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Abstract
Astheprocesstechnology advancesinto thedeepsubmicron era, in-

terconnectplays a dominantrole in determiningcircuit performance.
Buffer insertion/sizingand wire sizingare the mosteffectiveand pop-
ular techniquesto reduceinterconnectdelayand are traditionally ap-
plied to post-layoutoptimization. As the SIA technology roadmappre-
dicts, however, the numberof interconnectionsamongdifferent blocks
and that of buffers insertedin a chip for performanceoptimizationwill
grow dramatically[17, 18]. It is obviouslyinfeasibleto insert/sizehun-
dredsof thousandsbuffers or wiresduring the post-layoutstage when
mostroutingregionsareoccupied.Therefore, it is critical to incorporate
buffer-block andwire-sizeplanninginto floorplanningto ensure timing
closure and designconvergence. In this paper, we first derivecontin-
uousbuffer insertion/sizingand wire sizing formulaefor performance
optimizationundera more accuratewire model,andthenapplythefor-
mulaeto interconnect-drivenfloorplanningthat considers not only the
buffer-block planningaddressedin [7], but alsowire-sizeplanning. Ex-
perimentalresultsshowthat our approach achievesan average success
rateof 93%of netsmeetingtimingconstraintsandconsumesanaverage
extra areaof only 0.8%over thegivenfloorplan,comparedwith theav-
erage successrateof 73%andextra areaof 1.20%resultedfromrecent
work in [7].

1 Introduction
As physicaldimensionsshrink into the deepsubmicronera, inter-

connectplaysa dominantrole in determiningcircuit performance.The
SIA’97 andSIA’99 roadmaps[17, 18] revealthatinterconnectmayslow
down the progressalongMoore’s curve. Hence,many techniquesfor
interconnectoptimizationhaveextensively beeninvestigatedin theliter-
aturerecently, e.g.,buffer insertion/sizing,wire sizing/spacing/shaping,
topologyconstruction,andbetterinterconnectmaterials[6, 14]. Among
thesetechniques,buffer insertion/sizingandwire sizingarethemostef-
fective andpopularonesto reduceinterconnectdelay.

Becausethe intrinsic delayof a singlewire is quadraticallypropor-
tional to thewire length,insertingbuffersbreaksawire into shorterseg-
ments,andthisoperationcanmake thedelaygrow morelinearly. Buffer
insertioncanbeclassifiedinto two categories:uniform andnonuniform
buffer insertion.Uniform buffer insertiondistributesbuffersof thesame
size(homogeneousbuffers) in wires; this techniquehasobtainedmuch
attentionin the literature,e.g.,[1, 10]. However, whenthe loadingca-
pacitanceis muchlarger thanthebuffer capacitance,uniform buffer in-
sertionmaynot beeffective sincethebuffer of thelaststagestill suffers
from a largepropagationdelaydueto its insufficient driving capability.
It is, therefore,necessaryto usea chainof buffers of increasingsizes,
i.e.,nonuniformbuffer insertion,to optimizedelayif theloadingcapac-
itanceis far greaterthanthebuffer capacitance.Traditionalnonuniform
buffer insertionignoresthe effectsof wires andconsidersonly buffers
andloads.Theoptimumincreasingfactor(stage ratio) hasbeenderived
for this simplifiedcircumstance.If thediffusioncapacitanceof a buffer
is ignored,the optimumstageratio for delayminimization is equalto� [14]. Nevertheless,thetraditionalnonuniformbuffer insertionscheme�
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without consideringwire delayis no longeraccuratein thedeepsubmi-
crontechnologybecausemostdelayis incurredin wires. In additionto
buffer insertion,wire sizing [3, 8] increaseswire widths to improve the
driving capabilityfor largeloadsor decreaseswire widthsto reducethe
capacitive loadingfor weakdrivers.Theleverageof wire sizingcanthus
reduceinterconnectdelay.

Recently, simultaneousbuffer insertion/sizingand wire sizing has
beenexplored to somedegreein the literature[4, 5]. Chu andWong
in [4] provided a continuousclosedform to solve this problem. How-
ever, theirwire modeldoesnotconsiderfringing capacitance.They later
in [5] incorporatedfringing capacitanceinto theirwiremodel,butmanip-
ulatedonly in thediscretedomain.Unifying theconsiderationsof wires
for uniform buffer insertion,buffersandloadsfor nonuniformbuffer in-
sertion,andwire sizing,wederivecontinuousbuffer insertion/sizingand
wire sizing formulaefor performanceoptimizationundera moreaccu-
ratewire model. (Seethe summaryin Table 1 for the comparison.)

