N Topo. TL TPL D | MD AMD
4 1-s | 1.21 7.87 1.05 | 1.38 1.26
mdat | 1.24 8.07 99 1 139 1.28
mcmdat | 1.21 7.87 99 |1 1.36 1.25
8 1-s | 1.99 41.85 1.54 | 2.47 2.01
mdat | 2.11 42.60 1.28 | 2.40 2.07
mcmdat | 2.05 40.67 1.28 | 2.32 1.98
16 1-s | 296 203.71 1.99 | 413 3.05
mdat | 3.21 191.20 1.48 | 3.78 3.01
mcmdat | 3.13 185.87 1.48 | 3.67 2.91

Pairs Topo. | TWPL RWPL | MD AMD
10 1-s 7.55 6.64 | 2.99 1.80
mdat 7.70 3.03 1.91
mcmdat 7.26 2.90 1.83

20 1-s 15.08 13.14 | 3.01 1.81
mdat 15.32 2.90 1.90
mcmdat 14.56 2.80 1.82

30 1-s 22.61 19.64 | 2.97 1.83
mdat 22.97 2.96 1.93
mcmdat 21.91 2.78 1.85

Table 1: Comparison of routing results on 0.5 CMOS IC  Table 3: Comparison of routing results for test cases where

technology.
N Topo. TL TPL D | MD AMD
4 1-s | 12.16 78.78 10.52 | 11.60 8.84
mdat | 12.46 80.70 9.98 | 11.44 9.05
mcmdat | 12.17 78.79 9.98 | 11.19 8.74
8 1-s | 19.94 418.55 15.49 | 28.81 18.90
mdat | 21.18 426.00 12.83 | 25.66 18.84
mcmdat | 20.51 406.74 12.83 | 25.07 17.72
16 1-s | 29.69 2037.12 19.99 | 56.69 36.33
mdat | 32.13 1912.05 14.87 | 50.08 33.23
mcmdat | 31.34 1858.79  14.87 | 49.19 31.89

Table 2: Comparison of routing results on MCM technol-
ogy.

Experimental results are shown in Tables 1 and 2. We
compare tree length (7'L), the sum total path length for
all p; — p; pairs (TPL), and tree diameter D. Also in-
cluded are the maximum delay between any source-sink
pair (MD) and the average of maximum delays for each
source (AMD), averaged over all runs. Delays were mea-
sured from the input transition to the output reaching
90% of its final value. Delays are shown in nanoseconds,
while tree and path lengths are shown in centimeters.

Table 3 shows the solutions by 1-Steiner, MD A-tree,
and MC MD A-tree when only a (randomly chosen) subset
of pairs are critical. This table assumes the CMOS IC
parameters, and 8 points per test set. We report the total
weighted path length TWPL, the required weighted path
length RWPL (a lower bound), and the maximum and
average maximum delays for the critical pairs.

Compared with the best known Steiner tree heuristic,
minimum cost minimum diameter A-trees offer maximum
delay improvements of 1% to 11% and 4% to 13% for
0.5 CMOS ICs and MCMs. Average maximum delays
were improved by 0% to 4% and 1% to 12%. When only
a subset of point pairs are critical, maximum delay im-
provements for 0.5y CMOS IC routings were from 3% to
7%.

(1]

10]

(11]

(12]

(13]

only a limited number of point pairs have W (p;, p;) = 1.
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Figure 1: The smallest tilted rectangle containing the
points, and a smallest tilted square which contains the
rectangle.

D. Minimum Cost Mintmum Diameter A-Tree Heuristic

In fact, it is not always necessary to place the root of the
A-tree at the center of an ST'S. It is easy to see that as long
as the root satisfies the constraint d(p;,r) + d(r,p;) < D
for all p; and p;, the tree will have minimum diameter.

In the Euclidean plane, the region which satisfies the
constraint is simply the intersection of all ellipses formed
by pairs p;, p;.

We define an octilinear segment to be a segment that
is either horizontal, vertical, or have slope £1. In the
Manhattan plane, the set of points satisfying d(p;,r) +
d(r,p;) < D is an octilinear ellipse (OE), bounded by no
more than eight octilinear segments. If d(p;,p;) = D',
the OF contains the bounding box of the points with a
“fringe” of D;DI . An example is shown in Figure 2.

It can be shown that the intersection of two OFs is
an octilinear region (OR), i.e. a region defined by eight
octilinear segments. We represent each of these segments
with a linear inequality.

Without loss of generality, let aX + bY > C be an
equation from OR R;, and aX + bY > C3 from OR R;
(a,b€{0,1,—1}, with at least one being non-zero). Then
aX + bY > max(Cyi,C3) defines an octilinear segment
(possibly of zero length) of the OR R; N R;.

L,
1

2

o
X

=

\

NS

Figure 2: An octilinear region on the Manhattan plane,
the set of points which satisfy d(p;,r) + d(r,p;) < D.

