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Received in revised form 17 April 2010 space. This paper presents a variation on the standard PSO algorithm called the rank based

particle swarm optimizer, or PSO,.,x, employing cooperative behavior of the particles to
significantly improve the performance of the original algorithm. In this method, in order to
efficiently control the local search and convergence to global optimum solution, the y best
particles are taken to contribute to the updating of the position of a candidate particle. The
contribution of each particle is proportional to its strength. The strength is a function of
three parameters: strivness, immediacy and number of contributed particles. All particles
are sorted according to their fitness values, and only the y best particles will be selected.
The value of y decreases linearly as the iteration increases. A time-varying inertia weight
decreasing non-linearly is introduced to improve the performance. PSO;, is tested on
a commonly used set of optimization problems and is compared to other variants of the
PSO algorithm presented in the literature. As a real application, PSO,, is used for neural
network training. The PSO;,nx strategy outperformed all the methods considered in this
investigation for most of the functions. Experimental results show the suitability of the
proposed algorithm in terms of effectiveness and robustness.
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1. Introduction

Optimization has been an active area of research for several decades. As many real-world optimization problems become
increasingly complex, better optimization algorithms are always needed. Unconstrained optimization problems can be
formulated as D-dimensional minimization (maximization) problems as follows:

Min(or Max)f (X), x = (X1, X2, ..., Xp)

where D is the number of the parameters to be optimized. In optimization problems, the objective is to find the minimum or
maximum of the function under consideration. There are many optimization techniques available for function optimization.

Particle swarm optimization (PSO) is a swarm intelligence technique developed in [1], inspired by the social behavior of
bird flocking and fish schooling. PSO has been shown to successfully optimize a wide range of continuous functions [2-7].
The algorithm, which is based on a metaphor of social interaction, searches a space by adjusting the trajectories of individual
vectors, called particles. Particles change their state dynamically with both the position of their best past performance and
the position of the global best particle in the neighborhood. This iterative process proceeds until an optimal state has been
reached or until computation limitations are exceeded. Each particle represents a potential solution which is a point in the
search space. The position of each particle is used to compute the value of the function to be optimized. Each particle has a
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fitness value and a velocity for adjusting its flying direction according to the best experiences of the swarm in searching for
the global optimum point in the D-dimensional solution space.

The PSO algorithm is easy to implement and has been empirically shown to perform well on many optimization problems.
However, it may easily get trapped in a local optimum when solving complex multimodal problems. In order to improve
PSO’s performance on complex multimodal problems, we present the rank based particle swarm optimizer (PSO;ank)
utilizing experiences of the best particles for escaping from the local optimum. First, we introduce the rank based particle
swarm optimizer concept. Second, we introduce the time-varying acceleration coefficient. Third, we apply the proposed
algorithm to the well known test functions. Finally, the proposed method is applied for training multilayer neural networks.
The trained network is used for image compression and its performance investigated with other training methods presented
in the literatures.

This paper is organized as follows. Section 2 introduces the original PSO and some current variants of the original PSO.
Section 3 describes the rank based particle swarm optimizer and its extensions. The searching behavior of the proposed
algorithm is discussed in Section 4. Section 5 presents the test functions, the experimental setting for each algorithm, and
the results. Discussions are presented in Section 6. Finally, conclusions are given in Section 7.

2. Standard PSO

The standard PSO algorithm is an iterative process in which a set of particles are characterized by their position and
the velocity with which they move in the solution space of a cost function. Each individual in PSO flies in the parameter
space with a velocity which is dynamically adjusted according to its own flying experiences and those of its companions.
Therefore, every individual is gravitated toward a stochastically weighted average of the previous best point of its own
and that of its neighborhood companions. Mathematically, given a swarm of particles, each particle is associated with a
position vector which is a feasible solution for an optimal problem; let the best previous position (the position giving the
best objective function value called pbest) that the ith particle has found in the parameter space be denoted by p'; the best
position that the neighborhood particles of the ith particle have ever found, called gbest, is denoted using g'. At the start
time all of the positions and velocities are initialized randomly. At each iteration step, the position vector of the particle is
updated by adding an increment vector, and denoted using the velocity. In the original PSO algorithm, the particles’ positions
are updated according to the following equations:

vk + 1) = vi(k) + cirand; () — X} (k) + corandy (g) — X, (k) (1)

i ) Umax if (vé(k‘F 1) > vmax)
vd(k +th= {_Umax if(vé(k—l— 1) < —Umax)

Xy(k+ 1) = x,(k) + vl (k+ 1) (3)
where vy is @ maximum velocity possible for the particle, c; and ¢, are two positive constants, and rand; and rand, are
two random parameters of uniform distribution in range [0, 1], which limit the velocity of the particle in the coordinate
direction.

As shown in Eq. (1) only the global best particle has an impact on the candidate particle. This iterative process will
continue swarm by swarm until a stop criterion is satisfied, and this forms the basic iterative process of a PSO algorithm.
It is worth pointing out that in the right-hand side of (1), the second term represents the cognitive part of a PSO algorithm
in which the particle changes its velocity on the basis of its own thinking and memory, while the third term is the social
part of a PSO algorithm in which the particle modifies its velocity on the basis of the adaptation of the social-psychological
knowledge. On the basis of these formulations, only the best particle in the neighborhood has an impact on the candidate
particle. Essentially, the PSO algorithm is conceptually very simple, and can be implemented in a few lines of computer code.
Also, it requires only primitive mathematical operators and very few algorithmic parameters need to be tuned.

(2)

2.1. Some variants of PSO—some previous works

Since the introduction of the PSO method in 1995, there has been a considerable amount of work done in developing the
standard version of PSO [5,8,9]. Many researchers have worked on improving its performance in various ways, thereby deriv-
ing many interesting variants. Previous works on improvement of the basic PSO can be categorized as follows: (1) introducing
inertia weight as a mechanism of balance between exploration and exploitation and proposing a different method for updat-
ing this parameter, (2) using the coefficient factor as a mechanism for controlling explosion and increasing the convergence
rate, (3) using different neighborhood topologies such as local and global neighborhoods, (4) improving random variables
rand; and rand,, (5) using various methods for updating the position of each particle, and (6) improving acceleration factors
c1 and ¢;. In population based optimization methods, proper control of global exploration and local exploitation is crucial
in finding the optimum solution efficiently [2,10]. The basic PSO has problems in balancing exploration versus exploita-
tion; therefore many of the works focus on this problem and trying to solve it. One of the first variants [11] introduces a
parameter called inertia weight. The inertia weight is used to balance the global and local search abilities. A large inertia
weight is more appropriate for global search, and a small inertia weight facilitates local search. A linearly decreasing inertia
weight, over the course of the search, was proposed in [ 11]. Setting the parameters and their impacts on PSO algorithms are



2696 R. Akbari, K. Ziarati / Journal of Computational and Applied Mathematics 235 (2011) 2694-2714

discussed in [12,11]. Shi and Eberhart designed fuzzy methods for non-linearly changing the inertia weight [13]. Similarly,
a dynamic inertia weight was introduced in [6] which varies dynamically on the basis of the run and evolution state. In this
strategy the inertia weight is given by a function of the evolution speed factor and the aggregation degree factor, and the
value of the inertia weight is dynamically adjusted according to the evolution speed and aggregation degree. In [14], the
inertia weight is set at zero except at the time of re-initialization. In addition to the time-varying inertia weight, a linearly
decreasing inertia weight was introduced in [15].

Following analyzing the convergence behavior of the PSO, a PSO variant with a constriction factor was introduced in [8].
The constriction factor guarantees the convergence and improves the convergence velocity of the particles in the PSO
method.

The performance of an individual in a swarm depends on population topology as well as the algorithm. A comparison
between various neighborhood topologies was proposed in [ 16]. Two major types of neighborhood topology are presented
in literature, called global and local neighborhoods. The first type implies that the source of influence on each particle was
the best performing individual in the entire population. In the local structure, each individual is connected to the subset of
particles in the population—that is, it is influenced by some particles. In the IPSO algorithm presented in [7], the swarm is
partitioned into several sub-swarms. Each complex independently executes PSO. After a certain number of generations, the
sub-swarms are forced to mix and points are reassigned to ensure information sharing.

An important part of each PSO algorithm is the contribution of each individual in the swarm. A hierarchical version of PSO
introduced in [17], where the particles are arranged in a dynamic hierarchy that is used to define a neighborhood structure.
Depending on the quality of the solution that is the best found so far, the particles move up or down the hierarchy. In [5],
the concept of time delay is introduced into PSO to control the process of information diffusion and maintain the particle
diversity. In this method the gbest used to update the particle velocity may not be the latest one, and different particles may
use different values of gbest in the same iteration. Under this method, particle diversity thus increases.

In [9] a center particle is incorporated into the swarm. The center particle has no explicit velocity, and is set to the center
of the swarm at each cycle of the algorithm. The center particle generally gets a good fitness value and attracts other particles
and guides the search direction of the whole swarm. Some authors used a time-varying acceleration coefficient to overcome
stagnation in searching for a global optimal solution. A variant with non-linear time-varying evolution is proposed in [3]. The
cognitive parameter c; starts with a high value ¢y« and non-linearly decreases to cimin. Meanwhile, the social parameter
c, starts with a low value c;in and non-linearly increases to cymax.

