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ABSTRACT

Typical placement objectives involve reducing net-cut cost
or minimizing wirelength. Congestion minimization is least
understood, however, it models routability accurately. In
this paper, we study the congestion minimization problem
during placement. We introduce the notion of consistent
routing model and promote its adoption by placement sys-
tems. First, we show that in this model the wirelength ob-
jective is indeed a good measure of congestion by establish-
ing that a placement with minimum wirelength has mini-
mum total congestion. We show that minimizing wirelength
may (and in general, will) create locally congested regions.
We demonstrate that most other congestion related objec-
tives are ill behaved and they should only be used in a post
processing step. We then propose several novel congestion
minimization objectives. One in particular, called overflow
minimization with look-ahead, performs very well and can
be computed very efficiently in an incremental manner. At
the end, we propose a post processing phase that further
improves the congestion. By combining the overflow mini-
mization with look-ahead and the post processing phase, we
improve the congestion by more than 40% on the average.

1. INTRODUCTION

Automated cell placement for VLSI circuits has always been
a key factor for achieving designs with optimized area us-
age, wiring congestion and timing behavior. As technology
advances, the congestion problem becomes more and more
important. With the advent of over-the-cell routing, the
goal of every place and route methodology has been to uti-
lize area to prevent spilling of routes into channels. It is
this overflow of routes that accounts for an increase in area.
The multiple routing layers have enough routing resources
to route most wires as long as there are not too many wires
congested in the same region. Excessive congestion will re-
sult in a local shortage of the routing resource.

Typical placement objectives involve reducing net-cut
costs or minimizing wirelength. Because of its construc-
tive nature, min-cut based strategies minimize the number
of net crossings but fail to uniformly distribute them [7].
Congestion-driven placement based on multi-partitioning
was proposed in [5]. It uses the actual congestion cost cal-
culated from pre-computed Steiner trees to minimize the
congestion of the chip, however, the number of partitions is
limited due to the excessive computational load. The use
of minimal wirelength as a metric to guide placement has
been successful in achieving good placement. However, it
only indirectly models congestion and the behavior of the
router. Reducing the global wirelength helps reduce the

wiring demand globally, but does not prevent existing local
congested spots. It is entirely feasible for a minimum wire-
length solution to require more routing resources through a
region than are available. Therefore, traditional placement
schemes which are based solely on wirelength minimization
[8, 3,9, 1, 4, 2, 10] cannot adequately account for conges-
tion.

The congestion problem in placement is not well stud-
ied. There are not many results on this problem [5, 6]. In
this paper, we theoretically and experimentally study the
congestion problem during placement. We first point out
that minimizing wirelength is indeed equal to minimizing
the average routing demand where the routing demand is
the number of tracks needed for routed nets. We also give a
theoretical distribution curve of the congestion on a layout.
Then we focus on finding a good objective to effectively re-
duce the congestion in the final placement. The traditional
wirelength objective is not a direct measure of the conges-
tion. A good placement for wirelength may not be a good
placement for congestion. Thus we are aiming at an objec-
tive which is at least better than the wirelength objective.
Using the congestion cost directly as the objective is not
effective. The congestion cost is a badly behaved objective
function because it is not sensitive to placement moves.

We propose a new objective called overflow with look-
ahead which is well behaved and is directly related to con-
gestion. Experimental results prove that this new objective
is effective. We also propose a flow-based post processing
stage to further improve congestion. We get best conges-
tion results by using this objective in the post processing
stage. The placement produced by this new objective has
on the average 40% less congestion than the best congestion
results obtained by commonly used objective.

The rest of the paper is organized as follows: In Sec-
tion 2, we formally define the congestion cost followed by
some theoretical analysis on congestion and wirelength in
a layout. In Section 3, we compare five different objectives
to minimize the congestion. In Section 4 we propose an
effective new objective to reduce congestion. The post pro-
cessing stage is introduced in Section 5 and the conclusion
is in Section 6.

2. THEORETICAL ANALYSIS

Intuitively speaking, congestion in a layout means too many
nets are routed in local regions. In this paper we assume
that we are given a netlist that consists of a set of cells
connected by a collection of nets. Each net consists of a set
of pins. Pins are to be assigned a geometric location on the
layout surface in the placement process.



