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Abstract— This paper presents a very ef�cient algorithm for
performance-driven topology design for interconnects. Given a net, it
�rst generatesA-tr ee1 topology using table lookup and net-breaking.
Then a performance-driven post-processingheuristic not restricting to
A-tr ee topology improves the obtained topology by considering the sink
positions, required time and load capacitanceto achieve better timing.
Experimental resultsshow that our newtechniquecanproducetopologies
with better timing and is hundreds of times faster than traditional
approach.

I . INTRODUCTION

With technology scaling, interconnectdelay has become the
dominantfactorin circuit delay, makingeffective performance-driven
interconnectdesign vital for the timing closure.Topology design
andbuffer insertionaretwo main techniquesfor performance-driven
interconnectdesign. Alpert et. al. [2] showed that the two-step
approachof (1) constructinga Steiner tree, and (2) then running
van Ginneken style buffer insertion,can be as good as the slower
simultaneousapproach.However, topology design, i.e. �nding a
good Steiner tree, itself is a dif�cult and time-consumingstep.
For nets with low degree2, such as 2-pin or 3-pin nets, �nding
goodtopologiesis easy. But for high-degreenets,constructinggood
topologiesef�ciently is both challengingaswell ascritical, for they
are likely to be the causeof critical paths.

Rectilinearminimum spanningtree(RMST) is a classof topolo-
gieswidely usedin practicebecauseef�cient algorithmsareavailable
for their solution. However, the wirelengthof an RMST can be as
much as 1.5 times that of rectilinearSteinerminimal tree (RSMT)
[3]. RSMT is anotherclassof well-researchedtopologies.But RSMT
constructionbeing NP-complete[4], no ef�cient algorithm exists,
and a lot of work has focusedon approximationalgorithms for
it. Batched1-Steinerheuristic [5] and the heuristic proposedby
Mandoiu et. al. [6] are two well-known near-optimal algorithms.
Recently, FLUTE [7], [8] has been proposedas a very fast and
accurateRSMT algorithm for VLSI applicationsbasedon a table
lookup technique.

In addition to wirelength-driven topologiessuch as RMST and
RSMT, many timing-driven topology design techniqueshave also
beenproposed.The SERT algorithm of Boeseet. al. [11] produces
the routing tree for performance.Later, Cong et. al. [1] proposed
A-tree algorithm to �nd a min-area shortestpaths tree. In [12],
Permutation-constrainedrouting trees (P-tree) algorithm reported
better area objectives than SERT and A-tree. Alpert et al. [13]
proposedAHHK trees as a direct trade-off betweenPrim's MST
algorithm and Dijkstra's shortestpath tree algorithm, and used in
the C-treealgorithm [2] for timing-driven Steinertreeconstruction.
However, all of thesealgorithmsare not very ef�cient to address
large industrial designswith a substantialnumber of high-degree
nets,especiallyfor anintegratedroute-and-place�o w. Althoughmost
of thenetsin a designareof low degree,therearestill a considerable
numberof high-degreenets (12% netshave degree≥ 8 [7]). And
thesehigh-degreenetsare more likely to be timing-critical. Hence,
our goal is to develop a fast, performance-driven topology design
algorithm applicableto optimizing delay propertiesof a large-class
of netsearly-onin the designcycle.

This work was partially supported by the SRC under Task ID 1206 and
NSF under grant CCF-0540998.

1In [1], it defined that a rectilinear Steiner tree is an A-tree if every path
connecting the source and any node on the tree is a shortest path.

2The degree of a net is the number of pins in the net.

In this paper, we presenta novel method to ef�ciently design
performance-driven topology for nets.We develop a very fastalgo-
rithm to constructanA-treebasedon tablelookupandnet-breaking.
Thenwe apply post-processingtechniques,not restrictedto A-trees
anymore, on the obtainedA-tree topology to further improve the
timing for the net.

Our main contributions include the following:
• A very ef�cient algorithm to constructthe A-tree potentially

optimal wirelength vector (POWV) [7] and topology table for
all the netswith degreeup to a certainvalue

• A fast A-tree constructionalgorithm using table lookup and
net-breakingtechniquesfor high-degreenets

• A performance-driven post-processingtechnique,which modi-
�es the A-tree topology to further improve the timing

Experimentalresultsshow that our new algorithm can generate
topologieswith bettertiming thanthetiming-driventreeconstruction
algorithm in C-tree [2]. Moreover, our algorithm is 371× faster.
Therefore,it is very suitablefor performance-driven topologydesign
for a large numberof nets,in an integratedphysicaldesign�o w.

The remainderof the paperis organizedasfollows. In Section2,
wediscussthetopologiesfor theperformance-driveninterconnectde-
sign.Section3 describesthefastalgorithmto generateA-treelookup
table. In Section 4, we presentthe algorithm to constructA-tree
using table lookup and net-breaking.In Section5, a performance-
driven post-processingtechniqueis proposed.Experimentalresults
areshown in Section6.

