An Novel Performance-Driven Topology Design Algorithm

ABSTRACT
1. INTRODUCTION

As technology advances into the nanometer regime, in-
terconnect delay has become the dominant factor in circuit
delay. Therefore, effective performance-driven interconnect
design has become crucial for the timing closure. The main
techniques for performance-driven interconnect design are
topology design, buffer insertion, device sizing and wire siz-
ing. Given a good topology, there are many efficient algo-
rithms for buffer insertion and wire sizing. However, topol-
ogy design in itself is a very hard and time-consuming step.
For nets with low degree' such as 2-pin or 3-pin nets, it
is easy to find the interconnect tree. But for high-degree
nets, constructing a good topology efficiently is very chal-
lenging. However, finding good topologies for these nets are
very critical because they are more likely to be in a critical
path because they are inherently slow.

Rectilinear minimum spanning tree (RMST) is a class of
topologies widely used in practice. It has efficient algo-
rithms to get the optimal solution. However, the wirelength
of RMST can be as much as 1.5 times that of Rectilinear
Steiner minimal tree (RSMT) [1]. Therefore RSMT is an-
other class of well researched topologies. But since RSMT is
a NP-complete problem [2], no efficient algorithm exists for
optimal solution. For optimal RSMT algorithm, the fastest
implementation is currently the GeoSteiner package [3, 4].
A lot of work focused on efficient approximation algorithms
on constructing RSMT. Batched 1-Steiner heuristic [5] and
the heuristic by Mandoiu et. al. [6] are two well-known
near-optimal algorithms. Recently, FLUTE [7, 8] has been
proposed as a very fast and accurate RSMT algorithm aim-
ing at VLSI applications based on table lookup.

In addition to wirelength-driven topologies such as RMST
and RSMT, many performance-driven topology design tech-
niques have also been proposed. The SERT algorithm of
Boese et. al. [11] produces the routing tree for perfor-
mance. Later, Cong et. al. [12] proposed A-tree algorithm
to find a min-area shortest paths tree. In [13], Permutation-
constrained routing trees (P-tree) algorithm reported better
area objectives than SERT and A-tree. Alpert et al. [14]
proposed AHHK trees as a direct trade off between Prim’s
MST algorithm and Dijkstra’s shortest path tree algorithm.
It has been used in C-tree algorithm [15] for timing-driven
Steiner tree construction. However, all these algorithms are
not very efficient so that using them to find topologies for
a huge number of high-degree nets becomes very expensive.

'The degree of a net is the number of pins in the net.

Although most of the nets in a design are with low degree,
there are still a significant amount of high-degree nets (12%
nets have degree > 8 [7]). Hence, our goal is to develop a
fast performance-driven topology design algorithm so that
we can apply it to a large amount of nets to achieve good
timing property.

In this paper, we present a novel method to design the
performance-driven topology for nets efficiently. We first
analyze the possibility of extracting common properties of
the nets for performance-driven topology design. Then we
choose the A-tree as the basic topology and develop a very
fast algorithm to construct A-tree based on table lookup and
net-breaking. Finally we apply postprocessing techniques
on the obtained A-tree to further improve the timing for
the net.

Our main contributions include the following:

e A fast algorithm to construct the A-tree potentially
optimal wirelength vector (POWYV) [7] and topology
table for all the nets with degree less than a given
value.

o A fast algorithm to construct A-tree for any nets using
table lookup and net-breaking techniques.

e A performance-driven postprocessing technique, which
is not stick to the A-tree topology, to further improve
the timing for the net.

Experimental results show that our new algorithm can
get very good topologies for the nets in terms of perfor-
mance. Moreover, for the high-degree nets, our algorithm
can be 700x faster than the timing-driven tree construc-
tion algorithm in C-tree. Therefore, it is very suitable in
performance-driven topology design for a large number of
nets.

The remainder of the paper is organized as follows. In
Section 2, a brief review of the FLUTE [7, 8] is provided
for better understanding the notion and idea in this paper.
Section 3 describes the fast algorithm to generate A-tree
lookup table. We present the algorithm to construct A-
tree using table lookup in Section 4, and a performance-
driven postprocessing technique in Section 5. In Section 6,
experimental results are shown.

2. PRELIMINARY

In this section, we review the basic notions used in FLUTE
and discuss the possibility to handle the performance-driven
topology design using table lookup idea.



