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Abstract
With thewide useof hardmacrosandIP blocksin design,buffered
routing(simultaneousroutingandbuffer insertion)becomesunavoid-
able. Routingresourceallocationanddistribution areseriouscon-
cernsin bufferedroutingof deepsubmicrondesign.Thecapability
of capturingthe tradeoff betweenrouting resourcecostandsignal
delayis crucial in practicesincethe resourceoveruseof min-delay
solutionmaycausecongestionproblem(congestionalsomeansover-
insertingbuffers). However, many existing algorithmsare mainly
designedto minimize signaldelay. In the paper, we first studythe
problemof minimizing the linear combinationof delay and cost,
andextendthe graph-basedalgorithmin [10] to solve it. We then
show thata variantof thealgorithmcansolve otherproblemssuch
asmaximizingdelayreductionto costratio,minimizingroutingcost
subjectto a delay constraint,andminimizing delaysubjectto the
costnot exceedinga given budget. We alsodevelop a hierarchical
approachto buffered routing constructionfor problemswith large
numberof sinksto tradeoff solutionqualityandruntime.

1. Intr oduction
Thedevice densityon chipsgrows quadraticallywith therateof de-
creasein the featuresize. Also, thereis a trendthatmorefunction-
alities areintegratedinto onechip (suchassystem-on-chip).Thus
in verydeepsubmicronera,chipsbecomemorecongested,thenum-
berof usedmetallayersincreases,andinterconnectdelay, especially
global interconnectdelay, dominatesgatedelayin determiningthe
overall circuit performance.Meanwhileclock frequency keepsin-
creasing.As aresult,many techniquessuchaswire sizingandbuffer
insertionhave to be employed to reduceinterconnectdelay. How-
ever, wire sizing andbuffer insertioncannot be usedexcessively.
Otherwise,it may causecongestionproblemthat the designis un-
routableor theinsertedbuffersareunplacable.As hardmacrosand
IP blocks are widely usedin design,buffered routing (simultane-
ous routing andbuffer insertion)becomesunavoidable,sincehard
macrosandIP blocksmayallow routegoingover but forbid buffer
insertion. As a result, many buffered routing algorithmsare pro-
posedto addresstheproblem.However, many of theexistingbuffer
insertionalgorithmsminimize the delay for a routing tree, or use
min-delayasa majorobjective [7, 8, 9, 3, 13,1, 10]. Besidesdelay
minimization, we needto allocateand distribute routing resource
carefully in bufferedrouting. Onenaturalformulationof the prob-
lem is to capturea costvs. performancetradeoff, e.g.,minimizing
congestionsubjectto a delayconstraint.The capability to capture
suchtradeoff is crucial in bufferedrouting sincethe costoverhead
of min-delaysolution tendsto be excessive. We illustrate the im-
portanceof the problemby using an exampleas shown in Figure
1. The min-delaysolution shown in Figure1(a) inserts5 buffers,
which achievesthedelayof 1183ps.On theotherhand,anotherso-
lution achievesthedelayof 1187psby inserting2 buffersasshown
in Figure 1(b). For the few ps delay improvement(about0.4%),
threemorebuffersareused.Thiskind of solutionsoveruseresource
in bufferedrouting.

In contrastto traditionalroutingoptimization,theproblemis fun-
damentallymultidimensionalsinceboth costanddelayareconsid-
ered.Thereareseveralvariationsof formulation. First, minimizing
a linearcombinationof delayandcost,D

� λC whereD andC are
�
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(a) (b)

Figure1: (a)A min-delaysolutioninserts5 buffers,delay= 1183ps.
(b) A morepreferablesolutionuses2 buffers,delay= 1187ps.

thesignaldelayandroutingcostrespectively, andλ is the factorto
balancethe two items; second,minimizing routing costsubjectto
a delayconstraint;third, minimizing delaywhile costdoesnot ex-
ceedsomegiven budget; fourth, given a requireddelayconstraint
Dr , maximizingthedelayreductionto costratio (DRCR), Dr � D