I I . TOPOLOGY FOR PERFORMANCE

As mentionedearlier, RSMT is a classof widely usedtopologies
with goodwirelengthmetric.However, anRSMT maycontainmany
detoursfrom the sourceto somesinks resulting in bad timing for
them. A simple illustrative example is shown in Figure 1. Sink t4

is the critical sink here.We can seethat there is detour from the
sources to t4 which harmsthe timing result.Therefore,despiteits
good wirelength,it is not suitablefor performance-driven topology
design.And we needsomeother typesof topologiesfor the timing
purpose.

S
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Fig. 1. Detour in RSMT.

A-tree is a class of topologies with good properties for
performance-driven interconnectdesign.First, anA-tree is a shortest
path tree (SPT), thus no detoursbetweenthe sourceand a sink. In
addition,it hasbeenshown in [1] thatminimizing total wirelengthof
anA-treeleadsto simultaneousoptimizationof differentcomponents
of sink delays.Such a harmony would be impossibleto achieve
for general routing topologies. Hence we focus on A-trees and
their subsequentre�nement as our goal. However, �nding A-tree
with minimum wirelengthis anNP-completeproblem[10]. Inspired



by the table lookup idea of FLUTE [7], [8], we proposea very
ef�cient way to constructA-treesusing table lookup techniquesto
be discussedin detail below.

I I I . A-TREE LOOKUP TABLE GENERATION

In this section, we focus on A-tree lookup table generation.
We �rst discusshow to group in�nite number of nets into �nite
numberof groupssothata practicallookuptablecanbeconstructed.
Then a Configuration Graph approachis proposedto generate
the lookup table ef�ciently . Finally, we introduce the conceptsof
Abstract Topology andTopology Signature to reducethe complexity
in topology tablegeneration.

A. A-treeLookupTableOrganization

FLUTE [7], [8] is a lookup table basedRSMT algorithm. It is
shown that the set of all degree d nets can be partitionedinto d!
groupsaccordingto the relative positionsof their pins. The relative
positionsof pins is de�ned by vertical sequence. Consideran d-pin
net.Let x i bethex-coordinateof someverticalHanangrid line such
that x1 ≤ x2 ≤ ::: ≤ xd. Similarly, let yj be the y-coordinateof
somehorizontal Hanangrid line such that y1 ≤ y2 ≤ ::: ≤ yd.
Assumethepinsareindexed in ascendingorderof y-coordinate.Let
si be the rank of pin i if all pins aresortedin ascendingorderof x-
coordinate.s1s2 :::sd is thevertical sequence. As illustratedin Figure
2. All thenetswith thesamevertical sequence fall in onegroupin the
lookup table.For eachgroup,the wirelengthof all possiblyoptimal
routingtopologiesalongtheHanangrid [14] canbewrittenasasmall
numberof linear combinationsof distancesbetweenadjacentHanan
grid lines [7]. Eachlinear combinationcanbe expressedasa vector
of the coef�cients which is called a potentially optimal wirelength
vector (POWV). The few POWVs for eachgroupcan be generated
once.EachPOWV and one correspondingtopology are storedinto
a lookup table.To get the RSMT for a net, the algorithmcomputes
the wirelengthscorrespondingto the POWVs for the group the net
belongsto, andpicks the onewith the bestwirelength.
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Fig. 2. Illustration of some notions.

We alsousethe vertical sequence to groupthenets.However, for
A-tree, only the vertical sequence is not enoughto group the nets.
The reasonis that not only the relative pin positionsbut also the
sourcepin locationde�ne thegroupof netssharingthesamePOWVs
(potentially optimal wirelength vectors) and topologies.Therefore,
we �rst divide all thenetswith degreed into d! groupsaccordingto
their vertical sequence. Then we further divide every group into d
subgroups.For subgroup1; 2; :::; d, the correspondingsourcepin is
pin 1; 2; :::; d, respectively. For eachsubgroup,we will have a setof
POWVs andtheir correspondingtopologiesstoredin the table.Note
that in FLUTE, a POWV representsrectilinear Steiner trees which
can potentially have minimum wirelength.In contrast,in this work
a POWV representsA-trees that canproduceoptimal wirelength.

Our POWV table storesPOWVs for every subgroup.Moreover,
while the FLUTE tablecontainsonly onetopologyfor eachPOWV,
in the currentwork we ef�ciently storeall topologiesfor a POWV.
This allows us to explore a very large set of topology alternatives
for bettertiming andgoodwirelength– althoughthey may all have
samewirelength.In this sense,constructingthe A-tree tableis more
sophisticatedthanconstructingRSMT tablesof FLUTE.

