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Abstract

This paper studiesbuffer block planning for interconnect-driven
floorplanningin deepsubmicron designs. We first introducethe
conceptof feasibleregion (FR) for buffer insertion, and derive
closed-formformula for FR. We observethat the FR for a buffer
is quite large in general evenunder fairly tight delayconstraint.
Therefore, FR givesus a lot of flexibility to plan for buffer loca-
tions. We then develop an effectivebuffer block planning (BBP)
algorithm to perform buffer clusteringsuch that the overall chip
areaandthebuffer block numbercanbeminimized.To thebestof
our knowledge, this is thefirst in-depthstudyonbuffer planningfor
interconnect-drivenfloorplanningwith bothareaanddelayconsid-
eration.

1 Introduction

For deepsubmicron(DSM) VLSI designs,it is widely accepted
that interconnecthasbecomethe dominantfactor in determining
the overall circuit performanceand complexity. Many intercon-
nect synthesistechniqueshave beenproposedrecentlyfor inter-
connectperformanceoptimization,suchastopologyconstruction,
driver sizing,buffer insertion,wire sizingandspacing(see[1] for
a tutorial). Among them,buffer insertion in particular, is a very
effective andusefultechniqueby insertingactive devices(buffers)
to breakoriginal long interconnectsinto shorteronessuchthat the
overalldelaycanbereduced.It hasbeenshown thatwithoutbuffer
insertion,theinterconnectdelayfor awire increasesaboutquadrat-
ically aswire lengthincreases,but it only increaseslinearly under
properbuffer insertion[2, 3, 4]. As anexample,[5] showedthatthe
delayof a2cmglobalinterconnectcanbereducedin a factorof 7x
by optimalbuffer insertion.As the intrinsic delayof a buffer (i.e.,
thecostfor buffer insertion)becomessmallerandthechip dimen-
siongetslarger, it is expectedthata largenumberof buffers shall
beinsertedfor high-performancedesignsin currentandfuturetech-
nologygenerations(e.g.,closeto 800,000for 50nmtechnologyas
estimatedin [6]). Theintroductionof somany bufferswill signifi-
cantlychangeafloorplan,andshallbeplannedasearlyaspossible,
to ensuretiming closureanddesignconvergence.

However, mostexistingbuffer insertionalgorithms(e.g.,[7, 8, 9,
10]) weredesignedfor post-layoutinterconnectoptimization,and
alsofor asinglenet.Therewasnoglobalplanningfor tensof thou-
sandsof netsthat may needbuffer insertionto meettheir perfor-
mancerequirementasin DSM designs.Meanwhile,mostexisting
floorplanningalgorithms(e.g.,[11, 12, 13]) only focusedon wire-
length/areaminimization,anddid not considerbuffer insertionfor
performanceoptimization. [14] consideredbuffer insertionduring
floorplanning,but it simply assumedthat buffers canbe inserted
anywherein an existing floorplan. However, not as wires which
mayhave over-the-cellroutingstructure(givenmultiple metallay-
ers),buffersmustconsumesiliconresourceandrequireconnections
to power/groundnetwork, thusmaynot beplacedanywhereinside�
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anexistingcircuit blocks.Otherwise,it will seriouslyimpactthehi-
erarchicaldesignstyle,make it difficult to use/reuseIP blocks.As
a result, the designersoften prefer to form buffer blocksbetween
existingcircuit blocksof currentfloorplan,whichmayincreasethe
totalchiparea.If thereis nocarefulplanningof theselargeamount
of buffers, onemay get excessive areaincrease.Moreover, with-
out carefulplanning,it is mostlikely thatthesebufferswill bedis-
tributedratherrandomlyover theentirechip, which will definitely
complicateglobal/detailedroutingandpower/grounddistribution.