C .
Jagannathanet al. [4] studiedthe buffer insertion problem to

maximize the DRCR for 2-pin nets, which limits the application
sincein practicemany netshave morethan2 pins. It is suggested
in [4] that theDRCRis a naturalcompositeobjective functioncap-
turing the tradeoff betweencostanddelay. However, the primary
problemto tradeoff costanddelay is to minimize the linear com-
binationof delayandcost,D

� λC. By adjustingλ, we cansam-
ple a delayvs. cost tradeoff curve. Thosesolutionsthat lie above
the curve areredundant(dominated).In the paper, we first extend
thealgorithmin [10] to solve theproblemof minimizing the linear
combinationof delayandcost. We thenshow that a variantof the
algorithmcanefficiently identify pointson the curve. Thus it can
beusedto solve otherproblemssuchasDRCRproblem,minimiz-
ing routingcostsubjectto a delayconstraint,andminimizing delay
subjectto thecostnotexceedinga givenbudget.

Sincethousandsof netsneedhandlingin bufferedrouting,theaf-
fordableruntimeis limited. It is usualandpreferablethatseveralop-
timizationmodesareprovidedto users,for example,fastmodeand
slow mode.Thususerscantradeoff runtimeandquality. Moreover,
fastmodeoptimizationcanallow designerto checkdesignfeasibil-
ity anddo trial-and-erroranalysis. Hierarchicalapproachis a nat-
ural way to improve runtimewithout sacrificingquality too much.
Toward this purpose,we build a hierarchicalrouter to achieve ac-
ceptablequality usingmuch lessruntime. The hierarchicalrouter
canalsobe usedin the applicationswherethe numberof sinks is
very large.

It shouldbe notedthat, althoughthe approachpresentedin the
paperis mainly basedon the algorithm in [10], the idea can also
be appliedto otherbuffered routing algorithmsto tradeoff routing
resource,runtimeandquality.

2. Review
Notice that a bufferedrouting tree is a setof buffer branchesplus
theconnectingbufferedpaths.A bufferedpathis a setof connected
wire paths(referto Figure2). Bothwire pathandbuffer branchcan
bepre-computed,supposingthe switch-level RC modelis usedfor



buffer.

Buffered Path

Subtree

Wire Path

Buffer Branch

Figure2: A bufferedroutingtreeis decomposedinto a setof buffer
branchesplustheconnectingbufferedpaths.A bufferedpathis aset
of connectedwire paths.

Thegraph-basedapproach[10] first constructsagraph(calledBP
graph)to computetheoptimalbufferedpathbetweenany two nodes
asin [6]. In thegraph,eachvertex representsapossiblebuffer choice
at different locationwhich allows to inserta buffer. The edgebe-
tweentwo vertices(possiblebuffer insertion)representsanoptimal
wiresizedpath,andits weightrepresentingthebuffer-to-buffer delay
canbeobtainedby looking up thepre-computedtable.Therefore,a
shortestpathbetweenany pairof verticesis anoptimalbufferedpath
connectingthe two verticesof thepair. Theselectedverticesin the
path representbuffer insertions. Thus,all-pair shortestpath algo-
rithm is appliedto obtaintheoptimalbufferedpathbetweenany pair
of vertices.