Fringing Continuous Continuous
capacitance buffer sizes wire sizes

[4] 	 	
[5] 	

Our work 	 	 	
Table1: Comparisonwith therelatedpreviousworks.

Accordingto thediscussionin [4], theoptimalbuffer insertion/sizing
andwire sizingmayoccurwhenwe insertbuffersinto awire atequidis-
tance,wherethe forms of buffer sizesand wire widths are geometric
progression. On the other hand, inspiredby [14], the optimal buffer
insertion/sizingis achieved whenthe delayassociatedwith eachstage
is the same. Hence,thin wires correspondto large buffers so that the
delayof eachstageis relatively balanced.In our model for buffer in-
sertion/sizingandwire sizing, buffers are insertedat equidistance,and
buffer sizesareincreasing,while wire sizesaredecreasing.

Most existing buffer inserting/sizingandwire sizing algorithmsare
intendedfor post-layoutinterconnectoptimization.As theSIA technol-
ogy roadmappredicts,however, thenumberof interconnectionsamong
differentblocksandthatof buffersinsertedin achipfor performanceop-
timizationwill grow dramatically[17, 18]. It is obviously infeasibleto
insert/sizehundredsof thousandsbuffersor wiresduringthepost-layout
stagewhenmostroutingregionsareoccupied.Therefore,it is critical to
incorporatebuffer-blockandwire-sizeplanninginto floorplanningto en-
suretiming closureanddesignconvergence.Cong,Kong,andPanin [7]
andSarkar, Sundararaman,andKoh in [15] presentedpioneeringworks
on buffer block planningfor interconnect-driven floorplanning. Given
a floorplan, they clusteredbuffers into blocks and placedthesebuffer
blocksinto thedeadspacesandchannelsin thefloorplanto reducecir-
cuit delayby usingtheuniform buffer insertionscheme.

In this paper, we develop analgorithmthatappliesour buffer inser-
tion/sizingandwire sizing formulaefor interconnect-driven floorplan-
ning. We considernot only the buffer block planningproblemformu-
latedin [7], but alsowire-sizeplanningto optimizecircuit performance.
Experimentalresultsshow that our algorithmachievesan averagesuc-
cessrate of 93% of netsmeetingtiming constraintsandconsumesan



averageextra areaof only 0.8%over thegivenfloorplan,comparedwith
the averagesuccessrateof 73% andextra areaof 1.20%resultedfrom
recentwork in [7].

This paperis organizedas follows. Section2 introducessomeno-
tations. Section3 derivesnonuniformbuffer insertion/sizingformulae.
Section4 developssimultaneousbuffer insertion/sizingandwire sizing
formulae. Section5 appliesthe formulaeto buffer-block planningfor
interconnect-driven floorplanning.Finally, Section6 shows experimen-
tal results.

2 Preliminaries
Weusethefollowing notationsin this paper.
�� : thewidth (size)of a wire.
�
�� : thesheetresistanceof a wire.
�� � : theunit-sizedareacapacitanceof a wire.
���� : theunit-lengthfringing capacitanceof awire.
�������� : theunit-lengthcapacitanceof awireof width � ; i.e., �������������������� .
! #"%$ : theintrinsic delayof a buffer.
���& : theunit-sizedcapacitanceof abuffer.
�
�& : theunit-sizedresistanceof a buffer.
('*) : thecapacitanceof theload.
�+-, : theresistanceof thedriver.
!. : thestage(size)ratiobetweentwo consecutive buffers.
0/ : thestage(size)ratiobetweentwo consecutive wire segments.

Throughouttherestof thispaper, we will applytheparameterslisted
in Table2 to facilitateour technicaldiscussions.This setof parameters
is basedonthe 132%4�576#8 technologyin theSIA’97 roadmapandwasused
in [7].

Parameter Description(unit) Value9
unit wire width ( :<; ) 0.18= � wire sheetresistance( > ) 0.068? � wire sheetareacapacitance( @BADC�:E; � ) 0.06? � wire fringing capacitanceof awire ( @BAFC�:<; ) 0.064?�G 9EH wire unit-lengthcapacitanceas

9JILK�M N :E; ( @3AFC�:E; ) 0.118O "P$ intrinsicdelayfor eachbuffer (QER ) 36.4S ) loadcapacitance( @3A ) 23.4T , driver resistance( > ) 180? & input capacitanceof aminimumsizebuffer ( @BA ) 23.4= & outputresistanceof a minimumsizebuffer ( > ) 180

Table2: Parametersof the
K�M �VU : m technologyin SIA’97.

