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ABSTRACT

Buffer insertionis a fundamentatechnologyfor VLSI intercon-
nectoptimization.Severalexisting buffer insertionalgorithmshave

evolved from van Ginnelen’s classicalgorithm. In this work, we

extendvan Ginnelen’s algorithmto handleblockagesn the lay-

out. Givena Steinertree containinga Steinerpoint thatoverlapsa
blockage alocal adjustmenis madeto the treetopologythaten-
ablesadditionalbuffer insertioncandidateso be considered.This

adjustments adaptve to the demandon buffer insertionandis in-

curredonly whenit facilitatesthe maximal slack solution. This

approachcan be combinedwith ary performance-dvien Steiner
tree construction. The overall time compl«ity haslinear depen-
denceonthenumberof blockagesandquadratiadependencenthe
numberof potentialbuffer locations.Experimentson severallarge
nets confirm that high-quality solutionscan be obtainedthrough
this techniquewith little CPUcost.

Categories and Subject Descriptors
B.7.2[Hardwar€]: IntegratedCircuits—DesignAids

General Terms
Algorithms, Performance

1. INTRODUCTION

Buffer insertionis now widely recognizedasa key technology
for improving VLSI interconnecperformance.Cong|[5] projects
that as mary as 800,000buffers will be requiredfor designsin
50-nm technologies. As designcomplity increasesdesigners
are relying on an increasingnumberof IP cores,large memory
arrays, and hierarchicalcomponentsj.e., designsare becoming
“chunkier”. For a buffer insertiontechniqueto be effective, it
mustbe fully awareof its surroundingblockageconstraintsvhile
also being efficient enoughto quickly processhousandof nets.
Buffer insertionimprovesthe timing performanceof theintercon-
nectthroughtwo ways: (i) it regenerateshe signalto increasehe
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Figure 1. Steiner tree and buffer solutions on a 3-pin net with
one buffer blockage.

driving capabilityfor long wires,and(ii) it canshieldtheloadca-
pacitanceof non-critical sinks from the most critical source-sink
path. In the buffer insertionliterature, van Ginnelen’s dynamic
programmingbasedalgorithm[20] hasestablishedtself asa clas-
sicin thefield. Givenafixed Steinertreetopologyandthe Elmore
delaymodel,this algorithmcancomputethe optimalslacksolution
in polynomialtime.

Prior to buffer insertion, several large areachunksmay be al-
ready occupiedby macroor IP blocks for which wires can be
routed over the blocks, but buffers cannotbe insertedinside the
blocks. We call theseregions “buffer blockages”. For example,
Figure 1(a) shawvs a Steinertree with 3-pins and a buffer block-
age.Let therequiredarrival timesfor the sinksberat(vi) = 200
andrat(v2) = 100. If the blockageis ignored,one canobtain
a good solutionasshawvn in Figure 1(b). Herethe buffer actsto
decouplethe load from the v; branchto the morecritical sink vs.
Of course,in practice,one cannotignorethe buffer blockageand



asolutionotherthanthatin Figure1(b) mustbe sought.If onere-
strictsthe solutionspaceto the existing Steinertopology the two
bestsolutionsareshavn in (c) and(d), but neithersolutionmeets
therequiredtiming constraints.

Severalworkshave extendedvanGinnelen’salgorithmto handle
moregeneralformulations. In [14], Lillis etal. proposedseveral
extensiongncluding employing a buffer library, handlingbothin-
vertingandnon-irverting buffers and, tradingoff power consump-
tion andperformanceAlpert andDevgandevelopa wire sggment-
ing technique[2}to includebuffer insertionpointsalonga pathbe-
tweentwo nodes Alpert etal. shaved how to extendthealgorithm
to handlehigherorderdelay models[3]. Theseextensionsall re-
strict candidateobuffer locationsto afixed Steinertreetopology