For a net with multiple sinks, the remainingproblemis how to
determinebuffer branchlocations. The approachbegins with con-
sidering2 sinks(let usdenoteast1 � t2). Thesubtreeconnectingthe
two sinkscontainsonebranch.All subtrees,which branchat v (i.e.,
v is the driver of the buffer branch),canbe obtainedby enumerat-
ing thepossiblebranchesat vertex v. Notethattheoptimalbuffered
pathbetweenany pair of nodesis alreadycomputed.Thenthebest
subtreebranchingat v is picked up. The processproceedsin this
way for every node.Thena graph(calledGΓ graph)is constructed
asshown in Figure3, wherethe sourcevertex is Γ ��� t1 � t2 � , and
otherverticesarepossiblebuffer nodes.Theedge � Γ � w� represents
theoptimalsubtreebranchingat w, andits weight is themaximum
delayof the subtree. Theneachpath from Γ to eachothervertex
v correspondsto a subtreeconnectingv with t1 andt2 asshown in
Figure3(a), and thereforethe shortestpath representsthe optimal
subtreeconnectingto t1 andt2 asshown in Figure3(b). Thereafter, a
single-sourceshortestpathalgorithm(suchasDijkstra’s algorithm)
is appliedto get all optimal subtreesfor every node. When more
than2 sinksareconcerned,first all optimalsubtreesareconstructed
for every nodeto connectevery 2 sinks,andthenanothergraphis
constructedto determineanotherbuffer branchandto computethe
subtreefor everynode,whichconnectsto 3 or moresinks.Thealgo-
rithm proceedsto createsubtreesby increasinglyconsideringmore
sinks.Thefinal solutionis obtainedby usingtheback-tracinginfor-
mationto determinethebranchesandconstructthewholetree.

3. Tradeoff Delayvs. Cost
For simplicity, werepresentroutingcostusingthefollowing formula
C � W

� αB whereW is thetotalwire area,B is thetotalnumberof
buffersandα is thefactorfor balancingbetweenW andB. Notethat
thecostcalculationis quiteflexible. Our formulationis independent
of thecostmodel.Othercostmodelssuchascomputingcapacitance
canbeusedto representcost.

3.1 Dominance
Eachsolutionis characterizedby two parametersD andC. They can
be comparedwith a partial order. Given two solutions,S1 andS2,
characterizedby � D1 � C1 � and � D2 � C2 � respectively, if D2 � D1 and
C2 � C1, thenthe solutionS2 is said to be dominatedby S1. The
setof non-dominatedsolutionscomposesa delayvs. costtradeoff
curve. Thedominatedsolutionslie above thecurve.

In the following, we first study the problemof minimizing the
linearcombinationof delayandcost.Thegraph-basedalgorithmis
extendedto solvetheproblemoptimally. Wethenshow thatavariant
of thealgorithmcanefficiently meetotheroptimizationgoals.

3.2 Graph-basedAlgorithm
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Figure 4: A shortestpath betweenu and v representsan optimal
bufferedpathwith respectto thevalueD

� λC � ∑d
� λ∑c over the

edgesin thepath.

A routingtreeisdecomposedinto asetof components,wirepaths
andbuffer branches.Eachwire pathis associatedwith acost:w

� α
wherew is thewire areaof thewire pathandthenumberof buffersin
wire pathis one.Eachbuffer branchis associatedwith acost:w

� αr
wherew is thewire areaof thebuffer branchandr is thenumberof
receiversin thebuffer branch.Notethattheupstreambuffer of wire
pathor buffer branchshouldnot becounted.A wire pathor buffer
branchmayconnectto sink. We regarda sink asa buffer. This does
not affect theoptimizationresult,sinceit just addsto theobjective
functiona constantvalue,αk wherek is thenumberof sinks.

Thenwebuild graphsusingthevalueof d
� λc astheweightof an

edgewhered is thedelayvalueandc is theroutingcostof theedge.
Thus in the BP graph,a shortestpath betweenany pair of nodes
is an optimal bufferedpathconnectingthe two nodeswith respect
to the valueD

� λC � ∑d
� λ∑c over the edgesin the particular

path,asshown in Figure4. In theGΓ graph,referringto Figure3,
a shortestpathfrom sourceΓ to eachothervertex v representsthe
optimal subtreeconnectingv to the setof sinkswith respectto the
valueD

� λC. Therefore,thegraph-basedalgorithmwill minimize
theobjective function,D

� λC.
By adjustingthe factorλ, we cansamplethepointsof solutions

andthusbuild a delayvs. costcurve.