Figure1 shows ourcircuit modelsfor buffersandwire segments.We
useaswitch-level RCcircuit to modelabuffer, with theconsiderationof
theintrinsicbuffer delay;weadoptthe W -modelto modelawire segment,
with theconsiderationof fringing capacitance.We usetheElmoredelay
model[9] to computedelay.
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Figure1: Wemodelabuffer asaswitch-level RCcircuit andawire segmentas
a X -modelRCcircuit, andapplytheElmoredelaymodelfor delaycomputation.

3 Nonuniform Buffer Insertion
Buffer insertionis currentlyconsideredasthemosteffectiveandpop-

ular way to optimizeinterconnectdelay. In this section,we considerthe
problemof optimizingtheinterconnectdelayby findingthebestnumber
of buffers to be insertedand the correspondingstageratio. By “stage
ratio,” we meanthesizeratio of the �ZY[� 4 � -th buffer to the Y -th one.As
anexampleshown in Figure2, we insert \ buffersinto a wire of length]

at equidistance.Therefore,the wire is divided into \ � 4 segments
(stages),andthelengthof eachsegment ^ � )_a` � .
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Figure2: Themodelof nonuniformbuffer insertion.

TheNonuniformBuffer Insertionproblemis formulatedasfollows.
 Problem: TheNonuniformBuffer Insertion(NBI) Problem

Input: Wire length
]

, driver resistance+ , , loadcapacitance' ) ,
unit-sizedareacapacitanceof a wire � � , unit-lengthfringing ca-
pacitanceof a wire � � , sheetresistanceof a wire 
�� , input ca-
pacitanceof a unit-sizedbuffer ��& , andresistanceof a unit-sized
buffer 
�& .
Objective: Determinethe stageratio . for buffer sizesandthe
numberof buffers \ suchthatthewire delayis minimized.

Thedelayof eachstageb " , 1dc Y c!\ , is givenasfollows.e � I T , Gf? � 9hg ? � Hji�glk T , ? & g �� = � ? � i � g = � ? � i �� 9 g k = � i ? &9 me " I O "%$ gnk = & ? & g �� = � ? � i � g = � ? � i �� 9 g = & Gf? � 9-g ? � Hjik "g k " ` � = � i ? &9po �rqtsuqwvyxz� me _ I O "%$ g = & S )k _ g = � ? � i �� g = � ? � i �� 9 g = & Gf? � 9-g ? � Hjik _ g = � iPS )9 M
Therefore,thetotal delayof thewire { � \l| .}� is givenby~ G v o k�H�I T , G�? � 9-g ? � H�i�glk T , ? & g v O "%$ gnk G v�xt� H = & ? &g � = &k _ g = � i9�� S ) g �� G v g � Ha� = � ? � i � g = � ? � i �9 �g _� "P� � � = &k " Gf? � 9hg ? � Hji�g k " ? & = � i9 � M (1)

We have the following theoremto show the effect of buffer inser-
tion/sizingondelay.

Theorem 1 Thedelayof a wire is a convex functionof thestage ratio .
for buffer sizesandthenumber\ of insertedbuffers.

Proof Sketch: Differentiating { _ twice with respectto . and \ , we
have �������%�}�Z�7���� � � �� � �<� � � ���h� ����� �%� ��� � �����% � �P� � � �� � �<� � � ��¡h� � � �Z¡ � � �  ¢� ��� ���%� �-� � � �£�¥¤3¦� � �§� � �



Figure3: Theeffectsof buffer insertionandsizingderived from Equation(1)
basedontheparameterslistedin Table2 andawire of length0.5cm. Theoptimal
numberof buffersis around4, andthestageratio for buffersis around2.