Other works have combinedbuffer insertion and Steinertree
routing into a simultaneousapproach. Okamotoand Cong pro-
posedmemging A-tree andvan Ginnelen’s algorithminto the BA-
tree algorithm[16]. BA-tree is a relatively fast simultaneousap-
proachsincethetreetopologyit generatess limited to bea Steiner
arborescencelillis etal. [15] integratedthe P-treealgorithm[13]
with buffer insertionsincethey shareacommondynamicprogram-
ming framework. Saleketal. [17] embeddedP-treeinto a fanout
tree optimizationalgorithm. Thesemethodssene to extend van
Ginnelen’s algorithmby exploring the candidatesolutionsover the
entire Hanangrid[10], which hasO(n?) grid nodesfor a netwith
n pins,ratherthanasingletreeandthereforebecomeprohibitively
expensve in termsof runtime.

Due to theseruntime inefficiencies,Saleket al. [18] proposed
extending [17] by limiting the numberof potential buffer loca-
tions. They concludedhatreducingthe numberof buffer locations
from O(n?) to O(n) doesnotsignificantlyreducesolutionquality.
Neverthelessthe tree topology itself still is constructedver the
Hanangrid simultaneouslyith generatingcandidatebuffer solu-
tions. Evenwhenrestrictedo O(n) buffer locations thecomple-
ity of all theworksin [15, 17, 18] have at leastO(n®) time com-
plexity.

Zhou et al. [21] proposedan optimal algorithm on simulta-
neoushbuffer insertionand Steinertree constructionswith buffer
blockagedor two-pin nets. This algorithmis basedon a dynamic
programmingramewvork similar to van Ginnelen’s algorithm, but
the entiregrid graphis searchednsteadof a fixed topology The
authorsof [11] and[12] also considerelockageavoidancewith
buffer insertionusinggraphbasedapproachesor two-pin nets. It
is not clearhow to extendthesemethods[21, 11, 12] directly to
multi-pin nets.

In [7], Congand Yuanproposeda dynamicprogrammingalgo-
rithm, calledRMP, to handlethemulti-sink netbuffer insertionwith
locationrestrictions RMP is designedor thebuffer block method-
ology[6] for which the numberof legal buffer locationsis quite
limited. It worksonagrid graphthatis constructedy addinghor
izontalandverticallinesthrougheachpotentialbuffer locationsto
the Hanangrid. It not only exploresalmostevery nodeon the grid
in tree constructionbut also consideramary sink combinationsn
subsolutions. ConsequentlyRMP tendsto be slow when either
the numberof netpinsor legal buffer locationsis large. Neverthe-
less,RMP generallyyieldsnearoptimalsolutionsin termof timing
performance More recently Tanget al. suggested graph-based
algorithm [19] on a similar problem. While more efficient than
RMP, it canoptimizeonly the maximumsink delayratherthanthe
minimumslack.

The simultaneousouting and buffer insertion approaches[15,
17, 18] canalsobe modifiedto handlebuffer blockages.Onecan

LA Steinerarborescencis a Steinertreewhereevery source-sink
pathhasto be a shortespath.

extendthe bordersof the blockagesover the Hanangrid sothatthe
algorithmsareperformedon the extendedHanangrid asshavn by
thedashedyrid in Figurel(a). Theneachnodein thegrid graphis
labeledaseitherblocked or freeto disallow insertingbuffers over
blockages. If therearen sinksandk blockagesa simultaneous
approachover this grid impliesthatcandidatesolutionswill beex-
ploredfor O((n + k)?) locations. Whenn or k is large, suchan
extensie searchwill inevitably be slow; a moredirectionalsearch
is preferredto relieve theheary computatiorburden.

Difficult buffering problemsoccur not just with large netsbut
alsowhensink polarity constraintsare present. Alpert et al. de-
velopedthe C-treeheuristic[1]to handlethesetypesof instances.
Thebuffer insertionsolutionsthatuseC-treetopologieshave simi-
lar timing performanceéo solutionsfrom simultaneouspproaches,
thougharegeneratednorequickly. However, C-treedoesnot con-
siderbuffer blockages.One could incorporatethe methodof [4],
which first re-routespartsof a Steinertree to malke the wires to
avoid the blockagesvithout addingmuchwiring. Then,this modi-
fied treeis passedo thevan Ginnelen’s buffer insertionalgorithm.
For example, this approachwould obtainthe buffered solutionin
Figurel(e). However, a carefully constructediming-driventopol-
ogy canbe destrged by this independentopologychangeso that
thefinal slackcould be significantlyworseeventhoughblockages
areavoidedandbuffer insertionsareenabled.

