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Abstract—This paper proposes a fuzzy controller design using
group-crossover particle swarm optimization (GCPSO)
algorithm. The GCPSO uses a group-based framework for
defining particle neighborhood topology and incorporating
crossover operation into particle swarm optimization. The
GCPSO dynamically forms different groups for selecting parents
in crossover operations, particle updates and replacements. The
objective of GCPSO is to improve fuzzy control accuracy.
Comparisons with different population-based optimizations on
truck reversing control problem demonstrate the performance of
GCPSO algorithm.
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L INTRODUCTION

Fuzzy controllers (FCs) have been successfully applied to
many optimum control problems, like robots and power
systems. Evolutionary fuzzy control (EFC) concerns automatic
design of FC using evolutionary computation techniques. Two
popular EFC approaches are genetic algorithms (GAs) [1,2]
and particle swarm optimization (PSO) [3]. The PSO
algorithm studies collective behavior in decentralized systems
[4]. Its development was based on mimicking the social
behavior of animals or insects models in an effort to find the
optima in the problem space. Original PSO models are
initialized with a population of random solutions. Each
individual in PSO is assigned with a randomized velocity
according to its own and its companions’ flying experiences,
and the individuals, called particles, are the flown through
hyperspace.

Many modified PSO have been proposed and successfully
applied to different optimization problems [5-12], such as a
hybrid of GA and PSO (HGAPSO) [5], self-organizing
hierarchical PSO with time-varying acceleration coefficients
(HPSO-TVAC) [6], PSO with controller random exploration
velocity (PSO-CREV) [7], a species-based PSO (SPSO) [8],
and a hierarchical cluster-based multi-species particle swarm
optimization (HCMSPSO) [12]. In HGAPOS and several latter
studies [9-11], the idea of crossover in GA is incorporated into
PSO. In SPSO and HCMSPO, a swarm population is divided
into species subpopulations, and the dominating particle in
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each species is used as a best neighborhood for particles
within the same species. This paper proposes a new
framework for incorporating crossover operation and species
formation into PSO.

This paper proposes a group-crossover PSO, called as
GCPSO. According to the adaptively formed groups in a
swarm, a new group-based crossover operation (GCRO) is
proposed. Unlike the SPSO and HCMSPSO, the formation of
the group is used not only for particle velocity update but also
for particle crossover in the EGPSO. The EGPSO uses the
name “group” because individuals in different species do not
perform crossovers in nature. This paper applies the GCPSO
algorithm to design a fuzzy controller for a truck reversing
control problem. In the simulation, this paper demonstrates the
performance of GCPSO via comparisons with various
advanced GA and PSO algorithms.

This paper is organized as follows: Section II introduces the
FC designed by the GCPSO. Section III introduces the
GCPSO. Section IV conducts the truck reversing control
problem. Finally, Section V presents conclusion.

II. FUZZY CONTROLLER(FC)

This paper designs a fuzzy controller (FC) using the
GCPSO. The i thrule, denoted as R, in the FC is represented
in the formula :

R . Ifx (k)isA, And.. Andx (k)isA,

. (1
Then u(k) is a,

where k is time step, x,(k), ..., x (k) are the input variables,
A,,...,A are fuzzy sets, and a, is a crisp value. The fuzzy

set 4, uses a Gaussian membership function

X — ml_/_ )
M, (x,) = exp{—~(=—")}, )
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where m_ and o, represent the center and width of the fuzzy

set A4 respectively. The fuzzy AND operation in the

inference engine implemented by the algebraic product in the
fuzzy theory. Therefore, given an input data set
x(k)=(x,(k),...,x (k)) , the firing strength ¢ (x(k)) is
calculated by

60 =TT M, x, (k). (3)

If there are r rules in the fuzzy controller, then the output
of the controller computed by the weighted average
defuzzification method and is shown

D B (Eh)

The designed of an FC training data consists of the
determination of fuzzy rules and the optimization of all free
parameters in each fuzzy rule. For the FC in (1) that consists
of n inputs variables and » rules. Therefore, all of ties free
parameters can be described by the following vector

u(k) = “)

s=m,,0,,,m O

2 n? " 1n?

" al"”

m o e m r(2n+l) (5)
> 1° >

2
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In GCPSO-designed FC, the number of rules » is assigned
in advance. The number of fuzzy sets in each input variable is
simply equal to the number of rules. The solution vector in (5)
functions as a particle. The GCPSO-designed FC optimizes all
of the free parameters in an FC with the number of rules being
fixed.

