Interconnect Layout Optimization by Simultaneous

Steiner Tree Construction and Buffer Insertion

Takumi Okamoto 12
okamoto@cs.ucla.edu

*

Jason Cong!
conglcs.ucla.edu

!Dept. of Computer Science, University of California, Los Angeles, CA 90095
2C&C Research Laboratories, NEC Corp., Miyamae, Kawasaki 216, Japan

Abstract

This paper presents an algorithm for interconnect layout

optimization with buffer insertion. Given a source and n
sinks of a signal net, with given positions and a required ar-
rival time associated with each sink, the algorithm finds
a buffered Steiner tree so that the required arrival time
(or timing slack) at the source is maximized. In the al-
gorithm, Steiner routing tree construction and buffer inser-
tion are achieved simultaneously by combining A-tree con-
struction and dynamic programming based buffer insertion
algorithms, while these two steps were carried out indepen-
dently in the past. Extensive experimental results indicate
that our approach outperforms conventional two-step ap-
proaches. Our buffered Steiner trees increase the timing
slack at the source by up to 75% compared with those by
the conventional approaches.

1. Introduction

For timing optimization of VLSI circuits, buffer insertion
(or fanout optimization) and interconnect topology opti-
mization take important roles and a number of algorithms
were proposed for these problems over the past a few years.

On fanout optimization problem, most of previous work
focused on construction of buffered trees in logic syn-
thesis with consideration of user-defined timing and area
constraints[1, 2, 3]. The timing measures used during this
stage mainly consist of gate delays and a rough approxima-
tion for interconnect delay, which is assumed to be piece-
wise linear with the number of fanouts. When the wiring
effect is dominant, traditional synthesis tools that use such
a fanout-based model may be optimizing a timing value
which is significantly different from the actual post layout
value. Another problem with traditional synthesisis in area
estimation. Typically, the tools try to optimize only the to-
tal gate area, and the interconnect area and the routability
of the chip are not taken into account. As a result, although
the total gate area of the synthesized netlist is quite small,
it may not fit into the target die area after layout.

In recent years, [4, 6, 5, 7, 8] attack the fanout optimiza-
tion problem after layout information is available. In [4], a
fanout optimization algorithm based on alphabetic trees is
presented that generates fanout trees free of internal edge
crossings thus improving routing area. In [5], buffer inser-
tion based on a minimum spanning tree is proposed. In [6],
a polynomial time algorithm using dynamic programming
is proposed for delay-optimal buffer insertion problem on a
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given tree topology. [7, 8] has integrated wire sizing and
power minimization with the algorithm in [6] under a more
accurate delay model taking signal slew into account.

On interconnect topology optimization problem, the
analysis in [9] and [10] showed that as we reduce the de-
vice dimension, resistance ratio, which is defined as the ra-
tio of the driver resistance versus the unit wire resistance,
decreases. As a result the distributed nature of the inter-
connect structure must be considered, and conventional al-
gorithm for total wire capacitance minimization does not
necessarily lead to the minimum interconnect delay. For
interconnect optimization in deep submicron VLSI design,
recently a number of interconnect topology optimization
algorithms have been proposed, including bounded-radius
bounded-cost trees[11], AHHK trees[12], maximum perfor-
mance trees[13], A-trees[10], low-delay trees[14, 15], and
IDW/CFD trees[16].

Although steady progress has been made in buffer in-
sertion and Steiner tree construction for delay minimiza-
tion, and encouraging experimental results were reported,
we believe that these two steps need to be carried out si-
multaneously in order to construct even higher performance
buffered Steiner trees directly. The independent two-step
approach often leads to sub-optimal designs due to the fol-
lowing reasons: in the case of buffer insertion followed by
Steiner tree construction, there is a problem that wiring de-
lay and routability can not be estimated accurately in buffer
insertion as mentioned above; in the case of Steiner tree con-
struction followed by buffer insertion, there is a problem
that Steiner tree optimized for delay does not necessarily
result in a minimum-delay buffered Steiner tree. Figure 1
shows an example, where sink s; is the most critical among
all the sinks. In certain cases, which depends on the tech-
nology and criticality of sinks, the buffered Steiner tree in
Figure 1(a) is desired, while Figure 1(b) shows a minimum-
delay Steiner tree followed by buffer insertion.