Despiteall thework in thisfield, thereis still nofastandeffective
solutionfor multi-sink nets.We seekanalgorithmthatcanfind the
solutionin Figure1(f) for our example. This optimal solutionfor
maximizingtheminimumslackmaybe obtainedby simply sliding
the buffer insertionsolutionin Figure1(b) to its closestiegal loca-
tion. While an approacHike this works for this example, it fails
for a largersizedtree with multiple branchingnodesbecausdhe
properbuffer insertionsolutionfor one branchingnoderelieson
the buffer solutionfor anothemranchingnode. Therefore moving
eachbuffer out of blockageindividually canruin the integrity of
thebuffer insertionsolution.Moreover, if abuffer is movedtoofar
away from its original location, the solution quality may degrade
beyondrepair

Consequentlywe proposeto handleblockagesuring buffer in-
sertiondirectly within van Ginnelen’s algorithm. Our technique
adjustsa given tree topology accordingto the demandon buffer
insertion,and suchadjustmentonly occurwhenit facilitatesthe
maximal slack solution. This techniquecan be usedwith any
performance-dvien Steinertree algorithm. Moreover, this tech-
niguedoesnot increasehe computationatompleity of van Gin-
neken’s algorithm. Experimentakresultsshav thatwe canobtain
greaterefficiency thanmethodghatusethe entireHanangrid.

2. PRELIMINARIES

For the Steinertree construction]et Vi,terna representhe set

of nodesin the tree other than the sourceand sinks. Our basic
problemis givenby?:
Problem formulation:GivenanetN = {vg, v1, ...v, } With souce
vo, Sinkswi, ...v,, load capacitances:(v;) and required arrival
timegq(v;) for each sinkv; € N, asetofrectangle® = {r1,...ry}
representingblodkages,anda buffer library B = {b1, ...bx }, find
a buffered SteinertreeT’ (V, E) whee V = N U Vipternas aNd E
spansevery nodein V sud that the required arrival time at the
sourkeis maximized.

2 Althoughnotexplicitly statedn theformulation,onecantrade-of
performancevith bufferingandwiring resourcesln our approach,
we canachieve thisby generating setof non-dominatingolutions
usingthetechniqueof [14].



Theformulationis similarto the formulationfor RMP[7] except
that a set of legal buffer locationsis given in RMP insteadof a
setof buffer blockages. To make our formulation equivalent to
thatin [7], we canextendthe bordersof blockagesover a Hanan
grid andlabeleachnodeon the new grid graphaseithera feasible
or infeasiblebuffer location. However, this transformatiorimplies
thatthereareup to O((n + k)?) legal buffer locationswhile the
numberof legal buffer locationscould be eithervery smallor very
largein the RMP formulation. If we remove therestrictionof the
extendedHanangrid, we may considerary point out of blockage
for buffer insertion.For example,in Figure2(a),the buffer sitesin
RMP formulationarerestrictedto a few isolatedpointswhile our
formulationcanexploit a muchlargerbuffer site spaceasin Figure
2(b) or canbereducedo (a) easily Thus,ourformulationis more
generalandflexible.

=— Candidate buffer sites
(@) (b)

Figure 2: The candidate buffer sitesin RMP formulation (a)
and the potential candidate buffer sitesin our formulation (b).

