampleof wirelengthconsiderationduring the enhancedZDS algorithm.Therearetwo alternatives for the relative locationof the blocksin regions

�

�

and
�

&

. The ®rst alternative is selectedbecauseof its betterwirelength.

V. ROW-BASED FLOORPLANNING

The ROB (Row-OrientedBlock Packing) heuristic is usedby PATOMA for floorplanning a combinationof ®xed- and

variable-dimensionblocks.It is similar to Traf®c [25] in that it organizesthe blocksby rows accordingto their dimensions;

however, it satis®esa a ®xed-outlineconstraintand handlesboth hard and soft blocks.Assumegiven a set of blocks to be

placedin a region with ®xed height � and ®xed width � . If � 	�� , the blocks will be organizedin rows; otherwise,in

columns.By organizingblocksin rows alongthe shortersubregion dimension,thereis room to packmorerows, andtherefore

a wider variety of block heightscanbe ef®ciently supported.For the rest of this section,we assume,for simplicity, that the

blocksarepacked in rows.

ROB ignoresconnectivity. It consistsof two stages.In the ®rst stage,the blocksaregroupedinto rows accordingto their

dimensions.In thesecondstage,emptierrows aremergedwith fuller rows until all rows ®t insidethegiven,®xed-shaperegion.

The outline of the ROB algorithm is shown in Figure8. During the ®rst stage,blocksareconsideredone by one and either

addedto existing rows or usedto createnew ones.Hard blocksareconsidered®rst. For every block, if oneof its dimensions
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Algorithm 5.1: ROB FloorplanningAlgorithm

input: Setof blocks �

� 	 
�
�
�	

�

�

; netlist; block aspectratio constraints;region R with height � , width
�

; �

�

�

.
output: true if andonly if a legal solution is found.
Order the blocks�rst by �e xibility (hardblocks�rst) andthenby area(larger area�rst).
for every block �

Setof candidaterows initially empty
for every row

�

if ( � canmatchthe heightof the row by rotating
or reshaping,the row width not exceeding

�

)
then Add

�

to the setof candidaterows
end for
if (setof candidaterows is empty)

Createnew row with heightequalto the smallest
valid dimensionof � . Add � to the new row.

else
Add � to the shortestof the candidaterows.

end if
end for
Curr height := sumof row heights
if ���

�0� ���

�
	

����


� return true
Order the rows accordingto height (taller �rst)
for every row

�

Add the rows shorterthan
�

to sequence�

andorder themby their widths (emptier�rst)
for every row

���

in �

for every block � in
���

Move � to
�

if no over�ow in
�

. The heightof �

shouldbe ascloseto (but not higher than) the
heightof

�

Update ���

�0� ���

�
	

���

if ���

� � ���

��	

����


� return true
end for

end for
end for
return false

Fig. 8. The ROB floorplanningalgorithm.

matchesthe height of an existing row and its addition to that row doesnot createover�ow, it is placedthere.Otherwise,a

new row is generatedwith height equalto the smallerdimensionof the block. Soft blocksareconsiderednext. As they can

be reshaped,they aremorelikely to matchthe heightof an existing row. Whena block can®t in multiple rows, the shortest

oneis preferred.If no suchrow canbe found,a new oneis generatedwith heightequalto the smallestpossibledimensionof

the block.

At the endof the ®rst stage,a setof rows hasbeengenerated.Eachrow width is lessthanthe ®xed width � of the region

4, but it is possiblethat the sumof the row heightsis larger thanthe ®xed height � of the region. In the secondstage,some

rows areeliminatedby redistributing blocksoneby one.The rows arescannedin a decreasingheightorder. Blocks from rows

4
��� �

unlessthereis a block with both its dimensionslarger than � . In that casea legal placementunderthe areaconstraintsobviously cannotbe found.
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shorterthanthecurrentlyselectedoneareaddedto theselectedrow wherepossible.Priority is givento rows of smallestwidth.

Whena block is moved to anotherrow, it is allowed to be rotatedor reshapedfor the purposeof matchingthe heightof its

new row as closely as possiblewithout exceedingit. The procedureis repeateduntil either all the rows have beenscanned,

or enoughrows have beeneliminatedsuchthat the sumof the heightsof the remainingrows is lessthan � . In the ®rst case,

the algorithmendswithout ®nding a legal solution,while in the secondit reportsa success.