The table lookup idea in FLUTE (7, 8] makes the RSMT
construction very efficient. By using vertical sequences to
represent pin configurations, it can represent infinite num-
ber of degree-n nets with n! groups. For each group, the
wirelength of all possibly optimal routing topologies along
the Hanan grid [16] can be written as a small number of lin-
ear combinations of distances between adjacent Hanan grid
lines. Each linear combination can be expressed as a vector
of the coefficients which is called a potentially optimal wire-
length vector (POWYV). The few POWVs for each group can
be generated once by an efficient algorithm based on bound-
ary compaction technique. Each POWYV and one corre-
sponding topology are stored into a lookup table. To get the
RSMT for a net, the algorithm just compute the wirelengths
corresponding to the POWVs for the group the net belongs
to. Then pick the one with the best wirelength. Therefore,
for the low-degree nets, RSMT can be directly found in the
table. However, since the lookup table will be impractically
large for high-degree nets, Hence, the high-degree nets are
recursively divided into sub-nets by net-breaking techniques
so that the lookup table can be used.

The main notion we want to recall here are vertical se-
quence and boundary compaction. wvertical sequence is used
to group the nets. Consider an n-pin net. Let z; be the x-
coordinate of some vertical Hanan grid line such that z; <
22 < ... < x,. Similarly, let y; be the y-coordinate of
some horizontal Hanan grid line such that y1 < y» < ... <
Yn. Assume the pins are indexed in ascending order of y-
coordinate. Let s; be the rank of pin i if all pins are sorted
in ascending order of x-coordinate. $1$s...s, is call vertical
sequence. In fact, vertical sequence defines the relative po-
sitions for the pins in the net. All the nets with the same
vertical sequence fall in one group in the lookup table. The
notations are illustrated in Figure 1.
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Figure 1: Illustration of some notions.

In addition, we also briefly restate the boundary com-
paction technique because it is a major technique used in
generating the A-tree lookup table. For a given group (i.e.
vertical sequence), the boundary compaction technique re-
duces the grid size by compacting any one of the four bound-
aries, i.e., shifting all pins on a boundary to the grid line ad-
jacent to that boundary. The set of routing topologies of the
original problem can be generated by expanding the rout-
ing topologies of the reduced grid back to the original grid.
Figure 2 uses the compaction of left boundary to illustrate
the idea.

FLUTE provides a very efficient way to generate the RSMT.

However, RSMT is not suitable for performance-driven topol-
ogy design. In RSMT, a lot of detours could be generated
from source to sinks, this may result in bad timing results
for some sinks despite its good wirelength. A simple exam-
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Figure 2: Boundary Compaction.

ple is shown in Figure 3. Sink #4 is the critical sink here. We
can see that there is detour from the source s to the criti-
cal sink which harms the timing result. Therefore, we need
some other types of toplogies for our purpose. However, we
still want to borrow the idea of table lookup idea of FLUTE
because of its great efficiency. So we need to extract the
common property of infinite number of nets to construct the
lookup table, what we need is some general topology other
than the topologies dependent on net specific parameters.
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Figure 3: Detour in RSMT.

A-tree has some good properties for performance-driven
interconnect design. First, any A-tree is a shortest path
tree (SPT). Thus, we will not have the concern about de-
tour from source to any sink. In addition, it has been
shown in [12] that minimizing total wirelength of an A-tree
lead to simultaneous optimization of different components
of sink delays. Such a harmony would be impossible to
achieve for general routing topologies. However, finding A-
tree with minimum wirelength is also NP-complete problem
[10]. Therefore, several heuristics [9, 12] have been pro-
posed. Hence, we choose A-tree as our basic topology and
try to find A-tree using table lookup technique. We will
discuss the details in the following parts.

3. A-TREE LOOKUP TABLE FOR LOW -
DEGREE NETS

In this part, we follow the notions used in FLUTE [7, 8]. It
is shown that the set of all degree n nets can be partitioned
into n! groups according to their vertical sequence. For each
group, a few POWVs and their corresponding topologies are
stored in the lookup table.

In our work, we also use the wertical sequence to group
the net, which is the same as in FLUTE. However, It is



not enough to just have vertical sequence for A-tree and
the source pin also needs to be specified. That is to say,
not only the relative positions of pins but also the source
pin position are used to define which group the net falls in.
Given a group and the source pin, we observe that A-trees
can be obtained by applying boundary compactions on a
net if we never compact a boundary with the source on it.
Hence, we can generate the A-trees and their corresponding
wirelength vectors very efficiently. Then we prune the re-
dundant ones to get the POWVs with corresponding A-tree
topologies. Note the POWYV in our work is a concept dif-
ferent from that in FLUTE. In FLUTE, POWYV is defined
as potentially optimal wirelength vector that can produce
the optimal wirelength for a rectilinear Steiner tree. Here
in our paper, it is the potentially optimal wirelength vector
that can produce the optimal wirelength for an A-tree. Al-
though the definition of POWYV is slightly different, the way
to compute it and all the operations on it are the same.

