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Abstract. Particle Swarm Optimization is gaining momentum as a sim-
ple and effective optimization technique. We present a new approach to
PSO that significantly reduces the number of iterations required to reach
good solutions. In contrast with much recent research, the focus of this
work is on fundamental particle motion, making use of the Kalman Filter
to update particle positions. This enhances exploration without hurting
the ability to converge rapidly to good solutions.

1 Introduction

Particle Swarm Optimization (PSO) is an optimization technique inspired by
social behavior observable in nature, such as flocks of birds and schools of fish
[1]. It is essentially a nonlinear programming technique suitable for optimizing
functions with continuous domains (though some work has been done in discrete
domains [2]), and has a number of desirable properties, including simplicity of
implementation, scalability in dimension, and good empirical performance. It has
been compared to evolutionary algorithms such as GAs (both in methodology
and performance) and has performed favorably [3,4].

As an algorithm, it is an attractive choice for nonlinear programming because
of the characteristics mentioned above. Even so, it is not without problems. PSO
suffers from premature convergence, tending to get stuck in local minima [4,5,
6,7]. We have also found that it suffers from an ineffective exploration strategy,
especially around local minima, and thus does not find good solutions as quickly
as it could. Moreover, adjusting the tunable parameters of PSO to obtain good
performance can be a difficult task [7,8].

Research addressing the shortcomings of PSO is ongoing and includes such
changes as dynamic or exotic sociometries [6,9,10,11,12], spatially extended par-
ticles that bounce [13], increased particle diversity [4,5], evolutionary selection
mechanisms [14], and of course tunable parameters in the velocity update equa-
tions [7,8,15]. Some work has been done that alters basic particle motion with
some success, but the possibility for improvement in this area is still open [16].

This paper presents an approach to particle motion that significantly speeds
the search for optima while simultaneously improving on the premature conver-
gence problems that often plague PSO. The algorithm presented here, KSwarm,
bases its particle motion on Kalman filtering and prediction.

K. Deb et al. (Eds.): GECCO 2004, LNCS 3102, pp. 140–150, 2004.
c© Springer-Verlag Berlin Heidelberg 2004

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.3     Für schnelle Web-Anzeige optimieren: Nein     Piktogramme einbetten: Nein     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 2400 2400 ] dpi     Papierformat: [ 595 842 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Maximal     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Maximal     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 2400 dpi     Downsampling für Bilder über: 24000 dpi     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: Warnen und weiterEinbetten:     Immer einbetten: [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Farbe nicht ändern     Methode: StandardGeräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Ja     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Nein     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Ja     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: Ja     DSC-Warnungen protokollieren: Nein     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja     EPS-Info von DSC beibehalten: Ja     OPI-Kommentare beibehalten: Nein     Dokumentinfo von DSC beibehalten: JaANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments true     /DoThumbnails false     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize false     /ParseDSCCommentsForDocInfo true     /EmitDSCWarnings false     /CalGrayProfile ()     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue true     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.3     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends true     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo true     /GrayACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.15 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.15 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /LeaveColorUnchanged     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 300     /EndPage -1     /AutoPositionEPSFiles true     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 10.0     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 2400     /AutoFilterGrayImages true     /AlwaysEmbed [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 300     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 2400 2400 ]>> setpagedevice



The Kalman Swarm 141

We compare the performance of KSwarm to that of the basic PSO model. In
the next section, the basic PSO algorithm is reviewed, along with an instructive
alternative formulation of PSO and a discussion of some of its shortcomings.
Unless otherwise specified, “PSO” refers to the basic algorithm as presented in
that section. Section 3 briefly describes Kalman Filters, and Section 4 describes
KSwarm in detail. Experiments and their results are contained in Section 5.
Finally, conclusions and future research are addressed in Section 6.

2 The Basic PSO Algorithm

PSO is an optimization strategy generally employed to find a global minimum.
The basic PSO algorithm begins by scattering a number of “particles” in the
function domain space. Each particle is essentially a data structure that keeps
track of its current position x and its current velocity v. Additionally, each
particle remembers the “best” (lowest valued) position it has obtained in the
past, denoted p. The best of these values among all particles (the global best
remembered position) is denoted g.