A Candidate buffer sites

We adoptthe EImoredelaymodel[9]for interconnecandanRC
switch modelfor gatedelays. We assumethat the given a rout-
ing treeT'(V, E) is a binary tree, i.e., every internalnodehasno
morethantwo childrenandthat every sink hasdegreeone. Any
routingtreecanbe easilytransformedo satisfyboth conditionsby
insertingzero-lengthdummy edges. For simplicity of discussion,
candidatébuffer sitesarelimited to only branch(internal)nodesit
is straightforvard to extendthe buffer sitesto include sggmenting
pointsalonga path.

Sincewe are extending van Ginnelen’s algorithm to directly
handlebuffer blockageswe first overview it to form abasisfor the
remainderof the discussion.Van Ginnelen’s algorithm proceeds
bottom-upfrom theleaf nodesalonga giventreetopologytoward
thesourcenode.A setof candidatesolutionsis computedor each
nodeduringthis process A candidatesolutionat a nodew is char
acterizedby the load capacitance(v) seendowvnstreamw andthe
requiredarrival g(v) atnodev. Welets = (c¢(v), ¢(v)) denotea
buffering candidatesolutionat v. For ary two candidatesolutions
s1 = (c1(v),q1(v)) andsa = (c2(v), g2(v)), we says; is dom-
inated by (inferior to) g2 if c1(v) > c2(v) andgi(v) < g2(v).
A candidatesolutionsetS(v) = {si, s2, ...} is anon-dominating
setif no candidatdn this setis dominatedby ary othercandidate
in this set. During the bottom-upprocessof van Ginnelen’s al-
gorithm, the candidatesolutionsat leaf node evolve throughthe
following operations:

e Grow(S(v),w): propagatecandidatesetS(v) from node
v to nodew to get S(w). If the wire betweenv and w
hasresistanceR and capacitance”, we cangetc;(w) =
ci(v) + C andg;(w) = ¢i(v) — R(C/2 + ¢i(v)) for each
(ei(v),q:(v)) € S(v), andobtain S(w) from the solution
pairs(c; (w), gi(w))Vi.

e AddBuffer(S(v)): inserthbuffer at v and add the new
candidateinto S(v). If a buffer 4 has input capaci-
tance ¢y, output resistancer, and intrinsic delay ¢, we
can obtain ci,buf(v) = ¢, and qi,buf(v) = qi(v) —
ryci (v) —tp for each(c;(v), ¢i (v)) € S(v) andaddthe pair
(ci,puf(v), Gi,pur(v))Vi with themaximumg; s, 5 into S(v).

e Merge(S;(v), Sr(v)): memgesolutionsetfrom left child of
v to the solution setfrom the right child of v to obtaina
meigedsolutionsetS(v). Forasolution(cie r+(v), gie £t (v))
from theleft child andasolution(crigat (v), grignt (v)) from
theright child, thememgedsolution(c; (v), ¢; (v)) is obtained
throughletting ¢; (v) = cieft(v) + crigrt(v) andg; (v) =
min(gie £ (v), gright (v)). The setsarememgedsuchthatthe
numberof candidategenerateds no greaterthan|S; (v)| +
15 (v)].

e PruneSolutions(S(v)): remove ary solutions; € S(v)
thatis dominatedoy ary othersolutionsy € S(v).

After a setof candidatesolutionsare propagatedo the source,
the solutionwith the maximumrequiredarrival time is selectedor
thefinal solution. For a fixed routing tree, this algorithmcanfind
the optimal solutionin O(n?) wheren is the numberof potential
buffer insertionlocationsin theroutingtree.

3. THE RIATA ALGORITHM

A commonstrat@y to solve a sophisticategroblemis divide-
and-conquere.g., partitioning a complex probleminto a set of
subproblemsn manageablscales.Suchpartitioning canbe per
formed on either physicalor designflow aspects. For example,
a large net can be physically clusteredinto smallernetsasin C-
tree.Suchpartitioningnotonly speedsip the problemsolvingpro-
cesshutalsoisolatessubproblemsaccordingo theirnaturesothat
scatteredargetscanbe avoided andthe optimizationcanbe well
focused.Separatinghe Steinertreeconstructiorfrom buffer inser
tion procedures an exampleof partitioning the designflow. An
initial Steinertreeconstructiorcanlimit the buffer solutionsearch
alongan anticipatedlygooddirection. A directionalsearchis ob-
viously moreefficient thanthe simultaneousoutingandbuffer in-
sertionwhich is animplicitly brute-forcesearch.eventhoughthe
searchmay intelligently prune someunnecessargandidatesolu-
tions. This designflow partitioningis shavn to be effective in the
C-treework[1].

