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Abstract

This paperpresentsan efficient approachto perform global interconnectsizing and spacing(GISS) for multiple netsto

minimize interconnectdelayswith considerationof couplingcapacitance,in addition to areaand fringing capacitances.We

introducetheformulationof symmetricandasymmetricwire sizingandspacing.Weprovetwo importantresultsonthesymmetric

andasymmetriceffective-fringingpropertieswhich leadto a very effective boundcomputationalgorithmto computetheupper

andlower boundsof the optimalwire sizingandspacingsolutionfor all netsunderconsideration.Our experimentsshow that

theupperandlower boundsoftenmeetquickly or becomecloseaftera few iterationsfor mostwire segments.Whenthe lower

andupperboundsdo not meet,we thenapply a bottom-updynamicprogramming-basedrefinementalgorithmto computethe

final wire sizingandspacingsolutionfor eachnet. To our knowledge,this is the first in-depthstudyof globalwire sizingand

spacingfor multiplenetswith considerationof couplingcapacitance.Experimentalresultsshow thatour GISSsolutionsleadto

substantialdelayreductionthanexistingsinglenetwire-sizingsolutionswithoutconsiderationof couplingcapacitance.

�
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1 Intr oduction

Therehavebeenextensivestudiesin recentyearsontheoptimalwire-sizingproblem.MostearlyworksusedElmoredelaymodel

[1] for interconnectsandstudythediscretewire sizing [2, 3, 4] andcontinuouswire shapingor sizing [5, 6]. Thewire-sizing

problemis alsostudiedunderhigh-orderdelaymodelin [7, 8]. A comprehensivesurvey of theseoptimizationtechniquescanbe

foundin [9]. Theseworksshowedthatsignificantdelayreductioncanbeachievedby optimalwire-sizingin submicrondesigns.

However, noneof themexplicitly consideredthecouplingcapacitance.

As VLSI technologycontinuesto pushtowarddeepsubmicron,thecouplingcapacitancebetweenadjacentwireshasbecome

thedominatingcomponentin the total interconnectcapacitance,dueto thedecreasingspacingbetweenadjacentwiresandthe

increasingwire aspectratio for deepsubmicronprocesses(theminimumspacingfor 0.35��� it hasreached1.5 in 0.35��� logic

processes,andwill reach2.5in 0.18��� logic processes[10]).

In orderto understandtheimportanceof thecouplingcapacitance,weconductedsomeexperimentsbasedonasetof advanced

processparametersfrom Intel andusethenetsextractedfrom anIntel microprocessorchip � . We first obtainroutingandwire

sizing solutionsby the simultaneoustopologyconstructionandwiresizingalgorithm[12] with considerationof only the area

andthe fringing capacitances.We thenrun HSPICEsimulationson thesesolutionsunderdifferentspacingassumptionswith

considerationof couplingcapacitancesprovided by Intel. Table1 shows the maximumdelaysof the samerouting andwire

sizingsolutionunderfour differentspacings:the infinite spacingmeansthatall same-layerneighboringwires to thesenetsare

too far away to have couplingeffect, the �
	��
��� for layerM1 and ��	 ����� for layerM5 meanthatsame-layerneighboringwires

arealways �
	��
��� or ��	��
��� away from thesenets,and �
����������� and �
����������� meanthatsame-layerneighboringwiresareat

randomspacings(from ��	 ���
��� to ��	! ������ for layerM1, andfrom ��	 ��"���� to #�	 #�"���� for layer M5, with stepto be ��	 ����� )

for eachsegmentof thesenets. The couplingcapacitanceis determinedaccordingto thesespacings,except that thereis no

suchcapacitancein theinfinite spacingcase.Both themaximumdelayandthepowerdissipationmayincreasedrasticallywhen

thecouplingcapacitanceis taken into account.For example,themaximumdelayfor Net5on layerM1 at spacingrandom1is

increasedby 38.7%whencomparedwith thatat the infinite spacing;thepower dissipationfor Net5on M1 layerat the infinite

spacingis 1.53 ��$ , but becomes3.83 �%$ (a factorof 2.5x increase)at �
	��
��� spacing.Theseresultsshow that it is unlikely

thatanoptimalwiresizingsolutionwhich considersonly theareaandthefringing capacitanceswould remainoptimalwhenthe

couplingcapacitanceis considered.

High couplingcapacitancein deepsubmicrondesignresultsin both noise(capacitive crosstalk)andadditionaldelay. In

this paper, we studythe global interconnectsizingand spacing(GISS)problemfor delayminimizationwith considerationof

thecouplingcapacitance,in additionto theareaandfringing capacitances.In Section2, we introducetheproblemformulation&
Thesenetsaremulti-sourcenetsoriginally usedin [11, 4]. Werandomlyassignoneastheuniquesinglesourcefor eachnetin ourexperiments.
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maximumdelay(ns)underdifferentspacings

All wiresin M1 layer All wiresin M5 layer

spacing ' 0.5 ��� random1 random2 ' 1.5 ��� random1 random2

Net1 0.1356 0.3750 0.2386 0.2363 0.1617 0.2890 0.2496 0.2017

Net2 0.2542 0.7143 0.4494 0.3930 0.2713 0.4711 0.3903 0.3544

Net3 0.7376 1.9168 0.8964 0.9613 0.5870 1.0029 0.7927 0.7502

Net4 0.8851 2.2896 1.3343 1.4783 0.5895 1.0071 0.8417 0.8038

Net5 2.7637 5.7931 3.7653 3.4119 1.7838 3.6393 2.8732 2.7871

Table1: Maximumdelays(ns)for Intel netswith neighboringwiresatdifferentspacings(thedriver resistanceis 270 ( )

for symmetricandasymmetricwire sizing andspacingfor both singleandmultiple nets. In Section3, we presenta dynamic

programmingbasedalgorithmfor singlenet optimization. Thenin Section4, we reveal two effective-fringingpropertiesfor

both symmetricandasymmetricwire-sizing,andproposea very efficient boundcomputationalgorithmto computethe upper

andlower boundsof theoptimalwire sizingandspacingsolutionfor all netsunderconsideration,not just onenet. Whenthe

lowerandupperboundsdonot meet,we thenapplya bottom-updynamicprogramming-basedrefinementalgorithmto compute

thefinal wire sizingandspacingsolutionfor eachnet.Experimentalresultsin Section5 show substantialimprovementof GISS

algorithmover previoussingle-netoptimal wire-sizingalgorithmwithout couplingcapacitanceconsideration.Discussionand

Futurework will begivenin Section6.

2 ProblemFormulation

2.1 Symmetric and Asymmetric Wir eSizing

Givena layoutof � nets,denoted)+* for ,.-/��	0	1	 � . Net )2* consistsof ��*�34� terminals 5�6 *7�8:9;9;9;8 6 *<�=?> connectedby a routing

tree,denoted@ * . 6 *7 is thesourceof ) * , andthedriver A * at thesourcehasaneffective outputresistanceof B * . Therestof the

terminalsaresinks. Theterminals(sourceandsinks)of @�* areat fixedlocations,and @�* consistsof �+* wire segmentsdenoted

by 5DC *� 8;9;9:9;8 C *E =F> . Thecenter-line of awire segmentdividestheoriginalwire segmentevenly. In Figure1(a),for example,two

horizontalwire segmentsC � and CHG areshown with their center-lines. We assumethat thecenter-line for eachwire segmentis

fixedduringwire sizingandspacing.

Eachwire segmenthasa setof discretechoicesof wire widths 5�$ � -I$ E * < 8 $ G 8:9;9:9J8 $�K > . We use LNM to denotethe

width of thewire segment C . All previousworksimplicitly assumedsymmetricwire-sizing, whichwidensor narrowseachwire

segmentin a symmetricway aboveandbelow thecenter-line of theoriginal wire segment,i.e, eachwire segmenthasonepiece

wirewidth. An exampleof symmetricwire-sizingof thetwo wire segmentsC � and C.G with aneighboringnetis shown in Figure

1(b).
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(a)  Wire segments with center-lines

E E1 2 (b)  Symmetric wire-sizing

(c)  Asymmetric wire-sizing

E E1 2

neighbor

neighbor

E1 E2

neighbor

Figure1: (a)Wire segmentswith center-lines.(b) Symmetricwire-sizing.(c) Asymmetricwire-sizing.

