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Abstract

We address the efficient construction of interconnec-
tion trees with near-optimal delays. We study the accu-
racy and fidelity of easily-computed delay models with
respect to detailed simulation (e.g., SPICE-computed
delays). We show that Elmore delay minimization is
a high-fidelity interconnect objective for IC intercon-
nect technologies, and propose a greedy low delay
tree (LDT) heuristic which for any monotone delay
function can efficiently minimize mazimum delay. For
comparison, we also generate optimal routing trees
(ORTs) with respect to Elmore delay, using branch-
and-bound search. Ezxperimental results show that the
LDT heuristic approzimates ORTs very accurately: for
nets with up to 7 pins, LDT trees have a mazimum sink
delay within 2.3% of optimum on average. Moreover,
compared with minimum spanning tree constructions,
the LDT achieves average reductions in delay of up to
35% depending on the net size.

1 Introduction

Over the last several decades, interconnection de-
lay has had an increasing impact on circuit speed, and
now contributes up to 70% of the clock cycle in the
design of dense, high-performance circuits [16]. Thus,
performance-driven physical layout has become central
to the design of leading-edge digital systems. Early
work focused on performance-driven placement, with
the usual objective being the close placement of cells
in timing-critical paths, e.g., [5] [10] [11].

Once a module placement has been fixed, timing-
driven interconnection algorithms are required. For a
given signal net, the typical objective has been to min-
imize the maximum signal delay to any sink. Many ap-
proaches have appeared in the literature, e.g., the static
timing approach of Dunlop et al. [6] and the hierarchi-
cal approach of Jackson, Kuh and Marek-Sadowska [8].
Methods for designing interconnection trees include A*
heuristic search by Prastjutrakul and Kubitz [12] using
the Elmore delay formula; simultaneous tree cost and
radius minimization by Cong et al. [3] and by Alpert
et al. [1]; use of rectilinear Steiner arborescences by
Cong et al. [4]; and “critical sink” routing by Boese et
al. [2].

*Partial support for this work was provided by a GTE Grad-
uate Fellowship, ARO DAAK-70-92-K-0001, ARO DAAL-03-92-
G-0050, NSF MIP-9110696, and NSF MIP-9257982.

Previous methods have often relied on simple geo-
metric delay abstractions, e.g., tree cost or tree radius.
In contrast, we begin our work from “first principles”;
we seek a model of delay that is both algorithmically
tractable and has high fidelity with respect to SPICE
computed delays. We study the Elmore delay formula
[7] and find it to be a high-fidelity routing objective.!
Because exhaustive enumeration of all possible rout-
ing topologies is infeasible for minimizing Elmore de-
lay, we complement our studies of fidelity with a prac-
tical, greedy construction (the Low-Delay Tree, or LDT
heuristic). In our simulations, the Elmore-based LDT
solutions closely match (to within 2.3%, on average)
the delays of Elmore-optimal spanning-tree solutions.
LDT routings also give delay reductions of up to 35%
compared to traditional minimum spanning trees de-
pending on the size of the net.

2 Tree Delay Minimization

A signal net N = {ng, ny, ..., ng} is a fixed set of pins
in the Manhattan plane to be connected by a routing
tree T(N), which is a spanning tree over N. Pin ng is
the source, and the remaining pins are sinks. Each edge
€;; in T'(n) has an associated edge cost, d;;, equal to the
Manhattan distance between its two endpoints n; and
nj; the cost of T(n) is the sum of its edge costs. We use
t(n;) to denote the signal propagation delay from the
source to pin n;. Our goal is to construct an “optimal
routing tree” (ORT), which minimizes the maximum
source-sink delay:

Optimal Routing Tree (ORT) Problem: Given a
signal net N = {ng,n1,...,nt} with source ng, con-
struct a routing tree T(N) such that its tree delay

t(T(N)) = maxf_, t(n;) is minimized.

