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Abstract

This paper presentsan interconnect-driverfloorplanning (IDFP)

flow and algorithmintegratedwith multi-layer global wiring plan-

ning (GWP). It consides a numberof interconnectperformance
optimizationsduring floorplanning including interconnecttopol-

ogy optimization, layer assignment,buffer insertion, wire siz-

ing and spacing It also includesfast routability estimationand

performance-drivemouting for congestion contol. Our experi-

mentson the SUNpicoavaITM core testcircuit showthat over

74%delayreductioncanbeachievedusingour interconnect-driven
floorplannercompaedto a corventionalfloorplannerwithoutcon-

sidemtion of interconnectperformanceoptimization/planning\We

expectthat IDFP with GWP will play a cental role in designing
interconnect-limiting high-performancéntegratedcircuits.

1 Introduction

Global interconnectis commonly recognizedas a key factor for
designinghigh-performancentegratedcircuits, as VLS| process
technologymigratesinto deepsubmicron(DSM) dimensionsand
operatesn giga-hertzclock frequenciesBy usinga wide rangeof
interconnecskynthesisand optimizationtechniquessuchastopol-
ogy optimization, buffer insertion,layer assignmentwire sizing,
andwire spacingtheperformancef aglobalinterconnectouldbe
improvedby afactorof 5 or more.In the currentdesignflow, how-
ever, theseinterconnecbptimizationsaremainly usedin the post-
layout stageg(e.g., global and/ordetailedrouting). As the global
interconnectsre largely determineddy floorplanning,it becomes
critical for floorplanningenginego beableto handleefficientinter
connectplanningandoptimizations so thatthe overall timing and
designcorvergencecanbeachieved.

Sofar, very limited work hasbeendonetoward a betterunder
standingof interconnect-drienfloorplanning.Thework in [1] pre-
senteda unified channeled-BS@Gbhounded-sliceline-gridgtructure
to combinefloorplanningwith routing. Butit canonly handlechan-
nel routinginsteadof the multi-layer, over-the-cellrouting. In [2],
afastgrid-basedyeometryroutingis usedin asimulatedannealing-
basedloorplanningengine.But neitherperformancenetricnorin-
terconnecperformanceptimizationwasconsideredin [3], buffer
block planning(usedfor interconnecbptimizations)problemwas
studied.The concepif feasibleregion wasintroducedandshavn
to be effective for planningbuffer locationsfor a given floorplan.
Yettheroutability/congestiomwasnottakeninto accounin [3]. The
work of [3] waslaterextendedby [4] to considerindependentea-
sibleregion with routability considerationHowever, noneof these
works considerednulti-layer interconnecplanningand optimiza-
tion (e.g.,layerassignmentwire sizingandspacingoptimization).

In this paperwe presentan interconnect-driverfloorplanning
(IDFP) flow and algorithm integrated with multi-layer global
wiring planning (GWP). The integrated framevork emphasizes
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interconnect performance optimizations throughout the entire
flow. We demonstrateur flow and algorithm using a simulated
annealing-baseéfloorplanningengine, tightly integratedwith ef-
ficient GWP that considersa set of effective interconnectopti-
mizationtechniquesincludinginterconnectopologyoptimization,
layer assignmenthpuffer insertion, wire sizing and spacing. We
shaw that our IDFP significantly outperformsthe corventional
floorplanningby over 74% delay reduction,on a SUN picokva-
I1™ core microprocessotestcircuit.

The remainderof this paperis organizedasfollows. Section2
formulatesthe problem. Section3 presentsour integratedfloor-
planningandwire planning/optimizatiorflow andalgorithm. Ex-
perimentakesultsareshavn in Sectior4, followed by conclusions
in Section5.

2 Problem Formulation

The purposeof this study is to investigatea unified flow of
interconnect-drivenfloorplanning with considerationof global
wiring planningand optimization The problemis formulatedas
follows. Givena setof functionalblocks(or modules)the number
of availablerouting layersand their processparameterspecified
by a giventechnologywe wantto computeasshavn in Figurel1:
(i) the bestlocationsandshapeof eachfunctionalblock, and(ii)
theglobalroutingsolution(includinglayerassignmentuffer loca-
tion, wire sizingandspacing¥or eachnet,andgeneratiorof buffer
blocks (optional), suchthat a certainset of designobjectives are
optimized.Thedesignobjectivesincludenotonly thoseconsidered
by traditional floorplanners,.e., total wire length and chip area,
but alsothe overall circuit performancdlargely determinedy the
performancef globalinterconnectslefinedby a floorplanningso-
lution) androutability/congestiomptimization.
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Figure 1. Outputof IDFP is a floorplanwith multi-layer global
routing with buffers (or buffer blocks)generated.Thereare four
globalnets{A, B,C},{D, E,F},{G,H,I},and{J, K, L}.

