Tradeoff Routing Resource, Runtime and Quality in
Buffered Routing ~

Xiaoping Tang
Cadence Design Systems

San Jose, CA 95134 USA
xtang@cadence.com

Abstract

With thewide useof hardmacrosandIP blocksin design,buffered
routing(simultaneousoutingandbuffer insertion)becomesinaroid-
able. Routingresourceallocationanddistribution are seriouscon-
cernsin bufferedrouting of deepsubmicrondesign. The capability
of capturingthe tradeof betweenrouting resourcecostand signal
delayis crucialin practicesincethe resourceoveruseof min-delay
solutionmaycausecongestiorproblem(congestioralsomeansver
insertingbuffers). However, mary existing algorithmsare mainly
designedo minimize signaldelay In the paper we first studythe
problem of minimizing the linear combinationof delay and cost,
and extendthe graph-basealgorithmin [10] to solve it. We then
shaw thata variantof the algorithmcansolve otherproblemssuch
asmaximizingdelayreductionto costratio, minimizing routing cost
subjectto a delay constraint,and minimizing delay subjectto the
costnot exceedinga given budget. We alsodevelop a hierarchical
approachto buffered routing constructionfor problemswith large
numberof sinksto tradeof solutionquality andruntime.

1. Intr oduction

Thedevice densityon chipsgrows quadraticallywith therateof de-
creasdn thefeaturesize. Also, thereis a trendthatmorefunction-
alities areintegratedinto one chip (suchassystem-on-chip).Thus
in very deepsubmicrorera,chipsbecomeamorecongestedthenum-
berof usedmetallayersincreasesandinterconnectielay especially
globalinterconnectelay dominatesggatedelayin determiningthe
overall circuit performance.Meanwhileclock frequenyg keepsin-
creasingAs aresult,mary techniquesuchaswire sizingandbuffer
insertionhave to be emplo/ed to reduceinterconnectdelay How-
ever, wire sizing and buffer insertioncan not be usedexcessvely.
Otherwise,it may causecongestiorproblemthat the designis un-
routableor theinsertedbuffers areunplacable As hardmacrosand
IP blocks are widely usedin design,buffered routing (simultane-
ous routing and buffer insertion)becomeaunavoidable,sincehard
macrosandIP blocksmay allow routegoing over but forbid buffer
insertion. As a result, mary buffered routing algorithmsare pro-
posedo addresshe problem.However, mary of the existing buffer
insertionalgorithmsminimize the delay for a routing tree, or use
min-delayasa majorobjectve [7, 8, 9, 3, 13, 1, 10]. Besidesdelay
minimization, we needto allocateand distribute routing resource
carefullyin bufferedrouting. One naturalformulation of the prob-
lem s to capturea costvs. performancdradeof, e.g.,minimizing
congestionsubjectto a delay constraint. The capabilityto capture
suchtradeof is crucial in buffered routing sincethe costoverhead
of min-delaysolutiontendsto be excessie. We illustrate the im-
portanceof the problemby using an exampleas shavn in Figure
1. The min-delaysolutionshavn in Figure 1(a) inserts5 buffers,
which achievesthe delayof 1183ps.On the otherhand,anotherso-
lution achievesthe delayof 1187psby inserting2 buffers asshavn
in Figure 1(b). For the few ps delay improvement(about0.4%),
threemorebuffersareused.This kind of solutionsoveruseresource
in bufferedrouting.

In contrasto traditionalroutingoptimization theproblemis fun-
damentallymultidimensionakinceboth costand delay are consid-
ered. Thereareseveral variationsof formulation. First, minimizing
a linear combinationof delayandcost,D + AC whereD andC are
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Figurel: (a) A min-delaysolutioninserts5 buffers,delay= 1183ps.
(b) A morepreferablesolutionuses2 buffers,delay= 1187ps.

the signaldelayandrouting costrespectiely, andA is thefactorto
balancethe two items; second,minimizing routing costsubjectto
a delay constraint;third, minimizing delaywhile costdoesnot ex-
ceedsomegiven budget; fourth, given a requireddelay constraint
Dr, maximizingthe delayreductionto costratio (DRCR), 2:=2.

