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Abstract

Two heuristic methods are presented for accel-
erating convergence of a force-directed placement
problem. The first stabilizes the derivative of
the repulsion force. The second uses information
on device movement and instability characteristics
to make a predictive extrapolation. Convergence is
accelerated by replacing iterations with the faster
heuristic iterations. A standard implementation
from the Titerature 1is made three to four times
faster by using these techniques.

Introduction

This paper is concerned with accelerating the cal-
culations in a standard method of device place-
ment. This is done in two independent ways. The
first involves identifying and reducing a source
of instability in the equations governing the

problem, and will be discussed below under Prob-
lem Formulation. The second involves use of an
extrapolation. Both are heuristics.

A heuristic, as used here, 1is an approximation
which  usually makes it possible to find a satis-
factory solution in much less time than would be
required by a more exact method. For instance,
the second of the methods to be presented here
uses an approximation derived from the succes-
sive positions of a device during the solution
procedure. The path a device has followed during
previous iterations is used to predict its posi-
tion after one or more future iterations. Figure
1 shows the paths followed by devices during an
iterative solution. Note how smooth the curves
are--this suggests that extrapolations will be
accurate most of the time.

The primary goal of device placement is an
arrangement of devices that can be routed (con-
nected) in the Timited amount of board area avail-
able.  Force-directed placement (FDP) increases
routability by placing strongly connected devices
close together. This minimizes total connec-
tion length, making it more 1likely that there will
be enough area to make all connections.
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Figure 1. Device paths during iteration

FOP is done by applying a physical model,
where each pair of electrically connected dev-
ices is considered to be joined by a spring whose
stiffness is proportional to the number of connec-
tions between the devices. Iterative solution is
done by letting the devices move in response to
the spring forces. Movement is toward an
equilibrium location where the forces on each dev-
ice are balanced, at which point movement ceases.

Unless there happen to be devices on the mar-
gin of the board, the movable devices tend to
collapse into a cluster due to their mutual
attraction. This does not Teave room for rout-
ing. To prevent this clustering it is necessary
to add a counter-force. A vrepulsion force
between neighboring devices provides the necessary
spreading effect.

Because the repulsion force tends to inhibit
changes in the relative position of the dev1cgs,
in practice the introduction of the repulsion
force is delayed for a short time to establish
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relative positions. The devices in Figure 1 are
spreading from a cluster as a result of the
introduction of repulsion.

One consequence of this method is that each
jteration requires a significant amount of
calculation to determine the force on each device.
Depending on the degree of interconnectivity and
the details of the implementation, this can lead to
a worst case computation time proportional to the
square of the number of devices. This results in a
rapid increase in required computation time as a
function of problem size.

The method in [1] is separated into Phases I and
II. Phase I places point devices on a continuous
plane. Phase II considers actual device size and
placement on a grid. Since devices are modeled as
points in Phase I, the product of Phase I is a set
of 1ideal 1locations, without vregard for device
overlap. These locations are then used by Phase I1
as the basis for a physically realizable placement.

This paper is concerned with a more efficient
solution to Phase I. Phase II is not addressed
here. It has been suggested ([1]) that Phase I can

be modified to address some Phase II issues (e.g.,
incorporating device size information in
repulsion).

Prior Work

The physical model of devices moving in a continu-
ous space rather than a grid appeared in [1], and
was significantly improved in [2]. The choice
between numeric solution methods has been made
largely for computational efficiency. Variations
of the well-known Newton-Raphson (NR) method [3]
are used in both [1] and [2].

A literature search did not reveal any prior use of
heuristic methods in the NR solution of the FDP
problem. The method used here is kindred to
acceleration methods such as Steffensen iteraticn
(3] in that it uses estimates of the next solution
interleaved with more precise iterations. Steffen-
sen iteration could not be directly applied in the
present case, however, because using both it
and NR 1is vredundant. Both are extrapolation
methods that use the iteration function in a
precise manner [3]. The heuristic extrapolation
used here is more adaptable. It does not require
a function evaluation, and makes use of proper-
ties of the solution specific to this problem
domain.