2.1. Definition of the Congestion Cost

The congestion cost is defined based on the global bin con-
cept. We partition a given chip into several rectilinear re-
gions, each of these regions is called a global bin or a bin
for simplicity. Figure 1 shows an example. In Figure 1, we
have 4 x 4 = 16 global bins.

The congestion is quantified as number of crossings be-
tween routed nets and global bin edges. Each global bin has
two horizontal and two vertical edges surrounding it. As-
sume we have r rows and ¢ columns of global bins. There
are (r+ 1) rows of horizontal global bin edges and r rows of
vertical edges as shown in Figure 1. Each row of horizontal
edges has ¢ edges and each row of vertical edges has (c+1)
edges.
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Figure 1. Layout of a circuit and global bins.

Given a placement, all the cells and pins have fixed po-
sitions on the chip. In order to get the congestion informa-
tion, we need to estimate routing on the chip. We can use
a “router” to route all the nets. This “router” is not neces-
sarily a detail router. It can be a very simple global router
or even a bounding box router. For each global edge, there
are routed nets going across it. Therefore, for each global
edge e, the routing demand of e, de, is defined as the num-
ber of the nets crossing e. The routing supply of a global
edge e, s., is a fixed value which is a function of the length
of the edge and technology parameters. A global edge e
is congested if and only if the routing demand (number of
the crossing nets) exceeds the routing supply of that edge
(de > se). If a global edge e is congested, the overflow of e
is defined as the exceeding amount of the routing demand
over the routing supply of e. The overflow of e is zero if e
is not congested. To describe overflow formally: overflow.
equals de — se if de > s. and zero otherwise.

Using the above global bin and global edge notation,
there are several parameters which can represent congestion
in a placement. A.) The total overflow of a placement is de-
fined as the summation of the overflow for all global edges.
The amount of total overflow is the amount of total short-
age of routing resource in the placement. Thus a placement
with less total overflow is less congested. B.) Another mea-
sure of congestion is the number of congested edges. More
congested edges means more regions are congested. While
these two parameters both represent congestion in a place-
ment, we feel that the total overflow is a better measure to
describe congestion. The purpose of reducing congestion is

to provide better routability in the chip. Using the number
of congested edges as the congestion cost does not serve this
purpose very well. A placement with one highly congested
edge is definitely worse than a placement with a couple of
slightly congested edges. We will study both of these two
congestion parameters in this paper.

2.2. Consistent Models for Wirelength and Con-
gestion Estimation

Based on the above definition, the congestion cost is router-
dependent. The specific value of the congestion cost for a
given placement will be different for different routers. Fig-
ure 2 shows a 4-pin net in the global bin grid. In order
to normalize the wirelength of the nets, we use the dimen-
sion of the global bin grid as the unit length. The width
of a global bin is the unit length in the z direction and the
height of a global bin is the unit length in the y direction.
Given locations of all pins, there are a number of ways to
route all the nets. For example, we can use the bounding
box, the minimum spanning tree (MST) or the Steiner tree
model to estimate the actual routing. A bounding box and
a MST routing model are illustrated in Figure 2.
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Figure 2. Consistent model.

The congestion is not independent of the wirelength cost.
In order to find an effective algorithm to reduce the conges-
tion, it is essential to understand the correlation between
wirelength and congestion. As mentioned above, the cal-
culation of wirelength and congestion are both based on
the routing estimation of all the nets. After the routing
estimation is done, the wirelength calculator calculates the
total length of all the routes and the congestion calculator
calculates the number of crossings between all the routes
and all the global edges. Intuitively, the routing estimation
method (router) used by the wirelength calculator and the
congestion calculator should be the same in the placement
stage. Different routing estimation method results in differ-
ent degrees of accuracy and time complexity. For example,
in most cases, the Steiner tree router should be a more ac-
curate routing method than the bounding box router. It
is inconsistent to use one routing method to measure wire-
length and another method to measure congestion.

Usually algorithm designers use “consistent” routing
models for estimation wirelength and congestion. Notice
that the term consistent model here does not necessarily
mean “the same” model for wirelength and congestion. Two
different routing models sometimes also can have consistent
results. As shown in Figure 2, for example, we can use the
bounding box model to calculate the wirelength and the
MST model to calculate the congestion. The routing model



assigns weight to each segment of the route. Two routing
models are defined to be “consistent” if the total weighted
length of the routes are the same. In Figure 2, all branches
of the bounding box have a weight of 1, so the total weighted
distance of the bounding box is 12. In the MST model, two
branches have a weight of 1 and one branch has a weight
of 2. This brings the total weighted length of the routes
to be 12. Thus these two routing models, the uni-weighted
bounding box model and the weighted MST model are con-
sistent.