In the previously mentioned variants of the PSO, a particle with k neighbors selects the best one to be a source of influence
and ignores the others. However, all the neighbors of a particle can be sources of influence. This interesting idea has been
used by some researchers to improve the performance of the standard PSO [18]. The fully informed particle swarm (or FIPS)
was presented by Mendes and Kennedy, in which a particle is not simply influenced by just the best particle among its
neighbors [18]; the behavior of each particle in FIPS is affected by its local neighborhood. Hence, the authors presented
different topological structures for investigating the performance of the FIPS. The scatter PSO method inspired from the
FIPS model and SS/PR template was presented in [19]. Two strategies have been used in scatter PSO to exploit the social
knowledge of the swarm. In the first strategy, the social learning of a particle was based on its own best experience and the
best experience of another particle. In the second strategy, a set of reference particles have been used as guides for adjusting
the trajectory of a particle. The comprehensive learning particle optimizer (or CLPSO) was presented in [4]. In CLPSO, the
historical best information of all particles was used to update a particle’s velocity. The CLPSO improved the searching ability
of a particle by allowing it to learn from different pbest values for different dimensions for a few generations. Also, instead
of learning from pbest and gbest at the same time in every generation, every dimension of a particle learns from just one of
the pbest or gbest values for a few generations. As described in [4], the aforementioned extensions improve the performance
of PSO by increasing diversity of the algorithm.

3. Rank based particle swarm optimization with dynamic adaptation (PSO;a,x)

The original PSO algorithm as given in [1] had difficulties in striking a balance between exploration and exploitation.
Hence, the global search ability of the PSO algorithm is restricted. Therefore the PSO algorithm gets trapped in a local
optimum. To address this problem, some improvements to available PSOs have been made, as described in the previous
section. We introduce a novel method for updating the position of an individual based on Latané theory [20].

The sharing of information among particles can be considered a blessing, in that the particles profit from the discoveries
and previous experiences of all particles during the search process, resulting in an enhancement of the convergence speed
of the solver. The basic idea arose from psychological studies. Psychologists such as Breder and Latané proposed theories
about social impacts in human communities.

Bibb Latané’s social impact theory, conceived in the 1970s and still evolving, resulted from dozens of laboratory and field
experiments with human subjects [20]. As stated by Kennedy, “Latané finds that the impact of a group on an individual is a
function of the strivness, immediacy, and number of sources of influence, that is, other people”. Here, strivness is a kind of
social influence variable, similar to status or persuasiveness or potential, immediacy is the inverse of distance, so it increases
as distance decreases, and number is simply the number of people influencing the target individual [21].

Latané had found, for instance, that the size of the tip left by a group of people in a restaurant is a function of the number
of people sitting at the table—the more people in a party, the larger the total amount but the smaller the percentage each
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pays of the bill. The nervousness of participants in a college talent show was shown to be a function of the number of people
in the audience [21]. On the basis of these observations, each individual can share knowledge with other individuals in the
neighborhood. Therefore, the individuals in a swarm have better interaction mechanisms.

We use this theory for designing a variation of the PSO method as described in Section 3.1. Also, to further improve the
performance, dependent random coefficients (Section 3.2) and a new non-linear inertia weight (Section 3.3) are introduced
into the algorithm.

3.1. Velocity and position updating

Kennedy found that the effectiveness of the particle swarm algorithms comes from the interactions of particles with their
neighbors [16]. In standard PSO only the global best particle is used to update the position of candidate particles, and the
particles are attracted towards the best particle. In this way the valuable information provided by neighbor individuals was
ignored. Therefore, as the particles become closer together, their search may uncover new regions that are even better and
they may trap in a local optimum. By incorporating other neighbor particles as sources of influence in addition to the global
best ones, the swarm has the chance to cover new regions.

On the basis of Latané theory [20], in order to efficiently control the balance between exploration and exploitation,
the concept of ranking can be applied and extended to the particle swarm optimization as follows. At each iteration,
after all n particles move to the new positions, the particles are sorted on the basis of their fitness values (fitness; (k) <
fitness, (k) < --- < fitness,(k)), where fitness;(k) is the fitness of the ith particle in kth iteration. Only the y best particles
contribute in updating the position of a candidate particle. The value of y linearly decreases as the iteration increases. The
contribution of each particle is proportional to its strength. The strength value is a function of the strivness, immediacy and
number of contributed particles. That is, the contribution of an individual in updating the position of a candidate particle is
weighted according to the ranking function, the inverse of the distance from the particle and the number of individuals in the
neighborhood. Under this configuration the velocity vector of the particles is updated according to the following equation:

n
vl (k 4+ 1) = vi(k) + rand; (p}, — x},(d)) + rand, (Z ¥l (ply (k) — xj,(k))) (4)
j=1

i (k) = f(x] (), 8,0, &) = 7 (k) x 8](k) x & 5)
where w{ (k) models the influence of the neighbor particle j on the candidate particle i in the kth iteration depending on the

three aforementioned parameters. The ranking parameter rij signifies the strivness of the individual j in the neighborhood
of the ith particle. The strivness of the neighbor individual j depends on its relative fitness with neighbor individuals of the
ith particle which is defined as

fitness; (k)
Neighbors;

> fitness;(k)

=0
where fitness;(k) is the fitness of the particle j in the neighborhood of the particle i, and Neighbors; is the number of

neighbor particles. The immediacy of individual j from particle i is defined on the basis of the Euclidean distance 8{ in the
D-dimensional solution space. As the distance of a particle j increases from the candidate particle i, its immediacy decreases.
The immediacy is defined as

8l(k) (7)

D . ,
\/az (x’d (k) — x},(k))?
=1

(k) = (6)

where x’é (k) and xid (k) respectively represent the positions of the particle j and the candidate particle i in dimension d of the
solution space. The effect of the individuals in the neighborhood of ith particle is modeled as &;:

& = aN/ (8)
where N; is the number of individuals in the neighborhood of particlei,and 0 < @ < 1and 0 < 8 < 1 are two constant
parameters which control the importance of social knowledge provided by the neighbor individuals. The impact of the
neighbors on the candidate particle i increases monotonically with the size of the neighbors, but the increase slows as the
new neighbor particles are added.

In addition to the aforementioned parameters, it is interesting to note that only the y best particles are considered for
updating the position of the candidate particle i. The size of the best particles, y, is dynamically adapted throughout iterations
based on iteration intervals. The value of y is determined using the following equation:

iter
y=n-— Ln X J 9)
max_iter
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Fig. 1. Average velocity of particles using (a) dependent random coefficients, (b) independent random coefficients.

where n is the number of particles in the swarm, iter is the current iteration, and iter_max is the maximum number of
iterations. The number of best particles which contribute in updating the position of a candidate particle linearly decreases
as the intervals increase. In the first interval all the individuals in the neighborhood influence the candidate particle. In
the last interval the candidate particle is only influenced by the global best particle in the neighborhood. Hence, in the last
iteration the algorithm is transformed to the basic PSO algorithm.

Considering all the neighbor individuals as the source of influence results in an effective population based algorithm for
optimizing numerical functions. The PSO,.py algorithm provides a swarm of particles with an extended flying pattern. The
proposed flying pattern in the PSO,, algorithm provides an effective way to balance between exploration and exploitation.
This approach alleviates the premature convergence problem which is considered as one of the major weaknesses of the
population based methods. Premature convergence occurs when the algorithm reaches its convergence rapidly in the
early iterations in which the individuals of the population choose the same position and the population traps to local
optima. Stagnation is another major weakness of the population based algorithms. Usually, stagnation may occur due to
hard constriction of the movement trajectories of the individuals of a population. The PSO;.,k algorithm employs shared
information from the neighbors to control diversity and stochasticity of the behaviors of the particles in the swarm. This
alleviates effectively hard constrictions on the movement trajectories of the particle by considering the solutions which
are found by neighbor particles in updating the position of a candidate particle. The performance of PSO;,nx depends on
parameters « and 8. Hence, an experiment on tuning these parameters is given in Section 5.3.