To effectively addressthe above issues,as part of our general
effort of developing an interconnect-centricdesignflow [15], we
studyin thispaperthebuffer block planning(BBP)problem,which
automaticallygeneratesbuffer blocksfor interconnectoptimization
during physical-level floorplanning. It considersbuffer location
constraints(e.g., hard IP blocks and pre-designlayout) and pro-
videsmoreregular buffer structurefor easeof layout designand
sharingof power/groundnetworks.Ourmajorcontributionsof this
paperinclude:� We first introducethe conceptof feasibleregion (FR) for

buffer insertionundercertaindelayconstraint,andderive an
analyticalformulafor it.� Wefind thattheFRfor abuffer canbesurprisinglylarge,even
undertight delayconstraint.Thiscrucialobservationprovides
usa lot of flexibility to planabuffer’s location.� We proposeto usebuffer blocksto appropriatelyclusterindi-
vidualbufferstogethersothatthetotal chipareadueto buffer
insertion,aswell asthenumberof buffer blockscanbemini-
mized.� We developan effective algorithmfor buffer block planning.
It canbeusedasa key elementfor interconnect-driven floor-
planning.

To the bestof our knowledge,this is the first in-depthstudyof
buffer planningfor interconnect-driven floorplanning. The restof
thepaperis organizedasfollows. Section2 formulatestheproblem.
Section3 derivesthefeasibleregion for buffer insertion.Section4
studiesbuffer block planningandproposesan effective algorithm
for it. Experimentalresultsareshown in Section5, followedby the
conclusionin Section6. Dueto spacelimitation,weomit proofsto
the theoremsin this paper. Interestedreadermay refer to [16] for
details.

2 Problem Formulation
We proposeto study the following buffer block planning (BBP)
problem:givenaninitial floorplanandtheperformanceconstraints
for eachnet,wewantto determinetheoptimallocationsanddimen-
sionsof buffer blocks(i.e.,theextrablocksbetweenexistingcircuit
blocksof currentfloorplan)suchthat theoverall chip areaandthe
numberof buffer blocksafterbuffer insertionareminimizedwhile
the performanceconstraintfor eachnet is satisfied(if it is a valid
timing constraintfor the given floorplanthat canbe met by opti-
mal buffer insertion). The outputfrom our buffer block planning



consistsof thefollowing information:thenumberof buffer blocks,
eachbuffer block’s area,location,andcorrespondingnetsthatuse
somebuffer in thisbuffer blockto meetthedelayconstraints.In this
study, wefocusontwo-pinnetsandderivetheclosed-formformula
of feasibleregion for buffer insertion.Theconceptsof feasiblere-
gionandbuffer blockplanningcanbeextendedto multiple-pinnets
aswell.

We modela driver/buffer asa switch-level RC circuit [5], and
usethe well-known Elmore delay model for delay computation.
The key parametersfor interconnectand buffer in our study are
listedin Table1. Thevaluesarebasedon a 0.18��� technologyin
NTRS’97[17].

Table1: Key parameters� unit lengthwire resistance( 	�
���� ) 
�� 
����� unit lengthwire capacitance( ����
���� ) 
�����������
intrinsicdelayfor buffer (� � ) !�"#� $% �
inputcapacitanceof buffer ( ��� ) &'!#� $()�
outputresistanceof buffer ( 	 ) 180

3 Feasible Region for Buffer Insertion
The feasibleregion (FR) for a buffer * is definedto be themaxi-
mumregionwhere* canbelocatedsuchthatby insertingbuffer *
into any locationin thatregion,thedelayconstraintcanbesatisfied.
Figure1 illustratestheconceptof FRfor inserting1or + buffersinto
anetwherethesourceandsinkof thenetareconnectedby agiven
route.In thefigure,theFR’saretheshadedline segments.

3.1 Feasible Region for Single-Buffer Insertion
For single-buffer insertionin Figure1(a), let usdenote, to bethe
distancefrom driver to buffer. We have the following theoremfor
its feasibleregion:

Theorem 1 For a givendelayconstraint
��-/.10

, the feasibleregion2 ,436587�9:,�3<;�='> for insertingonebuffer is,43<5?7 @ ACB)D E 
#9�FHG6IKJ F GG I $ FML/FON& F L P,43<;�=Q@ ASR�T EVU 9 FHGXW J F GG I $ FML/FON& FML P
whereFML @ �Y�F G @ Z ([� I (]\'^ � W � Z %`_ I % �/^ W �'� UF N @ ( \ % � W � � W ( � Z %`_ W � U ^ W �& �Y� U G W � U %`_ I ��-a.b0 �c

Note that for Theorem1 to be valid, F GG I $ FML/FONed 
 shall
hold. Otherwise,no feasibleregion existsandtheinitial floorplan-
ning/timingbudgethasto bemodified. Figure2 shows theFR for
insertingonebuffer to aninterconnectof lengthfrom 6mmto 9mm.
We first computethebestdelay