However, symmetricwire-sizingmaybetoo restrictive for interconnectsizingandspacing,especiallywhencouplingcapac-

itanceis considered.In this paper, we proposeanasymmetricwire-sizingschemein which we maywidenor narrow above and

below thecenter-line of theoriginalwire segmentasymmetrically, i.e,eachwire segmenthastwo piecesof wirewidth. Usingthe

sameexampleasin Figure1(b), we would like C � to befartheraway from its neighboringwire. As a result,we grow only the

bottomhalf pieceof thewire segment,keepingthetop half intact,asshown in Figure1(c). Let L.OM ( LHPM ) representthewidth of

thewire below (above)ahorizontalline segment.Thenew wire width is definedas LNMQ-RLHOM 3SL.PM . An asymmetricwire-sizing

solutionis valid if L.OMUT $ E * <WV � and LHPMUT $ E * <XV � . Note that for symmetricwire-sizing, LHOM -YL.PM -ZL M V � . To avoid

introducingadditionalnotation,we alsouse L.OM and LHPM to denotetheasymmetricwire widths for the left andright partsof a

verticalwire segment,respectively.

2.2 InterconnectSizingand Spacingfor SingleNet

Givena layoutof � routingtrees@�* ’s, theinterconnectsizingandspacingproblemfor asinglenetis to find asymmetricwire as-

signment[\-45DL M�]^ 8;9:9;9:8 L M�]_ ] > or anasymmetricwire assignment[\-45DL M�]^ -a`bLHOM ]^ 8 LHPM ]^:c 8:9;9:9;8 L Md]_ ] -a`bLHOM ]_ ] 8 L.PM ]_ ] c >
for aroutingtreeof interest,say@We , in orderto optimizethefollowingweighteddelayobjective(asusedin [2]) with consideration

of thearea,fringing andcouplingcapacitances:fhg ] `i[ c - E ]jkml � n e k 9 fhg ] `i6 e k 8 [ c 8 (1)
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where
n e k is thecriticality of sink 6 e k in net ) e , and

f g ] `i6 e k 8 [ c is thedelayfrom source6 e 7 to sink 6 e k in theroutingtree @ e with

wire-sizingsolution [ .

Wemodeltheroutingtreeof eachnetbyanRCtreeandusethedistributedElmoredelaymodel[1] tomeasuretheinterconnect

delaysfor performanceoptimization.Theformulationsusedin thissectionaresimilar to thosein [2]. For clarity of presentation,

we assumethat a uniform grid structureis superimposedon the routing plane,andeachwire segmentin the routing planeis

dividedinto asequenceof wiresof unit length.Nonetheless,theresultspresentedin thispapercanbeextendedeasilyto thecase

wherethewire segmentsareof non-uniformlengthsin thesamewayasin [2].

Assumethatthesheetresistanceis � , theunit wire areacapacitancecoefficient o;p , theunit wire fringing capacitancecoeffi-

cient o;q , andtheunit wire lateralcapacitanceoJr:s , thenthewire resistance� M andwire capacitanceo M for any grid edgeC can

bewrittenasfollows:

�DMt- �L M and oJMu-vo;p 9 LwMx3Qo q 3Qo r:s `bLwM 8 6:OM 8 6:PM c
Notethat o r:s `bLwM 8 6:OM 8 6:PM c dependsonthespacings6;OM and 6:PM betweenC andits lowerandupper(or left andright) neighboring

wire segments,respectively, whereaso p and o;q areassumedconstantsdependingonly thetechnologyG .
We now definefor eachgrid edgeC , the effective-fringingcapacitancecoefficient o;y q `zC c -Zo q 3{o r;s `zLNM 8 6:OM 8 6;PM c which

incorporatesthelateralcouplingcapacitance.It shallbeclearlateron that this setof effective-fringingcapacitancecoefficients

for all edgesallowsusto captureboththefringing capacitanceandthelateralcouplingcapacitanceeffectively.

Givena grid edgeC , we use A}|
6�`zC c to denotethesetof grid edgesin thesubtreerootedat C (excluding C ), and ~.�d6�`zC c
to denotethesetof grid edges5DC���� CZ�SA}|
6�`iC�� c > (again,excluding C ). Also, weuse 6:,��d��`zC c to denotethesetof sinksin the

subtreerootedat C , and � M to denotethe total capacitancein thesubtreerootedat C (includingboththewire capacitancesand

thesinkcapacitances):

��MQ- j�h�D��� * < kD� M�� o �h� 3 jMd� ��� y � � Md� `zo:p 9 LNM � 3�o;y q `zC � c�c
Furthermore,6:,��d��`b@ e c denotesthesetof sinks, � g ] `b� 8�� c denotestheuniquepathfrom � to � for any grid points � , � in @ e , andBwe denotesthedriverresistanceof theroutingtree @We of interest.ThedistributedElmoredelayfor 6 e k from thesource6 e 7 is given

by: fhg ] `�6 e k 8 [ c -RBHe 9 �� jM � g ] oJMS3 j� � ��� * < kD� g ] � o �h���� 3 jM ����� ] � � ] �;� � ] � � �:M 9 ` oJM� 3���M c (2)

�
In fact, in deepsub-microndesigns,�¡  and ��¢ areno longerconstants.Their valuesdependon the width andspacings.A moregeneralnotationshould

be �  �£0¤�¥§¦�¨ª©¥ ¦¡¨�«¥�¬ and �ª¢ £0¤�¥§¦�¨�©¥ ¦¡¨�«¥d¬ . Our GISSalgorithmfor single-netoptimization(Section3) is ableto handlethis generalcapacitancemodel. The

optimalityof our boundcomputationalgorithmfor multiplenets(Section4), however, assumesthatboth �   and ��¢ areconstants.Its extensionfor moregeneral

2D capacitancemodelis discussedin Section4.3.
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Let
n e k T � be the criticality of sink 6 e k in @ e . Let

n `�6 e 7 c -®­ � ] � ��� * < k�� g ] � n e k and
n `zC c -¯­ � ] � ��� * < kD� M�� n e k , the performance

measure
fhg ] `i[ c of @We canbere-writtenas:

f g ] `i[ c - j� ] � ��� * < kD� g ] � n e k 9�°±
²
±³ B e 9

�´� jM � g ] o M 3 j� ] � ��� * < kD� g ] � o � ] � �;µ� 3 jM ����� ] � � ] �;� � ] � � � M 9 ` o;M� 3�� M c
¶ ±·±¸- n `i6 e 7 c 9 Bwe 9 jM � g ] `zo;p 9 LwMx3�o;y q `zC cªc 3jM � g ] n `zC c 9 �LwM 9�¹ o p 9 L M 3�o y qX`iC c� 3

j� ] � ��� * < k�� Md� o � ] � 3 jM � ��� y � � Md� `�o;p 9 LwM � 3�o;y q `iC � cªc
¶ ±·±¸ (3)

Note that if we treat
n `�6 7 c 9 B astheeffective driver resistanceand

n `zC c 9 Kº¼» astheeffective wire resistanceof edgeC , then

Eqn.(3) is verysimilar to Eqn.(2).

Notethatwe focuson theobjective of minimizing theweightedsumof sink delaysasin [2]. A previouswork [13] showed

thatby assigningappropriatecriticality/weightof eachsink basedon Lagrangianrelaxation,theweighted-sumformulationcan

beusediteratively to meettherequiredarrival times.

2.3 Global InterconnectSizingand Spacingfor Multiple Nets

In theglobalinterconnectsizingandspacingproblemfor multiplenets,again,weassumethataninitial layoutof � routingtrees@�* ’s is given. With considerationof thearea,fringing andcouplingcapacitances,theGISSproblemfor multiple netsis to find

a symmetricwire assignment[½-Y5:L M ^^ 8;9:9;9J8 L M ^_ ^ 8;9:9;9;8 LwMd¾^ 8;9:9;9J8 LwM ¾_ ¾ > or anasymmetricwire assignment[½-Z5DL M ^^ -`bLHOM ^^ 8 LHPM ^^ c 8:9;9;9 , L M ^_ ^ -¿`zLHOM ^_ ^ 8 LHPM ^_ ^ c 8;9;9:9 L Md¾^ -À`zLHOMd¾^ 8 LHPM�¾^ c 8:9;9;9:8 L M ¾_ ¾ -Á`bL.OM ¾_ ¾ 8 L.PM ¾_ ¾ c > for all @�* ’s suchthat, the

summationof theweightedperformancemeasureof all nets,i.e.,f `i[ c - <je l �¼Â e fhg ] `i[ c (4)

is minimized,whereÂ e indicatesthecriticality of net Ã . Thisdelayformulationis similar to [16].