In FLUTE, each group has a set of corresponding POWVs.
But in our case, each group vertical sequene are divided into
d (net degree) subgroups. For those subgroups 1 to d, the
corresponding source pin is pin 1 to pin d. For each sub-
group, there are a set of POWVs correspondingly. Another
difference is that in FLUTE, only one arbitrary topology is
generated and stored for a POWYV because the wirelength
is the objective. In our case, since we want to explore dif-
ferent topologies for good performance, we want to save all
possible topologies corresponding to each POWYV. There-
fore, we need to look at topologies as well as WVs (wire-
length vectors) when generating the table. In this sense,
constructing the A-tree table is more complicated than con-
structing FLUTE tables. In order to generate the A-tree
table efficiently, we propose another algorithm other than
the algorithm Gen-WVs(G) in FLUTE [7].

A basic observation is that we generate every A-tree by a
sequence of compactions. We define the compacting sequence
as the sequence of compaction operations that compacts the
original pin configuration into a single node. Hence, one
compacting sequence corresponds to one A-tree topology. A
direct idea for finding different topologies is looking at the
different compacting sequence. Unfortunately, the number
of compacting sequences is huge. For one particular group,
the number of different sequences = 42%(?~1) where d is the
net degree. If d=9, # sequences = 4'%! Actually, among
these sequences, a lot of them are not feasible because we
have to perform d — 1 times of horizontal compactions (left
or right) and d — 1 times of vertical compactions (top or
bottom). Therefore, the number of feasible sequences for
one 9-pin net = ('7) x 2° x 2° =843448320. And this is just
for one group, the total # sequences for all 9-pin nets is 9!
times this number.

Although the number of compacting sequences is huge, we
still have hope because we only want to save the different
topologies that can result in POWVs. Therefore, most of the
compacting sequences can be pruned. But since there are so
many sequences, directly generating all sequences and prune
them is not practical at all. Our idea to generate and prune
the sequences is using a graph called Configuration Graph
(CG). The major advantage of this method is that it en-
able the pruning as early as possible which saves significant
amount of computation time and memory space.

First, we define some terms. A pin configuration is the
configuration of a set of pins on the Hanan grid. If we apply

a sequence of boundary compactions on a specific pin config-
uration, we will get another pin configuration. The new pin
configuration can have the same or less pins than the original
because some pins may collapse together. In Configuration
Graph, every node corresponds to a pin configuration. So
we call these nodes Configuration Nodes (CN). There are
two kinds of special nodes in the Configuration Graph. One
is the CN corresponding to the original pin configuration
without any boundary compaction. We call it Start Node
because any boundary compaction operation starts with it.
The other type is the CN with the pin configuration as a
single point. We call them End Nodes because any com-
pacting sequence will end with this CN. Note that an A-tree
topology is obtained when reaching an End Node. A Partial
wirelength Vector (PWV) is the WV with undecided entries
obtained after a sequence of compactions. For example, if a
full WV is 12211121, a PWV could be lzzlllzl (r means
undecided). The undecided part corresponds to the hori-
zontal edges or vertical edges that have not been created by
boundary compaction. For each CN, a set of PWVs are also
associated with it. They are the PWVs created by bound-
ary compactions that create the pin configuration associated
with the CN. If compacting the pin configuration associated
with a CN can get the pin configuration of another CN, an
edge is created from the first CN to the second and the direc-
tion of compaction (left, right, top or bottom) is associated
with the edge. An example of Configuration Graph is shown

in figure 4.

Figure 4: Configuration Graph.
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LEMMA 1. The bounding bor of a pin configuration in
original pin Hanan grid defines the pin configuration.

In other words, after a sequence of compaction, if the
original pin configuration is transformed into a new pin con-
figuration with bounding box, the new pin configuration is
independent on the compactions performed.

Proof idea: As shown in Figure 5, the whole grid is the
Hanan grid of original pin configuration and the center grey
part is the new configuration with bounding box B obtained
by some compacting sequence Q). It is easy to see that all
the pins in the four corner region (1) are compacted to the



four corners in the new configuration. And the four bound-
ary regions (2) are compacted to the closest boundary with
the unique position. The center region (3) is not changed.
So every pin has the unique pin position in the compacted
configuration. No matter what the compacting sequence Q
is, every pin has the same position in this configuration.
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Figure 5: Lemma 1 Proof.