The specific routing tree that solves the ORT prob-
lem will depend on the method used to estimate delay.
Generally, the circuit simulator SPICE is regarded as
the best tool for obtaining precise estimates of intercon-
nect delay. However, the computation times required
by SPICE are very large. The linear delay approxima-
tion has been used in the past (e.g., [3] and [16]), but
is known to be inaccurate. Thus, the Elmore delay for-

1Kim et al. [9] have similarly shown Elmore delay to be a
consistent objective by plotting Elmore versus HSPICE delay
for different layout solutions for a single circuit.



mula [7] and the “Two-Pole” approximation developed
by Zhou et al. [17] are both of interest, because both
are more accurate than linear delay and also require
less computation time than SPICE.

Elmore delay is defined as follows. Given routing
tree T(N) rooted at ng, let e; denote the edge from
pin n; to its parent. The resistance and capacitance of
edge e; are denoted by r., and c.,, respectively. Let T;
denote the subtree of T rooted at n;, and let ¢; denote
the sink capacitance of n;. We use C; to denote the
tree capacitance of T;, namely the sum of sink and edge
capacitances in T;. Let ry denote the output driver
resistance at the net’s source. Then the Elmore de-
lay tgp(n;) from source ng to sink n; is computed as
follows:

tep(n;) =rqCpn, + Z

ej€path(ng,n;)

We extend tgp to trees by defining: tgp(T(N))=
max‘_,tpp(n;). The delay tgp(n;) can be calculated
in O(k) time, as noted by [15]. If r.; and c., are pro-
portional to the length of ¢;, then tgp(n;) is quadratic
in the length of the ng-n; path and linear in total wire-
length (which is proportional to Cj,).

The relative magnitude of the driver resistance rq4
(i.e., versus unit wire resistance) can have a significant
effect on the topology of the optimal routing tree: for
larger 74, the optimal routing tree is a minimum cost
spanning tree, while for smaller r4, the ORT will tend
to possess a “star” topology. Typical relative magni-
tudes of r4 are large for current generation CMOS, but
decrease in submicron CMOS IC and MCM substrate

interconnects.

re;(ce; /24 Cj)

3 Accuracy and Fidelity

In choosing a delay simulator, one traditionally mea-
sures the accuracy of the available choices. Thus, our
first studies measure how close linear, Elmore, and
Two-Pole delay estimates are to SPICE3e2 delay in a
net.? Table 1 shows the average ratio between SPICE
delay and both the Elmore and Two-Pole models; it
also shows the consistency of this ratio in terms of
its standard deviation. For each net size, the results
are computed for 100 random nets connected using
the minimum cost spanning tree (MST) construction,
which gives relatively good solutions.

Table 1 indicates that neither the Elmore nor Two-
Pole delay models produce highly accurate delay esti-
mates. Only for 7-pin nets is Elmore delay within 10%
of SPICE on average; Two-Pole estimates of delay are
not within 35% of SPICE on average for any of the net

20ur SPICE3e2 delay model uses constant resistance and ca-
pacitance values per unit of interconnect. The root of the tree
is driven by a resistor connected to the source, and each sink is
modeled by an inverter. We use a step function to model the in-
put signal. The technology parameters we use are representative
of a typical 0.8y CMOS process, with driver resistance 100 £;
wire resistance 0.03 Q/um; wire capacitance 0.352 fF/um; wire
inductance 492 fH/um; sink loading capacitance 15.3 fF'; and
layout area 10% mm?.

I[N =4 I[N =7
standard standard
average deviation | average deviation
SPICE/Elmore 1.51 0.19 1.31 0.13
SPICE/2-Pole 0.64 0.09 0.60 0.06

Table 1: Average and standard deviation of the ratio be-
tween “actual” SPICE3e2 delay and estimated MST delay
over 100 random nets chosen from a uniform distribution
over the layout area.

sizes we have tested. However, the Elmore and Two-
Pole delay estimators are very consistent, with small
standard deviations ranging from 10% to 14% of the
average ratio.