2.4 2D CapacitanceModel

A table-based2.5Dcapacitancemodelsuitablefor layoutoptimizationwaspresentedin [14] recently, wherethelumpedcapaci-

tancefor a wire containsthefollowing components:areaandfringing capacitances,lateralcouplingcapacitance,andcross-over

andcross-undercapacitances.Basedon this model,we consideronly area,fringing andlateralcouplingcapacitancesin this

paper, sincethey arethemajorpartof thelumpedcapacitance.Thatis, weusea2D capacitancemodelsimplifiedfrom theorig-

inal 2.5Dmodel. We first use3D field solver to build tablesfor area,fringing andlateralcouplingcapacitancesunderdifferent
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width andspacingcombinations.During layoutoptimization,we generatearea,fringing andlateralcouplingcapacitancesfrom

pre-built tables.Detailsandjustificationof thismethodcanbefoundin [14].

3 Optimal Sizingand Spacingfor SingleNet

Theoptimalwire sizingandspacingproblemfor a singlenetwith fixedsurroundingwire segmentscanbesolvedby adapting

thebottom-updynamicprogramming(DP)-basedbuffer insertionandwire-sizingalgorithmproposedby [3]. Notethatin [3], the

objectivefunctionis to minimizethemaximumdelayor to meetarrival timerequirements,while ourobjectiveis to minimizethe

weightedsumof all sink delays,which is similar to that in [15]. Themajordifferencesof thebottom-updynamicprogramming

partbetweenthispaperand[15] are:(1) weincludelateralcouplingcapacitancebetweenneighboringwiresfor delaycalculation;

(2) for themoregeneralasymmetricwire sizingandspacingformulation,we keeptwo-piece( LHOM and LHPM ) informationfor each

grid edgewhile performingbottom-upaccumulationandtop-down pruning.A simpleflow of thealgorithmis givenasfollows.

OtherdetailsabouttheDP-basedalgorithmcanbefoundin [3] and[15].

EachedgeC in ouroptimalbottom-upwire sizingandspacingalgorithmfor singlenetis associatedwith asetof `zo 8 f c pairs,

calledoptions. Let @ M denotethe subtreerootedat the upstreamend-pointof C . Each `io 8 f c pair of C correspondsto a wire

sizingandspacingsolutionfor @¼M , with o beingthetotal capacitanceof @�M , and
f

theperformancemeasure(i.e., theweighted

sumof sink delaysfrom theupstreamend-pointof C ) of @ M . Similarly, eachnode � is alsoassociatedwith a setof `io 8 f c pairs

definedin a similarmannerfor thesubtreerootedat � .
Thealgorithmperformsoptimalwire sizingandspacingfor a singlenet in a bottom-upfashion,startingfrom thesinks. At

thebeginning,eachsink is assignedwith a `io 8 f c , with o beingits loadingcapacitance,and
f -Ä� . We considerthesizingof an

edgeCÄ-Å� � asfollows: Let `zoJ� 8 f � c beanoptionof thesubtreerootedatnode� , thedownstreamend-pointof C . For aparticular

candidatewire width $ of C , wecancomputethecorrespondingoption `zo 8 f c of C asfollows:

oH-RoJMx3Qo �f - n `zC c 9 �DM 9¼Æ oJM� 3�o �1Ç 3 f �
Notethat � M and o M arewire resistanceandthetotal capacitance(includinglateralcouplingcapacitance,wire areaandfringing

capacitances)of C for a wire width $ , respectively. In the GISSproblemfor singlenet, only the wire widths of the net of

interestis changeable,andthelayoutof othernetsis fixed.Therefore,givenaparticularcandidatewidth $ for edgeC (possibly

symmetricandasymmetric),onecancalculatethespacingsbetweenedgeC andits neighborseasily. Thewire width andspacing

informationis thenpassedto the2D capacitancemodelto calculatethetotalwire capacitance.SupposeC has� candidatewidths

(symmetricor asymmetric),andnode � has � options,we computein total �}Èx� optionsfor C . On theotherhand,if we have
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oneoption `zo;� 8 f � c of edgeC®-a� � andandtheotheroption `ioJ� � 8 f � � c of edgeC��É-a�WL , thenthecorrespondingoption `zo 8 f c of

node� is simplycalculatedasfollows:

oH-Ro � 3�o � �f - f � 3 f � �
Similarly, if C has Ê optionsand C�� has Ë options,then � will have ÊÌÈxË options.

As in [15], it is observedthat for two options `zo 8 f c and `zoJ� 8 f � c at a particularnodeor edge,if oÎÍÏoJ� and
f � T f , then `zo;� 8 f � c

is sub-optimal.In otherwords,the wire sizing andspacingsolutioncorrespondingto `io � 8 f � c is redundant, andcanbe pruned

from thesetof optionsof thenodeor edge.We applythepruningrule aswe enumerateall irredundantwire sizingandspacing

solutionsfor thenetin thebottom-upcomputation.

At theendof thebottom-upcomputationof `zo 8 f c pairs,theroot have a setof irredundantsolutions.Theoptimalsolutionis

achievedby choosingthe `zo 8 f c pair with thesmallest
f

at the root, andtracingbackfrom theoptimal `zo 8 f c pair, we obtainthe

correspondingoptimalwire sizingandspacingsolutionthatleadsto thisoptimaloptionfor thenet.

Note that in the caseof single net optimization,we do not have to assumeconstantwire areacapacitanceand fringing

capacitancecoefficients.In otherwords,thesingle-netbottom-updynamicprogramming-basedwiresizingandspacingalgorithm

is still optimalunderthemoregeneralcapacitancemodel.

Thesinglenetwire-sizingandspacingcanbeusedfor thepost-layoutoptimizationfor a singlecritical net. However, this

optimizationwill largelydependonthepreviouslayoutof otherneighboringnets.And alsosincemany critical netsmaysharethe

limited routingresource,just optimizingonenetmayindeedsacrificetheperformanceof othercritical nets.In thenext section,

wewill look into thegloballayoutoptimizationfor multiplenets.

4 Global Inter connectSizingand Spacingfor Multiple Nets

The difficulty of the GISSproblemfor multiple netsarisesfrom the fact that the lateralcouplingcapacitancecoefficient for

eachwire segmentchangeswith thewidth andspacings.Moreover, thereis no closedform representationfor lateralcoupling

capacitance.Thekey to solvingthemultiple-netwire sizingandspacingproblemis theeffective-fringingpropertyof wire-sizing

solutionsunderdifferentspacingconditions.The beautyof this propertyis that we areableto reducetheGISSproblemwith

variablelateral couplingcapacitanceto an optimal wire-sizingproblemwith considerationof only constantareacapacitance

coefficient anddifferenteffective-fringingcapacitancecoefficientsfor differentwire segments.Sucha reductionallows us to

computeglobal upperandlower boundsof theoptimalwire sizingandspacingsolutionfor all nets. In the following, we first

statethesymmetricandasymmetriceffective-fringingpropertiesanddiscusstheir implications.Then,wewill describethebound
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computationalgorithm,followedby a refinementalgorithmto obtainthe final global interconnectsizing andspacingsolution

whenthelowerandupperboundscomputedasabovedo notmeet.Extensionsto moregeneral2D capacitancemodelswill then

bediscussed.

4.1 Effective-Fringing Property: Theoremsand Implications

First,we considerthecaseof symmetricGISS.We definethedominancerelationbetweensymmetricwire-sizingsolutionsof a

routingtreein thesamewayasin [2]:

Definition 1 Symmetric DominanceRelation: Giventwo wire width assignments[ and [Ð� , let LwM bethewidthassignment

of edge C in [ and L.�M bethewire widthof C in [Ð� . Then,[ dominates[Ð� ( [ T [Ð� ) if for anysegmentC , LwM T L.�M .

In thefollowing,weconsideranoptimizationproblemcalledoptimalwire-sizingundervariableeffective-fringingcoefficients

(OWS-EF). While westill assumeaconstantareacapacitancecoefficient o p , wenow definefor eachwire segmentC theeffective-

fringing capacitancecoefficient o:y q `zC c -Ïo q 3�o r:s `bLwM 8 6:OM 8 6:PM c which incorporatesthelateralcouplingcapacitance.It shallbe

clear later on that this setof effective-fringing capacitancecoefficientsfor all edgesallows us to capturethe lateralcoupling

capacitanceeffectively. Theperformancemeasurethatwe aim at optimizing for OWS-EFproblemis the sameasin Eqn. (1)

except that o q is replacedby o:y q `zC c and o r:s disappears.Let Ñ�y q denotethe setof effective-fringing capacitancecoefficientso y qW`zC c ’s for all edgesin @ . We defineÑ y q T Ñ �y q if o y qW`zC c T o � y q `iC c for every C in @ . Thenthesymmetriceffective-fringing

propertycanbestatedasfollows:

Theorem1 Symmetric Effective-Fringing Property: For the samerouting tree @ and a constanto;p , let Ò[U`zo:p 8 Ñ�y q c be an

optimal wire-sizingsolutionto the OWS-EFproblemundera setof variable effective-fringingcapacitancecoefficients Ñ y qÓ-5Do;y q `iC c ��CÔ�Õ@ > , and Ò[U`zo;p 8 Ñ��y q c bean optimal sizingsolutionundera differentsetof Ñ��y q -¯5�oJ�y q `zC c ��CÔ��@ > . ThenifÑ y q T Ñ��y q , thereexistoptimalsolutionssuch that Ò[U`zo p 8 Ñ y q c dominates Ò[U`zo p 8 Ñ��y q c .
Theproofof this theoremcanbefoundat theappendix.Thetheoremcanbeusedveryeffectively to determinetheupperand

lowerboundsof theoriginaloptimalGISSproblem.Suppose[ÄÖ denotestheglobaloptimalwire-sizingsolutionoptimizing
fhg

.