From Lemmal, we know the number of nodes and edges
are small numbers of CG is small. It is just the differ-
ent number of different bounding box we can find in the
Hanan grid. The Configuration Graph can save a lot of
memory space and runtime while doing the pruning. # CN
=Y S (d+1—i)(d+1—7),ifd=9,#CN = 2025.

LEMMA 2. If a PWV at a CN is worse than the other, it
cannot be part of any POWYV (it can be pruned).

PrOOF. Prove by contradiction, assume a PWV V; at a
CN is worse than the other V5, but it is part of a POWYV V.
From Lemmal we know that the undecided part of WV is
the same for V; and V5 because of the same pin configuration.
Let V4=V — Vi. Then V3 + V, is better than V7 + V;. A
contradiction with V is a POWV. O

From Lemma2, we can use the CG to prune the compact-
ing sequences efficiently. We can do pruning at each node
with “PWYV dominance”. We say a PWV is dominated by
the other one if it corresponds to more wirelength, i.e., it
has the same or bigger value on all entries in WV. This kind
of pruning does not wait until the full WV is obtained. It
can prune the bad WV as early as possible and accelerates
the pruning process a lot.

In order to further reduce the complexity of Configuration
Graph, we start from a new Start Node that is obtained by
compacting the original pin configuration once in all 4 direc-
tions (left, right, top, and bottom). We have the following
lemma about this new Start Node.

LEMMA 3. No POWYV will be lost by start compacting at
the new start node.

The proof is similar to the Lemma2 in [6].

Since we begin from this new Start Node with the size
(d—2) x (d—2) pin configuration, the length of compacting
sequences is reduced from 2(d — 1) to 2(d — 3). And # CN
can be reduced to "7 S92 (d—1—i)(d—1—j) , if d=9,
# config = 784.

Our algorithm to generate the Configuration Graph is
shown in figure 6.

In step 1, we do the left, right, top, and bottom boundary
compaction on original pin configuration to create the start

Input: G is a grid with some pins at grid nodes

Output: Configuration Graph H

1. Perform left, right, top and bottom boundary compaction sequentially on G
and get the new grid G'.

2. Create the start node NO for H and make G’ as its pin configuration and
PWVO0 = 1xx...x11xx...x1 as its PWV.

3. Gen-Config(NO, NO, PWV0)

Gen-ConfigNode(Px, Nx, PWVx)

1. Add PWVx to the current list of PWV associated with Nx, prune the
redundant PWVs in the list with “PWV dominance”. If Nx#NO and PWVx is
not pruned, create a edge from Nx to Px.

2. if the pin configuration of Nx is a single node

3. return;

4. else

5. Nxl = compact-left(Nx)

6. PWVxl = PWVx + (PWV caused by left boundary compaction)
7.  Gen-ConfigNode(Nx, NxI, PWVxI)

8.  compact-right(Nx)

9. PWVxr=PWVx + (PWV caused by right boundary compaction)
10. Gen-ConfigNode(Nx, Nxr, PWVxr)

11. compact-top(Nx)

12. PWVxt = PWVx + (PWV caused by top boundary compaction)

13. Gen-ConfigNode(Nx, Nxt, PWVxt)

14. compact-bottom(Nx)

15. PWVxb = PWVx + (PWV caused by bottom boundary compaction)
16. Gen-ConfigNode(Nx, Nxb, PWVxb)

Figure 6: Algorithm for generating Configuration
Graph.

pin configuration for the CG. From Lemma3, it is safe to
start with this configuration to construct the CG.

In step 2, we create the start node NO with pin config-
uration obtained in stepl and set up the initial PWYV as
lzz...x1lxx...21 because we have four edges left, right, top
and bottom due to the first four boundary compaction.

In step 3, we recursively generate new nodes for Config-
uration Graph using boundary compaction technique. And
for each CN, we will prune the redundant PWVs associated
with it and only keep the best PWVs. From Lemma2 we
know this kind of pruning is safe. The recursive compaction
ends at end nodes (where no compaction can be applied and
the full WV and topology are obtained).

After we get the Configuration Graph, we can use it to
find the A-tree topologies efficiently. First, it is obvious that
any path from the start node to an end node corresponds
to a compacting sequence and thus a tree topology. But
since our goal is to find A-trees with the source as specific
pins, we need to specify the source and find the A-trees
corresponding to the source. We have the following lemma
for the trees generated by our algorithm.

