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Particle swarm optimization (PSO) is a nature-inspired global optimization method that uses interaction
between particles to find the optimal solution in a complex search space. The swarm’s evolving solution
is represented by the best solution found by any particle. However, using this best solution often limits
the search area. In this paper, we propose a dynamic tournament topology strategy to improve PSO. In
our method, each particle is guided by several better solutions, chosen from the entire population. The
selection of the better particles is stochastic, but still favors particles with better solutions. Experimen-
tal results on benchmark functions indicate that the proposed method is promising. Furthermore, the
application of our dynamic tournament topology strategy in optimization of artificial neural networks
indicates that this method has favorable performance.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Optimization is a fundamental challenge in many real-world
problems. Several optimization algorithms, such as Powell’s
method [1], have been examined to solve optimization problems.
However, traditional algorithms have difficulty determining a sat-
isfactory solution when dealing with highly complex real-world
problems (multimodal, high dimensional, and noisy). Nature-
inspired methods have been proposed to solve problems that are
hard for traditional methods [2-6]. As one example (inspired by
the foraging of birds), particle swarm optimization (PSO) [2] yields
impressive results. The algorithm has been proven to be a practical
optimization tool with several success stories in various applica-
tions, such as communication, finance, energy, medicine, materials
science, and remote sensing [7-13].

This study proposes a dynamic tournament topology strategy to
improve PSO (DTT-PSO). Instead of the gbest, lbest, or other bests, a
tournament strategy is introduced to choose several above-average
(better) guides from the population. Each potential individual has a
chance to inform the others. The vast majority of particles has the
opportunity to be picked as a guide to inform others. The method
also incorporates merits from random topology and fully informed
strategy. Each particle simultaneously receives information from
all better guides. Furthermore, particle guides continuously change
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with evolution. The method increases population diversity and
decreases the probability of dropping into local optima.

The rest of this paper is organized as follows. Section 2 reviews
the basics, improvements, applications, and challenges of PSO. Sec-
tion 3 defines the benchmark functions. Section 4 describes the
details of the dynamic tournament topology strategy. Section 5
outlines and discusses the experimental results and shows its appli-
cation to optimizing neural networks. Finally, Section 6 provides
the conclusion.

2. Motivation

The solution of a problem in PSO is represented as a particle in
the solution space. Each particle moves throughout the solution
space following two bests: one that records the particle’s personal
best solution (denoted pbest), and another that records the global
best solution (denoted gbest). However, particle or swarm histor-
ical memory in traditional algorithms is represented by the “best”
position found by the particle itself or a group of particles. Suppose
a particle is in the basin of attraction of a local optimum that is
not the global optimum. If this particle happens to exhibit the best
fitness of all the points, then it will enlist the others to follow it.
However, this will mislead the swarm into a local optimum, and
possibly away from the global optimum.

This problem gives rise to the following question: can we replace
the best position with better positions to further improve the perfor-
mance of PSO by thoroughly searching the potential optimal regions?

This study proposes a dynamic tournament topology strategy.
No concept of gbest or lbest exists in DTT-PSO. Instead, we propose
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the use of a tournament strategy to distribute the guidance of the
swarm more evenly. Every particle (except for the worst ones) can
potentially become a better guide. The method also adopts advan-
tages from random topology [14] and the fully informed strategy
[15]. Each particle simultaneously receives information from all
better guides and changes its guides frequently during evolution.

On one hand, this strategy avoids the myopic tendency to follow
a single global best particle [2]. Rather, it selects several better
guides randomly to enable a more diversified search. The random-
ness of the tournament topology ensures that the best particle tends
to inform the others, but not always. On the other hand, our method
adopts a dynamic topology in which the neighborhood of a particle
frequently changes according to the tournament strategy, similar
to local PSO [16]. This dynamic random topology ensures a wide
exchange rather than a directional flow of information between
particles. The DTT strategy helps pull the PSO out of local optima,
and toward the global optimum. The next subsection describes the
DTT-PSO in detail.

3. Review of particle swarm optimization
3.1. Basics of PSO

PSO is a nature-inspired global optimization method designed
by Kennedy et al. [2] in 1995. The method can determine the opti-
mum area in a complex solution space by the interaction between
particles. Compared with the genetic algorithm (a classical nature-
inspired optimization algorithm), no selection, recombination, and
mutation occurs in the PSO frame. This method views an individ-
ual in a population as a particle in the solution space, with zero
mass and volume. These particles fly over the solution space at a
given speed, updated according to the experience of the particles
and the entire population. In traditional PSO, the term “experience”
refers to the best position found by the particle (pbest) and by the
entire population (gbest). All particles follow two bests to update
their velocities and positions. Therefore, as a differential system
[17,18], PSO involves two types of behaviors: cognitive and social.
The formula to update a particle’s velocity and position is

v = vl + i1 (pbestly — x4) + gr (gbest? — x4), )

+ud

d _
X0 =xd + v,

id id
where v is the velocity vector, x is the particle’s position in the solu-
tion space, d represents the dth-dimension, pbest;; represents the
best position found by the particle id, and gbest represents the best
position found by the entire population. The variable r is a ran-
dom positive number drawn from the uniform distribution [0, 1].
@1 and @, represent the acceleration constants. The PSO algorithm
is shown in Algorithm 1.

