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Performance-Driven Routing with Multiple Sources

JasonCong and Patrick H. Madden

Abstract—EXxisting routing problems for delay minimization consider
the connection of a single source node to a number of sink nodes,with
the objective of minimizing the delay from the source to all sinks, or
a set of critical sinks. In this paper, we study the problem of routing
netswith multiple sources,such asthosefound in signal busses.This new
model assumeghat eachnodein a net may be a source, a sink, or both.
The objective is to optimize the routing topology to minimize the total
weighted delay betweenall node pairs (or a subsetof critical node pairs).
We presenta heuristic algorithm for the multiple-source performance-
driven routing tr eeproblem basedon efficient construction of minimum-
diameter minimum-cost Steiner trees.Experimental results on random
nets with submicrometer CMOS IC and MCM technologiesshow an
average of 12.6% and 21% reduction in the maximum interconnect
delay, when compared with conventional minimum Steiner tree based
topologies. Experimental results on multisource nets extracted from an
Intel processorshow as much as a 16.1% reduction in the maximum
interconnectdelay, when compared with conventional minimum Steiner
tree based topologies.

Index Terms— Inter connections, interconnect topology optimization,
layout, minimum diameter routing tree, multisource routing tree, rec-
tilinear arborescience Steiner tree.
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|. INTRODUCTION

The competitivenatureof the very large scaleintegration(VLSI)
industry hascreateda strongdemandfor techniquego improve the
performanceof integratedcircuits. Methodsto increasespeedandto
reduceareaor powerconsumptionare of greatinterest.

Scaling of device dimensionshas resultedin changesto many
fundamentablesigngoals:wherepreviouslythe bulk of systemdelay
had been generatedby the switching times of devices,it is now
commonthatthe interconnectingvires betweendevicesaccountsor
the dominatingportion of the delay. Thesechangeshavecreatechew
areasn needof optimization,and new measure$®y which we gauge
solution quality.

With smallerminimum featuresize comesa reductionin transistor
channelwidth and length, resultingin relatively constanttransistor
on resistancethe reductionin wire width, on the otherhand,results
in higherunit wire resistancd2]. As aresult,theresistanceatio [8],
definedto be the driver resistancedivided by the unit length wire
resistancejs reducedsignificantly. This shift producesa situation
where the length of the path betweena driver and sink can have
comparableesistancéo thatof the transistorchannel Thus,changes
to theinterconnectengthandtopology canhavea significantimpact
on delay. The resultin [11] showedconvincingly that interconnect
topologyoptimizationhasa considerableffect on interconnectelay
reductionwhen the resistanceatio is small.

A numberof optimized interconnecttopologieshave been pro-
posed,ncluding bounded-radiubounded-costrees[9], AHHK trees
[1], LAST trees[21], maximumperformancerees[7], A-trees[11],
low-delaytreeq5], andIDW/CFD trees[18]. Thesemethodsonsider
both the traditional concernof low total wire length, and also the
pathlengthor ElImoredelaybetweerthe sourcenodeandthe timing-
critical sink nodes.

Although many of thesemethodseffectively reducethe intercon-
nect delay, all of them assumethat thereis a single sourcenode
driving one or more sink nodesand minimize the delay from the
uniquesourceto all sinks, or a setof critical sinks.

In practice,many timing-critical nets may have multiple sources,
eachof them controlled by a tri-state gate and driving the net at
a different time. Signal bussesare instancesof suchnets.In these
casesthe existing performance-drivemouting algorithmsfor single
sourcenets may perform poorly, as a topology optimized for one
sourcemay resultin high interconnectelaywhensomeothersource
becomesactive.

Fig. 1 presents pair of four-noderoutingtreeswith the samewire
length. The first routing tree, optimizedfor nodep,, hasrelatively
high delay when node p, drives the net. The secondrouting tree
providesa lower overall maximumdelay whenall four nodesmight
be sourcesor sinks. Delay times with respectto the driving nodes
are shownin Table I.

Note that the secondrouting tree, which minimizesthe maximum
linear delay, doesnot fall entirely on the Hanangrid [16]. For the
single sourcemodelunderElmoredelay,[4] showedthatan optimal
tree which minimizesthe maximumdelay to any sink may not be
containedby the Hanangrid, but alsoobservedhatthesecasesvere
rare.For problemswith multiple sourcesa solutionrestrictedto the
Hanangrid may be far from the optimal solution,asshownin Fig. 1.
Therefore we cannotrestrictour searchfor solutionsto this grid.

In this paper,we study the problemof routing netswith multiple
sources.This new model assumeghat eachnodein a net may be
a source,a sink, or both. The objectiveis to optimize the routing
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Fig. 1. An exampleof the impactof pathlengthon delay. The first routing tree is optimizedfor nodep;. Whenp, drivesthe net, however,performance
suffers. The secondrouting tree providesa lower maximum delay when both p; and p2 can drive the net.

TABLE |
ToproLoGY EFFECTSON DELAY. FORA NET WITH MULTIPLE SOURCES, THE
DELAY TO A GIVEN SINK DEPENDSON WHICH NODE DRIVES THE NET

Routing Tree 1 Routing Tree 2

Driver P P2 P3 P4 P1 P2 P3 P4
j 21 - 1199|293 | 3.18 -1 3.19 | 411 | 4.11

p2 | 4.34 -15.21] 545 | 3.19 - 1411 | 4.11

topologyto minimizethetotal weighteddelaybetweerall nodepairs,
wherethe weight betweena node pair indicatesthe priority of delay
minimizationbetweerthis pair of nodesWe presentan algorithmfor
theperformance-drivemultiple sourceroutingtreeproblembasecn
constructionof minimumdiameterA-trees Somepreliminary results
of our work were presentedn ISCAS '95 [12].

Il. PROBLEM FORMULATION

Given a set of points P = {p1,p2,---,pn} On the Manhattan
plane,and a nonnegativeweight W (p;,p;) as the weight between
eachpair of sourcep; andsink p; to indicatethe timing criticality
betweenthis pair of points, the performance-drivemultiple source
routing tree (PD-MSRT)problemis definedasfinding a Steinertree
T which connectsall pointsin P and minimizesthe following two
objectives:

« totalweighteddelayW D(T') betweenpairsof nodesp; andp;;

e, WD(T) =%, ,. W(pi,pj) X delay(pi. p;);

« totaltreelength L(T'), definedasthe sumof thelengthsof each

tree edge.