Formally, a model for net n consist of a set of seg-
ments, S,. Each segment s; € S, has a length I; and a
weight w;. Thus the total weighted length for net n, L, is
ZsiESn w;l;. And the total weighted length for all nets is

Z" Ly = En Esi€5n w;l;. If two different routing models

have the same total weighted length for all nets, these two
models are said to be consistent models.

2.3. Correlations between Wirelength and Con-
gestion

Observation 1 If we use consistent models to calculate
wirelength and congestion, the total wirelength of a layout
1s equal to the total routing demand on all global edges, i.e.,
Za lo = Ee de, where lo is the estimated length for net a
and d. s the routing demand for global bin edge e.

Since we are using the dimension of the global bin as the
unit length to measure the wirelength, each unit length wire
will cross a global edge. Thus, each unit of the wirelength
will contribute to one crossing between the wire and a global
edge which is by definition one unit of the routing demand.
If we use exactly the same routing model for calculating
wirelength and congestion, the total units of wirelength will
be equal to the total units of the routing demand. If we
use consistent routing models for evaluating wirelength and
congestion, by definition, the total wirelength is the same
for two routing models. Thus the above claim is true for
any consistent model.

This observation shows the underlying correlations be-
tween the wirelength cost and the congestion cost. When we
minimize the wirelength cost, the total amount of routing
demand is minimized. Thus the average routing demand on
a global edge is minimized. Given a fixed amount of routing
supply which is dependent on technology parameters, the
less the routing demand is, the bigger chance we will get a
low-congestion layout.

Observation 2 The mazimum routing demand is greater

than or equal to the total wirelength divided by the number

la
of global edges, that is, max(d.) > %;ges
length of net a.

where l, s the

Since the total wirelength is equal to the total routing

demand according to Observation 1, the term ngfi is the
average routing demand which is less than or equal to the
maximum routing demand. Since the total wirelength is
always known for a given placement, we can get a lower
bound of the maximum routing demand on global edges

without carrying out any congestion analysis.

2.4. Theoretical Analysis of Congestion Distribu-
tion

In this subsection, we will present theoretical analysis of dis-

tributions of the placement congestion. In order to study

the behavior of congestion, we need to make some assump-
tions. First, let us consider the z direction of the layout
first. Assume we have n nets in the layout. They are la-
beled as a1, s, ...,an. The length of the net a; is I; where
i =1,2,...,n. Assume all the nets are two-pin nets. The
left pin of the net a; is located at z;, the right pin of «;
is located at x; + ;. For simplicity, we assume that all the
lengths are distributed on the layout randomly.

Assume the width of the chip is W. Based on the random
distribution assumption, for net «;, the left pin is uniformly
distributed between segment (0, W — [;). This pin cannot
be located between segment (W —I;, W) because otherwise
there is not enough room to let this net be [; long. Suppose
a vertical global edge e is located at position z.. We are
going to calculate the probability that the net «; intersects
the global edge e. Since the length of «; is I;, obviously,
«; intersects e if and only if z; < z. and x; + 1; > ..
Therefore, the probability that «; intersects e is:

pi(ze) = Wmfl. lfO S Te S lu
pi(ze) = Wl—'l- ifl; <ze <W —1;;
pi(ze) = VV“/,__?? W -1, <ze <W;

In order to get the total expectation value of the number
of the crossing nets at x., we need a statistical function
g(l). Function g(I) gives the number of nets which has a
length of I in the layout. This is a statistical function and
can be obtained from placed benchmark circuits. There-
fore, the expected number of wires crossing global edge e
is 3. pi(zc)g(li). The actual value of this function can be
obtained by a numerical method.

The solid curve in Figure 3 shows the congestion distribu-
tion curve obtained from the benchmark circuit Primaryl.
The circuit was placed to minimize the wirelength. The x
axis represents the = positions on the layout. The y axis
is the routing demand at position z. For a random layout,
theoretically, the most congested region is at the middle of
the chip. The solid straight line in Figure 3 is the average
congestion value at any position. Thus more than % region
of the layout has an above average congestion value. This
is consistent with Observation 2.
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Figure 3. Theoretical congestion distribution on the
z direction for Primaryl.