Algorithm 1. Algorithm of particle swarm optimization

Input: Population size PopSize, and acceleration constants @y, ¢
Output: The best solution.
1 Initialization;
2 while rermination condition has not been met do
3 Evaluate the fitness for each particle according to its position vector x;
4 Update the best position pbest for each particle;
5 Update the best position gbest for the whole population;
6 for id=1 to PopSize do
7 for d=1 to Dim do
s vl = v+ @ur(pestt, — ) + @ar(gbestts —xt);
9 vl = min(VMAX4, max(—VMAX? v%)):

d _.d | d.
10 Yig = Xig +Vig:
11 end
12 end
13 end

14 Return the best position found by all of particles.

3.2. Applications and improvements

PSO is a practical approach with several success stories in many
applications. Zhang et al. [19] proposed an improved adaptive par-
ticle swarm optimization to solve the reservoir operation problem.
Bin et al. [20] proposed a novel binary particle swarm optimization
to solve the haplotype inference by pure parsimony problem (HIPP).
Davoodi et al. [21] proposed a new optimization approach, based
on a hybrid algorithm combining improved quantum-behaved PSO
and simplex algorithms for solving the power system load flow
problem. Cervantes et al. [22] proposed an adaptive Michigan
PSO and examined its application in nearest neighborhood clas-
sification. Wang et al. [23] proposed the use of nearest neighbor
classification in conjunction with a neural-network classifier and
uses PSO as the optimizer. Li et al. [24] suggested a novel fuzzy neu-
ral network, which adopts PSO to facilitate parameter estimation
and improve accuracy, for system state forecasting. Chen et al. [25]
proposed an online modeling algorithm for nonlinear and nonsta-
tionary systems with RBF neural network, in which the quantum
PSO algorithm is introduced to optimize the tunable center vec-
tor and diagonal covariance matrix. Zhan et al. [26] used PSO for
each population and developed a coevolutionary multiswarm PSO
to solve multi-objective optimization problems. Lu et al. [27] inves-
tigated decision making and finite-time motion control for a group
of robots, which introduced PSO to determine the probable position
of the odor source. Wang et al. [28] distilled the middle-age hydra-
tion kinetics for cement hydration using phased hybrid evolution
method and adopted PSO to search for the best value of coefficients
for a given form of kinetics.

Despite the success of PSO in certain applications, traditional
PSO still has room forimprovements in updating velocity and topol-
ogy structure. Several studies have focused on further improving
the performance of PSO by integrating mechanisms from other
algorithms, adding new strategies or techniques, and designing
topologies. Mendes et al. [15] proposed a novel fully informed par-
ticle swarm (FIPS) that adopts a fully informed mechanism. The
method allows every neighbor of a particle to contribute infor-
mation for updating the velocity. Updating the velocity can be
considered a cumulative effect of the information contributed by
neighbors. This method increases the source of information for
each particle, so it avoids dropping into the local optimum dur-
ing evolution, and it improves the ability of converging and global
searching for PSO. The traditional topologies in PSO are static;
therefore, Liang and Siganthan [14] proposed a PSO method that
adopts the dynamic topological strategy. This method divides the
original population into several small swarms that regroup after
every fixed number of iterations during the evolution process. On
one hand, the division strategy ensures the diversity of the entire
population. On the other hand, the regrouping strategy enables the
exchange of information between small swarms. Liang et al. [29]
also developed a comprehensive learning particle swarm optimizer
(CLPSO), which has the distinction of independently optimizing
the vector for each dimension. A particle receives information
from the others with a certain probability and updates its velocity
accordingly.

Leu et al. [30] proposed a grey evolutionary analysis to analyze
the population distribution of particle swarm optimization during
the evolutionary process. Lim and Isa [31] developed a teaching
and peer-learning PSO algorithm by improving the cutting edge
teaching-learning-based optimization algorithm and adapting the
enhanced framework into the PSO. Calazan et al. [32] presented
a novel massively parallel coprocessor for PSO’s implementation
using reconfigurable hardware. Zhan et al. [33] presented an adap-
tive PSO that consists of a real-time evolutionary state estimation
and an elitist learning strategy. Valdez et al. [34] proposed a new
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hybrid approach by combining particle swarm optimization and
genetic algorithm using fuzzy logic to integrate the results of both
methods and for parameters tuning.

4. Methodology

This section presents the proposed DTT-PSO method. First,
the motivation of this method is introduced. Then, the details
and mechanisms of the proposed DTT strategy are described.
The user-defined parameters are then discussed in the following
subsection. Finally, special cases of DTT-PSO are presented and
discussed.

4.1. Dynamic tournament topology strategy

This method adopts the tournament strategy to randomly
reconstruct topology, and it incorporates the fully informed
strategy to update the velocity. In each iteration, topology reor-
ganization will be conducted with probability P for each particle.
When topology reorganization is performed for a particle, M rela-
tively better guides are chosen as neighbors. The identity of those
neighbors is determined using a tournament strategy.

For a tournament, | K * PopSize| contestants are randomly chosen
from the population, where K is the ratio of contestants and Pop-
Size is the size of the population. The contestant with the best pbest
in the tournament is chosen as one of the neighbors and will have
the right to inform the current particle in the subsequent iterations
(until the next topology change). This process of random sampling
and selection is repeated M times to determine the M neighbors.
Notably, the tournament is conducted with replacement, so the
same particle may be chosen several times.

The velocity update of a particle depends on all M neighbors,
determined by the accumulated information from all its neighbors.
The velocity formula of the dth dimension of a particle in DTT-PSO
is

M
vl = i) + por(pbestly — x%) + Z%‘T(Pb“fgn(id,i) ) ()
i=1

where pbest;; represents the best position found by the particle
id itself, dn(id, i) represents the ith neighbor of particle id, and
pbestgniq,;) Tepresents the best position found by the ith neighbor
of particle id. A random inertia weight @ € [0, wmax] is adopted in
DTT-PSO to restrict the velocity change and improve the search-
ing flexibility. Conventionally, wmax is be set to 1 to balance the
precision of the search. (¢g, ¢1, . .., ¢u) represent the acceleration
constants, all set to the same value,

Po=P1="" =0 = 77—, (3)

where ¢ constitutes the sum of the acceleration constants. The
formula for velocity then becomes

d d

%
Vig =®Vig+ 37—

M
d d % d d
M r(pbest;y — xid) + Zmr(pbestdn(id,i) - Xid)'
i=1

(4)
The detailed algorithm of DTT-PSO is presented in the Algorithm

1, where r represents a random positive number drawn from the
uniform distribution [0, 1].

Algorithm 2. Algorithm of DTT-PSO

Input: Population size PopSize, and acceleration constants @g, @y, - , @y, and
number of neighbors M, ratio of contestants K, probability of
reorganization P.