3.2. Dependent random coefficients

The PSO;.n¢ algorithm enhances the balance between global and local search, but as shown in (4) the two random
parameters rand; and rand, are generated independently, so in some cases the values of the rand; and rand, parameters
are both too large or too small. In the former case, both the personal and social experiences accumulated so far are overused
and the particle is driven too far away from the local optimum. For the latter case, both the personal and social experiences
are not used fully and the convergence speed of the algorithm is reduced. To alleviate these problems we use dependent
random coefficients based on random variables rand; and rand, as follows:

vl (k4 1) = v} (k) + rand; (1 — rand,) (p}; — x},(k)) + rand, (1 — rand;) (Z ¥ (ply (k) — xé(k))) ) (10)

j=1

An experiment was conducted on the Rastrigrin function in order to analyze the impact of the dependent random
variables on the evolution of the swarm. Fig. 1 shows how the average velocity of the swarm varies throughout iterations.
On one hand, in the early iterations of an optimization algorithm, it is desirable that the particles of the swarm explore large
areas in the solution space. The particles with large velocity vectors can wander through solution vectors to discover new
regions. From the result, we can see that dependent variables relatively increase the diversity of the swarm in the early
iterations. Increasing diversity provides the swarm with the ability to avoid stagnation in the early iterations by wandering
through solution space. On the other hand, in the last iterations the particles of the swarm need to move more precisely
in the local regions to continuously improve their performances. From Fig. 1, it is apparent that the average velocity of
the swarm with dependent random variable has a smaller value than the average velocity of the swarm with independent
variables. This phenomenon encourages the particles to pay more attention to finding a better position in the last iterations.
This results in a faster convergence speed for the swarm. The velocities of the particles in a swarm with independent variable
decreases slowly. So, the swarm needs more iteration to focus on an optimum solution.
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Fig. 2. (a) Evolution of parameter t throughout iterations, (b) non-linear inertia weight w(t).
3.3. Non-linear inertia weight

PSO is a powerful method for finding global optima in the optimization area, but it has some deficiencies which should
be resolved in order to achieve better performance. As stated before, premature convergence is one of the main deficiencies
of the original PSO. The premature convergence usually occurred due to an improper mechanism of balancing between
exploration and exploitation. One solution for mitigating this problem is achieved through inertia weight. The inertia weight
may provide a proper balancing mechanism. The inertia weight introduces the preference for the particle to continue
moving in the same direction it was going in during the previous iteration. In the first iterations the exploration is preferred
and the exploitation is preferred in the last iterations. There have been broad considerations of inertia weight and many
improvements presented. Eberhart and Shi [13] found that linearly decreasing the inertia is not very effective in dynamic
environments. A non-linear inertia weight provides more flexibility as regards control of the balance between exploration
and exploitation throughout iterations. The PSO;.n¢ algorithm uses a non-linear and dynamic inertia weight. The inertia
weight is based on a non-linear sinusoidal function f:

b4
f(t)=sin(— xr) (11
m
max_iter — iter
t= —-—— (12)
max_iter

where the constant factor m can vary between 2 and 10 (2 < m < 10). The behavior of the inertia weight is controlled
by adjusting the parameters m and t. These parameters result in a wide range of behavior from near linear to periodic with
multiple minimum and maximum values.

A sinusoidal function generates the data in the range of [—1, 1]; so we need to transform them to values in a predefined
range. The max-min normalization is used to perform linear transformation on the data produced by the function. By this
transformation, the inertia weight factor w is set to change non-linearly according to the following equation:

w(t) = M X (Wmax — Wmin) + Wmin (13)

fmax - fmin

where wnin and wmax respectively represent the minimum and maximum values of the inertia weight. The minimum and
maximum values of the function are represented by fiin and fpax. In our experiments, W, is set to 0.4, while way is
set to 0.9. Adjusting this sinusoidal inertia weight with the previously described values results in a non-linear decreasing
coefficient that significantly improves the performance of the original PSO. In this work, the expression 7. x t is constricted
to vary only in the range [ Z, 0). For this configuration, the maximum value of the sinusoidal function will be f.x = sin (Z),
and the minimum value will be zero. Fig. 2 presents parameter t and inertia weight w(t). For large values of m, the inertia
weight w(t) acts as a linear inertia weight. As the value of m decreases, the preference for exploration in early iterations
increases; in the last iterations, the inertia weight decreases rapidly, encouraging the swarm to exploit local optima.

4. Searching behavior of PSO,,,

As a convenient observation, the searching behavior of the PSO,., algorithm for a group of n = 20 particles on a two-
dimensional Rastrigrin function is presented. Fig. 3 presents the distribution of particles with different roles at the 100th,
200th, 300th, and 400th iterations. The initial state of the particles is chosen at random. It is apparent that after some iteration
the particles converge to a local optimum. As described before and shown in this figure, we can see that the distribution of
particles in the first iterations depicts that the PSO;.,i algorithm prefers exploration, while the shrinking particles in the
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(a) Iteration #100. (b) Iteration #200.

(c) Iteration #300. (d) Iteration #400.

Fig. 3. 3D snapshot of the PSOy, algorithm for a two-dimensional Rastrigrin function.

last iterations represent that the PSO;,q¢ algorithm tends to exploit around local optima. This process has occurred due
to stochastic behaviors of particles which modify the topology of the swarm constantly. At each cycle of the algorithm, a
particle selects the y best neighbors as the source of influence. Using this influence approach provides the ability for the
swarm to explore a wide region in the early iterations. This occurs due to the contributions of large numbers of neighbors
in the early iterations. In the last iterations, on decreasing the value of y, the swarm prefers exploitation. In particular, in
the last interval, the swarm gravitates toward the global best particle. This process provides a powerful way to maintain
balance between exploration and exploitation. It controls the global search while maintaining the convergence towards the
global optimum.

5. Experiments

In this section, the experiments that have been done to evaluate the performance of the proposed PSO algorithm
for a number of analytical benchmark functions are described. Three sets of experiments were conducted. In first set of
experiments, we tune the parameters of the PSO;,y algorithm. In a second experiment, the performance of the PSO;anx
algorithm is evaluated in comparison with seven other variants of the PSO algorithm. The continuous test functions in this
experiment have been extensively used to compare PSO algorithms. In a third algorithm, to evaluate the performance of
the proposed algorithm in a real-world application, we have trained a feed forward neural network using PSO;.,x and then
used the trained network for image compression, and the compression results are compared against those from two other
methods called BP and PSO-BP.

5.1. Benchmarks
To test the performance of PSO;,nk, Six well known benchmark functions are used here for comparison, both in terms of

the optimum solution after a predefined number of iterations and the rate of convergence to the optimum solution. These
benchmarks are widely used in evaluating the performance of population based methods [3,5,7,9].
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Table 1

Optimization test functions.
Function name Formula Opt. position Opt. value Trait
fsph» Sphere fik) =YL, % (0,0,...,0) 0 Unimodal
fros» Rosenbrock £ =Y (1001 — x2)% 4+ (x — 1)%) 1,1,...,1) 0 Unimodal
fras Rastrigin fr(0 =YL, (x} — 10 cos(2x;) + 10) 0,0,...,0) 0 Multimodal
fack» Ackley fa(x) = —20exp (—0‘2, [131%%)—exp (1 Y[ cos@mx))+204+e  (0,0,....0) 0 Multimodal
fer, Griewank F50 = g i 4 — T1iy cos (%) +1 (0.0.....0) 0 Multimodal

: 222

fsenn Schaffers f6 fs = 0.5 4 SRV 05 (0,0,...,0) 0 Multimodal

(140.001(2 +x2))2

Table 2

Parameter settings for the test functions.
Function Domain Asymmetric initialization range Xmax Vinax
fspn [—100, 100] (50, 100)" 100 100
Sros [—30, 30] (15, 30)" 30 30
fras [—5.12,5.12] (2.56,5.12)" 5.12 5.12
fack [—30, 30] (15, 30)" 30 30
feri [—600, 600] (300, 600)" 600 600
foen [—100, 100] (50, 100)" 100 100

Table 1 gives the test function, the mathematical expression, its optimum value and the function trait. The first two
functions are simple unimodal functions (they have a single local optimum that is a global optimum) while the other
four functions are multimodal with many local optima. We select these test functions as each of them is a candidate
for a different class of real-world problems. They have different characteristics (e.g. they are unimodal or multimodal, or
have dependent or independent variables). A robust optimization algorithm maintains balance between exploration and
exploitation, controlling diversity, and mitigating premature convergence and stagnation to cope with problems of different
types.

The “Sphere” function has independent variables, contains no local optima, and has a smooth gradient toward the global
optimum. It represents an easy problem which is successfully solved by many population based optimization algorithms.
The Rosenbrock function has smooth slope around its global optimum position, its global optimum lies inside a long, narrow,
and parabolic shaped flat valley, its variables are strongly dependent, and the gradient does not point towards its optimum
position. All of these features mean that achieving convergence toward the global optimum with the Rosenbrock function
is relatively difficult. This function has been frequently used to test optimization algorithms. The algorithms with hard
constrictions on movement trajectories of their individuals may easily encounter stagnation.

The most common initialization ranges used in the literature for the benchmarks are considered in this paper. Each
particle has been initialized with a random position and a random velocity where in both cases the values have been
randomly chosen in the range [}%] We set Ximax = Vmax. To control the explosion of each particle, Eberhart and Shi [21]
suggested that it is good to limit excessive searching outside the predefined search space. During a run of each algorithm,
the values of the position of a particle are limited to the interval [Xmin; Xmax] and the maximum velocity restricted to Viax.
Table 2 presents the function interval, asymmetric initialization range, and maximum velocity and maximum position of a
particle for each test function.

Schaffer’s f6 is a multimodal function with dependent variables. It has smooth slope around the global optimum, so
methods with poor flying patterns encounter problems in regions near the global optimum. An optimization algorithm
should increase diversity of the population to cope with problems of this type.

Ackley’s function is a widely used multimodal test function. This function has one narrow global optimum basin and
numerous local optima. In comparison with other multimodal functions, it represents a relatively easy problem as it has
shallow local optima.

There is no dependency between variables of the Rastrigrin test function. The cosine modulation produces frequent
local optima. So, this test function is highly multimodal which makes it a complex problem. An optimization algorithm
should provide an efficient balance between exploration and exploitation and have good diversity in order to overcome the
problems of this type.