We assumethat the first objective has higher priority than the
secondone. For simplicity, onemay assumehat W (p;,p;) € [0,1],
i.e., noncritical pairs of points have weight zero, and critical pairs
have weight one. ValuesbetweenO and 1 provide a greaterdegree
of freedomin “tuning” for performanceoptimization, althoughthe
heuristic presentedhere can make only limited use of this. The
delay betweena pair of points, delay(p;,p;), may be estimated
using an appropriatemodel, such as the linear delay model (where
delay is proportionalto path length), the Elmore delay model [15],
or calculatedusing SPICE.

Given a point p; € P, we use (z;,y;) to denotethe = and y
coordinateof point p;. We will utilize anadditionalpoint ¢ in some
proofs, and denoteits location with (z4,y,). For any two points
pi and p;, we define the distanced(p;,p;) betweenthem as their
Manhattandistance|z; — z;| + |y; — y;|. GivenatreeT’, we define
the distancebetweermodesp; andp; in T asdr (p;, p;), the sumof
edgelengthsalongthe uniquepathbetweernthe points. The diameter
D of treeT overasetof pointsP, D¢ ( P), is definedasthemaximum

dr(p:,p;) overall pairsp;,p;. Given a point set P, we definethe
diameterD(P) of the setto be the maximumdistancebetweenany
pair of pointsin the set.Clearly, we alwayshave Dr(P) > D(P).

Notethatif theweightsof all pairsarezero,thePD-MSRT problem
aswe haveformulatedit becomeghe classicalminimum Steinertree
problem, which is NP-hard. Therefore,the PD-MSRI problem is
alsoNP-hard.However,if we do not minimize the total wire length,
and only wish to minimize the total weighted EImore delay, the
complexity of the problemis not known.

When the delay bound of each pair of timing-critical nodesis
given,onecanalsoformulatethe constrainedmultiple source routing
treeproblemasfinding a Steinerrouting treewhich satisfieshe delay
constraintbetweenevery timing-critical pair and minimizesthe total
tree length.

In the following, we considera simplified versionof the general
problem.We treat the sourcesand sinks of the routing problemas
nodesin a graph,or pointson a plane,andrestrictpathweightingto
{0, 1}. Our approachto this problemis throughthe constructionof
minimum diametertreeswith minimized total wire length.

The analysisin [11] indicatedthat total wirelength minimization
undera shortestpath constraintis an appropriateobjectivefor single
sourcerouting problemsin submicrometedesign.We usethatresult
asthe motivationfor our diameter-basedbjectives.

For our algorithm,we minimize the maximumpathlengthbetween
anypair of critical sourceandsink,in orderto minimizethemaximum
linear delay betweenany pair of critical sourceand sink.

In the caseof a singledriver, suchminimizationcanbe obtainedby
radius minimization with directpathsbetweernthe driver andall sink
nodes.Shortestpath treesrootedat the sourceachievethis goal. A
numberof works addresghe radiusobjectives both for generalpath
length minimization, and also for skew minimizationin clock nets
[3], [6], [13], [20]. A minimum radius constructionwith a suitable
root point may be also be a minimum diameterconstruction.

Whenthereare multiple sourcesand sinks, pathlength minimiza-
tion canbe achievedby minimizing the maximumdistancebetween
any pair of nodes,which leadsto diameterminimization Our goal
is to constructa minimum diameterrouting tree with minimum total
tree cost, as measuredby a combinationof maximum path length,
averagepath length, and total tree length.

A numberof resultsfor minimum diametertreeson the Euclidean
plane were presentedn [17]. In particular,it was shown that the
diameterof the smallestenclosingcircle for a set of points also
gives the minimum diameterfor a tree connectingthose points.
After determinatiorof this minimum diametercircle, a startopology

MINIMUM DIAMETER TREE CONSTRUCTION
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An STR

An STS

A second STS

Fig. 2. The smallesttilted rectangle(STR) containingthe points,anda pair of smallesttilted squaresST'S’s which containthe rectangle.

connectinghe centerof the circle to eachpointin the setwasshown
to havethe minimum diameterpossibleof any Steinertree over the
points. We follow their generalapproachput addresgshe Manhattan
plane and also pursuetree length minimization.

The work in [3], [6], [13], and [20] can be usedto construct
minimum diametertrees,but they are concernedmainly with skew
minimizationinsteacdof totaltreelengthminimization.The Manhattan
minimum diameterSteinertree problemhasnot beenexplicitly stud-
ied in the literature.Our work studiesthe constructionof minimum
diameterSteinertreesin the Manhattanplane with minimized tree
length.

In the nexttwo subsectionswe discussgeneralconstraintselated
to Manhattanminimum diametertrees,presenta pair of factswhich
give the lower boundfor tree diameter,and then presenta simple
method, the Minimum Diameter A-Tree (MD A-Tree) algorithm, to
construct trees that obtain this lower bound. A third subsection
presentsthe Minimum Cost Minimum Diameter A-Tree (MC MD
A-Tree) algorithm, which providesa methodto optimize the tree
construction.

A. ManhattanTree DiameterMinimization

We defineatilted rectangle(TR) asa regiondefinedby a rectangle
with sidesat 45° angleswith respectto the X andY axes.Sucha
region may be definedby a setof four equationsnamedboundary
equations

~-X+Y >B%F (1)
X-Y >B"" (2)
-X-Y >BVF €)
X+Y >B%", (4)

The constantsB°E, BNYW BNZ and B5W representthe South-
eastern,Northwestern,Northeasternand Southwesterrboundaries,
respectively.

In the Manhattanplane,the analogof the Euclideancircle is the
tilted squae (TS) the setof pointsp suchthatd(p,c) < D/2 for
somecenterpoint ¢ anddiameterD. A TSis a specialcaseof a TR
wherethe distancedetweenoppositesidesare equal.Obviously, the
maximumdistancebetweenany pair of points containedin a TS of
diameterD is lessthanor equalto D. The distancebetweenpoints
on oppositesidesof a TSwill be D.

Given a point set P, STR(P), and ST S(P) are the smallest
tilted rectangleanda smallestilted squae enclosingP, respectively.
Clearly, STS(P) containsST R(P). Fig. 2 showsan ST R andtwo
STSs for a point set. Note that ST R(P) is unique,but theremay
be a setof STS’s for a given point set.

Fact1l: Fora point set P, the diameterof the point set D(P) is
equalto the diameterD of an ST'S containingthe points.