In order to determine the set of points which may serve
as the center of a minimum diameter tree, we find the
intersection of all OEs for the point pairs. There are O(n?)
point pairs, resulting in the same number of OFEs. It can
be shown that the intersection of any number of OFs can
be represented by a single OR. A linear time construction
of the feasible region is also possible[9]. The shaded OR in
Figure 3 shows the feasible region for a minimum diameter
A-tree center for the given point set.

Figure 3: The feasible region for the center of a minimum
diameter A-tree, the intersection of a number of octilinear
ellipses.

After construction of the feasible region for a set of root
points, any tree which has a shortest path from a point in
the region to each point p; will be a minimum diameter
tree. As the A-tree algorithm is a heuristic, we have no
exact method of determining the “optimal” root location
from within the feasible region. To address this, we simply
construct a set of candidate roots, and evaluate the trees
produced using each.

The set of candidate roots are the corner points of the
feasible region, the Hanan grid points contained within the
feasible region, and the intersections of the Hanan grid
lines with the feasible region. In general the number of
candidates is small. The selected A-Tree is the one which
minimizes tree length, with weighted total path length
used to break ties.

IV. EXPERIMENTAL RESULTS

We used HSPICE to evaluate the performance of each
topology, using a nominal 0.5y transistor model supplied
by MCNC. Tuned pMOS and nMOS transistors were used
for drivers in the IC and MCM experiments (sized as
10p x 0.5p:9.5p x 0.5, and 200 x 0.5u:170p x 0.54 re-
spectively). IC test sets were routed on a lem x lem area,
while MCM tests were on a 10e¢m x 10¢m area. Tree edges
were simulated using the parameters of [2].

We compare the results of constructing trees by the
Minimum Diameter A-tree heuristic (mdat), Minimum
Cost Minimum Diameter A-tree heuristic (memdat), and
the 1-Steiner (1-s) algorithm described in [12]. 100 ran-
domly generated test sets of 4, 8, and 16 points (N) were
used, with W(p;, p;) = 1 for all point pairs.



delay model, the distributed Elmore delay model [7], or
calculated using SPICE.

For any two points, we define the distance d(p;, pj) be-
tween two nodes p; and p; as their Manhattan distance.
Given a tree T, we define the distance between nodes p;
and p; in T as dr(p;, p;), the sum of edge lengths along
the unique path between the points. The diameter D of
tree T is defined as the maximum dp(p;, pj) over all pairs
Pi, Pj-

Note that if the weights of all pairs are zero, the PD-
MSR problem becomes the classical minimum Steiner tree
problem, which is NP-hard. Therefore, the PD-MSR
problem is also NP-hard.

When the delay bound of each pair of timing-critical
nodes is given, one can also formulate the constrained
multiple source routing problem as finding a Steiner rout-
ing tree which satisfies the delay constraint between every
timing-critical pair and minimizes the total tree length.

III. MINIMUM DIAMETER A-TREE ALGORITHM FOR
PD-MSR PROBLEM

Our approach to the PD-MSR problem is to construct
a minimum-cost (in terms of tree length) minimum-
diameter (MCMD) Steiner tree for connecting the given
set of points on the Manhattan plane. That is, we want
to construct a minimum-diameter Steiner tree whose cost
is minimum. Such a tree minimizes the maximum path-
length between any pair of nodes in the tree and uses the
minimum wire length. Thus, it in general leads to a good
solution to the PD-MSR problem, especially when many
or all pairs of nodes are timing-critical.

The results in [10] showed that the MCMD Steiner tree
(or spanning tree) problem for arbitrary graphs is NP-
hard. The complexity is unknown if one wants to con-
struct an MCMD Steiner tree on the Euclidean plane or
Manhattan plane. A linear time algorithm was presented
in [10] for constructing a minimum diameter Steiner tree
in the Euclidean plane, but no effort was made to mini-
mize the cost of the resulting tree.

In the remainder of this section, we present two efficient
heuristic algorithms for computing the MCMD Steiner
trees on the Manhattan plane, based on constructing a
minimum diameter A-tree. Our algorithms guarantee the
minimum diameter and try to minimize the tree cost as
much as possible.

There are three steps to the construction of these trees:
determination of the minimum possible diameter of the
tree, identification of a center point to serve as the root of
the A-tree, and construction of the A-tree.

A. Review of A-Tree Algorithm

In [8], the authors presented an algorithm for the con-
struction of “A-trees,” shortest path Steiner trees rooted

at a source, and having minimal wire length.

A-trees are constructed by starting with a forest of
nodes, and then iteratively merging subtrees until all com-
ponents are connected. The merges progress such that
new edges form shortest paths to the root. The A-tree al-
gorithm applies three “safe” merge moves which preserve
length optimality, and two heuristic moves in the event of
ties. On average, it was shown that 94% of merge moves
were optimal, and the trees constructed were within 4%
of the optimal length.

In an A-tree T rooted at point r, dp(p;, r) = d(p;, r), as
the routing within the tree is guaranteed to be a shortest
path.

B. Minimum Tree Diameter

It was shown in [10] that the smallest enclosing circle for
a set of points in the Euclidean plane also gives the mini-
mum diameter for a tree connecting those points. A sim-
ilar property holds for the Manhattan plane.