Griewank’s function is based on the Sphere function. Like the Rastrigrin function it has many widespread local optima,
regularly distributed. Its second component represents a linkage between variables which make it a difficult multimodal
problem. The local optima are located in the direction of the gradient, so an optimization algorithm should provide an
efficient balance between global and local search in order to solve this type of problem. Griewank’s function with high
dimensionality seems unimodal.
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5.2. Settings of the algorithms

Simulations were performed in order to observe the performance of the proposed algorithm for finding optimum
solutions. The performance of the new method is compared with those of the TPSO [5], IPSO [7], PSO-NTVE [3], CenterPSO [9],
FIPS [18], ScatterPSO [19], and CLPSO [4] methods. These algorithms have a few parameters; parts of them are common while
other parts are specific to each algorithm.

Common parameters are the number of dimensions for the search space, maximum generation, population size, and total
number of trials. For all test functions with the exception of the 2D function Schaffer’s f6, three different dimension sizes,
10, 20 and 30, are tested. The corresponding maximum generations are 1000, 1500 and 2000 respectively. For Schaffer’s f6
function, the maximum generation is set to 1000. For all the test functions, the population size is set to 30, and a total of 100
runs for each experimental setting are conducted.

Besides the common parameters, the same settings as presented in [3,5,9,18,19,22] are used for the algorithms
investigated in this consideration. Four variants of TPSO were proposed in [5]. The best version of the TPSO algorithm
(i.e. TPSO-2) is used. In TPSO, the parameter T,y is chosen as 5.

For the IPSO algorithm, the linear version of the inertia weight is used, which decreases from 0.9 to 0.4, and the
acceleration coefficients ¢; and c; are set to 2.0. The number of sub-swarms, p, is chosen as 4, and the number of points
in each sub-swarm is used as m = 2q, where q is the population size of particles selected from the points in the sub-swarm.
Other parameters in IPSO are set as G = KT, and T = 2n, where G is the maximum number of iterations, T is the time for
which each sub-swarm executes PSO independently and K is the number of sub-swarms shuffling.

The performance of the PSO-NTVE algorithm strongly depends on three parameters: «, 8, and y. As described in [3] all
these parameters are within the set {0, 1, 1.5, 2}. For each of the benchmark functions, different values of the «, 8, and
y parameters are used. The value of « is chosen as 0.5 for all the benchmark functions. The value of 8 is chosen as 1.5
for the Sphere and Schaffer’s f6 functions, 1 for Rosenbrock functions, and 0.5 for the remaining benchmark functions. The
parameter y is set to 1.0 for the Sphere and Griewank’s functions, 1.5 for the Rosenbrock and Schaffer’s {6 functions, and 0.5
for the Rastrigrin and Ackley functions. Finally, the L,5(5%) orthogonal array is used as described in [3].

Like for the IPSO algorithm, in the CenterPSO algorithm, the inertia weight w linearly decreased from 0.9 to 0.4 and the
acceleration coefficients are c; = ¢; = 2. In CenterPSO, the number of center particles is chosen as 1, so we have 29 ordinary
particles in the swarm.

In our experiments, the FIPS (fully informed particle swarm) algorithm with the U-ring topology that produced the best
results [18] is used.

The linear inertia weight is used in CLPSO. The learning rate ¢ = 1.5 is chosen. Different values of the refreshing gap m
are used for benchmark functions. The values are selected to produce the best result for each benchmark function. The value
of m is selected as 7. The learning probability P, is set for each particle using the approach presented in [4].

The self-variant A of ScatterPSO is used in this study in which each particle learned from every other member in the
swarm. The number of guiding points is chosen as 3.

5.3. Sensitivity to parameters

The method presented seems to be a good compromise. The method indicates that exploitation and exploration are at
a very high level and well balanced. However, the performance of the PSO;, algorithm depends on some parameters. The
optimal combination of « and 8 should be determined in order to obtain best solutions by using the PSO;,nx algorithm. Also
the parameter m of the inertia weight should be tuned. The PSO,.y algorithm was analyzed in terms of its performance and
stability in order to calibrate best values for @ and 8 parameters. A large number of experiments have been conducted in
which the number of particles used was 20.

(1) Performance analysis: We have used three well known multimodal Rastrigrin, Ackley, and Griewank functions in ten
dimensions to investigate how the algorithm is affected by these parameters. The maximum number of iterations was set
to 1000. Each function was tested with different values of « and 8, 50 times. The parameters « and 8 have many possible
values in the range of (0, 1). It may not be possible to evaluate all the combinations of these parameters. Hence, the possible
values for the parameters are discretized into five buckets of length 0.2. Ten distinct points selected randomly from each
bucket and all the combinations of these points with points in another bucket are considered. So, for each pair of buckets one
hundred combinations of « and 8 parameters were considered and the distribution of solutions for 50 runs was recorded
for each combination. To provide a comprehensive representation of the results, the best, worst, and median of the fitness
for each pair of buckets are presented using a box plot. The box plots of the fitness values are presented in Fig. 4(a)-(b). Each
box plot in Fig. 4(a) represents the distribution of fitness values for one bucket of « and all the buckets of 8 parameter, and
each box plot in Fig. 4(b) represents the distribution of fitness values for one bucket of 8 and all the buckets of « parameter.
The horizontal line within a box encodes the median, while the top and bottom of a box encode the Q1 and Q3 quartiles. The
dashed lines describe the shape of the distribution for fitness values, while two small horizontal lines at the ends of dashed
lines represent minimum and maximum values. Finally, plus signs represent outliers.

From the result, it is apparent that the performance of the PSO;,yx algorithm is influenced by « and  parameters. Using
marginal values for both of the parameters is not a good idea in optimizing test functions using the PSO;. algorithm. In other
words, the performance of the PSO;. algorithm decreases in quality if both of the parameters have small values (i.e. close
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Fig.4. Results from the PSO;, algorithm for three test functions for different values of « and g. Each bucket is presented at the center of its corresponding
range.

to 0) or large values (i.e. close to 1). For small & and 8 values (¢ < 0.1and 8 < 0.1) the influence of neighbor individuals
on the candidate particle decreases and the particle has more reliance on its own thinking. The neighbor individuals have
considerable influence on the candidate particle when both @ and S have large values (¢ > 0.9 and 8 > 0.9). For this
configuration, the velocity of particles increases. Hence, the diversity of the algorithm is highly increased and the algorithm
needs more time to converge towards the optimum solution. It is interesting to note that for small values of & and relatively
large values of 8 (¢ < 0.1and B > 0.8) as well as for relatively large values of @ and small values of 8 (@« > 0.8 and
B < 0.1) the PSO;,nk algorithm obtained relatively good results. However, it is clear from Fig. 4 that the best results were
obtained when 0.4 < o < 0.6and 0.2 < 8 < 0.4.

(2) Stability analysis: The PSO;.n algorithm works by adjusting the trajectories of each of the particles towards its own best
position and towards the y best particles. More precisely, trajectories of each particle are adjusted by considering social
knowledge provided by the best particles. The importance of social knowledge is affected by the o and  parameters. Hence,
in order to analyze the behavior of the swarm under different conditions, the trajectories of the particles are considered. The
trajectories of the particles are used to study the stability of the PSO;,,x algorithm. We assume that stability occurs when the
particles are positioned in the search area defined by a threshold around the optimum position. The search region is defined
as Ssap = {X : —¢ < x < ¢}, where ¢ is the threshold. We have used ¢ as 0.01. The trajectories of the particles in optimizing
a one-dimensional Rastrigrin function are give in Fig. 5(a)-(d), demonstrating the stability of the particle dynamics. It should
be noted that due to the large number of possible combinations of @ and 8 parameters, a small but representative subset of
experiments are presented in Fig. 5.

The particle trajectories show that the PSO;.p algorithm guarantees stability under different conditions. The interesting
property of the figures is the time at which the algorithm stabilizes. It is clear from Fig. 5 that the time of stability differs
under different conditions. Again, the experiments show that the best results are obtained when the « and 8 parameters
are in the ranges of 0.4 < o < 0.6 and 0.2 < B < 0.4. For this configuration, the PSO;.y algorithm achieves the fast
speed of convergence to the success criteria described in Section 4. Hence, we have selected o and 8 parameters from the
aforementioned ranges for the experiments conducted in this study. Our empirical study showed that the best results were
obtained around @ = 0.45 and 8 = 0.385, as presented in Fig. 5(b). When large values are used for the « and  parameters
(¢ > 0.9and 8 > 0.9), the diversity of the algorithm increases and stability occurs in the last iterations, as presented in
Fig. 5(d). It seems that for a high dimensional test function, the PSO;,x algorithm needs more time to converge to the global
optimum. For small values of the & and 8 parameters (¢ < 0.1and 8 < 0.1), the convergence speed of the algorithm
decreases, as presented in Fig. 5(a).

(3) Conclusions from performance and stability analysis: In general, by considering the results from performance and stability
analysis, we see that the PSO,, algorithm obtained a faster convergence speed and better performance when o was drawn
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Fig. 6. Results from the PSO,,yk algorithm for four test functions for different values of the parameter m.

from the third bucket and 8 was drawn from the second bucket. The marginal values for both of the parameters are not
good choices for the PSO;nx algorithm.