Fact2: A shortestpathtreeT rootedat the centerc of an ST'S
for a point set P is a minimum diametertree.

Both of thesefacts can be derived from earlier works on zero-
skew clock routing [3], [13], [14]. The centerpoints definedby an
STS (the ST'S may not be unique) can be equivalentto the final
“merging segment”usedin [20].

For the Manhattanplane,an ST'S can easily be found in linear
time. We first find the ST R enclosingthe points by computingthe

B3 BNW BNEand B valuesof the boundaryequationsin
(1)—(4) as follows:
BF = min (—2; + y:) Vp; € P (5)
BYW = min (zi — vi) Vp; €P (6)
BNE = min (=i — yi) Vp € P ©)
B%W = min (z; + y;) Vpi € P. (8)

We canthen adjustone of the boundaryequationsto producean
STS coveringthe points.

Also notethatthe centerof an ST'S canbe obtaineddirectly from
the B, BNW BNE and BSW values.Thetwo lines—X +Y =
(B*F + BN")/2 and X +Y = (BVF + B5™)/2 bisectthe sides
of the STR andwill thereforeintersectat the centerof the STR.
The centerof the ST R is alsothe centerof an ST'S.

B. Minimum DiameterA-Tree Algorithm

Our algorithm presentedin this paperfor Manhattanminimum
diametertree constructionconsistsof two basic steps (as shown
in Fig. 3). The first step is to identify the root point r of the
tree, which could be the centerof an ST'S, or some other point
obtainedby methodswe will describein Sectionlll-C4). The second
stepis to constructa shortestpath tree rooted at » with low tree
length. A rectilinear shortest path Steiner tree is also called a
rectilinear arborescence[22], or an A-Tree in short. Since the A-
Treealgorithm [11] hasprovento be very effective in generatinga
shortespath Steinertree on the Manhattarplanewith nearminimum
total wirelength,it is usedin the secondstepof our algorithm.

Alternatively,for large problemswhereruntimeis a consideration,
a simpler heuristicby Rao et al. [22] (which was the basisfor the
A-Tree algorithm) may be usedinsteadof the A-Tree algorithm.

The most basicvariation of our algorithmis called the Minimum
DiameterA-Tree (MD A-Tree)algorithm.It simply computeshe ST'S
for the point set P, andthenconstructsan A-tree rootedat the center
of the ST'S. In an A-tree T rootedat point », for any point p; in
P,dr(pi,r) = d(pi, r), asthe routing within the treeis guaranteed
to be a shortestpath. As Fact 2 indicates,the resultingrouting tree
will have minimum diameter.

As wasnotedin Fig. 2,the ST'S of asetof pointsis notnecessarily
unique,andsotheremay be a numberof acceptabléroot” pointsfor
the centerof a minimum diametertree. The setof centersof ST'S’s
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Fig. 3. Basicstepsof the Minimum DiameterA-Tree (MDAT) algorithm.

Fig. 4. Two shortest path trees in the Manhattan plane which satisfy
The point is at the center of the

point  is within the feasibleregionfor the setof points.Both treeshavea

maximumdiameterof 12, but the treerootedat a point which is not the

centerof an has lower tree length.

form a diagonalline and have beenobservedpreviously [20]. It is
not alwaysnecessaryo placethe root of the A-tree at the centerof
an however.This freedomleadsto an optimizationapproach
that is discussedn the next subsection.

C. Minimum CostMinimum DiameterA-Tree Algorithm

By using an A-tree constructionwe ensurethat the tree distance
betweenany point and the root is equalto the Manhattandistance.
Having this, it is easyto seethat as long as the root point
satisfiesthe constraint for all distinct
and  thetreewill haveminimum diameter.This freedomallows
for further optimization, with the possibility of reductionsin tree
lengthandweightedpathlength.An exampleof suchaninstancefor
the Manhattarplaneis givenin Fig. 4. By shifting the “center” point
slightly, a reductionin treelengthis obtainedwithout anincreasen
the maximumdiameterof the tree.

1) FeasibleRegion: As therecanbe more that one location that
canserveasthe root of a minimum diametertree, we would like to
computethis region precisely.

We definethe feasibleregion

of asetof points as

If only a subsetof point pairs are critical, we candefine
as the subsetof points which are part of a nonzeroweighting,i.e.,
for some
is definedto be the diameterof point set We then define the

critical feasibleregion of as

and

The diameterfor the is lessthanor equalto the diameterfor
the Notethatthe doesnot placeconstraintsn pathlengths
betweennoncritical pairs, so the path length betweena noncritical
pair may be greaterthan When all node pairs are critical, the

and areequivalent;but, in generalthe two regionsarenot
equivalentand may even be disjoint.

In the Euclideanplane, the constraint
definesanellipse,with points and asfocii. Thefeasibleregions
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TABLE I

OCTILINEAR BOUND EQUATIONS USED TO DEFINE EITHER AN OR AN

Fig. 5. An octilinear ellipse (OE) on the Manhattanplane,the setof points
which satisfy This regioncanbe definedaseithera
polygonboundedby no morethan eight sides,or asthe intersectionof eight
octilinear bound equations.

can be formed simply by intersectinga set of ellipses.A similar
property holds for the Manhattanplane.

We define an octilinear segmentto be a segmentthat is either
horizontal, vertical, or has slope an octilinear boundequation
is an equationof the form
with at least one being nonzero), for some constant
Manhattarmplane,the setof pointssatisfying
is an octilinear ellipse (OE). An OE is boundedby no more than
eight octilinear segments,and can also be representedby the
intersection of eight octilinear bound equations with constants

and denoting the
Northern, Southern,Eastern,Western, NortheasternNorthwestern,
Southeasternand Southwesterrboundarieof the OE, respectively;
the octilinear bound equationsdefine half-plane regions, and are
shownin Tablell. If the OE containsthe bounding
box of the points with a “fringe” of An exampleis
shownin Fig. 5.