��� .gfgh
by insertingonebuffer, then

assignthedelayconstraintto be Zg� Wji ^1��� .gfbh , with i to befrom 0 to
50%.Thex-axisshows the i andthey-axisshows theFRdistance,
i.e., , 3<;�= I , 36587 . It is interestingto seethatevenwith fairly small
amountof slack,say10%moredelayfrom

��� .gfgh
, theFRcanbeas

muchas50%of thewire length. This importantobservation leads
greatflexibility for buffer planning,to bediscussedlateron in this
paper.
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Figure1: Feasibleregionsfor inserting(a)onebuffer; (b) + buffers.
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Figure2: Thedistancefeasibleregion for insertinga buffer under
differentdelayconstraintof i .
3.2 Feasible Regions for Multiple-Buffer Insertion
For a long interconnect,more thanonebuffer may be neededto
meeta given delay budget. For + buffers inserted,we have the
following theoremto computethefeasibleregion for eachbuffer.

Theorem 2 For a long interconnect with + buffers inserted,
the feasible region for the l -th buffer ( lnm + ) is ,45po2 ,436587qZr+49:l ^ 9:,43s;�=tZr+49:l ^ > with,�365?7�Zr+ 9gl ^ @ ACB)D E 
#9�FvuG I J F u GG I $ F uL F uN& F uL P, 3<;w= Zr+ 9gl ^ @ ASR�T ExU 9 FvuG W J F u GG I $ F uL F uN& F uL P
where FvuL , FvuG and FvuN are functionsof + and l (for simplicity of
notation,wedrop themin theaboveequations)withF uL Zr+49:l ^ @ Zr+ W � ^ �Y�&YlaZr+ I l W � ^F uG Zr+49:l ^ @ Z ([� I ()\'^ �l W � Z % _ I % �/^ W �Y� U+ I l W �F uN Zr+49:l ^ @ + ��� I � -a.b0 Wzy ()\ W Z{l I � ^g([� W Zr+ I l ^ � U+ I l W �t|H} % �W ([� 2 Zr+ I � ^ % � W % _ W � U > W �'� U G&�Zr+ I l W � ^ W � U % _I Z{l I � ^ � Z ( � I ( \ ^ G&�l � I Zr+ I l ^ � Z % � I %`_ ^ G&�Zr+ I l W � ^ � �



c
It canbeverifiedthatTheorem1 is a specialcaseof Theorem2

with +~@�l<@�� . Thefollowing theoremdeterminestheminimum
numberof buffersthatarerequiredto meetagivendelaybudget.

Theorem 3 Theminimumnumberof buffersto meetthedelaycon-
straint

��-a.b0
for an interconnectof length

U
is+ 36587 @�� FH�<I J F G� I $ FO��FO�& FO� � (1)

where FO� @ ([� % � W ���
(2)F � @ ��-/.10 W � � Z % � I %`_ ^ G W �� Z ( � I ( \ ^ GI Z � % � W � ( � ^ U I � � I ( \ % � I ( � %`_
(3)FO� @ �& �Y� U G W Z � % _ W � (]\'^ U I � -a.b0
(4)c

Basedon theseresults,given a two-pin net with a delay con-
straint, + 3<5?7 andthe feasibleregion for eachbuffer canbe com-
putedin constanttime. As a simpleexample,for a 1cm net with()\ @ ([�

,
% _ @ % �

andthedelayconstraint
� -a.b0 @���� 
�� } ��� .gfgh(

� � .gfgh
is thebestdelayby optimalbuffer insertion,whichis 464ps),

we can calculatethat the minimum number of buffers needed
is + 365?7 @�& , and the feasibleregions for the first and second
buffers are

2 ��� $����M��9���� &Y
'����> and
2 $#� ��
'����9/��� �Y!'����> , respec-

tively. NotethattheFR’sof adjacentbuffersmayoverlap,asin this
example.This is becauseFR for eachbuffer is computedindepen-
dently, assumingall otherbufferscanbeoptimallyplacedto satisfy
the delayconstraint,i.e., our FR providesthe maximumfreedom
for eachabuffer. It shallbenoticedthatduringthebuffer planning
phase(in Section4), whena buffer is placed(i.e., “committed”) to
apositionwithin its feasibleregion,wewill needto updatetheFR’s
of all otherunplacedbuffersof thesamenetto safelymeetits delay
constraint. But sincewe have the analyticalformula, this update
canbecomputedin constanttime.