At each time step, a particle updates its position and velocity by the following
equations:

vt+1 = χ
(
vt + φ1(p − x) + φ2(g − x)

)
(1)

xt+1 = xt + vt+1 . (2)

The constriction coefficient χ = 0.729844 is due to Clerc and Kennedy [15] and
serves to keep velocities from exploding. The stochastic scalars φ1 and φ2 are
drawn from a uniform distribution over [0, 2.05) at each time step. Though other
coefficients have been proposed in an effort to improve the algorithm [7,8], they
will not be discussed here in detail.

2.1 An Alternative Motivation

Although the PSO update model initially evolved from simulated flocking and
other natural social behaviors, it is instructive to consider an alternative moti-
vation based on a randomized hill climbing search. A naive implementation may
place a single particle in the function domain, then scatter a number of random
sample points in the neighborhood, moving toward the best sample point at each
new time step: xt+1 = gt.

If the particle takes this step by first calculating a velocity, the position is
still given by (2) and the velocity update is given by

vt+1 = gt − xt . (3)

As this type of search rapidly becomes trapped in local minima, it is useful to
randomly overshoot or undershoot the actual new location in order to do some
directed exploration (after all, the value of the new location is already known).
For similar reasons, it may be desirable to add momentum to the system, allowing
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particles to “roll out” of local minima. Choosing a suitable random scalar φ, this
yields

vt+1 = vt + φ(gt − xt) . (4)

The equation (4) is strikingly similar to (1). In fact, it is trivial to reformulate
the PSO update equation to be of the same form as (1) [15,12].

The fundamental difference between this approach and PSO is the way that
g is calculated. In PSO, g is taken from other particles already in the system.
In the approach described in this section, g is taken from disposable samples
scattered in the neighborhood of a single particle.

This suggests that the basic PSO is a hill climber that uses existing informa-
tion to reduce function evaluations. It is set apart more by its social aspects than
by its motion characteristics, an insight supported by Kennedy but for different
reasons [16].

2.2 Particle Motion Issues

Given that PSO is closely related to an approach as simple as randomized hill
climbing, it is no surprise that attempts to improve the velocity update equa-
tion with various scaling terms have met with marginal success. Instead, more
fundamental changes such as increased swarm diversity, selection, and collision
avoiding particles have shown the greatest promise [4,5,14].

Unfortunately these methods are not without problems either, as they gene-
rally fail to reduce the iterations required to reach suitable minima. They focus
primarily on eliminating stagnation, eventually finding better answers than the
basic PSO without finding them any faster.

It has been pointed out that nonlinear programming is subject to a funda-
mental tradeoff between convergence speed and final fitness [4], suggesting that
it is not generally possible to improve one without hurting the other. Fortuna-
tely, this tradeoff point has not yet been reached in the context of particle swarm
optimization, as it is still possible to find good solutions more quickly without
damaging final solution fitness.

For example, the development of a PSO visualization tool served to expose
a particularly interesting inefficiency in the basic PSO algorithm. As the par-
ticles close in on g they tend to lose their lateral momentum very quickly, each
settling into a simple periodic linear motion as they repeatedly overshoot (and
undershoot) the target. This exploration strategy around local minima is very
inefficient, suggesting that a change to particle motion may speed the search by
improving exploration.

Such a change should ideally preserve the existing desirable characteristics of
the algorithm. PSO is essentially a social algorithm, which gives it useful emer-
gent behavior. Additionally, PSO motion is stochastic, allowing for randomized
exploration. Particles also have momentum, adding direction to the random se-
arch. The constriction coefficient indicates a need for stability. Alterations to
particle motion should presumably maintain these properties, making the Kal-
man Filter a suitable choice.
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3 The Kalman Filter

Kalman filters involve taking noisy observations over time and using model in-
formation to estimate the true state of the environment [17]. Kalman filtering is
generally applied to motion tracking problems. It may also be used for prediction
by applying the system transition model to the filtered estimate.