The congestion distribution in y direction is the same as
in z direction due to the symmetrical nature. Since the
total congestion at any point in the chip is the summation
of the congestion in  and y direction, the total congestion



distribution in a two-dimensional chip is a convex plane.
Figure 4 shows an example.
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Figure 4. Theoretical congestion distribution on a
two-dimensional layout.

3. OBJECTIVE FUNCTIONS FOR
CONGESTION MINIMIZATION

Our goal is to find a good placement with low congestion.
This is an optimization problem. We need to set up an
objective to optimize. In this section, we perform a series of
experiments in order to determine what is a good objective
to optimize in order to get a low-congestion layout.

An obvious choice will be the two congestion costs de-
fined in Section 2.1. Since we have a clear definition of
the congestion cost for a given placement, we can directly
use this cost as the objective to minimize. We can use the
total overflow or the number of congested edges as our ob-
jective. Besides this direct objective, we also have some
other choices. Observation 1 in Section 2. shows that the
wirelength cost is a reasonable objective to minimize the
congestion cost. Thus the wirelength cost is also a candi-
date for an objective to minimize the congestion. Finally,
we can put wirelength and congestion together to form a
hybrid objective.

Before we run the actual tests to determine which objec-
tive is the best, let us perform some analysis first. We know
that wirelength is indirectly correlated to congestion, so it
would not give us the best result for congestion. The con-
gestion objectives are direct measures of congestion. If we
use an optimal optimization technique, we should be able to
get a layout with the minimum congestion. However, since
the placement problem is NP-hard, the optimization result
highly depends on the properties of the objective function.
A sensitive objective function will be easier for an optimiza-
tion heuristic to find the global minimum.

The total overflow objective is not as sensitive as the wire-
length objective. When we move a cell, the routing demand
is changed on some global edges. However, if the routing
demand before and after the change are both less than or
equal to the routing supply of that edge, the overflow will
not change. The number of congested edges is not a sensi-
tive objective function either. In fact, this objective is less
sensitive than the overflow objective. Unless the change
in the routing demand happens around the routing sup-
ply value, the number of congested edges will not change.
Therefore, the direct congestion cost may not be a very
effective objective for iterative optimization techniques.

The hybrid objective which combines the wirelength and
the congestion might be a reasonable objective to use. We

have two choices: combine wirelength and overflow together
or combine wirelength and number of congested edges to-
gether. The wirelength part of the objective is sensitive to
cell moves and is able to reduce the congestion globally. The
congestion part of the objective controls the optimization
technique to work towards the correct goal.

To summarize, we have the following five objectives to
use to reduce the congestion in a placement:

e WWL: Standard total wirelength objective (see Observa-
tion 1 in Section 2.3).

e OF: Total overflow in a placement. This is a direct
measure of the congestion.

e CE: Total number of congested edges in a placement.
This is also a direct measure of the congestion.

e WLOF: A hybrid objective which combines wirelength
and overflow.

e WLCE: A hybrid objective which combines wirelength
and number of congested edges.

In order to test these five objectives, we ran eight MCNC
standard-cell benchmark circuits. The characteristics of
these circuits are shown in Table 1. The size of the global
bin grid is chosen so that each bin has roughly 10 — 50 cells.

TestCase | # Cells | # Nets | Global Bins
highway?2 62 87 2x2
fract 125 163 3x3
Primaryl 833 1266 8x8
Primary2 3014 3817 8x8
struct 1888 1920 8x8
biomed 6417 7052 16x16
avqgs 21584 30038 20x20
avql 25114 33298 20x20

Table 1. Testing circuits information.

we can test the proposed objective with any placement
heuristic. We have selected Simulated Annealing (SA). It
is theoretically proved that given infinite amount of time,
SA can get the global optimal result for any objective func-
tion. SA is widely used in VLSI CAD tools. The Timber-
Wolf placement package [9] and the NRG placement tool
[8] use simulated annealing and produces very good results
on wirelength. Besides SA, other optimization techniques
could be chosen as well. Results in this paper are obtained
using NRG’s global placer. NRG has the same performance
as TimberWolf. However, the objective of this paper is to
show how to improve congestion of ANY placement result.

