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Fast Unified Floorplan Topology Generation

and Sizing on Heterogeneous FPGAs

Pritha Banerjee, Susmita Sur-Kolay, SMIEEE , and Arijit Bishnu

Abstract

RecentFPGA architecturesare heterogeneouswing to the presenceof millions of gatesin Con gurable Logic
Blocks (CLBs), Block RAMs, andMultiplier blocks (MULSs) which canhostfairly large designsWhile their physical
designcallsfor oorplanning in contrasto normalFPGAs,the traditionalalgorithmsfor ASICsdo not sufce. In this
paper we proposea three phasealgorithm (HeteroFloorplanfor uni ed oorplan topology generatiorandsizing on
heterogeneouBPGAs. The methodconsistsof a recursve balancedbipartitioning followed by generationof slicing
topologies,anda nal allocationof CLBs, RAMs andMULs to modulesby a greedyheuristic(GARR) and a min-
costmax- ow formulation. Experimentalresultson benchmarkcircuits shav that our oorplan generationmethod
canproducefeasiblesolutionswithin a few secondsWe obsered animprovementin total half-perimetemwirelength
betweenl8% to 52%, comparedo the very few previous approachesWe alsocompareour greedyallocationwith

a network ow basedmethodto establishthe effectivenessof our locally greedyheuristic.

Index Terms

HeterogeneouEPGA, oorplanning, slicing topology sizing.

I. INTRODUCTION

The spectrumof FPGA basedsystems,especiallyembeddedones, has becomevery wide. Modern FPGA
architectureshave been aggressiely taking over from ASICs in certain areas.These FPGA architecturesare
signi cantly differentfrom thosethatwereavailablein thelastdecadeEarlier, CLBs werea homogeneousesource
andarrangedn rows andcolumnsuniformly, with Primarylnput and Outputs(PI/POs)on the peripheryof the chip.
RecentFPGA architecturecomprisesnot only the CLBs and PI/POs,but also Multipliers (MUL), Block RAMs,
DSPandmicroprocessocores.Fen columnsof RAM-MUL pairsandeven1/O blocksareintersperseémongCLB
columns.Moreover, a large designwith millions of gatesis partitionedinto a smallernumberof functionalmodules
to reducethe place-and-routéime andto achieve betterquality of solution. This necessitatea oorplanning step
for hierarchicaldesignsin the physicaldesign o w of FPGAs. Thougha large volume of work exists for ASIC

oorplanning, it is generallynot employed while mappingdesignsonto the earlier sea-of-gatestyle FPGAs.
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In a typical FPGA physical design o w, after technology-mappinga attened CLB netlist is directly placed
[1], [2], [3], [4] and routedwithout ary oorplanning. Of course,for hierarchicaldesigns,modulesor macros
consistingof CLBs only were oorplanned/placedusingvariousbin packingtechniqueg5]. But, for moduleswith
heterogeneousesourcerequirementsneitherthis techniquenor the traditional oorplannersfor ASICs [23], [30],
[32] adaptedto FPGAs, are adequatg6]. Hencethereis a pressingneedfor fast oorplanning techniquesthat
considerthe heterogeneoukgic androuting resourceof modernFPGAs.

Theliteratureon FPGA oorplanning (both homogeneouandheterogeneousy merelya handful. Emmertet al.
[7] deviseda macrobasedoorplanning methodologyfor earliergeneratiorsea-of-gatestyle FPGAs.Their method
usesclusteringtechniquesto combine macrosinto clusters,and then placesthe clusterswith enhanceccircuit
routability and performanceusing Tabu search.Chengand Wong [8] proposedthe rst oorplanning algorithm
targetedfor heterogeneousPGAs.In [9], Yuanet al. have proposeda packing-basednhethodusingLessFlexibility
First (LFF) principle.Recently Fenget. al. [10] andSinghalet. al. [12] have alsoproposednethodsfor oorplanning
on FPGAswith heterogeneousesources.

The methodsproposedn [8], [10], and[12] arebasedon SimulatedAnnealing(SA), whereaghe onein [9] uses
a deterministicheuristic. Our work HeteoFloorplan, presentedn this paper is a deterministicheuristicwherewe
do not use simulatedannealingor ary otherlocal searchheuristic. Here, we proposea methodologyfor uni ed
oorplan topologygeneratiorandsizing onto target FPGA architecturewith preplacecheterogeneousesourcesin
this paper the preliminarymethodproposedn [13] is further supportedy variousexperimentalresults,theoretical
analysisandveri cation of our methodHeteioFloorplan The experimentalresultsindicatethat HeteloFloorplanis
fastand can produce oorplans with improved half-perimetemwirelengthwhen comparedo existing methods.

The layout of the paperis as follows. In Sectionll, we briey describethe FPGA architecture,de ne the
oorplanning problemfor heterogeneousPGAs,the objective function to be optimizedand thenreview the prior
worksin oorplanning of heterogeneousPGAs.Sectionlll hasthe detailsof our proposednethodHeteioFloorplan
andits time compleity. This methodis illustratedwith anexamplein SectionlV. Experimentaresultsarereported
in SectionV. SectionVI validatesthe greedyallocationof rectangularegions (GARR) of Phasdll by comparing

it with a network o w formulationfor the oorplanning problem.Concludingremarksappearin SectionVII.

Il. BACKGROUND
A. Architectuie

In modernFPGAs, CLBs androuting resourcesare arrangedn rows and columnsas before,but thereare also
othertypesof resourceplacedin certainpatternsto satisfya wider rangeof designrequirementsFigure1 shovs a
Xilinx Spartan-314] FPGAwherethe CLBs arearrangedn columnsinterleaved with columnsof RAM-MUL pair
at certainintervals. Eachsmall squarerepresentsa CLB. A RAM block pairedwith a MUL block, andspanninga
heightof four rows of CLBs, is indicatedby an emptyanda shadedrectanglerespectrely. Henceforthwe assume

this architecturefor this paper althoughthe methodologyis applicableto other similar ones.
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Fig. 1. Spartan-3XC3S5000FPGA Architecture tesselateavith a basictile, indicatedby a rectangleof 4 rows and 20 columnsof CLBs and
1 pair of RAM-MUL blocks

B. FPGA Floorplanning Problem

First, the basicterminologyis given below.

Modulesand Signalnets:Let M = {my, my, :::, m,} beasetof n distinctmodules.LetS = {s;, S2, :::, S;}
be a setof q signalnets.Eachsignalnets; € S is associatedvith a setof distinctmodulesM ;, = {m; | m; e M },
andthe setS is calledanetlist If M, = M, thenthe two distinct signalnetss; ands; connectthe samesetof
modules.

Resouce Requiement\ector [8]: For a modulem, a 3-tuple vector = (Mg, Myam, M) representshe
numberof CLBs, RAMs and MULs requiredby modulem.

Target Architectue: Let W andH be the width and height of a target FPGA architecture wherethe units are
the width and height of a CLB respectiely. A coordinatesystem(0; 0; W; H) with top-left cornerat (0;0) and
bottom-rightcornerat (W; H) is assumedor the given chip. In Figure 1, it is (0; 0; 87; 103) Eachresourceon the
architecturds identi ed by its coordinateposition (x; y), where0 < x <W and0 <y < H. Henceforththeterm
target FPGA architectureandtarget chip will be usedsynorymously

FPGA Floorplanning Problem : Given (1) a target architecture (0; 0; W; H) with its resourcelocations,(2) a
designD consistingof (a) a setof soft ( e xible in shape)modulesM , (b) the resourcerequirementvectors ,,,
for eachm; € M, and(c) the netlist S,

nd a oorplan by assigninga connectedegion R; = (x*in; ymin; xmaz; ymaz) tg eachmodulem; on the target

DRAFT



TECHNICAL REPORT ACMU-2007-1 4

architecturesuchthat

() 0 <xp™ < xe* <W and0 <y <y <H,

(i) region for no two modulesoverlapwith eachother,

(iii)y for eachmodulem;, the resourcesn its region satis es ,,,,
(iv) a certaincostfunctionis optimized.

A oorplan is said to be feasibleif it satis es all three conditions (i), (i) and (iii). The cost function to be
optimizedis typically the wirelength[15], [32] for which the popularmetric HPWL (half-perimeterwirelength),
i.e., the sum of the semi-perimetenf the boundingboxesfor eachnet, is used.In the absenceof information at
this stage,the net terminalson a soft module are assumedo be at the centerof the module. This boundingbox
costhasalso beenextensively usedasa FPGA placementmetric [1]. The problemformulation as statedabove is
a generalizatiorof that givenin [10], [15], [19] and as suchis NP-hard. Like mostof the prior works on FPGA

heterogeneoumorplanning [10], [11], we also considerHPWL asthe objective function.