LEMMA 4. Any tree topology generated by a compacting
sequence associated with a path from the start node to an
end node is an A-tree with the source at the position corre-
sponding to the end node.

It is easy to see that any boundary compaction will gen-
erate edges toward the source in the Hanan grid.

Therefore, for any pin as the source, we can easily find
the POWVs for the A-trees. We just look at the CN cor-
responding to the position of that pin and all the POWVs
associate with that CN are the POWVs for A-trees source
at the pin. Since every pin can be the source of A-tree, we
need to save all the POWVs for A-trees source at each pin.
Hence, we categorize these POWVs by the pins. When we



construct topology for a specific net with a given source,
we only need to look at the POWVs corresponding to the
source pin in the table. We can get POWVs for every pin
as the source simultaneously once we have the Configura-
tion Graph instead of generating POWVs for A-trees source
at each pin separately. This is another advantage of the
Configuration Graph approach.

Although we find the POWVs for A-trees using Config-
uration Graph, we have not finished our work for finding
the A-tree topologies corresponding to these POWVs. The
reason is that many compacting sequences can result in the
same POWYV| but they can give different topologies. There-
fore, we want to find all different topologies corresponding
to every POWYV and save them in table.

We study the topologies generated by different compact-
ing sequences corresponding to POWVs and find that most
of them are redundant. There are two kinds of redundancy.
First, different compacting sequences generate the same topol-
ogy. Second, different compacting sequences generate “equiv-
alent” topologies in terms of both wirelength and timing.
Two topologies are equivalent when they are the same in all
node positions (pins and Steiner nodes) in Hanan grid and
the connections between nodes. The only difference between
equivalent topologies is the routes between the node pairs.
To eliminate these two types of redundancy, we introduce
the concept of “abstract topology”. An abstract topology
for a net is the topology on the Hanan grid that fixes the
positions for all the nodes (pins and Steiner nodes) and the
connections between these nodes. The difference between
an abstract topology and a normal topology on the Hanan
grid is that the abstract topology does not specify how the
connection is embedded in Hanan grid. If two compacting se-
quences generate the same topology or equivalent topologies,
their corresponding abstract topology is the same. There-
fore, we only need to record the different abstract topolo-
gies for POWVs. Figure 7 illustrate the concept of abstract
topology for a 6-pin net. Although the concept of abstract
topology is very simple, it can save huge amount of table
space. For example, consider a 9-pin abstract topology with
7 steiner nodes, 15 two-pin nets in the tree. If there are
2 different routing for 10 two-pin nets in 15, # embedded
topologies = 2'% = 1024. If we just directly save the differ-
ent topologies, we may need thousands of times space than
just saving abstract topologies.