3.3 2-Dimensional Feasible Region
Sofar, our discussionof FR is restrictedto aone-dimensionalline,
i.e., we assumethe route from sourceto sink is alreadyspeci-
fied by someglobal router. Thus the feasibleregion is alsoone-
dimensional.In practice,however, global routing usuallyhasnot
beenperformedprior to or during floorplanning. In this casewe
cancomputeamuchlarger2-dimensionalFR for eachbuffer. This
2-dimensionalfeasibleregion is essentiallythe union of the one-
dimensionalfeasibleregionsof all possibleroutesfrom sourceto
sink. Therefore,we canhave muchmorefreedomfor buffer plan-
ning. Sincefor eachnet, its buffer location will then determine
roughly its routing, our buffer block planningindeeddetermines
theoverall globalroutingstructurefor eachnet.

For atwo-dimensionalnet,let thesourcelocationbe Z{, fg-:� 9g� fg-:� ^
andthesink locationbe Z{, f 587���9:� f 587�� ^ . We only needto consider
non-degeneratetwo-dimensionalcaseshere,i.e., , fg-:���@�, f 5?7�� and� fb-a� �@�� f 587�� . Also, we consideronly the monotone(i.e., non-
detour)routesfrom sourceto sink. We prove thatwith Manhattan
monotonerouting, the 2-D FR canbe obtainedby the following
theorem.

Theorem 4 For a netwith + buffers,the2-dimensionalfeasiblere-
gion for the l -th buffer is theregion boundedby two parallel lines
with Manhattandistancesfrom the source to be ,�365?7�Zr+ 9gl ^ and

, 3s;�= Zr+49:l ^ , respectively(thesameasTheorem2), andby therect-
angularboundingboxbetweenthesource andthesink. Theslope
of thetwoparallel linesis either+1 or -1, dependingon thesignof�����?�'���4� �1�:�= ���?�'��� = �1�g� : if

�����?�'�'�4� �1�:�= ���?�'��� = ���:�O� 
 , theslopeis -1; if
���1�8�����4� �1�g�= �1�8����� = ���:��� 
 ,

theslopeis +1.
c

Notethatin previousworksof buffer insertion,buffersaremostly
insertedin their delay-minimalpositions,which we call them as
restrictedpositionsbecausethey areonly asmallsubsetwithin our
FR.Therestrictedpositionsfor a2-dimensionalnetcanbeobtained
by thefollowing corollary:

Corollary 1 For a 2-D net with + buffers, the restrictedpositions
of the l -th buffer for all monotoneroutesfromthesourceto thesink
form a restrictedline within the feasibleregion of the l -th buffer.
Theline slopeis again either+1 or -1, the sameas that in Theo-
rem4.

c
Also, if thereareobstacles(suchashardIP blocks),wejustneed

to deductthem from the feasibleregion. An exampleof a two-
dimensionalfeasibleregion with a restrictedline andsomeobsta-
clesis illustratedin Figure3.

xmin

xmax
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Figure3: 2-D feasibleregion anda restrictedline. The existing
circuit blocksactasobstaclesfor buffer insertion.

4 Buffer Block Planning
In theprevioussection,weshow thatfor agivendelayconstraint,a
buffer maybe insertedin a fairly wide feasibleregion. Therefore,
it givesusa lot of flexibility to planfor every buffer’s insertionpo-
sition (within its FR) suchthat the overall chip areadueto buffer
insertion,aswell asthetotal numberof buffer blockscanbemin-
imized. It shall be notedthat sucha buffer block planningalso
determinesthe overall global routing structuresfor long intercon-
nectsby determiningtheir internalbuffer locations.In this section,
wewill presentaneffective algorithmfor buffer blockplanning.