C. PreviousWorks

Chengand Wong [8], [11] proposedthe rst oorplanning algorithm targetedfor heterogeneousPGAs that
can producefeasiblesolution employing simulatedannealingto optimize area,half-perimetemnwirelength(HPWL)
and the aspectratios of modules.Their methodbegins with a slicing oorplan topology [17] and use simulated
annealingto iteratively perturband improve it. Given an irreducible realizationlist (IRL), i.e., realizationswith
distinct (width, height) pair for eachnode of a slicing tree, they devise ef cient meansto computelRLs asnodes
arememgedfrom leaf level up to root, thereby nding optimal realizationsof a particularslicing tree. The authors
mentionthat their methodis a non-trivial extensionof Stockmeer oorplan optimizationalgorithm[16].

Yuanet al. [9] have proposeda packing-basednethodusing LessFlexibility First (LFF) principle. The authors
rst generatall realizationsof a modulebasedon the currentpackingcon guration. Then,basedon the valueof a
e xibility function de ned by them, the realizationsare sorted.Thereafterall realizationsof differentmodulesare
collectedinto a list. The realizationwith the highest tness valueis selectedAs to the worst casetime compleity,
the authorspoint out that their methodtakesO(W 2n’ log n) wheren is the numberof modulesandW is the width
of the chip. The authorsclaim that the logn factorin the time compleity comesfrom rangesearchingwith the
help of a kd-tree But, kd-treetakes O(,/n) (O(nl—%), whered is the dimension)for rangesearchingn 2D [18].
Time compleity proportionalto log n is achievableif fractionalcascadindg18] is used,but thenspacecomplexity
would go upto O(n log n). The methodfocuseson packingthe modulesonto the target chip ratherthan optimizing
for wirelength.

RecentlyFengand Mehta[10] presenteda two stepapproachbasedon resourceaware x ed outline simulated
annealingwhich optimizesthe HPWL, starting from a given topology followed by max- ow basedconstrained
oorplanning. As FPGA is a boundedrectanglethe authorsin [10] proposea x ed outline simulatedannealing
algorithmin contrastto the areaminimization approachof [8]. The authorsusea penaltytermin their simulated

annealingcostfunction so that modulesare placedas closeaspossibleto their resourcesThe shortcomingof each
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Fig. 2. Flow of our FloorplanningMethod

modulein meetingits resourcerequiremenis thentaken careof by a constrainedoorplanning which is basedon
a min-cost-max- av network formulation. This constrainedoorplanning is a generalizatiorof the methodin [19]
thatwasdevelopedfor ASICs.In [12], Singhalet. al. have proposedanotherSA basedoorplannerwith anadaptve
placeralgorithm.This multilayer oorplanning algorithmreportsbetterHPWL for oorplans with statisticallylarge
variationsin the heterogeneousesourcesHowever, the runtimeis 1:4x than the traditional non-heterogeneous

oorplanner.

I1l. PROPOSED FLOORPLANNING METHOD

In our work, we begin from a point where neitherthe slicing topology nor the shapeof the modulesare given;
only the netlistandthe resourcerequirementsaftertechnologymappingareknown. Our oorplanning methodology
consistsof three phasesnamely constructionof a recursve bi-partition tree as a templatefor possibleslicing

topologies,generatiorof oorplan topologywith sizing [23], [24] andfeasiblerealizationof the topologyasshavn
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in Figure 2.

Thetarget FPGA architecturds representeadsa 2D arrayof rectangulabasictiles (de ned later). If the number
of tiles requiredby all the modulesis more thanthe numberof tiles available on the boarddueto over estimation
of resourcerequirementwe employ a clusteringstepto packmultiple modulesin tiles. Then,in the rst phasewe
recursvely bi-partition the netlistin a balancedmannerto obtaina binary partition tree with modulesand clusters
at the leaves.

In the secondphasefor eachmodule,we generatea setof possiblerectangulashapesn termsof tiles satisfying
its resourcerequirementsA list of candidate oorplan slicing topologies,called slicing trees[23] representedby
binary trees,is constructed Appropriatesizing of the nodesof the bi-partition treein postorder{16] is computed
in polynomialtime.

In the third phase,for eachslicing tree obtainedin the previous step, a rectangularregion within the target
boundary(0; 0; W; H) is assignedo eachmodulewhich respectghe cut direction and the resourcerequirements.
Finally, amongall the oorplans obtained the realizationwith acceptableaspectatiosof modulesandbestHPWL

is reported.

A. BasicTile of a FPGA architecture

To explain this step,a few de nitions arein ordet

De nition 1: A basictile of a given FPGA architectureis an indivisible unit having a x ed rectangularshape
and containinga minimum numberof eachtype of resource suchthatthe architecturecanbe representeéisa 2D
array of theseunits.

Although the numberof eachtype of resourcein any basictile remainsconstantthe relative positionsof these
resourcesmay vary within the rectangulatboundaryof the tile dependingon its indicesin the 2D array of basic
tiles. Let the given architecturebe thus composedf (W, x H,) basictiles, arrangedn H; rows andW,; columns.
In the rst two phaseswe representhe FPGA by (W,, H;). For the typical architecturesvith CLBs, RAMs and
MULs, let us denotea basictile by a 3-tuplevectorA = (acp, &ram, &mw)- In Figure 1, the basictile A = (80,
1, 1) consistsof 20 x 4 CLBs placedin 20 columnsand 4 rows, and a pair of 1 RAM and 1 MUL, placedin
two adjacentcolumns.A basictile A is indicatedby a thick-lined rectanglein the gure. The entire architecture
(Spartan-3)shavn in Figurel canbe coveredby 26 rows and4 columnsof the basictile A, i.e., (W, H,) = (4,
26).

Assumingthe RAMs andMULSs to occurin pairs,let thereber columnsof suchpairsof RAM/MUL in a given
FPGA.Letx; (i =2:::r) bethe numberof CLB columnsbetweenthe (i — 1)** andi‘" columnof RAM/MUL.
Theremay be x; andx,.,; numberof CLB columnsrespectiely to the left of the rst pair andto the right of the

rth pair of RAM/MUL columns.Then,the width W of the FPGA can be expressecdas

W=2r+ x; 1)
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Fig. 3. Rangeof basictile width wa : (a) lower bound,(b) upperbound

Therefore,the width of a tile is w,. The maximumnumberof CLB columnsbetweentwo consecutie pairs of
RAM/MUL columnson the target chip is max_*; {x;}. This situationcan occurif for two horizontally adjacent
tiles, the RAM/MUL columnsfor the left tile is locatedat its leftmostand that for the right tile is locatedat its

rightmost,as shavn in Figure 3(a). So, we have

maxXi{x;} < 2(wa)-4

max i},

or; < W
9 A

Since a basictile hasonly one pair of RAM/MUL columns,the width of the basictile w, cannotexceedthe

givesus

Mt {xi—1 + X +2} > wy

Combiningthe above two inequalities,we have

max 1 {x; .
){—fl{} +2<wa <min x4 X + 2} 2)

The above formulationcanbe generalizedo the casewhentherearek RAM/MUL columnspertile asw 4 = 12

andthe expressionis

+ 2k <wy < min i} X; + 2k} (3)
j=i—k

maxX ) {x;} X
2

For any FPGA architecturesatisfying the abose, we can have a basictile of width w 4. The Spartan-3board
shawvn in Figure 1 satis esinequality 2. Thus, the width of the basictile is i—8 = 22. The basictile of width 22
consistsof 20 columnsof CLBs, 1 RAM and1 MUL.

If it is not possibleto derive sucha basictile, a tile that covers uniformly at leastthe minority resourcedike
RAM/MUL, andmostof the majority resourcdike CLBs, can be computed.Thus,theremay be a few fractional
tiles, consistingof fewer CLBs than the remainingtiles on board.Our oorplanning methodcan still be usedfor
architectureswith suchfractionaltiles, which takes care of this situationin Phaselll of HeteoFloorplan In the

target FPGA architectureusedin this paper fractionaltiles however were not required.
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De nition 2: For a given basictile A, the Tile RequiementT,,, of a modulem; with resourcerequirement

vector ,,,, is the minimum numberof basictiles it requires.This is given by

Mewy . Meam . Mpal
; ; 4
Aclb Qram  Anul )-| ( )

P
LetTi: = ?:1 T, bethetotal numberof tiles requiredby all themoduleslIf T, < W,xH, thenthemodules

T, = [max(

canbe oorplanned within the target chip in the subsequenphasesof HeteoFloorplan However, it may happen
that althoughthe total resourcerequiremenin termsof CLB, RAM, MUL is lessthanthe total resourcesvailable
on the chip, in termsof tiles T,,; > (W, x H,). This occurswhenthereis a large numberof small moduleswith

resourcaequiremenmuchlessthana basictile. For suchcircuits,we employ a greedyheuristicpre-processingtep
of clusteringto pack as mary modulesas possibleinto a basictile, consideringtheir connectvity. This facilitates
the third phaseof HeteoFloorplanto generatea oorplan with a connectedegion for eachmodulesatisfyingthe
respectie resourcerequirements.