The Kalman Filter is limited to normal noise distributions and linear transi-
tion and sensor functions and is therefore completely described by several con-
stant matrices and vectors. Specifically, given an observation column vector zt+1,
the Kalman Filter is used to generate a normal distribution over a belief about
the true state. The parameters mt+1 and Vt+1 of this multivariate distribution
are determined by the following equations [18]:

mt+1 = Fmt + Kt+1(zt+1 − HFmt) (5)

Vt+1 = (I − Kt+1)(FVtF� + Vx) (6)

Kt+1 = (FVtF� + Vx)H�(
H(FVtF� + Vx)H� + Vz

)−1
. (7)

In these equations, F and Vx describe the system transition model while H
and Vz describe the sensor model. The equations require a starting point for
the filtered belief, represented by a normal distribution with parameters m0 and
V0, which must be provided.

The filtered or “true” state is then represented by a distribution:

xt ∼ Normal(mt,Vt) . (8)

This distribution may be used in more than one way. In some applications, the
mean mt is assumed to be the true value. In others, the distribution is sampled
once to obtain the value. In this work, the latter is done.

The above describes how to do Kalman filtering, yielding mt from an obser-
vation zt. A simple form of prediction involves applying the transition model to
obtain a belief about the next state m′

t+1:

m′
t+1 = Fmt . (9)

There are other forms of prediction, but this simple approach is sufficient for
the introduction of the algorithm in the next section, and for its use in particle
swarms.

4 The Kalman Swarm (KSwarm)

KSwarm defines particle motion entirely from Kalman prediction. Each particle
keeps track of its own mt, Vt, and Kt. The particle then generates an observation
for the Kalman filter with the following formulae:

zv = φ(g − x) (10)
zp = x + zv . (11)
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Similar to PSO, φ is drawn uniformly from [0, 2), and the results are row vec-
tors. The full observation vector is given by making a column vector out of the
concatenated position and velocity row vectors: z = (zp,zv)�. This observation
is then used to generate mt+1 and Vt+1 using (5), (6), and (7)

Once the filtered value is obtained, a prediction m′
t+2 is generated using (9).

Together, m′
t+2 and Vt+1 parameterize a normal distribution. We say, then, that

xt+1 ∼ Normal(m′
t+2,Vt+1) . (12)

The new state of the particle is obtained by sampling once from this distribution.
The position of the particle may be obtained from the first half of x�

t+1, and the
velocity (found in the remaining half) is unused.

This method for generating new particle positions has at least one imme-
diately obvious advantage over the original approach: there is no need for a
constriction coefficient. Particle momentum comes from the state maintained by
the Kalman Filter rather than from the transition model. In our experiments,
this eliminated the need for any explicit consideration of velocity explosion.

5 Experiments

KSwarm was compared to PSO in five common test functions: Sphere, DejongF4,
Rosenbrock, Griewank, and Rastrigin. The first three are unimodal while the
last two are multimodal. In all experiments, the dimensionality d = 30. The
definitions of the five functions are given here:

Sphere(x) =
d∑

i=1

x2
i (13)

DeJongF4(x) =
d∑

i=1

ix4
i (14)

Rosenbrock(x) =
d−1∑

i=1

100(xi+1 − x2
i )

2 + (xi − 1)2 (15)

Rastrigin(x) =
d∑

i=1

x2
i + 10 − 10 cos(2πxi) (16)

Griewank(x) =
1

4000

d∑

i=1

x2
i −

d∏

i=1

cos
(

xi√
i

)
+ 1 . (17)

The domains of these functions are given in Table 1.