Let × O Ö and × P Ö denotethespacingsobtainedbasedon [ÄÖ , and o r:s `bLØÖM 8 6;O ÖM 8 6:P ÖM c bethelateralcouplingcapacitancecoefficient

for eachedgeC basedon [ Ö , × O Ö , and × P Ö . Let [ O;Ù and [ P;Ù beupperboundsof [ O Ö and [ P Ö , and × OmÚ and × P?Ú belower

boundsof × O Ö and × P Ö , respectively. Then o r;s `zL ÙM 8 6:OmÚM 8 6:PmÚM c T o r;s `zLØÖM 8 6:O ÖM 8 6:P ÖM c , asthelateralcouplingcapacitancecoefficient

decreaseswhenthewidth of C decreasesandthespacingsbetweenC andits neighborsincreases.

Now considertwo instancesof theOWS-EFproblem. In thefirst instance,theeffective-fringingcapacitancecoefficient of

edge C is o y qW`zC c -Ûo:qÎ3{oJr:sh`bL ÙM 8 6:OmÚM 8 6:PmÚM c . In the secondinstance,the effective-fringingcapacitancecoefficient of edge C
8



is oJ�y q `zC c -Äo:qÜ3Õo;r;sh`zLØÖM 8 6:O ÖM 8 6:P ÖM c . Clearly, Ñ y q T Ñ��y q . Fromthesymmetriceffective-fringingproperty, theoptimalsolutionÒ[U`zo;p 8 Ñ
y q c dominatestheoptimalsolution Ò[U`zo:p 8 Ñ��y q c . Note that Ò[U`zo;p 8 Ñ��y q c -Ý[ÄÖ . Therefore, Ò[U`zo;p 8 Ñ
y q c is alsoanupper

boundof theoptimalsolution [ÄÖ . This procedurecanbeappliedto computewire width upperbounds(equivalently, spacing

lowerbounds)for all nets.

Similarly, supposewearegivena lowerboundof theoptimalwire-sizingsolution,denoted[ Ú . From [ Ú , wecancalculate

a spacingupperbound × Ù . Now, applying the optimizationprocessfor the OWS-EF problemas in the above discussion,Ò[U`zo p 8 Ñ y q c will bedominatedby Ò[U`zo p 8 Ñ��y q c -Þ[ÄÖ , sinceÑ y qÌÍÅÑ��y q . In otherwords,wehave computeda lower boundof the

optimalsolution.

For asymmetricGISS,wecandefine

Definition 2 Asymmetric DominanceRelation:

Giventwowirewidthassignments[ß-4`z[ O 8 [ P c and [Þ�X-Ä`i[ O � 8 [ P � c , let LwM�-Ä`zLHOM 8 LHPM c bethewidthassignmentof edgeC in [ and L.�M -à`bLHOM � 8 LHPM � c be thewire width of C in [Ð� . Then, [ dominates[Ð� if for anysegmentC , L.OM T LHOM � andLHPM T LHPM � for anyedge C , respectively.

Then,theasymmetriceffective-fringingpropertycanbestatedasfollows:

Theorem2 Asymmetric Effective-Fringing Property: á For thesameroutingtreeanda constanto;p , let Ò[ P `zo;p 8 Ñ�y q 8 [ O c be

an optimalasymmetricwire-sizingsolutionto theOWS-EFproblemwith a fixed [ O anda setof effective-fringingcapacitance

coefficientsÑ�y q , and Ò[ P `zo:p 8 Ñ��y q 8 [ O � c beanoptimalsizingsolutionunderanotherfixed [ O � anda differentsetof Ñ��y q . Thenif[ O ÍÕ[ O � and Ñ y q T Ñ��y q , thereexistoptimalsolutions Ò[ P `zo p 8 Ñ y q 8 [ O c dominates Ò[ P `zo p 8 Ñ��y q 8 [ O � c .
Proof of Theorem 2: Considertwo OWS-EFproblemsunderthe sameo;p , but different Ñ�y q and Ñ��y q with Ñ
y q T Ñ��y q . From

Theorem1, weconcludethatthereexist two optimalsolutions Ò[ and Ò[ � for themrespectively, suchthat Ò[ dominates Ò[ � , i.e.,L O 3}L P T Lâ� O 3ÌL.� P for eachwire segmentif weview eachwire segmentastwo pieces.Now considerthetwo optimalsolutions

underthetwo-piecewidth formulationwith sameÑ y q and Ñ��y q asabove,sincewe have [ O � dominates[ O , i.e., L O � T L O for

eachwire segment,combinedwith L O 3QL P T L O � 3�L P � , we obtain L P T L P � for eachwire segment,andthereforeconclude

thatthereexist two optimalsolutionssuchthat Ò[ P `io p 8 Ñ y q 8 [ O c dominates Ò[ P `io p 8 Ñ��y q 8 [ O � c . ã
We can also apply the asymmetriceffective-fringing propertyto computeglobal upperand lower boundsof the optimal

wire sizingandspacingsolutionby solvingasymmetricOWS-EFproblem.Fromanupperbound `z[ O;Ù 8 [ P;Ù c , we canagain

computelower boundspacings× OmÚ and × PmÚ , andsetof lateralcouplingcapacitancecoefficients o r:s `�`zLHO;ÙM 8 LHP;ÙM c 8 6;OmÚM 8 6;PmÚM c ’s.ä
This is thecorrectedversionof whathasbeenpresentedon theProceedingof IEEE/ACM 1997InternationalConferenceon ComputerAided Design,Nov.

9-13,SanJose,CA.
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Similarly, we cancomputeanothersetof lateralcouplingcapacitancecoefficients, oJr:sh`�`bL.O ÖM 8 LHP ÖM c 8 6:O ÖM 8 6:P ÖM c ’s from anoptimal

wire-sizingsolution [ÄÖH-Ä`z[ O Ö 8 [ P Ö c .

We denote o y qW`zC c -Áo:q}34oJr:sh`�`zL O;ÙM 8 L PJÙM c 8 6 OmÚM 8 6 PmÚM c and oJ�y q `iC c -vo;q}3ÄoJr;sh`ª`bL O ÖM 8 L P ÖM c 8 6 O ÖM 8 6 P ÖM c as before. By the

asymmetriceffective-fringing property, Ò[ P `io;p 8 Ñ�y q 8 [ OmÚ c dominates Ò[ P `zo;p 8 Ñ��y q 8 [ O Ö c -I[ P Ö , and therefore,it is still an

upperboundof [ P Ö , theoptimalwire-sizingfor the top or right portionof eachedge.Similar argumentappliesfor the lower

boundsandfor thebottom(or left) portionof eachedge.

4.2 Algorithm for Upper and Lower Bound Computation

Theeffective-fringingproperties(bothsymmetricandasymmetric)leadto very effective algorithmsto computetheupperand

lowerboundsof theoptimalwire sizingandspacingsolutionfor all netsunderconsideration.

For the symmetricwire sizing and spacing,an upperand lower boundcomputationalgorithm basedon the symmetric

effective-fringing propertyis given in Figure2. Notice that for the symmetriccase,eachwire segmentjust hasonepieceof

wire width.

Upper and Lower Bound Computation (Symmetric wir e-sizing)å�æÛçèêéìë åií�æ
Initialize Wire Width Upper Boundè�î�ë åií�æ
Initialize Wire Width Lower Bound

do

/* Upper bound computation */ï éðmñ ë å�í�æ Compute Lateral Coefficient
ëòè é ë åií¡íï éó ¢ ë å�ídæ Compute Effective-Fringing Coefficient

ë ï éðmñ ë åií¡íè é ë å�ôÓõJídæ
DPW

ë ï éó ¢ ë åií¡í /* for all nets */

/* Lower bound computation */ï îðmñ ë å�í�æ Compute Lateral Coefficient
ëòè î ë åií¡íï îó ¢ ë å�ídæ Compute Effective-Fringing Coefficient

ë ï îðmñ ë åií¡íè�î¼ë å�ôÓõJídæ
DPW

ë ï îó ¢ ë åií¡í /* for all nets */åXæÛå�ôêõ
while (

èêédë åiíwö÷ èêédë åWøxõJí OR
è�î�ë åií�ö÷ èùî�ë åWøxõJí )

Figure2: Algorithm to computeupperandlowerboundsof theglobaloptimalsymmetricwire-sizingsolutionfor multiplenets.