Clusteringstepfor large numberof small modules:In a given designD, the setof small modulesM g,,,,; € M,
eachhaving size lessthan or equalto that of a basictile and requirementof one or zero RAM and/or MUL,
are clusteredby modelingM ,,..;; alongwith their signal netsasa graphG. = (V.;E.). Eachvertex v; € V,
corresponds$o a smallmodulem; € M g,,,.11- Eachnets; € S of D is modeledasa clique of verticesthat constitute
the net. Thereexists an edgee = (v;;v;) € E. if v;;v; € V. is asubsetof M, for anets; € S.

First, the elementsof M ,,,.;; are sortedin ascendingorder of their CLB requirement.In eachiteration, the
smallestmodule m, is chosenas seedfrom this sortedlist, and a new clusteris grown aroundit by packingas
mary adjacentmodulesaspossible from the graphG. in increasingorderof their CLB requirementinto a basictile
for the clusterwith seedm.. After deletingall the modulesin this clusterfrom the sortedlist, a new supermodule
for this clusteris insertedmaintainingthe sortedorder This processs repeateduntil no more packingis possible
basedon netconnectvity. Thenwe packthe restof the modules/clusterby best- t bin packingstratey, minimizing
the numberof bins. Thuswe arrive at a new reducednetlist of modules/clustersvhich hasto be oorplannedon

(W¢; H,). Thetime compleity of the clusteringmethodis O(n?), wheren, < n is the numberof small modules.

B. Phasel: Geneation of partition tree

Min cut Partitioning of Module Netlist: In orderto bring connectednodulescloserto eachother, suchthatthe
wirelengthis minimizedin the feasible oorplan, the modulenetlistis bi-partitionedrecursvely basedon min-cut.
The partitions are also weight balancedacrossthe cut edgesaccordingto the tile requirementsof eachmodule.
Sincethetargetchip is coveredwith uniformtiles, balancingthe moduleson the basisof tile requirementanevenly
distribute them acrosscut lines. This increaseghe possibility of generatinga compact oorplan astherewill be
lesswhite spacegieneratediuring memging of almostequalsizedmodulesby verticalandhorizontalcutlinesin the
later phasef the method.We employ a state-of-the-arhypegraphpartitioningtool hMetis[20][21] to obtainthe
weight balancedmin-cut partitioning of the modulenetlist. This yields the relative orderingof the circuit modules

which is the templatefor generatinga setof slicing topologies.
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The input to the hMetistool is a netlist, which is a hypegraphH = (V;E). Eachvertex v € V correspondso
amodulem;, i =1;2;:::;n. A hyperedgee = {vi;V»;::::} € E correspondso M. If {M, M, ;:::M, } are
identical for the signalnetss;, s;, :::, s;, theneachof s;;s;;:::s; correspondgo the samehyperedgewith the
numberof suchsignal netsasthe weight of the hyperedgeThe weight of avertex v € V is T,,,, for modulem;
correspondindo v. The hypegraphH thusgeneratedis bi-partitionedrecursvely to n parts,generatinga binary
partition tree B with its leaves correspondingo n modules.As establishecby Even et al. [22] in their work on
divide-and-conqueapproximationalgorithmsfor optimal linear arrangementhe left to right orderingof the leaves
of B producedby hMetisis a good estimateof the linear arrangementof the modulesin the netlist hypegraph.
This canvery well helpin reducingthe nal wirelengthand hence,delay

Moreover, balancedbi-partitioning of the weightednetlist hypegraph,wherethe weight of eachmoduleis its
proportional arearequirement,helpsin minimizing the whitespacegeneratedduring node sizing and topology
generationn Phasel. By employing the min-cut basedbalancedartitionerthe modulesare distributed evenly on
the FPGA boardon the basisof RAM/MUL.

C. Phasell: Floorplan topology geneiation

Next, the relative positionandshapeof eachmodule/clusteris computedoy anuni ed topologygeneratiorand
sizing method.In this step,a set of sliceable oorplan topologies(i.e., slicing trees)is generatecby appropriate
horizontaland vertical nodesizing of a setof possibleshapeqin termsof basictiles) for eachmodule. The work
of Ottenand Stockmeger [17], [16] nds an areaoptimal oorplan for a given slicing topology and a set of soft
moduleswith a list of shapedor eachmodule.So, it assumes slicing topologyto be givenand nds the shapeof
eachmodulefor an areaoptimal oorplan. In our work, we begin from a point whereneitherthe slicing topology
nor the shapeof the modulesare given; only the netlist, the resourcerequirementsafter technologymappingand
the partition tree template3 are known.

1) Geneation of Module Shapes:

De nition 3: A list D = {(wy, hy), (Wo, hs), :::, (W, hy)} of irredundantshapesf a modulem, is alist of t
possibleshapesof m, where (w;, h;) denotesthe width and height of the i " shapeof m in termsof basictiles.
D is saidto beirredundantif eachindividual w; andh; are distinct [23].

By makingindividualw; andh; distinctasin Def. 3, ashapewith smallerheightis choserfrom two implementations
with the samewidth. Thus,an inferior shapeis always excludedfrom D. A setof possibleirredundantrectangular
shapesfor m; is createdwith all possiblepairs of integers whoseproductis T,,,. As we are consideringonly
rectangularshapesthere may not be mary choicessuchthat width « height = T,,,. If T,,, is a prime numbey
only two shapesare generatedso we also add the shapescorrespondingo the factorsof (T,,, + 1) to obtaina
few more shapepairs,i.e., (width, height) with betteraspectratio. Sincesize of eachclusteris only a singletile,
thereis only oneshapej.e.(w; h) = (1; 1), is possible.

Let > 1 be a positive integer denotingthe maximum aspectratio de ned for ary module.A setof (w;,h;)

pairsis generatedor eachmodulesuchthat,
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Thus, for eachmodulem, j = 1;2;:::;n, we generatea setof t; possibleirredundantshapesD ; = {(w1; hy),
(Wa;ha), 15, (Wi hy), oo (wy,; hy; )} The following lemmagives the time requiredfor generatingall different
shapes.

Lemmal: If = max{t,} is the maximum numberof shapesgeneratedor ary modulem;, thenit would

requireO(n ) time for nding the valuesof all the shapesor n modules.

Proof: Olvious. [ |
Let denotethe maximumnumberof basictiles that a modulemay require. This implies thatif eachof (n — 1)
moduleshave only onetile, thenthe remainingone modulecanhave atmost = [ %27 — (n — 1) tiles, wherec
is the size of a basictile A de ned for a given oorplan problem.An upperboundon the valueof is givenby
O((log )'&¥). The detailsappearater in the Appendix.

2) Nodesizing: A setof slicing trees/ oorplantopologiesare next derived from the partition tree 5 of Phasd
by appropriatenodesizing. So, a subtreeof B rootedat aninternalnodep corresponds$o a sub- oorplan. Let the
list of irredundantshapedor the left andright sub- oorplansof p be denotedby D; = { (wy,; hy, ), (wi,;hg,), @i,
(wi_;h;) }, with |D;| =sandD, ={ (Wy;hy), (Wi hyy), i, (Weshy,) }, with |D,| =t. A sub- oorplan at
nodep is generatedy akutting thei’* member(w;; h;) of D, with thej ** member(w;; h;) of D, eithervertically
or horizontally If the childrenof p areleaves,thenthe left andright sub- oorplansare the modulesthemseles.

\ertical Cut: We usethe vertical nodesizing algorithmof [16] to generatea sub- oorplanwith vertical cut. The

list D; is sortedsuchthat,
wy, <w, <:ii<w, and hy>h,>::>hg,

D, is alsosortedsimilarly. If (w;,;h;;) and (w,;;h,;) are atutted vertically, the resultant oorplan size becomes
(W, 0o, ) = (W, +w,,;max(hy;; h,,)). Thus,the list V? of resultantirredundantshapedior the sub- oorplan at
p is generatechind hasat mosts +t — 1 memberg23].

Horizontal Cut; If the two sub oorplansof p areakutted usinghorizontalcut, we usethe sameirredundantists
D, and D, describedabove. But the lists are now sortedin increasingorder of height and decreasingorder of

width, i.e.,

h, <h,<::<h, and w,>w,>::>w

s

By atutting (w;,; h;;) € D; and(w,,;h,,) € D, horizontally the resultantsize of the oorplan becomegwy,, ,hy, )
= (max(wy,;w,,); h;, +-h,..). As in the caseof a vertical cut, the cardinality of the list H ? of resultantirredundant
shapedor the sub- oorplanat p is at mosts +t — 1.