Output: The best solution.

1 Initialization;
2 while termination condition has not been met do

3 Evaluate the fitness for each particle according to its position vector x;
4 Update the best position pbest for each particle;
5 for id=1 to PopSize do
6 if » < P then
7 for i=1to M do
8 for j=1to | K  PopSize| do
9 Choose an individual as contestant from the population at
random and add it into the tournament.
10 end
11 The contestant, which has the best fitness in tournament, is chosen
as dn(id,i).
12 end
13 end
14 end
15 for id=1 to PopSize do
16 for d=1to Dim do
Vﬁi = a)vﬁj + MLEHNPMSZ‘{‘I’ 7xfi,)+
17 M (p d 4
Zf M+ 1r(pbmdn(fd.i) —Xig);
18 vl = min(VMAX? max(—VMAX9 v%));
v = o 4t
20 end
21 end
22 end

23 Return the best position found by all of particles.

4.2. Mechanism

The tournament strategy extends and distributes the notion of
the population’s best solution. The danger of being fixated on a
single population best position - as done in traditional PSO imple-
mentations - is that this best solution might lead the entire swarm
into a suboptimal local trap. The DTT strategy creates an oppor-
tunity for a particle that is located in the global optimum area
(but does not have the best fitness) to inform the other particles.
Furthermore, this strategy also encourages input from a variety of
non-best particles. A relatively good particle will stand out more
using this strategy than in traditional PSO. In this way, the DTT
strategy balances exploration and exploitation because it spreads
the influence of leadership across more individuals, rather than just
one. It preserves the exploration ability by maintaining diversity,
but can exploit a potential optimum region if multiple better parti-
cles discover it. This strategy also adopts the fully informed strategy
in which a particle simultaneously receives information from bet-
ter guides. The strategy helps the swarm dilute the influence from
a single best particle and distributes that influence across a society
of better particles.

Furthermore, the dynamic random topology ensures a wide
exchange of information between particles, rather than a direc-
tional flow. The reorganization of the topology is performed at
different times for different particles, helping to diversify the samp-
ling of the search space. If all the topologies were updated at the
same time, then the neighborhoods would all be based on the same
set of fitness values available at the time.

4.3. User-defined parameters

Aside from the classical parameters of PSO, our method involves
three additional user-defined parameters: the probability of reor-
ganization P, the number of neighbors M, and the ratio of
contestants K. Figs. 1 and 2 illustrate the effects of parameters on the
results for unimodal benchmark functions F;, F, and multimodal
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Fig. 1. The impact of parameter values on the results for unimodal benchmark functions F;, F,. Error and time represent the average error to the best value and average
computation time (seconds). The natural logarithms of original values are used to enhance contrast.

benchmark functions F7, Fg on 10 and 30 dimensions. P, M, and K
are discussed in detail in this subsection in relation to Figs. 1 and 2.
The maximum number of fitness evaluations is set to 100,000, the
population size is set to 50, and ¢ is set to 4.1. The experiment is run
30 times for each parameter setting to reduce statistical sampling
effects. It should be noted that the negative values appear in figures
because the original values are displayed in natural logarithm-scale
to enhance contrast.

The frequency of topological reorganization is represented by
P (P € [0, 1]). At each iteration, the probability of selecting a new
neighborhood is P. DTT-PSO adopts asynchronous reorganization.
On the one hand, a larger P is suggested for unimodal problems
to accelerate convergence. When P is set too large (e.g., P~ 1),
the topology is frequently reorganized. In this case, a particle is
pulled by different neighbors at different iterations, and this sit-
uation leads to vibration, hindering local search. Furthermore, the
frequent reorganization also increases the computation time. How-
ever, it should be noted that the influence of the increase of P on

computation time is smaller in a 30-dimensional problem than in
a 10-dimensional problem.

On the other hand, experimental results indicate that setting P
to a smaller value for multimodal problems maintains the stability
of topology during local search. When P is set too small (e.g., P~ 0),
the topology is rarely reorganized. In this case, DTT-PSO loses its
dynamic characteristic, and a particle cannot receive useful infor-
mation from other particles - only from its fixed neighbors. We
have found that selecting P from the interval (0, 0.2] is adequate to
balance the accuracy and computation time.

The number of neighbors is representedby M (M ¢ Z+, M >
0). This parameter controls the number of neighbors that simulta-
neously influences a particle. Each particle is fully informed by all
of its neighbors [15]. According to Figs. 1 and 2, a larger M helps
each particle receive information from multiple sources and aids
in finding potential regions. When M is set too large, the particles
tend to lose cognitive ability. The behavior of the different particles
becomes correlated and results in similar particle behavior and
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Fig. 2. The impact of parameter values on the results for multimodal benchmark functions F7, Fg. The results are transformed to natural logarithm to enhance the contrast.
Error and time represent the average error to the best value and average computation time (seconds). The natural logarithms of original values are used to enhance contrast.

premature convergence. Furthermore, as far as the time resources
are concerned, a large M increases the time-complexity in updating
velocities and positions. On the other hand, smaller M (e.g., M=0)
makes DTT-PSO gradually degenerate to a cognitive-only model
and each particle only receives information from itself. In this situ-
ation, the particle cannot get useful information from the others. It
can be observed from Figs. 1 and 2 that the error is reduced when M
is set to a suitable value, but the time consumption increases with
the increase of M. Experiments suggest that selecting M from the
interval [5, 15] reduces the error with an acceptable computation
time.