5.1 Experimental Parameters

In all experiments, a swarm size of 20 was used. Though various sociometries
are available, the star (or gbest [1]) sociometry was used almost exclusively in
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Table 1. Domains of Test Functions

Function Domain
Sphere (−50, 50)d

DeJongF4 (−20, 20)d

Rosenbrock (−100, 100)d

Griewank (−600, 600)d

Rastrigin (−5.12, 5.12)d

the experiments because it allows for maximum information flow [13]. Each ex-
periment was run 50 times for 1000 iterations, and the results were averaged to
account for stochastic differences. The parameters to (5), (6), and (7) are given
below, and are dependent on the domain size of the function. The vector contai-
ning the size of the domain in each dimension is denoted w. The column vector
w = (w,w)� is formed from two concatenated copies of w. In the following
equations, In is an identity matrix with n rows.

m0 = 0 V0 = θ diag(w) (18)
H = I2d Vz = θ diag(w) (19)

F =
(
Id Id

0 Id

)
Vx = θ diag(w) . (20)

The initial mean m0 is a column vector of 2d zeros. The scalar θ indicates how
large the variance should be in each dimension, and was set to 0.0001 for all
experiments, as this produced a variance that seemed reasonable. The transi-
tion function simply increments position by velocity while leaving the velocity
untouched.

All of the vectors used in the Kalman equations are of length 2d and all
matrices are square and of size 2d. This is the case because the model makes use
of velocity as well as position, so extra dimensions are needed to maintain and
calculate the velocity as part of the state. This implies that the sample obtained
from (12) is also a vector of length 2d, the first half of which contains position
information. That position information is used to set the new position of the
particle and the velocity information is unused except for the next iteration of
the Kalman update equations.

5.2 Results

Table 2 shows the final values reached by each algorithm after 1000 iterations
were performed. It is clear from the table that the KSwarm obtains values that
are often several orders of magnitude better than the original PSO algorithm.

In addition to obtaining better values, the KSwarm tends to find good solu-
tions in fewer iterations than the PSO, as evidenced by Figs. 1, 2, 3, 4, and 5.
Note that each figure has a different scale.

Because the results obtained using the star sociometry were so striking, this
experiment was also run using a sociometry where each particle had 5 neighbors.
The corresponding results were so similar as to not warrant inclusion in this work.
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Table 2. PSO vs. KSwarm Final Values

Function PSO KSwarm
Sphere 370.041 4.723

DejongF4 4346.714 4.609
Rosenbrock 2.61e7 3.28e3
Griewank 13.865 0.996
Rastrigin 106.550 53.293

These results represent a clear and substantial improvement over the basic
PSO, not only in the final solutions, but in the speed with which they are found.
It should be noted that much research has been done to improve PSO in other
ways and that KSwarm performance in comparison to these methods has not
been fully explored. The purpose of this work is to demonstrate a novel approach
to particle motion that substantially improves the basic algorithm. The compa-
rison and potential combination of KSwarm with other PSO improvements is
part of ongoing research and will be a subject of future work.
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5.3 Notes on Complexity

It is worth noting that the Kalman motion update equations require more com-
putational resources than the original particle motion equations. In fact, because
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of the matrix operations, the complexity is O(d3) in the number of dimensions
(d = 30 in our experiments). The importance of this increased complexity, ho-
wever, appears to diminish when compared to the apparent exponential impro-
vement in the number of iterations required by the algorithm. Additionally, the
complexity can be drastically reduced by using matrices that are mostly diago-
nal or by approximating the essential characteristics of Kalman behavior in a
simpler way.

6 Conclusions and Future Work

It remains to be seen how KSwarm performs against diversity-increasing approa-
ches, but preliminary work indicates that it will do well in that arena, especially
with regard to convergence speed. Since many methods which increase diversity
do not fundamentally change particle motion update equations, combining this
approach with those methods is simple. It can allow KSwarm to not only find
solutions faster, but also to avoid the stagnation to which it is still prone.

Work remains to be done on alternative system transition matrices. The tran-
sition model chosen for the motion presented in this work is not the only possible
model; other models may produce useful behaviors. Additionally, the complexity
of the algorithm should be addressed. It is likely to be easy to improve by simple
optimization of matrix manipulation, taking advantage of the simplicity of the
model. More work remains to be done in this area.

KSwarm fundamentally changes particle motion as outlined in PSO while
retaining its key properties of sociality, momentum, exploration, and stability.
It represents a substantial improvement over the basic algorithm not only in the
resulting solutions, but also in the speed with which they are found.
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