3) Geneantion of Slicing Trees: For eachinternal node p of the partition tree B, two lists VP and H? are
constructedas above from the child sub- oorplans.A combinedlist M ? of irredundantshapesis computedby

meiging V? andH? suchthat,
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V<= M'[M'

o

M<= VP +H

M<=V +H

Fig. 4. Lists of shapesreatedat ary internalnodeof partition tree B.

Wi <wg<::i:<w, and h;y>hy>:::> h;

is satis ed. Here, k is the total numberof irredundantshapesgeneratecht node p. If the sameshape(w; h) is
generatedn V? andH ?, typically we choosethe horizontalcut, asit is easierto obtaincontiguity of the RAM/MULs
within the region allocatedto a moduleduring Phaselll of HeteoFloorplan While the algorithmfor nodesizing
[23], [16] to generatdrredundantshapesat a nodeassumes given slicing topology HeteoFloorplan generates
setof slicing topologiesaswe traversethe partitontreein post-orderby consideringcutsin both directionsduring
nodesizing at every node.
Lemma2: If s andt arethe respectre cardinalitiesof the lists D; andD,. of theleft andright sub oorplansof
a nodep, thenthe numberof shapedn M ? at nodep is no morethan2(s +t — 1).
Proof: As we are meming the vertical and horizontallists accordingto the condition mentionedabove, the
sizecangrow at mostby a factorof 2 comparedo thatin [23]. [ ]

The combinedlists M ! andM " createdat the left andright children! andr of the nodep is usedfor sub- oorplan

generatiorat its parentnodep as showvn in Figure 4. The symbols'|' and'—

in the gure representhe vertical
and horizontalnodessizing, whereasthe symbol'+' denotesmeming of the irredundantlist of shapesbtainedat
left andright operandThe arrow in the gure shows the bottom-uppostordemprocessingf nodes.Thus,the nodes
of the tree B are processedn post-oder to generatea setof sub oorplansat every internal nodep. We storea
sub oorplan at p asa 5-tuple (w;; h;; cut;;1,;r,), where (w;; h;) is the i*" shapeof nodep which is generated
by meming (I,)!" shapeof left child | and (r,)** shapeof right child r using cut,. The value of cut; is either
vertical or horizontal.

Theoem1: By horizontalor vertical nodesizing atmostO( n 2) shapegslicing trees)can be generatecat the

root of the tree,wheren is the numberof modulesand the maximumnumberof shapedor a module.

is 471 — %) + % Using Lemma2, one can prove this resultby induction. The numberof nodesat a level i is

7241. So,the numberof shapesat ary level i is boundedby 5+ (4°*( —2) + 2). Now, asi = O(log, n) at the

root, the numberof shapes/slicindreesgeneratedat the rootis O(n 2) (n 12827 2i-1), [ ]
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During the postorderprocessingpf nodes,we also calculatethe resourcerequirement , = (Peiss Pram, Pmut) at
every nodep by summinguptheresources; and ,. requiredby its left andright child respectiely. Therequirement
vectoris usedfor realizationof the slicing treein Phasdll. Thus,at the root we geta setof oorplan shapesF =
{(Tw, Tn,)} whereT,,, andT;, arerespectiely the width andthe heightof the i slicing tree/ oorplanin terms
of tiles. Eachshapeof F correspondgo a distinct slicing tree/ oorplan. Further F is in increasingorder of width
and decreasingorder of heightby our methodof constructionWe de ne (T,,; Tn) < (W¢; Hy) if T, < W, and
Tn, <H;and(T,;Tn) > (W;;H,) if ary of T,, or T;, or bothis/aregreaterthanthe correspondingV; and/orH..

Corollary 1: The time taken to generatehe O( n 2) slicing treesis atmostO( n 2).

Proof: The numberof slicing treesgenerateds O( n 2) (seeTheoreml). A slicing treeat level i is produced
in O( : 4°1) time. With O(521) nodesat level i, generatiorof slicing treesat thatlevel requiresO( n 2¢71) time.
Therefore the total time is 12" (n 2i~1) = O(n 2). ]

In summary we processthe tree bottom-uponly once,generatinga setof slicing trees{(T.,,,T1,)} at the root.
For all i suchthat (T,,,Tr,) < (W,;H;) and aspectratio is permissible,the oorplan correspondingo the i*"
slicing treeis feasible. Theremay be slicing treeswith (T,,,,Tr,) > (W¢; Hy), (i.e., apparentlyinfeasible)due to
the following reasonsFirst, the numberof basictiles for a moduleis suchthat theseare sufcient to accomodate
all the CLBs, RAMs and MULSs, eventhoughsomeof the resourcesvithin a few tiles may be unused.Secondto
obtain sufcient numberof rectangularshapeswith betteraspectratios, we have addedshapeswith one extra tile
for amodulewith T,,, prime.However, asfor eachtype of resourcethe sumover all modulesof their requirements
is lessthanthe total amountavailable on the target chip, Phasélll is necessaryor reallocatingdifferenttypes of
resourcedy appropriatepositioningof horizontalandvertical cut lines of the slicing topology The shapeof some
of the modulesmay becomerectilinearin orderto geta feasible oorplan. Finally, if the basictile de nition for a
targetchip callsfor useof a few fractionaltiles to coverit entirely, Phasdll becomesssentialn nding afeasible

oorplan.

D. Phaselll: Realizationof Slicing tree on Target FPGA

For every slicing tree generatedn Phasell, we positionthe cut lines suchthat total resourcerequirementon
its eitherside are satis ed within the target chip. This is performedrecursvely to determinethe coordinatesof the
regionsassignedo the modulesin the oorplan. Therearetwo steps:(i) greedyallocationof a rectangularegion
(GARR) which satis esthe CLB requirementsfollowed by (ii) allocationof RAM andMUL blocksin andaround
this region.

1) Greedy Allocation of RectangularRegion (GARR)to a moduleor cluster: Each slicing tree is traversed
top-downn level by level (level order),in left to right order from root towardsthe leaves, and a rectangulamregion
(xg“'”; yg””; X1y, e*) is allocatedto every nodep usingthe cut directionandthe numberof CLBs requiredat p.
Theentire oorplan rectanglg(0; 0; W; H) is allocatedto the root nodeof the slicing tree.Let the CLB requirements
at nodep, its left child | andits right child r be p.;, |.p andr .y, respectiely. If thereis a vertical cut at nodep

andthe numberof CLB columnsin the region assignedo p is p..;, thenthe numberof CLB columnsallocatedto
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the regionsfor | andr, I.,; andr.,; aregivenby

e
|col = —Pcol; lcol = Peol — Icol (5)
Peiv

Similarly, for a horizontalcut at p with p,.,., rows of CLB, the numberof CLB rows allocatedto | andr are

lein
= Prow; lrow = Prow — lrow (6)
Peib

The region for theleft child | of a nodep alwaysinheritsthe top-left corner(x;"; yi") of p. The bottom-right

|T‘O7JJ

corner(x;***; y***) is derived from the width and heightcomputedas above. So, we get
XPUAT = X e YT = y, " — vertical cutat p (7)

e g”” + 0w — horizontalcut at p (8)

The top-left corner (x™i"; y™in) for the right child r is calculatedas follows:

X = XM ]y =yt vertical cut at p 9)

min
Xr

X[, ymin — yma 41— horizontalcut at p (10)

The bottom-rightcorner (x]***; y*%*) for noder is calculatedanalogousto Equations7 and 8 for vertical and
horizontalcutsrespectiely. At the root, p.,; andp,..., arethe numberof CLB columnsandrows in the chip, e.g.
80 and 104 respectiely for the Spartan-3Board XC3S5000.If p is a leaf node,thereis a moduleor a cluster
associatedvith p, to be implementedn the region (x;m'”; yg“'”; X1y, r4). This region may have more CLBs
thanrequiredby the module/clusterTo obtaina compactshapeof the module/clusterwe calculatethe numberof
rows l,..., OF I,y requiredto satisfythe CLB requirements f—”; or :—”; respectiely for vertical cut at its parent.
Similarly, the numberof columnsl.,; or r., requiredto satisfythe requiremntis llﬁ or % for a horizontalcut
at its parent.