The BBP problemis very difficult in the following senses:(i)
Many buffer blocksmight needto beoptimally shapedfor overall
chip areaminimization;(ii) To make thesituationevenmorecom-
plicated,differentbuffers of the samenet will not be independent
of eachother. For a long interconnectwith morethanonebuffers
inserted,Theorem2 givesthemaximumFR for eachbuffer. How-
ever, whenabuffer is committedto acertainlocationwithin its FR,
theFR’s for otherbuffersin thesamenetwill haveto beupdatedso
thatthedelayconstraintcanbesafelymet1.

In therestof this section,we will presentaneffective algorithm
to solve thebuffer block planningproblem. Thereareseveral im-
portantfeaturesin ourBBPalgorithm:(i) It takesadvantageof both
theflexibility of FRandthesimplicity of its analyticalformulae,so

1Fortunately, we have the analyticalformula to computeFR. Thus,the
updatecanbedoneextremelyfast.



Algorithm: Buffer Block Planning (BBP)
1. Build horizontalandverticalpolargraph;
2. Build tile datastructure;
3. For eachtile, computeits areaslacks;
4. while (thereexistsbuffer to beinserted)¦
5. tile § Pick A Tile();
6. Insert Buffers(tile);
7. updatë

�
, © � , FRandareaslacks;

8. ª
Figure4: Overall flow of thebuffer blockplanningalgorithm.

thatonemayhandlelargecircuitswith tensof thousandslonginter-
connectseasily;(ii) Sincein mostfloorplans,therearesomedead
areas that cannotbe taken by any circuit module,our algorithm
will usethesedeadareasasmuchaspossibleto save the overall
chip area;(iii) Different from previous buffer insertionalgorithm
which only insertsonebuffer for a singlenet,our BBP algorithm
alwaysmaintainsglobal buffer insertioninformationfor all nets,
thusit caneffectively clusterindividual buffers thatbelongto dif-
ferentnetsinto buffer blocks.

Figure4 givestheoverall flow of thebuffer blockplanningalgo-
rithm. Lines1 to 3 arethe datapreparationstages.First, we will
build the horizontaland vertical polar graphs[18], for the given
floorplandenotedas «­¬ and «­® , respectively. Let ustake «­¬ to
illustratehow to build thehorizontalpolargraph. « ¬ is a directed
graph,eachvertex ¯ in it correspondsto a verticalchannel,andan
edge°O@±Z{¯ L 9a¯ G ^ correspondsto a circuit modulewhoseleft and
right boundariesareadjacentto channels̄ L and ¯ G , respectively.
For eachvertex ¯ , we assignits weight ²�Z{¯ ^ to be its correspond-
ing channelwidth. Similarly, for eachedge° , we assignits weight²³Zr° ^ to beits correspondingmodulewidth. Graph«­® canbebuilt
similarly. By runninglongestpathalgorithmon « ¬ / « ® , we can
obtainthewidth/heightof thechip (denotedby ¨ �

/ © � ). For those
channelsnot on the critical pathsin «­¬ / «­® , we will have some
positive slacksin width/height,which leadto deadareas.It shall
be notedthat during buffer insertion,somecircuit modulesmay
have to shift to make roomfor buffer blocks(e.g.,if no deadarea
exists). Therefore,a horizontalchannel’s heightor a verticalchan-
nel’s width mayincreaseduringBBP.

To betterrepresentbuffer block andfacilitateeasydatamanipu-
lation suchasfeasibleregion intersection,we divide eachchannel
into a setof rectangulartiles. Thenwe computefor eachtile ´ , its
slackwith respectto thelongestpathin thepolargraph«­¬ or «­® .

Thewhile loopfrom lines4 to 8 is themainpartof ourBBPalgo-
rithm. Theiterativebuffer insertionprocesswill continueaslongas
thereis still somenetthatneedsbuffer(s)to meetperformancecon-
straint. Eachiterationof thewhile loop hastwo majorsteps:first,
we will pick abesttile for buffer insertion(Pick A Tile); then,we
will insertproperbuffersinto this tile (Insert Buffers).