Jagannathamt al. [4] studiedthe buffer insertion problemto
maximizethe DRCR for 2-pin nets, which limits the application
sincein practicemary netshave morethan?2 pins. It is suggested
in [4] thatthe DRCRis a naturalcompositeobjective function cap-
turing the tradeof betweencostanddelay However, the primary
problemto tradeof costanddelayis to minimize the linear com-
bination of delayandcost,D + AC. By adjustingA, we cansam-
ple a delayvs. costtradeof cure. Thosesolutionsthatlie abose
the curve areredundani{dominated).In the paper we first extend
the algorithmin [10] to solve the problemof minimizing the linear
combinationof delayandcost. We thenshav thata variantof the
algorithm can efficiently identify pointson the curve. Thusit can
be usedto solve otherproblemssuchas DRCR problem,minimiz-
ing routing costsubjectto a delayconstraintandminimizing delay
subjectto the costnot exceedinga given budget.

Sincethousandef netsneedhandlingin bufferedrouting,the af-
fordableruntimeis limited. It is usualandpreferablehatseveralop-
timizationmodesareprovidedto users for example,fastmodeand
slow mode. Thususerscantradeof runtimeandquality. Moreover,
fastmodeoptimizationcanallow designetto checkdesignfeasibil-
ity anddo trial-and-erroranalysis. Hierarchicalapproachs a nat-
ural way to improve runtime without sacrificingquality too much.
Toward this purpose we build a hierarchicalrouterto achieve ac-
ceptablequality using muchlessruntime. The hierarchicalrouter
canalsobe usedin the applicationswherethe numberof sinksis
very large.

It shouldbe notedthat, althoughthe approachpresentedn the
paperis mainly basedon the algorithmin [10], the idea canalso
be appliedto other buffered routing algorithmsto tradeof routing
resourceruntimeandquality.

2. Review

Notice that a buffered routing tree is a setof buffer brancheglus
the connectingoufferedpaths.A bufferedpathis a setof connected
wire paths(referto Figure?2). Both wire pathandbuffer branchcan
be pre-computedsupposinghe switch-level RC modelis usedfor
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Figure2: A bufferedroutingtreeis decomposethto a setof buffer
brancheplusthe connectindoufferedpaths.A bufferedpathis aset
of connectedvire paths.

Thegraph-basedpproachl0] first constructagraph(calledBP
graph)to computethe optimalbufferedpathbetweerary two nodes
asin [6]. Inthegraph.eachvertex representapossiblebuffer choice
at differentlocationwhich allows to inserta buffer. The edgebe-
tweentwo vertices(possiblebuffer insertion)representsn optimal
wiresizedpath,andits weightrepresentinghebuffer-to-buffer delay
canbe obtainedby looking up the pre-computedable. Therefore a
shortespathbetweerary pairof verticesis anoptimalbufferedpath
connectinghe two verticesof the pair. The selectedverticesin the
path representuffer insertions. Thus, all-pair shortestpath algo-
rithm is appliedto obtainthe optimalbufferedpathbetweerary pair
of vertices.

For a netwith multiple sinks, the remainingproblemis how to
determinebuffer branchlocations. The approachbegins with con-
sidering2 sinks(let usdenoteasts,t;). Thesubtreeconnectinghe
two sinkscontainsonebranch.All subtreeswhich branchatv (i.e.,
v is the driver of the buffer branch),canbe obtainedby enumerat-
ing the possiblebranchestvertex v. Notethatthe optimal buffered
pathbetweenrary pair of nodesis alreadycomputed.Thenthe best
subtreebranchingat v is picked up. The processproceedsn this
way for every node. Thena graph(calledGr graph)is constructed
asshavn in Figure 3, wherethe sourcevertex is I' = {t1,t»}, and
otherverticesarepossiblebuffer nodes.The edge(I', w) represents
the optimal subtreebranchingat w, andits weightis the maximum
delay of the subtree. Theneachpathfrom I' to eachother vertex
v correspondso a subtreeconnectingv with t; andt, asshavn in
Figure 3(a), and thereforethe shortestpath representshe optimal
subtreeconnectingot; andt, asshawn in Figure3(b). Thereaftera
single-sourceshortesipathalgorithm (suchasDijkstra’s algorithm)
is appliedto get all optimal subtreedor every node. When more
than2 sinksareconcernedfirst all optimal subtreesareconstructed
for every nodeto connectevery 2 sinks,andthenanothergraphis
constructedo determineanotherbuffer branchandto computethe
subtredor every node which connectgo 3 or moresinks. Thealgo-
rithm proceeddo createsubtreesy increasinglyconsideringmore
sinks. Thefinal solutionis obtainedby usingthe back-tracingnfor-
mationto determinethe branchesindconstructhewholetree.

3. Tradeoff Delayvs. Cost

For simplicity, we representoutingcostusingthefollowing formula
C =W+ aB whereW is thetotal wire area,B is the total numberof
buffersanda is thefactorfor balancingoetweenV andB. Notethat
thecostcalculationis quiteflexible. Our formulationis independent
of the costmodel. Othercostmodelssuchascomputingcapacitance
canbeusedto representost.