The ratio of contestants is represented by K (K € R, [Kx
PopSize| > 1). Thus, |K* PopSize] represents the number of contes-
tants. This parameter regulates the speed of convergence during
the evolution process. If K is set too large, then neighborhoods
will tend to be populated by a small set of particles with the very

highest fitness values. This happens because it is very probable that
at least one of those high-fitness particles will be selected for a
given tournament. In this case, the probability of premature con-
vergence increases. If K is set too small, the tournament will lose
its characteristic of competition. For example, if |K* PopSize | =1,
each individual who is chosen into a tournament automatically
wins because it is the only contestant in the tournament. In this
case, the flow of information that indicates the possible best posi-
tion is very slow and further slows down the convergence. From
Figs. 1 and 2, we see that the increase of P enlarges the scope of
selectable K on unimodal problems but narrows down the scope
on multimodal problems. The combination of larger P and larger
K encourages the global best to win tournaments. It accelerates
the convergence for unimodal problems and leads to premature
convergence for multimodal problems. Moreover, it can also be
observed that the computation time increases when K is large,
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and this trend is more pronounced when P and M are also large.
Experiments suggest that setting K to a larger value for unimodal
problems speeds up convergence, and setting K to a smaller value
helps in multimodal problems because it leads to a more diversified
search.

4.4. Special cases of parameters

When the parameters are set according to the following com-
binations, DTT-PSO degenerates to special, interesting cases. The
degeneration manifests that DTT-PSO is a generalization of the tra-
ditional PSO method.

e M=0
In this case, DTT-PSO is equivalent to a cognitive-only model.
A particle does not receive any information from other particles.
e P=1,M=1,K— c©
In this case, DTT-PSO is equivalent to the classical model: global
PSO. With high probability, all particles will be included in each
tournament, so the globally best particle always wins. Since each
neighborhood consists of only one particle, the best particle is

the only one of influence. The topology is reorganized at each
iteration and ensures the update of the global best particles.
e P=1, M— 0o, K= 0
In this case, DTT-PSO is equivalent to a social-only model. With
high probability, the globally best particle will always be chosen
and win the tournament. All particles receive the information of
the global best location at each iteration and update their velocity
accordingly.
e P=0
In this case, DTT-PSO is equivalent to a static fully informed
model, which includes the particle itself in the neighborhood.
The topology is fixed at the initial stage and remains unchanged
during the evolution.

5. Experiments
5.1. Experiments on benchmark functions
5.1.1. Benchmark functions

The benchmark functions used to test DTT-PSO and the other
methods are described in this subsection. Four unimodal and 12

Table 1
Formulas and properties of benchmark functions.
Function Search range Best value
Unimodal functions Fi(x)= Zilx,-z [-100, 100]P 0
2
D i
— . D
Fy (%)= Zle (ijlx,) [-100, 100] 0
F3(x) = Zf’:lix,-‘* + random[0, 1) [~1.28,1.28]° 0
D 2
Fa0=Y"" ( in +o.5J) [~100, 100]P 0
. . D-1 5 2 5 D
Multimodal functions Fs (x) = ZH 100(x,» —xM) +(x—1) [-2,2] 0
—0.2 %Zé X2 ek )
Fs (x) = —20e =1 gD D oszm) +20+e [-32,32]° 0
D X D D
Fr(x) = Z,-:] o5 — Hi | cos \/ +1 [~600, 600] 0
Fs()=> x —10cos(271x,)+10) [-5,5]P 0
Fo (x) = y —10cos(2ny,)+10)
Mi<a [-5.5° 0
round(Zx) f (=12-.D
[xi| = 5
D 1 5
{F“] > (]OO(Z ~ i 1) +E-1) ) +390 [~100, 100] 390
z=x—-0+1
l
Fii() =30 goes H cos(ZL)+1-180 (0, 600]° _180
z=(x-0)xM
D 2
Fi2 (x) = . (2} — 10cos(27z;) + 10) - 330 [=5,5]P _330
z_x—o
Fi3(x) = —10cos(2mz;) + 10) — 330 [=5,5]P _330
zZ=(x— o) * M
I
Fia(x) = (ZI:":X [a“ cos(2mb¥(z; + 0. 5))])
Zl : (Z’;":}“ [t cos(armbt « 0. 5)}) 90 [~0.5,0.5] 90
a_05 b =3, kmax = 20
z=(x-0)xM
Fis5 (x) = F7(Fs(z1, 22)) + F7(F5(22, 23)) + - -
+F7(Fs(zp-1, zp)) + F7(Fs(zp, Zl))* 130 [-3,1]° -130
z=x—-0+1
Fig (%) = F(z1,22) + F(2z2,23) + -
+F(zp_1,2p) + F(zp, zl) 300 [~100, 100]P ~300
z=(x-0)xM
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multimodal benchmark functions were chosen [35,36], including
seven CECO5 functions (Fig — Fig). Table 1 illustrates the formulas
and properties of these functions.

5.1.2. Experimental settings

The benchmark functions defined in the previous subsection
are used to test the performance of DTT-PSO. Here we report the
results from all the benchmark datasets we tested on. Seven PSO
and genetic algorithms were also used to compare the benchmark
functions.

(1) Genetic algorithm (GA) [37], which is a widely used evolution-
ary algorithm.

(2) Traditional global PSO algorithms with inertia weight (GPSO)
[2].

(3) Traditional local PSO algorithms with inertia weight and ring
neighborhood (LPSO) [16].

(4) Fully informed PSO [15] whose velocity is calculated accord-
ing to the information from all of the neighbors. The goodness
weighted FIPS with URing (FIPS (URing)) and USquare (FIPS
(USquare)) topologies are adopted.

(5) Dynamic multi-swarm PSO (DMS-PSO) [14] is a dynamic
topological method that reorganizes neighborhoods during
evolution.

(6) Comprehensive learning PSO (CLPSO) employs a comprehen-
sive learning strategy that optimizes every dimension of the

vectors and exchanges the information of the best between
different particles [29].
(7) PSO with dynamic tournament topology strategy (DTT-PSO).

The results of GPSO, LPSO, FIPS (URing), FIPS (USquare), DMS-
PSO, and CLPSO are extracted from [38]. For a fair comparison
among these algorithms, the maximum fitness evaluation for DTT-
PSOis set to 200,000, and the population size is set to 64, consistent
with [38]. The value of the acceleration constant ¢ is set to 4.1. P is
set to 0.05, M is set to 6, and K is set to 0.1. The experiments were
conducted in terms of the 16 benchmark functions on 10 and 30
dimensions and were independently run 30 times for each method
on each function to reduce statistical variation. All experiments
were conducted in MATLAB with the use of the same machine.