Hanan grid topologies

Abstract
~~~~ A topology

Figure 7: Abstract topology

Now the way we find different abstract topologies is as
following. We start from the end node corresponding to the

pins and for every POWV | trace back in the reverse direction
of edges until reaching the start node. Hence the compact-
ing sequence is found. Since the compacting sequence gives
us the topology of the tree, we can get the abstract topol-
ogy from the topology. If the abstract topology is different
from the others, we keep it in the table corresponding to
that POWYV. Otherwise, simply discard it. After the whole
process, we get all the different abstract topologies for every
POWYV corresponding to every pin position.

However, there is still a problem in generating and com-
paring the abstract topologies. To know whether a topology
is redundant, we need to first find the abstract topology for
the topology and compare it to all the abstract topologies
found. This tree generation and comparison take a lot of
runtime. Therefore, we want to make it easier and faster.
The way we do this is using Topology Signature. A Topol-
ogy Signature of a topology (for a given pin configuration)
is the positions of the Steiner nodes in the topology. The
following theorem gives us a better way to comparing two
abstract topologies.

THEOREM 1. Theoreml: For A-trees generated by our al-
gorithm, two trees A and B has the same topology signature
<> A and B has the same abstract topology.

Proof sketch:

F

Obviously, from the definition, the abstract topology de-
cides the Steiner node positions. One abstract topology cor-
responds to only one signature (Steiner node positions).

_)

LEMMA 5. In A-trees generated by our algorithm, if fizing
the positions for all the nodes (pins and Steiner node), every
node v has a unique path to the source s. (The path is an
ordered sequence of nodes in the tree with v as the first and
s as the last.)

This lemma can be proved by studying the way to connect
a tree node to the next along its path to the source in the
tree.

From Lemma5, we know topology signature (Steiner node
positions) defines the connections of the tree. Hence, it de-
fines the abstract topology (node positions and connections).

Theoreml tells us that abstract topology and topology sig-
nature has one-to-one correspondence. Topology signature
is really the “signature” for topologies. Therefore, instead of
finding all different abstract topologies, we only need to find
the topologies with different topology signatures. For the
topologies generated by different compacting sequences, it is
enough to compare their positions of Steiner nodes. After
we find all the topologies with different topology signatures,
we save their corresponding abstract topologies in the ta-
ble. There are two advantages to save abstract topologies
instead of topologies. First, the abstract topology needs less
memory than a topology embedded in Hanan grid. Second,
there is flexibility when embedding all the two-pin nets in
abstract topologies.

Since we can find POWVs for A-trees from CG and em-
ploy the topology signature idea to find different abstract
topologies for them, we save both the POWVs and the cor-
responding abstract topologies in the table.

Table 1 gives the statistics of our POWYV table and topol-
ogy table for nets up to degree 9. We also observed in ex-
periments that all POWVs for net with degree up to 9 have



Degree n | # groups n! | # POWVs in a group | totoal #
abstract
topologies

Max. Ave.
4 24 8 6 12
5 120 18 12.625 101
6 720 36 25.306 911
7 5040 70 50.685 11252
8 40320 144 99.482 162952
9 362880 282 193.189 2694985

Table 1: Statistics for POWYV and topology table.

only one topology signature. Thus, we have the following
conjecture.

Conjecturel: For A-trees generated by boundary com-
paction, any POWYV has only one topology signature. That
means one POWYV corresponds to only one abstract topol-
ogy.

Another stronger conjecture we have is that the topology
signature is also applicable for all potentially optimal A-
trees and potentially optimal Rectilinear Steiner trees on
the Hanan grid.

4. A-TREE TOPOLOGY CONSTRUCTION
AND NET-BREAKING

In last section, we construct the POWYV table and cor-
responding A-tree topology table for the nets up to some
degree D. Therefore, for any net with degree no more than
D, we can find the corresponding group index based on the
vertical sequence of the net. Having the group index and
source pin, we directly look up the POWYV table to find the
corresponding POWVs and compute their wirelength based
on the real geometric information of the net. Then we pick
the POWYV with best wirelength and look up the topology
table for the A-tree topology corresponding to it.

Similar to FLUTE, it is not practical to generate table
for high-degree nets because of the huge table size and ex-
tremely long runtime. Therefore, a high-degree net will be
divided into several sub-nets with degree less than D to
which the table lookup can be applied.

The net-breaking method we use is similar to that in [8].
However, since we are generating A-tree instead of RSMT,
different heuristics need to be applied and the source needs
to be considered when breaking a net.

We can still use the optimal net-breaking algorithm pro-
posed in [8] because it will not affect the A-tree property.
However, after the breaking, only one sub-net has the source
in it. For the other sub-net, we need to specify a source pin.
It is very simple in this case that we make the extra pin
introduced in both sub-nets as the source for the sub-net