2) Allocation of RAM and MUL: A rectangleassignedas above to a module m; hasadequateCLBs but not
necessarilyenoughRAM/MUL blocks requiredby m;. The de cit in RAM/MULs may have to be met by those
placedexterior to the (top and bottom) boundaryof the rectangle,and this may be in a rectangleassignedo a
neighbouringmodulem, either above or below. If the RAM/MUL requirementof my, is also not satis ed fully
within its rectangle thentheremay be a con ict. Therefore the violationsin RAM/MUL requirementconstraints
areresohed globally by formulatingit asa minimumcostmaximumow (MCMF) problem,suchthata moduleis
not realizedin disconnectedegions.Below, for easeof understandingve consideronly RAMs.

We de ne the o w network G = (U; Z) asfollows. Let U = {s;t} UU, UUg wheres andt are sourceandthe
sink vertex respectiely andUy;, NUg = . If amodulem; hasRAM requirementsthenthereis a vertex u; € Uy.
If a modulehasno RAM requirementthen thereis no vertex correspondingo it in Uy. Eachvertex v; € Ug
correspondso a candidateRAM locationon thetargetFPGA. Let the RAM requirementfor amodulem; beram;.
Supposethe rectangleR; = (xin; ymin; xmaz; ymazr) hasheenassignedo m;. Then,for eachcolumnof RAM

units intersectingthe CLB assignmeninside R, a RAM strip of modulem; is saidto includethe RAM locations
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Stripl Emid point [—JRegion allocated to m Strip 2
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Fig. 5. (a) CandidateRAM/MUL locationfor a modulem; with requiremenof 3 RAM units but hasonly 2 RAM units within its allocated
region, (b) portion of the min-cost o w network correspondingo RAM/MUL allocationfor modulem; . Thelabels(x; y) on the edgesindicate

capacityand costrespectiely.

within R, alongwith ram; locationsabove its top boundaryandram; locationsbelow its bottomboundary There
arethreetypesof edgesin Z,i.e.Z =72, UZy U Z3.
Z; = {(s;u;)|u; € Ur}; the capacityc(s; u;) of eachedge(s;u;) is ram;. The costof eachedgeis 1.
Zy = {(u;;v;)|u; € Upandv; € Ug} suchthatthereis an edgebetweena vertex u; correspondingo a
modulem; anda vertex v; belongingto the RAM strip of the modulem;. The capacityc(u;; v;) of each
edgeis 1 andthe costof the edgeis chosenas a rational value representinghe vertical distanced from
the centerof rectangleR; to that of the RAM locationfor v;.
Z3 = {(v;;t)|v; € Ugr}; the capacityc(v;;t) of eachedge(v,;t) is 1 andthe costis 1.
Figure5 shavsthecandidattRAM/MUL locationsfor allocatingthe RAM/MUL requiredoy modulem ;. Suppose
m; requires3 RAM units, but the region allocatedto m; hasonly 2 RAM unitsin two columns.In the gure, the
seven RAM locationswithin eachof RAM strip 1 and RAM strip 2, arethe candidateRAM locationschosenfor

assigningthe 3 RAM units requiredby m;. The correspondingo w network is also showvn, wherefrom a vertex

We solve MCMF on G to assignRAMSs to available RAM locations.We saythe RAM assignmento be order
preservingif two modulesm; and m; vying for a RAM column with module m; placedabove m; have their
RAM allocationsalsoin the sameordet

Lemma3: If the min-costmax- ow in G is equalto the total RAM requirementP i, ram;, thenthe input is
feasible.Also, a min-costmax- ow in G is orderpreservingfor RAM assignment.

Proof: The rst part of the lemmafollows asa specialcaseof the proof givenin Obsenation1 in SectionVI
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Fig. 6. Exampleof an allocationof RAM/MUL which is not order preserving(edgecostsmay be rational)

of the paper Also, see[10].

For the secondpart, let modulem; lie abose modulem,. Now, supposeby contradiction,there exists at least
oneRAM implementatiorof m;, (sayy;) above thatof RAM implementatiorof m; in the MCMF implementation.
Refer Figure 6 for suchan instanceand also the costswhich are sameasthe distanceof that RAM locationfrom
the middle of the rectangle As modulem; is abose my, the costof the edgeinto the vertex for y; in G is more
for my thanm;. This implies that we canswap y; with ary of its lower RAM implementationdor m;, resulting
in the same o w value but with a reducedcost. Hence,the o w was not of minimum cost and thus we have a
contradiction. [ |

Excessiely large RAM requirementof adjacentmodulesmight yield an infeasible MCMF. This implies that
the chosenslicing topology is inappropriatefor a feasiblerealizationand is hencerejected.If thereis no slicing
tree with feasibleMCMF, a differentrelative orderingof modulesin Phasd is required. The MUL units are also
assignedo the physicallocationsin a similar mannerby solving a separateMCMF.

Lemmad: The MCMF takes O(H 2log®H ) time.

Proof: Let R; be the rectangleassignedor modulem; having I; RAMs. So, the numberof edgesfrom vertex
u; € Uy correspondingo m; is |; +2 x ram,. Therefore the total numberof edgess P » (l;+2xram;). Surely
boththetotal numberof RAMs andthetotal numberof RAMs enclosedvithin the non-overlappingrectanglesiasto
beO(H). So,| Z |=0O(H). Also, | U |= O(H). TheMCMF wouldtake O(| Z |log |U | (| Z |+ |U |log | U |))
time [26]. With | Z |=| U |= O(H), the time compleity of MCMF is O(H 2log® H ). [ |

The RAM/MUL allocation as done here by solving an MCMF is conceptuallysimilar to the network ow
formulation of Fengand Mehta [10] as both tries to solve the violationsin RAM/MUL requirementconstraints
globally. But our formulationis donebasedon one-dimensionajeometry we ensureorder preservingassignment
(vide Lemma3). Also, our formulationleadsto a network of sizelinearin H becauseof the way we de ne and
usea RAM strip. The sizeof the o w network asdesignedby FengandMehta[10] is O(R), whereR is the total
numberof CLBs, RAMs and MULs on the board,i.e., W « H, whereW andH arethe width and heightof the

boardrespectiely. CLBs, which arein majority on the board,do not comeinto our complexity.
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Allocation of regionsto modulesof a cluster: At the endof Phasdll, we have regionsassignedo eachmodule
and/orto the clusterof modules.The RAM/MUL requiredby eachmodule/clusteis also assignedo RAM/MUL
locationson the chip. However, the moduleshapewithin the clusteris not yet decided.The assignmenbf modules
of a clusterin a prede nedregion having CLBs, RAMs andMULSs is a oorplanning problemof smallerdimension.
However, in our case,this region correspondingo a clusteris very small and is atmostthe size of a basictile
consistingof 80 CLBs, 1 RAM and1 MUL. Thuswe employ a greedyheuristicto implementthe modulesinside
this region. First we placeary modulehaving RAM and/orMUL requiremeniext to the RAM/MUL columnsin
the region, thenwe placethe restof the modulesof the clusterin the remainingavailable spacein that region.

The processof CLB assignmenfollowed by RAM and MUL assignments carried out for every slicing tree
generatedn Phasell. The HPWL is calculatedfor each oorplan generatedSince RAM/MUL columnsare pre-
placedon FPGA, 2D compactiorof the entire oorplan becomes challengingtaskkeepingthe minimal wirelength.
However compactionsuchasin [11] canbe appliedto HeteoFloorplan aswell, thoughit might changethe aspect
ratio of modulesandthusthe wirelength.The oorplans with minimal wirelengthand no discontinuityof modules

arereportedasfeasible oorplans.

E. Time compl«ity of HeteioFloorplan

The overview of our oorplanneris givenin Algorithm 1.

Theoem?2: Thetime compleity of HeteoFloorplan, excluding Phasd, the recursve balancedipartitioningis
O(n 3+ n 2H2log?H), whereH is the heightof the chip, n is the numberof modulesand is the maximum
numberof shapegyenerated.