We define a tilted rectangle (TR) as a region defined by
a rectangle with sides at 45 degree angles with respect to
the axis. Such a region may be defined by a set of four
equations, — X +Y > A X -Y >B, —-X-Y >C, and
X +Y > D, for some set of constants A, B, C, and D.

In the Manhattan plane, the analog of the Euclidean
circle is the tilted square (TS), the set of points p such
that d(p,¢) < D/2 for some center point ¢ and diameter
D. A TS is a special case of a TR, where the distances
between opposite edges is equal.

The smallest tilted rectangle (STR) and smallest tilted
square (STS) are the smallest tilted rectangle and square
to enclose a set of points P respectively. Clearly, the ST'S
contains the STR.

The diameter of the STS for point set P gives the min-
imum tree diameter of any Steiner tree connecting the
points in P.

For the Manhattan plane, an ST'S can easily be found in
linear time. We first find the STR enclosing the points by
examining each point, adjusting the A, B, C', and D values
of the defining equations as required. We then adjust the
values again (increasing the area the minimum possible)
to produce an ST'S covering the points. Note that the ST'S
is not necessarily unique. See Figure 1 for an example.

C. Minimum Diameter A-Tree Heuristic

The first of the two heuristics simply computes the ST'S
for the point set P, and then constructs an A-tree rooted
at the center. Since the A-tree has a shortest path from
all points to the root, all edge lengths from the center to
a point will have length less that D/2, and the tree has
minimum diameter.
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ABSTRACT

Existing routing problems for delay minimization con-
sider the connection of a single source node to a num-
ber 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
nets with multiple sources, such as those found in sig-
nal busses. This new model assumes that each node in
a net may be a source, a sink, or both. The objective
is to optimize the routing topology to minimize the to-
tal weighted delay between all node pairs (or a subset of
critical node pairs). We present two heuristic algorithms
for the multiple-source performance-driven routing prob-
lem based on efficient construction of minimum-diameter
minimum-cost Steiner trees. Experimental results for sub-
micron IC technology show as much as an 11% reduction
in the maximum interconnect delay, while MCM results
show as much as a 13% reduction, when compared to con-
ventional minimum Steiner tree based routing algorithms.

I. INTRODUCTION

Interconnect delay minimization is an important objec-
tive in the design of high-performance systems. Recent
studies show that the interconnect delay can be reduced
considerably by interconnect topology optimization when
the resistance ratio, i.e. the driver resistance versus unit
wire resistance, is small in the design [8]. Since the scal-
ing of MOS technology decreases the resistance ratio (as
shorter transistor channel length leads to smaller driver
resistance and smaller wire width leads to larger unit wire
resistance), interconnect topology optimization is becom-
ing an increasingly important problem.

A number of interconnect topologies have been pro-
posed for interconnect performance optimization, in-
cluding bounded-radius bounded-cost trees[6], AHHK
trees[1], maximum performance trees[5], A-trees[8], low-
delay trees[3], and IDW/CFD trees[11]. Although many

of these methods effectively reduce the interconnect delay,
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tract J-FBI-93-112, NSF Young Investigator Award MIP9357582,
and a grant from Intel Corporation.

pickle@cs.ucla.edu

all of them assume that there is a single source node driv-
ing one or more sink nodes and minimize the delay from
the unique source to all sinks, or a set of critical sinks.

In practice, many timing-critical nets may have multi-
ple sources, each of them controlled by a tri-state gate
and driving the net at a different time, such as those
often found in signal busses. In this case, the existing
performance-driven routing algorithms for single source
nets may perform poorly, as a topology optimized for one
source may result in long interconnect delay when some
other source becomes active.

In this paper, we study the problem of routing nets with
multiple sources. This new model assumes that each node
in a net may be a source, a sink, or both. The objective
is to optimize the routing topology to minimize the total
weighted delay between all node pairs, where the weight
between a node pair indicates the priority of delay mini-
mization between the pair. We present two algorithms for
the performance-driven multiple source routing problem
based on the construction of minimum diameter A-trees.

II. PROBLEM FORMULATION

Given a set of points P = {p1, pa, ..., pn} on the Manhat-
tan plane, and a non-negative weight W (p;, p;) as the path
weight between each pair p; and p; to indicate the timing
criticality between this pair of points, the performance-
driven multiple source routing (PD-MSR) problem is de-
fined as finding a Steiner tree 7" which connects all the
given points and minimizes the following two objectives:

e Total weighted delay W D(T') between pairs of nodes p;
and p;. i.e. WD(T) = Ephpj W (ps, p;j) x delay(p;, pj).

e Total tree length L(7'), defined as the sum of the
lengths of each tree edge.

We assume that the first objective has higher priority
than the second one. For simplicity, one may assume that
Wi(pi,p;) € [0,1], i.e. non-critical pairs of points have
weight zero and critical pairs have weight one. The de-
lay between a pair of points, delay(p;,p;), may be es-
timated using an appropriate model, such as the linear