Becausall existingbenchmark the publicdomainarelack of
pathdelayconstraintsijn this paperwe assumea simpleintercon-
nectperformancemodel. Thatis, the maximumdelayfor all nets



is usedto determinethe overall clock frequeng. This performance
modelis overly simplifiedandunrealistic yetit still requiresusto
carefully addresghe interconnecplanningproblemduring floor-
planningandcanbeusedasa“testvehicle”to drive ourresearcion
interconnect-dvienfloorplanning.Our primarygoalis to minimize
themaximumdelayfor all globalnetsdefinedby thefloorplanning
solution. Our secondangoal is to minimize the overall chip area
andtotal wire length,while maintaininggoodroutability.

We adoptthe widely usedEIlmoredelaymodelfor interconnect
andthe switch-level RC modelfor buffers. Similar to [5], we de-
fine atier to be a pair of adjacentmetallayerswith similar cross-
sectionaldimension. For the two layersin the sametier, oneis
mainly devoted for horizontalrouting, and the other for vertical
routing. Note that for a metallayer (or tier), one may chooseto
usewire width andspacewider thanthe minimumfor interconnect
performanceptimization.

3 Overall Flow and Algorithm

3.1 Overall Framework for Floorplanning and In-
terconnect Planning

Figure 2 shawvs the overall framevork for our floorplanningand
interconnecplanningmethodology The key enginein this frame-
work is an interconnect-dvien floorplanner(IDFP) that fully in-
corporateghe impactsfrom interconnectperformanceoptimiza-
tions throughoutthe entire flow, usingfast global wire planning
for performanceand/orroutability optimization. Due to the inher
entcompleity of the IDFP problem,we usemulti-stage adaptve
costfunctionswithin IDFP to graduallyconsidemoreinterconnect
optimization, planning,and/orglobal routing features. Using the
adaptve costfunctionsgivesusflexibility to tunefor differentde-
signobjectves,andto tradeof betweerperformancendruntime.
After the “best” floorplanandits globalrouting (with interconnect
optimizationsbuilt in) areobtained someoptionalpost-processing
andrefinemenstepsmayfollow to furtherimprove the overall cir-
cuit performanceandroutability.
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Figure2: Theoverallflow of interconnect-dvienfloorplanningand
globalwiring planningandoptimization.

Our floorplanengineis basedon the simulatedannealingalgo-
rithm andusesthe Polishexpressiorto representhe slicing floor-

plan structure[6]. Besidesconsideringtraditional measurements
(suchastotal wire lengthand chip area)for a goodfloorplanning
candidateyve focuson interconnecperformanceptimizationand
estimatiorwith consideratiorof layerassignmenthuffer insertion
andwire sizing/spacing. We proposetwo phasesf global wire
planningto handlethe performancesvaluation: global wire plan-
ning underareaconstaint (GWP-A) andglobal wire planningun-
derroutability constaint (GWP-R).GWP-Awill estimatehemax-
imumnetdelaywhenconsiderindayerassignmentufferinsertion
andwire sizing/spacingwhile GWP-Rwill estimateheroutability
for agivenfloorplan.

At high temperaturesimulatedannealingbehaes morelike a
randomwalk andis lesssensitve to the costfunction. Sowe use
someroughbut fastestimationgo let the simulatedannealingen-
gine quickly explore more solution spaceand find a good initial
solution. Whenthe temperaturdbecomesdower, we needmore
accuratecostfunctionto guidethe searchso that the solutionare
optimizedtoward our objectives. Thereforewe divide the simu-
lated annealingemperatureegion into four differentstagedrom
high to low temperatures From Stagel to Stage4, we usepro-
gressiely moreaccuraténterconnecperformanceandroutability
measuremen@asthetemperaturgoesdown.