For theasymmetricwire sizingandspacing,an iterative upperandlower boundcomputationalgorithmbasedon theasym-

metriceffective-fringingpropertyis givenin Figure3. Noticethatwe have a two-piecewidth for eachwire segment.Sincethe

overall flow for boundcomputationof symmetricandasymmetriccasesis similar, we will explain theasymmetriccase(which

is morecomplicated)in detail in the following. Thealgorithmstartsat the iteration ,â-Ý� . First we initialize upperandlower

boundsof all wire widthsspecifiedby thelayoutconstraints.A sampleinitialization is shown in Figure4. Let C s and CHú betwo

10



parallelhorizontaledges,with Cws below C ú . Let $ E * < betheminimumwire width, and û E * < betheminimumspacingbetween

two parallelwires from the layout constraints.If the distancebetweenthe center-linesof C s and CHú is � , thenthe maximum

width (i.e., theinitial upperbound)for L PM¼ü (thesidecloserto C ú ) and L OMXý (thesidecloserto Cws ) is �ÎþÓ$ E * <WV �ØþÓû E * < .
Upper and Lower Bound Computation (Asymmetric wir e-sizing)å¼æ/çëòè ©é ë åiíªÿ è «é ë åií¡í�æ Initialize Wire Width Upper Boundëòè ©î ë åiíªÿ è «î ë åií¡í�æ Initialize Wire Width Lower Bound

do

/* Upper bound computation */ï éðmñ ë åií�æ Compute Lateral Coefficient
ëòè ©é ë åiíªÿ è «é ë åií¡íï éó ¢ ë åií�æ Compute Effective-Fringing Coefficient

ë ï éðmñ ë åií¡íèêédë å
ôùõJídæ
ComputeUpper-BoundLumpedWidthDPW

ë ï éó ¢ ë å�í¡íè ©é ë å
ôùõJídæ èQédë å ôêõmí�ø è «î ë åiíè «é ë å
ôùõJídæ èQédë å ôêõmí�ø è ©î ë åií
/* Lower bound computation */ï îðmñ ë åií�æ Compute Lateral Coefficient

ëòè ©î ë åiíªÿ è «î ë å�í¡íï îó ¢ ë åií�æ Compute Effective-Fringing Coefficient
ë ï îðmñ ë åií¡íè�î¼ë å
ôùõJídæ

ComputeLower-BoundLumpedWidth DPW
ë ï îó ¢ ë åií¡íè ©î ë å
ôùõJídæ ����� ë��	��

� ÿ è�î¼ë å
ôùõJí�ø è «é ë å�ôÓõJí¡íè «î ë å
ôùõJídæ ����� ë�� ��

� ÿ è î ë å
ôùõJí�ø è ©é ë å�ôÓõJí¡íå¼æÛå�ôÓõ

while (
ëòè ©é ë åiíªÿ è «é ë åií¡í�ö÷ ëòè ©é ë åWøxõJíªÿ è «é ë åWøxõJí¡í OR

ëòè ©î ë å�íªÿ è «î ë åií¡í�ö÷ ëòè ©î ë åWøxõJíªÿ è «î ë åXøSõmí¡í )
Figure3: Algorithm to computeupperandlowerboundsof theglobaloptimalasymmetricwire-sizingsolutionfor multiplenets.

Fromtheupperbound `i[ÞOÙ 8 [ÞPÙ c , wecomputetheupperboundeffective-fringingcapacitancecoefficients.Again,considerC s and CHú which areof distance� . Let LHP;ÙM�ü bethewidth of C s in [ PÙ , and LHO;ÙM ý thewidth of C.ú in [ÞOÙ . If �ÎþùLHP;ÙM¼ü þùLHO;ÙM ý	�û E * < , then, the upperboundwire widths overlap and we assignthe lower boundspacingbetweenCws and C ú to be û E * < ,
i.e., 6:PmÚM�ü -v6:O?ÚM ý -Áû E * < . Otherwise,the lower boundspacings6:PmÚM�ü and 6;OmÚM ý are �+þRLHP;ÙM¼ü þÏLHO;ÙM ý . Similarly, for C s and

its lower neighborwe compute 6:O?ÚM¼ü . From 6:PmÚM�ü and 6;OmÚM�ü , we can compute o r;s `ª`bLHO;ÙM�ü 8 LHP;ÙM¼ü c 8 6:O?ÚM¼ü 8 6:P?ÚM¼ü c . Let Ñ Ùr;s denotesuch

setof lateralcouplingcapacitancecoefficientsobtainedfrom `i[ OÙ 8 [ PÙ c . We thencomputethe effective-fringing coefficiento;y q `zC s c -ao q 3Õo r:s `�`bL.OJÙM�ü 8 LHP;ÙM�ü c 8 6:OmÚM�ü 8 6:PmÚM�ü c . Similarly we cancalculatetheupperbound o;y q `iCHú c . We refer to thesetof upper

boundo y qX`zC c for all edgesbasedon Ñ Ùr;s as Ñ Ùy q .
Wethenperformthefollowing iterativeprocessto updatethewire width upperbounds.Firstwecompute[ Ù `b,�3S� c by using

the bottom-updynamicprogramming-basedwire-sizing(DPW) algorithmoutlinedin Section3 to eachnet with fixed Ñ Ùy q `b, c ,
withoutexplicitly dealingwith lateralcouplingcapacitance.Thenwedeductthelowerbound[ÞPÚ `z, c from theaboveupperbound

lumpedwidth for eachwire segmentandget [ OÙ `b,�3{� c . Similarly, wecanget [ PÙ `b,�3R� c .
11
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Figure4: Initializationof upper-boundwire widths.

For the lower boundcomputation,the processis similar. We use the lower boundwire width for eachwire segment`z[ÞOÚ `b, c 8 [ PÚ `b, cªc , andcomputeÑ Úr:s `b, c , a setof lower boundlateralcapacitancecoefficients. Subsequently, Ñ Úy q `b, c is computed

from Ñ Úr:s `b, c . We thenapplytheDPW with fixed Ñ Úy q andobtainthenew lower boundlumpedwidth [ Ú `z,�3Ï� c . Deductfrom it

theupperbound[ÞPÙ `z,¼3R� c , weget [ÞOÚ `z,¼3R� c . Similarly, wecanget [ÞPÚ `z,�3R� c .
This interleavedupperandlowerboundcomputationis iterateduntil `i[ OÙ `z, c 8 [ÞPÙ `b, c�c is identicalto `i[ÞOÙ `z,�3S� c 8 [ÞPÙ `z,�3S� c�c ,

and `z[ÞOÚ `b, c 8 [ÞPÚ `z, cªc is identicalto `i[ÞOÚ `z,F3 � c 8 [ÞPÚ `z,F3 � c�c , i.e.,wecannotgetfurtherimprovementfromtheboundcomputations.

Our experimentsshow that the upperand lower boundwidths often meetor becomeclosefor mostwire segmentsin a few

iterations. So we will get nearoptimal GISSsolutionfrom the boundcomputations.We notethat a brute-forcelower bound

computationmayleadto adjacentwireoverlappingif thelowerboundwidthsbetweenthesewiresoverlap.To avoid thisscenario,

we needto addsomeconstraintsuchthat the boundcomputationwill alwaysgive valid lower andupperbounds. This is an

inherentproblemfor somemultiplenetswhenthey competeintensively for very limited routingresources.

Whentheupperandlowerboundsdonotmeet,wewill usethefollowing refinementalgorithmto obtainthefinal wire sizing

andspacingsolutionfor eachnet: We first take the lower boundof eachsidefor eachwire segmentasour initial layout. Then

we will iteratively performsinglenet wire sizing andspacingoptimizationmethodpresentedin Section3 to obtain the final

GISSsolutionfollowing theorderof eachnet’s priority. We call theoverall boundcomputationsandfinal refinementalgorithm

GISS/FAF, whereFAF denotesthefixedareaandfringing capacitancecoefficients.