To pick the besttile in eachiteration, the Pick A Tile routine
worksin thefollowing two modes,dependingon whetherthereex-
istssomeusefuldeadareafor buffer insertionor not:

1. Thereexistssometile whoseareaslackis positive(dueto dead
area). In this case,buffers insertedinto this tile will not in-
creasetheoverall chip areaaslong asthetotal areaof buffers
insertedin thetile is smallerthanthis tile’sareaslack.For ex-
ampleof a tile ´ in a verticalchannel,supposeits width slack
is ²�µ , and its height is ©�µ . Thenwe caninsertasmany as¶ ² µ © µ 
�B �:· buffers into tile ´ without increasingthe over-
all chip area,where B � is the areaof a buffer. The actual
numberof buffers thatcanbeinsertedinto ´ maybesmaller,
sinceonly thosebuffers whoseFR intersectswith tile ´ can

becandidatesto be insertedinto ´ . Therefore,thenumberof
buffersthatcanbeinsertedinto ´ , without chip areaincrease
is ¸�µ¹@�ºO»�¼�Z ¶ ²�µ�©�µ�
�B �:· 9:�Mµ ^ , where �vµ is the number
of buffers whoseFR’s intersectwith tile ´ . Sincewe may
havemultiple tileswith positiveslack(especiallyat thebegin-
ning of BBP), we will pick the onewith largest ¸qµ because
this greedyapproachshall reducethe total numberof buffer
blocks,which is alsoourbuffer blockplanningobjective.

2. Thereis no tile with positive areaslack. Then,any buffer in-
sertionwill increasetheoverall chip area.Whensomebuffer
is insertedinto a tile, we have to shift somecircuit modules.
This shifting will make roomfor othertiles, so we will have
somenew positive-slacktiles. Our tile selectionprocesswill
try to maximizesuchopportunity. Notice that asa buffer is
insertedin ´ , othertiles in thesamechannelwith ´ will have
positive areaandtendto have buffers insertedin the future,
thusthechanceof buffersclusteringincreases.To maximize
sucheffect, we will pick the channelthat hasthe maximum
buffer insertiondemandandchooseonetile in it. Notethatin
this scenario,sincewe needto expandthe channel,we only
insertonebuffer into it to minimizetheareaincrease.

Our strategy for Insert Buffers into thetile ´ thathasjust been
pickedby Pick A Tile alsoworksin two modes,correspondingto
thosetwo in Pick A Tile:

1. The tile ´ hasdeadarea. From case1 in Pick A Tile, we
know that ¸ µ bufferscanbeinsertedinto thetile. Meanwhile,
thereare �vµ buffer candidateswhoseFR’s intersectwith tile´ , with � µ d ¸ µ . Thenif ¸ µ @¹� µ , we will insertall these� µ buffers; if � µ � ¸ µ , we will only insertfirst ¸ µ buffers
out of these �Mµ buffers, sortedaccordingto the increasing
sizeof theirFRs.Differentfrom previousapproachesthatjust
insertsonebuffer for onenet,ourapproachinsertsasmany as¸�µ buffers for ¸qµ differentnetssimultaneously. Sinceall of
themareclusteredinto tile ´ , they form anaturalbuffer block.

2. Thetile doesnothavedeadarea,but needsexpansionto make
roomfor any buffer insertion.In this case,we only insertone
buffer, i.e., ¸ µ @±� . Again, if therearemultiple buffers that
canbeinsertedin this tile, we inserttheonewith tightestFR
constraint.

After deciding how many and which ¸ µ buffers are inserted
(“committed”) into tile ´ , we will updatethe following informa-
tion: (i) Thefeasibleregionsof “uncommitted”buffersin thesame
netfor which we just inserteda buffer into ´ ; (ii) Thecorrespond-
ing vertex (i.e.,channel)weightsin « ¬ and/or« ® thatareaffected
by the insertionof the buffer block; (iii) The new chip dimension¨ �

, © � andthe slacksfor eachchannelandtile. Thenwe repeat
thebuffer insertion/clusteringprocessuntil all buffersareplaced.It
shallbepointedthatourBBPalgorithmcanhandlebothslicingand
non-slicingfloorplanningstructures.

5 Experimental Results
We have implementedour buffer block planningalgorithmsusing
C++ on an Intel Pentium-IImachinewith 256M-bytemain mem-
ory. Thissectionpresentstheexperimentalresults.Theparameters
(refer to Table1) usedin our experimentsarebasedon a 
#���w�Y���
technologyin theNTRS’97roadmap[17].