¢ During Stagel, we usea weightedcostfunction ) of area
(A), total wire length(T'L), andthe maximumlength (M L)
ofanet,i.e.,yp = A+ BTL + yM L. We usehalf-perimeter
metricto estimatehenetlength. Themaximumwire lengthis
usedasa roughmeasuref the maximuminterconnectlielay
sincefor a long wire with optimal buffer insertionand wire
sizing, its delayis alinearfunctionof wire length[7].

e During Stage2, we replacethe maximumwire lengthby the
maximumnetdelayD with consideratiorof layerassignment,
buffer insertion,wire sizing and spacingoptimizationsfor a
givenfloorplancandidate.Theny = A + BT L + yvD. We
have developeda fast GWP-A algorithmto computeD, and
it worksin lineartime compleity in termsof total numberof
nets(to be explainedin Section3.2in detail).

e During Stage3, we furtheraddtheroutability/congestiomet-
ric into the cost function by performing GWP-R. That is,
9 = A+ BTL+vD + §CJ1, whereCJ, denoteghe con-
gestionestimationusingthe Z-shapeestimationapproachto
be explainedin Section3.3). Notethatduringcomputatiorof
D, GWP-A alreadytakes careof the overall routing resource
allocation,but it doesnot have “localized” congestiorinfor-
mation. Our routability/congestiorestimationis obtainedby
usinga probabilisticmodel,similar to thatdevelopedin [2].

e During Stage4, we performafastperformance-dvien, multi-
layerglobalrouting(to beexplainedin Section3.3)to evaluate
the routability of the final stagefloorplanningsolutionsand
obtaina more accuratetotal wire lengthbasedon the global
routingsolution.Then,s) = A+ TL +yD + 6CJ>, where
CJ, denotesheaveragdile boundarycongestiorobtainedy
performingaglobalrouting.

Theparameterg, v, § areconstantsvhich controltherelative im-
portanceof thetermsin the costfunction.

3.2 Global Wire Planning Under Area Constraint
(GWP-A)

At Stage? of ourinterconnect-dvienfloorplanningengine we per
formafastglobalwire planningfor delayminimizationundergiven
areaconstrain{ GWP-A). Given a floorplancandidateye quickly
determindrom GWP-A (i) theoverall performancestimation ii)



thewire width andspacingoptimizationfor eachlayer, and(iii) the
layer assignmen{with consideratiorof optimal buffer insertion)
for eachnet.

For simplicity of routingandvia structure we assumehateach
netis assignedo oneroutingtier during GWP-A, similarto [8, 9].
Also, we usesingle width/spacingfor eachtier, sincecompared
to mary-width wire sizing or tapering,it providesa muchsimpli-
fied routingarchitectureyet obtainsreasonabl@erformanceom-
paredto that obtainedby usingmary discretewire widths, espe-
cially whenbuffer insertionis performed8, 10]. In this study we
usethemaximumnetdelayasa simpleperformanceneasure.

Theoverallalgorithmfor GWP-A combinesa binarysearchfor
thebestdelaytargetundergivenareaconstraintianda greedywire
packing(underthegivendelaytargetfor eachnet). Theinitial range
for the binary searchcanbe easily obtainedusingsomeminimum
width/spacingsetting. Thengivena delaytarget,we will checkthe
feasibility of every netmeetingts delayconstrainor not(underthe
given routing areaconstraintdor eachtier). This canbe doneby
alayerassignmenin a greedybottom-upmannei9] by assigning
shortwiresin lower metallayersandlongerwiresin upperlayers.
For eachtier, we will find thebestwidth/spacingair (w;, s; ) such
thatit canaccommodat@s mary netsas possiblewhile meeting
bothdelayandroutingareaconstraintsNotethatthereis adelicate
balancen choosingheoptimal (w;, s7). If (w;, s7) issmall(e.g.,
minimumwire width andspacing),thenthe resultingdelay (even
afteroptimalbuffer insertion)maybelarge,andnotmary intercon-
nectsmay meetthe delay constraint. In this case,the numberof
netsthat canbe assignedo a currentlayer is mainly constrained
by delay However, if (wj;, s;) is too large,althoughthe numberof
netsthat could meetthe delay constraintmay increase gachwire
now usesa larger area. In this case the resultingnumberof nets
thatcanbeaccommodateth thetier is mainly constrainedy area.

For givenwire width andspacingfor eachtier, we useanaccu-
ratecapacitancéook-uptableto obtainunit lengthcapacitancéin-
cludingarea fringing andcouplingcomponents)Fromunit length
resistanc@ndcapacitancér, c), we usetheclosedform expression
in [11] to computethebestdelayby optimalbuffer insertion.It first
computegheoptimalnumberof buffers.
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andthenplug & = kop: into the following optimal delayformula
with k buffersinserted:
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3.3 Global Wire Planning Under the Routability
Constraint (GWP-R)