12



4.3 Extensionto Variable Ar eaand Fringing CapacitanceCoefficients

The optimality of boundcomputationin the above GISS/FAF algorithm is basedon the effective-fringing propertieswhich

assumetheareacapacitancecoefficient o;p andthefringing capacitancecoefficient o q areconstantsindependentof wire widths

andspacings.However, in deepsubmicrondesigns,similar to the lateralcouplingcapacitanceo r;s , o;p and o q aredependenton

wire widthsandspacings(e.g.,thereareabout30%variationson o:p and o q valuesin our 2D capacitancetables).Nevertheless,

theGISSalgorithmcanstill beusedin this casesimply by computingtheareaandfringing capacitancesfrom the general2D

modeldirectly duringthebottomup dynamicprogrammingoptimization.However, theeffective-fringingpropertiescannotbe

usedto guaranteethattheoptimalsolutionis alwayswithin theupperandlowerboundscomputedby theGISSalgorithm.Wecall

thealgorithmusingvariable o;p and o q ’s asGISS/VAF. Experimentalresultsin Section5.2 show thatGISS/VAF oftenachieves

betterresultswhencomparedwith GISS/FAF.

5 Experimental Results

We have implementedGISSusingC++ undertheSunSPARC stationenvironment.In this section,we presenttheexperimental

results.Theparametersusedin our experimentsarebasedon the �
	0�:"���� technologyspecifiedin theSIA roadmap[10]. The

sheetresistanceis 0.0638 ( V ã . Theminimumwire sizing $ E * < is �
	�������� andminimumspacingû E * < betweenneighboring

wiresis �
	 ������� . Then,�W, f o�� spacing,definedasthesumof minimumspacingandminimumwire size,is equalto �
	����
��� . The

allowablewire widthsfor eachsidealongthecenterline arefrom 0.11to 1.1 ��� , with theincrementalstepto be0.11 ��� . The

area,fringing andlateralcouplingcapacitancesareobtainedby a look-uptableobtainedthroughthe2D capacitanceextraction

model[14]. Thedrivereffectiveresistanceis 119 ( . Theinputcapacitancefor eachsink is setto be12.0fF.

5.1 Optimal Sizingand Spacingfor a SingleNet

We performexperimentsfor theoptimalsingle-netsizingandspacingalgorithmon 5 netsprovidedby Intel. Theroutingtrees

arethesameasusedin [4]. Thesetreesoriginally havemultiplesourcesandwerandomlyassignoneastheuniquesinglesource.

We assignequalcriticality for eachsink sotheweighteddelaybecomestheaveragedelay. Giventheinitial layoutof thesefive

nets,we randomlyassignsomesurroundingwire segmentswith spacingfrom thenetbeing1 to � È���, f o�� .

In Table 2, we summarizethe averageand maximumHSPICEdelaysfrom different algorithms: minimum wire sizing

(MIN); symmetricoptimalwire-sizing(OWS-S)algorithmwithout consideringthecouplingcapacitance(but couplingcapaci-

tancethroughthe2D modelis includedin its final HSPICEsimulation);symmetricGISSalgorithm(GISS-S)andasymmetric

GISSalgorithm(GISS-A).In theparenthesesunderOWS-S,GISS-SandGISS-A,we list thepercentageof improvementover

MIN. Fromthetable,wecanseethatGISS-Aconsistentlyoutperformsall otheralgorithms.In termsof its averagedelay, which
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length AverageDelay( �d6 ) MaximumDelay( �d6 )
( �+� ) MIN OWS-S GISS-S GISS-A MIN OWS-S GISS-S GISS-A

Net1 3.6 0.08 0.08(-0.00%) 0.08(-0.00%) 0.08(-0.00%) 0.14 0.14(-0.00%) 0.14(-0.00%) 0.14(-0.00%)

Net2 6.6 0.31 0.19(-38.7%) 0.18(-41.9%) 0.15(-51.6%) 0.34 0.22(-35.3%) 0.22(-35.3%) 0.19(-44.1%)

Net3 10.07 0.78 0.71(-9.0%) 0.71(-9.0%) 0.61(-21.8%) 1.03 0.96(-6.8%) 0.95(-7.8%) 0.83(-19.4%)

Net4 10.57 0.54 0.41(-24.1%) 0.39(-27.8%) 0.27(-50.0%) 0.84 0.71(-15.5%) 0.65(-22.6%) 0.44(-47.6%)

Net5 31.98 3.19 2.57(-19.4%) 2.57(-19.4%) 1.73(-45.8%) 4.92 4.26(-13.4%) 4.27(-13.2%) 3.26(-33.7%)

Table2: Comparisonof theaverageandmaximumdelaysusingdifferentalgorithms.

AverageDelay( �d6 ) Normalizedwire width

centerspacing MIN OWS GISS/FAF GISS/VAF MIN OWS GISS/FAF GISS/VAF� È��W, f o�� 1.51 1.26(-16.6%) 0.81(-46.4%) 0.80(-47.0%) 1.00 2.90 3.07 3.29� È��W, f o�� 1.33 0.73(-45.1%) 0.57(-57.1%) 0.52(-60.9%) 1.00 4.65 4.76 4.70# È��W, f o�� 1.28 0.46(-64.1%) 0.46(-64.1%) 0.42(-67.2%) 1.00 6.20 6.11 6.00� È��W, f o�� 1.25 0.38(-69.6%) 0.39(-68.8%) 0.37(-70.4%) 1.00 6.90 6.63 7.17� È��W, f o�� 1.23 0.35(-71.5%) 0.36(-70.7%) 0.34(-72.4%) 1.00 6.90 6.73 7.68

Table3: Comparisonof averagedelaysandnormalizedwire widths for a 16-bit parallelbus structureunder5 differentpitch

spacingsusingdifferentalgorithms.

is our objective function,thereductionis up to 51.6%comparedwith theMIN solution(Net2),and34.1%with OWS-S(Net4)

and32.7%with GISS-S(Net5).

Althoughtheaveragedelayis ourobjective,experimentalresultsshow thatthis formulationreducesthemaximumdelaysas

well. Fromthetable,we canseethatGISS-AoutperformMIN, OWS-SandGISS-Sby up to 47.6%,38.0%and32.3%(Net5)

comparedwith MIN, OWS-SandGISS-Srespectively.

5.2 Optimal Sizingand Spacingfor Multiple Nets

To demonstratetheeffectivenessof GISSalgorithm,we performexperimentsfor globaloptimalwire sizingandspacingfor

multiplenetson a 16-bit parallelbusstructureof 10 �2� longwith thecenterdistancebetweenadjacentbusline setto be 5 2, 3,

4, 5, 6 > È��W, f o�� respectively. Eachwire segmentis setto be1000 ��� (we alsotry thewire segmentof 500 ��� , thesizingresult

is almostthesame.)

In Table3, we give theaveragedelaysfrom HSPICEsimulationsandnormalizedwire widths(ratio of averagewire sizeto$ E * < ). We still list in theparenthesesthepercentageof delayreductionover MIN. In the table,columnOWS usessingle-net

OWS in a netby netmanner, columnGISS/FAF usestheGISSalgorithmwith fixed o:p and o q (obtainedthroughthe2D table-

look-upwith � 9 $ E * < width and � 9 û E * < spacing)to guidethe layoutoptimization,whereasGISS/VAF directly usesthe2D
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Figure5: TheOWSsizingresultfor theupper4 bitsbuslinesof the � È���, f o�� busstructure.

modelwith variableareaandfringing capacitancecoefficientsduring the layoutoptimization.All thesealgorithmsusethe2D

modelfor final HSPICEsimulations.Theaveragerunningtime for these5 buscasesusingGISSalgorithmis 102seconds.

Fromthe table,we canseethat theaveragedelaysof GISS/FAF outperformthoseof MIN by up to 70.7%,andoutperform

thoseof OWSby upto 35.7%respectively. AlthoughGISS/VAF cannotguaranteeoptimality, ourexperimentsdoshow thatit can

outperformGISS/FAF by upto 8.8%.This is dueto that: (i) o p and o;q arenolongerconstantsfor deepsubmicrondesign,(ii) we

usethe2D modelwith variableo;p and o q ’s for bothHSPICEsimulations,whichGISS/VAF alsousesduringGISSoptimization.

It actuallysuggeststhatourGISSalgorithmmayindeedhave thecapabilityto handlemoregeneralcapacitancemodels.

The OWS andGISSsizing resultsfor a 4-bit bus structurewith �+È��W, f o�� betweenadjacentlines areshown in Fig. 5 and

Fig. 6, respectively. They aredrawn usingtheMAGIC tool. Theverticaldimensionis scaledupby 1000xfor bettervisualeffect.