Proof: The clusteringstepis O(n?) with the number of modulesn. By Corollary 1, the time taken for
generatingO( n 2) slicing treesis O( n 2). For eachof the slicing trees,we traversethe tree of size O(n) from
root to leavesin orderto x therectangularegionsof the CLBsin O(n) time. Then,we solve a MCMF to assign
RAM/MULs in O(H 21log® H) time (by Lemmad4). The total time compleity is thusO(n 2(n+H?2log?H)), i.e,
O(n 3+ n2H2log”H). [

The recursve bi-partitioneris iterative becauseof the use of hMeTs. But, the authorsof hMetisin [21] claims
that the time taken by hMeTis is almostlinear in the numberof hyperedgesi.e., netlists. It may be noted that
the valueof is very small, typically 6 to 10 for a oorplanning problemwith hundredsof modules.The reason
behindthis is that asthe value of n increasesthe maximumvalue of decreasesThus, HeteoFloorplan taking
O(n 3+ n 2H?2log? H), comparedavorably againstthat of [9] which the authorsclaim to take O(W 2n°logn)
time (our analysisshaws that the logn term should be replacedby /n). It may be noted herethat as the other
two methods,viz. [8] and [10] use simulatedannealing,it is not possibleto comparethe time compleity of

HeteoFloorplan with these.
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Algorithm 1: HeteroFloorplan
Input : Module netlist S, list of moduleresourcerequirements ,,,, FPGA architecture(0; 0; W; H ) andits

basictile A

Output: A feasible oorplan

Preprocessing:
ComputeW, andHy;

for each modulem; do
| nd the minimum numberof tiles required(T,,,) from the resourcerequirementector ,,,;

if T, total tiles required > (W, x H;) yetresoucesare available then
| clustersmall moduleswith resourcerequiremeniessthanthatin basictile A, into minimal setof clusters
Phase I: Generation of Partition Tree

Recursiely bipartition the netlist of modules/clusterbasedon balancedmin-cut;

%This partition treeis usedas a templatefor slicing topologies%

Phase II: Generation of Floorplan Topologies

Enumerateshapeqw; h) in termsof the numberof tiles;

Determineslicing topology and shapesby vertical and horizontalnodesizing by post-ordertraversalof the
partition tree of Phasel.

%The outputis a setof slicing topologies%

Phase III: Realization of Slicing Tree on FPGA

for ead slicing treedo
L GARR:Traversein level orderand allocaterectangularegion to eachmodulebasedon CLB requirement;

Allocate pre-placedRAM/MULs to modulesby min-costmax- ow (MCMF);
Reportfeasible oorplan;

IV. AN EXAMPLE

Herewe explain our oorplanning methodwith a syntheticexamplecircuit takenfrom [8], [11]. ChengandWong
[8] devised an experimentas follows. They took XC3S5000which is the largestchip in the Xilinx [14] Spartan
3 family. They divided the XC3S5000almostevenly into 20 blocks, eachcorrespondingo a module. Of the 20
modules,16 need400 CLBs, 5 RAMs and5 MULs each,andthe restof the 4 modulesneed480 CLBs, 6 RAMs
and6 MULs each.The authorsclaim this to be a very tight problem.A little bit of inef ciency on the part of the
oorplanning methodcould renderthe oorplan to be infeasible.The methodHeteoFloorplan is explained with
this tight problemof [8]. We consideredhe samecircuit from [8] with 20 modulesand constructedan appropriate

netlist for comparisorpurpose Figure 7(a) shawvs the binary partition tree obtainedin Phasd of HeteioFloorplan.

generatedn Phasdl. Onesuchslicing treewith its verticalandhorizontalcut lines marked at every internalnode,

is shavn here.Finally, the realizationof the slicing tree onto the coordinatesof the target architecturein terms
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(b)

Fig. 7. An example circuit of [8]: (a) one of its slicing trees and the box next to each node gives the four co-ordinates

(xmin . ymin - ymax .ymax ) of the region allocatedto the node,(b) oorplan producedby HeteroFloorplan.

TABLE |

FLOORPLAN RESULTS FOR 20-module example [8]

Index of slicing tree 1 2 3 4 5 6 7 8 9 10
(Tw.Th) (1;104) | (2:52) | (3;39) | (4:26) | (5;22) | (6:20) | (7;17) | (8;14) | (9;13) | (10;11)
Wirelength(HPWL) 392 560 X 816 X X X X X X
Avg. aspectratio 17:.01 4:25 X 1:06 X X X X X X

of (x™min,ymin. ymaz. ymazr) gre reportedin a vertical box belowv every node.For example, the root is realized
as (0,0,87,103),i.e., the entire target architecture Within the oorplan area,a module,say my, is realizedas
(0; 64; 21; 83). Figure 7 (b) shaws the nal allocationfor eachmoduleon Spartan-3XC3S5000.

The effectivenessof HeteioFloorplan is amply demonstratedvith the 20-module example circuit of [8] that
coversthe entiretarget architectureTable | shavs the resultobtainedby HeteioFloorplan for the examplecircuit.
Therow (T, Tp) is the width andheight(in termsof basictiles) of each oorplan topology generatedfter phase
II. Therow marked wirelength(HPWL) shaws the wirelengthobtainedfor eachslicing treerealizationafter phase
. A X markin WL indicatesthat the correspondingglicing treeis infeasible.Note that the 4** slicing tree has
(Tw; Tr) = (4;26) = (W,; H,). Hence for this topology we neednot executePhasdll. However, we executePhase
Il on all the slicing topologiesgeneratedeveniif their (T,,; T) > (W;; H:). As mentionedin last part of Section
[1I-C3, the tiles remainunderutilized dueto the mismatchin threedifferentresourcerequirementof a module. It
may be possiblethat by modifying the cutlines,the topology could be madefeasible. Thus,we executephaselll on
all the topologiesto get a setof feasible oorplans. This is shavn in Tablel, wheretopology con guration 1 and

2 with (T,; Tn) > (W¢; Hy) hasbecomefeasibleafter executionof Phaselll. However, topologieswith T;, < H;
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TABLE I
BENCHMARK CIrRcUITS, C: CLB, R:RAM, M:MUL

Ckt Characteristic
Circuit | #Modules | #Nets #(C, R, M)
ideal 20 18 | (8320;104; 104)
apte 9 44 (6614; 70; 70)
Xerox 10 183 (6625; 66; 50)
hp 11 44 (6591, 66; 66)
ami33 33 84 (6289; 61; 60)
ami49 49 377 (6300; 63; 63)
n100a 100 576 (6352; 39; 38)
n200a 200 | 1585 (6342; 44; 34)
n300a 300 | 1893 (6399; 65; 54)

and T, > W, usuallyleadto infeasiblesolutions.The time taken by HeteoFloorplanto generatethe oorplans
for all the 10 slicing treesis 2:98 secondn a slower 1:2GHz SunBlade2000, which is far lessthan 88 seconds
taken by [8] on a faster2:4GHz Intel (R) Xeon CPU. We obsened that HeteloFloorplan could constructthe same
oorplan reportedin [8] with an appropriatepartitiontree.In Tablel, thetopologyin column5 (slicing treeindex
4), is identicalto that reportedin [8]. Since[8] doesnot reportthe wirelengthfor this 20 moduleexample,we can
not compareit with ours.Further mary of the slicing treesremainednfeasibleasthe resourcerequirements very
tight. The averageaspectratio of moduledimensionsis shown in the last row of Tablel. Although the rst two
oorplan realizationshave smallerwirelength,the averageaspectratio of the modulesare far off from 1, whereas

the realization(4; 26) hasthe averageaspectratio very closeto 1 andwe reportthis asthe nal feasible oorplan.

V. EXPERIMENTAL RESULTS ON BENCHMARKS

We have implementedhe proposednethodin C usingLEDA library[25] on 1:2GHz SunBlade2000 workstation
with SunOSReleasés:8. HeteoFloorplanis testedon Xilinx XC3S5000(Spartan-3FPGA with 8320CLBs, 104
RAMs and104 MULs. Thesearearrangedn 88 columns(including 4 RAM-MUL column pairs)and 104 rows of
CLBs. As mentionedearlier, the basictile sizeis chosenasA = (20 x 4;1;1), i.e., 80 CLBs,1 RAM and1 MUL.
Experimentalresultson 9 benchmarkeircuits derived from MCNC [8] and GSRCBookshelfASIC oorplanning
benchmark$27] arereportedhere.ASIC benchmarksrecorvertedto FPGAbenchmarkssin [10] by proportional
CLB requirements.

Table Il hasthe detailsof the 9 benchmarkcircuits, namely the numberof modules,the signal nets, the total
requirementf the threetypesof resourcesin columns2, 3 and4 respectiely.

Tablelll shavs the comparatie resultsof wirelength(HPWL) obtainedby HeteoFloorplan and by thatin [10].
The secondcolumn reportsthat (T,,; T) in Phasell for which we obtaineda feasiblesolution with aspectratio

closestto 1. Notethat (T,,; Tn) > (Ws; H;) in mary of the casesAs explainedin the previous section this is due

DRAFT



TECHNICAL REPORT ACMU-2007-1 20

! A B |/ '/ Empty space

! :>< ------ I X ! % Center of module
—
| ¢ }----FA4- | % Case I: Bounding box of a net
.. A % with terminals at center
Z. V]
—- Case II: Bounding box of a net

with terminals on periphery

Fig. 8. Computationof boundingbox of a netwith terminalson modulesmarled A, B andC

Fig. 9. Floorplanof ami33after phaselll for (Tw;Th) = (4;30)

to mismatchbetweenthe resourcesavailable in tile and variationsin type of resourcerequirementf modules.
By executing Phaselll, the oorplan becomesfeasible.One such oorplan of the circuit ami33 after Phaselll

is shawvn in gure 9. The wirelengthHPWL can be computedwith the assumptionghat the terminalsare either
(Casel) at the centerof the modules,or (Casell) on the peripheryof the modules,as shavn in Figure 8. For the
FPGA benchmarksvailable, the terminallocationson the moduleswere not known to us. Thuswe have computed
centerto-centerHPWL as in casel for all the benchmarkcircuits and reportedthem in column 3 of Table IlI.