3.1 Dominance

Eachsolutionis characterizethy two parameter® andC. They can
be comparedwith a partial order Giventwo solutions,S; and S,
characterizedby (D1,C1) and(D>,Cy) respectiely, if D, > D; and
C, > Cq, thenthe solution S, is saidto be dominatedoy S;. The
setof non-dominatedolutionscomposes delayvs. costtradeoff
curve. Thedominatedsolutionslie above thecune.

In the following, we first study the problemof minimizing the
linearcombinationof delayandcost. The graph-basedlgorithmis
extendedo solvetheproblemoptimally. Wethenshaw thatavariant
of thealgorithmcanefficiently meetotheroptimizationgoals.

3.2 Graph-basedAlgorithm

Figure4: A shortestpath betweenu and v representsan optimal
bufferedpathwith respecto thevalueD+AC = 5 d+A S coverthe
edgesn the path.

A routingtreeis decomposeihto asetof componentsyire paths
andbuffer branchesEachwire pathis associatedvith acost:w+ a
wherew is thewire areaof thewire pathandthenumberof buffersin
wire pathis one.Eachbuffer branchis associategvith acost:w+ar
wherew is thewire areaof the buffer branchandr is the numberof
receversin thebuffer branch.Notethatthe upstreanbuffer of wire
pathor buffer branchshouldnot be counted.A wire pathor buffer
branchmay connecto sink. We regarda sink asa buffer. This does
not affect the optimizationresult,sinceit just addsto the objective
functiona constanvalue,ak wherek is the numberof sinks.

Thenwe build graphausingthevalueof d + Ac astheweightof an
edgewhered is thedelayvalueandc is therouting costof theedge.
Thusin the BP graph, a shortestpath betweenary pair of nodes
is an optimal buffered path connectingthe two nodeswith respect
to thevalueD+AC = yd+A %c over the edgesin the particular
path,asshown in Figure4. In the Gr graph,referringto Figure 3,
a shortestpathfrom sourcel” to eachothervertex v representshe
optimal subtreeconnectingv to the setof sinkswith respecto the
valueD + AC. Therefore the graph-basedlgorithmwill minimize
theobjective function,D + AC.

By adjustingthe factor\, we cansamplethe pointsof solutions
andthusbuild adelayvs. costcune.

3.3 CostMinimization

Givenarouting grid graph,a netwith several sinksanda specified
delayboundDy, thegoalis to find aroutingtreesolutionwith (D,C)
for thenetsuchthatthetotal costC is minimizedsubjecto thedelay
constraintD < Dy.

Lemma 1. The optimal solution of cost minimizationproblem
liesonthedelayvs. costtradeof curve

Dueto spacdimitation, the proof, aswell astheproofsin therestof
thepaperis omitted.

We usethe algorithm of minimizing the linear combinationof
delayandcostto searchfor a solution. Theideais to startwith an
initial conjecturevaluefor A, anditeratively correctthe value until
wefind afinal valueof A (denotedas),) which minimizesC subject
toD < Dy.

Startingfrom theinitial conjectureof A, for eachedgewe assign
edgeweightd + Ac whered is the delayvalue of the edgeandc is
the costof the edge. Thenwe apply the graph-basealgorithmto
find a solutionthatminimizesD 4 AC = S d 4+ A S c. Thenwe take
oneof thefollowing actionswith respecto D.

1. If D is equalto D, or approximatelyequalto Dy, thenwe have
the currentA = A, anda solutionthat minimizesthe routing
costsubjectto thedelayconstraint. The processs done.

2. If D is lessthan Dy, thenwe increasethe value of A, apply
thegraph-basedlgorithmwith thenew valueA andrepeathe
processuntil we find a satisactorysolution.

3. If D is greaterthanD;, thenwe decreas¢hevalueof A, apply
thegraph-basedlgorithmwith thenew valueA andrepeathe
process.
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Figure3: (a) A pathfrom ™ = {t1,t>} to eachothervertex v correspond$o a subtreeconnectings with t; andt,. (b) Theshortespathrepresents
theoptimal subtreeconnectingo t; andt,. Theedge({t1,t2},b) representshe optimalsubtreebranchingatb.

We usebinary searchto find the appropriate\ asin [4]. Begin-
ning with aninitial A, if theresultingD < Dy, we keepdoublingA
(i.e. usingA’ = 2\) until we getD > D,. On the otherhand,if the
initial A makesD > Dy, we keephalvingA (i.e. using\’ = A/2) until
we reachD < Dy. In this way, we candetermingwo valuesh|gwer
andAypper suchthatthecorrespondinglelayvaluesarelessthanand
greaterthanthereferencelelayD, respectiely. Thenwe try anew

value of N, M to determinethe resultingD. If D < Dy,
thenAjower = N'. Otherwise Aypper = N'. We keeptrying until the
final Ao is obtained.