Precise accuracy is often not required of delay es-
timates used to construct routing trees. In practice,
we require good estimators to have a high degree of of
fidelity (i.e, the degree to which an optimal or near-
optimal solution according to the estimator will also
be nearly optimal according to actual delay). To this
end, we have defined a measure of fidelity vis-a-vis
an exhaustive enumeration of all possible routing so-
lutions: we first rank all tree topologies by the given
delay model, then rank the topologies again by SPICE
delay, and then find the average difference between the
two rankings for each topology.

Linear Elmore 2-Pole
Topolo- vs SPICE vs SPICE vs SPICE
gies |IN| = 4 5 4 5 4 5
All 1.33 8.69 0.82 4.75 0.44 2.93
Best 2.05 6.25 0.70 1.45 0.10 0.45
5 Best 1.47 6.24 1.05 3.30 0.53 1.24
Table 2: Average difference in topology rankings for

linear, Elmore and 2-pole models compared to SPICE3e2.
The sample consists of 20 random nets of each cardinality.
The total number of topologies for each net is 16 when
|[N| = 4 and 125 when |N| = 5.

Table 2 assesses the fidelity to SPICE of the linear,
Elmore, and Two-Pole delay estimators for nets of size
4 and 5. We report the average difference in rank-
ing over all topologies; the average rank difference for
the topology with lowest estimated (i.e., non-SPICE)
delay; and the average difference for the five topolo-
gies which have lowest estimated delay. Our results
show that Elmore delay has high fidelity, particularly
for the “best” topology under Elmore delay: for 5-pin
nets, this topology has average distance of 1.5 from its
SPICE ranking, compared to 6.3 for the best topology
under linear delay.

The average difference of 1.5 positions between the
best Elmore and SPICE topologies for |N| = 5 leads to
approximately a 5% penalty in SPICE-computed delay.
This can be seen in Table 3, which shows the average
drop-off in SPICE3e2 delay by topology rank, when
compared with optimal delay.

Table 2 indicates that the Two-Pole simulator has
somewhat better fidelity than Elmore delay. However,
because of its speed in calculation, Elmore delay is more
practical for searching over tree topologies.



Table 3: Average SPICE3e2 delay ratios of best 25
topologies for |N| = 5. Values are normalized to the best
delay of any topology and averaged over 20 random nets.

4 Near-Optimal Routing Trees

We can solve the ORT problem optimally for a given
delay model using backtracking enumeration of topolo-
gies with branch-and-bound pruning. Starting with
a trivial tree containing only the source pin, we in-
crementally add one edge at a time to the growing
tree. At each step we compute the maximum delay
from the source to any sink in the tree. If this value
exceeds the maximum delay of any complete candi-
date tree seen so far, we prune the search and back-
track to select a different edge at the previous step.
We call this optimal method Branch-and-Bound ORT
(BBORT) search. BBORT finds the optimal-delay tree
for any monotone delay function, where the tree delay
does not decrease with the addition of a new edge. Note
that despite BBORT’s pruning of the solution space, its
worst-case time complexity is still exponential.

To avoid the exponential running time of BBORT,
we propose the following greedy heuristic to approxi-
mate ORTs. Our method is analogous to Prim’s min-
imum spanning tree construction [14]: starting with a
trivial tree containing only the source, we iteratively
find a pin n; in the tree and a sink n; outside the tree
so that adding edge ¢;; yields a tree with minimum de-
lay. The construction terminates when the entire net
is spanned by the growing tree. Figure 1 gives pseudo-

code for this Low Delay Tree (LDT) heuristic.

Low Delay Tree (LDT) Heuristic
Input: signal net N with source ng € N
Output: low-delay routing tree 7' over N
T T=(V,E) = ([n).0)

2. While |V| < |[N| Do

3. Find n; € V and n; ¢ V minimizing the
tree delay t((V U {u}, E U{ei;}))

4. V=Vu{n;}

5. E=Fu{ej,}

6. Output resulting spanning tree 7' = (V, E)

Figure 1: The Low Delay Tree heuristic.