5.1.3. Results and discussions

The comparison of optimization accuracy, including mean and
standard deviation, between the proposed DTT-PSO and the other
six methods is illustrated in Tables 2 and 3. For 10-dimensional
problems, despite F;, F», and Fg, whose results are under 10-8 and
are generally considered noise, DTT-PSO is better than the other
methods on F3, Fs, Fyg, F11 in terms of mean error. DTT-PSO is equal
to the other benchmark functions on Fy4. For 30-dimensional prob-
lems, despite F;, and Fg, whose results are under 10~8, DTT-PSO
is better than the other methods on F,, Fs3, Fs5, Fy1, F14, F1g and
equal with GPSO, LPSO, FIPS(URing), FIPS(USquare), and CLPSO on

Table 2
The comparison of optimization accuracy, including mean error and standard deviation, between the proposed DTT-PSO and the other six methods on 10-dimensional
problems.
Fy F F3 F4
GA 4.06E—11(4+3.08E-11) 1.30E-09(+7.25E-10) 9.22E-02(+4.49E-02) 0.00E+00(+0.00E+00)
GPSO 6.93E—89(+2.61E-88) 5.44E—31(+1.84E-30) 5.14E—04(+1.79E-04) 0.00E+00(-+-0.00E+00)
LPSO 1.90E—40(+3.53E-40) 5.63E—09(+6.70E-09) 1.22E-03(+5.16E-04) 0.00E+00(+-0.00E+00)
FIPS(URing) 5.22E—28(+6.40E—-28) 2.13E-10(£+1.45E-10) 6.70E—04(+2.93E-04) 0.00E+00(+0.00E+00)
FIPS(Usquare) 9.68E—-76(+1.58E-75) 5.60E—28(+£9.95E-28) 4.61E-04(+2.23E-04) 0.00E+00(-+-0.00E+00)
DMSPSO 3.00E-19(+3.99E-19) 1.40E—02(+1.56E-02) 1.44E—03(+5.50E-04) 0.00E+00(+-0.00E+00)
CLPSO 3.46E-102(+1.41E-101) 4.42E-14(+£1.57E-13) 7.57E—04(+6.72E-04) 0.00E+00(+0.00E+00)
DTT-PSO 3.46E—175(+-0.00E+00) 1.54E—-62(+4.99E-62) 1.25E-04(+9.93E-05) 0.00E+00(+-0.00E+00)
Fs Fe F Fs
GA 7.65E—02(+3.38E-02) 7.63E—06(+4.49E-06) 5.05E-12(+5.73E-12) 5.31E-01(£6.78E-01)
GPSO 2.19E+00(+9.46E—01) 2.66E—15(40.00E+00) 6.04E—02(+2.23E-02) 1.26E+00(+1.28E+00)
LPSO 3.73E+00(+1.82E-01) 2.66E—15(40.00E+00) 3.24E-02(+1.81E-02) 2.04E+00(£+8.71E-01)
FIPS(URing) 2.59E+00(+1.67E-01) 3.37E-11(£9.12E-11) 1.80E—-02(+1.81E-02) 2.67E-01(+4.47E-01)
FIPS(Usquare) 3.09E-01(4+4.49E-02) 1.01E-15(+1.80E-15) 2.94E—03(+4.64E-03) 4.57E-02(+1.83E-01)
DMSPSO 4.23E+00(+3.30E-01) 1.65E-10(+1.12E-10) 1.44E—01(+5.04E-02) 3.69E+00(+1.51E+00)
CLPSO 3.44E+00(+1.49E+00) 2.66E—15(40.00E+00) 2.72E—-02(+1.98E-02) 1.76E+00(+1.24E+00)
DTT-PSO 4.35E-03(+6.37E-04) 0.00E+00(--0.00E+00) 5.25E-03(%7.96E-03) 1.06E+00(+£9.03E-01)
Fq Fio Fiq Fiz
GA 4.77E+00(£1.79E+00) 1.67E+01(+1.69E+01) 1.67E+01(£1.77E+01) 1.93E+02(+£5.19E+00)
GPSO 6.67E—02(+2.54E-01) 8.24E+00(+1.80E+01) 3.49E+02(+5.57E+02) 6.88E—01(4+3.54E-01)
LPSO 1.93E+00(+1.05E+00) 1.46E+00(+1.69E+00) 2.51E+00(4+1.95E+00) 2.97E-02(+2.54E-02)
FIPS(URing) 3.58E+00(+8.82E-01) 3.57E+00(+1.45E+00) 4.13E+01(+4.72E+01) 3.72E-01(4+1.83E-01)
FIPS(Usquare) 2.30E+00(+9.92E-01) 7.41E—-01(+1.32E+00) 9.35E-01(+1.57E+00) 1.60E-01(+3.65E-01)
DMSPSO 4.90E+00(+8.41E-01) 1.19E+01(+2.76E+01) 2.65E-01(+6.38E-02) 4.20E+00(+1.35E+00)
CLPSO 2.07E+00(+1.05E+00) 1.15E+01(+1.63E+01) 1.27E+03(+4.64E-13) 1.99E+00(+1.59E+00)
DTT-PSO 3.50E+00(+1.38E+00) 3.81E-01(+2.06E+00) 1.15E-01(+4.91E-02) 1.31E+01(+4.09E+00)
Fi3 Fia Fis Fie
GA 3.45E+00(+7.85E+00) 1.16E+02(+1.68E+01) 1.19E+03(£2.12E+03) 2.77E+00(+1.94E+00)
GPSO 1.19E+00(+1.15E+00) 1.06E+02(+8.42E+00) 4.40E+02(+6.82E+02) 6.70E—01(4+1.92E-01)
LPSO 2.10E+00(+1.02E+00) 8.96E+01(45.59E+00) 4.49E+00(+4.46E+00) 6.06E—01(+2.53E-01)
FIPS(URing) 2.38E—-01(+4.36E-01) 1.50E+01(+5.36E+00) 4.98E+03(+2.19E+03) 1.47E+00(+3.68E-01)
FIPS(Usquare) 1.45E+01(+1.07E+01) 4.05E+00(+1.13E+00) 1.81E+00(+4.65E—01) 2.56E+00(+2.48E-01)
DMSPSO 8.19E+00(+2.46E+00) 2.22E+00(+9.97E-01) 8.54E—01(+1.74E-01) 2.15E+00(+3.40E-01)
CLPSO 1.40E+01(+6.45E+00) 4.11E+00(+1.12E+00) 3.99E-01(+1.11E-01) 2.63E+00(£5.89E-01)
DTT-PSO 1.32E+01(+4.30E+00) 3.34E+00(+£1.12E+00) 8.71E—01(+3.02E-01) 3.22E+00(+£4.47E-01)

