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Abstract

This paper presents an efficient algorithm for buffered
Steiner tree construction with wire sizing. Given a source
and n sinks of a signal net, with given positions and a re-
quired arrival time associated with each sink, the algorithm
finds a Steiner tree with buffer insertion and wire sizing so
that the required arrival time (or timing slack) at the source
is mazximized. The unique contribution of our algorithm is
that it performs Steiner tree construction, buffer insertion,
and wire sizing stmultaneously with consideration of both
critical delay and total capacitance minimization by com-
bining the performance-driven A-tree construction and dy-
namic programming based buffer insertion and wire sizing,
while tree construction and the other delay minimization
techniques were carried out independently in the past. Fax-
perimental results show the effectiveness of our approach.

1. Introduction

For timing optimization in lower level design of VLSI, buffer
insertion (or fanout optimization), interconnect topology
optimization, and wire sizing play important roles, and a
number of algorithms has been proposed for these problems.
On fanout optimization problem, most of previous work
focused on buffer tree construction in logic synthesis [1,
19, 18]. The timing model used during this stage mainly
consists of gate delay and roughly approximated intercon-
nect delay, which is assumed to be piecewise linear with
the number of fanouts. When the wiring effect is dom-
inant as in deep submicron designs, such a fanout-based
model may be significantly inaccurate compared with the
actual delay. Another problem with traditional approach
is in area estimation. Typically, only the total gate area is
optimized, and the wiring area and the routability are not
considered. As a result, although the total gate area of the
synthesized netlist is quite small, it may not result in small
layout. Recently, fanout optimization algorithms using lay-
out information have been proposed [20, 9, 6]. [20] and [9]
presented algorithms for fanout tree generation based on
alphabetic trees and minimum spanning trees, respectively.
In [6], an efficient algorithm using dynamic programming
was proposed for buffer insertion on a given Steiner tree.
On interconnect topology optimization problem, the
analysis in [22] and [4] showed that as we reduce the de-
vice dimension, the distributed nature of the interconnect
structure must be considered, and conventional algorithms
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for total wire capacitance minimization does not necessar-
ily lead to the minimum interconnect delay. To cope with
this situation, topology optimization algorithms for deep
submicron VLSI design have been proposed [8].

Moreover, the wire sizing algorithms [4, 3, 17, 21] can
achieve further interconnect delay minimization by opti-
mally assigning different wire width to each wire segment.
[10] has integrated wire sizing and power minimization with
the buffer insertion algorithm in [6] under a more accurate
delay model taking signal slew into account. It was also
shown in [2, 13] that simultaneous driver/gate and wire siz-
ing can achieve further delay reduction.

Although steady progress has been made in buffer inser-
tion, Steiner tree construction, and wire sizing for delay
minimization, and encouraging experimental results were
reported, we believe that these steps need to be carried
out simultaneously to construct wire-sized buffered Steiner
trees directly. The independent approach for these steps
often leads to sub-optimal designs due to the following rea-
sons. In the case of buffer insertion followed by Steiner tree
construction, the wiring delay and routability can not be es-
timated accurately in buffer insertion. In the case of Steiner
tree construction followed by buffer insertion and wire siz-
ing, a Steiner tree optimized for delay does not necessarily
result in a minimum-delay wire-sized buffered Steiner tree.
Recently, [7, 11, 14] explored the possibility of combining
these steps. A simple greedy algorithm was used in [7] for
tree construction with wire sizing. [14] and [11] used A-
tree [4] and P-tree [12], respectively, for tree construction
combined with the buffer insertion in [6].

This paper presents an efficient simultaneous algorithm
for Steiner tree construction, buffer insertion, and wire siz-
ing. The algorithm maximizes the required time at source
in the tree with consideration of the total capacitance min-
imization by combining the performance-driven A-tree con-
struction and dynamic programming based buffer insertion
and wire sizing. Since all of these algorithms are based on
a bottom-up approach from sinks, the combination is very
reasonable. Experimental results show that our approach
outperforms existing approaches by up to 16% in terms of
the maximum delay in trees.