Problem Formulatijon

The formulation of FDP given in [1] is wused to
test the validity of the methods. Solution is in
two phases. The first uses only an attraction
force in order to quickly establish relative
positions from a random initial placement. The
second phase adds a repulsion force to obtain the
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final solution. There are +two potential dif-
ficulties in this formulation, both involving the
repulsion force.

With the repulsion constant defined as in [1],
there is an implicit mismatch between the
strengths of the attraction force, which is tied to
distance units, and the repulsion force, which is
not. This means the relative strengths of the
attraction and vrepulsion forces, and hence the
degree of device spreading, will depend on the
coordinate system used, which is undesirable [4].
A normalization is needed.

A second problem is encountered in the partial

derivative with respect to distance of the repul-
sion force. Although the repulsion used in [1] is
independent of distance, the relative

strengths of the X and Y components change with
the angular orientation of device pairs. The
rate of change is highest when the devices are
close together, and is of the opposite sense to
the partial derivative of the attraction force.
If many devices are close together, the addition
of many partials of comparable magnitude and
opposite sign can result in a very small quan-
tity for the total partial derivative of
force, F’. As the expression for device movement
in the NR method is F/F’, this results in an
anomalously large movement of the device. This
shows as devices being (temporarily) ejected from
the group, mostly along the coordinate axes (Fig-
ure 2). This effect 1is particularly notice-
able at the beginning of the second phase, when a
cluster of devices exists from the attraction-only
solution in the first phase.

X - initial position

Figure 2. Instability due to repulsion derivative



The FDP model has been found to have desirable

properties [11[2]. Its metric corresponds
directly to a relevant physical quantity--
connection Tength. It does not depend on a place-

ment grid, and is therefore suited to placement of
mixed sizes of devices. The repulsion force can be
used to reduce device congestion and reduce or
prevent device overlap. The NR solution procedure
applied to this problem has been characterized as
well-conditioned, stable, and finding a true

minimum rather than a local one [1][2]. Because
of these attributes, it is actively wused in
industry as well as being of interest theoreti-
cally.

The Heuristic Acceleration Methods

Any reduction in the calculation required for an
jteration or reduction in the number of iterations
will yield a corresponding increase in effi-
ciency. The first method described below decreases
the total number of iterations. The second does
both; faster heuristic iterations are introduced
to take the place of one or more non-heuristic
iterations. In the following, a non-heuristic

iteration will be called a step, and a heuristic
iteration called a jump.
The instability caused by the repulsion term can

be greatly reduced by use of knowledge of the
solution state. Although the devices are close
together after the first phase, they are going
to be approximately equally distributed after
the second phase due to repulsion. In a lattice
of devices spaced at a distance of D units, the
maximum partial derivative of repulsion due to
any given device is 1 (for the device immediately
above or to the side). If the value of the
partial derivative of repulsion due to any device
is Timited (clipped) to 1 it will reduce the ins-
tability 1in the early part of the second phase.
In the later part of the second phase, most of
the values are less than 1 anyway, so the Tlimited
value can be regarded as a good approximation.

Note that this Timiting does not change the <calcu-
lation of forces (the iteration function), only
of displacements. Given that the final solu-
tion is insensitive to initial device position
[1]7[2], one is assured that this procedure is
safe. That is, if it converges, it is approach-
ing the same solution given by the more exact
(and unstable) formulation.

The second method is motivated by observing two

characteristics of iterative solutions wusing
the FDP model. First, the successive positions
of devices during iterative solution tend to

define smooth paths (Figure 1). Second, instabil-
ity 1is manifested by oscillation, as a result of
over-shooting. These two properties are used to
define a heuristic for extrapolation. Since
the extrapolation calculation involves only a
few points rather than all the other devices, a
Jump takes less computation than a normal itera-
tion.

the board

mis-extrapolated device paths
indicates instability 1is manifested in a zig-zag
pattern. This corresponds to the overshoot and
oscillation one expects intuitively in a system
of springs. In the context of steps and jumps,
if a jump mis-extrapolates (zig), the subsequent
steps will try to bring it back (zag). For this
reason, the extrapolation method should resist
rapid changes in path curvature.