We canseethatOWS losesglobaloptimality for multiple netsasit canonly sizethosenetsoneby one,without consideration

of theneighborhoodstructuresandthecouplingcapacitance.However, GISStakesthosefactorsinto considerationandperforms

globaloptimization.Therefore,it leadsto muchbetterperformance,in bothaveragedelayandmaximimudelay.

It is alsoobservedthatfor �wÈ���, f o�� and
� È��W, f o�� centerspacing,theimprovementof GISS/VAF overOWSis verymarginal.

This is becausethe couplingcapacitancebecomeslessimportantasspacinggoesup. For example,the averageedgeto edge

spacingfor the
� È���, f o�� is about

� ÈÌ��	 ���Nþù �È}�
	���� -Ä��	! � ��� , but for the �ÎÈ���, f o�� is about� È2�
	����Nþx� È}�
	���� -R�
	 #�#����
6 Discussionsand Future Work

Ourstudyhasshown convincingly thatit is very importantto considercouplingcapacitanceinto VLSI interconnectoptimization

for deepsubmicrondesigns.Wehaveproposedtwo generalformulations,symmetricandasymmetric,for theglobalinterconnect
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Figure6: TheGISS/VAF sizingresultfor theupper4 bitsbuslinesof the � È��W, f o�� busstructure.

sizing andspacingproblemandrevealedthe effective-fringing propertiesfor both symmetricandasymmetricscenarios.We

developaneffective algorithmto computethe lower andupperboundsfor theglobaloptimalsizingandspacingsolution. Our

experimentsshow that the upperandlower boundwidths often meetor becomeclosein a few iterationsif the lower bounds

betweenadjacentwiresdo not overlap,sowe will getnearoptimalGISSsolution.To make surethatthelower boundsbetween

adjacentwiresdo not overlap,we needto addsomeconstraintssuchthat thedesignruleswill not beviolated.Notethatadding

theseconstraintsmay limit the convergenceof the lower andupperboundcomputation. However, aswe observe, this is an

inherentproblemfor somemultiplenetswhenthey competeintensively for very limited routingresources.

We prove the effective-fringing propertiesandderive the GISSalgorithmunderthe assumptionof fixed o;p and o q . Our

experimentsindeedshow that it is alsovery effective undervariable o p and o;q ’s. It suggeststhat the GISSalgorithmactually

have thecapabilityto handlemoregeneralcapacitancemodels.Furthervalidationis plannedasa futurework.

An alternative for computinglower andupperboundsis to usethelocal refinement(LR) operationssimilar to thoseusedin

[2, 4, 15]. Preliminaryresultsof this approacharebeingreportedin [18]. It shows thattheGISSproblemundervariableo;p ando;q ’s canbe formulatedasa generalCH-posynomialprogram,which enablestheapplicationof the local refinementoperations

[16, 18] andleadsto veryefficientboundcomputation.

In thefuture,weplanto developefficientnoisemodelsandextendbothdynamic-programmingbasedalgorithmandLR-based

algorithmfor noisecontrolandminimization.
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Appendix: Proof of Symmetric Effective-Fringing Property

In thefollowing, we prove thesymmetriceffective-fringingproperty. First,we statetwo previously reportedresultsthatwill be

usedin ourproof. [17] showedthefollowing relationbetweendriversizingandwire sizingsolutions.

Lemma 1 [17] DS/WSRelation: For anytreeT with oneor morecritical sinks,let B betheresistanceof thedriver driving the

routingtreeand [ bethecorrespondingoptimalwire width assignment.Let BÜ� betheresistanceof anotherdriver and [Ð� be

thecorrespondingoptimalwire widthassignment.Then,B � BÜ� implies [ dominates[Ð� . ã
The authorsof [15] investigatedthe relation betweenthe loading capacitancesand wiresizing solutionsand showed the

following:

Lemma 2 [15] WS/CL Relation: Let o �h� betheloadingcapacitanceof oneof thesinks,say 6 k , of @ , and [ bethecorrespond-

ing optimalwiresizingsolution.If weincreasetheloadingcapacitanceof a sinkfrom o � � to oJ��h� , andlet [Ð� bea corresponding

optimalwire widthassignment.Then,thenthere existsanoptimalwiresizingsolution [ � thatdominates[ . ã
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For easeof reference,we re-writetheperformancemeasure
f g

for a routingtree @ basedon theEqn(3) (for compactionof

notations,wedropthesuperscriptor subscriptÃ , sincewe just considerany routingtree @ ):f g `z[ c - n `�6 7 c 9 B 9 jM � g `io p 9 L M 3�o y qW`zC c�c 3jM � g n `zC c 9 �LwM 9 °² ³ o;p 9 LwMx3�o;y q `zC c� 3 j�F��� * < k�� Md� o � 3 jMd� ��� y � � Md� `io p 9 L Md� 3�o y qW`zC � cªc
¶ ·¸ (5)

Recallthat
n `i6 7 c -®­ �h�
��� * < kD� g � n k and

n `zC c -Û­ �h����� * < k�� Md� n k , where
n k is thecriticality of sink 6 k . In this formulation,

we assumea fixed areacapacitanceo;p , but edgesmay have differenteffective fringing capacitancecoefficients. Let the set

of effective fringing capacitancecoefficientsbe Ñ y q . Let Ò[Ý`zo p 8 Ñ y q c be an optimal sizing solution for someconstanto p and

a givensetof effective fringing capacitancecoefficients Ñ�y q (for easeof presentation,we will abbreviate Ò[U`io;p 8 Ñ�y q c into Ò[ .

Similarly, wedefine Ò[Þ� to beanoptimalsizingsolutionfor thesameo p , but underadifferentsetof effectivefringing capacitance

coefficients Ñ��y q . Let ÒLwM bethewidth of C in Ò[ and ÒL.�M bethewidth of C in Ò[Ð� . In thefollowing,weassumethat
n `zC c � � .

First,we introducethefollowing lemmafor a simplescenario.ConsideraparticularedgeC . Let o y q�`iC�� c -Ro;�y q `zC�� c for any

edgeC����-RC , but o;y q `zC c � oJ�y q `iC c . Then,weshow that Ò[ still dominates Ò[Ð� .
Lemma 3 For twodifferentsetsof effective-fringingcapacitancecoefficientsÑ�y q and Ñ��y q with o;y q `iC�� c - oJ�y q `zC�� c for anyedgeC����-ÏC , but o y q�`iC c � oJ�y q `zC c , wehaven `zC c� 9 ` �ÒLwM þ �ÒL �M c 3 jMd� ��� < � � M�� n `iC � c 9 ` �ÒLNM�� þ �ÒL �M � c ÍÀ� (6)

Proof of Lemma 3: In thefollowing,weuse
f g `io y qX`zC c 8 Ò[ c to denotetheperformancemeasurecorrespondingto thecasewhere

theeffective-fringingcapacitancecoefficient of C is o;y q `zC c with correspondingoptimalwire sizingsolution Ò[ . Similarly, we

candenote
fhg `zoJ�y q `iC c 8 Ò[Ð� c to betheperformancemeasureunderthe oJ�y q `zC c andthecorrespondingoptimalwire sizingsolutionÒ[Ð� . Supposeweswapthetwo sizingsolutions.Then,weobtainnew performancemeasures

fhg `io;y q `zC c 8 Ò[Ð� c and
fhg `ioJ�y q `zC c 8 Ò[ c .

Let � � denotethedifference
fhg `zo;y q `iC c 8 Ò[ c þ fhg `zo;y q `iC c 8 Ò[Ð� c . Then,from Eqn.(5):

� � - n `�6 7 c 9 B 9 jM�� � g o:p 9 ` ÒLwM � þ ÒL �Md� c
3 jMd� � g � Md�! l M n `zC � c 9 �ÒLwM � 9�¹ o:p 9 ÒLNM��W3�o;y q `zC � c� 3 j�h����� * < k�� M � � o � � 3 jM � � ��� y � � M � � � M � �  l M `�o p 9 ÒL Md� � 3Qo y qW`iC � � c�c

¶ ·¸
þ jM � � g � M �  l M n `zC � c 9 �ÒL �M � 9 °² ³ o p 9 ÒL.�Md� 3�o y qX`zCÎ� c� 3 j�h�
��� * < kD� Md�0� o �h� 3 jMd� � ��� y � � M��1� � M�� �" l M `io;p 9 ÒL �Md� � 3�o;y q `zC � � c�c

¶ ·¸3 jMd� ��� < � � Md� n `iC � c 9 �ÒLwM�� 9 `zo p 9 ÒL M 3�o y qW`zC c�c þ jMd� ��� < � � Md� n `iC � c 9 �ÒL �M � 9 `zo p 9 ÒL �M 3�o y qW`zC c�c
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3 n `zC c 9 �ÒLwM 9 °² ³ o p 9 ÒL M 3�o y qW`zC c� 3 j�h�
��� * < kD� Md� o �h� 3 jM � ��� y � � M�� `zo;p 9 ÒLwM � 3Qo;y q `iC � c�c
¶ ·¸

þ n `zC c 9 �ÒL �M 9 °² ³ o;p 9 ÒL.�M 3�o;y q `zC c� 3 j� � ��� * < kD� Md� o �h� 3 jM�� ��� y � � M�� `zo;p 9 ÒL �Md� 3Qo;y q `iC � c�c
¶ ·¸Í �

wherethefirst line correspondsto thetermsrelatedwith thedriver resistance,thesecondandthethird linescorrespondto those

edgetermsnotrelatedwith C , thefourth line correspondsto C andits ancestoredges,andthefifth andthesixth linescorrespond

to C andits downstreamsubtrees.