2. Delay Models and Problem Formulation
2.1. Delay Models

As in most previous work on interconnect layout optimiza-
tion, we adopt the Elmore delay model [5] for interconnects
and a commonly used RC model for buffers. For wire e,
let I., we, c. and r. denote length, width, capacitance, and
resistance, respectively. Further, let e, denote the wire en-
tering node v from its parent. We use the following models



for interconnects delay Dy;re and buffer delay Dy, p:

Ce = (Ca-we+cf) le, Te =70 lc/we

C

Dwire(ev) =Te, * ( ;v + C(TU))

Dbuff(ba Cz) =dp 4718 - cy,

where cq, ¢, and 7o are area capacitance, fringing capac-
itance, and resistance for unit-width unit-length wire, re-
spectively, T, is the subtree rooted at v, ¢(T}) is the capac-
itance of dc-connected subtree' in T, rooted at T.,’s root, dp
and rp are buffer b's intrinsic delay and output resistance,
respectively, and ¢; is the load on buffer 5. When wire e
is very long, we can divide e into a sequence of wires con-
nected by degree-2 nodes to capture the distributed nature
of the interconnect delay.

2.2. Problem Formulation

We use required arrival time and total capacitance as our
optimization objective. The required arrival time at the
root of tree T, denoted ¢(T,), is defined as follows:

(1) = min  (qu — delay(v, u)),

u€sinks(Ty)

where g, is the required arrival time of sink u, sinks(1,) is
a set of sinks of tree T, and delay(u,v) is delay from v to u
defined by our delay models. The total capacitance of tree
Ty, denoted ciotqi(T0), is defined as follows:

Ctotal(TV) = Z Ce + Z Cu + Z Cu,

e€Ty uebuffers(Ty) u€sinks(Ty)

where buffers(T,) is a set of buffers in tree 7, and c, is
loading capacitance of buffer or sink .

These measures are useful since the required time is a
typical objective when optimizing the performance of com-
binational networks, and the total capacitance is closely
related to the power dissipation. If we assume the signal
arrives at the root of 7' at ¢t = 0, the timing requirements
are met when ¢(7') is non-negative. The wire-sized buffered
Steiner tree problem is stated as follows:

Given: A source so and sinks s1,s2,...,8, of a signal
net S, with given positions and a required arrival time
assoclated with s; (1 <17 < n).

Find: Steiner tree T, that connects S and has wire sized
and buffers inserted.

Objective:  Maximize ¢(7s,) with minimization of
ctotal(Tsy) as the secondary objective?.

For simplicity of presentation, we assume that only one
type of buffer is considered for the buffer insertion, and
signal polarity is neglected. We shall point out how to gen-
eralize our algorithm to handle multiple types of buffers and
signal polarity at the end of Section 4.3.

3. Related Work

We briefly review the A-tree algorithm in [4] and the buffer
insertion and wire sizing algorithm in [6, 10], which are basis
of our proposed algorithm.

1«dc-connected” means “directly connected by wires”.

2Other objectives, such as minimization of c;,zq7(Ts,) un-
der the constraints of ¢(Ts,) > 0, can also be handled by our
algorithm.

3.1. A-tree Algorithm

In [4], it was shown that a routing tree which minimizes the
Elmore delay upper bound in [16] can be achieved by mini-
mizing a weighted combination of the objectives of the mini-
mum Steiner tree, the shortest path tree, and the “quadratic
minimum Steiner tree” (a tree that minimizes the summa-
tion of source-node path lengths, taken over all possible
node locations). Therefore, a minimum-cost rectilinear ar-
borescence (A-tree) formulated in [15] is of interest since it
addresses all of these terms in the delay upper bound for-
mulation at once.

Definition 1: A rectilinear Steiner tree T is called an A-
tree if every path connecting the source so and any node
p on the tree is a shortest path. An A-tree is optimal if
its total wire length is minimum.