(4) Tuning the non-linear inertia weight : The parameter m should be tuned. We used Sphere, Griewank, Ackley, and Rastrigrin
test functions in ten dimensions to investigate the impact of this parameter. Each function was tested with different values of
m, 50 times. The average fitness of the PSO,., algorithm is represented in Fig. 6. It is clear from the results that for the Sphere
function, m; = 3 produces the best results. For other test functions, the best results were obtained for m = 2. From Fig. 6, we
can see that the inertia weight w(t), which has interesting properties and provides a better balance between exploration and
exploitation throughout the iterations, depends on the parameter m. This property of inertia weight empowers the PSO;anx
algorithm to produce better results in comparison with the linear inertia weight. In our experiments the PSO,,py algorithm

uses the parameter m = 2.
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Table 3
Mean and standard deviation for ten-dimensional test functions.
Method Function
fSph fRos fRas fGri fAck
Standard PSO 4.38E—05 £ (2.57E—05) 1.64E+014(2.93E+00) 1.34E4+00+(8.26E—01) 6.20E—02 +(8.17E—02) 5.31E—02 4(7.72E—02)
PSO + RC 3.50E—07 £ (6.63E—07) 5.59E400+ (8.18E—01) 1.95E—02 4 (3.52E—02) 5.20E—02+(3.17E—02) 4.66E—02 +(8.67E—02)
PSO + IW 9.23E—05+(1.94E—04) 1.72E4+00+(6.47E—01) 7.46E—03 +(9.30E—03) 2.75E—02 4 (4.56E—02) 8.92E—03 £ (1.34E—02)
PSO + RC + IW 1.68E—06 + (4.32E—06) 9.84E—014(5.14E—01) 3.29E—03 £(7.44E—03) 3.42E—03+(7.05E—03) 1.57E—03 £+ (3.12E—03)
PSOpank—RC—IW  7.80E—114(9.26E—11) 4.63E—02 +(6.34E—02) 1.35E—13 +(4.64E—13) 1.15E—04+(1.72E—04) 2.33E—05 =+ (7.63E—05)
PSOrank — W 412E—11+(4.84E—11) 2.91E—014(6.74E—01) 5.82E—15+£(1.03E—14) 4.83E—05=+(5.49E—05) 9.29E—06 4 (2.47E—05)
PSO;ank — RC 3.04E—10+(6.83E—10) 1.69E—02 £ (2.93E—02) 0.00E+00 =+ (0.00E+-00) 1.42E—05+ (4.75E—05) 9.26E—06 + (2.38E—05)
PSOrank 3.77E—10£(1.22E—09) 5.02E—03 +(9.77E—03) 0.00E-+-00 + (0.00E+00) 2.83E—05 + (6.29E—05) 1.17E—06 + (4.92E—06)

5.4. The effects of three mechanisms

The proposed algorithm is designed on the basis of three different mechanisms: those of Latané theory, dependent
random coefficients, and non-linear inertia weight. Hence, its performance may be influenced by each of these mechanisms.
To provide a comprehensive study on the effects of these mechanisms, an experiment was conducted by incorporating
different combinations of these mechanisms into the standard PSO algorithm [21]. On the basis of this configuration, eight
variants of standard PSO will emerge:

1) PSO: standard PSO.

PSO + RC: PSO with dependent random coefficients.

PSO + IW: PSO with non-linear inertia weight.

PSO + RC + IW: PSO with both dependent random coefficients and non-linear inertia weight.
PSO;ank — RC — IW: PSO with only Latané theory.

PSO;ank — IW: PSO with Latané theory and dependent random coefficients.

PSO;ank — RC: PSO with Latané theory and non-linear inertia weight.

PSO;ank: PSO with Latané theory, dependent random coefficients, and non-linear inertia weight.

In this experiment, five test functions in ten dimensions are considered. The maximum number of iterations was set to
1000 and a total of 50 runs for each experimental setting were conducted. The effects of the proposed mechanism are given
in Table 3 in terms of mean and standard deviation. It can be seen from the results that the dependent random coefficients
and the non-linear inertia have positive effects on the performance of the standard PSO algorithm. Incorporating these two
mechanisms results in three variants of standard PSO (i.e. PSO + RC, PSO + IW, PSO + RC 4 IW) which produce competitive
results as compared to standard PSO. Although PSO with these two mechanisms produced relatively good results, better
performances can been obtained by the other variants of the standard PSO algorithm employing Latané theory.

Incorporating only Latané theory into the standard PSO, PSO;,, — RC — IW will emerge. The results show that the Latané
theory has a positive effect on standard PSO. Significant improvements can be obtained by incorporating Latané theory in
treating Sphere and Rastrigrin functions. Also, better performances were obtained for the remaining test functions compared
to the PSO variants without Latané theory. However, more improvement has been obtained by adding non-linear inertia
weight into the Latané theory (i.e. PSO;.,x — RC), dependent random coefficients (PSO;nx — IW), or both of them (PSOyank).
The results show that the PSO algorithm with three mechanisms surpasses other variants for most of the test functions.

Conclusion: In general, PSO;., performs better than other variants of standard PSO on most of test functions. We can say
that, although each of the proposed mechanisms has a positive effect on the performance of the standard PSO algorithm,
Latané theory provides more efficiency. Hence, we suggest the PSO variant which employs the three proposed mechanisms.

5.5. Comparative study

We present different analyses based on the some dependent measures. The measures provide the ability to consider
algorithms from different perspectives. Following the experiments we present the overall performance of the proposed
method compared to other methods.

5.5.1. Performance evaluation

The numerical results for each test function are recorded in Tables 4-6. In the experiments the number of iterations
for reaching a predefined threshold was specified for each function. Different success criteria for different functions are
presented in the literature. For Schaffer’s f6, the success criterion is set to 0.000001, whereas for the other functions, the
success criteria are set to 0.01. After the maximum iteration, if the minimum value reached by the algorithm was not below
the threshold, the run was considered unsuccessful. Fitness smaller than E—15 was considered as zero.

(1) Results for 10-dimensional functions: Table 4 represents three measures (mean, standard deviation and success ratio) for
100 runs of the seven algorithms for five test functions in 10 dimensions as well as Schaffer’s f6 in two dimensions. The
mean and standard deviation represent the quality of the results obtained by each algorithm, and the success ratio shows
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Table 4

Results for Schaffer’s 6 in two dimensions and other benchmark functions in ten dimensions.
Method TPSO IPSO PSO-NTVE CenterPSO
Function  Mean (std. dev.) S.R. Mean (std. dev.) SR. Mean (std. dev.) S.R. Mean (std. dev.) S.R.
fsph 2.18E—08 +(3.98E—08) 1 1.74E—09 £+ (5.41E—-08) 1 9.13E—03+(1.07E-02) 1 7.50E—3 +£ (9.81E—03) 1
Sros 462E+01+(1.51E4+01) XX  1.05E4014(6.79E+00) XX  3.26E—01=(7.31E—01) 027 1.47E+00+(1.95E4+00) XX
Sras 4.17E+01+(1.72E401) XX 3.29E4+00+£(1.31E+00) 0.09 9.56E—01=+(1.02E4+00) 0.35 2.30E+00+(1.59E4+00) 0.13
Sack 2.31E400+(1.02E+00) 0.02 7.42E—02+(1.57E—01) 0.05 5.37E—02+(9.41E—02) 0.16 1.70E4+00+(9.17E—01) 0.06
fori 9.16E—02+(1.80E—01) 021 7.84E—02+(1.63E—01) 027 2.39E—02+(1.21E—02) 034 3.65E—02+(7.25E—02) 0.29
Fsen 1.17E—03 +(2.83E—02) 0.09 6.80E—03+(1.08E—02) 0.02 1.61E—03+(3.76E—04) 0.07 2.72E—03+(1.42E—02) 0.03
Method FIPS Scatter PSO CLPSO PSO;ank
Function  Mean (std. dev.) S.R. Mean (std. dev.) SR. Mean (std. dev.) S.R. Mean (std. dev.) S.R.
fsph 7.28E—07 +(3.23E-06) 1 9.62E—08 £ (2.58E—07) 1 3.96E—06 +(4.73E—05) 1 1.21E—-10+(8.36E—10) 1
Sros 7.43E4-00 £ (4.79E+00) XX 3.72E—02 +(2.48E—01) 0.79 5.22E4+00+(2.63E+00) XX 9.14E—3 + (142E—-02) 0.96
fras 3.54E+00 + (2.64E4+00) XX 1.69E4+00+(7.31E-01) XX 0.00 £ (0.00) 1 0.00 + (0.00) 1
fack 7.31E—05+(2.26E-04) 1 3.58E—03+(8.14E—03) 0.19 8.50E—06+(3.84E—05) 1 1.31E—06 +(6.54E—06) 1
fori 8.73E400 £ (5.28E+00) XX 5.35E—01+(1.18E+00) 0.08 7.48E+00+ (4.07E+00) XX 2.53E—05+(3.47E-05) 1
fscn 5.71E—06 £+ (1.14E—05) 0.38 7.36E—04+(1.37E—03) 0.18 1.62E—06+(5.08E—06) 0.93 0.00 + (0.00) 1