Table 2 shows the results for circuit biomed. Each col-
umn of Table 2 is corresponding to one of the five testing
objectives. As we mentioned above, there are a couple of
parameters which can be used to represent congestion. The
first row of the table is the total overflow of the final place-
ment. The second row is the number of congested edges
and the third row is the maximum routing demand among
all global edges.

For simplicity, we put the testing results for all eight
benchmark circuits in one table, Table 3. Each row of the
table corresponds to one benchmark circuits and each col-
umn corresponds to one testing objective. Since we believe
that the total overflow is a more accurate measure for con-
gestion, we put the total overflow at each entry of Table
3. Lower overflow value means better placement. As we
can see from the table, the objective CE is obviously the



3. The fourth column is the percentage improvement of the

Orfiw V‘%Lg ?2% 58?0152} WL?SFS WL(133]§)] new objective over the best of the old objectives.
#ConEdge 20 | 393 480 31 21
MaxCon 68 66 634 94 78 TestCase | look-ahead OF | best old obj. | % imp.
highway?2 2 6 66.7%
Table 2. Comparison between different objectives fract 12 14 14.2%
for circuit biomed. Primary1 2 24 91.6%
Primary2 11 26 57.6%
worst one. This is because CE is the least sensitive objec- it.ructd 4213 23 Zgg?
tive among all five objectives. Objective OF is not good rome e
either due to its insensitive nature. Best congestion results avgs 827 315 -162%
are obtained using one of the other three objectives. There avdl 1412 316 -346%

is no objective which can produce best result in all eight
benchmark circuits. The results show that WL is the win-
ner on the average for all the eight circuits. However, we
know that in practice the placement with minimal wire-
length does not always satisfy the congestion constraint.
Therefore, we need to find a new objective which can re-
duce the congestion more effectively than the wirelength

Table 4. Congestion results using the modified over-
flow objective.

From Table 4, the overflow with look-ahead objective
does not work well in all benchmark circuits. The reason is

objective.

TestCase | WL OF CE | WLOF | WLCE
highway?2 12 8 72 6 16
fract 14 32 274 16 16
Primaryl 24 97 4697 41 28
Primary2 33 105 16810 95 97
struct 49 184 12044 55 52
biomed 69 426 58302 188 139
avqgs 336 | 1141 | 322948 392 315
avql 465 | 2254 | 269063 316 383

Table 3. Total overflow cost using five different ob-
jectives.

4. A NEW OBJECTIVE

We believe that an effective congestion objective should be
sensitive to placement moves and directly related to the
congestion cost. An objective function is used in evalu-
ating a change of placement (a move) in an optimization
algorithm. For any global edge e, the routing supply is se.
Suppose the routing demand of e is d. before a move and
d, after the move. The direct overflow cost of this move
will be max(d., s.) — max(d,, s.). As we can see, if d. < s
and d. < s., the cost of the move will be zero. However,
if de or d, is close to se, i.e., s¢ — 8 < de,d. < se where §
is a small number, the change on d. is still useful to eval-
uate the move. For example, an increase in d. will result
in a higher probability of changing the edge e from uncon-
gested to congested in later moves; and a decrease in d.
will help the edge e stay uncongested in the future. On
the other hand, if d. and d. are both far less than s, i.e.,
de,d. < s. —d, we do not care the change in d. because
the edge e will more likely remain uncongested in the near
future. Based on this discussion, we propose a modified
overflow objective, overflow with look-ahead. The cost of
each move is max(de, sc —6) — min(d., s¢ — J) where ¢ is an
adjustable parameter.

We test this overflow with look-ahead objective on the
same eight benchmark circuits mentioned in the previous
section. The results are summarized in Table 4. The second
column is total overflow results obtained by the overflow
with look-ahead objective. The third column is the best
results obtained by the previous five objectives in Section

that this overflow with look-ahead objective is still not sen-
sitive enough to let an optimization technique find a global
optimal solution easily. Thus for large circuits like avgs and
avql, the optimization algorithm gets stuck in a local min-
ima. However, this objective works extremely well on small
circuits. We have an average 54% improvement compare to
the old objectives for six small circuits. The good perfor-
mance of this new objective on small circuits suggests that
this objective works well locally in a small region. Thus it
should be effective in a post processing stage.