An octilinear region(OR) is definedto be a convexregionthatis
boundedby no more than eight octilinear segmentsjt can also be
representedy the intersectiorof no morethaneightoctilinearbound
equationsFor the following, we will utilize this propertyto find the
intersectionof a numberof 's. An is aninstanceof an

If we wish to identify the intersectionof a pair of 's, we can
do so by combiningthe boundsof each.Without loss of generality,

In the

let be an octilinear bound equation
of where and
anoctilinearboundequationof Then

definesan octilinear bound equationof

the We will usethe term “constrictive” in relationto

theseequations;f an equation  of
regionthatis a strict subsetof from
constrictivethan
In order to determinethe set of points which may serveas the
centerof a minimum diametertree, we find the intersectionof all
's for thepoint pairs.Asthe  ’s areconvex,their intersections
(and the feasibleregions)will also be convex. There are no more

definesa half-plane
then is more
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Fig. 6. The feasibleregion for the centerof a minimum diameter
A-tree, the intersectionof a numberof octilinear ellipses.

than point pairs, resultingin the samenumber of 's. It
can be shownthat the intersectionof any numberof 's canbe
representedy a single The shaded in Fig. 6 showsthe
feasibleregionfor the root of a shortestpathtree that will resultin
a minimum diametertree.
Theoem1: The and
any set of critical pairs are nonempty.
Proof: Fact 1 showedthat the minimum diameterof a tree
connectingthe points was equal to the diameterof an let
be the center of such an Fact 2 showedthat a shortest
path tree rooted at  has minimum diameter.Clearly, satisfies
forany and andis thereforecontained
by each As this point is containedby each it is also
containedby theintersectionandthereforethe and
are nonempty. O
Theoem?2: Any shortest-pathree rootedat point is
a minimum diametertree. Any shortest-pathree rooted at a point
is a minimum diametertree over the critical points.

for anysetof points and

Proof: This arisesdirectly from the definitions of and
Foranypoint in thefeasibleregion,
for all pairs and  ashortestpathtree rootedat ensures
that S0 |
As and are nonempty,and points within these

setsallow for the constructionof minimum diametertrees,we will
usethemto guide our searchfor root pointsof low cost(in termsof
path length or tree length) trees.

Clearly, constructionof and can be performed
in time, by simply intersectingthe ( ) ’s formed by all
point pairs.In caseswhere is large, it may be desirableto usea
low complexity methodto constructa shortestpathtree (i.e., [22]).
In the next subsectionwe will presenta method for linear time
computationof theseregions,preventingfeasibleregionconstruction
from dominatingthe run time.

Note that,in generalthe feasibleregiondefinesanarea Thefinal
“merging segment’obtainedby the planarzero-skewclock routing
algorithm of Kahng and Tsao[20] may be a subsetof the feasible
region.

2) Linear Time Computationof FeasibleRegion: In this subsec-
tion we showhow to compute in lineartime; canbe
computedsimilarly by consideringonly critical points. We approach
the problemby determiningwhich pairs of points generatehe most
constrictiveboundsfor eachof the eight octilinear boundequations
that may definethe feasibleregion.We will considertwo casesone
for theuppermoshorizontalboundof andonefor the
upperright diagonalbound Other boundsmay be obtained
by similar methods.

Pseudocodéor the algorithmsto computetheseboundsis given
in Fig. 7. Proofsthat thesealgorithmsare correctare given in the
next two Lemmas.

Lemmal: For the two points
the most constrictiveupper horizontal bound of
point  will haveminimal value,andthe point

which form
the
will have
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Fig. 7. Pseudocodéor algorithmswhich find the boundariedor the feasible
regionsin lineartime. Otherboundsmay be obtainedby simply replacingthe
smallestor largestvalue criteria with thosespecifiedin TableslIl andIV.

Fig. 8. Computationof the upper horizontal bound of the feasibleregion.
If generateshe most constrictive upper horizontal bound on

thenpoint  musthave minimal value.
maximal value.

Proof: Let and bethetwo pointswhich generatehe most
constrictive upper horizontal bount and Consider
Fig. 8.

We choosea point  along the upper horizontal bound directly
above point and have and
Now supposethat there existsa point which satisfies
Theseconditionsresultin the following:
Thisimpliesthatthe upperhorizontalboundfor the of and

is moreconstrictivethantheoneof and  andcontradictshe
initial assumptionThus,the  elementof the pair which generates
the mostconstrictiveboundis clearly one with smallestthe
value.Pointswith equalvalueswill generateequivalentbounds.The

componentof the pair can be found with a single passover the
points.

By asimilar setof amumentsit is clearthatthe
pair must have the largest value.

In someinstancesthe point with the smallest andthe point
with the largest may be the same;in this case,it is clearthat
the point will eitherbea“ " ora“ .” We considerthe second
smallest and secondlargest points as well,
with the most constrictivebound being formed from the point that
the criteria selectin common,and one of the secondanypoints. [

elementof the



IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS,VOL. 16, NO. 4, APRIL 1997

Fig. 9. Computatiorof the upperdiagonalboundof the feasibleregion.The
mostconstrictiveboundon will be generatedy the linearinequality
of thatintersectshe  axis at the minimum

TABLE Il
CRITERIA USED TO DETERMINE PAIRS OF POINTS WHICH DEFINE
THE HORIZONTAL AND VERTICAL BOUNDS OF WHEN
GENERATESA MOST COSTRICTIVE BOUND ON THE
FEASIBLE REGION. IF THE A MosT CONSTRICTIVE BOUND ON THE
FeAsIBLE REGION |s GENERATED BY EITHER OR

Lemma2: The two points which form the most

constrictiveupperright diagonalbound of will have
the two smallest and values.

Proof: Assume and arethe point pair which forms the
most constrictiveupperright diagonalbound of

ConsiderFig. 9. Assumethat we shift the input point set so that
it is containedin the first quadrant(this will not changethe shape
of the feasibleregion, or the points which provide the bounds).We
labelthe intersectionof andthe axisaspoint thebound

which generategshe minimal  will also generatethe most
constrictive bound on the

Without loss of generality,we will assumehat point is to the
left of  Forthis proof, we will assumeahat the othercase
being solvedsimilarly. We now havethe following setof equations:

Since and generatéhe mostconstrictiveupperright diagonal

bound, is minimum. Therefore, and arethe smallest
and secondsmallestamongall (I

Theoem3: and canbe computedn time,
where is the numberof pointsin set

Proof: Fact 1 gave a linear time methodto obtain diameter
while Lemmas3 and 4 gavelinear time methodsto identify
the pairs of points which generatethe most constrictiveboundsfor
and Otherboundscanbeobtainedn asimilar manner,
usingthe criteria shownin TableslIl andIV. (I
3) Necessityf FeasibleRegion: Thelemmasgivenabovefor the
linear time constructionof the feasibleregion are usefulin proving
anotherproperty of the feasibleregion: any minimum diametertree
must intersect To prove this, we will needan additional
lemma.
Lemma3: The upper horizontal bound of
intersect

will
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TABLE IV
CRITERIA USED TO DETERMINE THE PAIRS OF POINTS WHICH
DEFINE THE DIAGONAL BOUNDS OF For EACH
DIAGONAL BOUND EQUATION, GENERATES THE
MosT CONSTRICTIVE BOUND ON THE FEASIBLE REGION