In [4], an efficient algorithm based on bottom-up tree con-
struction from the sinks (or iterative subtrees merge start-
ing with the set of sinks as the initial set of subtrees) was
proposed for optimal A-trees, which extends the algorithm
n [15]. While [4] is using safe moves which cannot “worsen
the sub-optimality” of an existing set of subtrees and heuris-
tic moves that may not lead to an optimal solution (see [4]
for formal definition) for the subtrees merge, we use only
the heuristic moves in the A-tree algorithm for simplicity
(essentially the algorithm in [15]). In most cases, [15] has
similar performance as the A-tree algorithm in [4].

The algorithm works as follows: it maintains a set named
ROOT consisting of the roots of current subtrees which will
be eventually merged to form a single Steiner tree; initially,
ROOT contains the roots of n trivial trees, each consisting
of a single sink. The algorithm then iteratively merges a
pair of roots at (z1,¥1) and (2, y2) such that the “merged”
root to be placed at (min(z1,2), min(y1, y2)) is as far from
the source as possible (assuming that all sinks lie in the first
quadrant with sq at the origin for simplicity). It terminates
when |ROOT| = 1. Formal description for the algorithm is
in Figure 1. It can be easily extended to the general case,
where the sinks are distributed in all four quadrants.

Procedure Heuristic_Atree()
1: ROOT « {s; |0< i< n};
2: while |ROOT| > 1 do
3: Find u, w € ROOT such that the sum
min(uz, wg)+ min(uy, wy) is maximum;
4: ROOT «— ROOT + {v} — {u} — {w}, where v is a node
with coordinates (min(uz, wg), min(uy, wy));
5: Merge Ty, and Ty to Ty
adding edges from v to u and w, respectively;
end while;
end procedure

Figure 1. A-tree algorithm using heuristic move

3.2. Buffer Insertion and Wire Sizing

For given required arrival times at the sinks of a given
Steiner tree, the buffer insertion algorithm in [6] chooses the
buffering position on the tree such that the required arrival
time at the source is maximized, where the delay is calcu-
lated with the definitions in Section 2. In [10], wire sizing
and the total capacitance minimization are integrated with
the algorithm. These algorithms assume that the topology
of the routing tree (or Steiner tree) is given, as well as the
possible positions for the buffer insertion and wire-width
change, which are called candidate points hereafter.



The algorithms are based on the dynamic programming
technique. Let 7} denote 7; with e;. A key point of
the algorithms is that at each candidate point ¢, a set of
triples (¢(77), ctorai(T}), ¢(T7})) is computed and maintained
for possible configuration of buffer insertion and wire sizing
for 7}. Figure 2 shows an example of an option at node 1.
Each triple is called an option and simply denoted by z or
(gz,P=,¢:). The algorithm consists of two phases as follows.
During the first phase the function bottom_up() in Figure 3
computes the irredundant set of all possible options®, Z,,
for each node v (candidate point) in the tree in a bottom up
manner®. After Zy is computed, the best option z is chosen
from Zo such that maz.cz,(q- — Rgatec:) with the mini-
mization of p. as the secondary objective, where Ryqse is
the output resistance of the source gate. The second phase
traces back the computations of the first phase that led to
this option, and determines the buffer positions and wire
width for each edge on the way.