and
� � �u�¨�}�Z�7���� � � �£©«ª �¨� � � � �����% �¨� �-� � � �¬� � �%� � � ���� �P  �� �-� � �£�­¤3¦� � ¡ � �¨  ®��7� � � � � �   ¤3¦� �%� �¯� � �� �P�¨  ®7�7�P�¨  ®7� ¡°� �P�%� �h� �¢� � ¡ � � � �%  ®�� ¡-� � ¡ � � � �  ¢� ��¢� ¡h� �P�%� �h� � �� �P�¨  ®7�7�P�¨  ®7� �-� �P�¨� �-� �¢� ¡ � � � � ¡ � �¨  ®�� �-� � ¡ � � ��� � �  � � ¡«� ¡h� �P�%� �h� � � ±
It canbeshown that ² ��³r´ _Dµ ¶�·² ¶ � , ² ��³r´ _Dµ ¶�·² _ � , and( ² ��³r´ _Dµ ¶B·² ¶ � ² ��³r´ _Dµ ¶B·² _ � ¸² ��³r´ _Dµ ¶�·² ¶ ² _ ) are greaterthan 0; the wire delay is thus always “curving

upward”; in otherwords,thedelayof a wire is a convex functionof the
stageratio . andthenumberof insertedbuffers \ .

Sincethe delayfunction is convex, it is guaranteedthat a local op-
timal solution equalsthe global optimum. Hence,we can apply any
efficient searchalgorithm,suchasthewell-known gradientsearchpro-
cedure,to find a local optimal solution and thus the global optimum.
Figure3 shows theeffectsof thestageratio for buffersandthenumber

Figure4: Thedelayfunctionsfor various¹ I�S ) / ? & basedontheparameters
shown in Table2 (numberof buffers: 3; wire length:0.6cm).

of bufferson thedelayof a wire derivedfrom Equation(1). In Figure4,
thedelayof a wire is plottedasa functionof thestageratio for buffers
basedon theparametersshown in Table2, threebuffers inserted,anda
wire of length0.6 cm. Previouswork shows that theoptimumstagera-
tio for delayminimizationis equalto � whenthe diffusion capacitance
of a buffer and the delayof a wire are ignored[14]. However, diffu-
sioncapacitanceandwire delayareof particularimportancein thedeep
submicrontechnology. Figures4 shows that thegreaterthe loadingca-
pacitance,thegreatertheoptimumstageratio for buffers.

4 Simultaneous Buffer Insertion/Sizing and Wire
Sizing

In thissection,weintendto minimizethewire delayby simultaneous
buffer insertion/sizingandwire sizing. TheSimultaneousBuffer Inser-
tion/SizingandWireSizingProblemis formulatedasfollows. (Notethat\ is givenherewhile it is unknown in theNBI problem.)Figure5 shows
our modelfor simultaneousbuffer insertion/sizingandwire sizing. Ac-
cordingto the discussionin [4], the optimalbuffer insertion/sizingand
wire sizing may occur when we insert buffers into a wire at equidis-
tance,wherethe forms of buffer sizesand wire widths are geometric
progression. On the other hand, inspiredby [14], the optimal buffer
insertion/sizingis achieved whenthe delayassociatedwith eachstage
is the same. Hence,thin wires correspondto large buffers so that the
delayof eachstageis relatively balanced.In our model for buffer in-
sertion/sizingandwire sizing, buffers are insertedat equidistance,and
buffer sizesareincreasing,while wire sizesaredecreasing.
 Problem: The SimultaneousBuffer Insertion/Sizingand Wire

Sizing(SBW)Problem
Input: Wire length

]
, driver resistance+-, , loadcapacitance'*) ,

unit-sizedareacapacitanceof a wire ��� , unit-lengthfringing ca-
pacitanceof awire � � , sheetresistanceof awire 
 � , inputcapaci-
tanceof aunit-sizedbuffer ��& , resistanceof aunit-sizedbuffer 
�& ,
andthenumberof buffersinserted\ .
Objective: Determinethe stageratio . for buffer sizesandthe
stageratio / for wire widths suchthat the wire delay is mini-
mized.

In Section3, we discussedthestageratio . for buffers with a fixed
wire width. Here,bothwire widthsandbuffer sizescanbevariedfor the
SBWproblem.

Rd CL

L

N

h
1

l lll l

N−1

c(h)       lc(h)l
N

c(h)      l

h N−1

r  l0

h

r  l0
Nh

r  l0

c(h)     l

r  l0

d0 dNd1

2

Figure5: Themodelof nonuniformbuffer insertionandwire sizing.

Inserting \ buffers into a wire of length
]

at equidistanceandcon-
sideringthesimultaneousbuffer insertion/sizingandwire sizing,wecan
computethedelayfrom source+-, to sink '*) asfollows (seeFigure5):~ _ G%º o k§H»I T , G�? � 9¯g ? � H�i�glk T , ? & g v O "%$ gnk G v�xt� H = & ? &g = � i�S )9 º _ g = &k _ S ) g �� G v g � H GP= � ? � i � g = � ? � i �9 Hg _� "P� � = &k " G�? � º " 93i�g ? � iPH«g _� "�� � k "º " = � i ? &9 M

(2)

Wehave thefollowing theorem.