Fig. 10. Theupperhorizontalbound
the diagonalbounds and
intersection.

of thefeasibleregionmustcross
attheir intersectionpr belowtheir

Proof: ConsiderFig. 10.Let and be the two pointswith
smallestand secondsmallest values,respectivelyLemma4
showedthat thesepoints generatethe most constrictiveupperright
diagonalbound Similarly, the pointswhich definethe upper
right diagonalbound arelabeled and We identify the
intersectionof thesetwo boundinglines asthe point  resultingin

Lemmal showedthat the two points which generatethe upper

horizontal bound are and As and
the distancesof and to point are
clearly at least A point  along the upper horizontal bound

as this would result in
|
Similarly the lower horizontal bound and the two vertical
bounds and alsointersecthefeasibleregion(if only ata
single point). The diagonalboundscannotrestrictthe feasibleregion
away from a horizontalor vertical bound(leaving a “gap” between
feasibleregion and one of thesebounds).
Theoem4: Any minimumdiametettreeconnectinga setof points
must intersect
Proof: We will provethis by creatinga contradiction:if a tree
hasminimumdiameteroverthe pointsanddoesnotintersect
it containsa cycle.
Assumewe have a minimum diametertree, and that it doesnot

cannothave larger  value than

intersect ConsiderFig. 11, with thefour mostextremepoints
(smallest largest smallest andlargest
labeled and respectivelyLemmal showedthat these

pointsarethe oneswhich generatehe horizontalandvertical bounds
of
In a minimum diametertree, there mustbe a pathfrom  to
of length no greaterthan  This path cannotgo abovethe upper
horizontal bound as this bound is generatedby thesetwo
and As Lemma3 showed, must intersectthe feasible
region,if only ata singlepoint, soif the pathis to avoidthefeasible
region,not only mustit go beneaththe boundary but beneath
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Fig. 11. Pathsbetweenthe extremepointsmustform a cycleif they do not
intersectthe feasibleregion.

the entire feasibleregion, passingthrough some point Similar
constraintsare placedon the  to path,the to path,and
the to path.

Thus, we have a set of paths

and Clearly, thereis a cycle
and the constructioncannotbe a
tree. (I

Thus, we show that not only will selectionof a root point from
the allow for the constructionof a minimum diametertree,
but also that if a minimum diametertree is required,the tree must
passthrough this region.

4) Summaryofthe MC MD A-TreeAlgorithm: As wasshownin
Fig. 4, somelocationsof shortestpath tree root points will leadto
lower costtrees(in termsof path length or tree length) than other
points.TheMC MD A-Treealgorithmfollows the basicoutline given
in Fig. 3. We first determinea set of candidatetree root locations,
thenselectoneroot point from the setof candidatesandthenfinally
constructan A-Tree rooted at that point.

A numberof variationson tree root restriction and selectionare
possiblefor the algorithm,and we summarizethem here.

First, thereis a choice of which feasible region to use—either

or The “appropriate” selectionis dependenin
boththe locationsof the critical sourcesandsinks,andtheir number.
Table VIl in SectionlV compareshe two approaches.

From within the feasibleregion,we may havea numberof points
thatareacceptableootsfor aminimumdiametershortespathtree;in
fact, if thereis no underlyinggrid, theremay be an infinite number
of acceptablepoints. To make root selectiontractable,we restrict
candidaterootpointsto beeitherHanangrid pointswithin thefeasible
region, points at the intersectionof the Hanangrid lines with the
boundariesof the feasibleregion, and corner points of the feasible
region. It should be notedthat the feasibleregion doesnot always
containpoints on the Hanangrid; this is the casefor Fig. 1. In this
figure, the feasibleregion consistsof the single point at the center
of the for the point set,and the only candidateroot point is a
“corner point” of the feasibleregion.

We caneasilyshowthatpointswhich arenot candidateroot points
butarein thefeasibleregion,do not needto be considereaspossible
roots (for linear delay and tree length objectives).Ilt was shownin
[22] that an optimal arboresencean be found on the Hanangrid

lines, and we assumethat all treesconsideredare so constrained.

We define a Hanan cell to be a rectangularregion boundedby a
pair of vertically adjacentHanangrid lines anda pair of horizontally
adjacentHanangrid lines.

Lemmad: Given an arboresencewith fixed topology and root
point : shifting the position of  horizontally (vertically) within a
Hanancell resultsin linear changesn tree length.

Proof: Without lossof generality,assumehatthe tree contains
a vertical segmentpassingthroughthe root at andthat a
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seriesof  horizontal segmentsbranch off toward the left, and
branchtoward the right. A shift in the root position by while
maintainingthe sametopology, resultsin a changein tree length of
Thus, for a given topology,andwithin a Hanancell,
we havetreelengthasa linear function of the O
Within a Hanancell, andwith a fixed topology,we havetree cost
asa linear functionof the and coordinateof the root. Given
this, we have the following theorem.
Theoem5: Thereexistsa length optimal minimum diameterA-
Tree, rooted at a candidateroot point.

Proof: Assumewe aregivenalengthoptimal minimumdiame-
ter A-Tree with aroot point within a Hanancell, but not
at a candidateroot point. By the previouslemma,we can shift the
root location of this optimal tree,andits costwill changelinearly.

This resultsin a simple linear programmingproblem, with the

root locationconstrainedy intersectionof the Hanancell andthe
feasibleregion Sinceboth and are convex, is
also convex. The minimum cost of will be achievedat a corner
point of whichis in the candidateroot set. O

Similar propertieshold if linear delayis our costobjective.

From the set of candidateroot points, one must be selectedto
serve as the root of the A-Tree. We have performed experiments
for root selection using two objective functions. One computes

or asan estimation.
The other performs actual A-Tree constructionto obtain accurate
distancemeasurements.

Experimentallywe havefoundthe bestsolutionperformanceo be
that of the minimum diametertree rootedwithin with the
root minimizing the total treelengthof anactualA-Treeconstruction.
Detailedresultsare given in the next section.