Table 5

Results for the benchmark functions in 20 dimensions.
Method TPSO IPSO PSO-NTVE CenterPSO
Function  Mean (std. dev.) SR. Mean (std. dev.) SR. Mean (std. dev.) S.R. Mean (std. dev.) S.R.
fsph 1.70E—05 +(3.86E—05) 1 2.25E—07 +(3.19E-06) 1 8.71E—03+(1.14E—-02) 1 481E—03+(7.39E-03) 1
Sros 1.18E4+02 £+ (3.01E4-01) XX 7.57E4014(5.69E+01) XX 3.80E+00+(3.62E+00) 0.15 4.13E+014(3.95E+00) XX
Sras 1.27E4+02 +(3.71E401) XX 1.64E4-01 4 (9.14E+00) XX 1.15E4-014(9.63E+00) XX 1.09E+01 4 (3.98E4+00) XX
Jack 2.48E+004(9.30E-01) XX 9.70E—02 £+ (1.39E—01) 0.03 1.07E—01+£(1.96E—01) XX 2.74E+400 £ (1.04E4-00) XX
feri 5.90E—02+(1.21E—01) 0.37 236E—02+(3.93E—02) 043 9.76E—03=+(2.03E—02) 071 7.30E—03=(1.40E—02) 0.78
Method  FIPS Scatter PSO CLPSO PSOyank
Function = Mean (std. dev.) S.R. Mean (std. dev.) SR. Mean (std. dev.) S.R. Mean (std. dev.) S.R.
fsph 327E—6 +(1.13E-05) 1 7.43E—07 +(3.64E—06) 1 5.34E—5 £ (9.73E-5) 1 1.08E—09 +(3.76E—09) 1
Sros 1.54E+01+(8.61E4+00) XX 1.53E4+00 £ (3.74E4+00) 0.59 1.23E+01+(6.94E4+00) XX 1.61E4+00 4 (2.04E+00) 0.56
fras 3.91E4+01£(1.12E4+01) XX 8.83E4+00 £ (3.95E+00) XX 8.52E—12+(3.27E—11) 1 0.00 + (0.00) 1
fack 492E—03+(9.63E—03) 0.83 2.89E—01+(6.35E—01) 0.09 1.86E—05(6.49E—05) 1 422E—6+(9.11E—06) 1
fori 2.91E+004+(1.83E+00) 0.05 249E—02+(6.76E—02) 0.73 1.36E+00+(9.62E—01) 021 447E—7 £+ (7.69E—7) 1

Table 6

Results for the benchmark functions in 30 dimensions.
Method TPSO IPSO PSO-NTVE CenterPSO
Function  Mean (std. dev.) SRR Mean (std. dev.) SRR Mean (std. dev.) SR Mean (std. dev.) S.R.
fsph 5.30E—04+(8.72E—04) 1 3.48E—05+(2.94E—-04) 1 1.04E—02 +(1.07E—02) 0.86 2.67E—03+(451E—03) 1
Sros 2.80E402 £+ (9.12E4+01) XX 9.98E4+01+(7.43E+01) XX 1.73E+01+(2.11E+01) 0.09 6.14E+01+(5.32E401) XX
fras 2.72E+02 +(8.14E+01) XX 3.50E+014(2.47E+01) XX 3.11E401£(1.89E4+01) XX 2.16E4+-01+(6.49E+00) XX
fack 2.37E400+(8.32E—01) XX 1.06E—01+(1.78E—01) XX 2.37E—01+£(2.42E-01) XX 3.18E+00 £ (1.45E4+00) XX
fori 3.72E—02+(9.51E—02) 0.46 1.65E—02+(2.64E—02) 0.54 9.43E—03+(1.97E—02) 0.63 4.74E—03+(8.36E—03) 0.84
Method FIPS Scatter PSO CLPSO PSOrank
Function  Mean (std. dev.) SR Mean (std. dev.) SR. Mean (std. dev.) SR. Mean (std. dev.) S.RR.
fsph 2.69E—04 £ (6.84E—04) 1 4.83E—06 +(9.14E—06) 1 7.46E—4 + (1.73E-3) 1 2.05E—08+(6.41E—08) 1
fros 3.12E+01 4 (1.76E+00) XX 1.45E4+01+(1.08E4+00) 0.07 2.72E+01+(1.86E4+01) XX 1.27E4+01+(1.39E4+01) 0.19
Sras 8.30E4+014+(2.15E4+01) XX 2.04E4+01+£(9.61E+00) XX 7.64E—8 + (2.95E—7) 1 0.00 + (0.00) 1
fack 481E—02+(9.17E—01) 0.62  3.26E+00+(1.92E400) XX 8.17E—05+(2.19E—04) 1 3.12E—-05+(8.35E—05) 1
fori 8.23E—02+(1.13E—01) 031 8.93E—03+(2.76E—02) 0.78 2.11E—02+(551E—02) 0.45 2.73E—8 £ (5.24E—8) 1

the robustness of the algorithms in solving optimization problems. For ease of observation, the best results obtained by the
algorithms are shown in bold. The XX sign shows that an algorithm never converged to the success criteria.

All of the algorithms successfully optimize the Sphere function. They have success ratio 1 for that function. The mean
result from PSO,.py is better than those from the other algorithms for the Sphere function. For two-dimensional Schaffer’s {6,
PSO:ank significantly outperforms all the other algorithms. Also, the results show that methods which consider more sources
of influence such as FIPS, ScatterPSO and CLPSO surpass other algorithms such as IPSO, TPSO, PSO-NTVE, and CenterPSO.

From the result, we can see that PSO;,,x and CLPSO produce the same result for the Rastrigrin function. Both of them are
much better than all the other algorithms for this function. The Rastrigrin function with numerous local optima represents
a complex problem for which all the algorithms except PSO;.,x and CLPSO become trapped in local optima.
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The importance of considering social knowledge provided by all the particles in the swarm can be seen much better in
optimizing the Ackley function with frequent local optima. It is apparent from Table 4 that considering all the neighbors or
part of them in algorithms such as PSO;,,x, CLPSO, and FIPS renders them capable of optimizing the Ackley function with
success ratio 1. Usually, an optimization algorithm tends to move in the direction of the gradient. In the Griewank function,
the local optima are placed in the direction of the gradient. So, an optimization algorithm should provide an appropriate
level of global search for escaping from the local optima and moving toward global optima. As can be seen from Table 4, the
PSOank algorithm surpasses all the other algorithms. FIPS and CLPSO never converged to the criteria.

The Rosenbrock function is a unimodal function that can be used to evaluate the ability of an algorithm in mitigating the
stagnation problem. Due to a long, narrow, and parabolic shaped flat valley around global optima in the Rosenbrock function,
stagnation may occur in an optimization algorithm. An algorithm may mitigate such problem by increasing the diversity of
the swarm. Parts of algorithms containing TPSO, IPSO, CenterPSO, CLPSO, and FIPS fail in converging to the criteria. One
reason for this problem is that useful information provided by the neighbor particles beyond gbest is ignored by algorithms
such as IPSO or TPSO. It seems that an optimization algorithm in which a particle is influenced by more than one neighbor
such as PSO;,nx and ScatterPSO provide appropriate levels of diversity, guaranteeing convergence towards the criteria.

(2) Results for 20-dimensional functions: The same set of experiments was carried out for benchmark functions in 20
dimensions. The results for 20-dimensional test functions are presented in Table 5. The complexity of the benchmark
functions except the Griewank one increases as the dimensions increase. Increasing dimensions in the Griewank function
causes the quality of the result of ScatterPSO to significantly increase. PSO;.,, surpasses other algorithms for the Griewank
function. The numerical results show that PSO.nx and CLPSO significantly outperform other algorithms for Rastrigrin
functions. The remaining algorithms never converge to the criteria for the Griewank function. This implies that the optimized
multimodal function has characteristics similar to the Rastrigrin function optimized by PSO;..x, independently of their
dimensions. All the algorithms converge successfully to the criteria for the Sphere function; however the best results were
obtained by the PSO;.,x and IPSO algorithms. Like for the 10-dimensional functions, PSO;ank, FIPS and CLPSO outperform
other algorithms for the Ackley function. All the algorithms except PSO.an and ScatterPSO never converge to the criteria
for the Rosenbrock function in 20 dimensions. The best result for the Rosenbrock function was obtained by ScatterPSO
algorithm. As a consequence, the results in Tables 3 and 4 show that the multimodal functions with numerous local optima
were successfully optimized by the PSO;.,k algorithm.

(3) Results for 30-dimensional functions: Table 6 represents the experimental results of the eight algorithms for the 30-
dimensional benchmark functions. Also, the evolution of the algorithms is presented in Fig. 7(a)-(f). This experiment was
conducted for 30-dimensional functions except for Schaffer’s f6 function, with two dimensions. The straight line represents
the success criteria for each benchmark function. The algorithms with success rate 1 cross the straight line. The evolving of
the algorithms represents its convergence behavior throughout the iterations. It implies that an algorithm may or may not
provide better performance if the number of iterations is extended. Also it shows the convergence speed of the algorithms.