Obwviously, the numberof iterationsis boundedby O(logAmax)
whereAmax is themaximumvalueof A.

3.4 Delay Minimization
Givenarouting grid graph,a netwith several sinksanda specified
costboundC;, thegoalis to find a routing treesolutionwith (D, C)
for the net suchthat the delay D is minimized subjectto the cost
constrainC <GC;.

Similarly, we have thefollowing result.

Lemma 2. Theoptimalsolutionof delay minimizationproblem
liesonthedelayvs. costtradeof curve

Analogously we can searchfor a solution for the problemby
adjusting\ in minimizing thelinearcombinationof delayandcost.

3.5 Delay Reduction to Cost Ratio Maximiza-
tion
Givenarouting grid graph,a netwith several sinksanda specified
delayboundDy, thegoalis to find aroutingtreesolutionwith (D, C)
for thenetsuchthattheratio 2=2 is maximizedandD < D.
Let Ao denotehemaximumratio. Thuswe have Ao = 2=2 e,
D+ AoC = Dy. It impliesthatAo = max{A|D+AC < Dy }.
For the problemof maximizingdelayreductionto costratio, we
have thefollowing lemma.

Lemma 3. For any given Dy, the optimal solution of delayre-
ductionto costratio maximizatiorproblemlies onthedelayvs. cost
tradeof curve

Similarly, we canusebinary searchto find the value of Ao for
maximizingdelayreductionto costratio.

It shouldbe notedthatthe problemof maximizingthe delayre-
ductionto costratiois easietthanthe othertwo, minimizing routing
costsubjectto a delayconstraintandminimizing delaysubjectto a
costbudget. The algorithmis capableof finding the optimal solu-
tion for maximizing the delayreductionto costratio. However, it
is just a heuristicto both minimizing routing costsubjectto a delay
constraintandminimizing delaysubjectto a costbudget,unlessthe
curwe is strictly corvex. In the following, we prove if the curwe is
strictly corvex, thealgorithmis ableto optimally solve the problem
of minimizing costsubjectto adelayconstrainor minimizing signal
delaysubjectto a costbudget.

Let us first definewhat is strictly corvex. The delayvs. cost

(DC) cune is strictly corvex?, if for ary threepointson the cune,

For acontinuoudifferentiablecurve,y = f(x), it is strictly convex
if £(x)> 0.

(D1,C1), (D2,Cp) and(D3,C3), D1 < D2 < Dg, it satisfies

G-G  G-C
D2-D1 D3—D2
A strictly corvex DC curweis shavn in Figure5.
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Figure5: A strictly convex DC cunwe.

Lemma 4. Givenasolution(D,C) onastrictly corvex DC curve
there mustexista valueAo > 0 sud that D + AoC is an optimal so-
lution in termsof minimizingthe linear combinationof delay and
cost.

Lemma 5. Ao is monotonicallyincreasingasC deceases.

Basedon the above two lemmas(Lemma4 andLemmabs), we
caneasilyconcludeasfollows.

Theorem 1. If the DC curveis strictly corvex, the algorithm,
usingbinary seach and minimizingthelinear combinationof delay
and cost,is ableto find the optimal solutionthat minimizesrouting
costsubjectto a delayconstaint or minimizessignal delaysubject
to a costbudget.

Althoughmary DC curvesarenot strictly convex, mostof them
areapproximatelycorvex in reality. Thusthe algorithmcanbe ap-
pliedto find anapproximatesolution.

4. Tradeoff Quality vs. Runtime

In practice,designerausually prefer several optimizationmodesto
be provided, for example, fast mode and slov mode. Fast mode
perspectie allows designersusing affordable runtime, to quickly
predictthe overall performanceanalyzethe mostcritical nets,and
getveryrealistictiming budget. Thereafterdesignerganuseslow-
modeto refinetherouting resultsandfinalize the designwith better
quality. In the section,we apply a hierarchicalapproachfor fast-
modeoptimization. Hierarchicalapproactstartswith a global view
of entirenet,generateglobalrouting plan, breaksinto piecesto re-
finerouting,andthenbuilds up theentirebufferedrouting. Userscan
usedifferentgranularityof hierarchicalapproacho tradeof quality
andruntime. Actually, the effective useof hierarchicalapproachs
alsocrucialin therouting of large fanoutnets. The hierarchicalap-
proachhastwo aspectsglobalroutingandclustering.