5. POST PROCESSING USING OVERFLOW
MINIMIZATION WITH LOOK-AHEAD

We propose a two stage process to reduce the congestion
in a layout. In the first stage, we use the wirelength as
the objective to minimize the average congestion. After
the first stage is done, we can perform post processing to
further reduce the congestion. In the post processing stage,
we use the overflow with look-ahead cost as the objective
to minimize.

We implemented a greedy algorithm to do the post-
processing overflow minimization. The greedy algorithm
can test the effectiveness of the post-processing idea with
look-ahead objective. In the implementation, we evaluate
moving a cell or exchanging two cells using the modified
overflow objective. Then we make this move or exchange if
and only if it can give us a lower objective cost value.

We run simulated annealing using the wirelength objec-
tive as our first stage. The output placement from the first
stage will be the input to the post processing stage. The
quality of the annealing result is closely related to the num-
ber of searches made at each temperature. Thus we pre-
pared two kinds of inputs for the post processing stage.
The low quality input is obtained by running the first stage
really fast. And the high quality input is obtained by a slow
annealing procedure. Table 5 shows the post processing re-
sults on low quality inputs. The second column of the table
is the total overflow before the post processing stage. The
third column is the total overflow after the post processing
stage. The fourth column is the percentage improvement on
the total overflow by using the post processing stage. The
average improvement is 5% and the final overflow value is
not good compare to the results obtained by the old ob-
jectives. This results shows that the post processing stage
using the overflow with look-ahead objective can only make
local optimizations. If the input placement is not good,



the post processing stage will not be able to get a good

low-congestion placement.

TestCase | before PP | after PP | % improv.
highway?2 6 6 0%
fract 20 20 0%
Primaryl 74 68 8.1%
Primary2 883 831 5.9%
struct 867 850 2.0%
biomed 1525 1169 23.3%
avgs 14658 14534 0.8%
avql 16354 16269 0.5%
ave. 5.1%

TestCase | after PP | best old % vs. old
highway?2 6 6 0%
fract 14 14 0%
Primaryl 8 24 66.7%
Primary2 11 26 57.7%
struct 39 52 25%
biomed 6 69 91.3%
avqs 125 315 60.3%
avql 207 316 34.5%
ave. 41.9%

Table 7. PP results compared to old results.

Table 5. PP results on low quality inputs.

Table 6 shows the results from the post processing stage
with the high quality inputs. The before PP column in the
table is the results before the post processing stage. The
percentage improvement column is the improvement of the
post processing stage comparing to the results before post
processing. The table shows that post processing stage can
significantly reduce the congestion cost if the input place-
ment is good. We get an average 47.7% improvement com-
paring to the congestion results before post processing. It
works well on both large and small circuits. Table 7 com-
pares the post-processing results with the best results we
obtained previously,

TestCase | before PP | after PP | % improv.
highway2 6 6 0%
fract 14 14 0%
Primaryl 24 8 66.7%
Primary2 26 11 57.7%
struct 74 39 47.3%
biomed 69 6 91.3%
avqs 336 125 62.8%
avql 465 207 55.5%
ave. 47.7%

Table 6. PP results on high quality inputs.

The best old column is the best results obtained by the
previous five objectives. The percentage improvement col-
umn is the improvement of using the post processing stage
comparing to the best old results. This table shows that
among all the congestion reduction methods studied in this
paper, this post processing method using the overflow with
look-ahead objective has the best results. The results of
it are on the average 41.9% better than all studied meth-
ods. In experiments, we observed the fact that the post-
processing stage will increase the total wirelength by about
5%. However, this increasement is not important in today’s
over-the-cell routing scenario.

6. CONCLUSION

In this paper, we studied the behavior of congestion mini-
mization in placement. As shown both by theoretical and
experimental results, the congestion cost is a poorly be-
haved function. If we use the congestion cost directly as
the objective to minimize, we will not get a low congestion
placement. Our theoretical analysis showed that there are
some correlations between wirelength and congestion in a
placement. Specifically, the total wirelength is equal to the
total routing demand of a placement for consistent routing

models. Therefore, minimizing wirelength is helpful in min-
imizing congestion globally. We proposed a new objective
named overflow with look-ahead to reduce the congestion.
This objective is experimentally proved to be more effec-
tive than any direct congestion objective. We get extremely
good congestion results by using this new objective in a post
processing stage. On the average, this method produces
more 40% less congestion than other studied methods.
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