B. Con�gurationGraph

Since there are a lot of possibletopologiesfor each subgroup
(de�ned by vertical sequence andthesourcepin) andthenumberof
subgroups(d × d! for degree-d nets)arehuge,the tablegeneration
canbevery time-consuming.An ef�cient way needsto bedeveloped
insteadof directly enumeratingall possibletopologies.Boundary
compaction [7] is a very ef�cient techniqueto generatetopologies.
For a net, the boundary compaction techniquereducesthe Hanan
grid sizeby compactingany oneof the four boundaries,i.e., shifting
all pinson a boundaryto thegrid line adjacentto thatboundary. The
set of routing topologiesof the original problemcan be generated
by expanding the routing topologiesof the reducedgrid back to
the original grid. Figure 3 usesthe compactionof left boundaryto
illustrate the idea.
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Fig. 3. Boundary Compaction.

We observe thatmostof theA-treetopologiescanbegeneratedby
boundary compaction. Hence,we employ boundary compaction to
generatetheA-treetopologies.Werecursively compactany boundary
without the sourceon it until the grid is compactedinto a single
node(source).The edgescreatedduring the processform an A-tree
with the sourcebeing the �nal left node. If we choosedifferent
ways for compaction,we will obtain different A-tree topologies.
We de�ne the compacting sequence as the sequenceof compaction
operationsthat reducestheoriginal grid to a singlenode.Hence,one
compacting sequence correspondsto oneA-tree topology sourceat
the singlenodeleft after the compactions.A direct idea for �nding
differenttopologiesis to look at thedifferentcompacting sequences.
Unfortunately, thenumberof compacting sequences is huge.For each
group,thenumberof differentsequences=

(

2( d−1)
d−1

)

× 2d−1
× 2d−1

becausewe have to performd − 1 timesof horizontalcompactions
(left or right) andd−1 timesof verticalcompactions(topor bottom).
Therefore,the numberof feasiblesequencesfor onegroupof 9-pin
nets=

(

16
8

)

×28
×28 = 843448320. And this is just for onegroup,

the total # sequencesfor all 9-pin netsis 9! times this number.
Although the numberof compacting sequences is huge,we still

have hope becausewe only want to store the different topologies
that potentiallycanresult in bestwirelength.Therefore,mostof the
compacting sequences can be pruned.But sincethereare so many
sequences,directly generatingall sequencesand prunethem is not
practical.Our idea to generateand prunethe sequencesis using a
graphcalledConfiguration Graph. Wewill show thatwecangenerate
POWVs for all subgroupsin onegroup(samevertical sequence but
differentsource)simultaneously.

First, we de�ne some terms. A Pin Configuration (PC) is the
con�guration of a setof pins on the Hanangrid. This con�guration
only de�nes thepin positionson theHanangrid without considering
any real geometrysize.If we apply boundarycompactionon a PC,
we will get a new one. The new PC hasno pin on the compacted
boundaryandcanhave thesameor lesspinsthantheoriginalbecause
somepins may collapsetogether.

If the original PC is transformedinto a new PC with a speci�c
boundingbox by a sequenceof compaction,the new PC is indepen-
denton the compactionsperformed,asstatedin Lemma1.

Lemma 1: The boundingbox of a PC in the original Hanangrid
de�nes the PC.

Proof idea: As shown in Figure 4, the whole grid is the Hanan
grid of original pin con�guration andthe centerregion 3 is the new



con�guration with bounding box for the center 16 small squares
obtainedby some compacting sequence Q. It is easy to see that
all the pins in the four corner region 1 are compactedto the four
cornersin the new con�guration. And the four boundaryregions
2 are compactedto the closestboundarywith the uniqueposition.
The center region 3 is not touched.So every pin has the unique
pin position in the compactedcon�guration. No matter what the
compacting sequence Q is, every pin hasthe sameposition in this
con�guration.

1 2 1
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2
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3

1 1

1 2 1

2

2

2
3

1 1

Fig. 4. Lemma 1 Proof.

In Configuration Graph, every node correspondsto a PC. So
we call these nodes Configuration Nodes (CN). There are two
kinds of specialnodesin the Configuration Graph. One is the CN
correspondingto the original PC for a vertical sequence. We call
it Start Node becauseany boundarycompactionoperationstarts
with it. The other type is the CN with the PC in which all the
pins are compactedto a single point on the grid. We call them
End Nodes becauseany compacting sequence will end with such
a CN. Note that an A-tree topology is obtainedwhen reachingan
End Node. A Partial wirelength Vector (PWV) is the Wirelength
Vector (WV) with undecidedentriesobtainedafter a sequenceof
compactions.For example, if a full WV is (1221; 1121), a PWV
could be (1xx 1; 11x1) (x meansundecided).The undecidedpart
correspondsto the horizontaledgesor vertical edgesthat have not
beencreatedby boundary compaction. For eachCN, a setof PWVs
areassociatedwith it. They arethe PWVs correspondsto the edges
createdby compacting sequences that can result in the the PC
associatedwith the CN. If compactingone boundaryof the PC
associatedwith a CN can get the PC of anotherCN, an edge is
createdfrom the�rst CN to thesecond.An exampleof Configuration
Graph is shown in Figure5.