Thetime complexityof our algorithmis comprisedof two compo-
nents.Oneis feasibleregion constructionwhich is The other
is the complexity of the shortestpathtree constructionIf we utilize
the A-Treealgorithm,the complexityfor constructingeachA-Treeis

and the total complexity of the stepis where is
the numberof candidateroot points [at worst

If we usea faster A-Tree heuristicsuchas a variation of that by
Raoetal. [22], the complexityof eachA-tree constructionis reduced
to Thetotal complexity of the stepis In
this case the overallcomplexityof MCMD A-Treeis
andthe reductionof complexityfor feasibleregionconstructiorfrom

to is significant.

IV. EXPERIMENTAL RESULTS

To evaluatethe performanceof the routing topologies,we used
HSPICEto simulatea sizedinverterdriving a minimum-widthwired
network. The transistormodel usedfor both 0.5- m CMOS IC and
MCM technologiesvasthe 0.5- m CMOSIC technology‘nominal”
model suppliedby MCNC. Interconnectresistanceand capacitance
parametersire shownin TableV; thesevaluesarethe sameasthose
usedin [11] and[4]. For eachtechnology we generated 00testsets
for eachsetsize of 4, 8, and 16 randomlyplacednodes.

For the 0.5- m IC technology experiments,the surface area
spannedvas 1 cm , with a grid sizeof 10 m (resultingin a 1000
by 1000 grid). Net segmentswere modeledas “ ” circuits, with
the capacitancef eachwire segmentivided betweenits endpoints.
Segmentdongerthan 1000 m were brokeninto smallersegments
(for example,a segmentl500 m long is modeledastwo -model
segmentspneof 1000 m, andtheotherof 500 m). Experimentally,
we found that shortersegmentsizesdid not improve accuracy,but
did increasesimulationtime. Transistorsizesfor the inverterswere
200 m 0.5 mand19.0 m 0.5 m for NMOS and PMOS,
respectivelythesesizeswere selectedto provide roughly equalrise
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TABLE V
TECHNOLOGY PARAMETERS BASED ON ADVANCED MCM DESIGNS

TABLE VI
COMPARISON OF 1-STEINER, MD A-TREE,AND MC MD A-TREEFOR MAXIMUM
DeLAy (MD), AVERAGE MAxIMUM DELAY (AMD), AND AVERAGE DELAY
(AD) THRouGH HSPICE SimuLATION WITH 0.5- m CMOS IC TECHNOLOGY
PARAMETERS. AVERAGE TREE LENGTHSAND DIAMETERS ARE IN CENTIMETERS

andfall times,andto provide delay valuesthat were comparableo
that of a 270- resistor(aswasusedin [5] and[11]).

For the MCM experimentsthe surfaceareaspannedvas10cm ,
with a grid size of 100 m (resultingin a 1000 by 1000 grid).

Segmentdongerthan10000 m werebrokeninto smallersegments.

Transistorsizesfor theinverterswere200.0 m 0.5 mand170.0

m m 0.5 mfor NMOS and PMOS, respectivelythesesizes
were selectedto provide roughly equalrise and fall delays,and to
provide delayvaluesthat were comparablégo thatof a 25- resistor
(as was usedin [11], [5]).1

Delay for all caseswas measuredas the time betweenthe input
of the driver reaching50% of the target value andthe sink reaching
50% of its final value.Riseandfall timesfor theinputsto thedrivers
were 0.1 ns for all tests.

For eachtree,we computethreetypesof delay.Thefirst, maximum
delay (MD) is the maximumdelay of any sourcenodeto any sink
nodein a tree. The second,averagemaximumdelay (AMD), is the
averageof the maximum source-sinkdelaysfor eachsource.The
third, averagedelay (AD), is the averageof all source-sinkdelays.
Delay resultsarein nanosecondsyhile tree and pathlengthsarein
centimeters.

The topologiescomparedare as follows.

MinimumDiameterA-Trees: The for the weightedpointsis
obtained,and an A-tree spanningall pointsis constructed.

Minimum CostMinimum DiameterA-Trees: The or

is constructed,and then possible root points from this
regionare evaluatedby the constructionof a tree at eachpoint. The
minimum lengthtreeis selectedasthe final topology.

INotethatwe havesizedthetransistorgo equalizerise andfall delay: This
sizingresultsin unequakiseandfall times,i.e., thetime for asinkto transition
from 10%to 90% of the desiredvalue.A moretraditional2 : 1 sizingratio of
P-transistorto N-transistor,whichgives equalrise andfall timesbut unequal
delaytimes, also showedsimilar improvementby our minimum-diameteA-
tree algorithm. For example,underthe 2 : 1 sizing using the same0.5- m
CMOS IC parametersthe improvementin maximum delay of the MDAT
topologyoverthe 1-Steinertopologyfor eightrandomlyplacedbidirectionaly
nodesis 11.2%(ascomparedo 13.4%usingthe equal-delaysizing shownin
Table VI).

TABLE VII
COMPARISON OF 1-STEINER, MD A-TREE,AND MC MD
A-TREE ALGORITHMS FOR MAXIMUM DELAY (MD), AVERAGE
Maxivum DEeLAY (AMD), AND AVERAGE DELAY (AD) THROUGH
HSPICE SMuLATION WITH MCM TECHNOLOGY PARAMETERS.
AVERAGE TREE LENGTHSAND DIAMETERS ARE IN CENTIMETERS

1-SteinerTrees: To obtain a tree with low total length, the 1-
Steiner algorithm of Kahng and Robins[19] is used. Thesetrees
placeno boundson pathlength,but havevery good performancdor
tree length minimization.

Note that existing performancedriven interconnectoptimization
algorithms, listed in Sectionl, assumea fixed single driver, mak-
ing comparisonswvith thesemethodsinappropriate As the optimal
multisource routing solution does not lie entirely on the Hanan
grid in general,the branchand bound method (as usedin [4]) is
difficult to apply. We areunawareof any existingmultisourcerouting
algorithmwhich canbe usedfor a fair comparisonAlso, thereis no
known methodto computean optimal multisourcerouting solution
to evaluatethe optimality of our algorithm.

Simulationresultsfor 0.5- m CMOS IC parametersre given in
TableVI. While the 1-Steineralgorithmproduceswire lengthsthatare
from 1% to 8% lower, the averagediameterof treesproducedby the
Minimum DiameterA-Tree and Minimum CostMinimum Diameter
A-Treealgorithmswasfrom 6.6%to 24.2%lower. MCM technology
examplesshownin TableVIl, produceddenticallengthresults(the
MCM testsetsare scaledversionsof the CMOS IC testsets).When
giventhefreedomto selectaroot point, the Minimum CostMinimum
DiameterA-Treealgorithm obtainedtree lengthsthat were from 1%
to 2% lower thanthoseof the Minimum DiameterA-Treealgorithm.