Whenlegalizabilityof a cutsize-drivenpartitionof a givensubproblemcannotbeensured,ROB's solutionto thatsubproblem

is employedinstead,by interpretingit asa partition.Sincethesolutionof ROB is organizedin rows (columns),it is guaranteed

to have at leastone slicing horizontalor vertical cut that can be usedas the cutline for a bipartitioning of the blocks.The

bipartitioningsgeneratedby thesecutsarecomparedwith their symmetriconesfor wirelength,and the bestbipartitioning is

selectedto replacethe infeasiblehMetis solution.

VI . EXPERIMENTS AND RESULTS

We comparePATOMA to to Parquet-2[1], a state-of-the-artSA-basedfloorplannerusing the SequencePair geometric

representation,Traf®c [25] andFFPC,the fast floorplannerof Ranjanet al. [23]. For a fair comparison,all experimentswere

performedon the samemachine,a 2.4GHzPentiumIV runningRedHatLinux 8.0. We comparedon four setsof benchmarks.

For all the experiments,the floorplannersaretrying to minimize the wirelengthin a ®xed outline.The ®rst setof benchmarks

includesthe 4 largestGSRCcircuits (size200 - 300 blocks),whereall the blocksare soft. For this set we compareonly to

Parquet-2,becausein addition to the high-quality floorplansit produces,it is, as far as we know, the only freely available

packageonlinethatcanconsiderboth®xed-outlineconstraintsandsoft blocks.We run Parquet-2in two modes.The®rst mode

is thedefault andis very fast,dueto a shortersimulated-annealingschedulethathurtsthewirelengthquality. Thesecondmode

is a high-effort mode,wherewe imposea time limit of onehour to allow SA to attaina bettersolution.

A. SoftBlocks Only

Pad locations®x the amountof given white spaceat approximately55–75%.In order to reducewirelength, however,

PATOMA restrictsits floorplan to an inner core region with just 20% whitespace.5 In the all-soft-blockexamples,PATOMA

usesonly theZDS algorithmandnot ROB to enforcethelegalizabilityof all floorplanningsubproblems.All blocksareallowed

to be reshapedwith any aspectratios in *

7

4��

�

�

. . The end-casesubproblemsare observed to be small, containingfewer than

2 blockson averageandat most27 on any instance.This resultcon®rmsthat ZDS failuresarequite rareandoccuronly for

5On the soft-blockexamples,PATOMA's wirelengthcanactuallybe reduceda few percentby shrinking this inner region to hold just 5% white space.
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relatively small setsof blocks.The recursive, cutsize-driven �o w thus proceedson averagealmostall the way to individual

blocks.The resultsare shown in Table I. The default modeof Parquet-2producesresultsthat are 19% higher in wirelength

than PATOMA, while its runtime is 37 � slower. The high-effort modeof Parquet-2is 11% worsein wirelengthand 824�

slower thanPATOMA.

Circuit PATOMA Parquet-2(high-effort) Parquet-2(default)

WL Run-

time

(sec)

WL

Ratio

Run-

time

Ratio

WL

Ratio

Run-

time

Ratio

n300 570388 4 1.20 501 1.34 46

n200 526011 3 1.08 561 1.15 29

n200b 537607 3 1.09 548 1.11 30

n200c 502128 2 1.10 863 1.15 43

Averages 1.12 824 1.19 37

TABLE I

COMPARISON OF PATOMA WITH PARQUET-2 ON THE LARGEST GSRC BENCHMARKS WITH ALL BLOCKS SOFT.

B. Hard Blocks Only

The secondset of experimentsincludesthe sameGSRCbenchmarks,but with all blocks of given, ®xed dimensions.In

theseexamples,PATOMA usesonly ROB and not ZDS to enforcethe legalizability of floorplanningsubproblems,because

all blocks are hard.Table II shows the resultsfor this set of experiments.On thesebenchmarks,PATOMA producesresults

of 10% lower wirelengththan the default modeof Parquet-2,with a speedupof 33 � , and of 5% lower wirelengththan the

high-effort modeof Parquet-2,with an averagespeedupof 523� .