Given the outputsof the GWP-A algorithm, that s, the layer as-
signmentesultsof all thenetswith themaximumnetdelayandthe
wire width andspacingor eachayerin afloorplan,theobjective of
GWP-Ris to quickly evaluatethe routability of this floorplan. We
usethe multi-layer routing modeland assumethat only one kind
of wire canbe usedin eachlayer We patrtition the floorplaninto
n by n tiles and evaluatethe routability by estimatingthe routing
congestiorover the boundaryof thetiles,i.e.,CJ, andCJ» in the
costfunction. Sincewe alreadyhave a net’s preferredrouting tier

@

INotethereis sometypoin Eqn. (6) of [11].
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provided by the GWP-A algorithm,we assumehatall netswill be
routedin the preferredroutingtier asmuchaspossible andwe al-
low a netto crossno morethantwo tiers without worseningthe
delayof thefloorplan.

We adopttwo kinds of approacheso estimatethe routing con-
gestion.Thefirst approachs basedn a stochasti@pproachsimi-
lar to thatdevelopedin [2]. We assumaall the netswill berouted
using2-bendwires (Z-shape)andcaneasilyobtainthe routing us-
ageprobabilityfor eachboundaryof atile andusethe greatestile
boundaryrouting probabilityto estimatethe routability. For multi-
ple nets,we decompose¢heminto 2-pin nets. We call this kind of
estimationZ-shapeestimation

The secondapproachis to do a fast global routing using the
graph-based-treealgorithm[13 (GA-treealgorithm)to routenets
oneby one. The GA-treealgorithmworks on a routing graphthat
representthe3-dimensiontile-layerstructure.ln aroutinggraph,a
noderepresentatile in alayer If awire canberoutedthroughtwo
adjacenttiles, then an edgeis addedto the correspondingnodes
in the routing graph. So a routing edgeactually correspondso a
boundaryof atile or avia, andthetile boundarycongestiorcanbe
handledby assigningweightto the edges.Sincewe know the op-
timal wire width andspacing,we canderive the boundaryrouting
capacity Highly congestedigerfloved routing edgescan be as-
signeda large weight. The GA-treealgorithmwill find a min-cost
A-treeontheroutinggraph.By usinga slope-like costfunctionfor
edgeweightto penalizeoverfloved/highlycongeste@dgesandup-
datingtheweightafterroutingeachnet,we cangetaglobalrouting
solutionwith congestiorcontrol without do having ary iterations.
For an edgein a routing tree,the routing congestioris definedas
the numberof netscrossingthe correspondindile boundary We
usetheaverageroutingcongestiorperroutingedgesn all netrout-
ing treesto estimatethe overall routability. We call suchapproach
GA-treeestimation

For runtime purposeswe usethe Z-shapeestimationapproach
in Stage3 to provide the C'J; in thecostfunctionof floorplanning,
andthe GA-treeestimatiorapproachn Stage4 to providethe CJ»
andmoreaccurateotal wire lengthT L. It is obviousthatthereis
atradeof betweerruntimeandaccurag of routability estimation.
Z-shapeestimationis fasterbut lessaccuratecomparedo GA-tree
estimation.

4 Experimental Results

We have implementedthe IDFP algorithmin C++ languageand
testedit on a440Mhz SunUltra 10 workstationwith 256M mem-
ory. Our testcircuit is generatedrom the Verilog sourcecodesof

the picolava 1T core microprocessofrom SunMicrosystems.
We usetheVIS systenfrom UC Berkeley to corverttheVerilogde-

scriptionto a gate-level descriptions We breakdown thetop level

units of the picoJaa-II to obtaina testcaseof 33 blocksand3153
nets,of which 77% of the netsare2-pin-nets>

We estimatethe areaof a circuit by thefollowing method.Since
the numberof two inputsgatesneededo implementa combinato-
rial circuit is roughly as sameasthe numberof literalsin its dis-
junctive normalform representatiorwe will usetheliteral countas
thegatecountin our estimation We usetheareaof a2NAND gate
(1458)\?%) andtheareaof a LATCH (6561\?) from a0.25um SC-
MOS cell library in MOSIS (http://wwwmosis.og) to estimatethe
areafor thetwo-inputsgatesandlatchesin thedesign.Becausave
usethe 0.1Qum technologyin ITRS'99 [13] for our experimental
setting,the X is setto 0.05um. We assumehetotal areaoccupied
by a circuit is 3 timesthe areaoccupiedby the gatesand latches
consideringheroutingarea.Thetotal estimatedareais 31.6mm?.