. GROUP-CROSSOVER PARTICLE SWARM
OPTIMIZATION (GCPSO)

In basic PSO, the initial P (which is the swarm size)

particles forming the swarm are randomly generated. However,
there are too many search points before locating the global
optimum. To improve the search ability, this paper applies the
idea of swarm speciation proposed in species-based PSO
(SPSO) [8] for particle velocity update. Unlike the SPSO, the
formation of groups is used not only for particle velocity
update but also for particle crossover in GCPSO. Figure 1
shows the block diagram of the group formation, particle
update, particle generation, and replacement operations in the
GCPSO. Details of these operations are introduced as follows.

A.  Group formation

Initially, the particles are sorted from best performance to
worst performance. The first particle is the best-performing
one in the sorted swarm. This particle forms the first group

and functions as first group leader (denoted as ﬁlL ). For the
leader ;—7: of group z, positions of the particles ranked after

13: are checked one by one against 13: until a particle whose

Group formation

Sl [ ] : group leader Sl
Group 1 Se im0y |-m,l0o,|a]|
= m, o, |- |\m, |0, |a —
5 (ma 10,11 m, |0, la, I 3
il i+l
Group 2 :> Group-based PSO |::> :
jj Particle update S/
Groups
3~G. -1
= GCRO -
Sk ' Sk
Group G, : |:> Group-basedq crossover| | |:> :
= selection ; A
S| e S,

Particle generation and replacement

Generation N Generation N+/

Fig. 1. The Block diagram of the GCPSO.

similarity degree with respect to ﬁ_f is larger than a predefined
threshold p, . The similarity degree, p , between a particle

5. and a group leader p’ is given by

L 15! -5, 1,
p(pr5) = 4| —2 (6)
D

where D is the length of a particle vector. The p value can

be regarded as the root-mean-squared error between

twovectors. The particles with p(ﬁ;,@_) being smaller than

the threshold p, are categorized into group z . The first

particle with p(ﬁ:,fi) being larger than the threshold p,
functions as a new leader 13_:1 and forms a new group z+1.

This paper sets the threshold p, to be 1.5.

B.  Particle Update
Suppose that there are G groups in the GCPSO, where
G, changes with learning iterations. The GCPSO updates

particles in groups 1,...,(G4 —1) . In the GCPSO, grouping is

used for neighborhood topology definition in a swarm. That is,
the neighbors of a particle are defined as the particles within
the same group. Therefore, the neighborhood best position is

the leader j): for particles within group z . The velocity v,
of each particle i in group z is updated using its individual
best position, p, , and the neighborhood best position, ﬁL

The following equation with a constriction coefficient is used
for velocity updating [4]:
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v () = 20 () + e - (p] () =5 (1)) %
+e, (P O -5 O, j=1.. D

where y is a constriction factor controls the magnitude of \7,:’ s

c, and ¢, are positive acceleration coefficients, and ¢’ is

uniform random number [0, 1]. The particles in different
groups are attracted by the different group leaders, which
causes different groups to locate different optima. This method
helps to reduce the chance of getting stuck in a local solution.
Each particle changes its position according to the following
velocity-dependent formula:

S(t+)=5@)+v.(t+1). (8)

C. Particle Generation and Replacement

The GCPSO generates new particles by using a new
group-based crossover operation (GCRO), which is inspired
by the crossover operation in the GAs. The GCRO-generated
particles are used to replace the worst-performing group in
each iteration. In the GCRO, parents for crossover are selected
from different groups except for the worst-performing group
in order to avoid inbreeding. Therefore, this operation is

applied only when the number of groups G, is larger than

two. To select parents for the GCRO, the group-based
tournament selection scheme is used. To select one parent,

GS/ 2 groups are first randomly and uniformly selected

regardless of group performance. For these G, / 2 groups, the

one with the best performance is selected. A particle within
the selected group is then randomly and uniformly selected
regardless of particle performance. This selected particle is

designated as one parent 5 . The other parent §  is selected
pl p2

by the same way. Two new particles, 5§ and s ,, are created
by performing crossover on the two selected parents. Two
crossover sites are randomly selected and are denoted by ¢,

and ¢, . The GCRO creates each element in the two new
particle vectors using the following operations:

ysh A U0=p)sl, j=1 1,
sh=Vs H(A=p)sl, =6+, 0 )
v +(A=y)s,, j=t,+1..,D
and
A=p)s, +vs.,. j=l...t,
s, =4(=p)s +7s,, j=t+1..1 (10)
A=y)s) +7s.,, j=t,+1,.., D

where y is a uniform random number in [0,1]. Each

crossover operation creates two new particles. For worst-group
replacement, the number of crossover operations is equal to

Table 1. The SAE of GCPSO and Different Population-based Algorithms in
for The Truck Reversing Control Problem.