We have testedour algorithmson 11 circuits,assummarizedin
Table 2. The first six circuits are from MCNC benchmark[19],
andtheotherfive arerandomlygenerated.In this paper, we focus
on 2-pin nets,so we decomposeeachmulti-pin net into a set of



Table2: Testcircuit statistics.

circuit #modules # nets # pads #2-pinnets
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
pc2 124 3126 192 4204

source-to-sink2-pin nets2. We thencomputethecritical lengthfor
buffer insertion(definedto betheminimal interconnectlengththat
buffer insertionis neededfor delayreduction)usingtheanalytical
formulain [20]. Wewill useit to filter out shortinterconnects,i.e.,
if a net is shorterthanthe critical length,we will ignoreit during
buffer block planningsincebuffer insertioncannot helpreduceits
delay. Theinitial floorplanfor eachcircuit is generatedby running
the simulatedtempering(an improved Monte Carlo techniqueof
simulatedannealing)algorithmas in [21]. For eachnet, we first
computeits bestdelayby optimal buffer insertion

� ½g¾�h
[20], and

thenrandomlyassignits delaybudgetto be �'� 
��À¿��'� &'
 � ½g¾wh .
WecompareourBBPalgorithmwith aconventionalbuffer inser-

tion algorithmwithout trying to planbuffer positions,i.e., at each
iteration,a buffer is randomlypickedandassignedto a feasiblelo-
cation,denotedasRDM algorithm. We run BBP andRDM under
two differentscenarios:oneis RESwherea buffer canonly belo-
catedin its delay-minimalrestrictedposition(s)(seeFigure3); and
theotheris FR wherea buffer maybeinsertedanywhere in its fea-
sible region. The resultsfor the four differentalgorithmaticcom-
binationsaresummarizedin Table3, whereBBP/RESmeansBBP
algorithmappliedto scenarioRES,RDM/FR meansRDM applied
to scenarioFR,andsoon.

In Table 3, we report for eachalgorithm combination: (i) the
total numberof buffers insertedto meetperformanceconstraints
( Á�Â4�4��° � � ), (ii) thenumberof buffer blocks(#BB), (iii) thenumber
of 2-pinnetsthatcanmeettheirdelayconstraints(#meet)3, (iv) the
chip areaincreasedueto buffer insertionin percentage(area), and
(v) theCPUtime in second(cpu). It is interestingto observe from
thetablethat� Under the sameRESscenario(i.e., only the restrictedposi-

tionsareallowedfor buffer insertion),theRDM andBBP al-
gorithmswill have aboutthesamenumberof buffersinserted
andthesamenumberof netsmeetingtheir delayconstraints.
However, our BBP algorithmis ableto explicitly clusterap-
propriatebuffers together, so that it leadsto significantarea
saving andmuchlessnumberof buffer blocksthanRDM al-
gorithm. For example of circuit pc2, the areaincreaseof
BBP/RESis 3.21%,whereasthat of RDM/RESis about9%
(2.8x larger); the #BB of BBP/RESis 542, whereasthat of
RDM/RESis about1290(2.38xlarger).Thesameconclusion

2Notethatthenumberof 2-pinnetsis possiblysmallerthanthatof orig-
inal nets(Ã�Ä8ÅYÆ'Ç�È�É ) becausethe power/groundandsingle-pinnetsareex-
cluded.

3A netwill fail to meetits delayconstraintif thegivendelayconstraint
is tootight,or its buffer’s feasibleregionis fully occupiedby existingcircuit
blocks.

aboutthe comparisonof BBP versusRDM holdsfor the FR
scenario.It is alsointerestingto observe thatBBP algorithm
doesnot indeedincreaseCPU time from RDM. Actually, it
may useslightly lessrun time. This is becauseduring BBP,
onebuffer block (not just onebuffer) canbe determinedat a
time.� Underthesamealgorithm,e.g.,BBP, theusageof FR signif-
icantly increasesthenumberof netsthatcanmeettheir delay
constraints(for exampleof ac3, from 289 to 369, a 28% in-
crease).This is becauseour feasibleregion is usuallymuch
larger thanthedelay-minimalRESlocations,so thatonecan
avoid existingcircuit/buffer blockagesduringbuffer insertion.
Note that as#meetincreases,the numberof buffers inserted
to meet performanceconstraintsalso increasesaccordingly
from RESto FR.However, sincetheFR providesmuchmore
freedomduringbuffer clustering,thenumberof buffer blocks
(#BB) in fact reduces(for exampleof of a9c3, from 557 to
366,a 34% reduction);andthe areaexpansiondueto buffer
insertionis also lessby usingFR with betterbuffer cluster-
ing. Sincethe FR computation/updatecan be computedin
constanttime, the run timesunderFR scenarioonly increase
slightly comparedto thoseunderRES.As a result,our largest
example(pc2with morethan13,000buffers)only takesabout
100s.