i Source

q(Ti) : Requiredtime

¢ (T}): Capacitance of dc-connected subtree

Ti
Ciwta (T7) : Capacitance of entire subtree

Figure 2. An option at node 1

4. Simultaneous Steiner Tree Construction,
Buffer Insertion, and Wire Sizing

4.1. Basic Idea of the Proposed Approach

We develop an algorithm for simultaneous Steiner tree con-
struction, buffer insertion, and wire sizing, called wire-sized
buffered A-tree (WBA-tree) algorithm, by combining the al-
gorithms in Section 3. This combination is very reason-
able, since both of the algorithms in Section 3 are based
on a bottom-up approach from the sinks. In the combi-
nation, the concepts of critical path isolation (Figure 4(a))
and balanced load decomposition (Figure 4(b)) are also ap-
plied, which are techniques used for fanout optimization
in logic synthesis [1, 19, 18]. In logic synthesis, when one
or several sinks are timing-critical, the critical path isola-
tion technique generates a fanout tree so that the root gate
drives only the critical sinks and a smaller additional load
due to buffered non-critical paths. On the other hand, if
required times at sinks are within a small range, balanced
load decomposition is applied in order to reduce the load
at the output of the root gate. Since these transforma-
tions are also applied recursively in a bottom-up manner
from the sinks as the A-tree, buffer insertion, and wire siz-

3 Irredundant set has no two options, (g,p,c¢) and (¢’,p’,c'),
such that ¢ > ¢', p < p', and ¢ < ¢’ [10].

4For simplicity, a binary tree is assumed here, but the algo-
rithm is easily applied to general trees by addition of dummy
nodes and 0 length wires [10]. Nodes which have only one child
with either Z, or Z,, being NULL in Figure 3, can also be han-
dled by a simple extension.

Procedure bottom_up(T)
1: foreach v € T in topological order from sinks to source do
2: if v is a sink then

3: Z{; ‘_(Qchvvcv);
else
4: Zyw — a set of options for v’s left child;
5: Zw «— a set of options for v’s right child;
6: Z,’J «— irredundant merge of Z, and Z,;
7 Z! — Z! U irredundant addition of buffer to

options in Z!;
/* Addition of buffer b to option (g, pz,c:) results in
(92 — Dougy(b,cz), pz+cp,y cp) */
end if;
8  Zy « 0
9: for z € Z) do
10: foreach wire_width do
11: Zy ‘_Z'UU(QZ_Dwire(ev)7pz+Ceyvcz+cey)§
/*Wire sizing possibility for e, */
endfor
end for;
12: Pruning of Z;
end for;
end Procedure;

Figure 3. Algorithm for finding a set of options

ing algorithms, it is natural to use these concepts in the
combination.

signal

(&) Critical signal isolation (b) Balanced load decomposition

Figure 4. Fanout optimization in logic synthesis

In our approach, the concepts of critical path isolation
and balanced load decomposition are used when choosing
two subtrees, T, and T, to be merged to T, in the A-tree
algorithm, line 3 in Figure 1. Every pair of subtree roots u
and w are evaluated based on the merging point v»’s loca-
tion and the current required time at each subtree’s root,
v and w. Then, the best pair for the merge is chosen so
that critical path isolation and balanced load decomposi-
tion are achieved with keeping the wire length as short as
possible (See Section 4.2). For the evaluation, we keep a set
of options at each of subtree’s roots by using bottom_up()
in Figure 3 during the construction of A-tree. Basically the
following two steps are iterated in the WBA-tree algorithm.

1. Select u and w with taking critical path isolation, bal-
anced load decomposition, and wire length minimiza-
tion into account.

2. Merge T, and T, to T}, and compute a set of options
at v by bottom_up(T,) in order to get the required time
at v with considering buffer insertion and wire sizing.

In our implementation, the candidate points for buffer
insertion are right after the Steiner points in the tree, which
makes it possible to unload the critical path as much as



possible, and Steiner point itself for reducing the number of
buffers inserted. Moreover, an edge whose length is longer
than certain threshold given by user is divided recursively
in order to make it possible to insert buffer in the middle
of the wire (Figure 5). We also use the same set of points
for the candidate points for wire-width change.