Sincethe methodin [10] employs SA basedPARQUET [30], [31], we assumethat the wirelengthreportedthere
is computedas in casell (terminalsat periphery).For comparisonof HeteoFloorplan with theirs, we take the
worst casescenarioby consideringthe terminalsto be at the extremecorners,.e., the top-left and the bottom-right
corner of the enclosingboundingbox of the net. As expected,this is much larger than centefto-centerHPWL.
This worst caseHPWL asin Casell, is reportedin column4 of Tablelll. As [10] computeghe wirlength on the
ASIC dimension,we have also scaledthe wirelengthfrom FPGA boardto ASIC dimension.Columns5 reports

the wirelength (HPWL) directly from [10]. We comparethe percentageagain in wirelengthboth w.r.t Casel and
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Fig. 10. Variationof HPWL (Casel) with averageaspectratio of a module

TABLE 1lI
COMPARISON OF WIRELENGTH (HPWL): HeteroFloorplan VS.[10] CASE |: TERMINALS AT CENTER; CASE ||: TERMINALS ON
PERIPHERY
HeteroFloorplan Methodin [10]
HPWL HPWL % Gain

Ckt (Tw:Th) [ I I [ I
ideal (4; 26) 816 1605

apte (4;22) | 189720 | 441801
Xerox (4, 28) 919485 | 1636096
hp (4;26) | 106170 | 194597
ami33 | (4;30) 42623 87592 89283 | 52 | 20
ami49 (3;45) 950322 | 1242337 | 1173000 | 18
nl00a | (4;39) 209456 | 371339 | 358338 | 41
n200a | (4;38) 439154 | 594254 700045 | 37 | 15
n300a | (4;42) 690391 | 886015 875602 | 21 1

Casell in columns6 and 7 respectiely. We obsened that the gain in wirelengthrangesbetween18% to 52% in
Casel (comparingcolumns3 and 5) and —5% to 20% in Casell (comparingcolumn4 and 5). On the average,
the improvementfor Casel is 34% andfor Casell is 5% with our calculationbasedon worst-casescenario.

We have also comparedour HPWL with that of [11] in Table IV, wherecenterto-centerHPWL is considered
on the 88 x 104 XC3S5000boarditself. Column2 shaws the same(T,,; T,) asin Tablelll. The centerto-center
HPW.L on the sameFPGA boardobtainedby HeteoFloorplanis shavn in column3. The wirelengthobtainedby
[11] is reportedin column4. We obsened from column5 that the percentageyain in HPWL rangesfrom 3% to
14%. Here, we have reportedthe wirelengthsof such (T,,; T;,) wherethe averageaspectratio over all modules
rangesfrom 1 to 13. Further by HeteioFloorplan the user hasthe option of selectinga oorplan from a set of
slicing treeswith a trade-of betweenaspectratio and wirelength,as desired.Figure 10 shavs how the wirelength

increasesasthe aspectratios aproachl, for a subsetof circuits.
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TABLE IV

COMPARISON OF WIRELENGTHS (HPWL): HeteroFloorplan VS. [11]

HeteroFloorplan Methodin [11]
Ckt | (Tw:Th) | HPWL | HPWL | % Gain
ideal (4, 26) 758
apte | (4;22) | 2599 | 2704 3
Xerox (4;28) 9187 10476 12
hp (4:26) | 2732 | 3123 12
ami33 (4;30) 3644 4114 11

ami49 | (3;45) | 13336 | 15311 | 12
nl00a | (4;39) | 25896 | 30295 | 14
n200a| (4;38) | 58586
n300a | (4;42) | 72820

TableV shavs the CPU time (in secs.)taken to producethe oorplans. In column 5, we reportthe time taken
by HeteoFloorplan on 1:2GHz SunBlade2000 workstation,which is much slower than the platform reported
in [10], [11]. For a fair comparisonwith their work, we adoptthe following steps.Since both methodsemploy
simulatedannealingoasedx edoutline ASIC oorplanner PARQUET [30], [31], we executethe default PARQUET
(withoutwirelengthminimization)on our platformandreportthe runtimein column2. We obsenedthat PARQUET
with wirelength minimization takes longer executiontime. Feng et al. employs anotherstep called Constrained
Floorplanning(CF) basedon min-costmax- ow formulation. We have implementedhe min-costmax- ow on our
platform using LEDA library[25]. The time taken to executethis stepis reportedin column3. The time taken by
HeteoFloorplanis givenin column5 alongwith the correspondingiumberof slicing treesgeneratedn Phasell,
in column 4. From the experiments,we concludethat the combinedstep of PARQUET and CF is 2x to 373x
slower dependingon the size of the circuit. As [11] is also basedon simulatedannealingand a compactionstep
followed by it, the time taken mustbe more than the time taken by PARQUET. HenceHeteoFloorplan mustbe
fasterthan[11] in the sameorderof magnitudeas[10]. We obsened that not all theseslicing treesgeneratedy
HeteoFloorplan arereally necessaryhencewe canprunethe slicing trees,therebyreducingthe time evenfurther.

This shaws the suitability of HeteoFloorplan for fastFPGA oorplanning.

VI. How GooD 1S OUR GARR?

In this section,we evaluate our greedy heuristic of positioningthe cut line in the slicing topology basedon
the resourcerequirementson either side of that cut line, againsta network o w basedformulation. Our greedy
stratgy is locally optimal asit determineshe locationof a particularcut line at nodep from the ratio of the CLB

requirementf the left andright childrenof p.
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TABLE V

COMPARISON OF CPU TIME

Time(s) [10] HeteroFloorplan
Circuit | Parquet CF | {#islicing trees | Time(s)
ideal 20 2:98
apte 1:78 | 0:61 16 1:22
Xerox 21 0:61 20 1:02
hp 2:57 | 061 18 0:96
ami33 199 | 0:55 23 1:39
ami49 43:12 0:61 23 3:84
n100a 92:31 0:95 24 1:16
n200a 695:92 | 0:92: 32 2:6
n300a 1605:.07 1:02 39 4:3

A. Max- ow Formulationfor CLB Allocation

For every slicing tree generatedn Phasell of HeteioFloorplan, the problemis to allocatea rectangularegion
to eachmodulesatisfyingits CLB requirementsand without causingary discontinuity of the modules.Had there
beenno boundson W andH of the target FPGA architecturethe slicing tree could have beeneasily realizedon
a (Ws; H;) oorplan asstatedearlierat the endof sectionlll-C 3. But giventhe x ed size constraintwe startwith
a (Wy; H,) realization,and linearly scaleit down to the giventarget (0; 0; W; H). Let us denotesucha realization
by S.

Two salientissuesareto be raisedhere:(i) whitespacesrecreatedn S duringnodesizingin oorplan topology
generation{ii) linear scalingdowvn may not guaranteesatistctionof resourcerequirement®f eachmodulewithin
the rectangleassignedto it. Reallocationof resourcescan be modeledas a network o w problem as discussed
next. Fenget al. [19] useda similar kind of network o w formulationin their work on constrainedoorplanning
in ASICs. As shavn in Figure11 (a), in S, the (0; 0; W; H) targetchip is dissectednto rectanglesn of which are
earmarled for the modulesand the remainingare whitespacesfor a rectangler ; earmarled for a modulem;, let
the available resourcein r; bera; andthe resourcerequirementof m; berr;. For an empty rectangle,only ra;
is associatedwith it.

We de ne the ow network G = (V; E) asfollows. Let V = {s;t} UV, UVg wheres andt arethe sourceand
the sink verticesrespectiely. Eachvertex v; € V;, correspondgo the i** moduleto be oorplanned. Eachvertex
v; € Vg correspondgo the j " rectangleas shavn in Figure 11(b). Certainrectanglesare earmarled for modules;
the restare whitespaceshat areto be utilized for reallocationof CLBs to satisfyresourcerequirementsThereare
threetypesof edgesin E, i.e.E =E; UEs UEs.

Ei:  {(s;vi)|v; € VL }; capacityc(s;v;) of edge(s;v;) is rr,.