The third set of experimentsincludesthe sameGSRCcircuits all blockshard,but without pads.PATOMA was compared

with Traf®c andFFPCfor thesebenchmarks,sincethesefloorplannersdo not usepadsor shapesoft blocks.6 Table III lists

the resultsof theseexperiments.FFPC's wirelengthis 3% longerthanPATOMA's, on average,while its run time is 6 � longer.

With Traf®c's run-timelimit set to PATOMA's run time, Traf®c's averagetotal wirelengthis 60% longer thanPATOMA's.

6FFPCdoessupportsemi-softblocks,whoseshapesmustbe selectedfrom a fixed, finite set.Currently, PATOMA supportsonly soft blocks,not semi-soft.

It is readily adaptedto directly handlesemi-softblocksaswell.
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Circuit PATOMA Parquet-2(high-effort) Parquet-2(default)

WL Run-

time

(sec)

WL

Ratio

Run-

time

Ratio

WL

Ratio

Run-

time

Ratio

n300 645001 4 1.07 401 1.11 46

n200 550653 3 1.02 632 1.13 28

n200b 559772 3 1.05 528 1.08 29

n200c 526248 3 1.06 530 1.11 28

Averages 1.05 523 1.11 33

TABLE II

COMPARISON OF PATOMA WITH PARQUET-2 ON THE LARGEST GSRC BENCHMARKS WITH ALL BLOCKS HARD.

Circuit PATOMA FFPC Traffic

WL Run-

time

(sec)

WL

Ratio

Run-

time

Ratio

WL

Ratio

Run-

time

Ratio

n300 351463 4 1.03 6 1.71 1

n200 234085 3 1.09 9 1.52 1

n200b 193008 3 1.02 4 1.65 1

n200c 226147 3 0.96 5 1.53 1

Averages 1.03 6 1.60 1

TABLE III

COMPARISON OF PATOMA WITH TRAFFIC [25] AND FFPC [23] WITH ALL BLOCKS HARD. PADS ARE IGNORED.

C. Hard and SoftBlocks Together

In the fourth set of experiments,we generatedlarge-scalefloorplanningbenchmarksfrom the IBM/ISPD98 suite [4] that

includebothhardandsoft blockson a ®xeddie with 20% whitespace.The soft blocksareclustersof standardcellsgenerated

by the First-Choiceclusteringheuristic[16]. Thehardblocksarethe samemacrosasin the original benchmarks.Theallowed

rangeof aspectratiosfor thesoft blockswassetat *

7

4��

�

�

. . Thesizesof the benchmarksrangefrom 500 to 2,000blocks.We

calledthis suiteof benchmarksthe HB-suite(hybrid blocks).Thesebenchmarksareavailableonline [12]. The characteristics
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of the benchmarksareshown in TableIV. The sametable lists the resultsof both PATOMA andParquet-2(default mode)on

them.For theseexamples,Parquet-2's wirelengthis on average104%higher thanPATOMA's, while it is 209� slower.

Figure9 showsa floorplanfor thebenchmarkextractedfrom ibm01.All thebenchmarkshave anavailabledeadspaceof 20%.

This is a reasonablevalue for modern®xed-sizedesigns.The resultsshow that the recursive-bisection�o w of the PATOMA

algorithmis very effective andef®cient comparedto otherfloorplanningalgorithms.
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Fig. 9. Sampleoutputof the PATOMA algorithmfor the benchmarkgeneratedfrom ibm01. Hard blocksareshown with the H mark.

VII . CONCLUSIONS

A new paradigmhas beenpresentedfor floorplanning a combinationof ®xed- and variable-dimensionblocks under a

wirelengthobjective anda ®xed-outlineconstraint.By constructively ensuringsatis®abilityof all constraintsat eachlevel by

fast, area-driven heuristics,recursive cutsize-driven bipartitioning is allowed to proceedlonger, and post-hoclegalization is

eliminated.Theresulting�o w is scalableandproducessuperiorwirelengthsin ordersof magnitudelessrun time thana leading

SA-basedtool. In the currentimplementation,feedbackto the bipartitioningis usedonly to adjustcutline positions,andonly

until satis®ability is ensured.More elaboratefeedbackcan be expectedto improve resultssigni®cantlyon benchmarkswith

more than500 blocks.
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