iSource

Figure 5. Candidate points for buffer insertion and
wire-width change

4.2. Subtrees to be Merged in WBA-tree

In our algorithm, the computation of options, which is the
first stage of the buffer insertion and wire sizing algorithm
in Section 3, and the A-tree construction are performed
simultaneously. Take the evaluation for the merge of T,
and T, to T, in Figure 6 as an example. Let Z, and Z,
be the sets of options at u and w, respectively, computed
in the previous steps. Since the parent nodes of the current
subtree’s roots, u and w, are not determined yet at this
stage, l., and l., are assumed to be 0 in the computation
of Z, and Z,,. This means that lines 8-12 in Figure 3 are
replaced by Z, «— Z,. In order to evaluate this merge here,
we temporarily compute Z,, and Z,,, which are the sets
of options at u and w with assumption that the parents
of w and w are v, respectively. The sequence of subtrees
merge is based on the idea that merge of two subtrees where
minimum value of the required times of the two subtrees is
maximum among the current possible merging pairs leads
to critical path isolation and balanced load decomposition.

u @ (Xu Yu)
b
Zu
eu
Zvu (Xv, yw) aw ZW"B‘-W
v Zvw
Source Tv (Xw, Yw,
°

Figure 6. Evaluation for subtrees merge

We introduce the following definitions before describing
how to select two subtrees to be merged in the WBA-tree
construction.

Definition 2: The minimum value of the maximum
possible ¢(7.) and ¢(T,), denoted Quu, is defined as

follows:

Quw = min ( max ¢, max g¢.),
z2€Zyu 2€EZyw

where v is the merging point of 75, and T,.

Definition 3: The maximum Q. among all possible
merging pairs ¥ and w in the set of roots, ROOT, for
the current subtrees, denoted Qmaz (ROOT), is defined

as follows:

Qmaz(ROOT) = max Quuw.

u,wEROOT

Intuitively, we want to choose a pair of subtrees T,, and Ty,
to merge such that Q.. is as large as possible. This helps
to maximize the required time at the source.

Definition 4: The distance between the source and the
merging point for » and w, denoted D, is defined as
follows:

Dyw = min(uy, ws)+ min(uy,, wy).

This definition is for the case that « and w are in the first
quadrant with sp at the origin. Other cases can be defined
in a similar way.

Definition 5: The maximum D,, among all possible
merging pairs © and w in the set of roots ROOT' of the
current subtrees, denoted D,,q,(ROOT), is defined as

follows:

Doz (ROOT) =  max  Dyy.

u,w€EROOT

Recall that the heuristic A-tree algorithm always choose
the pairs of subtrees T, and T, with D, = Dmaz(ROOT)
in order to maximize the possibility of subsequent merging
with other subtrees to minimize the overall wire length.
This has proven to be a very effective technique for wire
length minimization [4, 15].

In order to consider both delay and total wire length min-
imization, we introduce the following definition of the merg-
ing cost for v and w.

Definition 6: The merging cost for » and w, denoted
mcost(u, w, ROOT), is defined as follows:
mcost(u, w, ROOT) =

Quw uw
o * Qm‘”(ROOT) Dmax(ROOT) )

where « is a fixed constant with 0 < o < 1.0.

4+ (1 —a)x*

Note that instead of using a * Quw + f * Dyw for the cost,
we use the scaled objective above. The use of the scaled
objective avoids the problem of choosing a different pairs of
a and B for each instance.

For the subtrees merge in the WBA-tree algorithm, we
select T, and T\, whose mcost(u, w, ROOT) is maximum
among all possible pairs of subtrees. Clearly, if weset o = 0,
our root selection criteria for the merge is the same as that
in the A-tree algorithm presented in Section 3.1.

By using mcost in the A-tree construction, required time
maximization with buffer insertion (critical path isolation
and balanced load decomposition) and wire length mini-
mization can be achieved simultaneously. The first term
contributes to the critical path isolation and balanced load
decomposition as the fanout optimization in logic synthe-
sis. The second term in mcost contributes to the wire length
minimization as the original A-tree algorithm. The effect of
wire sizing can also be considered in the tree construction,
since it is included in the computation of Q.. through Z,.
and Zy. When one or several sinks are timing-critical,