When consideringhow to incorporateblockageconstraintswe
needto partitionit into theright phasen thedesignflow. Blockage
avoidanceis more closelytied to the requeston buffering candi-
dateghanto the Steinertreeconstructioni.e., it is difficult to know
whenit is worthwhileto male a Steinertreeavoid blockageswith-
outknowing wherebuffersarerequired.A full-blown simultaneous
approachis not efficient, while the separateouting and buffer in-
sertionapproachasin [4] cannotadequatelyplan for blockages.
However, we canfind an approachsomeavherein betweento the
middle of thesetwo approachedyy allowing the given Steinertree
to be dynamically adjustedduring van Ginnelen’s algorithm ac-
cordingto requestdor buffer blockageavoidance. Unlike the si-
multaneousapproaches[1521] that explore the entiregrid graph
andresultin largecomplity overheadwe seekasolutionthathas
time compleity no worsethanthatof the original van Ginnelen’s
algorithmsinceour goalis to efficiently optimizethousandsf nets
in adesign.

Our key ideais to explorejust a handfulof alternatve buffer in-
sertionlocationsfor which the tree topology can be modified (as
opposedo an approachike buffered P-tree[15] which explores



a much larger space). Theselocationscorrespondto moving a
Steinernode outsideof a blockagewhich enablesadditional op-
portunitiesfor decouplingandefficientdriving of long paths.

Buffer blockagesalong pathsthat do not containary Steiner
nodescanbe mitigatedrelatively easilyby are-routingsubpathdo
avoid blockageswithout increasingwirelengthbeforecalling van
Ginnelen’s algorithm.For example,Figure3 shavs a threepin net
(a) beforeand(b) afterthis pre-processingtep. Obsere thatone
canalwaysfix agiven Steinertopologyto avoid asmuchblockage
aspossiblewithout changinghetree’s delayor wirelengthproper
ties (assumingzerodelay/resistanceias andthe sametechnology
parasiticsfor boththe horizontalandvertical layers). This type of
solution can be achieved by applyingthe work in [4] to obtaina
Steinertree that hasL-shapesand Z-bendsthat minimize overlap
with blockageshut no additionalwirelengthor tree topology ad-
justment.

€Y (b)

Figure 3: The path between the source and the Steiner node in
(a) can bererouted to avoid buffer blockagesasin (b).

Thedifficult buffer blockageproblemsoccurwhena Steinemode
lies on top of blockagewhich eliminatesopportunitiesfor decou-
pling non-criticalpathsandfor driving long wiresdirectly. Hence,
our key ideais to considergeneratingalternatve candidatesolu-
tions within van Ginnelen’s algorithmby trying an alternatve lo-
cationoutsideof blockagefor the branchingSteinemode.

Source® °

Buffe(r sﬁ

Figure 4: For a Steiner point v within a buffer blockage asin
(a), thethreebuffer locations closest to v can be found asin (b).

Givena Steinertree,we extendthevan Ginnelen’s algorithmso
thatthe treetopologyis adaptvely adjustedduring the bottom-up
candidatesolution propagatiorprocessj.e., buffer insertionis no
longerrestrictedto a fixedtopology On the otherhand,thesetree
adjustmentsare basedon the requestfor buffer insertions. Dur-
ing the bottom-uppropagatiorprocessif a Steinerpoint doesnot
overlapabuffer blockagepuralgorithmproceedgustlikevanGin-

neken’salgorithm. Thedifferenceoccurswhena Steinerpointis lo-

catedwithin abuffer blockage asdepictedn Figure4(a). To com-
pensatdor theinability to insertbuffers nearthe blocked Steiner
point, we seekanalternatve unblocled locationnearbyto usein-

stead,in effect moving the Steinerpoint out of the blockage. In

our example,Figure4(b) shavs the resultof searchingor the un-

blocked point+’ closestto v on the pathbetweenv andits parent
nodewv,. The exact searchareais definedby the boundingbox
betweerv andv,.