Observation of

The extrapolation is utilized by taking enough
steps to define a path, then taking a jump based on

an extrapolation of that path. More steps are
taken to stabilize the path, followed by another
jump, and so on. The parameters in this alterna-

tion of steps and jumps are the number of succes-
sive steps and the number of steps ahead the jump
is predicting (jump size).

The need for stability is easily demonstrated by
the naive approach to acceleration. This is done
by increasing the constant that determines the
amount of device movement in the NR iteration.
This constant is .5 in [1]; a few experiments at
values above .8 suffice to show that wildly
unstable and frequently divergent behavior results.

A bad estimate of position may result in the
post-jump position being much different from the
one that would have been reached by steps. This
will disturb neighboring devices and delay the
solution process. There are a number of possibil-
ities for reducing this effect. Most simply, the
jump size can be limited to a small number.
This Timits the propagation of error due to
inaccurate extrapolation. One could also save the
old positions of the devices, and backtrack if a
Jjump does not decrease the net force.

The above suggestions do not make use of the under-

lying assumption that most extrapolations will be
accurate. A more pro-active treatment can be
imagined in a situation where the number of dev-

ices that has been mis-extrapolated is relatively
small. A jump could be followed with a step in
which only the positions of the mis-extrapolated
devices are changed 1in order to bring them into
relative equilibrium with their more well-adjusted
fellows. These devices are identifiable by
their relatively large calculated displacements.
The calculation required is still that of a normal
step, but the need for additional iterations to
smooth the disturbances of neighbors is reduced.

Implementation of Heuristic Acceleration

In [1] there are two parameters that were
chosen empirically, the constant of repulsion
(Cr) and the termination criterion (E).
Prediction of their best value was noted as an open
problem, which this paper does not address. To
provide a meaningful basis for comparison, these
parameters are fixed for all tests below. The
methods presented here are insensitive to varia-
tions in these parameters. Cr is .33 for boards
IL25 and RL25, and .16 for IL100 and RL100. These
values are chosen to spread components evenly over
area. E is 1 for IL25 and RL25, and 30
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for 10100 and RL100. These values correspond to
the cessation of significant relative movement of
devices. '

The partial derivative of repulsion for any
device is limited to the maximum expected equili-
brium value of 1, as mentioned above. In
addition, the partial derivative of the repulsion
term is omitted in the calculation for the first
four iterations of the second pass, when the dev-
ices are close together. Data on the effect of
this choice of values appears below.

The extrapolation used below takes the Tlast two
movements of the device, considered as vectors,
and calculates the angle between them and the
ratio of their lengths. This angle is used in
extrapolating, but to reduce =zig-zag instabil-
jty, the angle is 1limited to a maximum value.
Again using the smooth path heuristic, this
value is chosen to be a small angle sufficient to
follow the general curvature of the paths. This
value is not critical; a value of .1 radians is
used here. A jump of size S is taken by succes-
sively adding S vectors with this same angular
change and length ratio.

Experimental Method and Results

The solution method given in [1] was implemented
along with the improvement suggested there of
allowing repulsion only between connected devices.
This implementation was tested, without heuristic
acceleration, on a number of boards for which
results were given in [1]. These same boards were
then used for the heuristic acceleration exper-
iments. The boards are designated RL25, RL100,
IL25, and IL100 (these are regular--RL--and
irregular--IL--lattice designs, where the imbedded
number is the number of movable devices).

In the tables presented below, computation time is
given in CPU seconds. Implementation was in the C
Tanguage with an optimizing compiler. All tests
were done on an HP 9000 Series 320 technical

workstation running HP-UX. HP-UX is derived
from Unix (Unix is a trademark of AT+T) and
adheres to AT+T’s System V interface definition
Issue 1.