Start 
Node

End 
Nodes

Fig. 5. Configuration Graph.

From Lemma 1, we know the number of CNs in Configura-
tion Graph is a small number. It is just the number of different
bounding boxes we can �nd in the original Hanan grid. #CN =
∑d

i=1

∑d

i=1 (d + 1 − i )(d + 1 − j ) , if d = 9; #CN = 2025.
Actually, we caneven do better. Insteadof usingthe original PC as
the Start Node, we start from a new Start Node that is obtainedby

compactingthe original PC oncein all 4 directions(left, right, top
andbottom).We have the following lemmafor the new Start Node.
The proof is similar to the Lemma2 in [7]. The only differenceis
thatwhenthesourcepin is on oneof the4 boundaries,we will treat
thenew sourcefor the reducedgrid at thepositionof thepin created
by compactingthe original source.

Lemma 2: No POWV will be lost by starting boundarycom-
pactionat the new StartNode.

Since we begin from this new Start Node with the bounding
box size (d − 2) × (d − 2), the length of compacting sequences
is reducedfrom 2(d− 1) to 2(d− 3). And # CN canbe reducedto
∑d−2

i=1

∑d−2
i=1 (d − 1 − i )(d − 1 − j ) , if d = 9, #CN = 784.

Configuration Graph allows us to do the pruningvery ef�ciently .
We have the following lemma.

Lemma 3: If a PWV at a CN is worsethan the other, it cannot
be part of any POWV (it canbe pruned).

Proof: Prove by contradiction,assumea PWV V1 at a CN is
worsethanthe otherV2 , but it is part of a POWV V . From Lemma
1 we know that the undecidedpart of WV is the samefor V1 and
V2 becauseof the samePC. Let Vb=V −V1 . ThenV2 + Vb is better
thanV1 + Vb. A contradictionwith V is a POWV.

From Lemma 3, we can use Configuration Graph to prune the
PWVs using “PWV dominance”at each CNs ef�ciently . We say
a PWV is dominatedby the other one if it correspondsto more
wirelength,i.e., it hasthesameor biggervalueon all entriesin WV.
This kind of pruningdoesnot wait until the full WV hasbeengen-
erated.It canprunethe badWV asearly aspossibleandaccelerates
the pruning processa lot. Another advantagefor the Configuration
Graph approachis that if we constructthe Configuration Graph for
a given vertical sequence, we already obtain POWVs for all the
subgroupscorrespondingto different sourcepins. We will seethis
later.

Hence, we construct Configuration Graph for any given
group (vertical sequence) as following. We start from the new
Start Node mentioned in Lemma 2. Its correspondingPWV is
(1xx:::x 1; 1xx:::x 1) becausewe have four edgesdue to the �rst 4
boundary compactions. Then,we compactthefour boundariesof the
currentPC to get four new CNs, their correspondingPWVs,andfour
edges.Similarly, we just recursively apply boundarycompactionon
thenew createdCNsandgeneratingmoreCNs.Notethatcompacting
different CNs can result in the same CN but different PWVs.
Therefore,we needto prune the PWVs using “PWV dominance”
at eachnode.Only the PWVs left after pruning associatedwith a
CN will be usedto generatefurther PWVs when compactingthis
CN to generatenew CN. This recursive new CN generationwill stop
whenthe new generatedCN is an End Node, whereno compaction
canbeapplied.After generatingall the CNs andtheir corresponding
PWV list, we obtain the whole Configuration Graph andcaneasily
�nd the A-tree topologiesfrom it.

It is easyto seethatany pathfrom theStart Node to anEnd Node
correspondsto a compacting sequence, hencea tree topology. But
our goal is not to �nd any tree topology but to �nd A-treeswith a
speci�c sourcepin. We have the following lemmafor the generated
tree topologies.

Lemma 4: Any treetopologygeneratedby acompactingsequence
correspondingto a path from the Start Node to an End Node is an
A-treewith thesourceat thepositioncorrespondingto theEndNode.

Therefore,for any pin asthesource,wecaneasily�nd thePOWVs
for theA-trees.We just needto look at the End Node corresponding
to the positionof the sourcepin andall the POWVs associatedwith
that End Node are the POWVs for A-trees with the sourcepin.
Since we have End Nodes correspondingto every position in the
Hanangrid, POWVs for every pin as the sourcecan be obtained
simultaneouslyfrom the Configuration Graph.