Procedure: FindCandidates(v)
Input: Currentnodev to beprocessed
Output: CandidatesolutionsetS(v) atv
Global: SteinertreeT (V, E)
Bufferlibrary B = {b1, b2, ...}
Rectangle® = {ri,rs,...}
1. If visasink
S(v)  {(Tv, (v), q(v))}, ReturnS(v)
2. v; < left child nodeof v
S(v1) + FindCandidates(v;)
3. 81 + Grow(S(v),v)
4. If v hasonly onechild
If visnotinr € R, S; < AddBuf fer(S;)
PruneSolutions(S;), ReturnS;
5. v, < right child nodeof v
S(vr) « FindCandidates(v,)
6. S» « Grow(S(v,),v)
7. Sunbuf < Merge(S, Sr)
If visnotinr € R
S; « AddBuf fer(S;), S» + AddBuf fer(S,)
Svuf < Merge(Si, Sr)
rl.Else
r2. v, < parent nodeof v
r3. 1f v’ = UnblockedNode(v, vp, R) isfound
rd.  Sipus ¢ AddBuf fer(Grow(S(v),v"))
5 Sppuf « AddBuf fer(Grow(S(v,),v"))
ré. Sbuf — MeT‘ge(Sl,buf, Sr,buf)
8.5(v) ¢ Sunbus U Spuy
9. PruneSolutions(S(v)), ReturnS(v)

Figure5: Corealgorithm of RIATA.

Otheralternatve candidatebuffer sitesv; andv, canbealsobe
generatedy segmentingthepathbetweenv andits two child nodes
v, andw,.. The candidatesolutionsetatv; is propagatedo bothv
andv’, asarethe candidatedrom v... Then,oncethe candidates
for v andv’ aregeneratedthe candidatesre both growvn to their
potentialparentat v, andthe setsof candidatesrerecorvergedto
asingleset. We cantreatv’ asa phantomnodeof v in seekingof
unblocled points. Sincethe potentiallocationsfor v arelimited to
alocalrangejt is possiblethatno possibldocationexists. Thema-
jor reasorto limit the searchrangeis to disallov the Steinerpoint
from moving so significantlythatit disruptsthe given Steinertree
topology For example themove of v doesnotforceanadjustment
onthelocationof v,.

Notethatwe still considertheoriginal Steinedocationandprop-
agatecandidatesip thetreeaccordingto the giventopology This
schemeallows usto generatea setof additionalcandidatesorre-
spondingto the possibility thatthe Steinerpoint be moved outside
of the buffer blockage. Thus, our algorithmis guaranteedo per
form atleastaswell astheoriginal van Ginnelen algorithm.

Toimplementhis heuristicwe needto efficiently find analterna-



tive locationv’ for anodew. Giventwo nodesy andv,, andasetof
rectangleR = {r1, ra, ...rx } representinghebuffer blockagesif
nodew is within ablockager; € R, we needto find theunblocled
pointwhich is the closestto v within the boundingbox definedby
v andv,. If thereis no overlapbetweenrary two buffer blockages,
all we needto do is to locatethe rectangler; thatoverlapsv; the
unblocled point closestto v mustlie on the intersectiorof r; and
the boundingbox of v andw,. If the setof rectanglesR is stored
asaninterval tree[8],thedesiredrectangler; canbefoundin O(k)
time in the worst case.We let Unblocked N ode (v, vp, R) denote
the procedurehatfindssuchanunblocled’ if oneexists.