3.3 CostMinimization
Givena routinggrid graph,a netwith severalsinksanda specified
delayboundDr , thegoalis to find aroutingtreesolutionwith � D � C �
for thenetsuchthatthetotalcostC is minimizedsubjectto thedelay
constraintD ! Dr .

Lemma 1. The optimal solution of cost minimizationproblem
lieson thedelayvs.costtradeoff curve.

Dueto spacelimitation, theproof,aswell astheproofsin therestof
thepaper, is omitted.

We usethe algorithm of minimizing the linear combinationof
delayandcostto searchfor a solution. The ideais to startwith an
initial conjecturevaluefor λ, anditeratively correctthe valueuntil
wefind afinal valueof λ (denotedasλo) whichminimizesC subject
to D ! Dr .

Startingfrom theinitial conjectureof λ, for eachedgewe assign
edgeweightd

� λc whered is thedelayvalueof theedgeandc is
the costof the edge. Thenwe apply the graph-basedalgorithmto
find a solutionthatminimizesD

� λC � ∑d
� λ∑c. Thenwe take

oneof thefollowing actionswith respectto D.

1. If D is equalto Dr or approximatelyequalto Dr , thenwehave
the currentλ � λo anda solutionthat minimizesthe routing
costsubjectto thedelayconstraint.Theprocessis done.

2. If D is lessthanDr , thenwe increasethe valueof λ, apply
thegraph-basedalgorithmwith thenew valueλ andrepeatthe
processuntil we find a satisfactorysolution.

3. If D is greaterthanDr , thenwe decreasethevalueof λ, apply
thegraph-basedalgorithmwith thenew valueλ andrepeatthe
process.
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Figure3: (a)A pathfrom Γ �"� t1 � t2 � to eachothervertex v correspondsto asubtreeconnectingv with t1 andt2. (b) Theshortestpathrepresents
theoptimalsubtreeconnectingto t1 andt2. Theedge �#� t1 � t2 � � b� representstheoptimalsubtreebranchingat b.

We usebinarysearchto find theappropriateλ asin [4]. Begin-
ning with an initial λ, if the resultingD $ Dr , we keepdoublingλ
(i.e. usingλ %&� 2λ) until we getD ' Dr . On theotherhand,if the
initial λ makesD � Dr , wekeephalvingλ (i.e. usingλ %(� λ ) 2) until
we reachD ! Dr . In this way, we candeterminetwo valuesλlower
andλupper suchthatthecorrespondingdelayvaluesarelessthanand
greaterthanthereferencedelayDr respectively. Thenwe try a new

valueof λ % , λlower * λupper
2 , to determinethe resultingD. If D $ Dr ,

thenλlower � λ % . Otherwise,λupper � λ % . We keeptrying until the
final λo is obtained.

Obviously, the numberof iterationsis boundedby O � logλmax�
whereλmax is themaximumvalueof λ.

3.4 Delay Minimization
Givena routinggrid graph,a netwith several sinksanda specified
costboundCr , thegoal is to find a routingtreesolutionwith � D � C �
for the net suchthat the delayD is minimized subjectto the cost
constraintC ! Cr .

Similarly, we have thefollowing result.

Lemma 2. Theoptimal solutionof delayminimizationproblem
lieson thedelayvs.costtradeoff curve.

Analogously, we can searchfor a solution for the problemby
adjustingλ in minimizing thelinearcombinationof delayandcost.

3.5 Delay Reduction to Cost Ratio Maximiza-
tion

Givena routinggrid graph,a netwith several sinksanda specified
delayboundDr , thegoalis to find aroutingtreesolutionwith � D � C �
for thenetsuchthattheratio Dr � D

C is maximizedandD ! Dr .

Let λo denotethemaximumratio. Thuswehaveλo � Dr � D
C , i.e.,

D
� λoC � Dr . It impliesthatλo � max� λ +D � λC ! Dr � .
For theproblemof maximizingdelayreductionto costratio,we

have thefollowing lemma.