C. AbstractTopologyandTopologySignature

By now, we can obtain the POWVs for A-tree topologiesfrom
Configuration Graph. But unlike FLUTE, we are not satis�ed with
storingonearbitrarytopologycorrespondingto eachPOWV. Instead,



we want to explore goodA-tree topologiesfor performance.There-
fore, we want to �nd all different A-tree topologiescorresponding
to eachPOWV andstorethemin the table.
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Fig. 6. Abstract topology.

We study the topologiesgeneratedby different compacting se-
quences correspondingto POWVs and �nd that most of them
are redundant.There are two kinds of redundancy. First, different
compactingsequencesgeneratethesametopology. Second,different
compacting sequences generatedifferentbut equivalent topologiesin
termsof both wirelengthand timing. Two topologiesareequivalent
when they are the same in all node positions (pins and Steiner
nodes) on Hanan grid and the connectionsbetweennodes. The
only differencebetweenequivalent topologiesis the embeddingfor
the connections.To eliminate thesetwo types of redundancy, we
introducethe conceptof Abstract Topology. An Abstract Topology
for a net is the topology on the Hanangrid that �x es the positions
for all the nodes (pins and Steiner nodes) and the connections
betweenthesenodes.The differencebetweenan Abstract Topology
and a normal topology on the Hanan grid is that the Abstract
Topology does not specify how the connection is embeddedon
Hanangrid. If two compacting sequences generatethesametopology
or equivalent topologies,their correspondingAbstract topology are
the same.Therefore,we only needto store the different Abstract
topologies for POWVs. Figure 6 illustratesthe conceptof Abstract
Topology for a 6-pin net.Although theconceptof Abstract Topology
is very simple,it cansave hugeamountof tablespace.For example,
considera 9-pin Abstract Topology with 7 steinernodes,15 two-pin
connections.If there are 2 different routing on Hanangrid for 10
two-pin connectionsin 15, # embeddedtopologies= 210 = 1024.If
we just directly save thedifferenttopologies,we mayneedthousands
of timesspacethan just storingAbstract Topologies.

Theway we �nd differentAbstract Topologies is asfollowing. We
startfrom theEnd Node correspondingto thesourcepin andfor every
POWV, tracebackin thereversedirectionof edgesuntil reachingthe
Start Node. This back tracewill form differentpathscorresponding
to differentcompacting sequences. Sinceeachcompacting sequence
correspondsto an A-tree topology, we can get all the possibleA-
treetopologiesfor eachPOWV. Thenwe cancomparetheir Abstract
Topologies and just store the different Abstract Topologies in the
table.

However, thereis still oneproblemin generatingandcomparing
the Abstract Topologies. To know whethera topology is redundant,
we need to �rst �nd its correspondingAbstract Topology and
compareit to all the other Abstract Topologies alreadyfound. This
topologygenerationandcomparisontake alot of runtime.Wewantto
make it easierand faster. So we introducethe Topology Signature.
A Topology Signature of a Hanangrid topology (for a given pin
configuration) is the positionsof the Steinernodesin the topology.
The following theoremgives us a better way to �nd whethertwo
tree topologieshave the sameAbstract Topology.

Theorem 1: For A-treesgeneratedby boundarycompaction,two
treesA andB hasthesameTopologySignatureif andonly if A and
B hasthe sameAbstractTopology.

Becauseof the pagelimit, we have to skip the proof. Theorem1
tells us that Abstract Topology and Topology Signature hasone-to-

TABLE I
STATISTICS FOR POWV.

Degree # groups # POWVs in a group
n n! Max Avg Min
2 2 1 1 1
3 6 1 1 1
4 24 8 6 1
5 120 18 12.63 1
6 720 36 25.31 1
7 5040 70 50.69 1
8 40320 144 99.55 1
9 362880 282 193.19 1

onecorrespondence.So Topology Signature is really the “signature”
for topologies.Therefore,insteadof �nding all different Abstract
Topologies, we only need to �nd the topologies with different
Topology Signatures. For the topologiesgeneratedby differentcom-
pacting sequences, it is enough to simply comparetheir Steiner
nodespositionson Hanangrid. After we �nd all the topologieswith
differentTopology Signatures, we storetheir correspondingAbstract
Topologies in the table.

Till now, we cangenerateA-treePOWVs andAbstract Topologies
andstorethemin the tablegroupedby the vertical sequence andthe
sourcepin. TableI givesthestatisticsof our POWV tablefor thenets
up to degree9. And we observed in experimentsthatall POWVs for
thenetsup to degree9 have only ONE Abstract Topology. With our
algorithm basedon Configuration Graph, it only takes lessthan 15
minutesto generatethe tablefor all netsup to degree9 comparedto
many hoursfor generatingFLUTE table up to degree9. The table
sizefor POWV andAbstract Topologies up to degree9 are21MB and
75MB, respectively. Note that this tableonly needsto be generated
once.And after loadedinto the memory, it canbe usedfor asmany
timesaswanted.