We call our heuristicRIATA for Repeateinsertionwith Adap-
tive Tree Adjustment(seeFigure 5). The enhancementt van
Ginnelen’s algorithm are shavn in boldface; deleting the bold-
facestepdrom thefigureleavesvanGinnelen’s original algorithm.
Note that this techniqueis only for the Steinerpointsthat overlap
blockageslt is easyto modify ary pointto pointconnectioramong
Steinernodesto overlap the minimum amountof blockagewith-
outincreasingvirelengthbefore ever calling van Ginnelen’s algo-
rithm (asin Figure3). Additional runtimeresultingfrom RIATA
versusvan Ginnelen’s algorithmcomesfrom searchingor anun-
blocked pointbetweertwo nodesandadditionalcandidatesGiven
anetwith n pins,abuffer library B andk rectanglesepresenting
blockagesthenthecompleity of RIATA is O(|B|n® + nk). Thus,
comparedo corventionalbuffer insertionalgorithm, only O(nk)
additionaloperationsare neededn our algorithmto avoid block-
ages.

4. EXPERIMENTAL RESULTS

We implementedall codein C++ andperformedexperimentson
a SUN Ultra-10 workstationwith 2GB memory Without loss of
generality we useonly one buffer type in our buffer library and
sink polarity is not consideredFor all experimentswe useC-tree
to generatehe initial timing-driven Steinertree, wheneer oneis
required.

4.1 Experimentson large nets

Table 1: Slack comparison between RIATA and van Gin-
neken'salgorithm.
Net #pins #blk

Slackps)
NoBf VG RIATA VGNB
n873 21 6| -867 110 325 542
n189 30 151 -1419 344 442 540

n786 33 15| -848 -479 6 75
n870 44 16| -2835 -98 80 144
bigl 64 7] -214 733 879 1044
big2 80 7| -1560 -567 -198 -41

1070 1329 1575

big3 89 211 -798

We obtainedseven large netsfrom industrial designsand gen-
eratebuffer blockagesarbitrarily. The numberof pins and buffer
blockagedor eachnetarelistedin column2 and3in Tablel, re-
spectvely. In our experimentswe comparethetreeperformances
of thefollowing approachetmgethemwith RMP:

e NoBf: C-treewithout ary buffer insertion, which gives a
baselinefor comparison.

e VG: van Ginnelen’s algorithm whereblockageconstraints
are obeyed by labeling nodesthat overlap blockagesasin-
feasible. For every wire sggmentpartially containedwithin

ablockageanadditionalbuffer insertionlocationis consid-
eredon the pointwherethewire andblockageintersect.

e RIATA: ouralgorithmthatadaptvely adjustsvV G to consider
alternatve buffer insertionlocations.

e VGNB: vanGinnelen’s algorithmon C-treeignoring buffer
blockagescompletely This senesasa type of crudeupper
boundon how well the otherapproachearehandlingblock-
ages.

Table 2. Resource comparisons. The number of inserted
buffersisdenoted asb.

Net VG RIATA VGNB

b CPU[D wire CPUJ[ D wire  CPU
n873[3 0163 5034 0.24] 4 4750 0.60
n189[5 054]5 5846 0.87] 6 5843 10.94
n7/86[1 041]3 5319 0.7/0] 4 5318 1.79
ng70[ 3 0.85]4 4992 110 9 4764 2.67
bigl[7 087]8 9431 126| 6 9407 492
big2 |6 099|6 12576 155 13 12448 20.46
big3| 6 2.84]9 20266 6.57| 7 19669 63.45

Table 1 presentgesultsfrom theseexperiments. We obsene
the following from the maximumslack results. First, buffer in-
sertionprovesto be a worthwhile operation,as all threemethods
significantlyimprove on the solution NoBf, which hasno buffer-
ing. Secondjn all casesRIATA alsoobtainsa significantlybetter
resultthanVG which shavs that consideringhe additionalcandi-
datesolutionsdo malke a significantdifference. Finally, mostRI-
ATA solutionsare almostasgood asVGNB for which blockages
areignored.