S1(Critical)

Si(Critical)

Source

(a) Minimum-Delay Buffered (b) Minimum-Delay Tree Followed
Tree by Buffer Insertion

Figure 1. Example of Buffered Steiner Tree



In this paper, we presents an algorithm for interconnect
layout optimization with buffer insertion. Given a source
and n sinks of a signal net, with given positions and a
required arrival time associated with each sink, the algo-
rithm finds a buffered Steiner tree so that the required
arrival time (or timing slack) at the source is maximized.
In the algorithm, Steiner tree construction and buffer in-
sertion are achieved simultaneously by combining A-tree
algorithm[10] and dynamic programming based buffer in-
sertion algorithm[6]. Extensive experimental results indi-
cate that our approach outperforms conventional two-step
approaches. Our buffered Steiner trees increase the timing
slack at the source by up to 75% compared with those by
the conventional approaches.

2. Delay Models and Problem Formulation

2.1. Delay Models

As in most previous works on interconnect layout optimiza-
tion, we adopt the Elmore delay model[17] for interconnects
and standard RC models for buffers. For wire e, let I, c.
and r. be its length, capacitance and resistance, respec-
tively. Further, let e, denote the wire entering node v from
its parent. We use the following basic models for intercon-
nects delay Dyire and buffer delay Dyyjy:

Ce = Cole, Te = Tole

Ce,
Dwire(ev) = Tey(T + C(T'U))

Druss(b,cr) = dy + rycr,

where ¢ and 7o are capacitance and resistance for unit
length wire, respectively, ¢(7y) is the lumped capacitance
of subtree T, rooted at v, dy and ry are buffer b's intrinsic
delay and output resistance, respectively, and ¢; is the load
on buffer b. When wire e is very long, we can divide e into
a sequence of wires connected by degree-2 nodes to capture
the distributed nature of the interconnect delay. Note that
we assume wires are of a uniform width. Wiresize optimiza-
tion can be carried out in a separate step after the buffered
tree construction using the algorithm in [18, 19] or during
the buffered tree construction as mentioned in Section 6.

2.2. Problem Formulation

We use required arrival time as our optimization objective.
The required arrival time at the root of tree 7}, denoted

q(Ty), is defined as follows:

o(Ty) = min _ (qu — delay(v, u)),

u€sinks(Ty)

where ¢, is the required arrival time of sink u, sinks(T,) is
a set of sinks of tree T, and delay(u,v) is delay from v to
u defined by our delay models. This measure is useful since
it is a typical objective when optimizing the performance of
combinational networks. If we assume the signal arrives at
the root of T'at ¢t = 0, the timing requirements are met when
¢(T") is non-negative. The buffered Steiner tree problem for
delay minimization is stated as follows:

Given: A source so and sinks s1,s2,..., 5, of a signal S,
with given positions and a required arrival time asso-
ciated with s; (1 <1< n).

Find: Steiner tree T, that spans S and has buffers in-
serted.

Objective: Maximize ¢(T%,).

Hereafter, it is assumed that only one type of buffer is
considered for the buffer insertion, and signal polarity is
neglected. Our algorithm, however, is easily extended to
general case, where more than one types of buffer can be
used and signal polarity must be considered, by using the
methods similar to those in [7, 8].

3. Related Work

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

3.1. A-tree Algorithm

In [10], it was shown that a routing tree which minimizes the
Elmore delay upper bound in [20] 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 sum-
mation of source-node path lengths, taken over all possi-
ble node locations). Therefore, a minimum-cost rectilinear
arborescence( A-tree) formulated in [21] is of interest since it
heuristically addresses all of these terms in the decomposed
upper bound 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.