IV. A-TREE TOPOLOGY CONSTRUCTION AND NET-BREAKING

In last section,we construct the A-tree POWV table and cor-
responding topology table for the nets up to some degree D .
Therefore,for any net with degree no more than D , we can �nd
thecorrespondinggroupindex basedon the vertical sequence of the
net.Having the groupindex andthe sourcepin, we directly look up
thePOWV tableto �nd thecorrespondingPOWVs andcomputetheir
wirelengthbasedon the real geometricinformationof the net.Then
we pick the POWV with bestwirelengthand look up the topology
table for the A-tree topologycorrespondingto it.

However, it is not practicalto generatetablefor high-degreenets
becauseof the hugetablesize.Therefore,a high-degreenet will be
divided into several sub-netswith degreelessthan D to which the
table lookup canbe applied.

The net-breakingmethodwe useis different from that in [8] be-
causewe aregeneratingA-treeinsteadof RSMT. Differentheuristics
need to be applied and the sourceneedsto be consideredwhen
breakinga net.

We can still usethe optimal net-breakingalgorithm proposedin
[8]. If a netsatis�esthatall thepins in thenetcanbepartitionedinto
two setswhich residein two diagonalregions, it can be optimally
broken into two sub-netsformedby thesetwo sets.An extra pin is
introducedin both sub-nets.The pin is positionedat the bounding
box cornerof onesub-netwhich is closestto theothersub-net.After
thebreaking,only onesub-netcontainsthesource.For theothersub-
net,we needto specifya sourcepin. It is very simplein this casethat
we make the extra pin introducedin both sub-netsasthe sourcefor
the sub-netwithout the original sourcein it. If we constructA-trees
for both sub-nets,the combinedtree is still an A-tree.

If thereis no optimal breakingfor a net,we will breakthe net in
x or y direction.However, we cannotdirectly breakthe net at some
pin and combinethe two treesfor the two sub-netsto obtain the
wholetreeasin [8] becauseit will not resultin anA-tree.Therefore,
with theA-treeconstraint,insteadof including thepin wherethenet
is broken in both sub-nets,we introducean extra pin and include



it in both sub-nets.This extra pin will becomethe sourceof the
subsetthat doesnot have the original sourcein it. The position of
this extra pin is foundby a “sourcepropagation”technique.Assume
the breakingdirection and position are known. We �rst project the
sourceon the breaking line to get the initial position of the new
source.However, this position may not be good in somecases.For
example, in Figure 7, all the pins in the right sub-nethave bigger
y-coordinatesthan the source.If we put new sourceat the position
of the projection of the sourceon the breakingline, it could lead
to unnecessaryextra wirelength.In order to solve this problem,we
slide the sourceprojectionalong the breakingline until it has the
samey-coordinateas the pin with the smallesty-coordinatein the
right sub-net.It is easyto seethat this operationwill not affect the
A-tree propertyof the whole tree.Apparently, this ideacanbe used
no matterin what directionthe net is broken andwhich sub-netthe
sourceis in. Thenew sourcefound is notedas“propagatedsource”.

Propagated SourceSource

Breaking 
Line

Fig. 7. Source propagation.

Lemma 5: Breaking a net at the “propagatedsource” generates
an A-tree by combiningthe A-treesof both sub-nets.(The sources
of two sub-netsare the original sourceand the propagatedsource).

Proof: Let N , N1 andN2 be theoriginal netandtwo sub-nets
after breakingand let S, S2 be the sourceof N and the extra pin.
Without loss of generality, we assumeS is in N1 after breaking.
If T1 is an A-tree for N1 with sourceS and T2 is an A-tree with
sourceS2 , all the nodesin N1 have the shortestpath to S and all
the nodesin N2 have the shortestpathto S2 . SinceS2 is in N1 , S2

hastheshortestpathto S (which is a straightline). It is obvious that
all the nodesin N2 hasthe shortestpathto S. Therefore,A 1+A2 is
an A-tree for net N .

For the heuristicsof choosinga good direction and position to
break the net, we apply a slightly different heuristicsfrom that in
[8]. We also computea score which is a weighted sum of three
components.For the �rst and third component,we follow the way
in [8] to �nd them.But for componenttwo, sincethe real breaking
point is the “propagatedsource”, we will considerthe lengthsof
the segmentsadjacentto the “propagatedsource”other than those
adjacentto the pin on the candidatebreakingline.

After we breakthenet into sub-netswith degreeno morethanD ,
we canlook up the tableto �nd out the topologiesfor them.Finally,
we merge thesesubtreesto form the whole A-tree.

After the A-tree for the net is obtained,we apply a heuristic to
repair the errorscausedby the nonoptimalityof the table and net-
breaking.For eachnodeon the tree(pinsandSteinernodes),we try
to connectit to theclosestpoint on thetreeandin thedirectionof the
source.This will further improve the wirelengthand still maintain
the A-tree property.