without the original source in it. If we construct A-trees for
both sub-nets with the sources as the original source and
new source respectively, the combined tree is still an A-tree.

If there is no optimal breaking for a net, we will break the
net in x or y direction. However, we cannot directly break
the net at some pin and combine the two trees for the two
sub-nets to obtain the whole tree as in [8] because it will not
result in an A-tree. Therefore, with the A-tree constraint,
instead of including a pin in the original net in both sub-nets,
we introduce an extra pin to the net and include it in both

sub-nets. This extra pin will become the source of the subset
which does not have the original source in it. The position of
this extra pin is found by a “source propagation” technique.
Assume we already find the breaking direction and position,
the source propagation is the operation to project the source
on the breaking line. The projection of the source is the
extra pin introduced, note as “propagated source”. Figure
8 illustrates the “propagated source” idea.
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Figure 8: Source propagation.

LEMMA 6. Lemma, breaking a net at the “propagated source”

will generate an A-tree by combining the A-trees of both sub-
nets. (The sources of two sub-nets are the source of original
net and the propagated source).

Proor. Let N, N; and N> be the original net and two
sub-nets after breaking and let S, S> be the source of IV and
the extra pin. Without loss of generality, we assume S is
in N1 after breaking. If T1 is an A-tree for N1 with source
S and T is an A-tree with source S», all the nodes in N;
have the shortest path to S and all the nodes in N> have the
shortest path to Se. Since S is in N1, S has the shortest
path to S (which is a straight line). It is obvious that all the
nodes in N> has the shortest path to S. Therefore, A1+A>
is an A-tree for net N. [

However, this “source propagation” technique may not
give a good position for the “propagated source” in some
cases. For example, in figure 8, assume all the pins in the
right subnet have bigger y-coordinates than the source. If
we put the extra pin at the original position, it could lead to
extra wirelength. In order to solve this problem, we slide the
“propagated source” along the breaking line until it has the
same y-coordinate as the pin with the smallest y-coordinate
in the right subnet. It is easy to see that this operation will
not affect the A-tree property of the whole tree. Apparently,
this idea can be used no matter the net is broken in what
direction and the source is in which subnet.

For the heuristics of choosing a good direction and posi-
tion to break the net, we use the similar heuristics as in [8].
We make modifications on the original heuristics computing
the breaking score so that it adapts to the new breaking
method for A-tree.

After the A-tree of the whole net has been obtained by
merging all the subtrees, we apply a simple heuristic to re-
pair the errors caused by the nonoptimality of the table and
net-breaking. For each node in the tree (on Hanan grid),



we try to connect it to the closest point in the tree and in
the direction of the source. This will further improve the
wirelength and still maintain the A-tree property.

5. PERFORMANCE-DRIVEN POSTPROC-
ESSING

So far, we can construct an good A-tree for any given net
by net-breaking and table lookup. However, the topology we
got is still a generic A-tree without consideration of the tim-
ing properties of the specific net, such as load capacitance
and required time. In general, A-tree is a good topology
in performance-driven routing when treating all the sinks
as the same criticality. However, for a specific net, differ-
ent sinks have different capacitive load, required time and
distance to the source. This makes the problem more com-
plicated to find a good topology in terms of performance.

Since we already have the A-tree as a good initial topol-
ogy, it will be very convenient if we can make improvement
on the obtained A-tree to achieve better timing. In addi-
tion, we are aiming at some very efficient heuristics so that
it can match with our fast table lookup based A-tree con-
struction technique. Therefore, we propose a performance-
driven post-processing heuristic to modify the tree topology
for better timing result.

source Critical source

sink

Figure 9: Branch Moving.

Our heuristic is called “branch moving”, which change the
tapping point for some branches in the tree. At this stage,
we no longer restrict the topology to be an A-tree. The basic
idea is to change the load distribution on the critical path to
cut down the delay on critical sinks. To easily understand
the technique, let us look at a simple example. As illustrated
in figure 9, we have a tree topology (left) and know the
critical sink by timing analysis. Now we want to look at the
possibility to improve the timing for the critical sink. We
first label the tree nodes on the critical path with numbers.
These numbers represent the distances from the source to
the nodes. The bigger the label on the node, the farther to
the source. We employ Elmore delay model for our delay
computation. Therefore, the delay on the critical sink is
the sum of a series of RC terms, Delay(Critical sink) =
Z?zl R;C;, where R; is the path resistance from source to
node i, C; is the download capacitance of the subtree rooted
at node i (excluding the critical path). If we change the
tapping point of some branch, the delay on the critical sink
will be changed too. Hence, we try to move the branches so

Critical