The bold font indicates the method which achieves the best performance on each function.
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Table 3
The comparison of optimization accuracy, including mean error and standard deviation, between the proposed DTT-PSO and the other six methods on 30-dimensional
problems.
Fi F F Fy
GA 6.40E—09(+2.46E—-09) 2.00E—02(+1.29E-02) 1.11E+00(+4.51E-01) 2.00E-01(+4.07E-01)
GPSO 1.04E-21(4+3.64E-21) 1.56E+01(+9.47E+00) 9.83E—03(+3.38E-03) 0.00E+00(+-0.00E+00)
LPSO 5.13E—08(+4.62E—-08) 4.25E+02(+1.08E+02) 2.54E—02(+5.16E-03) 0.00E+00(--0.00E+00)
FIPS(URing) 3.44E—05(+1.20E-05) 3.96E+03(+8.23E+02) 1.13E-02(+2.88E-03) 0.00E+00(--0.00E+00)
FIPS(Usquare) 3.53E-42(+2.98E-42) 6.15E-02(£3.91E-02) 4.11E-03(+1.58E-03) 0.00E+00(+0.00E+00)
DMSPSO 2.34E-01(+1.99E-01) 1.40E+03(+2.35E+02) 5.50E—02(+1.45E-02) 3.93E+00(+2.45E+00)
CLPSO 7.21E-21(+£5.23E-21) 1.79E+02(+7.47E+01) 3.55E-03(+9.66E—04) 0.00E+00(--0.00E+00)
DTT-PSO 1.21E-94(+1.64E-94) 1.95E-06(+2.25E-06) 8.05E—04(+3.36E-04) 0.00E+00(+0.00E+00)
Fs Fe F7 Fg
GA 2.23E+01(+2.34E+01) 5.95E-05(+1.20E-05) 3.50E-10(+1.66E—-10) 4.94E+00(+2.02E+00)
GPSO 2.43E+01(+1.77E+00) 5.85E—12(+6.97E-12) 1.48E—-02(+1.31E-02) 2.81E+01(+6.36E+00)
LPSO 2.52E+01(+4.99E-01) 1.05E—04(+6.75E-05) 9.25E—-04(+2.56E-03) 3.62E+01(+7.15E+00)
FIPS(URing) 2.56E+01(+4.26E-01) 1.21E-03(42.68E—04) 2.97E-03(+5.20E-03) 1.02E+02(+1.35E+01)
FIPS(Usquare) 2.28E+01(+2.76E-01) 4.20E—-15(+1.79E-15) 4.59E—05(+2.09E-04) 2.51E+01(45.06E+00)
DMSPSO 2.72E+01(+3.11E-01) 6.88E—01(+£6.95E-01) 4.71E-01(+2.48E-01) 6.54E+01(+7.85E+00)
CLPSO 2.56E+01(+4.64E—01) 1.87E-11(+6.56E—12) 0.00E+00(+-0.00E+00) 2.26E+00(+1.57E+00)
DTT-PSO 1.62E+01(+3.13E-01) 2.66E—15(+-0.00E+00) 1.56E—03(+4.17E-03) 5.77E+00(+1.87E+00)
Fo Fio Fi1 F1z
GA 2.24E+01(+£3.35E+00) 3.17E+02(£1.64E+02) 2.56E+02(£6.34E+01) 3.54E+03(+2.83E+01)
GPSO 1.66E+01(+5.94E+00) 1.81E+02(+3.29E+02) 4.41E+02(+9.62E+02) 1.94E—02(+9.49E-03)
LPSO 3.55E+01(+7.73E+00) 6.25E+01(+2.72E+01) 1.86E+02(+2.39E+02) 4.79E-02(+1.26E-02)
FIPS(URing) 9.57E+01(+1.01E+01) 3.50E+02(+6.39E+02) 1.42E+04(+2.51E+04) 2.09E+00(+1.60E+00)
FIPS(Usquare) 3.34E+01(+5.46E+00) 5.18E+01(+4.78E+01) 1.96E+01(+3.86E+01) 8.37E+01(+7.15E+01)
DMSPSO 4.84E+01(+6.58E+00) 5.36E+03(+7.71E+03) 1.20E+00(+1.69E-01) 6.77E+01(£7.42E+00)
CLPSO 5.20E+00(+2.19E+00) 8.13E+01(+5.48E+01) 4.70E+03(4+2.75E-11) 4.94E+00(4+2.21E+00)
DTT-PSO 9.47E+00(+2.24E+00) 6.48E+01(+7.28E+01) 1.10E—-02(+4.85E-03) 1.11E+02(+1.65E+01)
Fi3 Fia Fis Fie
GA 5.35E+02(+6.97E+01) 3.46E+01(4+3.61E+00) 2.38E+01(49.50E+00) 1.46E+01(+£1.49E-02)
GPSO 7.82E+01(+£3.59E+01) 1.95E+01(+3.57E+00) 2.81E+00(+5.89E-01) 1.24E+01(+4.94E-01)
LPSO 1.31E+02(+2.38E+01) 2.09E+01(+1.37E+00) 5.10E+00(=+1.14E+00) 1.25E+01(+2.03E-01)
FIPS(URing) 2.01E+02(+1.97E+01) 3.99E+01(41.42E+00) 1.65E+01(+1.71E+00) 1.40E+01(£1.29E-01)
FIPS(Usquare) 1.69E+02(+6.61E+01) 3.48E+01(+2.31E+00) 2.67E+01(+8.75E+00) 1.26E+01(+2.42E-01)
DMSPSO 1.13E+02(+£9.34E+00) 2.71E+01(+1.20E+00) 9.35E+00(+1.15E+00) 1.23E+01(+2.86E-01)
CLPSO 9.44E+01(+1.78E+01) 3.21E+01(42.08E+00) 1.73E+00(+3.10E-01) 1.30E+01(+£2.46E-01)
DTT-PSO 8.47E+01(+1.30E+01) 1.31E+01(+-1.86E+00) 3.26E+00(+8.65E-01) 1.21E+01(+3.19E-01)