EGA | C-PSO | HGAPSO | HPSO-TVAC | PSO-CREV
Method: GCPSO
E T [4] [5] [6] 7]
Average | 0.525 | 0.5438 0.141 0.3252 1.29 0.1204
STD 0.564 | 1.0643 0.176 0.257 0.67 0.1531
X=10, ¢ =90
(X>Y) T
\ rear
g 7
| | Radius=10
7 v L]

Initial position

Fig. 2. Diagram of the simulation truck and the desired backing path.
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Fig. 3. The control results using GCPSO, where the desired and actual
paths are denoted by solid line and “X”, respectively.

[NW / 21 , where N denotes the number of particles in the

worst-performing group.

For each new particle 5 , its initial velocity v should
be assigned accordingly, which is introduced as follows. The
similarity degree between 5§ and each of the left G, -1

group-leaders ﬁf are computed, and the leader with the

minimum degree is found. That is, find

Z=arg min p(p.,s) (11)

125G -1

The initial
velocity vector is assigned by the following formula:

The particle 5§ is categorized into group Z .

v =7 (Pl =s)+ v (s, =s)
o . (12)
+7, '(5,12 -5, j=1..,D
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This initial velocity is assigned according to the positions
of the two parents and the group leader to which the new

particle 5 belongs.

IV. SIMULATION

This paper simulates a truck reversing control problem.
The FC is designed using GCPSO. Figure 2 shows the
simulated truck. The truck position is precisely determined by
the three state variables ¢, x, and y, where ¢ is the angle of

the truck with the horizon as shown in Fig. 2. The control
signal to the truck is steering angle 8, where 6 € [-20°,20°].

Only reversing is considered. The truck moves backward by a
fixed unit distance every stage. The model of the truck
reversing system is [13]

x(k +1) = x(k) + cos[@(k) + 8(k)]+sin[6(k)]sin[@(k)] (13)
y(k+1) = y(k) +sin[@(k) + O(k)] —sin[O(k)] cos[p(k)] (14)

1 28in(®),

o(k+1)=¢(k)—sin [ (15)

where b is the length of the truck and » =4 in this simulation.
Equations (13) to (15) generate the next state when the present
state and control are given. The task here is to design a fuzzy
controller to reverse the truck following the desired circular
path

(x —20)° +(y—30)’ =10° (16)

with an initial state of (x, y,®)=(10,30,90") . Figure 3 shows

the initial state and the desired driving path. There are a total
of 65 control steps, and control error is defined as

SAE = Z|e(k)| Le(k) = (x(k) = 20)" + (y(k) - 30)2)‘/2 -10)" (17)

k=1

FC inputs are x(k), y(k), and ¢(k), and the input output is

@ . The number of fuzzy rules is set to be four. In the GCPSO-
designed FC, the particle size is set to be 40. This paper sets
the parameters in (7) as follows: y =0.9, C1=C2=1, and

the p, =1.5. The number of iterations is 1000. For statistical

analysis, learning is performed for 50 runs. Table 1 shows the
average SAE and standard deviation (STD) over 50 runs.

For the sake of comparisons, this paper compares the
GCPSO performance with different advanced GA and PSO,
including: an elite GA (EGA)[1], constriction PSO (C-PSO) [4],
a hybrid of GA and PSO (HGAPSO) [5], self-organizing
hierarchical PSO with time-varying acceleration coefficients
(HPSO-TVAC) [6], and PSO with controller random
exploration velocity (PSO-CREV) [7]. The number of rules in
these methods is also set to be four a priori. Table 1 shows the
learning average SAE and STDs of these population-based
optimization algorithms used for comparison. The result shows
that the GCPSO achieves the smallest control error.

V. CONCLUSION

This paper proposes a new optimization algorithm,
GCPSO, for truck reversing control problem. The GCPSO
generates a new swarm by using not only group-based particle
update but also group-based crossover operation. The group-
based crossover operation (GCRO) is incorporated into PSO
for performance improvement. Effectiveness and efficiency of
the GCPSO have been demonstrated through comparisons
with different population-based optimization algorithms in the
FC design problem. In the future, the GCPSO-designed FC
will be applied to other control problems to verify its
performance.
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