Table 1 gives the number of steps in the second
(repulsion) phase with and without the heuristic

1imit on the partial derivative of repuision.
There is an average two-fold speed increase with
the 1imit. As well as reducing the expected number

of iterations, this stabilization also has the

effect of further smoothing the device paths,
which increases the efficiency of the extrapo-
lation. In the experiments below, the repul-
sion derivative is always limited.

Board: RL25 IL25 RL100 IL100
Limited dR: |64 it 82 it 45 it. 34 it.
Unlimited dR:|57 it 273 it.| 61 it. 85 it

Speed gain: | .89x | 3.32x | 1.35x | 2.5x |

Table 1. Effect of Limiting Repulsion on Convergence

Experimentation on the extrapolation method is
structured by varying two parameters: the number
of steps between Jjumps and the jump size. The
overall effect on computation time for both phases
combined is shown in Table 2. Rows correspond to
the number of steps between jumps. Columns
correspond to the jump size, and table values
are in CPU seconds as noted above. A dash for
steps and Jjump size indicates no heuristic
acceleration. The value in the dashed row and
column (at the upper left of each sub-table) s
the one to which the others are compared to
evaluate the effectiveness of the method.

Jump Size
- 1 2 3 4 5 6 - 1 2 3 4 5 6 7
T T T T L T B 3 Y R L e T
2 12\ 12.2] 12.9] 11.2] e.8| 10.4] 7.7] 11.1] | - |154.9]186.7]212.7|189.0]139.9]131.3] 99.7|
£ 3 1"-"1'ié_ﬂ i«}:si'iiﬁé!_g?éi'ii'ii'ﬁ'ii‘ié'éi |- T |281.5(297.1]248.2|201.9 162.8]108.5130.2|
° 4] - | 11.6] 12.0] 10.2] 8.0] 9.1] 10.6] 11.8] | - [199.7|137.4]198.7[172.3] 89.7] 86.8|126.3|
E 5] - | 15.5| 15.7] 14.3] 15.3] 10.8] 12.5] 12.9] | - |248.4]143.5|201.4)194.4]230.4] 90.4]140.5|
g ol A D e e R
« ???r?_B%?§ ____________________ Board RL100
R N e e S T A R e e B A N A A
5 2| - 11661 13,1 12.3] 11.8] 1.41 105 72| | - | '93.4] 7,41 72.3] 61.2] 6.1 59.4] 59.2]
£ 3| - 118.0014.8] 13.2] 12.4] 11.6] 11.7] 10.8] | - |105.9] 78.5| 86.1| 81.0] 61.8] 61.7] 55.6
= 4| - 1189 16.6] 14.5] 13.4] 12.3] 11.5] 11.1] |- |103.9] 97.8] 76.8| 86.0{114.8] 79.1] 77.7|
5| - 119.5] 17.2] 15.7] 14.5] 13.5| 12.5] 9.1] |2 [104.4]102.9] 88.7]108.9] 75.7| 65.4] 67.4|
Table Z.BESIdT:;:S for Variations in Step/Jump Parameters (?:1{gblégggzds)
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Number of steps between jumps

Jump Size

- 1 2 3 4 5 6 7 - 1 2 3 4 5 6 7
S I I N

20 - | .51 .33| .24 .23 | .25] .24 | .27 | | -] .73 | .55 | .50 | .47 | .39 | .43 | .41
3 - |37 ] .20 ] 20| .26 | .31 | .40 | .32 | | - | .61 ] .66 ] .63 ] .55 ] .51 ] .45 ] .44 |
4] - | .56 .65| .41 41| .65 .60 | .41 | | -] 1.01 | .86 | .84 | .92 | .73 | .59 | .53 |
5| - | .50 .70 | .46 ]| .42 | .33 | .66 | .43 | | - | .88 | .75 | .71 ] .59 | .72 ] .59 | .72 |
"""""""""""" Board RLIOO 7 seard rzs
R e e
2| - | .59 | .61 | .48 | .45 | .41 | .35 | .31 | | - | .65 | .62 | .54 | .48 | .43 | .40 | .36 |
3] - | .65 ] .67 | .56 | .50 | .55 | .47 | .46 | | - | .74 | .72 | .68 | .64 | .58 | .51 | .46 |
4] - | 76| .69 | .70 | .57 | 42| .50 | 48 | | - | .78 | .76 | .74 | .69 | .68 | .66 | .63 |
5| - | .82 .73 | .72 | .55 | .66 | .68 | .61 | | - | .83 | .80 | .78 | .76 | .73 | .70 | .65 |
""""""""""" Board IL100 7 goard 1L25