these sinks are isolated since the merge for these sinks,
whose @) values are smaller than the others, will be ap-
plied in the later stage. Figure 7(a) shows an example for
this case, where sink s; is the most critical among all the
sinks. Sink s1 will be isolated since the merge with s; re-
sults in smaller @@ values and will be applied after s4, s,
and s, are merged. On the other hand, if required times at
sinks are within a small range, the merge will be performed
so that the load is balanced, since @ of the merge for these
sinks are also within a small range. Figure 7(b) shows an
example for this case, where required times at sinks s1, s2,
$3, andss are within a small range. The load will be bal-
anced, since @} of the merge for the sinks are within a small
range. The layout or geometric information is also taken
into consideration due to the D term in the merging cost.
For example, undesirable merge of s; with s3 or s; with s,
will not be used in general, as they result in much larger D
values. Such information is not available to existing logic
synthesis tools for fanout optimization. Note that, however,
the resultant buffered trees are not necessarily planar.

S1(Critical)

Source

(a) Treewith critical sink
isolation

(b) Tree with balanced load
decomposition

Figure 7. Example of WBA-tree

4.3. Summary of the WBA-tree Algorithm

The algorithm consists of two phases in the same way as
the buffer insertion and wire sizing [6, 10]: the first phase is
the bottom-up tree construction with option computation;
the second phase is the top down buffer insertion and wire-
width assignment. Formal description for the first phase
is shown in Figure 8. Option computation at each sub-
tree’s root by bottom_up() at lines 3 and 8, and merging cost
evaluation by mcost(v, w, ROOT) at line 5 are integrated
into A-tree algorithm. The second phase is the same with
the one in the buffer insertion and wire sizing algorithm in
[6, 10]. The option which gives the maximum required time
and the minimum total capacitance at root is chosen, then
traces back the computations of the first phase that led to
this option. During the backtrace, the buffer positions and
wire width for each segments are determined.

For the generalization of our algorithm, more than one
types of buffers can be handled by computing options for
each buffer type at line 7 in bottom_up(). Signal polarity
also can be handled by adding signal polarity into the op-
tions and considering only the merge of options with the
same polarity at line 6 in bottom_up() [10].

5. Experimental Results

We implemented the WBA-tree algorithm under the
C/UNIX environment and used HSPICE to verify the re-
sults with accurate timing and power simulation. The tech-
nology parameters used in the experiments are based on
the MCNC 0.5um CMOS process model (Rgate: 2709, ro:
0.12Q/pum, cq: 0.04fF/pm, cg: 0.15fF/pm). We also used

Procedure WBA-tree_bottomup()
1: ROOT « {s; |0< i< n};
2:foreach v € ROOT do
3:  bottom_up(v);
/* Z, is computed for each sink */
end for;
4: while |[ROOT| > 1 do
5: Find u, w € ROOT with
maxy, weROOT mcost(u, w, ROOT);
/* Zyyu and Z,,, are computed for the evaluation */
6: ROOT «— ROOT + {v} — {u} — {w}, where v is a
node with coordinate (min(ugz, wg), min(uy, wy));
7: Merge Ty, and Ty to Ty
adding edges from v to u and w, respectively;
8: bottom_up(Ty);
/* Zy|le, = 0 is computed with pruning,
Zy — Zyu, and Zy — Zyy™/
end while;
end procedure

Figure 8. Algorithm for simultaneous A-tree con-
struction and option computation

the one type of buffer (ry: 8142, dp: 125ps, cp: 28fF) and
the set of wire width, {VVl,ZVV1,3I/V1}, where Wi is the
minimum unit width. The source in the tree is driven by
an ideal voltage source and the input signal is a square wave
with period of 40ns (25M H z).

For each net size, 20 nets were randomly generated on a
10mm x 10mm routing region, and the average results were
evaluated. The loading capacitances of the sinks were also
randomly chosen from the interval [0.05pF, 0.15pF]. The
required time at the sinks were set to 0 in order to eval-
uate the results with the maximum delay in the tree. We
compared results obtained by the following four methods:

T+B+W: Sequential A-tree construction [15], buffer in-
sertion [6], and wire sizing [10].

T+BW: A-tree construction [15] followed by simultaneous
buffer insertion and wire sizing [10].