Lemma 3. For any givenDr , the optimal solutionof delay re-
ductionto costratio maximizationproblemliesonthedelayvs.cost
tradeoff curve.

Similarly, we canusebinary searchto find the valueof λo for
maximizingdelayreductionto costratio.

It shouldbenotedthat theproblemof maximizingthedelayre-
ductionto costratio is easierthantheothertwo, minimizing routing
costsubjectto a delayconstraintandminimizing delaysubjectto a
costbudget. The algorithmis capableof finding the optimal solu-
tion for maximizing the delayreductionto cost ratio. However, it
is just a heuristicto bothminimizing routingcostsubjectto a delay
constraintandminimizing delaysubjectto a costbudget,unlessthe
curve is strictly convex. In the following, we prove if the curve is
strictly convex, thealgorithmis ableto optimally solve theproblem
of minimizingcostsubjectto adelayconstraintor minimizingsignal
delaysubjectto a costbudget.

Let us first definewhat is strictly convex. The delay vs. cost
(DC) curve is strictly convex1, if for any threepointson thecurve,
1For acontinuousdifferentiablecurve,y � f � x� , it is strictly convex
if f % %,� x� � 0.

� D1 � C1 � , � D2 � C2 � and � D3 � C3 � , D1 $ D2 $ D3, it satisfies

C2 - C1

D2 - D1
$ C3 - C2

D3 - D2

A strictly convex DC curve is shown in Figure5.
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C2
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D

C

Figure5: A strictly convex DC curve.

Lemma 4. Givenasolution � D � C � ona strictlyconvex DCcurve,
there mustexist a valueλo ' 0 such that D

� λoC is an optimalso-
lution in termsof minimizingthe linear combinationof delayand
cost.

Lemma 5. λo is monotonicallyincreasingasC decreases.

Basedon the above two lemmas(Lemma4 andLemma5), we
caneasilyconcludeasfollows.

Theorem 1. If the DC curve is strictly convex, the algorithm,
usingbinary search andminimizingthelinear combinationof delay
andcost,is able to find theoptimalsolutionthat minimizesrouting
costsubjectto a delayconstraint or minimizessignaldelaysubject
to a costbudget.

Althoughmany DC curvesarenot strictly convex, mostof them
areapproximatelyconvex in reality. Thusthealgorithmcanbeap-
plied to find anapproximatesolution.

4. Tradeoff Quality vs. Runtime
In practice,designersusuallypreferseveral optimizationmodesto
be provided, for example, fast modeand slow mode. Fast mode
perspective allows designers,using affordableruntime, to quickly
predictthe overall performance,analyzethe mostcritical nets,and
getvery realistictiming budget.Thereafter, designerscanuseslow-
modeto refinetheroutingresultsandfinalizethedesignwith better
quality. In the section,we apply a hierarchicalapproachfor fast-
modeoptimization.Hierarchicalapproachstartswith a globalview
of entirenet,generatesglobalroutingplan,breaksinto piecesto re-
finerouting,andthenbuildsuptheentirebufferedrouting.Userscan
usedifferentgranularityof hierarchicalapproachto tradeoff quality
andruntime. Actually, theeffective useof hierarchicalapproachis
alsocrucial in theroutingof largefanoutnets.Thehierarchicalap-
proachhastwo aspects:globalroutingandclustering.



4.1 Global Routing
Thetechniqueof global routingis appliedto fastcapturetheglobal
view of entirenet.First,we usea roughgrid graph,wherethesinks
neara grid. nodeare groupedinto one new sink. In this way, we
could reducenot only the numberof sinksbut also the numberof
buffer nodesconsideredfor buffer insertionin thegraph.Eachnode
in the graphhasa capacity. Then, the algorithm is appliedto the
roughgrid graphto geta roughrouting treesatisfyingthecapacity
constraint.It shouldbenotedthat,by adjustingthegranularityof the
grid, we cangetdifferentruntimevs. quality. After that,to improve
solution quality, we can usea fine grid on the rough routing tree
obtainedbefore,andcomputea new fine routingtree.