Theorem 2 Thedelayof a wirewith \ buffersinsertedis a convex func-
tion of the stage ratio . for buffer sizesand the stage ratio / for wire
widths.
Proof Sketch: DifferentiatingEquation(2) twice,we have����� � �¢¼E���7���¼ � � �� � � � � � ¡E� �£� �P� � � �B¡h� �P� � ¼ ��¡ � �   � ���� ¢�� �� � � � � � ���-� ��� � � ¼ ¡E��¡ � � � �  ¢� �� � ���%� �-� �¢¼ � � � � � �   ¤3¦� � �



and� � � � � ¼<���7��V� � � �� � � � � � �7�h� �¢� ¡ � �P� � � � �£� � � ¼ � �   � �£� ���� ¢�� �� � � � � � ��¡h� ��� � �Z¡ � ¼ ¡E� � � �  ¢� �� � ���¨� �h� �¢� ¡ �%� � � � �£�­¤3¦ ±
It is not difficult to show that ² ��³ � ´¢½ µ ¶B·² ½ � , ² ��³ � ´ ½ µ ¶B·² ¶ � , and

( ² � ³ � ´¢½ µ ¶B·² ½ � ² � ³ � ´ ½ µ ¶B·² ¶ � ¸ ² � ³ � ´¢½ µ ¶�·² ½ ² ¶ ) aregreaterthan 1 . Thusthewire
delayfunction { _ is always“curvingupward”; in otherwords,thefunc-
tion is convex.

Figure6 shows anexamplefor Equation(2) basedon theparameters
listedin Table2; it is obviousthatthecurve is convex. Let

¾ I _� "�� � º " ` �k " IÀ¿ÁÁÁÁÂ ÁÁÁÁÃ
½½[Ä ¶ � ½ � �§� Ä ¶ � �§�¶ � � if º�ÅI � o k ÅI �½ � �«� Ä ¶ � �«�¶ � Ä ¶ if º I �v

if º IÆkÇI � o (3)

È I _� "�� � k "º " IÉ¿ÁÁÁÁÂ ÁÁÁÁÃ
�¶ Ä«½ � ¶ � �§� Ä«½ � �«�½ � � if ºÊÅI � o k ÅI �¶ � �«� Ä �¶ Ä � if º I �v

if º Iwk¬I � o (4)

and Ë I _� "�� � �k " I v if
kdI � o (5)

Wehave~ _ GPº o k�H»I T , ? � i�g T , ? & g v O "P$ glk G vÌxz� H = & ? & g G v g � H = � ? � i ��g = & S )k _ Ä � g = � iPS )º _ g G%¾3= & ? � 93i�g Ë = & ?V� i�H<g È = � i ? &9 M
When / equals4 , Equation(2) reducesto Equation(1) derived in Sec-
tion 3,whichconsidersonly auniformwire size.When . and/ areboth
equalto 4 andthefringing capacitanceof wiresareignored,Equation(2)
reducesto theoptimaluniformbuffer insertionequationderivedin [1].

We can solve the SBW problemby using convex programmingto
obtainthe optimal ratiosfor . and / . Figure6 shows the relationship
amongthedelay { _ ��/ | .}� , stageratio for buffers . , andstageratio for
wire widths / . Thefigurerevealsthattheoptimalwire width is tapering
while theoptimalbuffer sizeis increasing.This phenomanoncoincides
with thestatementsmentionedin previouswork.

5 Application to Interconnect-Driven Floorplan-
ning

In this section,we developanalgorithmthatappliesourbuffer inser-
tion/sizingandwire sizing formulaefor interconnect-driven floorplan-
ning. Weconsidernotonly thebufferblock planningproblemformulated
in [7], but alsowire sizeplanningto optimizecircuit performance.
5.1 Feasible Region for Buffer Insertion

We shall first discussthe feasibleregion for insertingbuffers. Ac-
cordingto [7, 15], the feasibleregion (FR) of a buffer is themaximum
region whereit canbeplacedwhile thenetsatisfiesits timing constraint #Í¥Î�Ï , andotherbuffers alongthe net areplacedwithin their respective
feasibleregions.Thefeasibleregionsof buffersareindependentof each
other. Thework in [7, 15] consideredonly buffer insertion. Therefore,
we shallderive feasibleregionsfor theSBW problemwith nonuniform
buffersandwire sizes(i.e., consider. and / ). Recallthat,in Section4,

Figure6: Theeffectsof buffer sizingandwire width ondelay(
v

= 3, Ð = 0.5
cm).

theoptimal / and . canbeobtainedby any efficient searchalgorithm,
suchasthewell-known gradientsearchprocedure.