To summarize,it is obvious that the BBP/FR is the bestcombi-
nationamongthesefour to meetdelaytargets,with very marginal
areaincrease(lessthan 2.1% for all test cases),leastnumberof
buffer blocksandcomparableCPUtimes.It shallbenoticed,how-
ever, thatevenunderthis bestalgorithm,theremaystill exist quite
somenetsthatcannotmeettheirdelayconstraintsundersomegiven
floorplanandtiming budget. Therefore,it is importantto have an
interconnect-driven floorplanningengineto work closelywith our
BBP/FRalgorithm.Wearecurrentlyworkingon it.

As anexample,weshow in Figure5 thecircuit buffer block lay-
outsfrom RDM/RESandBBP/FRon circuit xerox.

(a) (b)

Figure5: Floorplanandbuffer block layoutsof theMCNC circuit
xeroxby (a)RDM/RES;(b) BBP/FR.Thetenbig blocksarecircuit
functionalmodules,andtherestarebuffer blocks.

6 Conclusion
In this paper, we first introducethe conceptof feasibleregion for
buffer insertionandderive the analyticalformula to computeFR
undergiven delayconstraint.We thenproposean effective buffer
block planning(BBP) algorithmto automaticallygeneratebuffer
blocksfor interconnectoptimizationwith chipareaandbuffer block
numberminimization.Experimentalresultsshow thatour BBP/FR
algorithmleadsto significantimprovementoverpreviousbuffer in-
sertion/planningalgorithms.Webelieve thatourbuffer blockplan-
ningschemewill playacentralrole in aninterconnect-drivenfloor-
planningsystem.



Table3: Comparisonof four differentbuffer insertion/planningalgorithms.
buffers #BB #meet area cpu(s) buffers #BB #meet area cpu(s)

circuit RDM/RES RDM/FR
apte 157 74 81 1.50% 0.14 181 93 98 1.81% 0.25

xerox 343 102 210 1.85% 0.36 403 116 262 2.11% 0.56
hp 242 119 106 2.48% 0.28 274 147 128 2.78% 0.47

ami33 625 278 271 2.91% 1.22 660 306 302 3.41% 1.78
ami49 867 376 342 3.19% 2.47 921 404 394 3.42% 3.78

playout 3997 581 1337 3.74% 13.23 4244 730 1515 4.06% 17.61
ac3 649 267 302 2.56% 1.00 736 290 377 2.90% 1.61
xc5 2860 460 1379 4.20% 7.95 3197 499 1727 4.21% 11.83
hc7 2557 909 967 6.50% 11.56 2662 941 1053 6.63% 17.89

a9c3 4035 1082 1257 4.46% 26.09 4236 1156 1416 4.66% 34.80
pc2 12237 1290 2687 8.95% 80.11 13157 1371 3339 8.99% 122.34

BBP/RES BBP/FR
apte 168 48 90 0.80% 0.14 185 34 102 0.69% 0.23

xerox 330 68 195 1.06% 0.33 399 66 260 1.38% 0.53
hp 245 77 109 1.49% 0.30 280 64 131 1.24% 0.48

ami33 616 161 259 1.49% 1.06 667 125 305 1.36% 1.63
ami49 882 197 355 1.25% 2.08 946 136 412 0.78% 3.25

playout 4016 245 1350 1.13% 10.02 4263 201 1533 0.84% 13.98
ac3 639 145 289 1.28% 0.86 733 118 369 1.11% 1.39
xc5 2920 285 1431 2.58% 6.38 3210 193 1739 1.79% 10.16
hc7 2542 455 946 2.86% 9.89 2693 299 1068 1.92% 15.88

a9c3 4082 557 1293 1.83% 21.13 4265 366 1446 0.89% 29.20
pc2 12530 542 2837 3.21% 63.91 13238 416 3462 2.02% 99.84
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