In [10], an efficient algorithm based on bottom-up tree
construction from the sinks was proposed for minimum-cost
A-tree, which extends the algorithm in [21]. The algorithm
starts with a set of subtrees, each consisting of a sink, and
iteratively performs two subtrees “merging” or a subtree
“growing” until all subtrees are merged into one tree. T'wo
type of move is used for the bottom-up construction: safe
move which cannot worsen the sub-optimality of an existing
set of subtrees and heuristic move that may not lead to an
optimal solution. According to their experimental results,
A-trees constructed by the algorithm are at most 4% within
the optimal, and achieve interconnect delay reduction by as
much as 66% when compared to the best-known Steiner
routing topology. In our approach here, we use only heuris-
tic move in the A-tree algorithm for simplicity(essentially
the algorithm in [21]). Despite using only heuristic moves,
[21] has similar performance as the A-tree algorithm in [10].

The algorithm in [21] works as follows: A set called
ROOT consisting of the roots of current subtrees which
will eventually be merged to form the solution is main-
tained; Initially, ROOT contains the roots of n trivial trees,
each consisting of a single sink. The algorithm then itera-
tively merges a pair of roots such that the “merged” root
is as far from the source as possible, and terminates when
|ROOT| = 1.

More formal description of the algorithm is shown in Fig-
ure 2, where all sinks are assumed lie in the first quadrant
with sg at the origin for simplicity. But it is easy to extend
the algorithm to the general case.

3.2. Buffer Insertion

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 as late as possible, where the
delay is calculated based on the definition in Section 2. The
algorithm assumes that the the topology of the routing tree
(or Steiner tree) is given, as well as the possible (legal) po-
sitions of the buffers.



Procedure Heuristic_Atree()
ROOT — {s; | 0< ¢ < n};
while |ROOT| > 1 do
Find v, w € ROOT such that the sum
min(vz, wg)+ min(vy, wy) is maximum;
ROOT «— ROOT + {r} — {v} — {w}, where r is a node
with coordinates (min(vz, wg), min(vy, wy));
Merge T, and Ty, to Ty
adding edges from 7 to v and w, respectively;
end while;
end procedure

Figure 2. A-tree Algorithm Using Heuristic Move

In the algorithm, which is based on dynamic program-
ming technique, a set of (¢;,¢;) pairs is maintained for possi-
ble buffers assignment at each legal positions of the buffers,
where ¢; and ¢; are the required arrival time and the capac-
itance of dc-connected subtree' rooted at i corresponding to
qi, respectively(Figure 3). Note that c; is not the total ca-
pacitance of entire subtree rooted at i. Each pair is called
an option. The algorithm consists of two phases as follows.
During the first phase the function “bottom_up()” in Figure
4 computes the irredundant set of all possible options 2, Z,,,
for each node v(or legal positions of the buffers) in the tree
in bottom up manner(Figure 5(a)). For the options at the
root of the entire tree, the actual delay is calculated, using
the output resistance Rgq¢e of the gate which produces the
signal: gsource = qo — RgateCo, and then the option which
gives the maximum ¢source is chosen. The second phase
traces back the computations of the first phase that led to
this option, and determines the computed buffer positions
on the way (Figure 5(b)).

Figure 3. An Option at the Root of Subtree T;

In the algorithm in [6], candidate points for the buffer in-
sertion are right after the Steiner points in the tree, which
makes it possible to unload the critical path as much as
possible(Figure 6(a)). In our implementation, we also make
each Steiner point itself be a candidate(Figure 6(b)), in ad-
dition to the points right after the Steiner points, in order
to reduce the number of buffers inserted. Moreover, an edge
whose length is longer than certain threshold given by user
is divided in order to make it possible to insert buffer in the

middle of the wire(Figure 6(b)).

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

2Irredundant set has no two options (g,c) and (q',¢') such
that ¢ > ¢’ and ¢ < ¢’ [6].

3For 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[8]. Node which has only one child,
where Z; or Z, are NULL in Figure 4, can be also treated by a
simple extension.