V. PERFORMANCE-DRIVEN POST-
PROCESSING

So far, we can constructa good A-tree topology for any given
net by net-breakingand table lookup.However, the topology is still
a genericA-tree without considerationof the timing propertiesof a
speci�c net. In general,A-tree is a good topology in performance-
driven routing if there is no differencebetweenall the sinks in
criticality. However, for a speci�c net, differentsinkshave different
capacitive load,requiredtime anddistanceto thesource.This makes
it morecomplicatedto �nd a goodtopologyin termsof performance.

Since we already have the A-tree as a good initial topology,
it will be very convenient if we can make improvement on the
obtainedA-tree to achieve bettertiming. In addition,we areaiming
at somevery ef�cient heuristicsso that it can matchour fast table
lookup basedA-tree constructiontechnique.Therefore,we propose
a performance-driven post-processingheuristic to modify the tree
topology to achieve bettertiming result.
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Fig. 8. Branch Moving.

Ourheuristicis called“branchmoving”, whichchangethetapping
point for somebranchesin the tree. At this stage,we no longer
restrict the topology to A-tree. The basicidea is to changethe load
distribution on the critical pathto reducethe delayon critical sinks.
To easilyunderstandthe technique,let us look at a simpleexample.
As illustratedin Figure8, we have a tree topology (left) and know
the critical sink by timing analysis.Now we want to look at the
possibility to improve the timing for the critical sink. We �rst label
the tree nodeson the critical path with numbers.Thesenumbers
representthe distancesfrom the sourceto the nodes.The biggerthe
label on the node, the farther to the source.We use Elmore delay
modelfor our delaycomputation.Therefore,thedelayon thecritical
sink is thesumof a seriesof RC terms,D elay(Cr itical sink 6) =
∑6

i=1 RiCi, whereRi is the pathresistancefrom sourceto nodei ,
Ci is the downstreamcapacitanceof the subtreeTi rootedat node
i , (excluding the critical path). If we changethe tapping point of
somebranch,the delayon the critical sink will be changedaswell.
Hence,we try to move the branchesso that the delayon the critical
sink is reduced.For instance,in Figure 8 (left), we �nd a possible
edge(dashedline) which connectthe branchtappedto node 5 to
the subtreetappedto node3. It is easyto computethe delaychange
on the critical sink. ∆d = R3(C5 + Cedge2) − R5(C5 + Cedge1).
Therefore,we canquickly �nd the delaychangeon the critical sink
whenmoving a branch.

In fact, this “branchmoving” techniqueis very �e xible. You can
�nd an edge (not existing in the original tree) betweenany two
nodeon the treeand try to connectthem.This operationwill form
a loop. In order to maintain the tree topology, we can break an
edgein the formed loop to obtain a new tree. However, there are
too many choicesfor the edgeto be connectedand broken. In our
implementation,we constrainall the edgesin the treeon the Hanan
grid. Therefore,We �nd all the edgeson the Hanangrid which is
not in the tree. Then we measurethe “bene�t” to connectany of
the candidateedgesand break anotheredge in the formed loop.
Here,the“bene�t” is thedelayreductionon thecritical sink.Among
all the candidates,we simply pick the one with best “bene�t” and
updatethe tree.We apply this “branch moving” iteratively until no
improvement.

So far, we have introducedthe “branch moving” techniqueto
improve the critical sink delay. However, thereareseveral problems
thatneedcarefulconsideration.First, we shouldnot touchthenodes
on the critical path. Otherwise,we will createdetour from source
to the critical sink. Second,althoughreducingcritical sink delay is
the major objective here,we do not want to increasethe wirelength
too much for two reasons:1. more wirelengthcorrespondsto more
routing resourcesandpower, 2. more wirelengthcould increasethe
delay for the whole tree for the increasedcapacitive load. Hence,
we adda weightedwirelengthpart in the “bene�t” to discouragethe
wirelengthincrease.Finally, moving a branchcanreducethecritical



TABLE II
EXPERIMENTAL RESULTS. * AVERAGE IS OVER ALL 29 TESTCASES.

deg Tree Wirelength WNS(ps) TNS(ps) Runtime
Our Ctree FLUTE Our Ctree FLUTE Our Ctree FLUTE Our Ctree FLUTE