TB4+W: Simultaneous Steiner tree construction and buffer
insertion (BA-tree [14] with o = 0.6 in mcost) followed
by wire sizing [10].

TBW: Simultaneous Steiner tree construction, buffer in-

sertion, and wire sizing (our WBA-tree construction
with o = 0.6 in mcost).

Table 1 shows the maximum delay, power dissipation, and
wire length, where n, d, p, w denotes the number of sinks,
maximum delay, power dissipation, and wire length, respec-
tively. TBW reduced the maximum delay by 12-16% and
3-6% with the expense of 8% and 3% increase in power dis-
sipation as compared with T4+B+W and the other partially
simultaneous methods (T+BW and TB+W), respectively.
The runtime is less than 3 seconds for all data in T4+B+W
and TB+W, and about 3 seconds, 15 seconds, and 40 sec-
onds for 10, 25, and 50 sinks, respectively, in T4+BW and
TBW (Sun SPARC 5).

Figure 9 shows the trade-off between delay, wire length,
and power dissipation with o changed between 0 and 0.9
in TB4+W and TBW for nets with 50 sinks. Note that
TB+W and TBW with o = 0 corresponds to T+B+W and
T+BW, respectively. As for delay and wire length, smooth
trade-off curves are obtained, while the power dissipation is
decreasing with the delay at first and then increasing around



Table 1. Maximum Delay, Power Dissipation, and Wire Length

T+B+W T+BW TB+W TBW
n d(ns) | p(mW) | w(mm) d(ns) | p(mW) | w(mm) d(ns) | p(mW) | w(mm) d(ns) | p(mW) | w(mm)
10 2.25 4.86 25.5 2.04 5.12 25.4 2.20 4.93 27.0 1.98 5.21 26.9
25 2.86 8.96 42.4 2.64 9.45 42.4 2.70 9.16 47.6 2.51 9.66 471
50 3.34 14.37 60.7 3.19 15.05 60.7 2.98 14.71 71.2 2.80 15.25 70.0
) —_— [7] T. D. Hodes, B. A. McCoy, and G. Robins, “Dynamically-
e Length(r:‘m) Power D::S(I)p'aguon(mw) Wiresized Elmore-Based Routing Constructions,” Proc.
821 a=0.9 TBW 165 —I:;/\VN IEEE Int. Symp. Circuits Syst., 1994, pp.463-466.
[8] A.B. Kahng and G. Robins, On Optimal Interconnection for
& 160 VLSI, Kluwer Academic Publishers, 1995.
[9] L. N. Kannan, P. R. Suaris, and H. G. Fang, “A Method-
4 155 ology and Algorithms for Post-Placement Delay Optimiza-
tion,” Proc. ACM/IEEE Design Automation Conf., 1994,
70 15.0 a=0.0 pp.327-332.
[10] J. Lillis, C. K. Cheng, and T. T. Lin, “Optimal Wire Sizing
66 145 1 2200 and Buffer Insertion for Low Power and a Generalized De-
3 o lay Model,” Proc. IEEE Int. Conf. Computer-Aided Design,
62 140k s 1995, pp.138-143.
w - i [11] J. Lillis, C. K. Cheng, and T. T. Lin, “Simultaneous Rout-

I I I I | I
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Max. Delay(ns)
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Max. Delay(ns)

(a) Delay and Wire Length (b) Delay and Power Dissipation

Figure 9. Trade-off between delay, wire length, and
power dissipation

a = 0.4. This kind of relationship can also be observed in
transistor sizing.

6. Conclusions

In this paper, we presented the WBA-tree (wire-sized
buffered A-tree) algorithm, which performs Steiner tree con-
struction, buffer insertion, and wire sizing simultaneously
with consideration of both critical delay and total capac-
itance minimization by combining the performance-driven
A-tree construction and dynamic programming based buffer
insertion and wire sizing algorithms. Experimental results
showed that our approach outperforms existing approaches
by up to 16% in terms of the maximum delay in trees.
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