MD A-Tree and MC MD A-Tree producedsimilar delay results.
Using 0.5- m CMOS IC parametersthe two algorithmsproducedas
much as an 12.6% maximumdelay reduction,and a 6.3% average
maximumdelayreductioncomparedo the 1-Steineralgorithm.Using
MCM parametersthe two algorithmsproducedas much asa 21%
maximum delay reduction,and a 15.2% averagemaximum delay
reduction.

For theseexperimentsijt is assumedhat the weight betweenall
pairsis one,indicating that every pathis critical.

Surprisingly, the MD A-Tree algorithm producedslightly better
maximum delay valuesfor the MCM examplesthan the MC MD
A-Tree algorithm. In these cases,the “shifted” centerlocation of
the tree root resultsin somebrancheshaving disproportionallyhigh
capacitanceand the treeis “unbalanced.”As hasbeenobservedn
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TABLE VI
COMPARISON OF 1-STEINER, MD A-TREE,AND MC MD A-TREE ALGORITHMS FOR MAxiMum DELAY (MD), AVERAGE MAxiMum DELAY (AMD), AND AVERAGE
DEeLAY (AD) THROUGH HSPICE SIMULATION WITH 0.5- m CMOS IC TECHNOLOGY PARAMETERS. ALL TEST SETS CONSISTEDOF EIGHT NODES,WITH ONLY A
GIVEN NumBER OF NODE PAIRS BEING CRITICAL. ALSO INCLUDED IN THIS TABLE ARE THE AVERAGE WEIGHTED PATH LENGTHS (WPL), WEIGHTED DIAMETER
(WD), AND ReQUIRED PATH LENGTH (RPL). THE REQUIRED PATH LENGTH PROVIDESA LOWER BOUND FOR THE WEIGHTED PATH LENGTH, AND IN SOME CASES

CANNOT BE OBTAINED. EXPERIMENTS CONSIDERING BOTH THE FEASIBLE REGION

Fig. 12. An examplein which a MD A-Tree topology has slightly lower
maximumdelaythana MCMD A-Tree, despiteslightly highertreelength.

other high performancerouting studies,the location of branching
has an effect on the total delay. An exampleis shownin Fig. 12;
the first topology is a simple MD A-Tree constructionwhich, while
having higher tree length, has lower maximum delay. While the
sourceinvolved in the maximum delay path is the samefor both
topologies,the sink which hasmaximumdelay changes.

In the TableVIIl, we provideresultsfor testsetsof 8 nodesin the
0.5- m CMOSIC technologywith 1, 2, 3, and10 randomlyselected
pairs of critical nodes.For this table, we include the weightedpath
length (WPL) and required path length (RPL); the weighted path
length is for all critical pairs, while the
requiredpath lengthis The requiredpath
length providesa lower bound (which in someinstancescannotbe
achievedwith a tree topology).

When only a subsetof paths are critical, the MC MD A-Tree
algorithmproducedmaximumdelayimprovementsangingfrom 6%
to 14.2%.Treesrootedwithin thecritical feasibleregion had
slightly lower delaythanthoserootedin the feasibleregion
Tree lengthswere comparable.

Note thatperformancemprovementgor multisourcerouting prob-
lemsarenotasdramaticaswasobservedvith singlesourceproblems
[11]. An optimization which may be beneficialfor source  may

AND THE CRITICAL FEASIBLE WERE PERFORMED

resultin poor performancefor a secondsource  thus, the multi-
sourceproblemhasa greaternumberof constraintsresultingin less
improvementin general Whenonly a small numberof pin pairsare
critical, the minimum diameterconstraintmay be overly restrictive.

Finally, we presentan exampleof the application of theseal-
gorithms to a net extractedfrom an industry circuit. The Intel
Corporationprovidedpin locationsfor six multisourcenetsfrom one
of their processorsfor five of thesenets,the pin countswere very
low. For netswith few pins, the topologiesand delay characteristics
of the minimum cost minimum diameter A-Tree topologieswere
nearly identical to the 1-Steinertopologies.The sixth and largest
net containedl12 nodes,consistingof threeinputs, five outputs,and
five bidirectionalnodes.Somenodesof this netwereextremelyclose
together,resultingin eight discretegroups.The optimizedMC MD
A-Tree topology had a significantimpact on this net. We evaluated
the topologiesusingHSPICEandthe 0.5- m CMOS IC technology
parametersThe 1-Steinerand MC MD A-Tree topologiesfor this
net, as well as delay and lengths, are shown in Fig. 13, For the
singlelargestnet, MC MD A-Treeprovideda 16.1%reductionin the
maximumdelay, while the averagereductionover the six netswas
2.7%. For all nets,the MC MD A-Tree topology had a maximum
delay that was less than or equal to the maximum delay of the
1-Steinertopology.

In all casesthetime requiredfor topologyconstructiorwasmuch
smallerthan the time requiredto performthe HSPICE simulations,
andthe bulk of topology constructiontime was consumedy the A-
Tree algorithm. The mostcomplexvariation,MC MD A-Tree, hadrun
timesrangingfrom 0.6to 6 s for exampleswith 16 nodesandall pairs
critical. The run time of the algorithmwasstronglyinfluencedby the
size of the feasibleregion, as this impactsthe numberof candidate
root locations;a larger feasibleregion (which canoccurwhenfewer
points are critical) resultedin a larger run time.

V. CONCLUSIONSAND FUTURE WORK

We have formulateda new performance-driverrouting problem
which considersinterconnecttopology optimizationwhen there are
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Fig. 13. Two possibletopologiesfor a multisourcenetfrom an Intel proces-
sor. Thefirst topologyis a minimum length Steinertree,while the seconds a
minimum costminimum diameterA-Tree. The shortermaximumpathlength
of the MC MD A-Tree resultsin a lower maximumsignal delay betweena
sourceand sink. All lengthsand diametersare in centimeters.

multiple sourcesin a single net, and have presenteda heuristic
solution for the problemthroughthe constructionof Minimum Cost
Minimum Diameter A-Trees

We havealsogivena lineartime algorithmto determinethe setof
possiblerootlocationsfor aminimumdiametershortespathtree,and
shownthatany minimumdiametetreemustpassthroughthis region.
For mostproblems the run time of the A-Tree algorithm dominates
total run time; if we adopt a lower complexity tree construction
approach linear time constructionof the feasible region becomes
beneficial.