A-tree Final A-tree Final
t1 9 1 1.029 0.914 -0.97 -0.80 -0.97 -0.87 -0.97 -0.80 -0.97 -0.87 1 111 0.11
t2 38 1 1.112 0.936 -5.66 -5.40 -5.71 -5.55 -5.66 -5.40 -5.71 -5.55 1 191 0.57
t3 58 1 1.176 0.809 0.00 0.00 -1.98 -21.61 0.00 0.00 -1.98 -144.3 1 704 1.15
t4 21 1 0.983 0.793 -16.32 -14.33 -15.62 -20.72 -32.34 -28.52 -31.10 -41.03 1 286 0.48
t5 9 1 1.032 0.968 -4.10 -3.81 -3.91 -4.20 -7.95 -7.31 -7.52 -8.07 1 250 0.13
t6 51 1 1.145 0.782 -1.82 0.00 -2.14 -9.76 -1.82 0.00 -2.14 -26.41 1 1255 0.89

n 1885 27 1 1.077 0.860 -4.56 -1.51 -3.73 -6.19 -4.56 -1.51 -3.73 -6.19 1 346 0.73
n 1898 39 1 1.052 0.907 -4.91 -2.73 -4.75 -8.85 -4.91 -2.73 -4.75 -8.85 1 304 0.87
n 2045 54 1 1.181 0.897 -22.71 -22.71 -25.29 -23.28 -126.0 -126.0 -155.4 -147.3 1 455 0.75
n 2049 45 1 1.158 0.924 -2.95 -0.62 -3.55 -5.43 -2.95 -0.62 -5.27 -7.97 1 468 0.84
n 2071 29 1 1.079 0.890 -12.99 -10.66 -14.51 -14.38 -12.99 -10.66 -14.51 -14.38 1 375 0.56
n 2072 69 1 1.180 0.845 -14.72 -12.09 -22.98 -61.55 -48.39 -37.92 -96.73 -1420 1 385 0.74
Avg.* 28 1 1.095 0.915 -7.38 -6.09 -7.41 -10.55 -21.96 -18.76 -22.87 -75.27 1 371 0.487

sink delay, but it could also causeother sinks to becomecritical.
Therefore,we needto add constraintson “branch moving”. When
picking the candidateedge,we look at the two nodesthat the edge
is to connect.If any of the downstreamsinks of thesetwo nodes
will becomecritical after “branch moving”, we will not consider
this edge.

VI . EXPERIMENTAL RESULTS

We test our new methodon 2 setsof industrial nets. The �rst
set is from a designin 65nm technologyand the secondis from a
designin projected45nm technology. Two metallayersareusedfor
routing. Thesetwo setsof netsare critical netsextractedfrom the
designsafter the timing analysis.The �rst set has17 netsand the
secondsethas12 nets.

We try to �nd performance-driven topologydesignalgorithmsin
the public domain.However, most of thesealgorithmsare together
with other interconnectoptimization techniquessuch as buffer in-
sertion and wire sizing. Since our focus is topology design, it is
very hard to �nd some direct comparisonwith thesealgorithms.
Hence,we compareour new algorithmwith C-tree[2] andFLUTE
[8]. Both of them are downloadedfrom the GSRCBookshelf[15].
SinceC-treealgorithmis a combinationof timing-drivenSteinertree
constructionandbuffer insertion,we turnedoff the buffer insertion
by not specifyingany buffer library. In addition,we also turnedoff
the sink polarity by setting all sinks the samepolarity as source.
FLUTE is usedto generatenear-optimal rectilinearSteinerminimal
trees.All resultsaregeneratedon a 750MHz SunSparc-2machine.

The result for 6 nets from each set are reported in table II.
We comparethe treewirelength,worst negative slack (WNS), total
negative slack(TNS) andruntimefor the threealgorithms.Note that
we report WNS and TNS for A-trees obtainedby our algorithm
and the �nal treesobtainedafter post-processing.We can seethe
post-processingtechnqiueis very effective in reduceWNS andTNS.
Thewirelengthandruntimearenormalizedto our algorithm.For all
the 29 nets,our algorithmalways achieves the bestWNS andTNS
among the three algorithms.We also take the averageon all the
29 netsfor thesemeasurement.On average,C-treeuses9.5% more
wirelengththanoursasFLUTE uses8.5%lesswirelength.And WNS
andTNS of treesgeneratedby our algorithmare82.2%and57.7%
that of C-tree and FLUTE, respectively. From the comparisonto
FLUTE, we canseethatalthoughthetreegeneratedby ouralgorithm
has more wirelength than RSMT, their performanceis better. This
veri�es our propositionthatRSMT may not be goodfor timing. For
the runtime,we are just slightly slower thanFLUTE and371 times
fasterthanC-tree.Note that for the netswith degreemorethan 60,
the runtime of our algorithm is about 1ms, which meanswe can
handle1000that kind of high-degreenetsin onesecond.

VI I . CONCLUSION

In this paper, we proposeda novel method for interconnect
topology design.First, a table lookup basedA-tree algorithm �nds
goodA-tree topologiesvery ef�ciently . Thena performance-driven
post-processingfurther improves the timing by modifying the A-
tree topology basedon the physical information suchas sink posi-
tions, capacitive load and requiredtime. Experimentsshow that the
proposedmethodproducesvery promising resultsin both solution
quality andruntime.

Extendingthe topology designtechniques,our future work will
addressinterconnectoptimizationby including buffer insertionand
wire-sizing.
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