The unimodal Sphere function represents an easy problem to solve. Fig. 7(a) shows that all the algorithms except PSO-
NTVE successfully solve this problem. It can be seen from Fig. 7(a) that each algorithm achieves better performance if the
iterations are extended. However, the PSO;,,x method converges rapidly to the criteria. The unimodal Rosenbrock function is
hard to optimize. Its complexity increases as the dimensions increase. TPSO, IPSO, PSO-NTVE, CenterPSO, FIPS, and CLPSO fail
to reach the criteria for the Rosenbrock function in 30 dimensions. ScatterPSO and PSO;,, outperform the other algorithms
in optimizing the 30-dimensional Rosenbrock function. The best results are obtained by PSO;an.

The Rastrigrin function is a highly multimodal with frequent local optima. An algorithm with poor balance between
exploration and exploitation was simply trapped in local optima in early iterations. It is apparent from Fig. 7(c) that the all
the algorithms except PSO; 5 and CLPSO were rapidly trapped in local optima. Table 6 shows that PSO;., significantly
outperforms other algorithms. In spite of the shallow local optima in the Ackley function, compared to the Rastrigrin
function, some of the algorithms were trapped in local optima in early iterations. It seems that the algorithms with flying
patterns similar to TPSO, IPSO, ScatterPSO and PSO-NTVE have difficulties in solving applications with numerous local
optima. All the aforementioned algorithms never converge to the criteria. It is clear from Fig. 7(c), (e) that PSO;nx and CLPSO
successfully optimize the multimodal functions of these types.

Half of the algorithms have relatively similar evolving patterns in optimizing Griewank functions. These algorithms
(i.e. PSOrank, ScatterPSO, IPSO, CLPSO, and PSO-NTVE) constantly optimize the function throughout the iterations. So, we
expect better performance to be obtained by extending the number of iterations. TPSO, FIPS, and CenterPSO stagnate in the
last iterations. The stagnation occurs due to hard constriction on the movement trajectories of the particles. The stagnation
problem can be mitigated by incorporation of the knowledge of all the particles in the swarm, as employed by PSO;nk,
ScatterPSO, and CLPSO. The PSO.y algorithm significantly outperforms all the other algorithms for the Griewank function.

Schaffer’s f6 function has smooth slope near to global optima; hence the stagnation problem may occur in an optimization
algorithm when the swarm reaches the region around the global optima. It is apparent from Fig. 7(f) that a stagnation
problem occurs in all the algorithms except PSO,.,¢. The main difference in optimizing this function is the time at which the
stagnation occurs. IPSO, PSO-NTVE, CenterPSO, and ScatterPSO stagnate in the early iterations, while TPSO, FIPS, and CLPSO
stagnate in the intermediate or last iterations. PSO;.y significantly outperforms other algorithms in optimizing Schaffer’s
f6 function.
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Fig. 7. Evolution of the average fitness for the algorithms; (a) Sphere, (b) Rosenbrock, (c) Rastrigrin, (d) Griewank, (e) Ackley, (f) Schaffer’s f6.

5.5.2. Statistical analysis of trials on the basis of the success rate

When two algorithms have to be compared for a given set of problem instances, one can use the success for an algorithm
to determine whether a solution has better quality than the solution produced by the other method for the same problem
instance. Hence, the success ratio is an important measure in optimization problems. It determines the success probability
of an algorithm. One would like to use the algorithm having the highest success probability.

The Taillard statistical [22] tests are conducted, for the success ratios of the PSO,.,, algorithm and the success ratios of
the other algorithms. This test is used to determine whether the PSO;.n algorithm is significantly more successful than the
other algorithms. For this purpose, we used the tools downloadable from [23]. The significance level is fixed at « = 0.05 for
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Fig. 8. Comparative performance of the algorithms: (a) Sphere, (b) Rosenbrock, (c) Rastrigrin, (d) Ackley, (e) Griewank, (f) Schaffer’s f6 (the horizontal line
represents the algorithm, and the vertical line represents merits).

a two-sided test. PSO;. statistically has better performance than another algorithm if the T value for their success ratios
is smaller than the significance level «. The results of the Taillard tests are presented in Table 7. The values 1 show that
the PSO,.nk algorithm has statistically better performance with 95% certainty than another algorithm for a test function of
the predefined dimensions. In a comparison of two algorithms, each of which has success ratio 1, the Taillard test returns
T = 0 < «. The values 2 show that two algorithms have success ratio 1 for a test function. The values 0 imply that the
PSO;.nk algorithm does not have statistically better performance than another algorithm.

It is apparent from the results of the Taillard test that the PSO;,nx algorithm has better performance than all the other
algorithms for the Griewank (10D, 20D, and 30D), the Rosenbrock (10D, 30D), and Schaffer’s f6 (2D) function. The proposed
approach also has significantly better performance than other algorithms except ScatterPSO for the Rosenbrock function in
20 dimensions. For the Sphere function, PSO,., has performance comparable to those of other algorithms. The PSO;,,x and
CLPSO algorithms significantly outperform other algorithms for the Rastrigrin and Ackley functions.

5.5.3. Overall performance

In this section the overall performance of the proposed algorithm compared with other algorithms is presented. Three
measures are used to compare the overall performances of the algorithm investigated in this consideration. As the first mea-
sure, relative performances of the eight optimization algorithms for six benchmark functions are considered. For this purpose
we used a performance measure m (called the merit). A similar approach has been used in [19]. The merit measure repre-

sents the relative fitness of an algorithm for a benchmark function. The merit measure is defined as m; = #’t(ffﬂ where
_fit(a.fj

fit(a;) is the fitness of the solution which is found by algorithm i for the benchmark function f;, and max_fit(a, f;) represents
the fitness of the worst algorithm (used as a reference algorithm) for the benchmark function f;. As each algorithm minimizes
the benchmark function, a smaller value of the merit represents a better performance. The relative merits of the algorithm
tested for benchmark functions in 2, 10, 20, and 30 dimensions are represented in Fig. 8. The algorithm with worst perfor-
mance has merit 1. As the performance improves the merit decreases. Considering the distance between two merits, we can
determine the degree of improvement obtained by an algorithm i in optimizing a function f;. The results show the significant
improvements obtained by the PSO;.,k algorithm for the Rastrigrin, Schaffer’s {6, the Griewank, and the Ackley functions.
A second measure is used to compare the average performances of the algorithms for all the test results. We used the

N fit(a;.f
parameter avg(i, D) = w where avg(i, D) is the average fitness of the algorithm i for all the functions f; with D
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Fig. 9. Overall performance of the algorithms: (a) average performance for D-dimensional functions, (b) average performance obtained from all the tests
conducted, (c) average success ratio from all the tests conducted.

dimensions, and N is the number of benchmark functions optimized in D dimensions. Fig. 9(a) represents the avg parameter
for eight algorithms tested on the six functions in 2, 10, 20, and 30 dimensions. It is apparent from Fig. 9(a) that the PSO,ani
algorithm outperforms all the other algorithms. The overall performance of the algorithms in all experiments conducted
is shown in Fig. 9(b). The overall performance is considered as the average fitness of an algorithm in optimizing all the

functions in 2, 10, 20, and 30 dimensions. This parameter is defined as overall(i) = w, where Dy, € {2, 10, 20, 30}.
From the results, we can see that the PSO,, algorithm has the best overall performance. Also, CLPSO and ScatterPSO have
good performance compared to the remaining algorithms.

A third measure, Overall_SR, determines the overall success rate of each of the algorithms tested for six test functions.
Fig. 9(c) shows the Overall_SR measure. This measure is computed as the average of all the success rates obtained by each
of the algorithms. The result shows that significant improvement is provided by the PSO,,n algorithm for the success ratio
measure. The performance value of the PSO;,y algorithm is greater than 0.92 for the six test functions.

Conclusion: The average fitness and success ratio are the main performance measures. By analyzing the overall performance
measures presented in Figs. 8 and 9, we can see that the PSO,, algorithm surpasses all the other algorithms for the average
fitness. Considerable improvement in success rate was obtained by the PSO,.,, algorithm. The best results for the PSO;anx
algorithm were obtained for the multimodal functions with numerous local optima. This implies that the PSO,.y algorithm
solves the multimodal functions effectively in a reasonable time with high success rate. Considering social knowledge
provided by all the particles along with the non-linear inertia weight results in an algorithm which successfully optimizes
well known test functions.

5.6. Neural network training

After validating the proposed algorithm using continuous test functions, it is also employed to optimize a real-world
application. Specifying the weights of a neural network is an optimization problem with the goal of finding a set of weights
that minimizes the mean square error of a network. We used PSO;, for training a feed forward neural network. Standard
images such as Lena, Pepper, etc. are used as training and test data sets. The problem is defined as follows.

A feed forward neural network is composed of three tiers called the input, hidden and output layers. The input and output
layers both have n neurons, and the hidden layer has m neurons (m < n). We used images as training and test sets. The
input image was partitioned to n x n non-overlapping blocks. Each block was used as an input for the neural network. The
objective is to compress the image such that the error of compression is minimized. The compression rate for the following
experiments was computed as " x 100.

In this experiment each particle is encoded for a weight vector. For feed forward network training, each particle
represents all weights of the network. As the algorithm proceeds, the new position of a candidate particle is updated on
the basis of the current position and new velocity. The new position is a set of new weights for neural networks. After a
predefined iteration, the algorithm converges to the local optima and the training phase is completed.
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Table 7
Results of the Taillard test: the values 1 show that the PSO,,n algorithm has statistically better performance than another algorithm, whereas the values
0 imply that PSO;,, does not have statistically better than another algorithm.