4.1 Global Routing

Thetechniqueof globalroutingis appliedto fastcapturethe global
view of entirenet. First, we usearoughgrid graph,wherethe sinks
neara grid nodeare groupedinto one new sink. In this way, we
could reducenot only the numberof sinks but alsothe numberof
buffer nodesconsideredor buffer insertionin thegraph.Eachnode
in the graphhasa capacity Then, the algorithmis appliedto the
roughgrid graphto geta roughrouting tree satisfyingthe capacity
constraint.t shouldbenotedthat,by adjustingthegranularityof the
grid, we cangetdifferentruntimevs. quality. After that,to improve
solution quality, we canusea fine grid on the rough routing tree
obtainedbefore,andcomputea new fine routingtree.

4.2 Clustering

Wefirst divide the sinksinto a setof clusters.Thecenterof a cluster
is regardedasanew sink. Thuswe build a bufferedroutingtree(de-
notedastg for reference}o connectthe sourceto thesenew sinks.
Thenfor eachcluster a bufferedrouting tree(denotedastc) is con-
structedto connectthe sinkswithin the cluster Notethatthe center
of a clustermay not be a good positionto locatea new sourcefor

the sinksin the cluster Instead,we usethe buffer, which is close
to the boundingbox of the clusterin the routing treetg, to be the
new sourcefor the cluster Thena new routing treeis to be built to

connectthe new sourceto the sinksin the cluster As anexample,
Figure6 shaws thatthe sinksaredividedinto 3 clusters.A routing

treeis built to connectthe sourceto the centersof all clusters.The
buffer closeto the boundingbox of a clusteris regardedasthe new

sourcefor thesinksin the clusterswhich formsasubproblem.
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Figure6: Thesinksaredividedto 3 clusters(in dashedoxes). The
routing tree connectsthe sourceto the centersof all clusters. The
buffer closeto theboundingbox of a clusteractsasa new source.

Clusteringis a useful“divide andconquer”stratgy. Organizing
sinksinto sensiblegroupingsnot only catchegheideaof hierarchi-
cal design,but alsoreduceghe compleity of our algorithm. Many
clusteringalgorithmsareavailablein [5]. We useZahn’ clustering
algorithm,which constructslustersy breakingminimumspanning
tree. Theclusteringcanbedonerecursvely in multi-level for further
improving runtime, althoughin reality two-level clusteringis suffi-
cientto handlelarge designs.At eachlevel of clustering,userscan
specifyathresholdor thenumberof clusters Empirically, themore
clustersthebettersolutionquality but consumingmoreruntime. In
this way, userscanalsotradeof runtimevs. quality.

5. Experimental Results

We have implementedhegraph-basedlgorithmfor minimizing the
linear combinationof delayandcost,D + AC, andtestedon differ-
enttestcases.By adjustingthe factorA, we canbuild a delayvs.
costtradeof curve andidentify the solutionthatmeetshe optimiza-
tion objective. We usethe sametechnologyparameterasin [10].
Onetypeof buffersis usedin the programwith input capacitancef
23.4fF andoutputresistancef 180Q. Theintrinsic delayof buffer
is setto be 36.4ps.Therearethreechoicesof wire width in our wire
library. Figure7 shavsthedelayvs. costtradeof curvesfor two test
cases.

Wehaveimplemented hierarchicalouterbasedntheapproach
mentionedabove, and testedits performanceon Sun Solaris (Ul-
tral0). We comparethe hierarchicalapproactwith flat approactin
termsof total cost(D + AC) andruntime. A fixed A is usedin cost

cost

900000 920000 940000 960000 980000 1e+06 1.02e+06 1.04e+06
delay(ps)

Figure7: Thedelayvs. costtradeof curvesfor two testcases.
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Figure8: Comparisorbetweerhierarchicabpproachandflatimple-
mentation.The percentagesf runtimereductionandquality (cost)
loseareshawn for differenttestcases.

function. The experimentis basedon a setof testcasesvith vari-

ousnhumbersof sinks. Figure 8 illustratesthe ratiosof runtimeand
quality (cost) betweenhierarchicalapproachand flat implementa-
tion. On average the hierarchicalrouteronly losesabout8% qual-

ity (cost)but achieves about90% runtime reduction(i.e., 10 times
faster). Our main goal is to demonstratéhow to tradeof routing

resourceyuntimeandquality in bufferedrouting, andthe ideacan
alsobeappliedto otherbufferedroutingalgorithms.Thusthe actual
runtimeis omitted.
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