Let � G denote
f g `zo;�y q `iC c 8 Ò[Ð� c þ f g `ioJ�y q `zC c 8 Ò[ c . Theinequalityfor � G ÍÞ� canbesimilarly obtained.Summing� � and� G , wecaneasilycrossthecommontermsoutandobtainn `zC c 9 � 9 ` �ÒLwM þ �ÒL �M c 9 ` o;y q `zC c þùo;�y q `iC c� c 3 jM � ��� < � � Md� n `zC � c 9 � 9 ` �ÒLwM � þ �ÒL �M � c 9 `zo y qX`zC c þÓo �y q `zC c�c Í �

Sinceo;y q `zC c � o � y q `iC c , theresultfollows. ã
Let @�M be the singlestemsub-treerootedat C and @$# be the downstreamsubtreerootedat node � [2]. Let Ò[Ý`z@�M c andÒ[Ð�i`z@¼M c denotethesizingsolutions Ò[ and Ò[Ð� restrictedto edgesin @¼M only. Thenwehave thefollowing lemma.

Lemma 4 For twodifferentsetsof effective-fringingcapacitancecoefficientsÑ y q and Ñ��y q with o y qX`iC�� c - oJ�y q `zC�� c for anyedgeC����-ÏC , but o:y q `iC c � oJ�y q `zC c , wehave Ò[U`z@¼M c dominates Ò[Þ��`b@�M c .
Proof of Lemma 4: Denotethetwo endnodesof C being � and � in @ , where� is theupstreamnodeand � is thedownstream

node.Wefirst arguethat Ò[U`b@�# c dominates Ò[Ð��`b@�# c where Ò[U`b@�# c and Ò[Ð�i`z@$# c arethewire sizingsolutions Ò[ and Ò[Ð� restricted

to edgesin @ # only. We observethatthetotalweightedupstreamresistanceof @ # for Ò[ is

B `z@ # c - n `i6 7 c 9 BÕ3 n `iC c 9 � 9 �� ÒLwM 3 jM � ��� < � � Md� n `zC � c 9 � 9 �ÒLNM��
andthetotalupstreamresistanceof @$# for Ò[Ð� is

B � `b@�# c - n `�6 7 c 9 BÅ3 n `zC c 9 � 9 �� ÒL �M 3 jMd� ��� < � � M�� n `iC � c 9 � 9 �ÒL �Md�
FromLemma3, B `z@$# c ÍÅBÜ�i`z@$# c . Applying Lemma1, wecanconclude Ò[U`b@�# c dominates Ò[Ð�i`z@�# c .

Now, considertheedgeC . We keepthewire width assignmentof all otheredges,andswaponly thewire width assignment

of edgeC in thetwo wire sizingsolutions Ò[ and Ò[Ð� , i.e., Ò[ �hº p&% = Ò[ except ÒLwM(' ÒL �M and Ò[Ð��¡º p&% = Ò[Ð� except ÒL �M ' ÒLwM . Let� � be
f g `zo y qW`zC c 8 Ò[ c þ f g `zo y qW`zC c 8 Ò[ �¡º p&% c and � G be

f g `zoJ�y q `zC c 8 Ò[Ð� c þ f g `ioJ�y q `zC c 8 Ò[Ð��¡º p&% c . Then,

� � - n `�6*) c 9 B 9 o;p 9 ` ÒLwMÓþ ÒL �M c 3
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jMd� ��� < � � M�� n `iC c 9 �ÒL M � 9 o;p 9 ` ÒLNMÓþ ÒL �M c 3
n `iC c 9 + �ÒL M þ �ÒL �M�, 9

�� o;y q `zC c� 3 j������� * < kD� M�� o �h� 3 jM � ��� y � � M�� `io;p 9 ÒLwM � 3�o;y q `zC � cªc ��Í �
Obtaining� G in a similar fashion,andthensumming� � and � G together, weobtainthefollowing expression:

o;p 9 ` ÒLwMêþ ÒL �M c 9 jM � ��� < � � Md� n `zC � c 9 + �ÒL Md� þ �ÒL �M��-, 3
n `zC c 9 + �ÒL M þ �ÒL �M , 9

�� o y qW`zC c þÓo �y q `iC c� 3 jMd� ��� y � � M�� o;p 9 ` ÒLwM � þ ÒL �M � c �� Í �
Since[U`b@�# c dominates[Þ��`b@�# c , o;y q `zC c � oJ�y q `iC c , if weassumethat ÒLNM � ÒL.�M , wegetjM�� ��� < � � Md� n `zC � c 9 + �ÒLwM � þ �ÒL �M�� , T �
Combiningit with Lemma3, wewill have �.ºX» þ �.º �» ÍÕ� , which is acontradictionto theassumptionthat ÒLNM � ÒL.�M . Therefore,ÒLwM T ÒL.�M , and Ò[Ý`z@�M c dominates Ò[Ð�i`z@¼M c . ã

We cannow provethefollowing lemma:

Lemma 5 Consideranyedge C in @ . If o y qW`iC�� c -ÄoJ�y q `zC�� c for anyedge CÎ�/�-ÐC , but o y qW`zC c � o;�y q `iC c . Then, Ò[ dominatesÒ[ � .
Proof of Lemma 5: Now considernode � , theupstreamnodeof C . Createa sink 6:ú suchthatthe loadingcapacitanceof 6:ú is

equivalentto thetotalcapacitanceof @ M underwiresizingsolution Ò[ . Createanothertree @ � -Å@%þ @ M , andthatatnode� , it has

sink 6Dú . Notethattheoptimalwiresizingsolutionof @.� combineswith Ò[Ý`z@�M c is exactly Ò[ . Similarly, let @.� ��-Þ@{þê@�M , and

theat node � , it hassink 6D�ú which hasa loadingcapacitanceequivalentto thetotal capacitanceof @ M underwiresizingsolutionÒ[ � . By Lemma4, o � ý � o � �ý . By applyingLemma2, thewiresizingsolutionof @ � dominates@ � � . Therefore,thelemmaholds.ã
This leadsto Theorem1:

Theorem1 Symmetric Effective-Fringing Property: For a fixedareacapacitanceo p , let Ò[U`zo p 8 Ñ y q c beanoptimalwiresizing

solutionto optimizetheperformancemeasure
fhg

undera setof effectivefringing capacitancecoefficientsÑ�y q - 5Do;y q `iC c ��CY�@ > , and Ò[U`io p 8 Ñ��y q c be an optimal sizing solution under a different set of effectivefringing capacitancecoefficients Ñ��y q -5Do � y q `iC c �DCÝ�%@ > . Thenif Ñ�y q T Ñ �y q , i.e., o;y q `iC c T o � y q `zC c for all edges C , wecanconcludethat thereexist optimalsolutions

such that Ò[Ý`zo p 8 Ñ y q c dominates Ò[Ý`io p 8 Ñ��y q c .
21



Proof of Theorem1: By a simpleinductiononall edgesC with o y qW`zC c � oJ�y q `zC c basedonLemma5. ã
Notethattheaboveresultsareobtainedundertheassumptionthat

n `iC c � � . In thecaseof
n `iC c -Ï� , let C�� bethelastedge

(in a bottom-uporder)in ~H�d6�`iC c10 5�C > suchthat
n `zC�� c -Ð� . Notethat C�� maybe C . Then, Ò[U`b@ M�� c and Ò[Ð��`b@ Md� c will have

identicalwiresizingsolutions,i.e., all edgesin @�M � areassignedtheminimumwidth allowed. However, thetotal capacitanceinÒ[U`b@ M � c is strictly largerthanthat in Ò[Ð��`b@ M � c since o y qX`zC c � o;�y q `iC c . Therefore,applyingLemma2 again, Ò[ still dominatesÒ[ � .
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