that the delay on the critical sink is reduced. For instance,
in figure 9 (left), we find a possible edge (dashed line) which
moves the branch tapped to node 5 to the subtree tapped
to node 3. It is easy to get the change on the critical sink.
Ad = R3(C5+ Cegge2) — R5(Cs5 4+ Cedger)- Therefore, we can
quickly find the delay change on the critical sink when we
move a branch.

In fact, this “branch moving” technique is very flexible.
You can find an edge (not existing in the original tree) be-
tween any two node on the tree and try to connect them.
This operation will form a loop. In order to maintain the
tree topology, we can break a edge in the formed loop to ob-
tain a new tree. However, there are too many choices for the
edge to be connected and broken. In our implementation,
we constrain all the edges in the tree on the Hanan grid.
Therefore, We find all the edges on the Hanan grid which is
not in the tree. Then we measure the “benefit” to connect
any of the candidate edges and break another edge in the
formed loop. Here, the “benefit” is the delay reduction on
the critical sink. Among all the candidates, we simply pick
the one with best “benefit” and update the tree. We apply
this “branch moving” iteratively until no improvement.

So far, we have introduced the “branch moving” technique
to improve the critical sink delay. However, there are several
problems that need careful consideration. First, we should
not touch the nodes on the critical path. Otherwise, we will
create detour from source to the critical sink. Second, al-
though reducing critical sink delay is the major objective
here, we do not want to increase the wirelength too much
for two reasons: 1. more wirelength corresponds to more
routing resources, 2. more wirelength could increase the de-
lay for the whole tree because the increased capacitive load.
Hence, we add a weighted wirelength part in the “benefit”
to discourage the wirelength increase. Finally, moving a
branch can reduce the critical sink delay, but it could also
cause other sinks to become critical. Therefore, we need
to add constraints on “branch moving”. When picking the
candidate edge, we look at the two nodes that the edge is
to connect. If any of the downstream sinks of these two
nodes will become critical after “branch moving”, we will
not consider this edge.

6. EXPERIMENTAL RESULTS

We test our topology design algorithm on 12 nets from
industrial circuits. These nets are the critical nets in the de-
sign and have negative slacks. Two metal layers are used for
routing the nets. We perform all experiments on a 750MHz
Sun Sparc-2 machine.

We compare our algorithm to the C-tree [12] and FLUTE
[6]. Since C-tree algorithm is a combination of timing-driven
Steiner tree construction and buffer insertion, we turned off
the buffer insertion by specify no buffer library. FLUTE is
used to generate high-quality RSMTs.

The results are summarized in table 2. We list the tree
topology wirelength (WL), worst negative slack (WNS), to-
tal negative slack (TNS) and runtime for all 12 nets. Com-
pared to C-tree, the topologies generated by our algorithm
can achieve better or comparable TNS and WNS. And the
wirelength of our topologies are better except for netl0.
Compared to FLUTE, although FLUTE can get much bet-
ter wirelength than topologies generated by our algorithm,
we are nearly always better in TNS and WNS. In addition,
for the high-degree nets such as net4, net5 and net7, the



| | degree | WL(10?um) | WNS(ps) | TNS(ps) | Runtime(ms) |
Our | C-tree | FLUTE Our C-tree | FLUTE Our C-tree | FLUTE | Our | C-tree | FLUTE
netl 9 10752 | 10752 10416 -0.59 -0.70 -3.29 -1.13 -1.28 -5.06 0.068 20 0.006
net2 9 12096 | 12096 10752 -0.97 -0.97 -0.87 -0.97 -0.97 -0.87 0.054 10 0.004
net3 38 20997 | 23349 19653 -5.66 -5.71 -5.55 -5.66 -5.71 -5.55 0.512 90 0.272
net4 58 48384 | 53760 36960 0.00 -1.98 -21.61 0.00 -1.98 | -144.31 | 1.399 380 0.615
netb 21 18144 | 19152 15456 -16.32 | -15.62 -20.72 -32.34 | -31.10 -41.03 0.304 60 0.094
net6 9 10416 | 10752 10080 -3.81 -3.91 -4.20 -7.31 -7.52 -8.07 0.110 20 0.007
net7 51 40320 | 42336 28896 -1.24 -2.14 -9.76 -1.24 -2.14 -26.41 1.256 590 0.419
net8 6 4844 4844 4844 -4.64 -4.64 -4.64 -9.61 -9.61 -9.61 0.070 10 0.003
net9 9 9548 9548 9212 -5.82 -5.93 -6.44 -8.39 -8.49 -9.80 0.119 30 0.006
net10 9 9828 9016 8008 -1.25 -0.52 -4.78 -1.25 -0.52 -6.66 0.133 20 0.006
netll 8 10556 | 10892 10416 0.00 0.00 0.00 0.00 0.00 0.00 0.053 10 0.004
net12 7 13440 | 13440 13440 -0.99 -0.99 -0.99 -0.99 -0.99 -0.99 0.053 10 0.004

Table 2: Experimental results.

TNS and WNS of FLUTE topologies are much worse. The
reason for this is that in the high-degree nets, the chance of
having long detours to critical sinks will be more than that
in a low-degree net. From the resulted topologies, we ob-
served a lot of detours happen from source to critical sinks.
This supports our idea of RSMT has no guarantee on timing.
For some low-degree nets, RSMT can get better timing re-
sults mainly because of the less capacitive load of the driver
and no major detour from source to critical sinks. For the
runtime, our algorithm is several hundreds times faster than
C-tree and in the same order as FLUTE. For the low-degree
nets, since we can directly find the A-tree topology from
lookup table, the overhead of other parts such as timing
analysis and post-processing is much more. But for high-
degree nets, we need to break the net into several sub-nets
and merge these sub-nets to form an A-tree. The overhead
of other parts are just comparable to finding the A-tree.

7. CONCLUSION
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