Function Dim TPSO IPSO PSO-NTVE CenterPSO FIPS Scatter PSO CLPSO
10 2 2 2 2 2 2 2
fspn 20 2 2 2 2 2 2 2
30 2 2 1 2 2 2 2
10 1 1 1 1 1 1 1
Sros 20 1 1 1 1 0 1
30 1 1 1 1 1 1
10 1 1 1 1 1 1 2
Sfras 20 1 1 1 1 1 1 2
30 1 1 1 1 1 1 2
10 1 1 1 1 2 1 2
fack 20 1 1 1 1 1 1 2
30 1 1 1 1 1 1 2
10 1 1 1 1 1 1 1
fari 20 1 1 1 1 1
30 1 1 1 1 1 1 1
foen 2 1 1 1 1 1 1 1
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Fig. 10. (a) Evaluation of MSE. (b) Evaluation of MAE.

Usually, in neural networks, the training objectives are the mean squared error (MSE) and mean absolute error (MAE),
over a training set. So, the proposed algorithm should minimize the error by adjusting the weights of the neural network.
The MSE and MAE can be calculated using the following formulations:

1 N M
MSE = - DO wi—up)? (14)
i=1 j=1
1 N M
MAE:WZZWﬁ—u:ﬂ (15)
i=1 j=1

where u; is the intensity of color of pixel (i, j) in the original image and u;"j is the intensity of color of pixel (i, j) in the
reconstructed image, N is the height of the image and M is the width of the image.

PSO;ank and two other algorithms were compared as neural network training algorithms. For the comparison we use the
traditional back propagation (BP) [24] algorithm and a hybrid approach called PSO-BP [25], which combines BP and PSO
algorithms for training neural networks. Various experiments have been done. In the first experiment the training image
and the test image are identical. A part of an image is randomly selected to train the network and then the whole image is
used as a test set. The training and test sets for the second experiment are different. In both of them the network is trained
using back propagation, PSO-BP, and PSO;.k. Table 8 shows the results for both objectives, MSE and MAE. Comparison results
show that the PSO;. training shows a better performance than BP and BP-PSO. Therefore PSO;,qx can preserve the image
details very well. Fig. 10 shows the MSE and MAE values for BP, PSO-BP and PSO;., after 100 runs.
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Table 8
The comparison of the performances of BP, BP-PSO and PSO, 4.
Compression rate Experiment #1 Experiment #2
BP PSO-BP PSOrank BP PSO-BP PSOrank
MSE MAE MSE MAE MSE MAE MSE MAE MSE MAE MSE MAE
1/4 34.96 3.16 19.74 321 17.31 2.36 41.31 3.85 22.96 2.68 2143 2.64
1/8 76.37 5.67 5437 417 48.93 3.81 88.54 5.97 61.58 4.31 56.39 4.18
1/16 186.84 7.92 1334 6.73 103.42 4.56 216.31 8.59 146.41 7.34 112.67 6.61

(a) Original image. (b) BP. (c) BP-PSO. (d) PSO ank .

Fig. 11. Results for the images restored by the algorithms (row #1: Lena, row #2: Pepper).

The image compression results for the neural network trained by BP, PSO-BP, and PSO; i are shown in Fig. 11. The figure
represents the restored images (e.g. Lena, Pepper) for compression ratio 16:1 of Experiment #2. It can be seen that the
performance of the neural network for image compression is improved by using the proposed PSO algorithm. The PSO;anx
learning algorithm can avoid local optima in compression images and provide better quality for the restored images even for
large compression rates. The images restored by means of running the PSO;.,, algorithm already have similar quality. This
shows the ability of the PSO;.k learning algorithm, which could be adapted successfully for the compression of other images.

6. Discussion

From the results, we can see that PSO;,nx provides high searching ability. As described in Section 5.4, the effectiveness of
the PSOy.ank algorithm depends on three different mechanisms: the first mechanism based on Latané theory for updating the
velocity and position, the second mechanism (i.e. that of dependent random coefficients) for maintaining the importance
of social and cognitive knowledge, and the third mechanism (i.e. that of non-linear inertia weight) for controlling the
importance of the previous velocity. However, the first mechanism has the main role in finding good solutions. The next
two mechanisms provide further improvements for the algorithm. The effects of these mechanisms are discussed in the
following subsections.

6.1. The effect of Latané theory

The searching ability indicates how an algorithm can overcome deficiencies which arise in a searching process.
Usually, stagnation and premature convergence are identified as the major weaknesses that a PSO algorithm may have.
A PSO algorithm tries to cope with these problems by introducing different approaches such as inertia weight, dynamic
acceleration coefficients, time-varying coefficients, etc. These problems can be mitigated by incorporating the knowledge of
all the particles in the swarm, as employed by PSO;..«. Here, the Latané theory comes into the play. The Latané theory aims
to cope with hard constriction on the trajectories of the particles, and provide an extended flying pattern for the particle
in which an appropriate level of diversity is maintained. This means that the stagnation problem can be alleviated. Also,
diversity provides a high exploration level in the first iterations of the algorithm. Hence, Latané theory empowers the
algorithm to avoid premature convergence by exploring large areas of the search space in the first iterations. The effect
of just Latané theory in PSO algorithm (i.e. PSO;anx — RC — IW) can be seen in Table 3. The results show the effectiveness
of Latané theory for the avoidance of stagnation and premature convergence for all the test functions. It can be seen from
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Fig. 7 that PSO algorithms with many sources of influence on their particles such as PSO;4n,, CLPSO and ScatterPSO have more
success in alleviating the aforementioned problems compared to the other methods such as PSO-NTVE, IPSO, and CenterPSO
methods.

6.2. The effect of dependent random coefficients

As can be seen from Table 3, Latané theory provides more efficiency than non-linear inertia weight and dependent
random variables, and acts as the main mechanism in PSO;.,x. However, more enhancements can be obtained by efficient
use of cognitive and social knowledge. To achieve this goal we need to define an efficient way of using the coefficients of
social and cognitive knowledge. In previous variants of PSO with independent coefficients, these areas of knowledge may
be overused or not used fully. However, dependent random coefficients suggest a way for avoiding inefficient use of social
and cognitive knowledge. Assume that random parameters rand; and rand, have large values, in an independent way;
two coefficients will have large values and both social and cognitive knowledge are overused. However, in the dependent
approach, the first (second) coefficient is multiplied by 1-rand, (1-rand;), and the large values of the coefficients will be
decreased. The result is that the social and cognitive knowledge will be used in a better way. If one parameter has a large
value while the other one has a small value, both of them are decreased but the larger one is decreased more. Hence, the
algorithm can use the social and cognitive knowledge in a more efficient way. From Table 3, we can see that dependent
random coefficients provide efficiency for the standard PSO algorithm. The PSO variants with dependent random coefficients
have better performances than the standard PSO algorithm for most of the test functions.

6.3. The effect of non-linear inertia weight

In an optimization algorithm, we need to balance between exploration and exploitation throughout the iterations. In
particular, we prefer exploration in the first iterations and exploitation in the last iterations. Inertia was first introduced for
this purpose as a fixed value. After that, its linear variant was proposed. The large value of the inertia weight in the first
iterations encourages a particle to move along its previous direction, while its small value in the last iterations enforces the
particle moving towards the global knowledge. This may result in inefficiency in optimizing highly multimodal functions.
In such cases we need more flexibility. For example, we need an appropriate level of exploration even in the last iterations
when optimizing benchmarks such as Rastrigrin or Griewank ones with a large number of optima around the optimum
position. As can be seen from Fig. 2, using non-linear inertia weight provides this type of flexibility. By decreasing the m
parameter, one can extend the preference of exploration throughout iterations. This approach encourages the particles to
wander in a larger area around the global best position and try to find a better position. From Table 3, it is apparent that non-
linear inertia weight has a positive effect on optimizing multimodal functions. The effect of non-linear inertia weight on the
proposed algorithm can be seen in Table 3. PSO variants with non-linear inertia weight successfully optimize multimodal
functions with highly local optima. From the results, we see that these variants have better performance for multimodal
functions such as Rastrigrin and Griewank.

7. Conclusions

In the standard PSO, only the best particle has an impact on the next position of a candidate particle, and the others
have no influence. Sharing information among all particles will improve the performance of a particle swarm optimizer.
On the basis of these facts, and taking inspiration from Latané theory, a rank based particle swarm optimization algorithm,
called PSO;.nk, is proposed in this paper. In PSO;.qk, a set of best particles contribute to adjusting the velocity of the each
particle. The contribution of each particle is proportional to its strength. The particle’s strength value is a function of the
strivness, immediacy and number of the contributing particles. The number of contributing particles dynamically reduces as
the algorithm proceeds. A new time-varying inertia weight is introduced which decreases the non-linearly as the algorithm
proceeds. This new method can enhance the balance between exploration and exploitation. Six popular test functions are
used to evaluate the performance of PSO,.n and other algorithms presented in the literature. A large number of experiments
were performed for optimizing numerical functions as well as training neural networks. Experimental results show that
PSO.ank achieves better performance than other optimization methods investigated in this paper.
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