Procedure bottom_up(T)
foreach v € T in topological order from sinks to source do
if v is a sink then
Zy — (QU - Dwire(ev)y cy + Cev)§
else
Z; — a set of options for v’s left child;
Zy «— a set of options for v’s right child;
Zy — ¢;
for (i € Z;, j € Z;) do
/* Irredundant Merge of Z; and Z,*/
if ¢; < q; then
Zy — Zy U (i, ci +min{c; | ¢i < q;});

end if;
end for;
Zy — Zy U (max:ez, (9 — Dyusr(b,cz)), cb);
for z € Z, do
9z < @z — Dwire(ev);
Cz — Cz + Cey;
end for;
end if;
end for;

end Procedure;

Figure 4. Algorithm Finding a Set of Options

qgsource =
Max(q0- Rgate* c0)
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Top-Down Phase

Figure 5. Illustration of buffer insertion

4. Simultaneous Steiner Tree Construction and
Buffer Insertion

4.1. Basic Idea of the Proposed Approach

We develop an algorithm for simultaneous Steiner tree con-
struction and buffer insertion, called buffered A-tree (BA-
tree) algorithm, by combining the A-tree and buffer inser-
tion algorithms in Section 3. In such combination, the con-
cept of critical path isolation(Figure 7(a)) and balanced load
decomposition(Figure 7(b)) are also applied, which are tech-
niques used for fanout optimization(or buffer insertion) in
logic synthesis[1, 2, 3]. In logic synthesis, when one or sev-
eral sinks are timing-critical, the critical path isolation tech-

(a) Candidates for Buffer Insertion  (b) Candidates for Buffer Insertion
Pointsin [6] Pointsin Our Implementation

Figure 6. Candidate Points for Buffer Insertion



nique generates a fanout tree so that the root gate drives 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 decomposi-
tion is applied in order to decrease the load at output of
root gate. These transformations are applied recursively in
a bottom-up process from the sinks in the same manner as
the A-tree and buffer insertion algorithms. Therefore, it
is natural for us to apply these techniques in combination
with the A-tree and buffer insertion algorithms.

Critical
Signal

(a) Critical Signal Isolation (b) Balanced Load Decomposition

Figure 7. 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 Ty) to be merged in the A-tree algo-
rithm. Every pair of subtree roots v and w are evaluated
by computing the required time at the root of subtree 75,
which results from merging of 7, and 7%,. Then, the best
pair for merging is chosen so that critical path isolation and
balanced load decomposition are achieved(See Section 4.2).
The required times at the root of 75 is calculated based on
the options at v and w, dist(r,v) and dist(r, w)* for the
interconnect delay, and the effect of buffer insertion at r.
For the evaluation, we keep a set of options at each of sub-
tree’s roots by using bottom_up() during the construction
of A-tree.

Basically the following two steps are iterated in BA-tree
algorithm.

1. Select v and w with taking critical path isolation and
balanced load decomposition into account.

2. Merge 1T, and 13, to 1;, and compute a set of options
at r by bottom_up(7}).

4.2. Selection of Roots to be Merged in BA-tree

In our algorithm, the computation of options and tree con-
struction are performed simultaneously. Suppose that sub-
trees 1, and T, are merged into 7, as shown in Figure 8.
Let Z, and Z, be the sets of options at v and w, respec-
tively computed in the previous steps. Based on Z,, Zu,
dist(r,v), dist(r,w), and buffer b’s characteristics, a set of
options Z, at r are temporarily computed for evaluation
of the best merge. Since the parent nodes of the current
subtree’s roots, v and w, are not determined yet at this
stage, le, and I, were assumed to be 0 in the computation
of Z, and Z,, respectively. In the temporary computa-
tion of Z,, we update Z, and Z,, using l., = dist(r,v) and
l., = dist(r,w) when computing the arrival time at r with
the assumption that l., = dist(so,r). Note that dist(so,r)
is an upper bound of I., .

We introduce the following definitions before describing
how to select two subtrees to be merged in BA-tree con-
struction.

4 dist(v,w) denotes Manhattan distance between v and w

v ;b (xv, yv)

£
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oy (xvyw)
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Source .-~
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Figure 8. Evaluation of a Merged Subtree

Definition 2: The maximum possible required time at
the root r of subtree 7, generated by merging of 7,
and T, denoted Ry, is defined as follows:

Ryw = max g,
zZ€EZy

where r is the merging point of 7, and 7%, and Z, is
a set of options at r.