Eo:  {(vi;vj)|vi € Veandv,; € Vg} suchthati = j, orr; andr; are adjacenthorizontally vertically or

diagonally; capacityc(v;; v;) of edge(v;;Vv;) is ra;.
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@ ray, =80 ra,=60 ra;=80
@ ra,=80 @ @

rr,=100 rr,=120 rrs=90
ra,=70 ra,=90 ray,=100

® e ©

@ ra;=50
rr,=60 rr;=120 rrs=60

@)

(b)

Fig. 11. (@) A linearly scaleddown realizationof a node-sizedslicing treeto t an (0; 0; W; H) architecture Rectangleamarked 1; ;6

denotethe module realizations;W1 and W> denotethe whitespacesra; (rr;) denotesresourceavailable (requirement).(b) Flow network
correspondingo the realizationshavn in (a). While the capacityfor eachedgefrom s to V| is shavn next to the edge,that for ary edge

incidenton a vertex in Vg is marked besidethe vertex.

Es:  {(vj;t)|v; € Vgr}; capacityc(v;;t) of edge(v;;t) isra;.
Figure 11(b) shows the ow graphfor the realizationin Figure 11(a). Note that, the capacityc(v;;v;) of edge
(vi;v;) € Eq is assignedn suchaway thatthe o w f (v;;v;) is equalto thewhole or partof the CLB requirements
of modulei metby rectanglej .

De nition 4: A realizationS of b rectanglesand n modulesis said to be a feasiblerealization of a given

P b
j=1

oorplan problemif P parr < ra; andthe modulerequirementsare met by the resourceavailable with
the rectangles.
Along the lines of [19], we have the following obsenation.
Observationl: Letf,,,, bethe maximum o w in the network G correspondindo therealizationS. If f ., =
. rri, thenS is feasible.
Proof: Considera cut C = ({s};{VL UV Ut}). The ow f acrossC signi es the part or whole of the

resourcerequirement®f all modulesthat have beensatis ed by the resourceswvailablein all the rectanglesThus,

X X
f < c(s;v;) = rr; (11)

v, €V], =1
Let F (Vz;v;) bethe sumof owsintov; € V, from all v; € V; which signi es the allocationof resourcesn
rectanglg . Also,
f(v;;t) <c(vjit) v €Vg (12)
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Dueto conserationof ow at vy,

F(VLiv) =1 (vit) (13)
From Equationsl2 and 13 andthatc(v,;t) = ra;,
F (VL; Vj) < C(Vj; t) =Tra; (14)

Equation14 signi es that the resourceallocatedfor ary rectanglej is at mostra;, which is the resourceavailable
in rectanglej . Now, if f,,.. = P ?:1 rr;, thenwe can claim that the resourcerequirementf all moduleshave
beenmetandby Equation14, we know thatthe resourceallocationto eachrectangledoesnot exceedits available
resourcesThus, if f,,., = I, rr;, S is feasiblebecausehe total resourcerequirement(P »_,rr;) hasbeen
met. ]

By ow computation,if we obtaina feasibleS, thenfrom the non-zero o w valuesat eachvertex v; € Vg we
get the subsetof moduleswhich make useof the availableresource(ra;) of rectanglej . Supposethesenon-zero
o ws into v; originatefrom a setof verticesV;7 C Vr. Then,the available resourcera; of rectanglej is to be
allocatedto eachmodulem; correspondingo a vertex in V. In this manner a module m; can be assignedo
one or more neighboringrectangleqaka edgeset E> of network G), with a condition that it doesnot become
discontinuouslt may be obsenred that eachrectanglej hasto be partitionedamongthe modules(part or whole)
correspondingo V;, which itself is a oorplanning problemof a smallersize. This is the reasonfor which our
proposedmethodhasnot adoptednetwork o w approachHowever, this network o w basedformulation givesus

a global picture of the realizationof a slicing tree, againstwhich we canvalidateour greedyheuristic.

B. Comparison

respectiely. Let cf; and cfjf be the numberof CLBs of module m; that are containedin rectanglej by Het-
eroFloorplan andthe network o w basedmethodrespectiely. As both c?; and c?jf may be 0, we introducetwo

new booleanvariablesx?; and X xo

ij 1 X5 =0 (xz‘jf = 0) meansmodulem; is not implementedwithin rectangle]

by HeteoFloorplan (network o w basedmethod);similarly, x7; =1 (xfjf = 1) meansmodulem; or a part of it
has beenimplementedin rectanglej by HeteoFloorplan (network o w basedmethod).In orderto measurethe
similarity betweenthe CLB distribution of our oorplan andthe network o w basedone,we de ne a metric  for

percentagef matchasfollows:

=(1—- ):100 (15)
where,
1 X 1 X' |ey; — Zf|
=z P — (16)
j=1 i1 (X9 VX)) Ci
The parameter takesreal valuein [0;1]. = 0 indicatesan absolutematch betweenthe CLB distribution
of our oorplan andthe network ow basedoneand = 1 indicatesan absolutemismatch.Thus represents

the matchingpercentageof CLB distribution betweenHeteioFloorplan and the network o w method. Table VI
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TABLE VI

SIMILARITY OF CLB ALLOCATION BY HeteroFloorplan WITH NETWORK FLOW BASED METHOD

Circuit | #rectangles %
ideal 20 96
apte 10:5 83
Xerox 11:9 81
hp 12:8 76
ami33 41:4 75
ami49 57:8 63
n100a 110:0 65
n200a 2195 63
n300a 219:1 62

presentgshe valueof for the differentcircuits underconsiderationThe secondcolumn lists the averagenumber
of rectanglesacrossall oorplan topologiesandthethird columnshavs . As canbe obseredfrom the valuesof
rangingfrom 62% to 96%, HeteoFloorplanfollows to a greatextent, resourceallocationin the network o w based
method.Furthermore due to inclusion of the diagonalneighboursin the edgesetE,, the CLBs of the modules
may be distributedamongall its neighborsBut, the realizationby PhasdlIl of our proposednethodin Sectionlll
is by horizontaland vertical cut lines; thus retaining mainly rectangularshapesThis explains the reasonfor not

having a very high valueof in all cases.

VII. CONCLUDING REMARKS

In this paper we have developeda fast oorplanning methodologyfor FPGAs with heterogeneousesources
consistingof CLBs, RAMs and Multipliers asin Spartan-3=PGA architecturesWe proposea deterministicthree
phasemethodHeteoFloorplanfor uni ed oorplan topologygeneratiorandsizing for suchheterogeneousPGAs.
The time compleity of our approachexcluding the recursve balancedbi-partitioning by hM etis in Phasel, is
O(n 3+ n 2H?2log? H), whereH is the heightof the chip, n the numberof modulesand  the maximumnumber
of shapegyeneratedThis is an improvementover the other deterministicheuristicpresentedn [9]. Experimental
resultsdemonstratea speed-upin the rangeof 2x to 373 x, dependingon the size of circuit, over the existing
methods,and an improvementon the average,of 34% in wirelength. Further we evaluatedour greedyresource
allocation GARR againsta network ow basedformulation to establishthat GARR measuresup to the global
allocationby max- ow method.A two-dimensionatompactiorstepin the presencef pre-placedesourcesvithout
sacri cing the wirelengthis a challengingtask and needsdeeperinvestigation.Our methodcan be usedfor other
architecture®y selectingappropriatdile structure Floorplanningon moreirregulararchitecturesvith two or atmost

threedifferentbasictiles is being studiedpresently
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APPENDIX

The time complexity deducedn Theorem2 is O( n (n 4+ H!?)) where = max{t;} is the maximumnumber
of shapesgeneratedor ary modulem; in termsof basictiles. Let the size (numberof CLBs) of the basictile
be c. So, the numberof basictiles beingtargetedonto the W « H chip is [@1. Thus, the maximumnumber
of tiles a rectangulamodulecantake is [ Y227 — (n — 1), wheren is the numberof modulesin the oorplan.
The maximumnumberof rectangulaishapes that canbe generatedor sucha moduleis equalto the numberof
distinct factor pairs of

From basicnumbertheory [28], [29], arny naturalnumber hasa uniqueprime factorizationgiven by
=prlipyiiiipyt (17)
whereeachp; is a primewith p; < ps < :::< pg. Then, thenumberof all integer factorsof is given by
=(ri+1)(ro+ 1) (rp +1): (18)

By taking logarithmof both sidesof Equation17, we get
Xk
log = r;log p; (29)
=1
As eachr,; andp; arepositive, for all i, we have 1 <r; < O(log ), i.e,r; < O(log ). So,Equation18 becomes
= O((log )k). Moreover, both sidesof Equation19 tally only if the numberof termson the right handside,
i.e., the numberof primesk < O(log ). Hence,the upperboundon the numberof factorpairsof , andtherefore

is given by O((log )'&").
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