Let Ñ " denotethedistancefrom thedriver to the Y -th buffer. We have
thefollowing theoremto computethefeasibleregion for eachbuffer.

Theorem 3 For a wire of length
]

and with \ buffers inserted,
the feasible region for the Y -th buffer ( 4Òc Y cÓ\ ) is Ñ "ÕÔÖ Ñ�× "%$ � \l| Y�� |­Ñ§×aØÚÙ � \l| Y���Û withÑ�× "P$ � \l| Y��F�(ÜÞÝ7ßzà 1E| ¸-á � ¸�â á �� ¸Æã�á � á �ä á � å |}æ3ç[b

Ñ�×aØ�Ù � \l| Y����(Ü¬è¨éÆà ] | ¸-á � � â á �� ¸Lã�á � á �ä á � å |
where

á � | á � and

á � are functionsof \ and Y withê � G v o s H�I G v g � H = � Gf? � g�ë �ì H�ê � G v o s H�I à _ Ä �� "�� � k "º " å = � ? &9 g à _ Ä �� "�� � º " ` �k " å = & G�? � 9-g ? � Hg T , G�? � 9hg ?V� H<g = � S )9 º _ê � G v o s H�I v O "%$ x O Í¥Î�Ï g T , ? & gnk G v�xt� H = & ? & g = & S )k _ Ä � M
Note that we must have

á �� ¸íã�á � á �ïî 1 ; otherwise,there ex-
ists no feasibleregion for insertingthe Y -th buffer, andthe given floor-
plan/timingconstraintmustbechanged.Figure7 shows a 2-D feasible
regionwith existingblocksactingasobstaclesfor buffer insertion.

source

sink

feasible 
  region

inserted buffer

obstacle

Figure7: A 2-D feasibleregion (shadedregion) with anexisting block acting
asanobstaclefor buffer insertion.



5.2 Algorithm
In this subsection,we presentan algorithm to demonstratehow to

applyour formulaeto interconnect-drivenfloorplanning.
In Figure8, delayis plottedasa functionof thenumberof inserted

buffers. As shown in the figure, simultaneousbuffer insertionandsiz-
ing (curve B) is clearlymuchmoreeffective thanbuffer insertionalone
(curve A) usedin [7, 15] for timing optimization. Unlike the recent
works [7, 15] that consideredonly uniform buffer insertion,our algo-
rithm MBBP first tries to find availabledeadspacesin the feasiblere-
gionsto insertandsizebuffersto reducethedelayfor a netviolating its
timing constraint. If it cannotmeetthe timing constraint,MBBP will
thentry to sizethenet to improve theperformance.At last it will resort
to thesimultaneousbuffer insertion/sizingandwire sizing techniqueto
furtherreducethedelayif noneof theprevioustechniquescanmake the
delaywithin thetiming bound.

Figure8: Delay comparisonbetweenuniform buffer insertion[1] (Curve A)
andnonuniformone(Curve B). [7] and[15] appliedtheuniform buffer insertion
formulatedin [1]. Curve B is basedon Equation(1) and

kÞI �
. Thewire length

is equalto 0.6cm,andotherparametersaregivenin Table2 for bothcurves.

Algorithm: Multi-phaseBuffer Block Planning(MBBP)
Input: A floorplan A andasetof 2-pin nets.
Output: ð & —locationsof buffer blocks.

1 Build thehorizontalandverticalpolargraphsfor A ;
2 Build tile datastructure;
3 For eachtile, computeits areaslack;
4 while (thereexistsanetviolating its timing constraint)do
5 if (buffer insertion/sizingcanmeetthetiming constraint
6 andthereexiststiles in its FR)
7 ñ s i%ò GPó H#ô Pick Tiles();
8 NonuniformBuffer Insertion(ñ s iPò G�ó H );
9 Updatethepolargraphs;
10 else if (wire sizingcanmeetthetiming constraintand
11 thereexistsno tile in its feasibleregion)
12 Wire Sizing();
13 else if (delaystill violatesthetiming constraint)
14 ñ s i%ò GPó H#ô Pick Tiles();
15 SimultaneousBuffer-IS Wire-S(ñ s i%ò GPó H );
16 Updatethepolargraphs;
17 until (nonetcanbeimproved)

Figure9: TheMulti-phaseBuffer Block Planning(MBBP) algorithm.