Definition 3: The maximum R,, among all possible
merging pairs v and w in the set of roots ROOT of the
current subtrees, denoted Rynae(ROOT), is defined as

follows:

Rmaz(ROOT) = max Ryw.

v, wEROOT

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

Dy = min(v,, w;) + min(vy, wy).

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

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

follows:

Dimax(ROOT) =  max  Dyy.

v, w€EROOT

Now, we can define the merging cost for v and w.

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

mcost(v, w, ROOT) =

Ryw Dy
Fmm(ROOT) T 5 —RooT)
where « is a fixed constant with 0.0 < o < 1.0.

o *

Note that instead of using « * Ryw + 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 merging in BA-tree algorithm, we select
T, and T\, whose mcost(v, w, ROOT) is maximum among



all possible pairs of subtrees. Clearly, if we set o = 0.0, our
root selection criteria for merging 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 second term
in mcost contributes to the wire length minimization as
the original A-tree algorithm. The first term contributes to
the critical path isolation and balanced load decomposition
as the fanout optimization in logic synthesis. When one
or several sinks are timing-critical, those sinks are isolated
since the merging for those sinks, whose R are smaller than
the others, will be applied in the later stage. Figure 9(a)
shows an example for this case, where sink s; is the most
critical among all the sinks. Sink s; will be isolated since
the merging for s1, whose R is smaller than the others, will
be applied after s4, s3, and s; are merged. On the other
hand, if required times at sinks are within a small range,
the merging will be performed so that the load is balanced,
since R of the merging for those sinks are also within a small
range. Figure 9(b) shows an example for this case, where
required times at sinks s1, $2, $3, andss are within a small
range. The load will be balanced, since R of the merging
for the sinks are within a small range.

S1(Critical)

S2

Source 4 Source

(a) Tree with Critical Sink
Isolation

(b) Tree with Balance Load
Decomposition

Figure 9. Example of BA-tree

4.3. Overall Algorithm

The algorithm consists of two phases in the same way with
the buffer insertion[6]: bottom up tree construction with
option computation and top down buffer insertion.

Formal description for the first phase, bottom up tree
construction with option computation, is shown in Figure
10. Option computation at each subtree’s root by bot-
tom_up() and mcost(v,w, ROOT) evaluation at the merg-
ing are integrated into A-tree algorithm.

The second phase, top down buffer insertion, is the same
with the one in the buffer insertion[6]. The option which
gives the maximum required time at root is chosen, then
traces back the computations of the first phase that led to
this option. During the backtrace, the buffer positions are
determined.

5. Experimental Results

We implemented BA-tree on a Sun SPARC 5 workstation
under the C/UNIX environment, and tested it on signal

nets with 10, 25, 50, and 100 sinks®. For each net size, 100
nets were randomly generated on a 10mm x 10mm routing

5The number of sinks in signal nets before buffer insertion is
usually up to 100 and most of them are less than 25.

Procedure BA-tree_bottomup()
ROOT — {s; |0< i< n};
foreach v € ROOT do
bottom_up(v);
/* Z, is computed for each sink */
end for;
while |[ROOT| > 1 do
Find v, w € ROOT with max,, werooT mcost(v,w, ROOT);
/* Z, is temporarily computed for its evaluation™®/
ROOT — ROOT + {r} — {v} — {w}, where r is a node
with coordinates (min(vz, wg), min(vy, wy));
Merge T, and T, to T}
adding edges from 7 to v and w, respectively;
bottom_up(7T;);
/* Zr,Zv,Zy are re-computed here with pruning */
end while;
end procedure

Figure 10. Algorithm for Simultaneous A-Tree Con-
struction and Option Computation

region, and we evaluated the average results. The load-
ing capacitances and required times at the sinks are also
randomly chosen from the intervals [0.05pF, 0.15pF] and
[5.0ns, 10.0ms], respectively. The parameters used in the
experiments are summarized in Table 1.