In additionto timing performancewe shav majorresourceuti-
lization (total buffers, wirelengthand CPUtime in seconds)n Ta-
ble 2. RIATA usesslightly morebuffersthanVG, but slightly less
thanVGNB. Also, RIATA doesnotsignificantlyincreasehe wire-
lengthof thelow wirelengthV G solutions.Not unexpectedly there
is anincreasan CPUtime of RIATA versusVG. However, VGNB
usesquiteabit moreCPUtime thaneven RIATA sinceit hasmary
morepotentialbuffer insertionlocationsto exploresinceblockages
areignored. This shavs thatindeed,RIATA is only examininga
“handful” of alternatve locations.

4.2 Comparisonswith RMP

Our next setof experimentscompareRIATA with the RMP al-
gorithm([7], sincethetwo approachesharesimilar problemformu-
lations.We obtainedheexecutableof RMP from theauthorsof [7].
As RMP is designedor relatively smallnets,we performcompar
isonson setsof industrialnetswith fewer sinksthanthoseconsid-
eredin the previousexperiments We randomlygeneratélockages
andthenconstructhe correspondingxtendedHanangrid for each
testcase.In orderto compareo RMP’s formulation,we intention-
ally marked somelegal candidatebuffer siteson the Hanangrid
asillegalto reducethe solutionspacesinceotherwiseRMP cannot
completein areasonablamountof time. Comparisongor RIATA
andRMP bothusethe samesetof possiblebuffer locations.Com-
parisonsgiving slack and resourceutilization are shovn in Table
3.

Not surprisingly we obsere that RMP typically gives better
slackresultsthanthatof RIATA thoughnever by morethan72 ps.
RIATA actuallyoutperformsRMP by 223 psfor thecasen730and
even outperformsVGNB for this instance.We speculatehe rea-
sonis thatby finding analternatve insertionpoint RIATA actually



Table 3: Comparison between C-treetRIATA and RMP. The number of pinsfor each net is#p and the number of legal buffer sites

is#s.

Net #p #s Slackps)

#buf wirelength CPU(sec)

NoBf RIATA~ VGNB RMP

RIATA RMP

RIATA™ RMP | RIATA RMP

no71l 8 19 183 467 574 539 3 5 5868 6422 0.06 10.49
m0s5 8 13 22 357 416 365 3 5 7043 10207 0.03 8.07
n313 9 33 188 469 513 529 3 5 5860 10876 0.09 0.79
n730 9 15 673 961 855 738 3 3 2348 2491 0.04 19.60

pnt3 10 19 687 939 1004 1011 5 6 7250 15093 0.09 11.72
mi1s9 10 17 369 747 790 818 3 6 4608 6554 0.05 283.07
n905 11 12 284 783 851 843 3 4 3026 3379 0.09 109.35
n702 11 17| -1095 151 164 202 2 3 3583 4294 0.07 2645.26
n866 12 26 -17 477 575 523 4 7 7730 10587 0.09 1083.04

improvestheoriginal performance-dvien Steinertreeconstruction.
SinceRIATA searches muchsmallerspaceghanRMP it usesor-

dersof magnituddessCPUtime. Clearly RMP cannotbe applied
to thousand®f netsin a physicalsynthesigype of optimization.
In addition,RMP actuallyusesmorebuffersandsignificantlymore
overallwirelengthaswell.

5. CONCLUSION

We proposeRIATA, an adaptve treeadjustmentechniquethat
is integrateddirectly into van Ginnelen’s classicbuffer insertion
algorithmto handlebuffer blockageconstraints.Our experiments
shaw thatthis fairly simpletechniquecangive significantimprove-
mentsover van Ginnelen’s original algorithmwith maginal CPU
cost. Further it is muchfasterandnearlyaseffective asthe RMP
approachwhich searches muchlargersolutionspace Oneof the
keys to RIATA is thatit doesnot significantlyperturbthe existing
Steinertopology while generatingalternatve Steinerpoints. We
believe thatotherschemegor carefullyfinding additionalpotential
locationsfor buffers may be ableto furtherimprove performance
without significantlyimpactingruntime. Our future work seeksto
identify suchtechniques.
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