The bold font indicates the method which achieves the best performance on each function.

F4 in terms of mean error. Noticeably, although DTT-PSO is not
the best strategy on Fy4 or Fig for 10-dimensional problems, it is
the best one on the same functions for high-dimensional problems
(30-dimensional), a result indicating that the dynamic tournament
topology can help PSO solve complex problems. Compared with the
promising results on mean error, the standard deviation of DTT-PSO
is less impressive, yielding sufficiently low standard deviation on a
few functions (Fy, F», F3, Fs5, Fg for 10-dimensional problems and Fy,
F,, F3, Fg for 30-dimensional problems). Therefore, future work will
involve investigating strategies to make the DTT-PSO more stable.

The performance of DTT-PSO is worse than most methods on F;;
for both 10-dimensional and 30-dimensional cases. The landscape
of F15 has multiple local optima around the global optimum, with
values very close to the value of the global optimum [36]. The pbest
of particles in these nearby local optima can easily yield a better
value than a pbest near the global optimum, and hence mislead the
swarm into the non-optimal basin. In comparison with DTT-PSO,
the LPSO and GPSO, which rank first on 10-dimensional Fy; and
30-dimensional F;,, respectively, do not adopt fully informed
or dynamic topological strategies and thus enable themselves
to concentrate on converging to gbest or lbest. This hypothesis
can be further verified from the phenomenon that DTT-PSO is
worse than many other methods on Fy, Fy3, F1g for 10-dimensional
problems, and on F; for 30-dimensional problems. However, it
should be noted that with the increase of dimension, the DTT-PSO
gradually exhibits its advantage for finding a better solution in
comparison with the other methods. Although the complexities of

the problems are increased with the expansion of dimension, the
preserved diversity for the swarm in DTT-PSO still enables it to
discover potential regions in the search space.

To thoroughly and fairly compare DTT-PSO and other methods,
statistical t-tests [39] were performed, and the results are shown in
Table 4. The number of benchmark functions showing that DTT-PSO
is significantly better than, almost the same as, and significantly
worse than the other algorithms is illustrated in this table. The level
of significance is 0.05. The “Merit” score was calculated by subtrac-
ting the “worse” score from the “better” score. The result shows the
degree and difference by which DTT-PSO is better than the other
methods. The table shows that DTT-PSO is better than the com-
pared algorithms. Furthermore, the value of merit increases with
the expansion of dimension (10-dimensional to 30-dimensional
functions), aresult implying that the dynamic tournament topology
strategy enables PSO to solve complex problems.

To demonstrate the convergence speed of DTT-PSO, the evolv-
ing process of mean accuracy for each algorithm on all benchmark
functions is shown in Figs. 3 and 4. Compared with the conver-
gence curve produced by the other methods, the speed of DTT-PSO
is faster on functions Fi, F,, F3, Fy4, Fs, Fg, and F;1 for both 10- and
30-dimensional problems. DTT-PSO is faster than the other algo-
rithms on 30-dimensional Fqq, Fi4, and Fyg, but not on the same
10-dimensional problems, a result indicating that the proposed
strategy is applicable to solving complex problems. However, the
only fly in the ointment is on F;g; DTT-PSO is the fastest but only
for the 10-dimensional problem.
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Table 4

The statistical analysis t-tests. The number of benchmark functions (out of the 16 tested) that the DTT-PSO is significantly better than (Better), about the same as (Same), and
significantly worse than (Worse) the other algorithms. The Merit score is calculated by subtracting Worse from Better, so can be a positive or negative value.

GA GPSO LPSO FIPS (URing) FIPS (USquare) DMSPSO CLPSO
10D Better 11 8 11 10 8 10 8
Same 2 4 1 2 4 2 4
Worse 3 4 4 4 4 4 4
Merit 8 4 7 6 4 6 4
30D Better 13 10 12 13 12 15 9
Same 2 4 3 2 3 0 2
Worse 1 2 1 1 1 1 5
Merit 12 8 11 12 11 14 4

Since the introduction of the dynamic tournament topology
increases the complexity of the algorithm, the computation time
was also evaluated. Figs. 5 and 6 illustrate the comparison of
average computation time before reaching the fixed error lev-
els, which are determined according to the median of compared
methods and defined in Table 5. It can be observed that DTT-PSO

Dimension=10 Dimension=30

10 10
F
. 1
10
0
- 10
<
o
=
W, 00
LI | 50
10
—+—FIPS (URing)
10"5‘7 —B—FIPS (US quarg)
—*—DMSPSO
—&—CLPSO
mrzna DTTPSO 16 10|
320 80320 160320 320 80320 160320
1020 10\0
F
2
10" 10°
. -
9 20| h 0
TR 10
10% 10°
10” 10"
320 80320 160320 320 80320 160320
107 10*
F
3
107
10’
S
L‘i 10°
10°
=R 10°
10°* 10°*
320 80320 160320 320 80320 160320
10 10’
F
4
10 10
.
[
w1 10°
10° 10°
10° 10°
320 80320 160320 320 80320 160320
FEs FEs

ranks at the middle level on 10-dimensional problems. However,
it becomes the fastest method on 30-dimensional problems. The
results indicate that, with the increase of complexity of problems,
the relative influence of the dynamic tournament topology on com-
putation time decreases gradually while its influence on accuracy
increases.
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Fig. 3. The comparison of evolutionary curve of error on F; to Fg problems.
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Fig. 4. The comparison of evolutionary curve of error on Fy to Fig problems.