Table 1. Parameters for Experiments

Output Resistance of Gate Rgaie 100092
Output Resistance of Buffer Tp 80012
Intrinsic delay of Buffer dy 0.1ns
Wire Resistance To O.IQQ/um
Wire Capacitance Co 0.15fF/um
Loading Capacitance of Sink cyg 0.05pF —0.15pF
Loading Capacitance of Buffer Cp 0.05pF
Required Time at Sink qs 5.0ns — 10.0ns

We compared results obtained by the following two meth-
ods:

M1: A-tree[21] followed by buffer insertion[6].
M2: BA-tree construction(a in mcost: 0.2, 0.4) .

Table 2 shows average required times at the sources of the
buffered Steiner trees generated by the two methods. The
difference of the required time is increased as the number
of sinks is increased. Although the difference is not so large
for nets with 10 sinks, the required time at source of BA-
tree is larger than that by M1 by 49% with o = 0.2 and
75% with o = 0.4 for nets with 100 sinks.

Table 2. Required Time at Source(ns)

#sinks M1 | M2(a:0.2) | M2(a : 0.4)
10 | 3.05 1.00) 3.07 1.01) 3.10 1.02)
25 [ 2.22(1.00) | 2.29 (1.03) | 2.37 (1.07)

( ( (
( (L. (

50 | 1.65(1.00) | 1.80 (1.09) | 1.94 (1.18)
( (1.49) | 1.54 (1.75)

100 | 0.88(1.00) 1.31

Table 3 shows average runtimes, which is increased due
to the merging pair evaluation by 1.5 times (10 sinks) to 40
times (100 sinks) in BA-tree.



Table 3. Run Time(s)

#sinks M1 | M2(a:0.2) | M2(a : 0.4)
10 | 0.02(1.00) | 0.03(1.5) | 0.03(1.5)

25 [ 0.03(1.00) | 0.16(53) | 0.15(5.0)

50 | 0.06(1.00) | 1.02(17.0) | 1.01(16.8)

100 | 0.18(1.00) | 7.18(42.2) | 6.95(38.6)

Table 4 shows wire length, which is increased by 0% (10
sinks) to 7% (100 sinks) with o = 0.2 and 5% (10 sinks) to

28% (100 sinks) with o = 0.4.

Table 4. Wire Length(mm)

#sinks M1 | M2(a:0.2) | M2(a : 0.4)
10 | 2.57(1.00) | 2.58(1.00) | 2.69(1.05)

25 | 4.25(1.00) | 4.32(1.02) | 4.70(1.11)

50 | 6.08(1.00) | 6.29(1.03) | 7.17(1.18)

100 | 8.64(1.00) | 9.23(1.07) | 11.05(1.28)

Table 5 shows the number of buffers inserted, which is
also increased by 0% (10 sinks) to 8% (100 sinks) with o =
0.2 and 0% (10 sinks) to 15% (100 sinks) with o = 0.4.
Note that minimization for the number of buffers as in [6]
is not considered here. Therefore, redundant buffers might
be included in the results.

Table 5. #Buffers Inserted

#sinks M1 | M2(a:0.2) | M2(a : 0.4)
10 | 8(1.00) 8(1.00) 8(1.00)

25 | 18(1.00) 13(1.00) 13(1.00)

50 | 31(1.00) 32(1.03) 33(1.06)

100 | 53(1.00) 57(1.08) 61(1.15)

Through Table 2 to 5, tradeoff between the required time,
wire length and number of buffers can be seen with the
different parameter o.

6. Conclusions

In this paper, we have presented an algorithm, BA-tree,
which derives buffered Steiner tree so that the required
arrival time at the source is maximized. The algorithm
achieves Steiner tree construction and buffer insertion si-
multaneously, while these two steps were carried out inde-
pendently in the past. We have shown its efficiency and
effectiveness experimentally.

Future work will include the total capacitance minimiza-
tion and their trade-off with the required time at the source.
We also plan to incorporate optimal wiresizing for fur-
ther delay optimization. Our preliminary study shows that
all these optimization techniques can be combined in the
bottom-up dynamic programming paradigm employed in
this paper. Interested readers may contact the authors for
the follow-up work.
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