When comparedwith the 1-Steineralgorithm, minimum diameter
A-treesproducedower maximumand averagedelays,with slightly
higher tree length. Considerationof the feasibleregion resultedin
reductionsin tree length,and alsoin delay for mostcases.

We are currently investigatinga numberof related performance
driven multiple sourcerouting problems.We are interestedin the
use of path length boundsfor critical pairs while minimizing total
wire length, possibly through the extensionof previous bounded
radius boundedcost algorithmssuchas BRBC [9] and AHHK [1].
Driver andwire sizing hasproveneffective for single sourcerouting
problems,andwe areextendingtheseto the multiple sourcedomain.
For practical VLSI routing applications,we are also considering
routing in the presencef obstaclesand nontreetopologieswith low
total treelength.All of theseproblemswill needextensiorto support
more accuratedelay models, so that optimization can be done for
delay constraintsratherthan geometricconstraints.

ACKNOWLEDGMENT

Theauthorsaregratefulto C.-K. Koh andtheanonymouseviewers
for their helpful suggestion®n an earlier draft. They wish to thank
H. Chanof Intel for supplyingbenchmarkdata.

REFERENCES

[1] C. J. Alpert, T. C. Hu, J. H. Huang, and A. B. Kahng, “A di-
rect combinationof the Prim and Dijkstra constructionsfor improved
performance-driverrouting,” in Proc. IEEE Int. Symp.Circuits Syst,
1993, pp. 1869-1872.

H. B. Bakoglu, Circuits, Interconnections,and Packagingfor VLSI.
Reading,MA: Addison-Wésley,1990.

K. D. BoeseandA. B. Kahng,“Zero-skewclock routing treeswith min-
imumwirelength,”in Proc. IEEE Int. Conf.ASIC 1992,pp.1.1.1-1.1.5.
K. D. Boese A. B. Kahng,B. A. McCoy, and G. Robins,“Rectilinear
Steinertreeswith minimum Elmore delay,” in Proc. 31st ACM/IEEE
DesignAutomationConf, 1994, pp. 381-386.

K. D. Boese,A. B. Kahng, and G. Robins, “High-performancerout-
ing trees With identified critical sinks,” in Proc. ACM/IEEE Design
AutomationConf, 1993, pp. 182-187.

(2]
(3]
(4]

(5]

6]

(7]
(8]

[

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

419

T.-H. Chao,Y .-C. Hsu,J.-M. Ho, K. D. Boese andA. B. Kahng,“Zero
skew clock routing with minimum wirelength,” IEEE Trans. Circuits
Syst, vol. 39, pp. 799-814,Nov. 1992.

J. P. Cohoonand L. J. Randall,“Critical net routing,” in Proc. IEEE
Int. Conf. ComputerDesign pp. 174-177,1991.

K. D. BoeseJ.Cong,A. B. Kahng,K. S.LeungandD. Zhou,“On high-
speedVLSI interconnectsAnalysis and design,”in Proc. Asia—Pacific
Conf. Circuits Syst, Dec. 1992, pp. 35-40.

J. Cong, A. B. Kahng, G. Robins, and M. Sarrafzadeh,‘Provably
goodperformance-driveiglobal routing,” IEEE Trans. Computer-Aided
Design vol. 11, no. 6, pp. 739-752,June1992.

J. Cong and K.-S. Leung, “Optimal wiresizing under the distributed
Elmoredelaymodel,”in Proc. Int. Conf.Computer-Aidedesign 1993,
pp. 110-114.

J. Cong, K.-S. Leung,and D. Zhou, “Performance-drivennterconnect
designbasedon distributedRC delaymodel,” in Proc. 30th ACM/IEEE
DesignAutomationConf, 1993, pp. 606—611.

J. CongandP. H. Madden,“Performancedriven routing with multiple
sources,"in Proc. Int. Symp.Circuits Syst, vol. 1, 1995, pp. 203—-206.
M. Edahiro,“Minimum skewandminimum pathlengthroutingin VLSI
layout design,” NEC Res.Develop.,vol. 32, no. 4, pp. 569-575,0ct.
1991.

—, “Minimum path-length equi-distantrouting”, in Proc. IEEE
Asia—PacificConf. Circuits Syst.,1992, pp. 41-46.

W. C. Elmore, “The transientresponseof dampedlinear network with
particular regard to widebandamplifier,” J. Appl. Phys., no. 19, pp.
55-63,1948.

M. Hanan,“On Steiner'sproblemwith rectilinear distance,”SIAM J.
Appl. Math,, vol. 14, no. 2, pp. 255-265,Feb. 1966.

J.-M. Ho, D. T. Lee, C.-H. Chang,andC. K. Wong “Bounded-diameter
minimum spanningtrees and related problems,” in Proc. Comptat.
GeometryConf, 1989, pp. 276-282.

X. Hong, T. Xue, E. S.Kuh, C. K. Cheng,andJ. Huang,“Performance-
driven Steinertree algorithmsfor global routing,” in Proc. ACM/IEEE
DesignAutomationConf, 1993, pp. 177-181.

A. B. Kahngand G. Robins,“A new family of Steinertree heuristics
with goodperformanceTheiteratedl-Steinerapproach,’in Proc.IEEE
Int. Conf Computer-Aidedesign 1990, pp. 428-431.

A. B. KahngandC.-W. A. Tsao,"“Planar-DME: Improvedplanarzero-
skewclock routingwith minimum pathlengthdelay,”in Proc. European
DesignAutomationConf, 1994, pp. 440-445.

S. Khuller, B. Raghavachariand N. Young, “Balancing minimum
spanningtrees and shortest-pathtrees,” in Proc. ACM/SIAM Symp.
Discrete Algorithms, Jan.1993, pp. 243-250.

S.K. Rao,P.Sadayappark;. K. Hwang,andP.W. Shor,“The rectilinear
Steinerarborescencproblem,”Algorithmica vol. 7, pp.277—-288,1992.
D. Zhou,S. Su,F. Fsui,D. S Gao,andJ. Cong,“A simplified synthesis
of transmissionineswith atreestructure,”J. AnalogintegratedCircuits
SignalProcessing (Speciallssueon High-Speednterconnects)yol. 5,
no. 1, pp. 19-30,Jan.1994.