2We ignoresomesimple gatesin the floorplanner We alsoexcludeall
theclock netsasthey shouldbe planneddifferently



module  #IOs area module #lOs area
(pm?®) (pm®)
dcramtop 154 4.49e+4| smuctl 81 4.24e+4
icudpath 548 4.10e+6]| icrammisc 46 4.41e+3
pipe 409 2.68e+5| dtagmisc 70  7.15e+3
itag_top 56 1.12e+4| dcrammisc 84  7.96e+3
dcudpath 577 5.30e+5 dcctl 157 1.25e+5
prils 159 2.62e+5| mantissa 470 1.24e+6
multmod 152 1.24e+6| codeseq 142 2.88e+6
exponent 94  7.38e+5 incmod 218 1.00e+6
nxsign 15 1.71e+4 rsadd 215 1.07e+5
ff_sr2 5 426 ff_s 2 92
ff s5 10 465 pcsustate 9 3.87e+3
smudpath 377 2.15e+5 icctl 112 2.92e+5
icramtop 115 1.69e+4 trap 87 4.04e+4
ex 1266 4.42e+6 ifu 371 7.03e+6
rcu 616 2.71e+6| holdlogic 41  4.13e+3
ucode 560 4.16e+6| dtagtop 101 2.75e+4
itag misc 31 3.21e+3

Tablel: Estimatedareasof second-leel modulesin picoJaa.

FPin [6] | IDFP || Improvement

delay(ns) 0.476 | 0.123 74%
areafnm?) 33.3| 34.4 -3%
averagecongestion 125 84 33%
total wirelength{n) 8.10| 3.58 56%
runtime(min) 43 194 —

Table2: Comparisorbetweenthe conventionalfloorplanningand
our IDFP onthetestcircuit picoJaa-Il.

Tablel shavs the numberof |Os andthe estimatedareasof all the
secondievel modulesof thepicoJaall core.

Theparameterasedn ourexperimentarebasednthe0.1qum
technologyin ITRS'99[13]. The minimumwidths (andspacings)
for the local, semi-global,and global metallayersare0.13,0.17,
and0.28 um, respectiely. The sheetresistancdor local, semi-
global,andglobaltiersare0.098,0.046,0.029 respectrely. Forthe
buffer, theintrinsic delayis 50ps,input gatecapacitancés 7.2f F',
andoutputresistancas 2342. We setwire width to be equalto
wire spacingfor the samemetallayer. Our wire width choicesfor
eachtier arefrom 1 to 6 x minimumwidth.

We compareour IDFPto thecorventionalfloorplanningflow [6].
For the cornventionalfloorplanning,the cost function consistsof
only areaand total wire length, and neitherinterconnectperfor
mancemetric nor interconnectperformance/routabilitypptimiza-
tionsis considered.Thenfor both flows, we will useGWP-A and
GWP-Rfollowed by buffer insertionfor eachnetto obtainthe ac-
tual maximumnetdelayandrouting congestiorinformation.

Table2 compareshe maximumdelayfor all nets,chip area,av-

eragecongestionand total wire length of thesetwo approaches.

Comparedo thecorventionalfloorplannerourinterconnect-dvien
floorplannerconsiderablyreducesthe delay (for global intercon-
nects)by 74%. It alsoreduceghe congestiormetricandtotal wire
lengthby 33% and56%. Our IDFP uses3% more areathanthe
corventionalFPsincethelatteris morearea-minimizatiomriven.

5 Conclusions

In this paper we have presentedand demonstratedhe effective-
nessof a unifiedflow for interconnect-dvienfloorplanning(IDFP)
with multi-stage, multi-layer global wiring planning (GWP). It

efficiently incorporatesnto IDFP a numberof interconnectper

formanceoptimizations,suchas interconnectopology optimiza-
tion, layer assignment,buffer insertion, wire sizing and spac-
ing optimizations. It alsoincludesfastroutability estimationand
performance-dvien routing for routability and congestiorcontrol.
Our experimentalresultsshaw that over 74% delay reductioncan
be achiezed by usingthis unified interconnect-dvien floorplanner
comparedo a conventionalfloorplannerwithout consideratiorof

interconnectperformanceoptimization/planning. We expectthat
IDFP with GWPwill play a centralrole in designinginterconnect-
limiting, high-performancéntegratedcircuits.

It shall be notedthat the net-basedlelay modelwe adopthere
is not practicalandwe useit mainly to demonstratehe necessity
to considerinteconnect-dvien floorplanning. We planto studyon
the path-basedielaymodelandobtainlarge circuits with pathde-
lay constraint§rom industryto furthertestourinterconnect-dvien
floorplanflow.
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