4.2 Clustering
Wefirst divide thesinksinto asetof clusters.Thecenterof acluster
is regardedasanew sink. Thuswebuild abufferedroutingtree(de-
notedastG for reference)to connectthesourceto thesenew sinks.
Thenfor eachcluster, a bufferedroutingtree(denotedastc) is con-
structedto connectthesinkswithin thecluster. Notethatthecenter
of a clustermay not be a goodpositionto locatea new sourcefor
the sinks in the cluster. Instead,we usethe buffer, which is close
to the boundingbox of the clusterin the routing tree tG, to be the
new sourcefor thecluster. Thena new routing treeis to bebuilt to
connectthe new sourceto the sinksin the cluster. As an example,
Figure6 shows that thesinksaredivided into 3 clusters.A routing
treeis built to connectthesourceto thecentersof all clusters.The
buffer closeto theboundingbox of a clusteris regardedasthenew
sourcefor thesinksin theclusters,which formsasubproblem.

/0

12

34

source

New source

Figure6: Thesinksaredividedto 3 clusters(in dashedboxes).The
routing treeconnectsthe sourceto the centersof all clusters. The
buffer closeto theboundingbox of aclusteractsasa new source.

Clusteringis a useful“divide andconquer”strategy. Organizing
sinksinto sensiblegroupingsnot only catchestheideaof hierarchi-
cal design,but alsoreducesthecomplexity of our algorithm.Many
clusteringalgorithmsareavailablein [5]. We useZahn’s clustering
algorithm,whichconstructsclustersby breakingminimumspanning
tree.Theclusteringcanbedonerecursively in multi-level for further
improving runtime,althoughin reality two-level clusteringis suffi-
cient to handlelargedesigns.At eachlevel of clustering,userscan
specifyathresholdfor thenumberof clusters.Empirically, themore
clusters,thebettersolutionquality but consumingmoreruntime.In
this way, userscanalsotradeoff runtimevs. quality.

5. Experimental Results
Wehave implementedthegraph-basedalgorithmfor minimizingthe
linearcombinationof delayandcost,D

� λC, andtestedon differ-
ent testcases.By adjustingthe factorλ, we canbuild a delayvs.
costtradeoff curveandidentify thesolutionthatmeetstheoptimiza-
tion objective. We usethe sametechnologyparametersasin [10].
Onetypeof buffersis usedin theprogramwith inputcapacitanceof
235 4 f F andoutputresistanceof 180Ω. Theintrinsic delayof buffer
is setto be36.4ps.Therearethreechoicesof wire width in ourwire
library. Figure7 shows thedelayvs. costtradeoff curvesfor two test
cases.

Wehaveimplementedahierarchicalrouterbasedontheapproach
mentionedabove, and testedits performanceon Sun Solaris (Ul-
tra10). We comparethehierarchicalapproachwith flat approachin
termsof total cost(D

� λC) andruntime. A fixed λ is usedin cost
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Figure7: Thedelayvs. costtradeoff curvesfor two testcases.
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mentation.Thepercentagesof runtimereductionandquality (cost)
loseareshown for differenttestcases.

function. The experimentis basedon a setof testcaseswith vari-
ousnumbersof sinks. Figure8 illustratestheratiosof runtimeand
quality (cost) betweenhierarchicalapproachand flat implementa-
tion. On average,thehierarchicalrouteronly losesabout8% qual-
ity (cost)but achievesabout90% runtimereduction(i.e., 10 times
faster). Our main goal is to demonstratehow to tradeoff routing
resource,runtimeandquality in bufferedrouting, andthe ideacan
alsobeappliedto otherbufferedroutingalgorithms.Thustheactual
runtimeis omitted.
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