The LDT heuristic generalizes the Elmore Routing
Tree algorithm of Boese et al.[2] to any given delay
model. For Elmore delay, LDT can easily be imple-
mented in O(k3) time using the following observation®:
if a new tree edge incident to sink v € V (Line 3 of Fig-
ure 1) minimizes the maximum delay, it must connect
v to the sink u ¢ V that is closest to v. Consequently,
at each pass through the while loop in Figure 1, we can
update the shortest “outside connections” for all v € V'

3The observation assumes constant loading capacitances, unit
resistances, and unit capacitances.

(in time O(k?) in the worst-case), and then simply add
each of these O(k) outside connections to 7' in turn.
The delays to all sinks of the resulting trees can be
evaluated in O(k) time per tree, and each pass through
the while loop requires O(k?) time, yielding the overall

complexity of O(k®). In practice this is very reason-
able, since k is small.

5 Experimental Results

We have implemented both BBORT and LDT for
Elmore delay using C in the UNIX/Sun environment.
We have run trials on sets of 500 uniformly distributed
nets for each of several net sizes, using the I1C technol-
ogy parameters described in footnote 2. Table 4 com-
pares Elmore delays of these constructions with delays
of minimum spanning trees (MST) and shortest path

trees (SPT)*. Delay for each tree is normalized to the
ORT delay over the same net, and cost is normalized
to MST cost.

We see that LDTs on 7 pins have an average max-
imum Elmore delay only 2.3% greater than optimal,
while MSTs have average tree delay 38% greater than
optimal. For smaller nets, LDTs are even closer to op-
timal: for nets with 4 pins, LDT delays average within
0.3% of optimal. Our confidence in the average differ-
ence computed between LDTs and ORTs is very high:
for instance, the 2.3% difference obtained for 7 pins
has a standard error of 0.14%, indicating a 95% confi-
dence interval between 2.0% and 2.6% (i.e., an interval
of within two times the standard error of the average).
Even in the worst case, LDTs are close to optimal:
over 500 random nets, the highest difference between
LDT and ORT delays is only 11.4% for 4-pin nets and
16.4% for 7-pin nets. The high performance of LDTs
is achieved with an average wirelength penalty of from
10.3% for 4-pin nets to 16.2% for 7-pin nets when com-
pared to MST constructions.

[N =4 [N =5 I[N =7

Delay ave max ave max ave max
ORT 1.000 1.000 1.000 1.000 1.000 1.000
LDT 1.003 1.114 | 1.010 1.147 | 1.023 1.164
SPT 1.033 1.280 1.061 1.365 1.114 1.555
MST 1.165 2.370 1.240 2.375 1.381 2.960
[N =4 I[N =5 IN[ =7

Cost ave max ave max ave max
MST 1.000 1.000 1.000 1.000 1.000 1.000
SPT 1.207  2.106 1.283 2.605 1.381 2.725
LDT 1.103 1.666 1.147 1.917 | 1.201 1.731
ORT 1.100 1.666 1.131 1.652 1.162 1.673

Table 4: Average and maximum Elmore delays and tree
costs over 500 random nets. Cost values are normalized to
MST cost and delays are normalized to the (Elmore-based)
ORT delay. Standard errors for average LDT-Elmore delay
are 0.0006 for |N| = 4; 0.0010 for |N| = 5; and 0.0014 for
IN|=7.

4The SPT construction is the tree which minimizes cost sub-
ject to each source/sink path having minimum length, similar to
the A-tree construction of [4].



Table 5 compares delays in Elmore-based LDTs with
those of the MST and AHHK [1] constructions for nets
of up to 17 pins using the same IC parameters. All
delays in the table are calculated using the Two-Pole
simulator. The AHHK algorithm of Alpert et al. is
a recent cost-radius tradeoff construction which yields
less tree cost (and signal delay) for given tree radius
bounds than the method of [3]. Our results indicate
that the LDT algorithm is highly effective for larger
nets, and also outperforms the best known direct trade-
off between tree radius and cost (i.e., AHHK): for 17-
pin nets; the LDT construction reduces average sink
delay by 35.4% compared to MSTs and by 6.2% com-
pared to AHHK trees.

adapted to average tree delay (i.e., sum of delays to all
sinks) or any other well-behaved delay function.
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