Figure9 summarizesour MBBP algorithm. Thefirst threelinesare
thedatapreparationstages,which arethesameasthosein [7]. We first
build thehorizontalandverticalpolargraphs[16], denotedby õ÷ö andõ÷ø , for thegivenfloorplan ù . õ÷ö and õ÷ø aredirectedacyclic graphs.

For õ ö ( õ ø ), eachvertical(horizontal)channelis representedby aver-
tex. A directededge�Zú |­û � denotesthat ú is theleft (top)sideof ablock,
and û is theright (bottom)sideof thesameblock. Eachedgeis associ-
atedwith apositiveweightdenotingthewidth (height)of theblock. The
longestpathin õ÷ö ( õ÷ø ) is equalto theminimumrequiredchip width
(height). Therefore,õ ö and õ ø canbe usedto determinethe areaof
thesmallestenvelopingrectangleof ù . Duringprocessing,MBBP might
needto shift blocksto make roomsfor buffer blocks,andthuslengthen
horizontalor vertical channels.Eachchannelandthe deadspaceafter
floorplanningaredivided into a setof rectangulartiles [7, 15] to facili-
tatedatamanipulation.For eachtile, its areaslackcanbecomputedfrom
thelongestpathpathin õ÷ö or õ÷ø .

For eachnet, MBBP will try oneof the following threeprocedures
(in theorder)until thenetsatisfiesits timing constraint,if possible.
 Procedure1: Buffer Insertion and Sizing (Line 8: Nonuni-

form Buffer Insertion())
If buffer insertionandsizingcansatisfythetiming constraintand
thereexist enoughtiles within deadspacefor buffer insertion,
MBBP will insertall requiredbuffers into theFRsin thesetiles.
Notethatthetotal areawill not increasefor this operation.
 Procedure2: Wire Sizing(Line 12: Wire Sizing())
If thereareno tiles within its FR,MBBP will try to sizethewire
to meetthetiming constraint.
 Procedure3: SimultaneousBuffer Insertion/SizingandWire Siz-
ing (Line 15: SimultaneousBuffer-IS Wire-S())
If it still cannotmeet the timing constraintafter applying the
aforementionedprocedures,MBBP will useEquation(2) to size
buffers and wires simultaneouslyto reducethe delay. If there
existsno tile with deadspacefor buffer insertion,MBBP will ex-
pandthechannelwhereits FR locatesby one-tilewidth to make
roomsfor the insertedbuffers. This operationcertainlywill in-
creasethechiparea.

After insertingbuffers into tiles, MBBP hasto updatethe polar graphs
for further processing. If channelexpansionoccurs,MBBP will also
updatethe timing information of the netsthat have successfullybeen
processedbefore.If thenetcannotsatisfyits timing requirementdueto
channelexpansion,MBBP will processthenetagain.MBBP haltswhen
nomorenetscanbeimprovedby theabove threeprocedures.

6 Experimental Results
TheMBBPalgorithmwasimplementedin theC++languageonaSun

UltraSPARC I workstationand testedon the benchmarkcircuits used
in [7] (seeTable3 for the circuits). We comparedour MBBP method
with the buffer block planningalgorithmsBBP presentedin [7] based
on the dataandparametersgeneratedin [7]. For example,theparame-
tersfor interconnectsandbufferswerebasedon the 132%4�576#8 technology
given in the SIA’97 roadmap[17] (seeTable2 for the parameters),the
netswereall 2-pinconnectionsandthepower/groundandsingle-pinnets
wereexcluded,andthe delaybudgetswererandomlygeneratedby the
authorsin [7] from 1.05–1.20 [ü£ý�þ . Theexperimentsof [15] arebased
on differentparametersanddelaybounds,sowe comparedresultswith
only [7].