Table 3. Relative Accuracy of Extrapolation

Table 3’s format is similar, except that instead of

CPU seconds
heuristic jump.

it gives the effectiveness of the

This is given by the ratio

(iterations in non-heuristic run) (steps )

(iterations in heuristic run) (jump size + steps)

If the extrapolation was

perfect, a Jjump of

size N would vreplace N steps, and this number
would be unity.
Analysis

One would expect that computation time would
decrease with increasing jump size, until the
effects of 1inaccurate extrapolation would become
large enough to offset the gain. This is sup-
ported by Table 2, where run time generally
decreases up to a step size of six. A path diagram
for a jump size of six indicates that inaccuracies

in the extrapolations are causing the paths to lose

their smoothness, and device movement

is wasted

in regaining equilibrium positions (Figure 3).

The behavior shown in Figure 3 indicates that the

extrapolation method used here is still prone to
zig-zag instability, probably because it only
uses the previous two points. Investigation is

continuing on improved extrapolation methods

that

use more points to define a smoother extrapolation

x - initial position + - final position ... - jump

Figure 3. Corrections following large jumps
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curve. This is expected to significantly
increase the performance of the method.

Table 2 indicates that three or four steps between
each Jjump generally gives best results. This is
the length of the period of readjustment needed
to establish a stable basis for extrapolation.
On the other hand, there is no benefit in
delaying after stability has been re-
established, as the values for a five step interval
indicate.

Table 3 shows the effectiveness of the Jjumps,
using the ratio explained above. The effective-
ness of the jumps corresponding to minimum CPU
times varies between .35 and .6. As jump
size increases, the effectiveness of the jump
generally decreases. This is due to the propa-
gation of error in extrapolation. After large
jumps, additional steps are required to re-
establish stability, partially negating the sav-
ings from the Jjump. Comparison between Tables 2
and 3 indicates that the minimum CPU time does not
correspond with the most effective Jumps. This
illustrates a tradeoff where a degree of inaccuracy
can be accepted because of the savings in time
due to the faster extrapolation calculation.

The results show that a jump/step ratio of 6/4
provides an average 80% increase in speed.
Together with the two-fold increase gained by
stabilizing repulsion, this idindicates that a
practical implementation can get a three- to
four-fold speed increase on a variety of boards
with a single choice of parameters.

Conclusions

The heuristic methods presented above have been
demonstrated to yield a three- to four-fold
acceleration of the solution process. The methods
are based on stabilization and extrapolation of
device movement during iteration. The savings is
especially valuable for large problems. The suc-
cess of the extrapolation heuristic is due to
the smooth  paths described by device positions
during iteration, the stability of the extrapola-
tion, and the speed of the extrapolation
relative to an iteration.

The method is currently Timited by the
in  extrapolation of device positions. Incor-
poration of more accurate extrapolations or
methods for selectively handling mis-extrapolated
devices is expected to yield further improvements.

Although suggested by the FDP problem, the
extrapolation method 1is generally applicable to
jterative solution methods where convergence is
slow, computation per iteration is high, and
movement of successive solution estimates is by
mostly smooth paths.

inaccuracy

Opportunities for further development may exist in
applying this method to other NR/FDP formula-
tions. In particular, a partial plotting of
device paths in [2] suggests that a similar
approach may be effective.
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