The tournament strategy extends the definition of the best
position and enables a particle that is located in the global opti-
mum area to inform the other particles, even if it does not have the
best fitness. This strategy also encourages the individual whose
personal best is larger to inform other individuals. Furthermore,
the dynamic characteristic ensures a wide exchange rather than a
directional flow of information between individuals. The dynamic

tournament topology enables the swarm to find a better solution
and helps avoid dropping into a local optimum.

5.2. Application in optimization of neural network

In this subsection, we applied DTT-PSO to the design of a neural
network. The task here is to design a neural network for a robot

Table 5
Fixed error levels of problems. The levels are determined according to the median of compared methods.
F] Fz F3 F4 Fs FG F7 FS
10D 1.00E-40 1.00E-09 7.00E—-04 0.00E+00 2.50E+00 2.70E-15 2.00E-02 1.20E+00
30D 1.00E-09 1.00E+02 1.00E-02 0.00E+00 2.50E+01 1.00E-05 1.00E-03 2.70E+01
Fy Fio Fiq Fiz Fi3 Fiq Fis Fie
10D 3.00E+00 5.00E+00 1.00E+01 1.00E+00 5.00E+00 1.00E+01 3.00E+00 2.50E+00
30D 3.00E+01 1.00E+02 2.00E+02 1.00E+01 1.20E+02 3.00E+01 7.00E+00 1.25E+01
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Fig. 5. Average computation time (seconds) before reaching the fixed error levels on 10-dimensional problems. The total time of one trial is used as the computation time if

the required accuracy is not reached.

that forages in a two-dimensional discrete environment [40]. The
food items are distributed randomly in the environment at regular
time intervals. A feedforward neural network is adopted for this
task. Its inputs include the action from the previous time step, and
the sensory inputs of the first, second, and third nearest food at
the current time step. The sensory inputs consist of the egocentric
angle and distance from the robot to that food. The output layer
encodes the current planned action using the binary encoding

e 11: step forward
e 10: turn left

e 0 1: turn right

¢ 00: do nothing

The environment and network are shown in Fig. 7. A three-layer
feedforward neural network with 5 nodes in its hidden layer was

used in this experiment. The objective is to design a neural network
that directs the robot to eat as many food items as possible during
its life.

We cannot use conventional backpropagation here because
there is no direct teaching signal. However, nature-inspired algo-
rithms can be used to change the network to optimize fitness. Since
the total number of food items is constant for a given lifetime,
the total number of unconsumed food items is our cost function.
We compared DTT-PSO to the same set of alternative optimization
algorithms mentioned in Section 5.1.2. For all compared methods,
the maximum number of fitness evaluations is set to 10,000, and
the population size is set to 20. For DMS-PSO, each swarm'’s pop-
ulation size is set to 5, and the number of swarms is set to 4. For
DTT-PSO and FIPS, the value of acceleration constant ¢ is set to 4.1.
For GPSO, LPSO, and DMS-PSO, each acceleration constant is set
to 2. For CLPSO, each acceleration constant is set to 1.49445. For
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Fig. 6. Average computation time (seconds) before reaching the fixed error levels on 30-dimensional problems. The total time of one trial is used as the computation time if

the required accuracy is not reached.
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Fig. 7. The environment of foraging task and the neural network structure of the robot.
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Fig.8. The comparison of evolutionary curve of number of remaining foods between
all methods on robot foraging task.

DTT-PSO, P is set to 0.2, M is set to 5, and K is set to 0.4. For GA,
the crossover fraction is set to 0.8. The experiment is run 30 times
for all compared methods. Fig. 8 illustrates the evolution curves of
the seven methods, plotting the number fitness evaluations versus
the historical best number of remaining foods, averaged over the
30 runs. Comparing the curves shown in this figure, the DTT-PSO
demonstrates better performance among all compared methods on
this task. This result illustrates that the DTT-PSO is also effective for
finding neural network weights.

6. Conclusions

A dynamic tournament topology strategy to improve PSO has
been proposed in this study. The strategy generalizes the definition
of the best position and ensures a wide exchange of information.
Instead of focussing on the historical best solution, the proposed
strategy chooses a number of guides selected randomly, but with
preference going to particles with higher fitness. Moreover, each
particle can be guided by a different set of better particles, encour-
aging the sharing of information across a wide network. Compared
with traditional PSO, this strategy preserves the diversity of the
population, and enables the swarm to find a better solution,

avoiding falling into a local optimum. Its effectiveness is especially
pronounced when solving complex problems.

Sixteen well-known benchmark functions are used to evaluate
the performance of the proposed approach. We also compared its
performance against a host of different algorithms. Experimental
results illustrate that the proposed dynamic tournament topology
strategy demonstrates favorable performance, especially in terms
of accuracy and convergence speed. Furthermore, as far as the time
resources are concerned, although the introduction of this strat-
egy increases time complexity of the optimization, the relative
influence of dynamic tournament topology on computation time
decreases gradually while its accuracy increases.

Furthermore, the DTT-PSO is applied to the optimization of a
neural network for a simple robot foraging task. DTT-PSO demon-
strates a better performance among all compared methods on this
task and shows that DTT-PSO is able to solve real problems.

For future work, more real-world applications from other fields
will help to further investigate the effectiveness of DTT-PSO. In
order to improve the performance of robot foraging task, the self
organization neural network will be used instead of feedforward
neural network. Furthermore, we plan to investigate an adaptive
method for selecting and changing user defined parameters to
improve the method’s stability.
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Appendix A.

The source code of DTT-PSO, written in Matlab, is available at
https://sourceforge.net/projects/dttpso/files.
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