�
Table 4 gives the resultsobtainedfrom the BBP and MBBP algo-

rithms.Column2 in Table4 lists thenumberof nets(2-pinconnections)
thatmeetthetiming constraint(# netsmeet),thenumberof netsthatdo
not meetthe timing constraint(Not meet),andthe total numberof nets
(Tot. # nets);Column3 shows thepercentageof thenetsthatmeetthe
timing constraint(% Meet); Column4 lists the total numberof buffers
insertedinto the 2-pin nets(# buffers); Column5 reportsthe increased
areain percentageafter the planning(Extra area(%)), which is com-
putedby (new chiparea̧ originalchiparea)/originalchiparea;Column
6 givesthe CPU times(in second)for the BBP, andMBBP algorithms
basedon an Intel Pentium-II,anda SUN UltraSPARC I machines,re-
spectively. Notethatweusedthesamedelaybudgetsasthoseusedin [7]�

Wewereprovidedwith 10outof the11benchmarkcircuitsusedin [7].



Circuit # modules # nets # pads # 2-pin nets
apte 9 97 73 172

xerox 10 203 2 455
hp 11 83 45 226

ami33 33 123 43 363
ami49 49 408 22 545
playout 62 2506 192 2150

ac3 27 212 75 446
xc5 50 1005 2 2275
hc7 77 449 51 1450
a9c3 147 1202 22 1613

Table3: Statisticsof theMCNC benchmarkcircuits.

while thoseusedwererandomlygeneratedby theauthors(from thesame
interval asthatin [7], i.e.,

Ö 4�2 1�ÿ  [ü£ý�þ |�4�2 ä 1  [ü£ý�þ�Û ).
# netsmeet Extra CPU�

Circuit
�

Not meet % Meet # buffers area time
algorithm

�
Tot. # nets (%) (sec)

apte
BBP 102/70/172 59.3 185 0.69 0.23

MBBP 148/ 24/172 86.0 24 0.80 2.15
xerox
BBP 260/195/455 57.1 399 1.38 0.53

MBBP 388/67/455 85.3 192 0.12 4.15
hp

BBP 131/95/226 58.0 280 1.24 0.48
MBBP 198/28/226 87.6 49 1.39 1.56
ami33
BBP 305/58/363 84.0 667 1.36 1.63

MBBP 360/3/ 363 99.2 49 4.18 3.38
ami49
BBP 412/133/545 75.6 946 0.78 3.25

MBBP 542/3/ 545 99.4 202 0.11 7.00
playout

BBP 1533/617/2150 71.3 4263 0.84 13.98
MBBP 2052/98/2150 95.4 242 0.13 54.38

ac3
BBP 369/77/446 82.7 733 1.11 1.39

MBBP 415/31/446 93.0 131 0.04 3.38
xc5
BBP 1739/536/2275 76.4 3210 1.79 10.16

MBBP 2216/59/2275 97.4 59 0.00 19.93
hc7
BBP 1068/382/1450 73.7 2693 1.92 15.88

MBBP 1385/65/1450 95.5 184 1.22 9.98
a9c3
BBP 1446/167/1613 89.6 4265 0.89 29.20

MBBP 1507/106/1613 94.0 277 0.00 25.67

Average
BBP 72.77 1.20

MBBP 93.28 0.80

Table4: Comparisonwith BBP. (
�
CPUtimesarebasedondifferentmachines.)

Wesummarizetheresultsshown in Table4 asfollows.
 Percentageof netsmeetingtiming constraints:The MBBP al-
gorithm achieves an averagesuccessrateof 93% of netsmeet-
ing timing constraints,comparedwith theaveragesuccessrateof
73%resultedfrom BBP [7].
 Extra areaandnumberof buffers: MBBP consumesan average
extra areaof only 0.8% over the original floorplan, compared
with extra areaof 1.2%resultedfrom BBP [7]. A smallernum-
ber of buffers is usedby nonuniformbuffers than that by uni-
form buffers. (Of course,thesizesof theuniform buffersandthe
nonuniformonesarenot the same.)Typically, only 1–4 buffers
wereinsertedin a netto meetthetiming constraints.
 CPUtime: AlthoughtheCPUtimesreportedin Table4 arebased
ondifferentmachines,we still have theobservationthattheaver-
ageruntimeof MBBP is greaterthanBBP.

Theresultsrevealthatthebuffer/wiresizingformulaearemuchmore
effective thanpreviouswork in improving timing performanceby insert-
ing evensmallernumbersof buffers.

7 Conclusion
We have presentedin this paperthe formulaefor performanceopti-

mizationby sizingcircuit components(buffersandwires)with fringing
capacitanceconsiderationandappliedthe formulaeto buffer-block and
wire-sizeplanningfor interconnect-driven floorplanning.Experimental
resultshave revealedtheeffectivenessof our approaches.
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